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Table 2. Calanus fimmarchicus and C. glacialis. Range and variation of prosome length (mm) of adult fe
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males from two regions of allopatry (western North Atlantic Ocean and Central Arctic Ocean )
three regions of sympatry. Specimens were randomly selected from plankton samples collected
following location and dates: western North Atlantic Ocean (53C10'N; 45°31'W, April, 1964),
of Maine (44925'N; 67°50'W, February, 1969), Greenland Sea (8 stations between 67°12'N; 25934
and 77°01'N:; 11°05'W, March-May, 1965), Barents Sea (78°40'N; 72022'E, August, 1967), and ce
Arctic Ocean (85908'N; 88950'W, May, 1971). r: range of length measurements; m: mean length
specimens; cv: coefficient of variation of length measurements; n: number of specimens measu

Region Western Gulf of Maine Greenland Sea Barents Sea Central
North Atlantic Arctic Ocean

C. firmmarchicus

i 2.38-3.28 2.26-3.12 2.34-3.24 2.24~3.20

m 2.84 2.69 2.84 2.71

cv 6.75 7.94 5.49 ' 7.45

n 123 34 352 60
C. glactalis

T 3.04-3.78 2.89-4.25 2.87-4.13 3.16-4.25

m 3.47 3.55 3.61 . 3.80

cv 5.87 6.86 7.69 5.33

n 26 484 123 169
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8. 10. Calanus. Basipod amd Ril of left P5 (an-—
rlor view) for adult female (. fimmarchicus (A),
glactalis (B), and (. marshallae (C)

£ °"¢ length, which is given by the coefficient of
““Tlation, is approximately the same for sympatric
“and allopatric populations. Thus, there is no sug-
*Stion in these data of bias in the separation of
dividuals among the two species when they are
Patric. By including measurements on specimens
°n all other plankton samples containing these
__ies, the length range of each species was ex-—
Mded somewhat (Table 3).
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Fig. 11. Calanus. Ventral portions of genital
segments (right lateral view) showing variability
in size, shape and orientation of seminal recep-
tacle in adult female (. fimmarchicus (left column)
and C. glacialie (right column). All specimens are
similar in size (prosome lenght, in mm, is given
for each) and all were taken from one plankton
sample (Greenland Sea, Latitude 679 12'N; Longi-
tude 25°34'W; May, 1965)

Table 3. Calanus fimmarchicus species group. Range
of total length (TL, mm) and prosome
length (PL, mm) of adult females and
males. These data represent extremes of
length measurements found in all of
material (see sections on material exam-
ined for numbers of specimens on which
ranges are based)

C. fimmar— C. glaci- C. mar-—
ehicus alis shallae
Adult TL 2.42-4,21 3.60-5.46 2.89-4.52
female
PL 1.95-3.28 2.77-4.34 2.+ 30359
Adult TL 2.57-3.98 3.90-5.36 3.28-4.24
male

PL 2.08-3.16 2.98-4.18 2.56-3.40
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Fig. 12. Calanus. Length (prosome)-frequency his-—

tograms for females in allopatric and sympatric
populations of (. fimmarehicus (stippled) and C.
glacialis (vertical hatching). (See Table 2)

Fig. 13. Calanus. (A) Length of Rel of male P5
plotted against prosome length (symbols as in Fig.
8). (B) Length of Re2 of male left P5 plotted
against prosome length; data in (A) and (B) from
Frost (1971) with some additional measurements,
especially of small males of (. glacialis. (C)
Length of Re3 of male right P5 plotted against
prosome length. Slopes of all regression lines
differ significantly from zero (P <0.001 for all
6 lines)
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. 4dult Male. The primary characteristics dis-
hinguishing males of Calanus fimmarchicus and C.
. lgcialis are the relative lengths of Rel and Re2
fof the left PS; the two species form non-overlap-—
31ng clusters when lengths of either segment are
,lotted against prosome length (Fig. 13A,B). Only
Fhese LWO segments differ significantly between
fhe species: the lengths of all other segments of
the P5, when plotted against prosome length; show
elatively smooth intergradation or extensive over—
flap between the two species (e.g. Fig. 13C; see
fiiso Frost, 1971, Figs. 3 and 4). Thus, the diag-
Bostic mensural "difference in Rel and Re2 between
lhe spec195 is reflected in the relative lengths
8f the entire left exopod and endopod of the PS5
®(jaschnov, 1955, 1957a). In C. fimmarchicus, the
louter distal pointed process of the left Ri2
ﬁeaches to or bevond the distal margin of Rel and
fthe outer distal corner of the left Ri3 extends to
ﬁ;r beyond the mid-length of Re2 (Fig. 14A). By con-
rast, in (. glacialis, the outer distal pointed
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ig. 14, Cglanus. Left P5 (anterior view) for
§dult male C. jfimmarchicus (A), C. glacialis (B),
ind ¢. marshallae (C)
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15. Calanus fimmarchicus and C. glacialis.

i T'8th (prosome)-frequency histogram for adult
=S collected at several stations in Greenland
Sea (March—May, 1965). Note that frequency scales

it.e different for the two species. Number of speci-

S measured: 262 €. fimmrchicus, 105 C. glacialis
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process of the left Ri2 does not usually reach the
distal margin of Rel and the outer distal corner
of Ri3 does not reach the mid-length of RPe2 (Fig.
14B). Also, with reference to the P5, the spini-
form process on Bp2, the outer distal corner of
Ril, and the curvature of the medial margin of Bp2
(Fig. 14) are as described for the females; con-—
trary to the females, there is mo apparent dif-
ference between the species in the curvature of
the medial margin of Bpl. Adult males of the two
species overlap in size much more rarely and much
less extensively in an area of sympatry than do
adult females (Fig. 15), so that in practice,
length measurements alone will usually separate
the species (Table 3).

Material Examined and Geographical Distribution.
My material, mounted on slides and sorted to
species, consists of: 1781 adult females and 1023
adult males of Calanus fimmarchicus; 1412 adult
females and 202 adult males of (. glacZalis. While
this material does not extend the geographical
range of either species (see Jaschnov, 1970), the
distribution of (. glacialis in the North Pacific
Ocean can be redefined. In my samples, this species
was confined to the large inland seas and conti-—
nental waters of the western North Pacific Ocean
and shallow waters of the Bering Sea, including
the broad continental shelf in the eastern and
northern Bering Sea; (. glacialis was mot seen any-
where in the eastern North Pacific south of the
Aleutian Islands, although it does extend farther
southward of those latitudes along the continental
margin of the western North Pacific Ocean (Jasch-
nov, 1970). The mid-Pacific locality records for
C. glactalis provided by Park (1968) were puzzling,
since the two species of the C. fimmarchicus group
present in the North Pacific Ocean were found by
me and other investigators (Brodsky, 1965; Jasch-
nov, 1970) only in waters bordering the continents
and near the Aleutian Islands. It appears that
Park's samples actually contained (. sinicus
(superficially similar to C. glaciZalis, but a
member of the . helgolandicus species group) ex—
patriated in the North Pacific Drift far from the
apparent center of its geographical range in the
Sea of Japan and East China Sea (Brodsky, 1965).
Park's description and illustrations of his materi-
al conform with C. gimicus and, further, I found
C. sinicus at several mid-ocean localities in the
Morth Pacific Ocean (between Latitude 33°20'N and
42930'M; Longitude 171°49'W and 168°01'E).

Reference Specimens. Since type specimens of
Calanus finmarchicus and C. glacialis apparently
do not exist, series of reference specimens of both
species were established in two repositories, the
United States National Museum (USNM) and the
British Museum of Natural History (BMNH). (. fin—
marehicus: 10 adult females, 9 adult males (669N
20E; 4 July, 1952), USNM 142063 and USNM 142064 ;

10 adult females, 10 adult males (660N 20E; 4 July,
1952), BMNH 1972.11.13.3 and BMNH 1972.11.13.4.
C. glacialis: 10 adult females, 10 adult males
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1971), USNM 1420653

(85008'N; 88038'W; 26 April,
1971),

8 adult males (85°08'N; 88038'W; 26 April,
BMNH 1972.11.13.6.

Remarks. The great morphological similarity of
Calanus fimmarchicus and C. glaeialis has provided
a severe test for the application to them of tra-
ditional approaches utilized in taxonomy of cala-
noid copepods. Taxonomists rely heavily on the P5
to distinguish many closely related species of
calanoids — and with justification, for in most
calanoid genera this appendage exhibits strong
secondary sexual modification which is often
species—specific. However, there are notable ex-
ceptions in which the P5 displays significant
morphological divergence only at the level of
species group or even genus. Thus, for example,
over-reliance on the P5 as a source of specific
taxonomic characters led to the recognition of
only 6 of the 13 species of Clausocalarus before
that genus was revised by Frost and Fleminger
(1968).

While significant differences between Calanus
fimmarchicus and C. glacialis reside in the
structure of the P5, the differences are subtle
and some provide only a statistical basis for in-
ferences about the status of the species. Past
uncertainty concerning the two species was brought
about, in general, by overemphasis on poorly under—
stood and improperly documented characteristics of
the adult female and, specifically, by too narrow,
or even erroneous, interpretations based on morphol-
ogy of the female P5. The study of the female P5
by Aurich (1966) is unsatisfactory because he did
not consider variation in the P5 related to body
size. Matthews (1967) obtained results on curva=
ture of Bpl of the P5 which could not be dupli-
cated by later workers (Jaschnov, 1972; this study).
In fact, the view, shared by Aurich (1966),
Matthews (1967) and Brodsky (1972), that C. fin-
marchicus and C. glacialis are subspecies is not
subhstantiated when the characters which they used
are examined by the simple statistical presenta-—
tions given in this report. More significantly,
knowledge of the adult males, first provided by
Jaschnov (1955, 1957a) and documented more fully
by Frost (1971, and in this report), has always
been inconsistent with the view that C. fimmarehi-
cus and C. glacialis represent a single variable
species. Even Jaschnov (1972), the author of the
name C. glacialis, mistakenly inferred from obser-
vations on the curvature of Bpl of the female P5
that the two species hybridize where they co-occur.
Yet, Jaschnov's data are in close agreement with
my results which show that C. fimmarehicus and C.
glacialis do not smoothly intergrade in this
character. Since, in effect, Jaschnov relied whol-
ly on this character to distinguish similar-sized
females of the two species, he had to conclude
that specimens intermediate in the character rep-
resented rare interspecific hybrids. Now that fe-
males of the two species can always be dis-
tinguished by other, independent characters (shape

B.W. Frost: A New

of the posterolateral margin of TV and
the ventral surface of the genital segment).
curvature of Bpl of the P5 has been demonst,
to have less significant status as a SuDras
character. Jaschnov also erred, in part, b
ing that allopatric populations of (- Flrumgms
and €. glacialis do not overlap im silZe; thug
intermediate—sized specimens from regions of
patry were considered hybrlds by him. However,
the reglons represented in my materlal where eanh.
species occurs alone, the ranges of 5ize of %
males of the two species do, indeed, OVerlap
(Table &, Fig. 12). Thus, there is no logical
basis for inferring interspecific hybridization
either from geographical variation in size-or
shown above, from other morphological detaiis.

¥

Table 4. Calanus fimmarchicus and C- glacialis..
Range of prosome length of adult females®
in allopatric populations. Length ranges
are based on all specimens in material
collected from these localities: Nor-
wegian Sea (669N; 20E), Western North Ate
lantic (53010'N; 4503]1'w), Central Arc
tic Ocean (4 Ice Island T-3 Statioms i
central Arctic Basin, see Fig. 1), and
Western North Pacific Ocean and Bering
Sea (16 stations among those shown in

Fig. 1)
Calanus  Locality Range of Number 0
species prosome
length (mm)
C. fin-  Norwegian Sea 2.11-3.12 685
marchi—
cus Western North 123
Atlantic 2,38-3.28
Ocean
C. gla- Central Arc- 524
cialis tic Ocean 2.98-4.34
Western North 101
Pacific Ocean 2.81-4.06

and Bering Sea

Calanus marshallas n. sp.

, de~
This species is most easily charaﬂterliEd gis fi
scrlblng it in direct comparison with Cata

marchicus and C. glacialis.

2 la
Adult Female. The new species and Cglaﬂuiigg
ctalie are very similar in body foT™s inclu pitd
the outline of the ventral surface of the 8° po
segment in lateral view and the shaP®& of thee fei
terolateral margin of the TV (Fig- 4C) . Thes
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¢ is usually markedly concave,

Bpl in C. marshalla
G-

so that the species is indistinguishable from
glacialis in this (Figs. 10 and 19A). Also, like
C. glacialis, the spiniform process on the distal
anterior margin of Bp2 of (. marshallae is thick
and blunt on the right or left leg and the outer
distal corner of Ril is usually narrowly tapered

3 o jmmediately distinguish C. marshallae from
e siymarehicus. In sharp contrast to both C. fin—’
'Pc},qjcus and C. glacialis, the accessory photo-
sceptoT is relatively much larger in C. mar—
allae (Fig.20); this diagnostic difference is
‘}ident in immature stages (Copepodid III-V) as

L o11 (Fig- 16). The caudal ramus length in C. mar-
 allae is approximately twice the caudal ramus

E Jidth, but less than the width of the anal “segment; o

£-:n both €. fimmarchicus and C. glactalis the

§ length of the caudal ramus is usually more than- { \
= ce the width of the caudal ramus and about \ { :

1

\

B cvi ; ;
E .qusl to the width of the anal segment (Fig. 17). [
8 The second maxilla of Calanus marshallae near-— j
|

[

.’1y always (50 of 51 randomly selected specimens) . . P .1

 jas a circular cluster of wide, flat, hyaline spin- = z Vv < Y 7 1
1es on the outer proximal surface; this surface : LN } ".‘ A ;’ It‘“)"ﬁ/} \I
4 the second maxilla of ¢, fimmarchicus and C. / 1 | f = '

_'g_laciah,‘s is usually devoid of spinules (43 of 51 ‘ \ l] I

L cpecimens of C. fimmarchicus, 37 of 45 specimens — \ ‘,A,‘ L\%

® .t (. glacialis) or, if present, the spinules are 4 | | . L

slender and minute (Fig. 18). In all 3 species, ;\5__“,;,; Ch o c')u_{]"

f he denticulate medial margin of Bpl of P5 has a l_,_: ) N -t
variable number, spacing and size of denticles, so -

® (1ot the species cannot be routinely identified by

] -

$ these characters. Nevertheless, there is a clear
® sratistical trend in the number of denticles on
B the Bpi, with C. marshallae having the lowest aver- ) ‘ ‘
§ cpe number and C. finmmarchicus having the highest [ / H\ i g s gas ,J
|
|

Table 1). (. marshallae also exhibits a unique | \
attern in a combination of other features found | “\ B )
n the P5. The medial denticulate margin of the / \\ J
| e
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C marshaflae Fig. 17. Calonus. Anal segment and caudal

2 rami (ecr, dorsal view) for adult females of

r;hiﬁ_ Calanus glacialis and C. marshallae. (A) C. fimmarchicus, (B) C. glacialis, (C) C.
eads (right lateral view) of copepodid marshallae. Lines on caudal ramus in lower

*88s (CIII, CIV, CV). Immature stages of C. fim left figure show limits of the length and the

hlcus are similar to C. glactalis width measurement




Fig. 18. Calanus. Right second maxilla (right lat-
eral view) for adult female C. fimmarchicus (top
row), C. glacialis (middle row), and C. marshallae
(bottom row)

and sharply pointed (Fig. 10). However, in con=
trast to (. glacialis, the medial margin of Bp2
in €. marshallae tends to be convex, although not
so curved as in €. finmmarchicus (Figs.
Thus, the P5 index (see p. 85) for (. marshallae
is intermediate between those of C. fimmarchicus
and C. glacialis (Fig. 19C).

The length range of the adult female of Calanus
marshallae broadly overlaps those of . finmarchi-
cus and C. glacialis, so that the average C. mar—
shallae female is intermediate in size between
them (Table 3).

Adult Male. The form of the body of the new
species is very similar to that of Calanus fin-
marchicus and C. glacialis. PHowever, as in the fe-

10 and 19B).
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Fig. 19. Calanus. (A) curvature (deviation) of
medial margin of Epl of female P5 plotred against
prosome length (open squares, (. marshallae);
thin lines are regression lines for (.  fimmarchi
cus (lower line) and C. glacialis (upper line)
based on the data from Series A and B combined
(Fig. 8). Slopes of both regression lines differ s
significantly from zero (P < 0.001 for both);
thick line is regression line for (. marshallae,
slope of this line does not differ significantly ¥
from zero (P ~ 0.3). (B) curvature (deviatiom) off
medial margin of Bp2 of female P5 plotted agains§
prosome length (symbols and lines as in A). S10P%
of all 3 regression lines differ significantly
from zero (P < 0.00] for all three). (C) P5 il:lde
plotted against prosome length (symbols and %153
as in A); slopes of all 3 regression lines diffez
significantly from zero (P < 0.001 for all 3)
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male, the accessory photoreceptor is very large
and immediately distinguishes C. marshallae from
both C. Ffinmarchicus and C. glactialis (Fig. 3).
The structure of the P5 is intermediate between G
fimmarchicus and C. glacialis, although tending
toward the former (Fig. 14), but the lengths of
Rel and Pe2 fall along distinct regression lines
when plotted against prosome length (Fig. 204,B).
The significance of these differences in lengths
of Rel and Re? among the three species is high-
1ighted by the lack of similar displacements in
length measurements of any other basipodal, exo—
podal or endopodal segment of the right or left P5
when plotted against prosome length (e.g. Fig.20C).
Becsuse in Fig. 20A,B the lengths of Pel and Re2
of C. marshallae overlap both C. fimmrchicus and
¢. glacialis, there is no mensural characteristic
of the P5 which can be used absolutely to dis-
tinguish adult males of C. marshallae from the two
species. In the P5 the spiniform process on Bp2,
the outer distal corner of Pil, and the curvature
of the medial margin of Bp2 (Fig. 14) are as de-
scribed for the female. As in the female, the
length range of the male of C. marshallae broadly
overlaps those of C. finmarchicus and C. glacialis

(Tahle 3).

Material Examined and Geographical Distribution.
1 sorted and examined 585 adult females and 225
adult males of Calanus marshallae. The geographi-
cal distribution of C. marshallae appears centered
in the eastern Morth Pacific Ocean (waters border=
ing the Gulf of Alaska), in waters adjacent to the
Aleutian Islands, and in the eastern Bering Sea
(Fig 2!). From published distributions of the C.
fimmarchicus species group in the North Pacific
Ocean and Bering Sea (Brodsky, 1965; Jaschnov,
1970), it is clear that species of the group are
restricted to waters near continental margins,
broad continental shelves and shallow seas. Wood-
house (1971) found the southern limit of C. mar—
shallae at about Cape Mendocino on the North Ameri=-
can coast (Latitude 40C°26'N). In the north it ap-—
pears that (. marshallae is swept into the Arctic
Ocean through the Bering Strait, but the species
was relatively rare in samples from this region.

Fig. 20. Calanus. (A) length of Rel of male
left P5 plotted against prosome length (open
squares, C. marshallae); (B) length of Re2 of
male left PS5 plotted against prosome length
(symbols as in A); (C) length of Re3 of male
right P5 plotted against prosome length (sym—
bols as in A). In all three graphs, thin lines
are regression lines for C. finmarchicus (low—
er line) and C. glacialis (upper line) from
Fig. 13. Thick line is regression line for C.
marshallae (other symbols as in Fig. 8).
Slopes of all regression lines differ sig-
nificantly from zero (P <0.001 for all)
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Fig. 21. Calanus marshallae. Occurrence in plank-—
ton samples shown in Fig. 1. Also indicated in
Fig. 1 are the three records of (. marshallae near

Banks Island

Beyond the immediate area of the Bering Strait a
few specimens of C. marshallae were found only in
the vicinity of Banks Island (Fig. 1). C. mar-—
shallae and C. glacialis occurred together in the
2 samples taken over the broad continental shelf
in the eastern Bering Sea and in 5 samples from
the region of the Bering Strait.

Types and Reference Specimens. The following
type—series is established: holotype, adult female,
total length 3.76 mm, USNM 142060; allotype, adult
male, total length 3.52 mm, USNM 142061; paratypes,
10 adult females, 10 adult males, USNM 142062, all
collected in a 0 to 130 m oblique tow west of Cape
Flattery (Washington) at Latitude 48921'N; Longi-
tude 124°952'W (27 May, 1969). The following para-
types are deposited at the British Museum of Natur—
al History: 10 adult females, 10 adult males,

BMNH 1972.11.13.5, from the sample containing the
type specimens.

Remarks. Jaschnov (1957b) first hinted that in
the eastern North Pacific Ocean there might be an
undescribed species of Calanus closely related to
‘C. fimmarchicus. Later, Jaschnov (1970) decided
that two forms of (. glacialis, a large and a small
form, exist in the North Pacific Ocean. The small
form to which he refers is, in part, the new
species C. marshallae and the large form is C. gla-

Zglis. Jaschnov (1970) also thought that the small
form occurred off Japan, but the one reliable work
he cites (Tanaka, 1956) deals with C. pacificus
and . sintcus. C. marshallae (as Calanus sp.) was
analyzed in detail by Shan (1962) and Woodhouse
(1971), who were primarily concerned with dis-
tinguishing it from C. pacificus. All three of the
above authors were reluctant to declare that popu-
lations of C. marshallae are taxonomically dis-—
tinet from (. Ffimmarchicus and, especially, C.
glacialis. Undoubtedly, this was because the latter
two taxa were so poorly defined in the literature.
The present analysis has demcmstrated that both
allopatric and sympatric populations of (. fin—

marchicus and C. glacialis are morp
tinctive. g

In many respects, Calanus‘marséalzae
glomeration of the characteristics of oth
marchicue and C. glacialis. Grossly, the i
C. marshallae is most like C. glacial:ig SecH
male C. marshallae tends toward C, fim’@ﬂi‘“
Yet, (. marshallae possesses a number gf
characteristics. Of these, the size of the
ory photoreceptor in both sexes is the mmsﬁéc
nent; the spinules on the second maxilia ané?
length-to-width ratio of the caudal ramug B
significant for differentiating females of ol
shallae from both C. fimmarchicus and C, glac
Further, although the length range of ady]
marshallae extensively overlaps both (. fimn£ ,
cus and C. glacialis, meristic and mensural il
characteristics known tg vary with size of £
animal (e.g. number of teeth on Bpl of the fem
P5, curvature of the Bp2 of the female P5, and
lengths of Rel and ReZ of the male P5) clearly
show that C. marsf-?al?lae is not a simple blend of
the features of either of those two specieg, Thaik
is, in scatter diagrams with C. finmmarchicus ap
C. glacialis the characters of (. marshallge £
distinct clusters rather than being superimpose(
completely on either of the other species, ‘

Calarnus marshallae and C. fimmarchicus do not
co—-occur, although there are a few reliable re
cords of adult females of (. fimmarchicus in the &
central Arctic Ocean (Johnson, 1963; one of our #
records) and C. marshallae may be transported
north of the Bering Strait. In practice, then,
identification of (. murshallae will depend so
on those characters, described above, that dis
tinguish it from C. glacialis.

Woodhouse (1971) found that Calarus marshallal
and C. pacificus (a species of the C. helgolandis
cus group) co-occur along the west coast of Nort‘l
America approximately between Latitudes 400 and
509N. In fact, earlier taxonomic studies dealing
with the northeastern North Pacific Ocean are gem
erally not reliable because (. marshallae and C. %
pacificus were usually grouped. I also found both
species in samples taken near the Aleutian Islands
C. marshallae and C. pacificus are easily dis- 8
tinguished by the species group characters de-
scribed earlier (see also Woodhouse, 1971) and
also by the size of the accessory photorecepto
(all species of the (. helgolandicus group are
like C. glaeialis in this character).

llniq

Lacigy

Species Name. Calarmus marshallae is named iml 3
honor of Dr. S$.M. Marshall who, together with Ff
late A.P. Orr, pioneered the ecclogical study 0%
marine planktonic copepods, espeacially species ¢
the genus Calarus. 1

Diseussion

It is not probable that further taxonomic St“&yf
utilizing the light microscope will yield nev &3
ternal morphological characters to distinguish
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galarmus finmarehicue and C. glacialis. However, I

5 on confident that novel approaches applied to
studies of their taxonomy (e.g. Manwell et al.,
1967) will support the several types of evidence
qow available which indicate that the two taxa rep-
esent reproductively isolated populations and

® ire, therefore, valid species. The morphological
vidence for this view is presented above. Also,
clear differences exist between the specie§ in geo—
=jraphical distribution (Jespersen, 1934, 1939;
E yiborg, 1955; Jaschnov, 1961, 1970; Grainger, 1963;
fatthews, 1969) and, where they co-ocecur, in ver-
tical distribution (Jespersen, 1934, 1939; Jasch-
ov, 1958, 1961). Finally, in sympatric popu-
ations of the two species, the timing of their

ife cycles is quite different (Maclellan, 1967;

Matthews, 1969).
This evidence has accumulated slowly. Before

m

E Jaschnov's study (1955), Calawmus fimmarchicus and
B . glacialis were regarded as large and small

e forms of C. Fimmarcehicus. Hence, bimodal length—
frequency distributions with well separated modes
e.g. Fig. 12) were frequently described for

& samples of adult Calanus "f collected

firmarchicus"
n the North Atlantic Ocean. The apparent lack of
morphological differences between the large and
¥ spall forms led many workers to conclude that the
. two forms represented a single variable species
(e.g. Mrazek, 1902; Stdrmer, 1929; Jespersen, 1934,
939; Ussing, 1938; Digby, 1954; Wiborg, 1955).

As T pointed out (Frost, [971), no compelling
£ argument has been advanced to account for the en-
~vironmental induction of such bimodal length-fre-—
uency distributions; the problem is that both
mdes represent mature specimens of Calanus. Bi—
mdal size-frequency distributions are fairly com—
‘mon in Arctic species of zooplankton with long
eneration times (Dumbar, 1940), but in every case
‘the-modes represent different generations, that is,
“the small mode represents immature specimens and
“the large mode mature specimens. Nevertheless,
Aurich (1966) and Matthews (1967) believe that
alamus finmarehicus and C. glacialis are ecopheno—
ypes, differing only in size, of an arcto-boreal
pecies (see Fkman, 1953). Differences in size ob-
erved between the two ecophenotypes when they co-
-9¢cur in the subarctic zone (mixed boreal and Arc-
ic water; see Dunbar, 1968) are acquired, accord-
Ig to Aurich and Matthews, in populations orig-
‘mating from pure boreal and pure Arctic waters.
?T@w, in samples of C. Jfirmarchicus” with bimodal

fngth-frequency distributions, the small mode
tharacterizes individuals of boreal zone origin
e the large mode typifies individuals of Arc-
Z0ne origin. In Matthews' view, the relatively
mﬂ:lntermediates between co-occurring boreal and
tt;lc phenotypes arise in the geog:aphicélly re-
EtCtEd subarctic zone. My results, showing dif-
qﬁSECES, independent of size, between (. finmar-
l.:“_Lt"f‘_ei.rmci C. glasialis obviate the need for ac-

ing for intermediates in body size by this

Dlsm, Merely the fact that allopatric popu—
s of €. fimmarchicus and C. glacialis over-
N body size (Table 4) refutes Matthews'
nyf-Further, it should be noted that the geo-
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graphical distribution of {. fimmarchicus s.str.
(see Jaschnov, 1970) is not unique; a number of
taxonomically well known planktomic species have
similar distributions in the North Atlantic Ocean
(Table 5). Other planktonic species have distri-
butions similar to that of (. glacialis (Table 5).
Finally, bimodal size-frequency distributions of
mature specimens have not been reported for other
well known planktonic species with true arcto-
boreal distributions (Table 5) and having gener-—
ation times comparable to those of (. frmmarchicus
and C. glactalis. Body size in at least one of the
arcto—boreal species, Sagitta elegans, varies
markedly with latitude (Alvarino, 1965).

Spécies of the Calanus fimmavehicus group oc-—
curring in the North Pacific Ocean have received
much less attention than those in the North At-
lantic Ocean. The taxonomic problem has actually
been more complex in the North Pacific Ocean be-—
cause often the two species of the (. helgolandi—
cus group which occur there (. pacificus and C.
stnicus) were identified as C. finmmarchicus or C.
glactalis. This confusion should no longer arise,
since members of the C. helgolandicus and C. fin-
marchicus species groups can always be dis-—
tinguished by (1) relative lengths of Rel and Ril
of the P5; (2) development of spiniform process on
Bp2 of P4 and P5. Nevertheless, because of earlier

Table 5. Some planktonic animals with geographical
distribution similar to those of Calanus
finmarchicus (boreal) and (. glactalis
(Arctic) in the North Atlantic Ocean and
Arctic Ocean; also included are 3 examples
of planktonic animals with arcto-boreal
distributions

Distri— Species Source

bution

Boreal EBuchaeta norvegica Edinburgh (1973)

Metridia lLucens Edinburgh (1973)
Parathemisto gaudi— Bowman (1960)
chaudit

Meganyctiphanes Dunbar (1964)
norvegica

Thysanoessa Dunbar (1964)
longicaudata

Spiratella retro- Spoel (1967)
versq

Arctic Metridia longa Edinburgh (1973)

Parathemisto Bowman (1960)
Libellula

Arcto— Ultone Limacina Spoel (1967)

boreal

Spoel (1967)
Alvariffo (1965)

Spiratella helicina

Sagitta elegans
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jpecies of the copepod genus Calanus frequently
pminate the marine zooplankton in boreal and

jretic waters. Up to nmow there have been no oper-
stional means of identifying several species close—
{iy related to Calanus finmarehicus. Reanalysis of
these taxa, using material from plankton samples
{ullected throughout Northern Hemisphere polar and
preal waters, shows that there are 3 sibling
pecies which have been previously combined under
the names C. fimmarchicus and C. glacialis. Several
1w taxonomic characters permit unequivocal identi-
Ffication of (. fimmarchicus, C. glacialis, and a
12w species, (. marshallae. Claims that C. fin—
rchicus and (. glactalis are subspecies are re—
futed; there is no evidence that the two species
Fontinuously intergrade either where they co—occur
ot where they are allopatric, nor is there evidence
that the two species hybridize. (. fimmarchicus is
2iiasically restricted to the North Atlantic Ocean
iand €. marshallae to the North Pacific Ocean and
Llering Sea; C. glacialis is primarily an Arctic
ecies, but its geographical distribution slight-—
_flyoverlaps those of the other two species. Taxa
tlosely related to C. finmarchicus and C. hzlgo—

' midicus probably represent two separate, but
tlosely linked evolutionary lineages; species of
+ese two lineages are placed in one of two

Mecies groups, the fimmarchicus group and the
“lgolandicus group.

Ditroduction

Nring the process of species formation in sexually
hézod“Cing organisms, reproductive isolation be-
:“ME Pﬂpu%atlons or groups of populations may be
;ﬁktved with varying degrees of mgrphological
&H_ence. Two or more species whlc? in the ex—
Hgdar? n?arly Ldgntlcal morphologlcal}y are
éﬁb Slbl}ﬂg speciles by Mayr (]963)..S}b11ng
hfres’ while problematical for classifiers of

‘® (see Sokal and Crovello, 1970), have

Sribution No.755 from the Department of
Ography, University of Washington.

(glanus marshallae, a New Species of Calanoid Copepod Closely Allied to the

Seattle, Washington, USA

special significance for students of evolution
(Dobzhansky, 1972). Further, ecological studies of
sympatric sibling species may elucidate how spe-
cies interact, utilize resources and partition the
environment.

Cases of sibling species among numerically domi-
nant groups of marine planktonic calanoid copepods
are well documented. Good examples are found in
the three species groups of Clausocalanus (Frost
and Fleminger, 1968) and the pair of species Cala-
nus tenuicornis and C. lighti (Bowman, 1955;
Mullin, 1969). The genus Calanus also contains a
taxonomically less well delimited complex of sib-
ling species, including the North Atlantic species
C. fimmarchicus (Gunnerus, 1765) and C. helgolandi—
cus (Claus, 1863). Although Sars (1901) rede-
scribed (. fimmarchicus and distinguished it from
€. helgolandicus, his opinion was not universally
accepted, for while adult males of (. fimmarchicus
and C. helgolandicus were never confused (Sars,
1901; Rees, 1949), adult females seemed to possess
no non—intergrading morphological characteristics
(see Rose, 1933). Discussion of the validity of
these species has persisted to the present (cf.
Aurich, 1966; Manwell et al., 1967; and Matthews,
1967). Despite this uncertainty, Brodsky (1948)
proposed the new name (. pacificus for populations
morphologically very similar to (. helgolandicus,
but geographically separated from it in the North
Pacific Ocean, and Jaschnov (1955) gave the new
name (. glacZalis to Arctic populations which pos-—
sess morphological attributes very like those of
C. fimmarchicus. Fleminger (1964) argued that the
comparatively minor morphological differences be-
tween C. helgolandicus and C. paeificus and the
relatively recent, possibly short-lived, geogra-
phic separation of these taxa did not warrant
assigning them separate specific names. Also, for
reasons outlined later in this paper, the validity
of C. glacialis is currently under debate (Grainger,
1961; Aurich, 1966; Matthews, 1966,1967; Frost,
1971; Brodsky, 1972; Jaschnov, 1972).

My interest in Calanus fimmarchicus and C.
glactalis stems from study of a closely related
species occurring in the eastern North Pacific
Ocean and eastern Bering Sea. This species, while
morphologically quite similar to C. fimmarchicus
and C. glacialis (Shan, 1962; Jaschnov, 1970; Wood-"
house, 1971), conforms with published descriptions
of neither species. Obviously, another species
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confusion and less intensive investigation, there
is little reliable data in the literature from
which to compare, for example, vertical distri-
butions and life cycles of C. glaecialis and C.
marghallae in the North Pacific Ocean. These two
species co-occur only in the eastern and northern
Bering Sea, and virtually nothing is known about
the seasonal cycles of plankton populations in
that region. It can, however, be asserted that in
the 7 samples in my material which contained both
species, the species were always easily dis-
tinguished.

The relatively slight degree of morphological
divergence among species of the Calanus finmarchi-
cus group is striking in comparison with other
groups of calanoid copepods. However, sibling
species seem to be unusually nume-ous in the genus
Calanus. The sibling species of the C. helgolandi-
cug group (Brodsky, 1965) promise to be even more
challenging to taxonomists than those of the (.
finmarchicus group, especially since many of the
C. helgolandicus species do not co-occur. (. Lightt
and C. tenuicormis differ only in body size and
one other small morphological detail (Bowman,
Common to all of these examples, with two partial
exceptions (C. fimmarchicus and (. glacialis), is
the remarkable similarity within a species group
of the male P5. As pointed out earlier, copepod
taxonomists have come to regard the male P5 as one
of the most dependable taxonomic characters for
distinguishing closely related species. Secondary
sexual modification is especially pronounced in
the appendage, suggesting that genetic divergence
during speciation finds its greatest phenotypic
expression here. Since in many groups of calanoids
the P5 is used by the male to grasp the female
during mating (see Fleminger, 1967; Roff, 1972),
it is tempting to infer that interspecific differ-
ences in the P5 reflect reinforcement, via matural
selection, of interspecific reproductive isolation
by mechanical incompatibility. Nevertheless, the
relatively great similarity of the male P5 in the
above-mentioned species groups of Calanus does not
necessarily mean that mechanisms for interspecific
reproductive isolation are weak. On the contrary,
as Frost and Fleminger (1968) suggested for Clau-
socalarnus, reproductive isolation among closely
related species of Calanus may be accomplished in
several other ways. One obvious mechanism, already
documented for (. fimmarchicus and C. glacialis,
is different phasing of reproductive cycles where
species co—-occur. Vertical separation of species
could also be effective in isolating breeding popu—
lations of two co-occurring species. Finally,
there may be more subtle mechanisms, such as inter—
specific differences in mating behavior or in
chemical recognition systems (Fleminger, 1967).
Katona (1973) describes "mate-seeking behavior™
for adult males of three gpecies of planktonic
copepods, and suggests that the behavior is
elicited by pheromones originating from adult fe-
males. Also, Griffiths and Frost (in press) have
observed sex—specific patterns of swimming, pre-
sumably part ot mating behavior, in Calanus pgei-
frieus and Pseudocalanus sp., and have demonstrated
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¢ marchicus from redispersing through the Arctic
_an, but could have allowed reinvasion of the
f-ing Sea by (. glacialis. Obviously, this theory
i not be tested for Calanus, but a similar mech-
:om might apply to other types of planktonic or-
sisms, with distributions similar to those of
i gnus, which leave fossilized remains in the
; ments.
 The absence of the Calanus fimmarchicus group
aters over the deep basins of the North Pa-
fic Ocean and Bering Sea is puzzling, since over
open boreal North Atlantic Ocean species of
ge C. finﬁaﬁﬁhzcus group are usually among the
gst abundant species of zooplankton (Edinburgh,
;]3) Although there are definite hydrographic
fferences between the two oceans in high north-
}. latitudes, within the North Pacific obwvious
ifferences in hydrographic features (e.g. tem—
jerature, salinity) are not apparent between con-
hnental waters where species of the €. finmarchi-
us group flourish and more offshore waters where
ey are absent. By contrast, the North Pacific
ean and deep Bering Sea differ biologically from
fie North Atlantic because of the presence of two

her, presumably herbivorous, species of Calanus,
. cristatus and C. plumchrus. These two species

e considerably larger in body size than either
glactalis or C. marshallae, and have distinctly
#ifferent life cycles which apparently lead to
profound effects on the primary production cycle
fHeinrich, 1962). This and the fact that rather
Sharp distributional boundaries exist between the
ristatus—plumehrus assemblage and the glacialis—
gurshallaoe assemblage (Omori, 1965) suggest that
Binterspecific competitive interactions are, or
Were, responsible for the geographical restriction
-p:C. Finmarchicus group species to continental
aters of the North Pacific Ocean and Bering Sea.
*uwever, here the speculation must cease, for it
femaing to be revealed why most species of oceanic
-?Qankton are not cosmopolitan, especially in view
#0f the absence of physical barriers to dispersal.
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tor ;;pears hisfgioéicéily under these con-—

closely related to . fimmarchicus and C. glacialis
cannot be fully documented without Ffirst clearing
up, as far as possible at this time, the status of
these two taxa. Thus, one goal of this paper is to
pPresent evidence indicating that (. Fimmarchicus
and C. glaciglie are valid species; having done
this, I will show that there are, in fact, 3 sib-
ling species of Calgnus in the Northern Hemisphere
which have been previocusly combined under the
names fimmarchicus and glacialis. The philosophy
taken in carrying out this study is that species
of copepods represent well integrated, co-adapted
groups of genes and that the integrity of the gene
pools of species is protected from disruptive
interspecific hybridization through interspecific
reproductive isolation (see Mayr, 1963). In this
study, interspecific reproductive isolation is in-
ferred entirely from morphological evidence.

Material and Methods

The study is based upon material from approximate-
ly 140 plankton samples collected throughout
Northern Hemisphere polar and boreal waters (Fig.
1). The material covers virtually the entire geo-
graphical range of Calanus fimmavehicus and
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Fig. 1. Distribution of plankton samples utilized
in study. Three solid dots near Banks Island rep-
resent the only records of Calanus marshallae,
n.sp., north of immediate vicinity of Bering
Strait (see Fig. 21)

chaTacters are DeST SEEll vy romuvemg ~w -
the body and examining 1t 1n anteri
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C. glactalis (Jaschnov, 1970); a c0mp1L
of collecting data for the samples g ol
material examined is available from the =
Specimens were removed from PlanktOHHSu--
and immersed in a 50:50 solutiop Of-glyaéfmHgi
geawater. All illuscrati9ns were made frop o
ine-mounted specimens using a Wild M20 draéin
tube. =
To construct length-frequency curves fOri
lations, specimens were removed at randog ffn
plankton samples; that is, all specimeng wera
taken in the order in which they were encountay
while scanning subsamples mixed homogenedusif o
a sorting tray.

Terminology and Taxonomic Characters

nology generally follows that of Fleminger (194
In Calanus, the prosome consists of a cephalosp:
and a metasome of 5 articulated thoracie segmen
(TI-TV), each of the latter bearing a pair of -
swimming legs (P1-P5). The term "forehead" refe
to the region of the cephalosome, viewed latera
or dorsally, from the anterior margin at the ba
of the rostrum to a point on the dorsal surface
above the articulation of the mandible (Frost and!
Fleminger, 1968). :

In addition to the usual external morpholegi
characteristics used in taxonomic studies of
calanoid copepods, some internal structures are
very useful for distinguishing species. Within t
forehead of adults of both sexes, there are rela
tively conspicuous, paired structures located an
teriorly and laterally to the antennular muscles
and adjacent to the cuticle. Since these structu
are not chitinous, their complete description mu
awvait the results of histological examination |
currently being made by Dr. P.L, Dudley; I report
here only the gross anatomical features of the
structures which are applicable to this taxonomic
study. When viewed 77 situ through the intact
exoskeleton of the female, 2 structures are evi-
dent on either side of the forehead: an anterior
body to which a thick, posteroventrally directed 3
nerve is connected and a posterior body (Fig. 24
From preliminary work, Dr. Dudley (personal com- 2
munication) believes that the innervated structurel
is an accessory photoreceptor and it will be re- &
ferred to by that name. Further, while Dr. Dudley
thinks that this is the same structure called E
"Organ of CGicklhorn" in Elofsson's (1970) study of
Calarus, she presently prefers to reserve that
name for the structure to which it was originally &
applied in the cyclopoid Cyclops stremuus, since
homologies have not been definitely established beg
tween cyclopoids and calanoids with respect to the;
organ. Apparently, the posterior body has not beeng
previously described and it will be given the
explicitly neutral name "lateral gland" of the for@
head. Dr. Dudley suggests that it may be a mucou$
gland or special oil deposit.

or view.
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right and left P5 consists of a two—segmented
basipod (Bp), a three—segmented exopod (Re) and a
three-segmented endopod (Ri). Following Rose (1933),
segments of the basipod and each ramus of the P5
are numbered consecutively beginning with the
proximal segment; thus the proximal, middle, and
distal segments of the exopod are abbreviated Rel,
Pe2, and Re3, respectively (see Fig. 5). In adult
females the P5 is symmetrical and diagnostic
features are primarily found in the two basipodal
segments (Bpl and Bp2). The medial margin of Bpl

Fig. 4. Calanus. Posterolateral margin of TV and
genital segment (gs) (right lateral view) for

adult females of (A) (. finmarchicus, (B) C. gla-
etalts, (C) C. marshallae
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Fig. 5. Calanue. Limits for measurements of cur-
vature (deviation, D) of medial margin of Bpl and
Bp2 of female P5. Left drawings, C. fimmarchicus;
right drawings, C. glacialis. Anterior views. Ril:
first endopodal segment; Rel: first exopodal seg-
ment. Scale ¢ (0.05 mm) applies to each entire
basipodal segment; scale » (0.02 mm) applies to
enlarged medial margins
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bears a denticulate border or lamella whicp ext
from the intercoxal plate to near the dista) ;o
corner. The number, size and spacing of dentiq
on this border are highly variable, but among

females of the species treated in this Tepore ¢y
degree of curvature of the denticulate border =
significant character. Important characters gy B
are the degree of curvature of the medial margin
and the size and shape of a small spiniform gy

knob-shaped process on the distal anterior margl
and overlapping the proximal medial cormer of Rel &
(Fig. 5). In adult males, the P5 is asymmetrica] &
and differences among species are found Primarily.
in the relative lengths of the left Rel and Re3,

1S

Measurement and their Analysis 2

Measurements were made on specimens mounted ip

50:50 glycerine and seawater. Prosome length wag
measured laterally from the anterior margin of ¢
head to the posterolateral margin of TV. Total

length was measured laterally from the anterior
margin of the head to the posterior margin of th
caudal ramus (excluding caudal setae); only un-

flexed specimens were used for this measurement

and no allowance was made for telescoping segmen
Both length measurements were taken at 25X with an
ocular micrometer read to the nearest whole micro=
meter unit (micrometer unit = 0.039 mm). The caud
ramus length was measured dorsally from the an-
terior margin along the midline to the posterior

margin. The width of the anal segment was measure;f

dorsally at the widest point.

For the female, the curvature of the denticu-
late medial margin of Bpl of P5 was measured as
the deviation from a straight medial margin, by a i
method similar to that used by Matthews (1967) and:
Jaschnov (1972). Routinely, the whole P5 of a i
specimen was removed, mounted anterior side upward:
on a glass slide, and gently flattened with a
glass coverslip; it is not certain that Matthews
and Jaschnov treated their specimens in this man—¢
ner, but it appears that this is the only way to %
achieve uniform preparation of specimens for com— 3
parison of basipods (Woodhouse, 1971). Unlike :
Matthews (1967), I did not set the limits for the §
deviation measurement on a particular pair of den—
ticles, but always measured deviation perpendicu- :
larly from a straight line connecting the tips of |
the most medially protruberant proximal and distal
denticles to the tip or side of the most depressed
denticle located hetween them (Fig. 5). Hence, ;
negative values were never obtained for this
measurement of deviation.

-The curvature of the medial margin of Bp2 of
the female P5 was alsoc measured, after preparatlOn
of the.P5 described above, as the deviation from
a straight margin. Deviation was taken as the
maximum perpendicular distance between the medial
margin of Bp2? and a straight line extending from
the proximal medial corner of Bp2 to the distal
medial corner, which is defined by the distal
cuticular mergin of Bp2 curving posteromedially
from the point of articulation of Ril (Fig. 5)-

:
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1eviations of Bpl and Bp2 were measured to the
;earest whole micron at_#OOX; each measurement for
§..ch basipodal segment 1is presente§ as the average
¢ the measurements taken on the right and_le?t PS5,
- 1n adult males, length measurements of indi-
,@dua] segments of the left P5 were made acc9r§ing
5o prgcedures described by Frost (1971). Addition-—
811y, Red of the right P5 was measured from the
¢ oximal medial corner to the base of the medial
Brorminal spine.

pata for the several types of measurements
€ .ken on the P5 of adult females and adult males
tre presented in a series of scatter diagrams with
- rosome length as the independent variable. Except
£, certain instances where comparisons of species
t.re based on specimens taken from a single sample,
?ana:tempt was always made to represent the entire
“jength range of each species in the various
Peasurements. This simplifies interptetation of
rhe measurements, since no unusually small or
arge specimens are likely to be found in the
wture which would significantly change my results.
'To clearly display the effect of body size on
“ norphometric characters, specimens were selected
" that their measurements would be approximately
tevenly distributed throughout the range of size of
£, species. All of the types of measurements of the
$P5 used here are correlated with prosome length
s:nd differences among the species are so obvious
fthat they may be illustrated using simple linear
iregression analyses of the several measurements.
Fach regression coefficient obtained in these
nalyses was treated for significant deviation
from zero. All of the measurements show increas—
ng variance with increasing body size so that the
usual comparison of regression lines by parametric
statistical procedures are risky. Fortunately, in
=graphs representing two or more species there is
falways little doubt, in my opinion, whether a
ingle regression line or multiple regression

®lines fit the data best.

Calanus fimmarchicus Species Group

ecies of the genus Calanus may be grouped in
several ways (see, for example, Brodsky, 1967,
1972) . One obvious group contains those species

in which, as adults, a denticulate border is
Present on the medial margin of Bpl of the P5. The
species of this group may be further subdivided:
(1) a single distinctive species C. hyperboreus;
(2) a group containing C. simillimis and C. pro-
Pinquus; (3) a complex of morphologically similar
Species — (. fimmarchicus, C. glacialis, C. helgo-
‘andreus, C. pacificus, and three species more
Tecently described by Brodsky (1959, 1965) as C.
stralis, (. chilensis and (. sinicus. This

third group differs from the other two in a number
of characters, most notably the lack of distinct
oints on the posterolateral margins of the TV in
"th sexes and reduced asymmetry of the P5 in the
Yale. The species of the third group seem to rep-
f ‘°sent two separate, albeit closely linked, evo-
tionary lineages. Accordingly, present-day rep-
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resentatives of these two lineages, including the
new species described here, are placed in one of
two species groups:

Calanus firmmarchicus Species Group

C. finmarchicus (Gunnerus, 1765)
C. glacialis Jaschnev, 1955
C. marshallae n.sp.

Calanus helgolandicus Speties Group

helgolandicus (Claus, 1863)
pacificus Brodsky, 1948
aqustralis Brodsky, 1959
chilensis Brodsky, 1959

. sintcus Brodsky, 1965

.

NaQaQn

Distributional as well as morphological evidence
may be cited in support of these groupings. Species
of the C. helgolandicus group occur in mid-latitude,
temperate regions of both hemispheres (e.g.
Brodsky, 1965; Matthews, 1969; Jaschnov, 1970)
while the C. fimmarchicus group is restricted,
basically, to polar and boreal waters of the
Northern Hemisphere (Jaschnov, 1970). In adult
females of the C. helgolandicus group the forehead
is more angular, both in lateral and dorsal views,
than that of females in the (. fimmarchicus group
(see Sars, 1901, Plates I and III; Brodsky, 1950,
Figs. 19 and 20; Jaschnov, 1957a, Figs. | and 2).
The forehead of (. sinicus most closely approaches
that of females of the (. finmmarchicue group but
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Fig. 6. Calanus. Basipod, Rel and Ril of P5 (an-—
terior view) illustrating differences between
members of C. finmmarchicus and C. helgolandicus
species groups. Right P5 for (A) female C.
finmarchicus, (B) female C. helgolandicus, (C)
male C. fimmarchicus, (D) male C. helgolandicus




82

is nevertheless slightly but distinectively angular,
although this is not clearly illustrated by
Brodsky (1965). Adults of both sexes in the C.
helgolandicus group also differ from species of
the C. fimmarchicus group in certain structural
aspects of the P5. To see these features, the ap-
pendage must be removed and examined in anterior
view. In species of the C. helgolandicus group the
outer distal corner of the Ril (both legs in
female, right leg in male) extends nearly to or
beyond the medial distal corner of the Rel; in
adults of the (. fimmarchicus group the outer
distal corner of Rel never extends close to the
medial distal corner of the Rel (Fig. 6). Further.
species of the . helgolandicus group bear, on the
distal anterior margin of Bp2 of both right and
left P4 and P5, an elongate, pointed, spiniform
process; this process is shorter and pointed or
blunt in species of the C. fimmarchicus group
(Fig. 6; see also Woodhouse, 1971). These charac~
teristics were determined for the (. helgolandicus
group from examination of adult specimens of the
following species: (. helgolandicus (Raune Fjord,
Norway; the English Channel off Plymouth, England;
and the Mediterranean Sea near Barcelona, Spain),
C. pacificus (Puget Sound, Washington; California
Current; and the central North Pacific Ocean), C.
australis (western South Atlantic Ocean), . aqus-—
tralis or C. chilensis (eastern South Pacific
Ocean), and C. sinicus (central and western North
Pacific Ocean).

Species Descriptions
Calanus fimmarchicus and C. glacialis

Recent taxonomic study of these taxa and discus-
sions concerning their status is reviewed by Frost
(1971). Basically, differences of opinion about
Calanus finmarchicus and C. glacialis revolve
around the apparent lack of distinctive morpho-
logical characters separating the adult females.
Jaschnov (1955, 1957a) distinguished (. glacialis
and C. fimmarchicus primarily on the basis of
adult size and the structure of the P5, yet the
two taxa appear to intergrade 1n some or all of
the female characters used by Jaschnov (Grainger,
1961; Aurich, 1966; Matthews, 1966, 1967). Never-—
theless, adult males of (. finmarchicus and C.
glactalis can always be distinguished by the rela-
tive length of Rel and Re2 of the left P5. When
length measurements of either of these segments
are plotted against prosome length, two non—over-—
lapping clusters are obtained and variation of
segment length within clusters is highly corre-
lated with prosome length of the copepods (Frost,
1971, and below). Measurements of other segments
of the male P5 vary continuously with prosome
length over the combined Tange of size of C. fin-
marchicug and C. glacialis (Frost, 1971, and be-
low) so that there is smooth intergradation be-
tween the species in these features. Most of the
taxonomic characters previously utilized for adult
females seem qualitatively to vary with size in
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the way just described; that is, they intergrs
(see, for example, Grainger, 1961, Fig. 5), Ana)
ses based heavily or entirely on these characte,
have led to the conclusion that C. finmarchicys
and C. glactialis are either geographical varia,
of a single species (Aurich, 1966; Matthews, g4
1967; Brodsky, 1972) or two species which hybrld 8
ize in rather narrow zones of geographical overlan
(Jaschnov, 1972). The material used by Frost (]97|
was collected from areas where C. fimmarehicug and
C. glacialis are allopatric as well as from re-
gions of sympatry, and there is mo indication frop
males in this material that the two taxa inter-
grade either where they co-occur or where they ar;
allopatric. Frost (1971) infers from these obser-3
vations, together with other data on distributiong
and life cycles, that . fimmarchicus and C. glg-%
cialie are distinct species and proposes that taxes
nomic characters previously employed for femaleg
are supraspecific (subgeneric) characters. Rean- %
alysis of adult females generally supports this
inference.

Adult Female. The analysis of adult females in-
cluded detailed comparisons of body tagmata and 'i
all appendages with regard to both their morphol-:
ogy and mensural characteristics. From this study,
a combination of basically %4 morphological fea-
tures yield two distinguishable groups of females
corresponding with Calanus fimmarchicus and C.
glacialis. These morphological features include
(1) the outline, in lateral view, of the ventral
surface of the genital segment posterior to the
genital pore; (2) the shape of the posterolateral
margins of TV; (3) a suite of characters, not all .
diagnostic, associated with the P5; (4) the prox- |
imity of the accessory photoreceptor and lateral
gland of the forehead.

In Calanus finmarchicus, when viewed laterally,
the ventral surface of the genital segment pos-—
terior to the genital pore is straight, or when it
curves dorsad the curvature begins well posterior
to the genital pore (Fig.4A). In (. glacialie the
ventral surface curves continuously dorsad, be-
ginning immediately at the genital pore and pro-
ceeding toward the posterior margin of the genital
segment (Fig. 4B). The posterolateral margin of TV
in C. fimmarchicus is virtually always smoothly
rounded, while that in (. glacialis is always
either flattened or recurved just ventral (rarely
dorsal) to the posterior-most point (Fig. 44,B).
The range of variation in these characters 1is
presented in Figs. 4 and 7; often specimens must
be examined under the compound micrpscope and care
must be taken that the specimen is perfectly per-
pendicular to the observer. These two characters
are used routinely to distinguish the two species;
for example, in the large number of females (569
C. fimmarchicus, 802 C. glacialis) represented in
Fig. 12, all conformed with the descriptions above
except 3 female €. fimmarchicus in which the pos’
terior margin of the TV was recurved. After Specl”
mens in my material were sorted into two groups o¢
the basis of these features, other taxonomic
characters were investigated.
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' Calanus. Posterolateral margin of TV and
ital segment (right lateral view) for adult
male C. fimmarchicus (upper two rows) and C.
10ialis (lower two rows). Virtually entire

e of length of each species 1s represented
isome lengths, in mm, are indicated). Illus-
ions were made at different magnifications to
litate comparison

aschnov (1955, 1957a) emphasized the diag-
ic difference between the two species in the
ature of the denticulate border on the medial
in of the Bpl of P5. In Calanus finmarchicus
¢ denticulate border tends to be straight, while
glacialic it tends to be concave (Fig. 5).
ch (1966), Matthews (1967), and later Jaschnov
2) himself claimed intergradation between the
ftles in this character, and Matthews and Jasch-
showed that the degree of curvature of the
iculate border varies with size. However, all
: hese authors appear to have drawn erroneous
tlusions about the status of the species from
e observations. This character was reexamined
& two series of specimens. Series A consisted
5. females each of (. fommarchicus and C. gla-
8, selected to represent nearly the entire
2 of size of both species and their geographi-
Tanges. Series B contained 50 females of each
8 selected from a plankton sample collected
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in the Creenland Sea (67°12'N; 25°34'W, 5 May,
1965); this additional series from a single sample
was chosen because both Matthews and Jaschnov em—
ployed single plankton samples to study the charac-
ter. After the specimens in each series had been
identified to species by the shape of the genital
segment and posterolateral margin of the TV, curva—
ture of the denticulate margin of Bpl was measured
as described earlier (see Fig. 5). The results
(Fig. 8, upper graphs) confirm that the deviation
of Bpl may vary directly with size of the female
and that the species overlap somewhat in this
character, but in both series the species form two
definite clusters (indicated by vertically sepa-
rated, nearly parallel regression lines) and clear
ly do not intergrade continucusly. The two series
differ somewhat in the relationship between pro-~
some length and the magnitude of the deviation of
Bpl. The two least-squares regression lines

fitted to data for Series A both had slopes dif-
fering significantly from zero, clearly indicating
a correlation between size of female and deviation
of Bpl. In Series B, neither regression line had a
slope differing significantly from zero. However,
because of the great variability in this measure-
ment and since the entire length range of neither
species 1s represented in this series, the dis-—
agreement between the two series is very likely
due to this. When the data for each species in the
two series are combined, the regression lines
fitted to each set of data have slopes differing
significantly from zero (see Fig., 19A).

Except for the reduced vertical displacement,
the distribution of deviation measurements in Fig.
8 (upper graphs) resembles that for length measure-
ments of Rel and ReZ of the male left P5 (Fig. 13A,
B). However, unlike the latter measurements,
deviation of Bpl is not a diagnostic character,
because measurements for the two species overlap
slightly. Therefore, as suggested by Frost (1971),
deviation of Bpl must be viewed as a supraspecific
taxonomic character much like, for example, length
of Re3 of the male right P5 (Fig. 13C). Neverthe-—
less, since in Fig. 8 there is no smooth inter-—
gradation between the species, the data do not sup—
port the claim that Calawmus fimmarchrcus and C.
glactalils comprise a single variable species
(Matthews, 1967). Nor is it necessary to conclude
from Fig. 8 that C. fimmarchicus and C. glactalis
hybridize where they co—occur (Jaschnov, 1972).
Rather, the spread of points about each regression
line in both graphs i1s approximately uniform
throughout the range of length of both species,
indicating that nothing unusual is happening to
the character in specimens of the two species which
are about the same size. Jaschnov's measurements
(1972, Fig. 3), although somewhat more variabie,
are not at odds with my data; but I cannot explain
why Matthews' illustration (1967, Fig. 4), based
on many more measurements, differs substantially
from mine and Jaschnov's. Tt should, however, be
again noted that Matthews' measurements of devi-
ation are too large by a factor of 10 (Jaschnov,
1972) and there may be other systematic errors in
his measurements. Also, Matthews' (1966) exper-
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Fig. 8. Calanus. Upper graphs: curvature (deviation) of medial margin of Bpl of female P5 plot-
ted against prosome length (solid dots, C. fimmarchicus;
cates more than one observation for coordinates); equations of least—squares regression lines
and correlation coefficients (parentheses) are given; slopes of the two regression lines for
Series A differ significantly from zero (P <0.001 for both), those for Series B do not {({. fin
C. glacialis, P ~ 0.4).
dial margin of Bp2 of female P5 plotted against prosome length. All 4 regression lines have
slopes differing significantly from zero (P <0.001 for all 4 lines)

marchicug, 0.1 > P >0 .05;

imental studies of this character in (. firmmarchi-
cus agree with our results and, contrary to his
later conclusions from this work (Matthews, 1967),
do not necessarily indicate that (. finmarchicus
and C. glacialis do not separate into two groups.
Since Matthews (1966) cultured larger specimens of

C. fimmarchicus at lower experimental temperatures,

then it follows that deviation of Bpl of P5 in his
specimens should be inversely related to tempera-
ture because, as shown above, deviation varies
directly with the size of the animal.

Calarus finmarchicus and C. glacialis also form
two definite clusters, with some overlap, when the
number of denticles on the medial margin of Bpl of
P5 is plotted against prosome length. My plot
(not shown, but see Table 1) is quite similar to
that of Matthews (1967, Fig. 8a), showing that
within the species the number of denticles is

42 24 26

open circles, C. glacialie; "2" indi-

Lower graphs: curvature (deviation) of me-

directly correlated with the size of the animal 2
and that the two species do not intergrade smooti
ly in this character, either. When all length

classes of each species are evenly represented, .
the average number of denticles differs for the .

two species (Table 1). 'j

Apparently unnoticed by prev10us workers is t

difference between Calanus f7 mmarchicus and C-
glacialis in the degree of curvature of the medlr
margin of Bp2 of P5. The medial margin tends to-
strongly convex in C. fimmarchicus and much less
convex in C. glaeialis (Fig. 5). To quaﬂtlfY this
pattern, the curvature of the medial margin of B
was measured as described earlier (see Fig. 5)‘f
The pattern of measurements (Fig. 8, lower gIap
is similar to that for Bpl, in that the dev1atLD§
of Bp2 varies directly with size and there is sdl

overlap between the species but, again, the SPec
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g fimmarchicus species group. Number of denticles on denticulate medial margin of
P5 in adult females. All length classes of each species are approximately evenly
Bp! Osented. Counts of both basipods of each specimen were averaged. m: Mean number of

e . . } .
rePF;cles for each species; se: standard error; n: number of specimens examined; -: no

de!‘-‘:imens with that number of denticles

[
sp®

"Number of denticles m se n
17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47

18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
I - - 2 1 8 13 17 25 27 15 16 8 3 1 2 34.71 0.40 139
- - = 5 2] 19 25 23 25 & 1 2 1 = 1 = 30.20 0.3 131
1 5 8 11 17 16 13 7 2 1 = = = = — — 26,15 0.43 81
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18 clusters and do not intergrade con—
'irm defin%techis chgracter.-ln sum, although )
& ously 7 pne medial margins of the two basi-
: b 5 of the P5, taken separately, are
2. characters. they certainly provide
5 two statistically different popu-—
5£53mpled and in no way contradict my
finmarchicus and C. glacialis are

Seiier thal _jes- .
Sistinct SP° curvatures of Bpl and Bp2 tend in
. ce £h® ctions in the two species, a combi-
3 di*% nmeasurements of deviation is diag-
paSt for the 230 females used in the
1,5_ The diagnostic character, called
¥ ,ptained by taking the numerical dif-
15hE deviations of Bpl and Bp2:
t

ftence ° (Deviation of Bp2 - Deviation of Bpl).

5 index ~ observed above that the two species
ile it waswhat in the separate measurements of
bverlap Somihey form discrete clusters based on
{ﬁiatioﬂ’ (Fig- 9). Fowever, because of the
Ehe p5 ind® ;1ity in the index, there is a signifi-
§oroat vari? ¢hat a specimen of one species will be
ant chanc® ps index falls into the cluster repre-
ind whos?, . other species.
nted by © e subtle features are useful for dif-
females of Calanus fimmarchicus and
¥ in C. fimwmarchicus, the spiniform
lézée distal anterior margin of Bp2 of

early always thin and sharply pointed
n . er distal corner of Ril is broadly
2" 1ly blunt. By contrast, in (. glacia-
u5?ﬂiform process on the distal anterior
P”, is usually thick and blunt on at
* and the outer distal cornmer of Ril
rapered and sharply pointed (Figs. 3,
-880TY photoreceptor and lateral gland

E Other, "

located very close to one another, while in C.
glacialis the accessory photoreceptor is well an-
teriad of the lateral gland (Fig. 2A,B).

Williams (1972) suggested that Calanus firmar-
chicus and C. glacialis could be distinguished by
the shape and orientation of the seminal receptacle
(spermatheca) within the genital segment. I dis—
agree, for I found extensive overlap between the
two species in this feature. Williams probably was
misled by making comparisons only of small speci-
mens of C. fimmarchicus and large specimens of C.
glacialis; in fact, the differences described by
Williams are not apparent in like-sized specimens
of the two species (Fig. 11).

The range of size of Calanus glacialis illus-
trated in Fig. 9 is surprising in view of the
length measurements for this species given by
Jaschnov (1972) and others. In regions where C.
finmarchicus and C. glacialis co-occur, they over-
lap in size to a much greater extent than hitherto
demonstrated. To show this, length—frequency his-
tograms were constructed for three series of
females from plankton samples collected in three
widely separated areas of sympatry: Gulf of Maine,
Creenland Sea, and Barents Sea. For comparison,
length~frequency histograms were also constructed
for an allopatric population of C. fimmarehicus in
the western North Atlantic Ocean and an allopatric
population of C. glaezalis in the central Arctic
Ocean (cf. Jaschnov, 1970, Figs. | and 2). The
length—frequency curves of sympatric populations
are rather similar for all three regions (Fig. 12),
and yield the statistics on length of the species
given in Table 2. The size range of (. fimmarchi-
cus in these samples is similar to that found by
others but, unexpectedly, the lower limit of
length for C. glacialis is about 0.4 mm less than
the shortest length given for this species in the
literature. For each species the variation in pro-




