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Abstract The Southern Ocean (SO) hosts plankton communities that impact the biogeochemical cycles
of the global ocean. However, weather conditions in the SO restrict mainly in situ observations of plankton
communities to spring and summer, preventing the description of biological successions at an annual scale.
Here, we use shipboard observations collected in the Indian sector of the SO to develop a multivariate rela-
tionship between physical and bio-optical data, and, the composition and carbon content of the plankton
community. Then we apply this multivariate relationship to five biogeochemical Argo (BGC-Argo) floats
deployed within the same bio-geographical zone as the ship-board observations to describe spatial and
seasonal changes in plankton assemblage. The floats reveal a high contribution of bacteria below the mixed
layer, an overall low abundance of picoplankton and a seasonal succession from nano- to microplankton
during the spring bloom. Both naturally iron-fertilized waters downstream of the Crozet and Kerguelen Pla-
teaus show elevated phytoplankton biomass in spring and summer but they differ by a nano- or micro-
plankton dominance at Crozet and Kerguelen, respectively. The estimated plankton group successions
appear consistent with independent estimations of particle diameter based on the optical signals. Further-
more, the comparison of the plankton community composition in the surface layer with the presence of
large mesopelagic particles diagnosed by spikes of optical signals provides insight into the nature and tem-
poral changes of ecological vectors that drive particle export. This study emphasizes the power of BGC-Argo
floats for investigating important biogeochemical processes at high temporal and spatial resolution.

1. Introduction

The Southern Ocean (SO) plays a key role in the global carbon cycle representing 40% of the oceanic
anthropogenic CO2 sink (Mikaloff Fletcher et al., 2006; Sabine et al., 2004). The SO displays highly contrasted
surface chlorophyll a concentrations and associated primary production (Ardyna et al., 2017; Arrigo et al.,
2008). The vast high nutrient, low chlorophyll (HNLC, Minas et al., 1986) areas characterized by iron limita-
tion (de Baar et al., 1990; Martin et al., 1990) contrast with highly productive areas supported by natural iron
fertilization (Boyd et al., 2012). Additionally, the strong eastward-flowing Antarctic Circumpolar Current gen-
erates stable fronts, imposing a hydrological zonation that constrains phytoplankton species distribution
(Charalampopoulou et al., 2016; Crosta et al., 2005; Di�ıez et al., 2004). Sampling this biological diversity is a
critical step for a better understanding of how plankton assemblage shapes biogeochemical fluxes such as
the carbon transfer to the ocean interior (Boyd & Newton, 1999; Guidi et al., 2015; Henson et al., 2012). For
example, it is suggested that microplankton-dominated communities show high export efficiency but low
transfer efficiency, whereas the opposite is observed for picoplankton (Guidi et al., 2015; Henson et al.,
2012).

The weather conditions in the SO restrict in situ observations with classical oceanographic cruises mainly in
spring and summer. To overcome this issue, phytoplankton seasonal dynamics have been studied using sat-
ellite ocean color data coupled with climatologies of physical data (Ardyna et al., 2017; Fauchereau et al.,
2011; Thomalla et al., 2011). However, these approaches are limited to the upper layer of the ocean and
might miss important features of phytoplankton vertical distribution (Erickson et al., 2016; Holm-Hansen &
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Hewes, 2004; Parslow et al., 2001). In addition, the observations of ocean colour in the SO in winter are
impaired by the presence of sea-ice and persistent cloud cover (Pope et al., 2017). The recent development
of autonomous observation platforms equipped with bio-optical sensors such as gliders and especially the
so-called Biogeochemical-Argo (BGC-Argo) floats (Johnson & Claustre, 2016) offers the opportunity to study
phytoplankton geographical, vertical and temporal distribution in the critically under-sampled SO waters.

Concomitantly, recent methods have been developed to estimate biogeochemical fluxes from autonomous
observations such as primary production (Nicholson et al., 2015; Thomalla et al., 2015), export (Bishop et al.,
2004; Briggs et al., 2011; Estapa et al., 2017) and remineralization (Hennon et al., 2016; Martz et al., 2008).
However, the identification of the biological drivers of these fluxes is generally elusive because the interpre-
tation of the bio-optical signals in terms of particle assemblages remains complex. For example, according
to theory, particulate backscattering coefficient (bbp) is mostly influenced by �1 mm sized particles, but field
studies have shown that plankton of much larger size can potentially affect bbp (Morel & Ahn, 1991; Stramski
& Kiefer, 1991). Moreover, laboratory studies with monospecific cultures have demonstrated that for a given
cell size, both cell structure and shape affects the bbp signal (Vaillancourt et al., 2004; Volten et al., 1998;
Whitmire et al., 2010). Similarly, variations in the chlorophyll a fluorescence to particulate backscattering
ratio can reflect both photoacclimation processes (Behrenfeld & Boss, 2003) and changes in the phytoplank-
ton community structure (Cetinić et al., 2015). Thus, the bio-optical signals collected by autonomous
platforms result from a complex combination of multiple factors (plankton community structure, phyto-
plankton physiology, abiotic particles). In this context, the characterization of the co-variation of optical sig-
nals and plankton community structure in a given environment is clearly needed before unambiguously
interpreting the data reported by autonomous platforms.

The SOCLIM (Southern Ocean and CLIMate) project aims to study climate-relevant biogeochemical pro-
cesses in the Southern Ocean by combining classical oceanographic sampling with innovative tools (e.g.,
BGC-Argo floats, moored autonomous water samplers). In this study, we first aim at developing a multivari-
ate transfer function that allows, based on data acquired during the SOCLIM cruise (October 2016), relation-
ships to be established between hydrological and optical signals and the plankton community structure
from bacteria to microplankton. This transfer function is subsequently applied to data collected by five
BGC-Argo floats deployed in the Indian sector of the SO to predict and analyze the variability of plankton
community structure for diverse seasons and environments of the SO. Finally, we detail the relationship
between the predicted plankton community structure in the mixed layer and the occurrence of large par-
ticles in the mesopelagic.

2. Methods

2.1. Plankton Carbon Estimation and Optical Data Collected During the SOCLIM Cruise
The SOCLIM cruise (DOI:10.17600/16003300) took place in the Indian sector of the SO in October 2016 on
board the R/V Marion Dufresne II. Conductivity-temperature-depth (CTD, Seabird SBE91) casts were per-
formed at various stations from the Subtropical Zone to the Antarctic Zone. We focus here on 11 stations
located between 358S and 58.58S (Figure 1a and supporting information Table S1). Vertical profiles of chlo-
rophyll a fluorescence (F), particulate backscattering at 700 nm (bbp) and particulate beam attenuation coef-
ficient at 650 nm (cp) were acquired using a Wet Labs ECO triplet and a Wet Labs C-star transmissiometer
(25 cm path length) mounted on the CTD frame. Fluorescence data were corrected for non-photochemical
quenching on daytime profiles following the method of Xing et al. (2012) and converted to chlorophyll a
concentration (Chl, mg m23) by first applying the factory calibration (dark value and slope) and then multi-
plying by 0.5 (Roesler et al., 2017). bbp (m21) was calculated as described in Schmechtig et al. (2015) and
references therein. Briefly, raw instrument measurements (counts) were transformed into the total volume
scattering function (b) at an angle of 1248 and wavelength of 700 nm by applying the manufacturer-
provided scaling factor and dark count. bbp was then calculated as bbp52pv b2bswð Þ where v is a
wavelength-dependent conversion factor (here 1.142) and bsw is the contribution of pure seawater to scat-
tering that depends on temperature and salinity. cp (m21) was calculated from transmittance data (T) using
the manufacturer calibration: cp52 1

l 3ln Tð Þ where l is the sensor pathlenth (25 cm) and T5 Vs2Vd
Vw 2Vd

where Vs

in the instrument signal, Vd is the dark value and Vw is the value in the water used for calibration. The win-
dows of the optical instruments were carefully cleaned before each deployment and no drift correction was
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applied to the ship data (see section 2.2). Spikes were removed from the Chl and bbp signals by applying a
low-pass filter that consists of a 5-point running median followed by a 7-point running mean (Briggs et al.,
2011). Finally the CTD and optical data were averaged at the depth corresponding to the sampling for
plankton diversity (6 1 m).

Samples for plankton community composition were acquired at 3 different depths (250 m, 100 m and sur-
face between 5 and 10 m depending on the swell). For flow cytometry analyses, 9 mL of seawater were

Figure 1. (a) Location of the SOCLIM cruise stations (white dots) where data have been used to train the PLSR between
optical signals and the plankton community composition. (b and c) Trajectories of five BGC-Argo floats in the Indian sec-
tor of Southern Ocean used to test the PLSR and predict plankton assemblage from float optical data. Magenta and black
lines represent respectively the climatological location of the Subantarctic and Polar Front derived from satellite-derived
altimetry (Swart et al., 2010).

Table 1
Plankton Groups Considered in This Study and Their Associated Characteristics

Plankton group Contains Method Volume (mm3) Carbon content (pgC)

Bact Heterotrophic bacteria Cytometry 0.25a 0.015a

Pico Prochlorococcus 0.68b 0.029b

Synechococcus 0.86b 0.080b

Picoeukaryotes 2.76b 0.73b

Nano Nanoplankton 284c 15c

Micro Diatom (55 groups) Optical microscopy Shape-specific C50:117V 0:881d

Dinoflagellate (14 groups) Shape-specific C50:760V 0:819d

Ciliate (4 groups) Shape-specific C50:216V 0:939d

Silicoflagellate (1 group) 3288 C50:261V 0:860d

aBratbak (1985).
bGrob et al. (2007).
cVerity et al. (1992).
dMenden-Deuer and Lessard (2000).
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sampled from the Niskin bottles, fixed with glutaraldehyde (0.5% final concentra-
tion), flash-frozen in liquid nitrogen, and stored at 2808C. The abundance of het-
erotrophic bacteria (including Bacteria and Archaea), pico- and nanoplankton was
measured by flow cytometry using a FACSCalibur instrument (Marie et al., 2001).
Bacteria, pico- and nanoplankton biovolume and carbon content were estimated
using constant cell volume and cell carbon content from the literature (Table 1).

For microplankton abundance and diversity, 100 mL of seawater was sampled in
opaque bottles, fixed with acidic lugol (1% final concentration) and stored at 48C.
Back in the laboratory, samples were sedimented into an Uterm€ohl counting cham-
ber (24 h, dark). Microplankton cells were enumerated and identified to the lowest
taxonomic level using an inverted microscope with phase contrast (Olympus IX70)
at X400 magnification. 500 to 1,500 cells per sample were enumerated and species
were identified following recommendations by Hasle and Syvertsen (1997). Sam-
ples were counted within 2 months following the sampling. Morphometric meas-
urements were made from high-resolution images (Olympus DP71 camera) using
the Fiji image processing package (available at http://fiji.sc/Fiji). Biovolume of each
microplankton species/group was estimated from morphometric measurements

(performed on 20 individuals randomly selected for each species/group) and shape-specific equations (Hille-
brand et al., 1999). Carbon content of each microplankton group was calculated using group-specific equa-
tions from the literature (Table 1). The full list of microplankton groups/species and the associated biovolume
is given in the supporting information data set. The total plankton carbon (Ctot) was defined as the sum of
bacteria, pico-, nano- and microplankton carbon biomass: Ctot5CBact1CPico1CNano1CMicro. The relative contri-
bution of each group to Ctot was calculated as %Cgroup5Cgroup=Ctot . The definition of each plankton group and
the associated carbon content are given in Table 1.

For particulate organic carbon (POC) analysis, 2 L of seawater were
sampled at 12 depths from 1,000 m to the surface (comprising the
three sampling depths for plankton diversity) and filtered onto pre-
calcined (24 h, 4508C) GF/F filters. Blanks were measured at each sta-
tion by filtering 2 L of milliQ water. Filters were stored into
precalcined glass vials and dried in an oven (24 h, 508C). Back in the
laboratory, samples were fumigated with pure HCl (24 h) to dissolve
the carbonate fraction. The analysis of carbon was performed on a
CHN analyzer (Perkin-Elmer 2400) calibrated with acetanilide. POC
measurements were not corrected for possible DOC adsorption on
the filter. The limit of detection (defined as three time the standard
deviation of the blanks for the entire cruise) was 0.2 mmol m23.

2.2. Partial Least Square Regression: Training and Testing
Partial least square regression (PLSR) is a statistical multivariate
regression model that allows regressing a matrix of response varia-
bles (Y, here %Cgroup) on a predictor matrix (X, here the hydrological
and optical data). Its main interest is to decompose the data into
principal components that best summarize both X and Y prior to
the regression (Abdi, 2010). This technique prevents the bias
induced by collinearity that is often observed in ecological data
(e.g., co-occurence of species). The data used as predictors were
depth, temperature, salinity, Chl, bbp, cp, and the ratios Chl:bbp,
Chl:cp, and bbp:cp (supporting information Table S2). Because of the
small amount of data used to train the PLSR (33 samples), a single
cross-validation was not sufficient to estimate the quality of the pre-
diction. A bootstrapping technique was used by randomly splitting
the data set into learning (2/3) and testing (1/3) subsets and calcu-
lating the coefficient of determination (R2) and the root mean
square error (RMSE) of the prediction. This procedure was repeated

Table 2
Results From the Bootstrapping Technique Used to Estimate
the Quality of Prediction of the PLSR. Coefficient of Determina-
tion (R2) and Root Mean Square Error (RMSE) of the Observed
Versus Predicted %Cgroup for Each Plankton Group and for the
Pooled Plankton Groups

Plankton
group R2

RMSE
(%)

Bact 0.71 6 0.11 14 6 4
Pico 0.61 6 0.15 26 6 12
Nano 0.65 6 0.13 19 6 6
Micro 0.59 6 0.14 17 6 5
Global 0.84 6 0.06 6 6 1

Note: The mean 6 standard deviation resulting from
10,000 calculations is given.

Figure 2. Relative contribution of each plankton class to (a) the total plankton
volume and (b) the total plankton carbon for each samples from the SOCLIM
cruise. Sample labels refer to the station and the sampling depth (from left to
right: 250 m, 100 m and 10 m for each station), SAZ: Subantarctic Zone, PFZ:
Polar Frontal Zone, AAZ: Antarctic zone.
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10 000 times and statistics were derived from the predictions ensemble (Table 2 and supporting informa-
tion Figure S1).

In this study we selected five BGC-Argo floats equipped with pressure, temperature, salinity, F, bbp (700 nm),
cp (650 nm), and downward irradiance at 490 nm (Ed (490)) sensors (Wet Labs ECO triplet, Wet Labs C-rover)
in the vicinity of the area where the PLSR was trained (Figures 1b and 1c), two of them being deployed dur-
ing the SOCLIM cruise. Float data were downloaded from the global Argo database (Argo, 2017) accessible
at ftp://ftp.ifremer.fr/ifremer/argo/. Prior to the prediction, the F, bbp and cp data from the floats were treated
in the same way as the ship data (conversion from raw data, correction of fluorescence quenching and low-
pass filtering for spikes removal, see section 2.1). Additionally, the cp sensor drift was corrected by subtract-
ing the deep signal (1,000 m) from each profile. Finally, the fluorescence values (F) were calibrated into chlo-
rophyll a concentration (Chl) using Ed (490) and a previously published optical model (Xing et al., 2011).

Chl5F490 � F

A median F490 value was calculated for each float (supporting
information Figure S2) and used to convert F data into Chl for
the whole float record. The mixed layer depth (MLD) was calcu-
lated using the density-difference criteria (0.03 kg m23 compared
to the density at 20 m, de Boyer Mont�egut et al., 2004). The con-
tribution of each plankton group to total plankton carbon
(%Cgroup) was predicted for each float profile between 0 and
250 m using the PLSR trained with the SOCLIM cruise data.

2.3. Independent Quantification of Large Particle Abundance
and Particle Size From the Float Data
Spikes in the fluorescence and backscattering signals are attributed
to large particles (Briggs et al., 2011). Spikes were identified by sub-
tracting the low-pass filtered data to the raw (not unspiked) data
(Briggs et al., 2011). The number of bbp spikes below 250 m was
quantified by counting the number of events with a height exceed-
ing 0.001 m21 . Events with values >0.004 m21 were attributed to

Figure 3. Relationship between (a) total calculated plankton carbon (Ctot) versus measured POC (n 5 33), the dotted line
denotes the 1:1 relationship, (b) bbp versus POC (n 5 156), and (c) cp versus POC (n 5 156) during the SOCLIM cruise (red
line). In Figures 3b and 3c, relationships from previous studies are shown for a comparison (PFZ and Ross refer to two dif-
ferent fits for the Polar Frontal Zone and Ross sea in Stramski et al. 1999 ).

Figure 4. (a) Heatmap of the correlation coefficients between the relative contribu-
tion of each plankton group to Ctot (%Cgroup) and the hydrological and optical data
collected during the SOCLIM cruise. Highly significant coefficients (p <0.01) are
specified by a circle (same color code as in Fig. 2). (b) Contribution of each plank-
ton group to Ctot as predicted by the PLSR compared to the observations.
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large motile organisms and discarded from the enumeration. Simi-
larly, a threshold of 0.2 mg m23 was selected to quantify the chloro-
phyll a fluorescence spikes. These thresholds were determined
empirically after the careful examination of numerous profiles. The
total number of for both bbp and fluorescence was normalized by
the total number of data points below 250 m (depth of the winter
mixed layer) to take into account the change in the vertical sampling
resolution between summer and winter. Thereby, percentages of
both bbp and fluorescence spikes are provided for each float profile.

The mean diameter of particles contributing to cp in the upper
layer (10–50 m) was calculated following Briggs et al. (2013). This
depth interval is always in the mixed layer and was chosen to
take advantage of the higher recording frequency (1 data per
meter) in the first 50 meters to quantify the variance of the cp sig-
nal and avoid the influence of swell potentially injecting bubbles
and/or affecting the float ascent speed in the first 10 meters.
Briefly, each raw (not unspiked) cp profile was de-trended by sub-
tracting an 11-point running median to isolate the high-
frequency variability due to random fluctuations in particle con-
centration within the sample volume. Values of detrended cp

exceeding 0.066 m21 were removed in order to eliminate very
large particles (>2 mm diameter) from the analysis that are too
rare to be sampled reliably (Briggs et al., 2013). Additionally, the
highest remaining detrended cp value from each profile was
removed to further reduce random variability due to large and
rare particles. Mean particle diameter dML (weighted by contribu-
tion to cp) was calculated in the 10–50 m depth interval following
Eq. (1).

�Acp5
var cp detrended
� �

mean cp
� � � V

Qc
� 1
a sð Þ (1)

a sð Þ5
12 3sð Þ21ifs � 1

s2s2=3 ifs � 1

(

s5
tres

tsamp

� �

dML52
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Acpp21

q
where var(cp_detrended) is the variance of the detrended cp signal,
mean(cp) is the mean of the raw cp signal (large spikes removed),
V is the sample volume (12.5 ml), Qc is the attenuation efficiency

(2 for particles much larger than the wavelength of light, Bohren & Huffman, 1983), and a is a correction for
the increase in effective sample volume due to water movement. a was calculated from a sample integra-
tion time tsamp of 1 s and a particle residence time tres of 0.1 s, based on 10 cm s21 movement speed of
water through the sample volume and a mean path of 1 cm.

3. Results and Discussion

3.1. Plankton Carbon Estimation and Performance of the Prediction
Despite a general dominance of microplankton to the total plankton biovolume (>80% in all samples, Fig-
ure 2a), its contribution to Ctot was generally lower (Figure 2b), reflecting a lower carbon content for this
plankton group (Menden-Deuer & Lessard 2000; Table 1). Deep samples (250 m) were characterized by low
POC concentration (<1 mmol m23, supporting information Table S1) and a strong bacterial (including

Figure 5. a) Section of chlorophyll a concentration (Chl) and ( b-e) contribution of
each plankton group to Ctot as predicted by the PLSR for float 049b. Black line rep-
resents the mixed layer depth.
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Bacteria and Archaea) contribution to Ctot (30–70%, Figure 2b).
Nanoplankton showed an important contribution to Ctot (30–
50%) at 100 m and 10 m at all stations except TNS08 and A3_2
where microplankton clearly dominated Ctot (�80%). Both sta-
tions were characterized by Chl >1 mg m23 and the presence of
typically bloom-forming diatoms (e.g., Chaetoceros curvisetus,
Eucampia antarctica, supporting information data set), sugges-
ting a recent initiation of the spring bloom (Korb et al., 2012; Las-
bleiz et al., 2016). Picoplankton contribution was low in all
samples (<20%). The linear relationship between Ctot and the
measured POC with a slope of �1 (Figure 3a) suggests that
plankton cells were correctly enumerated and that carbon con-
tent values from the literature are appropriate to estimate plank-
ton carbon partitioning in relatively contrasted provinces of the
SO (from the Subantarctic Zone, SAZ to the Antarctic Zone, AAZ).
Furthermore, it implies that detritus and non-living particles that
were not quantified here represent a minor fraction of the POC
at the time of the sampling in early spring. Although this hypoth-
esis is plausible, it must be stressed that plankton carbon estima-
tion depends critically on the cell carbon content or the
carbon:volume relationships that are selected (Table 1). These
relationships are often associated with important natural variabil-
ity (>50%) related to the cell physiological status and life cycle
(Menden-Deuer & Lessard, 2000).

The relationships between bbp and POC and cp and POC lay
between those previously reported from various locations of the
ocean, and the fit of POC versus bbp showed a lower R2 than that
of POC versus cp (Figures 3b and 3c). This feature has been
reported before and is indicative of changes in backscattering
efficiency with the nature of particles (Cetinić et al., 2012; Stram-
ski et al., 1999). For example, smaller particles associated with the
lower POC concentrations would have a higher refractive index
(Morel & Ahn, 1991). For this reason, POC was predicted from the
cp values reported by the floats, rather than bbp. Here, we first
investigated the relationships between hydrological/optical
properties and plankton groups by using simple linear correla-
tions (Figure 4a). Bacteria were significantly correlated with all
optical variables, and more specifically positively correlated to
the bbp:cp ratio, generally thought to increase with an increasing
abundance of small particles �1 mm (Morel & Ahn, 1991; Stramski
& Kiefer, 1991). Microplankton was significantly and positively

correlated with Chl, proxies of particle abundance (cp and bbp) and the Chl:bbp ratio. This observation is con-
sistent with a previous study in the sub-polar North Atlantic that also associated high diatom biomass with
elevated Chl:bbp ratios (Cetinić et al., 2015).

To quantitatively predict the contribution of each plankton group to Ctot, we successfully trained and vali-
dated the PLSR model using the bootstrapping technique. The RMSE was not homogeneous between
plankton groups and ranged from 14% for bacteria to 26% for picoplankton (Table 2). These results gener-
ally give confidence in the multivariate regressive model, which allows us to apply the method on data col-
lected by five BGC-Argo floats covering a large section of the Indian Sector of the SO.

3.2. Spatial and Seasonal Patterns of Plankton Community Structure From BGC-Argo Floats Data
Float 049b was located upstream of the Kerguelen Plateau, mainly in the AAZ (Figure 1c). Float 036b drifted
north of the Crozet and Kerguelen Plateaus in the Polar Frontal Zone (PFZ). Float 037c presented a long tra-
jectory downstream of the Kerguelen Plateau, crossing the Polar Front and Subantarctic Front. Floats 107c

Figure 6. Same as Figure 5 for float 036b.
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and 104c were respectively deployed at the SOCLIM stations FS
(upstream of the Kerguelen Plateau, low biomass) and TNS08
(Downstream of the Kerguelen Plateau, High biomass) in the AAZ
(Figure 1b).

%Cbact was generally high below the MLD (>50%) and relatively
high in winter in the mixed layer (25–50%, Figures 5b–7b). Con-
versely, it was negligible during phytoplankton blooms. This is
consistent with the inverse relationship between phytoplankton
and heterotrophic bacteria contributions to total carbon
observed in the global ocean (Simon et al., 1992). Although it has
been demonstrated that the abundance of heterotrophic bacte-
ria can increase drastically during phytoplankton blooms in the
SO and contribute to nutrient recycling (Christaki et al., 2014;
Obernosterer et al., 2008; Pearce et al., 2011), the corresponding
carbon biomass is generally <1 mmol L21. However, a rapid
increase of %Cbact (up to 50%) was observed after the phyto-
plankton blooms recorded by floats 036b (Figure 6b, May 2016)
and 037c (Figure 7b, April 2015), reflecting the increasing contri-
bution of bacterial biomass in the mixed layer independently
from MLD deepening. %Cpico was negligible for floats located in
the AAZ (Figures 5c, 8c, and 9c) and reached �10% in the mixed
layer in summer 2015–2016 for floats 036b (Figure 6c) and 037c
(Figure 7c) when they occupied the Northernmost location of
their drift (PFZ to SAZ). A strong southward decrease in pico-
plankton abundance was previously reported from the Subtropi-
cal Zone (STZ) to the AAZ (Di�ıez et al., 2004) and picoplankton
contribution to phytoplankton biomass is generally <5% in pro-
ductive environments of the SO (Di�ıez et al., 2004; Lasbleiz et al.,
2014; Uitz et al., 2009). %Cnano showed highest values (>80%) in
the mixed layer North of the Crozet Plateau (January–March
2016, float 036b, Figure 6d) and upstream of the Kerguelen Pla-
teau in October 2016 and January 2017 (float 107c, Figure 8d).
High nanoplankton biomass was previously reported at the end
of the North Crozet phytoplankton bloom dominated by Phaeo-
cystis antarctica (Poulton et al., 2007). Additionally, the phyto-
plankton community on the western flank of the Kerguelen
Plateau is characterized by a dominance at an annual scale of
prasinophytes and prymnesiophytes, out of the diatom bloom
(Fiala et al., 1998). Floats 036b, 049b and 037c reported elevated
%Cnano (>40%) in autumn concomitantly with the deepening of
the MLD (from �50 to >100 m). This succession from micro-

plankton dominance in summer to nanoplankton dominance when vertical mixing increases is generally
observed in situ (Arrigo et al., 1999; Goffart et al., 2000; Mangoni et al., 2004; Uitz et al., 2009) and also sug-
gested from phytoplankton groups based on predictions from satellite-derived observations (Alvain et al.,
2008).

All the floats located in the AAZ reported elevated Chl (>1 mg m23) with a concomitant dominance (>80%,
Figures 5e, 8e, and 9e) of microplankton. Diatoms dominated the microplankton counts and biomass in the
SOCLIM data set used to train the PLSR (supporting information data set). It is likely that the strong micro-
plankton dominance predicted from the float data reflects a major diatom contribution as usually observed
in productive environments of the SO (Armand et al., 2008; Korb et al., 2012; Lasbleiz et al., 2016; Rembau-
ville et al., 2016a). Floats 107c and 104c, respectively deployed at low- and high biomass sites in the vicinity
of the Kerguelen Plateau, clearly reported the succession from a dominance of nano- to microplankton dur-
ing the spring/summer phytoplankton bloom (Figures 8 and 9). However, in November, the microplankton

Figure 7. Same a Figure 5 for float 037c.
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contribution was higher downstream of the Kerguelen Plateau
(>90%, Figure 9d) when compared to upstream (50–80%, Figure
8d). This observation is likely attributed to the higher iron avail-
ability downstream of the Kerguelen Plateau (Blain et al., 2008;
Qu�erou�e et al., 2015) that supports a phytoplankton bloom
clearly dominated by diatoms (Armand et al., 2008; Lasbleiz et al.,
2016). Moreover, float 104c reported a patch of microplankton
biomass in December below the mixed layer (150–200 m, Figure
9d). This could be interpreted as the export of diatoms at the end
of the bloom resulting from aggregation or other ecological pro-
cesses (e.g., resting spore formation) as previously described in
this area (Laurenceau-Cornec et al., 2015; Rembauville et al.,
2015). Particle detrainment associated with the shoaling of the
MLD could also explain the presence of phytoplankton biomass
below the mixed layer (Dall’Olmo et al., 2016).

The mean particle diameter within the mixed layer (dML, esti-
mated from high frequency cp variability) ranged 15 – 500 mm
(Figure 10). It represents an average of idealized spherical par-
ticles that hides an important diversity of particles sizes and
shapes in the ocean (e.g., parallelepiped pennate to spiny centric
diatoms, in single cells or chains, spherical to tabular faecal pel-
lets). However, although dML showed high variability at short
time scale, the values and seasonal patterns are broadly consis-
tent with the POC dynamics and the predicted plankton commu-
nity structure. Lowest dML (15–50 mm) was preferentially
observed in winter when %Cmicro was low and %Cnano was rela-
tively high. This value might be considered as an average for the
abundant nanoplankton (<20 mm) and the typically dominant
small microplankton in winter such as Thalassionema nitz-
schioides (<20 mm) and Fragilariopsis kerguelensis (�40 mm for
single cells) (Rembauville et al., 2015, 2016b; Rigual-Hern�andez
et al., 2015). By contrast, the highest dML values (200 - 500 mm)
were observed in summer during high POC, microplankton-
dominated phytoplankton blooms. These blooms are generally
composed of a mixture of chain forming (chain length >100 mm)
small diatoms (Pseudo-Nitzschia, Chaetoceros Hyalochaete, Odon-
tella), large diatoms such as Corethron pennatum (200 mm), Probo-
scia and Rhizosolenia (200–500 mm), large dinoflagellates
(Protoperidinium, Gyrodinium �100 mm) and even the giant dia-
tom Thalassiothrix (>1,000 mm length) (Armand et al., 2008;
Kopczy�nska et al., 1998; Lasbleiz et al., 2016; Rembauville et al.,

2016a). Interestingly, the late summer nanoplankton-dominated bloom North of Crozet was not associated
with any increase in dML that remained <50 mm (float 036b, January–March 2016, Figure 10b). This observa-
tion further supports the interpretation of the predicted high %Cnano and elevated Chl as a potential indica-
tor of Phaeocystis presence as both colony-bound and colony-free cells in the late summer North Crozet
Bloom (Poulton et al., 2007).

Despite the generally good agreement between the predicted carbon partitioning, the mean particle diam-
eter estimate, and the literature data, this approach has some limitations which need to be addressed. First,
the PLSR prediction has a RMSE of 14–26% depending on the considered plankton group. In the case of
picoplankton, the RMSE is larger than the highest predicted values (�10%). Second, the PLSR was trained
on a limited range of hydrological and optical data. Despite having selected BGC-floats with trajectories
included in the same zones as the SOCLIM stations, occasionally the float data could be outside the range
of variables used for training the PLSR. Should the PLSR be used in such situations, this would potentially

Figure 8. Same a Figure 5 for float 107c.
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lead to over/underestimation of %Cgroup (e.g., the predicted
%Cgroup might be slightly <0 or >1, supporting information Fig-
ure S3). Finally, the PLSR was calibrated with spring data when
non-living, detrital POC is likely to be a minor fraction of total POC
(reflected by a close to null intercept in the regression presented
in Figure 3a). The prediction in summer and autumn cannot
account for this non-living POC fraction, and the resulting view of
the plankton community is probably biased (e.g., underestimation
of the importance of heterotrophic protists at the end of the
bloom, Pearce et al., 2011; Christaki et al., 2014). For these reasons,
only broad seasonal and geographical trends of the predicted
%Cgroup can be discussed and absolute values should be carefully
compared to measurements from classical sampling. Despite these
limitations, except from localized coastal or neritic studies (e.g.,
Jeandel et al., 1998; Moline & Pr�ezelin, 1996), this approach pro-
vides insights into seasonal and geographical shifts in oceanic
plankton community composition in the SO at an unprecedented
temporal and spatial resolution. Additional data of bio-optical sig-
nals and plankton community composition collected during other
seasons (summer, autumn and winter) in the same biological prov-
ince would certainly increase the quality of the prediction by
improving the PLSR training and the cross-validation procedure.

3.3. Mixed Layer Community Structure and Particles
Dynamics in the Mesopelagic Ocean
Local studies have already demonstrated that plankton
assemblage shapes the magnitude and stoichiometry of
export fluxes (Rembauville et al., 2015; Salter et al., 2012), but
there is a need for a better understanding of the relationship
observed at a global scale between plankton community
structure in the upper layers, export intensity and transfer effi-
ciency into the deep ocean (Guidi et al., 2015; Henson et al.,
2012). The high spatial and temporal resolution of the floats
data and the biomass and community gradients observed
here allow us to study the relationship between mixed layer
plankton community composition and proxies of export (large
particles diagnosed from bbp and F spikes below 250 m).

A low occurrence of bbp spikes below 250 m (<1%) was
observed in autumn and winter when %Cnano was high (Figure 10).
Conversely, an increase in the bbp spikes (up to 2%) occurred
when microplankton dominated the mixed layer community

composition. Fluorescence spikes showed different patterns than bbp spikes and were specifically associated
with high biomass (POC >10 mmol m23) and microplankton-dominated conditions as seen by float 036b in
October-December 2015 (Figure 10b), float 037c in January–February 2015 (Figure 10c) and float 104c in
December 2016 (Figure 10e). Spikes in the bbp signal are generated by large particles (order of magnitude
1 mm, Briggs et al., 2011), likely attributed to faecal pellets and/or phytoaggregates. Zooplankton grazing
affects the composition of phytoplankton pigments and notably removes Mg21 from chlorophyll a, hence
resulting in the accumulation of non-fluorescent phaeopigments in the faecal pellets (Downs & Lorenzen,
1985). Conversely, in the case of phytoplankton senescence in the upper ocean, the degradation of the phy-
tyl chain of the chlorophyll a (Rontani et al., 1995) does not impact the fluorescence of the chlorin ring. Thus,
the bbp and fluorescence spikes occurrence in the mesopelagic ocean might reflect respectively the presence
of zooplankton faecal pellets (or other particles from heterotrophic origin) or relatively fresh phytoplankton
aggregates and senescent cells that were not subject to grazing. Float 104c reported a 1 month lag between
the high occurrence of bbp spikes in November and fluorescence spikes in December (Figure 10e). Moreover,

Figure 9. Same a Figure 5 for float 104c.

Journal of Geophysical Research: Oceans 10.1002/2017JC013067

REMBAUVILLE ET AL. PLANKTON ASSEMBLAGE BGC-ARGO 8287



the period of high fluorescence spikes below 250 m was concomitant with and restricted to the presence of a
microplankton patch predicted below the mixed layer in December (Figure 9e). By contrast, the period of sig-
nificant presence of bbp spikes extends from October to late January. These observations can be tentatively
interpreted as the signature of a temporal evolution in the relative dominance of different export vectors:
zooplankton faecal pellets during the initiation, apex and decline of microplankton bloom and phytoaggre-
gates only associated with the decline of the bloom. A temporal coupling between phytoplankton bloom and
faecal pellet export has already been reported in productive areas of the Southern Ocean (Manno et al., 2015;
Rembauville et al., 2015). It might be explained by the elevated sinking speed of faecal pellets that are
exported concomitantly with zooplankton grazing in the mixed layer (typically >100 m d21; Smayda, 1969).
The sinking of phytoplankton aggregates might result from nutrient limitation at the end of the phytoplank-
ton bloom (Thornton, 2002). Given the higher sinking speed and the mechanical protection of the faecal pel-
lets, they might be associated with a high transfer efficiency to the mesopelagic ocean (Cavan et al., 2017).
However, because of the very different composition and sinking speed of these export vectors, the carbon
export fluxes associated with the bbp and fluorescence spikes cannot be quantified here.

Figure 10. Mean POC in the mixed layer (POCML), mean particles diameter in the mixed layer (dML), mean contribution of nano- and microplankton to total plank-
ton carbon in the mixed layer, and occurrence of bbp and fluorescence spikes below 250 m for the five BGC-Argo floats.
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4. Conclusion

During the SOCLIM cruise, plankton carbon was partitioned among bacteria, pico-, nano- and microplankton
and the associated hydrological and optical parameters were collected. Based on a statistical multivariate
regression, the carbon partitioning between these plankton groups can be reasonably estimated from the
hydrological and optical properties. This allows a prediction of plankton carbon partitioning based on BGC-
Argo float data located in the vicinity of ship-based observations. The seasonal and geographical patterns of
the predicted plankton carbon partitioning appears consistent with literature data and agree with an indepen-
dent estimate of the mean particles size within the mixed layer based on high frequency cp variability.

This methodology can be used to address specific biogeochemical questions such as the impact of plankton
community structure on the distribution of particles in the upper mesopelagic. Microplankton-dominated
conditions lead to an increase in the occurrence of spikes in the bbp signal in the mesopelagic attributed to
large particles such as faecal pellets. More specifically, intense microplankton blooms are associated with
the presence of large fluorescent particles below 250 m interpreted as the export of fresh phytoaggregates.
These results suggest that microplankton blooms of high magnitude might lead to the export of relatively
fresh large particles below the winter mixed layer depth.

Thanks to the acquisition of a dedicated data set allowing relationships between plankton composition and
optical proxies to be established, this study emphasizes the potential of profiling floats to propagate these
relationships in space and time over the float life-time. In the SO, climate change is likely to impact the
plankton community structure (Alvain et al., 2013; Boyd et al., 2016; Davidson et al., 2016; Petrou et al.,
2016) and long observational time series are currently missing to document such changes. Autonomous
platforms are powerful tools that can document important ecological and biogeochemical processes cur-
rently under-sampled by classical ship-based oceanographic cruises. Together with local biologically-
resolved studies and other float-based estimates of carbon fluxes (Estapa et al., 2017) or chemical parame-
ters (Sauzède et al., 2017), this approach allows to fill observational gaps and might help to document at
large scale potential shifts in plankton community structure and the associated changes in the functioning
of the biological pump.
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Sauzède, R., Claustre, H., Pasqueron de Fommervault, O., Bittig, H., Gattuso, J.-P., Legendre, L., & Johnson, K. S. (2017). Estimates of water-
column nutrients and carbonate system parameters in the global ocean: A novel approach based on neural networks. Frontiers in
Marine Science, 4, 128. https://doi.org/10.3389/fmars.2017.00128

Schmechtig, C., Poteau, A., Claustre, H., D’ortenzio, F., Dall’olmo, G., & Boss, E. (2015). Processing Bio-Argo particle backscattering at the
DAC level. Argo Data Management, https://doi.org/10.13155/39459

Simon, M., Cho, B. C., & Azam, F. (1992). Significance of bacterial biomass in lakes and the ocean: Comparison to phytoplankton biomass
and biogeochemical implications. Marine Ecology Progress Series, 86, 103–111. https://doi.org/10.3354/meps086103

Smayda, T. J. (1969). Some measurements of the sinking rate of fecal pellets. Limnol.ogy and Oceanography, 14(4), 621–625. https://doi.org/
10.4319/lo.1969.14.4.0621

Stramski, D., & Kiefer, D. A. (1991). Light scattering by microorganisms in the open ocean. Progress in Oceanography, 28(4), 343–383.
https://doi.org/10.1016/0079-6611(91)90032-H

Stramski, D., Reynolds, R. A., Babin, M., Kaczmarek, S., Lewis, M. R., R€ottgers, R., . . . Claustre, H. (2008). Relationships between the surface
concentration of particulate organic carbon and optical properties in the eastern South Pacific and eastern Atlantic Oceans. Biogeoscien-
ces, 5(1), 171–201. https://doi.org/10.5194/bg-5-171-2008

Stramski, D., Reynolds, R. A., Kahru, M., & Mitchell, B. G. (1999). Estimation of particulate organic carbon in the ocean from satellite remote
sensing. Science, 285(5425), 239–242.

Swart, S., Speich, S., Ansorge, I. J., & Lutjeharms, J. R. E. (2010). An altimetry-based gravest empirical mode south of Africa: 1. Development
and validation. Journal of Geophysical Research, 115, C03002. https://doi.org/10.1029/2009JC005299

Thomalla, S. J., Fauchereau, N., Swart, S., & Monteiro, P. M. S. (2011). Regional scale characteristics of the seasonal cycle of chlorophyll in
the Southern Ocean. Biogeosciences, 8(10), 2849–2866. https://doi.org/10.5194/bg-8-2849-2011

Thomalla, S. J., Racault, M.-F., Swart, S., & Monteiro, P. M. S. (2015). High-resolution view of the spring bloom initiation and net community
production in the Subantarctic Southern Ocean using glider data. ICES Journal of Marine Sciences, 72(6), 1999–2020. https://doi.org/10.
1093/icesjms/fsv105

Thornton, D. C. O. (2002). Diatom aggregation in the sea: Mechanisms and ecological implications. European Journal of Phycology, 37(2),
149–161. https://doi.org/10.1017/S0967026202003657

Uitz, J., Claustre, H., Griffiths, F. B., Ras, J., Garcia, N., & Sandroni, V. (2009). A phytoplankton class-specific primary production model applied
to the Kerguelen Islands region (Southern Ocean). Deep Sea Research Part I: Oceanographic Research Papers, 56(4), 541–560. https://doi.
org/10.1016/j.dsr.2008.11.006

Vaillancourt, R. D., Brown, C. W., Guillard, R. R. L., & Balch, W. M. (2004). Light backscattering properties of marine phytoplankton: Relation-
ships to cell size, chemical composition and taxonomy. Journal of Plankton Research, 26(2), 191–212. https://doi.org/10.1093/plankt/
fbh012

Verity, P. G., Robertson, C. Y., Tronzo, C. R., Andrews, M. G., Nelson, J. R., & Sieracki, M. E. (1992). Relationships between cell volume and the
carbon and nitrogen content of marine photosynthetic nanoplankton. Limnology and Oceanography, 37(7), 1434–1446. https://doi.org/
10.4319/lo.1992.37.7.1434

Volten, H., de Haan, J. F., Hovenier, J. W., Schreurs, R., Vassen, W., Dekker, A. G., . . . Wouts, R. (1998). Laboratory measurements of angular
distributions of light scattered by phytoplankton and silt. Limnology and Oceanography, 43(6), 1180–1197. https://doi.org/10.4319/lo.
1998.43.6.1180

Whitmire, A. L., Pegau, W. S., Karp-Boss, L., Boss, E., & Cowles, T. J. (2010). Spectral backscattering properties of marine phytoplankton cul-
tures. Optics Express, 18(14), 15073. https://doi.org/10.1364/OE.18.015073

Xing, X., Claustre, H., Blain, S., D’ortenzio, F., Antoine, D., Ras, J., & Guinet, C. (2012). Quenching correction for in vivo chlorophyll fluores-
cence acquired by autonomous platforms: A case study with instrumented elephant seals in the Kerguelen region (Southern Ocean).
Limnology and Oceanography Methods, 10, 483–495. https://doi.org/10.4319/lom.2012.10.483

Xing, X., Morel, A., Claustre, H., Antoine, D., D’ortenzio, F., Poteau, A., & Mignot, A. (2011). Combined processing and mutual interpretation
of radiometry and fluorimetry from autonomous profiling Bio-Argo floats: Chlorophyll a retrieval. Journal of Geophysical Research, 116,
C06020. https://doi.org/10.1029/2010JC006899

Journal of Geophysical Research: Oceans 10.1002/2017JC013067

REMBAUVILLE ET AL. PLANKTON ASSEMBLAGE BGC-ARGO 8292

https://doi.org/10.5194/bg-12-3869-2015
https://doi.org/10.5194/bg-12-3869-2015
https://doi.org/10.5194/bg-12-3171-2015
https://doi.org/10.5194/bg-12-3171-2015
https://doi.org/10.1002/lno.10291
https://doi.org/10.1002/lno.10291
https://doi.org/10.1002/lom3.10185
https://doi.org/10.5194/bg-12-5309-2015
https://doi.org/10.1016/1010-6030(94)03891-W
https://doi.org/10.1126/science.1097403
https://doi.org/10.1029/2010GB003977
https://doi.org/10.1029/2010GB003977
https://doi.org/10.3389/fmars.2017.00128
https://doi.org/10.13155/39459
https://doi.org/10.3354/meps086103
https://doi.org/10.4319/lo.1969.14.4.0621
https://doi.org/10.4319/lo.1969.14.4.0621
https://doi.org/10.1016/0079-6611(91)90032-H
https://doi.org/10.5194/bg-5-171-2008
https://doi.org/10.1029/2009JC005299
https://doi.org/10.5194/bg-8-2849-2011
https://doi.org/10.1093/icesjms/fsv105
https://doi.org/10.1093/icesjms/fsv105
https://doi.org/10.1017/S0967026202003657
https://doi.org/10.1016/j.dsr.2008.11.006
https://doi.org/10.1016/j.dsr.2008.11.006
https://doi.org/10.1093/plankt/fbh012
https://doi.org/10.1093/plankt/fbh012
https://doi.org/10.4319/lo.1992.37.7.1434
https://doi.org/10.4319/lo.1992.37.7.1434
https://doi.org/10.4319/lo.1998.43.6.1180
https://doi.org/10.4319/lo.1998.43.6.1180
https://doi.org/10.1364/OE.18.015073
https://doi.org/10.4319/lom.2012.10.483
https://doi.org/10.1029/2010JC006899

	l
	l

