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Abstract

To understand the distribution of aluminum (Al) under the influence of mesocale eddies in the western South
China Sea (SCS), sea level anomaly, geostrophic current, environmental parameters and reactive Al were
investigated in the western SCS in August 2013. The highest reactive Al concentration ((180+64) nmol/L) was
observed in the surface waters, indicating a substantial atmospheric input. Vertically, the reactive Al decreased
from the surface high concentration to the subsurface minima at the depth of chlorophyll a (Chl @) maxima and
then increased again with depth at most of the stations. The average concentration of reactive Al in the upper 100
m water column was significantly lower in the cyclonic eddy ((137+6) nmol/L) as compared with that in the non-
eddy waters ((180+21) nmol/L). By contrast, the average concentrations of Chl a and silicate in the upper 100 m
water column were higher in the cyclonic eddy and lower in the anticyclonic eddy. There was a significant
negative correlation between the average concentrations of reactive Al and Chl a in the upper 100 m water
column. The vertical distribution of reactive Al and the negative correlation between reactive Al and Chl a both
suggest that the reactive Al in the upper water column was significantly influenced by biological removal
processes. Our results indicate that mesoscale eddies could regulate the distribution of reactive Al by influencing
the primary production and phytoplankton community structure in the western SCS.
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1 Introduction

Aluminum (Al) is the most abundant metallic element in the
earth’s crust (Taylor, 1964). The distribution of Al in the ocean
represents a potent geochemical tracer of terrigenous input to
the ocean (Orians and Bruland, 1986; Measures and Vink, 2000;
Measures et al., 2005; Giesbrecht et al., 2013). Al distribution in
seawater is associated with biological activity (such as biological
uptake, and passive adsorption on biogenic particle surface), but
to date no established biological function of Al has been found
(Dammshé&user et al., 2011). For a better understanding of the
roles of Al in the marine biogeochemical cycle, it is important to
investigate the distribution of Al in the oceans.

Atmospheric input is the main source of Al in the surface of
open oceans (Duce et al., 1991; Measures and Vink, 2000; Kramer
et al., 2004; Measures et al., 2015). Typically, the scavenging type
of vertical distribution of dissolved Al in the Pacific and Atlantic
Oceans is characterized with the highest concentration in the
surface waters mainly caused by atmospheric dust input, and a

mid-depth minimum due to particle scavenging, and an increase
by remineralization in bottom waters (Orians and Bruland, 1986;
Measures and Edmond, 1990; Hydes et al., 1988; Chou and Wol-
last, 1997; Schiifiler et al., 2005; Tria et al., 2007). Al in seawater
could be removed by either passive or active biological processes
(Orians and Bruland, 1986) such as adsorption onto biogenic
particles or active incorporation into phytoplankton cell tissues
(Stoffyn, 1979; Moran and Moore, 1988; Gehlen et al., 2002; Li et
al., 2013; Wang et al., 2013). Significant positive correlation
between biological productivity and the removal of Al in the At-
lantic Ocean (Dammshéuser et al., 2013), the English Channel
(Hydes, 1989) and the southern Yellow Sea (Ren et al., 2011) have
been reported. In addition to the biological removal, physical
processes (such as mesoscale eddy) and chemical (such as
chemical precipitation) processes are also important factors in-
fluencing Al distribution in seawater (Stoffyn and Mackenzie,
1982; Brown et al., 2012; Measures et al., 2015).

Mesoscale eddies play a critical role in marine biogeochem-
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istry by affecting water mass mixing, nutrient supply, primary
production and efficiency of the biological carbon pump in the
upper oceans (Benitez-Nelson et al., 2007). Cyclonic eddies can
result in upwelling, and an uplift of the thermocline and nutri-
cline; on the contrary, downwelling often occurs in the anticyc-
lonic eddies (McGillicuddy et al., 1998). Mesoscale eddies
provides an ideal natural laboratory for investigating the relation-
ship between eddy-affected biological production and the distri-
bution of trace metals. Although Gelado-Caballero et al. (1996)
and Brown et al. (2012) demonstrated that mesoscale eddy could
affect the distribution of Al by affecting the movement of water
mass in the Central East Atlantic waters and in the northern Gulf
of Alaska, respectively, to date no established publication has re-
ported the link between the distribution of Al and mesoscale
eddy in the South China Sea (SCS).

The SCS is located in the subtropical and tropical western Pa-
cific. The upper water column is permanently stratified, and ex-
hibits typical characteristics of an oligotrophic ocean. The upper
layer circulation in the SCS is influenced by the seasonal revers-
ing monsoon, and numerous mesoscale eddies are always per-
sistently found in the SCS (Wang et al., 2003; Chow et al., 2008;
Xiu et al., 2010). In summer, both cyclonic and anticyclonic ed-
dies can exist in the deep basin of the western SCS (Xue et al., 2004;
Wang et al., 2003). However, it is still unclear whether and how
these processes could influence the distribution of Al in the SCS.

In this study, we investigated the distribution of reactive Al
(sum of fraction of dissolved Al and fraction of labile “particulate
Al”) under the influence of mesoscale eddies in the western SCS
based on the survey data of reactive Al, chlorophyll a (Chl a),
silicate, seawater temperature and salinity, and the remote sens-
ing data of sea level anomaly (SLA) and geostrophic current vec-
tors. Our study indicate that mesoscale eddies could regulate the
distribution of reactive Al by influencing the primary production
and phytoplankton community structure in the western SCS.

2 Materials and methods
2.1 Study area

The survey was conducted from 9 to 29 August, 2013 in the
western SCS (12.5°-17.0°N, 110.5°-114.0°E; Fig. 1). Thirty-five sta-
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tions were investigated for the reactive Al, and biological and en-
vironmental parameters including Chl g, silicate, seawater tem-
perature and salinity, and the remote sensing data of average SLA
and geostrophic current vectors, covering two eddies being cyc-
lonic and anticyclonic, respectively (Fig. 1a). The bottom depth
of the stations ranged from 496 m to 4 423 m.

2.2 Hydrographic data, sample collection and analysis

Seawater samples were collected at six depths in the upper
200 m (5, 25, 50, 75, 100 and 200 m) using 5-L Niskin bottles as-
sembled on a CTD (Seabird SBE 911) rosette sampler. The tem-
perature and salinity data were collected from the CTD.

For measuring reactive Al, seawater from the Niskin bottles
(Niskin bottles were thoroughly cleaned by soaking in diluted
acid before the survey and were rinsed by Milli-Q water before
every sampling) was directly dispensed into polyethylene bottles,
which were rinsed three times with Milli-Q water until a neutral
pH after soaked in HCI solution (2.5 mol/L) for a week. The
samples were not filtered (Measures, 1999) and blanks (Milli-Q
water) were prepared at sea. After collection, the samples were
frozen at -20°C until analysis (Ren et al., 2001). In the laboratory,
the frozen samples were thawed, and reactive Al in the sample
was determined by fluoremetry using the Al-lumogallion compl-
exation method (Zhang et al., 2000; Ren et al., 2011). The accur-
acy and precision of the analyses (triplicate samples) were de-
termined by measurements of Chinese reference materials
(CRM, GSBG62006-90, Solution sample, National Research Cen-
ter for Certified Reference Material), which showed a difference
within 5% at 18 nmol/L. The reagent blank was lower than
3 nmol/L.

In previous works by Orians and Bruland (1986) and Ren et al.
(2011), by filtering the seawater samples with filters with pore
size of 0.2 pm or 0.45 um, Al in the filtrate and on the filter were
divided into dissolved and particulate forms, respectively. The
dissolved Al samples should be acidified to pH 1.8-2.0 prior to
analysis using the Al-lumogallion complexation method (Zhang
etal., 2000; Ren et al., 2011). Fraction of Al in the particulate form
that could be extracted by acetic acid (HAc, pH=2) was the “labile
particulate Al” (Berger et al., 2008). Except the dissolved Al, frac-
tion of labile particulate Al also might be influenced by biological
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Fig. 1. Average sea level anomaly with overlaid geostrophic current vectors (a) and sampling stations in the western SCS during 9 to
29 August, 2013 (b). A north-south transect A was marked by the yellow lines.
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activity, such as biological uptake, adsorption and aggregation
processes on biogenic particle surfaces (Ren et al., 2011). In addi-
tion, the contaminants might be introduced into the sample
along with using filtering techniques under shipboard condi-
tions. Therefore, the water samples in this study were unfiltered
and non-acidified. As adding HAc-NaAc (sodium acetic acid)
buffer (pH=5) into the samples is an essential procedure by using
the Al-lumogallion complexation method, the Al measured in the
present study was actually reactive Al (Moore, 1981; Measures,
1999), which consisted of two fractions including fraction of the
“dissolved Al” and fraction of the labile particulate Al.

For determination of Chl a, 500 mL seawater was filtered onto
a Whatman GF/F glass fiber filter and stored at -20°C in the dark
until determination. Chl a in the filters was completely extracted
with 90% acetone (v/v) for 24 h at -20°C in the dark and then
measured by fluoremetry using a Turner Design 10-AU fluoro-
meter (Parsons et al., 1984).

For silicate measurement, the seawater was decanted into a
100 mL polyethylene bottle, frozen immediately and stored at
-20°C until analysis in the laboratory. According to the standard
colorimetric techniques (Kirkwood et al., 1996), the concentra-
tions of silicate were analyzed using a flow-injection autoanalyz-
er (Quickchem 8500, Lachat Instruments, USA).

The diffuse attenuation coefficient K, (490), and photosyn
thetically available radiation at the sea surface data with 4 km
resolution were downloaded from http://oceancolor.gsfc.nasa.
gov/. The integrated primary production was calculated using
vertically generalized production model (VGPM) (Behrenfeld
and Falkowski, 1997).

The near-real time daily SLA and surface geostrophic current
with a high resolution of (1/3)°x(1/3)° were derived from merged
and gridded products of TOPEX/Poseidon, Jason-1 and ERS-1/2
(http://www.aviso.oceanobs.com). Averaged SLA and surface
geostrophic current during the survey period were used for the
identifying of mesoscale eddies according to the criteria by Wang
et al. (2003). On the basis of temperature, salinity and SLA data,
the 35 stations were grouped into three types (cyclonic eddy, an-
ticyclonic eddy and reference stations) according to the K-means
cluster analysis (Fig. 1b).

3 Results

3.1 Eddy characterization

Two mesoscale eddies were identified in the study area on the
basis of the SLA and surface geostrophic current data. One anti-
cyclonic eddy was located in the north of the sampling area,
while a cyclonic eddy occurred in the southern part of the
sampling area (Fig. 1a). The maximum SLA (at Sta. S0501) was
28.9 cm for the anticyclonic eddy characterized by clockwise ro-
tation of surface geostrophic currents. The minimum SLA (at Sta.

S0901) for the cyclonic eddy was -6.16 cm. Stations S0901, S0902
and S1207 were apparently affected by the cyclonic eddy charac-
terized with anticlockwise rotation of surface geostrophic cur-
rents.

3.2 Characteristics of temperature and salinity in eddies and adja-

cent waters

The cyclonic eddy stations were characterized by lower tem-
perature ((18.58+0.48)°C) and higher salinity (34.32+0.05), while
the anticyclonic eddy stations exhibited higher temperature
((22.68+0.64)°C) and lower salinity (34.03+0.05) as compared to
the reference stations (¢-test, p<0.01; Table 1). In addition, the
isotherms and isohalines along the south-north Transect A
(throughout the anticyclonic and cyclonic eddies; Fig. 1b) sank
from Sta. S0701 to the northern Sta. S1214, and the sinking of the
isotherms and isohalines were especially dramatic between the
depth from 100 m to 200 m (Figs 2a and b). Compared with those
in adjacent stations, the 20°C and 17.5°C isotherms near Sta.
S$1214 both sank by 50 m, and the 34.5 isohaline also sank by 50
m. The significant sinking of isotherms and isohalines indicate
that Sta. S1214 was located at the anticyclonic eddy core. In con-
trast, the isotherms were significantly uplifted from Sta. S0701 to-
ward the southern Sta. S0901. Both the 17.5°C and 20°C iso-
therms near Sta. S0901 rose by 50 m, and the 34.5 isohaline was
also uplifted between the depth from 100 m to 50 m, indicating
that Sta. S0901 was significantly affected by the cyclonic eddy
characterized with upwelling (Figs 2a and b).

3.3 Distributions of Chl a, integrated primary production and

silicate

Generally, Chl a concentration was low in the surface ((0.096+
0.026) pg/L), and it reached to a maximum ((0.216+0.111) pg/L)
in the subsurface and then decreased with the depth. Specifically,
surface Chl a concentration was significantly higher at the cyc-
lonic eddy stations ((0.204+0.001) pg/L) and was lower at the an-
ticyclonic eddy stations ((0.112+0.023) pg/L) as compared with
that at the reference stations (¢-test, p<0.05; Table 1). The aver-
age concentration of Chl a in the upper 100 m was significantly
higher at the cyclonic eddy stations ((0.202+0.003) pg/L), while it
was significantly lower at the anticyclonic eddy stations
((0.115+0.023) pg/L; t-test, p<0.01; Fig. 3a; Table 1). Due to up-
welling in the cyclonic eddy and downwelling in the anticyclonic
eddy, the depth of Chl @ maximum (DCM) at the cyclonic eddy,
anticyclonic eddy and reference stations were 25, 75 and 50 m,
respectively (Fig. 2e). The average integrated primary production
in the euphotic zone was significantly higher at the cyclonic eddy
stations, while it was significantly lower at the anticyclonic eddy
stations as compared with that at the reference stations (¢-test,
p<0.05; Table 1).

The average concentration of silicate was low in the surface

Table 1. The average values of temperature, salinity, silicate, reactive Al, Chl a and integrated primary production (IPP) in the upper
100 m water column at cyclonic eddy (n=3), anticyclonic eddy (n=10) and reference (n=18) stations

Anticyclonic eddy stations Reference stations

Cyclonic eddy stations
Temperature/°C 18.58+0.48"*
Salinity 34.32+0.05**
Silicate/pmol-L-1 10.2+£1.9%
Al/nmol-L! 137+7*
Chl a/pgL-! 0.202+0.003**
IPP/mg-m~2.d-! 537+26*

22.48+0.44** 21.45+0.76

34.03+0.05** 34.14+0.06
3.9+1.2% 5.4+1.3
17426 180+21

0.112+0.023** 0.141+0.032
314+58* 432493

Note: The data is expressed as mean+tstandard deviation. ** and * indicate the ¢-test significant difference between the examined stations

and the reference stations at the levels of 0.01 and 0.05, respectively.
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Fig. 2. Vertical profiles of temperature (a), salinity (b), reactive Al (c), silicate (d), and Chl a (e) in the upper water along Transect A.
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Fig. 3. Averaged Chl a (a), silicate (b) and reactive Al (c) in the upper 100 m water column for the cyclonic eddy (CE), anticyclonic
eddy (WE) and reference stations (RS). Different lower letters above the error bar indicate significant difference (¢-test, p<0.05). The

error bar represents standard deviation.

water ((5.3+3.9) pmol/L) and reached to a minimum ((3.8+2.8)
pmol/L) in the subsurface water, and then increased with the
depth. The average concentration of silicate in the upper 100 m
water column was significantly higher at the cyclonic eddy sta-
tions ((10.2+1.9) umol/L), and lower at the anticyclonic eddy sta-
tions ((3.9+1.2) umol/L; t-test, p<0.01; Fig. 3b; Table 1). The 10
pmol/L silicate isoline dramatically sank to the depth of 100 m at
the anticyclonic eddy stations like S1214, while it was uplifted to
the depth of 25 to 50 m at the cyclonic eddy stations like S0901,
and was at near 75 m in depth at the reference stations (Fig. 2d).

3.4 Distribution of reactive Al

The concentration of reactive Al in the upper 200 m water
column ranged from 58 nmol/L to 337 nmol/L in this study. Re-
active Al in surface seawater ranged from 77 nmol/L to 328
nmol/L with a mean of (180+64) nmol/L, and and it did not signi-
ficantly vary among the cyclonic eddy, anticyclonic eddy and ref-
erence stations (#-test, p>0.05). Generally, the reactive Al concen-
tration reached to the maximum in the surface waters ((180+64)
nmol/L), and decreased to the minimum in the subsurface wa-
ters and then increased again with the depth. Compared with
those at the reference and anticyclonic eddy stations, the aver-
age concentration of reactive Al in the upper 100 m water column
was significantly lower in the cyclonic eddy ((137+7) nmol/L; ¢-
test, p<0.05; Fig. 3¢c; Table 1). The maximum average concentra-
tion of reactive Al in the upper 100 m water column (225 nmol/L)
was observed at Sta. S0608 in the anticyclonic eddy (Fig. 2c).

The vertically minimum concentration of reactive Al oc-
curred at the DCM at most of the stations (Figs 2c and e). For ex-
ample, the minimum reactive Al concentration was 86 nmol/L at
25 m (DCM) at typical cyclonic eddy stations like S0901, and 155
nmol/L at 75 m (DCM) at typical anticyclonic eddy stations like
S$1214, and 94 nmol/L at 50 m (DCM) at reference stations like
S0808 (Fig. 4).

4 Discussion

4.1 Comparison of Al concentration with other regions

Since samples in the present study were neither filtered nor
pre-acidified, the reactive Al consisted of two fractions including
fraction of the dissolved Al and fraction of the labile particulate Al
(Alin particulate form that could be extracted by HAc, i.e., the so-
called HAc-Al). By using a small subset of seawater samples col-
lected from the cruise, we compared the measured Al concentra-
tions between our unfiltered and unacidified samples and the
filtered (0.2 pum) and acidified (HCl, pH=2) samples according to
the method in Zhang et al. (2000) and Ren et al. (2011). The res-
ults demonstrated that the concentration of reactive Al (in un-
filtered and unacidified samples) was 80%-95% of that of dis-

solved Al (in filtered and acidified samples) (Table 2). Therefore,
we could use this ratio to estimate dissolved Al in this study and
the estimated concentration of dissolved Al ranged from 61-421
nmol/L (corresponding to 58-337 nmol/L reactive Al). As con-
tamination may introduced during the filtering and acidifying of
the samples, dissolved Al measured in the filtered and acidified
samples could be overestimated, therefore, the estimated con-
centrations of dissolved Al based on the reactive Al in this study
could be overestimated.

Numerous studies have reported on the Al distributions in
many oceans, but there are few studies on the distribution of Al
in the SCS. To our knowledge, only two publications to date have
documented Al distribution in this region. By using lumogallion
fluorescence detection (Obata et al., 2000), Obata et al. (2004) re-
ported that the dissolved Al in the upper 100 m column in the
central basin of SCS ranged from 11.1 to 33.7 nmol/L. However,
only one station (15.22°N, 115.17°E) was sampled in their study,
and the seawater for the measurement of dissolved Al was
filtered through a filter with a pore size of 0.04 um, not the filters
with a pore size of 0.45 um/0.2 pm, the frequently-used sizes for
measuring dissolved Al. Using filters with a smaller pore size
might result in the relatively lower values. With samples filtered
by acetate filters with a pore size of 0.45 pm, Wang et al. (2014)
reported that the concentration of dissolved Al in the upper layer
of the central and southern South China Sea ranged from 89 to
202 nmol/L (0.45 pm filtered) using the Al-lumogallion method
described by Zhang et al. (2000) and Ren et al. (2011). Our estim-
ated dissolved Al concentration (61-421 nmol/L) in the western
SCS is consistent with the published values of dissolved Al from
37 to 178 nmol/L in the upper layer of Mediterranean using elec-
tron capture detector-gas chromatography (Measures and Ed-
mond, 1988), 23-657 nmol/L (unfiltered) in the surface samples
of Arabian Sea using the Pyrocatechol Violet spectrophotometric
method of Koroleff (Narvekar and Singbal, 1993), 23-288 nmol/L
in the Bohai Sea (Ren et al., 2002), 13-88 nmol/L (0.45 um
filtered) and 11-99 nmol/L (0.45 um filtered) in the Yellow Sea
and East China Sea (Li et al., 2008) using the Al-lumogallion
method (Zhang et al., 2000; Ren et al., 2011), respectively.

Besides the potential overestimation of the dissolved Al, high
atmospheric deposition might be another possible reason for the
high dissolved Al concentration in the studied waters. Atmo-
spheric dust input has been recognized the main source of Al in
the upper layer of open oceans (Duce et al., 1991; Measures and
Vink, 2000; Kramer et al., 2004). It has been reported that high
amount of atmospheric dust (as much as 67 Tg/a) originated
from Asia inland desert is deposited in the SCS (Zhang et al.,
1993; Arimoto et al., 1997; Wang et al., 2012; Chuang et al., 2013).
The dust deposition brings not only macronutrients and iron, but
also substantial other trace metals, such as Al (Duce et al., 1991;
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Fig. 4. Examples of vertical profiles of temperature, salinity, silicate, reactive Al and Chl a at typical stations. S0901 is a typical cyclonic
eddy station, S1214 a typical anticyclonic eddy station, and S0907 and S0808 reference stations.

Table 2. The comparison values of Al between the unfiltered and unacidified samples (reactive Al) and the filtered (0.2 pm) and
acidified (HCI, pH=2) samples (dissolved Al) from a small subset of seawater samples

Sample Dissolved Al/nmol-L! Reactive Al/nmol-L-! Reactive/dissolved ratio/%
1 13415 107+12 80.07
2 92+6 86+3 93.87
3 64+5 57+6 89.58
4 759 61+6 81.09
5 1764 153+4 86.96
6 233+9 218+11 93.84
7 306+14 277£12 90.32
8 82+7 6718 81.71

Note: The data is expressed as meantstandard deviation (n=3).

Uematsu et al., 2002, 2003; Cohen et al., 2004; Paytan et al., 2009;
Ho et al., 2010).

4.2 Biological removal of Al in the western SCS
Substantial studies have shown that biological removal is an
important factor influencing the distribution of Al in seawater

(Stoffyn, 1979; Ren et al., 2011; Li et al., 2013). Possible biological
removal processes include active biological uptake of Al into
phytoplankton cells (Stoffyn and Mackenzie, 1982; Chou and
Wollast, 1997; Gehlen et al., 2002, 2003), and passive absorption
of Al onto biogenic particles (Moran and Moore, 1992; Measures
and Vink, 2000).
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The vertical distribution of reactive Al, including decreasing
from the highest concentration of reactive Al in surface water to
the subsurface minima close to the Chl a maxima and then in-
creasing of the reactive Al again with the Chl a decreasing below
the DCM in this study (Figs 2c and 4), is in line with the results
observed in the Atlantic Ocean (Dammsh#user et al., 2013), and
indicates that the reactive Al in the upper water column was sig-
nificantly influenced by biological removal processes such as
biological uptake, and passive adsorption on biogenic particle
surface. In addition, the significant negative correlation between
the concentrations of reactive Al and Chl a in the upper 100 m
water column (r=-0.718, p<0.01) further indicate significant bio-
logical scavenging of Al in this region (Fig. 5).
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Fig. 5. Relationship between reactive Al and Chl a in the upper
100 m water column in the western SCS during August 9 to 29,
2013.

4.3 Eddies regulated the reactive Al distribution through influen-
cing biological removal

It has been reported that mesoscale eddy can impact nutrient
supply and primary production, and shift phytoplankton com-
munity in the euphotic zone (McGillicuddy et al., 1998; Benitez-
Nelson et al., 2007). Our results suggest that mesoscale eddies
could regulate the distribution of reactive Al by (1) influencing
the primary production and (2) phytoplankton community struc-
ture, which are associated with the biological removal efficiency
of Al in seawater (Figs 3a and c).

Mesoscale eddies could affect the distribution of reactive Al
by regulating the primary production. In this study, the average
Chl a in the cyclonic eddy stations was 43.3% higher than that of
the reference stations, while it was about 20.6% less in the anti-
cyclonic eddy stations. The increased Chl a concentration in the
cyclonic eddy (Fig. 3a) indicates that deep-water upwelling and
uplift of the nutricline in the cyclonic eddy (Figs 2a, b and d)
could supply nutrients into the nutrient-depleted euphotic zone,
and effectively stimulate the phytoplankton growth and primary
production there (Hu et al., 2014). The high phytoplankton bio-
mass indicates potentially high particle scavenging in the cyclon-
ic eddy-affected waters (Ren et al., 2011; Li et al., 2013). The po-
tential high biogenic particle flux indicated by the high primary
production occurred in the cyclonic eddy (Table 1), would scav-
enge much dissolved Al from the water column (Narvekar and
Singbal, 1993) and result in low dissolved Al there. So it is no
wonder that a lower concentration of Al and higher concentra-
tion of Chl a were observed in the cyclonic eddy (Figs 3a and c).
By contrast, surface-water downwelling could block nutrient sup-

plement from the deeper layer to the surface, and consequently
led to low Chl a (Fig. 3a) and low biological removal of Al in the
anticyclonic eddy. Thus it is not surprising that the maximum
concentration of reactive Al occurred at Sta. S0608 in the anticyc-
lonic eddy characterized with low phytoplankton biomass (Chl a)
(Figs 2c and e). The mean radius of the cyclonic and anticyclonic
eddies in this area was around 280 km with a typical lifetime
about three months based on the data from over the past 15 years
(1993-2007) (Chen, 2010). In addition, numerous mesoscale ed-
dies were always persistently found in the SCS. On average, there
were about 32.8+3.4 eddies (Xiu et al., 2010), with a radius of
around 150 km and a lifetime about 130 days (Wang et al., 2003),
and the mean area covered by these eddies each year was around
160 170 km?, equivalent to 9.8% of the SCS area with water depths
greater than 1 000 m (Xiu et al., 2010; Chow et al., 2008). It was re-
ported that the averaged integrated primary production in cyc-
lonic and anticyclonic eddies are about 29.5% higher and 16.6%
lower than the total average in the SCS, respectively (Hu et al.,
2014). Overall, mesoscale eddies are crucial physical processes
that affect the biological primary production and trace metal
such as Al in the SCS.

The biological scavenging of Al could also be affected by shift
in phytoplankton community structure influenced by mesoscale
eddies. Previous studies showed that the diatom to dinoflagellate
ratio significantly increased in the cyclonic eddy and decreased
in the anticyclonic eddy in the western SCS (Zhong et al., 2013),
and nutrient supply in cyclonic eddy may even support a diatom
bloom (Benitez-Nelson et al., 2007). In this study, the average
concentration of silicate in the cyclonic eddy stations was 88.9%
higher than that of the reference stations, while it was about
27.8% less in the anticyclonic eddy stations. The relatively higher
silicate concentration in the cyclonic eddy and lower concentra-
tion in the anticyclonic eddy observed in the present study (¢-test,
p<0.05; Fig. 3b), may support a higher diatom to dinoflagellate
ratio in the cyclonic eddy and a lower value in the anticyclonic
eddy. It has been reported that diatoms could scavenge Al more
effectively than dinoflagellates (Chou and Wollast, 1997; Gehlen
etal., 2002; Li et al., 2013; Wang et al., 2013). Ultimately, the dif-
ferent scavenging abilities between diatoms and dinoflagellates
may contribute to the lower reactive Al in the cyclonic eddy sta-
tions while higher reactive Al in the anticyclonic eddy stations.

So far, only few studies have reported the link between the
distribution of Al and mesoscale eddy. Gelado-Caballero et al.
(1996) found that anticylonic eddy sank Al-depleted surface wa-
ters while the cyclonic eddy upwelled Al-enriched deep water in
the Central East Atlantic waters. They argued that the small in-
crease in primary production induced by cyclonic eddy does not
seem to be sufficient to efficiently remove Al compared to the up-
welling waters, where dissolved Al was scavenged. Brown et al.
(2012) reported that Al was elevated in anticyclonic eddy core
waters compared to basin stations in the northern Gulf of Alaska
due to the riverine discharge-influenced coastal water along the
shelf. The present study is the first reporting Al data related to
mesoscale eddies in the SCS. We found a significant negative cor-
relation between the average concentrations of reactive Al and
Chl a in the upper 100 m water column, suggesting that the react-
ive Al in the upper water column was significantly influenced by
biological removal processes.

5 Conclusions
Our results indicate that mesoscale eddies could regulate the
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distribution of reactive Al by influencing the primary production
and phytoplankton community structure in the western SCS. Our
study is the first reporting Al data related to mesoscale eddies in
the SCS. The vertical distribution of reactive Al and the negative
correlation between reactive Al and Chl a both suggest that the
reactive Al in the upper water column was significantly influ-
enced by biological removal processes. Overall, mesoscale ed-
dies are crucial physical processes that affect the biological
primary production and trace meatal such as Al in the SCS.
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