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Distribution and population structure of
salps off Adelie Land in the Southern Ocean
during austral summer, 2003 and 2005

Atsushi ONO, Takashi ISHIMARU and Yuji TANAKA

Abstract: To investigate the distribution and population structure of salps which sustain the
Antartcic ecosystems, stratified and quantitative samplings using a plankton net with mouth
area of 8 m* (RMT 8) were conducted off Adelie Land during austral summer of 2003 and 2005.
Observed were two salp species: Salpa thompsoni and Ihlea racovitzai, the former being domi-
nant numerically. Mature aggregates and immature solitaries mainly occurred in the deep
layer while immature aggregates and mature solitaries were observed in the surface layer. This
result implies that S. thompsoni are ontogenetic vertical migrators. No mature individuals of
aggregates and/or solitaries of S. thompsoni occurred in the south of 65°20’S. This observation
suggests that the S. thompsoni population distributed at high latitude (south of 65°20'S) was

not reproducing.

Keywords: Salpa thompsoni, distribution, population structure, Southern Ocean

1. Introduction

Salpa thompsoni is the most abundant salp
species and major herbivorous zooplankton to-
gether with krills and copepods in the Southern
Ocean (VORONINA, 1998). S. thompsoni is
known to be distributed at middle latitude (45—
55°S) of the Southern Ocean (FOXTON, 1966).
Recent reports have suggested that the distri-
bution of S. thompsoni has been shifting south-
ward (PAKHOMOV et al., 2002; ATKINSON et al.,
2004). S. thompsoni has high reproductive
(DAPONTE et al., 2001) and ingestion abilities
(HUNTLEY et al., 1989; DUBISCHAR and
BATHMANN, 1997; PERISSINOTTO and
Pakaomov, 1998). This species occasionally
forms a dense swarm and dominates macro-
zooplankton communities (e. g., HOSIE, 1994;
NISHIKAWA et al., 1995; DUBISCHAR and
BATHMANN, 1997; CHIBA et al., 1998; HOSIE et

Corresponding author: Yuji Tanaka

Department of Ocean Sciences, Tokyo University of
Marine Science and Technology, 4-5-7 Konan,
Minato-ku, Tokyo 108-8477, Japan

al., 2000). Possible negative effects of the salp
swarm on reproduction and survival of larvae
of Fuphausia superba have been emphasized
(HUNTLEY et al., 1989; LOEB et al., 1997), thus
altering the Southern Ocean food web
(ATKINSON et al., 2004); however, S. thompsoni
life cycle strategies in the Southern Ocean still
remain unknown.

Like the other Thaliacea, salps have a unique
reproductive strategy, that is, a generation
change happens between sexually reproducing
aggregates and asexually reproducing solitar-
ies (GODEAUX et al., 1998). Therefore, repro-
ductive states of both aggregates and solitaries
need to be studied to understand salps’ genera-
tion mechanism (CHIBA et al., 1999). CALDWELL
(1966) and FoxTon (1966) reported S.
thompsoni also distributed in the depths deeper
than 200 m. FoxToN (1966) found solitaries oc-
curred in the deeper layers and explained indi-
viduals occurring in the deeper layers may be
of importance in the life cycle of S. thomsponi
and in the maintenance of the shallower popu-
lation. Furthermore, previous studies
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Fig. 1. Sampling and observation stations off Adelie Land in 2003 and 2005.

(FoxToN, 1966; CASARETO and NEMOTO, 1986)
have reported the different vertical distribution
of the maturity stage’s composition of S.
thompsoni. It is thus necessary to clarify the
vertical distribution and population structure
in the mesopelagic zone to understand the life
cycle strategies of S. thompsoni; however, there
is little information on the life cycle strategies
below 200 m.

Therefore, we conducted stratified and quan-
titative samplings to understand the distribu-
tion and population structure of salps off
Adelie Land in the Southern Ocean during aus-
tral summer of 2003 and 2005.

2. Materials and methods

Samplings were conducted by TR/V
Umitaka-Maru (1886 ton) of Tokyo University
of Marine Science and Technology from 4 to 7
February in 2003 and from 12 to 15 February in
2005 along 140°E off Adelie Land in the South-
ern Ocean (Fig. 1). Samples were collected us-
ing an RMT 8 (Rectangular Midwater Trawl,
mouth area: 8 m*, mesh opening: 4.5 mm, Ocean
Scientific International Ltd., Baker et al.,
1973), which was obliquely towed in 3-6 differ-
ent strata between the surface and 2886 m (Ta-
ble 1). In 2003, maximum sampling depths at
Stns. C14 and C08 were 2886 and 2300 m,

respectively. At Stns. CO1 and CO00, deepest
depths sampled were 180 and 835 m, respec-
tively. In 2005, samplings were basically con-
ducted in 6 strata between the surface and 2000
m (0-50-100-200 m and 200-500-1000-2000 m).
At Stns. C04, C01" and CO0’ where bottom
depths are shallower than 1000 m, maximum
sampling depths were 950, 200 and 194 m, re-
spectively. The ship’s speed during the net tows
was 1 m s'. Samples were immediately pre-
served onboard in buffered 5% formalin-
seawater solution. The filtered volume was
calculated from the mouth area of the net and
flow meter counts. Samples collected from 200—
500 m at Stn. C07 and 100-194 m at Stn. C00’ in
2005 were excluded from the analysis because
of defective preservations.

In the laboratory, subsamples were taken
and divided into 1/2 to 1/8 using a MOTODA
plankton splitter (MoTODA, 1959) when the ini-
tial catch was large. The zooplankton were di-
vided into the eleven taxa (Salpida,
Siphonophora, Medusae, Chaetognatha, Poly-
chaeta, Ostracoda, Copepoda, Amphipoda,
Euphausiacea, Decapoda and Pteropoda), and
wet weight to the nearest 0.01 g were deter-
mined for each taxon using an electrobalance.
The conversion factors from wet weight to car-
bon weight was from CAUFFOPE and HEYMANS
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Table 1. List of sampling data during TR/V Umitaka-maru cruises in 2003 and 2005.

Station © Location ® Date Local time Sampling layer (m)
C00 66" 25.6' 139" 47.0' 2003/2/4 05:02-06:42 0-200-500-835
Co1 65 55.8' 139" 55.7’ 2003/2/4 14:55-15:28 0-50-100-180
C08 65 25.3 140° 02.2 2003/2/5 13:41-15:34 0-500-1000-2300
cl4 63" 54.6' 139" 52.0' 2003/2/7 13:19-15:13 500-1000-2000—-2886

63" 48.0' 139" 50.4' 2003/2/7 16:49-17:32 0-77-193-474
Coo’ 65 54.3' 139" 57.1 2005/2/12 05:37-07:37 0-50-100-194
cor 65 51.5" 139" 59.0' 2005/2/12 00:36-02:11 0-50-100-200
cod 65" 35.2' 139" 55.6' 2005/2/12 19:55-22:13 200-500-800-950
65 31.9' 139" 46.8’ 2005/2/12 22:42-00:20 0-50-100-200
o7 65" 20.2' 139" 45.7 2005/2/13 09:25-12:24 200-500-1000—2000
65 24.7 139" 35.1 2005/2/13 12:47-14:27 0-50-100-200
09 65 03.1 139" 58.5 2005/2/13 23:21-02:26 200-500-1000—2000
65" 05.0" 139°53.9’ 2005/2/14 02:52-03:30 0-50-100-200
19 64" 03.4' 139" 58.6' 2005/2/14 16:56-20:03 200-500-1000—2000
64" 06.0" 139°57.8’ 2005/2/14 20:16-22:12 0-50-100-200
c13 62°56.7 140° 03.9’ 2005/2/15 05:05-08:19 200-500-1000—2000
62" 54.5' 140° 07.8’ 2005/2/15 08:35-10:16 0-50-100-200
Table 2. Description of each maturity stage of Salpa thompsoni aggregate.
Maturity stages Embryonic state Placenta Muscle bands  Eleoblast Remark
0 unfertilized X X X
1 fertilized X X X
2 developing O X X
3 developing O O O Small eleoblast
4 fully developed O O O Eleoblast as large as placenta
and clear muscle bands
spent released - - - Only placental scar
X empty or no embryo — — —

Table 3. Description of each maturity stage of Salpa thompsoni solitary.

Maturity stages Stolon state Remark
1 unsegmented With short stolon
2 developing ~ With segmented stolon and longer than stage 1
3 developing  The first stolon block not differentiated
4a The first stolon block differentiated
4b mature Presence of well-developed the second block
5a The first block released and presence of the test scar

(2005) for Siphonophora and Davis and WIEBE
(1985) for other taxa except for Salpida. Spe-
cies and generations of salps were identified
and counted. For species identification,
CasaRETO and NEMOTO (1987) considered
Salpa thompsoni and S. gerlachei were syno-
nyms to each other. In the present study, we
thus treated these two species as S. thompsoni.
Abundance of salps was calculated from the

number of individuals and filtered volume. Car-
bon weights of salps were estimated using wet
and carbon weight relationship after HUNTLEY
et al. (1989) for S. thompsoni and NISHIKAWA et
al. (1995) for Ihlea racovitzai. For body length
(BL: oral-atrial distance) and maturity stages
of aggregates and solitaries of S. thompsoni, all
individuals in the initial or subsamples were
examined. The BL was measured to the nearest
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Fig. 2. Vertical sections of potential temperature ("C) along 140°E off Adelie Land in 2003 (a) and 2005 (b).

Shaded areas indicate the Southern Boundary of the Antarctic Circumpolar Current.
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Fig. 5. Horizontal distributions of salps off Adelie Land in 2003 (a) and 2005 (b). SB: the location of the South-
ern Boundary of the Antarctic Circumpolar Current. Open and solid circles are for Salpa thompsoni and

IThlea racovitzai, respectively.

1 mm using a caliper. It is known that formalin
shrinks the BL of salps (NISHIKAWA and
TERAZAKI, 1996). REINKE (1987) reported that
the BL of S. thompsoni aggregates shrank up
to 14.9% of their live length for 15 months after
preservation, but NISHIKAWA and
TERAZAKI (1996) found, for other salp species
(Thalia democratica), that the BL became al-
most constant in about five months of preser-
vation. Because our BL measurements were
done after eight months of preservation, con-
sidering the BL had been already constant, the
BLs in 2003 and 2005 were comparable. In the
present study, we thus did not correct the BL
shrinkage to compare with previous studies
which have not corrected the BL. Maturity
stages of S. thompsoni aggregates (Table 2)
were determined according to the morphologi-
cal characteristics of the embryo inside an ag-
gregate body following FOXTON (1966). In the
present study, we observed individuals with
empty and no embryos, and classified them
into stage X following CHIBA et al. (1999). Al-
though maturity stages of the solitaries (Table
3) were determined according to the morphol-
ogy of the stolon following FOXTON (1966) who
classified new born solitaries into stage 0, in
the present study, we combined stages 0 and 1,
and defined them as stage 1 because the classifi-
cation between stages 0 and 1 was difficult due
to damage. Stages 4 and spent of the

aggregates and over stage 4a of the solitaries
were defined as mature stages following
CASARETO and NEMOTO (1986), respectively.

Vertical profile as to water temperature at
each station was obtained by a CTD (SBE911,
Sea-Bird Electronics), except for Stn. C01’ in
2005 where CTD observation was not con-
ducted. Alternatively, CTD data from another
profiler (ICTD, Falmouth Scientific Inc.) was
used for analysis of Stn. C01” in 2005. The CTD
observation at Stn. C13 in 2005 was conducted
in only upper 200 m due to CTD trouble. The lo-
cation of the Southern Boundary of the Ant-
arctic Circumpolar Current (SB-ACC) was
estimated from potential temperature (6) fol-
lowing SokoLOV and RINTOUL (2002). Seawater
for chlorophyll a concentration (Chl @) analy-
sis was sampled by Niskin bottles at each sta-
tion from 7 to 24 layers between the surface to
200 m; 200 mL of the water sample was filtered
through a Whatman GF/F filter; the filter was
then soaked in 6 mL N, N-Dimethylformamide
to extract chlorophyll a pigment (SUzUKI and
ISHIMARU, 1990). Chl a was then determined by
fluorometric method (STRICKLAND and PAR-
SONS, 1972) using a fluorometer (Turner De-
sign 10R).

3. Results
3-1. Environmental conditions
While vertical profile of water temperature
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Table 4. Abundance and solitary to aggregate ratio (S/A) of Salpa thompsoni in 2003 and 2005.

Abundance (ind. m™®)

Solitary/total

Station Aggregate Solitary Total %) S/A
2003
C14 95.47 22.64 118.11 19.17 0.24
Co08 0.00 0.00 0.00 - -
C01 0.00 0.00 0.00 — —
C00 0.00 0.00 0.00 - -
Average 23.87 5.66 29.53 19.17 0.24
2005
C13 8.08 9.39 17.47 53.73 1.16
C12 34.33 11.26 45.59 24.70 0.33
C09 6.29 3.06 9.35 32.75 0.49
Cc07 1.04 0.77 1.81 42.42 0.74
C04 0.74 0.11 0.85 12.50 0.14
cor 0.01 0.00 0.01 0.00 0.00
Coo’ 0.00 0.00 0.00 — —
Average 7.21 3.51 10.73 32.74 0.49
Table 5. Abundance of Salpa thompsoni (ind. m™®) in the Southern Ocean.
Location Date S;)T}? 1(1;% Sargrgl;ng Range Source
Feb. 2003 0-2886 0-118.1
Feb. 2005 0-2000 RMT 0456  Presentstudy
Jan.—Feb. 1996 0-200 ORI Max. 5974.6  Chiba et al. (1998)
Adelie Land Dec. 1994 0-500 ORI-VMPS 156.4-2297.4 Nishikawa and Tsuda (2001)
Jan. 2002 0-1000 Max. 219.6*
Feb. 2002 0-200 RMT Max. 71.6 Tanimura et al. (2008)
Mar. 2003 Max. 3.2
EBS Apr.~May 2001 0-400 RMT 0-4.8 Pakhomov et al. (2006)
SSI Deg'aff’ge‘g??é;fgl 0-100 KYMT 00}3302.60 Nishikawa et al. (1995)
Scotia Sea Jan.—Feb. 2000 Max. 361.2 ‘
Elephant Tsland Nov.—Dec. 1994 0-200 RMT Max. 8.6 Kawaguchi et al. (2004)
Dec. 1996 Max. 208.3

EBS: Eastern Bellingshausen Sea
SSI: South Shetland Islands
*Calculated as the abundance in the upper 200m

in 2003 showed a relatively warm water mass
(=1.0 °C) in the north of 65°S (Fig. 2a), such
warm water by contrast was extending to the
south of 65°S in 2005 (Fig. 2b). The SB-ACC
defined by the southern limit of & ... warmer
than 1.5 °C (SokoLov and RINTOUL, 2002) was
located between 64°20" and 64°40’S in 2003, and
between 64° and 64°50'S in 2005 (Figs. 2a, b).
In 2003, Chl a generally was increasing toward
the south (Fig. 3a). Mean Chl a in the upper
200 m ranged between 0.13 and 1.75 ¢z g L'. In
2005, mean Chl a in the upper 200 m was lower
(0.14-0.67 g L*; Fig. 3b) than in 2003.

3-2. Carbon biomass of macrozooplankton

The macrozooplankton biomasses in 2003
were higher in 0-500 m and 500-1000 m (0.38
£0.07 and 0.36 =0.05 mgC m?®, respectively;
Fig. 4a) than in 1000-2886 m. Excluding
Euphausiacea, the biomass was reduced in 0-
500 m. Salps occupied 1.5-7.0% of the biomass,
and especially abundant in 0-500 m (Fig. 4a).

In 2005, total zooplankton biomass peak was
seen in 0-500 m (2.22+0.61 mgC m?; Fig. 4b),
where Euphausiacea dominated. The contribu-
tion of salps increased in 500-1000 m (1.9%; Fig.
4b).
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3-3. Horizontal and vertical distribution of

salps

Two species of salps, Salpa thompsoni and
IThlea racovitzai, were observed and the former
numerically dominated in 2003 and 2005 (Fig.
5). In 2003, S. thompsoni occurred only at Stn.
C14 located in the north of the SB-ACC (118.1
ind. m* Fig. 5a). Solitaries comprised 19.2% of
S. thompsoni; solitary to aggregate ratio being
0.24 (Table 4). Conversely, I. racovitzai oc-
curred only at Stn. C01 located in the south of
the SB-ACC (0.2 ind. m % Fig. 5a). In 2005, S.
thompsoni abundance was lower than that of
2003 (Table 4). S. thompsoni occurred at all
stations except for Stn. C00’ (Fig. 5b). Many S.
thompsoni were observed in the north of 65°S,
with the highest abundance at Stn. C12 near
the SB-ACC (45.6 ind. m™?). Solitaries were dis-
tributed at five stations (Stns. C13, C12, C09,
C07 and C04); solitary to aggregate ratio rang-
ing from 0.14 (Stn. C04) to 1.16 (Stn. C13) (Ta-
ble 4). I. racovitzai occurred only at Stn. C04
located in the south of SB-ACC (0.1 ind. m¥;

Fig. 5b) along with the distribution pattern of
2003. S. thompsoni abundance in the present
study was lower than that in the same season
reported by CHIBA et al. (1998), KAWAGUCHI et
al. (2004) and TANIMURA et al. (2008) but
higher than that in autumn (PAKHOMOV et al.,
2006; TANIMURA et al., 2008) (Table 5).

In 2003, S. thompsoni was observed between
the surface and 2886 m (Fig. 6a). The aggre-
gates and solitaries densely occurred in the 77—
193 m (315.0 and 40.5 ind. 1000 m®, respec-
tively). In 2005, S. thompsoni was distributed
at almost every sampling layer at Stns. C13,
C12 and C09 (Figs. 6b-d). At Stn. C07, both ag-
gregates and solitaries were observed in layers
lower than 500 m depth (Fig. 6e). At Stn. C04,
the aggregates occurred between the surface
and 800 m. On the other hand, solitaries were
observed only in 0-50 m (Fig. 6f). Only aggre-
gates occurred in 50-100 m at Stn. C01’ (Fig.
6g). I. racovitzai was observed in the upper 200
m both in 2003 and 2005 (figure not shown).
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3-4. Population structure of Salpa thompsoni

In 2003, BL of S. thompsoni aggregates
ranged between 5 and 37 mm with two peaks at
7 mm and 24 mm (Fig. 7a). Mature stages
(stage 4 and spent) predominated, accounting
for 51.2%, and stage X occupied 13.0% of all ag-
gregates (Fig. 7Tb). As to the solitaries, the BL
ranged from 4 to 69 mm; of all solitaries, small
individuals (<30 mm BL) comprised 85.8% (Fig.
7c). While the number of mature solitaries
(over stage 4a) were small (8.3%), immature
individuals (stage 1-3) predominated, account-
ing for 91.7% of all solitaries (Fig. 7d). In 2005,
the size of the aggregates ranged from 4 to 38
mm (Fig. 8a). Early maturity stages (0-2) pre-
dominated comprising 68.8%, and stage X occu-
pied 4.8% of all aggregates (Fig. 8b). The
solitaries ranged from 5 to 63 mm BL (Fig. 8c).
The youngest stage (stage 1) dominated (com-
prising 62.4%) while mature solitaries contrib-
uted 16.2% of all solitaries (Fig. 8d). As to the
density weighted length frequency distribution

of S. thompsoni population included in both ag-
gregates and solitaries in 2003 and 2005, the
modal lengths were 24 mm (Fig. 9a) and 8 mm
(Fig. 9b), respectively.

Mature aggregates of S. thompsoni mainly
occurred in 500-1000 m at Stns. C13 and C12 in
2005 (8.9 and 7.7 ind. 1000 m™®, respectively;
Figs. 10a, ¢). Immature aggregates were abun-
dant in the upper 500 m at Stns. C13, C12 and
C09 (max. 7.0, 46.5 and 9.1 ind. 1000 m*, respec-
tively; Figs. 10a, ¢, e). As to solitaries, mature
individuals mainly distributed in the upper 500
m. In contrast, immature solitaries densely oc-
curred in deeper layers (500-2000 m) at Stns.
C13, C12 and C09 (Figs. 10b, d, D).

The average body length of S. thomsponi
solitaries decreased with increasing depth at
Stns. C13, C12 and C09 in 2005 (Figs. 1la—c).
Although a change of the average length of S.
thompsoni aggregates on the sampling layers
was not observed at Stn. C13 (Fig. 11a), large-
size aggregates constituted the deeper layer



Distribution and population structure of salps in the Southern Ocean 65

(@

Aggregate
N=1130

Frequency (%)

0O 10 20 30 40 50
Body length (mm)

10- © Solitary
g 8- N =647
& 67
5
Y
= 2-

0_
0 10 20 30 40 50 60 70 80
Body length (mm)

(b)

50- Aggregate
;{:‘40— N=1130
230
5
3,20-

P
10+
0_
0 1 2 3 4 8 X
Maturity stages
d

gg— @ Solitary
350 N = 647
‘;.207 =
[+
5
§*10~
=

1 2 3 4a 4b S5a
Maturity stages

Fig. 8. Body length frequency and maturity stages of Salpa thompsoni aggregate (a, b) and solitary (c, d) off
Adelie Land in 2005. N: number of measured individuals, S: stage spent, X: stage X.

_ 2003
(a)

Frequency (%)

Body length (mm)

0 ; 4
0 10 20 30 40 50 60 70 80 O

_ 2005
(®)

10 20 30 40 50 60 70 80
Body length (mm)

Fig. 9. Density weighted length frequency distributions of Salpa thompsoni population (aggregate + solitary)

in 2003 (a) and 2005 (b).

population at Stns. C12 and C09 (Figs. 11b, c).

The compositions of S. thompsoni maturity
stages were different at each station in 2005
(Fig. 12). Both mature aggregates and solitar-
ies were observed at Stns. C13, C12 and C09. At
Stn. C07, mature solitaries were absent while
mature aggregates occurred. Both aggregates
and solitaries were composed of immature indi-
viduals at Stn. C04, only immature aggregates

were observed at Stn. C01’.

4. Discussions
4-1. Distribution of Salpa thompsoni in rela-
tion to oceanographic conditions
Our result agrees with the previous report by
CASARETO and NEMoTO (1986) showing Ihlea
racovitzai was distributed at higher latitude
than Salpa thompsoni.
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We observed that S. thompsoni in 2005 was
distributed at higher latitude than in 2003
(Fig. 5). Previous reports have shown that S.
thompsoni occurred at high latitudes off Adelie

Land in the Southern Ocean (CASARETO and
NEMOTO 1986; CHIBA et al., 1998, 1999; NICOL et
al., 2000; TANIMURA et al., 2008). PERISSINOTTO
and PakHoMov (1998) reported that S.
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thompsoni population collapses because of a
dramatic reduction in S. thompsoni feeding
rate when Chl a exceeds 1.0 ¢ g L. In the pre-
sent study, however, mean Chl a in the upper
200 m both in 2003 and 2005 was less than 1.0
«g L' except for Stn. C00 in 2003, suggesting
that distribution of S. thompsoni was not lim-
ited by Chl a. Previous studies have clarified
that S. thompsoni occurred mainly in the warm
water and was found in the north of the SB-
ACC (FoxTtoN, 1966; NicoL et al., 2000;
PAKHOMOV et al., 2006; TANIMURA et al., 2008).
CHIBA et al. (1999) indicated that the southern-
most S. thompsoni population might occur only
occasionally in mid-summer due to advection
when the ice edge retreats to its minimum ex-
tent. The relatively warm water (=1.0 °C) ex-
tended to the south of 65°S in 2005 (Fig. 2),
suggesting that S. thompsoni was transported
from a northern area to the south of the SB-

ACC.

4-2. Interannual change of Salpa thompsoni

population strucutre

The abundance of Salpa thompsoni in 2005
was lower than that in 2003 (Table 4) and those
from various areas in the summer (Table 5).
The modal length of S. thompsoni population in
2005 (8 mm) was smaller than that in 2003 (24
mm) and coincided with that in March (8 mm)
reported by TANIMURA et al. (2008).
Pakaomov et al. (2006) reported the popula-
tion in the autumn consisted of early maturity
stages (0-2) of the aggregates and the young
(stage 2) solitaries with 29-32 mm. The popula-
tion structure of 2005 in the present study was
similar to that of PAKHOMOV et al. (2006).
Maximum solitary to aggregate ratio in 2005
was 1.16. Since the major driver of the salp
bloom is the asexual budding of up to 800 buds
originating from a solitary of S. thompsoni
(DAPONTE et al., 2001), high solitary to aggre-
gate ratio indicates low  reproduction
(TANIMURA et al., 2008). CHiBa et al. (1999)
found the reproduction of S. thompsoni was re-
duced in autumn. The reproductive condition of
S. thompsoni population in 2005 was similar to
that in autumn, which season was considered
as the end of reproduction.

4-3. Horizontal and vertical changes in popu-
lation structure of Salpa thompsoni

We observed that the vertical distributions of
immature and mature S. thompsoni were dif-
ferent at Stns. C13, C12 and C09 in 2005 (Fig.
10). The greater abundances of immature ag-
gregates and mature solitaries occurred in the
upper 500 m, suggesting that the solitary were
asexually reproducing. Conversely, the abun-
dances of mature aggregates and immature
solitaries increased in the deeper layer. This re-
veals the young solitaries were sexually repro-
duced by mature aggregates in the deeper
layer. FoxToN (1966) reported the young soli-
taries predominated in the deeper layer and
kept their stocks during autumn and winter. It
is thus considered that the small immature
solitaries in the deeper layer overwintered.

FoXTON (1966) clarified seasonal changes in
the maturity stages of S. thompsoni and re-
ported the ontogenetic vertical migration of
this species. CASARETO and NEMOTO (1986) ob-
served the different vertical distribution of im-
mature and mature individuals in the summer
population of S. thompsoni. As with these pre-
vious reports (FOXTON, 1966; CASARETO and
NEMOTO, 1986), the result of the present study
suggests S. thompsoni are ontogenetic vertical
migrators.

Generally, salps have a life cycle in which the
sexual generation alternates with the asexual
generation (GODEAUX et al., 1998). This means
life cycle of salps cannot be completed if indi-
viduals do not reproduce in both generations.
CASARETO and NEMOTO (1986) reported the
latitudinal variation of S. thompsoni popula-
tion structure and linked poor reproductive
performance at high latitude to the low water
temperature. CHIBA et al. (1999) suggested
that the S. thompsoni population at high lati-
tude cannot complete its life cycle due to low
temperature and scarcity of food. In 2005, ma-
ture individuals of both aggregates and solitar-
ies of S. thompsoni were observed in the north
of 65°S (Stns. C13, C12 and C09), suggesting
that the life cycle there was completed. On the
other hand, no mature individuals of aggre-
gates and/or solitaries occurred, and S.
thompsoni abundance declined in the south of
65°20'S (Stns. C07, C04 and C01’). The low
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temperature water (<0°C) was observed in the
south of 65°20’S. Therefore, it is very likely
that S. thompsoni in this area were not repro-
ducing because of low temperature and so they
could not complete their life cycle, which sug-
gested a collapse of the S. thompsoni popula-
tion. However, temperature effects on
reproductive success/failure of S. thompsoni
have never been reported, which issue being re-
mained to be investigated by future studies.
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Development of Algorithms for Estimating the Seasonal
Nitrate Profiles in the Upper Water Column of
The Sagami Bay, Japan

Andreas A. HUTAHAEAN"®, Joji ISHIZAKA”, Akihiko MORIMOTO?,
Jota KANDA®, Naho HORIMOTO?, and Toshiro SAINO"

Abstract: We propose a method to estimate nitrate (NO, ) profiles in the upper water column
of the Sagami Bay, Japan, using surrogate oceanographic data such as temperature, salinity
and chlorophyll @ (Chl @) . Analysis of a 10 year (June 1999-November 2008) dataset revealed
that variations in nitrate profiles were associated with seasonal variations of water column
structure in the upper 200m of the Sagami Bay. The upper 200m water column structure could
be separated into three layers; the surface mixed layer, the intermediate layer, and the deeper
layer. The surface mixed layer showed distinct seasonal variability in depth, while the deeper
layer than o, =26, located at depths between 130-160m, showed little seasonal variability.
Warm and less saline water in the surface mixed layer and the upper intermediate layer during
summer and fall indicated that this water was influenced by seasonal heating and freshwater
input, and the large variation at these depths indicated the spatial heterogeneity of the water.
When the seasonal variability of nitrate and its predictor variables was taken into account, ni-
trate concentrations in the upper two layers could be reproduced for each season on the basis
of temperature and Chl a. In the deeper layer, nitrate could be explained without seasonal clas-
sification on the basis of temperature and salinity. The empirical algorithms for nitrate in the
three layers were used to construct nitrate profiles for four seasons in the Sagami Bay. When
the performance of the algorithm was tested against an independent data set, the coefficient of
determination and root mean square difference between measured and estimated nitrate in each
season ranged between 0.92~0.98 and 1.3~1.6 « M, respectively.To our knowledge, this is the
first study that demonstrates that nitrate profiles in the upper 200m coastal oceanic waters can
be reproduced based on temperature, salinity and Chl a data. These latter datasets are now rou-
tinely measured on various platforms, such as ships, floats, gliders, and buoys, using CTD and
Chl a sensors and hence these algorithms could greatly aid in biogeochemical cycle studies in
the oceanic environments, especially in highly dynamic coastal regions.

Keywords: nitrate algorithm, mixed layer depth, water mass, Sagami Bay-Japan.
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1. Introduction

Light and nutrients are major factors con-
trolling phytoplankton growth in the upper
layer of the ocean (PARSONS et al., 1977;
ARRIGO, 2005). Nitrate (NO; ) in particular is
important because it is a main source of nitro-
gen supporting new production (DUGDALE and
GOERING, 1967) and because in general in many
of the world’s oceans, phytoplankton biomass
in the upper water column is strongly regu-
lated by nitrate availability (FANNING, 1989;
LEVITUS et al., 1993). The availability of nitrate
in the euphotic zone is strongly regulated by
vertical mixing and advective supply of nitrate
to the upper euphotic layers of the ocean, both
of which in turn are influenced by variations of
environmental forcing, such as solar heating,
wind stress, and/or intrusion of different wa-
ter masses (PRICE et al., 1986; MARRA et al.,
1990). Despite its importance, quantitative esti-
mates of nitrate concentrations are limited be-
cause of the logistical difficulties in measuring
nitrate temporally and spatially by conven-
tional ship observations. There have been at-
tempts to estimate nitrate by automated
nitrate sensors on moorings or profiling floats
(JOHNSON et al., 2006), but limitations in sen-
sor availability have been a major impediment
to these measurements becoming routine.

Previous studies showed a strong negative
correlation between temperature and nitrate, a
reflection of the processes of nutrient supply
from the deep into the mixed layer
(KAMYKOWSKI, 1987; GARSIDE and GARSIDE,
1995). This correlation has been used in a num-
ber of recent studies for estimating nitrate con-
centrations in surface water using remotely
sensed sea surface temperature (SST)
(KAMYKOWSKI and ZENTARA, 1986; GARSIDE
and GARSIDE, 1995; GONG et al., 1995;
KAMYKOWSKI et al., 2002; SWITZER et al., 2003).
The use of temperature alone as a surrogate to
estimate nitrate is, however, limited in areas
where phytoplankton activity is high (GOES et
al., 1999; 2000). This is especially true in high
to mid latitude regions, where short lived
bursts of phytoplankton growth, such as dur-
ing spring or during bloom formation, can
have a strong influence on nitrate availability.
To account for biological activity, GOES et al.

(1999, 2000) proposed the use of chlorophyll a
(Chl @) as an additional determinants of ni-
trate, and showed that its addition could
greatly improve the nitrate estimation in the
surface ocean.

Since the empirical algorithms of GOES et al,
(1999, 2000) were meant for use with satellite
data, they were limited to the surface and re-
lied primarily on satellite derived fields of SST
and Chl a. Here we describe an approach to es-
timate nitrate concentration from the surface
to the ocean’s interior (200 m depth). The
method uses temperature, Chl a and salinity as
predictor variables to estimate nitrate concen-
tration not only in the surface but also in the
subsurface layer (e.g. below euphotic zone) of
water column. We show that the algorithms,
when applied to CTD and Chl a data that are
now routinely derived from moorings and pro-
filing platforms, can be extremely useful to un-
derstand nitrate variability in highly dynamic
coastal environments, such as the Sagami Bay.
The bay is situated on the east coast of Honshu
Island, Japan and in a region that comes under
the influence of several source waters including
the Kuroshio current water.

2. Methods and Data
2.1 Study Site

Sagami Bay, located in the southeastern part
of Honshu Island, Japan, has a wide mouth
open toward the Pacific Ocean (Fig. 1A). The
water in the bay is influenced by both the
Kuroshio current water and the coastal waters.
IwaTA (1985) and more recently HINATA et al.
(2005) found that the offshore water between
the Kuroshio front and Honshu Island, which
originates outside of the bay, influences sur-
face water in the bay. Intermediate Oyashio
water, which has low temperature (<7.0°C),
low salinity (34.2) and high dissolved oxygen
concentration (>3.5 ml1 '), sometimes intrudes
into the bay at depth along the isopycnal sur-
face of 0,=26.8 (SENJYU et al., 1998). The wa-
ter in the bay also frequently exchanges with
both Tokyo Bay and Pacific Ocean as observed
by YANAGI and HINATA (2004).

2.2 Data Sources
Development of the empirical algorithms was
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Table 1. Data sources for constructing the nitrate algorithms

No Data Sources

Cruises / Date

Number of Profiles

1 T/V Seiyo Maru

Monthly Time Series 95

(June 1999-Sept 2007) except: Oct
1999; Nov 2001; Jan—Feb 2002; Jan

2004
2 R/V Tansei Maru a. 2004 12
- KT 04-04 (23-25 April) 7
- KT 04-11 (8-12 June) 7
- KT 04-15 (31 July—2 Aug)
b. 2006 13
- KT 06-08 (2-4 May)
c. 2007 4
- KT 07-10 (18-20 May) 28
- KT 07-17 (19-26 July) 23
- KT 07-30 (13-20 Nov)
d. 2008 8
- KT 08-01 (20-23 Feb) 10
- KT 08-05 (1-7 April) 22
- KT 08-15 (6-10 July) 21
- KT 08-24 (23-27 Sept) 6
- KT 08-29 (6-10 Nov)
3 JODC September, 1996 6
SAGAMI BAY Tokyo Bay
40°N - .
&
J
38°N )
[ ) %o )
Honshu Isl. Cs)2 ) i' (]
36°N
[ ] [ ]
¥y %

132°E 134°E 136°E 138°E 140°E 142°E

Pacific Ocean |

139°E 139.2°E 139.4°E 139.6°E 139.8°E

Fig. 1. Maps of Japan (A) and Sagami Bay (B) with the sampling stations of nitrate, CTD and Chl a. Stations
indicated by white circles represent the sampling points of independent data sets used for the algorithm vali-

dation.

undertaken using temperature, salinity, ni-
trate and Chl a from surface to 200m depths
from the following data sources (Table 1) : (1)
long term monthly cruises from 1999-2007 at
Stn. S3 by 7/V Seiyo Maru of Tokyo Univer-
sity of Marine Science and Technology, (2)
cruises carried out by Nagoya University by

using R/V Tansei Maru for collecting data at
many stations in the entire bay, and (3) Japan
Oceanographic Data Center (JODC). A frac-
tion of the data from (2), not used for con-
structing the algorithm, was wused as
independent data set to test the performance of
the algorithms that were generated (Table 2,
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Table 2. Independent data sources for testing the algorithms performance.

No Cruise Stations Number of Profiles Seasons
1 KT08-01 S3, H3, J3, N5 4 Winter
2 KT08-05 S3, N3, N4, J3, H3, O1 6 Spring
3 KT08-15 H3, J3, N3, S3 4 Summer
4 KT07-30 6 Fall
KT08-29 S3, H3, J3, N3, N4, N5
Fig. 1B). difference in water density of 0.125 from the

During cruises (1) and (2), seawater samples
were collected with 5 or 10L Niskin samplers
mounted as a rosette around a CTD (I-CTD
and NXIC-CTD, Falmouth Scientific-INC).
Samples for nitrate and Chl a were collected at
discrete depths in the water column from the
surface (5m or 10m) to 200 m water depths.
Sampling depths were not always consistent
for each cruise. Samples for nitrate were stored
in polystyrene bottles, frozen immediately af-
ter the collection and stored at —20°C until
analysis. Nitrate concentrations in water sam-
ple collected by 7/V Saiyo Maru and R/V
Tansei Maru were measured by auto-analyzers
AACS III and TRAACS 2000 (Bran and
Luebbe), respectively (HASHIMOTO et al., 2005).
Chl a in samples were measured by filtering 200
ml water samples onto 20 mm Whatman GF/F
filters. Chl a was immediately extracted by im-
mersing the filter into N, N-dimethylfor-
mamide (SUzUKI and ISHIMARU, 1990) under
cold and dark conditions, for at least 24 hours
prior to the analysis. Chl a concentrations were
determined using a Turner Design Model 10-
AU fluorometer calibrated with standard Chl a
(Wako Pure Chemical Industries), according to
the method of WELSCHMEYER (1994).

2.3. Data Analysis

The database used for constructing the algo-
rithms for nitrate yielded 262 profiles of tem-
perature, salinity, nitrate and Chl ¢ in the
upper 200m layer. Nitrate and Chl a profiles
consists of 8-12 sampling depth points, which
varied among the different cruises, while tem-
perature and salinity profiles were measured
continuously by using a CTD and used for de-
riving water density gradients. The total num-
ber of data points containing temperature,
salinity, Chl ¢ and NO; was 3324. The mixed
layer depth (MLD) was established based on a

surface layer (LEVITUS, 1982). The data from
the long term monthly cruises at Stn. S3 by
T/V Seiyo Maru were used for the analysis of
seasonal variability.

Relationship between nitrate concentration
and its predictor variables were analyzed by
multiple linear regression analysis. The predic-
tive accuracy of the regression model was char-
acterized using root mean square error
(RMSE) with data numbe of N (KAMYKOWSKI
et al., 1986; GARSIDE and GARSIDE, 1995; GOES et
al., 1999 and 2000; SWITZER et al., 2003);

N
/
RMSE/NZ (NO

i=1

1 NOsprmes) (1)

where NOseuimated, aNd NOspeasurea 18 estimated and
measured nitrate concentration ( u M) for
sample i, respectively.

3. Results
3.1. Water Column Structure of the Upper 200

m of Sagami Bay.

As shown in the T-S diagram from the ar-
chived data of Sagami Bay (Fig. 2A), the tem-
perature and salinity ranged from 8.9-28.5°C
and 32.1-34.7, respectively. It is clearly seen
that the denser deeper water showed less vari-
ability in temperature and salinity compared to
the less dense upper water column waters. Figs.
2B-E show the seasonal variability associated
with Fig. 2A, indicating that the higher tem-
perature and less saline shallow waters in sum-
mer and fall. It is important to note that the
denser water (0,>24.3) had little variability in
salinity and fell onto a line on the T-S dia-
grams (Figs. 2A-E), particularly below the wa-
ter with gs0of 26. This o, of 24.3 and 26 also
nearly corresponded to the density of the sur-
face water during winter and spring and
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Fig. 2. The T-S diagrams of the upper 200m waters in Sagami Bay for all seasons (A), winter (B), spring (C),
summer (D) and fall (E). The color bar represents nitrate concentration (£ M). The thick lines correspond
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Table 3. Correlation coefficient (r) between nitrate and its predictor variables in mixed layer water, intermedi-
ate water, and deeper water. n is number of data points.

NO Predictors Winter Spring Summer Fall
Mixed Layer n=212 n=215 n=87 n=242
1 Temperature -0.49"" -0.68"" -0.35" -0.91""
2 LogTemperature -0.49*" -0.68"" -0.36" -0.91""
3 Chlorophylla 0.45"" 0.51°" 0.17 0.68"*
4 Salinity 0.07 0.01 0.03 0.49""
Intermediate Layer n=222 n=255 n=1183 n=243
5 Temperature -0.717" -0.86"" -0.947" -0.93""
6 Log Temperature -0.717" -0.85"" -0.957" -0.93""
7 Chlorophyll a 0.69"" 0.48"" 0.48"" 0.63°"
8 Salinity 0.69"" 0.45°" 0.24 0.23
Deeper Layer n=665
9 Temperature -0.87""
10 Log Temperature -0.87""

11 Chlorophyll a 0.05
12 Salinity 0.85""

*p <0.001;*p<0.05

bottom of the winter mixed layer, respectively.
The shallow warm and less saline water in
summer and fall was in probability generated
by both heating and freshwater supply in the
bay as well as lateral transport from outside of
the bay.

Fig. 3 shows seasonal variability of the depth
of the surface mixed layer in the central part
(Stn. S3) of the Sagami Bay. The seasonal vari-
ability of each year from 1999 to 2006 shows
that the mixed layer depth (MLD) was deepest
in February, shoaled rapidly in March and
April, became shallowest in summer months
(June to August), and then gradually deep-
ened from September to February (Fig. 3A).
The deepest MLD in February, varied from
year to year, ranging from 115 m in 2003 to 160
m in 2004 (Figs. 3A-C). On the basis of the sea-
sonal variability of the averaged MLD (Fig.
3B), each year can be classified into four sea-
sons with regard to seasonal evolution of the
MLD as depicted in Fig. 3C; (a) winter (Decem-
ber to February) when the MLD became deeper
due to intensive cooling, (b) spring (March to
May) when the MLD became shallower due to
heating, (¢) summer (June to August) when
the MLD were very shallow and closed to the
surface, and (d) fall (September to November)
when the MLD started to deepen due to grad-
ual cooling. As is evident from Fig. 2, the
deeper water (0y>26) in Sagami Bay showed
little variability in the T-S diagram. The depth

corresponding to 26 g, was ca. 130-160 m in
Sagami Bay at Stn. S3 with little seasonal vari-
ability (Fig. 3C). Based on the seasonal vari-
ability of the ML and the depth of g, =26, we
classified the upper 200 m water column of the
Sagami Bay into 3 layers; (1) the mixed layer
(ML) above the MLD, (2) the intermediate
layer (IML) below the MLD and above the
depth of g, = 26, and (3) the deeper layer (DL)
with g,> 26.

3.2 Development of Nitrate Algorithms

Of the 262 profiles available from the dataset
used in this study, 104 profiles were taken in
summer and the rest during the other seasons.
Also of the 262 profiles, 45 profiles were from
Stn. S3. The number of profiles was smallest in
winter with 29 profiles (10.9 % data points) of
which more than 2/3 (20 profiles) were from
Stn. S3. In spring and fall there were 50 profiles
(17.5% data points) and 79 profiles (20.7% data
points), respectively. The seasonal unevenness
in the number of profiles apparently resulted
from the observations out of the Stn.S3 during
R/V Tansei Maru cruises in summer and fall.
Number of profiles at Stn. S3 showed less sea-
sonal bias. As for the spatial distribution of the
data set, almost half of the data were obtained
at Stn. S3 (~45.1%), but other 9 stations dis-
tributed evenly in the bay (Fig. 1B). The fre-
quency distribution of data numbers in 3
different waters classified in section 3.1 shows
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about 57.2% (1903 points) of data points were
obtained from the IML, with highest number
of 1183 points found in summer. On the other
hand, data from ML and DL consisted of 22.8%
and 20%, respectively. This vertical distribution
showed that the database was more concen-
trated at IML than other waters.

Table 3 shows the correlations between meas-
ured nitrate concentration and each possible
predictor variable in different water masses
and seasons. For the most cases within the ML
and the IML, temperature, the logarithm of
temperature (LLog T), and Chl a correlated sig-
nificantly with nitrate. In contrast, high corre-
lation was observed for the DL nitrate with
temperature and salinity. The large difference

in temperature within the water column, be-
tween the surface ML and DL, required the
conversion of temperature to Log T to reduce
the variability in GOES et al. (1999; 2000), SILIO-
CALZADA et al. (2008) and STEINHOFF et al.
(2009) independently showed that the addition
of the Log T improved NO; prediction by mul-
tiple-linear regression.

An example of the improved relationship be-
tween nitrate concentration in the ML and its
predictor variables with additional variable is
shown in Fig. 4. Addition of Chl a and the use
of Log T both improved the predictability of
the model compared to the regression with
temperature alone (Figs. 4A and 4B). Further-
more, the combination of temperature, Chl a
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Fig. 5. Regressions of measured and estimated nitrate concentrations using independent data sets obtained in
Sagami Bay from locations shown in Figure 1B in winter (A), spring (B), summer (C) and fall (D).

and Log T significantly improved the predict-
ability (Figs. 4C and 4D). Hereafter, we used
multiple-linear regression analysis of nitrate
with temperature, Log T and Chl a for the ML
and the IML season by season, and for DL with
temperature, Log T and salinity.

Nitrate concentration in each season was es-
timated by applying the above algorithms to
ML and IML (Eq. 2) and DL (Eq. 3), respec-
tively.

Nitrate [ # M]=a+b T [deg C]+c Chl a
[ng 1 ]+elogT [deg C] (2)

Nitrate [ uM]=a+b T [deg C]+d Sal [psu]
+e logT[deg C] 3

Results of multiple-linear regression to esti-
mate nitrate concentration are shown in Table
4. The r* ranged from 0.59 to 0.93, and RMSE
from 0.6 to 2.1 u M. It is notable that the lowest
r* of 0.59 and the second smallest RMSE of 0.7
1M were observed in the summer ML, where
the data number was smallest and the nitrate
concentration was the lowest. Except for the
summer, r* values during the other seasons
were larger than 0.73.

3.3. Applicability of the Regression Models
A set of independent data (Table 2) from sev-
eral stations obtained during the R/V Tansei
Maru cruises (Fig. 1B) was used to test the
performance of the nitrate algorithms. The
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NO; profiles in the upper 200 m water column
of the Sagami Bay were computed by using a
combination of multiple-regression models for
the three layers described in the previous sec-
tion, and the correlations between measured
and estimated nitrate are shown in Fig. 5. The
highest performance of the algorithms was ob-
served in fall with r* and RMSE of 0.98 and 1.4
© M, respectively. On the other hand, the low-
est performance was found during winter with
r* and RMSE of 0.92 and 1.6 # M, respectively.
In spring and summer the algorithm results in
r* and RMSE of 0.95 and 1.6 « M, 0.97 and 1.3
© M, respectively.

4. Discussion
4.1. Water Mass and Nitrate Variability in

Sagami Bay

Our analysis of T-S diagrams (Fig. 2) re-
vealed conspicuous seasonal variations of water
mass. The largest variability in the T-S dia-
gram was observed during summer and fall in
the surface mixed layer. This high temperature
and less saline water mass appeared on the top
of the winter low temperature and high saline
water mass. The water mass with density of gy
>24.3, and more specifically o4 >26, showed
very stable T-S signatures for all seasons dur-
ing the 10 years. This may suggest that this
water mass came from same source during all
seasons. This water mass was at surface in
winter and spring and below the surface water
in summer and fall.

The high temperature and less saline surface
water appeared in summer to fall and showed
large variability in their T-S signatures. Like
any other temperate region, radiation flux in-
creases during summer and peaks in July
(HASHIMOTO et al., 2005; 2006; ISHIZAKA et al.,
2007), and high heat flux in summer affects the
heat content in the upper water column of the
Sagami Bay and changes the water properties
(OTroBE and Asal, 1985). Freshwater input
from river and lateral transport of less saline
water from Tokyo Bay can also influence the
surface water of Sagami Bay, specifically dur-
ing summer (KANDA et al., 2003; YANAGI and
HiNATA, 2004). The variability of T-S diagram
at the surface indicated the heterogeneity of
the less saline water in summer. Those

dynamics of the water mass in the Sagami Bay
was fairly consistent with the one described
previously (IwaTa, 1985) and similar to the
near-by Suruga Bay (NAKAMURA, 1982 re-
ferred in IWATA et al., 2005).

It is known that the vertical mixing and the
upward transport of nutrients in Sagami Bay
during the summer stratified season takes
place due to physical forcing, such as regional
upwelling (KAMATANI et al., 1981), topo-
graphic effect on strong current (TAKAHASHI et
al., 1980), and wind (ATKINSON et al., 1982). In
most cases, these vertical mixing and upwelling
events cause relaxation of the seasonal
thermocline resulting in mixing in the upper
water column < ~100m and/or upwelling of
deeper water to the upper water. These events
may be responsible for the large variability of
surface T-S diagram during the summer and
fall.

Previous studies (BAEK et al., 2009;
TAKAHASHI et al., 1986) have shown that
riverine inputs and mixing/upwelling can lead
to significant increases in the amount of ni-
trate in the bay. However, in our dataset, ni-
trate concentrations in the surface mixed layer
in summer were usually low (0.1-1.6 « M), de-
spite indications of large riverine inputs and
upwelling as evident from the variability at the
surface in the T-S diagram during summer.
One possibility is that nitrate increases due to
these sporadic events was quickly consumed by
phytoplankton and depleted. On the basis of
experimental data and field-observations,
IsHIZAKA et al. (1983) and TAKAHASHI et al.
(1986) showed that excess nitrate present in
upwelling water in the Sagami Bay was rapidly
depleted by fast growing phytoplankton to lim-
iting concentrations. Satellite data showing
large heterogeneity of Chl ¢ and primary pro-
duction in the bay provides an indication of the
rapid response of phytoplankton to these
events and the variability in nitrate associated
with phytoplankton biomass distribution
(IsHIZAKA et al., 1992; 2007; KANDA et al,
2003). These observations justify the impor-
tance of inclusion of Chl a in the nitrate algo-
rithm.

The lack of seasonal variability in the T-S
diagram (Fig. 2) for waters below the depth of
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09 =26, between 130 and 160 m, suggested mini-
mal influence of lateral advection on nitrate
distribution. Furthermore, it suggested that
the DL was stable in the entire region of the
Sagami Bay at least during the observation pe-
riod. This was an unexpected finding because
the Sagami Bay is located close to the Kuroshio
and hence its water mass structure is believed
to be affected by its dynamical forcing
(Yanagl and HinaTa, 2004; HINATA et al.,
2005). It has also been reported that the
Oyashio water sometimes intrudes into Sagami
Bay in much deeper layer (~300m; SENJYU et
al, 1998). Since our observations were limited
to 200m, we do not know much about the depth
range of the stable water mass below this
depth.

Nitrate concentration in the DL were
strongly correlated with temperature and sa-
linity but not with Chl a. This is not an unex-
pected finding as phytoplankton photo-
synthetic activity and nutrient uptake in
deeper waters would have been minimal as is
also evident from the extremely low Chl a con-
centration in the DL (<0.07 £ g 1™") compared
to the ML (0.03-7.12 ¢ g 1'") and the IML
(0.01-4.16 ugl1™M.

In the present study, we defined the IML as
the water mass below the ML and above the
DL. It was very thin during winter/spring and
thick during summer/fall because of the deep
and shallow ML, respectively. The T-S dia-
grams (Figs. 2B-C) show that the ranges of g 4
in IML were narrower, 25.6-26 and 25.3-26, in
winter and spring and but were broader, 23.1-
26 and 23.6-26, in summer and fall, respec-
tively. This broader range in o 4, in the IML,
can be attributed to mixing of the warm and
less saline summer-time surface water with wa-
ters in the upper part of the IML. The large
amount of phytoplankton in the upper part of
IML, which was invariably shallower than the
euphotic zone (~30-67 m, HASHIMOTO et al.,
2006) during summer, justified the inclusion of
Chl a as a predictor variable in the multiple-
linear regression of nitrate concentration in
the IML.

4.2. Nitrate Algorithm: Strength and Limita-
tions

Our data set revealed that nitrate concentra-
tion could be estimated with a great degree of
reliability using temperature and Chl a in the
ML as well as in the IML. In the DL, nitrate
correlated well with temperature and salinity
(Table 3). This is an important finding not
only for explaining what regulates NO; vari-
ability in the bay, but also for explaining the
rationale in our choice of variables for the algo-
rithms for different depths.

There have been previous attempts to esti-
mate nitrate from the temperature, salinity
and Chl a. GOES et al. (1999; 2000) and SILIO-
CALZADA et al. (2008) showed that variability
of nitrate at the surface could be explained by
SST and Chl a in the Pacific Ocean and in the
Benguela Upwelling, respectively. GARSIDE and
GARSIDE (1995) and GARSIDE et al. (1996) were
able to explain the variability of nitrate and its
origin on the basis of temperature for deep wa-
ter in the Equatorial Pacific and coastal water
of the Gulf of Maine and salinity, respectively.
IWATA et al. (2005) used salinity alone for esti-
mating subsurface nutrient in Suruga Bay, Ja-
pan.

In this study, nitrate profile from surface to
200m could be estimated using different algo-
rithms for different layers of vertical structure
taking into account not only different physical
and biological processes but the origins and
mixing of different source waters. The estima-
tion of accurate vertical profile of nitrate was
not possible by other methods, and the present
algorithms should be helpful for understand-
ing the biogeochemical processes in dynamical
marine environments such as the Sagami Bay.

In general, the algorithms performed better
in the IML and in the DL than in the ML (Ta-
ble 4). One of the reasons for this discrepancy
may be the highly dynamic nature of the ML
with large variability in temperature, salinity,
and Chl a, but a small range of variability in
nitrate, particularly during summer. In the
ML, the weakest correlations between meas-
ured and estimated nitrate were found in sum-
mer. This is perhaps due to the low nitrate
concentrations observed, but also because of
the large variability of temperature as
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Table 4. Results of multiple linear regressions for estimating nitrate concentration. N is number of data. The
values of a, b, ¢, d and e are constant and coefficients of equation for mixed layer water and intermediate water

(eq. 2) and for deeper water (eq.3)

No

RMSE

2
Seasons Constant T Chl a Sal Log T R CuM) N
a b ¢ d e
Mixed Layer
1 Winter 145.57 3.27°" 3417 - -68.32" 0.73 14 212
2 Spring 95.51 0.85"" 1.81"" - -93.44" 0.78 1.9 215
3 Summer 212.7 0.85" 0.30" - -37.08" 0.59 0.7 87
4 Fall 22.12 -1.517 24177 - 3.58"" 0.92 1.2 242
Intermediate Layer
5 Winter 329.52 11.5"" -5.927" - -181.027" 0.76 2.1 222
6 Spring 187.85 3.68"" -1.77" - -86.59"" 0.83 1.8 205
7 Summer 83.88 -0.15"" -0.127 - -25.76"° 0.93 0.6 1183
8 Fall 98.76 0.927" -3.727 - -36.717" 0.88 1.8 243
Deeper Layer
9 All . . .
416.33 2.01 --- 11.00 2.01 0.90 0.6 665
Seasons

* * P<0.001; * P<0.05

compared to other seasons.

For the development of the algorithms, al-
most half (~45%) of the nitrate profiles came
from Stn. S3. The use of data from a single sta-
tion could bias the algorithms. However, our
tests of validity of the algorithms with inde-
pendent data from wider locations showed good
performance (Fig. 5). The comparison between
in situ and estimated nitrate profiles in differ-
ent seasons (Figs. 6A-D) clearly showed the
seasonal variation of nitrate profile particu-
larly in ML and IML as a result of seasonal
evolution of the MLD, with maximum and
minimum in winter and summer, respectively.
In winter, the decreasing SST causes deepening
of MLD and results in highest and homogene-
ous nitrate throughout the ML (Fig. 6A). On
the other hand, during summer, the sea surface
heating in combination with phytoplankton
productivity prevailing physical mixing results
in very shallow MLD with lower nitrate (Fig.
6C) compared to spring (Fig. 6B) and fall (Fig.
6D).

Since the algorithms of this study had been
developed based on general water mass charac-
teristics within the upper 200m of the Sagami
Bay, it may be difficult to apply the algorithm
when the water is affected by un-identified wa-
ter masses of different nitrate concentrations,
especially in the near-shore stations. Even with

this limitation, the fact that DL in ~130-200m
depth of Sagami Bay showed stable T-S-nitrate
relationship made us confidence that our algo-
rithms can provide valid estimates of nitrate
input from deeper layer coused by wind-
induced upwelling and/or topographic effect on
Kuroshio current.

We are not certain whether our approach
could be directly applicable to other
embayments, nevertheless this study suggests
that a similar approach could be applicable to
reconstruct high resolution nitrate profiles
that could be used for studying daily, seasonal
to annual changes based on temperature, Chl a
and salinity from automated instruments com-
monly used on various oceanographic monitor-
ing platforms, such as floats, gliders and
buoys.

5. Conclusions

Algorithms for nitrate, constructed using
physical (temperature, salinity) and biological
(Chl @) data from different water masses in
different seasons, were able to yield highly reli-
able, high-resolution profiles of nitrate in up-
per 200 m water column of the Sagami Bay.
The water mass analysis using T-S diagram
and MLD as a criteria to distinguish between
water masses, yielded a better basis and under-
standing of the controlling factors of nitrate
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variability in the bay. The analysis helped iso-
late ML from the DL which had distinct water
properties (low temperature, high salinity and
nitrate) compared to the IML or the ML.

Previous studies have demonstrated the pos-
sibility of nitrate estimation in the MLD de-
rived from temperature (KAMYKOWSKI, 1987;
GARSIDE and GARSIDE, 1995; CHAVEZ et al.,
1996; SWITZER et al., 2003; HENSON et al., 2003;
SHERLOCK et al., 2007). It may be noted that de-
riving nitrate based on temperature alone is
limited because of the highly variable nature of
nitrate over space and time (GOES et al., 1999;
2000). Our study suggests that nitrate algo-
rithms based on temperature, salinity and Chl
a which take into account the water mass char-
acteristics of a given area could be a better and
a more robust approach estimating nitrate con-
centrations in water column even in highly dy-
namic coastal environments.

This study also demonstrates that these al-
gorithms could be reliably used to fill in the
gaps of in situ measurements of nitrate concen-
tration, such data are difficult to obtain by
conventional means, such as from research ves-
sels, or another platform, for instance: floats,
gliders, and buoys. This study is the first effort
to demonstrate the advantages of utilizing a
combination of biological and physical parame-
ters for obtaining high resolution nitrate, pro-
files which could be important for better
understanding of carbon fluxes and bio-
geochemical processes in coastal-oceanic wa-
ters.
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Seasonal Variations of the oceanic condition off Sanrihama
Beach, Nemuro II. salinity and density structure

Yutaka NAGATAY, Sachiko OcuMA?, Keiichi NAGASE”, Kimihiro ATKRAWA?, Isao HAKATA?

Abstract : The Nemuro City Fisheries Research Institute installed bottom temperature sensors
off Sanri-hama Beach, Nemuro in in order to know seasonal variations of environmental cir-
cumstance of Hanasaki crabs. 8 stations were set along a straight line extended towards off-
shore. The depths of stations are 5m through 60m. The observations were made from December
28, 2005 through May 13, 2009. In the previous paper (Nagase et al., 2010) showed that tem-
perature and salinity profiles have usually vertically homogeneous both in summer and in win-
ter seasons. The temperature decreases from shore to offshore in summer season, and it
increases in winter season. These trends appear to extend into temperature structure in the
East Hokkaido Coastal Current (the Coastal Oyashio in winter season and the East Hokkaido
Warm Current in winter season). By using the results of STD observation which were obtained
17 times during the observation. In contrast to temperature gradients, salinity gradients in the
nearshore region are opposite to those inside the East Hokkaido Coastal Current: salinity in-
creases toward offshore in summer season, and it decreases in winter season. This would be ex-
plained by supply of fresh land water was brought from offshore into the region in summer
season. In winter season, the fresher Oyashio Water, originated from the sea area off the Kruil
Islands, would be brought into the nearshore region from offshore.We examined the seasonal
variation of water type of the 50m depth at the most offshore observation station St. 8, and
compared with that of the East Hokkaido Coastal Current Water. The water is almost identi-
cal to that in the East Hokkaido Coastal Current Water at 50m depth, but some tendency that
the phase of the seasonal variation in nearshore region advances to that of the he East Hok-
kaido Coastal Current Water

Keywords: Sanrithama Beach, Nemuro City: STD observation, Seasonal variation of salinity
and density fields, The East Hokkaido Coastal Current
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Fig. 1. Positions of 8 STD observation stations off
Sanri-hama Beach, Nemuro City. The stations
are aligned along a line extending southward.
Water depths at stations from St. 1 through St.
8 are 5m, 10m, 15m, 20m, 30m, 40m, 50m, and
60m, respectively. Bottom contours are shown at
interval of 1m. The horizontal scale is given at
lower right corner.

O ZHIZALFFEE AN, TOREEEWS
(2010) AF&E U7z (Ltk. Wi EMF3D), £0
WRICEE &, TEF ] cB0TE, KEZMA
FHZR B Uil TIRF Ly TAZR] iciEnic
BT Lo T EAT BMNH S I NS
MiZEN, ToMEmIE. BEOERIBFETR
(ITHZ | oBHER, [4£Z] TOREEE) O
NEB T DIKIR DK AR DA » TN B EEZ
SN 5, THilam 3 TR D% RS O RHIL
(LIZ DO TIIEE A SN 5 7o bs, R T
3. STD Bl &R =S Lz LT, HHo - HE
BOEHENEZRL B, . RBMED 60m
O S (St. 8) @ 50m DK « HHMEE A v
T MAEOERIBEFIKDIKRDOERHELL DI
BAEITI .

2. BAthS SEAIRES
STD Bl oL (a3 T U 72 g KK IR O

HEEAEMBEER L) &y ~NF 37 =B
HifE DIKER % Fig. 11TRd, BLAE, %
APE D = B S RIS B8 RICiE SN T
Wb, —~FFELDDOKESM O E I AIT S 10
FFoh, St. 2LLFSt. 8§ ETOMEIIR. =4
ZHkZ%E 10m. 15m. 20m. 30m. 40m. 50m.
6m D EZAIHEITOLNTWD, IO TIE
FERAEYST 2 2 EBHsnTED, St 1h»
5 St. 4 FTREAIMIZ X 2N DEDEIFITH
D, Wi TRACEHITSt. 5 L oofls &
BT DA RS 5 T B, i L7 STD id
Alex Electronics Co.#® STD (ATS200-PK)
TH b, STD @MLK R L 8% D BT
HREGOMEIBLUTHEBL20T, HTLD
HAIMITIT b TR WA, 1ZIZ AR 2280 %
179 2 EmTE 7, BN 2007 4F 5 H 5 2009
2 HOBNZ 17 [4T » 72 h3, £ D EiH % Ta-
ble 1 1IZ/R” 9 fEH B, BMAEIMHO O, 1
Mo 17T OBNFE S 21T Tnb, E, Table
THAMZ DT 72 FECFIZ, KBSz mh - TE
THafmERd [HR] A2 S, KilosHizm
MoThATSE [AF] #MEWT, £Eb5 LD
%i&m%ﬁ%Xf%bz%%(%%X%%%
VUTTiE TEZER] ogisg, T4F] oA,
uﬂQ%%@MK\ﬁﬁﬁkkﬁﬁﬁﬁ%ﬁég
Pl N R

3. TEZ| iy - BEREE

FRIBDSPIZ » TR F L T S R &2 R
[EZ | oz, BlNES 1~3 £ 8~13D 9 [H
Tho, 5 HEO» 5 10 HRE TOMMIZKE S
ﬂfwéo:@9@@ﬁmﬁ@ﬁﬁ-%£(v)
DERHE > % Fig. 2a\ by cT/RT, ORI
SoatiE. GOMICEES R ERT, EIE TN
%KMn@b&m%WoT%D\ﬁﬁ hf
BRAMMEIRE RS T3 RBICHEEEZ
méoﬁgzmomTMﬁﬁwﬁﬁbﬁwﬁﬁ
0.2 Th 53, BEIZONTIZ Fig. 2 TiIMz4
Tzl %omb%5§f®fl%mof%
D, HEDHOMIEIZ 0.5 TH B, KTz, ZFH
ESE m%ﬁ%<?5tb¢%ﬁﬁbfaﬁmai
NTH B, WMEOKINZ, MED 4 HITKE T,
FEOD4HEMBETRL, ThEhIZDO0T,
b o s St. 8. St. 4 AEH T, KD A St. 7
L St.3&AMT, St. 6 & St. 2 ZWH T, St. 5
LSt 12 —HHBMTRLTH b, ThIFHIFHY
TOKBAHIZHN b D EMEETH 5, KD
BB AIC D W T AR X O Fig. 9. Fig. 114
Fig. 12 #Z2Rah iz,



= Bl o FHIZAL

89

Table 1 Dates of STD observations. Observation date is given in the box corresponding to year column and to
month row. Serial observation numbers are given in the column “No.” . In the previous paper, we defined
“summer state” that temperature tends to decrease from inshore to offshore, and “winter state” that the tem-
perature tends to increase from inshore to offshore. These states are indicated in date column with capitals S
(summer state), W (winter state), and X (the others), respectively.

No. | 2007 No. | 2008 No. | 2009

January 5 | 30W 16 | 29X

February 17 | 26W

Mach

April 6 |3X
7 130X
May | 1 |29S 8 |28S
June 9 |27S
July | 2 |28S 10 | 31S
August 11 | 28S
September 12 | 26S
October | 3 | 1S 13 | 29S
November 14 | 26W
December | 4 | 1IW 15 | 29W
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Fig. 2a. Vertical salinity (left column) and density (right column) profiles measured with STD in “summer
season” . Thin curves indicate 4 inshore stations (dotted and dashed lines are used for St. 1, dashed lines for
St. 2, dotted lines for St. 3 and full lines for St. 4). Thick curves indicate 4 offshore stations (dotted and
dashed lines for St. 5, dashed lines for St. 6, dotted lines for St. 7, and full lines for St. 8. Depth range is
taken from Om to 61m, and density range from 24.0 to 26.5. The upper figures show the profiles measured
on May 28, 2008 (observation No. 8), and the salinity range is taken from 32.4 to 32.9 in this figure. The
middle figures show the profiles measured on May 29, 2007 (observation No. 1), and the salinity range is
taken from 32.1to 32.9. The lower figures show the profiles measured on June 27, 2008 (observation No. 9),

and the salinity range is taken from 32.4 to 33.2.
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Fig. 2b. Same as in Fig. 2a, except for observation dates. The upper figures show the profiles measured on July
28, 2007 (observation No. 2), and the salinity range is taken from 32.2 to 33.4. The middle figures show the
profiles measured on July 31, 2008 (observation No. 10), and the salinity range is taken from 32.4 to 33.6.

The lower figures show the profiles measured on August 28, 2008 (observation No. 9), and the salinity range
is taken from 32.8 to 33.7.
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Fig. 2c. Same as in Fig. 2a, except for observation dates. The upper figures show the profiles measured on Sep-
tember 26, 2008 (observation No. 12), and the salinity range is taken from 33.0 to 33.7. The middle figures
show the profiles measured on October 1, 2007 (observation No. 3), and the salinity range is taken from 33.2
to 33.6. The lower figures show the profiles measured on October 29, 2008 (observation No. 13), and the sa-
linity range is taken from 33.2 to 33.5.
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Fig. 3a. Vertical salinity (left column) and density (right column) profiles measured with STD in “winter sea-
son”. Thin curves indicate 4 inshore stations (dotted and dashed lines are used for St. 1, dashed lines for St.
2, dotted lines for St. 3 and full lines for St. 4). Thick curves indicate 4 offshore stations (dotted and dashed
lines for St. 5, dashed lines for St. 6, dotted lines for St. 7, and full lines for St. 8). Depth range is taken from
Om to 61m, and density range from 26.0 to 26.5. The upper figures show the profiles measured on November
26, 2008 (observation No. 14), and the salinity range is taken from 33.4 to 33.7. The middle figures show the
profiles measured on December 1, 2007 (observation No. 4), and the salinity range is taken from 33.3 to 33.6.
The lower figures show the profiles measured on December 29, 2008 (observation No.15), and the salinity
range is taken from 32.9 to 33.2.
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Fig. 3b. Same as in Fig. 3a, except for observation dates. The upper figures show the profiles measured on Janu-
ary 29, 2009 (observation No. 16), and the salinity range is taken from 32.4 to 32.8. The middle figures show
the profiles measured on January 30, 2008 (observation No. 10), and the salinity range is taken from 32.3
to 32.6. The lower figures show the profiles measured on February 26, 2009 (observation No.17), and the sa-
linity range is taken from 32.5to 32.7.
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Table 2 Comparison of horizontal temperature, salinity and density (o) between in the East Hokkaido Coastal
Current zone and in the sea off Sanri-hama Beach. “increase” or “decrease” shows trend towards offshore.
The attached symbols+ and ? indicate sense to increase and to decrease density, respectively.

temperature decrease + . temperature decrease +
« » - - East Hokkaido -
summer salinity increase+ salinity decrease —
- - Warm Current - -

density increase + density ncrease +

temperature increase — temperature increase —

“winter” salinity decrease — Coastal Oyashio salinity increase +
density decrease — density increase +
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Fig. 4. Same as in Fig. 2a, except for the observations conducted in April, 2008. The density range is taken from
25.0 to 26.5. The upper figures show the profiles measured on April 3, 2008 (observation No. 6), and the sa-
linity range is taken from 32.2 to 33.4. The middle figures show the profiles measured on April 30, 2008 (ob-
servation No. 6), and the salinity range is taken from 32.4 to 33.6. The lower figures show the profiles
measured on August 28, 2008 (observation No. 7), and the salinity range is taken from 32.0 to 33.2
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Fig. 5. Scatter diagrams of water types on TS surface of the East Hokkaido Coastal Current Water (Nagata et
al., 2009b) and of the water at 50m depth at St. 8. Solid circles (@) indicate the case (1) when cold and fresh
water belt (the Coastal Oyashio) can be seen along coast on both of temperature and salinity cross-sections,
and open triangles (/A\) the case (3) when these water belt cannot seen on both of cross-sections for the pe-
riod of the Coastal Oyashio (February, April and June). Solid diamonds (@) indicate the case (1) when
warm and saline water belt (the East Hokkaio Warm Current) can be seen along coast on both of tempera-
ture and salinity cross-sections, and open triangles (/\) the case (3) when these water belt cannot seen on
both of cross-sections for the period of the East Hokkaido Warm Current (August, October and December).
In December, fresh water belt can be sometimes seen, water types of such water is shown with open circle
(O) in scatter diagram of December. Water types of the water at 50m depth at St. 8 are shown with numer-
als. Number indicates the observation number shown in Table 1. Nagata et al. (2009b) used bimonthly data
obtained the Hokkaido Nemuro by Fisheries Experiment Station. The data at St. 8 are plotted in figure of
the nearest month if they are not observed in February, April, June, August, October or December.
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