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Abstract This study investigates the variability in the spectral absorption of phytoplankton in Antarctic
waters. A large in situ data set comprising phytoplankton pigments and hyperspectral absorption was
measured in the northern tip of Antarctic Peninsula during 2013 and 2014 summers at several depths.
A proxy of package effect was estimated from the phytoplankton absorption spectra, independently of
chlorophyll a. Variations in the concentration of photosynthetic and photoprotective pigments were
discernible by changes in this metric but not in the chlorophyll a specific absorption coefficient of phyto-
plankton. The fucoxanthin to chlorophyll a ratio correlated positively to package effect due to an increase in
cell size of phytoplankton (diatoms) and increasing fucoxanthin content per cell to maximize light harvest-
ing in depth. The package effect was found to covary inversely with photoprotective pigments relative to
chlorophyll a, partially due to their contribution to enhance absorption in the blue part of the spectrum.
Using a cluster analysis (k-means algorithm) on the phytoplankton absorption spectra, we illustrate the
capacity to identify a regular increase in the degree of package effect. This approach can be useful to clas-
sify the phytoplankton assemblages in Antarctic waters according to different degrees of pigment packag-
ing, each one related to a specific pigment composition. Our results demonstrate the potential for this
classification at different temporal and spatial scales from ocean color satellite data. This should improve
our understanding of deviations in global bio-optical algorithms when applied to the Southern Ocean.

1. Introduction

It has long been assumed that phytoplankton in Antarctica is under chronic low light, compared to that of
lower latitude communities, due to larger solar zenith angles, cloud cover, and deeper vertical mixing
[Mitchell and Holm-Hansen, 1991; Mitchell, 1992]. Early works in the Southern Ocean reported low light chl
a-specific (i.e., per unit of chlorophyll a concentration) particulate absorption and attenuation [Mitchell and
Holm-Hansen, 1991], diffuse vertical attenuation [Mitchell, 1992], and phytoplankton absorption [Sosik et al.,
1992] in the Antarctic Peninsula. Low chl a-specific absorption coefficients of phytoplankton, a*ph(k)
(m2 mg21) observed at low irradiances result from an increase of chlorophyll a per cell to increase light har-
vesting (pigment packaging in the sense of Duysens [1956]) and also from a decrease of the proportion of
photoprotective carotenoid pigments which enhance the magnitude of a*ph(k) [Mitchell, 1992].

Consequences of low a*ph(k) include an increase in the remote sensing reflectance (especially in the blue
part of the spectrum) and, in turn, an underestimation of chlorophyll a concentration retrieved by global
standard ocean color algorithms in the Southern Ocean [Mitchell and Holm-Hansen, 1991; Dierssen and
Smith, 2000; Garcia et al., 2005, Marrari et al., 2006; Szeto et al., 2011; Johnson et al., 2013]. Uncertainties in
the chlorophyll algorithms in Antarctic waters were also associated with variations of phytoplankton taxo-
nomic composition along a latitudinal gradient [Johnson et al., 2013] and low backscattering coefficients in
the green part of the spectrum at high chlorophyll a [Dierssen and Smith, 2000]. Hence, several regional
chlorophyll algorithms for the Antarctic Peninsula have been proposed [e.g., Mitchell and Holm-Hansen,
1991; Dierssen and Smith, 2000; Marrari et al., 2006; Kahru and Mitchell, 2010; Szeto et al., 2011].

Key Points:
� Variations in photosynthetic and

photoprotective pigments are not
discernible by changes in the
chlorophyll-specific absorption of
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� A cluster analysis identifies a regular
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� A regular increase in the degree of

package effect is associated with an
increase of fucoxanthin and decrease
of photoprotective pigments relative
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While absorption properties may be different for Antarctic waters, the phytoplankton absorption has not
been extensively studied in the region [Mitchell and Holm-Hansen, 1991; Sosik et al., 1992; Stambler et al.,
1997; Stambler, 2003; Arrigo et al., 1998; Dierssen and Smith, 2000; Reynolds et al., 2001]. Some of those stud-
ies evidenced that, as in most of the oceans, the phytoplankton absorption characteristics are dependent
on the cell size, taxonomic, and pigment composition of phytoplankton and can resemble those in temper-
ate waters [Arrigo et al., 1998; Dierssen and Smith, 2000].

Alderkamp et al. [2010] hypothesized that photodamage incurred during the high irradiance period of the
vertical mixing cycle, rather than light limitation, controls phytoplankton growth in regions of the Southern
Ocean with deep mixed layers. Vertical mixing imposes intense irradiance fluctuations, from relatively high
irradiance near the water surface to complete darkness below the euphotic zone [van de Poll et al., 2009].
Indeed, recent studies reported the presence of photoprotective pigments of phytoplankton in response to
large vertical mixing depths in different regions in Antarctica such as the African sector of the Southern
Ocean [Alderkamp et al., 2010], the Drake passage [Alderkamp et al., 2011], the Amundsen Sea [Alderkamp
et al., 2013], the Sub-Antarctic and Polar Frontal Zone [Cheah et al., 2013], around the Shetland Islands
[Garc�ıa-Mu~noz et al., 2014], and the Ross Sea [Neale et al., 2009, 2012]. Logically, the role of vertical mixing
on photoprotection cannot be generalized for the entire Southern Ocean that includes open ocean and
coastal areas with very different environmental and light conditions. Despite the observations of high pro-
portion of pigments devoted to photoprotection of phytoplankton in the Southern Ocean, no study explic-
itly investigated the influence of photosynthetic and photoprotective pigments on both a*ph(k) and the
spectral variability of the phytoplankton absorption coefficient, aph(k).

Using a large data set of phytoplankton pigments and spectral absorption determined by current state-of-
the-art methodologies (HPLC and spectrophotometry with an integrating sphere) collected in the northern
tip of the Antarctic Peninsula, we (i) investigate the effect of chlorophyll a, photosynthetic and photoprotec-
tive pigments on variations in a*ph(k); (ii) quantify the degree of package effect of the aph(k) spectra; and
(iii) characterize the spectral variability and features in aph(k). For the second objective, a metric for pigment
packaging was estimated from the aph(k) spectra, independently of chlorophyll a concentration. We antici-
pate that variations in the concentration of photosynthetic and photoprotective pigments were more dis-
cernible by changes in this metric than in a*ph(k).

2. Materials and Methods

2.1. Sampling
Data were collected during two oceanographic cruises in the northern tip of the Antarctic Peninsula in the
austral summers of 2013 (14 February to 3 March) and 2014 (8–24 February). The study area covered the
Gerlache Strait (GS), which separates the Palmer Archipelago from the Peninsula, the Bransfield Strait (BS),
between the southern Shetland Islands and the Peninsula, and the northwestern Weddell Sea (NWW). In
2013, stations in NWW were performed as close as possible to the marginal ice zone to investigate the influ-
ence of ice melting on the phytoplankton community structure (outside of the scope of the present work).
Summer 2013 showed an unusual ice extension in the Weddell Sea, pushed northward toward lower lati-
tudes (http://earthobservatory.nasa.gov/). Twelve of the 29 stations performed in 2013 on the marginal ice
zone in NWW were sampled in 2014 to compare the same geographical location near (2013) and far away
from (2014) the sea ice. Therefore, some of the differences in the phytoplankton abundance and taxonomy
in NWW between both years are likely associated with the distance to the ice zone.

Some of the stations sampled in the southeastern BS were not visited in 2014, and eight additional stations
were performed near the Elephant Island (Figure 1). In 2014, two stations were visited in NWW distant to
the main domain of sampling, i.e., near the coast and ice edge in NWW, to sample waters visually character-
ized by a very high transparency. This area will be denoted hereafter as NWWHT (HT denotes ‘‘high transpar-
ency’’). A total of 89 and 70 stations were sampled in 2013 and 2014, respectively (Figure 1).

The euphotic depth (Zeu) is defined as the depth where the photosynthetically available radiation is 1% of
that observed at surface. Zeu varied from 34 to 117 m, with an identical average of 61 m for each cruise. At
stations performed at night, Zeu was estimated by an empirical relationship derived from measured Zeu and
chlorophyll a concentration, [Chl a], measured at 5 m for the stations performed during daylight
(log10(Zeu) 5 – 0.45 3 log10([Chl a]) 1 1.79; R2 5 0.72; p< 0.00001; N 5 78). A statistical relationship was also
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established between Zeu and [Chl a] integrated along the water column, but a lower significance was found
compared to that considering [Chl a] at 5 m. The first optical depth, Z37%, at which the downward irradiance
falls to 1/e (or 37%) of its value just below the surface, was obtained as Zeu divided by 4.6 (5ln 100) [Gordon
and McCluney, 1975; Gordon and Morel, 1983]. The depth where the downward irradiance falls to 10% of its
value just below the surface was computed as Zeu divided by 2.3 (5ln 10), Z10%. A number of 165 samples
belonged to the layer between surface and Z37%, denoted as L>37%, and 98 samples were encountered
between Z37% and Z10%. This layer is denoted as L37–10%. A number of 281 samples were below Z10%, and
this layer is hereafter referred as L<10%. The means of Z37% and Z10% were 12.83 and 25.67 m, respectively.
Therefore, L>37%, L37–10%, and L<10% comprised mostly samples at 5 m, 15 and 25 m, and 50–100 m, respec-
tively. Note that many samples in L<10% were below Zeu.

2.2. HPLC Pigment Analysis
Concentrations of chlorophyll a and accessory pigments of phytoplankton were measured by high-
performance liquid chromatography (HPLC), using the procedure described by Mendes et al. [2007, 2012].
For most of the stations, discrete water samples (1–2 L) were collected at 5, 15, 25, 50, 75, and 100 m. At sta-
tions performed during night, samples were collected only at 5 m. Samples were filtered onto 25 mm glass
fiber filters (Whatman GF/F) for postcruise analysis.

The concentrations of monovinyl chlorophyll a, divinyl chlorophyll a, chlorophyll a epimers and allomers,
chlorophyllide a, pheophytin a, and pheophorbide a were summed up and referred to as total chloro-
phyll a (denoted as [TChl a]). The degradation products of chlorophyll a were included in [TChl a] follow-
ing Bricaud et al. [1995, 2004] to keep consistency for comparisons to Bricaud et al.’s studies. Note that
the proportion of degradation products were low (means of 3, 3, and 6% in L>37%, L37–10%, and L<10%,
respectively).

Accessory pigments determined by HPLC included: chlorophyll b; chlorophyll c1, chlorophyll c2, and chloro-
phyll c3; prasinoxanthin, fucoxanthin, 190-hexanoyloxyfucoxanthin, 190-butanoyloxyfucoxanthin, peridinin,
diadinoxanthin, diatoxanthin, alloxanthin, zeaxanthin, b-carotene, and a-carotene. We grouped the acces-
sory pigments into photosynthetic carotenoids (denoted as PSC), consisting of fucoxanthin, 190-
hexanoyloxyfucoxanthin, 190-butanoyloxyfucoxanthin, peridinin, prasinoxanthin, and a-carotene; and pho-
toprotective carotenoids (denoted as PPC), consisting of alloxanthin, diadinoxanthin, diatoxanthin, zeaxan-
thin, and b-carotene. The photosynthetic pigment concentration, [PSC], was primarily determined by
fucoxanthin (17–93%), followed by 190-hexanoyloxyfucoxanthin (3–66%) and 190-butanoyloxyfucoxanthin

Figure 1. Geographic locations of the sampling stations in the Gerlache Strait (GS, triangles), Bransfield Strait (BS, stars), and northwestern Weddell Sea (NWW, circles). NWWHT denotes
‘‘high transparency,’’ with two stations sampled in 2014 (asterisks). In GS, BS, and NWW, most of the stations of 2013 were sampled in 2014 and are indicated with the edge markers in
black.
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(1.6–27%). Diadinoxanthin (8–100%), alloxanthin (0–85%), diatoxanthin (0–41%), and b-carotene (0–33%)
were the photoprotective pigments that mostly contributed to [PPC].

2.3. CHEMTAX Analysis of Pigment Data
The relative abundance of phytoplankton taxonomic groups contributing to monovinyl chlorophyll a con-
centration was estimated from pigment data using CHEMTAX v1.95 chemical software [Mackey et al., 1996].
This approach requires as input a matrix with initial diagnostic pigment to chlorophyll a concentration ratios
that are representative of the region of interest. The initial pigment ratios of the major algal classes were
obtained from pigment matrices used in studies from the western Antarctica Peninsula that included
microscopy data sets to anticipate the CHEMTAX grouping [Rodriguez et al., 2002; Kozlowski et al., 2011]. In
order to minimize variations in pigment ratios with irradiance and/or nutrient availability along the vertical,
data were split into two bins according to sample depth (0–50 and 50–100 m) [Mendes et al., 2012]. An out-
put matrix of the diagnostic pigment to chlorophyll a concentration is obtained by using a factor analysis
and steepest-descent algorithm that points out the best fit of the data to an initial pigment ratio matrix
[Mackey et al., 1996]. The CHEMTAX procedure used in this work is described in detail by Mendes et al.
[2012].

Based on previous works in the studied region and the diagnostic pigments detected in our samples, the
following algal groups were loaded into the CHEMTAX running: diatoms, dinoflagellates, Phaeocystis antarc-
tica, cryptophytes, and green flagellates. We also included peridinin-lacking autotrophic dinoflagellates
and diatoms with chlorophyll c3 as a single chemotaxonomic group, denoted here as dinof2/diato2. This
mixed group is characterized by a pigment signature that includes chlorophyll c3, chlorophyll c2, 190-
butanoyloxyfucoxanthin, fucoxanthin, and 190-hexanoyloxyfucoxanthin [Wright and Jeffrey, 2006]. Previous
surveys evidenced that dinof2/diato2 is an important contributor to the phytoplankton assemblage in the
eastern Antarctic Peninsula (as confirmed in this study), with dominances of the dinoflagellate Gymnodi-
nium spp. (<20 mm) and the diatom Pseudo-nitzschia spp. (<10 mm) [Mendes et al., 2012, 2013]. Reasonable
agreements have been observed between HPLC-CHEMTAX and microscope-derived biomass of representa-
tive taxonomic groups in the Antarctic Peninsula [e.g., Mendes et al., 2012].

2.4. Determination of Phytoplankton Absorption Coefficients
A volume of 1–2 L of water was concentrated on GF/F filters and immediately preserved in liquid nitrogen.
Absorption of particulate material was determined using the TR method of Tassan and Ferrari [1995] using a
spectrophotometer (Lambda 35, Perkin Elmer) with an integrating sphere. Optical density (OD, no unit) of
samples and blank filters were first measured against air from 390 to 750 nm at the entrance of the sphere
and then placed directly against the exit of the sphere, backed with a light trap, for a second scan. Blanks
and sample filters were treated with a few drops of 0.5% NaClO for 10–15 min and then carefully washed
with 0.2 lm filtered seawater. The extracted filters were measured as described above. Using the correction
of pathlength amplification described in Tassan et al. [2000], the OD values were converted into absorption
coefficients after subtraction of values averaged between 745 and 750 nm (null correction) and correction
for the filtered volume and the clearance area of the filter. The spectral absorption coefficients of phyto-
plankton, aph(k) in m21, were computed as the difference between absorption coefficients before (total par-
ticulate) and after (detritus) the NaClO extraction. To examine differences in the shape of phytoplankton
absorption spectra, each phytoplankton absorption spectrum was normalized by the average of all values
between 400 and 700 nm [Garver et al., 1994]. The normalized spectrum is denoted as a<ph>(k).

2.5. Estimation of the Package Effect From Phytoplankton Absorption Spectra
Ciotti et al. [2002] developed a model that reconstructs the shape of a<ph>(k) using a linear combination of
two spectra representing complementary contributions of the smallest (picophytoplankton) and largest cell
sizes (microphytoplankton). We used a least squares Levenberg-Marquardt algorithm to fit each observed
a<ph>(k) spectrum to a linear model by adjusting the values of the derived parameter, Sf [Ciotti et al., 2002,
equation 3]. This procedure yields an estimate of Sf (no unit) that is consistent with a given observed spec-
trum of a<ph>(k) and the model-reconstructed spectrum of a<ph>(k). The picophytoplankton vector used
here was provided by Ciotti and Bricaud [2006]. The values of Sf are constrained to vary from 0 to 1. Sf tends
to 0 when large cells of phytoplankton (>20 lm) are dominant, and 1 when small cells (<2 lm) dominate.
Originally Sf is referred to as the ‘‘size factor’’ [in the sense of Ciotti et al., 2002], as most of the variability in
the package effect of phytoplankton absorption is controlled by the dominant cell size. With an increase in
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accessory pigment concentrations that does not covary with chlorophyll a concentration and algal size, the
blue-to-red ratio of absorption tends to increase and the absorption spectra become less flat. Thus, Sf is a
proxy for combined changes of pigment packaging due to increases of cell size and the concentration of
accessory pigments. As the Sf model was established for surface waters, its use to samples collected also in
depth (this study) reveal photoacclimation responses to the vertical light variation.

2.6. Cluster Analysis
We performed a cluster analysis for grouping the observed shapes of phytoplankton absorption spectra,
a<ph>(k). The k-means clustering, implemented in MATLAB (kmeans.m routine), was chosen as an iterative
algorithm that assigns objects to clusters so that the sum of distances from each object to its cluster cen-
troid, over all clusters, is minimum. The squared Euclidian distance was used, in a way that each centroid is
the mean of the points (i.e., an average a<ph>(k) spectrum) in a cluster. By default, k-means begins the clus-
tering process using a randomly selected set of initial centroid locations. The algorithm reassigns points
among clusters to decrease the sum of point-to-centroid distances and recomputes cluster centroids for the
new cluster assignments. This approach differs from the Hierarchical Cluster Analysis, usually used to group
sets of optical spectra [Lubac and Loisel, 2007; Taylor et al., 2011; Torrecilla et al., 2011; Uitz et al., 2015], which
builds a hierarchical cluster tree. The number of appropriate clusters using the k-means method is chosen
after inspection of a silhouette diagram, which displays a measure of how close a given sample is to its
assigned cluster [Kaufmann and Rousseeuw, 1990]. The value in the silhouette diagram ranges from 21 to
11. A high silhouette value indicates that a sample is well matched to its own cluster, and poorly matched
to neighboring clusters (see later). If most points have a high silhouette value, then the clustering solution
is appropriate. If many samples have a low or negative silhouette value, then the clustering solution may
have either too many or too few clusters. The k-means method provided groups in which the spectra within
a given cluster were less variable than those provided by the Hierarchical Cluster Analysis for our a<ph>(k)
data set.

3. Results and Discussion

Three hydrographical conditions were observed at surface during the 2013 surveys: warmer and less salty
waters in the Gerlache Strait (GS, 20.11 to 2.158C; mean of 0.99; and 33.78–34.39; mean of 34.01), intermedi-
ate temperature and saltier waters in the Bransfield Strait (BS, 21.52 to 1.868C; mean of 0.59; and 33.78–
34.33; mean of 34.13), and colder and less salty waters in the northwestern Weddell Sea (NWW, 21.26 to
1.128C; mean of 20.39; and 33.55–34.40; mean of 33.82), revealing the proximity to the ice edge. In 2014, a
noteworthy feature was the warmer (–0.54 to 1.32; mean of 0.32) and saltier surface waters (34–34.5; mean
of 34.15) in NWW compared to 2013, as the sampling in the Weddell Sea was not close to the ice edge as in
the previous year. This was also revealed by very deeper mixed layer depths, defined as the depth where
occurs a change of density of 0.05 kg m23 relative to the surface, ZMLD (98 m) compared to 2013 (55 m) in
NWW. The average ZMLD was 29 m (2013) and 71 m (2014) in BS and 71 m (2013) and 55 m (2014) in GS.
The ZMLD was shallower than Zeu at most of the stations (Table 1), revealing vertically stratified waters [Uitz
et al., 2006]. Figure 2 shows a typical profile in BS (2013) of temperature, salinity, and pigment ratios of phy-
toplankton, with Zeu and ZMLD also shown. A increase of [PSC]/[TChl a] followed by a decrease of [PPC]/
[TChl a] along depth indicates that phytoplankton is close to being light-limited below ZMLD (Figure 2).

The ranges of [TChl a] were similar in 2013 (0.10–3.03 mg m23) and 2014 (0.12–2.99 mg m23), however
with differences among regions (Table 1). The main contributors to the phytoplankton biomass, as esti-
mated by CHEMTAX, were diatoms, dinof2/diato2 and cryptophytes, although in 2013 P. antarctica made an
important contribution in GS (18–45% in L>37%). A detailed description of the phytoplankton composition
observed in GS is found in Mendes et al. [2017]. In BS, the proportion of diatoms was low to moderate in
2013 (13–58% in L<37%), but contributed substantially to the phytoplankton biomass in all regions in 2014
(0–81% in L>37%). In 2013, dinof2/diato2 was dominant in NWW (up to 77% in L>37%), with contributions of
about two-to-threefold larger in 2014 in both GS and BS and reaching 83% in L<10% in GS. The presence of
cryptophytes was always important (Table 1), excepted in BS during 2013 (mean of 9% in L>37%) and in
NWW during 2014 (mean of 8% in L>37%). In the two stations sampled in NWWHT in 2014, CHEMTAX
revealed diatom-dominated assemblages, with contributions up to 77% in L>37%. As will be next seen from
their absorption spectra, it is very unlikely that those samples contained a high proportion of diatoms.
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Table 1. The Range and Mean Values of the Ratio of Zeu/ZMLD, Total Chlorophyll a Concentration and the Percentage of Contribution of
the Main Taxonomic Groups of Phytoplankton Estimated by CHEMTAX

Region Zeu/ZMLD Depth [TChl a] (mg m23) Diatom (%) dinof2/diato2 (%) Cryptophyte (%) P. antarctica (%) N

2013
GS 0.8–8 (3.1) L>37% 0.71–1.47 (1.09) 13–58 (30) 4–13 (7) 7–52 (30) 18–45 (35) 9

L37–10% 0.80–1.27 (1.11) 7–58 (29) 2–11 (6) 7–77 (33) 13–46 (31) 6
L<10% 0.20–1.26 (0.46) 16–56 (39) 3–37 (17) 0–46 (9) 20–48 (28) 9

BS 0.2–6.3 (1.3) L>37% 0.36–3.03 (1.27) 18–86 (59) 1–41 (12) 0–29 (9) 6–35 (16) 44
L37–10% 0.47–2.23 (1.48) 5–86 (54) 1–40 (15) 0–29 (11) 9–33 (18) 16
L<10% 0.15–2.65 (0.96) 16–89 (60) 2–46 (15) 0–22 (6) 5–31 (15) 34

NWW 0.4–4.1 (1.5) L>37% 0.71–2.25 (1.23) 3–24 (9) 16–77 (41) 0–65 (36) 0–8 (5) 31
L37–10% 0.35–0.80 (1.12) 3–22 (10) 23–78 (46) 0–62 (28) 0–8 (5) 28
L<10% 0.10–1.76 (0.61) 1–39 (18) 21–85 (56) 1–71 (15) 0–11 (5) 66

2014
GS 0.9–15.5 (4.8) L>37% 0.99–2.20 (1.66) 20–48 (35) 4–31 (14) 24–66 (45) 1–8 (4) 14

L37–10% 0.41–1.68 (1.18) 29–51 (36) 9–44 (26) 2–56 (30) 2–9 (5) 7
L<10% 0.16–2.67 (0.88) 1–57 (39) 3–83 (28) 2–70 (24) 2–13 (7) 12

BS 0.4–7.5 (1.8) L>37% 0.29–2.99 (1.37) 0–81 (21) 5–69 (32) 0–94 (38) 0–14 (5) 36
L37–10% 0.40–2.87 (1.24) 0–80 (32) 8–64 (31) 2–90 (28) 2–11 (6) 20
L<10% 0.14–2.27 (0.63) 0–79 (41) 9–62 (28) 3–87 (20) 1–20 (7) 47

NWW 0.4–4.2 (0.9) L>37% 0.31–1.67 (0.74) 4–36 (19) 47–76 (61) 0–24 (8) 0–9 (3) 15
L37–10% 0.44–1.62 (0.98) 7–52 (26) 36–67 (53) 0–26 (13) 0–10 (3) 13
L<10% 0.15–0.71 (0.74) 20–61 (43) 17–64 (33) 3–27 (11) 0–22 (6) 35

NWWHT 1.6–2.9a L>37% 0.12–0.16 (0.13) 72–77 (75) 1–3 (2) 0 19–22 (20) 4
L37–10% 0.13–0.16 (0.14) 61–62 (62) 7–7 (7) 3–7 (5) 20–25 (23) 2
L<10% 0.14–0.24 (0.18) 8–20 (13) 42–58 (48) 1–3 (2) 15–25 (19) 6

aThe mean of Zeu/ZMLD is not shown as values in NWWHT correspond to two stations.

Figure 2. Example of typical vertical profiles of (left) temperature (thick grey line, T8C) and salinity (thin black line, S) and (right) [PSC]/[TChl a]
and [PPC]/[TChl a] observed in the Bransfield Strait in 2013. The mixed layer depth (ZMLD) and the euphotic depth (Zeu) are also shown.
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These discrepancies are probably related to very different pigment composition compared to the main
domain of our sampling, that is, close to the coast and the ice edge near the tip of Antarctic Peninsula
(Figure 1). Previous studies characterized the distribution and composition of phytoplankton assemblages
in relation to environmental conditions in GS [Rodriguez et al., 2002; Varela et al., 2002; Mendes et al., 2017],
BS [Rodriguez et al., 2002; Varela et al., 2002; Mendes et al., 2012, 2013; Garc�ıa-Mu~noz et al., 2013; Gonçalves-
Ara�ujo et al., 2015], and NWW [Kang et al., 2001; Garc�ıa-Mu~noz et al., 2013]. These studies observed that the
water column stability is one of the most important factors determining the distribution of biomass and
taxonomic composition of phytoplankton around the Antarctic Peninsula.

3.1. Variability in the Specific Absorption Coefficients of Phytoplankton
The absorption coefficients of phytoplankton at 440 and 676 nm, aph(440) and aph(676), varied broadly,
from about 0.006 to 0.135 and 0.002 to 0.064 m21, respectively, accompanying the large variability in [TChl a]
(Figure 3). The chl a-specific absorption coefficient of phytoplankton at 440 nm, a*ph(440), ranged from
about 0.020 to 0.102, 0.015 to 0.094, and 0.022 to 0.086 m2 (mg chl a)21 in L>37%, L37–10%, and L<10%, respec-
tively, with averages virtually identical (0.043, 0.044, and 0.044 m2 (mg chl a)21). The chl a-specific absorp-
tion coefficient of phytoplankton at 676 nm, a*ph(676), varied less than a*ph(440), from 0.010 to 0.045, 0.007
to 0.045, and 0.012 to 0.034 m2 (mg chl a)21 for L>37%, L37–10%, and L<10%, respectively (identical average of
0.021 m2mg chl a)21 for each of 3 layers). Values of a*ph(676) are noticeably higher compared to what is
generally reported in literature and this is probably associated with very small cell size of phytoplankton,
low pigment concentration per cell and also the presence of chlorophyll b.

Values of a*ph(440) and a*ph(676) did not differ statistically among depths (ANOVA and multiple comparison
test). Therefore, an empirical relationship between aph(440) and aph(676) and [TChl a] was determined on
the basis of all data in the form of a power law (Figure 3). Figure 3 also shows the power law relationship
obtained by Bricaud et al. [1995] (B95) based on different regions of the world ocean, not including the
Southern Ocean. Despite some deviation of our data to the extremes of B95’s line, our values of aph(440)
and aph(676) seem to be reasonably well represented by B95 and are within the dispersion of the global
data, i.e., a factor of 4 for a given [TChl a].

The proportion of [PSC] relative to [TChl a] showed an inverse pattern with respect to [TChl a] considering
all depths (Figure 4a). [PSC]/[TChl a] varied mostly between 0.1 and 0.7 in L>37% and L37–10%. Higher [PSC]/
[TChl a] (between 0.5 and 1) were found in L<10%, albeit several L<10% samples exhibited [PSC]/[TChl a] in
the same range as L>37% and L37–10%. Much greater [PSC]/[TChl a] (�0.75) associated with low [TChl a]
(�0.15 mg m23) in L>37% and L37–10% corresponded to samples in NWWHT. Figure 4a shows both site-to-site

Figure 3. The phytoplankton absorption coefficient, aph(k), at (a) 440 nm and (b) 676 nm, as a function of total chlorophyll a concentration, [TChl a], in L>37%, L37–10%, and L<10%.The
regression formula and the best fit parameters for this study are aph(440) 5 0.042 [TChl a]0.739 (R2 5 0.90; p< 0.00001; N 5 455) and aph(676) 5 0.020 [TChl a]0.794 (R2 5 0.93; p< 0.00001;
N 5 455), shown as continuous lines. The dashed line represents the best fit regressions observed by Bricaud et al. [1995] (B95).
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and vertical variations of [PSC]/[TChl a], with a general decrease with [TChl a], because greater [PSC] is
associated with lower [TChl a] in depth (Figure 2). Values of [PSC]/[TChl a] did not differ between L>37% and
L37–10%, but was significantly higher in L<10% (ANOVA and multiple comparison test, p< 0.0001). In contrast
to [PSC]/[TChl a], [PPC]/[TChl a] showed an increasing pattern with [TChl a], mainly driven by low [PPC]/
[TChl a] found in L<10% (mostly between 0.06 and 0.2, Figure 4b). As for [PSC]/[TChl a], [PPC]/[TChl a] was
relatively much higher in NWWHT, varying from 0.35 to 0.44. [PPC]/[TChl a] was significantly higher in L>37%

comparing to L37–10% and lower in L<10% (ANOVA and multiple comparison test, p< 0.0001), in agreement
to a continuously [PPC] decreasing from the surface to deeper waters [Bricaud et al., 1995; Trees et al., 2000].

A comparison with the ranges of photosynthetic and photoprotective pigments relative to [TChl a] found
by Bricaud et al. [2004] regarding various regions from the world’s oceans (only for L37% and not including
Antarctic waters) shows that both [PSC]/[TChl a] and [PPC]/[TChl a] in our study (inset graphs in Figure 4)
are within the ranges found for mesotrophic and eutrophic waters in subtropical and temperate latitudes.
The [PSC]/[TChl a] and [PPC]/[TChl a] values observed here are also in agreement with ranges observed for
various oceanographic provinces [Sathyendranath et al., 2005]. This is an important aspect as it does not
agree with the expectation of greater proportions of photosynthetic pigments in phytoplankton assemb-
lages to increase light harvesting due to relatively low irradiance available in polar areas. Note that the sam-
ples were taken during middle/late summer, thus, they do not represent average growth conditions, which
can only be described when similar analyses and comparisons are performed in other periods for the stud-
ied area. Similar proportions of photoprotective pigments to those for lower latitudes suggest that algal
communities around the Antarctic Peninsula are not light limited in summer [see also Mendes et al., 2012,
2017]. In fact, during our surveys, the ratios of Zeu to ZMLD were generally higher than 1, which implies that
phytoplankton cells within ZMLD probably did not experience light limitation while they mixed vertically
through the mixed layer. Combined effects of the dominant cell size of phytoplankton and [PSC]/[TChl
a] and [PPC]/[TChl a] ranges observed here resulted in a*ph(k) values similar to other regions worldwide
(Figure 3).

The effect of accessory pigments in a*ph(k) variations were investigated through the ratios [PSC]/
[PSC 1 PPC] and [PPC]/[PSC 1 PPC]. Values of a*ph(440) were not correlated to [PSC]/[PSC 1 PPC] or [PPC]/
[PSC 1 PPC] at any depth, but the highest [PSC]/[PSC 1 PPC] observed in NWWHT (Figure 1) were associated
with very high a*ph(440) values (>0.085 m2 (mg Chl a)21). Very high a*ph(440) however, likely results from
the combination of larger concentrations of accessory pigments and small cell size of Phaeocystis spp. (see
Cluster 1 in section 3.4). The scatter in the a*ph(440) versus [TChl a] (Appendix B), [PSC]/[PSC 1 PPC] and
[PPC]/[PSC 1 PPC] (Figure 5) relationships reveals that variations in a*ph(k) did not clearly follow changes in

Figure 4. The sum of (a) photosynthetic, [PSC], and (b) photoprotective, [PPC], pigments to total chlorophyll a concentration, [TChl a], as a function of [TChl a]. The circles identify L>37% and
L37–10% samples in NWWHT (excluding the stars within the circle in Figure 4a). The inset graphs compare the ranges of [PSC]/[TChl a] and [PPC]/[TChl a] in L>37% to those observed by Bricaud
et al. [2004] (only within the first optical depth, denoted as L>37% here) for various regions worldwide (their Figure 3). Note the same scale in and y axes as in Bricaud et al. [2004] for the inset
figures. The dashed lines are references for visual comparison. The different symbols in Bricaud et al. inset graphs discriminate cruises. For details, see Bricaud et al. [2004].
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chlorophyll a [see also Segura et al., 2013] nor the proportions of photosynthetic or photoprotective carote-
noids. The coefficient a*ph(k) is generally found to vary inversely to chlorophyll a concentration, as a result
of an increasing package effect with chlorophyll a and an inverse covariation between the relative abun-
dance of accessory pigments to chlorophyll a, although with a large scatter [Bricaud et al., 1995]. It notewor-
thy that no clear pattern was found between [TChl a] and dominant cell size for which samples chlorophyll
a size fractionation was available (Appendix A). For instance, relatively high [TChl a] of 1.83 and 2.49 mg
m23 were associated with percentages of picophytoplankton of 62% and 60%, respectively. This may par-
tially explain the lack of a clear inverse pattern of a*ph(k) and [TChl a].

While the a*ph(k) spectra will be flattened due to increase of cell size of phytoplankton [Duysens, 1956], the
covariation of a*ph(440) and a*ph(676) (r 5 0.95, p< 0.00001, N 5 455) implies that accessory pigments
absorbing at these wavelengths are covarying with chlorophyll a. The total concentration of accessory pig-
ments is highly correlated to [TChl a] (r 5 0.96, p< 0.00001, N 5 455) [see also Trees et al., 2000]. Therefore,
the combined effect of [TChl a] and accessory pigments could not be separated in this data set, except in
the case of a very high proportion of photosynthetic pigments (Figure 5a), resulting in high values for
a*ph(440) (>0.085 m2 (mg Chl a)21), but not for a*ph(676) (Appendix B).

An increasing chlorophyll a content per cell is expected from the surface to deeper waters as a result of
photoacclimation, revealing a decrease in a*ph(k) along the vertical. A reduction in a*ph(k) in depth was not
observed here. One possible explanation should be a regular increasing [PSC]/[TChl a] along depth, rather
than an increasing chlorophyll content per cell, resulting in identical averages of a*ph(k) in L>37%, L37–10%,
and L<10% (Figure 3), but also vertical variations in the dominant cell size of phytoplankton. In principle, an
increasing proportion of [PPC] relative to chlorophyll a favors an increase in a*ph(k) in the blue part of the
spectrum. Because both [PPC] and [TChl a] are higher in the upper layers (and lower in depth), greater [PPC]
should not necessarily result in higher a*ph(440) near surface than in depth. Note that the wide dispersion
of [PSC]/[TChl a] and [PPC]/[TChl a] within the sampled layers, especially for L>37% (Figure 4), may be caused
by changes in the ‘‘average light’’ to which the phytoplankton cells were exposed among stations, and also
in phytoplankton community composition.

The interpretation of the effect of changes in [TChl a] and accessory pigments in a*ph(k) is not straightfor-
ward mainly because [TChl a] and accessory pigments strongly covary. Lower and higher [TChl a] (over a
range of 0.10–3.03 mg m23) do not necessarily result in higher and lower a*ph(k), respectively, in Antarctic
waters. Similarly, lower and higher [PSC]/[PSC 1 PPC] or [PPC]/[PSC 1 PPC] are not associated with lower
and higher a*ph(440) or at any in the blue spectral region. While it is acknowledged that a*ph(k) vary in a
regular manner with chlorophyll a concentration [Bricaud et al., 1995], regular variations of a*ph(k), even
along the vertical, are not necessarily observed in our data set. This is an important aspect as most of the

Figure 5. The chlorophyll-specific absorption coefficient of phytoplankton at 440 nm, a*ph(440) as a function of the ratios (a) [PSC]/[PSC 1 PPC] and (b) [PPC]/[PSC 1 PPC].
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studies on phytoplankton absorption in Antarctica to date discuss the pigment packaging and influence of
accessory pigments to spectral phytoplankton absorption in terms of a*ph(k) [e.g., Mitchell and Holm-Han-
sen, 1991; Sosik et al., 1992; Arrigo et al., 1998; Reynolds et al., 2001].

3.2. Absorption Ratios as Related to Accessory Pigments
The ratio [PSC]/[TChl a] explained about 69% of the variation in aph(440)/aph(490) in all depths (Figure 6a).
[PPC]/[TChl a] increased regularly with aph(460)/aph(490), consistently with a major influence of photopro-
tective pigments at 460 nm (Figure 6b). The values of [PPC]/[TChl a] in L<10% followed the same average
trend observed for L>37% and L37–10%. This result suggests that phytoplankton assemblages at low irradi-
ance (L<10%) contain enough [PPC] relative to [TChl a] to cause an increase in aph(460)/aph(490) (the initial
part of the regression line in Figure 6b). In fact, many L<10% samples show [PPC]/[TChl a] in the same range
observed in L>37% and L37–10%. This reflects different rates of mixing of phytoplankton cells in the water col-
umn and photoacclimation, which in turn depends on whether the lower light depths lie below or within
the mixed layer. A dependence of aph(440)/aph(676) and [PPC]/[TChl a] was also found (aph(440)/
aph(676) 5 1.97 1 0.69[PPC]/[TChl a]; R2 5 0.40; p< 0.00001; N 5 455).

Our results support the notion that the absorption ratios of aph(440)/aph(490) and aph(460)/aph(490) are use-
ful to predict [PSC]/[TChl a] and [PPC]/[TChl a], and vice versa, if both information are not concomitantly
available. The utility of these wavelengths to derive information on carotenoids to chlorophyll a ratios in
other regions of Antarctica should be further investigated. This aspect is relevant for satellite observations
of ocean color and has been suggested previously [Sathyendranath et al., 2005]. The inclusion of the
460 nm band in ocean color satellite sensors is noteworthy as many pigments are stronger absorbers of
light around this wavelength [Hoepffner and Sathyendranath, 1991].

3.3. Proxy of Package Effect of Phytoplankton
Because the effects of biomass, cell size, and accessory pigments of phytoplankton on a*ph(k) are inter-
mingled, we use the parameter Sf, estimated independently of chlorophyll a (in contrast to a*ph(k)) to inves-
tigate variations in spectral shape of phytoplankton absorption and the sources of this variability.

A typical negative covariation between Sf and chlorophyll a concentration is observed [e.g., Bricaud et al.,
2012] because an increase in the phytoplankton chlorophyll biomass is generally accompanied by an
increase in the dominant cell size, consistent with an increasing package effect (low Sf). However, this may
not hold in depth, where photoacclimation due to lower irradiance may induce changes in the spectral
shape of aph(k) relatively to the surface, independently of changes in phytoplankton cell size. Indeed, most

Figure 6. (a) The absorption ratio aph(440)/aph(490) as a function of the proportion of photosynthetic pigments to total chlorophyll a concentration, [PSC]/[TChl a]. (b) The absorption
ratio aph(460)/aph(490) as a function of the proportion of photoprotective pigments to [TChl a], [PPC]/[TChl a]. The regression formula and the best fit parameters for this study are
aph(440)/aph(490) 5 1.85 – 0.62[PSC]/[TChl a] (R2 5 0.69; p< 0.00001; N 5 455) and aph(460)/aph(490) 5 3.44[PPC]/[TChl a]0.67 (R2 5 0.72 for log-transformed data; p< 0.00001; N 5 455),
shown as continuous lines.
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of the L<10% data depart from the average trend based on L>37% and L37–10% data, with lower Sf for a given
[TChl a], mostly between 0.1 and 0.3 (Figure 7a). Another observation is that Sf is relatively constant (around
0.35) while [TChl a] varies more than a factor of 2 (�0.5–2 mg m23). Consistently with a greater package
effect for larger cell size, the lowest Sf (0.16 and 0.24) for samples with information of cell size available
(Appendix A) was associated with the highest microphytoplankon contributions (34 and 54%, respectively,
Figure A1).

A regular decrease in Sf with an increase of [Fuco]/[TChl a] is observed, with Sf values in L<10% following the
same pattern as in L>37% and L37–10% (Figure 7b). This implies that an increasing [Fuco] relative to [TChl a] is
responsible for a greater package effect in depth. Sf covaried less markedly with [PSC]/[TChl a] than [Fuco]/
[TChl a], in which [Fuco] is included. Therefore, fucoxanthin (the diagnostic pigments of diatoms), is con-
firmed to be the main component of [PSC]/[TChl a] responsible for flattening the aph(k) spectra (lower Sf).
The production of fucoxanthin is an important mechanism for diatom assemblages to increase light har-
vesting in the tip of Antarctic Peninsula as addressed by Mendes et al. [2017] and similarly observed in sur-
face Argentinean waters [Lutz et al., 2016]. In fact, the production of photosynthetic pigments is feasible in
nonlimiting nutrient conditions. The availability of macronutrients during our surveys was always high, with
mean concentrations of nitrate, phosphate and silicate of 26.59, 1.86, and 38.28 lM, respectively, in the
whole water column (R. Pollery, personal communication, 2014). Also, the phytoplankton communities in
the same waters were not limited by iron [Russo et al., 2015]. It is noteworthy that the assumption that high
[Fuco]/[TChl a] is related to a large package effect does not always hold. The two farthest stations in NWWHT

were characterized by small phytoplankton cells (P. antarctica) (section 3.4), with very high [Fuco]/[TChl a]
and the weakest package effect (Sf> 0.5, Figure 7b).

The [PPC]/[TChl a] ratio showed less dispersion with Sf (Figure 7d). The presence of photoprotective pig-
ments, with a primary peak of absorption at �460 nm and secondary peak at �490 m, enhances the phyto-
plankton absorption in the blue spectrum domain, reducing the package effect (higher Sf). Also, there is
also the underlying effect of cell size of phytoplankton, as [PPC]/[TChl a] is, in general, negatively correlated
to size. The xanthophyll cycle of algae is a short-time scale mechanism that comprises the enzymatic con-
version of carotenoids such as diadinoxanthin to diatoxanthin in diatoms and haptophytes [Van Leeuwe
et al., 2005]. In our samples, both pigments made considerable contribution to [PPC], in addition to alloxan-
thin [see Mendes et al., 2017], an important photoprotector in cryptophytes, and b-carotene, that is a photo-
protective pigment present in most of the algal groups [Jeffrey et al., 1997]. Phytoplankton acclimation in
high irradiance occurs at least until 25 m (generally within the mixed depth) in these waters, as suggested
by similar [PPC]/[TChl a] at 5, 15–25 m. The presence of photoprotective pigments indicates that the algal
assemblages in the northern tip of Antarctic Peninsula are adapted to high irradiance [Mendes et al., 2017],
in agreement with recent works that have shown photoprotective mechanisms of phytoplankton in the
Southern Ocean.

The scatter in Sf versus a*ph(440) is large (Figure 7e) and very similar to that observed for Sf versus a*ph(676)
(not shown), because both coefficients were highly correlated (section 3.1). The lack of coherence of a*ph(k)
and Sf agrees with the expectation that a*ph(k) at specific wavelengths is not a good indicative of package
effect for our data set (section 3.1). In other words, lower and higher values a*ph(k) were not necessarily
associated with lower and higher Sf, respectively.

We conclude that the package effect in the northern Antarctic Peninsula mainly results from an increase in
[Fuco] content per cell at depth, although an increase in cell size may also be important. The relative contri-
butions of pigment composition and cell size of phytoplankton to the package effect are, however, inter-
mingled and cannot be distinguished using our data set. The inverse pattern between Sf and [PPC]/[TChl a]
is a consequence of lower [PPC]/[TChl a] in association to higher [Fuco]/[TChl a], the inverse covariation of
[PPC]/[TChl a] and cell size, but also the direct contribution of photoprotective pigments to enhance
absorption in the blue part of the spectrum, reducing the package effect. The less marked dispersion
between Sf and [PPC]/[TChl a] may be indicative of the direct role of photoprotective pigments to control Sf

to some extent.

3.4. Cluster Analysis on the Phytoplankton Absorption Spectra
We next examine the variability in the a<ph>(k) spectra through a clustering based on variations in their
shape. The silhouette diagram obtained from the partitioning of the a<ph>(k) spectra through the k-means
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Figure 7. The proxy of package effect, Sf, as a function of (a) total chlorophyll a concentration, [TChl a], the ratios of concentration of (b) fucoxanthin, [Fuco], (c) photosynthetic pigments,
[PSC], (d) photoprotective pigments, [PPC], to [TChl a] and (e) the chl a-specific absorption coefficient of phytoplankton at 440 nm, a*ph(440). The ratios of x axis values to y axis values
were not were statistically different (ANOVA and multiple comparison test) in L>37% and L37–10%. The correlation coefficients are (a) r 5 20.39, p 5 0.0012, N 5 244 in L>37% and L37–10%;
r 5 0.24, p< 0.00001, N 5 208 in L<10%. (b) r 5 20.45, p< 0.00001, N 5244 in L>37% and L37–10%; r 5 20.52, p 5 0.055, N 5 208 in L<10%; (c) r 5 20.12, p 5 0.0012, N 5244 in L>37% and
L37–10%; r 5 20.24, p< 0.00001, N 5 208 in L<10%; (d) r 5 0.72, p 5 0.0012, N 5 244 in L>37% and L37–10%; r 5 0.56, p< 0.00001, N 5 208 in L<10%; (e) r 5 0.62, p 5 0.0012, N 5 244 in L>37%

and L37–10%; the correlation was not significant in L<10%.
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algorithm shows that seven was the most appropriate number to partition this data set. This means that a
minimum number of negative values and a maximum of silhouette values closer to 1 were obtained with
seven clusters (Figure 8a). Few a<ph>(k) spectra showed negative silhouette values, indicative of poor classi-
fication. These spectra were kept in our analysis as the poor classification seems to be due to a larger vari-
ability among spectra of Clusters 3 and 6 from 400 to 420 nm, which does not alter the interpretation of our
results. Figures 8b–8h display the a<ph>(k) spectra for each of the seven clusters, showing a very reasonable
partitioning according to their shape. The two basis vectors representing the extrema in spectral absorption
shapes of phytoplankton used in the Sf model (section 2.5) are shown for comparison. The variability of
selected variables within each cluster is presented in Table 2.

In accordance with a gradual spectral flatness from Clusters 1 to 7, the cluster analysis partitioned the
a<ph>(k) spectra into different ranges of Sf, with average values of 0.56, 0.41, 0.37, 0.34, 0.30, 0.23, and 0.22,
respectively, as revealed by an increasing resemblance of the a<ph>(k) spectra to the microphytoplankton
basis vector (Figure 8). Also, the variability of Sf within each cluster was always small, with the lowest CV
values (7.8, 5.7, 9.1, 6.8, 7.3, 15.9, and 14.9% from Clusters 1 to 7), compared to those for other variables
(Table 2).

As expected from their very different shapes, with the highest blue-to-red absorption ratios, the a<ph>(k)
spectra measured in NWWHT ended up in a single cluster (Cluster 1, Figure 8b). These spectra showed very
high proportions of both photosynthetic and photoprotective pigments and degradation products of chlo-
rophyll a to [TChl a], very high a*ph(440) and a*ph(676) (section 3.1) and high ‘‘misclassified’’ percentage of
diatoms (average of 71%) according to CHEMTAX. These samples are very likely dominated by P. antarctica
(the main species of haptophytes in Antarctic waters) based on their a<ph>(k) peak centered at 460 nm,
indicative of the biomarker pigment 190-hexanoyloxyfucoxanthin.

Cluster 2 grouped the a<ph>(k) spectra with the greatest [Allo]/[TChl a], consistent with the highest mean
percentage contribution of cryptophytes (�43%). Indeed, the shoulders at 460 and 490 nm, which are com-
mon to all the Cluster 2 spectra, resemble the absorption spectrum of the photoprotective pigment alloxan-
thin (Figure 8c). Cluster 3 is composed by a<ph>(k) spectra with high proportion of the photosynthetic
pigments [Hexa] and [Buta] and the photoprotective pigment [Diadi], in addition to equivalent contribu-
tions of diatom (�32%) and dinof2/diato2 (�36%) (Table 2 and Figure 8d). Cluster 4 is characterized by
a<ph>(k) spectra related to high contribution of [Diadi]/[TChl a] (mean of 0.073), that agreed to an absorp-
tion shoulder at 490 nm (Figure 8e). Clusters 1–4 comprised mostly L>37% and L37–10% samples (Table 2).

In agreement to an increasing package effect from Clusters 1 to 7, Clusters 5 to 7 comprised predominantly
samples in L<10% with high [PSC]/[TChl a] (Table 2). Cluster 6 gathered a<ph>(k) spectra associated with
high [Degr]/[TChl a], consistent with an absorption peak around 412 nm common to all spectra in that clus-
ter, typical of degradation products of chlorophyll a. The presence of degradation products is in general
related to grazing and senescent phytoplankton cells. The spectra in Cluster 6 were also related to a high
proportion of the photoprotective pigment diatoxanthin, [Diato]/[TChl a], and the highest proportions
(average of 0.052) of the photoprotective pigment b-carotene, [b-car]/[TChl a] (except for the highest [b-
car]/[TChl a] of Cluster 1), even though most of those spectra (57 of 61) were found in L<10%. However, no
shoulder indicative of b-carotene was revealed in the Cluster 7 spectra. Cluster 7 grouped samples with the
highest [Fuco]/[TChl a] and lowest a*ph(440) and a*ph(676) (Table 2). This is an important result since similar
values of a*ph(k) were generally observed along the vertical (section 3.1), while the clustering analysis gath-
ered a<ph>(k) spectra associated with a*ph(440) and a*ph(676) consistently lower in a single cluster. Note
that the similar ranges of a*ph(k) for the majority of clusters (Clusters 2–6) agrees with the notion that varia-
tions in a*ph(k) did not show any clear pattern with Sf (Figure 7e). Therefore, variations in a*ph(k) are not
necessarily accompanied by variations in the package effect in Antarctic waters.

The ratio [Fuco]/[TChl a] increased from Clusters 2 to 7, which gathered spectra associated with a domi-
nance of diatoms in depth, according to CHEMTAX (average of �65%) (Table 2). Nonetheless, as no micro-
scopic information is available, we cannot rule out the possibility that the increase in [Fuco]/[TChl a] at
depth results from an increase in intracellular fucoxanthin content. Previous observations in the Antarctic
Peninsula of a general dominance of diatoms in the mixed layer at shallower depths [Mendes et al., 2012]
reinforce the suggestion that increasing [Fuco]/[TChl a] in depth reveals an increase of fucoxanthin relative
to [TChl a] rather than a real increase in the relative contribution of diatoms to the total phytoplankton
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Figure 8. (a) Silhouette plot that displays values ranged from 21 to 11. A high silhouette value indicates that a sample is well matched to its own cluster, and poorly matched to neigh-
boring clusters. (b–h) Spectra of phytoplankton absorption coefficient normalized to its mean value computed on the basis of all spectral values between 400 and 700 nm, a<ph>(k), no
unit, showed according to the clusters created on the basis of a<ph>(k) through the k-means algorithm. The vectors of picophytoplankton and microphytoplankton spectral absorption
used in the Sf model are also shown for comparison as dashed lines.
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biomass. This aspect emphasizes the importance of microscopic information in association to pigment data
when making inferences about phytoplankton taxonomy, mainly along the vertical axis where pigment
ratios vary with light and/or nutrient availability [see Rodriguez et al., 2002; Mendes et al., 2012]. High
[Fuco]/[TChl a] ratios in L<10% were associated with the aph(k) spectra with the strongest package effect
found in this study (Figure 8h). Gradual changes in the contribution of other taxonomic groups from Clus-
ters 1 to 7 were less evident (Table 2). Excluding the few a<ph>(k) spectra measured in NWWHT (away
from the Antarctic Peninsula) that showed the highest Sf (weakest package effect, Cluster 1), the weakest
package effect was found in L>37%, when cryptophytes, identified by a high proportion of alloxanthin,
were dominant (Cluster 2).

In summary, we illustrate the capacity of a clustering analysis based on the a<ph>(k) spectra to identify a
regular increase in the package effect, mainly in association with a regular increase in fucoxanthin and
decrease of photoprotective pigments relative to [TChl a] (Figure 9). A similar degree of variability has been
shown by cluster analysis on the bio-optical and photosynthetic properties of phytoplankton in the Argen-
tine Sea [Segura et al., 2013]. The cluster analysis reinforced that variations in the package effect are not
reflected in a*ph(k), as seen from similar values of a*ph(k) from Clusters 2 to 6. The exception was the two
extreme spectral shapes (Clusters 1 and 7, Figure 9d), which were associated with the highest and lowest
values of a*ph(k) (Figure 9a). This approach can be useful to classify the phytoplankton assemblages in
Antarctic waters according to different degrees of package effect, each one related to a specific pigment
composition. The applicability of the Sf retrieval from multispectral satellite data [Ciotti and Bricaud, 2006;
Bricaud et al., 2012] is of special interest given the logistical difficulties to perform field samplings in the
Southern Ocean. We also emphasize the need for increased efforts aiming at detailed characterization of
the contribution of pigment composition to drive the variability in the phytoplankton absorption in differ-
ent regions of Antarctic waters. This should improve the comprehension of the reasons for deviations in the
global bio-optical algorithms when applied to the Southern Ocean. Investigations on the coherence

Table 2. Mean and Coefficient of Variation, CV (Standard Deviation Divided by Mean) Times 100 (i.e., in Percentage) of Selected
Variables for Each of the Seven a<ph>(k)-Based Clustersa

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7

Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)

[Fuco]/[TChl a] 0.448 6.0 0.209 39.6 0.352 17.2 0.292 26.4 0.375 18.3 0.389 15.2 0.430 17.2
[Hexa]/[TChl a] 0.287 8.7 0.099 47.0 0.164 33.7 0.090 33.0 0.140 35.9 0.137 38.0 0.065 46.8
[Buta]/[TChl a] 0.035 9.2 0.046 53.9 0.073 47.4 0.058 40.8 0.082 34.4 0.087 42.4 0.037 57.6
[Diadi]/[TChl a] 0.312 13.2 0.083 37.8 0.090 29.9 0.073 28.8 0.059 30.1 0.045 23.0 0.066 31.6
[Allo]/[TChl a] 0.013 39.5 0.146 52.3 0.032 93.9 0.077 56.5 0.023 93.7 0.016 91.2 0.023 99.4
[Diato]/[TChl a] 0.019 34.7 0.010 53.8 0.010 46.3 0.007 47.6 0.008 35.1 0.011 43.3 0.009 42.4
[b-car]/[TChl a] 0.171 15.3 0.017 63.1 0.030 75.4 0.018 58.1 0.046 70.5 0.097 51.6 0.022 76.2
a*ph(440) 0.085 11.7 0.046 21.1 0.045 28.7 0.041 19.7 0.044 18.9 0.050 23.8 0.031 27.4
a*ph(676) 0.031 8.8 0.022 20.5 0.021 25.1 0.020 19.0 0.021 16.2 0.022 20.8 0.017 24.2
[PSC]/[TChl a] 0.781 2.8 0.367 37.1 0.609 16.4 0.459 20.9 0.617 14.1 0.629 12.9 0.542 8.9
[PPC]/[TChl a] 0.384 11.8 0.272 23.4 0.162 22.9 0.188 22.2 0.119 20.6 0.103 19.6 0.124 24.3
fdiato/dinof 0.614 5.3 0.347 36.9 0.556 19.2 0.494 23.8 0.581 18.9 0.573 19.1 0.745 17.5
[Degr]/[TChl a] 0.190 17.9 0.050 32.0 0.057 42.9 0.049 33.9 0.082 49.9 0.104 45.7 0.057 36.4
%Diato 70.71 10.1 15.55 90.1 32.62 56.5 30.53 61.0 35.89 50.7 41.07 51.9 65.48 25.4
%dinof2/diato2 3.86 68.6 28.38 61.1 36.74 67.2 33.12 52.2 39.87 54.2 36.17 65.8 15.66 75.8
%Crypto 1.71 169.0 43.22 48.5 9.48 94.7 25.31 54.5 8.53 96.0 6.97 88.9 8.61 100.8
%Phaeo 20.67 11.9 7.01 104.3 15.71 69.0 5.88 98.3 10.50 81.7 10.28 66.2 7.65 54.8
Sf 0.56 7.8 0.41 5.7 0.37 9.1 0.34 6.8 0.30 7.3 0.23 15.9 0.22 14.9
N in Z37% 4 56 33 36 9 2 13
N in Z37–10% 2 32 13 56 14 0 8
N in Z<10% 0 10 21 33 64 57 21
N in 2013 0 54 37 41 52 39 23
N in 2014 6 44 30 54 36 22 19
Total N 6 98 67 95 88 61 42

aThe number of spectra grouped within each cluster in L>37%, L37–10%, and L<10%, for each sampling year and total number of spectra
for each cluster is also shown. Specifically, we consider the ratios of the main photosynthetic and photoprotective pigments that con-
tributed to [PSC] and [PPC], i.e., fucoxanthin, [Fuco], 190-hexanoyloxyfucoxanthin, [Hexa], 190-butanoyloxyfucoxanthin, [Buta], diadinox-
anthin, [Diadi], alloxanthin, [Allo], diatoxanthin, [Diato], and b-carotene, [b-car] to [TChl a]; a*ph(440), a*ph(676), [PSC]/[TChl a], [PPC]/
[TChl a]; the sum of degradation products of chlorophyll a (chlorophyllide a, pheophytin a and pheophorbide a), [Degr] to [TChl a]; the
percentage of the four main taxonomic groups of phytoplankton estimated through CHEMTAX, diatoms, %Diato, dinof2/diato2,
%Dino2/Diato2, cryptophytes, %Crypto, and Phaeocystis antarctica, %Phaeo; and Sf.
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between Sf and chlorophyll a and accessory pigments in other regions worldwide would also provide
insights into the sources of variability in the spectral shape of phytoplankton absorption, such as regional
differences in pigment composition and cell size for a similar phytoplankton biomass.

4. Conclusions

The coefficient a*ph(k) did not vary inversely to chlorophyll a concentration. Despite the acknowledged
importance of accessory pigments in driving the variability in the phytoplankton spectral absorption, mainly
in the blue wavelengths, their effects were not clearly identified in a*ph(k). This is an important result
because lower and higher a*ph(k) are generally attributed to larger and smaller pigment packaging and cell
size, and to lower and higher relative importance of accessory pigments, respectively. Variations in the pro-
portion of accessory pigments to chlorophyll a were easily discernible in absorption ratios (aph(440)/
aph(490) for photosynthetic and aph(460)/aph(490) for photoprotective pigments).

We described variations in the package effect in Antarctica waters based solely on the phytoplankton
absorption spectrum, independently of chlorophyll a concentration, with a simple interpretation. Sf varies
within a continuum of spectrum flatness, i.e., from 0 (the strongest package effect) to 1 (the weakest

Figure 9. Boxplots of (a) the proxy of package effect, Sf; the proportions of (b) fucoxanthin to chlorophyll a, [Fuco]/[TChl a] and (c) photoprotective pigments to [TChl a], [PPC]/[TChl a]
and (d) the chl a-specific absorption coefficient of phytoplankton at 440 nm, a*ph(440) for the seven a<ph>(k)-based clusters. On each box, the central mark is the median and the edges
of the box are the 25th and 75th percentiles. The whiskers extend to the most extreme data points that are not considered outliers. The outliers are plotted individually as crosses. The
interval endpoints are the extremes of the notches. Whisker absences for Cluster 1 indicate lack of values outside the interval of lower or upper quantiles.
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package effect). We provided a means to delineate distinct degrees of package effect through different
ranges of Sf as revealed in a decreasing continuum of spectral flatness ordered by a cluster analysis on the
phytoplankton absorption spectrum normalized by its mean value computed between 400 and 700 nm. A
regular increase in the degree of package effect was mainly associated with a regular increase of fucoxan-
thin and decrease of photoprotective pigments relative to chlorophyll a.

Appendix A: Determination of the Phytoplankton Cell Size With Chlorophyll a
Fractionation

For 17 near surface samples (5 m), chlorophyll a size fractionation was performed to complement the taxo-
nomic information of phytoplankton obtained from CHEMTAX. Five stations (average [TChl a] of 1.31 mg
m23) and eight stations (average [TChl a] of 1.49 mg m23) were chosen in BS in 2013 and 2014, respectively,
and four stations (average [TChl a] of 1.75 mg m23) in GS in 2014. A serial system of filtration was used.
Each sample was firstly filtered onto a polycarbonate filter with pore size of 20 mm (GE Water & Process
Technologies, 47 mm). The collected filtrate was subsequently filtered onto a polycarbonate filter with pore
size of 2 mm (GE Water & Process Technologies, 47 mm). Finally, the collected filter was filtered onto a GF/F
filter (Whatman) to retain the cells <2 lm. The first two filtrations were performed by gravity and the last
one under low vacuum (<5 in Hg). The filtration by gravity minimizes the usual problems of filtration under
vacuum, such as broken phytoplankton cells. This procedure yielded HPLC-derived chlorophyll a concentra-
tion, [Chl a], for the picophytoplankton (<2 lm), nanophytoplankton (2–20 lm), and microphytoplankton
(>20 lm).

In 2013, picophytoplankton and nanophytoplankton contributions varied from 19 to 67% and 30 to 61%
(average of 45% each), respectively, followed by a minimum microphytoplankton content, with contribu-
tions of 3–5%. A single sample with [Chl a] of 2.23 mg m23 contained a moderate microphytoplankton pro-
portion of 34%. In 2014, the four stations in GS showed equivalent contributions of picophytoplankton and
nanophytoplankton (averages of 41 and 40%, respectively) and 2, 4, 15, and 54% of microphytoplankton
contribution. The contribution of 54% was related to [Chl a] of 2.46 mg m23. In BS, the contribution of
microphytoplankton was negligible, with percentages of 1–4%. The picophytoplankton and nanophyto-
plankton ranged from 12 to 62% and 32 to 87%, respectively. Interestingly, the second highest contribution
of picophytoplankton (60%) was observed in association to the highest [Chl a] in samples for which the frac-
tionated filtration was done (2.49 mg m23). An independent filtration system using low vacuum (<5 in Hg)
performed fractionation of HPLC-derived chlorophyll a in 10 near surface samples in 2014, choosing different sta-

tions for the procedure described
above, for the size fractions of <5
and >20 lm. For that, samples
were passed throughout 5 and 20
lm meshes and the collected fil-
trate was subsequently filtered
onto the GF/F filter. The results of
this analysis confirmed the obser-
vations with filtration by gravity,
as the <5 lm fraction massively
dominated the samples, with
percentages of 60–96% of [Chl
a]. Figure 1a shows the increase
of package effect of phytoplank-
ton absorption (lower Sf) once
the microphytoplankton fraction
increases.

Part of the filter-fractionated pico-
phytoplankton is possibly overes-
timated to some extent because
the size of some cells that pass
through a filter is determined by

Figure A1. The proxy of package effect, Sf, as a function of percentage of microphyto-
plankton, for samples which chlorophyll a size fractionation was available. The correlation
coefficient for the log-transformed data is r 5 20.83, p< 0.0001, N 5 18.
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their width rather than length [Wright et al., 2009]. Even so, the contributions obtained from gravity filtration are
average of duplicates, with results very close to each other. Therefore, picophytoplankton is an important com-
ponent in our samples. This is a very interesting result as the most abundant groups estimated by CHEMTAX
generally belong to nanophytoplankton (P. antarctica, cryptophytes, dinof2/diato2) and microphytoplankton (dia-
toms). In fact, some groups normally attributed to both size fractions can be true picoplanktonic cells, as
observed by Wright et al. [2009] in the eastern Antarctic coast. Based on electron microscopy, the authors found
that most organisms in a filter-derived picoplankton fraction were actually nanoeukaryotes and the proportion
of autotrophs <2 lm was exceedingly small, although they used vacuum filtration (differently to our procedure).
We are confident that most of the phytoplankton in our surveys near surface comprises picophytoplankton and
nanophytoplankton (including very small cells in this range) although the proportion of each fraction for most
of the samples, for which there is no chlorophyll a fractionation, remains unknown.

This is an important aspect [see also Lutz et al., 2016] and cautions the use of diagnostic pigments to derive
phytoplankton size proportions [Vidussi et al., 2001; Uitz et al., 2006] and dominant cell size [Bricaud et al.,
2004] if previous knowledge of the studied region or additional information is not available. For instance,
the very high proportion of diatoms in many of our samples was unreasonably associated with a great
importance of microphytoplankton based on the use of diagnostic pigments as proposed by Uitz et al.
[2006], assuming this taxonomic group belongs to the largest size of algal component. The opposite result
is observed for the picophytoplankton contribution, for which the method based on diagnostic pigments
yields very low contributions (average of �9%) compared with the fractionation data. Comparison of size
fractionations and diagnostic pigment approaches of phytoplankton can also be found elsewhere [e.g., Var-
ela et al., 2002; Uitz et al., 2009; Brewin et al., 2015]. Our finding of diatom-containing picoplankton in our
samples may partially support the differences in the relationship between diagnostic pigments and chloro-
phyll a concentration [Hirata et al., 2011] for the Southern Ocean compared to global relationships [Soppa
et al., 2014].

Appendix B: Chlorophyll-Specific Absorption Coefficient as a Function
of Total Chlorophyll a

Variations in a*ph(440) are attributed to changes in algal cell size, chlorophyll a content per cell, and the
presence of carotenoids that absorb in the blue spectral region, while variations in a*ph(676) can be mostly
attributed to changes in chlorophyll a content per cell and cell size. To first order, the influence of pigment
packaging can be assessed in the red absorption band of chlorophyll a. Figure B1 reveals that, despite the
general pattern of a*ph(k) to decrease with increasing [TChl a], [TChl a] explained only 31 and 22% of

Figure B1. The chlorophyll-specific absorption coefficient of phytoplankton, a*ph(k) at (a) 440 nm and (b) 676 nm, as a function of total chlorophyll a concentration, [TChl a], in L37%,
L37–10% and L<10%.The regression formula and the best fit parameters for this study are a*ph(440) 5 0.041 [TChl a]20.187 (R2 5 0.31; p< 0.00001; N 5 455) and a*ph(676) 5 0.020 [TChl
a]20.124 (R2 5 0.22; p< 0.00001; N 5 455).
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variations in a*ph(440) and a*ph(676), respectively. This poor correlation has implications when attempting
to derive chlorophyll a concentration from phytoplankton absorption using ocean color models based on
a*ph(k) [e.g., Dall’Olmo et al., 2005] in Antarctic waters.
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