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Abstract: To understand the fine-scale spatio-temporal phytoplankton dynamics with reference

to the environmental properties of the water column, high-frequency samplings every 4 h, at 0.

5-2 m depth intervals using a submersible pump was conducted in Tateyama Bay, Japan, for 24
h from 12 h of 12 May to 08 h of 13 May 2017. The FlowCAM, which is an automatic device, was
used to identify, count and size the phytoplankton. As a result, the phytoplankton distribution

significantly varied within a few meters and a short timescale (several hours) of a day. For ex-

ample, Thalassiosira sp. and Prorocentrum minimum were detected at all sampling depths and

times rather evenly, but the water-column total abundance of Dactyliosolen fragilissimus and

Scrippsiella trochoidea significantly decreased after the 2nd set of the samplings. Species-

specific vertical distributions were various but related to the condition (strength and depth) of

the thermocline at each sampling time. These phytoplankton species-specific distributions and

variations in the composition reflect the eco-physiological characteristics and size structure of

phytoplankton and the short-term hydrodynamic events. The high value of chlorophyll-z in the

bottom layers was not only from the phytoplankton but also from the fluorescence of the aggre-

gate particles.
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1. Introduction

The wvertical distribution of phytoplankton
community in the water column is highly hetero-
geneous in response to the small-scale physical
hydrodynamic changes such as water mass sta-
bility (MELLARD et al, 2011), vertical mixing
(MAZNAH et al., 2016), and the availability of light
(Tizer and GOLDMAN, 1978). Variations of the
abiotic water conditions occur naturally at differ-
ent timescales throughout the day (GAST et al.,
2014), related with the periodic oscillations of the
tidal currents (BLAUW et al., 2012), which in turn
influence the short-term changes in the phyto-
plankton community.
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Fig. 1 The sampling site (solid circle) in Tateya-
ma Bay, Japan.

Despite the relationship between environmen-
tal properties, ecological characteristics and fine-
scale phytoplankton dynamics has been reported
by previous studies (e.g. DEKSHENIEKS et al., 2001;
GERVAIS et al., 2003; LUNVEN ef al., 2005; CARON et
al., 2008), it is still remaining to explore how do
phytoplankton fluctuate throughout the entire
water column, in a short timescale of the day.
Hence, we here conducted a series of pump sam-
plings throughout the whole vertical water col-
umn, at a relatively fine-scale of 0.5-2 m depth in-
terval, every 4 h, dealing with the physical
characteristics of the water column. The aim
was to understand the precise spatial and tempo-
ral distributions of phytoplankton abundance,
composition and the size structure, together
with the particle distribution data, and thus pro-
vide relevant information about the short-term
changes in the phytoplankton vertical distribu-
tion and the community dynamics. In the case of
monitoring the high-resolution field survey data,
traditional microscopic examination is time-
consuming. To overcome this difficulty, we de-

ployed an automatic device FlowCAM (the Flow
Cytometer And Microscope), which has com-
bined capabilities of flow cytometry, microscopy
and image analysis (SIERACKI ef al, 1998). This
apparatus counts and photographs particles
moving in a fluid flow. To create this flow, the
water sample is drawn into the instrument by
means of a peristaltic pump. A digital camera
photographs the particles as they pass through a
prismatic glass chamber mounted on a cell hold-
er in front of a microscope lens (POULTON and
MARTIN, 2010). The FlowCAM provides informa-
tive information for plankton study as follows: (1)
cell counts and sizing accuracy (SIERACKI, et al.,
1998; SEE et al., 2005; TAUXE et al, 2006; ALVAREZ
et al, 2014), and (2) high-quality images for
species
(CaMOYING and YNIGUEZ, 2016). Taking these ad-
vantages of FlowCAM, we can reduce the time

identification as a VisualSpredsheet

for sample processing and increase the resolu-
tion of the field survey.

2. Materials and methods
2.1 Sampling site and sample collection

The sampling was carried out onboard a train-
ing ship Seiyo-maru of Tokyo University of Ma-
rine Science and Technology anchored at a point
of 23 m deep in Tateyama Bay (35°00.06' N,
139°49.87' E), Japan (Fig. 1). On 12-13 May 2017,
a total of six sampling times were conducted ev-
ery 4 h at 12, 16, 20, 00, 04 and 08 h (JST). Wa-
ter samples were obtained using a vortex sub-
mersible pump (pumping speed: 0.5 m® min ™)
following the method of Itou et al. (2011), which
is originally consulting the depth discrete pump
sampling system shown in HARRIS et al. (1986).
The depth interval was set every 0.5 m from 0 to
14 m, and 2 m from 16 to 20 m depth. We collect-
ed 192 samples in total, from 32 distinct vertical
water layers within 0-20 m depth. For the phy-
toplankton analysis, water samples of 500 mL
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were collected and immediately fixed with for-
malin (final concentration 1%). Concurrently,
vertical profiles of water temperature, salinity,
and density (sigma-f) were taken using a CTD
(AAQ-RINKO, JFE Advantech, Co. Ltd., Tokyo,
Japan) fitted with an i vivo chlorophyll-a fluo-
rescence sensor, a nephelometric sensor, and
photosynthetically active radiation (PAR) sensor.
At each time, a series of pump sampling was
completed within about an hour.

Sunrise and sunset were at 04:39 and 18:34, on
the sampling days. The first day (May 12) was
calm and sunny while the second day (May 13)
was quite windy and rainy. Information about
the tide level of the sampling area was obtained
from the Japan Meteorological Agency website
(http: //www. data. jma. go. jp/kaiyou/data/db/
tide/suisan/pdf_hourly/2017/TT.pdf). Two low
tides and two high tides were included during
the sampling period (Fig. 2).

2.2 Phytoplankton and aggregate particle
analyses by the FlowCAM

Phytoplankton samples were counted in tripli-
cate using the automatic sample analysis device,
FlowCAM (Fluid Imaging Technologies, Inc.,
ME, USA). In this study, particle images were
captured by the FlowCAM auto-image mode,
with an imaging rate of 5 frames per second, the
FC100 flow cell (100 um chamber depth) and
the 10 x objective lens. The flow rate was con-
trolled by the rotation rate of the pump (0.14 mL
min~!). Phytoplankton were identified by visual
inspection using the image analysis software
(VisualSpreadsheet: VSS) in FlowCAM system,
and Equivalent Spherical Diameter (ESD) vol-
ume by the FlowCAM was used as a proxy for
the estimation of phytoplankton biovolume. The
ESD-based volume (Vgsp) is calculated based on
the mean of 36 feret measurements which was

conducted every 5° of specified directions
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Fig. 2 Tide level (m) during the survey at Ta-
teyama Bay, Japan. Bars represent start and end
times of the samplings.

around the particle. Aggregate particles were
checked and counted using VSS generated by
the FlowCAM.

3. Results
3.1 Hydrological conditions (Figs. 3 and 4)
At 12 and 16 h, the upper layer (top 6 m) was
heated by the solar radiation forming a certain
gradient of water temperature (18.5-17.0 C).
The water column condition changed at 20 h,
due to the intrusion of colder (155-135 C) and
saltier (34.4-34.6) water from the bottom during
the flood. This intrusion mixed vertically the wa-
ter column but was not strong enough to break
the stratification up to the upper layer, forming a
shallow layer thermocline at 1-6 m depth. At 00
h, when the water intrusion of the flood tide
moved downward, and a thermocline was found
at a deeper depth, 16-19 m with a temperature
gradient (15.5-14.0 C). At 04 h, the water col-
umn was well-mixed due to the high tidal cur-
rent, and the colder and saltier water layer was
located even deeper and almost not visible in our
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Fig. 3 Temporal changes in the vertical distribution of environmental properties on 12-13 May
2017. (a) water temperature (C), (b) salinity, (¢) sigma-, (d) Chla (ugL™), (e) turbidity
(FTU), and (f) light intensity (PAR in logjo umol photons m2s ™).



Spatio-temporal variation of phytoplankton 77

Relative light intensity (%)
0‘ 10

Depth (m)
2

1= —k—12h
—6—16h
—=— 08 h
20

Fig. 4 Temporal changes in the vertical distribu-
tion of relative light intensity during 12-13 May
2017.

profiles. Later, at 08 h, the flood lifted this water
mass again upwards, reaching the 16 m depth.
At this time, the upper layer (0-14 m) remained
well-mixed, showing a more homogeneous distri-
bution of environmental parameters (Figs. 3a, b).
The density profile showed the similar fluctua-
tions governed by the temperature and salinity
(Fig. 3¢).

Regarding the chlorophyll-¢ fluorescence (Chl-
a), the colder and saltier water found in the
deeper layer that moved upwards during high
tide showed distinctively low Chl-a (0.2-0.8 pg
LY. Above this pool, typical peaks of Chl-« (1.6
and 3.1 ug L™Y) were observed at the bottom 18
m at 12 and 16 h, but at 20 h, peak (1.8 ug L™ Y
moved to the upper layer 2.5 m, coincided with a
thermocline, and then moved back to the deeper
depth 11.5 m at 00 h, and disappeared in 04 and
08 h, respectively (Fig. 3d). Water turbidity was
higher at 12 and 16 h, especially in the bottom
layers where a significant increase in the Chl-a
was noticed (Fig. 3e). The values of 1% Iy
depths (which indicate the bottom of the eu-
photic layer) in the day-time samplings were 18
m at 12 h, 17 m at 16 h and 12 m at 08 h, respec-

tively (Figs. 3f and 4).

3.2 Spatial and temporal distributions of total
phytoplankton (Fig. 5)

At 12 h, phytoplankton distribution was heter-
ogeneous with high densities 134 = 13 cells
mL ! (mean * standard deviation) in the up-
per 0-4 m, and 115 * 20 cells mL ™" at 75-20 m,
respectively, and a low density 72 = 26 cells
mL ! in the thermocline 45-7 m (Fig. 5a). At 16
h, phytoplankton showed a similar distribution
pattern to that observed at 12 h, with high densi-
ty 100 = 13 cells mL ™! in the upper 4 m but de-
creased to 70 = 9 cells mL ~!in the thermocline
(45-7 m) and again an increasing trend 90 = 19
cells mL ™! was observed below 7 m towards the
bottom 20 m (Fig. 5b). Phytoplankton distribu-
tion pattern totally changed at 20 h, which was
characterized by the formation of the pro-
nounced thermocline at a shallow depth (1-6 m),
where phytoplankton were concentrated 61 =+
21 cells mL ™%, but the distribution was restrict-
ed below the thermocline (Fig. 5c). At 00 h,
thermal stratification in the upper layer was not
seen, but it appeared in a deeper layer (16-19
m). At that time, phytoplankton were abundant
(76 = 11 cells mL ') above the thermocline at
9-14 m (Fig. 5d) and significantly decreased in
the thermocline. The next samplings at 04 and
08 h, phytoplankton showed a rather homogene-
ous vertical distribution pattern in the water col-
umn (Figs. be, f), correspond with the effects of
tidal mixing.

3.3 Phytoplankton
(Table 1)
In our survey, a total of 22 phytoplankton taxa

assemblage composition

were identified, including 9 diatoms (Bacillario-
phyceae) such as Thalassiosira sp. (3,520 cells
mL "}, 27.5%), Dactyliosolen fragilissimus (1,776
cells mL™Y 13.9%), Pseudo-nitzschia sp. (927



78 La mer 57, 2019

Abundance (cells mL-") Abundance (cells mL™") Abundance (cells mL™")
0 80 120 160 200 0 40 80 120 160 200 120 160 200
o h ) i 2 3 80
5] 1 11(b) ] ]
4_ | | - -
6 - 4 §

E° 17 ! ]

£ 10 4 4 . 1

[oN

[)

o 124 1 A E 4
14 1 A R 4
161 1 A - -
184 12 May 4 4 12 May E 12 May 4

12h 16 h 20 h
20- - N T T T L T T =
00 05 15 20 25 30 00 05 10 15 20 25 30 00 05 10 15 20 25 30
Chlorophyll a(ug L") Chlorophyll-a (ug L") Chlorophyll-a (ug L")
Abundance (cells mL1 Abundance (cells mL™) Abundance (cells mL1
Oo 80 120 160 200 0 40 80 120 160 200 0 80 120 160 200
21 1] (e) ]
4, - = - -
6 i - 4

E” ] 17 ]

£ 104 b g B

&

o 124 E 1 1 1
14 E 1 A 4
16 1 A 1 A g
184 13May 1 1 13 May 1 A 13 May A
0 00 h ] 04h | 08h

00 05 10 15 20 25 30 00 05 10 15 20 25 30 00 05 10 15 20 25 30
Chlorophyll-a (ug L") Chlorophyll-a (ug L") Chlorophyll-a (ug L")

Fig. 5 Vertical distribution of total phytoplankton abundance for the six sampling times. Black
line: average phytoplankton abundance, with standard deviation bar from the triplicate
counts. Grey line: Chl-¢ concentration.

cells mL™Y, 7.2%), Coscinodiscus sp. (183 cells 12. 6%), Gyrodinium spirale (501 cells mL ™",
mL ™', 14%), Pleurosigma sp. (49 cells mL ™!, 3.9%), Protoperidinium quinquecorne (253 cells
04%), Lauderia annulata (37 cells mL ™', 0.3%), mL ™Y, 2.0%), Heterocapsa sp. (177 cells mL ™",
Rhizosolenia setigera (17 cells mL™% 0. 1%), 14%), Oxyphysis oxvtoxoides (76 cells mL ™",
Thalassionema nitzschioides (13 cells mL ™", 0.6%), Ceratium furca (23 cells mL™1, 0.2%), C.
0.1%), and Meuniera membranacea (6 cells mL ™Y, fusus (7 cells mL ™1, 0.05%), Gonyaulax spinifera
0.05%); 10 dinoflagellates (Dinophyceae) such as (10 cells mL™", 0.1%), and Alexandrium sp. (7
Prorocentrum minimum (2, 622 cells mL ™} cells mL ™', 0.05%); and other groups such as Ra-
205%), Scrippsiella trochoidea (1,612 cells mL ™!, phidophyceae, Dictyochophyceae and Haptophy-
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Table 1. List of phytoplankton in Tateyama Bay with total abundance, per-

centage, and average size (length and width).

Species

Total abundance

Length Width

cells mL™! % (um)  (um)
Bacillariophyceae
Coscinodiscus Sp. 183 14 50.0 37.7
Dactyliosolen fragilissimus 1,776 139 230 12.0
Lauderia annulata 37 0.3 23.7 16.9
Meuniera membranacea 6 005 578 311
Pleurosigma sp. 49 0.4 150.6 20.2
Pseudo-nitzschia sp. 927 7.2 30.3 4.6
Rhizosolenia setigera 17 0.1 379.0 52
Thalassionema nitzschioides 13 0.1 250 29
Thalassiosira sp. 3,520 275 189 125
Dinophyceae
Alexandrium sp. 7 005 391 35.2
Ceratium furca 23 02 1536 34.2
Ceratium fusus 7 0.05 3437 305
Gonyaulax spinifera 10 0.1 29.6 231
Gyrodinium spirale 501 39 60.9 36.8
Heterocapsa sp. 177 14 30.7 21.1
Oxyphysts oxytoxoides 76 0.6 56.9 194
Prorocentrum minimum 2,622 20.5 222 185
Protoperidinium quinquecorne 253 2.0 237 18.7
Scrippsiella trochoidea 1612 126 29.1 23.1
Dictyochophyceae
Dictyocha speculum 10 0.1 29.5 21.3
Haptophyceae
Coccolithophorid 468 37 132 12.3
Raphidophyceae
Heterosigma akashiwo 303 24 29.8 24.3
Unidentified phytoplankton 205 15 139 119

ceae with only one species of each, Heterosigma
akashiwo (303 cells mL ™", 24%), Dictvocha spec-
ulum (10 cells mL "1, 0.1%), and Coccolithophor-
id (468 cells mL™', 37%), respectively, and un-
identified phytoplankton (205 cells mL ™%, 1.5%).
Hence, the phytoplankton community was main-
ly dominated by diatoms and dinoflagellates (50%

and 42% of the total cell density).

79

Specifically, among these species, Thalassio-

stra sp., D. fragilissimus, Pseudo-nitzschia sp., P.

minimum, and S. trochoidea were noted as the

dominant species, which altogether contributed

more than 80% of the total abundance of phyto-

plankton. Therefore, we consider their species-
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specific distribution patterns in detail. The other
species such as L. annulata, Coscinodiscus sp.,
Rhizosolenia sp., T. nitzschioides, M. membrana-
cea, Pleurosigma sp., G. spirale, Alexandrium sp.,
G. spinifera, and Heterocapsa sp. were not ob-
served in the colder and saltier water. Some
dominant phytoplankton and the additional five
species, P. quinquecorne, O. oxytoxoides, C. furca,
C. fusus, and D. speculum that appeared after
the high tide, only occurred in the colder and
saltier water.

3.4 Species-specific distributions of dominant
phytoplankton species (Fig. 6)

Thalasstosira sp. was numerically dominant
throughout the study period and found at all
sampling depths and times (Fig. 6a). D. fragilis-
simus distribution coincided with the thermo-
cline, and they were trapped in the thermocline
(1-6 m) at 20 h by the strong density gradients.
Moreover, the cell density decreased to approxi-
mately the half (50%) after the high tide (18:20)
and was not observed in the colder and saltier
water mass (Fig. 6b). Pseudo-nitzschia sp. distri-
bution pattern was not clear due to its low cell
density throughout the sampling period (Fig.
6¢). Similarly to Thalassiosira sp., P. minimum
was detected at all sampling depths and times.
An exception occurred at 20 h when a strong
thermocline was marked at 1-6 m depth, where
high cell densities were observed, but the distri-
bution was limited below the thermocline (Fig.
6d). S. trochoidea distributed mainly in the first
two samplings at 12 and 16 h; however, its distri-
bution completely changed, and the abundance
decreased to three-fourths (75%) after the high
tide, 18:20 (Fig. 6e).

3.5 Phytoplankton biovolume versus Chl-a
(Fig. 7)
At 12 and 16 h, the slope of the regression line

showed a negative correlation (p > 0.05), and an
inverse relationship between the Chl-¢ and phy-
toplankton biovolume was observed (Figs. 7a, b).
Thus, relatively low phytoplankton biovolume
was found at a depth of Chl-a peak 18 m, where
small-sized diatom, Thalassiosira sp. (Table 1)
was dominant in those samples. At 20 h, a statis-
tically positive correlation (p < 0.05) was seen
between the Chl-¢ and biovolume. At that time,
Chl-a peak occurred in the upper layer (1-6 m),
where higher phytoplankton biovolume was ob-
served (Fig. 7¢). In the following sample at 00 h,
Chl-¢ and biovolume showed a positive correla-
tion due to the occurrence of large-sized dinofla-
gellates above the thermocline (9-14 m) where
the Chl-e peak was detected (Fig. 7d). A posi-
tive relationship was detected between the Chl-
a and biovolume for 04 and 08 h, respectively
(Figs. 7e, 1).

An allometric relationship of Chl-¢ with biovo-
lume was found in most sampling times except
for 12 and 16 h. At these times, the Chl-¢ peak
was observed at the bottom layer where higher
turbidity was recorded.

3.6 Vertical distribution of aggregate parti-
cles (Fig. 8)

Aggregates were generally more abundant in
the first two samplings at 12 and 16 h (before
high tide), especially at the bottom layers, with
higher turbidity. After high tide (18:20), the for-
mation of high abundance was not observed at
the bottom in the following samplings at 20, 00,
04 and 08 h.

4. Discussion

Short-term phytoplankton dynamics are relat-
ed to the changes of the water masses and hy-
drodynamic gradients such as stratification and
mixing processes, influenced by the periodic os-
cillations of the tidal currents (BLAUW et al,



Spatio-temporal variation of phytoplankton

(a) (b)

o4
2]
4
67 :
E 8
£10
812 )
14] :
16 . . .
18 @ . . . .
201 ; 5 : .
12 16

08

=5
2]
1
N4 000

12 1 0 0 20 00
12/05/2017 13/05/2017 12/05/2017 13/05/2017
Time (h) Time (h)

(c) “ ., (d)
: @ @
gl 0
45
5
3 o

8
6
®
Q
Q

Depth (m)
2 r R

04
20—- T T T

0 o . 204

e OO@)@IDVOOO)CDO
OO
0 OO 0000 = 0 (IO
(O eI o LI @)
Depth (m)
PR ee s

-
o]
1

e

N e

16 20 00 0 8 20 00 08
12/05/2017 13/05/2017 12/05/2017 13/05/2017

Time (h) Time (h)
(e)

0

3

4

: o]

- g
9

161 O O .
18] © . . o

Abundance (cells mL-")

O 40<A<80
O
o
X

s
»{}OQOQGEG

Depth (m)

- @O TDO-Or++-

20<A=40

HONQHNQHQD@@@

10<A=20
5<A=10
0<Ax<5

0

O O

12 16 20 00 04 08
12/05/2017 13/05/2017
Time (h)
Fig. 6 Vertical distribution of dominant phytoplankton species (average of the six samplings): (a)
Thalassiosira sp., (b) Dactyliosolen fragilissimus, (c) Pseudo-nitzschia sp., (d) Prorocentrum
minimum, and (e) Scrippsiella trochoidea. “A” in the explanatory box represents “Abundance.”



82

35,000
30,000
25,000
20,000
15,000
10,000

5,000

30,000
25,000
20,000
15,000
10,000

5,000

FlowCAM biovolume (Vesp, pm3 mL-")

35,000
30,000
25,000
20,000
15,000
10,000

5,000

35,000

La mer 57, 2019

- 35,000
(a) y =-1182.4x + 7763.1
i R2 = 0.0057 30,000
p>0.05
i 25,000
| 20,000
L]
i 15,000
L ]
! * 10,000
i D 12 May 5,000
e® 00 o 12h
. . . 0
0 1 2 3
35,000
(c) y = 7392.1x - 873.47
| R = 0.5271 30,000
. P<0.05
| 25,000
| 20,000
[ ]
| 15,000 -
o -
] L4 o ®
s b 10,000
| e o e s 12 May 5,000
., 20h
L . . : 0
0 1 2 3
; 35,000
(e) y = 16984x - 11400
] R? = 0.4989 30,000
p<0.05
] 25,000
] 20,000
L 4
] L. 15,000
LW
[ ]
o ;‘ 10,000 -
/
2 } 13 May 5,000
#
" | 04 h | ;
0 1 2 3

(b) e V=-2979.8x + 12795
: R? = 0.0391
p>0.05
]
| L]
1 L]
o’
1 N,
i T
1 o ® o 12 May
e . gy 16 h
0 1 2 3
(d) y = 11069x - 7962.7
1 R? = 0.4662
p<0.05
B L]
L]
1 ofen’
./
1 M 13 May
o 00 h
. - T T 1
0 1 2 3
() y = 8418.3x - 2665.2
: R?=0.5032
P <0.05
4
1 o ‘/’ 13 May
»e 08 h
0 1 2 3

Chlorophyll-a (ug L)

Fig. 7 Relationship between Chl-¢ and FlowCAM biovolume of total phytoplankton from the cell counts
for 32 distinct vertical water layers (7 = 32) during six sampling times. (a), (b), and (c) are for 12h,
16h, and 20h of 12 May; (d), (e), and (f) for 00h, 04h, and 08h of 13 May, respectively. The dashed line
is fitted regression line.



Spatio-temporal variation of phytoplankton

83

Abundance (particles mL-1)

01
2_. O 80<A<160
41 O 40<A<80
e 0 ] O 20<A240
E 84 o 10<A<20
£ 10 : ’ ° 0<A<10
% 4
8127 E
14- o
16+ o o o
18‘_ ]
204 o
12 0 00 08
12/05/2017 13/05/2017

Time (h)

Fig. 8 Vertical distribution of aggregate abundance (average value of the

triplicate analysis) for six sampling times. “A” in the explanatory box

represents “Abundance.”

2012). During our study period, thermal stratifi-
cation was likely to be influencing the spatial
heterogeneity of phytoplankton distribution.
Stratification was pronounced under weak tidal
mixing condition. Temperature gradients then
divided the water column into different strata by
the density gradients that restricted the phyto-
plankton (but not entirely inhibit), resulting in a
heterogeneous distribution. In contrast, it is like-
ly that the vertical mixing generated by the tidal
current homogenized the phytoplankton distri-
bution in the water column. However, if tidal
mixing was not strong enough, the water column
could not be fully mixed, and stratification would
remain in the upper layer. Thus, phytoplankton
and Chl-¢ distributions differed among depths
and sampling times due to the changes of the
water masses and thermal structure.

In our study, both diatoms and dinoflagellates
dominated the phytoplankton community. How-
ever, their composition to the phytoplankton
community was different in the different layers
and times, related with the changes of the water

mass structure, and probably the thickness of
the euphotic layer. Changes were pronounced in
the day-time at 12 and 16 h, when stratification
of water mass force to form the diatoms and di-
noflagellates aggregation in the water column.
At these times, a large proportion of diatoms
contributed to the phytoplankton community
near the bottom where a high value of Chl-a was
observed (Fig. 9a). In contrast, dinoflagellates
were detected mainly in the upper water column
coinciding with the thermocline but rarely ob-
served in the deeper parts of the euphotic zone
(Fig. 9b). This might be because the dinoflagel-
lates prefer stratified water mass as has been ex-
plained in classical literatures (e.g. SMAYDA and
REYNOLDS, 2001).

Thalasstosira sp. and P. minimum occurred at
all sampling depths and times. These are euryha-
line and eurythermal species, that are common
in temperate coastal environments (PopovicH
and GAYO0so, 1999; HAJDU et al., 2005). However,
D. fragilissimus and S. trochoidea significantly
decreased their abundance after the high tide,
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Fig. 9 Vertical distribution of (a): diatoms and (b): dinoflagellates abun-
dance (average value of the triplicate analysis) for six sampling times. “A”
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perhaps due to the changes of the water mass.
During our survey, most phytoplankton species
suddenly disappeared (except some dominant
phytoplankton) after the high tide, when colder
and saltier water mass intruded. It is suggested
that these clear changes in species composition
probably related to the changes of the water
mass. Additionally, only five phytoplankton spe-
cies, P. quinquecorne, O. oxytoxoides, C. furca, C.
Susus, and D. speculum occurred in the colder
and saltier water. Some of these five species (C.
Jurca and C. fusus: Type VI (Coastal Entrained

Taxa)) were noted as the coastal habitat
(SMAYDA and REYNOLDS, 2001).

Regarding the phytoplankton biovolume and
Chl-a, a significant positive correlation was found
in most sampling times except for 12 and 16 h.
At these exceptional times, discrepancies were
apparent because of the relatively low phyto-
plankton biovolume at a depth of Chl- peak. In
the case of 12 and 16 h, the water column was
marked with a thermocline at 4.5-7 m depth,
which may act as a barrier (SPRINTALL and
CRONIN, 2001) between the upper and lower lay-
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Fig. 10 Images of aggregates captured by an epi-

fluorescence microscope using a fresh bottom
sample obtained from Tokyo Bay as a trial. (a):
bright field of aggregates, (b): fluorescence emits
from aggregate under the dark field.

er. In the present study, the phytoplankton com-
munity in the lower layer was dominated by the
smaller size phytoplankton species, such as Tha-
lassiosira sp. and D. fragilissimus. Thus, phyto-
plankton biovolume was higher in the upper lay-
er than those at a depth of Chl-a peak. Hence, a
question rises “why Chl-@ was high near the bot-
tom?” We here speculate that the turbidity may
be the key to answer this question because high-
er turbidity values coincided with the bottom
Chl-a peaks. MATSUIKE ef al. (1986) reported the
increase of suspended particles in the water col-
umn is the major cause of water turbidity. This
condition of high particle concentration leads to
promote particle aggregation by colliding of
smaller particles (JACksoN, 1990) or the release
of phytoplankton structural bodies (ARMBRECHT
et al, 2004), or together with sediments, and de-
tritus (ZIMMERMANN-TIMM, 2002).

Our vertical profile of the aggregates showed
that the particle densities were higher in the bot-
tom at 12 and 16 h, where the highly turbid wa-
ter mass was observed. However, it was gone af-
ter the high tide, probably due to the intrusion of
low turbidity water. At the same time, the Chl-a
peak at the bottom disappeared, suggesting the
relationship between the Chl-« and aggregate

particles. Hence, an additional experiment was
done for the fluorescence analysis of the aggre-
gates. Unfortunately, our formalin-fixed samples
could not be used in the experiment, and thus
we collected the fresh samples from the bottom
water of Tokyo Bay while plankton survey cruis-
ing at the inner Tokyo Bay. From our observa-
tion with an epi-fluorescence microscope, emis-
sion of fluorescence was detected from the
aggregates (Figs. 10a, b). This finding provides
additional evidence for the consideration of Chl-
a concentration in Tateyama Bay, which shows
the high value at the bottom is not only from the
phytoplankton but also from the fluorescence
due to the pigments deposited in the aggregate
particles that were floating there.

5. Conclusions

To assess the fine-scale spatio-temporal phyto-
plankton dynamics over a short time period, we
used FlowCAM which can rapidly count, identi-
fy and size the phytoplankton. Our results indi-
cated that phytoplankton distribution changed
significantly in a short timescale (such as sever-
al hours) and in a few meters in depths, related
with the eco-physiological characteristics of phy-
toplankton, the stratification and vertical mixing.
Therefore, studies based on monthly or seasonal
survey of phytoplankton with depth-averaged
samplings may not well reveal the real communi-
ty structure and the distribution patterns of phy-
toplankton that vary within a short time. Fur-
thermore, our results showed that “Chl-«” does
not always represent the phytoplankton abun-
dance because it can be affected by detrital ag-
gregate particles that contain a significant
amount of fluorescent substances.

Acknowledgments
We thank the Laboratory of Aquatic Science
Consultant Co., Ltd., which provided the use of a



86 La mer 57, 2019

FlowCAM and lab facilities. Sincere thanks are
to the captain and crew members of T/R/V
Seiyo-maru and students of Plankton Laboratory
of Tokyo University of Marine Science and
Technology, who helped the field sampling of
significant difficulties. The present work was
partially supported by the Monbukagakusho
Scholarship for KKG., and also by JSPS KAKEN-
HI Grant Numbers JP18H02263 for YT.

References

Arvarez, E, M. Movano, A. Lopez-Urrutia, E.
NoGUERA and R. ScHAREK (2014): Routine deter-
mination of plankton community composition
and size structure: a comparison between Flow-
CAM and light microscopy. J. Plankton Res., 36,
170-184.

ARMBRECHT, L. H., V. SMETACEK, P. Assmy and C. KLAAS
(2004): Cell death and aggregate formation in
the giant diatom Coscinodiscus wailesii (Gran &
Angst, 1931). J. Exp. Mar. Biol. Ecol, 452, 31-39.

Brauw, A. N, E. BeniNncA, R W. P. M. LaaNg, N.
GREENWOOD and J. HuisMAN (2012): Dancing with
the tides: fluctuations of coastal phytoplankton
orchestrated by different oscillatory modes of
the tidal cycle. PLoS ONE, 7, e49319-e49319.

CAMOYING, M. G. and A. T. YNiGugz (2016): FlowCAM
optimization: Attaining good quality images for
higher taxonomic classification resolution of nat-
ural phytoplankton samples. Limnol. Oceanogr.:
Methods, 14, 305-314.

CaroN, D. A, B. STAUFFER, S. MOORTHI, A. SINGH, M.
BataLN, E. A. GRAHAM, M. HANSEN, W. J. KAISER,
J. DAS, A. PEREIRA, A. DHARIWAL, B. ZHANG, C.
OBERG and G. S. SUKHATME (2008): Macro-to fine-
scale spatial and temporal distributions and dy-
namics of phytoplankton and their environmen-
tal driving forces in a small montane lake in
southern California, USA Limnol. Oceanogr., 53,
2333-2349.

DEKSHENIEKS, M. M., P. L. DONAGHAY, J. M. SULLIVAN, J.
E. B. Rivgs, T. R. OsBorN and M. S. TWARDOWSKI
(2001): Temporal and spatial occurrence of thin
phytoplankton layers in relation to physical

processes. Mar. Ecol. Prog. Ser., 223, 61-71.

Gasrt, L., A. N. Moura, M. C. P. ViLar, M. K. CORDEIRO-
ARAUJO and M. C. BITTENCOURT-OLIVERA (2014):
Vertical and temporal variation in phytoplank-
ton assemblages correlated with environmental
conditions in the MundaG reservoir, semi-arid
northeastern Brazil. Braz. ]. Biol., 74, 93-102.

Gervars, F., U. SIEDEL, B. HEILMANN, G. WEITHOFF, G.
HESIG-GUNKEL and A. NIckuiscH (2003): Small-
scale vertical distribution of phytoplankton, nu-
trients and sulphide below the oxycline of a mes-
otrophic lake. J. Plankton Res., 25, 273-278.

Hajou, S, S. PErTOLA and H. Kuosa (2005): Prorocen-
trum minimum (Dinophyceae) in the Baltic Sea:
morphology, occurrence- a review. Harmful Al-
gae, 4, 471-480.

Hagris, R. P, L. ForTER and R. K. Younc (1986): A
large-volume pump system for studies of the
vertical distribution of fish larvae under open
sea conditions. J. Mar. Biol. Ass. U. K., 66, 845—
854.

Iron, H, A. TacuBANA, H. Nomura, Y. Tanaka, T.
FuroTA and T. IsHMARU (2011): Vertical distri-
bution of planktonic copepods in Tokyo Bay in
summer. Plankton Benthos Res., 6, 129-134.

JacksoN, G. A. (1990): A model of the formation of
marine algal flocs by physical coagulation proc-
esses. Deep-Sea Res., 37, 1197- 1211.

JAPAN METEOROLOGICAL AGENCY WEBSITE (2017): http:
//www.data.jma.go.jp/kaiyou/data/db/tide/suis
an/pdf_hourly/2017/TT.pdf.

Lunven, M., J. F. Gurauvp, A. YouknNou, M. P.
Crassous, R. Berric, E. LE GALL, R. KEROUEL, C.
LABRY and A. AMINOT (2005): Nutrient and phy-
toplankton distribution in the Loire River plume
(Bay of Biscay, France) resolved by a new Fine
Scale Sampler. Estuar. Coast. Shelf Sci, 65,
94-108.

MATSUIKE, K., T. MORINAGA and T. HiraokA (1986):
Turbidity distributions in Tokyo Bay and move-
ment of the turbid water. J. Tokyo Univ. Fish.,
73, 97-114.

Maznan, W. O. W, S. Ranmag, C. C. Liv, W. P. LEg, K.
FaTEMA and M. M. Isa (2016): Effects of tidal
events on the composition and distribution of



Spatio-temporal variation of phytoplankton 87

phytoplankton in Merbok river estuary Kedabh,
Malaysia. Trop. Ecol., 57, 213-229.

MELLARD, J. P., K. Yostiyama, E. LitcumaN and C. A.
KrausMEIER (2011): The vertical distribution of
phytoplankton in stratified water columns. J.
Theor. Biol,, 269, 16-30.

Porovicy, C. A. and A. M. Gavyoso (1999): Effect of ir-
radiance and temperature on the growth rate of
Thalassiosira curviseriata Takano (Bacillario-
phyceae), a bloom diatom in Bahia Blanca estu-
ary (Argentina). J. Plankton Res., 21, 1101-1110.

Pourton, N. J. and J. L. MARTIN (2010): Imaging flow
cytometry for quantitative phytoplankton analy-
sis - FlowCAM. In Microscopic and Molecular
Methods for Quantitative Phytoplankton Analy-
sis. KARLSON, B., C. CUsack and E. BRESNAN (eds.),
UNESCO (IOC Manuals and Guides, no. 55.),
Paris, p. 47-54.

SEE, J. H,, L. CAMPBELL, T. L. RICHARDSON, J. L. PINCKNEY
and R. SHEN (2005): Combining new technolo-
gies for determination of phytoplankton com-
munity structure in the northern Gulf of Mexico.
J. Phycol,, 41, 305-310.

SIERACKL, C. K, M. E. SiEracki and C. S. YENTSCH
(1998): An imaging in-flow system for automat-
ed analysis of marine microplankton. Mar. Ecol.
Prog. Ser., 168, 285-296.

Smavpa, T. J. and C. S. REyNoLps (2001): Community
assembly in marine phytoplankton: application
of recent models to harmful dinoflagellate
blooms. J. Plankton Res., 23, 447-461.

SPRINTALL, J. and M. F. CroniN (2001): Upper ocean
vertical structure. /n Encyclopedia of Ocean Sci-
ence. STEELE, J. H, S. A. THorPE and K. K.
TUrReKIAN (eds.), Academic Press, San Diego, p.
3120-3129.

TAUXE, L., J. L. STEINDORF and A. HARRIS (2006): Dep-
ositional remanent magnetization: Toward an
improved theoretical and experimental founda-
tion. Earth Planet. Sci. Lett., 244, 515-529.

Tizer, M. M. and C. R. GoLbMAN (1978): Importance
of mixing, thermal stratification and light adap-
tation for phytoplankton in Lake Tahoe (Cali-
fornia, Nevada). Ecology, 59, 810-821.

ZIMMERMANN-TIMM, H. (2002): Characteristics, dy-

namics and importance of aggregates in rivers -
An invited review. Int. Rev. Hydrobiol, 87,
197-240.

Received: 26 April, 2019
Accepted: 6 August, 2019



La mer 57 : 89-107, 2019, https://doi.org/10.32211/lamer.57.3-4_0

Société franco-japonaise d'océanographie, Tokyo

Morphological changes in silvering stages of Anguilla bicolor
bicolor collected from Segara Anakan, Central Java, Indonesia
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Abstract: To understand the morphological changes during the silvering stages of Anguilla bi-
color bicolor, 68 males and 39 females were collected from Segara Anakan in Cilacap, Central
Java, Indonesia during December 2015 - September 2016, May 2017 and June 2018. Specimens
were categorized into 5 stages based on body and pectoral fin coloration: Y1, Y2, S1, S2 and S3.
Total length of silver males ranged from 342 mm to 501 mm, with mean = SD 414.83 + 40.38
mm and were notably smaller than silver females which ranged from 674 mm to 937 mm (786.11
+ 68.98 mm). Silver females were present in catches throughout the year, with peak collection
during the dry months (May and June). This corresponded to the only period when silver males
were caught. Locomotion indices such as, tail, dorsal fin, anal fin, pectoral fin and eye increased
with progression in silvering stages, while feeding behavior indices such as, both upper and low-
er jaw in males showed increasing, lower lip depth in females showed decreasing and upper lip
depth in females showed decreasing and snout remained constant. The increase in locomotion in-
dices suggested that A. bicolor bicolor from Segara Anakan underwent morphological changes
in preparation for spawning migration similar to those of temperate species, but increasing up-
per and lower jaw in males together with all samples caught using baited traps, suggested that

these tropical eels remained as feeding individuals even at late stage silver eels.

Keywords : Anguilla bicolor bicolor, silvering, morphological change, Segara Anakan

1. Introduction
The life cycle of anguillid eels is divided into 5

principle stages which are leptocephalus larvae,
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glass eel, elver, yellow eel and silver eel stages
(BERTIN, 1956). Leptocephalus larvae of tropical
eel Anguilla bicolor bicolor migrate passively
and drift following ocean currents in the eastern
Indian Ocean (AovaMA et al, 2007). They then
metamorphose into glass eels at continental
shelves and enter coastal waters and actively mi-
grate into estuaries and rivers (TEesch, 1980).
Glass eels then become elvers which are distin-
guished through morphological and behavioral
changes such as shortening of body length, depo-
sition of guanine in intra-abdominal membrane
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and a benthic migration (TEscH, 2003; FUKUDA et
al., 2013). The growth phase in their areas of dis-
tribution is termed the yellow eel stage where
they may spend many years until they reach
sexual maturity and develop into migrating sil-
ver eels. The silver stage eels display changes in
body coloration which are due to physiological
and environmental conditions (TEscH, 2003;
DURTF et al., 2005; HAGHARA et al, 2012). Meta-
morphosis of yellow eels to silver eels is difficult
to distinguish and therefore, identifying silver
eels which are on the verge of migration is deter-
mined through skin color (DURIF et al., 2005).

OKAMURA et al. (2007) described the silvering
stages for A. japonica using two characteristics
which were the coloration of the ventral skin
and pectoral fins. In this description, eels were
divided into two yellow eel stages YI and Y2 and
two silver eel stages S1 and S2. Y1, an early yel-
low eel stage was described as yellow eels with-
out metallic hue at the base of pectoral fins,
while Y2 was late stage yellow eels and descri-
bed as having a metallic hue at the base of pec-
toral fins and without melanization at the tip of
pectoral fins. S1 was early stage silver eels with
complete melanization at the tip of pectoral fins
but without a fully pigmented belly usually with
a black or dark brown coloration while, S2 was
late stage silver eels with black or dark brown
coloration on the belly.

Further studies on the morphological changes
during the silvering/migration process of A. aus-
tralis in the Makara Stream, Lake Onoke, and
Lake Ellesmere in New Zealand showed that mi-
grant eels had dorsally flattened heads and the
snout had a slightly chiseled appearance. Fur-
thermore, lips had thinned and the pectoral fins
were slightly elongated with a black fringe. Dor-
sally the skin was black/brown, bronze, or green
with a lateral metallic bronze coloration. Colora-
tion on the ventral surface was generally metal-

lic silver while the belly was bright silver (Tobp,
1981).

Several other studies also focused on the mor-
phological and physiological changes within the
silvering process of anguillid eels. These includ-
ed the changes of skin color and enlargement of
eyes in A. australis, A. dieffenbachii, A. anguilla,
A. japonica, A. marmorata and A. celebesensis
(Topp 1981; DURIF et al, 2005; OKAMURA et al.,
2007; HAGIHARA ef al., 2012), lengthening of pec-
toral fins in A. anguilla (DURTF et al., 2005), de-
generation of the gut in A. anguilla and A. japon-
ica (DURF et al, 2005; OKAMURA et al, 2007),
increase of retinal sensitivity in A. anguilla
(BOWMAKER et al., 2008), changes of fat contents
in A. rostrata and A. anguilla (LARSSON et al,
1990; SVEDANG and WICKSTROM 1997), increase of
fatty acid contents in the skeletal muscles in A.
anguilla (EGGINTON 1986), and modification of
swim bladder in rete mirable, gas gland and sub-
mucosa in A. japonica (YAMADA et al, 2001).

Although there have been several studies on
the silvering processes of anguillid eels, majority
of these have been on temperate species, while
information on tropical eels are still lagging. Con-
sidering that 13 species/sub-species of the 19 an-
guillids currently known are determined to be
tropical species with nine species found around
Indonesian waters (SUGEHA et al, 2008), it is im-
portant to efficiently identify the various silver-
ing stages of anguillid eels using relatively clear
and simple characteristics to facilitate easy moni-
toring studies. Morphological changes of silver-
ing eels in Indonesia was first studied by
HAGIHARA et al. (2012), which was conducted in
Central Sulawesi, Lake Poso and described the
silvering stages of A. marmorata and A. celebe-
sensts, but failed to provide information on A. bi-
color. Therefore, the present study was aimed at
assessing the morphological changes within the
silvering process of female and male A. bicolor
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bicolor from Segara Anakan, Indonesia.

2. Materials and methods
Fish catchment sampling location and species
identification

A total of 107 specimens of A. bicolor bicolor
were used in the present study. Specimens were
identified through morphological characters as
described by EGE (1939). As all specimens were
morphologically identical, 8 specimens with
mean, minimum and maximum morphological
characters were further subjected to genetic
identification using a partial sequence of mito-
chondrial DNA 16S rRNA region (MINEGISHI et al.,
2005; TAWA et al, 2012). Genetic identification
was conducted to discriminate A. bicolor bicolor
and A. bicolor pacifica as morphological identifi-
cation between these species has been considera-
bly difficult. DNA sequences were submitted to
DDB] (DNA Data Bank Japan) under the ac-
cession numbers LC433757-LC433764. Speci-
mens were stored at the Kyushu University Mu-
seum (KYUM-PI 5382-5389).

Specimens were obtained from fishermen who
collected eels in the Segara Anakan in Cilacap,
Central Java, Indonesia (Fig.1), during Decem-
ber 2015-September 2016, May 2017 and June
2018.

These fishermen employed traditional Indone-
sian baited traps ‘wuwu’ and fishing gear with
hooks ‘ureg-ureg’, and ‘opyok’ together with
crabs, earthworms and frogs as bait. ‘Wuwu’
baited traps used by the fishermen were set in
the evening during 5-6 pm, and were then re-
trieved the next morning during 3-5 am. Ureg-
ureg’ was used in the day during ebb tide, while
‘opyok’ was used during the night with flood
tides. Specimens collected for this study were
only available if fishermen had retrieved eels the
previous day. Therefore shortcomings such as
quantifying the frequency and effort at which

fishermen collected eels is unknown.

Silvering stages and sex determination

The silvering stages were characterized based
on the percentage cover of black coloration of
pectoral fins and percentage cover of metallic
hue at the base of pectoral fins measured along
the anterioposterio axis of the pectoral fin. Black
color coverage of pectoral fins = 100 (BPC
PFL™') where BPC is the length of black color
coverage of pectoral fins and PFL is the pectoral
fin length. Metallic hue at the base of pectoral
fins = 100 (MBP BPF!), where MBP is the
length of metallic hue at base of pectoral fin and
BPF is the length of base of pectoral fin along
the anteriorposterio axis. The percentage cover
of silver color and metallic hue on the belly of
specimens = 100 (MBC VL™ 1), where MBC is
silver color and metallic hue on belly and VL is
the length from the lateral midline to the ventral
line and was measured along the dorsoventral
axis (Fig. 2). These external morphological col-
or changes appear to be similar for tropical eels
as with temperate eels such as A. japonica
(OKAMURA et al., 2007; HAGIHARA ef al., 2012) and
therefore used as a criterion for differentiating
silver eel stages in the present study. Sex was
determined through visual inspection of external
morphology. Specimens with lobed gonads were
considered as males, described by BERTIN (1956),
while specimens having gonads resembling fril-
led ribbons of tissue were considered as females
as described by Tobp (1981).

Morphological measurement

Specimens were transported to the laboratory
and anaesthetized with 50 ppm Tricaine Matha-
nesulfonate (MS222) before being examined and
measured for morphological characteristics (Fig.
3) using a digital vernier caliper to the nearest
0.01 mm. Body weight of specimens were meas-
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Fig. 1 Locations where A. bicolor bicolor were collected by fishermen. Map showing the
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Fig. 2 Diagram showing measurements used for determining silvering stages of A. bicol-
or bicolor from Segara Anakan, Indonesia.
Base pectoral fin (BPF), black color coverage of pectoral fin (BPC:A), black dorsal col-
oration (BDC:@), dorsal line (DL), lateral midline (LML), metallic belly coloration (MBC:
®) (metallic hue at the base of pectoral fin (MBP:H), pectoral fin length (PFL), ventral
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Fig. 3 Diagram showing morphological measurements of Anguilla bicolor bicolor from Se-
gara Anakan, Indonesia.
Ano-dorsal length (ADL), Anal fin height (AFH), dorsal fin height (DFH), eye diame-
ter, horizontal (ED2), eye diameter vertical (ED1), lower jaw length (LJL), lower lip
depth (LL), nostril length (NL), pectoral fin length (PFL), pre-anal fin length (PAL),
pre-dorsal fin length (PDL), snout length (SNL), tail height (TH), upper jaw length
(UJL), upper lip depth (UL) of A. bicolor bicolor from Segara Anakan in Cilacap, Cen-
tral Java, Indonesia.
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ured using analytical scales. Specimens with a
body weight of < 510 g were measured to the
nearest 0.01 g, while specimens with a body
weight of > 510 g was measured to the nearest
1g.

Fifteen morphometric measurements were in-
corporated into the present study and these
were; ano-dorsal length (ADL), anal fin height
(AFH), dorsal fin height (DFH), eye diameter
vertical (ED1), eye diameter horizontal (ED2),
lower jaw length (LJL), lower lip depth (LL),
nostril length (NL), pre-anal fin length (PAL),
pre-dorsal fin length (PDL), pectoral fin length
(PFL), snout length (SNL), tail height (TH),
total length (TL), upper jaw length (UJL) and
upper lip depth (UL).

ADL was measured the distance between the
origins of the dorsal and anus. TH, DFH and
AFH were measured at 98% of TL and these
were used to calculate: tail height to total length
ratio (TT), TI = 100 TH TL ™", dorsal fin height
to total length ratio (DFI), DFT = 100 DFH TL "},
anal fin height to total length ratio (AFI), AFI =
100 AFH TL™!. Measurements of PFL, SNL, NL,
UL, LL, UJL, L]JL were taken from the left side of
specimens and were used to calculate pectoral
fin length to total length ratio (PFI), PFI = 100
PFL TL !, snout length to total length ratio
(SNI), SNT = 100 SNL TL !, nostril length to to-
tal length ratio (NI), NI = 100 NL TL™', upper
lip depth to total length ratio (UDI), UDI = 100
UJL TL™ ! lower lip depth to total length ratio
(LDD), LDI = 100 LJL TL-!, upper jaw length to
total length ratio (UJI), UJI = 100 UL TL™',
lower jaw length to total length ratio (LJI), LJI
=100 UL TL™ % Measurements of ED1 and ED2
were used to calculate eye index (EI), EI = 100
n TL™' [0.25(ED1 + ED2)]* (PANKHURST, 1982).
Fulton’s condition factor (K) was calculated us-
ing the BW and TL and used to describe the
condition of specimens, K = 10° BW TL 3. Gonad

somatic index (GSI) was calculated as a per-
centage of body weight (GW), GSI = 100 GW
BW L.

Statistical analysis

Statistical analyses were performed on the da-
ta to compare variance of indices using Kruskal-
Wallis test followed by Pairwise test using Ben-
ferroni correction to determine the level of
significance between stages. Correlation be-
tween indices and developmental stages were
analyzed using Kendall correlation. All statistical
analyses were conducted using SPSS software
version 240 (SPSS Inc., Chicago, IL, USA).

We further categorized morphological changes
into three indices which were; development in-
dex, locomotion index and feeding behavior in-
dex. The development index included GSI and K,
meant to indicate readiness to migrate to spawn-
ing locations. Locomotion index included TI, DFI,
AFT, PFI and EI meant to indicate changes to lo-
comotory appendages as yellow eels which are
benthic dwellers metamophose to silver eels
which are pelagic or mesopelagic swimmers and
require optimal swimming capabilities to reach
distant spawning locations. Feeding behavior in-
dex included NI, UJI, LJI, UDI, LDI and SNI, indi-
cates changes to feeding appendages which
gradually occur as silver eels stop feeding prior
to migratory behavior.

3. Results
Observation of body color

From the 107 specimens in total, there were 68
males and 39 females. The present study was
able to distinguish five developmental stages
based on external morphological characters for
both males and females (Fig.4) and these were
designated as: Y1, Y2, S1, S2 and S3. Morphologi-
cal differences can be practically used in the field
to distinguish between stages (Fig 5).
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Male

Female

Fig. 4 Morphological characteristics of silvering stages based on body and pec-

toral fin coloration in males and females of Anguilla bicolor bicolor from Segara
Anakan. For Y1, Y2, S1, S2 and S3, see text. Bar length 10 mm.

Y1 has a yellow colored belly, without metallic
pigmentation. Pectoral fins without black colora-
tion and the base of pectoral fins without metal-
lic hue.

Y2 has similar coloration on belly and base of
pectoral fins as Y1, but with black coloration on
pectoral fins.

S1 has < 60% of belly covered with metallic
pigmentation. Black color coverage on pectoral
fins are < 80% and with < 50% metallic hue at
the base of pectoral fins.

S2 has < 80% but > 60% of belly covered with
metallic pigmentation and black color coverage
of pectoral fins > 50% but < 70%. Metallic hue at

the base of pectoral fins is similar to that of SI,
< 50%.

S3 has > 80% metallic pigmentation on the
belly with > 80% black color coverage of pector-
al fins and > 70% metallic hue color at the base
of pectoral fins.

There is an increasing trend in the percentage
of metallic pigmentation (silver belly coloration),
black color coverage of pectoral fins and metallic
hue coverage at the base of pectoral fins with in-
crease in silvering stages (Fig 6).

Y1 had a total of 30 specimens, with TL of
males (n = 19) ranging from 265-384 mm and
females (n=11) from 390-513 mm, (Fig 6). Y2
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!

’ Black coloration on pectoralfin

All 3 criteria required

1. Metallic pigmentationon belly > 80%
2. Blackcolor on pectoral fin > 80%

3. Metallichue on pectoral fin base >70%

No

1. Metallicpigmentation on belly <60%
2. Metallichue on base of pectoral fin <50%

yes

-

IECP

Fig. 5 Diagram showing morphological differences of color to

distinguish between stages of females and males Anguilla bi-

color bicolor from Segara Anakan, Indonesia

had 24 specimens with TL of males (n = 14)
ranging from 327-429 mm, while females (n =
10) from 441-780 mm. S1 had 12 specimens with
TL of males (n =6) ranging from 350-442 mm
and females (n =6) from 674-799 mm. S2 had 20
specimens with TL of males (n = 14) ranging
from 342-501 mm and females (n=6) from 702-
829 mm. Finally S3 had 21 specimens with TL of
males (n = 15) ranging from 409-496 mm and
females (n=6) from 785-937 mm.

Morphological measurement

Based on Kruskal Wallis test, there were sig-
nificant differences of the following indices be-
tween the various silvering stages in males and
females (P < 0.01); K, GSI, TI, DFI, AFI, PFI, EI,
and NI, in males only (P < 0.01); UJI and LJI
and in females only (P < 0.05); LDI. While there
were no significant differences of UDI and SNIL
TL of males were notably smaller than females
and ranged from 342 mm-501 mm with mean *
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Fig. 6 Percentage of silver belly coloration, black color coverage of pectoral fin, and metallic hue at
the base of pectoral fin in silvering stages of male and female Anguilla bicolor bicolor from Segara

Anakan, Indonesia.

SD of 414.83 £+ 40.38 mm, while that of females
ranged from 674 mm-937 mm (786.11 = 68.98

mm).

Development index

For both male and female A. bicolor bicolor
there was a trend of a gradual increase in K and
GSI with progression of silvering stages (Fig. 7).
In male silver stages (S1-S3) displayed sgifi-
cantly higher K and GSI compared to Y1 stages.
Y2 was observed to have significantly lower GSI

compared to S2 and S3. For both male and fe-
male there was no significantly differences K an
GSI between three silver stages (S1-S3) (P <
0.05). Based on Kendall correlation, K and GSI
showed strong positive correlations between sil-
vering stages in both males and females (P <
0.01).

Locomotion index
There was a general increase of locomotion in-
dices (TI, DFI, AFI, PFI, and EI) with incre-
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Fig. 7 The development indices in silvering stages of male and female Anguilla bicolor bicolor from

Segara Anakan, Indonesia.

ment of stages in both males and females (Fig.
8). In males all five locomotion indices (TI, DFI,
AFT, PFI and EI) within silver stages (S1-S3)
were significantly higher than those of Y1. All in-
dices of Y2 were significantly lower than those
of S2 and S3 (P < 0.05).

In females all five locomotion indices of Y1 had
significantly lower than those of S1 and S2. S3
was observed to have significantly higher AFT,
PFI and EI compared to Y1. Y2 was significantly
lower TI, DFI, AFT than those of S1 and S2. S3
was observed to have significantly higher TI,
AFT, EI compared to Y2 (P < 0.05). Based on
Kendall correlation, both males and females
showed positive correlation between locomotion
indices and developmental stages (P < 0.01).
Feeding behavior Index

In males the UJI and L]JI of S3 were signifi-
cantly higher than those of Y1. NI of Y1was sig-
nificantly higher than that of Y2 and S2. Y2 dis-

played significantly higher NI compared to S2 (P
< 0.05). Based on Kendall correlation, UJI and
LJI showed positive correlation with develop-
mental stages, while negative correlation be-
tween NI and developmental stages (P < 0.01)
(Fig. 9).

In females S3 was significantly lower NI and
LDI than those of Y1. NI of Y2 was significantly
higher than that of S3. Based on Kendall correla-
tion, NI and LDI showed negative correlation
with developmental stages (P < 0.01) (Fig.9).

Seasonal occurrence

Silvering females were caught during most
months of the year (Table 1), while silvering
males were only caught during May 2017 and
May-June 2018. Silvering females were also ob-
served in both the wet months of the year (De-
cember to March) and dry months (May to June)
in Segara Anakan with corresponding peak sea-
son for females the same as males which was in
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Table 1. Catch date, total length and body weight of silver phase Anguilla bicolor bicolor used in

present study

Date Sex Sample Total length (mm) Body weight (g) Season
size (n) range mean + SD range mean + SD

Dec 31th, 2015 F 1 818 905 R
Jan 29th, 2016 F 1 937 1565 R
Feb 1st, 2016 F 1 908 1400 R
May 18th, 2016 F 1 810 1100 D
Aug 27th, 2016 F 1 785 1200 D
Sep 19th, 2016 F 1 745 870 D
May 4th, 2017 F 3 702-829 75467 = 66.21 533-935 801.33 = 215.27 D
May 5th, 2017 M 29 342-501 430.10 = 3950  83-199 13450 = 35.17 D
May 10th, 2017 F 9 674-866 764.78 = 54.94 537-1339 815.70 * 226.79 D
May 23th, 2018 M 5 350-456 430.10 = 13450 78-160 134.50 = 35.17 D
June 2nd, 2018 M 1 450 125 D

R: Rainy season, D: Dry season

May 2017 and 2018, during the dry months.

4. Discussion
Body and pectoral fin coloration in silvering
stages

The present study is the first to identify the
difference in size of silvering female and male A.
bicolor bicolor and categorize the silvering
stages of both sexes collected from Segara Ana-
kan in Indonesia based on body and pectoral fin
coloration into 5 stages: Y1, Y2, S1, S2 and S3.
When comparing the 5 silvering stages of A. bi-
color bicolor of the present study to similar stud-
ies, OKAMURA et al. (2007) and HAGIHARA el al.
(2012) demarcated silvering stages of A. japoni-
ca in Mikawa Bay, Japan and A. celebesensis, in
Poso Lake, Sulawesi Indonesia respectively into
4 stages: Y1, Y2, S1 and S2. Furthermore
HAGIIARA et al. (2012) also described the silver-
ing stages of A. marmorata from the same area
which were grouped into 3 stages: Y1, Y2, and
S1. The silvering stages of female A. bicolor bi-
color from Segara Anakan, Indonesia reported

by ARrAI et al. (2016) and female A. bicolor bicol-
or and A. bengalensis bengalensis from Penang,
Malaysia (ARAT and ABDUL KaDR, 2017) were
grouped into 5 stages but these were based on
the development of GSI and gonad histology. Ad-
ditionally, male A. bicolor bicolor from Penang,
Malaysia was grouped in to 3 stages and male A.
bengalensis bengalensis into 2 stages by ARAI and
ABpUL KADIR (2017). Discrimination of silvering
eels employing gonadal histology is invasive,
therefore a more practical method utilizing ex-
ternal morphological characters such as body
and pectoral fin coloration presented in the pres-
ent study will enable easy identification for moni-
toring studies within the South-east Asian re-
gion.

The synchronous development of silver colora-
tion on the body and pectoral fins together with
the maturation of gonads which were observed
for tropical eel A. bicolor bicolor of the present
study have also been observed in several species
of temperate eels: A. japonica (HAN et al., 2003;
OKAMURA et al., 2007), A. anguilla (DURIF et al.,
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2005), A. dieffenbachii, A. australis (Topp, 1981)
and other tropical eels: A.
(ROBINET and FEUNTEUN, 2002), A. celebesensis
and A. marmorata (HAGIHARA et al., 2012). Both
temperate and tropical anguillid eels displayed

bicolor bicolor,

similar morphological development during the
silvering process with dorsal regions developing
black coloration while ventral regions a metallic
silver coloration. The pectoral fins also devel-
oped darker coloration until the distal portion of
the base of the pectoral fin which displayed gold-
en or silver coloration. (Topp, 1981; ROBINET and
FEUNTEUN, 2002; DURIF ef al., 2005; OKAMURA et al.,
2007; HAGHARA et al, 2012). HAN et al. (2003)
suggested that these changes in skin coloration
were highly correlated with gonadal develop-
ment in Japanese eels and therefore the external
morphological changes observed in the present
study for A. bicolor bicolor supports that sugges-
tion.

Morphological and physiological changes
Firstly the development indices of the present
study, K and GSI were observed to increase with
the increase of silvering stages (Fig. 7). DURIF et
al. (2005) reported similar results for A. anguil-
la and suggested that with increasing sexual ma-
turity, anguillid eels tend to increase in size and
K. In most species of anguillid eels it has been re-
ported that female eels tend to maximize their
size, 1. e. K, in order to maximize fecundity
(WENNER and Musick, 1974; VOLLESTAD and
JONSsON, 1986; HELFMAN et al., 1987). For large A.
anguilla, DURIF et al. (2006) observed that gonad
weight (GSI) increased exponentially with size
at maturation and that larger silver eels devel-
oped proportionally more gonads as compared to
smaller silver eels, suggesting that an increase in
K would facilitate greater reproductive success.
DURIF ef al. (2006) further reported that K or fat
content of female eels directly impacts the ca-

pacity for egg production and also provides ener-
gy reserves for spawning migrations. Although
there was no significant increase of GSI ex-
pressed in the present study, there is a noticea-
ble increasing trend of GSI with sexual maturity.
This is similar to those of several studies (TopD,
1981; HAN et al., 2003; DURTF et al., 2006). In A. an-
guilla, DURTF et al, (2006) reported that matura-
tion was characterized by the weight of gonads
which in turn reflected fecundity. Tobp (1981)
further reported that higher GSI values in A.
australis and A. dieffenbachii displayed greater
oocyte diameter while Aral and Kapwr (2017)
stated that tropical eels, A. bengalensis and A. bi-
color bicolor both displayed greater develop-
ment of the gonad structure with increase in
GSI. Therefore it is clear that increasing develop-
ment indices with increasing sexual maturity ob-
served for A. bicolor bicolor in the present study
correlates to an adaptive feature which would
enable greater reproductive success and migra-
tion success and is typical for most anguillid eels.

Secondly, locomotion indices of the present
study (Fig. 8) displayed a general increasing
trend of all indices from early yellow stages to
late silver stages. The increase in PFI is an im-
portant adaptation for anguillid eels during their
spawning migrations as pectoral fins act as sta-
bilizers and aids in predator avoidance (HAGIHARA
et al., 2012). The present study is also the first to
provide information on DFI, AFI and TI for an-
guillid eels which displayed increasing trends
with increase in silvering stages. Increase in all
aspects of the caudal fin region i.e. DFI, AFI and
TI will improve swimming ability during spawn-
ing migration (MULLER ef al, 2001). Further-
more the EI of A. bicolor bicolor in our study al-
so displayed an increasing trend of 3.82-folds in
males and 1.78-folds in females with increasing
sexual maturity from yellow to silver stages (Fig.
7). The increase in size of the eyes (EI) in the
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present study may also function in aiding of
predator detection during oceanic migrations to
spawning locations. This has also been observed
for several other species of anguillid eels such as
A. australis, A. dieffenbachii (Topp, 1981) and
A. anguilla (NOWOSAD et al, 2014). The present
study was also the first to provide silvering indi-
ces for males of A. bicolor bicolor from Indone-
sia. The EI of late silver males in this study (11.92
+ 1.75) was also found to be considerable high-
er than other anguillid eels, A. bengalensis benga-
lensis and A. bicolor bicolor from Malaysia (6.09
+ 1.08 and 7.65 = 2.49, respectively) (ARAI and
ABpUL KADIR, 2017), A. japonica (5.7 = 0.6)
(YokoucHr et al., 2009) and A. anguilla (99 = 1.6)
(DURIF et al., 2005).

The feeding behavior index, i.e. UDI, and SNI
of A. bicolor bicolor of both sexes in this study
did not display degression with progression of
silvering stages from Y1 to S3. UJI and L]JI in
males showed the increasing trend with progres-
sion of silvering stages, while LDI in females
showed the decreasing trend with progression of
silvering stages. NI in both males and females
showed the decreasing trend with progression of
silvering stages (Fig. 9). Furthermore all sam-
ples for this study including late stage silver eels
were lured and collected using baited traps and
hooks. These results suggest that silver eels of
A. bicolor bicolor from Segara Anakan were
feeding individuals even at late stage (S3) silver
eels. This is in contrast to temperate eels such as
A. anguilla, A. rostrata and A. japonica. DURIF et
al. (2005) reported that A. anguilla ceased feed-
ing at the onset of silver eel maturation, which
resulted in degeneration of the gut. PANKHURST
and SORENSEN (1984), LIONETTO ef al. (1996) and
OKAMURA et al. (2007) also observed similar de-
generation of the elementary tract in silver eels
of A. anguilla, A. rostrata and A. japonica respec-
tively. This degeneration may also be a result of

cessation in feeding. We suggest that A. bicolor
bicolor may be feeding individuals right up until
they begin oceanic migrations. Furthermore it is
possible that A. bicolor bicolor cease feeding as
soon as oceanic migration commences as evident
through the decrease in NI. Nostrils of anguillid
eels are connected to the olfactory organ which
plays an important role in the location of feed
(ATTA, 2013). Therefore a decrease in NI with
sexual maturity suggests that although late
stage silver eels feed within continental waters
they may cease feeding at the onset of oceanic
migration. With very few studies on silvering
stages of tropical eels and even fewer on com-
parison of feeding behavior indices of tropical sil-
ver eels it is important that similar studies are
conducted on other tropical anguillid species to
verify if this hypothesis is common for other
tropical species.

Although silver eel collections during the pres-
ent study were conducted intermittently by local
fishermen, a seasonal trend could be observed
for both males and females. Female silver eels
were observed relatively throughout the year in
low numbers with peak collection periods during
the dry season in May 2017 and 2018. This is typ-
ical for tropical anguillid eels which have been
suggested to spawn throughout the year (KUROKI
et al., 2009). Males however were only collected
during the dry months of the year, in May 2017
and May-June 2018, of 35 samples which also cor-
responds to peak collection seasons for females
(Table 1). As there may have been shortcom-
ings with the frequency and effort of eel collec-
tion by fishermen, it is entirely possible that
males were also present during the year but
were simply not collected. Additionally it may be
fairly assumed that peak silver eel migration pe-
riods of A. bicolor bicolor in the Segara Anakan
are during the dry seasons around May. Tem-
perate anguilld eels A. japonica (Matsui, 1957),
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A. rostrata (Jessop, 1987), A. anguilla (VOLLESTAD
et al, 1986), A. australis and A. diefffenbachii
(Topp, 1981; SLOANE, 1984; JELLYMAN, 1987) all
make their spawning migrations either during
fall or winter seasons. VOLLESTAD et al. (1986)
further reported that high water discharge and
low temperature were the main factors influenc-
ing the onset of A. anguilla silver eel runs.
Therefore peak silver eel runs for A. bicolor bi-
color from Segara Anakan seem to be triggered
by low temperatures rather than rainfall, as dry
seasons are also relatively cold seasons in the
Java region and this is when majority of silver
eels were captured in the present study. Aver-
age temperatures and rainfall per month during
May-August 2017 was 30 C and 122 mm respec-
tively, compared to 32 C and 375 mm respec-
tively for September 2017-April 2018 (Indonesi-
an Central Bureau of Statistics, 2019a,b). Con-
traction of habitat and reduction of resource
availability brought on by dry seasons may trig-
ger eels in Segara Anakan to commence spawn-
ing migrations.

The present study was able to provide infor-
mation on the morphological differences of sil-
vering stages in A. bicolor bicolor of both sexes
from the Segara Anakan Estuary. Two yellow
eel and three silver eel stages were differentiat-
ed using clear and easily distinguishable exter-
nal morphological characters. An identification
key using external morphological features pre-
sented in this study will enable fisheries agen-
cies to quickly and conveniently distinguish the
various silver eel stages. This will abate in the
monitoring of silver eel migration patterns in the
region and assist in conservation programs
aimed at effectively utilizing this species. The
present study was only able to collect samples
from fishermen when they were available and a
more systematic approach is required to obtain a
more robust understanding of the abundance

and seasonality of A. bicolor bicolor silver eel mi-
grations in the Segara Anakan Estuary. Current-
ly this species is listed as ‘near threatened by
the TUCN Red List of Threatened Species
(JACOBY et al, 2014) and further life history
studies are required for the promulgation of ef-
fective conservation programs in the future.
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Where do the salangid, Salanx ariakensis endemic to Ariake Bay in Japan spawn?

Shotaro TojMa ™*, Tzumi KivosHITA and Yuichi HIROTA

Abstract: Little is known about the early life history of critically endangered salangid, Salanx

ariakensis, being one of the largest species in salangids, endemic to Ariake Bay in Japan. When

surveying fish larvae and juveniles by a larva net and a beam trawl in Ariake Bay during spring
tide period of December 2017, the larva net could yield a total of 10 yolk-sac, 10 preflextion, sev-
en flextion and four postflextion larvae. No larvae occurred in any stations of rivers, and partic-

ularly the yolk-sac and preflexion larvae had been aggregated in waters around the mouth of

each river. After starting the notochord flexion, they had tended to disperse westward along

coasts with growth by the residual current, and to be nursed in shallow coasts with relatively
polyhaline and less turbid waters for Ariake Bay. These phenomena could be found also in au-
tumn of 2014, 2015 and 2016. Considering these information, it is likely that S. ariakensis spawn

in the vicinity littorals of estuaries rather than the upper reach of rivers, as well as common sal-

angid, Salangichthys microdon.

Keywords: Salanx ariakensts, larva, spawning ground, Ariake Bay
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ariakensis Kishinouye, 1902 3 £ O* ¥ 7 7+ Sal-
angichthys microdon (Bleeker, 1860)) (WAKIYA
and TAKAHASHI 1937; H B3 7, 2002b; #i %,
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Table 1. Collection records of Salanx ariakensis larvae by a larva net in Ariake Bay in November 2014 and
2015, and December 2016 and 2017. A, yolk-sac larva; B, preflexion larva; C, flexion larva; D, postflex-

ion larva.
P ters at surf
Date Year Stn. in Fig. 1 Collected arz?rr.le e sur- a.ce Developmental BL (mm)
number  Salinity  Turbidity stage
23,24 Nov. 2014 37, 38, 54 3 270-29.7  41-132 B, C 6.3-12.2
25,26 Nov. 2015 37,52-54 7 232-283  122-496 B.C 98-147
13,15, 17 Dec. 2016 6-8, 37, 66 14 249-296  64-51.0 A-D 6.2-20.6
3-5 Dec. 2017 8,9, 30, 37, 38, 53, 65 31 242-296  7.9-406 A-D 52-184
Total 6-9, 30,37, 38, 5254, o5 232-297  4.1-510 A-D 5.2-20.6

65, 66

WTIE, B - HEEAR D X ONR ST o $R
AT X o T, IS s CREN T A LR X
NTWDITEE R\ OKEIE2, 2000 HILEIZ
A, 2002a; KA - BRFE, 2006) .

AEHAEE 2B &, TYT XTI hidik
AKVEDS5R I R (B, 1966), > 7 o 4
VPRI (T, 1973a, b), AWHEICIE5 L
WA ¥ H T YT 9% Salangichthys ishikawae
Wakiya and Takahashi, 1913 (fli%+, 2013) &4}
MV A YRR (SENTA et al., 1986; &P - T-H,
1989), £ N FUT5 A L, @ LI IZAT D %\,
W - KBS (2001) TRBENRTWSL EHIZ, 7
VT YT Sl e 51, ARO AR
FRR RGP A2 DO LIl b,

AR, B S 2R L 22k fe iR cdh 5 T )
Tr Y7t OREIBREAORETH Y, ZOM
PUIEFAFEOBRELZHLNIT S Z MWD T
BETH D, ARG TIE, FREFRO M2 Y BB
BE & 3BT, AREOREINSE 12O THBGES L 720

2. MEERE

FHEfFAIE 2014 225 2017 D 4 4EW (Ta-
ble 1), #ZF (11 4 L <312 H) oXK#initkic,
ARSI RR T 72 32 A (2017 4E) 205 35
SEM (2015 4F) (Fig. 1) TAf» 720 ek % R
By B0l HA Ay b (L 13 m, #H 05
mm) (2 X ZEEEH 5 EEE TOMFREIT-
7o, EOHT, BEWOL N IEER (Stos.
0-5, 33-36, 50-53) TITHFEF V #5720

#WH%Z lmm & L7z fFHEAOEE (n-100m~?)
(&, MEIC%EAE L 723K E (General Oceanics,
2030R) D EIEEA & KD ik (V, m®) & 2
E1) —REEE (Alec Electronics, Mark5) 12X %
Ak (dm) 5 [n-d-V~-100] oz
Ko TRz AL, Hi#E [Kupers (1975)
2 MO (15 m), ® (025 m), #8H
Cmm)] 12X o THREL 720 2O DOHE
(n-+100m ?) % GPS (Garmin, Colorado 300) T
RN L - (m) (SRR A& 3 U 72 S
f (A,m?) ZHMLT, n-A1-100] 12&o
TRD7Z,

FRREDIA LIS T10% RNV <) VEHCHE
EL, BHICEREICELIED, #E 0%
J = VITIRAE L72o BN, S8 E B (KenDpALL
etal, 1984) 2, #hE (BL) UmihiDiai cHE
£ (NL), #%EihLEciugikE (SL)], 45
(fgJeie, BD) B X OHRAINHE (ymh) (Fig.
3ERL) ZEHIL 72,

WHER I A TOEEIZBWT, K (T), i
4, ®E (NTU) % Compact-STD (JFE 7L v
7, ASTD687) THEH, S, il - ik (kt) %
ADCP (RD Instruments, WHSZ-1200- I -UG12)
THKE LM A5, TNENKRIKEE T 05m HkE
T, HE A TEMLUCERIL 720 B (Axis)
% Stn. 63 ZkpE LT, FNENHRE (Axis-
D, HWH (Axis2), AN (Axis-3), FEI
(Axis-4) B X im)ll (Axis-5) T Tikl) 72 (Fig.
Do
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Fig. 1 Chart of Ariake Bay showing the stations where fish larvae and juveniles were sur-
veyed in November 2014 and 2015, and December 2016 and 2017. Pelagic fishes were
collected by oblique tows from near the bottom to surface with a larva net at all circle
stations, of witch, double circles were the stations at which demersal fishes were collect-
ed also by a beam trawl. Solid (flood tide) and shade (ebb tide) arrows show tidal di-
rection and magnitude (kt) at 1 m depth of each station, when larvae and juveniles
were collected in 2017. Five dotted axes extended from a core station (Stn. 63) to each

area are to observe profiles of water parameters.

2014 705 2017 4E D 4 4ERIC, TUT A YT EOWTRAE Lz,

F DI B4 S I i A f, AEF 55 R AWFFE T 7240, iR 70 Db, RN
(52-20.6 mm BL) AR S 7z (Table 1o At EEEICEOEIA S, BRI 65
B, WA ERESINAFIC2017EORRIC 6MKBE T THo2I TV Trv vt
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a. Temperature (°C)

b. Salinity

¢. Turbidity (NTU)
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Fig. 2 Vertical and horizontal profiles of water parameters along each axis (see Fig. 1) in December 2017.

Triangles under horizontal axes indicate river mouths. Shade areas indicate waters in which Salanx

ariakensis larvae were collected with a larva net.

[ L7z (WakivA and TAKAHASHL 1937; K413
A, 2000; HILEFIZ2, 2002a) . FERERLHEIC T
7oA, R R A i AR W T JE OE S
UKU 161000-161003 & L TE#kL 7=,

3. R
3.1 YIERIE

2017 4E 12 F, FAZ BF#IREComIIINTIE,
ANANTOR®E 32 kt, FEHLIIITORE 1.6 kt
D BRI A, HHTIZ 05 kt BUN & b
BEWER AT NSl SNz —T7, EIZ
T O R T, RO

Axis-3 A5 Axis-1 D DAH30.8-1.6 kt & Wk L,
HAEBCTEELLBVWIH TH 72 (Fig. Do K
B XS THRDE, HWHI, AMIB LR
NI 20 5 B2 20F TORBIE R A
ROEHEAITH -7z (Fig. 2 (a,b))o WA
TIE, FLLZLL 503, W SEEERI
T, eI 30 ik E TR L7 (Fig. 2
(b)) @ (NTU) &, AfAB X OB O
1900 BLE, FET)10 500 YL EE L L Ed o7z
A5, WA SMAD L IFHEBIC,h T THR A2
WaEL, 10 L FIZHko>TWw (Fig.2 (¢))o
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Fig. 3 Developmental stages of Salanx ariakensis collected in the present study. a,
5.3 mm yolk-sac larva (UKU-161000); b, 8.3 mm preflexion larva (UKU-161001); c,
14.0 mm flexion larva (UKU-161002); d, 18.4 mm postflexion larva (UKU-161003).

ymh = yolk sac maximum height.

3.2 fFRAOME (Figs. 3, 4)

2017 4£ 12 BICHRE SN 2fFMIE, hE (UT
W) 5.2-184 mm DY HEEIIT-f A S 5w i 17
fiCTH Y (Table 1, Fig. 3), T Ty, I
B & AR (52-12.8 mm) OFaDS, 0B
X#2/3%507: (Fig. 4).

H 12> (20022) 1%, AFEDO RIS L
TR 2RI 2 1T > TV 525, PIICBI LT
FE AN T WD oT. 22 TARRE TR
WOHR 2 P IR E L LT 5. Wi
1, HFHFEW % LT 52-55 + 16-21 = 70-74
TH-72 (Fig. 3)o 6 mm KimDEAETIE, BRI
Bk, OB X OHILMNERIEO L Tz, IR E b
FTHELTBY, H6mm THEEICHKT S F
T, WA FE ORI E IZTEEO T IICHINS L, B
HEOEHSIIMEL o Two7r (Fig 3 (a)o W
KIPH = / MREE, %5 mm TR 50% Tho 7z
25, 6 mm T 0% 2% o TWwWizo JIHEIINEE,

HFREwmO FIEIZR 13 mm THE Y, 16 mm
TR TL, REEELDIFZITERL TV, & -
HhEOIERIZ, #ArEl - EilRicehen
L LG, ES5L, BiECidmiihicafeL
G725, BiETIIEL ML T, H - %
GEDTEITIEFFNTH o720 T D%, I
IZBWTH, MEEDOERIIBLEIBEIE L REKT
Ho7z

S R BEFERICOWTIRARL &, B,
Z ORERFIE R A PO 7 R SR ASHAE L
Tz, JHEPIPUZHEV, o omFEIEHEL
T 72hs, RIS 20-25 1 o LRk & 7
RROBEDPE 2 S BB - T—H %2 %2 LT
Wiz, ToOmFEINE, FEE I BLE ORI
Lo T THANERBH L Tz, BIEREHO R
L, ERFEREZELTHALTY 2>
72 (Fig. 3 (a-d))o
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Fig. 4 Size frequency distribution for developmental stages (top) and absorp-

tion process of yolk with growth (bottom) in Salanx ariakensis larvae (yolk sac

maximum height: see Fig. 3).

3.3 FRAODDH

2017 4 12 H oA TId, fFfud, Mtk b
WKLo TOARESN, KBTI TNOELT
baRESN LD o 7o FEIZITIEE (Stns.
30, 37,53, 65) X OVEREEL (Stns. 8,9, 38) THi
BL, I (Stns. 0-7, 33-36, 50-52) 3 & U5k
FLi% (Stns. 11-13, 61,62) Ti&, HB L0 -7
(Fig. 5)o FEHBREIIIC A B &, B8 38 W1+ 41
(52-6.1 mm) &, FFETLIE )1 o 1 2
(Stns. 30, 37, 65) B X CHELII 0% (Stn. 38)
THBL7-—75, #%Eihifir4 (16.0-184 mm)
X, BHRE (Stn. 9), BEIINOER (Stn. 38)
BLOHEINI (Stn. 53) THILL 7 (Fig. 5)o
IS % LB (Axis) OWIBBREE DKo

RO LADLELE, M BB XZEKER
11-14°C, ¥4 24-30, &1 8-60 i CHIAL,
A5 TS BLERZ LTI HRHR Y i ik % BE D K B
2504 LTz (Fig. 2)o

—7%, 2014-2016 £ TIi&, ARFEAT£1E 2017 &
FERRZI RSB O AKIF T O A v b OBFEHEIZ
Lo THRES N, WINEEEE S L OHHETld 4 <
RSN h o7z (Table 1)o Hi2, YR 3EIF
B X OHE M E A5 &, 2014 4 ClE R
YL 8 A ¢, 2015 4E Tl 3 I 38 T,
2016 4ETIXREBN O O THH L7z, FHD
WL 2@ S oREOYMEREL, Bk X 2Hs
23-30, #JE 4-51 OHPATH Y, NS 35ED
fEIiE 2017 2ED D D & 1FIT—F L 72,
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Fig. 5 Horizontal distribution of Salanx ariakensis
larvae collected by a larva net in Ariake Bay, De-
cember 2017. The diameter of each circle is
drawn in proportion to the square root of density
(n+100 m~2), of which the largest was 24 at Stn.
38. Numeral beside each circle shows station
number (see Fig. 1).
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