ISSN 0503-1540

La mer

Tome 40 Numero 1 Fevrier 2002
La Societe franco—japonaise
d’oceanographie

Tokyo, Japon



SOCIETE FRANCO-JAPONAISE D’OCEANOGRAPHIE

Cimité de Rédaction
(de o'exercice des années de 2000 et 2001)

Directeur et rédacteur: Y. Y AMAGUCHI

Comité de lecture: M. OcHial Y. Tanaka, H. NacasaMa, M. MAEDA, S. MonTANL, T. YANAGL S. WATANABE
Rédacteurs étrangers: H. J. CeEccaLpi (France), E. D. GoLbeercs (Etats-Unis), T. R. Parsons (Canada)
Services de rédaction et d’édition: H. SATOH, J. YOSHIDA

Note pour la présentation des manuscrits
La mer, organe de la Sociét franco-japonaise d’'océanographie, publie des articles et notes originaux, des
articles de syntheése, des analyses d’ouvrages et des informations intéressant les membres de la société.
Les sujets traités doivent avoir un rapport direct avec 'océanographie générale, ainsi qu’avec les sciences
halieutiques.

Les manuscrits doivent étre présentés avec un double, et dactylographiés, en double interligne, et au
recto exclusivement, sur du papier blanc de format A4 (21X29.7 cm). Les tableaux et les 1égendes des fig-
ures serount regroupés respectivement sur des feuilles séparées a la fin du manuscrit.

Le manuscrit devra étre présenté sous la forme suivante:
1° 1l sera écrit en japonais, francais ou anglais. Dans le cadre des articles originaux, il comprendra
toujours le résumé en anglais ou francais de 200 mots environs. Pour les textes en langues européennes.
il faudra joindre en plus le résumé en japonais de 500 letters environs. Si le manuscrit est envoyé par un
non-japonophone, le comité sera responsable de la rédaction de ce résumé.
2° La présentation des articles devra étre la méme que dans les numéros récents; le nom de l'auteur
précédé du prénom en entier, en minuscules; les symboles et abréviations standards autorisés par le
cometé; les citations bibliographiques seront faites selon le mode de publication: article dans une revue,
partie d'un livre, livre entier, etc.
3° Les figures ou dessins originaux devront étre parfaitement nettes en vue de la réduction nécessaire.
La réduction sera faite dans le format 14.5x20.0 cm.

La premiére épreuve seule sera envoyée 4 L’auteur pour la correction.

Les membres de la Société peuvent publier 7 pages imprimées sans frais d'impression dans la mesure
a leur manuscrit qui ne demande pas de frais d'impression excessift (pour des photos couleurs, par
exemple). Dans les autres cas, y compris la présentation d'un non-membre, tous les frais seront a la
charge de l'auteur.

Cinquante tirés-a-part peuvent étre fournis par article aux auteurs a titre gratuit. On peut en fournir
aussi un plus grand nombre sur demande, par 50 exemplaires.

Les manuscrits devront étre adressés directement au directeur de publication de la Société: Y.
YamacucHl, Université des Péches de Tokyo, Konan 4-5-7, Minato-ku, Tokyo, 108 Japon; ou bien au
rédacteur étranger le plus proche: H. J. CeccaLpy, EPHE, Station marine dEndoume, rue Batterie-des-
Lions, 13007 Marseille, France; E. D. GOLDBERG, Scripps Institution of Oceanography, La Jolla, California
92093, Etats-Unis; ou T. R. Parsons, Institute of Ocean Sciences, P.O.Box 6000, 9860W, Saanich Rd., Sidney,
B. C, V8L 4B2, Canada.



& M b #

B40EE 2T (2002) LYREZESLRRAWVELET,
CifR. SERETREICBEWNWWELET,

BILBRPREEFER SHRE (REZER)

T108-8477 RREPEXER 4-5-7
RIUVKEXZBFRITFAR
TEL: 03-5463-0459
FAX: 03-5463-0453
e-mail: jiroy@tokyo-u-fish.ac.jp.

ANotice

The editorial board of “La mer” will be changed to new board (2002-2003).
All manuscript for publication should be sent to following address;
Dr. Jiro YOSHIDA
Department of Ocean Sciences
Tokyo University of Fisheries
4-5-7 Konan, Minato-ku, Tokyo,
108-8477 Japan
TEL: +81 3 5463 0459
FAX: +81 3 5463 0453
e-mail: jiroy@tokyo-u-fish.ac.jp.



La mer 40 : 1-10, 2002
Société franco-japonaise d’océanographie, Tokyo

Ecosystem conditions in wet and dry seasons
of Banten Bay, Indonesia

Susanna NURDJAMAN* and Tetsuo YANAGI™®

Abstract : The ecosystem conditions in wet and dry seasons of Banten Bay, Indonesia are stud-
ied by using observed data and a box ecosystem model. The observed values of chlorophyll a
concentration are well reproduced by the calculation. Chlorophyll @ was higher in dry season
than in wet season. Generally, concentrations of ecosystem compartment are higher in dry sea-
son than in wet season. As a whole, Banten Bay water is strongly affected by seasonal variation
(wet and dry seasons). Recycling of DIN plays the important role in the increase of chlorophyll
a concentration, transfer efficiency is almost the same with that in Hakata Bay, Japan, which is
located in mid-latitude and hyper—eutrophic. The ratio of new production to regenerated pro-
duction is smaller in Banten Bay than in Hakata Bay. Banten Bay is under the transition condi-
tion between oligotrophic and eutrophic condition.

Key words : Banten Bay, wet and dry seasons, box ecosystem model, new production,
regenerated production, lransfer efficiency, Hakata Bay.

1. Introduction

Banten Bay is a semi—enclosed bay located at
the northwest coast of Java, 60 km west of Ja-
karta, and is connected to the Java Sea, and its
surface area is 150 km? (Fig. 1). It is shallow
with averaged depth of 7 m. The area accom-
modates a valuable marine ecosystem such as
seagrass field, coral reefs and a bird sanctuary
of international importance at a peninsula near
the town of Banten. The coastal zone, particu-
larly the western part, is rapidly industrializing
and is to become one of the major growth cen-
ters near Jakarta. Impact of inland pollution,
though not yet severe, are expected to become
important threats.

NonTj1 (1974) compiled all chlorophyll ¢ data
of the Indonesian waters and obtained an aver-
age value of 0.19 mg/m? A higher average (0.24
mg/m?®) was obtained in the southeast mon-
soon (dry season), while during the northwest
monsoon (wet season) the average value was
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Sciences, Kyushu University, Kasuga 816-8580, Ja-
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**Research Institute for Applied Mechanics, Kyushu
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0.16 mg/m®. However no one tried an ecosystem
modeling in coastal seas around Indonesia.

In this study, we investigate the lower
trophic level ecosystem and nitrogen budget of
Banten Bay in wet and dry seasons using a box
ecosystem model and the results are compared
to their field observation data. Also we com-
pare our result with the ecosystem condition in
Hakata Bay, Japan, which is located in mid-lati-
tude and hyper—eutrophic condition.

2. Observation

Research and Development Center for
Oceanology of the Indonesia carried out field
observations at 4 stations shown in Fig. 1 four
times from 1979 to 1981. Each time corresponds
to wet season (northwest monsoon) or dry sea-
son (southeast monsoon), they were 18-31 De-
cember 1979 (wet season), 18-30 June 1980 (dry
season), 29 January — 20 February 1981 (wet
season), and 16 August —12 September 1981
(dry season). The field observations of water
temperature, DIN (Dissolved Inorganic Nitro-
gen) and chlorophyll ¢ concentrations were
taken at the depth of 0, 5, 10, 15, 20 meters. Sta-
tion 5 is used as outer value (boundary
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Fig.1. Banten Bay and observation stations. Numbers show the depth in meters. Broken line shows

the model boundary.
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Fig. 2. Light intensity at Jakarta (a). Average water temperatures in the upper and lower layers
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Fig. 3. DIN concentration (a) and chlorophyll @ concentration at station 5 (b)
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condition of the model) and stations 6, 7 and 8
as inner values (for verification). Seasonal
variation of solar radiation, I, at Jakarta was
observed by Geophysics and Meteorology
Agency, Indonesia and is shown in Fig. 2 (a).
The thickness of the euphotic layer (H.) is
taken to be 5.5 m in wet season and 6.0 m in dry
season, based on the transparency data in the
bay (Anonymous, 1980 a, b, 1981 a,b). Variation
of water temperature in the upper (euphotic)
and lower (aphotic) layers are shown in Fig.
2(b). From Fig. 2 a, light intensity was higher
in dry season than in wet season, therefore wa-
ter temperature was also higher in dry season.

Concentrations of DIN and chlorophyll a at
outer bay are shown in Fig. 3 that are used for
the boundary conditions of the model calcula-
tion.

The load of DIN from rivers, industrial and
sewage treatment plants, which flow into
Banten Bay, has been investigated by Dutch
Team (LINDEBOOM et al., 2001), and it is 4.5 kmol
N/day in wet season and 1.5 kmol N/day in dry
season.

From Dutch team data (LINDEBOOM et al.,
2001), Dissolved Inorganic Phosphorus (DIP)
in the bay was 0.07 mmol and DIN in the bay
was 0.12 mmol and the mole ratio between DIN
and DIP was 1.7. This value is much smaller
than the Redfield ratio of 16, so DIN becomes a
limited nutrient for photosynthesis, and there-
fore we investigate only nitrogen cycle in this
study.

3. Model Description

We consider five compartments (Phyto-
plankton (PHY), zooplankton (ZOO), Particu-
late Organic Nitrogen (PON), Dissolved
Organic Nitrogen (DON) and Dissolved
Imorganic Nitrogen (DIN), shown in Fig. 4, as
compartments of ecosystem in the upper
(euphotic) and lower (aphotic) layers. Time
evolution of those constituents is described
with differential equations, which are com-
posed of biological source and sink terms, and
diffusion terms. Details are given below (based
on KAwAMIYA et al,. 1995) :

Load Photosynthesis [ 14
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S | p P
g PLANKTON [
Ao ng
é g [ Excretion é) §
o] g ] @ = E,] I
2 2 B 5 =
S e | g g
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=
§ ? g
= 5
) =
Decomposition PON s <
Load ¢+
> «— |
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E :
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Release v v

Fig. 4.
sents the exchange by diffusion.

Interaction among the compartments of numerical ecosystem model.

Dashed arrow repre-
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where subscript «, [, 7, o denote upper layer,
lower layer, inner bay, and outer bay, respec-
tively. Subscript LA refers to the load from
river, RE to release from the bottom. V denotes
volume of the box, S is the sectional area be-
tween the inner and outer areas of the bay. A4 is
the sectional area between the upper and lower
layers.

Formulation of each biological processes are
written below:
a. Photosynthesis (A.), Photosynthesis is as-

sumed to be a function of temperature, nutri-

ent concentration and intensity of light.

DIN.
DIN;,+ Kx

A o [171
I, PUTL,

A= Vo [ ] exp(kT).

an
)

where V... is the maximum nitrogen uptake
rate, K~ is a half saturation constant for DIN, k
denotes the temperature dependency of photo-
synthesis, 1,,. is optimum light intensity for
photosynthesis and /. is average light intensity
in the upper layer :

Hu

L= ?1[; S o1 exp(~ka)dz (12)

where 0.5 is the conversion factor for the
fraction of photosynthetically active radia-
tion in the total radiation (PARSONS et al.,
1984), I is the total surface radiation observed
at Climatological Data for Jakarta Observa-
tory (shown in Fig. 2a) and k. is the extinc-
tion coefficient as estimated by k. = 4.6/H.,
where H. is the thickness of euphotic layer
(PARSONS et al., 1984).

b. Extra cellular Excretion (A4,)
A, =7 A, (13)
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Table 1. Parameter values used in this model. Values in parenthis are those used by Kawamiya et al. (1995).

K, Horizontal diffusivity 13 m’/sec
K.» Vertical diffusivity of dissolved material; 0.0002 m*/sec
K.» Vertical diffusivity of particulate material 0.00001 m@sec
V maz Maximum photosynthesis rate at 0°C 0.65(1.0) /day
k Temperéfﬁfe coefficient for Photosynthesis rate ’ 0.03(0.063) /°C
e Half Saturation constant for dissolve inorganic nitrogen 0.02(3.0) «mol/1
Lo Optimum Light Intensity 18.0(4.21) MJ/m*/day
; Ratio of Extra cellular Excretion to Photosynthesis 0.135
Moo Phytoplankton Mortality Rate at0°C 0.05(0.0281) 1/ £ molIN day
Fur Temperature Coefficient for Phytoplankton Mortality rate 0.069 B /°C
a | Assimilation Efficiency of Zooplankton 07
B Growth Efficiency of Zooplankton 0.3
GR oz Maximum Grazing Rate at 0°C 0.12(0.3) /day
k, Temperature Coefficient forGﬂaz&ng 0.0693 7 /°C
A Ivlev Constant 0.93(1.4) 1/ molN
| PHY" Threshold Value for Grazing 0.043 1 molN/1
Mo Zooplankton Mortality Rate at0°C 0.0585 1/ 1 molN day
Kz Temperature Coefficient for Zooplankton Mortality rate 0.0693 /°C
Vero PON Decomposition Rate at0°C(to DIN) 0.03 /day
Verr Temperature Coefficient for PON Decomposition{to DIN) 0.0693 /°
| Vino PON Decomposition Rate at0°C (to DON) 0.03 /day
Veor Temperature Coefficient for PON Decomposition(to DON) | 0.0693 /C
Voo DON Decomposition Rate at0°C 0.03 /day
| Vorr Temperature Coefficient for DON Decomposition 0.0693 /C
w, Sinking speed of phytoplankton 0.04(0.05) m/day
wo Sinking speed of detritus 0.4(0.5) m/day ’

c. Mortality
Mortality of phytoplankton (A45)

:Mpo eXp UCMPT) (14)
Mortality of zooplankton (B.)
=Mo exp (kMZT) (15)

d. Grazing (B:)
Bi=Gne (1—exp (A (PHY*—PHY))exp (k,T)

(16)

e. Excretion and Egestion

Excretion (B:) = (a — §) B, (am

Egestion (B;) = (1-a) B, (18)
f. Decomposition of Organic Matters

Decomposition of PON into DIN (C,)

= Vo exXp (VP[TT) (19)

Decomposition of PON into DON (C.)

=Vepo exp (Vl’D'['T) (20)

Decomposition of DON into DIN (D))

= Voo €Xp (VDITT) (21)

Coefficient of horizontal diffusivity, vertical
diffusivity of dissolved material and vertical
diffusivity of particulate material, K, K.», and

K, respectively, are taken to be constant for
both seasons (Table 1). Horizontal diffusivity
(K») is 13 m?*/sec (LINDEBOOM et al., 2001). Other
parameters are based on KAwAMIYA et al.
(1995). We change the values of Vs, & Kn, Loy,
Mro, GRmar, A, w,, and wp due to tuning. Be-
cause parameters by Kawamiva et al. (1995)
are applied in high latitude, so those parame-
ters may be changed in the tropics.

According to Parson et al. (1984), the range
of photosynthetic rate (V,...) is 0.05 /day —8.1
/day, in this model 0.65 /day (at 0°C) was
adopted. Small V... and k than by KAwWAMIYA et
al. (1995) may be due to the small sensitivity of
tropical phytoplankton compared to that in
mid-latitude. For the half saturation constant
(Kv), PARsONS et al. (1984) shows that the
range is 0.01 —4.21 mmol/l. In this model 0.02
mmol/1 was used. Such small Ky in tropics may
be due to that DIN concentration in tropics is
much smaller than that in the mid-latitude. As



6 La mer 40, 2002

DIN (Upper)
25
2 b -
= 15 e 0 - — 77ﬁ~——ﬂ
H
£ | +
+
0.5 - . e —
5 +
0 QO
Wet '79 Dry '80 Wet '81 Dry '81
<+ Calculation O Observation
DIN (Lower)
25
24— -
= 15
2
X a
05 - T
.| o X
0
Wet '79 Dry ‘80 Wet '81 Dry ‘81

i ;Ciarlglﬁtioig h Observation

Chlorophyll-a (Upper)

Q o

O S o +
3 +
5 o o)
£

04 4 _—

0.0 -

Wet '79 Dry '80 Wet '81 Dry '81

"4 Calculation O Observation |

Chlorophyill-a (Lower)

12
O
o5 9 :
3 0 X
5 X
5]
o - o
04 0
0
Wet '79 Dry '80 Wet '81 Dry '81

"X Calculation [0bservation

Fig. 5. Comparison between calculated results and observed data in Banten Bay.

for the grazing parameter (GR m.-), KREMER and
Nixon (1978)’s review shows that maximum
grazing rate lie in the range of 0.1 —25 /day,
and 0.12 /day was used in this model. For Ivlev
constant, KREMER and NixoN (1978) reported
the range of 04 —25.1/mg:C. In this model,
10.1/mg : C was adopted and this value was set
to be 0.93 1/mmol/l by an assuming C:N ratio
to be 106:16. Almost all parameters, which are
tuned, are smaller than those in KAWAMIYA et
al. (1995) because the small sensitivity of tropi-
cal biota compared with those in mid-latitude
area.

The initial condition is given as the same val-
ues as those at Sta. 5. The quasi-steady state is
obtained 50 days after the beginning of the cal-
culation. As the horizontal gradient terms are
much larger than the temporal changing terms
in equations (1) to (10), we may consider the
quasi —steady state is established in each

observation time.

4. Results and Discussion

Comparisons of calculations with observa-
tions are shown in Fig 5. Calculated chloro-
phyll a concentrations reproduce well the
observed ones for the upper and lower layers.
Calculation results show good agreement with
the observations as to higher chlorophyll ¢ in
dry season than in wet season. This chloro-
phyll @ variation is strongly associated with
the variation of light intensity and water tem-
perature, which are higher in dry season than
in wet season. The variation of chlorophyll a
concentration is not affected by DIN concentra-
tion variation.

On the other hand, observed DIN concentra-
tion is rather well reproduced by the calcula-
tion, except in 1981. This discrepancy may be
caused by the insufficiency of data for load of
DIN each year, that is, only averaged DIN load
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Table 2. Comparison of average ecosystem conditions between Banten Bay and Hakata Bay.

Central North Hakata Bay
Banten Bay
Pacific (Yanagi et al, 1999)
DIN (ug/l) 1.90 1.68 243
s (Eppley et al, 1973)
DIP(ug) 1.57 2.17 8.00
" (Eppley et al, 1973)
Chlorophyl-a(ug/l) 0.097 0.808 2.32
orophyl-a
phyTath (Eppley et al, 1973)
New Prod. 0.0475 0.196 1.07
Regenerated prod. | (Eppley et al, 1979)
.. 10.0 %(open ocean) 19.6 % 20.0 %
Transfer Efficiency
Ryther, 1969

data are given in this model though it has a
year-to-year variation. Calculated DIN concen-
tration is higher in wet season than in dry sea-
son, because we assume the load from river is
much more in wet season than in dry season.

Figure 6 shows the variation in zooplankton,
PON and DON. Generally, the concentrations of
these parameters are higher in dry season than
in wet season. This pattern is related to chloro-
phyll a concentration, that is, chlorophyll a
concentration is higher in dry season than in
wet season.

Beside concentration of compartments, this
model can calculate nitrogen cycling. Ntrogen
cycling in Banten Bay in wet season (Dec.
1979) and in dry season (June 1980) are shown
in Fig. 7.(a) and (b), respectively. Nitrogen
flux from DIN to phytoplankton is lower in wet
season than in dry season, which is 2,215 kgN
/day in wet season and 3,221 kg N/day in dry
season. Such difference of fluxes is caused by
higher chlorophyll a concentration in dry sea-
son than in wet season. And the nitrogen flux
is 35 times as the inflowed DIN flux from land
in wet season and 153 times in dry season. It
means that the large DIN load from land does
not cause directly high chlorophyll a concen-
tration in Banten Bay but the recycling DIN in
the bay plays the most important role for high
concentration of chlorophyll a. From model re-
sults, we can calculate new production and re-
generated production. New production, which
is defined as DIN flux in the upper layer from

river or rain (load) and from the lower layer by
diffusion, is a little bit larger (almost the same)
in wet season due to higher load than in dry
season. Regenerated production, which is de-
fined as DIN flux in the upper layer by decom-
position of PON and DON and excretion of
zooplankton, is smaller in wet season, when the
primary production is smaller, than in dry sea-
son. The ratio of new production to regener-
ated production is (63+396): (932+679+163)
= 1: 26 in wet season and (21+409): (1431 +
1027+267) = 1:6.3, in dry season. It means
that new production is smaller than regener-
ated production for both seasons, and ratio of
regenerated production to new production is
higher in dry season than in wet season. The
transfer efficiency from the primary produc-
tion to the secondary production is 18 % in wet
season and 20 % in dry season. Transfer effi-
ciency becomes larger in dry season than in
wet season because the increase of chlorophyll
a concentration results in an increase of graz-
ing speed by zooplankton.

Table 2 shows the comparison of average
ecosystem condition between Banten Bay and
Hakata Bay (Yanagi and Onitsuka, 2000), Ja-
pan. Hakata Bay is located in mid-latitude and
hyper—eutrophicated condition. DIN, DIP and
chlorophyll a concentration in Hakata Bay are
higher than in Banten Bay. The mole ratio be-
tween DIN and DIP is higher in Hakata Bay
than in Banten Bay, so limiting factor in
Hakata Bay is phosphate, while in Banten Bay
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it is nitrogen. Ratio of new production to regen-
erated production in Banten Bay is lower than
in Hakata Bay. In Ha kata Bay, the new produc-
tion is larger than regenerated production. It
means load of DIN and diffusion from lower
layer is large and plays the most important role
in Hakata Bay, while in Banten Bay, regener-
ated production plays the most important role.
Transfer efficiency is almost the same in both
bays, because in Hakata Bay, which is under
hyper—eutrophic, transfer efficiency becomes
small due to that much phytoplankton remains
without being grazed and the increase of
phytoplankton density does not results in an
increase of grazing speed by zooplankton.
While in Banten Bay, chlorophyll a concentra-
tion is not so high compared with Hakata Bay,
therefore transfer efficiency becomes small too.
These results show that Banten Bay is under
transition condition between oligotrophic and
hyper—eutrophic (Hakata Bay) condition.

5. Conclusion

The model calculations in Banten Bay show
good agreement with the observed ones as for
high chlorophyll a concentration in dry season
and low one in wet season.

Chlorophyll a concentration in dry season is
higher than that in wet season, because water
temperature and light intensity become higher
in dry season than in wet season. And observed
DIN concentration is also reproduced by the
model calculation except in 1981. Generally,
concentrations of lower trophic ecosystem
compartments are higher in dry season than in
wet season. From this study, we can say that
Banten Bay water is strongly affected by sea-
sonal variation.

Recycling of DIN plays the important role in
the increase of chlorophyll a concentration.
Compared with Hakata Bay, Japan which is lo-
cated in mid-latitute and hyper-eutrophic,
Banten Bay, which is located in tropics, is un-
der transition condition between oligotrophic
and hyper—eutrophic condition, that in, DIN,
DIP and chlorophyll a concentrations are
smaller than those in Hakata Bay and ratio of
new production to regenerated production is
smaller than that in Hakata Bay. Beside that,
transfer efficiency is almost the same in both

bays.
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Seasonal and spatial changes in the larval and juvenile fish fauna

in surface waters of Tokyo Bay, central Japan
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Abstract: A total of 16,189 larval and juvenile fishes representing 57 families and 115 species
was collected by monthly larval net (mouth diameter 1.3 m and mesh size 0.3 mm) sampling in
the surface waters of Tokyo Bay, central Japan, from September 1995 to January 1999. The
Engraulididae was the most abundant family, comprising 34.9 % of the total number of fish, fol-
lowed by the Clupeidae (23.3%), Gobiidae (8.0%), Callionymidae (7.2%), Blennidae (4.2%). The
most abundant species were Engraulis japonicus (34.9%), Sardinella zunasi (13.1%) and
Konosirus punctatus (10.29). The number of species increased from spring to early autumn and
the highest number occurred in September, its pattern being similar to seasonal changes of
surface-waters temperature. Of the fourteen abundant species, larvae of E. japonicus and
Parablennius yatabei occurred abundantly over four months, whereas those of others only a few
months. Classification, using the abundance of each of the 115 species recorded at the different
sites, showed that the composition of the larval and juvenile fish fauna in the inner bay and the
mouth of bay differed markedly from each other. Based on developmental stages, and horizon-
tal and vertical distribution pattern of larvae and juvenile fish, the manner of utilization of the
surface waters in Tokyo Bay by the fourteen abundant species was summarized as follows. 1)
K. punctatus, Apogon lineatus and Lateolabrax spp. utilized surface waters only in planktonic
phase (yolksac — flexion stage), whereas the other eleven species also in swimming phase
(postflexion — juvenile stage). 2) The abundant species except S. zunasi occurred to the mouth
of bay in a various stage of early life history. 3) The habitat of E. japonicus and Hexagrammos
otakii shifted with growth from the mouth of bay to the inner bay.

Key words : Ichihyoplankion, seasonal occurrence, spatial distribution, Tokyo Bay
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Table 1. Number of tows at each site in Tokyo Bay from September 1995 to January 1999
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Fig. 2. Monthly changes of horizontal profiles of mean water temperatures and salinities
in Tokyo Bay from September 1995 to January 1999.
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Table 2. Larval and juvenile fish collected from all the sampling sites in Tokyo Bay from September 1995
to January 1999

. . Individual . Size range| Development | Habitat
Family and Species No. % | Month Sites (BL, mm) stage of adult

Muraenesocidae

Muraenesox cinereus 1 10 D 7.0 pre. Ns
Clupeidae

Sardinella zunasi 2125 131, 69 | A-F 2.2-16.9 yol.—pos.. Ns

Konosirus punctatus 1646 10.2 4-7 A-F 2.7-9.9 yol—pos.. Ns

Sardinops melanostictus 9 2,4,7,12 D-F 3.5-19.6 pre.,pos. S
Engraulididae

Engraulis japonicus 5643 349| 4-12 A-F 1.8-41.8 yol—juv. S
Bathylagidae

Bathylagidae sp. 1 11 E 5.3 pre. M
Plecoglossidae

Plecoglossus altivelis altivelis 46 10-12 A-C)F 3.8-13.2 yol.—pos. F
Phosichthyidae

Vinciguerria nimbaria i 4 11-12 D 7.3-13.4 pos. I M
Aulopodidae

Aulopus japonicus i 1 9 D 33 pre. C
Synodontidae

Saurida spp. 2 9 D 2.6-4.2 pre. Ns

Synodontidae spp. 73 0.5 9 E-F 1.8-4.1 pre. Ns/r
Myctophidae

Lampanyctus sp. 1 11 E 4.2 pre. M

Myctophidae spp. 44 2,4,7-10 D-F 2.6-75 yol—pos. M
Macrouridae

Macrouridae sp. 16 2,11 D-F 24-3.1 yol.—pre. M
Atherinidae

Hypoatherina valenciennei 129 0.8 6-9 A-F 4.0-394 pre—juv. Ns/r

Atherion elymus 2 1,7 D-E = 6829.1 Nr
Hemiramphidae

Hyporhamphus intermedius 1 7 A 55.4 you. S

Hyporhamphus sajori 1 7 B 7.3 pOs. S
Exocoetidae

Cypselurus agoo agoo 2 9 B 11.3-18.8 juv. S

Cypselurus heterurus doederleini 2 6 BF 16.2-20.2 | juv. S

Cypselurus hiraii 1 6 B 21.8 juv. S

Exocoetidae spp. 2 7,11 D-E 3.1-9.5 fle—pos. S
Belonidae

Strongylura anastomella 9 6-7 A-C 8.3-32.7 pos.—juv. S
Fistulariidae

Fistularia petimba 1 12 F 104.2 juv. Ns/r
Macroramphosidae

Macroramphosus scolopax 3 1,4 F 7.8-9.4 juv. Ns
Syngnathidae

Urocampus nanus 1 12 F 51.8 juv. Ns

Festucalex erythraeus 1 10 D 22.1 juv. Nr

Syngnathus schlegeli 47 5-12 A-F 8.3-179.5 pre.—juv. Ns

Hippocampus mohnikei 195 1.2 1 5121 A-F 6.0-65.3 juv. Ns
Scorpaenidae

Sebastes inermis 245 15 1-6,12 A-F 4.2-34.5 pre—juv. Nr

Sebastes hubbsi 24 1,10-12 A-F 4.8-17.1 fle=juv. | Nr

Sebastes pachycephalus pachycephalus 9 1-4 B-D 54-14.1 pre—juv. | Nr

Sebastes matsubarae 1 3 F 3.6-3.9 pre. C

Sebastiscus marmoratus 532 33 |1-59-12| B-E 1.3-16.5 pre—juv. Nr
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Table 2. Continued
. . Individual . Size range| Development | Habitat
Family and Species No. 9% | Month Sites (BL, mm) stage of adult
Scorpaenidae sp.1 1 9 E 59 juv. -
Scorpaenidae sp.2 9 E-F 1.5-1.7 pre. -
Scorpaenidae sp.3 1 9 E 2.4 pre. -
Triglidae
Chelidonichthys spinosus 4 1-2,4,7 CE-F | 116-138 juv. Ns
Lepidotrigla sp. 1 10 C 3.9 pre. Ns
Platycephalidae
Platycepalus sp. 5 7-10 B-F 2.2-94 | pre.pos—juv. Ns
Hexagrammidae
Hexagrammos otakii 926 5.7 12-4 A-F 5.9-49.8 yol~juv. Nr
Hexagrammos agrammus 6 1-2 D 19.6-35.2 pos.—juv. Nr
Cottidae
Ocynectes maschalis 4 1 D 8.8-11.7 fle—juv. Nr
Pseudoblennius sp. 1 1 E 7.2 fle. Nr
Percichthyidae
Lateolabrax spp. 125 0.8 12-2 B-F 2.2-8.17 yol—pre. Ns/r
Terapontidae
Rhyncopelates oxyrhynchus 3 6,9 E 2.9-3.8 pre. Ns/r
Terapon jarbua 7 6,7-10 BD,F 7.5-11.9 juv. Ns/r
Apogonidae
Apogon lineatus 266 16 A-F 2.1-7.1 pre—juv. Ns
Apogon semilineatus 50 - CE-F 2.3-9.2 pre—juv. Nr
Gymnapogon sp.1 3 — DE 24-2.7 pre. Nr
Gymnapogon sp.2 4 E-F 1.9-24 pre. Nr
Apogonidae sp.1 2 10 C 3.8-4.0 fle. Ns/r
Apogonidae sp.2 8 9 E 3.2-47 pre—pos. Ns/r
Sillaginidae
Sillago japonica 115 0.7 6-10 A-F 1.8-10.0 pre—pos. Ns
Branchiostegidae
Branchiostegus japonicus 1 11 D 11.7 juv. Ns
Scombropidae
Scombrops sp. 1 4 C 129 juv. C
Labracoglossidae
Labracoglossa argentiventris 53 1,11-12 D-F 2870332 pre—juv. Nr
Carangidae
Elagatis bipinnulata 1 9 E 124 juv. S
Seriola quinqueradiata 6 4-6 CF 12.7-28.4 juv. S
Scomberoides sp. 1 12 D 5.2 fle. S
Trachurus japonicus 18 4-5,7-11 A-F 1.9-24.3 pre.—juv. S
Coryphaenidae
Coryphaena hippurus 1 11 E 125 juv. S
Sparidae
Acanthopagrus schlegeli 18 6,7 A-B,D-F| 3.0-9.1 pre.—pos. Nr
Pagrus major 1 1 F 54 pos. Ns/r
Mullidae
Mullidae sp.1 2 6 F 17.1-175 juv. Ns/r
Mullidae sp.2 1 10 E 28.3 juv. Ns/r
Girellidae
Girella spp. 15 14 C-E 29-16.4 pre—juv. Nr
Oplegnathidae
Oplegnathus fasciatus 4 6 F 8.9-12.0 juv. Nr
Pomacentridae
Abudefduf vaigiensis 8 9,11 E-F 7.0-17.8 juv. Nr
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Table 2. Continued

La mer 40, 2002

. . . Individual . Size range| Development ! Habitat
Family and Species No. % | Month Sites (BL, mm) stage " of adult

Chromis notata notata 31 9-10,12 C-F 2.3-10.1 pre—juv. Nr

Pomacentridae sp. 1 12 D 45 pos. Nr
Cheilodactylidae

Goniistius zonatus 4 12 D 5.3-6.8 fle—pos. Nr
Mugilidae

Mugil cephalus cephalus 51 1,3,11 DF 5.1-24.6 juv. Ns/r

Mugilidae spp. 8 69,1112 C-F 2.8-4.9 pre.~fle. Ns/r
Labridae

Pseudolabrus sp. 33 9-12 D-F 1.8-11.3 pre~juv. Nr
Stichaeidae

Dictyosoma burgeri 44 1,2 B-D 5.9-16.6 pre—juv. Nr
Pholididae

Pholis nebulosa 5 34,6 A CE 14.2-91.4 pos.—juv. Nr
Uranoscopidae

Xenocephalus elongatus 2 10 E 7.2-9.1 juv. Ns
Chaenopsidae

Neoclinus bryope 27 1 D 56-6.0 pre Nr
Blenniidae

Omobranchus elegans 60 6-7 B-F 2.1-104 pre.—pos. Nr

Omobranchus fasciolatoceps 28 6-9 A-E 2.2-11.1 pre.~pos. Nr

Omobranchus punctatus 112 0.7 6-9 A-F 1.9-185 pre.—juv. Nr

Scartella emarginata 2 11 F 10.0-10.3 juv. Nr

Parablennius yatabei 426 2.6 4-12 A-F 1.6-15.1 yol-juv. Nr

Petroscirtes breviceps 25 9-11 D-F 2.7-29.6 pre—juv. Nr

Petroscirtes springeri 2 10 E-F | 17.7-221 juv. Nr

Blenniidae spp. 19 47 E-F 2.3-4.3 pre—fle. Nr
Callionymidae

Callionymidae spp. 1162 72 5,712 A-F 1.4-5.6 yol.-juv. Ns
Gobiidae

Luciogobius sp.1 26 4-6 B-E 2.5-4.4 yol.—fle. Nr

Luciogobius sp.2 3 3-5 E 3.8-3.9 pre. Nr

Parioglossus sp. 1 11 F 59 pos. Ns/r

Acanthogobius flavimanus 2 34 AC 5.2-5.6 pre—fle. Ns

Acanthogobius lactipes 1 10 A 6.9 poSs. Ns

Acentrogobius pflaumii 1 12 D 21.1 juv. Ns

Gobiidae spp. 1288 8.0 5-12 A-F 19-71 yol.—pos. Ns/r
Sphyraenidae

Sphyraena sp. 1 7 E 4.1 pre. Ns/r
Gempylidae

Gempylidae spp. 4 9-11 D-E 5.5-6.0 fle. M
Trichiuridae

Trichiurus japonicus 1 10 B 10.1 fle. C

Benthodesmus elongatus 3 11 E 5.1-7.0 pre. C
Scombridae

Scomber sp. 4 4,7 E 5.1-6.4 fle.—pos. S

Scombridae sp. 4 9 E 1628 yol.—pre. S
Centrolophidae

Hyperoglyphe japonica 1 2 F 11.3 juv. M

Psenopsis anomala 2 59 B 9.6,37.4 juv. Ns
Paralichthyidae

Paralichthys olivaceus 1 4 D 9.1 pos. Ns
Bothidae

Psettina sp. 1 11 F 79 pos. Ns
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Table 2. Continued

T
. . Individual . Size range| Development | Habitat
Family and Species No. % . Month Sites (BL, mm) stage of adult
Bothidae sp. 1 10 E 4.2 pre. Ns
Pleuronectidae
Pleuronectes yokohamae 11 1-3 C-E 2.3-4.8 yol.—pre. Ns
Cynoglossidae
Cynoglossus robustus 9 9-10 D-E 2.2-3.2 yol—pre. Ns
Monacanthidae
Rudarius ercodes 1565 1.0 1,9-11 B-F 2.8-18.1 fle—juv. Ns
Paramonacanthus japonicus 3 910 F 6.2-16.8 pos.—juv. Ns
Stephanolepis cirrhifer 58 6,9-10 B-F 4.9-20.9 pos.—juv. Ns
Thamnaconus modestus 1 6 D 349 juv. Ns/r
Tetraodontidae
Takifugu sp. 1 7 D 10.9 juv. Ns
Tetraodontidae sp.1 1 12 F 54 fle. Ns/r
Tetraodontidae sp.2 1 | 7 E 2.8 | pre. Ns/r
Broken and unidentified specimens 76 0.5
Total | 16189

Developmental stage(yol., yolksac larvae; pre., preflexion larvae; fle,, flexion larvae; pos., postflexion larvae),
habitat of adult (C, continental shelf slope area; F, freshwater; M, middle/deep layer; Nr, neritic rocky area; Ns,
neritic sandy area; Ns/r, neritic sandy/rocky area; S, surface layer; -, unkown).

Table 3. Number of individuals and peak sites of the pelagic and/or swimming phase of the 14 dominant species

Pelagic phase Swimming phase
n Peak sites n Peak sites

Inner bay

Sardinella zunasi 765 B 2472 A-B
Mouth of bay

Apogon lineatus 252 D-E 9

Konosirus punctatus 1645 E-F 1

Lateolabrax spp. 122 E-F 0

Rudarius ercodes 1 154 D-F
Whole bay

Omobranchus punctatus 124 A-B,D 54 AD

Stllago japonica 101 C-E 21

Parablennius yalabei 605 B-E 143 AC-E

Hippocampus mohnikei - 197 B-E

Hypoatherina valenciennes 44 A-BD 122 A-BD
Whole bay—inner bay

Hexagrammos otakii 530 B-E 403 B-C

Sebastes inermis 129 B-DF 112 B-D
Whole bay—mouth of bay

Sebastiscus marmoratus 493 B,D-F 38 D-F
Mouth of bay—whole bay

Engraulis japonicus 3142 E-F 2393 A-F

Pelagic phase: yolksac larvae, preflexion larvae and flexion larvae; swimming phase:
postflexion larvae and juveniles. Peak sites: sites where collectively at least 90% of the each phase of the 14
dominant species were found, being only given when #>30.
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Fig. 3. Number of species and individuals per tow for larval and juvenile fish collected at all six
sampling sites of Tokyo Bay in each month between September 1995 and January 1999.
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Fig. 4. Number of individuals per tow of sixteen most abundant species recorded throughout
Tokyo Bay in each month between September 1995 and January 1999.
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Fig. 6. Number of species and individuals per tow for
larval and juvenile fish collected at each site in
Tokyo Bay from September 1995 to January 1999.
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Table 4. Number of species per tow of cach habitat at the six sites in Tokyo Bay

Inner bay Mouth of bay
Habitat of adult
A B C D E F
Continental slope 0 0 0.03 0.02 0.03 0.09
Freshwater 0.12 0.08 0.03 0 0 0.01
Middle/deep layer 0 0 0 0.11 0.27 0.25
Neritic sandy—muddy area 0.63 0.76 1.26 1.14 1.05 0.85
Neritic sandy-muddy/rocky area 0.32 0.41 0.40 0.70 0.86 0.80
Neritic rocky area 0.79 1.36 1.52 1.86 1.79 2.04
Surface layer 0.40 0.43 0.60 0.49 0.62 0.78
unknown 0 0 0 0 0.09 0.03
Total 2.25 3.03 3.84 4.32 4.70 4.84
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Consideration on horizontal and vertical distribution of
adult yellowfin tuna (Thunnus albacares) in the Indian Ocean
based on the Japanese tuna longline fisheries information

Masahiko MOHRI" and Tom NISHIDA™*

Abstract : As results of data analyses of the Japanese commercial and experimental tuna
longline fishing exploiting adult yellowfin tuna, following five points are suggested on their
distribution: (a) high—density area of adult yellowfin tuna exists in the water off northern
Madagascar Island in the western Indian Ocean, while in the eastern Indian Ocean, it is in the
water off northwestern Australia, (b) high-density area in the western Indian Ocean occurs
from January to May, then shrinks from June to August and expands again as month advances.
In the eastern area, high—density fishing area expands to westward and is combined with the
western area in May, and then shrinks as the months advances and stays in northwestern Aus-
tralia, (¢) mature yellowfin tuna constitutes the largest portion in north of 20° S, and only non
mature individuals exist in southern area, (d) distribution of mature yellowfin tuna becomes
less dense in April-September centering around the southwestern monsoon, and become denser
in October-March centering on northeastern monsoon and (e) the main fishing depth stratum
generally exist between 120m and 200m. In the low latitudes, it is the same as in the general case,
while in the high latitudes south, it is at 180m and shallower.

Key words : Tuna longline fishery, yellowfin tuna

1. Introduction

In recent years, there has been a conspicuous
tendency of declining fishing rates or smaller
size of tuna with intensifying catch of tuna.
This has created a worldwide concern about
the status of its resources. There are seven
commercially important tunna species, and
yellowfin tuna is exploited extensively in the
world’s Oceans, including the Pacific, Atlantic
and Indian Oceans. Of all tuna species,
yvellowfin tuna has tha fastest growth rate,
reaching about 100cm in size at the age of two
(FunTa, 1998), and can become target of fish-
ing in a shorter period after birth compared
with other species. According to a report of
***FAQ, about one million tons of yellowfin
tuna were havested worldwide.

*National Fisheries University, 2—-7-1, Nagata-
honmachi, Shimonoseki, Yamaguchi, 759-6595
**National Research Institute of Far Seas Fisheries,

5-7-1, Orido, Shimizu, Shizuoka, 424-8633
“**FAO (1998): Capture production. FISHSTAT Plus
Ver. 2.30. Nara, JIFRS, CD-ROM.

In the Indian Ocean, yellowfin tuna account
for 60% fo the total catch of the major five tuna
species, and a predominant part of the catch is
harvested by means of longline (HonmA and
Suzukl, 1972). For this reason, the Indian Ocean
constitutes the most important area for
yellowfin tuna of all the three major Oceans in
the world. Having this in mind, this study is in-
tended to grasp horizontal and vertical fishing
distribution of yellowfin tuna in the Indian
Ocean with a view to abtain a guideline for
conservation and management of this species.

Inthis study, analyses are conducted using
the following two steps:(a) catch and gonad
information are used to study horizontal distri-
bution of adult and mature yellowfin tuna re-
spectively, and (b) depth specific catch data
are used to study vertical distribution of adult
yellowfin tuna.

2. Materials and methods
2.1. Materials
In this study, the following three data
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sources are used, which are collected in the wa-
ter surrounded by the area of 20° N-50° S and
20° E-130° E in the Indian Ocean: (a) “Annual
statistical bulletin of tuna longline fisheries by
fishing ground” pubished by the Fisheries
Agency of Japan from 1967 to 1991, (b) “Data
on fish size measurement” and “Ovary weight”
from the experimental longline fishing con-
ducted by the Japan Marine Fishery Resources
Research Center(JAMARC) for the 1981-1986
period, and (¢) “Data by depth of hook in deep
longline” from the same source in (b). These
information are used to examine the horizontal
distribution of yellowfin tuna, to examine the
horizontal distribution of mature yellowfin
tuna, and to examine vertical distribution for
yellowfin tuna.

2.2. Methods
2.2.1. Horizontal fishing distribution

“Annual statistical bulletin of tuna longline
fisheries by fishing ground” published by the
Fisheries agency of Japan are used to examine
the horizontal distribution which are based on
the 5-degree longitudinal and latitudinal
square area (abbreviated as 5 X5 area, hereaf-
ter). Using the 25 years of the data, overall av-
erage catch and monthly average catch by the
5 X5 area are computed by the following equa-
tions respectively:

Njye = (lZ’l Nio) [/ n
N = (3 NO/m

, where N : number of catch, i : ¢—the year,
7 :7-th month, k: k-th 5X5 area,
m : number of month and
n :number of years

Following method is applied to determine
the boundary of four different classes of aver-
age catch to represent in the distribution maps:
Catch data by 5-dagree square are accumulated
starting from the greater numbers to lesser
ones, and are divided into four classes, so that
each may represent a quarter of number of the
catch in each map. The uppermost quarter is
assigned as Class 1 (highest to 25th value), fol-
lowed by Class 2 (25th—50th value), Class 3
(50th-75th value) and Class 4 (75th value-0 or

smallest value). In this study, Class 1 is desig-
nated as the highest density fishing area, while
Class 1 to Class 3 as high—density fishing areas.

Secondarily, mature yellowfin is defined as
follows: yellowfin tuna caught by the longlin-
ers are mainly adult (100cm or larger) and ma-
jority of fish are mature fish, while some fish
are immature. To segregate between mature
and immature fish, Gonad Index (GI) is used as
a criterion to discriminate between immature
and mature yellowfin tuna, which is expressed
by GI=W x10*/L? where W is the weight of
ovaries of females in gram and Lis its fork
length in cm. It has been suggested since the
1950s that GI = 2.1 as mature individuals
(Kikawa, 1957), and in the 1960s (KIKAWA,
1966), 1970s (SHUNG, 1973), and at present, this
range is also considered as mature yellowfin
tuna. Therefore, in this study as well, GI=2.1 is
treated as mature individuals.

Weight data of ovaries are processed by year,
season (quarter) and 5 X5 area, in order to
study seasonal distribution of mature
yellowfin. In addition, the overall distibution
without seasonal factor is also studied.

2.2.2. Vertical fishing distirbution

The structural chart of tuna longline gear is
illustrated in Fig.l. This longline fishing gear
has 11 hooks per basket, which can by reached
as far as 300m in depth. Vertical distribution

Floal Sea Surface

Fl

100

200

300

Fig. 1. Structure of tuna longline gear (in case of 11
hooks per basket).
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for yellowfin tuna can be estimated indirecly
by computing depths of hooks where fish is
hooked. Then, three types of data are compiled
in order to study vertical distribution of
yellowfin, i.e., location of the fishing operation,
number of hooks used, and number of fishes
hooked by branch line for each operation point.
In order to estimate the depth of the hook, the
theory based on catenaries curve is used
(Sarro, 1992). If the depth meter is used to
record the depth, such data are used. Depth
specific hooking rates are computed by:

R, = 1,000(‘5‘1 Ci/ i‘l Ria)

,where d: d-th depth range. 20m is applied
for the depth interval
R.: hooking rates at d—th depth
range
Ci: number of catch at the —th fish-
ing operation point and d-th
depth range of dm

h: number of hooks used at the i—th
fishing operation point and the d
—th depth range

n: number of the data at the d-th
depth range.

3. Results and discussions
3.1. Horizontal distribution
3.1.1. Distribution of average number of catch
The distribution map of average number of
catch and hooks by 5X5 area during 1967-91
are shown in Fig. 2 and Appendix Fig. 1 respec-
tively. According to Fig. 2, high-density fishing
area of yellowfin tuna is centered around
northern Madagascar Island and is found in the
western area extending to the north and south
directions along the eastern coast of the Afri-
can Continent and the eastern area centering
on northwestern Australia. In the area south of
40° S, the area with zero yellowfin tuna catch
extended widely despite the fact that it is the
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Fig. 2.

Distribution of average number of yellowfin tuna catch based on the information of the

Japanese commercial tuna longline fisheries operated in the Indian Ocean(1967-1991).
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fishing area of southern bluefin tuna.

3.1.2. Distribution of monthly average number
of catch

The distribution map of monthly average
number of catch and hooks by 5X5 area during
1967-91 are shown in Fig. 3 and Appendix Fig.
2 respectively. Based on Fig. 3, distribution pat-
terns are studied by separating the western
area and the eastern area. First of all, with re-
spect to changes in high—desnity fishing area in
the western Indian Ocean, it expands its range
to Arabian Sea and western Bay of Bengal from
January to April, spreading to the largest ex-
tent in May. From June to August, high—den-

sity fishing area shrinks and stays in northern
Madagascar Island. Thereafter, the high—den-
sity fishing area tends to expand gradually as
the month advances. However, high—density
fishing area is distributed throughout the year
in the water off Cape Town. With respect to the
eastern Indian Ocean, high-density fishing area
gradually shrinks from January to April, and
expands its distribution areas westward, which
becomes largest in May, and links with high
density fishing area in the western area. From
June, high—density fishing area shrinks gradu-
ally and stays within a certain range of north-
western Australia from August to December.
MoriTa and Koto(1971) suggest possibility of
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Fig. 3. Distribution of monthly average number of yellowfin tuna catch based on the information
of the Japanese commercial tuna longline fisheries operated in the Indian Ocean(1967-91).
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Fig. 4. Schematic map showing seasonal movements of adult yellowfin tuna in the Indian Ocean
based on the catch distribution maps of Figs. 2-3.
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Fig. 5. Distribution of immature (O : G1<2.1) and mature (@ : GL.=2.1) yellowfin tuna by the
5X5 area in the Indian Ocean based on the information of the JAMARC experimental tuna
longline fishing in the Indian Ocean(1981-86).
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east-west mixing of fish schools in the Indian
Ocean. This study also clarifies this possible
mixing and suggests that it occurs in May.

3.1.3. Seasonal movement of high density fish-
ing area

Based on monthly catch maps, we will now
discuss the movement of adult yellowfin tuna
by considering the patterns of high—density
fishing areas. The possible seasonal move-
ments is summarized in Fig. 4. The gray zone
shows the range of high—density fishing area.
Nunbers and circles show ‘months’ and ‘loca-
tions’ of high—density fishing area respectively.
The arrow shows the direction into which the
high—density fishing areas move thereafter. In
the western Indian Ocean, high—density fishing
areas move from southern Arabian Sea and
western Bay of Bengal to the water off south-
western Madagascal Island during January to
May. After June to August, high—density areas
shrink and exist only in the water off northern
Madagascar Island. After August, high-density
fishing areas start to expand gradually as

100
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months advance. It is found that high—density
areas are distributed throughout the year in
the water off southern Cape Town. In the east-
ern Indian Ocean, high-density fishing areas
expand distribution areas rapidly westward in
May and link with the western area. In June
and afterwards, high—density fishing areas
shrink gradually to the direction shown by the
arrow, staying at northwestern Australia.

3.1.4. Distribution of the mature fish

Fig. 5. shows the map depicting the propor-
tion occupied by mature and immature
yellowfin tuna by 5X5 area, i.e., the black part
of the pie chart shows the composition of the
mature fish (GI=2.1), while the white part is
for the immature fish. It is understood that ma-
ture individuals are being fished in the area
north of 20° S, and only immature individuals
in the area south of that demarcation.

3.1.5. Seasonal distribution of the mature fish
Distribution of mature and immature indi-

viduals by quarter and the 5X5 area is shown
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Fig. 6. Quarterly distribution of immature (O : GI1<2.1) and mature (@ : GI1.=2.1) yellowfin
tuna by the 5 X5 area in the Indian Ocean based on the information of the JAMARC experimen-
tal tuna longline fishing in the Indian Ocean(1981-86, I : Jan.~Mar, I : Apr.~Junec, I :
July~Sep., IV : Oct.~Dec.).



Distribution of yellowfin tuna in the Indian Ocean 35

in Flg. 6. According to Supo (1994), the Indian
Ocean is an area largely affected by monsoon.
In the season centering on Northern Hemi-
sphere summer, there are conspicuous impact
of southwestern monsoon, and that of north-
eastern monsoon in the season centering on
winter. When the southwestern monsoon is
strong, the Somali current characterized by
low temperature becomes conspicuous.
Observing the quarterly distribution map
(Fig. 6.) and also taking the impact of monsoon
into consideration, it is understood that mature
individuals are fished in an extensive range in
the first and fourth quarters where the impact
of northeastern monsoon is strong, and that
tendency is especially significant in the first
quarter. Furthermore, in the second and third
quarters in which the impact of southewstern
monsoon is strong, there is low—level distribu-
tion of mature individuals and that tendency is

especially significant in the third quarter. It is
considered that particular distribution patterns
in the third quarter, may be caused by the ex-
pansion of low water temperature brought by
the Somali Current. There is need to clarify its
details in the future study.

3.2. Vertical distributions

The sampling points of the data used to
study vertical distribution of yellowfin tuna
and also the sub-—areas established for this
study is shown in Fig. 7. According to the map
of average catch distribution (Fig. 2.) and the
monthly average map (Fig. 3.), conspicuous
seasonal east-west changes of high-—density
fishing area accur in the area north of 15° S,
with 75° E as a demarcation, and 25° S is the
southern boundary of high-density fishing
area in the eastern area. To make the compari-
son possible with the results of the study on
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Fig.7. Sampling sites of the JAMARC experimental tuna longline fishing in the Indian Ocean (1981
-86) and four sub-areas defined to study depth specific hooking rates(W A: Western lower lati-
tude area A, EB: Eastern lower latitude area B, MC: Mid-latitude area C, SD: Southern higher
latitude area D).
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vertical distribution of bigeye tuna in the In-
dian Ocean studied by MoHRrI ef al. (1997), same
sub—areas (WA, EB, MC and SD) of their study
are used to investingate the depth specific
hooking rate by sub-area.

3.2.1. Depth specific hooking rates

The trends of number of hooks and hooking
rates by depth is shown in Fig. 8. The left verti-
cal axis shows the number of hooks and the
right vertical axis shows hooking rates, while
the horizontal axis shows depth. n, represents
the number of hooks, while n,, for the number
of fish caught. The solid line shows hooking
rates and the dotted line shows number of
hooks.

As clearly understood from Fig. 8, hooking
rates increase in accordance with depth up to
around 60-160m, with the peak standing
around 160-180m. In 160-180m and deeper, it
shows the declining trend, in accordance with
the depth. In the depth between 120m and
200m, 60% of the yellowfin tuna are fished,
with hooking rates standing at a high level of
over 8.0 Form this increasing trend in hooking

rates, it is considered that the depth between
120m and 200m is the main fishing stratum for
yellowfin tuna.

3.2.2. Depth specific hooking rates by sub—area

The trends of depth specific hooking rates in
four sub—areas is shown in Fig. 9. There exist
higher hooking rates between 120 m and 200 m
in both WA and EB, and hooking rates declin-
ing in 200 m and deeper along with depth. In
the sub area, MC, it is not possible to accurately
illustrate the trend due to not enough data. In
the sub area of SD, relatively high hooking
rates appear in 180 m and shallower, and con-
spicuously between 100 m and 140 m, although
they are low generally. In 180 m and deeper,
hooking rates tend to lower along with the
depth.

From these findings, it is resulted that opti-
mum fishing depth for higher hooking rates is
located at between 120 m and 200 m in low lati-
tudes, and shallower than 180m in the high
latitudes south. The reason why there are dif-
ferent hook-setting depths by area, is that
hooking rates are affected by environmental
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Fig.8. Trend of depth specific hooking rates of yellowfin tuna based on the information of the ex-
perimental tuna longline fishing by JAMARC in the Indian Ocean(1981-86). n,;: number of
hooks(4), n,; number of yellowfin tuna catch(lD.
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conditions such as water temperature and dis-
solved oxygen, which also vary by depth and
area (SHIMAMURA and SOEDA, 1981). Further de-
tails on relationships between hooking rates
and marine environmental conditions have
been studied by Mo#r1 and NisHIDA(2002) and
ROMENA et al.(2002).
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Climatic control of Phaeocystis spring bloom
in the Eastern English Channel (1991-2000)

Laurent SEURONT* and Sami SOUISSI®

Abstract : The spring abundance of the prymnesiophyceae Phaeosystis sp. has been investi-
gated in the coastal waters of the Eastern English Channel for 10 years (1991-2000). The North
Atlantic Oscillation winter index was significantly correlated with the Phaeocystis abundance
in April—-May. Similar relationships between the North Atlantic Oscillation (NAO) and
phytoplankton have been found in a variety of aquatic systems, including lakes, fjords and
coastal areas, suggesting a general link between climatic forcing and phytoplankton dynamics.
In particular, the negative correlation observed between the NAO and Phaeocystis, and the posi-
tive correlation observed between the NAO and diatoms in the Eastern English Channel sup-
port the hypothesis of a differential competitivity between Phaeocystis and diatoms for light

and nutrient vie hydrodynamic control.

Key words : climate variability, English Channel, phyioplankton succession, Phaeocystis, diatoms,

nterannual variability

1. Introduction

Climatic forcing is increasingly recognized
as an important factor causing interannual
variability in organism abundances in both
aquatic and terrestrial ecosystems (eg.
LINDAHL et al., 1998 ; BELGRANO et al., 1999 ;
STRAILE, 2000). More specifically, climatic forc-
ing on physico—chemical and biological proc-
esses in the oceans has been regarded as an
important aspect when untangling the com-
plex dynamics of marine ecosystems (DICKSON
et al., 1988). Because of the economic impor-
tance of North Atlantic fish stocks, there is a
long history of research to understand the vari-
ability in fisheries and ecosystems in this re-
gion (MILLs, 1989), and a real need to relate
large—scale ocean—atmosphere processes to bio-
logical processes (KERR, 1997).

The North Atlantic Oscillation (NAQ) can be
regarded as a large—scale climatic oscillation
based on the difference of normalized sea level
pressures between the Azores and Iceland. The

*Ecosystem Complexity Research Group, Station Ma-
rine de Wimereux, CNRS UMR 8013 ELICO,
Université des Sciences et Technologies de Lille, 28
avenue Foch, BP 80, F-62930 Wimereux, France

changes in NAO are reflected in an increase/
decrease in the speed and direction of the
westerlies, resulting in a regulation of winter
temperatures on either side of the North Atlan-
tic (HURRELL, 1995). The NAO impact on pe-
lagic ecosystems has recently been shown to
extend from the Barents and Norwegian Seas
(SKJOLDAL et al., 1992 ; HELLE and PENNINGTON,
1999), to the Nova Scotia Shelf (HEAD et al.,
1999) and the Gulf of Maine (CoNVERSI et al.,
2001), including the Eastern and North Atlan-
tic (FROMENTIN and PLANQUE, 1996 ; RED and
PLANQUE, 1999 ; DICKSON et al., 2000), the North
Sea (STEPHENS et al., 1998) and the English
Channel (IRIGOIEN et al. 2000).

In the English Channel, IRIGOIEN et al. (2000)
found a positive correlation between diatoms
abundance and the NAO, and suggested that
the meteorological conditions caused by. posi-
tive NAO values in the North East Atlantic
could favour diatoms compared with other
groups or species, such as flagellates or
Phaeocystis. In the nutrient—enriched Eastern
English Channel and the Southern Bight of the
North Sea, intense spring blooms (reaching
biomass higher than 20 mg Chl @ m ?) are
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Fig. 1. The winter NAO index (HURRELL, 1995). The dark line is a threc-year running mean of the

yearly data.

recurrently composed of Phaeocystis and dia-
toms. Some hypotheses to explain the
Phaeocystis/diatoms succession have been pro-
posed, including differential competitivity for
light and/or nutrients (MATRAI et al., 1995 ;
HEGARTY and VILLAREAL, 1998 ; PEPERZAK et al.,
1998 ; MoisaN and MITCHELL, 1999 ; MEYER et al.,
2000), but their determinism nevertheless re-
main unknown. While these hypotheses can be
tested in the laboratory, large scale atmos-
pheric forcing may also modify hydrodynamic
regimes, and consequently abiotic and biotic
factors related to encounter rates, growth and
recruitment. However, no attention has been
paid to the relation between Phaeocystis/dia-
toms abundance and atmospheric forcing.

In the present study a brief review of the
main characteristics of the North Atlantic Os-
cillation and its effects on oceanic ecosystems
will be presented. A 10-year time series of
the abundance of the Prymnesiophyceae
Phaeocystis in the English Channel will then be
analysed jointly with the North Atlantic Oscil-
lation data set, and finally a conceptual model
for analysing the possible scenarios and the re-
sulting processes which may control and regu-
late the observed fluctuations will be proposed.

2. The North Atlantic Oscillation and its eco-
logical relevance
2.1 The North Atlantic Oscillation

The strongest and most well known mode of
climate variability is the El Nino~Southern Os-
cillation (ENSO), a phenomenon originating in
the tropical Pacific Ocean but impacting
weather patterns and ecosystems around the
world (McPHADEN, 1999). Although the North
Atlantic lacks an interannual mode of climate
variability comparable in intensity to ENSO, it
does exhibit an interdecadal mode, the North
Atlantic Oscillation, as visible from Fig. 1
(NAO hereafter; HURRELL, 1995). Several indi-
ces have been developed to quantify the state
of the NAO, but the most widely used index,
Hurrell's NAO index (HURRELL, 1995), com-
putes the pressure difference based on meas-
urements from  Lisbon, Portugal and
Stykkisholmur, Iceland. In particular, NAO in-
dex values averaged from December to March
have been used as a climatic index (HURRELL,
1995).

It can be thought that the recent increasing
number of studies related to the NAO have
been motivated by its trend toward a more
positive phase over the past 30 years (Fig. 1).
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The magnitude of this recent trend appears to
be unprecedented in the observational record
(HURRELL, 1995), and probably over the past
several centuries as shown by paleoclimate
data (StockToN and GLUECK, 1999). The most
pronounced anomalies have occurred since the
winter of 1989 (HURRELL, 1995; WALSH et al.,
1996; THOoMPSON and WALLACE, 1998) when
record positive values of an index of the NAO
have been recorded. Moreover, the trend in the
NAO accounts for several remarkable changes
recently in the climate and weather over the
middle and high latitudes of the Northern
Hemisphere, as well as in marine and terrestrial
ecosystems. Some of the main features of these
changes are reviewed hereafter.

2.1.1 NAO and atmospheric circulation

The NAO has originally been described as a
“seesaw” pattern with opposite temperature
anomalies occurring on the eastern and west-
ern sides of the Atlantic (vaN LooN and
RODGERS, 1978). This is accompanied by pro-
nounced shifts in the storm tracks and related
synoptic eddy activity which affect the trans-
port and convergence of atmospheric moisture
and can be directly tied to changes in regional
precipitation. During positive NAO phases, a
situation observed during much of the past
two decades (Fig. 1), the increased pressure
difference results in more and stronger storms
crossing the Atlantic Ocean on a more north-
erly track, leading (i) to warmer, drier and
milder conditions in central and southern
Europe and in northern Canada and Greenland,
and (ii) to colder, stormier and wetter-than
normal conditions in northern Europe from Ice-
land through Scandinavia and in the eastern
North America (HURRELL, 1995, 1996; THOMPSON
and WALLACE, 1998). In particular, this led to
the advance of some northern European gla-
ciers (SIGGURDSON and JONSSON, 1995) and the
retreat of Alpines glaciers (FRANK, 1997). In
contrast, during 1996, characterised by a nega-
tive NAO winter value (see Fig. 1), conditions
were much drier than in other years, leading to
increased wintertime precipitation over Scan-
dinavia, and cold temperatures and heavy
snowfalls throughout southern Europe.

2.1.2 NAO and mesoscale oceanic circulation
The atmospheric shifts associated with the
NAO cause changes in sea-ice cover in both the
Labrador and Greenland Seas as well as over
the Arctic (CHAPMAN and WaLsSH, 1993;
CAVALIERI et al., 1997), pronounced decreases in
mean sea level pressure over the Arctic
(WALSH et al., 1996), and changes in the physi-
cal properties of Arctic sea water (Sy et al.,
1997), changes in North Atlantic surface wave
heights (KUSHNIR et al., 1997). The NAO has
also been demonstrated to control the intensity
of convection processes in the Labrador and
the Greenland-Iceland Seas, and in the related
position of deepwater formation (DICKSON et
al.,, 1996) which in turn influence the strength
and character of the Atlantic meridional over-
turning circulation (RED and PLANQUE, 1999).

2.2 Ecological effects of the NAO
2.2.1 Phytoplankton populations

While climate fluctuations over the North
Atlantic should influence phytoplankton
standing stocks, little attention has been paid
to the relation between phytoplankton dynam-
ics and atmospheric forcing. Some results even
appear to be divergent, and exact driving
mechanisms remain unclear.

Recent studies in lakes reported positive
correlations between the NAO and the percent-
age of diatoms in the phytoplankton
(WEYHENMEYER et al., 1999), and between the
NAO and total phytoplankton biomass
(ADRIAN et al., 1999; STRAILE, 2000). Similar rela-
tionships have been shown in fjords with both
phytoplankton biomass and abundance of
three species of toxic dinoflagellates (LINDHAL
et al., 1998; BELGRANO et al., 1999), and in the
English Channel with diatoms abundance
(IRIGOIEN e? al., 2000). However, in the North
Sea phytoplankton community was negatively
and positively related to the NAO before 1980
(DICKSON et al., 1988) and after 1980 (REID ef al.,
1998), respectively. Even considering the weak-
ness of the latter correlation (REID and
PLANQUE, 1999), these contradictory association
between North Sea phytoplankton and the
NAO may be reconciled considering the exten-
sion of the coastal jet reported by REID and
PLanque (1999). Prior to the mid —eighties,
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increased spring wind speeds related to posi-
tive NAO index values may have been respon-
sible for the phytoplankton fluctuations
through increased vertical mixing that leads
phytoplankton cells to spend a significant
amount of time below the compensation depth,
i.e. the depth at which a phytoplankter’s photo-
synthetic rate equals its respiration rate. Dur-
ing the mid—eighties, the coastal jet extended
farther up the shelf and brought warm water
into the North Sea. The warm water causing in-
creased vertical density gradients which re-
duced the effect of wind mixing, even though
the winds remained strong during the late
eighties and early nineties (see Fig. 1), the
phytoplankton stocks were high. In 1988,
phytoplankton standing stocks increased dra-
matically (REID and PLANQUE, 1999), suggest-
ing that the switch from wind--controlled to
advection-controlled blooms occurred in that
year.

2.2.2 Zooplankton populations

In marine ecosystems, the zooplankton spe-
cies that received, to our knowledge, the great-
est amount of attention is the calanoid copepod
Calanus finmarchicus, a species abundant
throughout the North Atlantic, especially dur-
ing spring and early summer (MARSHALL and
ORR, 1955). C. finmarchicus, together with
C. helgolandicus, were the first zooplankton spe-
cies whose fluctuations in abundance were di-
rectly correlated with the NAO (FROMENTIN
and PLANQUE, 1996). During positive NAO
years, the abundance of C. finmarchicus in the
North Sea decreases, while the abundance of
most other zooplankton species, including
C. helgolandicus, increases. The reverse situa-
tion is observed during negative NAO condi-
tions. FROMENTIN and PLANQUE (1996) proposed
that changes in temperature associated with
positive and negative NAO conditions
(warmer and colder, respectively) control spe-
cies shifts. Thus, C. finmarchicus and
C. helgolandicus, typically found in colder and
warmer waters, flourish during negative and
positive NAO vyears, respectively. Alterna-
tively, STEPHENS et al. (1998) suggested that in-
creased flow from the north and west during
negative NAO years advects large numbers of

C. finmarchicus to the shelf region from their
principle deep water overwintering habitat.
Considering.the effect of the NAO on the circu-
lation patterns observed in the North Atlantic
as described above, let us finally note here that
the two previous hypotheses can be related by
considering that temperature changes in the
North Sea are determined by water mass move-
ments: increased flow from the Norwegian Sea
during negative NAO conditions would cool
the North Sea and bring C. finmarchicus onto
the shelf while displacing C. helgolandicus to
the south.

The abundance of C. finmarchicus is also in-
directly related to the NAO via circulation pat-
terns in (i) the Barents Sea, where its
abundance is driven by the warm Atlantic wa-
ter flowing from the Norwegian Sea (HELL and
PENNINGTON, 1999), and (ii) in the Gulf of
Maine where a circulation—recruitment mecha-
nism has been suggested (HEAD et al., 1999;
CONVERSI et al., 2001).

3. The North Atlantic Oscillation and English
Channel Phaeocystis abundance
3.1 Study area
The study area was located along the French
coast of the Eastern English Channel (Fig. 2).
The Eastern English Channel is characterised
by its megatidal regime (the tidal range is one
of the largest in the world, ranging from 3 to 9

0 12'E
z ~— \/ North Sea
Dover ;
ENGLAND ~ }
/_
Dover Straits T

" 4

= = = { Boulogne sur Mer

English Channel FRANCE

Bay of Somme
49
_Wkm_ 57
N

2 24'E

Fig.2. Location of the sampling stations in the Eastern

English Channel.
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meters), and tides present a residual circula-
tion parallel to the coast, with nearshore waters
drifting from the English Channel to the North
Sea. The freshwater run-off, distributed from
the Bay of Seine to Cape Griz—Nez, generates a
coastal water mass separated from the open sea
by a tidally controlled frontal area (BRYLINSKI
and LAGADEUC, 1990). This coastal flow (“fleuve
cotier”; BRYLINSKI et al., 1991) is characterised
by its freshness, turbidity, phytoplankton and
zooplankton (BRYLINSKI et al., 1984; BRYLINSNKI
and LAGADEUC, 1990) richness. Moreover, the
dissipation of tidal energy is basically regarded
to be responsible for the vertical homogenisa-
tion of inshore and offshore water masses (50
m maximum depth).

3.2 Data collection and analysis

Three stations, located from inshore to off-
shore waters of the Eastern English Channel
(Fig. 2), were sampled fortnightly between
January 1991 and December 2000 in the frame-
work of a water quality survey conducted by
the Centre IFREMER of Boulogne sur Mer
(France). Water samples (500 ml) were taken
using a bucket in subsurface water and pre-
served with formaldehyde. Subsamples (10 ml)
were settled for 3 hours and counted with an
inverted microscope. The results presented
here correspond to the abundance of the
Prymnesiophyceae Phaeocystis sp. in these
samples. In the present paper, we only consid-
ered the spring bloom, which occurred during
April-May (GENTILHOMME and Lizon, 1998).
We then considered the abundance of
Phaeocystis averaged over the three stations
during April-May in further analysis. How-
ever, some samples were not collected because
of bad weather conditions. In particular, no
samples were collected during the spring 1997,
and during the spring 1996, only one sample
was collected in the inshore waters and no sam-
ples were collected in intermediate and off-
shore waters. To ensure the relevance of our
further analysis, we then did not consider the
years 1996 and 1997 in the analysis. Yearly
NAO winter index(December-March; HURRELL,
1995) were used as a climatic index. Pearson
correlation analyses were then performed be-
tween the NAO winter index and transformed

Phaeocystis abundance.

3.3 NAO and phytoplankton abundance

Figure 3 shows a significant negative corre-
lation between Phaeocystis abundance and the
winter NAO index (r=0.78,p» <0.05). The abun-
dance of Phaeocystis is then higher during
years characterised by a low, and virtually
negative NAO values. One needs to be aware
here that in the English Channel and in the
Southern Bight of the North sea, Phaeocystis
appears to be co—occurrent and/or in competi-
tion with diatoms (e.g. Roussgau, 2000). Consid-
ering the hypothesis of a climatically driven
competitivity between these two genera, the
abundance of Phaeocystis and diatoms should
be negatively and positively correlated with
the NAO winter index. The diatoms abundance
indeed appears to be positively correlated with
the NAO winter index from 1993 to 1999 in the
English Channel (IRIGOIEN et al., 2000). The cor-
responding positive regression has been plot-
ted together with the Phaeocystis / NAO
regression for comparison (Fig. 3).

4. Discussion

Meteorological conditions caused by nega-
tive NAO values are lower wind stress and
stronger light due to decreased cloud coverage
(HURRELL, 1995; Fig. 4). Such conditions could
then favour Phaeocystis compared with dia-
toms that needs stronger mixing and lower
light intensity (MARGALEF, 1967, 1978). On the
other hand, lower nutrient levels associated
with lower rainfall and the subsequent de-
crease in river run-off (Fig. 4) should favour
Phaeocystis to the detriment of other
phytoplankton species, in particular diatoms
(MARGALEF, 1967, 1978). More precisely, we will
discuss in the following how nutrient competi-
tion and light competition hypotheses, com-
bined with the results presented in the
previous sectjon can be suggested to provide a
phenomenological explanation to the response
of Phaeocystis sp. and diatoms to climatic forc-
ing.

The negative phases of the NAO winter in-
dex leads to a decrease in the intensity of the
westerlies. The wind forcing in the SW-NE di-
rection is then weaker, leading to less nutrient
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O
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Fig. 3. Relation between the NAO winter index and the abundance of Phaeocystis sp. from 1991 to
2000. No data were collected in 1997, and the abundance resulting from the single sample col-
lected in 1996 has not been considered in our analysis. The relation found by IrRiGoOIEN et al.
(2000) between diatom abundance and the NAO winter index has been plotted for comparison

(dashed line).

transport from the major fluvial inputs distrib-
uted along the French coast, especially from
the Bay of Seine (Fig. 4), towards the Eastern
English Channel. This effect is even more pro-
nounced because of the decreased rainfall, and
thus fluvial run—off, occurring during negative
NAO phases. Nutrients, and in particular ni-
trates are then less available for phytoplankton
growth, leading to a predominance of the ge-
nus Phaeocystis, more competitive for nitrates
than diatoms (LANCELOT and BILLEN, 1985 :
LANCELOT et al., 1986). This functional scenario
can also be applied to the Southern Bight of the
North Sea, but with opposite consequences:
weaker westerlies should lead to a greater ex-
tent of the flume of the Escaut estuary south-
ward, to a greater nitrate availability and
finally to predominance of diatoms in spring
phytoplankton assemblages during the nega-
tive NAO years (Fig. 4). This hypothesis is sup-
ported by the positive correlation observed
between salinity and spring Phaeocystis abun-
dance in this area (RoOuUSSEAU, 2000), and sug-
gests that the Phaeocystis/diatoms succession
is mainly controlled by nutrient availability in

the Southern Bight of the North Sea.

We argue that the colony form of Phaeocystis
can also be regarded as an adaptation to lower
turbulent conditions occurring during nega-
tive NAO phase. The impact of turbulence on
nutrient flux toward a single free-living cell or
a colony is dependent on its size relative to the
viscous Kolmogorov length scale in the ocean,
L=/ &), where v(102cm®s™") is the kine-
matic viscosity of sea water and e (cm®s ?*) is
the turbulent energy dissipation rate. Above
this scale the flow is turbulent, while below it,
viscosity dominates resulting in a laminar
shear. This shear S(s™") is defined as S=(¢&/
v)* (KARP-Boss et al., 1996). The lower wind
stress associated with low and negative NAO
winter index leads to weaker dissipation rates
&, and larger viscous length scale /;. The sur-
rounding environment of small phytoplankton
cells will then be more viscous than for larger
cells. The shear is then smaller for smaller dia-
tom cells (e.g. 5, 25 and 30 ¢ m in diameter for
Thallassiosira, Rhizosolenia and Chaetoceros
cells) when compared with a Phaeocystis col-
ony of several millimetres in diameter
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Fig. 4. Tllustration of atmospheric conditions over the
Eastern English Channel related to the NAO nega-
tive (A) and positive (B) phases, shown together
with the dominant species in phytoplankton as-
semblages. During NAO negative phase (A), the
weaker intensities of the westerlies (white arrow),
leading to a weaker vertical mixing ( € ), the de-
creased cloud coverage and decreased rainfall, and
thus fluvial run-off (grey arrows) favour
Phaeocystis sp. in the Eastern English Channel.
During NAO positive phase (B), the stronger in-
tensities of the westerlies, the increased cloud cov-
erage and rainfall rather favour diatoms.
Alternatively, in the Southern Bight of the North
Sea, phytoplankton composition seems rather to
be related to the nutrient availability controlled by
the extent of the flume of the Escaut estuary, ex-
tending further south during negative than posi-
tive NAO phases.

(ROUSSEAU et al., 1994). The subsequent nutri-
ent flux towards diatom cells is then less effi-
cient than towards the Phaeocystis cells within
a colony (SEURONT, 2001). This difference in
characteristic scales then provides the first
phenomenological explanation for the competi-
tive advantage of the colonial form of the ge-
nus Phaeocystis for nutrients when compared
to diatoms, and under nutrient limitations.

Using a modelling approach, HUISMAN et al.
(1999) showed that with high mixing rates (i.e.
positive NAO phases), the species with the low-
est critical light intensity (i.e. diatoms; see e.g.
HEGARTY and VILLAREAL, 1998) should become
dominant. On the contrary, with low mixing
rates, species with low critical light intensity
would be displaced by those able to obtain a
better position in the light gradient. These
theoretical results are fully congruent with the
light control of cellular photosynthesis and
exopolymeric synthesis by Phaeocystis colonies
(LANCELOT and MATHOT, 1987). Moreover the
buoyancy properties of Phaeocystis (SKRESLET,
1988), in particular those related to the colony
form(LANCELOT and ROUSSEAU, 1994; LANCELOT,
1995), may be suggested as a secondary adapta-
tion to light competition, leading Phaeocystis
colonies to remain in surface layers and to
benefit from more efficient light conditions for
photosynthesis, contrary to heavier cells like
diatoms(Kig RBOE, 1993). The model of HUISMAN
et al. (1999) also predicts steep transitions in
the population composition and no gradual
changes. Unfortunately, similar conclusions
cannot be drawn from our Phaeocystis data be-
cause of the weak number of data points avail-
able for the year 1996 which is the only one to
be characterized by a negative NAO winter in-
dex (cf. Fig. 1). All the observations conducted
here nevertheless converge toward the hy-
pothesis of a yearly climatic control of the rela-
tive spring abundances of the genera
Phaeocystis and diatoms via their specific
competitivity for light.

5. Conclusions

This paper demonstrates the ability for cli-
mate variability to control phytoplankton suc-
cession in coastal waters of the Eastern English
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Fig. 5. Three-dimensional Intanglio which allows selection of species (Phaeocystis sp. or diatoms)
in the Eastern English Channel, in a wide ecological space defined by both light and nutrient

ability, and the intensity of mixing rates.

Channel via species specific adaptation to light
and nutrient competition. In particular, taking
into account the main meteorological condi-
tions caused by the North Atlantic Oscillation,
ie. a lower wind stress, increased light due to
decreased cloud coverage, and increased nutri-
ent availability due to increased rainfall and
subsequent fluvial run-off occurring during
positive NAO phases, we propose a three—di-
mensional refined version of the Margalef’s
Mandala (MARGALEF, 1978 : MARGALEF et al,
1979) and Reynolds Intaglio (REYNOLDS, 1987)
for the control of Phaeocystis/diatoms succes-
sion in the Eastern English Channel (Fig. 5).
Finally, one needs to be aware that the grow-
ing awareness of the role of large-scale climatic
forcing is not a matter of fact in marine ecol-
ogy in particular, but rather seem to be the rule
in ecological science in general. In particular,

the 1042 references resulting from a survey of
all papers reporting the terms 'climate’, ' ENSO’
and 'NAOQO’ that appeared in the journals Science
and Nature respectively from 1995 to 2001, and
1996 to 2001 stress the need to relate large-scale
ocean—atmosphere processes to biological proc-
esses that clearly appears as a new challenge
for oceanographers.
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