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Ventilation in the tilapia, Oreochromis niloticus
Ken-ichi Yamamoto'", Takeshi Handa', Motohiro Yokota®? and Kouji Takahashi?

Abstract : In the tilapia, Oreochromis niloticus (body weight 1,100g), the ventilation properties under nor-
moxic and hypoxic conditions were examined by continuous direct measurement of the ventilation volume,
the hydraulic pressure in the buccal and opercular cavities, and the difference of the hydraulic pressure in
between two cavities. The flow velocity and the mean flow passage areas at the mouth, the gill slit, and
among the secondary lamellae were calculated using the measured values. And the reliability of the equa-
tion in search of the velocities was examined by directly measuring the velocity at the gill slit with the
fiber-optic laser velocimeter.

Under severe hypoxic condition, the ventilation volume increased at about 11times that under normoxic
from 148mi/min/kg to 1,615m!l/min/kg. The mean flow velocities at the mouth and among the secondary
lamellae increased at about 2 times those under normoxic condition from 13.1cm/sec to 26.5¢cm/sec and
from 16.3cm/sec to 30.8cm/sec, respectively. However, the velocity at the gill slit was almost constant in
24.6-27.2cm/sec. The mean flow passage areas under severe hypoxic condition increased severalfold those
under normoxic condition : 5 times at the mouth (from 0.35cm? to 1.69cm? ), 6 times among the secondary
lamellae (from 0.16cm? to 0.88cm? ), 13times at the gill slit (from 0.24cm? to 3.13cm? ). From the relational
expression of the mean flow passage area and the mean flow velocity, the hydraulic pressures of opening
were estimated to be-0.8mmH:0 for buccal valve and 3.1lmmH:0 for opercular valve. And the hydraulic
pressure in which the water begins to flow in respect of the secondary lamella was guessed to be at
0.8mmH:0.

The calculated velocity values were almost equal to those measured with the fiber-optic laser velo-
cimeter, and the stroke ventilation volume calculated with the relational expression closely agreed with
that measured directly. These results highly prove that the values calculated using the relational express-
ion were considerably reliable.

Key words : Tilapia, flow velocity, Gill slit, Mouth, secondary lamella, Ventilation
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BLLT, ZL0BETRRONA TS, $/2, HIGE
BhCRE ) OIEREEEN OKD TR IE, T A Cyprinus carpio®
R 7T v 7N A Micropterus salmoides® THRIE SN TV 5, I
7z, ZREBFEOKOFEL, BHUKE L ERERHITRD
7o KRB OMHELY AV ETE A SHER SN TN T,
TORERFER N B KOBET I, ZRERS O TR I GEE)
2D R L EBREDKEZ DAL SHEF STV 5 72,
—J, BEfrEnsKOKTFR, #IATAO—HETH
% Anodonta cygnea DNHET O X T4 T LD T T 2 M T
7 b Salmo trutta DERICFAET AT ERANL I LICL o
THR STV B,

LaL, k1 BB 208Ky 7LEBERY 70
B X E ) RO OAOTA, SIE,»S OB XU R
BEMOTHLOELIIONTIE, FLALHOATYE
WV, FZT, KWFFETIX, T T YT Oreochromis wiloticus %
v, EEFESMNE L OEBRIORECOBOXKE, BED
KEBLOZNSOREEZRE L TH, ZREDSFF & IR
DG O iRE & IR 2 AT L7z, 72, Th
SOKENS, OBERB L VEERORMCEOKE, =X
BESE R 2 KA D B DI LB R RIROKE, B XU
K1IBEICBT 50, ZXREHRB L UCBRROERD DFHED
ZALZHER L 72,

ME EFHE

BEERAIIE, (REL 001274 (CFY9ME+IERERZ, D%
FIREIRT) g, &E372£15mmD 75 ¥ T1MEEZE Fv 7z,
BITKERFROEAM TR, b, EHE BR>E
KA (5001) T 14 AL EKIE28.0£0.1C T, a1 HDE
AR REOH 1 %5 L THE L. 2B, FEBL
OEERIZIE, BREMIEICOMBKEDORELTEICT 5
oz, LEROHEKEMNZ TESREL 5 ICAE LK%
Fv7z, BRI TRTRIEOKES L S BRE CITo 72,

Fi, AE2URFBAMEAIC LK, 1:5,0008F0FF
VY ESTECRERE 2, REB L UEREFHIR, Ok
CHERE IR TF L B R EE LY (Fig. 1), [
M, AME2mm, B E30mmD b D (No. 6, Hibiki)
7o, Bk, B IR IC AN, 15KEMEE L 721,
Wl5E % BfA L7z,

g2 R K
FEEIL, BIRKkETEBENET L2 EB"Y 2 HWT
(Fig. 1), BEEBAELEE T ZAOBRRIZL > T 1 KH

I 6 BEREICIERIRT S8, 800K E % 20 & & THlHuUK
2B 2B IC oW CL2ERE Vv TNz, IEIRT
FOEE I DWW T EE A~ OEE R O T Bt A 550
DEREVITo7, B, WIRFHEICIZR S46cm, 1E8cm,
BE13emD b D& Tz, RO ENDRAKE L
2,000mi/min& L, KAEZEOHAKO D S FHRHENES T
WRIKREL L7z, —7, WRFEOBED OB TEER,
55N LHPKEIF20mI/mink L7z,

O BLUOCEEOKEIR, OEN T VAT 2—H—
(LPU-0.1A, HANTE) %L CHIEHTESS (AP-601G,
HANE) CEFEHIEL, vv 27 IFYA7L4 (Mac
Lab MKIII, ADI) % Fi\» CHERVA0ME O # EE CEFRLER L 72,
IhSDKIEDEAE, HEMOKEZ 0 mmH0& LT
W5E L7ze AEESROKTEDOBIEL, KE MRS =)
Iy 2 ENLTCRERAORNES, T I CIHRE~DOKD
TARBOWNEES 2 212X 2 KEORE % BFELTO
mmH0%FAH L, =HFav 720z, BEHOHL
DEEE O THMRELA YR LR oKEEE L OF S 12
FR&E, EEETOKEEZRT L) ICHABIL TITo 7
(Fig. 1), HIERIZIX, =FHav 7 2 OB X ORI
BRELEZR)IFLUHEAND )R 7,

MR (RF, cycle/min) (X, WRGEBFFAL TLET
T AHRFEDHREOHKODKE D LT 2 A 72, EHEE
$ok& (Vg mi/min/fish) &, WRHEOBRZOHKOB
LFOEBEZRER-rOME T2 KEZITIMTE, X ALY ¥

Fig. 1 . Diagram of experimental system. 1: N: bottle, 2:
flow meter, 3: equilibration column, 4 : aeration,
5: column used to adjust the water pressure, 6:
three way cock, 7 :column used to absorb the
vibration of water level in the respiration cham-
ber, 8:scale, 9: blood pressure transducer, 10 :
carrier amplifier, 11 : analog digital instrument,
12 : respiration chamber, 13 : 100m! bottle to
analyze the dissolved oxygen concentration, 14 :
measuring cylinder, 15: water reservoir, 16 :
thermostat, 17 : crushed oyster-shell, 18 : fine
gravel, 19 : filter tank, 20 : lift pump.
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¥ —CllE L7 (Fig. 1),
[l — | DRI E (Vsy, mi/cycle/fish) &
VSY=Vg/RF + « + + « ¢ v v v o« (1)

LEE L7,

FEEHEE (Voo ml/min/fish) 3, MEFHOREDE
HFEEFEE (Cio:, ml/l) BEUOWRMOBEDBHERER
(Ce,02, ml/1) % Winkler#" THIZEL,

Vo:= (Ci,0z—Ce,02) + Vg/1000 + = + « (2)
DORE L, &b, WEMEOMEOBERME R, HE
L72BARE RS L KEZ AW TEERMEOED 53K
D7z,

ERFEFAAE (U, %) 13,

U=100 - (Ci,o:—Ce,02)/Cio: =+ + = + (3)
SEHE L7z,

O, #3E X TREF O TOFIGHES L U
FEERE L, OBEOKE, SBEOKELLTZRSDOKE
AEHVWTRO LI ICLTRD 7z, [, #lEB X0 Kl
FOFMTOROFEIUL, OREOKEDS & OHIEDOKED
TIALYA FAOM%E, OMELEBREOKEZENTT AL
YOoMEEHIICELLTwEZERs, WTFRb X
MTHBEZENVHLLTH S, £2T, Kid, OTIIKE
HBYA FAORIC, BRETIIKELNT T ADBIZ, ZRED
FTIIORELBEOKEENT T ADOBIZHKA TS LR
EL7, $72, ThEhoffLcomEoOEEME (v,
em/sec) V&, EEWIMCTHILT ABIFREREZ L LT,

= \/Zg_AH— ............ (4)
TRHEShZ L LAY, 22T, gd3ENMEES, AH
(mmH:0) 13KED B VIZKEEZRT,
—fixiZ, FRERTAEF % 887 4 B AR EQI,
Q=aFV=SV =+ « + « « « « ¢« « « . . ( 5 )
TH2bNb, 22T, aldiERE%, SBLU aFid
AR TER % R T,
R —[E D ) BADFTN TV BEEBAT (Fig. 20T &
BWVIET:) TG L R EQIE
Q=SV = + + + ¢« v v v e 0o (6)
TEHLEIND, TIT, SRATTPHILL Z2BHFHD
ARpEsE (LT, BICFYREBEELv)) 2RL,
S=1/AT- [6T Sdt =« + « « + « - (7),
TEtHE S h2ECTH 5, 72, VIRATTEIHLL 72K/
FigE (UUF, BICFEm#E e ) 2RL,
V=1/AT: [T Vdt=1/AT - [§T/2gAHdt + - (8)
TR SN 2ETH 5,
L72h > T, FHHAEV (em/sec) 137 (8) 5K

of T T2

P (mmHz0)

o

-4 L L n 1 ]
0 1.0 2.0

Time (sec)

Fig. 2. The times measured on one cycle of respiratory
movement. T : time of one cycle, Ti and T2 : time
of plus and minus of water pressure, respectively.

bhd, Tabb, BEKEAH () 2RIEL, Z20FH
Rt L, 2OBEFHOEEHLILIZL-T, F
FHRERES 2 & 2 W EYREsE S5,

EBIE, O, BB L 0T REROEMICBIT 5T
JoEiE, FPRIREL00Mm S (2 ~ 4 40[) EEHEIL TR
OREOKED< A + 2, 8BEDKED T T Al L %
NS DOKEZED T T ABOBERAKEAH (t) OFRERD
FEHBOREEEYOME, OBEOKEDY A+ AH, e
KED T 5 A[B L TZNEDKEED T T A OMFH—
MO Z N ZNOFTERRE (Fig. 2) OFI9fE (AT, sec)
rHWCEHE L7z,

M, #3E X O KEB S OIRALO IR (S, cm?)

&, X (6) 2ERLAK

S=Q/V = = v v e e e e e e e (9)
12, Q=Vg/60 - T/ATEZALT,

S=Vg/V +-T/AT+1/60 « « + « « « - (10)

MHRDZ, 2T, T (sec) EFFE 1 B OREME (Fig. 2),
Vg (ml/min/fish) (ZEDEEEKE Y RT,

TR D E#ERITE
%ﬁu~77675@¢%mwfmg3:%Lf%%f
BRSPS B KO FHi#E %2 L— W — & E
(ny%m,mMmu) THEENE L, FRICHTR E [k
WL CHEEMOKERHIEL, KEORIEMED,HFHEL
BEZLDERM COVE E LB L, FRROFTEFEOZLELY
mﬁttoit,ﬁﬁ:%mmgéﬁmmﬁﬁ®7m~7
(FF-070T, 4% 7 mm, 0.51/min, HAXE) %@E&7
AKE % BRAUMGET (MFV-2100, HANLE) CTHEGHIE
L, B~y 7 9K AT ATtk 72,
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Fig. 3 . Diagram of experimental system used to measure
directly the water velocity at the gill slits. 1:
aeration, 2: equilibration column, 3: column used
to adjust the water pressure, 4 : three way cock,
5: column used to absorb the vibration of water
level in the respiration chamber, 6 : scale, 7 : tank
used to set the respiration chamber, 8: blood flow
transducer, 9: electromagnetic blood flowmeter,
10: blood pressure transducer, 11 : carrier ampli-
fier, 12 : analog digital instrument, 13 : respiration
chamber, 14 : probe, 15 : fiber-optic laser velo-
cimeter, 16 : water reservoir, 17 : thermostat, 18 :
crushed oyster-shell, 19 : fine gravel, 20 : filter
tank, 21 : lift pump.

BEERIE L 725 3% R 3 5 KA 10 1 m ORI T-36
~90EDFHNBHES 2 FHL TRD7z, Tk, K 1JE
o5 & OEEE ) SRPHEH ST 2 W O FTE % HI%E
fEADSEET 72012, YURBEORENE KL TE
B/ L7ze WE LA MEEEIBO Rl e (BEA~R Y
IFL B ERRET 585) CHERL DL L mmiH
~NHEN- L T A E L, BIE L ZZKIOM E 3K L) T
ZIEEE Lz, COAEE, RRERH—RITOGHE % H
ETHHRTHL I Ld, Kitom& 2Lt L T,
HOBVWRENHESNDG L 2 AL LTz, kT
13, BEWoh B L CEVEL, KBRS, £oL
EAhEHW, NEOKIZ, Thi ARS FTLETOE
BIMFEEt O 71— 7D (Fig. 3) X W@l 7z,

EEREUKER, ERCHEE b LT, s L T
BWE L 7o OBEM & SF3g L Ok 7z,

w &R

BRRHBERE L, BRESMoRE (BRZBMAEL00.9+
0.1%) T0.69+0.05ml/min/fish% 7% L, BEFEEMEH17.5
T18%ITIET L THIZIIMERMORECOMBE MR L
T2, RT3 2 FLCRA LT, BERMAE

7.8+ 0%T0.3240.03mi/min/fish% /R L7 (Fig. 4), 8%
BRFEFAERE, BREMMOIRET.5+1.7%% /KL, B
FEIMBEA™82.3+£2. 4% K F L € 13 IZBEFR A 0 1R 7E
TOEEMERELTWD, SHICERTTAERILT, B
FHEIMEE7.84+ 0% T50.940.9% %R L7z (Fig. 5), [P
Bud, BREHANOIREET31+ 3cycle/min% R L, BEEf
FIEOKTIHE - THINL €, BEEMMELL. 141.3%T63
+ 4 cycle/min & BEZBIM DORETORH 2 fEoEinE R~ L,

WCERFRMESKT T2 LA L (Fig. 6). ES
BRI E S, BE A OIRAET148+ 13ml/min/fish & 7R L,
BRFRME O T IS o THINL ¢, BREMAMEIL 1+
1.3%T1,615+96mi/min/fish & BEZ A OIRETOMH11
fEoMMEZRL, &5 ICBEMMENKTT2 L@ Lr
(Fig. 7)o Mk —RBlO8fkE X, BREFOIRETL.8
+0.5mi/cycle/fish /R L, BRFEEIMBEDK T I0E- TH

|.O’-
- L
E =t
= |
£
E -
< 05
E
S
o 1 1 L 1 1 1 1 1 1 I}
o] 50 100

So, (%)

Fig. 4 . Change of oxygen consumption (Vo:) of the tilapia
under progressive hypoxia. Circles and vertical
lines show means and standard deviations, respec-
tively.

100 r
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Fig. 5. Change of percent oxygen utilization at the gills
(U) of the tilapia under progressive hypoxia.
Circles and vertical lines show means and stan-
dard deviations, respectively.
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Fig. 6 . Change of respiratory frequency (RF) of the tila-
pia under progressive hypoxia. Circles and vertic-
al lines show means and standard deviations, re-

spectively.
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Fig. 7. Change of minute volume of gill ventilation (Vg)
of the tilapia under progressive hypoxia. Circles
and vertical lines show means and standard de-
viations, respectively.

LT, EEFEBAAELL 1+1.3%T25.6+2.2mi/cycle/fish
EEERBAORETOR S BoMMERL, &6 1 8%
FEFETY 2 WP L7 (Fig. 8).

CEDIKE, SEIEOKIESL L O & 8O KEZEDF
PO LT, e B L OMREEE IR (BRI 1
+1.3%) Db D%Fig. 91K L7z, BBEBAOIKRETIE,
IR L B DKEFEZIT L A EDBIE T A F A A HIR
THI L3 hhol, BRERMMEISET T2 L, OB
UHEREDOKIEIR 77 AB L <4 F ZAEANDIRIEAK &
{pofzns, ORELEPEOKEEILT T AMICKE (AR
EROKEN ER L7, OBOFGKER, 75 AT,
B E AR OIRAET3.8540.25mmH- 0% /R L, BEEAAAIE
DT I - THEIN L TR ARAIAELL.1£1.3%T6.82+
0.50mmH:0 & KEZ/RL, SHIERIEHAEIKRTTS
WA L7z (Fig.10)o ¥4 F ATk, BRBMoIRE

30r
=
)
N 20F
@2
ES
o
=
E
@
> |0+
O 1 1 1 1 1 1 1 1 =)
(0] 50 100

So, (%)

Fig. 8 . Change of stroke volume of gill ventilation (Vsv)
of the tilapia under progressive hypoxia. Circles
and vertical lines show means and standard de-
viations, respectively.

P (mmHz20)

0 1.0 2.0
T (sec)

Fig. 9. A records of water pressure (P) in the buccal
cavity (fat lines) and the opecular cavity (fine
lines), and the difference of the pressure in the
buccal cavity to the opercular cavity (dotted
lines) with the respiratory movement under normo-
xic (upper side) and severe hypoxic conditions
(under side) in the tilapia.

T—1.1240.33mmH:0% 7R L, BREMAEOETIIMH-
TiA L CEE R 7.8+ 0% T —4.2840.3lmmH:0%
w7z (Fig.10), SBREDFHKER, 77 XTI, B
FERMOIRAET3.57+0.25mmH 0%/~ L, EEZEMED
RTICEo THWIML TERFERAMEIL1£1.3%T4.23%
0.4lmmH0& KA RL, EHICHRELMEIERTT S
LA L7 (Fig.10), v A F AT, EEFEfMOIKE
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Fig.10. Changes of mean water-pressure (P) in the zone
of plus (upper side) and of minus (under side) of
the tilapia under progressive hypoxia. Open circ-
les and solid lines, open circles and broken lines,
and closed circles and solid lines are the
water-pressures in the buccal and the opercular
cavity, and the difference of the water-pressure in
the buccal cavity to the opercular cavity, respec-
tively. Circles and vertical lines show means and
standard deviations, respectively.

T—2.21+0.52mmH:0% /R L, BEFEHAEOIKTIME-
T L TR ERIAIE11.14£1.3%T—9.26+1.26mmH-0
ERANERL, SOICEFRBABEIMET TS L b3 h Ik
mL7: (Fig.10), OMEEBFEDKIEAE, 7T AT,
R FEHA OIRAET1.4240.23mmH-0% /R L, BREHAE
DT I TR L CRRFRMAEIL. 1+£1.3%T5.16+
0.47mmH-0 L AERL, &6 ICEIEBAMEIKTTS
ERD LT, <A F AT, WEEIZEOTEZRL TV
(Fig.10) o MR —E O OREOKE, MEHEOKES L D
CIps D RFEED T T AB L~ A F A %R HeR
&, Wb BRESIFIBE DT I - T L7z (Fig.11) 6

OCTOFYmBHEE L, BREHRMOIKETO.35+
0.03cm?®, Z/RL, BERHBHEDKT I THEML TE

FEIFEL.1+£1.3%T1.6940.10cm® & BEFE RO IRET
O SREOMIMERL, &5 ICEFEBAEIERTT S &M
A L7 (Fig.12), SR TOFYiikEALE, BEAfO
REET0.2440.03em* 2 7R L, MRFERMFMEDET IS T
BN L CER AL 1+1.3%T3.1340.35em* & B
HMOIRETOHIFEOEME R L, &6 IZERFEEIK

’r
I -

S

a

(=

(0] } —|

s

o 1 L 1 1 1 1 A 1 -

o] 50 100
So, (%)

Fig.11. Changes of time (T) of the zone of plus (upper
side) and of minus (under side) in one cycle of
respiratory movement in the tilapia under progres-
sive hypoxia. Open circles and solid lines, open
circles and broken lines, and closed circles and
solid lines are the time on buccal and opercular
cavity, and the difference of water pressure in the
buccal cavity to the opercular cavity, respectively.
Circles and vertical lines show means and stan-
dard deviations, respectively.

:
3..

€ 2r

o

|n

1k
1 1 1 1 1 1 A1 1 b { I ¢
OO 50 100
So, (%)
Fig.12. Changes of mean area flowing with water (S) in

the tilapia under progressive hypoxia. Open circ-
les and solid lines, open circles and broken lines,
and closed circles and solid lines are the area of
mouth, gill slits and secondary lamella, respec-
tively. Circles and vertical lines show means and
standard deviations, respectively.
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T2 ERA L7 (Fig. 12) o KBRS T O BRETE 2,
TR OIREETO.16£0.02em* Z /R L, BEEAAE DK
T THIL CREMMBELLLIEL1.3% T0.88+

0.04em® & FERBAORETORH 6 EoMMERL, &5

ICEARBAESET 5 LW L (Fig.12),
HToOFgiiaid, FRERMOIKIETI3.1+£0.8cm/sec

RL, MESMEOKTIE- THML CEEAE

11.1+£1.3%T26.5+0.8cm/sec & BEHEEIFIDIRFE T D 2

fEOME/RL, &OICHEMMEKTS2 L@ LE

(Fig.13) ., BRZLCOFIHRIE, BERMMOIRET24.6

+0.3cm/sec& 2D, BERBAEOKTIZ - ThF 0z

301

20r

(cm/sec)

v

o 50 100
So, (%)
Fig.13. Changes of mean water-velocity (V) in the tilapia
under progressive hypoxia. Open circles and solid
lines, open circles and broken lines, and closed
circles and solid lines are the velocity in mouth,
gill slits and secondary lamella, respectively.
Circles and vertical lines show means and stan-
dard deviations, respectively.
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WO L CEEFEAMELL.1£1.3%T27.240.3cm/sec % 7K L
7z (Fig.13) o KEBSR TP HiakiL, MR oIk
T16.3%£0.5cm/sec & %% V), FRFERIFNEE DOILTIHE - TH
L CEEFAIFIEELIL.1+£1.3%T30.84+0.6cm/sec & B A
MOKETOH 2 oM E R L, &5 ICEEEHEMEAK
T¥5 &AL (Fig.13),

F 7z, FHEMEL EME L T 5 720127 - 72 EBR O
FTIE, B2 S HEH S N 2K ORI, ERMET21.7
+1.5cm/sec, FTEMET24.4+0.6cm/seck ), Fhb
M3 EERCEEZR L (Tablel),

MR L O, BRSO KR O T O
TERTHfE L OBIRE A5 &, ¥Hﬁ%ﬁ%uwfﬂ®%m
T b Ho iRk EDOWEIMIE-> Tl 72 (Fig.14),
SRR E &, 88543 X OTRERF O T OFIGHE
EOBBERD L, FEEE, OB & O TIES
BORBEORNMIAE S TR L 7245, AR TIRITIZ—E
L7fE% R L7 (Fig.15) . KRS CTOFIGHE (V
em/sec) LEEEEFFIAZE (U %) LORE AL E,

B S F 33 TR O B KA P TURIZTE AR 1A
L, ZR5lEOMGRIE,

U=—2.12V+119 (r*=0.920) - - - - (11)
TEREN (Fig.16),

O, #%B L TRESf O TOFEYiEEE (S,
em?®) EFHE (V, em/sec) L OMBRE AL L, OB X

ZRELA TR AR ORI E > TPgiHE b 1
KLTWBAS, SHETIT PRI L T b T35
HITIE & A EBER R o7z (Fig.17) . ZNOMEDH
#%iz, OT,

V=14.6885*+12.83 (r*=0.9339) - - (12),

Table 1 . Mean water velocity measured directly with the fiberoptic laser velocimeter (V1)
and calculated with the water pressure in the opercular cavity (V 2) at the gill

slit of the tilapia, Oreochromis wnilotocus

Respiratory frequency Ventilation volume Vi V2
cycle/min ml/min/fish cm/sec cm/sec

46 111 242 = 143 7 (N=71) 23.4

46 109 240 £ 52 (N=75) 25.0

39 111 247 £ 11.1 * (N=36) 24.7

40 105 244 = 12" (N=90) 245

42 103 243 £ 06" (N=89) 24.5

Mean 43 108 243 24.4
SD 3 3 5.4 0.6

* : standard deviation on the each measurement, N: number of particle used for measuring the moving speed.
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Fig.16. Relationship of percent oxygen utilization at the

gills (U) to mean water velocity at the secondary

o : o ey lamella (V) in the tilapia. Circles show means,

o 500 1000 1500 and vertical and horizontal lines standard de-

Vg (ml/min /fish) viations.

Fig.14. Relationships of mean area flowing with water (S)
to minute volume of gill ventilation (Vg) in the

tilapia. Open circles and solid lines, open circles
and broken lines, and closed circles and solid
lines are the area of mouth, gill slits and secon- 20
dary lamella, respectively. Circles show means,
and vertical and horizontal lines standard de- o — B i
viations.
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Fig.17. Relationship of mean area flowing with water (S)
iok to mean water velocity (V) in the tilapia. Open
circles and solid lines, open circles and broken
lines, and closed circles and solid lines are the
mouth, the gill slits and the secondary lamella, re-
spectively. Circles show means, and vertical and
horizontal lines standard deviations.
1 1 1
OO 500 1000 1500
Vg (ml/min /fish)
Fig.15. Relationships of mean water-velocity (V) to mi- z 2=
nute volume of gill ventilation (Vg) in the tilapia. =~
Open circles and solid lines, open circles and
broken lines, and closed circles and solid lines are
the velocity at mouth, gill slits and secondary FI ¥ T OENER, BORRKE, L[ o8k
lamella, respectively. Circles show means, and
vertical and horizontal lines standard deviations. K, MRH, SEEEFERFHEE, 25T T, 2hEh
0.52ml/min/kg, 102mi/min/kg, 3.14ml/cycle/kg, 32
TREEFE T, cycle/min, 88%TH 5 LFEINTVEY, ZOBHE L
V=19.551S+12.90 (r*=0.9572) - - (13), M EBEET BT, OB LUEE~OR) ZFL »
HEZLCUT, B A 275 L7-@E CFHEEL01g) TIT- 72 AR W2 T
V?=149.197S+600.3 (r?=0.7442) - - (14) DFER (ZNZFN0.69ml/min/fish, 148mi/min/fish,

TERIN, 4.8ml/cycle/fish, 3lcycle/min, 84.5%) (&, Bisc & (Z(T
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FLEZRLCWb, —FH, BREMHMELZITSEEE

i, BEREEEL, KiR20—~35C T, MRS EA20~
30mmHg L WIET T2 LFE LW HT 5 LG SN T
WBH, ZOBRESIEIMEAFIEIZ~19% ST 5,
JEEETICB VT, Bk E dBEfafoRETD 6
~ 12RO E /R L, ORI 1 DOk E B X O
WAL, SEREFARIELTL eGSR T
VM, REFETIE, R IFL OB FERICESL,
MK E 2 HIFAE T A 20100 L SR oM % BEcH 5
BfEa b L CERZ T2, EEBET ISV THBRNE
BORDIIEE HEFEFE (17.5%) (&, AIELOEERT
OFRFFL IR CMER R LT, 72, RFFEORKEETLH
B KR LB R AR O IR T o1 fE o % R

L, MR 1 Bl o8k s L O L HEmL, EEEHEF
MR Lz, SNHOREEIS, KFFETHEL 2K
IF L IEDEEOFMB L OO LR OM % BTy
BRI, BUKICET 2 —HOMIT 20 2 ETIEE AL
TR BVEEZ BN D,

OO ToOFYHRIE, BERMOKRETISIL
0.8cm/seck, KEEFEDIKAET26.5+0.8cm/sec® /R L7z
(Fig.13) ., W% BEHE L7 RICE2 &, OISRV
Wy oRfEIE, 79I v 7N TIZ10~30cm/sec D FiFH T
ZLL TR I LA HESRTVWE Y, a4 Tld, BEHEMl
FOIRFEIZBVTIZ 0 ~20em/secDEHE T, KEEHZOIR
FEIZBWTIZ 0 ~40cm/secDEFFTELL TV 5B I &8
WESh T35, KL TOMIE, FOmAaREOLE
IBIZA-TRBY, ZR5OEBIFOIITFHMREHRL
TWh, $72, BROBMOFGFALETEM & ElfEs
R—3L7 (Tablel)e ThEDZ ERD, FIH#EE
kozeRiz, O, BRB LU REEFOHMIZBIT 2 FY
MEERDDOITFIFIHTEZ L EZ ON,

R OIALTOTFIGREEFE L, BHEkE ORI
ﬁof%%tt(ﬁgm)#,ﬁ%&f@?ﬁmku,@
SPERUKEAHEM L THIFIF—EDMEE R L7 (Fig.15),
ZOZENL, BRI SHEN SN LKOFHERE, BIKE
AL TOMBEBELEMS T, BIE—FIMREsN
TWAIZENHLENPTH B,

Paling® (2L B &, BT AHTA D—FETH 5% Anodonta
cygneaDHETZ O X T4 7 LT T T > hT v b OELEK
TEHL, IS FELTWD I EHD, KidiEek

TRBAMEFERNTWAOTEZ L, LEINBLT
MNAESZIREETVE LR L TV B, BFEOH
Rirb, 77 ETIRESEEKEAEA L T b ik

FEBMAKSERVEIRET % &, BHifkEs 1A
T B & KRB Rl A KO EE I IS A L Tw
BT THo, L L, BRI 2EOMKRLFE SN,
F 7z, PHEREAIE 6 fE IR L L EFE S e, BEER
FHRIH L RO T OB RIE-> Tl
WA L7z ShHEDZ EH B, 75 ETIE, Paling®
AR L TV B L) ICEfURE ORI - T KRS
PN DS 2 IR ST & KA A AETH T
REiikse, SfokE AL T AR 2 RN %
HEHELLZPNELLTWAEZEFHLNTHDL, K
A A ST 2 KOBEORKA /NS LT LI, £
N2V KBS TOKREMBEORHEL TV SREHAFR &
D, KhoBEFEEBRD TS MR AL L A5a]
REE 2D, KA S MBANORERFEROMF LRI LT
hEEzbhD,

ZREEAH 2 N B KO iE L, AR ORKRT
(%, 16.3~30.8cm/sec L FHHE S 7z (Figs.13, 15), L
L, Lauder® (¥, Saunders” 3 XU Hughes® DI
£ 5 ZREER OEERHI O R B L UEIRAKE O E R R

SEMET 2 L, a4 Tl130.03~0.3cm/sec, White sucker,
Catostomus ommersoni T130.04~0.85cm/sec, Brown bull-
head, Ictalurus nebulosus Ti30.035~0.44cm/sec, Small
mouthedblack bass, Micropterus dolomien TI%0.11cm/sec

1275 EHE L T A, Hughes™ I3, FEREICLCEIEL
RS S, AHETIE Scm/secBEDRKEXTHA ) L
BLTwd, REFIIZES W THITT 5 L, Skipjack
tuna, Katsuwonus pelamis Ti30.128~0.748cm/secll’ 5
EHEINTWE Y, IRHDOfEIE, RIFETOMELD b
ZLNE, ZOERFERIE, ARFE TR REESF O
MOTBKREIIZENT S & LTRME L72AY, JBRERHANC S
FCHER T I AL ER L L TV 2B A OEKE Y VT
FEL TR I b S THREMERO RERAH & KA
TVBERELTWE I NS, TRESMOBRAT
BCHEL TV R LSS,

KRR A BB T AR, BRSO KB
D E HHughes™ O HHER TS E 1mmPlFE %52
EMD, AREFFETIE, T REEFBE N5 KOFYiESE
FAwTE#ET % & 1/30.8x100= 3 ~ 1 /16.3x100= 6
msec & 72 %, Randall and Daxboeck® (&, 7KAY K2 S
BT BEEIEE C OB TE L £100~300msec TH %
EHEHIL TV 5, Stevens and Lighyfoot® i, JEEERHEIC
FOWTHINT$ 5 &, Skipjack tunaTiZ160~940msec |2 7%
HLHELTVDE, INLDHEIIAMEORKRL Y bFL
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CREV, TOHAEITD, ol REERH O JitE THER L
72891, BARO XA EE KRN T WS LEL
TERHE LT A Z LD ELRERT, RFEOMHRE Y b
LEREWELZ>TWA Ll S5,

I L 88D KEZE, TIET T, FIZTTA%R
L7z, Hughes®* &, WPURGES)— S 2 CIMEAR > 7 L B
ARy T7OBE S 4 DOMIZTIT B E, FH4MHTOINE
LEBEDKEEE, TIT Y PTY PTIEYAFRAERT
25, T, Trachurus trachurus, rockling, Ono mustela,
Y ) H VLA, Pleuronectes platessa, /N/NH LA, Microsto-
mus kit TV A FAZELREEVERELTWVWS, &
NEDZ e, 77T IREEDOIFRMAN LR A
T, 799 I bEdELRBEEZLNS,

5 B X O RS OFBALIC BT B I &
SEEFGROBRD S, FHREEELSE OO L XD
O (V, em/sec) ZFNFNOEAICBWTKITHRNIED
7B OMREIHL T L EEZOND, ZOROKE (W
HHEREHKTH, AHo, mmH:0) % ZNZENOEALIIONT,
X (4) =FAHLT,

=y 2g *VAHo
CAHo=VI/2g s s e e e e e e e e (15)

oKD B E, OTIF0.8mmH-0, #8ZTI33. 1mmH-O0,
ZREBSFTI20.8mmH0% 2 B, T 2T, VIERK (12), (13)
BLO (14) ICPHRiEHEES= 0 #fCA L TRDZMET
»Hb, £12, ¥, OKEARB L OEEFORBIE
FRENLNES X OCEIENOKIELEALIZ L - TEZEIIZFT
by, OFDH < OROBAOKESDT I A F A
12, SERVHOBEBPENOKESDT2IZTT A
BRoltbETHHLERELTVE, TNHLDI LhL, T
SETTOOERD L VIZEEFRAH  DIZLERKE
13, [0 5\ IEEZL O EL O I BRI K BE 2 7~ 3 FE T (AR
BILEN, F1FN—-0.8, 3.1lmmH:0Tdh % L HEH S
Nz, $7, ZREHROEHM TR, EHUITHH-> Tith
Z B RARO KT, [FIRRICREERE) K E % 7R ¥ )+
JZHYE T AES, 0.8mmH0TH 5 LW S5,
DX, M1 B0, 8RB XU TREST O
T O OTERDZLE KD L 512 L THERI L 72, B
BEBREE O FEE (V, cm/sec) 13, HHP40[E ORI CHlE L
72KE (AH, mmH:0) #HWTK (4) »5FHE L.
ZDEHICLTRIE Litdo b %, RIFLo#IEAEREN K
PHEERE LT, Fig. 9IRLAFIOHEIZOVTRT &
Fig. 18D L) 1% b, &d, M, HEB LU REHFOH
fLZ BT 2 FIHABREI KO KIE A R T & EDZNZRDIR

Hughes*’

#ix, X (12), (13), (14) ([ FHiEsmEfEs= 0 #fLA
LTRD7z, ODEGTOTMEIE, ERFERMOIKETIL
MERB KB AR TRKETCHBERAP R TEDL (2
12.8cm/secx /R L, bIF»IZ#ML 2HBE4 BT 5
ZALERL, REEEICR D L, WHEREKEE %2 /R KE

CREFA BV THE H1212.8cm/secE 7~ L, 30cm/secE T
%ktf:@k%&%%%ﬁﬁbf& BT A%
Ibx R L7z, SO S TOREIE, BEEFFOIRETIE

MM ER B KE 2 R T KETHEER VAV TH L I
24.5cm/secx R L, HIFMITHINL kAT 54 b x
AL, KEEFEIC % o CTOMERMAOIRGE & 1212F U (L%
RLTe ZREAOEG TOREIE, BRAMOKRETIE
A ERB) KT 2 R T KJE TN DS TH B I
12.9cm/sec# 7~ L, 25cm/sec ¥ TN L 721515 4 12 i@ A
L CKEDS BB K 2 RSB T Lz 2 ATHD
R L, RERFICR S L, KEEEICHHIEREKIE % R
KE L) @WEZ R L TERAKARN, 19~36cm/sec?
A CEMW R E R L, —F, 34T Ty 714
TOMEDEHERETIX, KFROBELRE2->T, O
FB L UEZEFTOR < O & FFFIZKDTFTE OGGE TR LG
O5H LS BELFRFIN TRV Y, LarL, Zhbd
OEHFEELER T, REFFOBISES & D25 LENSH % v
TER Y SEENCIEA L THIE R T-o T0ab 2 e n b,

Z DEISE G D EE L 7 - TR B L OEEEFATIER 12
BB L Do 72D Tl W heEZ LN,

I 1 ERIC BT 2, 8858 X O KEBF R O LT
ORI ORI (S, em?) &, FHHEEE L F
BiEo MR R12~14, Fig.17) TERENLEBER
LTEL TR EREL, ShIZDWTRET L7 9
FEICEME L 2R 1 A o0, 8RB X 0T KER oL
TOBFFEEEO®E (V, cm/sec) DIEZ ZFNZEN DR
T RN Ri2~14) KRALT, 2hZhoifi
DR OEER (S, cm?) kw72, ThH Ol
ZHWT, Mk 1 O ofEfkE (Vsv, ml/min/fish) %

Vsv=[6T SVdt + « + « =« « o« - (16)
BHRDI, TOLHITLT, O, BRED L VI RESH
DOEBELIZEE S % it & IR D S5 H L 72 h 2ol
W1 otk ER, Wb EHEE (Fig. 8) &R —
BL7: SoZehs, HE1AHoO, 8RB LUTX
BB DTN BT 2 BRI O TR D2, it
PR L PR OB TR EN D BRE R L TELL
TWa EHERIL 72,
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Under normoxic condition

Under severe hypoxic condition
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Fig.18. A case on changes of water pressure (P) and water velocity (V) with respiratory movement in the tilapia
under normoxic and severe hypoxic conditions. Mouth show the pressure in the buccal cavity and the
velocity at the mouth, Gill slit the pressure in the opercular cavity and the water velocity at the gill slits,
and Secondary lamella the pressure of the difference of water pressure in the buccal cavity to the opercu-
lar cavity and the velocity at the secondary lamella. The horizontal broken lines show water pressure
when the water begins to flow. The pressure were calculated by the equations of the relationship of mean

area to mean water-pressure.
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