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Vertical profiles of trace nitrate in surface oceanic waters of

the North Pacific Ocean and East China Sea

Jota KANDA', Takayuki ITOH* and Motomune NOMURA®

Abstract: Trace nitrate in surface waters at several stations of the North Pacific Ocean and
East China Sea were determined by a high—sensitivity chemiluminescence method. The detailed
vertical distribution of nitrate within the surface layer based on water samples taken at small
depth intervals revealed that nitrate concentrations were approximately uniform within the
euphotic zone, then increased abruptly with depth from the upper end of the nitracline. Nitrate
concentrations above the nitracline ranged 3.1-96.2nM, likely reflecting nitrate supply from
depths. The depth of the upper end of the nitracline was located at a light depth of 0.58-3.5%
at all stations except two, at which the surface mixed layer extended down to the upper end of
the nitracline. These depths corresponded closely to the conventional bottom of the euphotic
zone, indicating a strong biological control on the nitrate distribution. If the observed nitrate
distribution is maintained steadily, net biological nitrate consumption should occur over a nar-
row depth range near the upper end of the nitracline and no net uptake or regeneration should
occur in the upper layers of the euphotic zone.
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1. Introduction

Nitrate in the surface layer of stratified
ocean waters is depleted by biological consump-
tion to levels substantially below 100nM. How-
ever, as the detection limits of conventional
spectrophotometric analysis for nitrate are
usually in the range of 100nM (STRICKLAND
and PARSONS,1972), alternative techniques ca-
pable of much lower detection limits are re-
quired. The use of chemiluminescence for high—
sensitivity analysis of nitrate (GARSIDE, 1982)
revealed the presence of trace nitrate in the low
nanomolar range at sites in oligotrophic wa-
ters (GARSIDE,1985; EPPLEY and RENGER, 1986).
Other high—sensitivity analytical methods are
now also in use (OUDOT and MONTEL, 1989;
ZHANG, 2000).

These high—sensitivity analytical methods

' Faculty of Marine Science, Tokyo University of
Marine Science and Technology, 4-5-7 Konan,
Minato-ku, Tokyo 108-8477, JAPAN

* Faculty of Science, Shizuoka University, 836 Ohya,
Suruga—ku, Shizuoka—shi, Shizuoka 422-8529, JA-
PAN

have been used to determine nitrate concentra-
tions in several oceanic domains (e.g. GARSIDE,
1985; EPPLEY and RENGER, 1986; GLOVER et al.,
1988; EPPLEY et al., 1990; WOODWARD and
OWENS, 1990; MANTOURA et al., 1993; HARRISON
et al., 1996; DORE and KARL, 1996a; LIPSCHULTZ,
2001; CAVENDER-BARES et al., 2001; KANDA et
al., 2003; CHEN et al., 2004; KROM et al., 2005).
However, high—sensitivity measurements of
the nitrate distribution remain limited, par-
ticularly for the western part of the Pacific
Ocean. In the present paper, a modified chemi-
luminescence technique following GARSIDE
(1982) is employed to obtain detailed vertical
profiles of nitrate concentration at several sites
in the Pacific Ocean and in the waters adjacent
to Japan. The obtained results are discussed
with regard to the physical structure of the wa-
ter column and the biological processes rele-
vant to the control of nitrate concentrations.
Emphasis is placed on the detailed variation of
nitrate near the upper end of the nitracline,
where nitrate concentrations begin to increase
sharply with depth.
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Fig. 1. Schematic diagram of chemiluminescent analysis.

2. Materials and Methods

Nitrate concentrations were determined by
the chemiluminescent method of GARSIDE
(1982) using the analytical system of Cox
(1980) and GARSIDE (1982) with modifications
to increase the sample processing rate. In the
present study, a system with two reaction
chambers connected via a 10—port valve is used
(Fig. 1). The two chambers are used alter-
nately. The carrier gas (Ar) is supplied from a
gas cylinder through two different lines; one
line is dedicated strictly for analysis and is con-
nected directly to the chemiluminescent NOx
detector, and the other line is used for pre—
purging with the mixed reducing reagent. The
gas flow in each line is controlled by a pressure
regulator and a mass—flow controller.

While the chamber is connected to the pre—
purge line, the reducing reagents are intro-
duced successively by dispenser units connected
to the chamber in the following order: 10mL
sulfuric acid (H,SO., ca. 95%), 2mL 4% (w/v)

aqueous ammonium iron (II) sulfate (Fe (NH.),
(SO.): * 6H,0) solution, and 2mL 2% (w/v)
aqueous ammonium molybdate ((NH,):MoO.)
solution. After pre-purging, the line is
switched to the analytical line, and 10mL of the
seawater sample is introduced to the chamber
by a dispenser unit. The evolved nitrogen mon-
oxide (NO) is lead to a chemiluminescent NOx
detector (ECL-88US, Yanaco, Kyoto, Japan),
and the peak area of NO concentration is calcu-
lated by an integrator (C-R6A, Shimadzu,
Kyoto, Japan). The peak area was calibrated in
advance against the peak area of standard solu-
tions of known concentrations. Another reac-
tion chamber was pre—purged in preparation
for analysis of the following sample during
analysis of the current sample. The samples
and standards were prepared by adding a 1/50
proportion of 1% sulfanilamide solution. The
present analysis thus determines only nitrate,
not nitrite (GARSIDE, 1982).
Pure water obtained

from a water
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Table 1. Station locations and date/time of sampling

Station/Cast Location Date Local Time Cruise
C 22° 46'N, 158° 07'W 310ct. 1993 10:20 KH-93-4
B CastB10 31° 40'N, 136° 00'E 2Sept. 1995 19:10 KT-95-12

CastB12 3Sept. 1995 00:10 K-95-09
D4 29° 18'N, 127° 28'E 5Nov. 1995 14:21 K-95-09
D6 29° 21I'N, 127° 21'E 6Nov. 1995 18:42 K-95-09
G2 28° 00'N, 126° 45'E 10Nov.1995 16 : 38 K-95-09
G3 28° 01'N, 126° 43'E 12Nov.1995 11:58 K-95-09
G4 28° 04'N, 126° 39'E 13Nov.1995 06:37 K-95-09
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Fig. 2. Station locations.

purification system (Milli-Q Lab, Nihon Milli-
pore, Tokyo, Japan) was used as an analytical
blank. The calculated detection limit (ys+3ss)
for the present analyses is 2.1nM, with repro-
ducibility at 20nM nitrate concentration of
1.8% (n=10). All glassware used in the analy-
sis was rinsed with dilute hydrochloric acid so-
lution (ca. 0.05M) and pure water immediately
prior to analysis.

Samples for nitrate analysis were obtained
during cruises KH-93-4 of the research vessel
(R/V) Hakuho-maru, KT-95-12 of R/V
Tansei-maru, and K-95-09 of R/V Kaiyo (Ta-
ble 1). Vertical profiles were obtained from a
total of 8 casts at locations shown in Fig. 2.
One profile was obtained at Station C of KH-93
—4, which is located off Hawaii in the observa-
tional area of Station ALOHA of the Hawaiian

Ocean Time—series (KARL and Lukas, 1996).
Station B (KT-95-12) was located in pelagic
water south of the Kii Peninsula, Japan, where
the 2 casts (B10 and B12) were conducted near
sunset and at midnight, respectively. Stations
D4, D6, G2, G3 and G6 were in waters off
Okinawa, Japan in the shelf-break and trough
region of the East China Sea (not on the conti-
nental shelf). Stations D4 and D6 were on Line
D of the K-95-09 cruise undertaken as part of
the MASFLEX project (TSUNOGAT et al., 2003).
Stations G2, G3 and G6 were on Line G of the
same cruise. These stations were located at in-
tervals of several miles, and only approximate
locations are shown (D and G) in Fig. 2. De-
tails of sampling casts are listed in Table 1.
Seawater samples were collected in Niskin
bottles using a rosette multi—sampler. Water
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Fig. 3. Vertical profiles of nitrate, temperature, salinity, relative PAR and chlorophyll fluorescence at Station
C. Error bars indicate standard deviation of 3 to 8 repeated measurement for one depth sample.

samples were often taken at small depth inter-
vals (down to 5m). While we took care to as-
cend (descend) the samplers at a rate below ca.
0.3m s, possible effect of perturbation by the
CTD-sampler system on the observed nitrate
distribution should not be precluded. Tempera-
ture and salinity profiles were obtained using a
Niel-Brown or a Seabird CTD system. Under-
water irradiance and chlorophyll fluorescence
were observed using either an OCTOPUS sys-
tem (ISHIMARU et al., 1984) or a natural fluo-
rescence profiler (PNF-300, Biospherical
Instruments, San Diego, USA). The underwa-
ter irradiance was determined as the photo-
synthetically available radiation (PAR) scalar
irradiance on a quantum basis. The seawater
samples were stored frozen until later analysis
ashore, except for samples obtained at Station
C of KH-93-4, where analysis was performed
onboard.

3. Results

Profiles obtained at Station C near Hawaii
showed that nitrate concentration ranged from
3.1 to 8.4nM in the upper 100m of the water col-
umn and was relatively uniform (Fig. 3). The
nitrate concentration at a depth of 10lm was
5.8nM, increasing to 36.1 nM at 106m and ris-
ing sharply with depth thereafter. The upper
end of the nitracline is thus inferred to be

located between 101 and 106m. The surface
mixed layer was ca. 50m thick, and the tem-
perature and salinity decreased steadily below
this level. The maximum chlorophyll fluores-
cence occurred at 106m, only a few meters from
the upper end of the nitracline. The 1% light
depth was 97m, and the upper end of the
nitracline corresponded to a light depth of 0.58
-0.78%.

At Station B, south of Honshu Island, Japan,
two nitrate profiles were obtained at an inter-
val of bh, and slight differences in the nitrate
concentrations and vertical distributions were
found (Fig. 4). Nitrate concentrations in the 20
-90m interval of the first cast at dusk (B10)
and the 50-95m interval of the second cast at
midnight (B12) were in the range of 20.1-
23.8nM. The upper end of the nitracline was lo-
cated at 90-95m at the time of B10 and 95-100m
for B12. The nitracline depth was thus slightly
deeper at midnight. The nitrate concentration
increased with depth except for a slight de-
crease at a 105m in both casts. CTD observa-
tions indicate that the mixed layer at dusk
(B10) extended to 32m, while that at midnight
(B12) extended to 36m. The isotherm depth
was also slightly deeper at midnight; the 22.5
°C level occurred at 101m at dusk but at 103m
at midnight. Both the chlorophyll maximum
and the 1% light depth were located at 101m.
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Fig. 4. Vertical profiles of nitrate, temperature and

salinity at Station B at dusk (B10, upper) and midnight

(B12, lower). Relative PAR and chlorophyll fluorescence were obtained in a separate cast during the day-

time (see text).

Note that the observation of chlorophyll fluo-
rescence and underwater irradiance was per-
formed during the daylight hours on the
sampling day (Sept. 2, 1995) and thus may not
be directly comparable to the profiles observed
by the dusk and midnight casts. The upper end
of the nitracline (90-100m) was located at a
light depth of 1.1-2.1%.

The nitrate concentration in the upper 80m
at Station D4 was relatively high, ranging
from 35.6 to 96.2nM (Fig. 5). The nitrate dis-
tribution was complex. The surface mixed

layer extended to a depth of ca. 40m, and an-
other layer with relatively uniform tempera-
ture and salinity was found at depths of 60—
90m. Both temperature and salinity were lower
in this layer, and the nitrate concentration was
also relatively low (35-45nM) in the 60-80m.
The nitrate concentration increased from
45.1nM at 80m to 531nM at 90m. The 1% light
depth was located at 81m, and the upper end of
the nitracline (80-90 m) was located at a light
depth of 0.64-1.1%. At Station D6, the surface
mixed layer was approximately 60m thick, and
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Fig. 5. Vertical profiles of nitrate, temperature, salinity, relative PAR and chlorophyll fluorescence at Stations
D4 (upper) and D6 (lower).

a thin layer with uniform temperature and sa-
linity occurred at 70-75m (Fig. 5). The nitrate
concentration in the upper 60m of Station D6
was in the range of 14.5-21.3nM. The concen-
tration at 60m was 21.3nM, increasing to
46.3nM at 70m and 83.2nM at 75m. The 1%
light depth was outside the observed range of
the natural fluorescence profiler, but is in-
ferred by extrapolation to have occurred at a
depth of 86m. The upper end of the nitracline
(60-70m) corresponded to a light depth of 2.2—
3.5%.

At Stations G2, G3 and G6 (Fig. 6), the

surface mixed layer extended deeper, reaching
105m, 85m and 100m, respectively. The nitrate
concentrations within these mixed layers
ranged from 31.5 to 45.9nM at G2, 24.6-25.TnM
at G3, and 25.2-47.1nM at G6. The upper end of
the nitracline occurred at a depth of 110-120m
at G2, 80-90m at G3, and 90-95m at G6. The 1%
light depths were about 93m (by extrapola-
tion) at G2, 98m at G3 and 72m at G6. At G2
and G6, the upper end of the nitracline was
much deeper than the 1% light depth, where
the upper end of the nitracline at G2 (110-
120m) corresponded to a light depth of 0.30-
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Fig. 7. Variation in nitrate concentration gradient with depth. Difference in nitrate concentration was divided
by the depth interval and plotted against the mean depth of two sampling depths. Positive values indicate

an increase in concentration with depth.

0.47%, and that at G6 (90-95m) corresponded
to a light depth of 0.21-0.26%. In contrast, the
upper end of the nitracline at G3 (80-90m) oc-
curred at a light depth of 1.3-2.0%.

4. Discussion
Variation of nitrate concentrations in surface
layers

The nitrate concentrations in surface waters
of Station C were less than 10nM but still above
the detection limit of the present analysis.
These low but non—zero values are found con-
sistently at this station in the time series ob-
servations of HOT (LETELIER et al., 2000), as
well as in other areas of the subtropical oceans
(EPPLEY et al., 1990; HARRISON et al., 1996;
CAVENDER-BARES et al., 2001). The existence of
a threshold concentration of nitrate uptake or
a dynamic equilibrium between uptake and re-
generation (nitrification) is suggested as

possible explanations for these non-—zero
nitrate concentrations (EPPLEY et al., 1990;
McCARTHY et al., 1992; HARRISON et al., 1996;
DORE and KARL, 1996b). At other stations in
the present study, nitrate concentrations in
surface waters were higher and more variable,
likely reflecting the larger supply of nitrate
from depth. Under an assumption of simple one
—dimensional diffusion, nitrate supply to the
euphotic zone is given by the product of the
concentration gradient and vertical diffusivity
(KNG and DEvoL, 1979). Although the tem-
perature and salinity profiles at Station B were
similar to those at Station C (Fig. 4), the ni-
trate concentration gradient within the
nitracline was higher (Fig. 7). At Stations D4,
D6, G2, G3 and G6, the mixed layer extended
deeper, nearly to the nitracline, which may
suggest the entrainment of nitrate from such
depths (Figs. 5 and 6). The nitrate
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concentration gradient at many of these sta-
tions was comparable or higher than at Sta-
tions B and C (Fig. 7). Higher concentrations
are also reported for “nitrate—depleted” waters
in the literature, which may similarly be re-
lated to the greater supply of nitrate. At the
time—series observation site in the subtropical
Atlantic Ocean (BATS), nitrate concentrations
in winter were high, sometimes exceeding
300nM (LipscHULTZ, 2001). This station is lo-
cated at a higher latitude (31°50'N), and win-
ter-mixing extends much deeper than the
euphotic zone. The non—winter concentrations
of nitrate were similar to those of stratified
subtropical waters. Other observations of
higher concentrations have been reported for
waters associated with mesoscale eddies
(GARSIDE, 1985; ALLEN et al., 1996), wind—in-
duced mixing events (EPPLEY and RENGER,
1988; GLOVER et al., 1988), and possible atmos-
pheric deposition (EPPLEY et al., 1990), as well
as in waters of coastal/shelf regions with ter-
restrial influence and/or a shallower nitracline
(EpPLEY and RENGER, 1986; WOODWARD and
OWwENSs, 1990; EpPLEY et al., 1990; CHEN et al.,
2004).

Vertical profiles near the upper end of the
nitracline

GARSIDE (1985) first described the vertical
distribution of trace nitrate in waters around a
warm-—core ring in the North Atlantic Ocean,
where it was found that nitrate concentrations
increased exponentially with depth from the
surface. EPPLEY et al. (1990) also observed a
similar exponential increase in nitrate at cer-
tain stations, although more typically the ni-
trate concentrations were found to be relatively
uniform within the euphotic zone and to in-
crease abruptly near the bottom of the euphotic
zone. This type of profile is more common in
other observations in the subtropical oligo-
trophic Atlantic and Pacific oceans (EPPLEY
and KoOEVE, 1990; DORE and KARL, 1996a;
LipscHuLTZ, 2001; CAVENDER-BARES et al.,
2001). The profiles obtained in the present
study all exhibited the latter type of distribu-
tion. The upper layer (no concentration gradi-
ent) and the nitracline layer (positive concentr-
ation gradient) can be clearly separated (Fig.

.

Based on nitrate data obtained by conven-
tional analytical methods in the equatorial At-
lantic Ocean, HERBLAND and VOITURIEZ (1979)
suggested that the 1% light depth, chlorophyll
maximum and upper end of the nitracline all
occur at statistically similar depths. Determi-
nation of these depths largely depends on the
depth intervals of sampling. In the present
study, smaller sampling intervals of 5-10m
were adopted for nitrate analysis near the
depth of the lower euphotic zone, and the re-
sults confirmed that the upper end of the
nitracline is associated within a narrow rela-
tive PAR range of 0.58-3.5%. Stations G2 and
G6 are the exception to this behavior (Fig. 8),
where the mixed layer extended much deeper
than the 1% light depth. The lower relative
PAR recorded at the upper end of the nitracline
at these two sites (0.30-0.47% for G2, 0.21-
0.26% for G6) should thus be representative of
the deep mixed layer. Given the association of
nitrate uptake with photosynthetic activity,
the occurrence of the upper end of nitracline at
similar light-depths indicates a strong biologi-
cal control on the nitrate distribution.

The maintenance of this type of vertical pro-
files constrains the vertical variation in the ni-
trate budget. Assuming the simple one—
dimensional diffusive supply of nitrate, the
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temporal change of the nitrate concentration
(O) at depth z, or the time (¢) derivative of C,
can be equated with the depth derivatives of C,
the vertical diffusivity at depth z [K. ()] and
biological uptake and regeneration of nitrate:

o0C _ 0 (p 9CY_
51 = oz <Kv(z) oz ) (uptake)

+ (regeneration)

(D

The net biological uptake of nitrate, or the
negative value of the net biological formation,
should be given as the difference between the
uptake and regeneration.

(net biological uptake) = — (net biological
formation) = (uptake) — (regeneration)  (2)

If the nitrate concentration is in a steady
state, the time derivative of C in Equation (1)
equals zero, and the net biological uptake is
given as
(net biological uptake) = i<K.(z)£> €))

0z \" 0z

The vertical diffusivity at depth z is assumed
to be a function of buoyancy frequency or N
(GARGETT 1984) as follows.

K, (2) =aN "' @

An arbitrary value of 1.0X10 'm’s ™' is as-
signed for the constant a,.. The resultant verti-
cal distribution of the net biological uptake of

nitrate at Station C (Fig. 9) indicates that high
net uptake should occur over a narrow depth
range near the upper end of the nitracline,
whereas no net uptake or formation should oc-
cur in the upper layers of the euphotic zone. If
plankton populations in these layers utilize ni-
trate as a nitrogen source, the uptake of nitrate
should be in balance with the in situ supply of
nitrate, or biological regeneration (presumably
nitrification) and/or an alternative external
supply such as atmospheric deposition.
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Fluorescent labelling of cultivated corals as a sustainable
management tool in coral trade and reefs conservation

Virginie VAN DONGEN-VOGELS* and Jérome MALLEFET

Abstract: Scleractinian corals are part of an important growing lucrative market trade, which
is primarily focused on wild-caught corals. Improving trade regulations and developing asex-
ual/sexual reproduction programmes in aquaria to decrease the pressure exerted on wild popu-
lations may require labelling systems to certify coral origin (cultured vs. wild-caught). We
investigated a simple labelling method based on calcein incubation using 81 coral fragments of
six cultivated coral species of two different growth forms (branched and foliaceous). We tested
two calcein concentrations (0.01 and 0.02 g1°") and three incubation times (12, 24 and 36 hours)
to determine optimal labelling conditions. The labelling visibility on fragments was assessed 8,
12 and 16 weeks following the incubations. Respectively 59, 61, 79, 96, and 98 % of the calcein in-
cubated-fragments were successfully labelled for S. caliendrum, Echinopora sp., T. reniformis,
P. damicornis, and S. pistillata and Montipora sp. While the quality and the durability of the
label varied between species, both were significantly improved at the longest incubations for
both calcein concentration tested. The relevance of the calcein technique in labelling cultivated
corals is discussed in relation to other potential labelling methods and as a sustainable manage-

ment in coral trade and reef conservation.

Keywords: Scleractinian, calcein, coral labelling, coral trade, CITES

1. Introduction

The impacts of anthropogenic activities on
coral reefs have been widely reported in the lit-
erature and include processes such as
eutrophication, oil pollution, tourism expan-
sion, trampling, dredging, overfishing, and
cyanide fishing (e.g. SHUMAN et al., 2004 :
WILKINSON, 2004 : FABRICIUS, 2005).
Scleractinian corals have also been the focus of
a lucrative and constantly growing trade
(GREEN and SHIRLEY, 1999 GREEN and
HENDRY, 1999 : FOLKE et al., 2000 : BRUCKNER,
2000, 2001 : DrLBEEK, 2001 : WABNITZ et al.,
2003). Despite the development and improve-
ment of maintenance and husbandry tech-
niques, less than one percent of the total trade
in hard corals is derived from cultured corals
(GREEN and SHIRLEY, 1999). Since 1983, inter-

Laboratory of Marine Biology, Catholic University
of Louvain (UCL), Batiment Kellner, 3 Place Croix
du Sud, 1348 Louvain-La-Neuve, Belgium

* Corresponding author
E-mail: virgvdv@yahoo.fr

national trade of more than 2000 species of cor-
als has been monitored and regulated under the
Convention on International Trade in Endan-
gered Species (CITES). All traded coral species
are now listed in Appendix II of CITES and
then require an export permit from the coun-
try of origin, along with proofs that a speci-
men was legally obtained and that the export
will not harm the survival of that species.
Countries are required to publish export quo-
tas showing the amount of coral that can be
collected and traded each year (GREEN and
HENDRY, 1999 : BRUCKNER, 2001 : http://www.
cites.org, July 2005). Different environmental
agreements, programmes, partnerships, net-
works, non governmental and governmental
organisations have been working to protect
and conserve coral reefs (UNEP, 2003) with for
instance, the creation of Marine Protected Ar-
eas (MPA) where fishing or collecting activi-
ties are strictly banned.

Although CITES legislation is strict (GREEN
and HENDRY, 1999 : BRUCKNER, 2001), illegal or
unreported fishing and coral collecting
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activities (e.g. HANFEE, 1997 : GREEN and
SHIRLEY, 1999 : ISHIHARA, 2000 : Tro, 2005) as
well as unreported export/import of live corals
are still current. The illegal trade of corals on
the black market is one of the greatest concerns
in the conservation and protection of coral
reefs. In addition, intensive coral collecting ac-
tivities greatly reduce the percentage of coral
cover (e.g. HARRIOTT, 2002 : BRUCKNER and
BORNEMAN, 2005) hence affecting the entire
reef ecosystem; e.g. up to 70 % of the total reef
cover have been reduced in only one decade in
the Philippines (GREEN and SHIRLEY, 1999). It
is therefore necessary to improve trade regula-
tions in order to minimize coral reef decline.
Development of aquaculture facilities for coral
propagation in aquarium by both asexual and
sexual reproduction (e.g. DELBEEK, 2001
PETERSON et al., 2006) could allow pressure to
be reduced on wild populations, but should re-
quire labelling systems which may guarantee
coral proveniences (cultivated vs. wild—caught)
and help tracking coral in trade. In March 2004,
the Permanent Comity of the CITES raised the
question regarding the identification of a
labelling system for hard corals, which would
help to differentiate cultivated from wild—
caught corals (SC50 Doc. 10.1. Convention of
the International Trade on Endangered Spe-
cies, 50th session of the Permanent Comity, Ge-
neva, 2004). Furthermore, the Marine
Aquarium Council (IMAC) has launched an in-
ternational certification scheme providing se-
curity on the traded organisms with the idea of
a sustainable management of the reef and the
market trade (SHUMAN et al., 2004 : http://
www.aquariumcouncil.org, December 2006). In
particular, the assessment of labelling methods
to distinguish wild-caught from cultured cor-
als requires further investigations as it could
lead to the development of a sustainable tool
for more consistent monitoring of the coral
trade market.

Internal fluorescent markers such as calcein
(2, 4 — bis — [N, N’ — di (carboxymethyl) -
aminomethyl]- fluorescein) are easy to apply,
cost effective (i.e. a large number of individuals
can be marked in a short time with minimum
handling) and can last for several weeks (LEIPS
et al., 2001 : THORROLD et al., 2002). Calcein

has been used as an efficient marker for both
identification and growth measurements
(BERNHARD et al., 2004) in various inverte-
brates such as sponges (ILAN et al., 1996),
sclerosponges (WILLENZ and HARTMAN, 1999),
gastropods (MORAN, 2000), bivalves (DAY et al.
1995, KAEHLER and McQUAID , 1999) and echi-
noderms (RUSSEL and MEREDITH , 2000
RUSSEL and URBANIAK , 2004). Recently,
MARSCHAL et al. (2004) used calcein as a new
method to measure the growth and age of the
Mediterranean gorgonian, Corallium rubrum
(commonly referred to as ‘red coral’). Calcein
is a fluorescein complex which binds to calcium
and is therefore incorporated into growing cal-
cium carbonate structures (BERNHARD et al.,
2004) without affecting the growth of the
stained individual. Furthermore, when com-
pare to other stains such as alizarin red S or
tetracycline calcein appears to be more suitable
for staining invertebrates (e.g. DODGE et al.,
1984 : DAY et al., 1995). Once bound to calcium,
calcein fluoresces and becomes detectable when
exposed under ultraviolet light.

In this context, the objectives of this work
was to develop a simple calcein—based method
for labelling cultivated coral species, thus in-
troducing the idea of a ‘conservation label’ for
traded hard corals. More specifically, using 6
species of branched and foliaceous corals we in-
vestigated (i) the optimal labelling conditions
necessary to obtain a visible and long lasting
mark, (ii) the potential effect of calcein on
fragment growth, and (iii) the inter-specific
variability in the labelling efficiency.

2. Material and Methods

2.1. Species
The two main families of stony corals traded
internationally are Acroporidae and

Pocilloporidae (GOMEZ et al., 1985 : WABNITZ et
al., 2003). The six species of scleractinian corals
considered in the present work have been spe-
cifically chosen as they are listed in Appendix
IT of CITES, known to grow well in aquarium
and to reach rapidly a commercial size (GREEN
and SHIRLEY, 1999 : DELAHAYE , 2003) and as
such can be thought as being representative
species for aquarium trade. Three branched
Pocilloporidae species (Stylophora pistillata,
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Seriatopora caliendrum, and Pocillopora
damicornis) and one foliaceous Acroporidae
(Montipora sp.) were considered. Two other
foliaceous species of Faviidae (Echinopora sp.)
and Dendrophylliidae (Turbinaria reniformis)
were investigated in order to ensure the gener-
ality and relevance of the present work.

2.2. Cutting and handling

For each species, small coral fragments of
about 5 ¢cm in length for the branched species
and a diameter of about 5 cm for the foliaceous
species were obtained from cultivated colonies
using a pair of pliers. Tags attached by a thin
plastic cable were used to identify each frag-
ment. Fragments of the each species were
placed on separate PVC plates and separated
from each other to avoid any interaction. Hold-
ing plates were then transferred in four 800 1
aquaria filled with biologically filtered
seawater and fitted with a circulating pump
(Eheim 1060, 1200 1 h—-1), allowing sufficient
water flow to support coral growth. Light (300
«E ecm~2 s-1) was provided by two met al hal-
ide lamps (HQD) located one meter above each
aquarium. The temperature was maintained at
26.5-27.5 °C during the entire study.

2.3. Calcein labelling

The labelling experiment consisted in six dif-
ferent incubating conditions carried out in or-
der to infer an optimal condition for obtaining
a visible and long lasting mark on coral frag-
ments. Calcein concentrations of 0.01 g 1! to
more than 060 g 1 ' (e.g. KAELHER and
McQUAID , 1999 : RUSSELL and MEREDITH, 2000)
have been used to stain various invertebrates
without affecting their survival. Given the
calcein concentrations used by MARSCHAL et al.
(2004) to stain a gorgonian coral, two calcein
solutions (0.01 g1 ' and 0.02 g 1) were pre-
pared according to MORAN (2000). Coral frag-
ments of each species were then removed from
the 800 1 aquaria and incubated in 50 1 aquaria
without calcein (control), and with calcein at
0.01 g1 'and 0.02 g1 ' for 12, 24, or 36 hours.
After incubation, fragments were returned to
the 800 1 culture aquaria. The 50 | glass aquaria
were filled with the same seawater of the 800 1
aquaria and their temperature maintained at

26.5-27.5 °C for the duration of the incuba-
tions.

Calcein—incubated fragments were subse-
quently observed one by one under ultraviolet
light (UV lamp: 365 nm) for less than one min-
ute. Four mark quality indexes were defined
according to the different calcein fluorescence
intensity levels (FIL) observed (1 = no mark or
absence of calcein : 2 = detectable but faint
mark : 3 = bright mark : 4 = very bright mark).
The remaining in the visibility of the label on
the fragment skeleton was assessed by repeat-
ing the observation under the UV lamp 8, 12,
and 16 weeks after the first incubations.

2.4. Coral growth

The fragment growth or increase in weight
(g) was estimated to the nearest 0.1 g at each
time interval of the study (after 12, 24, and 36
hours of calcein incubation, and 8, 12, and 16
weeks later). Coral fragments were taken out
of the aquariums and put on a tray for five
minutes before weighing them to allow excess
water to drain away (DELAHAYE , 2003).

2.5. Statistical analysis

The effects of calcein concentration (g1 '),
incubation time (hours), durability of the label
over time (weeks), and the inter—species varia-
tion on calcein mark readability observed in
fragments were tested using ordinal logistic re-
gressions (SAS Enterprise Guide® V2). In or-
der to test for the effect of calcein
concentration on fragment growth, we per-
formed for each species a one-way analysis of
variance (ANOVA) on the relative weigh in-
crease (in %) of fragments over time.
Parametric testing was possible as both the
normality and the Levene and Bartlett’ s tests
for homogeneity of variance were satisfied (p >
0.05).

3. Results

After 12, 24, or 36 hours of incubation in
calcein concentration of 0.01 or 0.02 g 1", more
than 59 % of all incubated—fragments of each
studied species showed a faint, bright or very
bright yellow—green fluorescent mark when ob-
served under the UV lamp. The mark was read-
ily distinguished from naturally occurring
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Fig. 1. Illustration of fluorescent labelled-fragments
observed under ultraviolet-light. A: Calcein fluo-
rescence observed immediately after incubation
on a fragment of S. pistillata and easily differen-
tiated from the polyps auto-fluorescence (white
arrow). B: A calcein fluorescent band (black ar-
row) easily observed on the shaded part of a
fragment of T. reniformis 8 weeks after incuba-
tion.

auto fluorescence by comparing calcein—incu-
bated fragments with the controls (Fig. 1). The
mean FIL obtained for both experiments are
given in Table 1. They give information on the
amount but especially on the quality of the
marks obtained (DAY et al., 1995). In addition,
the evolution of the percentage of labelled—
fragments obtained from incubations is repre-
sented for each species in Fig. 2. This percent-
age is considered to be easier to picture and it
provides a better idea of the reliability of the
method; i.e. < 50 % of labelled—fragments will
mean that the conditions used in this study are
thus not reliable for a labelling system, 50 to 80
%: the method can potentially be reliable but

the conditions need to be reviewed, > 80 %: the
method is reliable but may need to be im-
proved.

3.1. Optimal conditions after incubations and

inter—species variation

Firstly, we determined whether a condition
of incubation would be more suitable (.e.
higher marking scores obtained) for each spe-
cies separately. While an effect of the incuba-
tion time was significantly showed for
fragments of S. caliendrum (p < 0.05) with
higher scores obtained from 36 hours of incu-
bation, no effect of the incubation time was
showed for the other species (p > 0.05). For
each species, both the effect of the incubation
time on the FIL and the mean FIL obtained
were not influenced by the calcein concentra-
tions (p > 0.05). Secondly, we found that de-
creasing the incubation time (e.g. 24 or 12
hours) led to significant variations in the ob-
tained FIL between species (p < 0.05) for both
calcein concentrations. While P. damicornis,
Montipora sp. and S. pistillata did not show
any significant difference in their FIL, they
were all significantly higher than those of T.
reniformis (p < 0.05), and which ones were
found significantly higher than S. caliendrum
and Echinopora sp. (p < 0.05). These trends are
well reflected by the percentage of labelled—
fragments obtained after all incubations. Re-
spectively 59, 61, 79, 96, and 98 % of the calcein
incubated—fragments were successfully labelled
for S. caliendrum, FEchinopora sp., T.
reniformis, P. damicornis, and S. pistillata and
Montipora sp.

3.2. Persistence of the label and inter—species

variation

The percentage of labelled—fragments of each
species significantly decreased over the course
of the study (p < 0.05), in particular between
the first observation following the incubations
and the second observation performed 8 weeks
later (Fig. 2). However, some species were ob-
served to “lose” the brightness of their label
faster than others. For example, while 8 weeks
after all conditions of incubation no more
marks were visible on the skeleton of the frag-
ments of S. caliendrum (Table 1), there were
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Fig. 2. Temporal evolution of the percentage of labelled-fragments obtained after incubation of each species in
calcein at different concentrations (0.01 and 0.02 g 1) and different incubation times (12, 24, and 36 h).
Black: immediately after incubation, grey: 8 weeks after incubation, grey stripes: 12 weeks after incubation,

white: 16 weeks after incubation.

still more than 50 % (up to 90 %) of labelled—
fragments of P. damicornis for most of the
condition tested (Table 1). Again, 8 weeks fol-
lowing all incubations, the FIL were not sig-
nificantly different between P. damicornis,
Montipora sp. and S. pistillata, but were sig-
nificantly different between these three species
and 7. reniformis and Echinopora sp (p < 0.05).
T. reniformis significantly showed higher FIL
than Echinopora sp. (p < 0.05). Twelve weeks
after the incubations no marks could be detect-
able in all fragments skeleton of Echinopora sp.

and T. reniformis. In contrast, the three other
species commonly remained a weak percentage
(less than 40 %) of labelled—fragments that
gradually decreased over the next weeks (Fig.
2). No significant difference in their FIL was
showed 12 and 16 weeks after incubations (p >
0.05).

Apart from S. caliendrum, Echinopora sp.
and T. reniformis, fragments of the other spe-
cies studied significantly showed a higher prob-
ability to keep a visible mark with higher FIL
if incubated for 24 and/or 36 hours (p > 0.05).
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Table 1. Fluorescent intensity levels (FIL) obtained for different coral species immediately after calcein incu-
bations and 8, 12 and 16 weeks after incubations for each concentration and incubation time tested. Mean

+ Standard deviation; n: sample size.

Species Cone. Time 12h n 24h n 36h n
(g. 1Y) (weeks)

S. pistillata 0.01 0 3.3£0.9 12 3.910.3 12 3.7t0.9 12
8 1.34+0.5 12 1.5+1.0 12 1.84+0.7 12
12 1.3%+0.5 11 1.4%0.8 12 1.4+0.5 11
16 1.2+0.4 11 1.1+0.3 12 1.2+0.4 11
0.02 0 3.5%0.8 6 3.5%0.8 6 4.0%0.0 6
8 1.3£0.5 6 1.7£0.8 6 2.3£0.8 6
12 1.0+0.0 6 1.6+0.9 5 1.2+0.4 6
16 1.6£0.9 b} 1.0+0.0 6
S. caliendrum 0.01 0 1.6£0.9 12 1.9+1.2 12 3.910.3 12
8 1.0£0.0 6 1.0£0.0 11 1.0+0.0 12
0.02 0 1.7%+1.2 6 2.0£1.6 6 3.5+0.8 6
8 1.0£0.0 6 1.0£0.0 b) 1.0£0.0 6
P. damicornis 0.01 0 3.6%0.5 12 3.6£0.9 12 4.0%0.0 12
8 1.3+0.6 12 1.7+0.8 12 3.3+1.1 11
12 1.1£0.3 11 1.4%0.5 11 2.2+0.8 10
16 1.0£0.0 11 1.4%0.5 11 2.1+0.7 10
0.02 0 3.810.4 6 3.3+1.2 6 3.8+04 6
8 2.3+1.0 6 1.7£0.8 6 1.8+0.8 6
12 1.4%0.6 ) 1.3%£0.5 6 1.3+0.5 6
16 1.4+0.6 ) 1.3+0.5 6 1.3+0.5 6
Echinopora sp. 0.01 0 1.840.6 12 2.2+14 12 2.2+1.2 12
8 1.0+0.0 12 1.3+0.6 12 1.1+0.3 12
12 1.0£0.0 12 1.0+0.0 11
0.02 0 1.3£0.8 6 2.3%t14 6 2.7+£1.0 6
8 1.0£0.0 6 1.3%£0.5 6 1.0£0.0 6

12 1.0£0.0 b}
Montipora sp. 0.01 0 3.7£0.9 12 3.8+£0.4 12 3.7+0.5 12
8 1.1£0.3 12 2.2+1.2 12 2.2+1.3 12
12 1.1£0.3 10 1.4%0.5 12 1.6+1.0 11
16 1.1+0.3 10 1.3+0.5 12 1.4+1.0 10
0.02 0 3.510.8 6 3.3£1.0 6 4.0%0.0 6
8 1.3£0.8 6 2.5%14 6 3.0£1.3 6
12 1.2+0.4 6 2.6+1.1 5 2.3+1.2 6
16 1.240.4 6 2.2£0.8 b} 2.3+1.2 6
T. reniformis 0.01 0 3.2+t1.2 12 2.7t1.4 9 2.7+x1.4 9
8 1.0£0.0 11 1.1£0.3 9 1.6+1.0 9
12 1.0%0.0 9 1.020.0 8
0.02 0 3.5%1.2 6 3.2+1.3 6 3.7t0.5 6
8 1.24+0.4 6 1.3£0.5 6 1.2+0.4 6
12 1.0%0.0 ) 1.0%0.0 6 1.020.0 6

Those results suggest that longer period of in-
cubation might help remaining a higher per-
centage of labelled—fragments over time. The
concentration effect was only significant for

fragments of Montipora sp. and was higher for
clacein concentration of 0.02 g 1" . Further-
more, for fragments of P. damicornis increas-
ing the incubation time at lower calcein
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Table 2. Growth rates (% of relative weight increase) of each species obtained 8, 12, and 16 weeks after
incubations at each calcein concentration (C0: unlabelled control, C1: 0.01 g 1", C2: 0.02 g 1").
Mean *+ Standard deviation; n: sample size.
. Calcein Initial % weight increase
Species . n
groups weight (g) 8 weeks n 12 weeks n 16 weeks n
S. pistillata Co 3.21+0.6 6 25.0+11.8 6 66.31+25.7 6 111.640.8 6
C1 52%1.6 36 31.7£13.0 36 65.91£23.3 34 116.4%46.1 34
C2 6.2£3.0 18 24.71+13.4 18 54.7%29.1 17 92.9+52.9 17
S. caliendrum CO 2.6+0.5 6 36.9115.1 6 85.9+23.2 6 147.51+58.9 6
C1 2.5£0.7 36 24.0+14.6 29 62.4£34.5 29 118.669.6 29
C2 2.8+0.8 18 23.1+15.7 17 58.0+t31.4 17 103.4%58.0 17
P. damicornis Co 45*14 6 44.8+10.9 6 108.7%31.0 6 199.5+68.0 6
C1 3.8+1.0 36 47.2+20.1 35 127.0+49.1 32 218.9+85.5 32
C2 4.0£1.3 18 48.4+22.8 18 134.1+51.6 17 245.0+92.9 17
Echinopora sp. Co 4.0+2.2 6 33.2+20.6 6 60.2+21.9 6 106.138.6 6
C1 3.7t14 36 38.4+16.9 36 59.8£46.9 35 101.0£61.8 35
C2 3.5%1.2 18 36.2£22.5 18 52.9£50.5 17 100.367.0 17
Montipora sp. C0 45%1.3 6 47.61+16.6 6 89.9+t174 6 156.8112.8 6
C1 3.3%1.2 36 52.3£31.7 36 91.3+28.6 33 142.0%64.0 33
C2 3.3t1.5 18 49.0+21.4 18 69.4+49.9 17 129.7+76.7 17
T. reniformis Co 8.7t2.1 6 19.611.9 6 26.5+13.9 6 427124 6
C1 7.0+3.9 30 13.7£8.7 29 29.1+15.3 27 47.1+121.1 27
C2 6.4£3.2 18 11.7£8.0 18 24.4+14.5 17 39.3+£22.0 17

concentration significantly helped in keeping
the label visible over time (p < 0.05).

3.3. Effect of calcein on fragment growth

Fragments of each species showed an expo-
nential growth over time, and their growth
rates (% relative weight increase) obtained at
the end of the study are reported in Table 2. Al-
though the relative growth rates were observed
to vary between species from 40 % (7.
reniformis) to 200 % (P. damicornis), incubat-
ing fragments in calcein concentration of 0.01 g
1 "or 0.02 g1 'did not significantly affect the
growth rates of the fragments 8, 12, and 16
weeks  following  incubations  (one-way
ANOVA, df = 2, p > 0.05).

4. Discussion
4.1. On the importance of labelling in cultured
corals
The live coral trade is worth about US$ 7,000
per tonne (WABNITZ et al., 2003) and have
mainly been focusing on fast growing branched

species such as species of the genus Acropora,
Pocillopora, Seriatopora, and Stylophora,
(YATES and CARLSON, 1992). Improving cultur-
ing traded species in both in situ farms and ex
situ aquarium and integrating standardised
labelling methods for captive-bred or culti-
vated corals are likely to improve the conserva-
tion of coral reefs. Furthermore, cultivated
corals would be more adapted to “aquarium
conditions” compared to wild—caught corals (B
ORNEMAN and LOWRIE, 2001). The trial to test a
practical protocol for which all scleractinian
corals could be traded is one of the major and
relevant issues in coral trade and represents a
fair objective. Physical supports, plastic bud
vases, and recycled plastic bottle lids fixed un-
derneath a support have been used to trade cul-
tivated coral colonies between aquarium
centres (Van Dongen—Vogels, personal obser-
vations). Although these techniques appeared
to be sensible enough for trading corals, to our
knowledge, they still need to be standardised.
The method used in the present work
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involves incubation or immersion of fragments
of different scleractinian species into a calcein
solution, hence the integration of a fluorescent
complex during calcification of the fragments.
The use of fluorochromes represents a rela-
tively inexpensive and non detrimental method.
For example, the estimate cost to label one
coral fragment is less than 0.2 to 0.4 euros (in
2005). In addition, the ability to easily observe
the fluorescent label in coral fragments (i.e. as
easier as checking money notes under a UV
lamp) and the fact that the calcein labelling
method does not require unusual, specialized
equipment nor timely analysis adds to the ap-
peal of the approach

4.2. Optimal conditions and inter—species

variation

In order to obtain labelled—fragments of six
different cultivated scleractinian species, six
different conditions of incubation were tested
during this study. Although incubation at a
calcein concentration of 0.01 g 17" for at least 24
hours was sufficient to obtain 100 % of labelled
—fragments of S. pistillata, Montipora sp., S.
caliendrum and P. damicornis, incubation at a
higher calcein concentration of 0.02 g 1" for 36
hours resulted in 100 % of labelled—fragments
of all species. MARSCHAL et al. (2004) showed
that a 0.01 g 17" calcein concentration were suf-
ficient to stain octocoral skeleton, but in other
taxa such as molluscs, higher calcein concen-
trations were required to obtain consistent
fluorescent marks, e.g. 0.10 g ' (MORAN,
2000), 0.20 g 1 ' (RusseL L and MEREDITH,
2000) and 0.50 g 1" (KAELHER and MCQUAID,
1999). In any case, as shown here, longer incu-
bation times (e.g. 24 or 36 hours compared to
12 hours) improved the efficiency and the dura-
bility of the label. Similar results were ob-
served in BARNES (1970) who incubated corals
into a 20 mg 1" alizarin solution for 3 to 24
hours. In previous invertebrates studies,
calcein incubation times tested varied on aver-
age from 3 to 55 hours (ILAN et al., 1996), but
a 24 hours period of incubation was appropri-
ate for successful labelling (MoRaN, 2000 :
RusseLL and MEREDITH, 2000 : RUSSELL and
URBANIAK , 2004 : MARSCHAL et al., 2004).

As calcein is incorporated in the aragonite

skeleton during calcification, our results are
reflecting the difference in calcification rates
between coral species (GOREAU et al., 1996 :
GATTUSO et al., 1999). The absence of a visible
mark on some fragments immediately after
calcein incubation also suggests that no or very
little calcification occurred for those fragments
during incubation (WILLENZ and HARTMAN,
1999). A potential weakness of using calcein in
coral trade would be its relative lack of robust-
ness over time. BASHEY (2004) observed that in
Poecilia reticulata calcein marks can fade
within 14 days when exposed to high tempera-
tures or sunlight. Yet the observed decrease in
the ability of detecting the marks within 8 to 16
weeks is believed to result from the addition of
skeletal material on top of the calcein marks
(BARNES, 1972). This would suggest that while
the coral is incubated, the extension of the
skeleton would result in the integration of the
calcein and consequently in a visible mark on
the skeleton of the fragment. However, as the
thickening of the skeleton is occurring after its
extension, the label will then appear undetect-
able. Therefore increasing the growth rate of
the fragments during incubation (i.e. allowing
both the growth and thickening of the coral
skeleton) can be suggested in order to improve
both the durability and efficiency of the
labelling (DAY et al., 1995 : DUVIVIER, 2006).

5. Conclusion and perspectives

We showed that the use of calcein can be a
potential short—term, non—destructive tool in
cultivated corals in trade over wild—caught
ones. However, unsuccessful calcein labelling of
Lythophyton sp. suggests that this method is
inappropriate for soft corals (Van Dongen-
Vogels, unpublished observations). An alterna-
tive labelling method may rely on the use of
microchips which has proved to withstand in
saline water up to 6 m depth. Moreover, once
incorporated in the coral fragments of S.
caliendrum, Acropora sp. and Montipora sp.,
the microchips was still easily read by a scan-
ner after 3 months (DUVIVIER, 2006). This tech-
nique could be interesting in the long term but
because of its relatively high cost, it is still dif-
ficult to implement it on a global scale. Further
studies are then needed (i) to extend the
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application of the calcein labelling method to a
larger number of cultivated species, and (ii) to
compare different potential labelling systems
as well as evaluating the cost of these systems
in the live coral trade market. International
standardisation of the most efficient labelling
system should ultimately be made and decided
through proper international regulations.
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Numerical Radiative Transfer Simulations to Examine
Influence of Shape of Scattering Phase Function of
Suspended Particles on the Ocean Colour Reflectance

Takafumi HIRATA “* and Gerald F. MOORE**

Abstract: Effects of shape of particle scattering phase function on the ocean colour reflectance
are examined by means of radiative transfer simulations. The simulations suggest that differ-
ent shape of particle phase function may cause 19% of discrepancy in the reflectance for oceanic
waters, even if the backscattering probability of suspended particles does not change. The dis-
crepancy can be even larger for absorbing waters in coastal zone.

Keywords: Ocean Colour Reflectance, Phase Function Effects, Numerical Simulations

1. Introduction

Numerical simulation of radiative transfer is
a useful method to understand and predict
variability of the ocean color reflectance from
which biogeochemical properties of seawater
may be exploited. When opticaliy shallow wa-
ters and inelastic scattering (including Raman
scattering and fluorescence) are not consid-
ered, the time-independent simulations for 1D
space (depth) are equivalent to solving the
Equation of Radiative Transfer (ERT):

[cos9%+ I}L (@0 =w [4xL(@D P(¥D a2

eV,
where L and dQ’represent the radiance and in-
finitesimal solid angle, respectively. w is the
single scattering albedo and P (¥, 7) is the
scattering phase function of seawater. If w and
P are given, the ERT can be solved with respect
to L, provided initial and boundary conditions
are given. From the solution of the ERT, the
ocean colour reflectance can be obtained by R,.=
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L./ | Leos0, d? = L. / Ed” where 0,, L, and
E, are the viewing zenith angle, the upward ra-
diance (i.e. L (6,<90°) and the downward
irradiance, respectively. Due to difficulties in
measuring P, the classic measurements of P
taken by PETZOLD (1972) have been assumed in
the radiative transfer simulations for analysis
of R,,. Effects of this assumption should be
evaluated prior to drawing final conclusions.

Only a few evaluations of the assumption ex-
ist. PLASS et al. (1985) showed that shape of
phase function can significantly affect L,. More
recently however, MOBLEY et al. (2002) con-
cluded that the exact shape of the phase func-
tion in backscattering directions is not critical
if the backscattering probability is correct and
a 10% of error is acceptable. Thus, results from
the two groups do not agree well with each
other, and re-examination is required. The ob-
jective of this paper is to re-evaluate the influ-
ence of the shape of P on R., by means of
numerical simulations and to see whether the
use of the single shape of P (i.e. PETZOLD P) is
valid for different water types.

2. Simulations
The numerical radiative transfer simulations
are made by Hydrolight (MOBLEY, 1995) for R,
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Fig. 1 Phase functions by Lorentz-Mie theory: (a)
£=30 (b) £=4.0 and (¢) £=5.0. Real and
imaginary parts of the refractive index are rep-
resented by n and k, respectively.

using different shapes of P. The simulated R, is
then compared. In the following, the justifica-
tion for the phase functions used for the com-
parison is described.

2.1. Phase function, P
The phase function of seawater P is ex-
pressed by a weighted sum of that of pure
seawater P, and suspended particles P,:
P=(1-W) P,+ WP, 2

The weighting function W (= b,/ (b.+b,)) ex-
plains a contribution of the particle scattering
to the total scattering. Variations in P are
caused by variations of P., P, and W. Since
variations in P, are relatively much less than
these in P, and W, variations in P are deter-
mined by these in P, and W in practice.

Due to the lack of sufficient measurements of
P,, Lorentz-Mie computations were performed
just to obtain an idea of variability in P,. In the
Lorentz-Mie computations, particle size distri-
bution N (D) was varied according to Junge
distribution N (D) ~ D ¥ where N and D rep-
resent number of particles and sphere-
equivalent diameter of particles, respectively.
Junge slope £ was varied from 3.0 to 5.0. The
complex refractive index (n) was varied from
1.05 to 1.22 for the real part to consider algal
particles and mineral particles, and 0.0 to 0.001
for the imaginary part (k) to consider absorb-
ing particles. The computations show that the
shape of P, is remarkably variable at small and
large angles (Fig. 1). According to GORDON
(1993) however, the scattering at the small
scattering angles has little effect on the light
field. Hence we focus on P, at large angles, or
backscattering angles. The P, at backscattering
angles predicted by Lorentz-Mie theory may be
classified into three classes: (I) P, with a peak
at around 180° of scattering angle (Fig. la),
(ID P, with no such peak (Fig. 1c) and (III)
the intermediate case (Fig. 1b). In order to ex-
amine possible maximum effects of phase func-
tion on the ocean colour reflectance, two
boundary shapes of P, (i.e. backward-peaked
and non-backward-peaked phase functions) are
considered.

2.2.1 Backward-peaked phase function of sus-

pended particles

The backward-peaked P, obtained from
Lorenz-Mie computations (Fig. 1a) has a simi-
lar shape to that of PETZOLD phase function
(shown as a bold curve in Fig. 2) which has a
remarkable peak at backward direction. Be-
cause the aim of this paper is to examine effects
of use of the PETZOLD P, in ocean colour analy-
sis, the PETZOLD P, is used here as a reference
phase function that represents the backward-
peaked P, at the same time.
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Fig. 2 Total phase function calculated with particle phase function represented by Heyney-Greenstein phase
function Pue (dash-dot curves) and PETZoLD phase function Peer (solid curves). From the top to the bottom,
W (=b,/b.) varies from 0.90 to 1.00. Thick curves represent Pruc and Puc for W=1.0, or P,uc and P,rzr respec-
tively. Subplot is drawn to emphasize the phase functions at the backscattering angle (i.e. 90< ¢ <180).

2.2.2 Non-backward-peaked phase function

The other characteristic shape of P, predicted
from Lorentz-Mie theory has a relatively flat
shape in backward scattering angles (i.e. Non-
backward-peaked phase function, Fig. 1c).
Henyey-Greenstein phase function P,uc repre-
sents such a shape:

1 1—g*
Az [1+g*—2gul**

P = (3
where g and ¢ represent the asymmetry factor
and cosine of scattering angle. Fig. 2 shows
that P, (shown as Py for W=1.0) is similar to
the non-backward-peaked P, predicted by
Lorenz-Mie theory shown in Fig. lc. We use
P, here to represent the non-backward-
peaked P,, rather than those determined by
Lorentz-Mie theory, because P,uc is expressed
in an analytical form so that P, can readily be
assigned the same backscattering fraction

by,/b, as that of PETZOLD P,. Resultant g used
here is 0.9185.

2.2.3 The phase functions of total water
Variations of P calculated with P,rer and Poue
are shown in Fig. 2 for W varying from 0.9 to
1.0. For W=1.0 (bold curves), P is simply either
Prer (solid) or P,ue (dash-dot): see Eq. 2, too. It
is seen that shape of backward P calculated
from P,per or Pouc are different only when Wex-
ceeds 0.9 due to the large contribution of P, at
W<0.9. Py has been used to represent P for to-
tal (water + particle) seawater, and such ap-
proximation is not adequate for oceanic waters
(HALTRIN, 2002). However, Py is used here for
an approximation to P,, not to P. In addition,
Puc used as P, still preserves a physical phe-
nomenon that total P obtained from P,u¢ has
the least variability at the scattering angle of
120 deg. (O1sHI, 1990) (see inset of Fig. 2).
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Thus, Pre would still be useful for oceanic ap-
plication as long as it is used as one of the
boundary shape of P,.

2.3. Other input parameters

The radiative transfer simulations require
not only P but also the single scattering albedo
@ = bt / (Qr+bir) as well as initial and bound-
ary conditions. w is calculated from a.. and b
which are determined as follows. The absorp-
tion coefficient is decomposed into that by pure
water (a,) and by any other substances (a,,) so
that a...=a.+a,,. Subscript py means particle
plus yellow substance. Due to lack of sufficient
measurements to define natural variability of
a,y in the world oceans, a,, is numerically varied
from 0 to 1.59 m™'; this range of values covers
the maximal a,, observed in coastal waters by
BABIN et al. (2003a). Effects of the upper limit
chosen will be discussed in Section 3.2. Values
of a. are taken from a measurement made by
PorE and Fry (1997). The scattering coeffi-
cient may also be decomposed into b:..;=b.+b,
where subscript p means particles. Due to the
same reason as a,, above, b, is numerically var-
ied from 0 to 7.37 m™; such a value of scatter-
ing corresponds to a sediment load of 7 to 15 g/
m * (BABIN et al, 2003b) and the maximum
CHL considered here Selection of the upper

limit of b, will also be discussed in Section 3.2.
Values of b, are taken from MoREL (1974). Ta-
ble 1 summarizes values of a,, and b, used in the
present simulations.

The initial condition to the ERT is deter-
mined from HARRISON and CooMBES (1988) and
GREGG and CARDER (1990) with variable solar
zenith angle (0,) from 0 to 75 deg. as shown in
Table 1 (Results are shown only up to 58.3 deg.
within the geometry for remote sensing, which
does not affect a conclusion drawn in this pa-
per). The boundary condition to the ERT is de-
termined from Cox-Munk wave distribution
with the wind speed of 7.2 m/s. The ocean is as-
sumed to be optically deep. Actual simulations
are performed for 15 discrete optical depths
from 7 =0 down to 7 =7 with 0.5 interval, al-
though we only focus on 7 =0 which is relevant
remote sensing applications. Wavelength 1 is
selected based on SeaWiF'S bands (Table 1) but
restricted to shorter wavelengths to minimise
effects of inelastic scattering, including Raman
scattering and fluorescence. The simulations
are performed for all possible combinations of
input parameters above (including any combi-
nation between a.. and b..). Radiance to derive
R, is obtained from 0 to 49° of the viewing ze-
nith angle and from 0 to 180° of the viewing
azimuth angles (Table 1).

Table 1 Parameter values used for the simulations. All combinations of the parameters are considered in the
simulations. Wavelengths larger than 555 nm are not considered to minimise possible effects of inelastic

scattering.
a b, Solar zenith Yiewing .Viewing Wavelength
[m"] [m] angle zenith angle azimuth angle [nm]
[deg.] [deg.] [deg.]

0.000 0.000 0.0 2.0 0 412.5
0.017 0.019 8.3 7.0 15 442.5
0.028 0.038 16.7 13.0 30 490.0
0.046 0.073 25.0 19.0 45 510.0
0.076 0.140 33.0 25.0 60 555.0
0.126 0.271 41.7 31.0 75
0.209 0.525 50.0 37.0 90
0.347 1.017 58.3 44.0 105
0.576 1.967 66.7 49.0 120
0.956 3.807 75.0 55.0 135
1.587 7.368 61.0 150

67.0 165

73.0 180

79.0
85.0
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Fig. 3. Maximum and minimum values of r.. (=R, / Rerer): (a) as a function of only 2. All of range of other

parameters is considered; (b) as a function of only a..

but A is fixed at 555 nm; (c) as a function of b..

at A=555 nm and at a.. =1.65 m'; (d) as a function of 6. at A=555 nm, a., =1.65 m ', and b.. =1.01
m Y (e) as a function of 6, at A =555 nm, @ =1.65 m !, b =1.01 m 'and 0.=8.30°; (f) as a function of ¢
vat A=555nm, aw =1.65 m ', b =1.01 m ', 6,=8.30° and 6,=7.00°.

3. Results and discussions

The influence of P may be described by the
ratio between R, simulated with P,z (denoted
by R.rer hereafter) and R, simulated with P
(R.ne): 1.e. 1 = R/ Ryper. The influence of P,
is shown by the deviation of r. from unity, and
the largest influence can be evaluated by either
of the maximum or minimum value of 7.

3.1 Estimation of the largest influence

Fig. 3a depicts r,, as a function of only A. All
other variables, such as inherent optical prop-
erties (i.e. @ and b.:, or w) and viewing and
illumination angles, were varied. The maxi-
mum value of r,, (=1.16) is almost independent
of A.The minimum values of r, decreases from
0.70 to 0.65 as 4 increases. Since deviation of
the minimum r,, from unity is larger than de-
viation of maximum r,, from unity at all A, the

maximum discrepancy between R,.uc and R,.per
is represented by the minimum r,. The largest
influence of P, is found at A =555 nm.

Fig. 3b shows r,; as a function of only a.. but
wavelength is now fixed at 555 nm. All other
variables except A are allowed to vary. The
maximum values of r, are almost constant
while the minimum values of r,., decrease with
Qoe. Since the greatest deviation of the mini-
mum r,, from unity is larger than that of maxi-
mum 7, the largest influence of P, is found by
the minimum 7, at @.,=1.65 m "

Fig. 3c shows r, as a function of only b, but
now A and a.. are fixed at 555 nm and 1.65
m ', respectively. Variation of the minimum 7,
is not monotonic. It firstly decreases and then
increases, as b, increases. Since the greatest
deviation of the minimum r. from unity is
larger than that of maximum r.,, the largest
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Fig.4 Contour plot of r, as a function of upper limits of a.. and b... Chlorophyll a concentrations are specified
by: [] =0.03, x=0.10, €=0.22, 0=1.00, A=10.0, *=40.0mg/m *. Dotted line shows a boundary for W>0.9.

Dashed curve is drawn especially for r,, =0.81.
influence of P, occurs at b= 1.01 m™".

rs at A =555 nm, a.,=1.65 m~' and b,,.=1.01
m ' is shown in Fig. 3d as a function of solar
zenith angle 6,. The largest influence of P, is
found when 6,=8.30 deg. Fig. 3e shows r,, at
A =555 nm, Qw:=1.60 m ", biw=1.01 m ' and 6,
=8.30 deg. as a function of the viewing zenith
angle 6,, in which the largest influence is found
at 0,=7.00 deg. Finally ¢, at which the largest
influence of phase function is found is 0 deg, in
which case r..=0.65. (Fig. 3f).

The largest influence of particle phase func-
tion is found at A =555 nm, @.:=1.65 m™ ", b
=1.01 m ", 6,=8.30 deg., 6.=7.00 deg., and ¢.=0
deg. with r,, =0.65, indicating that the influence
of P, can be significant to cause 35%=100 (1-
0.65) of maximum discrepancy in R, according
to the present simulations.

3.2 Effects of choice in upper limit of a,. and
btol

In the results shown above, the largest

influence of P, was found at a..=1.65 m~' which
is the upper limit of a.. set in our simulations.
Also the largest influence of phase function as
a function of b.: did not show a constant effect
over b... These mean that our results obtained
earlier depend on the choise of the upper limit
of a.. and b, or equivalently a,, and b, since a.
and b, are regarded as constants. for each
waveleugth In order to see effects of this
choice, simulations are repeated by changing
the upper limit of a.. and b.. (denoted hereafter
by Max a:.. and Max b, respectively). Fig. 4
shows the largest influence of P, in terms of
s, as functions of Max a.. and Max b... If Max
aw: assumed in simulations is larger / smaller
than “real” upper limit of a.., the largest influ-
ence of phase function is over/under-estimated
when Max b, is relatively large. When Max b
is relatively small however, the over/under es-
timation is less severe or even negligible, even if
Max a... is incorrectly selected. This is consis-
tent with Section 2.2.3 that the phase function
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effects are remarkable only when W>0.9.

If Max b.,. assumed is relatively larger/
smaller than actual upper limit of b.. the larg-
est influence of P, simulated is over/under-
estimated, when the magnitude of actual b, is
small. When the magnitude of actual b, itself
is large however, the largest influence of P,
simulated will be under/over-estimated if Max
bio. assumed is relatively larger/smaller than
actual upper limit of b... The above results in-
dicate that precise determination of the upper
limit of aw: and b is required for quantitative
prediction of the influence of P,.

MOREL and MARITORENA (2001) proposed
statistical relationships between a.. (or bi,.)
and Chlorophyll a concentration (CHL) for
oceanic water based on numerous in situ obser-
vations, from which natural Max a.. and Max
b..: may be determined in terms of an upper
limit of CHL since the statistical relationship is
non-linear but monotonic. Their data showed
nearly 40 mg m * of the maximum CHL in oce-
anic waters: see their Fig.3 in MOREL and
MARITORENA (2001). Thus, realistic Max a...
and Max b.. can be calculated for oceanic water
by using CHL=40 mg m *. The largest influence
of P, estimated using Max a.. and Max b, de-
rived in this way are shown in Fig. 4 as a star
symbol. The largest influence of P, for
CHL=0.03, 0.1, 1.0 and 10.0 mgm * are also su-
perimposed for comparison as well as for
CHL=0.22 mg m * which is a global annual av-
erage of CHL derived from SeaWiFS. When
CHL is 0.22 mg m *, r.is 0.81 showing that 100
(1.00-0.81) =19 % of largest influence of P,. The
influence is relatively less for lower and higher
CHL. The present result suggests that the in-
fluence of P, on R,, (or equivalently L.) can be
significant for oceanic waters.

For coastal waters, a significant number of
observations for a.. and b, are required to de-
fine their maximum variability. Therefore
quantitative prediction of the phase function
effects cannot be made for coastal waters at the
present stage. However, general tendency of
the effects for coastal waters can be found at
least qualitatively (Fig. 4). For absorbing wa-
ters (e.g. Baltic sea) where Max a., is much
larger than that for oceanic waters, the possi-
ble largest influence of P, on R, will be larger

than that for oceanic waters, unless Max b...
(or b ) is also much larger than b, for oce-
anic waters. For scattering waters (e.g. Black
sea) where Max b.. is much larger, the largest
influence of P, on R,, will be reduced unless
Max a.. is also much larger.

It is clear that a balance between the absorp-
tion and scattering play a significant role in
the phase function effects, and the absorbing
water or scattering waters may be defined
based on w. However, it should be emphasized
that absolute magnitude of b,,, (or alterna-
tively b,) must also be considered together with
® when the phase function effects are esti-
mated, since (1) we saw in Section 2.2.3 that
significant difference in P is found only at W
>0.9 and (2) a value of w cannot specify a
unique value of W.

Phase function effects for the absorbing wa-
ters implies that, even for oceanic waters, the
effects can be significant at near-infrared
wavelengths where the absorption by pure
seawater itself is much larger than that at visi-
ble wavelengths. The near-infrared has a par-
ticular importance for atmospheric correction
scheme of the ocean colour imagery, especially
when the waters have a significant reflectance
in the NIR; the bright pixel assumption
(MOORE et al, 1999). Thus, the present work
implies that the phase function effects need to
be considered in remote sensing application.

5. Conclusion

The largest influence of P, is estimated to be
19% for oceanic waters. For coastal waters, the
influence can even be larger in absorbing wa-
ters, whereas it can be smaller in scattering
waters. The influence of shape of phase func-
tion of suspended particles can be significant,
especially when intensity of scattering of parti-
cle is large enough compared to that of pure
seawater (0.9<W). The present results suggest
that the shape of P has to be taken into account
in the ocean colour analysis, especially in
highly absorbing waters.
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