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Abstract

Phytoplankton physiologies are dynamic and have sensitive responses to the ambient environment. In this paper,
we examine photosynthetic physiologies of phytoplankton communities with Phyto-PAM in the eastern
equatorial Indian Ocean during the spring inter-monsoon. Environmental parameters were measured to
investigate the coupling between phytoplankton photosynthetic physiologies and their habitats. During the
cruise, the water column was highly stratified. The mixed layer extended to about 75 m and was characterized by
high temperature (>28°C) and low nutrient level. The F,/F, values and chlorophyll a (Chl a) concentrations were
lower at the surface, as consequences of nutrient depletion and photo-inhibition. Subsurface Chl a maximum
(SCM) occurred between 75 and 100 m, and had the highest F,/F, values. The formation of SCM was a balance
between nutrient availability and light limitation. The SCM may contribute significantly to pelagic food web and
primary production in the water column. Phytoplankton in different layers encountered different light, trophic
and hydrographic dynamics and evolved distinct photosynthetic characteristics. Despite of co-limitation of
nutrient limitation and photo-inhibition, phytoplankton in the surface layer showed their acclimation to high
irradiance, had lower light utilization efficiencies (a: 0.061+0.032) and could exploit a wide range of light
irradiance. Whereas, phytoplankton in the SCM layers presented the highest light utilization efficiencies (a:
0.146+0.48), which guaranteed higher photosynthetic capacities under low light level. These results provide

insights into phytoplankton photo-adaption strategies in this less explored region.
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1 Introduction

Phytoplankton are the main primary producers in the marine
ecosystems, and account for nearly half of global net primary
production (Field et al., 1998). Their photosynthetic organic mat-
ters sustain the pelagic food web and provide carbon source for
marine biogeochemical cycle. The photosynthetic physiologies of
phytoplankton are dynamic and highly responsive to the envir-
onment (Halsey and Jones, 2015). Chlorophyll a (Chl a) fluores-
cence provides a rapid, sensitive and non-intrusive method to as-
sess photosynthetic physiologies of phytoplankton communities
(Schreiber, 2004; Suggett et al., 2010).

F,/F,, the maximum quantum yield of photosystem II after
dark adaption, is often used as an indicator of photo-physiologic-
al state (Kalaji et al., 2012; Schreiber et al., 1995). For instances, in
coastal eutrophic waters, phytoplankton exhibit higher F /F, . Di-
atoms dominated in the Daya Bay and their F,/F,, could reach up
to 0.72 (Wang et al., 2012). Li and Sun (2014) reported phyto-
plankton maintained higher F,/F,, value in winter, which would

lead to phytoplankton bloom in spring in the Jiaozhou Bay. In
high nutrient, low Chl a waters, photosynthetic activities were
depressed by iron limitation, addition of Fe stimulated accumu-
lation of phytoplankton biomass and enhanced photosynthetic
capacity (F,/F,,) significantly (Moore et al., 2007; Hopkinson et
al., 2007). In the Taihu Lake, F,/F, presented significant diurnal
variation and photo-inhibition affected the instantaneous growth
rates of phytoplankton (Zhang et al., 2008). F,/F, has been an ef-
fective indicator of environment stresses, such as nutrient limita-
tion, photo-inhibition and toxicities (Barlow et al., 2017; Kim
Tiam et al., 2015; White et al., 2011).

Rapid light curves (RLCs) is determined by consecutive meas-
urements of functional quantum yield after short time exposures
to progressively increasing irradiance (Schreiber, 2004). Three
cardinal photosynthetic parameters can be obtained from RLCs,
which are « (initial slope of the curve; represents light utilization
efficiencies), rETR ,, (maximum relative electron transport rate
under saturating irradiance) and I, (minimal saturation light irra-
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diance) (Schreiber, 2004; Harrison et al., 2015). RLCs can assess
not only the present photosynthetic capacities, but the potential
photosynthetic activity over a wide range of light intensities (Ral-
ph and Gademann, 2005). The photosynthetic characteristics of
phytoplankton differ markedly due to differences in nutrient up-
take, photo-adaptation and environment sensing (Halsey et al.,
2014). In high eutrophic coastal waters, phytoplankton ac-
climated to relative brighter light dominated the upper stratified
waters, while autotrophies acclimated to lower light dominated
the mixed waters (Mino et al., 2014). Diatoms had rapidly indu-
cible non-photochemical quenching (NPQ), and maintained
high photochemical activities over a wide range of light intensity
in coastal area (Lavaud et al., 2007; Li and Sun, 2014; Wang et al.,
2012). In contrast, low light adapted eco-types, such as benthic
alga and bottom ice alga (Hartig et al., 1998), reached the light
saturating point at lower light intensity, and suffered from photo-
inhibition under higher light (McMinn and Hegseth, 2004).

The Wyrtki jets occur regularly during boreal spring inter-
monsoon in the eastern equatorial Indian Ocean (EEIO) (Wyrtki,
1973; Schott and McGreary, 2001). The main consequence of
Wyrtki jets is the depression of thermocline and nitracline in the
EEIO (Wiggert et al., 2006). Therefore, EEIO has low primary pro-
ductivities during the inter-monsoon period, which can be mani-
fested by satellite observation of surface Chl a concentrations
(Fig. 1). Previous shipboard investigations have substantiated
this observation. Xue et al. (2016) reported the diatoms com-
munities were dominated by tropical and warm oceanic species,
in line with their environmental characteristics. Hong et al.
(2012) reported that EEIO was highly stratified with surface Chl a
concentration lower than 0.10 mg/m?, and pico-phytoplankton
dominated the contribution to total Chl a biomass. Moreover,
persistent subsurface chlorophyll 2 maximum (SCM) was de-
veloped and contributed significantly to Chl @ biomass and
primary production in the water column (Li et al., 2012, Liu et al.,
2011). However, it remains unclear about the photosynthetic
characteristics of phytoplankton in the EEIO.
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Fig. 1. Sampling stations overlaid on the climatological May
monthly SeaWiFS Chl a in the eastern equatorial Indian Ocean.
Data were obtained from NOAA Ocean Watch website:
http://oceanwatch.pifsc.noaa.gov/.

In highly stratified waters of the EEIO, phytoplankton in dif-
ferent layers encounter distinct different light, hydrographic and
trophic dynamics. Therefore, we hypothesized that these auto-
trophic organisms could have different photosynthetic character-
istics and evolve different adaptation strategies. In this study, we

used Phyto-PAM to assess photosynthetic physiologies of phyto-
plankton communities in the eastern equatorial Indian Ocean
during the boreal spring inter-monsoon. Environmental factors
such as temperature, salinity and macro-nutrients were also
measured. Our study aimed to understand the different photo-
synthetic characteristics of phytoplankton in the context of strati-
fication. We also attempted to explain their correlations with en-
vironmental factors and the potential influence on pelagic car-
bon cycles.

2 Materials and methods

2.1 Hydrography and chemistry

The study included 15 stations in three transacts in the EEIO
(Fig. 1) and was conducted onboard the R/V Madidihang 03 from
April 26 to May 14 of 2012. Transect A comprised five stations
(2°S-2°N along 90°E). Transect B included five stations along the
equator from 91°E to 95°E. Transect C was paralleled to the
Sumatra Island with four stations from 0°, 95°E to 4°S, 97.5°E.

At each station, CTD casts were conducted to obtain the ver-
tical profiles of temperature and salinity. The depth of 28°C iso-
therm was defined as the mixed layer depth. Seawater samples
were collected from eight discrete depths (3, 25, 50, 75, 100, 125,
150 and 200 m) by the attached 5 L Niskin bottles for chemical
and biological analyses. Samples for dissolve inorganic nitrogen
(nitrite and nitrate, DIN), and phosphate (DIP) determinations
were collected in polypropylene bottles and analyzed with a
SKALAR SANplus nutrient analyzer. The depth of 2 pmol/L ni-
trate isoline was considered as the base of nitracline. The euphot-
ic depth (depth of 1% surface light intensity) was estimated by 2.7
times of the transparency depth measured with Secchi disc at day
time (Idso and Gilbert, 1974).

2.2 Biology

2.2.1 Chla

A total of 113 seawater samples were collected for the estima-
tion of Chl a concentrations. For each sample, an aliquotof 1 L
seawater was filtered on Waterman GF/F filters, which was then
stored at -20°C in dark until analysis. The filters were extracted in
90% acetone overnight at 0°C, and Chl a concentrations were
measured by calibrated Turner Design 10-AU fluorometer (Par-
sons et al., 1984).

2.2.2 PAM fluorometry

Phytoplankton’s photosynthetic physiologies were measured
by Phyto-PAM (Waltz, Germany). All measured data were correc-
ted by subtracting the background fluorescence of filtered seawa-
ter (GF/F, Waterman). After 20 min of dark adaption, minimum
fluorescence (F,) was determined by a weak modulated measur-
ing light, and then a 200 ms saturating pulse was applied to de-
termine maximum fluorescence (F,)). F,/F,, was calculated as
(F,-F,)/F,,.

In RLCs measurement, the actinic irradiances (1, 16, 32, 64,
164, 264, 364, 464, 564, 664 and 764 pmol/(m?-s) were applied for
10 s (Schreiber, 2004; IThnken et al., 2010). Each irradiance was
followed by 200 ms saturating pulse to determine functional
quantum yield (@pg;;). The relative electron transport rates
(rETR=0.42xEx®}g;;) were calculated by multiplying the actinic
irradiance with functional quantum yield (Schreiber, 2004). RLCs
were fitted with the model proposed by Eilers and Peeters (1988),
and the photosynthetic parameters (o, rETR_, and E,) were es-
timated with Phytowin v2.1.3 software (Waltz, Germany).
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2.3 Statistical analysis

The vertical profiles of environment factors were plotted with
Sigmaplot 12.5. All statistics were analyzed with SPSS 17.0. Two-
way ANOVA was used to determine the overall differences of
temperature, salinity, nutrient and biological variables among
different station and depth. The Student’s Least Significant Dif-
ference test (LSD) was used to compare the differences between
depths. Contour maps in Ocean Data View were used to explore
the variations of Chl a concentrations and F,/F,, in the water
column. A subset of data (N=70) that included data above the eu-
photic zone (>100 m) were used to explore the relationships
between photosynthetic characteristics and environmental
factors by Pearson’s correlation.

3 Results
3.1 Hydrography and chemistry

The water column was stratified during the cruise (Figs 2, 3
and Table 1). The mixed layer extended to about 75 m. In the
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mixed layer, temperature was more than 29.38°C, whereas salin-
ity ranged from 34.15 to 34.40 (Table 1). The thermocline presen-
ted at the depth between 75 m and 100 m (Fig. 2). Temperature
decreased from (29.38+0.51)°C to (20.58+1.07)°C, while salinity
increased from 34.40+0.13 to 35.30+0.09 (Fig. 3). Below the ther-
mocline, salinity remained above 35.0, while temperature de-
creased continuously and reached (14.74+0.46)°C at 200 m (Fig. 3).
The euphotic depth ranged from 81 m to 116 m, with mean value
of 99 m. The maximum euphotic depth was found at B4 (Fig. 2).
In the mixed layer, nutrients were depleted, with mean ni-
trate and DIP concentrations less than 2.82 umol/L and 0.45 pmol/L,
respectively (Fig. 3 and Table 1). In concomitance with thermo-
cline, mean nitrate and DIP concentrations tripled (Fig. 3), with
values of (9.08+4.10) umol/L and (1.15+0.48) pmol/L at 100 m,
respectively (Table 1). Moreover, primary nitrite maximum
(PNM) was formed within the thermocline (Table 1). Below 125 m,
DIN and DIP concentrations continued to increase with depth,
reached (15.60+8.44) umol/L and (2.10+0.55) pmol/L at 200 m,
respectively (Fig. 3 and Table 1). The DIN/DIP molar ratios were
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Fig. 2. Vertical distribution of temperature along Transects A, B and C in the eastern equatorial Indian Ocean. Red dotted line
represented 28°C, as a proxy of the mixed layer depth. Red solid line indicated the euphotic depth.

2.2 DIP/umol-L!

18 Nitrate/umol-L-!

25

50

75

100

Depth/m

125

150

175

salinity
temperature
nitrate

200 T T T T T
12 22

24 32 Temperature/°C

342 34.8

35.0 352 35.4 Salinity

Fig. 3. Vertical profiles of average temperature, salinity, nitrate and DIP for the 14 stations in the eastern equatorial Indian Ocean.



86 Yuan Chao et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 6, P. 83-91

Table 1. Summary statistics of environmental factors (meantstandard deviation) for the 14 stations in the EEIO

Depth/m Temperature/°C Salinity Nitrite/pmol-L-!  Nitrate/pmol-L-! DIP/pmol-L-! DIN/DIP ratio

3 30.19+0.362 34.15+0.192 0.026+0.016% 0.39+0.272 0.27+0.092 1.73+1.272
20 29.98+0.262b 34.22+0.112 0.032+0.0202 0.45+0.352 0.25+0.112 2.08+1.502

50 29.68+0.232b 34.33+0.10P 0.028+0.0132 0.74+0.822 0.23+0.062 3.48+3.53b

75 29.38+0.51P 34.40+0.13P 0.086+0.074° 2.82+2.332 0.44+0.182 5.95+4.473b

100 23.31£1.07¢ 35.08+0.19¢ 0.181+0.095¢ 9.08+4.10P 1.15+0.48P 8.20+3.47b¢
125 20.58+1.074 35.30+0.094 0.057+0.0412 10.14+43.15bP 1.35+0.53P 8.09+2.74¢
150 18.41+1.02¢ 35.23+0.044 0.040+0.014* 15.38+5.78¢ 1.81+0.57¢ 8.80+2.78¢
200 14.74+0.46° 35.13+0.01¢ 0.049+0.0202 15.60+8.44¢ 2.10+0.55¢ 8.30+5.47¢

Note: The superscript letters a-f next to the digits indicated statistical difference between the means at depths (p<0.05, LSD).

largely deviated from Redfield ratio of 16:1. The mean DIN/DIP
ratio was 1.73+1.27 at the surface, and increased with depth. It
reached 8.20+3.47 at 100 m and was relatively stable below.

3.2 Chl a and photosynthetic characteristics

The surface Chl a concentrations were lower than 0.10 mg/m3,
similar to remote sensing data (Fig. 1). The subsurface Chl a
maximum (SCM) was the persistent feature along the three tran-
sects (Fig. 4). The Chl a concentrations reached (0.22+0.05) mg/m3
in the SCM, with the maximum (0.35 mg/m3) at 75 m at C2. The
SCM depth maintained 75 m at most stations and was deeper
(100 m) at A3 and A4. Below the SCM, Chl a concentrations
dropped to levels close to or lower than those at surface. The
depths of SCM were in concomitance with the mixed layer depth

Depth/m

and euphotic depth (Fig. 4).

Along the three transects, the surface F /F,, value varied
between 0.09 and 0.42 with mean of 0.27+0.11 (Figs 5 and 6a).
The lowest surface F,/F,, values were recorded in Transect A.
Vertically, F,/F,, values tended to become greater with depth,
and reached the maximum in the SCM between 75 m (0.50+0.15)
and 100 m (0.52+0.11). For instance, at C2, SCM was found at 75 m,
and F,/F,, value reached 0.70 (Fig. 5).

Figure 6 showed the vertical distribution of main photosyn-
thetic parameters derived from RLCs. F,/F,, and o presented un-
imodal changes across the water column and reached the peak at
75m/100 m. rETR_ , were not significantly different in the upper
100 m water column, and were lower at deeper layers. I, in gener-
al decreased from surface to deeper layers. The mean values of
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Fig. 4. Vertical distribution of Chl a along Transects A, B and C in the eastern equatorial Indian Ocean. Red dotted line represented
28°C, as a proxy of the mixed layer depth. Red solid line indicated the euphotic depth.
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Fig. 5. Vertical distribution of F,/F, along Tansects A, B and C in the eastern equatorial Indian Ocean. Red dotted line represented
28°C, as a proxy of the mixed layer depth. Red solid line indicated the euphotic depth.
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Fig. 6. Variation of photosynthetic parameters (F,/F,, o, TETR

I) in the eastern equatorial Indian Ocean. For each parameters, the

letters next to bars indicated statistical differences (p<0.0.5) between the means at depths. For each box, the left and right were the first
and third quartiles; the band inside the boxes was the median; the ends of whiskers represented the minimum and maximum except

outliers.

ranged 0.06-0.15, with peak values occurring at 100 m (Fig. 6b).
The mean values of tETR , varied 9-55, with the maximum at 20 m
(Fig. 6¢). I, varied from (615+296) pmol/(m?-s) at surface to
(185+95) pmol/(m?-s) at 150 m (Fig. 6d).

3.3 Pearson’s correlations between environmental and photosyn-

thetic parameters

Encountered with different environmental factors, phyto-
plankton revealed different photochemical responses. Pearson’s
correlations were performed to determine the relationships
between photosynthetic parameters and environment factors in
the euphotic zone (<100 m) (Table 2). Chl a was significantly
positively correlated with depth, salinity, nitrite and nitrate.
F,/F, and a showed similar relationships, in addition to signific-
antly positive correlations with nitrate and DIN. On the contrary,
E, is significantly negatively correlated with depth, nitrite, DIP

and salinity, while positively related with temperature. The res-
ults also suggested that rETR . had no significant relationships
with measured environmental factors.

max

Correlations among photosynthetic parameters were also sig-
nificant. Chl a, F,/F, and o, were positively correlated with each
other, while showed negative relationship with E,. This indicated
that low light acclimated phytoplankton had higher photosyn-
thetic competence and light utilization efficiencies than high
light acclimated counterparts in the EEIO.

4 Discussion

4.1 Limitations by nutrient depletion and photo-inhibition at sea
surface
The significant vertical variations of Chl a and F,/F, sugges-
ted stratification remarkably influenced the biomass and

Table 2. Pearson’s correlations between environmental and photosynthetic parameters in the euphotic zone of EEIO

Depth  Temperature Salinity Nitrite Nitrate DIN DIP Chla F,/F, o rETR
Chla 0.62** -0.17 0.27" 0.26" 0.29" 0.32™ 0.19 0.47" 0.48™ -0.24"
F,/F, 0.60** -0.37" 0.42™ 0.29" 0.43™ 0.48™ 0.41” 0.47" 0.77" 0.27"
A 0.62** -0.43" 0.49" 0.24 0.48"™ 0.56" 0.46™ 0.48™ 0.77" 0.34™
rETR ., -0.13 0.16 -0.13 -0.17 -0.16 -0.08 -0.18 -0.05 0.27" 0.34™
E, -0.54** 0.40™ -0.40" -0.36" -0.41™" -0.40" -0.43" -0.39™ -0.24" -0.37" 0.65™

Note: * Correlation is significant at the 0.05 level (two-tailed); ** correlation is significant at the 0.01 level (two-tailed).
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physiologies of photosynthetic organisms. In consistence with
many studies in highly stratified waters (Hong et al., 2012; Li et
al., 2012; Thompson et al., 2007), we observed low surface chloro-
phyll a concentrations and photosynthetic competence. The
scarcity of nutrients limited the growth of phytoplankton, with
mean nitrate concentrations less than 2 pmol/L in the upper
mixed layer (Table 1). In addition, large deviation of Redfield ra-
tio was found with mean DIN:DIP ratio less than 5 (Table 1 and
Fig. 3), similar to former study at 83°E in the equatorial Indian
Ocean (Sardessai et al., 2010). Therefore, phytoplankton in the
surface layer were nitrogen limited. Moreover, there was little nu-
trient enrichment from deep water due to weak surface winds
and thermocline depression caused by Wyrtki jet (Wyrtki, 1973).
As nitrogen concentrations in the mixed layer were very low,
there was no capacity for a significant increase in phytoplankton
biomass without additional nitrogen inputs (Thompson et al.,
2007). In contrast, the observed surface Chl a increase was al-
ways associated with vertical mixing and nutrients enrichment.
For instances, bi-weekly Chl a spikes were reported at central
equatorial Indian Ocean during fall, and Strutton et al. (2014) at-
tributed to the advection of water and nutrient entrainment by
local mixing. Similarly, higher surface Chl a concentrations were
found in the subtropical convergence zone of south-western In-
dian Ocean, where obvious increase of nitrate and DIP concen-
trations at sea surface occurred (Hong et al., 2012).

Nutrients limitations would impair normal cellular processes
such as photosynthesis and some enzyme activities. Halsey and
Jones (2015) reported that decreased allocation of carbon to cel-
lular proteins was a fundamental adaptive nitrate stress response
among many algal taxa. Similarly, phosphorus limitation caused
decrease of ATP synthesis and ultimately led to a decline of F,/F,
(Lippemeier et al., 2001). The growth of phytoplankton in the sur-
face layer could also be limited by excessive light exposure.
The photosynthetic active radiation could reach more than
1 800 pmol/(s-m2) at noon (data were acquired from another
cruise in May, 2013), which might induce photo-inhibition and
damage the activity of photosynthesis (Bouchard et al., 2005).
Even at the surface of well-mixed environment, the increase of
photo-protection pigment and decrease of F,/F, occurred, indic-
ating some photo-protection and photo-inhibition under high
light (Barlow et al., 2017). Therefore, co-limitation of nutrient de-

Table 3. Summary of Chl a concentrations (mg/m3) at the surface and SCM (Chl a

pletion and photo-inhibition resulted in lower photosynthetic
competence (F,/F,,) and Chl a biomass in the upper mixed layer,
especially in Transect A.

4.2 Prevalence of SCM and its importance in pelagic primary pro-
duction

The SCM tends to be permanent feature in stratified tropical
oceans and occur seasonally in temperate and Arctic waters (Cul-
len, 2015; Martin et al., 2010). Combined with formal studies, we
found that the SCM was common across the tropical Indian
Ocean (Table 3). The SCM depth during our cruise was similar
with previous studies in the EEIO, south equatorial current of In-
dian Ocean as well as Bay of Bengal (Li et al., 2012; Zhou et al.,
2011; Liu et al., 2011), shallower than Indian Ocean subtropical
gyre (Thompson et al., 2007; George et al., 2013), while deeper
than some stations where nitracline/thermocline rise occurred
(Hong et al., 2012). Though the depth of SCM varied, the depth of
SCM was in association with nitracline, indicating the control of
nitrate on phytoplankton growth. Lee et al. (2017) reported that
the nutrients supply from the lower layers contributed signific-
antly to the maintenance of SCM.

In comparison, the Chl a concentrations in the SCM were
lower than that of other regions in the Indian Ocean (Table 3). As
discussed above, this might be a consequence of weak vertical
mixing. Downwelling Kelvin waves propagate eastward along the
equator of Indian Ocean (Rao et al., 2010). The strong thermo-
cline right below the SCM layer inhibited water exchange from
deep nutrient-riched water. George et al. (2013) reported similar
lower Chl a concentrations in the western equatorial Indian
Ocean during the boreal summer monsoon, and attributed as
both the deepening of thermocline and the presence of low-sa-
linity surface waters. In addition, our results indicated the influ-
ence of light, as SCM usually occurred at base of euphotic zone
(Fig. 4). Therefore, SCM formation was a balance between nutri-
ent availability and light limitation. Other factors, such as photo-
acclimation and predator, may also play important roles (Cullen,
2015).

The significant increase of F,/F, in the SCM layer suggested
that phytoplankton were more photosynthetic competent than
the other layers. This was likely because of nutrient repletion
through thermocline (Table 1 and Fig. 2), as reported by Li et al.

), SCM depth at different regions of Indian

max.

Ocean (10)
Region Surface Chla_,, SCM depth/m Reference

EEIO 0.05 0.22 50-75 this study
South-eastern 10 warm core 0.30 0.40 100 Thompson et al. (2007)
South-eastern 10 cold core 0.09 0.41 90-110 Thompson et al. (2007)
South-western 10 10SG 0.07 0.59 =100 Hong et al. (2012)
South-western 10 SCZ 0.16-0.26 0.34-0.46 50-70 Hong et al. (2012)
SEC EIO 0.138 0.30-0.42 60-80 Zhou et al. (2011)
SEC CIO 0.072 0.26-0.31 75-80 Zhou et al. (2011)
Bay of Bengal 10°S 0.05-0.07 75 Liu etal. (2011)
Central Bay of 7°-16°N, 88°E 0.06-0.12 >0.25 60-80 Madhupratap et al. (2003)
Bengal
Western tropical 8°N-10°S, 65°E 0.04-0.3 0.30-0.50 50-75 George et al. (2013)
10
Western tropical 10°-18°S, 65°E 0.15-0.30 120 George et al. (2013)
10
Gascoyne region 21.3°-26.5°S, <0.01 0.4-1.0 60-100 Hanson et al. (2005)
(WA) 119°-123°E

Note: IOSG is Indian Ocean subtropical gyre, SCZ subtropical convergence zone, SEC south equatorial current, EIO eastern Indian

Ocean, CIO central Indian Ocean, and WA western Australia.
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(2016) and McMinn and Hegseth (2004). F,/F,, was significantly
positively correlated with nitrite, which was an intermediate
product of nitrate metabolism mainly released from phytoplank-
ton (Zhang et al., 2016). In concomitance with nitrate metabol-
ism, photosynthesis might be enhanced as well (Li et al., 2016).
F,/F,, was also positively related with Chl a. The observed max-
imum of Chl a concentration at 75 m at C2 might be caused by
the enhanced photosynthetic activities.

The SCM could contribute significantly to phytoplankton bio-
mass and primary productivities in the water column. For in-
stances, missing real SCM would cause 9.3% underestimation of
depth integrated Chl a biomass (Li et al., 2012), and the SCM
contributed more than half of water column primary production
(Liu et al., 2011; Fernand et al., 2013). Though the F,/F,, values
were less in the SCM than that of the coastal waters, such as the
Jiaozhou Bay (Li and Sun, 2014) and the Daya Bay (Wang et al.,
2012), the SCM was important carbon resource for food web and
had important impacts on pelagic carbon cycle (Martin et al.,
2010).

4.3 Comparison of photosynthetic characteristics between sea sur-

Jface and SCM

Photosynthetic characteristics of phytoplankton could be rap-
idly assessed by RLCs and varied according to in situ light history
(Ralph and Gademann, 2005; Harrison et al., 2015). We found
that the phytoplankton communities had higher E, and rETR .
values in the upper mixed layer than those in the SCM. These res-
ults were in consistence with many studies which compared
RLCs of photosynthetic organisms under contrasting light and
hydrological features. For instances, seagrass Halophila growing
in shallow waters had substantially higher rETR ,,, E, than at
depth (Durako, 2012; Sharon and Beer, 2008). Ryan et al. (2009)
reported surface brine algae had higher rETR ,, than bottom-ice
algae. Under different hydrological structure in coastal eutrophic
gulf, cells acclimated to brighter light dominated the upper strati-
fied waters, while cells acclimated to lower light dominated the
mixed waters (Mino et al., 2014).

In the upper mixed layer, phytoplankton underwent more dy-
namic light irradiance, and were challenged to optimize re-
source allocation to growth and dissipation of excessive light
(Wagner et al., 2006). Higher light acclimated autotrophic organ-
isms exhibited higher light saturating points than lower light ac-
climated counterparts (Ralph and Gademann, 2005). Different
trophic status resulted in different responses to high light
between diatoms in coastal eutrophic waters and phytoplankton
in this oligotrophic region. Diatoms in the coastal eutrophic re-
gion had rapidly inducible NPQ and maintained high photo-
chemical activities over a wide range of intensities (Lavaud, 2007;
Li and Sun, 2014; Wang et al., 2012), while extremely lower initial
slope reflected relatively low photosynthetic activity and pro-
ductivities at the surface of oligotrophic region (McMinn and
Hegseth, 2004).

Photosynthesis states of phytoplankton were gradually shif-
ted from nutrient limitation to light limitation with increasing
depth (Table 1). In the SCM, light intensities were 1%-10% of the
surface, while nutrients availability increased (Table 1 and Fig. 3).
In order to survive, phytoplankton had to be highly adapted to
environmental conditions within the thermocline (Sharples et al.,
2001). Phytoplankton in this layer had to increase their efficiency
of capturing light, which can be achieved by increasing antenna
size and/or the number of antenna. Bibby et al. (2003) indicated
that low-light ecotypes of Prochlorococcus had much larger an-
tenna than surface ecotypes. The phenotypic response to de-

creased irradiance was dominated by increases in the ratio of
PSII reaction centers to carbon fixation capacity within the SCM
(Moore et al., 2006). In this study, the higher « guaranteed higher
photosynthetic efficiencies under low light circumstances,
whereas the lower I, values suggested low light acclimation in the
SCM. Similar to benthic diatoms, ice algae (McMinn and Heg-
seth, 2004) and Osterococuus sp. RCC809 (Six et al., 2008) isol-
ated from the bottom of euphotic zone, phytoplankton in the
SCM were adapted to lower light conditions and reached their
rETR_,, at rather lower light. Edwards et al. (2015) reported that
open-ocean isolates tended to have higher initial slope than
coastal isolates, implying their adaptation to low light. In short,
phytoplankton communities in different layers were confronted
with variable environment factors, such as light and nutrients,
and evolved distinct photosynthetic characteristics.

5 Conclusions

Our results resolve that the eastern equatorial Indian Ocean
was an oligotrophic and highly stratified region in the spring
inter-monsoon. Here, photosynthetic characteristics in different
layers were affected by light and nutrient availability. The low Chl
a concentrations (<0.10 mg/m?) and F,/F,, (<0.30) at sea surface
were consequences of nitrogen deficiency and photo-inhibition.
The well-developed SCM between 75 m and 100 m was consist-
ent with the mixed layer depth and euphotic depth. Formation of
SCM was a balance between nutrient availability and light limita-
tion. Phytoplankton at sea surface presented lower light utiliza-
tion efficiencies to exploit wider range of light intensity. Phyto-
plankton in the SCM presented higher light utilization efficien-
cies to guarantee higher photosynthetic efficiencies under light
limited circumstances. The highest photosynthetic competence
in the SCM highlighted the importance of SCM to the primary
production and pelagic food web. These results provide insight
into adaption strategies of phytoplankton in the less studied east-
ern equatorial Indian Ocean.
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