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Abstract. Phytoplankton light absorption properties were in- inated from the surface low-salinity waters and SCM wa-
vestigated at the surface and subsurface chlorophyibx-  ters beneath them. At high Tchl a;h(k) of these samples
imum (SCM) layer in the East China Sea (ECS), a marginalwas substantially higher compared to the values in TS and
sea which is strongly influenced by the Changjiang dis-from the global regressions, which was attributable to the
charge in summer. Results from ECS were compared witHower micro-phytoplankton fraction, and higher nano- and/or
those from the Tsushima Strait (TS) where the influence ofpico-phytoplankton fractions in ECS. These observations in-
Changjiang discharge is less. The probable controlling fac-dicated that the distinct light absorption properties of phyto-
tors, packaging effect (cell size) and pigment compositionplankton in ECS were possibly influenced by the Changjiang
of total chlorophylla (Tchl a)-specific absorption coeffi- discharge. Our findings imply that general bio-optical algo-
cient @;h(k)) were examined by the corresponding mea- rithms proposed based on the correlations betwggm)
surements of pigments identified by high-performance liquidand Tchla or the patterns in size-fraction versus Tahhre
chromatography. We observed distinct phytoplankton sizenot applicable in ECS, and need to be carefully considered
structure and thereby absorption properties between EC®hen using these general algorithms in river-influenced re-
and TS. At the surface, mixed populations of micro-, nano-gions.

and pico-phytoplankton were recorded in ECS while pico-
phytoplankton dominated in TS, generating a lower aver-
ageaj,(») in ECS than in TS. Within SCM, averag%h(k) _
was higher in ECS than in TS because of the dominancel Introduction

of nano- and micro-phytoplankton in ECS and TS, respec-

tively. By pooling surface and SCM samples, we found reg_Phytoplankton light absorption is a major determinant of the
ular trends in phytoplankton size-fraction versus T¢hand optical properties of oceanic and coastal waters. This process
correlations betweea, (1) and Tchla consistent with pre- can phange the underwater light fields, modulate photosyn-
vious observations for the global ocean in TS but not in ECS thesis, and alter the ocean colour (Gordon et al., 1988; Morel,
In ECS phytoplankton size-fraction was not correlated with 1988). Knowledge of phytoplankton light absorption and
Tchl ¢, which consequently caused poor relationships pedts variation is thus vital for understanding the optical vari-

tweena’, (1) and Tchla. The abnormal values mainly orig- ability of water bodies, and therefore important for improv-
P ing a variety of bio-optical algorithms, such as for remote
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sensing of chlorophyli: concentration (Chk) (Garver and ically focus on the variability in phytoplankton absorption
Siegel, 1997; He et al., 2000), primary production (Platt andproperties and the controlling factors causing the variabil-
Sathyendranath, 1988; Ishizaka, 1998), and phytoplanktoiity in regions influenced by riverine discharge. Here we de-
size classes (Ciotti and Bricaud, 2006; Hirata et al., 2008;scribe the scenario for the East China Sea (ECS), which is
Devred et al., 2011). one of the largest marginal seas in the western North Pa-
In recent decades, phytoplankton light absorption hascific. The ECS is significantly influenced by river discharge
been extensively investigated in various regions of the worldfrom the Changjiang (Gong et al., 1996). In summer, it re-
ocean. It is well documented that the phytoplankton absorpceives enormous amounts of freshwater containing very high
tion coefficient,apn(1), is positively correlated with Chi concentrations of nitrogen (Gong et al., 1996; Siswanto et
and that this correlation holds fairly well for various wa- al., 2008). The nutrient-rich freshwater mixes with the sur-
ter bodies (Cleveland, 1995; Babin et al., 2003; Bricaud etrounding high-salinity waters, forming the Changjiang di-
al., 2004). Furthermore, the Chtspecific absorption co- luted water (CDW) with a thickness of about 10-20m in
efficient, a’, (1) (aph(r) normalized to Chk), and its tem-  the mid-shelf area, which extends offshore and moves north-
poral/spatial variations have been reported for various wateeastward near Jeju Island to the Tsushima Strait (TS) (Ya-
bodies (Babin et al., 1993; Bricaud et al., 1995; Suzuki et al.,maguchi et al., 2012). It has been suggested that CDW en-
1998; Harimoto et al., 1999; Steehr et al., 2004). In generalhances Chk, resulting in high primary production in the
a;h(k) decreases with an increase in @hlThe decrease in upper layer of ECS (Hama et al., 1997; Yamaguchi et al.,
agy(1) is due to pigment “packaging” that has often been re-2012). Zhou et al. (2008) and Li et al. (2009) were able to
ferred to as the “packaging effect” or “package effect” (Ban- show that Changjiang freshwater in the estuary and adja-
nister, 1974; Kirk, 1975). The packaging effect, together with cent coastal waters can modulate phytoplankton community
phytoplankton pigment composition, have been suggested tétructure. One would expect therefore that Changjiang fresh-
be the major factors causing the variabilitydg),(1) (Morel ~ water discharge can have a strong influence on phytoplankton
and Bricaud, 1981; Stuart et al., 1998; Lohrenz et al., 2003)light absorption in ECS.
These two factors are different among and within phyto- TS, which is a narrow and shallow strait between Korea
plankton populations growing under various environmentaland Japan, connects ECS and the Sea of Japan. Water in TS
conditions such as nutrient levels and irradiance (Bricaudoriginates partly from the Kuroshio but mainly from ECS
2004; Staehr et al., 2004). in summer (Guo et al., 2006). Freshwater and nutrients are
The packaging effect is usually higher in larger phyto- transported from ECS through TS to the Sea of Japan (Isobe
plankton, producing |°We”§h()‘)- Conversely, the pack- etal., 2002; Morimoto et al., 2009). Yamaguchi et al. (2012)
aging effect is less in small phytoplankton and results inobserved that about 2 months was required for CDW to reach
higherag,(3). Changes in the phytoplankton size structure TS, where the increase in surface Ghwas very small, with
have been reported to primarily explain variationsijp(x) & Peak in September. Morimoto et al. (2009) suggested that
(Ciotti et al., 2002; Bricaud et al., 2004). Sathyendranath etvhen CDW extended into TS, nutrients were consumed by
al. (2001) expresseﬂ)h(k) as the sum of absorption by two phytoplankton and depleted. These studies Imply that the in-
populations with distinct cell sizes, and this model was fur- fluence of Changjiang freshwater on phytoplankton in TS
ther extended to the three-population model by Brewin etmay be weak.
al. (2011). More recently, absorption models based on two or We hypothesize that the phytoplankton absorption proper-
three populations have been improved to estimgjt¢i) of ~ ties in ECS, which is strongly influenced by the Changjiang
different populations as well as to derive size-fractions fromfreshwater, may be different from those in TS in summer.
apn(*) (Devred etal., 2006, 2011). Note that these models ard1ence, this study aims at investigating the difference(s) in
based on the hypothesis that small and large cells dominatél) Phytoplankton light absorption between ECS and TS at
in low and high Chla waters, respectively, which has been both surface and subsurface Ghimaximum (SCM); (2)
clearly observed in the global ocean (Brewin et al., 2010; Hi-relationship between total Clal (Tchl ) with apn(2) and
rata et al., 2011). a;h(k) for all samples from surface and SCM in both ECS
In coastal waters, however, the validity of the above hy-and TS, and find the probable controlling factors causing the
pothesis is not clear. Because of the dynamic hydrographidlifference(s). Difference(s) in phytoplankton light absorp-
conditions (e_g_, river discharge' upwe”ing and mixing), the tion between ECS and TS have been discussed on the basis
optical properties of coastal waters are complex (Babin et al.of the analysis of high-performance liquid chromatography
2003). Some studies have shown that freshwater dischargd$!PLC)-derived phytoplankton size structure, packaging ef-
could significantly change the optical properties of seawaterfect and pigment composition.
especially the light absorption budget among phytoplankton,
detritus and coloured dissolved organic matter (Babin et al.,
2003; D'Sa et al., 2006; Odriozola et al., 2007; Matsuoka et
al., 2011; Brunelle et al., 2012). However, few studies specif-
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36 (ap(1)) was calculated using the following equation:
ap(A) = 2.30300x(M)S/V, (2)

where 2.303 is the factor used to convertiptp log,, S is
the filter clearance area fm andV is the filtered volume
(m®). The ratio ofS to V approximates the geometrical light
pass length.
@ ) After measurements of the optical density of the total par-
Changjiang ticles, the filters were soaked in methanol for at least 24 h to
;ﬁa oo extract phytoplankton pigments, and then rinsed with FSW.
30 . A | The absorbance of a decolourized filter was re-measured us-
121 122 123 124 125 126 127 128 129 130 131 ing the same method to obtain the optical density of the
Longitude (E) non-phytoplankton particles (Kishino et al., 1985). Simi-
larly, the absorption coefficient of non-phytoplankton parti-
Fig. 1. Lo_cations of the_ sampling stations in the Tsushima Strait o|gg @nph(1)) Was determined using Edl)(@and @). apn()
(TS) and in the East China Sea (ECS). was then obtained from the following equation:

aph()\) = ap()\) - anph()»)~ (3)

The values reported in this study are averages from duplicate
measurements, (1) was calculated by normalizingyn(i)
to Tchla measured by HPLC. Tchlrefers to the sum of Chl

& and divinyl Chla.
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2 Materials and methods
2.1 Sampling

Sampling in TS was conducted during cruises in July 200
aboard the T/VNagasaki maruand during four cruises
aboard the R/\Tansei maruand the T/VNagasaki marun
ECS during August 2008 and July 2009-2011, respectively.

The locations of sampling stations are shown in Fig. 1. Watefyater samples for pigment concentrations were filtered onto
samples at discrete depths were collected using Niskin botos mm Whatman GF/F glass fibre filters under low vac-
tles (12L on R/VTansei maruSL on T/V Nagasaki mary - yum pressure < 0.01 MPa). Filtered volumes of most of
mounted on a CTD/rosette system. Depths of the SCM whichsamples were~ 1 L. The filters were immediately frozen
varied from 10 to 30 m were determined from the vertical flu- in ||qu|d nitrogen, and were then stored at80°C for
orescence profiles obtained from CTD. Samples collected a§ypsequent laboratory analysis. Pigments were analysed by
the surface and SCM were used to measirer) and pig-  reverse-phase HPLC with a Zorbax Eclipse XDB-C8 col-

2.3 Pigment measurements and pigment-based
phytoplankton size structure

ment concentrations. umn (150 mmx 4.6 mm, 3.5 um; Agilent Technologies), and
) . 19 pigments were separated and quantified following the
2.2 Measurement of absorption coefficient method of Van Heukelem and Thomas (2001).

Diagnostic pigment analysis (DPA) was used to esti-
mate Tchla fractions of pico- (<2 pum), nano- (2—20 pm)
and micro-phytoplankton (>20 um), from HPLC pigment
data. The DPA approach was originally proposed by Vidussi
et al. (2001), and refined by Uitz et al. (2006). Briefly,
seven marker pigments (MP) (i.e., fucoxanthin (Fuco),

The quantitative filter technique (QFT) was used to deter-
mineapn(A) (Mitchell, 1990). Water samples (0.3—1L) were
filtered through Whatman GF/F glass fibre filters (25 mm)
under low vacuum pressure: 0.01 MPa). The optical den-
sity of total particles retained on the filter (QQ.)) were
kept below 0.3 by adjusting the filtration volume. Subse- __ .. . .
quently, OQy(+) was measured between 350 and 750 nm a[Eerldmm (Per), 18hexanoyloxyfucoxanthin (Hex), 19

1 nm intervals, using a dual beam multi-purpose spectropho utanoyloxyfucoxanthin (But), alloxanthin (Allo), chloro-
tometer (MPS-2400, Shimadzu Inc.). A blank filter soaked phyll b (Chi 2), and zeaxanthin (Zea)) were selected as diag-

. X tic pi ts of distinct phytoplankt d
with 0.2 um-filtered seawater (FSW) was used as the refer-nos IC pigments Of distinet phytop'ankion groups and were

T t th th lenath lificati Hoct (rsed to calculate Tchi fractions of three size classes (de-
ence. 7o correct the path iength amplification eliect causeq; o pigment taxonomic significance reported previously
by multiple scattering in the glass fibre filter, the follow-

. . . ; . by Vidussi et al., 2001 and Uitz et al., 2006). Subsequently,
Ing equation W"fls utilized according to Cleveland and Wel'Hirata et al. (2008) further revised the approach of Uitz et
demann (1993): al. (2006) to account for the occurrence of Glih larger eu-
karyotes, e.g., chlorophytes (nhano-phytoplankton). Accord-
ing to Hirata et al. (2008), the size-fractions of each size class
can be expressed as

ODs(%) = 0.3780D0(1) 4 0.52300,(1)2, 1)

where OR(1) is the optical density of particulate matter in
suspension. The absorption coefficient of the total particlesfmicro = (1.41Fuco+ 1.41Pej/DP 4)
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Linear regression analysis was performed to assess the rela-
tive contribution to the variation in;h(x) from the packag-

ing effect and pigment composition, takingn(k) as the de-
pendent variable an@}(x) or a;igm(/\) as the independent
variable. Note that the approach used to ob&%i&n(/\) was

fnano= (0.60All0+0.35But+1.27Hex+1.01Chlb) /DP (5)

Jpico = 0.86ZeaDP, (6) independent o&;h(k), whereas the approach used @ (1)
where DP is the sum of the weighted concentrations of alldepended o/, (1). In addition, the analyses performed in
diagnostic pigments: this study mainly focused on the 440 nm because the effects

of both pigment packaging and composition are more pro-
DP = 1.41Fucot 1.41Pert 0.60Allo 4 0.35But (7) " nounced in the blue region (Stuart et al., 1998).

+1.27Hex+ 1.01Chlb + 0.86Zea

The numerical coefficients used in the above equations werg Resylts

derived by multiple regressions (Uitz et al., 2006), and rep-

resent the ratios of Tclal to each diagnostic pigment. Hirata 3.1 Variations in Tchl a

et al. (2008) suggested that a particular phytoplankton size

class was dominant if its fraction was 0.45. It should be  Tchl a in the Tsushima Strait surface (TS_S), Tsushima

noted that there are some potential anomalies in DPA, e.g.Strait SCM (TS_SCM), East China Sea surface (ECS_S),

in some cases, a given diagnostic pigment possibly occurs iand East China Sea SCM (ECS_SCM) displayed clear differ-

two size classes. Despite these potential limitations, DPA iences (Table 1). The average Tehin TS_S and TS_SCM

a useful approximation, and the results are reasonably robugvas lower than that of ECS_S and ECS_SCM, respectively.

at a global as well as at a regional scale. The difference between the average Tehalues in ECS_S
and ECS_SCM was larger than the difference between the

2.4 Packaging effectindex and total pigment absorption  corresponding values in TS_S and TS_SCM. The coefficient
of variation of Tchla was higher and similar in TS_SCM,

The packaging effect indexg3 (1), is defined as the ratio of £cg 5 and ECS SCM whereas it was lowestin TS S.
the in vivo absorption coefficientgn(1)) to the absorption - - -

coefficient of the same cellular material in solutiegg(1)) 3.2 Variations of absorption coefficient
(Bricaud et al., 2004). The computation is expressed as fol-

lows: The averagepn(1) was clearly differentin TS_S, TS_SCM,
. ECS_S and ECS_SCM (Table 1 and Fig. 2a). The average
Qa(A) = apn(1)/asol(2), (8 4pn(x) was lowest in TS_S and much higher in ECS_S. The

averageapn(1) in TS_SCM was also much lower than in

1 and 0, and correspond to conditions without a packagin CS_SCM. The difference In averaggh(k_) between the
effect and with the maximal packaging effect, respectively, Surface and SCM was larger in ECS than in TS.

Bricaud et al. (2004) found thapi(x) was >1 for many As in previous studies (Brl_gaud et al., 1995, 2004),
samples, indicating thatsi(1) reconstructed from all in-  9ph(440) andapn(675) were positively correlated with Tchl
dividual pigments was systematically lower than measuredf I" TS and ECS (Fig. 3a, b). Hergn(2) of the surface and
aph(). They argued that differences between measured anaaCM WaFers were combined for analysis. The fitted power
reconstructed absorption spectra could be attributed to misg@W functions were as follows. For TS

The theoretical maximum and minimum values@f(i) are

ing pigments or other light-absorbing compound; ex_tractedaph(440) — 0.0436 Tchlq%626 (11)
by methanol but not measured by HPLC. Considering the 5

missing absorption ternage (1) is calculated as (R“=0871 N =25

asol(A) = Z Cia;igm,i()\) + amiss(A) (9) aph(675) —0.0192 TChIaO'852, (12)
where C; and a;igm,i()‘) are the concentration and the (R2=0.930, N =25)

pigment-specific absorption coefficient of théh pigment,

respectively, andmiss(A) is the missing absorption. In this and for ECS,

study, amiss(440) was estimated according to Bricaud et _ 0.885

al. (2004), and the}(440) was calculated. aph(440) = 0.0667Tchla ’ (13)
The total pigment-specific absorption coefficient is defined (R? = 0.861, N =118

as Tchla normalized absorption coefficient of all the pig-

ments (Bricaud et al., 2004), as in E@OY: aph(675) = 0.0252 Tchlg 007, (14)

aigm@) =Y Ciaigm;(3)/Tchla. (10)  (R°=0.898 N =118

Biogeosciences, 11, 1759#73 2014 www.biogeosciences.net/11/1759/2014/
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Table 1. Comparisons of Tcht, aph(440),aph(675),a;h(440),ash(675) and the ratio O&Sh(440) thSh(675) among the Tsushima Strait

surface (TS_S), Tsushima Strait SCM (TS_SCM), East China Sea surface (ECS_S), and East China Sea SCM (ECS_SCM). Max: maximum;
Min: minimum; Ave: average; SD: standard deviation; CV: coefficient of variation.

Variable Location Max Min Ave SD cv
TS_S 024 012 018 005 26.4

I TS_SCM 306 058 133 078 583

Tchla (mgm™) ECS_S 222 010 088 053 595
ECS_SCM 6.10 074 248 131 529
TS_S 0.023 0008 0015 0.004 27.9

. TS_SCM  0.108 0.029 0052 0.022 41.6
aph(440) (M) ECS_S 0.164 0.009 0.066 0.046 69.7
ECS_SCM 0.394 0.047 0.144 0068 47.3

TS_S 0.006 0.003 0004 0.001 252

. TS_SCM 0052 0014 0025 0011 46.1
aph(675) (M) ECS_S 0.066 0.003 0.024 0.017 737
ECS_SCM 0.195 0018 0062 0.031 49.4

TS_S 0.129 0050 0086 0.023 26.9

. P TS_SCM  0.066 0.017 0.045 0015 32.5
apy(440) (mF mg™") ECS_S 0.158 0.030 0.074 0023 31.8
ECS_SCM 0.127 0.035 0.062 0019 30.1

TS_S 0.035 0015 0024 0005 19.9

. P TS_.SCM  0.028 0.08 0.021 0006 28.0
aph(675) (MF mg™") ECS_S 0.047 0012 0026 0.007 287
ECS_SCM 0.055 0.016 0.027 0.008 29.6

TS_S 475 294 357 048 136

. . TS_.SCM 256 1.83 219 019 8.8
apn(440) /ay,(675) ECS_S 460 1.80 291 052 17.8

ECS_SCM 2.82 1.83 2.32 0.18 7.9

where R? and N are the coefficient of determination and ing to the presence of the photoprotective pigment zeaxan-
the number of samples, respectively. The power law func-thin (Barlow et al., 2002)ag, (1) of some samples from
tions in TS agreed well with those given by Bricaud et ECS_SCM exhibited a clear peak around 540 nm, which pos-
al. (1995), whereas most of ECS samples significantly di-sibly resulted from the absorption of phycoerythrin (Hoge et
verged (Kolmogorov—Smirnov test, < 0.01) from the re-  al., 1999; Ciotti et al., 2002). The presence of phycoerythrin
gressions of Bricaud et al. (1995), especially at high Tchl  makes it difficult to ideally separate particulate absorption
into non-algal and algal components using methanol extrac-
3.3 Variations of Tchl a-specific absorption coefficient tion technique (Mitchell et al., 2002).
. Correlations ofz, (1) and Tchla were different between
The averageay,(») in TS_S, TS_SCM, ECS_S and TsandECS (Fig. 3c, d). Negative power correlations of Tchl
E_CS_SCM displayed distinct differences in both their mag-, with a;h(440) (P < 0.01, R? = 0.708) and Witha;h(675)
g!tude and spectrum sh_ape (Table 1 an(_:I Fig. 2c). The 'arg‘?j'p <0.01, R?=0.287) were recorded in TS. The fitted
ifferences in the magnitude of absorption were observed i

. : power law functions for TS were close to those obtained
the blue wavelength. The highest averagﬁ()») in the blue by Bricaud et al. (1995) in the global ocean. However, in

region was observed in TS_S, and the Iowes? avergy@,) ECS, the power correlation betweegm(440) and Tchhk was
and the flattest spectral shape was observed in TS_SCM. The

averagez;h(/\) in ECS_S and ECS_SCM lay between the av- poor (P < 0.01_, R? =0.094) and there was no significant
erage values in TS_S and TS_SCM, and the avesgge) power correlation betweer(675) and Tchlx (P =0.84,

in ECS_S was higher than the value in ECS_SCM. The stank’ = 0.000).

dard deviation ofr% (440) indicated high variances in TS_S Salinity of most ECS_S samples (60 out of 67) and half
and ECS_S, lower variances in ECS_SCM, and the lowesff ECS_SCM samples (25 out of 51) were <32 (range: 24.2—
variance in TS_SCM (Fig. 2c). In addition, (%) in TS_S 3}.9, average: 302) indicating the influence of Changjiang
and ECS_S had distinct peaks around 490 nm, probably owRiver, while salinity in TS_S and TS_SCM was32 (range:

www.biogeosciences.net/11/1759/2014/ Biogeosciences, 11, 175382014
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Fig. 2. Average (Ave)a) and standard derivation (SE) of apn(1) and Ave(c) and SD(d) of a;h(x) in the Tsushima Strait surface (TS_S),
Tsushima Strait SCM (TS_SCM), East China Sea surface (ECS_S), and East China Sea SCM (ECS_SCM).

32.2-34.3, average: 33.3). Although salinity of the other halflated with Tchla (P < 0.01, R? = 0.704), but no correlation
of ECS_SCM samples (26 out of 51) was high (32.0-34.5),(P = 0.27, R? = 0.011) was found in ECS.

most of them (20 out of 26) were taken from waters just be- To confirm the effects of cell size o@};(440), we exam-
neath the low-salinity waterzz{;h(440) anda;h(675) of the ined relationships betwee@}(440) and the size-fractions
high-salinity samples taken from TS as well as ECS wereof micro-, nano- and pico-phytoplankton for all samples
clustered around the regression lines of Bricaud et al. (1995fFig. 4b—d).Q3(440 significantly decreased and increased
(Fig. 3). However, most of samples taken from ECS_S low-with the increase in the micro-P(< 0.01, R? = 0.436)
salinity waters (<32) and corresponding ECS_SCM samplesaind pico-phytoplankton fractionsP(< 0.01, R? = 0.309),
taken from waters beneath them displayed higigg(440) respectively. There was no significant correlation between
anda’,(675) compared to the values from the regressions ofQ3(440) and the nano-phytoplankton fractio & 0.02,
Bricaud et al. (1995). R?=0.036). The averag@; (440 of samples dominated by
the micro-, nano- and pico-phytoplankton (fractisrD.45)
were clearly different, with values of 0.46, 0.64, and 0.74,
respectively.

Phytoplankton size structure was different among TS_S,
TS _SCM, ECS_S and ECS_SCM (Table 2 and Fig. 5), and
generally agreed withD}; (440 as discussed later. Pico- and
The Q3%(440 showed similar variations as observed for micro-phytoplankton were dominantin TS_S and TS_SCM,
a;h(440) (Figs. 3c and 4a). The coefficient of determina- respectively. Mixed populations of micro-, nano- and pico-
tion (R?) of the linear regression betwe +(440) and phytoplankton were found in ECS_S, and abundant nano-

0% (440) were 0.869, 0.978 and 0.843 for both the locations, Phytoplankton was seen in ECS_SCM. It was noticed that a
TS and ECS, respectively (data not shown). Consistent witHfraction of pico-phytoplankton was still considerable in some
a%,(440), the highest and lowest averag§(440), with val- samples' at ECS_SCM '(range: 0.02—0.51, average: 0.19).
ues of 0.72£0.17 and 0.4@0.11, were recorded in TS_S HPLC pigment data indicated that the pico-phytoplankton
and TS_SCM, respectively. The avera@g(440) in ECS_S con_"nm_unity_ in ECS and TS was r_nade up of cyanobacteria.
and ECS_SCM were 0.64 +0.19 and 0.61 +0.16, respectivelyvariations in the phytoplankton size-fraction versus Tehl
Variations in Q%(440) versus Tchk relationship were also relat|onsh|p were also different b(_etwgen TSandECS (Flg. 6).
clearly different between TS and ECS (Fig. 4);(440) InTS, m|cro-.phyt'oplankton fraction mcrgased as Telih- .
of surface and SCM waters from TS were inversely corre-créased, while pico-phytoplankton fraction decreased with

3.4 Variations in the packaging effect and
phytoplankton size classes estimated from
HPLC pigment data
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Fig. 3. Correlations between Tclal and apn(440) (a), aph(675) (b), a;h(440) (c) and a;h(675) (d) for samples from the Tsushima Strait
surface (unfilled circle), Tsushima Strait SCM (filled circle), East China Sea surface (unfilled triangle), and East China Sea SCM (filled
triangle). Green symbols indicate samples with a surface salinity <32, and blue symbols indicate samples with a surface salinity >32.
Black and grey lines indicate power law functions fitted in the Tsushima Strait (TS) and East China Sea (ECS), respectively. Black dashes
correspond to the regressions of Bricaud et al. (1995).

Table 2. Comparisons of Tcht size-fractions of micro-, nano- and pico-phytoplankton in the Tsushima Strait surface (TS_S), Tsushima
Strait SCM (TS_SCM), East China Sea surface (ECS_S), and East China Sea SCM (ECS_SCM). Max: maximum; Min: minimum; Ave:
average; SD: standard deviation; CV: coefficient of variation.

Location Variable Max Min Ave SD CcVv
Micro 0.42 0.00 0.14 0.16 117.9
TS S Nano 059 0.00 0.32 015 46.2
Pico 1.00 0.21 0.54 0.21 38.7
Micro 085 0.23 058 0.21 36.6
TS_SCM Nano 0.72 0.14 0.39 019 50.0
Pico 0.13 0.00 0.03 0.04 107.9
Micro 0.75 0.00 0.26 0.20 76.7
ECS_S Nano 0.73 0.13 0.39 0.15 38.4
Pico 084 0.05 034 016 475
Micro 080 0.09 032 0.15 46.7
ECS_SCM Nano 0.75 0.10 050 012 241
Pico 051 0.02 0.19 0.11 591
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Fig. 4. Variations inQ% (440 as a function of Tchk (a) and Tchla size-fractions of micro¢b), nano-(c), and pico-phytoplankto(d) for

samples from the Tsushima Strait surface (TS_S), Tsushima Strait SCM (TS_SCM), East China Sea surface (ECS_S), and East China Se
SCM (ECS_SCM). Ir(a), black and grey lines indicate power law functions fitted in the Tsushima Strait (TS) and East China Sea (ECS). In
Fig. 4 (b—d), black lines indicate exponential functions fitted from all samples, and grey vertical dashes are the boundaries of the dominant
class with a fraction- 0.45.
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of the dominant class with a fraction 0.45.
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increase in Tchk, and nano-phytoplankton were abundant a;h(k) at both 440 nm and 675 nm also indicated the domi-
at medium Tchk levels. However, correlations between the nance of the packaging effect in causing variability:f()

size-fraction and Tcht in ECS were insignificant. (Fig. 8a). These results are in agreement with those of Stu-
o . . - art et al. (1998) who also used a multiple regression analysis
3.5 \Variations in phytoplankton pigment composition between, (440) and the concentrations of all the major pig-

ments normalized to Clal, and suggested that 58 % to 71 %
Based on Bricaud et al. (2004) phytoplankton accessory pigof variability in a5;(440) could be explained by the packag-
ments measured in our study were classified into four groupsing effect.
(1) photoprotective carotenoids (PPC); (2) photosynthetic The packaging effect in turn is significantly influenced by
carotenoids (PSC); (3) total Cldl (Tchl b); and (4) total  phytoplankton cell size (Morel and Bricaud, 1981; Ciotti et
chlorophyllc (Tchle) (detailed accessory pigments of each 31 2002; Zhang et al., 2012). It is well known that large
group described in Bricaud et al., 2004). The ratio of PPCphytopIankton produce a strong packaging effect, which re-
to Tchla was higher in surface waters than in SCM waters gyjts in lowa?, (), while a;h()\) of small phytoplankton is

both in TS and ECS (Fig. 7a). The ratio of PSC to Tahl  hjgh because of the lower packaging effect (Stuart et al.,
had a relatively uniform distribution between the surface and1998: Babin et al., 2003). In this study, we found that the
SCM waters in ECS but there was a large difference in TSpackaging effect increased and decreased with abundance
(Fig. 7b). The distribution of Tchb / Tchl a ratio displayed  of micro- and pico-phytoplankton, respectively (Fig. 4b—d).
no clear characteristics (Fig. 7c). Tahl Tchl a ratio was  These findings are generally consistent with those of Costa
the lowest in TS_S and the highest in TS_SCM, and it wasgpela et al. (2013) who reported that the packaging effect
similar between ECS_S and ECS_SCM (Fig. 7d). represented bypn(440) /apn(678) ratio was negatively cor-
The diversity of pigment composition caused small but rg|ated with the micro-phytoplankton fraction and positively
significant variations inug;,..(440) (Fig. 8). The linear re-  correlated with the nano- and pico-phytoplankton fractions.
gression analysis betweet}, (440) andag;,,(440 in all Note that the intracellular pigment concentration, which
samples indicated that 35.1% of the variationajfy(440) usually changes with light conditions due to photo-
could be explained by;igm(44(b (Fig. 8a). The correspond- acclimation, also aﬁects;]*h(k) through the packaging effect
ing contributions for TS and ECS were 45.7 % and 39.1 %,in the same way as cell size (Morel and Bricaud, 1981). As
respectively. In additiong;,,..(440) had a weak power cor- reported by Lohrenz et al. (2003), because of the high in-

relation with Tchla (P = 0.02, R2=0.218) in TS, and a tracellular pigment concentration, the packaging effect was
poor correlation in ECSK = 0.04, R? = 0.037) (Fig. 8b). evident even when the cell size was3 pum for SCM sam-

Values ofa*.__(440) were similar in ECS_S and TS_S with ples from west Florida. The data set collected in this study

pigm . . .
averages and standard deviations of 0860008 nf mg~1 mcorporat_ed SCM samples_ from TS and EC_S’ which might
possess high intracellular pigment concentrations as an adap-

1 .
and 0.06450.007 nf mg", respectively. The values were tion to the low irradiance conditions. Even in surface wa-

also similar in ECS_SCM (0.0540.004nfmg 1) and . ) o ;
) ters, the intracellular pigment concentration is variable due to
TS_SCM (0.06G 0.004 nf mg™1). oo " :
T . changes in light conditions (Bricaud et al., 2004). Therefore,
The variability ina’_(675) was smaller than that in . .
. P'?]m i , vsi although phytoplankton cell size was a key factor controlling
“pigm(440) (data not shown). A linear regression ana ys'sa*h(/\) through the packaging effect in this study, the intra-

betweenu;,(675) anday;,(675) revealed that the pigment cg|jyjar pigment concentration may be another factor causing
composition was responsible for only 13.2% of the varia-5iations ina’, (1)
“h0).

tion in a;h(675), which confirmed that the main variation of
app(2) was originated from the packaging effect. 4.2 Correlations among Tchla, phytoplankton
size-fraction, anda;h (M) INECSand TS

4 Discussion For the global ocean, micro-phytoplankton are abundant
in high-Chl a waters and their fraction increases with an
4.1 General factors influencing phytoplankton light increase in Chla. In contrast, pico-phytoplankton pre-
absorption vail in low-Chl ¢ waters and their fraction decreases with

an increase in Chk, while nano-phytoplankton dominate
The packaging effect and pigment composition are the twoin medium-Chl ¢ waters (Kameda and Ishizaka, 2005;
main causes of the variations tj, () (Morel and Bricaud,  Brewin et al., 2010). In TS, variations in the phytoplank-
1981, Bricaud et al., 1995). Of the two factors, the packagington size-fraction were similar to those reported by Brewin
effect is the dominant one (Morel and Bricaud, 1981; Stu-et al. (2010) (Fig. 6a), suggesting that phytoplankton in
art et al., 1998). Our results of a high correlation betweenTS possess the typical characteristics of those in the global
ap(440) andQ3(440) confirms that is true for ECS and TS ocean. These observations also imply that the size-based two-
as well. Linear regression analyses betwegigm(x) and or three-population absorption models (Sathyendranath et
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Fig. 6. Variations in Tchla size-fractions of micro-, nano- and pico-phytoplankton as a function of @ @hlthe Tsushima Strait (TSp)
and East China Sea (EC®). TS_S, TS_SCM, ECS_S and ECS_SCM represent the Tsushima Strait surface, Tsushima Strait SCM, East
China Sea surface, and East China Sea SCM, respectively. Lines represent the five-point running average.

al., 2001; Devred et al., 2006, 2011; Brewin et al., 2011) TS, Q3(440), which played a leading role in determining
and the size-fraction estimation models (Uitz et al., 2006;a;h(440), was strongly correlated with Tchl (P < 0.01,
Brewin et al., 2010; Hirata et al., 2011), which were pro- g2 — g .704), whereasug,.(440) had a weak correlation
posed based on the correlations of size-fraction with &Chl with Tchl a (P = 0.02, R2 = 0.218). This implies that the
in the global ocean, could be applicable in TS. However, in_. ... i e .

ECS no clear trends were noted in the relationship betweer? |g2:;n|f|cant correlatlon. fonph.(440) Wltr Tehla (P <_0’0,1.’
phytoplankton cell size and Tchl (Fig. 6b). When we ap- R~ =0.708) was mainly Erlven by07(440. The signifi-
plied the model of Hirata et al. (2011) in ECS, the relative C@nt correlation betwee@3;(440) and Tchla was primarily
RMSEs between model-retrieved and HPLC-estimated fraccontrolled by the cell size variations by the fact that pico-
tions were 338.0%, 66.9% and 103.8% for micro-, nano-Phytoplankton with a larg&;(440) dominated at low Tchl
and pico-phytoplankton, respectively. At high Tehtange, ¢ Nano-phytoplankton with mode_ra@a(449 at medium
the model-retrieved fractions overestimated (underestimated chla, and mlcro—phytoplankton with Smaﬂla(44_0) at hlgh

for micro-phytoplankton (pico-phytoplankton). These find- chl a. However, in ECS, the phytoplankton size-fractions

ings indicate that the models mentioned above are not applidisplayed irregular trends, which resulted in a poor correla-

cable in ECS. tion betweenQ}(440 and Tchla (P =0.27, R? =0.011).

In general,a®, (1) was negatively correlated with Chl dpigm(440) was also not correlated with Tchl(P = 0.04,
in the global ocean, and these correlations were stable eveR* = 0.037). Due to the influence of these factar,(440)
when subsurface samples were incorporated (Bricaud et alwas poorly correlated with Tchi (P < 0.01, R? = 0.094)
1995). In our study, consistent negative correlations betweenrig. 9).
a’n(2) and Tchla with those of Bricaud et al. (1995) were  Babin et al. (2003) observed that some coastal samples
observed in TS, but not in ECS (Fig. 3c, d). The factors re-significantly departed from the general relationships between
sponsible for these differences between TS and ECS werg,,(1) and Chla established in the global ocean by Bricaud
summarized in Fig. 9. From Fig. 9, it can be seen that, inet al. (1995), though most data merged from all of the coastal
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Fig. 8. Variations ofa;igm(440) versusz;h(440) (a) and Tchla (b) in the Tsushima Strait surface (TS_S), Tsushima Strait SCM (TS_SCM),
East China Sea surface (ECS_S), and East China Sea SCM (ECS_SCM). Solid black and grey lines indicate linear regressions in the Tsushim
Strait (TS) and East China Sea (ECS), respectively. Dashed black line is the linear regression for all samples.

regions displayed a similar tendency to that of Bricaud etfrom the regressions of Bricaud et al. (1995) were mainly

al. (1995). In the case of EQ%h(A) was poorly correlated taken from the surface low-salinity waters 82) and SCM

with Tchl @, and most of samples showed higher values inwaters beneath them, suggesting that the distinct properties
a3, (A) than those in TS and from the global regressions atin ECS are possibly influenced by the Changjiang freshwa-

high Tchla (Fig. 3c, d). Note that ECS samples that deviatedter. These findings imply that specific parameterisations of
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some samples were high (33.4-34.3). However, most of

T Fes the high-salinity samples were taken from waters beneath

S, 0@ & ﬁ/pcbb:;\ 0,(440) &, ECS_S low-salinity waters. These imply that ECS_SCM wa-

Y (cellsize) LR (cell size) \f‘:c:;’/ ters were also influenced by the Changjiang freshwater to
w2 e e e

2, //;i3 X * ,f/;@: D of ECS_SCM was almost three times larger than. that of
%%' G ¥ i (440) P § 0%;3’/ yigm (440§ TS_SCM (Table 1). As a result’, (1) was much higher

in ECS_SCM than in TS_SCM (Figs. 2c and 3c, d). By

Fig. 9. Summary of the relationships amongj, (440), 0%(440), comparing the packaging effect (cell size) anfl, (440),

a5iam(440), and Tchk in the Tsushima Strait (TS) and East China e found that the packaging effect (cell size) was the main
Sea (ECS). cause for the differences inj, (1) between ECS_SCM

and TS_SCM (Figs. 4a ancf 8). In TS_SCM, fractions

of pico-phytoplankton were low, and micro-phytoplankton
the correlation betweeq;h(k) and Chlg that are true for the became dominant class (Figs. 5b and 6a). However, in
global ocean may not necessarily be valid for coastal regionsECS_SCM an abundant nano-phytoplankton and consider-
in particular those that come under the influence of river dis-able pico-phytoplankton were observed, and fractions of

charge. micro-phytoplankton were not high (Figs. 5d and 6b). Even-
tually, the smaller cells might generate highej (1) in
4.3 Differences of phytoplankton absorption and its ECS_SCM than in TS_SCM. In addition, as with ECS_S
influencing factors between ECS and TS low-salinity watersa (%) of most ECS_SCM waters be-

) ) o neath ECS_S low-salinity waters was also higher than the
Our results revealed a clear difference in salinity and the,5j,es of the regression of Bricaud et al. (1995) (Fig. 3c
phytoplankton bio-optical properties between ECS_S andyy Thjs was attributable to the abundant nano-phytoplankton

TS_S. The low salinity£ 32) in ECS_S and the high salinity  anq considerable pico-phytoplankton in ECS_SCM (Figs. 5d
(> 32) in TS_S confirmed the strong and weak influence of,, 6b).

the Changjiang freshwater on ECS_S and TS_S, respectively

(Fig. 3). The lower salinity and higher Tchlin ECS_S than

in TS_S (Table 1) agreed with the results of Yamaguchi et4.4 Potential influences of the Changjiang discharge on
al. (2012) who suggested that Ghivas enhanced by CDW ECS

in ECS_S. As a consequence of higher Tehhigherapn(1)

were observed in ECS_S than in TS_S (Figs. 2a and 3aag giscussed in Sect. 4.2 and 4.3, distinct phytoplankton
b). However, on average,(2) in ECS_S was lower than  gpeorpiion characteristics generally distributed in the sur-
in TS_S (Table 1 and Fig. 2c). Comparisons of the packagtace |ow-salinity waters and SCM waters just beneath them
ing effect andu;,,(440) which showed a lowep7(440) in iy ECS, and size structure was the main factor responsi-
ECS_Sthanin TS_S and similaf;,,(440) between ECS_S  pje for the distinct absorption. It is well known that phy-
and TS_S (Figs. 4a and 8), suggest that the lowjg()  toplankton size structure is related to local nutrient avail-
in ECS_S than TS_S was primarily caused by the strongeability. Oligotrophic and eutrophic waters are dominated
packaging effect in ECS_S. The phytoplankton size strucby small and large phytoplankton, respectively (Steehr et
ture revealed that the stronger packaging effectin ECS_S waal., 2004; Uitz et al., 2008). Consistently, abundant pico-
caused by abundant large phytoplankton (Figs. 5 and 6).  phytoplankton were seen in oligotrophic waters of TS_S,
It should be noted that, thougj, (1) was generally lower  and micro-phytoplankton dominated in TS_SCM where the
in ECS_Sthanin TS_S%;h(A) of the majority of low-salinity ~ nutrients were abundant (unpublished data). For ECS, large
waters in ECS_S were higher than the values from the regresamounts of nitrogen were supplied by the Changjiang to the
sions of Bricaud et al. (1995) (Fig. 3c, d). From Fig. 6b, it can shelf area during summer (Gong et al., 1996). As a response
be seen that pico-phytoplankton represented by cyanobactef phytoplankton community to the available nutrients, di-
ria were still abundant in ECS_S, even though TehWwas  atoms were reported to be the dominant group in highaChl
high. This result contradicts previous observations that largevaters in the Changjiang estuary and adjacent area in sum-
phytoplankton was abundant in high-Ghiwaters (Brewin  mer (Zhou et al., 2008; Li et al., 2009; Zhu et al., 2009).
et al., 2010; Hirata et al., 2011), and indicated that the abunCDW takes about 1 month to reach the mid-shelf region (Ya-
dance of pico-phytoplankton was responsible for the highemaguchi et al., 2012). During the 1 month extension of CDW,
a;h(k) in ECS_S than the values from the regressions ofthere may be significant changes in the phytoplankton com-
Bricaud et al. (1995). munity. Similar to our study, a mixed structure of micro-,
Within the SCM, salinity of values of some samples nano- and pico-phytoplankton was observed in ECS_S and
showed freshwater influences (28.8-31.9), and salinity ofnano-phytoplankton dominated in ECS_SCM (Fig. 5c¢, d).
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It may be noted that Tcht was still high at both surface ECS was lower than TS. Within SCM, avera@g%()») was
and SCM in the mid-shelf region of ECS; however, at suchhigher in ECS than in TS because of the dominance of
Tchla levels, the fraction of micro-phytoplankton was lower, the nano-phytoplankton community in ECS while micro-
while the fractions of pico- and/or nano-phytoplankton were phytoplankton dominated in TS.
higher than those in TS and those reported for the global By pooling surface and SCM samples, phytoplankton in
ocean (Fig. 6). This phenomenon may be related to thelTS displayed a well-ordered trend in size-fraction versus
nutrient structure. Previous studies have shown that théchla; and correlations betweer}, (1) and Tchla consis-
Changjiang discharge can significantly alter nutrient con-tent with previous observations for the global ocean. How-
ditions in ECS causing high N/P ratios in ECS_S andever, these patterns and correlations broke down in waters of
ECS_SCM, particularly in the western part of ECS_S (un-ECS. At high Tchl levels, most samples collected from the
published data; Wang et al., 2003; Zhang et al., 2007). Ovesurface low-salinity waters and SCM waters beneath them
the past decades, a decreasing trend in the relative abundanskowed higher values of;h(k) than those in TS and de-
of diatoms and an increasing trend of dinoflagellates in therived from the global regressions betweqm(x) and Tchl
Changjiang estuary and adjacent area were reported, which The observed higher’, (i) was attributed to the presence
were attributed to increasing N/P ratios (Zhou et al., 2008).of distinct phytoplankton size structure in ECS, where nano-
This observation was confirmed by Li et al. (2009) In other and/or pico_phyt0p|ankton fractions were h|gher and micro-
regions, changes of phytoplankton community due to nutri-phytoplankton fraction was lower at high Tchllevel than
ent structure have also been reported. Shen (2001) suggest@thse in TS and expected for the global ocean. Changes in
that the Changes in nutl’ient structure (increase in N/P ratiq-lutrient structure by the Changjiang discharge may be an
and decrease in Si/P and Si/N ratios) may have led to a shifimportant factor explaining the distinct phytoplankton size
from large cells to small cells in Jiaozhou Bay. In the Bay of strycture in ECS. Further investigations are required to re-
Biscay, N/P ratios were high in late winter and spring due toestablish this proposition.
the river discharge, and waters were predominated by small Qverall, our observations indicate that the correlations
phytoplankton & 3 um, fraction ranged from 0.4 t0 0.7), due petween Tchla with phytoplankton size-fraction as well
to the limitation of phosphorus (Herbland et al. 1998) On as a*h()‘) reported in the g|oba| ocean, are not valid for
the baSiS Of these earlier I’epOI’tS, we Speculate that the h|gECS possib'y due to the influence of Changjiang discharge_
N/P ratios might be an important factor that causes a decreasghese findings imply that general bio-optical models cou-
in micro-phytoplankton fraction and corresponding increasesp"ng the relationships between Tchlwith phytoplankton
in nano- and/or pico-phytoplankton fractions in the mid-shelf gjze-fraction or’,(1) are not applicable in ECS, and more
region of ECS. attention should be given when applying the general bio-

We also do not rule out that other factors could have angptical models in regions influenced by riverine discharge.
influence on the structure of phytoplankton communities of

ECS (Jiao et al., 2002, 2005; Zhu et al., 2009). As sug-
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also controlling factors foBynechococcuist CDW (Jiao et 4ng crews of T/VNagasaki maruand R/V Tansei marufor

al., 2002, 2005). Further investigations therefore are require@xcellent assistance during field sampling and measurements. We

to clarify the controlling factors of the phytoplankton com- also appreciate four anonymous reviewers for the constructive

munity in mid-shelf region of ECS which is influenced by comments towards improving this manuscript. This research was

Changjiang freshwater. partly supported by the Second-generation Global Imager project
of the Japan Aerospace Exploration Agency.

5 Conclusions Edited by: K. Suzuki

We confirmed that the packaging effect was the predomi-

nant cause of variations im;h(x), and it significantly in-

creased and decreased with increase in micro- and picoReferences

phytoplankton fractions, respectively. More importantly, we ) ] .

were able to observe clear differences in phytoplankton siz&aPin. M., Therriault, J. C., Legendre, L., and Condal, A.: Vari-

structure and therefore absorption properties between TS and 2U0nS in the specific absorption coefficient for natural phyto-

ECS possibly attributable to the Changjiang discharge. planktpn assemblages: Impact on estimates of primary produc-
.. . . tion, Limnol. Oceanogr., 38, 154-177, 1993.

. In j[he lOW'Sa_“n'ty surface Water§ of ECS which were in- Babin, M., Stramski, D., Ferrari, G. M., Claustre, H., Bricaud, A.,
dicative of the influence of Changjiang freshwater on ECS,  opolensky, G., and Hoepffner, N.: Variations in the light absorp-
mixed populations of micro-, nano- and pico-phytoplankton  tion coefficients of phytoplankton, nonalgal particles, and dis-
were found. In contrast, pico-phytoplankton dominated in  solved organic matter in coastal waters around Europe, J. Geo-
surface waters of TS. Consequently, on avera'g;ek) in phys. Res., 108, 3211, d0.1029/2001jc000882003.

www.biogeosciences.net/11/1759/2014/ Biogeosciences, 11, 175382014


http://dx.doi.org/10.1029/2001jc000882

1772 S. Wang et al.: Influence of the Changjiang River on phytoplankton light absorption

Bannister, T. T.: A general theory of steady state phytoplanktonGarver, S. A., and Siegel, D. A.: Inherent optical property inver-
growth in a nutrient saturated mixed layer, Limnol. Oceanogr., sion of ocean color spectra and its biogeochemical interpreta-
19, 13-30, 1974. tion 1. Time series from the Sargasso Sea, J. Geophys. Res., 102,

Barlow, R. G., Aiken, J., Holligan, P. M., Cummings, D. G., Mari- 18607-18625, 1997.
torena, S., and Hooker, S.: Phytoplankton pigment and absorpGong, G. C., Lee Chen, Y. L., and Liu, K. K.: Chemical hydrog-
tion characteristics along meridional transects in the Atlantic raphy and chlorophylk distribution in the East China Sea in
Ocean, Deep-Sea Res. Pt. |, 49, 637-660, 2002. summer: implications in nutrient dynamics, Cont. Shelf Res., 16,

Brewin, R. J. W., Sathyendranath, S., Hirata, T., Lavender, S. 1561-1590, 1996.

J., Barciela, R. M., and Hardman-Mountford, N. J.: A three- Gordon, H. R., Brown, O. B., Evans, R. H., Brown, J. W., Smith,
component model of phytoplankton size class for the Atlantic R. C., Baker, K. S., and Clark, D. K.: A semianalytic radiance
Ocean, Ecol. Model., 221, 1472-1483, 2010. model of ocean color, J. Geophys. Res., 93, 10909-10924, 1988.

Brewin, R. J. W., Devred, E., Sathyendranath, S., Lavender, S. J.Guo, X., Miyazawa, Y., and Yamagata, T.: The Kuroshio onshore
and Hardman-Mountford, N. J.: Model of phytoplankton absorp-  intrusion along the shelf break of the East China Sea: the origin
tion based on three size classes, Appl. Optics, 50, 4535-4549, of the Tsushima Warm Current, J. Phys. Oceanogr., 36, 2205—
2011. 2231, 2006.

Bricaud, A., Babin, M., Morel, A., and Claustre, H.: Variability in Hama, T., Shin, K., and Handa, N.: Spatial variability in the pri-
the chlorophyll-specific absorption coefficients of natural phyto-  mary productivity in the East China Sea and its adjacent waters,
plankton: Analysis and parameterization, J. Geophys. Res., 100, J. Oceanogr., 53, 41-51, 1997.

13321-13332, 1995. Harimoto, T., Ishizaka, J., and Tsuda, R.: Latitudinal and vertical

Bricaud, A., Claustre, H., Ras, J., and Oubelkheir, K.: Natural vari-  distributions of phytoplankton absorption spectra in the central
ability of phytoplanktonic absorption in oceanic waters: Influ-  North Pacific during spring 1994, J. Oceanogr., 55, 667—679,
ence of the size structure of algal populations, J. Geophys. Res., 1999.

109, C11010, doi:0.1029/2004jc002412004. He, M. X., Liu, Z. S., Du, K. P, Li, L. P, Chen, R., Carder, K.

Brunelle, C. B., Larouche, P., and Gosselin, M.: Variability of phy- L., and Lee, Z. P.: Retrieval of chlorophyll from remote-sensing
toplankton light absorption in Canadian Arctic seas, J. Geophys. reflectance in the China seas, Appl. Optics, 39, 2467-2474, 2000.
Res., 117, C00G17, ddi0.1029/2011jc007342012. Herbland, A., Delmas, D., Laborde, P., Sautour, B., and Artigas, F.:

Ciotti, A. M., Lewis, M. R., and Cullen, J. J.: Assessment of the re-  Phytoplankton spring bloom of the Gironde plume waters in the
lationships between dominant cell size in natural phytoplankton Bay of Biscay: early phosphorus limitation and food-web conse-
communities and the spectral shape of the absorption coefficient, quences, Oceanol. Acta, 21, 279-291, 1998.

Limnol. Oceanogr., 47, 404—-417, 2002. Hirata, T., Aiken, J., Hardman-Mountford, N., Smyth, T., and Bar-

Ciotti, A. M. and Bricaud, A.: Retrievals of a size parameter for  low, R.: An absorption model to determine phytoplankton size
phytoplankton and spectral light absorption by colored detrital classes from satellite ocean colour, Remote Sens. Environ., 112,
matter from water-leaving radiances at SeaWiFS channels in a 3153-3159, 2008.
continental shelf region off Brazil, Limnol. Oceanogr.-Meth., 4, Hirata, T., Hardman-Mountford, N., Brewin, R., Aiken, J., Barlow,
237-253, 2006. R., Suzuki, K., Isada, T., Howell, E., Hashioka, T., and Noguchi-

Cleveland, J. S., and Weidemann, A. D.: Quantifying Absorption Aita, M.: Synoptic relationships between surface Chlorophyll-
by Aquatic Particles: A Multiple Scattering Correction for Glass-  a and diagnostic pigments specific to phytoplankton functional
Fiber Filters, Limnol. Oceanogr., 38, 1321-1327, 1993. types, Biogeosciences, 8, 311-327, #10i5194/bg-8-311-2011

Cleveland, J. S.: Regional models for phytoplankton absorption as 2011.

a function of chlorophylk concentration, J. Geophys. Res., 100, Hoge, F. E., Wright, C. W.,, Lyon, P. E., Swift, R. N., and Yungel, J.
13333-13344, 1995. K.: Satellite retrieval of the absorption coefficient of phytoplank-

Costa Goela, P, Icely, J., Cristina, S., Newton, A., Moore, G., and ton phycoerythrin pigment: theory and feasibility status, Appl.
Cordeiro, C.: Specific absorption coefficient of phytoplankton off ~ Optics, 38, 7431-7441, 1999.
the Southwest coast of the Iberian Peninsula: A contribution tolshizaka, J.: Spatial distribution of primary production off Sanriku,
algorithm development for ocean colour remote sensing, Cont. northwestern Pacific, during spring estimated by Ocean Color
Shelf Res., 52, 119-132, ddd.1016/j.csr.2012.11.002013. and Temperature Scanner (OCTS), J. Oceanogr., 54, 553-564,

D’'Sa, E. J., Miller, R. L., and Del Castillo, C.: Bio-optical properties ~ 1998.
and ocean color algorithms for coastal waters influenced by thdsobe, A., Ando, M., Watanabe, T., Senjyu, T., Sugihara, S.,
Mississippi River during a cold front. Appl. Optics, 45, 7410—  and Manda, A.: Freshwater and temperature transports through
7428, 2006. the Tsushima-Korea Straits, J. Geophys. Res., 107, C73065,

Devred, E., Sathyendranath, S., Stuart, V., Maass, H., Ulloa, O., and doi:10.1029/2000jc000702002.

Platt, T.: A two-component model of phytoplankton absorption Jiao, N., Yang, Y., Koshikawa, H., Watanabe, M.: Influence of hy-
in the open ocean: Theory and applications, J. Geophys. Res., drographic conditions on picoplankton distribution in the East
111, C03011, doi:0.1029/2005JC00288R2006. China Sea, Aquat. Microb. Ecol., 30, 37-48, 2002.

Devred, E., Sathyendranath, S., Stuart, V., and Platt, T.: A threeliao, N., Yang, Y., Hong, N., Ma, Y., Harada, S., Koshikawa, H.,
component classification of phytoplankton absorption spectra: and Watanabe, M.: Dynamics of autotrophic picoplankton and
Application to ocean-color data, Remote Sens. Environ., 115, heterotrophic bacteria in the East China Sea, Cont. Shelf Res.,
2255-2266, 2011. 25, 1265-1279, 2005.

Biogeosciences, 11, 1759#73 2014 www.biogeosciences.net/11/1759/2014/


http://dx.doi.org/10.1029/2004jc002419
http://dx.doi.org/10.1029/2011jc007345
http://dx.doi.org/10.1016/j.csr.2012.11.009
http://dx.doi.org/10.1029/2005JC002880
http://dx.doi.org/10.5194/bg-8-311-2011
http://dx.doi.org/10.1029/2000jc000702

S. Wang et al.: Influence of the Changjiang River on phytoplankton light absorption 1773

Kameda, T., and Ishizaka, J.: Size-fractionated primary productionStaehr, P., Markager, S., and Sand-Jensen, K.: Pigment specific in
estimated by a two-phytoplankton community model applicable vivo light absorption of phytoplankton from estuarine, coastal
to ocean color remote sensing, J. Oceanogr., 61, 663—672, 2005. and oceanic waters, Mar. Ecol.-Prog. Ser., 275, 115-128, 2004.

Kirk, J. T. O.: A theoretical analysis of the contribution of algal cells Stuart, V., Sathyendranath, S., Platt, T., Maass, H., and Irwin, B.
to the attenuation of light within natural waters Il, Spherical cells, D.: Pigments and species composition of natural phytoplankton
New Phytol., 75, 21-36, 1975. populations: effect on the absorption spectra, J. Plankton Res.,

Kishino, M., Takahashi, M., Okami, N., and Ichimura, S.: Estima- 20, 187-217, 1998.
tion of the spectral absorption coefficients of phytoplankton in Suzuki, K., Kishino, M., Sasaoka, K., Saitoh, S., and Saino,
the sea, B. Mar. Sci., 37, 634-642, 1985. T.: Chlorophyll-specific absorption coefficients and pigments

Li, J., Glibert, P. M., Zhou, M., Lu, S., and Lu, D.: Relationships of phytoplankton off Sanriku, Northwestern North Pacific, J.
between nitrogen and phosphorus forms and ratios and the de- Oceanogr., 54, 517-526, 1998.
velopment of dinoflagellate blooms in the East China Sea, Mar.Uitz, J., Claustre, H., Morel, A., and Hooker, S. B.: Vertical dis-
Ecol.-Prog. Ser., 383, 11-26, 2009. tribution of phytoplankton communities in open ocean: An as-

Lohrenz, S. E., Weidemann, A. D., and Tuel, M.: Phytoplankton  sessment based on surface chlorophyll, J. Geophys. Res., 111,
spectral absorption as influenced by community size structure C08005, doil0.1029/2005jc003202006.
and pigment composition, J. Plankton Res., 25, 35-61, 2003.  Uitz, J., Huot, Y., Bruyant, F., Babin, M., and Claustre, H.: Relat-

Matsuoka, A., Hill, V., Huot, Y., Babin, M., and Bricaud, A.: Sea- ing phytoplankton photophysiological properties to community
sonal variability in the light absorption properties of western  structure on large scales, Limnol. Oceanogr., 53, 614-630, 2008.
Arctic waters: Parameterization of the individual components of Van Heukelem, L., and Thomas, C. S.: Computer-assisted high-
absorption for ocean color applications, J. Geophys. Res., 116, performance liquid chromatography method development with
C02007, doil0.1029/2009jc00559£2011. applications to the isolation and analysis of phytoplankton pig-

Mitchell, B. G.: Algorithms for determining the absorption coef- ments, J. Chromatogr. A, 910, 31-49, 2001.
ficient for aquatic particulates using the quantitative filter tech- Vidussi, F., Claustre, H., Manca, B. B., Luchetta, A., and Marty, J.
nique, in: SPIE. Ocean Opt. X, Orlando, United States, 1 Septem- C.: Phytoplankton pigment distribution in relation to upper ther-
ber 1990, 1302, 137-148, 1990. mocline circulation in the eastern Mediterranean Sea during win-

Mitchell, B. G., Kahru, M., Wieland, J., and Stramska, M.: Determi-  ter, J. Geophys. Res., 106, 19939-19956, 2001.
nation of spectral absorption coefficients of particles, dissolvedWang, B., Wang, X., and Zhan, R.: Nutrient conditions in the Yellow
material and phytoplankton for discrete water samples, Ocean Sea and the East China Sea, Estuar. Coast. Shelf S., 58, 127-136,
optics protocols for satellite ocean color sensor validation, Revi-  d0i:10.1016/s0272-7714(03)000672003.
sion, 3, 231-257, 2002. Yamaguchi, H., Kim, H. C., Son, Y. B., Kim, S. W., Okamura,

Morel, A., and Bricaud, A.: Theoretical results concerning lightab- K., Kiyomoto, Y., and Ishizaka, J.: Seasonal and summer in-
sorption in a discrete medium, and application to specific absorp- terannual variations of SeaWiFS chlorophyil in the Yel-
tion of phytoplankton, Deep-Sea Res. Pt. |, 28, 1375-1393,1981. low Sea and East China Sea, Prog. Oceanogr., 105, 22-29,

Morel, A.: Optical modeling of the upper ocean in relation to its  doi:10.1016/j.pocean.2012.04.Q@D12.
biogenous matter content (case | waters), J. Geophys. Res., 9Zhang, J., Liu, S. M., Ren, J. L., Wu, Y., and Zhang, G. L.: Nu-
10749-10768, 1988. trient gradients from the eutrophic Changjiang (Yangtze River)

Morimoto, A., Takikawa, T., Onitsuka, G., Watanabe, A., Moku,  Estuary to the oligotrophic Kuroshio waters and re-evaluation of
M., and Yanagi, T.: Seasonal variation of horizontal material budgets for the East China Sea Shelf, Prog. Oceanogr., 74, 449—
transport through the eastern channel of the Tsushima Straits, J. 478, doi10.1016/j.pocean.2007.04.Q12D07.

Oceanogr., 65, 61-71, 2009. Zhang, Y., Yin, Y., Wang, M., and Liu, X.: Effect of phytoplankton

Odriozola, A. L., Varela, R., Hu, C., Astor, Y., Lorenzoni, L., and community composition and cell size on absorption properties
Muller-Karger, F. E.: On the absorption of light in the Orinoco  in eutrophic shallow lakes: field and experimental evidence, Opt.
River plume, Cont. Shelf Res., 27, 1447-1464, 2007. Express, 20, 11882-11898, 2012.

Platt, T., and Sathyendranath, S.: Oceanic primary production: estiZzhou, M., Shen, Z., and Yu, R.: Responses of a coastal phy-
mation by remote sensing at local and regional scales, Science, toplankton community to increased nutrient input from the
241, 1613-1620, 1988. Changjiang (Yangtze) River, Cont. Shelf Res., 28, 1483-1489,

Sathyendranath, S., Cota, G., Stuart, V., Maass, H., and Platt, T.: doi:10.1016/j.csr.2007.02.002008.

Remote sensing of phytoplankton pigments: A comparison ofZhu, Z. Y., Ng, W. M, Liu, S. M., Zhang, J., Chen, J. C.,and Wu Y.:
empirical and theoretical approaches, Int. J. Remote Sens., 22, Estuarine phytoplankton dynamics and shift of limiting factors:
249-273, doit0.1080/014311601449928001. A study in the Changjiang (Yangtze River) Estuary and adjacent

Shen, Z. L.: Historical changes in nutrient structure and its influ- area, Est. Coast. Shelf Sci., 84, 393-401, 2009.
ences on phytoplantkon composition in Jiaozhou Bay, Est. Coast.
Shelf Sci., 52, 211-224, 2001.

Siswanto, E., Nakata, H., Matsuoka, Y., Tanaka, K., Kiyomoto, Y.,
Okamura, K., Zhu, J., and Ishizaka, J.: The long-term freshening
and nutrient increases in summer surface water in the northern
East China Sea in relation to Changjiang discharge variation, J.
Geophys. Res., 113, C10030, ddi:1029/2008jc004812008.

www.biogeosciences.net/11/1759/2014/ Biogeosciences, 11, 175382014


http://dx.doi.org/10.1029/2009jc005594
http://dx.doi.org/10.1080/014311601449925
http://dx.doi.org/10.1029/2008jc004812
http://dx.doi.org/10.1029/2005jc003207
http://dx.doi.org/10.1016/s0272-7714(03)00067-2
http://dx.doi.org/10.1016/j.pocean.2012.04.004
http://dx.doi.org/10.1016/j.pocean.2007.04.019
http://dx.doi.org/10.1016/j.csr.2007.02.009

