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Examples of ocean wave spectra estimated from
ERS-1 SAR images

Li-Guang LEU™** Yi-Yu Kuo~** and Cho-Teng L1U"*"

Abstract : ERS-1 SAR (Synthetic Aperture Radar) images were used to derive ocean wave spec-
tra. Because of the simplicity in bottom topography and availabilily of sea truth data, Hwalien
coastal region east of Taiwan was selected as the site for comparing the satellite SAR-derived
and the in situ surface wave spectra. Two-dimensional (2D) wavenumber spectra were derived
from the digital SAR images through the Fourier transformation in the space domain. The
wavelengths, wavenumber, wave period and the direction of dominant wave systems were then
calculated from the spectral peaks. To verify these SAR-derived wave characteristics, the
wavenumber spectra were converted to the frequency power spectra for direct comparison with
simultaneously observed in situ wave spectra. Two cases were studied. The difference between
the SAR-derived wave directions and those measured by the directional wave rider buoy was
about 8° and 26°, and about 3.5% and 16% for the wavelength. Since the significant wave height
measured by the wave-rider was only 0.73 m and 1.65 m, we can conclude that using satellite SAR
to observe the ocean waves is a feasible approach with acceptable accuracy, even over a rela-

tively calm sea.

1. Introduction

Observing ocean surface waves using con-
ventional instruments, e.g., the wave gauges,
wave-riders, and ultrasonic wave meter, is rela-
tively difficult at sea. Such difficulty includes
deploying, monitoring and retrieving these in-
struments, thereby hindering efforts to acquire
continuous wave data. The amount of surface
wave data is much less than expected owing to
the loss, damage, and malfunction of the instru-
ments. Besides, most conventional wave instru-
ments record the temporal change of sea
surface elevation to derive the surface wave
spectra, only a few can observe the spatial
characteristics of wave fields. In contrast, the
remote sensing technique can obtain the infor-
mation of ocean wave-field at synoptic scale,
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subsequently making it complementary to the
conventional methods.

Synthetic Aperture Radar (SAR) images
have been used to observe ocean surface waves
(GONZALES et al., 1979) since launching of the
satellite SEASAT in 1978. The visible bands of
System Probatoire d’Observation de la Terre
(SPOT) can be used to image ocean surface
wave-field (PopuLus, 1991) ; however, it func-
tions only in the daytime and on a cloud-free
day. SAR is an active radar. The microwave
pulses sent out by the radar can penetrate the
cloud and moisture in the air, and interact with
the ocean surface waves — regardless of the
time of the day or the weather conditions.
Hence, SAR images can be used for monitoring
the wave-field of rough seas, especially near re-
gions where typhoons frequently occur. This
capability is quite useful for the safe and eco-
nomic design of coastal marine structures. De-
spite some successful applications of SAR
images in previous case studies on bottom to-
pography, eddy, internal wave, current and
boundary, ship wakes, a definitive algorithm h
as not yet been derived for imaging ocean sur-
face waves by SAR. The SAR image spectrum
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is actually not representative of the spectrum
of sea surface displacement. The power spectra
of SAR image is only a transformation of a
directional slope spectrum of sea surface
through a modulation transfer function (MTF)
(ALPERs and HASSELMANN, 1978). The SAR
imaging of the sea surface is conceivably af-
fected by the surface wave motion ; however,
its mechanism is not yet fully understood
(ALPERS et al., 1981 ; HASSELMANN, 1985 ;
ALPERS and BRUNING, 1986). Many studies on
how surface wave motions affect SAR imging
mechanism are still underway.

Earlier studies of the wave-field with satellite
sensors were under taken primarily on the
open seas. Relatively few successful ovserva-
tions were made of ocean surface waves near
shore by satellite SAR. The images of apparent
wavelike pattern were not easily obtained at
low sea conditions in which the significant
wave height was below 2 meters (GONZALES,
1979). The simple dispersion relation for deep
water waves used in transferring the wave-
number power spectra to the frequency power
spectra. However, the general dispersion rela-
tion must be used in a coastal region.

In this study, two SAR images over the east-
ern coast of Taiwan are analyzed and com-
pared with in situ wave data recorded simul-
taneously by a wave-rider. the wave-rider was
located about 1 km offshore from the Hwalien
Harbor on the east coast of Taiwan (Fig. 1).
The water depth is about 26 m at the site of
wave-rider. The waves are considered as inter-
mediate water waves because the wavelength
of swell east of Taiwan is normally around
about one hundred meters. The significant
wave heights were beloe 2 meters at the time of
SAR observation. Subscenes of the SAR im-
ages (Fig. 2) covering the site of the wave-rider
are extracted for the study. Also, pre-
processing techniques such as detrend and low
pass filtering are used to improve the signal to
noise ratio (SNR) and to enhance the spectral
characteristics. Figure 3 provides the data proc-
essing flow chart and also compares both spec-
tra derived from SAR images and in situ wave
data.

2. Data and pre-processing
2.1. ERS-1 SAR data and in situ data

The European Space Administration (ESA)
launched the first European Remote Sensing
Satellite (ERS-1) in July 1991, with the primary
mission of ocean survey and research. The SAR
scans and receives radar echoes from the sea
surface at an angle of 23° off-nadir with an alti-
tude of 785 km. The microwave used by SAR is
C-band at 5.3 GHz. Every full scene of SAR im-
ages spans an area of around 100 km X 100 km.
All pixels are nearly square with a size of 12.5m
by 125m. The ERS-1 SAR images used in this
study were received by the Ground Station at
the Center for Space and Remote Sensing Re-
search (CSRSR), National Central University
in Chungli, Taiwan. Obtaining the image for
averaging four looks is the major objective.
The geometrically uncorrected four-look im-
ages are generally referred to as georeference
or slant range data. SAR images have two mo
des : discending and ascending. In the descend-
ing mode, the satellite passes over Taiwan at
about 2 : 30 Universal Time Coordinated
(UTC), or 10 : 30 Taiwan Local Time (TLT).
The original SAR images are reversed in the
east-west direction, similar to a mirror image of
the map. In the ascending mode, ERS-1 passes
over Taiwan at about 14 : 30 UTC, or 22 : 30
TLT. Before re-mapping, the SAR images are
turned upside down from a regular map view.
In this study, two images were acquired from
CSRSR. The acquisition time of SAR images
and their orbit numbers are (a) descending
orbit 12358, track 189 on November 26, 1993, 2 :
25 UTC, or 10 : 25 TLT, and (b) ascending orbit
122, track 31 on November 15, 1993, 14 : 19 UTC,
or 22 : 19 TLT.

The Institute of Harbor and Marine Technol-
ogy (IHMT) of Taiwan collected the in situ
wave data. A wave-rider buoy was deployed at
(24°0700"N, 121°38'24.5"E), outside of the east
breakwater of Hwalien Harbor. The sampling
rate of the wave-rider was 1.28 Hz and the sea
surface elevation was recorded for twenty min-
utes at two hour intervals. The data were then
transmitted in at VHF frequency to the re-
ceiver in a building near the coast. Next, wave
data were translated and transferred to a per-
sonal computer for recording. Acceleration of
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Fig. 1. The location of wave-rider and the bathymetry near Hwalien. Depths are in meters.

the buoy was measured by two fixed acceler-
ometers in the horizontal x and y directions,
and by an accelerometer mounted on a gravity
stabilized platform in the vertical z direction.
Also, the sea surface elevation was derived
from the heave motion of the buoy. Moreover,

the wave direction was derived from the hori-
zontal acceleration of the buoy. Two sets of in
situ wave data were collected on (a) November
26, 1993, 10 : 30 TLT, and (b) No vember 15,
1993, 22 : 24 TLT.
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Fig. 2. ERS-1 SAR images over Hwalien of Taiwan for case (a) descending orbit 12358 on
November 26, 1993, and case (b) ascending orbit 122 on November 15, 1993
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Fig.3. Flow chart of data processing and their comparison of spectra derived from ERS-1 SAR

images and in sifu wave data.

2.2. SAR wave image pre-processing

Some appropriate filterings are necessary be-
fore the wave spectral analysis of the satellite
images can be performed. A low pass filter was
used to remove the high frequency noises that
are typical in SAR images : a high pass filter
was applied to remove the trend of grayness in
the satellite images. The echo strength re-
corded by the SAR varies from pixel to pixel,
as in the case of the distance between the satel-
lite and the sea surface. The noises in the satel-
lite images are regarded as a random error. A
moving average with a 3 by 3 mask is suffi-
cient to reduce the random error. The removal
of noise improves the SNR of the satellite-
derived surface wave systems. The nearshore
wave-field is normally inhomogeneous owing
to the topographic steering of the swell. Taking
a small subscene of the wave image is prefer-
able in the sense that the wave-field is nearly
homogeneous in the subscene, thereby yielding
stable statistics and power spectra of the wave
system. The detrend of wave images may make
SAR images of a wavelike pattern more easily
observed and manifest a small variation of

signals thereby, producing an enhanced wave
power spectra.

The digital counts of SAR images represent
the radar backscattering crosssection of the sea
surface. Assume that the gradual change of
gray tone in an image can be expressed as

X.(m,\, ms) =a+bm,+cm. (D

where a, b, ¢ are constants, and m, m. fall
within 0 to N-1, and (m,, m.) is the position in
the image of N by N pixels. The spatial 2D lin-
ear least square method is used to obtain the
trend of wave image. The detrended image is
obtained after removing the main trend image.
If the matrix of original digital image is ex-
pressed as Xo(m,, m»), the matrix of detrended
image is written as

X(ml,mz) :X()(ml,ﬁh) *X;(mhmz) (2>

The process of detrending may not be en-
hanced for every wave-field image. Detrending
may occasionally more effective in obtaining
the actual wave pattern in images with an
unever backscattering cross-section. However,
manipulating the later processing of the SAR
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images after detending and deriving the en-
hanced wavenumber power spectra are highly
desired.

3. Methodology
3.1. Spatial fourier transform

A SAR image is a 2D sampling of the
backscattering strength of satellite radar ech-
oes of the sea surface over an area of 100 km by
100 km. The subscene covers the wave-rider lo-
cation with a relatively uniform wave pattern
so that a reliable conclusion can be derived
from the comparison between the SAR data
with in situ wave data. All of the pixels are as-
sumed here to be squares of length d on each
side. As shown in equation (2), let X(mm.)be
the digital value of a pixel located at (mm.)
within the subscene of N by N pixels. Here, the
2D Discrete Fourier Transform (DFT) is used
to derive the wavenumber spectra from the
SAR images. DFT defines

E(nz'ko'ny‘ko)

n-1¢n=1
— ]\1[2 ZO[ 21X(m1’ mz)'eﬁi"‘k“‘mrmj.
o inckymi-aa 3
where
ko:2 s /D

D=N-d=the linear size of the subscene of
the SAR image

d=12.5 meters

N=64 in following studies

n.-ke=k.=wavenumber in x direction

ny*ko=k,—wavenumber in y direction

n. and n,=1, 2, 3,-+-++- N

Computations were performed via Fast
Fourier Transforms (FFT), thereby, subse-
quently limiting the choice of NV to the power of
2,ie. N=2*(p=1, 2,»-+). The power spectra were
acquired in correspondence to the wavenum-
bers in the x and y directions, respectively. The
units for the wavenumber coordinates are

O0k:= 08k, =2n/D=27n/(N-d).

3.2. Wavenumber spectrum

In the 2D wavenumber spectrum, the spec-
tral peak (n., n,) represents the dominant wave
characteristics, i.e.,

2

TZK:\/KIZ'§K; (4)
tan = ]I? :% (5
z y

where K is the wavenumber of dominant wave.
K. and K, are their components in z and y
directions so that

L — \D e
yni+ni
=the wavelenght of dominant wave (6)
6 = tan 1( ny) =the wave direction of

T

dominant wave counter-
clockwise from k. @)

A one-dimensional wavenumber power spec-
trum can be derived by integrating the 2D
wavenumber power spectrum in all directions.
The spectral peak of a one-directional wave-
number power spectrum shows the wave-
lenght of the dominant wave system. The
variations of wave slopes shown in the SAR
digital image were not the absolute wave
heights. On the other hand, wave height can be
calculated from in situ data via zero-up cross-
ing method or spectral analysis. Following
carefu. calibration of the wavenumber spectra
with many simultaneously collected SAR and
in situ data, the wave height may be calculated
from the spectra of SAR images. The wave
height can still not be accurately dirived from
SAR data since the effects of wave motion
mechanism in SAR images remain unclear.

3.3. Frequency power spectrum

Time-series data analysis is the conventional
approach of observing ocean waves with wave-
rider buoys. The wavenumber power spectra
are derived from SAR images of spatial data,
thereby making a direct comparison with the
frequency power spectra derived from in situ
wave data nearly impossible. The wavenumber
power spectra should be transformed to fre-
quency power spectra, while the reverse can
not be done because of the difference in the
number of independent variables. The wave-
number power spectra in the Cartesian coordi-
nate system and in the polar coordinate system
have the following relationship (TUCKER,
1991) :
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¢ (k,0)=k- ¢ (ks ky) ®

where U is the wavenumber power spectrum
derived from SAR images, k is the wave-
number of ocean surface waves in SAR images
and k = yki+ ki

The total wave energy computed from the
frequency(f) domain and the wavenumber(k)
domain should be equal, i.e.,

[ v ene-ardo = [ [7 ¢k 0)-dk-do

€))
where ¢ (f, ) is SAR directional frequency
power spectrum, and is determined in the fol-
lowing derivation
Therefore,

8(f,0) = ¢(k, e)-% (10)

By combining (8) and (10), the relationship be-
tween directional frequency power spectrum
and wavenumber power spectrum is

— -9k
¢(fy 6) - ¢(k1yky) k df

%in equation (11) can be calculated via the

wave dispersion relation :

w'=Q27nf)i=gktan h (kh) (12)

(1D

where w is the angular frequency of wave

g is the acceleration of gravity

h is the water depth of the study area

By considering the case of uniform water

depth h, the omnidirectional frequency power
spectrum @ (f) can be calculated by integrat-
ing the directional frequency power spectrum
over all directions :

o(f) =1/C2n) [T ¢(£,6)-do (13)

The forms and peaks in frequency power
spectra of SAR images and in situ wave data
are compared in the following to assess the fea-
sibility of using SAR images to estimate the
characteristics of ocean wave-field over coastal
zone.

4. Case studies

The SAR images of Hwalien over the east
coastal region of Taiwan were chosen to ana-
lyze the wave-field characteristics. A wave ob-
servation station was located at the offshore of

Hwalien harbor. Comparing the SAR images
with in situ wave data simultaneously col-
lected in the same study area was relatively
easy. CSRSR provided the ERS-1 SAR images
over Hwalien. Two ERS-1 SAR images were ac-
quired during the phase C (35 day repeat
cycle) of ERS-1 operation.

SAR images of Figs. 2a and 2b show the dif-
ferent sea states of case (a) and (b). The sea
states near Hwalien are largely affected by the
north-east monsoon during the autumn and
winter seasons. The wave height is usually
about 1 m to 2 m and, in 1993, was larger than
2 m at only about 30% of the time. The wave
period is generally 6 sec to 8 sec. The worst sea
states appear from August to October when the
typhoons approach from the east. Figure 1
shows the location of Hwalien in Taiwan and
the nearshore bottom topography. The water
depth changes rapidly offshore. The wave-field
in the coastal zone is relatively localized. The
wave spectra observed by the wave-rider may
not be representative for a large SAR image.
On the other hand, the wavenumber power
spectra lose their statistic characteristics if the
subscene is too small to contain a sufficient
number of waves. A subscene of 64 pixels by 64
pixels (or 800 m by 800 m) is considered opti-
mal, based on our previous experimental stud-
ies. Twodimensional wavenumber power
spectra were derived via FFT of the SAR data
in the space domain. Figure 4 shows the
wavenumber power spectra of case (a) and
(b). Results obtained from the case studies and
the comparison between SAR data and in situ
wave data are discussed below.

4.1. Case(a) : wave field on November 26, 1993
The 2D wavenumber power spectrum in Fig.
4a was derived from the Fourier transform of a
800 m by 800 m subscene of the satellite image
in Fig. 2a. The spectral peak located at (n.,
ny,) = (2, 5) represents the primary wave system
east of Taiwan on November 26, 1993. The di-
rection of k. axis is 12.9° in a clockwise direc-
tion from the south for all descending pass of
ERS-1, as in case (a). The wave came from a
68° counter-clockwise direction of k. or 125°
from the north. The wavenumber of the pri-
mary wave system is 4.23X 1072 rad/m, corre-
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Fig. 4. SAR wavenumber power spectra of Hwalien coastal zone for case (a) and (b). The
inner and outer circles denote the loci of wavelength 200 m and 100 m, respectively.
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Fig. 5. SAR frequency power spectra of Hwalien coastal zone for case (a) and (b).

sponding to 149m in wavelength. This 2D
wavenumber power spectrum was transformed
to the omnidirectional frequency power spec-
trum by integrating the power spectra of
equal-wavelength waves in all directions. Fig-
ure ba clearly reveals two separate peaks (fp)
in the frequency power spectrum : one is at
0.092 Hz and the other is at 0.113 Hz. The wave
system with fp=0.092 Hz in the omnidirec-
tional frequency power spectrum matches the
wave system of (n., n,)=(2, 5) in the 2D
wavenumber spectrum. The other one with
fp=0.113Hz (wavelength=110m) does not dis-
tinguish itself in the 2D wavenumber power
spectrum. Further analysis reveals a large but
narrow spectral peak appearing at the
wavenumber (n, n,) =(—2,7) in Fig. 4a. This
wave system came from 106° in a counter-
clockwise direction from the k. axis, or 87° in a
clockwise direction from the north.

To verify the SAR-derived wave system, in
situ wave data acquired by the wave-rider were
analyzed. Figure 6a shows two peaks of fre-
quency power spectrum : one with a frequency
of 0.095 Hz and the other with a frequency of
0.11 Hz. Those peaks correspond to wave peri-
ods of 10.53 sec and 9.09 sec, and wavelengths
of 141m and 114m, respectively. The solid line
in Fig. 6a represents the dominant direction of
propagation for each wave frequency. For the
above mentioned spectral peaks, the wave di-
rections are 105° and 95° from the north.

Table 1 lists the wave-field characteristics as
derived from SAR images and from in situ
measurements. The differences in wavelength
were 5.7% (8m difference) in the primary wave
system and 3.5% (4m difference) in the secon-
dary wave system. The differences of wave di-
rection were 20° and 8°, respectively. In Figs.
H5a and 6a, clearly indicates that their spectra
shapes are compatible, despite the small differ-
ence in the relative magnitude of the spectral
peaks. At 25% level of the spectral maximum,
the wave energy in the SAR spectrum ranges
between 0.06 and 0.16 Hz. Moreover, the wave
energy in the wave-rider spectrum ranges be-
tween 0.08 and 0.12, with the significant wave
height and the wave period being 1.65 m and
8.4 sec, respectively.

4.2 Case(b) : wave field on November 15, 1993
Figure 4b shows another example of apply-
ing 2D wavenumber power spectrum SAR
image. A primary wave system on November
15, 1993 is represented by the spectral peak at
(n,, n,)=(2, 7). Table 1 lists wave directions,
wavelengths, and wave periods. Two spectral
peaks in the omnidirectional frequency spec-
trum (Fig. 5b) are (1) fp=0.113 Hz corresponds
to the wave system (m., n,)=(2,7) in 2D
wavenumber power spectrum, and (2)
fp=0.147 Hz does not appear clearly in the
wavenumber spectrum. If we limit the search
along a circle with a wavelength of 70 m in Fig.
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Fig. 6. Frequency power spectra of Hwalien
coastal zone derived from in situ wave data
for case (a) and (b). Solid lines denote wave
directions varying with wave frequencies.

4b, then the secondary wave system is found at
(n., n,)=1(8, 8). The k. axis is 129° in the
counter-clockwise direction from the south for
a SAR image of ascending pass of ERS-1.
Therefore, this wave system came from a 45°
counter-clockwise direction from k, axis, i.e,
122° clockwise direction from the north.

Two spectral peaks were found in the fre-
quency power spectrum (Fig. 6b) of in situ
wave data. Case (b) of Table 1 lists the wave

characteristics analyzed from SAR image and
in situ wave data. The differences in wave-
length and wave direction are 7.6% (or 9m)
and 26° for the primary wave system, respec-
tively, and 16% (or 10 m) and 20° for the secon-
dary wave systems. A comparison of both
frequency power spectra in Figs. 5b and 6b re-
veals that their spectral peaks correspond well
to each other. The primary wave energy was
concentrated within the frequency of 0.09~0.17
Hz in SAR power spectrum and 0.09~0.19 Hz in
the power spectrum of in situ data. Both
spctrum curves were strikingly similar. The
sea state was relatively calm with the signifi-
cant wave height measured by the wave-rider
being 0.73 m at a period of 6.6 sec.

5. Conclusions

Microwave remote sensing of the earth’s sur-
face has nearly all-weather imaging capabili-
ties, and is insensitive to natural illumination
(day or night) or atmospheric conditions
(clear or cloudy sky, calm or windy weather).
Satellite SAR can image the surface wave-field
in severe sea states and obtain information re-
garding wave characteristics over a vast re-
gion. This study has verified the feasibility of
using SAR to observe the ocean wave-field
over intermediate water depth with a signifi-
cant wave height below 2 meters. Experimental
results demonstrate that an appropriate size of
SAR image should be carefully determined for
spectral analysis. A subscene of 800 m by 800 m
was selected such that the power spectra

Table 1. Comparison of Hwalien wave characteristics derived from ERS-1 SAR and in situ

wave data for case (a) of November 26, 1993, and case (b) of November 15, 1993.

Sensors dominant svstems wavelength wave direction frequency period
A ant wave sys (m) (degree) (Hz) (sec)
case (a)
primary 149 125° 0.092 10.9
ERS-1/SAR secondary 110 87° 0.113 89
. primary 141 105° 0.095 10.5
Wave-rider secondary 114 95° 0.110 9.1
case (b)
primary 110 93° 0.113 89
ERS-1/SAR secondary 71 122° 0.147 6.8
. primary 119 119° 0.107 94
Wave-rider 61 142° 0.160 6.3

secondary
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shows stable features. Dispersion relation of
deep water waves can be applied in the open
sea ; however, the full wave dispersion relation
should be used for the coastal zone. High pass
and low pass filters were necessary in the pre-
processing of SAR images to remove the trend
and noises and to improve the SNR of the spec-
tra peaks.

A comparison of main waves derived from
SAR images and from in situ observation re-
vealed that the difference in wavelength is
about 3.59% to 16% (i.e. 4m to 10m) for wave-
length of 60 m~150 m, and the difference in
wave direction is about 8° to 26°. This finding
demonstrates that ERS-1 SAR images are suffi-
cient to examine wave characteristics such as
the wavelengths and directions. In these case
studies, SAR spectra and in situ wave spectra
correlated well with each other. Also, the wave
energy distribution (spectral shape) and the
spectral peaks in the frequency domain were
very similar.

Because the power spectra was derived from
the SAR images of radar backscattering cross
section of the sea surface, the wave height in-
formation is combined with other forcings
such as the surface wind velocity. Therefore,
the wave height could not be estimated di-
rectly from the SAR images unless a calibrated
MTF is available for corresponding the surface
waves and SAR frequency power spectra. De-
termining the wave height by SAR data is to
be addressed in our near future study.

Acknowledgments

The authors would like to thank the Remote
Sensing Technology Planning and Develop-
mental Committee, Council of Agriculture, Re-
public of China, and the National Science
Council for financial support of this manu-
script under contract Nos. 83-RS-01-22, 84-RS-

02-04, 85-RS-02-03 and NSC84-NSPO (A) -OCI-
001-01. CSRSR and IHMT made this research
possible by providing ERS-1 SAR images and
in situ wave data. Dr Kai-Yi Huang is also ap-
preciated for his valuable discussion.

References

ALpers, W. and C. BRONING (1986): On the relative
importance of motion-related contributions to
the SAR imaging mechanism of ocean surface
waves, IEEE Transactions on Geoscience and
Remote Sensing, Ge-24, 873-885.

ALPERS, W. and K. HAsseLMANN (1978): The two-
frequency microwave technique for measuring
ocean-wave spectra from an airplane or satellite,
Boundarylayer Meteorology, 13, 215-230.

ALPERS, W., D. B. Ross. and C. L. RurenacH (1981):
On the detectability of ocean surface waves by
real and synthetic aperture radar, Journal of
Geophysical Research, 86, C7, 6481-6498.

GonzaLgs, F. 1, R. C. BEaL, W. E. BRown, P. S. DELEONI-
BUS., J. W. SHERMAN 11, J. F. R. GoweRr, D. Licny, D.
B. Ross, C. L. RureNnacH and R. A. SHUCHMAN
(1979): Seasat Synthetic Aperture Radar: Ocean
wave detection capabilities, Science, 204, 1418—
1421.

Hasser.Mann, K., R. K. Raney, W. J. PLANT, W. ALPERS,
R. A. SnucamaN, D. R. Lvzenca, C. L. RUFENACH
and M. J. Tuckkr (1985): Theory of Synthetic Ap-
erture Radar ocean imaging: A MARSEN view,
Journal of Geophysical Research, 90, 4659-4685.

JAIN, A, G. MepLIN and C. Wu (1982): Ocean wave
height measurement with SEASAT SAR using
speckle diversity, IEEE Journal of Oceanic Engi-
neering, OE-7, No. 2, 103-108.

PopuLus, J., C. ARISTAGHES, L. JONSSON, J. M. AUGUSTIN
and E. PouLiQueN (1991): The use of SPOT data
for wave analysis. Remote Sensing of Environ-
ment, 36, 55—65.

TUCKER, M. J. (1991): The relation between frequency
and wavenumber spectra. Waves in Ocean Engi-
neering: measurement, analysis, interpretation,
431pp, Ellis Horwood, England.

Received June 25, 1995
Accepted February 10, 1996



La mer 34: 57-66, 1996
Société franco-japonaise d’océanographie, Tokyo

Minimum daytime brightness recognized by
Japanese spiny lobster

Takashi KOIKE*, Kooji HAYASHI® and Yutaka NAGATA

Abstract : The Japanese spiny lobster shows nocturnal habit, and a clear diurnal variation is ob-
served in its activity. We reproduced diurnal brightness variation in our experimental tank by
setting a 12-hour bright period (daytime) and a 12-hour dark period (nighttime), alternatively.
The lobster was habituated in the condition of the 3.3 X10* [x daytime brightness and of the 0 iz
nighttime brightness for several days prior to each experimental run. Then, the daytime bright-
ness was changed to 0 Iz, and the lobster was put into a long-lasting dark condition (control
run). The lobster sustains its diurnal variation pattern even after the chage of condition, but the
variation period tends to be shortened. Several similar experiments were conducted by decreas-
ing the changing rate of the daytime brightness, and compared with the results of the control
run. When the daytime brightness is changed to lower than a threshold value, the lobster
behaves just as in the control run. When the brightness is larger than this threshold value, the
activity variation of the lobster occurs just in phase with the brightness variation, and no
change in variation period occurs. The threshold brightness was shown to be about 2.3X107°/z,
and this value would be understood as the minimum daytime brightness recognized by the

lobster.

1. Introduction

Spiny lobsters show nocturnal habit (e.g:
SUTCLLIFFE, 1956; Iwal and Havashi, 1990;
Lipcius and CoBs, 1994). They move actively at
night, and are almost at rest at daytime. KOIKE
et al. (1993, 1995) investigated the diurnal
variation of activity of Japanese spiny lobsters
Panulirus japonicus in a small water tank, and
showed that the nighttime activity is strongly
controlled by underwater brightness. Spiny
lobsters move actively under nighttime bright-
ness less than 2.3X107° [x just as in a pitch-
dark condition (0 /zx). The nighttime activity is
considerably suppressed if the nighttime
brightness is set to be higher than 5.2X107° [x.
KOIKE et al. (1993, 1995) adapted 3.3 X 10% Iz as
the standard daytime brightness in their ex-
periments, but they showed that the diurnal ac-
tivity variation is almost unchanged if the
daytime brightness is kept higher than 3.5 X
1072 [x. However, the lower limit of the daytime
brightness that spiny lobsters are able to iden-
tify as the daytime was not obtained.

"Faculty of Bioresources, Mie University, Kami-
hama-cho, Tsu. Mie 514, Japan

A lobster was kept in the standard condi-
tions of 3.3X10% [x daytime brightness and of 0
lxr nighttime brightness for several days as a
habituation period. Then, the daytime bright-
ness was lowered to a prescribed value. Even if
the daytime brightness is changed to 0 lx, and
if the lobster is kept in pitch-dark condition
thereafter, the lobster preserves the similar di-
urnal variation pattern as in the habituation
period. After several days, however, the transi-
tion time from low activity to high activity pe-
riod tends to shift gradually, and occurs earlier
and earlier day after day.

It was shown that the shift of the transition
time occurs when the daytime brightness is
lowered to a finite values smaller than a thresh-
old value. Above this threshold value, the diur-
nal variation of the lobster activity occurs just
in phase with given brightness variation. The
threshold brightness was shown to be about
23x107% [z, and this value would be under-
stood as the minimum daytime brightness
recognized by the lobster.

2. Experimental procedure
Our experiment ws conducted in small water
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Fig. 1. Schematic view of the experimental ap-
paratus.

tanks in the Fisheries Research Laboratory of
the Mie University which is located in Zaga
Island in Ago Bay, Mie Prefecture. The tanks
are kept in the dark box as shown schemati-
cally in Fig. 1. Each lobster was kept in a cage
of 40 cm length, of 30 cm width and, of 30 cm
depth. The cage is hanged by three wires, one
of which is connected to an electric balance.
The variation of its tension caused by lobster
movements is measured and recorded auto-
matically. The water in the tank is replaced by
sea water pumped up from the depth of about
5 m at the rate of 3 [ per min. The water is
drained from two outlets placed near the water
surface and near the bottom of the tank,

respectively, in order to keep the water inside
clean. We use incandescent lamps as light
source. Only the reflected light from the ceiling
is allowed to reach the tank surface, and the
downward light flux at the surface at the cen-
ter of the tank is used as a measure of the
brightness. The light intensity is adjusted by
putting various semitransparent neutral filters
on front of lamps. The lamps are switched on at
6:00 and off at 18:00 by using a timer. The
daytime is modeled by 12 hours bright period
with a constant brightness, and the nighttime
by 12 hours period of 0 Iz.

The tension of the wire averaged over 9 sec
recorded for every 15 sec. By assuming that the
tension change larger than 2 gw indicates a sig-
nificant lobster movement, the occurrence fre-
quency of such changes is used as a measure of
the lobster activity. The 2 gw change in tension
corresponds to the movement of the lobster of
250 gw (about 25 gw in the sea water) over the
distance of 3.2 cm in the longitudinal direction.
The apparatus and the experimental procedure
are the same as used in the previous papers
(KOIKE et al. 1993, 1995).

The combination of the daytime and night-
time brightnesses for each experimental run is
shown in Table 1, together with other experi-
mental parameters. The nighttime brightness
is fixed to be 0 ixr throughout our experiments.
The daytime brightness is set to be 0 Ix in run
1 (control run), 6.8 X 10 %Iz in run 2, 2.3 X107° [x
inrun 3,52X107%lr in run 4, and 35X 107% Ix in
run 5, respectively. The lobster was kept in the
standard condition of the 3.3X10* [xr daytime
brightness for more than 1 week (habituation
period) prior to the experiments of run 1
through run 3. The behaviors of the lobster in
run 2 through run 5 will be discussed in com-
parison with that in the control run (run 1).

Table 1. Experimental conditions of the five experimental runs conducted

in the present study.

Run Brightness(1x) Water temp.
o Dates

No. daytime nighttime O
1 0 0 19.0-224 May.28-Jul.15 1993
2 6.8x10°° 0 21.7-22.5 Jul. 3-Jul2b 1993
3 23x10°° 0 19.6-23.7 Sep.21-Oct.31 1993
4 52x107° 0 225278 Jul. 1-Jul.15 1990
5 35%x107* 0 23.1-26.0 Jun.17-Jun.30 1990
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Fig. 2. Daily variation of the diurnal activity change of the lobster in run 1. The activity fre-
quency per hour is taken in the ordinate, and its scale is shown at the under right corner.
The time of day is taken in the abscissa. The nighttime is shown with black horizontal bars
and the daytime with white bars. The numerals attached on left side of each figure show
the day number, and those with circle indicate that they are in the habituation period.

We used the lobsters which had been caught
in the sea off Wagu of the Shima Peninsula,
Mie Prefecture. Only the male lobsters having
carapace length from 7.0 to 8.5 ¢cm and having
weight from 250 to 350 gw. The lobsters can be
usually used more than one year. No signifi-
cant change is observed in their moving

characteristics, though the magnitude of activ-
ity frequency strongly depends on water tem-
perature as discussed later. The same lobster
was used in the experiments of run 1 through
run 3, but the lobsters used in run 4 and run 5
were different to one another. The lobster in
the tank is fed with 150-250 gw living mussels
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Fig. 3. The same as in Fig. 2, except for run 2.

Muytitlus edulis once a week. The weight of the
mussels ranges from 3 to 10 gw, and their shells
are partly broken so as that the lobster can eas-
ily eat them. The mussels are sometimes found
living three days after, but all of the mussels
have been eaten up before the next feeding
time. The feeding was made in the middle of
the day, and the water temperature in the tank
was measured with a thermistor at the time of
feeding.

3. Diurnal variation of the lobster in the

standard condition

The diurnal variations of the lobster activity
are shown in Fig. 2 for the period from May 28
to July 2, 1993 (run 1) and in Fig. 3 for the pe-
riod from July 3 to July 25, 1993 (run 2), respec-
tively. The first 7 days in run 1 and the first 12
day in run 2 are the habituation period in the
standard condition. The pattern of the diurnal
variation appears to be disturbed for a few
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Fig. 4. The same as in Fig. 2, except for run 3.

days untill the lobster becomes familiar with
its new circumstance. Then, the lobster activity
usually shows a clear diurnal variation in
phase with the diurnal brightness variation.
The length of the habituation periods adopted
in our present experiments is arbitrary and de-
pends mainly on the time needed for set up our
experimental apparatus. The data taken in the
first few disturbed days are included in our
analysis as it does not affect on our

2 i ||||ﬂz(f°

experimental results significantly.

The diurnal activity variations measured in
the period from September 21, 1993 to Octover
31, 1993 (run 3) are shown in Fig. 4. The lobster
had been kept in the standard condition for
about 1 month, but the data is available only
the last 7 days due to a trouble in our recording
system. The diurnal activity variations for
these 7 days are shown as in habituation period
in the figure.
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Table 2. Activity frequencies per hour for nighttime (N) and for daytime (D) for each ,ha-
bituation period and for each sub-period of one week length. The sub-period in each run
may be shorter than one week, and 4 days ( * ) or 6 days (** ). The standard deviations
are also ahown. The variation periods (in hour) obtained by the periodgram analysis are
shown in parentheses. The brightness conditions are reproduced in the left side columns.

Run Brightness

habituation first week second week third week fourth week
No. (Ix)
N 0 155.01+25.2 128.51+27.8 81.8+38.9 451169 91.1t11.9
1 D o0 38.2£32.3 374£78 129.5437.2 14471143 11121146
(24.0) (24.0) (22.8) (23.6) (23.8)
N 0 11951298 104.7£25.9 49.3+73 %
2 D 68x107° 25.7t54 58.31£9.9 53.21+204 *
(24.0) (23.4) (23.8) *
N 0 136.4130.9 127.3%+21.0 128.0%10.1 145.7£16.0
3 D 23x107° 198172 46.6+16.1 34.1%9.2 37.6£8.8
(24.0) (23.8) (24.2) (24.0)
N 0 86.8£9.7 66.8111.0
4 D 52x107° 195%£10.8 12624
(24.0) (24.0)
N 0 62.41+134 8121135 % *
5 D 35x107? 147148 9413 *x%
(24.0) (24.0) x*
The diurnal activity variations for these 40007
habituation periods give a pattern with very T> -
low activity in daytime and with high activity g 3000
in nighttime. The activity frequency averaged : i
separately for daytime and for nighttime for g 2000
each habituation period is shown in the left- g 1000
hand side column of Table 2, together with its S |
standard deviation. It can be seen that the ac- o 0 , .
tivity frequency in nighttime is remarkably 18 20 22 24 26 28

higher than that in daytime. The magnitude of
the activity frequency, however, appears to be
changeable run by run even for the same lob-
ster. Activity frequencies accumulated for 24
hours are calculated for the days when the
water temperature was measured. In Fig. 5, the
accumulated frequencies in the habituation
(standard) condition are plotted against the
water temperature. The data of the previous
experiments and of run 4 and run 5 are also in-
cluded, as the lobster shows a clear diurnal
variation patterns as just as in the standard
condition. The data are well aligned near a str
aight line, and the activity decreases linearly
with temperature increase. The straight line
drawn in Fig. b is obtained by the least square
method, and is given by
F=9569—-301T

Temperature (°C)

Fig. 5. Relation between the water temperature
(°C) and the accumulated activity frequency
per day. The straight line in the figure is ob-
tained by the least square method. Data
points shown with white circles are
obtained in the present experiments, and
those with black circles in the previous
experiments.

where F is the activity frequency per day, and
T the water temperature in °C. This relation
could not be applicable for lower temperatures
as the lobster activity is very low in winter
time. The relation suggests that the lobster ac-
tivity is determined mainly by water tempera-
ture. This might be resulted partly from the
facts that we used male lobsters of medium
sizes only and that significantly inactive
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lobsters are intentionally removed prior to the
experiments. The individuality of the lobster
appears not to affect our present experimental
results significantly.

The transition from the low activity to the
high activity occurs just when the light is
turned off (at 18:00). However, the transition
from the high activity to the low activity does
not always coincide with the time when the
light is put on (at 6:00). The lobster used in
run 1 through run 3 tends to stop its activity a
few hours before the start of the daytime. The
lobsters used in runs 4 and 5 tend to continue
to move for a little while after the light is on.
The transition time from high activity to low
activity may depend on individuality of lob-
sters.

In order to describe the periodicity of the di-
urnal variation of the lobster activity objec-
tively, a periodgram analysis (see, for sample,
TABATA, 1991; WADA, 1983) is applied for the
data in each habituation period, and the ob-
tained period is given in parenthesis in each
column of Table 2. The period in each habitua-
tion period is exactly 24.0 hours.

4. The behavior of the lobster after the day-

time brightness is changed to 0 Ix

We shall see how the behavior of the lobster
is changed after the daytime brightness is low-
ered to 0 [z (from the 8-th day to the 36-th day
in Fig. 2:run 1). For the first several days, the
lobster keeps its diurnal variation pattern as
just as in the habituation period even in pitch
dark condition. Then, the transition time from
low activity to high activity shifts earlier and
earlier day by day. On the 18-th day, the high
activity period occurs from 6:00 to 18:00: the
phase of the diurnal activity variation becomes
just opposite to that of the original brightness
variation.

After the 21-th day, the diurnal pattern of the
activity variation appears to be disturbed: the
length of the high activity period tends to in-
crease and that of the low activity to decrease,
and the peak of the high activity appears some-
times twice a day (on the 32-th and 33-th days
in Fig. 2). For this period, the phase shift of the
variation pattern is hardly recognized.

We divided the period, after the day when

the 24 hours pitch-dark condition starts, into
several sub-periods having the length of a
week (the length of the last sub-period of each
run may be shorter than one week). The activ-
ity frequency and its standard deviation for the
daytime (defined as from 6:00 to 18:00 also in
the pitch-dark condition for convenience’ sake)
and the nighttime (defined as from 18:00 to
6:00) are calculated for each sub-period, and
shown in Table 2. The shift of the diurnal activ-
ity variation mentioned above is recognized as
increases of daytime activity and decreases of
nighttime activity.

The periodgram analysis was applied also for
each sub-period, and the obtained period of the
diurnal variation is shown for each colums in
Table 2. No phase shift occur in the first week
of run 1, and the period is just 24.0 hours. The
period in the second week decreases to 22.8
hours indicating that the transition time moves
earlier and earlier. The periods in the third and
fourth weeks are also shorter than 24.0 hours,
but the period tends to increase toward the 24.0
hours as the time elapses.

The phase shift and the shorter variation pe-
riod seen in the second and third weeks might
suggest that the diurnal activity variation of
Japanese spiny lobster is strongly controlied
by the brightness conditions, and the 24.0
variation period is not their inherent nature.
However, the variation period increases gradu-
ally again near to 24.0 hours, if it is kept long
enough in a pitch-dark condition, though the
variation pattern tends to become ambiguous.
The further elaborated experiments would be
needed to get definite conclusions.

5. Minimum daytime brightness recognized

by Japanese spiny lobster

If we change the daytime brightness to a
level lower than the minimum brightness rec-
ognized by a Japanese spiny lobster after keep-
ing a lobster in the standard condition, the
lobster in the tank would exhibit just as the
same behavior as described in the previous sec-
tion. The daytime brightness is lowered to 6.8
X 107* Iz from the 13-th day in run 2 (Fig. 3).
Though some disturbance is seen for the first
few days, the transition timee from low activ-
ity to high activity shifts clearly earlier and
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Fig.6. The same as in Fig. 2 except for run 4. No
habituation period is set in this run.

o

earlier after the 14-th day. The activities for
daytime (6:00-18:00) and for nighttime
(18:00-6:00) and their standard deviations for
each one-week sub-period are shown in Table 2,
together with the period obtained from the
periodgram analysis. The behavior of the lob-
ster in run 2 is very similar to that in run 1. We
conclude that the lobster cannot identify the
brightness of 6.8 X10°? [z as daytime.

The daytime brightness is lowered to 2.3 X
107° lx from the 8-th day in run 3 (Fig. 4). The
variation pattern for the first few days are
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Fig.7. The same as in Fig. 2 except for run 5. No
habituation period is set in this run.

disturbed, and the lobster activity is rather
high even in daytime, especially in the 8-th and
9-th days. The shift of the transition time from
high activity to low activity shifts forwards
from the 12-th day to the 14-th day. However,
the transition time goes back and occurs at
17:00 in the 15-th day (one hour before the
brightness change). The similar forward shift
is observed in the period from the 15-th day to
the 18-th day, but the transition backs again
and occurs at 17:00 in the 19-th and 20-th days.
In general, the transition time is not exactly in
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Fig.8. Temporal changes of the lobster activity frequencies per hour averaged over nighttime
(black circles) and over daytime (white circles) for each day: a is for run 1, b for run 2,
¢ for run 3, and d for run 4, respectively. The day number is taken in the abscissa. The
left-hand side of the vertical line indicates the habituation period.

phase to the brightness variation. These results
suggest that the lobster appears to be confused,
but identifies more or less the brightness of
2.3X107° [x as daytime.

The diurnal lobster activity variations for
the daytime brightness of 52X 10 * Iz (run 5)
and of 35X 107 [z (run 6) are shown in Figs. 6
and 7, respectively. Though no habituation pe-
riod is set for these experiments, and though
some disturbed patterns appear for the first
few days, the transition from low to high activ-
ity occurs always at 18:00, namely at the time
that the light is put off. The difference between
daytime and nighttime activity and the varia-
tion period are as just as in the standard condi-
tion (Table 2). We conclude that the lobster
recognizes these brightness as daytime.

6. Summary and conclusion

The change of the diurnal variation pattern
of the Japanese spiny lobster for the various
daytime brightness is investigated in the ex-
perimental tank. The results are summarized in
Fig. 8 where day to day variations of the lob-
ster activity frequencies in daytime and in
nighttime are shown for each experimental

runs. The variation patterns for the daytime
brightness of 2.3X107° lx and of 5.2X107% [z are
almost identical to that in the habituation pe-
riod. When the daytime brightness is lowered
to 6.8X107% [z, the transition time from low to
high activity is shifted earlier and earlier, and
the nighttime activity (18:00-6:00) decreases
on reflecting such phase change. For the case
of 23X 10°° Ix daylight brightness, the clear
shift of the transition time is not observed, but
the transition time is somewhat variable day
by day. This brightness value appears to be de-
tected by the lobster but with some perplexity.
Our results suggest that the minimum daytime
brightness recognized by Japanese spiny lob-
ster is about 2.3 X 107° [x. This is consistent
with the result given by KoOIKE et al. (1993,
1995) where they reported that the lobster
activity in nighttime is very high if the night-
time brightness is lower than this value. It is
also consistent to the results given by ARCHIGA
and ATKINSON (1975): they reported the bright-
ness value of 10 ° [r as the minimum bright-
ness recognized by Burrowing prawn
Nepherops norvegicus.
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Seagrasses and epiphytes in Thale Sap Songkhla,
Southern Thailand

Saowapa ANGSUPANICH"

Abstract : Seagrass biomass in Thale Sap Songkhla was monthly investigated from December
1992 to November 1993. Seagrasses were found in only 2 areas in Thale Sap Songkhla. Halodule
pinifolia and Halophila ovalis were obtained on the sandy bottom 1300 m from the mouth of
Thale Sap Songkhla while Halophila beccarii inhabited the area close to the western shoreline of
Thale Sap Songkhla. Halophila beccarii and Halodule pinifolia were found almost throughout
the year, with average annual biomass of 95.3 and 84.1 g(d.w.)m % respectively. Halophila ovalis
was the least abundant species and could be found during only 6 months in the year (March to
September). The maximum biomass of three species of seagrasses was in the light rainy period
during July to August (southwest monsoon) while the minimum was in the heavy rainy period
during October to December (northeast monsoon). Most epiphytes found on the three species
of seagrasses were benthic diatoms. The dominant was Cocconeis sp. Old leaves of seagrasses

tended to have more epiphytes than young leaves.

1. Introduction

Seagrass bed is well-known to be important
for fisheries (KLUMPP et al., 1989). Juvenile spot-
ted seatrout used seagrass beds as their major
habitat (McMICHAEL and PETERS, 1989). The
seagrass distribution and diversity have been
investigated along the coast of Andaman Sea
and Gulf of Thailand (POOVACHIRANON, 1988;
LEWMANOMONT ef al, 1991). However, the
seagrass community survey in Songkhla Lake
is limited.

Songkhla lake is located between latitudes
7°08'N and 7°50’ N, and between longitudes
100°07’E and 100°37'E (Fig. 1). It is the only
lake in Thailand and covers a total area of 986.8
km? (98680ha), divided into 3 parts: Thale Noi,
Thale Luang and Thale Sap Songkhla (the low-
ermost part of Songkhla Lake, connecting with
the open sea) (BROHMANONDA and SUNGKASEM,
1982). The salinity of water in Thale Sap
Songkhla is brackish to seawater according to
seasons. The average depth at the middle of
Thale Sap Songkhla is 1.2 m. The deepest area
is about 8.0-8.8 m measured at Pak Khat and

*Department of Aquatic Science, Faculty of Natural
Resources, Prince of Songkla University, Hat Yai,
Songkhla 90110, Thailand

the mouth of Thale Sap Songkhla (RAKKHEAW,
1994).

The present study was designed to investi-
gate the distribution and seasonal variation of
seagrasses in Thale Sap Songkhla.

2. Materials and methos

Surveys and samplings of seagrasses in
Thale Sap Songkhla were done during low tide
using a Tamura grab of 0.05 m? in surface area.
This particular grab, with serrated teeth, was
suitable for sampling small seagrasses growing
on the soft bottom. Random samplings were
done around the shore and the middle of the
lake to locate areas covered by seagrasses.
After the areas were found, they were then
sampled every month from December 1992 to
November 1993. Ten replicate samplings were
done for each sampling site. Samples were
washed through a series of sieves with 5 mm
and 1 mm apertures. Seagrasses and their epi-
phytes were identified. Each species of
seagrasses was washed in 5% phosphoric acid
(BROUNS, 1987), then dried at 60-80 °C for 48
hours to determine their dry weights. Measure-
ment of seagrass blade length was also carried
out.
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3. Results
The distribution and abundance of seagras-
ses in Thale Sap Songkhla are shown in Fig. 2.

a. Species and distribution

Seagrasses were found in only 2 areas in
Thale Sap Songkhla. The first area was the
sandy bottom 1300 m from the mouth of Thale
Sap Songkhla (area I ). Seagrasses were
patchily distributed in a narrow area. Two spe-
cies of seagrasses, Halodule pinifolia and
Halophila ovalis, inhabited the area. The other
area was close to Ban Hua Hat shoreline (area
II) where the water was rather stagnant and
only Halophila beccarii was found in a narrow
strip.

b. Biomass and seasonal variation

Halophila beccarii was the most abundant
species, and could be found almost throughout
the year, with biomass in the range of 0-204.8 g
(d. w.) m™* (annual average 953 g (d. w.) m™>).
Biomass of other species was 8.7-2240 g (d. w.)

100“5&7' E

Map showing Songkhla Lake and the study area (Thale Sap Songkhla).

m~? (annual average 84.1g (d. w.) m™?) for
Halodule pinifolia and 0-10.7 g (d. w.) m ™~ (an-
nual average 2.7g (d. w.) m™?) for Halophila
ovalis. Halophila ovalis was the least abundant
species and could be found during only 6
months in the year (March to September). The
young leaves occurred in March when the sa-
linity increased.

The maximum biomass of three species of
seagrasses was in the light rainy period during
July to August (southwest monsoon) while the
minimum was in the heavy rainy period dur-
ing October to December (northeast monsoon).
The blade length of seagrass was much longer
in the SW monsoon season than those in the
NE monsoon season (Table 1). During a heavy
rain period, the salinity was very low and
blades of seagrasses became soft, yellowish
brown and rotten. Only the rhizome was col-
lected in some case.

Halophila beccarii could be found in a wide
range of salinity from freshwater to brackish
water. Halodule pinifolia could also be found in
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Fig. 2. Distribution and seasonal pattern of seagrass biomass in relation to salinity (PSU) at
areas I and 1.

Table 1. Length (cm) of blade plus petiole of found on leaves of Halophila beccarii inhabiting
seagrasses distributed in Thale Sap the area hardly perturbed by tidal current and
Songkhla. boat transportation. Nitzschia spp., Pleurosigma

Species SW monsoon NE monsoon sp. and branching algae were rarely found.
Halodule pinifolia 18.5-35.0 2.0-8.0 Cocconeis sp. was more abundant in the dry
(July) (December) season (February—April) compared to the wet
Halophila ovalis 3.0-8.0 23-39 season and vice versa in Tabellaria sp. During
(July) (March) the SW monsoon season, especially in July, the
Halophila beccarii 3.0-4.8 15-2.2 number of epiphyte species increased, but the
(August) (December) cell number of each species was low. Mature
leaves also tended to have more epiphytes than

a wide range of salinity from brackish water to young leaves.
seawater. Halophila ovalis could tolerate only a Tabellaria sp., a rod-shaped diatom, grew by
narrow range of salinity. attaching new cells to the existing ones form-
ing filaments in all directions (Fig. 2 a and b).
¢. Epiphyte diversity On the contrary, Cocconeis sp. was an oval-

Most epiphytes were diatoms, Tabellaria sp., shaped solitary diatom which attached firmly

Cocconeis sp. and Nitzschia spp., while some to the leaf surface (Fig. 2 ¢). It never formed
branching algae and other diatoms could also filaments or attached newly formed cells to the
be found sporadically (Table 2). Cocconeis sp. existing ones. For the branching algae, attach-
was the most abundant diatom with Tabellaria ment to the leaf margin was observed (Fig. 2

sp. ranked the second. The latter was often d).
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Table 2. Epiphytic microalgae on seagrasses collected from Thale Sap Songkhla.

Months Taxa Host' Density?
December 92 Tabellaria sp. Hb High
January ’93 Tabellaria sp. Hb Rare
February '93 Cocconeis sp. Hp Rare
March '93 Cocconeis sp. Hb, Hp Medium

Cocconeis sp. Ho Rare
April 93 Cocconeis sp. Hb, Hp High
Branching algae Hp Rare
June ’93 Tabellaria sp. Hp, Hb Rare
Nitzschia spp. Hp, Ho Rare
Branching algae Hp Rare
July 93 Tabellaria sp. Hp, Ho, Hb Rare
Cocconeis sp. Hp, Ho, Hb Rare
Pleurosigma sp. Hp, Ho, Hb Rare
Nitzschia spp. Hp, Ho, Hb Rare
Branching algae Hp Rare
August 93 Cocconeis sp. Hp, Ho, Hb Rare
Nitzschia spp. Hp, Hb Rare
Branching algae Hp Rare
September ’93 Branching algae Hp Medium
Cocconeis sp. Hp, Ho, Hb Rare
Nitzschia sp. Hb Rare
October '93 Branching algae Hp Medium
Cocconeis sp. Hp, Hb Rare
Tabellaria sp. Hb Rare
November 93 Branching algae Hp Medium
Cocconeis sp. Hp Medium

' Hb, Halophila beccarii ; Hp, Halodule pinifolia ; Ho, Halophila ovalis
’ Density of epiphytes on surface area of leaves

4. Discussion
a. Distribution and biomass of seagrasses

In the present study, only 3 species of
seagrasses were found in Thale Sap Songkhia:
Halodule pinifolia. Halophila beccarii and
Halophila ovalis. LEWMANOMONT et al. (1991)
surveyed the coastal area in the Gulf of Thai-
land just north of the mouth of Songkhla Lake
and found 4 species of seagrasses. Three of the
4 species in their study were the same as those
found in the present study. The other species
was Ruppia maritima reported in a lagoon in
India where salinity was in the range of 18-38
(VIRNSTEIN and CARBONARA, 1985). Halophila
beccarii was found in only one area and as the
sole species in Thale Sap Songkhla. The sub-
strate in the particular area was silt with little
fine sand which was quite different from the
substrate close to the mouth of the lake where
Halodule pinifolia and Halophila ovalis were

found. The substrate in the latter area was
mostly coarse sand with shells in certain parts
(CHATUPOTE et al., 1994). The relationship be-
tween seagrass species and substrate composi-
tions found in the present study agreed with
various reports (den HarTOG, 1970; WALKER
and PRINCE, 1987; LEWMANOMONT et al., 1991;
PARTHASARATHY et al., 1991). In addition, it was
found that pH and phosphorus in sediment at
area I (Halophila beccarii area) were lower
than those at area 1 (Halodule pinifolia area)
(CHATUPOTE et al., 1994). These two parameters
may relate to seagrass diversity.

Seasonal variation of salinity in Thale Sap
Songkhla affected not only seagrass distribu-
tion but also its growth and seasonal variation
in abundance. Halodule pinifolia could be found
throughout the year with low abundance in
the heavy rainy period and good growth in the
light rainy period. In July, its blade length
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a. Halophila beccarii with thick growth b. Tabellaria (X200)
of Tabellaria (X6.7)

c. Cocconeis (X1000) d. Branching algae (Xx100)

Fig. 3. Epiphytes on seagrass leaves.
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was much longer than that in December and
longer than what had been reported by
LEWMANOMONT et al. (1991). Halophila ovalis,
on the other hand, was found in only 6 months
of a year. During 5 months of the rainy season,
its.stem above the substrate was rotten and
died, only to grow again from the rhizome
when salinity in the lake started to increase in
early summer. Results of laboratory experi-
ments showed that Halophila ovalis would not
develop an apex, and died when salinity was 5,
but would develop new leaves when salinity
was 20 (ANGSUPANICH, unpublished data).
Other two species in the genus Halophila, H.
decipiens and H. johnsonii raised in 5 died
within 3 days (DEWES et al., 1989). Water tem-
perature did not seem to be the cause of death
in H. ovalis, as it was found in both tropical and
temperate zones, indicating its tolerance to a
wide range of temperatures (PHILLIPS and
MENEZ, 1988).

The annual average biomass of Halodule
pinifolia in Thale Sap Songkhla and Ban Tub
Lamu, Phang-nga was similar, 84.1 and 936¢g
(d. w.) m™ respectively. On the other hand, the
biomass of Halophila ovalis in Thale Sap
Songkhla was only 1/15 that in Ban Tub Lamu.
However, in Ban Tub Lamu, Halophila ovalis
was also the least abundant species of
seagrasses, with average biomass of 40.0 g (d.
w.) m 2 (LEWMANOMONT et al., 1991).

b. Epiphyte diversity

Epiphytes found on the 3 species of
seagrasses in Thale Sap Songkhla were small
benthic algae. Both solitary and branching
forms of benthic algae were found and most of
them were diatoms, which agreed with a study
by THURSBY in 1978 (cited by HARLIN, 1980).
who reported the attachment of Cocconeis sp.
on Halodule sp. Cocconeis sp. also distributed
more widely than Tabellaria sp. which was
found only in Halophila beccarii. Salinity may
be the limiting factor for the growth of
Tabellaria sp.. However, on an equal area of
seagrass blade, Tabellaria sp. had higher cell
numbers compared to Cocconeis sp., because
Tabellaria colonies protruded in all directions.
Old blades of seagrass in the present study also
tended to support higher numbers of epiphytes

than young ones, which agreed well with what
had been found in Thalassia hemprichii (HEIJS,
1984) and Enhalus acoroides (BROUNS and HEIJS
, 1986). McRoy and GoOrrING (1974) reported
that nutrients in the sediment could be passed
from the seagrass root to blade and later to epi-
phytes. Epiphytes also could absorb 15-1009% of
the phosphorus released from the seagrass
leaves (PENHALE and THAYER, 1980 cited in H
ElJs, 1984). It is possible that an old leaf tends to
release larger amounts of nutrients than a
young leaf.
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Macrobenthic fauna in shrimp-farms adjacent mangroves,
Kradae Chae Canal, Ban Don Bay, Southern Thailand

Saowapa ANGSUPANICH™ and Sanit AKSORNKOAE ™"

Abstract: An investigation was made into the fate of macrobenthic fauna in shrimp-farms
adjacent mangroves, Kradae Chae Canal, Southern Thailand, to examine the fauna between the
mangrove floor and mangrove cut-down floor. The density and diversity of macrobenthic fauna
per m® were higher on mangrove floor than those on mangrove cut-down floor. The species com-
position of benthic fauna at the former in each season ranged from 16—17 species while at the
latter ranged from 1-12 species. Polychaetes and crustaceans were predominant. Most abundant
of these two groups were capitellid polychaetes and grapsid crabs. The latter was dominant only
in the wet season. Although the density of benthic fauna found on mangrove floor was high
(1088-2080 individuals m %), the species composition of crustaceans and molluscs was low com-

pared to other typical mature mangrove forests.

1. Introduction

Macrobenthic communities in mangrove
areas have been studied in Thailand both on
the west coast (FRITH et al., 1976; FriTH, 197T;
CHATANANTHAWE] and BUSSARAWIT, 1987) and
on the east coast (SRISUCHAT, 1981). Some pre-
vious studies have focussed on the effects of
off-shore tin mining on benthic communities
(PRASERTWONG, 1984; HYLLEBERG et al., 1985).

The present work was undertaken to study
the benthic communities at shrimp-pond con-
struction area along Kradae Chae Canal, Ban
Don Bay. The study was required because of
the increasing exploitation of mangrove areas
for aquaculture; a comparative study of
benthic fauna between the mangrove floor and
mangrove cut-down floor might provide a
basis for estimation of the importance of man-
groves to benthic communities.

2. Materials and Methods
Study area

Kradae Chae Canal is located in Ban Don
Bay, Suratthani Province (9°12'N, 99°25'E). The
water temperature and salinity ranges in the

*Faculty of Natural Resources, Prince of Songkla
University, Hatyai, Songkhla 90112, Thailand

"*Faculty of Forestry, Kasetsart University,
Bangkhen, Bangkok 10900, Thailand

year of the study were 24-33°C and 16-34 ppt,
respectively. The depth of the canal ranges
from 0.7 to 4.0 m., and the linear distance from
the canal mouth to the upper stream is 4 km.
On both banks of the canal, there are sparse
populations of mangrove trees and scattered
group of houses, among which many shrimp
ponds have been constructed.

For this study, six stations were established
along the canal (Fig. 1). These stations differ
by their distance from the seawater entry point
into the canal. Stations 1-5 were within the
canal, while station 6 was located at the mouth
of the canal adjacent to one of the few remain-
ing stands of mangrove, with approximately 50
cm of water remaining at low tide.

Six samples were collected along the bank of
each station during the dry (March) and wet
(October) seasons, using a 0.05 m? Tamura
grab. This method was found to be most suit-
able for this type of environment. The samples
were sieved consecutively through 3 orders of
screens of 5 mm, 1 mm and 0.5 mm mesh. The
macrobenthic fauna were removed with for-
ceps, and the 0.5 mm mesh screen residue was
also collected. The samples were fixed in 10%
rose bengal formalin and transferred to 70%
ethyl alcohol before identification.
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Fig. 1. Location of stations in the study of benthic fauna at Kradae Chae Canal.

Results and Discussion

Table 1 shows the distribution of benthic
fauna in Kradae Chae Canal in the dry season.
A total of 5 phyla (Platyhelminthes, Annelida,
Arthropoda, Mollusca and Chordata) consist-
ing of 23 species were identified, including 9
species each of polychaetes and crustaceans
with Heteromastus sp. and Eupogebia sp. respec-
tively as the dominant. The remainder was
composed of 3 species of pelecypod, 1 species of
eel and 1 species of flat worm. The number of
species obtained at each station ranged from 1
to 17. The lowest fauna diversity was found at
station 5 (1 species), while the highest was at
station 6 (17 species). The total density of
benthic fauna at each station ranged from 42
(St. 5) to 8560 (St. 2) individuals per m2

Table 2 shows the distribution of benthic
fauna in Kradae Chae Canal in the wet season.
A total of 5 phyla (Coelenterata, Platyhelmin-
thes, Annelida, Arthropoda and Mollusca) con-
taining 22 species were identified. Crustacea
showed the highest number of species (12 spe-
cies) followed by Polychaeta (6 species).
Grapsidae was the most abundant crustacean,
with Spionidae as the dominant polychaete.
The number of species found at each station
ranged from 1 to 16. The lowest fauna diversity
was found at station 1 (1 species) while the
highest was once again found at station 6 (16
species). The total density of fauna at each

station ranged from 14 (St. 1) to 1088 (St. 6) in-
dividuals per m2

Total macrobenthic fauna (33 species) for
the study area (Sts. 1-6) in two seasons con-
sisted of Coelenterata (1 species), Platyhelmin-
thes (1 species), Polychaeta (10 species),
Crustacea (15 species), Insecta (1 species),
Pelecypoda (3 species), Gastropoda (1 species)
and fish (1 species). Twelve species were found
in both seasons. The total species composition
of fauna between the dry and the wet season
was not significantly different while their
abundance was greater in the dry than in the
wet season.

The average abundance and the diversity of
benthic fauna varied widely among the sta-
tions, with both higher in the mangrove forest
area (St. 6) than in the canal (Sts. 1-5) where
the mangroves have been cut down.

The diversity of benthic fauna at Stations
1-5 was slightly less than that at the sand and
mud flat biotopes of Koh Surin Nua (11 spe-
cies) while that at Station 6 was slightly higher
but less than that at the mangrove biotope of
Koh Surin Nua (38 species) which has been
recognized as a low species diversity area
(FriTH, 1977).

The average abundance of benthic fauna
found in Kradae Chae area was similar to that
in the reports of previous studies in other
coastal and mangrove areas, such as the west
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Table 1. Diversity and density (individuals m~2) of benthic fauna at 6 stations in the Kradae

Chae Canal, Suratthani on March 7, 1993.

7

Taxa

St.1

St. 2

St. 4

St. 6

Platyhelminthes
Unidentified sp.
Annelida
Capitellidae
Capitella sp.
Heteromastus sp.
Eunicidae
Unidentified sp.
Nephtyidae
Nephtys sp.
Nereidae
Unidentified sp. 1
Unidentified sp. 2
Opheliidae
Unidentified sp.
Sabellidae
Unidentified sp.
Spionidae
Unidentified sp.
Arthropoda
Cyclopoida
Unidentified sp.
Amphipoda
Eriopisa sp.
Unidentified sp. 1
Unidentified sp. 2
Isopoda
Apanthura sp.
Spheroma sp.
Caridea
Unidentified sp.
Anomura
Upogebia sp.
Brachyura
Grapsidae
Unidentified sp. 1
Mollusca
Pelecypoda
Modiolus sp.
Unidentified sp. 1
Unidentified sp. 2
Chordata
Eel larvae (1 species)

96

231

Total density

21

926

65

215

172

115
86
46

158
21

194

21

21

Number of species

2080

17
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Table 2. Diversity and density of benthic fauna at 6 stations in the Kradae Chae Canal,
Suratthani on October 16, 1993.

Taxa St.1 St.2 St. 3 St. 4 St.5 St.6

Coelenterata
Anemone ~— — — 4 — —
Platyhelminthes
Unidentified sp. — — —
Annelida
Capitellidae
Heteromastus sp. — — 100 206 10 260
Nephtyidae
Nephtys sp. — 4 10
Nereidae
Unidentified sp. 1 — — — 14 4 2
Dendronereis sp. 14 — — 24 36 36
Sabellidae
Unidentifies sp. — — — 4 — —
Spionidae
Unidentified sp. — — — 364 — 300
Arthropoda
Acarina
Unidentified mite — — —
Cyclopoida
Unidentified sp. — 10 —
Amphipoda
Eriopisa sp. — — — 24 — 36
Unidentified sp. 1 — 4 — 14 — 18
Isopoda
Apanthura sp. - — — 4 — 10
Mysidacea
Unidentified sp. — 20 — 40 10 30
Caridea
Unidentified sp. — 4 — — — —
Penaeidea
Penaeus (post larvae) — — —
Anomura
Upogebia sp. — — 4 6 54
Brachyura
Grapsidae
Unidentified sp. 1 — — — 20 264
Unidentified sp. 2 — — — — — 20
Ocypodidae
Unidentified sp. 1 — — — — — 6
Mollusca
Pelecypoda
Unidentified sp. 2 — — —
Gastropoda
Cerithidea sp. — — — 4 — —

Total density 14 42 110 706 86 1088

Number of species 1 5 2 12 6 16
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coast of Thailand (CHATANANTHAWE] and
BUSSARAWIT, 1987), Ao Nam-Bor shore, Phuket
(FRITH et al, 1976), Ko Yao Yai, Phuket
(NATEEWATHANA and TANTICHODOK, 1980), Ko
Maphrao, Phuket (TANTICHODOK, 1981) and
Phang-nga Bay (PapHAVASIT and SETTI, 1981),
but the diversity was very low compared to
those areas.

Although the abundance of macrofauna on
the mangrove forest floor at Station 6 did not
appear significantly different from that found
in typical mangrove areas, the number of spe-
cies is comparatively low, particularly for
crabs and molluscs (FRriTH, 1977, PAPHAVASIT
and SETTI, 1981) and amphipods (BUSSARAWICH
et al., 1984). This may be due to several fac-
tors: there is information that crabs have been
over-harvested for food processing (personal
communication by fishermen), and there is a
difference in the forest floors. The mangrove
floor of the collecting site is often submerged
during low tide. The presence of mangrove
trees and associated microhabitats accounts for
the high diversity and abundance of grapsid
crabs within the habitat, such as beneath dead
wood, among rotting vegetation, and on prop
roots and tree trunks (FRrITH et al., 1976). Al-
though these crabs feed on mangrove leaves,
mangrove seedlings and fine plant and animal
detritus, members of Grapsidae are well
adapted to aerial beathing and are able to with-
stand longer exposure periods, an adaptation
which allows them to colonize the more
landward intertidal areas (MACNAE, 1968).
Some grapsid crabs, Chiromanthes indiarum
and Helice leachi, were notably more abundant
in the landward rather than the seaward man-
grove forest areas (FriTH, 1977). The low spe-
cies diversity of grapsid crabs at Station 6 may
therefore be due to the mentioned factors.

It is noteworthy that the members of several
gastropod families such as Littorinidae,
Neritidae, Assimineidae and Potamididae,
which are dominant in the mongrove biotope
(FRITH et al., 1976; PAPHAVASIT and SETTI, 1981;
SHOKITA et al., 1983), were not encountered in
the present study. The type of substrate(FRITH,
1977) and inundation during low tide might, to
some extent, be attributable to the absence of
some gratropods. The majority of gastropods

found with in the mangrove environment are
able to breathe air and thus withstand long
exposure periods (BERRY, 1972). This adapta-
tion may allow them to be active during low
water periods and to colonize the more
landward shore areas (FRITH et al., 1976). Then,
tree-dwelling gastropods are often observed in
mangrove microhabitats as leaves, prop roots,
tree trunks and branches (FRITH et al., 1976;
FriTH, 1977; SHOKITA et al., 1983; Cook and
GARBETT, 1989). Unfortunately for the present
study, the tree-dwelling animals have not been
investigated. Thus, in this case a comparative
discussion with previous reports may be diffi-
cult.

At Stations 1-5, it was found that the
polychaete population was dominant while
crustaceans were rare. This was different from
Station 6 where crustaceans were more abun-
dant in both density and diversity. Such levels
of polychaetes with reduced numbers of crusta-
ceans reflect high pollution or stress in the
environment; the opposite state results in the
reverse condition (AMio, 1979). Although
capillellid polychaetes have been found in
mangroves in Malaysia (SASEKUMAR, 1974), on
Phuket Island (FRITH et al., 1976) and on Koh
Surin Nua (FrrtH, 1977), Capitellidae, such as
Capitella capitata, have been recorded as an in-
dicator species for organically polluted waters
(KikucH1, 1991). CHAREONPANICH et al. (1994)
suggested that Capitella sp. I has the ability to
be utilized as an effective biological treatment
for poor oxygenated sediment below fish net
pen culture areas. The treatment of organically
polluted sediment is particularly appropriate
(CHAREONPANICH et al., 1993). It would seem,
therefore, that the presence of other species of
Capitellidae such as Capitella sp. and
Heteromastus sp. within Kradae Chae Canal
may be due to the enrichment of organic mat-
ter from shrimp ponds and households there.
Especially in the dry season, the capitellid
population was more abundant than in the wet
season.

The density and diversity of benthic fauna in
general within the Kradae Chae Canal (Sts. 1-
5) itself were markedly low, with the exception
of Station 2 (dry season) where the highest
total density was found. This included a large
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number of small dead bivalves (8 mm in
length). Dredging of the canal for water pump-
ing to shrimp ponds was the major factor in the
reduction of benthic fauna. Recolonization
should be possible if the dredging is prevented.
Tidai currents would serve as a source of larval
stock and food, with the stations closer to the
sea being colonized faster than the inner sta-
tions. Estimation of the time required for com-
plete recolonization will need further study.
Coastal areas affected by off-shore tin mining
need to be allowed more than one monsoon pe-
riod for full recolonization by benthic
polychaetes (HYLLEBERG et al., 1985).

Although it has not yet been demonstrated
that benthic fauna provide a supplementaly
source of protein in shrimp ponds, macroben-
thos are a major natural source of food for
penaeid shrimp (IKEMATsU, 1963). For shrimp,
epifaunal suspension feeders and deposit-
suspension feeders are preferred to infaunal de-
posit feeders (KUWABARA and AKIMOTO, 1986).
Such species as macrobenthos Perinereis
quatrefagesi have been used as food for cul-
tured shrimp (HYLLEBERG et al., 1986). More-
over, crustaceans, bivalves, gastropods and
polychaetes have been reported as the most
common food items in the guts of both juvenile
and adult Penaeus merguiensis (W ASSENBERG
and HiLL, 1993). This suggests that benthic
fauna are useful to shrimp production. The soft
bottom under mangrove trees is more produc-
tive of benthic fauna. The present study sug-
gests that there is a positive relation between
the density of the mangrove trees and the den-
sity and diversity of benthic fauna produced.
The low diversity of crustaceans on mangrove
floor at Kradae Chae Canal found in this study
seems to be different from the typical man-
grove forest. The intensive research on the ef-
fect of shrimp-pond effluent on benthic fauna
may be necessary.
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Study on successive counting system for seedlings fry
Hu CHEN®, Sadami YADA*, and Masayoshi Topa *

Abstract: In order to change the intermittent counting course into a successive counting course,
a system constituted by alternately operating two suction rooms was produced. In this paper,
relationship among the counting efficiency of the system and the time of ball valves rotating
from opening condition to shutting condition, length of inside suction tube and suction velocity
were described, and what an appropriate counting system was theoretically analyzed. The
results are as follows.

1. When a fry was sucked in one course at suction velocity of 0.9 m/s, 1.2 m/s and 1.5 m/s, the
suitable time of ball valves rotating from opening condition to shutting condition were 4.5 s, and
5.0 s, 5.5 s, and the suitable suction time of a fry were 325 s, 23.9 s, and 22.5 s.

2. When two or three fry were sucked in one course at suction velocity of 1.0 m/s, the suitable
time of ball valves rotating from opening condition to shutting condition was 4.5 s, and the
suitable suction time of fry were 24.5 s, and 24.8 s.

3. The system constituted with two suction rooms could count 4,800 fry per hour. If inside
suction room was lengthen to 2.93 m, or fry sucked by three suction rooms with the ball valve
which rotating time is 0.5 s, the system could count 38,400 fry per hour.

Depend on the studies as described above, the system could be considered as an effective and

practical method of counting fry.
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Fig.1. System outline (a) and flow chart (b) of successive counting system. 1,19 : water tanks,
2 : speedometer, 34 : longitudinal sieves of suction side, 5,6 : ball valves of suction side, 7,

8 : admission valve, 9,10 : suction room, 11,12 :

longitudinal sieves of exhaust side, 13,14 :

change valves of suction room, 15 : tank for pressure control, 16 : vacum pump, 17,18 :

ball valves of exhaust side.
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Fig. 3. Relationship between suction velocity
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