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The continental shelf of the Ross Sea, Antarctica, is characterized by extreme seasonal and interannual
changes in atmospheric and oceanographic processes, which result in distinct temporal patterns in phyto-
plankton biomass and assemblage composition. However, the environmental forcing of these variations re-
mains uncertain, especially when a series of correlated variables are considered. Hydrological profiles,
dissolved nutrients, particulate matter, and phytoplankton pigments were measured in the southern Ross
Sea in austral spring and summer during four years (1996–97, 2003–04, 2004–05, and 2005–06), and a series
of multivariate analyses were conducted to assess the causative mechanisms in the control of phytoplankton
distributions in the Ross Sea. Our results demonstrate that the significant interannual, seasonal and spatial
variability that occurs in the southern Ross Sea in hydrographic and chemical properties is highly correlated
with the variability in phytoplankton distributions. Although multiple controlling mechanisms were sug-
gested, mixed layer depths did not appear to be a dominant factor regulating phytoplankton biomass or com-
position; conversely, we found a significant role of water column temperature in structuring phytoplankton
assemblage composition in the southern Ross Sea, in that cooler water strongly selects for Phaeocystis antarc-
tica, which is a dominant control of carbon flux to depth, and thus of substantial biogeochemical importance.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

The ocean and its plankton are changing as a result of anthropo-
genically altered atmospheric conditions, which have resulted in in-
creased oceanic surface temperatures, changed fluxes of visible and
infrared radiation, modified hydrological regimes (which in turn
alter land inputs of nutrients to coastal systems), and increased oce-
anic concentrations of carbon dioxide and decreased pH (Caldeira
and Wickett, 2003; Levitus et al., 2000; Montes-Hugo et al., 2009).
These present and future changes have been incorporated into
models to predict the impacts on oceanic biota and biogeochemical
cycles (e.g., Blackford, 2010; Orr et al., 2005). However, direct exper-
imental verification of the influence of these variables is difficult, if
for no other reason that it is experimentally difficult to address both
individual and interactive effects of multiple variables at one time. A
few investigations have examined the biological responses and inter-
actions between temperature and micronutrients (Rose et al., 2009),
CO2 and temperature (Feng et al., 2010; Fu et al., 2007, 2008;
Hutchins et al., 2007; Hutchins et al., 2009), and CO2 and irradiance
(Feng et al., 2008), but experimental manipulations of all potentially
changing variables are not practical in plankton systems.

Another means of addressing the importance of climate-change
variables to phytoplankton growth, biomass and composition is by
ences, University of Southern
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statistically analyzing multiple types of field observations using prin-
cipal component analysis. This procedure detects patterns among a
suite of variables, and generates components which describe a signif-
icant fraction of the variability observed. The eigenvector of each
component provides a measure of the variability explained by each
set of variables, as well as insights into the relationship among the
variables within each component. By using a large data set, robust
correlations can provide insights into the causal mechanisms that
generate the correlations. Such an approach has been used in a varie-
ty of oceanographic studies previously (e.g., Beaugrand et al., 2003;
Edwards and Richardson, 2004; Massolo et al., 2009).

The Southern Ocean is changing rapidly, although the magnitude
and direction of the changes vary regionally. For example, the air
temperatures near the West Antarctic Peninsula are rapidly rising,
ice concentrations have decreased dramatically (Vaughan et al.,
2003), and ecosystem shifts have been noted (Fraser and Hofmann,
2003; Montes-Hugo et al., 2009). Conversely, the Ross Sea sector is
experiencing increased ice cover (Parkinson, 2002; Stammerjohn
et al., 2008) and a shortened open-water season, with substantial
spatial variations in these trends, and biotic responses appear to be
correlated with these changes (Smith et al., 2007). The Ross Sea also
has substantial spatial variability in physical, chemical and biological
distributions (Arrigo and van Dijken, 2004; Smith et al., 2003a,
2010; Stammerjohn et al., 2008), and exhibits a large amount of
short-term and interannual temporal variability as well (Arrigo and
van Dijken, 2004; Peloquin and Smith, 2007; Smith et al., 2000,
2010; Smith et al., 2011a). The generalized seasonal pattern of
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Table 1
The years and dates of the cruises included in the analyses, and number of stations and
samples from each cruise. Growing season of 2003–04 includes the period of austral
spring in late 2003 and austral summer in early 2004.

Dates of cruises Growing season Number of
stations

Number of
samples

13 Jan–06 Feb, 1997 1996–97, summer 14 112
28 Dec–29 Dec, 2003 2003–04, spring 16 44
03 Feb–06 Feb, 2004 2003–04, summer 20 61
20 Dec–24 Dec, 2004 2004–05, spring 19 97
28 Jan–31 Jan, 2005 2004–05, summer 21 47
26 Dec–31 Dec, 2005 2005–06, spring 5 30
01 Jan–23 Jan, 2006 2005–06, summer 13 154
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phytoplankton composition is for the haptophyte Phaeocystis antarc-
tica (P. antarctica) to grow and accumulate during austral spring
through late December, and diatoms to continue to grow in summer
(Smith et al., 2010; Tremblay and Smith, 2007). This pattern has
been explained by the decreases in the mixed layer depths in the
Ross Sea through the growing season (Smith and Asper, 2001),
since P. antarctica is associated with deeper mixed layers than are
diatoms (Arrigo et al., 1999; Smith et al., 2000, 2006), apparently
due to its photosynthetic plasticity (Kropuenske et al., 2009). How-
ever, it has proven difficult to quantify the differences in in situ pho-
tosynthetic responses between the two assemblages (van Hilst and
Smith, 2002). It is likely that other variables (such as micronutrients)
significantly contribute to the spatial and temporal variability, but
this remains to be demonstrated.

Variability in the global ocean and the Ross Sea occurs at a variety
of time and space scales. Significant interannual variability in phyto-
plankton biomass (Peloquin and Smith, 2007; Smith et al., 2010),
productivity (Arrigo and van Dijken, 2004; Smith et al., 2006), the
timing of the initiation of the primary spring bloom (Arrigo et al.,
1998), and vertical fluxes (Smith et al., 2011b) has been observed.
Seasonal variability in chemical and biological properties has been
well documented (Gordon et al., 2000; Smith et al., 2000; Sweeney
et al., 2000), and the short-term variations induced by physical
forcing have also been reported (Smith et al., 2011a). Interestingly,
current models cannot adequately resolve this variability, and do
Fig. 1. Map of the station locations used in this analysis. Shaded areas indicate 76.5–77.5°S,
and standard errors were extracted and binned.
not include the forcing generating the observed oceanic variability.
As a result, alternative approaches to viewing planktonic systems
can provide new ways to understand both the variability and the pro-
cesses occurring in natural systems.

We conducted statistical analyses of a series of cruises to the
southern Ross Sea to understand the causal mechanisms in the con-
trol of phytoplankton assemblage composition. A similar approach
was recently conducted by Massolo et al. (2009), but they used a
data set which was much more limited in time and space. We also
treated the data to determine the effects of depth and season. We
hypothesized that temperature had an important influence on phyto-
plankton composition, despite the modest (at most 5 °C) temperature
range observed in the southern Ross Sea. Our results demonstrate
that the significant interannual variability that occurs in the southern
Ross Sea in hydrographic and chemical properties is highly correlated
with the variability in plankton, and that water column temperature
exerts dominant control on structuring phytoplankton assemblages
during the growing season.

2. Methods

2.1. In situ observations

CTD casts (continuous measurements of temperature, conductivi-
ty and derived salinity and density, with data binned at 1 m intervals)
and water samples were collected from the southern Ross Sea in
late spring (mid- to late December) and summer (early January to
February) on board the RVIB N.B. Palmer and USCGC Polar Star during
four years (growing season of 1996–97, 2003–04, 2004–05, and
2005–06; Table 1). Stations were occupied north of the Ross Ice
Shelf and south of 75°S (Fig. 1). Mixed layer depth was estimated as
the depth where σT changed by 0.01 units from a stable surface
value (Smith et al., 2000). Sample collection and processing are de-
scribed in detail elsewhere (Smith et al., 2000, 2006, 2010). Water
samples were collected from the upper 200 m of the water column
and analyzed for dissolved nutrients [NO3, NO2, PO4, Si(OH)4, and
NH4], particulate matter [particulate organic carbon (POC), particu-
late nitrogen (PN), and biogenic silica (BSi)], and phytoplankton pig-
ments. Nutrients were analyzed using automated techniques, and
170–180°E, from which region MODIS eight-day averaged chlorophyll a concentrations
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POC and PN via pyrolysis on a Carlo-Erba 1108 elemental analyzer. Bio-
genic silica (BSi) concentrations were determined by alkaline digestion
and quantified spectrophotometrically (Nelson and Brzezinski, 1990).
Samples for chlorophyll a (chl-a) were assessed fluorometrically
(Smith et al., 2000), and accessory pigments were quantified using
high performance liquid chromatography (DiTullio et al., 2003; Smith
and Asper, 2001).
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2.2. Remote sensing image analysis

Data from the Ocean Color Temperature Scanner (OCTS) andMod-
erate Resolution Imaging Spectroradiometer (MODIS) were provided
by NASA's ocean color processing group (http://oceancolor.gsfc.nasa.
gov/). Level-3 global Standard Mapped Images at 9 km resolution
were selected from the periods November 1996 to February 1997
and November 2003 to February 2006. Eight-day averaged chl-a con-
centrations and standard errors were extracted and binned from
76.5–77.5°S, 170–180°E (Fig. 1).
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2.3. Statistical analyses

2.3.1. Analysis of variance and Tukey's test
One-way analysis of variance (ANOVA, parametric) was used to

evaluate whether the mean values of the physical and biological
variables changed with time and depth (Addelman, 1970). The data
were divided into various groups (Table 2). All data were tested for
normality and homogeneity of variance using R (v. 2.8.1) before
ANOVA was applied. For the variables for which ANOVA indicated
that the group means differed (i.e., pb0.05), Tukey's honestly signifi-
cant difference test (Tukey's test) was used to compare the difference
between each pair of means. The result for each pair is presented as a
p-value.
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2.3.2. Principal components analysis (PCA)
Principal components analysis (PCA) was used as a data reduction

technique to remove correlations among observed variables by trans-
forming these original variables into a new set of uncorrelated vari-
ables. The principal components (PCs) were derived in decreasing
order of importance, so that the first principal component accounted
for a majority of the variation in the original data, and each subse-
quent component explained progressively less (Meglen, 1992). The
objective of PCA is to determine whether the first few PCs account
for most of the variation in the original data. If so, they can be used
to determine patterns within this set of data without loss of informa-
tion. PC loadings were calculated to assess the relative contributions
of the original variables on each PC, while PC scores were derived as
indicators of relationships between PCs and individual observations.
Previous work has examined the relative importance of environmen-
tal factors in the control of primary production and phytoplankton
composition using this technique (Adolf et al., 2006; Figueredo and
Giani, 2009; Massolo et al., 2009). We used the following data as in-
puts to the PCA: temperature (Temp), salinity (Sal), sampling depth
(Z), mixed layer depth (Zm), nitrate (NO3), phosphate (PO4), silicic
acid (SiO4), biogenic silica (BSi), particulate organic carbon (POC),
particulate nitrogen (PN), chl-a, 19′-hexanoyloxyfucoxanthin (19′-
hex), and fucoxanthin (fuco). The data were subdivided to explore
the vertical, seasonal and interannual variations and interactions
of physical and biological properties in the Ross Sea. Ordination
bi-plots were provided to decipher the patterns determined by the
first two PCs. Because BSi concentrations were unavailable for the
1996–97 cruise, we completed two parallel analyses, one that only
included stations with BSi measurements, and the other that had all
stations but omitted BSi as a variable. Analyses were also conducted
using depth criteria (0–25, 25–50, and >50 m depth bins).
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Fig. 2. Results from OCTS and MODIS satellite estimates of surface chlorophyll a
(μg L−1) binned from 76.5–77.5°S, 170–180°E for 1996–97 (black square), 2003–04
(blue filled circle), 2004–05 (red triangle) and 2005–06 (grey filled circle).

138 X. Liu, W.O. Smith Jr. / Journal of Marine Systems 94 (2012) 135–144
3. Results

3.1. Chlorophyll a estimates from satellites

Satellite (OCTS and MODIS) observations of the southern Ross Sea
continental shelf indicated a pattern characterized by rapid increases
in spring, maxima in December, and declines in chl-a concentrations
after early January, as well as substantial interannual variations in
the bloom maxima (Fig. 2). Specifically, interannual variations in
the initiation date of the bloom were noted, with 2004–05 and
2005–06 increasing approximately two weeks earlier than 1997–08
and 2003–04. During the season of 2003–04, a secondary accumula-
tion of biomass was observed in mid-February, as noted by previous
in situ and remotely sensed observations (Peloquin and Smith,
2007; Smith et al., 2006, 2011a). The magnitude of the secondary
peak was comparable to that of the December bloom.

3.2. Analysis of variance (ANOVA)

Differences among water column temperatures were detected
between December 2003, 2004, and 2005 (Table 2, ANOVA, tempera-
ture, pb0.01). Specifically, temperatures were significantly higher in
December 2004 (mean of −0.59±0.93 °C) than those in the other
two years. In addition, the lowest annual mean, summer mean,
and maximum of chl-a concentrations were found in this year as
well (Table 2, Fig. 2). Between-year differences were also detected
in phosphate, silicic acid and 19′-hex concentrations (phosphate,
pb0.0001; silicic acid, pb0.0001; 19′-hex, pb0.0001). Concentrations
of both phosphate and silicic acid were lowest in December 2004,
with values of 1.38±0.34 and 62.8±10.1 μM, respectively, the year
in which significantly higher levels of fucoxanthin were observed as
well (2.35±2.02 μg L−1). Despite the lack of a significant difference
in nitrate and chl-a concentrations, 19′-hex concentrations (0.58±
0.76 μg L−1) in December 2004, the year in which both temperature
and salinity were higher, were significantly lower than those in the
other two years (difference between 2004 and 2003, pb0.001; 2004
and 2005, pb0.001).
Fig. 3. PCA ordination bi-plots for the biological and environmental variables (biogenic
silica omitted) for the Ross Sea, Antarctica, in which a) all available data were analyzed,
b) only data from spring cruises (December) were analyzed, and c) only data from
summer cruises (January/February) were analyzed. Open circles represent samples
collected from spring cruises; filled circles represent samples collected from summer
cruises. Temp=temperature; sal=salinity; Z=sampling depth; Zm=mixed layer depth;
NO3=nitrate; PO4=phosphate; SiO4=silicic acid; BSi=biogenic silica; POC=particulate
organic carbon; PN=particulate nitrogen; 19hex=19′-hexanoyloxyfucoxanthin; fuco=
fucoxanthin; Chl=chlorophyll a.

image of Fig.�2
image of Fig.�3


Table 3
Depth-binned (between 0–25, 25–50 and>50 m) means and standard deviations for physical properties, nutrients, particulate matter, and pigment concentrations averaged over
growing seasons of 1996–97, 2003–04, 2004–05, and 2005–06. Bold numbers indicate a significant difference from both other depth groups (pb0.05). n=number of samples.

Depth
(m)

n Temperature
(°C)

Salinity NO3

(μM)
SiO4

(μM)
PO4

(μM)
POC
(μM)

Chl-a
(μg L−1)

Fucoxanthin
(μg L−1)

19′-hex
(μg L−1)

NO3 : PO4

0–25 220 −0.18±0.81 34.2±0.25 16.9±4.34 61.5±21.2 1.16±0.47 28.7±15.6 4.95±3.91 2.07±2.48 0.64±0.90 14.8±1.31
25–50 129 −1.09±0.51 34.5±0.16 22.6±4.64 70.0±14.8 1.62±0.47 18.4±11.2 3.75±2.78 1.05±1.42 0.92±1.41 14.0±2.02
> 50 67 −1.53±0.28 34.4±0.14 28.3±3.28 76.0±7.30 2.01±0.21 10.4±8.43 1.56±1.48 0.18±0.12 0.57±0.64 14.1±3.90
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Interannual variability was also observed among the January/
February data from 1997, 2004, 2005, and 2006 (Table 2). Signifi-
cantly elevated values of chl-a (8.08±5.16 μg L−1), fucoxanthin
(4.49±2.94 μg L−1), and 19′-hex (0.71±0.73 μg L−1) were ob-
served in February 2004, during which period silicic acid concentra-
tions were substantially reduced, with mean concentration being
47.1±11.2 μM. Samples collected in January 2005 were character-
ized by the highest salinity and the lowest POC and pigment concen-
trations encountered, despite the significantly elevated values of
fucoxanthin observed during the previous December.

3.3. Principal component analysis (PCA)

Seasonal and interannual variability of environmental factors and
phytoplankton composition was observed, as expected (Fig. 3). The
first two PCs in the three analyses accounted for 60, 58 and 70%
of the total variance, respectively. Original variables with positive
loadings projected on the PC axes indicate positive relationships
with each PC, and the magnitude of the loading is indicative of the
influence of the variables on each PC. In the first analysis all available
data were included in the PCA, with BSi omitted as a variable (Fig. 3a).
Within these data, PC1 explains 43% of the total variance and is char-
acterized by positive loadings of POC and PN, temperature, chl-a and
fucoxanthin concentrations, and negative loadings of inorganic nutri-
ents and sampling depth (Table 4). This suggests that phytoplankton
biomass was negatively correlated with inorganic nutrients in gener-
al; positive PC1 coordinate space embraces samples collected in the
most productive areas, such as waters of the Ross Sea polynya,
where increased availability of irradiance initiates phytoplankton
growth, and consequently leads to an accumulation of particulate or-
ganic matter and a significant removal of nutrients. This may explain
the positive PC1 scores for part of the samples collected in December
2004, during which period waters were enriched with chl-a and fuco-
xanthin. A portion of summer data were also distributed in this space
due to elevated concentrations of POC, PN and chl-a, similar to those
Table 4
Factor loading matrix from the principal component analyses (first two PCs only). Bold numb
with the highest absolute values. The analysis of the entire season includes data from both
porates data from both seasons (Fig. 4a-c).

Variable BSi_omitted

Entire season Spring Summer 0–25 m 25–5

PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1

Temp 11.7 −20.9 10.1 −0.62 7.01 −20.4 0.34 −16.7 5.3
Sal −6.31 −0.70 −0.19 −1.92 −7.56 −3.20 −4.75 −1.59 −2.0
Z −9.74 7.31 2.72 2.78 9.44 −0.06 −1.48 6.43 −5.3
Zm −4.31 −5.83 −0.09 −7.63 −3.76 −1.07 −6.30 3.20 −1.8
NO3 −16.6 12.5 −10.4 −5.52 −12.8 13.2 −8.30 13.2 −7.3
SiO4 −13.3 −1.90 −10.1 −3.06 −11.3 12.0 −7.42 −2.60 1.7
PO4 −11.2 6.58 −6.24 1.91 −8.51 5.97 −8.20 6.98 −5.3
POC 16.3 8.36 9.37 5.28 14.5 2.00 12.9 −0.21 8.3
PN 11.5 5.13 −7.35 13.3 −10.9 −2.80 13.3 −0.21 9.0
Chl 8.89 13.2 4.36 3.38 7.52 9.60 8.77 8.33 6.2
Fuco 9.23 9.46 5.27 −0.97 7.29 9.16 8.79 6.88 4.6
19′-hex 0.59 20.3 −3.44 15.6 4.98 16.2 0.57 11.1 3.8
BSi
collected in February 2004, the year in which an intensive secondary
bloom occurred later in the growing season (Fig. 2). A much smaller
loading of 19′-hex on PC1 relative to that of fucoxanthin indicates a
reduced contribution of P. antarctica relative to diatoms with respect
to total phytoplankton biomass, and no direct correlation between
P. antarctica and environmental variables which are dominant on
PC1, such as silicic acid and PN. However, a negative correlation was
found between 19′-hex and temperature on the basis of positive load-
ing of 19′-hex and negative loading of temperature on PC2, which
accounts for 17% of the total variance. A majority of the samples col-
lected in December are located in the positive PC2 space, suggesting a
strong correlation between elevated values of 19′-hex (i.e., higher
biomass of P. antarctica) and lower water column temperatures. The
relationship between temperature and fucoxanthin appears to be
more complicated, in terms of their positive correlation on PC1 and
negative correlation on PC2. Mixed layer depth and salinity explained
less variation than other original variables, as shown by their smaller
loadings on both axes. This implies that the availability of irradiance
may have less influence, relative to temperature, on the variations
in phytoplankton biomass and nutrient distributions.

To specifically assess the interannual variability of physical and
biological factors in late spring and summer, data were subdivided
by season. Only spring (December) or summer (January/February)
data were included in the calculation of variable loadings and sample
scores associated with the first two PCs. In the spring analysis
(Fig. 3b), PC1 is described by positive loadings of temperature and
POC concentrations, and negative loadings of nitrate and sampling
depth, which suggests strong variations associated with vertical dis-
tribution of phytoplankton biomass and nutrients. Negative correla-
tion between 19′-hex and water temperature was observed on PC1,
but is far less noticeable on PC2, indicating that the generally
observed negative correlation between 19′-hex and temperature
in the entire data set (Fig. 3a) might be largely determined by pat-
terns associated with seasonal variations which were minimized by
data subdivision. Variable loadings projected on PC2 are primarily
ers denote the dominant environmental variables on each PC, indicated by the loadings
spring and summer, and from all three depth bins (Figs. 3a, 5a); each depth bin incor-

BSi_included

0 m > 50 m Entire season Spring Summer

PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2

3 −7.78 2.32 −8.55 10.4 −13.7 9.86 1.37 5.70 −12.7
7 3.16 0.06 4.92 −6.10 −3.04 −0.17 −2.96 −6.94 −5.49
7 3.86 −1.55 2.54 −8.27 13.6 −10.0 −4.49 −12.0 8.17
7 −5.48 1.08 −6.44 −6.08 −6.41 0.26 −8.58 −5.54 0.10
9 6.85 −5.49 5.48 −15.9 7.87 −10.0 2.61 14.1 1.47
3 2.26 1.88 0.54 −15.4 0.22 −4.14 3.73 7.06 14.1
5 7.01 −2.97 3.05 −9.85 11.5 −5.87 −2.68 6.93 13.5
0 5.77 7.68 2.62 15.7 4.94 9.41 7.60 4.95 8.80
9 3.51 7.87 1.90 6.20 4.82 2.50 4.89 8.23 −0.39
4 5.69 5.42 2.52 8.47 14.2 5.10 3.73 7.06 14.1
9 0.06 1.20 −1.20 8.90 12.2 −3.80 1.37 5.70 −12.7
8 8.95 7.15 3.81 0.24 −3.04 −0.17 −2.96 −6.94 −5.49

17.3 1.88 11.0 −2.75 13.9 2.14
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determined by interannual variations, as suggested by the deeply
mixed and nitrate enriched surface waters sampled in December
2004 and silicic acid and 19′-hex enriched waters collected in Decem-
ber 2003 and 2005. Although no apparent difference was detected on
PC1 between the three years for which December data were available,
a portion of the data collected in December 2004 exhibited higher
temperatures, chl-a and fucoxanthin concentrations than others, sug-
gested by the adjacency of these individual observations and original
variables on the ordination bi-plot. December data from 2003 and
2005 fall into the same quadrant with 19′-hex, silicic acid and phos-
phate in the coordinate plate, showing that the phytoplankton assem-
blage during those periods was dominated by P. antarctica, despite
lower biomass present, and that water samples were enriched (rela-
tive to nitrate) with silicic acid and phosphate.

Compared to spring, the correlations among fucoxanthin, 19′-hex
and chl-a concentrations in summer appeared to be stronger (Fig. 3c).
The variation of chl-a concentrations was tightly correlated with that
of fucoxanthin, as suggested by their comparable loadings on both
axes. A negative correlation between 19′-hex and temperature was
observed on PC2 but not on PC1, which may suggest that the varia-
tions of temperature, and consequently of 19′-hex, are not direct
and maybe associated with both spatial and vertical distributions.
Data from January 2004 and 2006 exhibited strong variability on
PC1, which represent samples with a wide range of POC, PN and ni-
trate concentrations. Despite the complexity, differences were found
between these two years, in that a majority of 2004 data have positive
scores on PC2, which can be explained by higher values of nitrate and
19′-hex, while a significant portion of 2006 data have negative PC2
scores, which indicate higher temperatures but lower pigment
concentrations.

To reduce the effects associated with vertical variability of biolog-
ical and physical factors in the water column, data were subdivided
by depth (0–25, 25–50, and>50 m, corresponding to light-
saturating, light-limiting, and sub-euphotic depths; Fig. 4). Compared
to the analyses with pooled depth data, the relative contributions of
PC1 are lower, with only 36, 30 and 36% of the variance accounted
for, respectively. This suggests that the significant importance of
PC1 in previous analyses may be attributed to the strong variability
associated with vertical distribution of phytoplankton biomass and
nutrients. Within the shallowest depth bin, the pattern of variable
loadings and sample scores (Fig. 4a) are consistent with those of the
entire data set (Fig. 3a). This suggests that the studied parameters
exhibited stronger variability in the upper 25 m than that at greater
depths, and the magnitude and direction of changes likely dominated
the water column. At depths greater than 25 m, silicic acid displayed
reduced variability on both PC1 and PC2; decoupling also appears on
PC2 between fucoxanthin and the cluster of chl-a, 19′-hex, POC and
PN (Fig. 4b and c), indicating that the role that diatoms play in total
phytoplankton biomass and nutrient distributions decreased marked-
ly with depth. The inverse correlation between 19′-hex and tempera-
ture is less obvious at light-limiting depths (Fig. 4b) than that within
the surface bin, and nearly disappears at sub-euphotic depths
(Fig. 4c).

In the analyses of all available data with biogenic silica (BSi)
included (2003–2006), the complete data set was first analyzed
(Fig. 5a), and then subdivided by season (Fig. 5b and c) and depth
(figures not shown) according to the same criteria from the previous
analyses. High loadings of BSi on PC1, and the adjacency between BSi
Fig. 4. PCA ordination bi-plots for the biological and environmental variables for the
Ross Sea, Antarctica, in which data collected from (a) 0–25 m; (b) 25–50 m; (c)>50 m
were analyzed. Open circles represent samples collected from spring cruises; filled circles
represent samples collected from summer cruises. Temp=temperature; sal=salinity;
Z=sampling depth; Zm=mixed layer depth; NO3=nitrate; PO4=phosphate; SiO4=
silicic acid; BSi=biogenic silica; POC=particulate organic carbon; PN=particulate
nitrogen; 19hex=19′-hexanoyloxyfucoxanthin; fuco=fucoxanthin; Chl=chlorophyll a.

image of Fig.�4
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and POC were observed, suggesting that the variation of accumulated
biomass during the study period was largely attributable to diatoms.
Addition of BSi reduced the loadings of 19′-hex on PC2, indicating
the relatively smaller variation of 19′-hex compared to BSi. A tight
negative correlation was observed on PC1 between BSi and silicic
acid when the complete data set was analyzed (Fig. 5a), which sug-
gests that biogenic silica in the water column might be generated di-
rectly by biological removal of silicic acid rather than other processes
such as lateral advection. In the spring analysis, BSi accumulation was
uncorrelated with salinity and mixed layers, but positively related to
temperature (Fig. 5b), while in the summer, it was more strongly cor-
related, although inversely, with depth, nitrate, and salinity than with
temperature (Fig. 5c). Patterns of other variable loadings are general-
ly consistent to those within the entire dataset with BSi excluded.

4. Discussion

Phytoplankton assemblages of the Ross Sea are generally dominat-
ed by two functional groups: haptophytes (Phaeocystis antarctica)
and diatoms. Substantial taxonomic heterogeneity exists temporally
and spatially, although P. antarctica generally accumulates in austral
spring in the south central portion of Ross Sea polynya, whereas dia-
toms usually dominate along the coast of Victoria Land and near ice
edges in the summer (Arrigo et al., 1999; DiTullio and Smith, 1996;
Garrison et al., 2003; Smith and Asper, 2001; Smith et al., 2010). It
has been hypothesized that this general pattern of heterogeneity is
controlled by a combination of environmental and biological factors.
Arrigo et al. (1999) and Smith and Asper (2001) suggested that dee-
per mixed layers favored the growth of P. antarctica, whereas shal-
lower ones were often dominated by diatoms, a difference which
was primarily driven by the difference in efficiency of light harvest-
ing. Smith et al. (2010) generated a seasonal “climatology” of pigment
distribution in the Ross Sea, and confirmed the general seasonal pro-
gression in which diatom accumulation occurs in the later growing
season after spring blooms of P. antarctica, and suggested that
biomass of all functional groups in summer is primarily limited by
micronutrient (iron) supplies. It has also been suggested that iron
limitation may constrain P. antarctica colony formation and result in
an increase in the contribution of solitary forms during summer, de-
spite the fact that colonial cell numbers were always greater than
those of solitary cells during the growing season (Smith et al., 2003b).

4.1. Interannual and seasonal variability

As expected, seasonal differences were detected in water column
temperatures, nutrient concentrations, and pigment concentrations
between austral spring and summer (Table 2). Seasonal averages of
pigments confirmed that P. antarctica blooms dominated the phyto-
plankton field in the southern Ross Sea through December, consistent
with previous observations and the “climatology” of pigment distri-
butions (e.g., Arrigo et al., 1999; El-Sayed et al., 1983; Smith and
Gordon, 1997; Smith et al., 2010). The pigment climatology (Smith
et al., 2010) suggested that standing stocks of diatoms in summer
were generally much lower than those of P. antarctica in spring.
However, a secondary diatom bloom, which was characterized by
significantly elevated fucoxanthin concentrations, was found in Feb-
ruary 2004, with chl-a maxima exceeding the spring peak observed
Fig. 5. PCA ordination bi-plots for the biological and environmental variables for the
Ross Sea, Antarctica (1996–97 data omitted), in which a) all available data were
analyzed; b) data from spring cruises were analyzed; c) data from summer cruises
were analyzed. Open circles represent samples collected from spring cruises; filled
circles represent samples collected from summer cruises. Temp=temperature; sal=
salinity; Z=sampling depth; Zm=mixed layer depth; NO3=nitrate; PO4=phosphate;
SiO4=silicic acid; BSi=biogenic silica; POC=particulate organic carbon; PN=particulate
nitrogen; 19′-hex=19hexanoyloxyfucoxanthin; fuco=fucoxanthin; Chl=chlorophyll a.

image of Fig.�5
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in December 2003 (Smith et al., 2006, 2010). This year had substan-
tially different physical properties (i.e., salinity and temperature),
nutrients, and pigment concentrations, with reduced temperature,
salinity and silicic acid concentrations through both December and
February, and elevated values of pigments in February (Table 2);
however, the direct environmental forcing of this exceptional diatom
growth has not yet been elucidated.

Previous studies suggested that diatoms have lower iron half sat-
uration constants relative to P. antarctica (Coale et al., 2003); conse-
quently, summer diatom blooms may be enhanced by intrusions of
a warmer water mass-modified circumpolar deep water (MCDW),
which could subsequently introduce iron into surface layers
(Hiscock and Millero, 2005; Peloquin and Smith, 2007). MCDW is
characterized by being warmer and more saline, and has been consid-
ered a potential source of iron to the Ross Sea (Carmack and Aagaard,
1977). Although there is no evidence of an intrusion of MCDW into
the surface waters based on seasonally averaged temperature and
salinity during season of 2003–04 (Table 2; 2003–04 had reduced
temperatures and salinity rather than elevated ones), we do not ex-
clude the possibility of short-term intrusions or advective events
which were under-sampled during field studies, but were captured
by continuous in situ fluorescence and CTD measurements in a more
recent study (Smith et al., 2011a). Assuming that growth of diatoms
in summer is controlled by iron, alternatively, it may be inferred
that the substantial growth of diatoms in February 2004 was initiated
by iron supply from lateral advection in addition to ice melting, pro-
cesses which could result in reduced salinity in the surface waters.
Another explanation is that stratification was intensified by enhanced
surface freshwater inputs in late December of 2003; consequently,
diatoms, with a photosynthetic “advantage” under high irradiance
conditions (Kropuenske et al., 2009), grew rapidly and accumulated
later in the season. This hypothesis does not, however, explain how
the elevated iron concentrations necessary for the observed large bio-
mass were introduced. December 2004 deviated substantially from
the climatological means as well, in that it was a period in which
average fucoxanthin concentrations (mean of 2.35±2.02 μg L−1;
Table 2) were substantially higher than 19′-hex, indicating an earlier
transition from P. antarctica to diatom-dominated assemblages in that
year. Significantly reduced silicic acid concentrations (mean of 62.8
±10.1 μg L−1), compared to the other two years, were also noted
during this period. December 2004 was also characterized by the low-
est phosphate concentrations, the highest NO3 : PO4 ratios, and the
lowest 19′-hex concentrations, despite a ‘normal’ mean value of
chl-a (5.96±3.42 μg L−1). This exception from the climatological
means was associated with warmer and yet deeply mixed water col-
umns; therefore, we suggest that the elevated temperature, rather
than stronger stratification, played a significant role on diatom selec-
tion. Alternatively, diatom growth could have been seeded by melting
ice, resulting from the substantial diatom accumulation in February
2004, the previous summer.

The maximum biomass observed in the four years analyzed was
observed during the year in which the bloom was initiated latest —
1996. Conversely, the smallest maximum was observed during
2004, the year that exhibited the most elevated chlorophyll concen-
trations earliest. Arrigo et al. (1998) argued that bloom initiation
(and demise) was regulated by processes regulating polynya forma-
tion, in that early polynya formation (caused by extensive winter
winds breaking the ice cover and advecting it northward) resulted
in deeper mixed layers and a delay in bloom initiation. Conversely,
a later bloom initiation resulted in greater maximum biomass due
to seasonally decreased winds and lower advective removal. Our
data appears to be consistent with these hypotheses, in that the max-
imum biomass and latest bloom initiation were both observed in
1996. However, the relationship was not completely coherent in all
years, in that in 2003 was initiated at a similar time as the bloom in
1996, but failed to reach the same biomass; similarly, in 2005 the
bloom was initiated early (similar to 2004), but attained a far greater
biomass. Our analysis did not include ice concentrations, but a com-
plete analysis of the relationship of polynya formation and bloom
dynamics using satellite data might provide evidence of the role of
environmental variables in regulating blooms in the southern Ross
Sea.

Temporal patterns of phytoplankton distributions can be seen
from PCA results as well (Fig. 3a). Besides February 2004, an over-
whelming majority of samples collected in December show positive
scores on PC2, which are primarily explained by variations of 19′-
hex and water column temperature, indicating warmer waters and
the dominance of P. antarctica in spring. Interestingly, data collected
in February 2004 substantially deviated from the cluster of mixed
layer depth and January/February data of all other years, indicating
stronger stratification during February 2004, similar to the compari-
sons of variable means. Although it has been suggested that deeply
mixed layers favor the growth of P. antarctica (Arrigo et al., 1999;
Kropuenske et al., 2009), the inverse correlation between 19′-hex
concentrations and mixed layers was not stronger than that between
fucoxanthin and mixed layers, consistent with the findings of van
Hilst and Smith (2002) who concluded that multiple factors regulate
the phytoplankton assemblage in the Ross Sea rather than simply
irradiance. Indeed, mixed layer depth had a relatively minor contribu-
tion to the total variance, suggesting that other factors (such as
temperature) may have played a stronger role in controlling the
taxonomic composition of the assemblage.

4.2. Vertical variability

The vertical variability within the Ross Sea is appreciable. ANOVA
clearly confirmed the expected decreases in temperature, phyto-
plankton biomass and chl-a concentrations, and increases in inorgan-
ic nutrients with increased depth (Table 3). However, 19′-hex
accumulated at the medium depth bin (25–50 m; corresponding
to the light-limiting environment, albeit with enough light to allow
positive growth; Kropuenske et al., 2009) and well adapted to low
levels of irradiance present. Although 19′-hex concentrations were
reduced at depths greater than 50 m, the ratios of 19′-hex to chl-a
increased (12.9, 24.5, and 36.5% corresponding to 0–25, 25–50 and
>50 m depth bins, respectively), which suggests that the contribu-
tion of P. antarctica to total biomass were greater at depth. Water
layers dominated by diatoms and P. antarctica displayed distinct
nutrient drawdown characteristics (Table 3). Disappearance ratios
of NO3 : PO4 (ΔNO3 : ΔPO4, relative to values at depths greater than
50 m) at the shallowest and medium depth bins were 13.4 and 14.6,
respectively, in response to the different Redfield uptake ratios of
diatom-dominated and the two taxa mixed assemblages. Patterns of
multiple relationships among variables differed with depth as well,
as demonstrated from the PCA analyses. Chl-a, POC and PN show pos-
itively higher loadings on PC1 in the individual analyses of all the
three depth bins (Fig. 4); however, their variations were less con-
trolled by the distribution of fucoxanthin than by 19′-hex at depth,
when compared to the surface bin. This can be explained by the rela-
tively reduced contribution of diatoms (and relatively elevated con-
tribution of P. antarctica) to total biomass with depth. Additionally,
loadings of phosphate on PC1 decreased with depth, indicating rela-
tively less removal of phosphate compared to nitrate. This was corre-
lated with an increased contribution of P. antarctica, and is consistent
to pooled depth data (Table 3) and other studies in which lower NO3 :
PO4 ratios were observed in diatoms relative to P. antarctica (Arrigo
et al., 2000; Dunbar et al., 2003).

4.3. Relationship between temperature and P. antarctica

Although the relationship between temperature and P. antarctica
cannot be quantitatively deduced from data solely from four years,



143X. Liu, W.O. Smith Jr. / Journal of Marine Systems 94 (2012) 135–144
our statistical analyses do suggest an inverse correlation between P.
antarctica biomass and water column temperature during the grow-
ing seasons. This relationship was reflected both spatially and tempo-
rally. In December, mean temperature was lowest in 2003 and
highest in 2004 (Table 2), and was associated with highest and lowest
values, respectively, of 19′-hex observed during the same growing
seasons. Despite the exceptional relative dominance of diatoms,
absolute concentrations of 19′-hex were remained elevated in the
February 2004, during which period the lowest water column tem-
peratures were detected as well. Similarly, PCA analyses demonstrate
a strong correlation between P. antarctica and temperature. Com-
pared to the analysis of the entire data set (Fig. 3a), data from the
upper 25 m exhibited a substantially reduced loading of sampling
depth on PC1 (Fig. 4a), which suggests that the variation of PC1 is
strongly associated with vertical distributions of phytoplankton bio-
mass and nutrients. However, 19′-hex and temperature are inversely
correlated on PC2 but uncorrelated on PC1 (Fig. 3a), which indicates
that the role of water column temperature on P. antarctica biomass
was less likely determined by vertical patterns than by seasonal pat-
terns (i.e., P. antarctica blooms dominated the phytoplankton field
through December when it was colder, and diatoms accumulated in
summer as it warms), as suggested by reduced negative correlation
in individual seasonal analyses where seasonal variations were ex-
cluded (Fig. 3b, c). It is also possible that the temperature controls
of P. antarctica distribution vary spatially, meaning that biomass of
P. antarctica accumulates in regions which are generally colder,
whereas diatoms are relatively more abundant and accumulate in re-
gions that are warmer. However, the Ross Sea is historically known to
have two taxonomically and spatially distinct regimes: the south-
central polynya (with relatively deeply mixed layers and dominated
by haptophytes) and the western portions (with shallower mixed
layers and dominated by diatoms; DiTullio and Smith, 1996; Arrigo
et al., 1999; Smith and Asper, 2001; Garrison et al., 2003; Smith et
al., 2010); since the stations visited during our cruises were primarily
occupied in the south-central portion, we believe that the P. antarctica
and temperature correlation that we found was less likely driven by
physical heterogeneity at regional scale than by seasonality.
5. Implications

Phytoplankton distributions in the southern Ross Sea exhibit sub-
stantial interannual, seasonal and spatial variability, as well as vari-
ability with respect to bloom timing, biomass and composition.
Environmental factors that control phytoplankton biomass and com-
position are often correlated with each other, difficult to separate and
complex. Our multivariate analysis approach deciphered the patterns
of correlations among observed variables, and suggested a significant
role of water temperature as a control of haptophyte and diatom dis-
tributions in the Ross Sea. We also detected a large diatom bloom in
February 2004, which was considered as an example of deviations
from the climatological means. We attribute this observed bloom to
intensified stratification or iron inputs supplied by short-term physi-
cal forcing. Changes in climatic conditions have modified a variety
of oceanographic properties, such as sea surface temperatures and
water column stability, which we showed to be highly correlated
with the variability in phytoplankton composition in the Ross Sea. Be-
cause this composition plays a critical role in food web structure and
biogeochemical cycles (e.g., diatoms are readily grazed and their
energy is transferred to higher trophic levels, whereas P. antarctica
colonies contribute to carbon flux via passive sinking), our findings
represent a significant contribution to current understanding of
climate-change-associated impacts on phytoplankton distribution in
the Ross Sea, and thus provide insights into the biogeochemical pro-
cesses that are occurring and potential future changes which are rea-
sonably expected in the near future.
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