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a b s t r a c t

The Straits of Magallanes at the tip of South America connects the Atlantic and Pacific Oceans. The
variability in the absorption characteristics by phytoplankton (aph(440)), non-pigmented particles, NPP
(aNPP(440)), and chromophoric dissolved organic matter, CDOM (ay(440)), measured along the Straits in
late summer 2011 (R/V Melville MV1102 cruise), was analyzed. Satellite-derived monthly PAR data
showed that at the time of the cruise the western sector was exposed to a low-light environment
(� 16 mol quanta m�2d�1) while the eastern sector received higher irradiance (� 28 mol quanta
m�2d�1). In the Patagonian Shelf total absorption was dominated by phytoplankton (up to 76%; aph
(440)¼0.265 m�1), while in the Atlantic Sector of the Straits, the major contributor was NPP (up to 42%;
aNPP(440)¼0.138 m�1), and in the Pacific Sector of the Straits CDOM contributed up to 80% of the total
absorption (ay(440)¼0.232 m�1). These changes could be related in part to the input of fresh water from
glacier melting and rain in the Pacific Sector (ay(440) vs salinity rs¼�0.98). The carbon biomass (C) was
composed in its majority by pico-phytoplankton and secondly by nano-phytoplankton, with exception of
the Atlantic Sector where the micro-phytoplankton dominated. Carbon to chlorophyll-a ratios (C:Chla)
were very low throughout the Straits (average of � 6) because of photoacclimation to the extremely low
light. Complementary pigments data obtained in spring 2003 by the BEAGLE expedition indicated the
predominance of diatoms all along the Straits, but the bio-optical trend resembled the one found in late
summer 2011, i.e., NPP dominated the absorption in the well mixed Atlantic Sector, phytoplankton in the
Middle Sector, and CDOM in the Pacific Sector. These results emphasize that underwater light is the
major factor affecting phytoplankton growth and physiology, and that prevalent physical and geo-
chemical conditions play an important role regulating the bio-optical properties in this heterogeneous
area. These effects should be considered to adjust parameters (such as C:Chla) when running biogeo-
chemical models for this region.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The underwater light field is one of the most important factors
regulating life in the ocean. To start, phytoplankton needs light to
rgentina
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synthesize organic matter fueling the whole marine trophic web.
Furthermore, the distribution of most organisms (including fishery
resources) is conditioned by the transparency of the water either
to favor grazing or predation, or to avoid it, at different stages of
their life cycle. The intensity and spectral quality of light at sea is
a function of the incident irradiance and the concentration and
type of constituents present in the different regions and depths.
These constituents, apart from water molecules, are: phyto-
plankton, non-pigmented particles (NPP, including inorganic and
organic components), and chromophoric dissolved organic matter
(CDOM).
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Fig. 1. Map of the Magallanes region, showing the position of the stations in both cruises (Mirai 2003 and Melville 2011). The cyan dashed-lines indicate the approximate limits of
the sectors. The bathymetry and some geographical points are marked. Below are photos taken during the MV1102 cruise at the different sectors: (A) Patagonian Shelf, (B) Atlantic
Sector, (C) Middle Sector, (D) Pacific Sector. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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The Straits of Magallanes is one of the important passages of
the world ocean connecting two main basins, i.e., the Atlantic and
the Pacific. Since the beginning of commercial transportation, it
has provided a convenient way of crossing the southern oceans
avoiding the risky Cape Horn. Artisanal fisheries as well as aqua-
culture enterprises are developed in its waters. The Straits is ap-
proximately 570 km long with a width ranging from 4 to 37 km,
and it separates the southern tip of mainland South America from
the island of Tierra del Fuego (Fig. 1). Plankton within the Straits is
subjected to extremely dynamic changes, imposed by physical and
geo-chemical conditions. The waters from the Straits have also a
pronounced influence on the adjacent shelf. Numerical circulation
models have indicated that the Magallanes plume spreads into the
Atlantic forming what is known as the “Patagonian Current”
flowing northeast in the middle of the Argentine shelf; its exten-
sion, being mainly regulated by the tides at the entrance of the
Straits, usually reaches up to � 42°S (Palma and Matano, 2012).

Water optical properties, measured in situ and obtained by
remote sensing, provide basic information on the environment
which conditions phytoplankton physiology and hence the biolo-
gical production. Although several hydrographic, geo-chemical
and plankton studies have been conducted in the area of the
Straits of Magallanes, bio-optical information is still scarce. This
region is mostly cloudy year-around, hence remote sensing in-
formation on water-leaving radiance is hard to obtain, making
in situ studies even more relevant.

The main objective of this work is to analyze the variability in
the characteristics of the absorption by phytoplankton, non-pig-
mented particles, and CDOM observed along the Straits of
Magallanes in late summer 2011, and to discuss them according to
environmental conditions and pigment and phytoplankton com-
position. As a comparison, a few results available from spring 2003
are also discussed. The main hypothesis is that persistent low light
is a major factor conditioning phytoplankton distribution and
physiology along the Straits.
2. The Straits of Magallanes: background

At the Atlantic entrance of the Straits, the landscape is domi-
nated by the arid Patagonian terraces and the annual precipitation
is � 300 mm. At the Pacific opening, the barrier to the winds
provided by the Andes results in an average precipitation 45000
mm per year, concomitant with a profuse austral forest; at this
end, melting of glaciers in spring and summer also produce an
important input of fresh water into the Straits (Panella et al., 1991).
As a result light availability is substantially lower in the Pacific side
than in the Atlantic side (Saggiomo et al., 1994). This contrast
defines one of the most extreme climate divisions in the world
(Aravena and Luckman, 2009). The coast on both borders is highly
indented getting progressively more intricate towards the west,
forming fjords, inlets and small basins including some small is-
lands. The bathymetry is also highly variable ranging from � 30 m
to � 1100 m of depth (Fig. 1). Within the Straits, the presence of
elevations in the bathymetry constricts the circulation of Sub-
Antarctic Water from the Pacific and the tidal mixing from the
Atlantic, creating semi-enclosed environments (Aracena, et al.,
2011). Although more complex spatial partitioning have been
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proposed, three main sectors can be distinguished (Panella et al.,
1991) according to the prevalent regimes (Fig. 1): (1) the ‘Atlantic
Sector’ from the eastern entrance to the Segunda Angostura,
dominated by strong tides (up to 8.5 m, with tidal currents up to
4.5 m s�1; Medeiros and Kjerfve, 1988) that homogenize the water
column; (2) the ‘Middle Sector’ including Paso Ancho from the
Segunda Angostura (� 30 m deep) to the sill close to Isla Carlos III
(� 64 m deep), where physical forces are relatively smaller al-
lowing a longer retention time of the water and the development
of a seasonal thermocline in spring-summer; and (3) the ‘Pacific
Sector’ from Isla Carlos III to the Pacific opening along the Paso
Largo (up to 1100 m deep), where the westerly winds favor the
entrance of Pacific waters from the Cape Horn Current (southern
branch of the West Wind Drift current) into the Straits above the
sill close to Cape Pilar (� 60 m deep). The water column here is
mostly homogeneous, except for a thin superficial halocline in-
duced by the input of fresh water from melting glaciers as well as
frequent rains (8/10 days) (Panella et al., 1991; Aracena et al.,
2011).

Salinity has been found to range from 28 to 32.5 PSU generally
decreasing from the Atlantic to the Pacific (Panella et al., 1991).
Regarding nutrients availability, spatial and temporal variations
exist along the Straits (Saggiomo et al., 1994; Torres et al., 2011).
Silicic acid, in particular, exhibits a higher variability due to ter-
restrial input and consumption by diatoms. The complex hydro-
graphy in the fjords (Valle-Levinson et al. 2006; Aracena et al.,
2011), where salinity is the lowest, produces differences in stra-
tification and nutrients availability.

Research conducted in late summer 1991 showed that the
Atlantic and Pacific sectors had the lowest chlorophyll-a con-
centrations (Chla) (o1 mg m�3), while the eastern part of Paso
Largo (eastern of Pacific Sector) and the Middle Sector, subjected
to the development of a pycnocline, had higher concentrations
(42 mg m�3) (Saggiomo et al., 1994). The highest biomass was
observed at the eastern side of the Middle Sector (from Cape
Froward to Isla Isabel), and the predominant groups were Cryp-
tophytes, small dinoflagellates, Prasynophytes, and small diatoms
(Zingone et al., 2011).

In autumn 1995 surface Chla ranged from o0.2 mg m�3

(slightly northeast from Cape Froward) to 0.9 mg m�3 (Bahía
Porvenir, eastern shore of Paso Ancho) (Saggiomo et al., 2011). At
that time, most of the phytoplankton was small in size, 46% and
27% of the total Chla were contributed by cells o2 mm and
o10 mm respectively, where cyanobacteria dominated the pico-
fraction and Prasynophytes, Prymnesiophytes, Cryptophytes and
small diatoms were abundant in the nano-fraction (Vanucci and
Mangoni, 1999). Intensive toxic blooms of Gymnodinium have also
been recorded during autumn in different areas of the Straits from
Canal Abra (in the Paso Largo, Pacific Sector) and Punta Carrera (in
Paso Ancho, Middle Sector), causing problems in local fisheries
(Uribe and Ruiz, 2001).

In spring 1989 nanoflagellates predominated in the Atlantic
Sector, diatoms in the Middle one, and dinoflagellates in the Pacific
Sector (Cabrini and Fonda Umani, 1991). Antezana and Hamamé
(1999) found also that the spring bloom in 1994 was composed
mainly by chain-forming diatoms at a site on Paso Ancho (Middle
Sector) and that wind conditions, regulating the mixing in the
upper water column, had a strong impact in the development of
phytoplankton biomass (varying from 3 to 6 mg m�3 of Chla at the
sub-surface). Iriarte et al. (2001) followed the composition of the
phytoplankton community from spring to autumn (1997/1998) at
several fixed stations in Paso Ancho, and found again that chain-
forming diatoms dominated in spring (maximum Chla �
2.5 mg m�3) while phytoflagellates (especially Euglenophytes)
dominated in summer (maximum Chla o0.5 mg m�3).
3. Methods

3.1. Sampling and measurement of physical variables

R/V Melville sailed from Cape Town (South Africa) to Valparaiso
(Chile) from February 20 to March 14, 2011 (MV0211 cruise). The
region here analyzed was crossed from March 7–9, and 26 sites
were sampled at sub-surface (yellow symbols in Fig. 1). Tem-
perature and salinity were determined continuously by a thermo-
salinographer attached to the flow-through circulation system (�
4 m). At chosen sites seawater samples were drawn from the flow-
through system, or from the 1 m bottle of Rosette casts, for on
board CDOM absorption measurements. Aliquots of known vo-
lumes were filtered at low pressure (o5 psi) and dim light onto
25 mm diameter glass fiber GF/F Whatman filters, stored im-
mediately in liquid nitrogen and later in an ultra-freezer (�84 °C)
until analysis for chlorophyll-a concentration (at 26 sites), phyto-
plankton pigments composition (at 21 sites) and absorption
coefficients (at 21 sites). Additionally at 6 selected sites 150 ml of
seawater were fixed with neutralized paraformaldehyde (0.4% fi-
nal concentration) for the analysis of phytoplankton composition
under microscope, and other aliquots of 2 ml were fixed with 2%
paraformaldehyde solution and kept in cryovials in liquid nitrogen
until flow cytometric analysis.

The R/V Mirai 2003-2004 cruise around the world (BEAGLE
expedition organized by the Japan Marine Science and Technology
Center) also crossed the Straits of Magallanes on the 24 and 25 of
October 2003. Temperature and salinity was determined con-
tinuously from the flow-through system (� 4 m). Five sites were
sampled (red symbols in Fig. 1) from the surface with a bucket or
from the flow-through system for CDOM absorption measure-
ments, and as for the MV2011 cruise aliquots of known volumes
were filtered for phytoplankton pigments (stored in liquid nitro-
gen until analysis) and absorption (measured immediately on
board).

3.2. Photosynthetically active radiation

Satellite-derived photosynthetically active radiation (PAR), de-
fined as the quantum energy flux from the Sun in the spectral
range 400–700 nm reaching the ocean surface, was obtained from
NASA's Ocean Biology Processing Group using algorithms de-
scribed in Frouin et al. (2003) and Frouin et al. (2012). The PAR
data, in the form of daily (24-hour averaged) values at 4 km re-
solution from the MODerate resolution Imaging Spectro-
radiometer (MODIS) onboard Aqua and Terra, were temporally
averaged to yield the PAR conditions in the Straits of Magallanes
and surrounding oceans during March 6-13, 2011, the period
during which MV1102 water samples were collected. Monthly
values during the course of 2011 were also generated at 4 locations
to provide information on seasonal PAR variations in the Pacific,
Atlantic, and Middle Sectors of the Straits, and the Patagonian
Shelf. PAR root-mean-squared accuracy is about 2 mol quanta m�2

d�1 on monthly estimates (Frouin et al., 2012).

3.3. Phytoplankton composition

3.3.1. Microscopy
The identification and quantification of the phytoplankton cells

(� 3–100 mm), were made using an inverted microscope (Olym-
pus IX70) by the sedimentation method (100 ml) (Utermöhl, 1958)
at the “Instituto Nacional de Investigación y Desarrollo Pesquero
(INIDEP)”. The cells were grouped according to their classes i.e.,
diatoms (Bacillariophyceae), dinoflagellates (Dinophyceae), cal-
careous and non-calcareous haptophytes (Prymnesiophyceae),
prasinophytes (Prasinophyceae), and separated into size classes of
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pico (o2 mm), nano (2–20 mm) and micro (420 mm) (Sieburth
et al., 1978).

3.3.2. Flow cytometry
Identification and quantification of heterotrophic bacteria (HB),

picoautotrophic eukaryotes (EUK), and Cyanobacteria (Synecho-
coccus - SYN and Prochlorococcus- PROC) was performed by flow
cytometry at the “Universidade Federal do Rio de Janeiro (UFRJ)”
according to the method of Marie et al. (2005). The concentrations
of each group were calculated in units of cells.ml�1.

3.3.3. Estimation of phytoplankton carbon biomass
First, cellular biovolume was estimated using geometric shapes

from digital images (Hillebrand et al., 1999). Then the carbon
concentration from cell volumes of micro- and nano-plankton
fractions was calculated using the equations proposed by Menden-
Deuer and Lessard (2000). For picophytoplankton biomass was
estimated using published conversion factors from cell volume to
carbon: 0.22 pg C mm�3 (Booth, 1995) for eukaryotic cells o5 mm
and 0.21 pg C cell for Synechococcus cells of 0.8-1.5 mm (Waterbury
et al., 1986).

3.4. Phytoplankton pigments

3.4.1. Spectrofluorometric determination of chlorophyll-a
concentration

Chlorophyll-a concentration (Chla) for the R/V Melville cruise
was determined by spectrofluorometry at INIDEP laboratory fol-
lowing the method of Holm-Hansen et al. (1965) modified by Lutz
et al. (2010).

3.4.2. High performance liquid chromatography (HPLC) determina-
tion of pigment concentrations

The pigment composition of MV11012 samples was identified
and quantified by HPLC, C. Thomas at NASA Goddard (Horn Point
Laboratory, USA) performed the analysis, following Van Heukelem
and Thomas (2001). Pigment samples from the Mirai 2003 cruise
were analyzed by HPLC by L. Clementson at CSIRO laboratory
(Australia), following Wright et al. (1991); data retrieved from
SeaBASS (http://seabass.gsfc.nasa.gov/seabasscgi/search.cgi).

3.5. Absorption coefficients

3.5.1. Determination of particulate absorption coefficients
Replicate samples for the determination of particulate absorp-

tion coefficients for the R/V Melville cruise were analyzed at the
“Instituto Oceanográfico da Universidade de São Paulo (IO-USP)”
and INIDEP, following the quantitative filter technique (Mitchell
1990; Mitchell et al., 2002). Filters were placed on a quartz plate in
a double beam Shimadzu UV- 2450 spectrophotometer and optical
density (OD) was recorded from 300 to 800 nm for the total par-
ticulate material. The filters were then extracted with methanol
and read again to get the OD of non-pigmented particles (Kishino
et al., 1985). These values of OD were corrected for a null ab-
sorption (subtracting from the whole spectrum the average OD
from 790 to 800 nm) and for the path length amplification factor.
Then, the absorption coefficients for the total particulate, ap(λ),
and non-pigmented particles, aNPP(λ), were estimated converting
log10 into logn, and taking into account the effective filtration area
and the volume of seawater filtered. Finally, the absorption coef-
ficient of phytoplankton, aph(λ), was obtained by subtracting the
NPP absorption from the total particulate absorption.

The procedure followed for samples from the R/V Mirai cruise
was similar than the one used for those of the R/V Melville cruise,
except that samples were read immediately on board using a Cary-
50 UV–vis-NIR (an average of 10 readings were taking for each
spectrum). One sample (collected at site F8) of total particulate
absorption was processed using the mathematical approach of
Hoepffner and Sathyendranath (1993) to estimate the phyto-
plankton and NPP absorption since, due to the high amount of
sediments present, it was difficult to retrieve an appropriate
phytoplankton spectrum using Kishino's method.

3.5.2. Determination of Chromophoric dissolved organic matter
(CDOM) absorption coefficient

CDOM absorption determinations for both R/V Melville and R/V
Mirai cruises were performed in the same way immediately on
board following the method of Mitchell et al. (2002). Duplicate
samples of seawater were filtered through acid-clean Nuclepore
0.2 mm filters, and read in 10 cm quartz cuvettes from 250 to
750 nm using a Cary-50 UV–vis-NIR spectrophotometer, using
ultrapure MilliQ water as a reference. The CDOM absorption
coefficients were calculated converting log10 into logn, and taking
into account the path length of the cuvette. More details of the
process can be found in Ruddorf et al. (2014).

3.6. Euphotic depth

The depth of the euphotic layer (Zeu), defined here as the depth
where irradiance equals 1% of the surface irradiance, was esti-
mated as Zeu¼4.6/Kd(PAR) according to Kirk (1994). Where Kd(PAR)
is the downwelling attenuation coefficient of underwater light,
here parameterized according to Sathyendranath and Platt (1988).
The inputs for this model were: the absorption and scattering
spectra of pure seawater (Pope and Fry, 1997), the Chla values, aNPP
(λ), aph(λ), and ay (λ) here measured.
4. Results and discussion

4.1. Straits of Magallanes in late summer 2011

4.1.1. Variations in light
Although irradiance was recorded on board, instant measure-

ments are subjected to large variability (due to wind inducing
cloud covering), and the crossing of the Straits occurred partly
during the night. Hence, to have a broad picture of light conditions
at the time of the cruise a March 6-13, 2011 MODIS composite
image of PAR was generated and is displayed in Fig. 2. Daily PAR
values decreased from the Patagonian Shelf towards the Pacific
Sector, as it is typical for the area. The Andes offer a barrier to the
Southern Westerly Winds resulting in an annual precipitation
45000 mm per year, making this area permanently cloud covered
and drizzling. The eastern part, on the other hand, is drier and has
relatively more clear skies (Aracena et al., 2011). Monthly varia-
tions in MODIS PAR throughout the year 2011 were followed for
four selected points, one in each of the studied sectors (Fig. 3). The
seasonal cycle of increasing irradiance towards summer is evident,
while the pattern of decreasing values from the Patagonian Shelf
towards the Pacific Sector is maintained for each month. Due to
the limitation in the NASA processing to solar zenith angles less
than 75°, PAR values are missing at the four locations during June
and July and at the Pacific location also during May.

4.1.2. Distribution of salinity and chlorophyll-a concentration
Sea surface temperature (SST) had a low variation, ranging

from 8.88 °C (station 91, west of the Middle Sector) to 11.20 °C
(station 82, Atlantic Sector), and did not exhibit significant corre-
lations with any of the other variables studied. This is within
previous records of sea surface temperature, which showed a
range from 4 °C in September to 12 °C in February (Iriarte et al.,
2001). In this area, with variable influence of fresh-water input



Fig. 2. Average daily incident irradiance (PAR) values distribution obtained using both MODIS Aqua and Terra for March 6-13 2011 (L3, 8-day composite, 4-km resolution).
Dots show the location for which annual time series were extracted (see Fig. 3).
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from glacier melting and precipitations, density was driven by
salinity (rS¼0.99, Table 1). The trend showed high sea surface
salinity (SSS) close to the Pacific (33.096, station 99) and Atlantic
entrances and low SSS in the fjords area of the Pacific Sector
(24.332, station 101) (Fig. 4), in agreement with previous reports
Fig. 3. Monthly average daily values of irradiance (PAR) throughout 2011
(Panella et al., 1991).
Chla was high in the Patagonian Shelf (up to 4.77 mg m�3),

abruptly decreased close to the Atlantic entrance of the Straits,
started to increase in the Atlantic Sector, then decreased again on
the east of the Middle Sector followed by a peak of 4.19 mg m�3,
, at 4 locations in the Straits of Magallanes (see positions in Fig. 2).



Table 1
Correlations among variables estimated from samples collected at the Straits of Magallanes in late summer 2011. Spearman correlation coefficients, probability values and
number of samples are reported in each case.

Sal Fuco/Chla Hex/Chla Zea/Chla [LþNþV]/Chla aph(440) aNPP(440) a*pH(440)

rT
r 0.99
P 0.000
n 26

Chla
r 0.51
P 0.008
n 26

Fuco/Chla
r �0.58
P 0.006
n 21

Chlb/Chla
r �0.50 0.84 0.87 0.72
P 0.022 0.000 0.000 0.000
n 21 21 21 21

Zea/Chla
r 0.83 0.60
P 0.000 0.000
n 21 21

[LþNþV]/Chla
r 0.74
P 0.000
n 21

PPC/PSC
r 0.84 0.81 0.67
P 0.000 0.000 0.000
n 21 21 21

aph(440)
r 0.52
P 0.010
n 24

aNPP(440)
r 0.45 0.52
P 0.027 0.009
n 24 24

ay(440)
r �0.98 �0.50
P 0.000 0.044
n 16 16
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and from there values decreased towards and along the Pacific
Sector with slightly higher concentrations at the entrance (Fig. 4),
coincident to what was found for late summer 1991 (Saggiomo
et al., 1994). There was a weak positive correlation between Chla
and SSS, indicating that phytoplankton was more abundant in
more saline seawaters than in the less saline waters of the fjords
(Table 1). This is probably not due exclusively to the direct effect of
salinity, but rather to a combination of co-varying factors, such as
availability of nutrients and light. In the fjord area of the Pacific
Sector, a characteristic shallow stratification is produced by the
input of fresh colder water from the glaciers rich in silicic acid (and
inorganic glacial-silt from erosion) and by a deeper layer of
oceanic Sub-Antarctic water rich in nitrates (Valle-Levinson et al.
2006; Aracena et al., 2011).

4.1.3. Main phytoplankton groups
Total carbon concentrations estimated by microscopic and flow

cytometric measurements ranged between 5.06 mg m�3 (st. 92,
Middle Sector) and 49.06 mg m�3 (st. 76, Patagonian Shelf)
(Fig. 5A). The carbon biomass was composed in its majority by the
pico-fraction (o2 mm) of phytoplankton and secondly by the
nano-fraction (2–20 mm), with exception of the Atlantic Sector
where the micro-fraction (420 mm) dominated at station 85 and
was the second contributor at station 82 (Fig. 5B). Although total C
showed a significant regression with Chla for the selected stations
(r2¼0.88, power of the test 0.85, n¼6), the C:Chla ratio showed a



Fig. 4. Surface values of salinity and chlorophyll-a concentrations at the stations
sampled during the MV1102 cruise.

Fig. 5. A. Carbon and chlorophyll-a concentrations; B. Proportion of carbon in each
of the size fractions with respect to the total carbon, and ratio total carbon to
chlorophyll-a. All of them are surface values at selected stations during the MV1102
cruise.

V. Lutz et al. / Continental Shelf Research 119 (2016) 56–6762
large variability between 3.2 (st. 82) and 11.2 (st. 96) (Fig. 5B). The
C:Chla ratio had a positive regression with the proportion of the
pico-fraction when values from station 85 were left aside
(r2¼0.77, power of the test 0.48, n¼5), though due to the few data
considered the power of the test fell below the desired value of
0.8 and hence the association should be interpreted with caution.
This trend is in accordance to what has been observed regarding
an increase in the ratio with decrease in cell-size (Geider, 1987;
Sathyendranath et al., 2009). On the other hand, the values of the
C:Chla ratio found here are low in comparison to those reported in
the literature (mostly between 20 and 200; reviewed in Geider,
1987; Sathyendranath et al., 2009). These ratios were calculated
using Chla determined spectrofluorometrically, the use of the
slightly lower Chla values determined by HPLC did not cause any
substantial change (the higher C:Chla would raise from 11.2 to
15.6). The C:Chla ratio depends on the phytoplankton groups
present (Llewellyn and Gibb, 2000; Chang et al., 2003) and even
more on the physiological state of the cells (Geider, 1987). It has
been reported that C:Chla decreases with a decreasing irradiance
(due to photoacclimation increasing the intracellular concentra-
tion of pigments) and increases with a decreasing temperature
(Geider, 1987; Geider et al., 1997). Although the low temperature
in these waters would suggest a high C:Chla value, this effect may
be overruled by the photoacclimation to a permanent low light
environment, which seems to be the major factor affecting phy-
toplankton in this region. Most studies on C:Chla ratios (where C
accounts for phytoplankton alone) have been performed with
cultures from species collected usually from temperate or even
sub-tropical environments. A low value of C:Chla (� 4) for phy-
toplankton in the Paso Ancho area in summer could be derived
from the work of Iriarte et al. (2001; their Table 1: mean
Chla¼0.45 mg m-3, sum of phytoplankton C¼1.80 mg m-3). Pre-
vious evidence of a low C:Chla ratio (�12) was reported for an ice
phytoplankton bloom in Antarctica (Bunt and Lee, 1972), while
variations in C:Chla between 4.8 and 187.7 were found for the
ultraphytoplankton (o5 mm) at the EPEA station in the north
coast of Argentina (Silva et al., 2009).

There was a rich diversity in phytoplankton groups among the
different size-fractions (Fig. 6). Within the micro-fraction phyto-
plankton C was mainly composed by diatoms, except at station 76
(Patagonian Shelf) where dinoflagellates dominated and station 96
(Pacific Sector) where Euglenophytes were equally important
(Fig. 6A). The nano-fraction C biomass was the most diverse in
phytoplankton groups: diatoms had the highest contribution at
stations 76 (Patagonian Shelf), 85 (Atlantic Sector) and 98 (Pacific
Sector); calcareous haptophytes (mainly the coccolithophore
Emiliania huxley) dominated at station 82 (Atlantic Sector) and 96
(Pacific Sector) and were second in contribution at station 92
(Middle Sector); dinoflagellates dominated this fraction at station
92 (Middle Sector) and were second at station 76 (Patagonian
Shelf); and Prasinophytes and non-calcareous haptophytes had
minor contributions at the different stations (Fig. 6B). Finally, the
prevalent size-class at this time of the year, the pico-fraction
(Fig. 6C) was composed in first place by cyanobacteria (Synecho-
coccus sp.), except at station 85 (Atlantic Sector) where picophy-
toeukaryotes were equally important; this last group was the
second component of the fraction and encompasses a variety of
taxa (here dominated in most cases by green coccal cells). These
results are comparable to those reported by Zingone et al. (2011),
who found in late summer 1991 that micro-phytoplankton and
large nano-phytoplankton (10–20 mm) were only relatively im-
portant (in terms of carbon biomass) in the two extremes, being
represented mainly by diatoms in the Atlantic sector and by di-
noflagellates in the Pacific Sector, while small nano-phytoplankton
(o10 mm) and pico-phytoplankton (o3 mm) were predominant
along the Straits.

Abundance of Synechococcus has been previously reported for
the area (Vanucci and Mangoni, 1999), as well as for other high
latitude environments (Vezina and Vincent 1996; Putland, 2000;
Wilmotte et al., 2002; Huang et al., 2012; Pittera et al., 2014).
Genetic tools are being used nowadays to describe different types
(clades, ecotypes, strains) of Synechococcus, which have different
physiological capacities to acclimate to different environmental
conditions. This genetic diversity explains the widespread global
distribution of Synechococcus, and would render this genus well
suited to adapt to changes occurring in the ocean (Zwirglmaier
et al., 2008; Mackey et al., 2013; Flombaum et al., 2013; Jodlowska
and Sliwinska, 2014; Pittera et al., 2014; Perez-Cenci et al., 2014).



Fig. 6. Surface carbon concentrations, at selected stations during the MV1102
cruise, for the main taxonomic components within each size fraction: A. micro-
phytoplankton; B. nanophytoplankton; C. picophytoplankton.

Fig. 7. Surface values of main pigments to chlorophyll-a ratios, at selected stations
at the MV1102 cruise. A. Chlorophyll-c1þc2/chlorophyll-a (Chlc1þ2/Chla), chlor-
ophyll-b/chlorophyll-a (Chlb/Chla), chlorophyll-c3 (Chlc3/Chla); B. [Sum of photo-
protective carotenoids]/[sum of photosynthetic carotenoids] (PPC/PSC), [phaeo-
phytin-aþphaeophorbide-a]/chlorophyll-a (pH/Chla), fucoxanthin/chlorophyll-a
(Fuco/Chla); C. 19′hexanoyloxyfucoxanthin/chlorophyll-a (Hex/Chla), peridinin/
chlorophyll-a (Per/Chla), zeaxanthin/chlorophyll-a (Zea/Chla).
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4.1.4. Main phytoplankton pigments
The Chlc1þ2:Chla ratio (indicative of red algae; i.e., diatoms,

dinoflagellates, haptophytes, rhodophytes, cryptophytes, chryso-
phytes, etc.) was the highest among the accessory chlorophylls at
stations in the Atlantic Sector, eastern stations in the Middle Sector
and the two stations at the Pacific entrance. The ratio Chlb:Chla
(indicative of green algae; i.e., chlorophytes, euglenophytes, pra-
sinophytes, etc.) was higher than the Chlc1þ2:Chla at the rest of
the stations, except at stations 76 and 77 (Patagonian shelf) where
the two ratios were similar (Fig. 7A). The Chlc3:Chla ratio (in-
dicative mainly of Haptophytes) exhibited values much lower than
those for the other chlorophylls, only modestly higher on the Pa-
tagonian Shelf and at the Pacific entrance (Fig. 7A).

Fucoxanthin (Fuco), a main but not exclusive pigment in dia-
toms, was the major carotenoid as shown by high though variable
Fuco:Chla ratios at all stations (Fig. 7B). The other carotenoids had
lower and variable ratios to Chla. Zeaxanthin (Zea), present in
prokaryotes and green algae, had the highest Zea:Chla ratio at
station 79 (Patagonian Shelf); 19′hexanoyoxyfucoxanthin (Hex),
present mainly in Haptophytes, had the highest Hex:Chla ratios at
the Pacific entrance and at station 88 (Middle Sector); while
peridinin (Per), present in dinoflagellates, was a minor pigment,
with the highest Per:Chla ratios at station 93 (east of Pacific Sec-
tor) and at station 87 (Middle Sector) (Fig. 7C).

At station 88 (Middle Sector) Chla was high (4.19 mg m�3), and
although unfortunately no sample was taken for microscopy/flow-
cytometry analysis, the pigment composition indicated a mixed
phytoplankton composition. Here the pigment analysis showed
relatively lower Fuco:Chla and higher Hex:Chla and Chlc3:Chla
ratios (than at the rest of the stations), suggesting the presence of
Haptophytes, the relatively high Allo:Chla (not shown) indicated
the presence of Cryptophytes, and a non-negligible Per:Chla ratio,
indicated the presence of dinoflagellates (Fig. 7 B and C).

The Fuco:Chla ratio was negatively correlated to the Hex:Chla
and Chlb:Chla ratios, from which we can infer that diatoms were
more abundant where haptophytes and green algae were not
(Table 1). This can also be derived from the phytoplankton com-
position (Fig. 6). The ratio Chlb:Chla was positively correlated



Fig. 9. A. Surface values of the absorption coefficients at 440 nm for phytoplankton,
non-pigmented particles and CDOM; B. Specific absorption coefficient of phyto-
plankton at 440 nm and euphotic depth (Zeu) at selected stations from the MV1102
cruise.
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mainly to the Zea:Chla and [LuþNeoþVio]:Chla ratios, which
were highly correlated to each other, since these pigments are
common to green algae (here mostly represented by coccal green
cells known to be an important component of the
picophytoeukaryotes).

The proportion of photoprotective to photosynthetic car-
otenoids (PPC:PSC) provides an indication of both the photo-
acclimation status and the variation in phytoplankton composi-
tion; i.e., a high PPC:PSC ratio would indicate acclimation to high
irradiance, or the presence of species with permanent high PPC
(i.e., prokaryotes and green coccal cells). Here the PPC:PSC ratio
(Fig. 7B) had a strong correlation with both Zea:Chla and
[LuþNeoþVio]:Chla ratios (Table 1), hence indicating the pre-
sence of prokaryotes and green algae rather than acclimation to
high light, since surface irradiance was low during the time of
sampling in the Straits (due to heavy cloud cover and drizzle).

Non-negligible amounts of degradation products from Chla,
phaeopigments (Ph)¼phaeophytin þ phaeophorbide, were pre-
sent, which can be related to several factors: grazing, presence of
diatoms with high chlorophyllase activity, and re-suspension of
sediments (containing dead or senescent phytoplankton). The Ph:
Chla ratio was higher in the Atlantic Sector, where sediments –

therefore the probability of finding senescent cells- were abun-
dant, and at the limit between the Middle and Pacific Sectors
(Fig. 7B). There was a weak correlation between the Ph:Chla ratio
and the absorption coefficient of non-pigmented particles,
aNPP(440), (rS�0.38, P�0.086).

4.1.5. Comparison between taxonomy and pigment composition of
the phytoplankton

Using the Uitz et al. (2006) pigment indices the proportion of
the three main size-classes of phytoplankton (micro, nano and
pico) was estimated at each station (values provided by the NASA
laboratory). Independently, for the selected stations analyzed by
microscopy and flow cytometry, the proportion of these size-
classes was estimated according to the carbon biomass in each
fraction (Fig. 8). Except at station 85, where diatoms from the
micro fraction were dominant, the two kinds of size-class indices
did not match. This is because the diatoms, abundant at some
stations, were of small size (nano or pico fraction), while when
using the pigment indices diatoms are assigned by default to the
micro-fraction. Here the disparity was probably enhanced by
photoacclimation of the diatoms to low light, increasing the in-
tracellular concentration of the light-harvesting fucoxanthin, and
of cyanobacteria decreasing the intracellular concentration of the
photo-protective zeaxanthin. This result highlights the importance
of counting with microscopic information when making inferences
about cell sizes. (NASA does not longer report indices of size-
fraction; C. Thomas pers. comm.).

Flow cytometry analysis indicated the presence of high
Fig. 8. Surface values of the proportion of each size class (micro-, nano- and pico-
phytoplankton) to the total, as estimated by pigments (P) and microscopy & flow
cytometry (M) analyses, at selected stations from the MV1102 cruise.
abundances of Synechococcus at several stations (Fig. 6C). Never-
theless, HPLC data showed relatively low concentrations of Zea.
The Zea:Chla ratio for station 76, where Synechococcus was
dominant, was 0.04 (even if we allocate only half of the Chla to
Synechococcus, following the proportion of carbon in this group,
the ratio would only increase to 0.08), while commonly the Zea:
Chla ratio for Synechococcus ranges between � 0.2-2.0 according
to acclimation (Kana et al., 1988, cultures; Lutz et al., 2003, field
samples). This suggests that Synechococcus cells may have been
adjusting their pigment proportions to particular conditions in this
region due to the combination of cold waters and low light. It has
been reported that some natural populations of cyanobacteria are
able to convert zeaxanthin into its 7′, 8′-dihydro derivative para-
siloxanthin, which may have a role in membrane fluidity at low
temperatures (in Scanlan et al., 2009).

4.1.6. Absorption by different components
There was a high variability in the absorption by different

components along the region (Fig. 9A). In the Patagonian Shelf
total absorption at 440 nm was dominated by the phytoplankton
(at st. 76 aph(440)¼0.265 m�1 representing 76% of the total ab-
sorption [aph(440)þaNPP(440)þay(440)]), while in the Atlantic
Sector the major contributor was NPP (at st. 82; aNPP
(440)¼0.138 m�1 representing 42% of the total absorption), in the
Middle Sector CDOM dominated at most stations except at the
phytoplankton peak (around station 88), and in the Pacific Sector
CDOM contributed up to 80% of the total absorption in the blue (at
st. 101 ay(440)¼0.232 m�1). The specific absorption coefficient of
phytoplankton (representing a measure of efficiency of absorption
per unit Chla) in the blue, * ( )a 440ph , was also highly variable along
the Straits ranging from 0.018 to 0.069 m2 (mg Chla)�1 (Fig. 9B).
Here, the estimated euphotic depth, Zeu, varied between 15 and
22 m (Fig. 9B), and according to the literature (Panella et al. 1991;
Saggiomo et al. 1994) the depth of the mixed layer (Zm) is usually
deeper than 40 m at the Middle and Pacific Sectors while a com-
pletely homogeneous water column is observed at the Atlantic
Sector. Therefore, since Zeu seems to be shallower than the ex-
pected Zm phytoplankton cells would be mixed down below the



Fig. 10. Surface values of: A. Salinity and chlorophyll-a concentrations; B. chlor-
ophyll-c1þc2/chlorophyll-a, chlorophyll-b/chlorophyll-a, chlorophyll-c3; C. [Sum
of photoprotective carotenoids]/[sum of photosynthetic carotenoids], [phaeophy-
tin-aþphaeophorbide-a]/chlorophyll-a, fucoxanthin/chlorophyll-a, at the stations
sampled during the Mirai 2003 cruise.

Fig. 11. Surface values of the absorption coefficients at 440 nm for phytoplankton,
non-pigmented particles and CDOM and euphotic depth (Zeu) at the stations
sampled during the Mirai 2003 cruise.
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illuminated layer. This is another factor contributing to the low
light acclimation of phytoplankton in the Straits.

The absorption by phytoplankton and non-pigmented particles
at 440 nm were positively correlated to salinity but weakly, while
CDOM absorption was negatively correlated to salinity but
strongly (rS�0.98, Po0.0001) (Table 1). This is concordant to the
fact that CDOM dominated the light absorption in the fresh-water
influenced area of the fjords, while particles dominated in the
more saline areas of the Straits (close to the two ocean entrances)
and in the Patagonian Shelf.

The absorption by non-pigmented particles, aNPP(440) was
positively correlated to aph(440). In turn CDOM absorption,
ay(440), was negatively correlated to aNPP(440), but not sig-
nificantly correlated to aph(440) (Table 1). This would be a further
indication that CDOM originated mostly from land vegetation ra-
ther than plankton.

The * ( )a 440ph was positively correlated to the ratios of Chlb:Chla,
Zea:Chla, [LuþNeoþVio]:Chla and PPC:PSC (Table 1), indicating
that small cells -known to have higher efficiency of light absorp-
tion per unit Chla- were mainly composed by prokaryotes and
green algae in this region, as it was observed by microscopic/flow-
cytometric and pigment analyses. The highest values of * ( )a 440ph

found here are in agreement to what is expected for pico-phyto-
plankton (Ciotti et al., 2002), though they were lower than those
reported for a Synechococcus dominated population at EPEA during
summer (� 0.15 m2 mg Chla�1) where cells were photoacclimated
to high irradiance, probably with higher Zea concentration (Silva
et al., 2009).

4.2. Straits of Magallanes in spring 2003

4.2.1. Salinity and pigments
In the five stations sampled during the R/V Mirai 2003 cruise

salinity exhibited only a slight decrease in the Middle Sector
(Fig. 10A). Chla was low in the Atlantic and Pacific Sectors (1.26 and
0.65 mg m�3 respectively) and 43.5 mg m�3 on the Middle Sec-
tor (reaching 5.05 mg m�3 at st. 4) (Fig. 10A).

The Chlc1þ2:Chla ratio was 40.2 at all stations, except at st. F8
in the Atlantic Sector where it was lower (0.1), while the con-
centrations of the other accessory chlorophylls (b and c3) were
negligible, with only traces of Chlb at st. 3 in the Pacific Sector
(Fig. 10B). Among the carotenoids the major one present was fu-
coxanthin, with a ratio Fuco:Chla ranging between 0.25 and 0.34
(Fig. 10C) and traces of peridinin, prasinoxanthin, and alloxanthin
at st. 3 in the Pacific Sector (not shown). The PPC:PSC ratio was
relatively constant (ranging between 0.16 and 0.21), where the
main PPC was diadinoxanthin (present mostly in diatoms). The
degradation products of Chla could be detected in very low con-
centration relative to Chla only at two stations (maximum ratio
Ph:Chla¼0.07 at st. F7) (Fig. 10C).

Unfortunately, there are no results available on phytoplankton
composition for this section of the cruise. On the other hand, the
pigment composition was less diverse than in the summer cruise,
and suggests that diatoms dominated the phytoplankton at that
time, as previously reported by Iriarte et al. (2001) and Decembrini
et al. (2014).

4.2.2. Absorption by different components
During this spring period, phytoplankton contributed largely

to the absorption at 440 nm, with a maximum aph(440) value of
0.232 m�1 (st. F6, Middle Sector) (Fig. 11A). CDOM absorption
dominated at two stations (in the Pacific and Middle Sector),
but the ay(440) values were high everywhere (range:
0.126–0.165 m�1), and NPP absorption was high only at st. F8 in
the Atlantic Sector (Fig. 11A).

The specific absorption coefficient of phytoplankton at 440 nm
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ranged between 0.025 and 0.041 m2 (mg Chla)�1 (Fig. 11B). These
values are lower in average than those found in late summer 2011,
suggesting again that during spring large diatoms were probably
dominant in the phytoplankton. In spring the Zeu was even shal-
lower than at the end of summer, ranging between 12 and 19 m
(Fig. 11B). This again points towards the need of phytoplankton to
acclimate to low light, since the physical mixing most probably
entrained the cells below the euphotic layer (according to the Zm
reported in Panella et al., 1991 and Saggiomo et al., 1994).
5. Concluding remarks

Water absorption along the Straits of Magallanes followed a
progression tightly coupled to the longitudinal changes in geo-
graphical landscape. It was mainly dominated by phytoplankton in
the rich Patagonian Shelf, by non-pigmented-particles in the
Atlantic Sector with strong tides and heavy re-suspension of se-
diments, by phytoplankton and CDOM in the Middle Sector, and
finally by CDOM towards the fjords influenced by glacier melting
and forest runoff.

Our results confirm previous observations regarding phyto-
plankton composition, which was dominated by the pico fraction
during late summer (2011) and by diatoms in early spring (2003).
During summer, cyanobacteria contributed a large proportion of
the phytoplankton carbon. The Synechococcus population ex-
hibited a very distinct pigment composition, with high Chla and
low Zea concentrations, due to acclimation to the permanent low
light and low temperature environment. This resulted also in very
low values of the C:Chla ratio (o15). Phytoplankton photo-
acclimation to low light must have been caused not only by the
low irradiance, but also by the high absorption of underwater light
by CDOM and NPP. This was evident in the fact that the euphotic
depth, regulated by the attenuation coefficient of underwater light,
was overall shallow. These findings support our hypothesis that
light is a major forcing conditioning phytoplankton distribution
and physiology in the Straits of Magallanes. The photoacclimation
to low light also resulted in high Fuco:Chla ratios for the relatively
few diatoms present, producing a biased higher proportion of
micro-phytoplankton when estimated by pigment indices. Pre-
sence of small nano and pico diatoms also biased the phyto-sized
pigment model. Photoacclimation effects should be taken into
account when applying biogeochemical models in this area.

It has been shown that different phytoplankton communities
prosper in the varied environments along the Straits during late
summer. Since there is a general flow of water towards the
Atlantic, one would expect that variations occurring in phyto-
plankton communities, as well as CDOM and NPP, in the Straits
would impact the Patagonian Shelf as the Magallanes plume car-
ried them.

Finally, the study emphasizes how phytoplankton is acclimated
in a fine equilibrium to its environment in this highly hetero-
geneous area. The Magallanes region, thought to be pristine due to
its remoteness, is under strong anthropogenic influence, which
affects the conditions for phytoplankton growth. This includes oil
exploitation (a considerable number of oil rigs operate in the
Straits), transport (one of the worst oil spills in history occurred in
1974 at the Primera Angostura), and salmon aquaculture (Aqua,
2014). Furthermore, climate change affecting glacier melting and
the precipitation regime mainly in the west, and tidal forces as
well as wind forces on the Middle and Atlantic Sectors, would
produce changes in the mixing and hence in the phytoplankton
dynamics of the Straits.
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