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Abstract Abundance, biomass and size structure of mesozooplankton samples collected with
Norpac nets from 0�150 m at 5�13 latitudinal stations (35"N to 44"N) on 155"E in the western
North Pacific during May�June every year (1993�2004) was analyzed by using an optical
plankton counter. Zooplankton counts on 4096 size units (size range: 0.25 to 20 mm equivalent
spherical diameter [ESD]) were converted to biomass, and summed as the community biomass.
The data of each size class was combined with in situ water temperature data to estimate
production potential by Ikeda and Motoda’s method. Depending on the latitude, study region was
classified into subarctic front (SF: #42"N), transition domain (TR: 40�42"N), subarctic boundary
(SB: 38�40"N) and subtropic current system (ST:$38"N). Throughout the entire study period, the
regional variations were seen in most size fractions of the abundance, biomass and production,
ranging from 52,754 to 86,926 inds. m�2, from 2,656 to 10,183 mg dry mass m�2 and from 134 to
219 mg C m�2 day�1, respectively. Among the four regions, TR was characterized by high
biomass and production but by least abundance. Inter-annual variations in the abundance,
biomass and production were largely due to those of 2�3 mm ESD fraction (and 1�2 mm ESD
fraction for the biomass). Thus, the 2�3 mm ESD fractions (composed of Neocalanus spp.) were the
most important one a#ecting not only the regional but inter-annual variation patterns of
mesozooplankton. Apart from consistent importance of Neocalanus spp., gelatinous zooplankton
such as appendicularians, doliolids and salps were observed to form irregular peaks at ST and SB
regions in some years. It is suggested that the outbreak of gelatinous zooplankton is related to the
development of thermocline or halocline in the top 40 m of the water column, which may prevent
nutrient supply to surface layer, and improve food supply via microbial loop.
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3 10 counts sec�1��.{���.����� ���
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Fig. 1. Relationships between Equivalent Spherical Diameter (ESD) measured with OPC and Equivalent Circular
Diameter (ECD) determined microscopically. As test particles, calibration beads (a), copepods (b), chaetognaths (c) and
doliolids and salps (d) were used. The regression of (d) is of doliolids only. Vertical and horizontal bars acrossing
means denote ¬SD. For gelatinous zooplankton taxa (chaetognaths, doliolids and salps), the e#ect of staining was
also tested. Species abbreviation for (b): EbEucalanus bungii, MoMetridia okhotensis (C6F), MpMetridia pacifica
(C6F), NcNeocalanus cristatus (C5), NpNeocalanus plumchrus (C5).
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Fig. 2. E#ects of repeated use (6�7 times) and staining/non-staining of 6 copepods on the ESD measurements with
OPC. The measurement started with non-staining specimens (nY10) three times, followed by stained same specimens
three-four times. Di#erences in average ESD values of successive measurements were significant only for Neocalanus
cristatus C5 (one-way ANOVA and Fisher’s PLSD, p�0.05), which was due to breakage of body parts. Vertical bars
acrossing means indicate �SD. �: p�0.05 (Fisher’s PLSD).
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Fig. 3. The location of sampling stations (35rN�
44rN) along 155rE in the western North Pacific. The
stations were grouped into four regions in the present
analysis, e.g. SF: Subarctic Front, TR: Transition
Domain, SB: Subarctic Boundary and ST: Subtropic
Current System.

Table 1. Zooplankton sampling period at 35rN�44rN
along 155rE in the western North Pacific during 1993�
2004.

Year
1st visit (mainly late

May�early June)
(n)

2nd visit (mainly
late June)

(n)

1993 5�10 June (13) 24�30 June (11)
1994 5�11 June (13) 23�29 June (13)
1995 5�10 June (11) 23�30 June (13)
1996 6�11 June (10) 23�29 June (11)
1997 7�10 June (5) 25�29 June (13)
1998 4�10 June (9) 26 June�1 July (6)
1999 5�11 June (7) 27 June�2 July (9)
2000 6�9 June (9) 25�29 June (13)
2001 4�9 June (8) 23�28 June (9)
2002 22�27 May (13) 12�15 June (6)
2003 13�18 May (8) 6�12 June (11)
2004 11�16 May (12) 4�9 June (11)

Number of zooplankton samples are shown in the
parentheses.
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)U5��Qc�&

2�5. ����� !�"#�$%&'�
I���'*>����	
��
)U��iJ'
��+�'7� !^��A�KBA'��%I'� D
EF��� j7klm� 5��Z5[5'�^!� GB
5% 4,0966789:;����� 6��678�	
m XESD 0R1, 1R2, 2R3, 3R4, 4R5 mm*+, 5

mm�~G ��'��I� L�M�� 2NO7�� !
two-way ANOVA '+��	� Fisher’s PLSD '+
��m��;� m��#$%&
P��	�%I� ¡�	8�*+1 38���¢M�
� !£�'+1P¤J'¥� � Z5[5 ¦de.§
¨
�© (ª42«N, Subarctic Front: SF)� ¦¬#M�©
(40«NR42«N, Transition Domain: TR)� ¦de.®©
(38«NR40«N, Subarctic Boundary: SB) *+, ¦d/
.�© (¯38«N, Subtropic Current System: ST)�q°
��P�� % (Fig. 3)& P5B�M�¥��q°�

± ±
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Favorite et al. (1976)����� (1990)���	
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����������
������� �� !"�
�#$�%&'()* 	+,-.����/0
123
245 6789:,+;	<�=����	>21?@
AB�C,���5 DEFGH)I (SF)J+KDEF
�L (SB)�MN�<�=��OPQR �DEFGH)
I� S42TN8DEF�L� 38TNU40TN* 	V��5
WXYZ�[\�4]^�12,�
_�`abc�d5 efcg�hij	C�, 35TN

�5 ef�kl�3�m�@4n�m��opq��r
2�� _�5 stuP�v�m� �wx8 5cg�y5
Table 1* 1997@	Jz, 5{|}U6{W}�~('
�pq��r�
��

3. � �

3�1. OPC������	

���8��
�B���)�I)���;�5 ��
�)�B���)�I)4��
����r2���

Fig. 4. Comparison of zooplankton wet mass esti-
mated with OPC and those directly measured.
Zooplankton samples used were those collected with
Norpac nets, excluding those dominated by gelatinous
zooplankton (cf. Fig. 8).

Fig. 5. Temperatures (top) and salinities (bottom)
averaged over the 0�150 m water column at stations
along 155TE during late May�early June and late
June of 1993�2004. Solid horizontal bars across the
means denote �SDs. SF: Subarctic Front, TR:
Transition Domain, SB: Subarctic Boundary and ST:
Subtropic Current System.

Table 2. Results of variance analysis (two-way
ANOVA) on the abundance, biomass and calculated
production for size-fractionated zooplankton at four
regions along 155TE during late May�early June of
1993�2004.

Source of variation

Year Region Year�Region

Abundance
Total NS � NS
0�1 mm NS �� NS
1�2 mm NS �� NS
2�3 mm �� �� NS
3�4 mm NS �� NS
4�5 mm NS � NS
S5 mm NS NS NS

Biomass
Total � �� NS
0�1 mm NS NS NS
1�2 mm �� �� NS
2�3 mm �� �� NS
3�4 mm NS �� NS
4�5 mm NS � NS
S5 mm NS NS NS

Production
Total � � NS
0�1 mm NS �� NS
1�2 mm NS NS NS
2�3 mm �� �� NS
3�4 mm NS � NS
4�5 mm NS NS NS
S5 mm NS NS NS

�: p�0.05, ��: p�0.01, NS: not significant.

� �

��!��!��� OPC	+,�x��� �B���)�I)¡t¢£pq 7
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(n�234)�������	
�� (g WM m�3) �
OPC����� �4,096����������� �� 
��	
�� (g WM m�3) !"#$�% OPC&'�
()*����+,$
 (Fig. 4)- .�/0% OPC��
���1������"#$�23��45678
9:
;�� �< 1.05=�% >?�@�1A2B�CD
EFGHI�	 (pJ0.0001)% OPC���&'�()*
HK�	
-

3�2. ���������	
������ ����
�����
LMNO% PQR�STUVW�&'!X:
 1993

U�� 2004U� 5YZ[\6Y][R�S 6YZ[�
R^� 155_E`�a:
b�c� 0\150 mdeMf
Lg�deMfhN! Fig. 5 �Ki- Lg�hN�;
�jkl��c8mg% mhN8mklnojg% jh
N89:
- LgR�ShN�pqrs1tuvwxy

� (SF)�tuvz{ (SB)�R��% |X} (TR)�t
~v} (ST)�.	��� 2=no5A�% ����R
^��}N^�()*HK�	
- ���c�R��1
5Y�� 6Y�E���	�jLg% jhN�E���
H���|X}8��	
- ���}81PQ���L
g�hN�VW1�3$;��81E�:
-
W���y��y�����% �����R�S��
�R^�b�}R�STUVW�C�! 5YZ[\6

Y][��� ¡¢���� two-way ANOVA 8&'
$
�£¤% �����81 6������ (0\¥5

mm ESD)�n�¦o�R���}@�CDEsH��
	% 2\3 mm��������1UVW;§¨�	

(Table 2)- �����8;©��������8�}@
�sH��	
H% b���!��$
ªW���y�
�y������1UVW;��	
- 0\1, 1\2R�
S 2\3 mm��������;CDEUVWH+��
	
£���% £	���������UVWHªW�

Table 3. Between-region di#erences in the abundance, biomass and production of size-fractionated at each region
along 155_E during late May�early June of 1993�2004 tested by two-way ANOVA (“Di#erence”, see Table 2) and
Fisher’s PLSD. Any region not connected by the underline are significantly di#erent.

Zooplankton

Size class

Region
Di#erence

Region

(Fisher’s PLSD, pJ0.05)SF TR SB ST

Abundance (inds. m�2)

Total 69,713 52,754 86,926 61,556 � TR ST SF SB

0�1 mm 49,933 34,435 73,459 53,780 �� TR SF ST SB

1�2 mm 12,751 10,131 9,506 6,501 �� STST SBSB TRTR SFSF

2�3 mm 6,044 6,923 3,320 1,064 �� STST SBSB SFSF TRTR

3�4 mm 866 1,113 591 198 �� STST SBSB SFSF TRTR

4�5 mm 105 109 39 11 � ST SB SF TR

¥5 mm 14 42 10 2 NS

Biomass (mg DM m�2)

Total 9,249 10,183 5,927 2,656 �� STST SBSB SFSF TRTR

0�1 mm 558 371 602 470 NS

1�2 mm 2,271 2,093 1,576 938 �� STST SBSB TRTR SF

2�3 mm 3,977 4,515 2,306 776 �� STST SBSB SFSF TRTR

3�4 mm 1,848 2,287 1,189 365 �� STST SBSB SFSF TRTR

4�5 mm 442 474 162 48 � ST SB SF TR

¥5 mm 153 443 92 59 NS

Production (mg C m�2 day�1)

Total 173 219 192 134 � ST SF SB TR

0�1 mm 21 19 44 44 �� TRTR SFSF STST SBSB

1�2 mm 50 56 59 48 NS

2�3 mm 71 95 60 29 �� STST SFSF SBSB TRTR

3�4 mm 24 37 25 12 � ST SF SB TR

4�5 mm 5 7 3 1 NS

¥5 mm 1 5 1 1 NS

�: pJ0.05, ��: pJ0.01, NS: not significant.
SF: Subarctic Front, TR: Transition Domain, SB: Subarctic Boundary and ST: Subtropic Current System.
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���������	
�������������
����� (Table 2)� �� ������!"#�$
%&'()*+,���-.���� /0�1��

�2��3��4 ESD� 253 mm�0�1��
�*
��()*+,��$�%&'��36� (p70.01)4
��0�1��
����� ������!"#�
()8*+,��9$�6�����:;�<�
(Table 2)�
()=�� >?@ABC 9�6� Fisher’s PLSD �

D
�EF�G
��+HIJ����K4 LM()
(TR)�*�����	
�!"#�N��$;;O6
P4 QRSTU�V$W'����X6;�'Y�
(Table 3)� �� TR�*�����	
�!"#�N�
�$;;O6PQRSTU�V$W'�Z[\4 11�

Fig. 6. Abundance (top), biomass (middle) and calcu-
lated production (bottom) of zooplankton (all left,
mean]SD) and its size (ESD) composition (all right) at
the four regions (SF, TR, SB and ST) along 155^E
during late May�early June of 1993�2004. SF: Subarc-
tic Front, TR: Transition Domain, SB: Subarctic Bound-
ary and ST: Subtropic Current System.

Fig. 7. Year-to-year variations in the abundance
(top), biomass (middle) and calculated production
(bottom) of zooplankton in 0�150 m water volumes
(mean]SD), together with the size composition of
each, at 7�13 stations along 155^E during late May�
early June of 1993�2004.
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��������	
��� ��� TR	���
ESD� 2�3 mm������� ��Neocalanus plum-

chrus C5 ����� Fig. 1b �� ! �"�#$$%�
&' (Fig. 6)( )$� *+,�-./� 134�219 mg C

m�2 day�1 �&0� 123, (ST)	���4�#$(
5678�9:	 Fisher’s PLSD �;�<=>�?
�<	@0ABC$D�E� 19936� 19986� 20016
�@F 20036	���G�HI�D-./�J��D
��:�	K#$ (Table 4)( G�HI�D-./�5
678�������LD	M��ND� 2�3 mm�
������OPQRSTDUVC��K�W8XY�
T�<T�5678�� ESD� 5 mmZ[�\]��
�����W8XY�T�<T�^_	\`NabC�
�'�D�c9�$ (Fig. 7)( �TYd�efC$D�
E� 20036�\]K�dQg (Salpa fusiformis) �D
N	hi+, (TR)	"NjkC��$(
lm	� +,�@F678�no� 1993�20046�

6pqr�sSR	t��AB�i#$D�E� 0�1,

1�2 mmD�#$u]K ESD������	����
jkvwx� G�HI��@F-./��y�	�nz
K{|}~ (Year�Region)�f%:�$ (Table 5)( �
��� {|}~�M:�K�#$��� 5pqr�6p
[r�sSRAB^_ (Table 2) 	���� `�%��
 ��&'( {|}~�M:�$�� �Total, 0�1)$

Table 5. Results of variance analysis (two-way
ANOVA) on the abundance, biomass and calculated
production for size-fractionated zooplankton at four
regions along 155�E during late June of 1993�2004.

Source of variation

Year Region Year�Region

Abundance
Total � NS ��
0�1 mm �� NS ��
1�2 mm NS �� �
2�3 mm NS �� NS
3�4 mm NS �� NS
4�5 mm NS �� NS
�5 mm NS NS NS

Biomass
Total NS �� NS
0�1 mm NS NS ��
1�2 mm NS �� ��
2�3 mm NS �� NS
3�4 mm NS �� NS
4�5 mm NS �� NS
�5 mm NS NS NS

Production
Total NS NS ��
0�1 mm � �� ��
1�2 mm NS �� ��
2�3 mm NS �� NS
3�4 mm NS �� NS
4�5 mm NS � NS
�5 mm NS � NS

�: p�0.05, ��: p�0.01, NS: not significant.

Fig. 8. Year-to-year variations in zooplankton abundance (left), biomass (middle) and calculated production (right) of
“total” (a), “0�1 mm ESD” (b) and “1�2 mm ESD” (c) size zooplankton at four regions, along 155�E during late June,
which significant “Year�Region” interactions were detected (cf. Table 5). For prominent peaks, dominant zoo-
plankton taxa are indicated.
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� 1�2 mm ������	
�� ��������
���� ������������ Fig. 8 ��� ��
!"#$%#�&' �(� )*+,� �,-�.
/01�234�5' 678�9:;	<��=">
#?��!"#$%#@
A��������B���
C D�EF YearGRegion HIJ�@K1LMN1.
OMN1 PQRS=">#?��!"#$%#�T
U��0V
WX�LN1�� 1994�� SB ���
��,-����)*+,� 1996�� TR ����
�(� 1999�� SB ����)*+,�SYZ[�
(Fig. 8) 
\1 6 ]^_���� t wo-way ANOVA �`aE

F (Table 5) � 5 ]^_�6 ]b_�EF (Table 2) .
�cC1.de 5 ]^_�6 ]b_�������.
�����/Vf���$"�g�Zh���@iLN
1@ 6 ]^_Z�j�����$"���	
��.
����k/Vh����l�MNS801 (Tables 2,

5) 

4. � �

4�1. ������	�
������� �����
����
�mnZ� 155oE p�q01 35oN 8L 44oN �r

�st��u�vR� 4 w��x�C1 (Fig. 3) ��
!"#$%#yz�{� |st� ���
W.CV}~
LN��� ���� (TR, 40oN�42oN) Zf��!"
#$%#�	
��@ 4���Z�K�/���CV
�����.���@�K�/d.Z[� (Fig. 6) d
N� Fig. 6 8L�L8S�&� TR ��/V ESD @
2�3 mm, 3�4 mm ��� 4�5 mm ./01B�S
���$"�@��C ���ZTUC1�����$
"�@jS8011�Z[� ESD @ 2�3 mm ./&
���$"�� Eucalanus bungii C6F 7 Neocalanus

plumchrus C5 ./01 ���2�B������@
���� (Fig. 1b) �\u 155oE p�q01 35oN 8
L 44oN �w�� ���� (TR, 40oN�42oN) ��/
VB������@�/d.��0V
WX�LNV/
�d.@�8� 
h�����/VK 5 ]^_�6 ]b_���Z�

f��!"#$%#�����.������S��@
iLN /�NK 1993� 1998� 2001����
2003���/d.@�L8.S01 (Table 4) ���
�$"��&' 2�3 mm ��	���S���@iL
N1d.8L (Table 4) b�f��!"#$%#��

���.����h���� 2�3 mm ���$"��
����0VK1LMNV/�d.@��MN1 D�
1� �����.�����/V ESD @ 2�3 mm

����$"�.f��!"#$%#������C1
.de /�NK��S����@[�d.@�801
(Fig. 9)  �� (r2) @ 0.65 8L 0.71 Z[01d.8
L f��!"#$%#������������h�
��� 65¡ 8L 71¡ � ESD @ 2�3 mm ����
$"�������0V¢�Z£�d.@�C1 �
\u 155oE p�q01 35oN 8L 44oN �w����
!"#$%#�����.����h���� B��
������¤.��¥��0V¦§MNV/�d.�
S� 
b¨���!"#$%#�{������h����

5 ]^_�6 ]b_�EFZ[01 ©� 6 ]^_��
5 ]^_�6 ]b_��iLNS801 YearGRegion

� ªHIJ�« @�	���MN1 (Table 5) d�HI
J�� ªh���-+¬#@�����0VS�« d
.���CV/� HIJ�@iLN1����/V�

Fig. 9. Relationship between “total” and “2�3 mm
ESD” zooplankton, in terms of biomass (a) and
production (b), based on the data obtained during late
May�early or June of 1993�2004.
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����� ���	
��������� ���
��� ��������� �! "#$%&�' (Fig.

8)( )*+� 6,-./������0� 1234

���������/#$5�6&789:;�
�<�"=>6'( <�0 5,-.?6,@./ABC
0D;�4>6'78CE�( 6,-.546&
��
�������"1235FGH���I546
'JKLM-5N���(
����� ��������� ���6'
��
�������0OPQR��	5SPQRLT

U� VW5X%'YZ54�[\]5�+^_`5ab
cLde�<�"Cf� �Bone 1998 Lgh!( <�;

���������"i>6'j/kl�mn
/opnq�� rst5�:� 12juv�/wxL
y6' (Fig. 10)( 1994j/z{|Z} (SB, 38~N?
40~N) 5&����������"i>6'j0� ��
�/��	�j�+�kl� �mnC� k� 40 mM�
5��"G�%&����"I>"�'( 1996j/�
y�� (TR)C/� �/��0�mnC789:;
�� r��k� 40 mM�5��/G�"I>"�'(

Fig. 10. Vertical distribution patterns of temperature and salinity at the station/year when gelatinous zooplankton
were dominated (closed circles) as compared with those of 12-year means during 1993�2004 (open circles). Horizontal
bars for the latter denote �SD. SB: Subarctic Boundary, TR: Transition Domain.
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1999������� (SB)�	
����� 20 m�
����������������� (Fig. 10)! "#
�$ 6%&'()*+,-./0*,12,�34�5
67&�	$ 89�
����������8 :
����������� ! :���;<=�$ 5%&
'=� 6%>'(	?��9$ 6%&'�������
5�@(�A?�� )*+,-./0*,12,�3
4	$ BC�D E�����FG�H�IJKLMNO
FPQRSTUVWXY/0*,12,�Z[FWX\
]^_`aDbc�@ )*+,-./0*,12,�
Z[d �8efghTi�j85;<�	U8=�kl

m� ! :�no�pq(	$ ./0*,12,rst
uvw�	UD$ Y/0*,12,rstu�xyz{
�| !

4�2. ��������	
�����������
������
155}E~(��5 35}N=� 44}N�./0*,1
2,��S������������$ �������
�.B���� 5%&'�6%>'B�� 6%&'(=
w���u������.����^�� (Fig. 11)! .
/0*,12,�S�������89������

Fig. 11. Schematic diagrams showing year-to-year variations in zooplankton biomass and production as a#ected by
the abundance of Neocalanus (2�3 mm ESD), and 3D images for spatial-temporal changes in zooplankton community
structure in the western North Pacific as revealed by OPC analysis.
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���� (TR, 40�N�42�N) ���	�
����
������� (Fig. 6)� ���������� �	
10�40 m ��
���� Neocalanus cristatus � N.

plumchrus C5 �
���������  !"��#$
��%&'()'*�+,-������.����/
01� �
���� Neocalanus��
2�34	.
����5�6�71	�� (Fig. 9)$ ����89�
����%&'()'*�+,-���	� �10�

�������:�;������� �1����<
=�>?� 0=�71	��  !@A Tadokoro et

al. 2005 B"##$ 6 CD$�E%�&F�<1	��%
&'()'�;':(�����GH� I)*JK&L
'+��%&'()'�,-�/01�3M�J�
(Fig. 8)$ ��N�OPQ�H	 R./��0S�/T�
U1VWX2YSZ[\�PJ]3
4�%&'()'
�,-S3
56B^78�9_���K&L'+��
%&'()'�,-` ��Ma:B;<H�$
=>����?��b�4	� @c�AB�d���

%&'()'���� ���4CD;'�C��e��
fE����FG!g����H01	��  Tani-

guchi 1973, Ih 1981#$ Ji� OPC �34	K01�
��%&'()'�\�PL�=0jM71����
(134�219 mg C m�2 day�1) �� Bk���l�mn
�NOP (107�232 mg C m�2 day�1, Taniguchi

1973) �QoR���$ ���
���%&'()'�
��S5p�
J�q� ��*J�+TU�BVr7s
� (Ducklow et al. 2001)$ 5 CD$=0 6 CW$�=l
	����� (TR) ���	��%&'()'����
X����r@	� �
�\�P(&-�,-g���
�3d (Fig. 6)� ����*J�+TU��Vrg��
��NY71�$
����  ��89��# ��l���%&'()'

*�+,-�.�����t�H	�&u),-�Vv
(Sugimoto & Tadokoro 1997)� wxyQ�u) (Sugi-

moto & Tadokoro 1998)� z{OyO| (Sugimoto et

al. 2001) �� 10��Z[�\}�~��� (Chiba et

al. 2006) J]�]^71	��$ _>?��l�.��
�  *�+,-����� 1993�� 1998�� 2001�
�3� 2003��X�# �� `�Hp�10mn�>?
����aHJ=4��� �1�bc}�� 1993�
2004�  12�# �d�� e}.�����y'�[�
Jfg��h71J=4��ijp��  !@A Chiba

et al. [2006] ��k 50���lm�<�	�n#$ J
�� OPC �3��nB70�
��op*��%&'
()'qm�<�	�M���3d� ��J�����

�l���%&'()';'�7���J-�y{��
r��*�s� 0=�J����}t71�$
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H� u�
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