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A fish bioenergetics model of Japanese chum salmon (Oncorhynchus keta) for

studying the influence of environmental factor changes

Yasuko KaMEzawa'T, Tomonori Azumaya?, Toru Nacasawa? and Michio J. Kisur®

In the 1990s, a reduction of Japanese chum salmon (Oncorhynchus keta) body size was observed. In order to investigate
this body size reduction of Japanese chum salmon in the North Pacific, we developed a bioenergetics model for chum
salmon. Our model was based on NEMURO.FISH, using respiration and consumption terms and assumed that SST and
prey zooplankton density are the determining factors of the reduction of body size. SST and prey zooplankton density
are obtained from the result of NEMURO embedded in 3-D physical model, along the migration route of chum salmon.
The period of foraging migration is supposed to be four years and the life stage of Japanese chum salmon is divided
into eight stages, i.e. four stages for summer and the other four for winter. The model reproduced the body size of the
1972 and 1991 year classes of chum salmon, respectively. Reproduced body size of the 1972 year class was larger than
that of 1991 year class. This result showed a good agreement with the observations in the Bering Sea. Moreover, our
model reproduces the trend of observations in 1970-2000 well. The prey density, especially in the Eastern North Pacific,
had a larger influence on the change of body size than SST did. This suggested that the size reduction of Japanese chum

Bull. Jpn. Soc. Fish. Oceanogr.

salmon in the 1990s was partly affected by prey zooplankton density.

Key words: bioenergetics model, Japanese chum salmon, size reduction
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L7 V7 &JROHIRERIZKRZ S o h 5, [i&idH
Ko 7ENIZAT R, HHRITEET 200,
ITREFNBL - -BIEKRA4E4HEL TS (Neave et al,
1980). 7z, HARY 7 OEEFIZIZE A EBBURG
ko THBEIRTWEEDEEZION TS
(Kaeriyama, 1999; Hiroi, 1998). BEDHEIZ L 5 &, &
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Z U7k, 1 FHOME» SBKIINT T, R —Y ol
THETS. £ LU TKROETIZHEG 1T AEICA F—
WAL TR T 2B L, IERFERRR TRIOM
ZETH B LV, AP ICIZBEREEDEEIZL DS
LEDOBRMABEH L, ZOBREETIIR-) V7L E
T5EELENTNWE, X—Y) VB TRERNA LTF
LR L%, ERFERFTHRAL-ARRY 7 X,
N— ) 7 AARCFFRERO B TSI K 5 EltEE &
BOBELEPOEHELERRET S, T LU THRBRAENLD
WMEIZ 5 ENERR— ) v 748 L T, BRBFEOR
JIWZERT B EEZ BN TW5E, 77, BEETRHOEX
IR E~4EEORARENR DB LELZ LN TS (Az-
maya and Ishida, 2004; A7L, 1990; #Fl, 2000). ARWFFE T,
ST ETHOMETRRICHW SN T3 ERINE SIS
L7ehiny, HETIRMER 2R L =¥ 7 2 a1
LU, BHETHATSZEICEHINEIRB L EHL
7=,
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Kaeriyama (1998) & /@il (2004) (= &3S, 1) HAAMG
T 5 Y 7 OMEEEEY 4 1%, 1900~1970 FE7F £ TIER

100 5~500 778 CEH9300 iR) DIEAETHER L7228,

1970 FA - E R SHIC ML, 19951213 7700 T EIC
FELA-Z L, 2) BERD L ORGHEREIL 1970 FATH I
ESERETH o724, 1982412 208 IZE L TLIRE,
1995 F TEZDKEEAMEREL TN/AZZ L, 3) 1979FEH» 5
1989412 A3 C/NBIE A3 U, [EEREES 4 X & BN
T 2BEOERY A X EOBIZIZADOHENBRENS Z
&, )RR 4 X LTI OBR A, [F—FfEFonl
e 2 OFRAFR» 6 RB L, WEITIISEELIED
HBEAMESRE N DE Z &, 5) 4k (BHEER3®) WHEIC
THAEBOFBERBTH LI EHHBHLTWSE. ZLT,
ANEUE - L U 2= (8 R D % < IWBEEEE 2 R DR ISR R
AELLETFTLTWD Z EMEERITIZ & > TBEE AT
VW% (Kaeriyama, 1998). FEEFIZN—1) ¥V 7BICE W TRE

ENh7=FmmoY r DRXE#HANS &, BIEER 2%
Fen b BXEDORD P#5E &N/ & Azumaya and Ishida
(2000) IZMEL T3,

Azumaya and Ishida (2000), Ishida er al. (1993),
Kaeriyama (1998) 513, ZORENXEZEHO KK O iz
FEBHOMBECKEIREICH S LHBML W, &
BRI G RRIAT - T, RIBIE &g 0 504 i
DEBES r ORROEE OO =@ LT,
Morita ef al. 2001) 12K BHf%EAH S, L2 L I OWZEE
PEBRRERKEOMEB AR - 728 DT, HHEBEOZELN
PrORRICEASHELRENICHATIEDOTIE L
Motz TITERMETIE, 37 OEHEEEHOREEIZE
THRER T & L TKREMEEZIE L 2L 2L
F-EFNEHOTHIrOREFBEL, Zhb2D008
BWERTFBSrORBICED LD B B4 5 % 2 ML D
D0 EFNRT-,

MEEFE

EYMPTRXNF—TETILORE

EIFERERE WA (2000) 12X B HARRY r OEFHIZHED
E, VU 3RRORER (KL T2 5O B (Table 1) )
U725 TFg VIRTRy 7 A EBE T2 L{REL
7z, Ito et al. (2004) DK v 7 ZEFNRERIZ, Ay 2 A
OREIBHFT > DE L, ZOBIIBECTHrol
APEBREFIRIZ BT AEF A8 DD A7~ VIZAEIL
72, Fig. 1&Table 1HIZL®FT LI, HAE, 27—V 1
OHEIZZBHA» OB A THER4W0IHE» 5586 HE, H
fHZUT1R2ATE2 5531 HT, M AEHERERIC
WRELAZRYy X (WNP) THD, A7 —-V20HMII%
BH»o KA THESSTHHE2 5 769HH, HfFIZLTé
R1E»5 11308 T, BEIIX—) v 7 rgiicge
BL2ERy 22 @BS) TH5, DFEFKIZLT, 2793

60° N "
¢
4,68
o ATS
BS
50°N r v
i
- WNP
140°E 160°E 180°E 160°W 140°W

Figure 1. Schematic view of the three oceanic spatial domains
and the numbers of life stages simulated in the model. The
three oceanographically domains correspond to western north
Pacific (WNP), Bering (BS), and eastern north Pacific (ENP).

Table 1. Life stages of the chum salmon bioenergetics model.

Stage  Ages (day) Period Region

1 404-586 12/1-5/31 W. North Pacific (WNP)
2 587-769 6/1-11/30 Bering Sea (BS)

3 770-951 12/1-5/31 E. North Pacific (ENP)
4 952-1134  6/1-11/30 Bering Sea (BS)

5 1135-1316 12/1-5/31 E. North Pacific (ENP)
6 1317-1499  6/1-11/30 Bering Sea (BS)

7 1500-1681 12/1-5/31 E. North Pacific (ENP)
8 1682-1834  61/1-10/31  Bering Sea (BS)

5 AT — U IAL R TFHEREL (ENP) & X— 1) v g
HBS) LAEFETILIICEREL:, AP INE—F
FILTHWZERIST A — 2L ZDEDOD AT — VDM
RSB LS ICFRE L 72
EPIINX—FETIVOREEDONT A =4 KR TH
W2 EF L, Rudstam (1988) O 3L F — K4 Al
T, AEKTFEBEFRIEEN (PICES) DETFILE X0 F— 4
K DRI I NI KEES S ¥ (Clupea harengus pallasi) &
KIEBFEY Vv (Cololabis saira) Fl D £ 7 ) NEMURO.FISH
(Ito et al., 2004; Megrey et al., 2002) & HA L LTWv5, NE-
MURO.FISH 3RV AHER € 7)1 (NEMURO: North Pa-
cific Ecosystem Model for Understanding Regional Oceanogra-
phy; Aita et al., 2003; Kishi et al., 2006; Fujii et al., 2002; Ya-
manaka ef al., 2004) L BOEN L INF-EFTINEHELH X
B2E8DTH 5.

NEMURO 2 11 DREREE » 5 %4 % (Kishi et al., 2006).
BREZOWRIE, 3EBEOBM T 5 v o + v (NEIEY
TV by (2S), KMEMT I o v (ZL), HEE
gtrs ooy @P)), 2EEOWM T T o by (U
W75 v o+ v (PS), KEMWEM 5 v 2 + v (PL) )
HEEREEE R (NOy), 7V E= Y 4 (NH), 7 18R
(Si(OH),), AT EER (DON), RIREHER (PON), i
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KEH 1 K (Opal) TH 5.
AFETHNBEY L INF —EF LB TORTE X
ha.
aw CAL,

——_=[C—(R+SDA+F+E)]-
W-dt CAL,

M

() X3 ERY 70 B RS- D OREDR 7
(DFENRER) #ELTVB, ZIT, WEHrOkE
(RER; ww g), (13K (day), CIZEEOHBIC L S KRE
B (g prey-g fish™'-d™"), RIZMERZE 721k EHc X B AE
W (g prey-g fish '-d7"), SDAIZHEIZ I 2 FEREE
RIC & BIAERD (g prey g fish™'-d™"), FidPiz & Bk
Bk (g prey-g fish™'-d™"), EldHemtic X 2 RERD (g
prey-g fish™'-d™") Th 3. CALIZETH 5875 - b
YOI 3N F—HE (cal-g zooplankton™"), CALALFD T
ANE—HE (cal-g fish ™) TH D, Megrey et al. (2002) »°
K=YV TRHWEEFERA L, (1) XAAELL1HOC
BEUE2HDRIZOWTORABRAL KU 7 4 -2 1%
Beauchamp et al. (1989). & Trudel et al. (2004) & Ware (1978)
I2& B =% (Onchorynchus nerkay D & D EFIH L 7=,
Flo, NZHFTONRT A= R FEhED 57z (1) DA
H3~5EDSDA, F, EIZ2WTikIto er al. 2004) 12X 3K
TS v IC DO TORGRRE ST A =2 VT,

C (HBIZ X 3 RERM) ‘

C=Cyax P 1LT) @)
Cyuy=ac- W 3)
PD-v,
:—Ki
P "D, 4)
1+
K,

(D) REAFIHEDCIE, 2 XTRLZEEIID, Gyt &
KIHER (gprey-gfish™'-d7"), p | HBEIZK T MK,
ST DB IC BT 2 KRIRGBERO3IE» 555, TI3K
BCC)ThHDB. BIZC,0E Q) RO LI ICHhERKREE
% > T# D (Rudstam, 1988), C, (BT 3,37 2 — &3
Beauchamp ef al. (1989) #2FIZL TIRTDAT— VT
—Efl %5 A7z (Table 2). 2 ZTW . {KE (g wet weight),
ac, be i EETHB. @ XDpld @) XTkEh, i ®
FZBTBFTDRAT - (1~8), PD : FIOEE (g wet
weight-m™), v, ¢ A7 —VillBIT 3HOHMABE, K !
AT —=ViDY T BEEHEET S & EDOFEMEL (g wet
weightm™) Th 3. viEXAT—CICLoTHRICRKESL
(% EARE LT, to er al. (2004) DAY V< & FERRIC
FTARTI0& L, F/2, FRMERK T, Tto et al. (2004)
DY U2DTF—F Y rOEY 4 TEZEEL, $§RTDR

JA(T)=gcta-gctbh ’)

_ (xkl-ta)
geta= (1.0+xk1-(1a—1.0)) ©

I C 20! -
BT L0t et (16-1.0))

[ (T—tel) { (1.0—xkI) H
ta=exp g xk2- ———— (8)
(te2—tel) (0.02- xkI)
tb:exp{m.m{m

(ted—te3)

. (LO——xk4)}} o)

(0.02- xk4)
(5) A~ (9) RTRLIZLDIE, BEHIRICHMT 5 @fED
KBTI E 5 6 b TEKRT, 220V 7 E4 FifgEo
HFHE A 5B D LD (Thornton and Lessem, 1978). 12137k
WBICIRTELUTHKRL (geta), &9 1 DEKIBITIRT L TR
DY B (geth). getalZB T, tel (f(T)=xkl L kB L ED
KR, te2:f(T)=xk2 LB EEDKBTHD, gebliB
T, te3: f(T)=xk3& 755 L EDKI, ted:f(T)=xkd L 5
BLEDKBTHD (Table 2). KREFEP T, SHAE
B RY DHEE I N T B AR, R
K AT AILEF-FF LR TREL:, ¥ 7ra4ER
TR A KRS, TR © EBAKIEHD S B, 7O
RIZE ST E L BOKIEH (el =T<te2, te3<T=ted),
WIEAKE  EBAKE#HDOI B, HrORRICE > TR

U WK (te2=T=te3) & L 7= (Fig. 2).

Welch et al. (1995) i=&k % &, ENPIZBI 2FEFDH 7D
AT R AKIB 104°CUUTOBHTH Y, EETIIHMA
Bl 8~12°C DM, FIZ10°CLIT DMK TH 5. Nagasawa
(2000) 12k B &, XFEO X T T THOFABIZCLITD
WRTH B, BIZH T ICBELTWAIE, WNPT
3.9~5.0°C, JERFFEHRFETS5.2~6.7°CTH % (Ishida et
al., 1998). AMETIEINEDRFOWMEORELTE S
FIEMIINE-EFNIIKMEEE72012, Ky 2
TR B 3FED (TR ER LT, 27 — V% BRH
BEIT SIS, A(NDOES—FRICKESENT 58, Z
NITER L 72, h¥E5, ZOBIIARMETHOER Y
IAEFLOERTHY , 72, PHOERITOBRIZE
L, ZOEFHBRY rORRIZE 2 3283/ X 0l
ENEHTHS.

K& ®)

R=(Rs+Ra)- convertO, (10)
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Table 2. Summary of parameter values used in the chum salmon bioenergetics model.
Symbol Parameter description Value
Consumption, C,,,
ac Intercept for C,,,, parameter 0.303
be Coefficient for C,,,, parameter versus weight —0.275
xkl Proportion of C,,,, for te! 0.3
xk2 Proportion of C,, , for fe2 0.98
xk3 Proportion of C,,, for te3 0.98
xk4 Proportion of C,,,, for te4 0.5
tel Temperature for xk/ 3.0
te2 Temperature for xk2 3.9°5.0°
te3 Temperature for xk3 5.0° 10.0° 8.0¢
ted Temperature for xk4 10.4% 12.0°
K; Half saturation constant 0.15°
Metabolism, R
ars Intercept for standard metabolic rate of 1-g fish at 0°C 0.0799
br Coefficient for standard metabolism versus body weight 0.8
cr Coefflicient for standard metabolism versus temperature 0.069
ara Intercept for swimming cost eqn (13)
dr Coefficient for swimming cost versus body weight 0.44
er Coefficient for swimming cost versus swimming speed 242
Swimming Speed, U
au Intercept for optimal foaging speed 20.3
bu Coefficient for swimming speed versus weight 0.132
Egestion and Excreation, F, E and SDA
af Proportion of consumed food egested excreted 0.16
ae Proportion of consumed food egested excreted 0.1
s Coefficient for Specific Dynamic Action 0.175
Cal
CAL, Caloric equivalent of fish 1323.68
CAL, Caloric equivalent of zooplankton 617.22
? Value for stage 1, 3, 5, 7 chum salmon
® Value for stage 2, 4, 6, 8 chum salmon
¢ Value for stage 1 chum salmon
4 Value for stage 3, 5, 7 chum salmon
¢ Value for stage 1-8 chum salmon
Rs=ars- W exp(cr-T) (11)
1.0 — WNP
— BS dr
0.8 - - ENP Ra=ara- W U (12)
%06 ara=(2.71-10~)—(4.96- 1075 T)
04 +(5.74-1077-8)—(7.72-107°- §) (13)
0.2 U=au- W™ 14)
0.0 2. )
012345678 91011121314151617181920 [ 13560, Ly | 258000 L
Temperature (°C) convertGy _( g0,  4.18, j_[ 418, ]
2 10 joutes & zoop 10 joutes
Figure 2. Temperature dependent term of grazing function =5.258, p0pe0, (15)

(f(T)) for stagel (thin line), stage 2, 4, 6, 8 (bold line) and
stage 3, 5, 7 (broken line).
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R, Ra I HBL TR L 2DORBE, 125645 ->T0
% (Trudel et al., 2004; Ware, 1978). (11) D Rs I3 KE & &
EHORKICAE->THD, (12) RORaIIKIE, BS, KE
LHERREOEKE k- TS, ars, br, cr, dr . B,
U EWGRE, au, bu . ERTH B (Table 2). (13) XD
ara 3B EB AP S EHEINBETH D, SIZIES (psu)
& 55T (Trudel et al., 2004). TNEDIIT A —-FDH
g 0, g fish '-day ' Th B 728, AW TIE (15) XD
convertQ, % (10) Iz (Megrey et al., 2002). & %5,
(15) RH D zoop i& zooplankton DT H 5 .

SDA (HEIZH T 2RHEBNERIZK 2P - F (GF
1) - E (HEt)

SDA=ss-(C—F) (16)

F=af-C (17

E=ae-(C—F) (18)

(1) RAELE3~5HD SDA, F, EiL (16)~(18) R TEFhFh
zEh, IhooRd (1) RELE1HO COBIRIZ K -
TWa, RADof, ss, aeldEBE T, Ito et al. (2004) & JH
CAEEES V2D D% F 7z (Table 2).

BREVSIDEFRIIANE AP AL —ET LD L
BARBEEH B LUHEE @770 ) ORFR
FIAFMEL, Aita et al. (2007) 12 & % 3D-NEMURO O K #
0~20mDETEHRD S5 5 | Fig. LIZRTER v 7 2 TFY
U784 L7z, Aitaer al. (2007) @ 3D-NEMURO (L, 3
KICHEERTER € 7 JLIZNEMURO % #l A & | R4S
VS MR RE R D ZSEIIZ DT 19485 A 5 20024E (55
FEl) TOVIAL—Y 3V E[T-72EDTHE. 75
AHBETRY @A 7LD 7 rEETA
THi& L T3 (Kaeriyama ef al., 2004) Z & % &, NE-
MUROIZE EN B 3TEEOHM T 7 v 2 b DB, ZP
AEEZEOMEE UTHA L. NEMUROTIE, ZPIEA *
T30 VEEEDOKREDORNEEEM T T v b VIH
%925, NEMURODEH T 5V 7t VIREIZERHN
(mol N-L™Y) TEINBH, Zh% convertN (Megrey et al.,
2002) A FAWTIRER (ww gm™) IZHBE L2 (19) ).
ZOfEE, BEER (200349 RICIERTFEEREERIC K
WTIREXNEE T 7V 2 b DS b4 X ODEREDIC
EFEFNTWAEOWRER North Pacific Anandromous Fish
Commission, 2004) #fEE L 728 D) KD E/NEh o7z,
Zhik, NEMUROD ZP 1 ZL (A L& L 72 KH
BT ) EHETAEMERERSE LTEL
TWBDIIHL, Y7 PR TELDRENLIEHE I
Bub7-HTh5. LU, PHERESEEEEDOZ(LIC
BREEEDKIGT 5 &5 NEMURO DA X5 7
WP MATERL LT, UToams D3, 2%0, B

HIFER & Aita et al. (2007) D ZP DIE (1971 &5 5 2002 5F-D
SADMEZTFH L7284 D) &Dratiozoop HETH L ((20)
R), ZOH#E Aita et al. (2007) D ZP DAEZ 7 FLiZ T
BLTZP 25U, 2L TAMEEOE, Tabbd
MrALX—FLORE L LTHW:E (QDR).

—6
My 106°  Loay veign

pmol N ug

3
] lg dry weight 1.0e litters

convertN= 3
007N dry weight O'Zdry weight m

(19)

. observational zooplankton value
ratiozoop= - (20)
ZP, ...(Ailta et al, 2007)

ZP'=Z7P-ratiozoop @2n

HAE (FEVEZRUCTREICELZIBET—42) B
FABIICB Y 23 r OREIZEET 280 LTk, At
WX KEN R CHEI LZEEON- VIt BT 5
RAEBORET -2 2HLE. ZZTHI F— 21310
FiH AW UM (Takagi, 1975) 12k > THREZ =¥
rORXEHET—-4Th5 (HARDIND Y 7% &),
72, AR TIRBREDEEL UTREAF W2, B
OMERCEHEMEIIEXEEZHWTWE Z S0, HlE
F—Z AT INF - EFLORBRELE T2/,
197355 5 1999 D HIz N — 1) ¥ Z O R E THijE X
NrYrDREXET — & 416684k 5 & F v THERER
HER L, BXE (FL) #0& () IZBE L7 (22) X).
T, #AEMOREXEHNET -4 % 22) REHWTHKE
IR L 7B & BUEE & VRS,

w=10"%%¢.F[37 (R*=0.92) 22)

EBRAR

AFEOETFT LTI, ZREE»SELI TAMK404HBE» 5,
BHETFEHAEDO IR HETEEPNTAINLF —EF LT
REMRT S, &b, HEb404HH» S E A A® 28 H
1, BPEBSEH & 7 MK FEREESOWEIRIZ A % L HEE
XNBEM (G, 2000) IZEDbEELLTH S, Fk—
VO TOREOZELEFTLORBE FRALTELBZZ L
L7,

Z OB A FDROBERHIASHE TEHEI L, FHo R X
7y T3600 TEIR U, 4FBEOEREIT /2. ThE
h, DAKREEBEEDOANEL UTEEREFORERE 2 H
WTI9T2EMBIE L 191 RO B AR L, BEE L
HBed 2 EE (E¥eEER) | 2) KIBOAFHEIXMERE T
L&D (EHEERTHOZMEREFORBRED H Y%
Ho7280) %A, BEEDOAEISEHRREORERIE
FHOT, MERBEOREFHET2ER (r—21), 3)
R D ATMEIR T EFRECRIC & 0 (EHEREERTH -

— 91—
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MR DR D P 2R - 72 8 D) &V, KED
ATMEIE R R ORRBRE 2 T, WEEBFORE %5
HYB2FEE (r—22), 4 EEEREFKOFET
C1971~1995 FED B FIRBE DO E# FHH L, BUHE & T
BZEBTHD. 7, REIHTINELEEEOES %
R0, (2) RAOMEIZF T 2 KBKGEREE (T Lihk
B p DEMERER O BER S S L /-

FEHESEERIZ BT B T2 EARAE & o1 SRR A& il - BN
1) MEEEEE 3 R IR IS HARO RN B3 5 (@R # O 5.8k
FRETHD (R, 2004), £/, ) BAHEIZL S L, B
FERIEAD S B, FHERF A INTRKZ 5720131972
FIRFETHD , BINF 5 7=DIE 191 FERBECTH 778
Thb,. 5, AEOENTINFE—FEFLTIET D
HECEIHBEOEIIZER SN TR,

B R

Fig. 3a D FEHRISIEREEERIZ & » THE S N7z 1972 &
DEETH D, BHIIEEERIC K > THRE N2 1991
FHRBORETH 5. 75 7 HORENL 192 F RO
HET, ZAMZ 191 FRBHOBIAE TS S, ZhTh
DHEMFFEE 12 3mRERT 524 H~11H (ENP~BS) 1251
LSHREDHE L, 12A~3 A (ENP) 2k T 3 KREDR Sy &

D HEEIZ KW, ENPO12HA~3HDOMRERZ—E £/~
BEP LT, 2, 257 -5 25F—-V7 (BHE
B3RO ATL 4AROKE) 2B WT, 1972 FHBHIK
Kl - BOEFEE A 1991 FAREHEE VKR - KO AR
EAEREL T2, Fig 3blc, fEHEEERY »r— 21, r—
Z2DFNEND, T2FBEEL 91 FREF O KRE O
HERE AR L 72, r — 2 1 T 1972 B4 8F & 1991 SEAREED
CHEREZEIZT-VSETICEMLTED, IOERIIEYE
EERENFIT L T, MERHORERITKRE 52N
EN I 27— V5L 27—V TOENPT, KEDH
MABKRENEEDBS TiX kb -7z (Fig. 3a). —F, 7 —
Z 2T, 1972 FHBHE & 1991 FBH O R E = 1L 2B
EBLCTRENE o7z,

EHEERRI BT B 2 DDEMBED I r BEER L KB &
B OB RHIEAL % Fig. 412 L7z, 1991 SRR CUE,
AT =V SOYIEIC ARSI AR O LIREB L 72,
FoVIRbAT V4L AT —V6, AT — VTR,
1972 & 1991 SEMBF DO ZEEDOMIZEZRIZEALR
ENEDSRD, ATF—VS5ERT — VT TIRI192FERTEE
DOFPIOIERHIDEPEOE o, £/, 2T —
D5k AT — V7 OREKIRIL T2 EIEEFO H 2391 FAEFE L
DY 1°ClEA - 7z,

HEEBRIZ BT 5 (T) ((5) XN KBIREREKOME) Lp
(4) R ; HABEKOME) DOHELFR% Fig. 5a, Fig. 5bic®
NTIRL 722, f(DRWFEREE L & ICEIZ ISRV EER
U, 197258 L 1991 BB ORICIZT L A EEIT hH» -

4000
a

5 3000 5 2

E /—/ e

= 7 A

B 2000 et

[ i

3 L Ad A

= 1000 A

stage No.
region

Figure 3. a) Simulated wet weight and observed one for 1972
year class (solid line and circles), for 1991 year class (dashed
line and triangles) b) The difference of wet weight between
1972 year class and 1991 year class, for control case (thin
line), for constant prey with time dependent temperature case
(bold line), and for constant temperature with time dependent
prey case (dashed line).
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Figure 4. Water temperatures and prey densities that 1972 and
1991 year class experienced.
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Figure S. Time dependent values of a) f(T) and b) p in equa-
tion of consumption (Egs. 5-Egs. 9). Solid line is for 1972
year class and dashed line is for 1991 year class respectively.
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Figure 6. Time dependent feature of body size in the Bering
Sea in summer from 1971 to 1999. a) observed, b) simulated
results.

BREE A MR U 2228 1991 SRR E A WAD Lz, £/,
KBHEAFBEBSN OB EEEBE UILALENAEL
¥ (Fig. 52), WHERK pDHERAFTOILATEEELTO A
M EARERIZE DA T (Fig. 5b). & - T, REHRTI,
RN KR ELRELAZDREFEOR-) VB TH 5
DBERRIZENE C - DEXE~FFIIP T TOALKRFFR
HTH->T, TORRIZKBIREOZEM TR L HEED
FTHAHEELD. LT, Y rOahRKEFIZETS
BEOBE &P (shida er al., 1998; Nagasawa, 2000;
Welch ez al., 1995) {ZHEDWTERTE L 72 £(T) 23T 1IZHE W
BER S22 &3, KRB TR I S>TEDAT —
UEKBEGESRFTH 52T L AHEEKT B (Fig. 5a). &
DFERIL, 1979~1998 SEDEEKEDEF) & ¥ 7 DIRKED
BUZIZAE AR 0 E VS Morita et al. (2001) DT
HRAEZHT2ED0TH S, X7z Aita et al. (2007) I2&h
i, 1976 FE DL Y — 43 T b P 1990 R RIZH 1 T
ERFEHERIBOETIKEAR P LR LELEORABGE
BRALT, 875 v b VBEMETLEZ 202
A, WFEAREE S RER U 22 AR E O KR & B D%
ZDhEBR-EBbhb (Fig 4. DEDZ &5, Kif
T TI3, BEOKIRSGEOZE A EEARESE L CHE
BHCH T ORRICFG L Z LR E NS,

AT ANLE —ET N ETH T OREIHLIRD =20
i, WEEE 2RO FEREETH D, TOFERIZ LR



BERT - RBHHE - KR F - B EE

Table 3. Factor pattern of principal component analysis. Sensi-
tivity of biological parameters for the simulated wet weight
(ocean age 4).

PCA1 PCA2
K, (Half saturation constant) 0.4981 0.2398
ss (Constant for SDA) 0.2810 —0.8093
af (Constant for egestion) 0.3853 —0.1218
ae (Constant for excretion) 0.3121 0.5221
W (Simulated weight of chum —0.6535 0.0123
salmon (ocean age 4))
Proportion 0.4516 0.2064
Lz&dis, ZOMROBREARIINE L - HEEOWD

TH 5. ZhidKaeriyama (1998) 1T &k 2 EMAMHTORER L
FELEW, BEREICLE L EEEETEI L - THRE)
ENTEPTALF -EFTLERNTH T OREDRD +
VY FAEBRTERIEIL, 19708 % F5» 5 90EN H
2 TBg Iy OREORD I, HEELEG
(HBEBE) BEEOOEDIIE->TWE I LERET S,
LHL, EEMIZIE, EFLVTHETE - 2EREL 91
EARBEOWHEFR 4R IS B 2R E2E, BAERICK S
REZED3IFTD2EETHB. YL I NF - ET L TRE
EMCERL L > - 2R EE, 1) HZECT53 70
HEYRENZEINTWAWI &, 2)flifafEs DA »E

BENTHAEWIE, HAPFRTHAVANITA—FDI 5,

3DOBYVIDETANSDEIATH B &, 4) %7 D%
WHEHEORMERTH 245 — Y 2¥D, KEFLICREE
hTnwgnwle, HSEEOR-Y VBB 27O
BEF — 22 8AHEE LTHWEY, BEOR-) v 7ih
JHEBIZIEAARLSIMZI A o F v v H REHOET ST
VTROVYT TIANROT T EENRAETEIEDLE
Abh, BISIN-THENRIZBAARRLEEE -4
BHABITEDEEATHWEZ L, BERET OGNS,
ZD3B, 3)D3DND/ST A —K (ss . SDAD LHIRE,
af - PO BRI, ae @ PEHIDILFRED & —FFIRHL A
HOHBEOREFIERK D4 DDRBIZDOVTEY T AL
TEIC L BRERIF 41T o 7=, Table 3B ZDHETH 3B,
B-FRAOBEEEEAS L, BEERIBEOY FORE
CRIETHERIK Lo KEN, ZOZ Lk, SHHE
DINT A= EELITHRETTALENDBZ L ERELT
W3,

72, KR TER L ZEHZ AL —-EFTLTIE, @
FOBHNIZ X > THER ZN T B Y7 O MmAR# % T2
BZETRMT 32012, Ry 2 Z|IZRE 5 3 D0KIRIMK
TR #FVTW SR, EEOY 7 3 LEEICH
REBLZE TR ERELZ TSN, 1 ODRBERTHEE

EEHOEFEREREREDLDIC, ETLENRTSZ
ELSROPETH 5.

FED

HERIINF—-EFLEHOTHARY r OREORE%
RAFFER, 1970FERBED 5 1990 FE PRIz CE
RENLHART 7 ORERDPO LY F 23D 2FHEERH

&N, 19 FRREE L 1991 B ORERRBIZB LTI,

KIBRGEKAT) ITIEEALEN L, HERAKpOH
HIEARFEIZB T 2K, LETOMIZENS 7. DL
DZehs, IERFERBOXZEYLFZDHEZDEN
2, BARRY r ORERDICRHEL LRSI R S h
5.

A THEERA-L I BRI LI, fROFE (o
FAENOFBRE , BREHLOMES A E) #HVT
LUEEA S Ly, Lo L, RADwRKEERLE, £
FAF-EFLABHEEFHTTILREEETILEHEEAT
BZEIZEST, YroOLiEEmEMICHHETIETLE
e T B2 &2hB. Z0O-DDE—HL LT, KFET
AT ALE —ETFLEREK L, SHOETILORKRE
2k, HBEECOWTORKRNEERS, RNOEM (&
FIZH V) v IRBEMTON TR WIERIZ BT 54
rORE - BEBRENE/ S Y — VRN Z 3 08815
WHE) ORBENETRHEZTIZIENTEDILIICAS L
Bbihs,

@ B

P OEREIZDNTEL OBEWMERML T Z & 5 72duiE
BREZIEHEME 7 + — L PRy 2 -0 EHEE L,
KERAEMELY 2 -2 FF Ty &2 —OWAEZE LI
BN LET, £, AELEDBZIIH-D,
3D-NEMURO Dt EARER WY e a3 £ v+ #TEWHNT
BUk NBHT R MR kR 7oy 7 1 7R L Y
2 —fHH (B0) BERKICEJE#H L E T,

51 RACER

Aita, M. N., Y. Yamanaka and M. J. Kishi (2003) Effects of ontogenetic
vertical migration of zooplankton on annual primary production—
using NEMURO embedded in a general circulation model. Fish.
Oceanogr., 12, 284-290.

Aita, M. N., Y. Yamanaka and M. J. Kishi (2007) Interdecadal variation of
the lower trophic ecosystem in the Northern Pacific between 1948
and 2002, in a 3-D implementation of the NEMURO model. Ecol.
Model., 202, 81-91.

Azumaya, T. and Y. Ishida (2000) Density interactions between pink
salmon (Oncorhynchus gorbuscha) and chum salmon (O. keta) and
their possible effects on distribution and growth in the North Pacific
Ocean and Bering Sea. N. Pac. Anadr. Fish Comm. Bull., 2, 165-174.

Azumaya, T. and Y. Ishida (2004) An evaluation of the potential influence
of SST and currents on the oceanic migration of juvenile and imma-
ture chum salmon (Oncorhynchus keta) by a simulation model. Fish.
Oceanogr., 13, 10-23.

94



HEM T AL F — kB BRRT 7 QR ERAT

Beauchamp, D. A., D. J. Stewart and G. L. Thomas (1989) Corroboration
of a bioenergetics model for sockeye salmon. Trans. Am. Fish. Soc.,
118, 597-607.

Fujii, M., Y. Noiri, Y. Yamanaka and M. J. Kishi (2002) A one-dimen-
sional ecosystem model applied to time-series Station KNOT. Deep
Sea Research I, 49, 5441-5461.

Hiroi, O. (1998) Historical trends of salmon fisheries and stock conditions
in Japan. N. Pac. Anadr. Fish Comm. Bull., 1, 23-27.

Ishida, Y., S. Ito, M. Kaeriyama, S. McKinnell and K. Nagasawa (1993)
Recent changes in age and size of chum salmon (Oncorhynchus keta)
in the North Pacific Ocean and possible causes. Can. J. Fish. Aquat.
Sci., 50, 290-295.

Ishida, Y., Y. Ueno, A. Shimoto, T, Watanabe, M. V. Koval and N. D. Davis
(1998) Japan—Russia-U.S. cooperative survey on overwintering
salmonids in the western and central North Pacific Ocean and Bering
Sea aboard the Kaiyo Maru; 3 Febtuary-2 March, 1998. (NPAFC
Doc.329). National Research Institute of Far Seas Fisheries, Japan. 18
pp-

Ito, S., M. J. Kishi, Y. Kurita, Y. Oozeki, Y. Yamanaka, B. A. Megrey and
E. E. Werner (2004) Initial design for a fish bioenergetics model of
Pacific saury coupled to a lower trophic ecosystem model. Fish.
Oceanogr., 13, Supplement 1, 111-124.

ATLREE (1990) HBEEAEEAIMO ¥ 7 HEA O | IZ B 5 £ REERN
WG, WEAKDHTE. 68, 1-142.

Kaeriyama, M. (1998) Dynamics of chum salmon, Oncorhynchus keta,
populations released from Hokkaido, Japan. N. Pac. Anadr. Fish
Comm. Bull., 1, 90-102.

Kaeriyama, M. (1999) Hachery progarammes and stock management of
Pacific salmon. In Stock Enhancement.and Sea Ranching, ed. B. R.
Howell, E. Moksness and T. Svasand. Blackwell, Oxford, 153-167.

Kaeriyama, M., M. Nakamura, R. Edparona, J. R. Bower, H. Yamaguchi,
R. V. Walker and K. W. Myers (2004) Change in feeding ecology and
trophic dynamics of Pacific salmon (Oncorfiynchus spp.) in the cen-
tral Gulf of Alaska in relation to climate events. Fish. Oceanogr., 13,
197-207.

IRILAESS (2004) o 7 OIAKRFERZ. (97~ ADERELENL] 7T
NIJERI, C—#AWAR. 137-164.

Kishi, M. I, D. L. Eslinger, M. Kashiwai, B. A. Megrey, D. M. Ware, F. E.
Werner, M. N. Aita, T. Azumaya, M. Fujii, S. Hashimoto, D. Huang,
H. lizumi, Y. Ishida, S. Kang, G. A. Kantakov, H. Kiml, K. Komatsu,
V. V. Navrotsky, S. L. Smith, K. Tadokoro, A. Tsuda, O. Yamamura,
Y. Yamanaka, K. Yokouchi, N. Yoshie, J. Zhang, Y. I. Zuenko and V. I.

Zvansky (2006) NEMURO—Introduction to a lower trophic level
model for the North Pacific marine ecosystem model. Ecol. model.,
202, 12-25.

Megrey, B. A., K. Rose, F. E. Werner, R. A. Klumb and D. Hay (2002) A
generalized fish bioenergetics/biomass model with an application to
Pacific herring. PICES Sci. Rep., 20, 4-12.

Morita, S. H., K. Morita and H. Sakano (2001) Growth of chum salmon
(Oncorhynchus keta) correlated with sea-surface salinity in the North
Pacific. ICES Journal of Marine Science, 58, 1335-1339.

Nagasawa, K. (2000) Winter zooplankton biomass in the subarctic North
Pacific, with discussion on the overwintering survival strategy of Pa-
cific salmon (Oncorhynchus spp.). N. Pac. Anadr. Fish Comm. Bull,,
2,21-32.

Neave, F., T. Yonemori and R. G. Bakkala (1980) Distribuition and origin
of chum salmon in offshore waters of the North Pacific Ocean.
INPFC. Bull.,, 35, 79 pp.

North Pacific Anadromous Fish Commission (2004) Annual Report of the
Bering-Aleutian salmon international survey (BASIS), 2003. NPAFC
Doc. 769. BASIS Working Group, North Pacific Anadromous Fish
Commission, Vancouver, B.C., Canada. 93-96.

Rudstam, L. G. (1988) Exploring the dynamics of herring consumption in
the Baltic: Applications of an energetic model of fish growth. Kieler
Meeresforsch., Sonderh., 6, 312-322.

Takagi, K. (1975) A non-selective salmon gillnet for research operations.
Int. North Pac. Comm. Bull., 32, 13-41.

Thornton, K. W. and A. S. Lessem (1978) A temperature algorithm for
modifying biological rates. Trans. Amer. Fish. Soc., 107, 284-287.

Trudel, M., D. R. Geist and D. W. Welch (2004) Modeling the Oxigen
Consumption Rates in Pacific Salmon and Steelhead: An assessment
of Currents Models and Practices Trans. Am. Fish. Soc., 133,
326-348.

FAEZ (2000) OARY 7 OENERE & 5 HOMARE. ST
FTEFEEHE Yy -2~ 2, 539,

Ware, D. W. (1978) Bioenergetics of pelagic fish: theoretical change in
swimming speed and ration with body size. J. Fish. Res. Board. Can.
35, 220-228. '

Welch, D. W, A. 1. Chigirinsky and Y. Ishida (1995) Upper thermal limits
on the oceanic distribution of Pacific salmon (Oncorhynchus spp.) in
the spring. Can. J. Fish. Aquat. Sci., 52, 489-503.

Yamanaka, Y., Y. Yoshie., M. Fujii., M. N. Aita and M. J. Kishi (2004) An
ecosystem model coupled with nitrogen-silicon-carbon cycles applied
to station A7 in the Nothwestern Pacidic. J. Oceanogr., 60, 227-241.

95—


http://www.tcpdf.org

