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Effect of Waves on Grazing by Sea Urchins and Abalone
on the Coast of Northern Japan

Shigeru KAWAMATA **

Abstract Laboratory and field studies were conducted to explore the effect of wave-induced
water motion on grazing by commercially important sea urchins Strongylocentrotus nudus, S. in-
termedius and abalone Haliotis discus hannai as an important mechanism regulating their distri-
bution and the abundance of food algae on the coast of northern Japan. Oscillating-flow-tank
experiments conducted at moderate temperatures (10— 15C) indicated that grazing on a leaf-like
kelp by sea urchins was nearly impossible when water velocity amplitude, Umx, was only about
0.4m/s. This velocity limit for grazing was considerably lower than that for movement (ap-
proximating 0.7m/s) because of their unstable grazing posture. In contrast, H. discus hannai
could graze on adult kelp of Undaria pinnatifida at much higher velocities (Umax>0.9m/s).
Flow-tank experiments simulating natural subtidal areas with a depth gradient of water velocity
showed that S. nudus could graze freely on small juvenile algae where Umx<0.3m/s but could
scarcely crawl into areas with Umix>0.45m/s at temperatures of 4—13C. This result and ob-
servations in Oshoro Bay on the Japan Sea coast of Hokkaido, which was characterized by shal-
low algal and deep S. nudus-dominated barren zones, suggested that wave-induced limitation of
sea urchin grazing would lead to colonization by algae of barren areas even adjacent to large
aggregation of sea urchins if the frequency of Umx<0.4m/s remains at <0.5 from the settle-
ment of spores to establishment of kelp beds. S. nudus are susceptible to the whiplash effect
of kelp blades swaying under waves so that they never move into dense kelp stands and graze
only on the peripheral plants during periods of calm seas. A laboratory flow-tank experiment
with kelp beds showed that S. nudus were completely dispersed from dense Laminaria stands
when Umix>0.2m/s. Although S. intermedius had higher tolerance to water motion independent
of temperature, they rarely graze even on small juvenile algae for Umx>0.4m/s. In contrast, S.
intermedius appeared less susceptible to the whiplash effect of blades than S. nudus : they
moved into dense Laminaria beds and remained there for Umx<<0.25-0.30m/s. H. discus han-
nai have highest tenacity to water motion but lowest resistance to low temperature. The aba-
lone remains at arecas with least water motion at low temperature up to 10C if food algae are
there.

For higher temperalture with established kelp beds, the tank-flow experiment showed that
foraging by H. discus hannai dramatically become active regardless of water motion of <0.6m/s.
This result is consistent with the observation that the abalone occurred only inside a dense

Laminaria bed in Oshoro Bay.
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Monthly averaged probabilities of Umnx<0.4m/s and <0.2m/s were estimated from 19—20
year long offshore wave data along the Japan Sea coast of southwestern Hokkaido and along the
Sanriku, (northeastern Pacific) coast of Honshu, where food algae have been often limited by
overgrazing by Strongylocentrotus nudus. The estimates partially explain the marked differences
in physical disturbances and food availability to abalone and sea urchins between the two coasts.
The paper describes the importance of wave-induced physical disturbance in abalone and sea ur-
chin aquaculture and in artificial development of kelp beds in sea urchin-dominated barren areas.
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Fig. 1. Monthly averaged seawater temperature at three sites
along the coast of northern Japan.

IhEY, EERFEMOKIA, bR vE 0 A -
ZRENRICBIT S5 ~6 HE721310~11 124452
ERbhb, INHLORNIEFI LI Fy =Y
T I ENEFORBIMZ TRAICEHET 5%,
TRXEERA R Z 9 5 MO MHEIN G720, s
THREOEENROMT LN EEZOND,

M#EEF K

BRER

A FERIIKIE LA OB KA (Fig. 2)
W Ize YA AT OREEIX (BX 2 m X
0. 3m X & £0.3m) A 35 U FHEL LDl
WoRHFeNZEX Mo EINE, TOEX |
L TAEZEEISELZEICE > TETFHEBL,
RERXICAEAICIRB T AN 2R X85, EX b
OIRIG L RN, Fhehs 5 v 7 ol EE r (=
0~0.25m) LIZTABEZMERESEE ALV N—F E—
Y O HERZ R T A LI o TEZONS, 1
AEBRTIIEA N ORM T 3HEOWH & FEED
5~10s OFEFHE Lze U FAFEDKFEMANIZIL,
TS5 AFy 7 WMOBEM L ERKEZ R RO EE
PR 720 WEARHZIREE LT 7280k o H R BLI & 3
BRIXIC B B il s 5, BRI N o b H X Wi 12
bl T—HT, EXMroBXIZL )X TERDS
N5 EZMER LTS

_S g coswt

rewsinot (1)
Sw /(l [re)?—sin® wt

u




64

flyweel

connecting
rod

30cm
H.
15-30cm
i

a-a' cross-section

piston

“|[| faise bottom i‘— working section————|

a lids

netting

|
temperature ———
control system

Fig. 2. Oscillating flow tank.

Table 1. Animals used in the feeding experiment

Species Size group  Size™' (mm)
Strongylocentrotus nudus ‘large’ 75— 86
‘small’ 49—-57
S. intermedius ‘large’ 38—44
‘small’ 25—30
Hemicentrotus pulcherrimus - 42 —-50
Haliotis discus hannai ‘large’ 86—102
‘small’ 53—61

*1Test diameter for sea urchins or shell length for abalone.
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Fig. 3. Rehydrated dried blade of Laminaria in the oscillating
flow tank.
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locentrotus nudus in the oscillating flow.
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(a) 'Large'S. nudus

—
1\

Feeding Rate (g wet wt. day ! urchin '1)

0 0.1 0.2 0.3 0.4 0.5
Unnax (m/s)
K1g. 5. Feeding rates 1n oscilating ftlows tor the large and

‘small” sea urchins Strongylocentrotus nudus on a rehy-
drated dried blade of Laminaria at temperature of 10
(@) and 15 (O) CT. Mean test sizes for the ‘large’
and ‘small’ urchins were 80 and 53mm, respectively.
Lines indicate the Bayesian spline regeressions.

RBEPBETE/20.30m/s TIEEAEOE R o722
OEAEEE I, KEFENRIDDH5TEL RS L,
Unax %80, 25m /s F2 F TIXIFIT—E O B W KHEZ HEFE
L722% 0.30m/s THERIZ0IZE > 7z 2K %E
13Ce L, WREAETLEayTE#HWEE (Fig. 6
(b)), ¥ VT ORGELRLEY), AT FT=
ANBUTELE, Une 250.2m/s Aif2IC R 2 &, LIFLIELHE
BEIEEAEEBE LD o7, ¥512,0.30m/s Lk
D Unx T 72 8 MOTEERTIX, ¥/ 267 F
o/ NEEE, AoV T ERIFIEALEBAETE o
A%, 1 72150.45m/s D & X2, ZWRHEE2H» L o T
IV THERERE R,

F &7 LT F =i LT U IR EBRBA AR I AR 12l
EANSL E, BEHIEDOWT, REITEAHE (Unn<
#0.25m/s) & &2, IO LICEFDOTEE ST L
ML, WIS L VB RDE, FF¥LTHF T2
BEAKICH A L CREZ I LT, FREDT A o kol
THIENRLIZLIEBIE SN,

KE10C F CHARZRH R TOLYNT vy =0
BAEE X Fig. TITR T, EHRa 71Ty
NT U —OBERZR, F7L5FFT70AHE
FIRRIC KRB X 0 /NI BEC LIRS Une 2 H K
T LD LM ZER L7z F72/NEEE 8 A1
Unax %0.2m/s %% VB2 5 L13LAE0 L 57z

R

Feeding Rate (g wet wt. day " urchin '1)

Fig. 6.

Feeding Rate (g wet wt. day'1 urchin'l)

Fig. 7.

(a) 'Large'S. nudus

0.4 0.5

(b) 'Small' S. nudus

0 0.1

0.2
Upax (/)

0.3 0.4 0.5

Feeding rates in oscillating flows for the ‘large’ and
‘small’ sea urchins Strongylocentrotus nudus on a fresh
Laminaria plant at a temperature of 13°C. Mean test
sizes for the ‘large’ and ‘small’ urchins were 80 and
53mm, respectively. Lines indicate the Bayesian spline
regressions.

L (a) 'Large'S. intermedius

0.3

(b) 'Small' S. intermedius

Unnax (m/5)

Feeding rates in oscillating flows for the ‘large’ and
‘small’ sea urchins Strongylocentrotus intermedius on
the rehydrated dried blade of Laminaria at a tempera-
ture of 10C. Mean test sizes for the ‘large’
‘small’ urchins were 41 and 28mm, respectively. Lines

and

indicates the Bayesian spline regressions.
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15°C
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Feeding Rate (g wet wt. day'lurchin'l)

L N
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Fig. 8. Feeding rates in oscillating flows for sea urchins
Hemicentrotus pulcherrimus of 45mm test diameter on
the rehydrated dried blade of Laminaria at the tem-
perature of 10 and 15°C. Lines indicate the Bayesian
spline regressions.

A, REBETIZZENL VAT R U (5L, 0.3
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WO TS ANT vy OB ARE % Fig.
8IIR T, Ki10~15CHHPHTIX, N7 v 7 =D&
A, Une $%0.15m/s FRISET 5 & W5 52
YLDz, L L, BAENEIET 2 &R HE

1 5**
L (a) 'Large' abalone
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L (b) 'Small' abalone
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Fig. 9. Feeding rates in oscillating flows for the ‘large’ and
‘small’ abalone Haliotis discus hannai on a rehydrated
dried blade of Laminaria at a temperature of 10T.
Mean shell lengths of the ‘large’ and ‘small’ abalone
were 95 and 59mm, respectively. Lines indicate the
Bayesian spline regressions.
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IYVT7IEIE, FRLZYZEHOoOWThommLD b
RCIRBI O CHIRT 2 2 LA TE L, Wl v
TERBICHWESEES (Fig. 9), =V 77 EKMED
FEREBEIL, U OBIMICHEVEE AW L
Unx=~0.8m/s TO0 &2 olze —7J7, MIBEOEAIX
0.6m/s LT D Unae TIRIEBWICEET LA L
HEVEELZVEEIZH PN, U H3590.70
m/s W25 EBEREII0OE o2 ThEay
TrERWEEA, V77 CIREERIEICED D 7 <
AAEABR X FRER IS5 LTI L AEEARL LY L L
Lloiziow, EBERIELZ, L Lz AEE
THAEZLHE (Fig. 10), =7 7 CIEIERICHE
BIEETLLHICRY, ZORERZIE Un~0 O
REDHZIE D V7 % 72 A 1T R T H RERE & /A
HTENENRH 2B SMBHITM L7z F/27 8 A
WD E, BIRMMNZT TR BENA SN
KD B L7z T bbb, HARRG LN
TR 7oA X D0.1m/s BB L TO0.8m/s
e, FKREBETIZ0.91m/s LT @D Unax O i P
WTITH E MBI EE RS 5 hd1ic (P>0.5, t
W), mVEERE SR S, EAERREEAT. 0
m/s ZHR LI ENTFRIN,

L (a) 'Large' abalone

6 [ ] Py
b o °
L

Feeding Rate (g wet wt. day'1 abalone'l)

04 06
Unnax (m/s)

Fig. 10. Feeding rates in oscillating flows for the ‘large’
and ‘small’ abalone Haliotis disbus hannai on
fresh adult Undaria pinnatifida plants at a tem-
perature of 10TC. Mean shell lengths of the

‘large’ and ‘small’ abalone were 100 and 60mm,
respectively. Lines indicate the Bayesian spline re-
gressions.
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Rate of Movement (cm/min)

L
0.4

Utnax (m/s)

0.6

Fig. 11. Mean (*1SD) of the maximum rate of movement

by sea wurchins Strongylocentrotus nudus at
tmperature of 15C in still water and in oscillat-
ing flows. Test diameters of sea urchins were 38
—73mm (n=7) for the measurement in still water,
and 55—86mm (n=4 or 5) for that in oscillating
flow. Line indicates the Bayesian spline regres-
sion.
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FHLLATHFTZIALNT, DLEOIRBHRIC L S
BEWEIEE, N T o2 enNT = ORA
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TWwa (IR, 1994), aFRIEOAHETIE, 77
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I, 1984), TOBLHFEIL, WHICHTIEVER
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TE%BV, HOREOBNGIEFTT 577 X % #ER
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ERD TR THRT 5, Zokk, VU TTUER
7D LD THEFTO | Bk S kT 5 2 &3k
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Breen and Mann (1976a, b) &, 7 =A%
BICEET 2D E LY = ORREEIGFET S
EWVIIIRB AR CTrzo F72, HHh, F (1981) ITEW,
P BCOERICI) XS A9 F Y 20ERRE
DRI KR E B E RITT e 2R Lz, L
L, 2L OF 5 5F%F 7 = 2 IRBTHAMICANT L
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L, REAOFEBETIEY =3z Mo H 5 Hikicse
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B AR 2 WA ISR A & P 5 AR ER
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B & o THE SN BP0 LI 2 TR D H
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COMAEENZ & BI01E alk L2 AEEE O X 5 12
5s L EOIEZHE N 2 IREY T3P LB HR
TS (S, 1993), F7-ZDfiAlAshi)) £ 721%
BhEon/ 22008 HT 52 LTE S,
—7, VO EEINIFGEZT TR L, FOEBELNCD
KRAE L, KX TEH SN D ERICE D Keulegan-Carpenter
BK OB#E LTELTS (HHS, 1992),

I(c: l]maxT/d (3)

2T, d BYWEROEETH D, K>5128B175%
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CHMTE D L)% S (Sarpkaya and  Storm,
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T 33O THEMIFEETL5s L ETHY, £
7o K OfidR/ATHR2G T=5s TFF L% F
7 S KEBEEORE) T, [ HTHMOBEIEHTE D
#ipH (Sarpkaya and Storm, 1985) T -7z,
DEoZ Ehs, BROMWHEIINT 27 = HoEE
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Fig. 12. Normalized feeding rate of sea urchins Strongylo-
centrotus nudus, S. intermedius, and Hemicentrotus

pulcherrimus.
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R=1—exp Fexp(‘l_TU“‘“x)} (4)

fﬂ (U( - (]m;\x) +b ((Jx — l]max)z for Uma < U

R= (5)
Lo for Uns > Ue

22U, a, b FEBRETH L. RANE Une DEIR
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Fig. 13. Sketch of the oscillating flow tank showing the
position of Sections FJ1, FI1, A3, A3, $31, $1, and
3.
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Fig. 15. Plastic platedI = OOmmO overgrown by Ulva per-
tusa and juvenile Laminaria japonica sporophytes
used for the oscillating-flow-tank experiment.
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Table 2. Period-averaged water speed U0 misO estimated from gypsum blocks
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day periods of each month.
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Table 3. Conditions of the laboratory experiments

Animals
Name Period of Wave . Temperature
experiment pattern™ ; Tsst sz oo
Species - n
Strongylocentrous mom
RUN O OO OI0  WAVE O M
v T Oct nudus OO+ [ma -
M Sept.0™ Oct. . " Mo
RUN O WAVE O S intermedius OO OmO (N (N
M Dec. 010O0O M
RUN O WAVE O n
U Jan. (01110 S nudus 0Mm+ 0mo - o

U5The temporal variations in the water velocity amplitude caused by WAVE 0O and WAVE O are shown in

Fig. 33 and Fig. 38, respectively.
“Oranged mean+ OsbO
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Fig. 34. Sea urchins Strongylocentrotus nudus grazing at the edge of Laminaria bedd Section FO in Experiment RUN 0.
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Fig. 36. Results of Experiment RUN O, showing the tem-
poral variations in the number of sea urchins
Strongylocentrotus intermedius in Sections B, LS,
US and F with the wave-induced water velocity
amplituded Us~xO and the number of Laminaria
plants remaining in Section F. The locations of
Sections B, LS, US and F are shown in Fig. 29.
Solid bars indicate the number of urchins grazing
on blades detached or held down by a group.
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Fig. 38. Results of Experiment RUN 3, showing the tem-
poral variations in the number of sea urchins
Strongylocentrotus nudus in Sections B, LS, US
and F with the wave-induced water velocity am-
plitude (Umax) and the numbers of Laminaria
plants remaining and eaten by sea urchins in Sec-
tion . The locations of Sections B, LS, US and
F are shown in Fig. 29.
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Table 4. Offshore wave data used

) Location (depth) of wave
Site name
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meter
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Fig. 39. Predicted mean (+1SD) of the monthly probabili-
ties that the significant wave-induced velocity am-
plitude (Unss) <0.4m/s and <0.2m/s at shal-
low depths on the Japan Sea coast of the south-
western Hokkaido where offshore waves travels to
the shore with no wave diffraction and refraction.
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Fig. 40. Predicted mean (*1SD) of the monthly probabili-
ties that the significant wave-induced velocity am-
plitude (Unxs) <0.4m/s and <0.2m/s at shal-
low depths on the Sanriku coast where offshore
waves travels to the shore with no wave diffrac-
tion and refraction.
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Fig. 41. Predicted mean (*1sD) of the monthly probabili-
ties that the significant velocity amplitude (Unaxs)
<0.4m/s and <0.2m/s at shallow depths on the
Sanriku coast where the incident wave height is
reduced to 75% of offshore wave height by dif-
fraction and refraction.
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Fig. 42. Predicted mean (*1SD) of the monthly probabili-
ties that the significant velocity amplitude (U s)
<0.4m/s and <0.2m/s at shallow depths on the
Sanriku coast where the incident wave height is
reduced to 50% of offshore wave height by dif-
fraction and refraction.
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@ Samenora Bay, Miyagi, Jan. 1997, Jan—Feb, 1998
(Kawamata, 2001)
0.4 A Oshoro Bay, Hokkaido, Jun.—Jul. 1998 (this study)
O Oshoro Bay, Hokkaido, Oct. 1999-Apr. 2000 (this study)

0.3

02 Uy =0.1827R

Uabs (m/ S)

0.1

R (mm/day)

Fig. A1l. Relationship between the period-averaged water
speedd U.-Oand the mean dissolution rated R O of
gypsum blocks Lines indicate linear regressions.

Rzggpf(%ﬁ“ﬁ 0 AD bD
00000000004 00000000000« 0
000000000 mOmOc00000000
000000000000

KawamataDT0 00 000000000000
000000000000 000Fg Al00O0
MMOOMMO000000000000000000
000000000000000000000000
0000000000000000 AOOOOOm
CO00000000000000000000000
000000000000000000000000
0000000000COROOODOOODOO0
000000000000000000MTCO000
000000000000000000000000
00000e 0000000000000 00000
M%00000000000000000Mmcomo
MCO0000000000000000000000
0000000000000000000Uw0 R
000000000000 0000Fig AL0000
0000000000000 UwOOOO0OOOODO
000000000

U U B

OO0 AO0OOOOOOOOOOOOOOODOOO

24~ .

2.0

1.6

Umax,s (m/ S)

0.8

0.4~

o 111w 1 b 1
02 04 06 08 1.0 1.2 1.4

Urins (m/s)

Fig. B1. Relationship between Umax s and UmsOwhich were
observed at Station RJ in Oshoro Bay from Oct.
10 to Apr. OI0. Solid line indicates the em-
pirical regression equationd Umax, sO0MT UwmsO SE
OJO0mmis, »*000I0, »000I00 Broken line
indicates a theoretical relationshipd Umax, sO00 Usns.
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Fig. B2. Relationship between Ums and U.,sO which were
observed at Station RJ in Oshoro Bay from Oct.
I10 to Apr. (I0. Solid line indicates the em-
pirical regression equationd UmsOOMIT UasO SEO
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indicates a theorical relationship : UmsOOMD
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