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Abstract

The ecosystem of the sea region adjacent to the Antarctic Peninsula is undergoing remarkable physical and
biological changes, in the context of global warming. However, understanding of the dynamics of phytoplankton
taxonomic composition in this marginal ice zone remains unclear. In this study, seawater samples collected from
36 stations in the northeastern Antarctic Peninsula were analyzed for nutrients and phytoplankton pigments.
Combining with CHEMTAX analysis, remote sensing data, and physicochemical measurements, we investigated
the relationships between phytoplankton crops, taxonomic composition, and marine environmental drivers.
Integrated chlorophyll a (Chl a) concentrations (200 m) varied from 8.9 mg/m? to 64.2 mg/m?, with an average of
(23.2+12.0) mg/m? and higher phytoplankton biomass concentrated in the coastal region of South Orkney Island
and South Shetland Island. Diatoms were the dominant functional group (63%+21%). Higher proportions of
diatoms were associated with higher Chl a (r=0.40, p<0.01), stable water columns (r=0.20, p<0.01), higher Si/P
ratios (r=0.34, p<0.01), higher photosynthetically active radiation intensity (r=0.64, p<0.01), and higher sea ice
melt water contributions (MWC, r=0.20, p<0.01). Conversely, Phaeocystis antarctica contributed a smaller overall
proportion (31%+18%) and was more concentrated in the offshore water masses (e.g., Philip Ridge and South
Scotia Ridge) with lower light levels (r=-0.58, p<0.01), deeper mixed layer depths (r=0.17, p<0.05), higher nutrient
concentrations (e.g., N, P, and Si, r>0.35, p<0.01), and lower MWC (r=-0.20, p<0.01). In comparison, the total
contribution from green flagellates (4%+5%), cryptophyta (1%+3%), dinoflagellates (1%+4%), and cyanobacteria
(1% + 5%) was only 6%. In offshore regions with well-mixed water, less varied taxonomic composition and lower
crops with a higher proportion of nanophytoplankton were observed. In contrast, significantly decreasing crops
below the mixed layer depth was observed in water columns with strong stratification, where the dominant
phytoplankter changed from diatoms to P. antarctica. These findings have important implications for better
understanding the future dynamics of marine ecosystems in the sea area adjacent to the Antarctic Peninsula.
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1 Introduction

The ocean is an important carbon dioxide sink and plays key
roles in buffering rising atmospheric carbon dioxide (CO,) and
climate change (Landschiitzer et al., 2016). Although the South-
ern Ocean (south of 50°S) accounts for only 10% of the ocean
area, based on the efficient biological pump and solubility pump,
it could account for 25% of the CO, consumption of the global
ocean (Takahashi et al., 2002). Thus, the Southern Ocean acts as
an important response and regulation area for global ocean car-
bon cycling (Sabine et al., 2004; Steig et al., 2009). In particular,
due to its hydrological and trophic conditions (e.g., nutrients,
light, and temperature) (Cheah et al., 2017; Deppeler and David-
son, 2017; Lee et al., 2016), the seasonal marginal ice zone dis-

tributed around the Antarctic continent is a highly productive re-
gion (Petrou et al., 2016) and supports massive biomass (Loeb et
al., 2010; Pallin et al., 2018).

Phytoplankton serve as the major producer and food source
for the entire marine ecosystem (Schloss et al., 2012). Different
functional groups of the phytoplankton play distinct roles in mar-
ine primary productivity (Deppeler and Davidson, 2017), food-
web stability (Forcada et al., 2012), marine biological resource
biomass (Loeb et al., 2010), and the biological pump efficiency
(Kerr et al., 2018a; Tréguer et al., 2018). Moreover, the Antarctic
Ocean is one of the largest ecosystems on Earth, with a unique
and very short food chain (i.e., Diatom-Krill-Top predator) and a
huge amount of biological resources. This simple food chain and
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limited biodiversity make the Antarctic Ocean sensitive to envir-
onmental change (Forcada et al., 2012; Kerr et al., 2018b). Previ-
ous studies have reported that climate-driven ice-sea interac-
tions in Antarctica have accelerated the melting of ice shelves,
leading to a series of environmental changes in the upper layers
of the water column, such as decreased salinity, dissolved Fe in-
put (Costa et al., 2020; Mendes et al., 2018b) and water column
mixing (Peck et al., 2010; Stammerjohn et al., 2008). However,
how this changing environmental drivers affect phytoplankton
crops and community structure in key areas of the Antarctic
Ocean is not clear yet, as there are currently scarce resources on
this subject (Kerr et al., 2018b). Thus, to maintain the stability of
the marine ecosystem and resources in the Antarctic Ocean, it is
necessary to study the mechanism of ecological dynamics and
key environmental factors.

The northern Antarctic Peninsula is a transition environment
with sub-polar to polar influence (Rodriguez et al., 2002). It is
considered to be a marine climate hotspot for rapid changes in
sea ice (variations in glacier size, seasonal sea ice extent, and
thickness of ice shelf), ocean (deep water cooling, freshening and
lightening, and surface warming), and ecosystem dynamics
(phytoplankton composition changes and krill and salp density)
(Kerr et al., 2018b; Shepherd et al., 2018; Stammerjohn et al.,
2008). The study area generally showed microelement deficiency
(e.g., Fe) characteristics during summer (Wang et al., 2020), and
Fe inputs sourced from meteoric and glacial meltwater may re-
lieve the Fe limitation of the coastal region during the ice-melt-
ing season. Biologically, the Antarctic Peninsula serves as an im-
portant spawning ground for krill (Loeb et al., 2010) and whales
(Secchi et al., 2011). Through regulating the hydrodynamic con-
ditions and trophic status of seawater (Kerr et al., 2018b; Seyboth
et al., 2018), the changes in the regional climate and sea ice dy-
namics could affect all trophic level organisms (from microbes,
primary producers, zooplanktonic organisms, and fish to predat-
ors) despite different degrees of affinity to the sea ice (Ducklow et
al., 2012). Furthermore, previous studies documented that the
food chain and composition of the phytoplankton community
are changing much more frequently (even annually) in some re-
gions of the western Antarctica Peninsula (Garibotti et al., 2005;
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Mendes et al., 2013). Hence, tracking the spatial and temporal
changes of phytoplankton crops and taxonomic composition in
this highly productive region is of great significance for under-
standing the regional ecological response of the Southern Ocean
in the context of climate change (Mendes et al., 2012, 2013,
2018a). Many studies have focused on the near-shore waters
around the western Antarctic Peninsula (Clarke et al., 2007; Gari-
botti et al., 2005; Kozlowski et al., 2011; Montes-Hugo et al.,
2009). However, due to the lack of continuous monitoring pro-
grams and scarcity of fundamental studies (Kerr et al., 2018b;
Sanchez et al., 2019; Wang et al., 2020), there are needs to per-
form surveys with broader spatial and finer temporal scale in
phytoplankton dynamics (i.e., crops and composition) of the
northern and eastern Antarctic Peninsula sea area.

To probe the main drivers controlling the spatial dynamics of
phytoplankton crops and taxonomic composition within the
coastal region of the northeastern Antarctic Peninsula, water
samples from 36 stations were collected. The in situ hydrological
data (i.e., salinity, potential temperature, and potential density),
macro-nutrients, and remote sensing data (e.g., photosynthetic-
ally active radiation (PAR)) were obtained to study the spatial dis-
tribution of environmental factors. Phytoplankton pigments were
analyzed and the chemical taxonomy (CHEMTAX) method based
on pigment composition was applied to carefully examine the
phytoplankton crops and phytoplankton taxonomic composition
for the entire area. This study thus provides insight into the spa-
tial variability of phytoplankton crops and taxonomic composi-
tion in this fast-changing region, and sheds new light on the
evolving trends of the phytoplankton community and food webs
in the Antarctic Ocean under climate change.

2 Material and methods

2.1 Field sampling and oceanographic measurements

Thirty-six stations were sampled from the R/V Xuelong as a
part of the 32nd Chinese National Antarctica Research Expedi-
tion (CHINARE) in the north tip of the Antarctic Peninsula, from
59°S to 64°S and from 43°W to 61°W, during the early summer
from December 19, 2015 to January 14, 2016 (Fig. 1). Hydrologic-
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Fig. 1. Study sites, ocean currents, and sampling locations during 2015-2016 summer cruises. Transitional Bellingshausen Water
(TBW, orange arrow), coastal current (CC, blue arrow), Antarctic Slope Front (ASF, light blue arrows), Weddell Front (WF, red arrow),
Antarctic Circumpolar Current (ACC, green arrow) and anticyclonic eddy (pink arrows) are indicated by different colored arrows

(Sanchez et al., 2019; Thompson et al., 2009).
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al data (including temperature, salinity, and density) were meas-
ured by Sea-Bird SBE-9/11 plus CTD (conductivity-temperature-
depth system, Bellevue, U.S.A.), which was pre-calibrated (Fig. 2a).
Water samples were taken from five layers at 0 m, 25 m, 50 m, 100 m,
and 200 m for phytoplankton pigment analysis and nutrient ana-
lysis.
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2.2 Nutrient analysis

Seawater samples were filtered through pre-washed cellulose
acetate membrane filters (0.45 pm) to determine dissolved inor-
ganic nutrients (nitrate, phosphate, and silicate). Filtered water
samples were stored at —20°C until further analysis. Nutrients
were analyzed using a continuous flow analyzer (Skalar Analytic-
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Fig. 2. Oceanographic and hydrological characteristics of the study area. The 7-S diagram of the study area (0-200 m) (a) (Region I:
orange dots, Region II: pink dots, and Region III: blue dots, gray curve were contours of potential density ¢ (kg/m3)); TBW,
Transitional Bellingshausen Water; WDw, Weddell Sea deep water; WWw, Weddell Sea winter water. Distributions of the mixed layer
depth (MLD) (b), photosynthetically active radiation (PAR) (c), euphotic layer depth (Zeu) (d), meltwater contribution percentage
(MWC) (e), water column stability (f), temperature (g) and salinity (h).
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al, Breda, Netherlands) following a method reported by Grasshoff
et al. (1999). The detection limits were 0.1 pmol/L for nitrate,
0.1 pmol/L for silicate, and 0.03 umol/L for phosphate.

2.3 UPLC pigment analysis and CHEMTAX analysis

For pigment samples, 3 L of seawater was filtered using GF/F
glass fiber filter (Whatman, New Castle, U.S.A.) under gentle va-
cuum (<0.5 atm) and dim light conditions, and then stored at
-80°C until lab analysis. Prior to instrumental analysis, samples
were pre-treated according to the method described in Zapata et
al. (2000). The pigments were extracted with 3 mL of acetone, ul-
trasonicated in an ice bath for 30 s, and then stored at —20°C for 2 h.
The extract was separated from filter debris, and the supernatant
was dried under gentle N, stream and re-dissolved with a 300 pL
mixture of methanol and water (9:1, V/V). The analysis was com-
pleted within 4 h. Pigment extracts were analyzed using Acquity
H-Class Ultra Performance Liquid Chromatography (UPLC, Wa-
ters Corp., Milford, U.S.A.) comprising UPLC-Quaternary Solvent
Manager, Sample Manager-FTN, PDAeA Detector, and FLR De-
tector. The analysis used the Acquity UPLC* BEH C18 Column
(50 mm long, 2.1 mm in diameter, and 1.7 pm particle size) at a
flow rate of 0.4 mL/min. A binary gradient elution program was
used according to Zapata et al. (2000) (Table S1). Pigments were
qualitatively and quantitatively detected by comparing retention
time, absorption spectra, and area of the peaks in each sample
chromatogram with those of authentic standards purchased from
DHI Water and Environment (Horsholm, Denmark) (Table S2,
Fig. S1). Pigment standards used in this study were chlorophyll a
(Chl a), chlorophyll b (Chl b), chlorophyll ¢, (Chl ¢;), chlorophyll c,
(Chl c,), pheophytin a (Phytin-a), pheophobide a (Phide-a), al-
loxanthin (Allo), 19”-butanoyloxyfucoxanthin (But-fuco), fucox-
anthin (Fuco), 19’-hexanoyloxyfucoxanthin (Hex-fuco), peridin-
in (Peri) and zeaxanthin (Zea), respectively. The precision and
detection limits of the method were 0. 26 pg/L and 2.2 pg/L, re-
spectively.
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The CHEMTAX program (Version 1.95), proposed by Wright
et al. (2009), used ten diagnostic pigments (Table 1) to differenti-
ate the relative contributions of six major taxonomic groups to
total Chl a biomass. It is assumed that different algae contain
specific pigments and a defined proportion of pigment concen-
tration (based on Chl a) in the study area (Garibotti et al., 2003;
Mendes et al., 2012, 2013; Russo et al., 2018). For example, Chl ¢,
and Chl b are the diagnostic pigments of Phaeocystis antarctica
(P. antarctica) and green flagellates (with Chl b), respectively.
The green flagellates evaluated in this CHEMTAX analysis are not
assigned to a distinct algal group, but referred as flagellates (e.g.,
Chlorophyceae, Prasinophyceae, and Pyramimonas) bearing Chl b
(Peeken, 1997; Rodriguez et al., 2002; Mendes et al., 2012, 2013,
2018b; Russo et al., 2018). Previous studies have pointed out
these green algae may originate from sea-ice and could survive
under unfavourable seawater environments (Peeken, 1997).
Moreover, Chl ¢, and Fuco are found in both diatoms and P. ant-
arctica., Allo, Peri, and Zea are the diagnostic pigments of the
cryptophyta, dinoflagellates, and cyanobacteria, respectively.
Comparing with optical microscopy observation, this CHEMTAX
model has been successfully applied in characterizing phyto-
plankton assemblages in the Antarctic coastal waters (Rodriguez
et al., 2002; Garibotti et al., 2003; Mendes et al., 2012, 2013; Van
de Poll et al., 2011; Costa et al., 2020).

Based on our pigment data and the initial matrix of the literat-
ure, we identified six algae and pigment-algae initial matrices
that may be present in the region (Table 1). The pigment-algae
matrix is affected by environmental factors such as irradiance
and nutrients (Barlow et al., 2008), so there is often a gap
between the initial matrix and the actual value of the study area.
CHEMTAX continually modifies the initial matrix by factor ana-
lysis and steepest descent algorithms, reducing the size of the re-
siduals to make the matrix closer to the true value. To prevent the
algorithm from identifying the local minimum as the result, we
created 60 random starts based on the initial matrix. If they ob-

Table 1. Ratios of concentrations of diagnostic pigment to chlorophyll a (Chl a) used for CHEMTAX analysis (Wright et al., 2009).
Zeaxanthin (Zea), chlorophyll ¢, (Chl ¢,), chlorophyll ¢, (Chl ¢,); peridinin (Peri), 19’-butanoyloxyfucoxanthin (But-fuco), fucoxanthin
(Fuco), 19’-hexanoyloxyfucoxanthin (Hex-fuco), alloxanthin (Allo), chlorophyll b (Chl b), and Chl a are used in calculations

Zea Chlc, Chlc, Peri But-fuco Fuco Hex-fuco Allo Chl b Chla
Input matrix (initial ratios before analysis)

Diatoms 0 0 0.110 0 0 0.754 0 0 0 1
Dinoflagellates 0 0 0.320 0.720 0 0 0 0 0 1
Cyanobacteria 0.190 0 0 0 0 0 0 0 0 1

P. antarctica 0 0.141 0.144 0 0.080 0.011 0.916 0 0 1

Cryptophytes 0 0 0.174 0 0 0 0 0.228 0 1

Green flagellates 0.030 0 0 0 0 0 0 0.945 1
Output matrix (optimized ratios for 0-50 m bin)

Diatoms 0 0 0.247 0 0 1.593 0 0 0 1
Dinoflagellates 0 0 0.330 1.071 0 0 0 0 0 1
Cyanobacteria 0.178 0 0 0 0 0 0 0 0 1

P. antarctica 0 0.429 0.102 0 0.146 0.021 0.969 0 0 1

Cryptophytes 0 0 0.148 0 0 0 0 0.312 0 1

Green flagellates 0 0 0 0 0 0 0 0 1.382 1
Output matrix (optimized ratios for 100-200 m bin)

Diatoms 0 0 0.317 0 0 1.427 0 0 0 1
Dinoflagellates 0 0 0.251 0.362 0 0 0 0 0 1
Cyanobacteria 0.252 0 0 0 0 0 0 0 0 1

P. antarctica 0 0.296 0.120 0 0.134 0.014 0.774 0 0 1
Cryptophytes 0 0 0.211 0 0 0 0 0.254 0 1
Green flagellates 0 0 0 0 0 0 0 0 0.857 1
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tained the same result, we concluded that the final matrix was the
real pigment-algae matrix of the study area, and the run result
was the real phytoplankton taxonomic composition of the study
area. To account for the variation of pigment ratios with irradi-
ance and/or nutrient availability, data were also split into two
bins according to sample depth (0-50 m and 100-200 m).

2.4 Integrated water column values

To overcome the statistical error caused by the analysis of non-
equal sampling depth, this study used water column integral pig-
ment concentration (Zhuang et al., 2014) to evaluate the regional
distribution of diagnostic pigments and the Chl a degradation
product. The integrated values were calculated as

Cine = [C, (D1 + D2) + G2 (D3 = Dy) + -+ - + C, (Dy — Dy—1)]/2,
(1

where D, was the measured depth at a layer and C, was the con-
centration at this layer.

2.5 Remote sensing data and physical measurements of marine
environmental factors

The PAR and euphotic layer depth (Zeu) measured by re-
mote sensing during our sampling time (8 d averaged) were
downloaded from SeaWiFs (http://oceancolor.gsfc.nasa.gov/
DOCS/seawifs_par_wfigs.pdf) and Morel et al. (2007). Data with-
in 30 kmx30 km of the observation stations were selected for
evaluation.

To evaluate the influence of fresh water, the meltwater per-
centage (MWC) was calculated as the difference of salinity
between surface water (Ss,c.) and deep water (S, around 300 m)
at the same station, according to the method reported by Mendes
et al. (2018b), and Costa et al. (2020). The calculating equation is
shown as below:

MWC = (1 - M) x 100, )

Sdeep -6

where in the S, was assumed not to be influenced by sea ice di-
lution and the salinity of sea ice was set as 6 (Ackley et al., 1979).

The potential density of seawater (p, kg/m3) was determined
by the potential temperature, salinity, and pressure data. The
mixed layer depth (MLD) was calculated by finding the depth of
the maximum water column buoyancy frequency, max (N?,
rad?/s?) (Carvalho et al., 2016), which is determined by

N2 = g0p 3)

where g is gravity, z is the water depth. The stability of the water

column (Egi iy, 10° rad?/m) was further estimated according to
Eq. (4):
N2
Estability = —- 4
stability g

The average values of E,;;,, between 0 to 100 m depth were
used in this study to represent the horizontal variation of the wa-
ter column stability at each station (Costa et al., 2020; Mendes et

al.,, 2018b).

2.6 Statistical analysis

Relationships between relative abundance of phytoplankton
groups and environmental variables at the surface were explored
by redundancy analysis (RDA) using the “vegan” package (Ok-
sanen et al., 2013) in the program R. The variables used in the
RDA included the percent of CHEMTAX-derived taxonomical
groups to whole phytoplankton crops, PAR, MLD, sea surface
temperature, sea surface salinity (salinity), MWC, E,p;;,y» dis-
solved inorganic nitrogen (DIN; including nitrate, nitrite, and
ammonium), phosphate, and silicate. Monte-Carlo tests were
run in order to evaluate the significance of the RDA. Significant
differences between treatments were tested using a one-way ana-
lysis of variance (ANOVA) (2=0.05). Pearson linear correlations
between study parameters were calculated using SPSS.

3 Results

To investigate the environmental factors regulating phyto-
plankton taxonomic groups, the study area was clustered into
three regions from west to east according to the k-means cluster-
ing of CHEMTAX-derived phytoplankton taxonomic composi-
tion (Fig. 1). Region I is an area surrounded by islands (e.g., the
tip of Antarctic Peninsula, South Shetland Island, and Elephant
Island). Region II is a more open sea area dominated by ridges
(e.g., South Scotia Ridge and Philip Ridge) and a deep basin
(Powell Basin). Region III mainly lies south of the South Orkney
Island and upon the South Orkney Plateau.

3.1 Environmental setting

The environmental settings in the study area differ dramatic-
ally. For instance, Region IIT has the shallowest MLD [(36+7) m]
and lowest water temperature [(-0.67+0.70)°C] and salinity
(34.2+0.3) compared with Region I [(63+20) m, (-0.37+0.56)°C,
34.420.1] and Region II [(70£20) m, (~0.15+0.63)°C, 34.4+0.2]
(p<0.05) (Table2). Correspondingly, Region III contributed 3-4
times more sea ice melt water (MWC, 2.8%+0.6%) and had the
strongest stability of water column (3.0+0.6) compared with Re-

Table 2. Average (t+standard deviation), minimum and maximum (in parenthesis) values of environmental parameters for each

sampling region (Regions I, Il and III)

Region I (n=50)

Region II (n=75)

Region I1I (n=54)

Temperature/°C
Salinity
MLD/m

Meltwater proportion/%
Stability/(10-6 rad?-m™!)

Phosphate concentration/(pmol-L1)
Silicate concentration/(pmol-L-1)
Nitrate concentration/(pumol-L1)

Chla/(ug L)

-0.37+0.56 (-1.45-1.06)
34.39+0.10 (34.12-34.52)
63.1219.51 (45-107)
0.68+0.45 (0.26-1.67)
1.08+0.58 (0.4-2.15)
2.0720.15 (1.53-2.29)
85.73+5.21 (74.03-95.34)
28.2623.29 (21.42-36.8)
0.1720.18 (0-0.72)

-0.15+0.63 (-1.6-1.65)
34.39+0.16 (33.82-34.65)
70.219.83 (39-111)
0.87+0.70 (0.15-2.94)
0.93+0.69 (0.12-2.72)
2.1740.13 (1.83-2.44)
85.59+7.01 (69.24-100.6)
29.7822.51 (22.88-34.02)
0.1220.07 (0-0.3)

-0.67+0.69 (-1.7-0.5)
34.19+0.28 (33.59-34.63)
35.566.84 (25-49)
2.7520.54 (1.67-3.62)
3.0020.54 (1.91-3.91)
2.0020.38 (0.81-2.6)
85.49+9.49 (69.09-111.16)
26.885.66 (7.04-36.65)
0.1320.13 (0-0.68)




104 Feng Yubin et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 1, P. 99-117

gion I (0.7%+0.4%, 1.1+0.6) and Region II (0.9%+0.7%, 0.9+0.7).
Additionally, based on the remote sensing data, the calculated
average PAR (during the past month before sampling) was higher
in Region I [(4626) mol/(m2.d)] and Region I1I [(43+6) mol/(m2-d)],

with a significantly lower value in Region II [(34+5) mol/(m?2-d)].
The estimated Zeu was shallowest in Region I1I [(36+12) m], with
deeper values in Region I [(58+11) m] and Region II [(66+10) m]
(Fig. 3). Additionally, MLD was deeper in the basin and ridge re-
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gion and shallower in the South Orkney Plateau region (Fig. 2b).
The area with high values of salinity and temperature changed
from mostly concentrated in the upper layers of Regions I and II
to lower layers of Region III (Fig. S2). Water temperature gener-
ally decreased with greater water depth (p<0.01), with a warm
water mass upwelling in the 200 m layer of Region III. The salin-
ity generally showed an increasing trend with increasing water
depth (p<0.01, Fig. S1b). Generally, the physical characteristics of
the three regions differed significantly, with maximum density
variation in Region Il and minimum variation in Region II (Fig. 2a).
The distribution of Zeu was similar with MLD, and the average of
Zeu was (54+16) m. The Zeu in Region III was lower than in Re-
gion I (Fig. 2d).

3.2 Nutrient concentrations and ratios

In this study, the silicate concentration ranged from 69.1
pmol/L to 111.2 pmol/L [mean: (85.6+7.6) pmol/L], the nitrate
concentration ranged from 7.0 pmol/L to 36.8 pmol/L [(28.5+4.1)
pmol/L], and the phosphate concentration ranged from 0.8
pmol/L to 2.6 pmol/L [mean: (2.1+0.3) pmol/L]. Regionally, sig-
nificantly higher phosphate [(2.2+0.1) pmol/L] and nitrate
[(29.8+2.5) umol/L] were observed in Region I, and no signific-
ant differences existed between Region I [(2.1+0.2) pmol/L,
(28.3+3.3) pmol/L] and III [(2.020.4) pmol/L, (26.9+5.7) pmol/L]
(p<0.05, Fig. S3). No significant difference was observed for silic-
ate among the three regions. Nutrient concentrations (nitrate,
phosphate, and silicate) generally showed similar spatial distri-
butions as salinity (p<0.01), with higher values in the upper lay-
ers of Region II and lower layers of Region III (Fig. S3). As for the
vertical profiles of nutrient concentrations, increasing trends
with greater water depth were observed (p<0.01, Fig. S3). The
N/P, Si/P, and N/Si ratios were around 8.7-21.8 (average
13.6+1.2), 32.0-90.6 (average 41.5+5.7), and 0.1-0.5 (average
0.3+0.0), respectively. There was no significant difference in N/P
ratios among the three regions, but significantly higher Si/P and
lower N/Si ratios in Region III and moderate Si/P and N/Si ratios
in Region I (Figs S3 and S4). Differences in the vertical profiles of
nutrient concentrations, the N/P, Si/P, and N/Si ratios showed
no remarkable vertical variation (Fig. S4). According to the stoi-
chiometric criteria for phytoplankton physiology (silicate con-
centration>2 pmol/L, nitrate concentration >1 pmol/L,
phosphate concentration >0.1 pmol/L, 10<N/P ratio<22, Si/P ra-
tio>10) (Justi¢ et al., 1995), the nutrient concentrations of the
study area [silicate, (85.6+7.4) pmol/L; nitrate, (28.5+4.1) umol/L;
phosphate, (2.1+0.3) pmol/L] were much higher than the algal
nutrient minimum demand, and no potential nutrient limitation
was observed in the study area [N/P ratio, 13.6+1.2; Si/P ratio,
41.7+3.3] (Fig. S4), indicating a non-nutrient-limited environ-
ment.

3.3 Concentrations and distribution of phytoplankton pigments
The concentration of Chl a is usually used to estimate phyto-
plankton crops. As shown in Fig. 4, Chl a concentrations ranged
from 0 to 0.73 mg/m?3 with an average of (0.14+0.13) mg/m?3. Con-
centrations of Chl a in Region I [(0.17+0.18) mg/m3] were much
higher than the other two regions [Region II, (0.12+0.07) mg/m3;
Region III, (0.13+0.13) mg/m3], which were similar with literat-
ure data (Table 3). Moreover, similar to the nutrient and hydrolo-
gical data, different horizontal distribution trends existed
between upper and lower layers (Fig. 4). In the upper layers, re-
gions with high Chl a values were mainly distributed in the Sec-
tions D1 and D2 of Region I and Section D5 of Region III. In con-
trast, Section D3 of Region 2 demonstrated high Chl a concentra-
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tions in the lower layers of the study area (Fig. 4). Moreover, sur-
face phytoplankton crops of early summer (early January, this
study) were comparable with reported data detected in the same
sampling period but generally lower than those of middle and
late summer (February to March, Table 3).

Vertically, the concentrations of Chl a decreased significantly
with greater water depth (p<0.01), and subsurface maximum lay-
ers occurred in 25 stations. Phide-a and Phytin-a are primary de-
gradation products of Chl a, which can be associated with the
food web structure and the main predator. Variations of Phytin-a
concentrations can be used to indicate the relative distribution of
large zooplankton (e.g., krill and copepods), and Phide-a is an in-
dicator of the distribution of smaller zooplankton (e.g., protozoa)
(Jeffrey et al., 1997). In this study, ranges of Phide-a concentra-
tion varied from 0 to 0.34 mg/m3 [average (0.05+0.12) mg/m3],
with the lowest values in Region IT and highest values in Region III
(Fig. S5). The Phytin-a concentration ranged from 0 to 0.03 mg/m3
[(0.01£0.02) mg/m?3] (Fig. S5). Similar to the vertical profiles of
Chl a concentration, the Phide-a and Phytin-a both showed de-
creasing trends with increasing water column depths. The Fuco
[(0.68+1.01) mg/m3], Chl ¢, [(0.35+0.50) mg/m3] and Chl c,
[(0.18+£0.23) mg/m?3] were the most abundant diagnostic pig-
ments in this study. Their spatial distribution patterns in differ-
ent layers was similar to Chl a (Fig. S5). In comparison, the con-
centrations of Peri [(0£0.01) mg/m?], Allo [(0.01+0.03) mg/m3],
Zea [(<0.04) mg/m3] and Chl b [(0.01+0.02) mg/m3] were fairly low.

Spatial distributions of the integrated pigment concentra-
tions in the water column are shown in Fig. 5. Higher concentra-
tions of Chl a were found in the adjacent sea area of Antarctic
Peninsula and South Orkney Island. The integrated Chl a con-
centration ranged from 8.9 mg/m? to 64.2 mg/m?, with an aver-
age of 23.2 mg/m?2. The concentration of Phide-a [(7.0+11.1)
mg/m?] was higher than Phytin-a [(1.3+1.1) mg/m?]. Both Phide-a
and Phytin-a decreased significantly with higher offshore dis-
tance. Chl ¢, [(50.7+50.1) mg/m?] and Fuco [(102.7+111.6)
mg/m?] were the most abundant chlorophyll and carotenoid in
the study area (Figs 5d and e), and lower average values were ob-
served in Chl ¢, [(28.6+23.4) mg/m?] and Chl b [(2.0+1.2) mg/m?].
Generally, most of the abundant diagnostic pigments showed
similar spatial distributions (e.g., Chl c,, Chl ¢;, and Fuco, r>0.84,
p<0.01), with higher values in areas adjacent to the islands and
lower values in Region II (Figs 5d-f). In contrast, the diagnostic
pigments (e.g., Chl b [(2.0£1.2) mg/m?], Allo [(1.8+7.5) mg/m?],
Peri [(0.4+1.6) mg/m?], and Zea [(0.2+0.5) mg/m?] had very low
concentrations and showed no obvious spatial distribution pat-
terns.

3.4 Phytoplankton taxonomic composition based on CHEMTAX
The calculated phytoplankton taxonomic groups based on
the CHEMTAX model is shown in Figs 4 and 5. Generally, diat-
oms (63%+21%) and P. antarctica (31%+18%) were the two dom-
inant algae in the study area. The ranges and average values of
calculated six phytoplankton taxonomic groups in different lay-
ers are shown in Table S3. Similar to the Chl a concentration, rel-
ative proportions of diatoms showed decreasing trend offshore,
with higher values in Regions I (72%+5%) and III (76%+6%) and
lower value in Region II (59%+4%) (p<0.05) (Fig. 3a). In the lower
layers, the relative abundance of diatoms was higher in stations
near Elephant Island and the Philippine Ridge (Fig. 4). The per-
centage of diatoms generally showed a decreasing trend with
greater water depth (p<0.01, Fig. 4). As for P. antarctica, higher
average values were found in Regions I (25%+5%) and II
(35%+12%) and the lowest average value in Region III (19%+6%)
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(Fig. 3b). In contrast to the diatoms, P. antarctica showed an in-
creasing trend with water column depth (p<0.01) (Fig. 4). Fur-
thermore, in most stations, the dominant species changed from
diatoms to P. antarctica in the layers deeper than 75 m (Fig. 4).
Compared with the dominant diatoms and P. antarctica, green
flagellates (4%+5%), cryptophyta (1%+3%), dinoflagellates
(1%+4%) and cyanobacteria (1%+5%) occupied only a minor pro-
portion. Spatially, the green flagellates were mainly distributed in
the upper layers of the South Scotia Ridge, cryptophyta occurred
only in the upper layer of the Region III, and dinoflagellates
(1%+4%) and cyanobacteria (1%+5%) were found only sporadic-
ally in lower layers of certain sites (Fig. 4). As for the vertical pro-
files, the relative proportion of green flagellates decreased with
increasing water depth, while the cryptophyta, dinoflagellates,
and cyanobacteria showed an increasing trend (p<0.05) (Table S3).

3.5 Phytoplankton response to environmental drivers

An RDA was conducted to reveal the potential response of
phytoplankton crops and taxonomic groups to environmental
factors of surface water (Fig. 6). Water environment factors, in-
cluding MLD, stability of water column, MWC, PAR, salinity, and
nutrient concentrations and structure, illustrated various contri-
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butions to the phytoplankton crops and taxonomic composition-
environment relationships. The water environmental factors
covered by the first two RDA axes explained 79.6% and 5.6% of
the total variance in the phytoplankton crops and taxonomic
composition (Fig. 6). These results indicate that the physical en-
vironment (e.g., PAR, MLD, salinity, E,;,,) and nutrient com-
positions have a significant relationship with the phytoplankton
species composition, and these terms together provided 85.2% of
the total RDA explanatory power (Fig. 6). As the RDAs showed,
the PAR, Si/P and Si/N ratios, Eg,y;,» and MWC had a positive
influence on the percentage of diatoms and Chl a and its degrad-
ation product concentration. In comparison, the water temperat-
ure, salinity, MLD, nutrient concentrations, and N/P and N/Si ra-
tios showed a positive influence on the P. antarctica and green
flagellate proportions (Fig. 6).

As for the whole water column, the Pearson linear correla-
tions analysis was used to detect the relationship between the
studied parameters (Table S4). The results suggested that the wa-
ter temperature, MWC, E,,.;.,» Si/P ratio, and percentages of di-
atoms were significantly correlated with concentrations of Chl a
and its degradation products (p<0.01, Table S4). In contrast, the
salinity, proportions of dinoflagellates and P. antarctica, concen-
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Fig. 4. Distributions of phytoplankton crops and taxonomic composition in the water column (0 m (a), 25 m (b), 50 m (c), 100 m (d),
and 200 m (e)) in the northeastern Antarctic Peninsula. The pie graph diameter is proportional to the mean concentration of total
chlorophyll a, and the composition reflects the contributions of different phytoplankton groups to chlorophyll a determined from

CHEMTAX calculations.
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Table 3. Comparisons of the average (+ standard deviation) and ranges (in parenthesis) of surface Chl a concentrations, average
proportions of phytoplankton taxonomic groups calculated by CHEMTAX, and nutrient concentrations in this study and former

studies

Nitrate/ Phosphate/ Silicate/ Surface Chla/

Average proportions of major

Data sources  Sampling period Study area (pmol-L1) (pmolL!) (umol-L-!) (mgm-3)  phytoplankton taxonomic groups
diatoms: ~64%,
. 4-13Jan. 2016 . 0.26+£0.19  P. antarctica : ~32%,
This study (early summer) Region I 28.3+3.3 2.1+0.2 85.745.2 (0.06-0.72) green flagellates: ~2%,
y g 8
others:~2%;
. diatoms:~55%
Bransfield and o
Russo etal. 12 Feb.-3 Mar. 2013 Gerlache Straits 25.8 18 36.0 (0.4-1.6) P. antarctica: ~1.5%, )
(2018) (late summer) (Region 1) chemotaxonomic group*:~15%,
8 cryptophytes:~15%;
Garcia- 8-27Jan. 2010 South Shetland glégzigic;zi?z%: 10%
Murfiozetal. (early and middle Islands adjacent  29.6+3.1 1.8+0.1 70.1+7.9 0.4 . i > .
(2013) summer) sea area (Region 1) dinoflagellates and prasinophytes:
~10%;
. . diatoms:~60%,
Mendes etal. Feb.— Mar. 2008 f;gziﬁzlcii?:‘; ~ ~ ~ (05-1.2) chemotaxonomic Group*:~30%,
(2012) (late summer) jace o greenflagellates, P. antarctica and
area (Region I)
g others: ~10%;
Rodrieuez et Jan. 1996 Gerlache and
g (mainly earlyand  Bransfield Straits - - - (0.5-7)  diatoms and flagellates dominated;
al. (2002)
’ middle summer) (RegionI)
diatoms: ~57%
31 Dec. 2015~ i
This study 14 Jan. 2016 Region 11 208425 22401 85670 O-13*0.06 P antarclica: ~35%,
(early summer) (0.01-0.24) green flagellates: ~6%,
y others:~2%;
dinoflagellates:~41%,
diatoms: ~28%,
Mel(l;:fs‘;t al. 25 fl‘:t)e‘shﬁ’[l:ef)o 13 Region II 27.5¢1.2  1.4%0.1  29.3+3.8  (0.98-1.37) P.antarctica: ~16%,
cryptophytes:~12%,
green flagellates: ~4%;
diatoms: ~70%
29 Dec. 2015- L
This study 11 Jan. 2016 Region I1I 26957 2004  855+95 013010 P antarclica:~24%,
(early summer) (0.06-0.38) cryptophytes:~4%,
green flagellates: ~1%;
P. antarctica: ~50%,
Nunes et al 2Jan.—12 Feb. 2015 south of the South diatoms: ~25%,
(2019) " (mainlymiddle and OrkneylIslands  27.5+3.2  2.1+0.2  47.3+4.6 (0.1-0.4)  dinoflagellates:~15%,

late summer) (Region III)

cryptophytes:~5%,
pelagophytes: ~5%

Note: *, Peridinin-lacking autotrophic dinoflagellates and diatoms with Chl c,.

trations of phosphate, nitrate, and silicate, and N/P ratio were
significantly negatively correlated to the phytoplankton crops
(p<0.01, Table S4). With respect to the phytoplankton taxonomic
composition, the dominant diatoms positively correlated with
MWC (r=0.20, p<0.01), Egqpiyiey (r=0.20, p<0.01), and Si/P ratio
(r=0.34, p<0.01), and negatively correlated with MLD (r=0.17,
p<0.05), salinity (r=0.57, p<0.01), nutrient concentrations (r>0.39,
p<0.01), and N/Si ratio (r=0.37, p<0.01). By contrast, the second
most abundant algae (P. antarctica) was positively correlated
with MLD (r=0.17, p<0.01), salinity (r=0.52, p<0.01), nutrient con-
centration (r>0.57, p<0.01), and N/Si ratio (r=0.37, p<0.01), and
negatively correlated with water temperature (=0.18, p<0.01), E,
MWC, and Si/P ratio (r=0.34, p<0.01).

tability”

4 Discussion

4.1 Regionally oceanographic and hydrological characteristics

The Southern Ocean is characterized by high hydrographic
variability, and the ecosystem changes therein are linked to the
regional intrinsic physicochemical properties and current circu-
lation patterns. As shown by the cluster analyses, distinct envir-
onmental (oceanographic and hydrological) characteristics of
three regions are accompanied by the variant phytoplankton
crops and taxonomic composition therein (Figs 3 and 7).

Region I is the nearest area to the Antarctic Peninsula and the
oceanographic environment is regulated by the warm and fresh
water derived from the Antarctic Circumpolar Current (ACC, Fig.
S2), Transitional Bellingshausen Water (TBW) (Fig. 2a), and the
cold and saline coastal current (CC, regulated by glacial melt wa-
ter, Fig. $6), which broadly exists over the continental shelf (Bar-
lett et al., 2018; Thompson et al., 2009) (Fig. 1). The high salinity
indicated that Region I was less affected by sea ice melt water
(MWC, 0.7%+0.4%) (with the exception of Station D2-03, which
was regulated by the ACC, Fig. 2¢). Additionally, the fairly con-
stant water density of the shallow water suggested moderate wa-
ter mixing leading to a moderate MLD [(63+20) m] and slight
weak water stability, especially in the basin region (Figs 1 and
2b). The relatively warm water of the Antarctic Slope Front (ASF)
(Fig. S7) combined with the ACC dominated the shallow waters
of Region II, where its hydrological conditions were modified due
to the interaction with strong ACC in the region over and sur-
rounding the South Scotia Ridge (Thompson et al., 2009). The
high salinity of Region II indicated that the effect of MW was also
limited (MWC, 0.9%+0.7%) (Figs 2c, Fig. S2b), and the water
density showed a smoothly increasing trend with greater water
depth, indicating strong water mixing and low stability (Figs 2
and 7). Region I1I had the lowest water temperature and salinity
in the study area (p < 0.01). Lower temperature and salinity shal-
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Fig. 5. Spatial distributions of the integrated concentration of chlorophyll a (a) and its degradation products (b and c), and diagnostic
pigments (d-g).

low waters surrounding the South Orkney Island (Figs 2a, Fig.  ice melt water, a steeper slope of water physical properties with
S7), suggested stronger influence of locally formed winter water ~ greater water depth resulted in much stronger water column sta-
and sea ice melt water (MWC, >2%) compared with the other two  bility and shallower MLD in Region III (Figs 2b and d). In con-
regions (Fig. 2c). Additionally, the cold-water Weddell Front trast, stronger water mass mixing and low water stability led to a
(WF) dominated the deep layers in the more open sea area (Fig.  gradual thermocline and much deeper MLD in the other two re-
S2b). Due to the widely developed and higher contribution of sea  gions (Figs 2a and 3e).
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Current circulation near the tip of the Antarctic Peninsula not
only conducts the thermohaline structures, but also influences
the dissolved nutrient status and further ecosystem dynamics.

The ASF, CC, and WF are considered to melt the underside of ice
shelves and could transport substantial Antarctic krill and nutri-
ents (Dotto et al., 2016; Fahrbach et al., 1994), especially for WF,
which is considered to be Fe enriched (Ardelan et al., 2010). Cor-
respondingly, higher nutrient concentrations (e.g. nitrate, phos-
phate, and silicate) were observed in Region II (50°-55°W, Fig.
S3). In contrast, the ACC flows eastward through the Drake Pas-
sage to our study area and is believed to be Fe deficient (dis-
solved Fe, <0.5 nmol/L) (Hopkinson et al., 2007; Hewes et al.,
2008). Additionally, the complex circulatory system of surface
waters in Regions I and II produces many mesoscale processes,
such as anticyclonic eddies, which have their own thermohaline
structures and deep MLD, and become separated from adjacent
currents (Garcia-Munoz et al., 2013; Heywood and Priddle, 1987;
Sangra etal., 2011, 2014; Thompson et al., 2009) (Fig. 2). For in-
stance, a large-standing anticyclonic eddy (approximately 40 km
in diameter, centered at 62°S and 54°W) maintained by regional
topography and energy from strong shears of the ASF exists in re-
gion II (Thompson et al., 2009). This permanent feature of the
surface circulation is dynamically significant for the mixing of
water masses and dispersal of materials therein. For example,
drifters deployed in the continental shelf east of the Antarctic
Peninsula underwent remarkable oscillations (several months)
which indicated significant eddy trapping (Thompson et al.,
2009). The eddy could also trap phytoplankton for long periods of
time and prolong their residence time in this region (Thompson
et al., 2009), and even insulate the phytoplankton community
from heavy grazing by zooplankton (e.g., krill) (Heywood and
Priddle, 1987).
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4.2 Interaction between nutrient status and phytoplankton

Significant correlations between nutrient conditions and
phytoplankton crops, taxonomic composition, and further herbi-
vore activities indicate strong interactions among them (Fig. 6,
Table S4). In the study area, the nutrient concentrations were sig-
nificantly negatively correlated with total Chl a concentrations
and herbivore feeding products (Fig. 6, Table S4). Similarly, com-
paring with previous studies (Table 3), lower phytoplankton
crops is usually accompanied by higher nutrient stock (espe-
cially for silicate, Mendes et al., 2013). This phenomena could be
attributed to the consumption of large amounts of dissolved nu-
trient stocks by phytoplankton growth (Westwood et al., 2010). In
addition, due to the efficient supply of micronutrients (i.e., iron)
and the much more stable water column in the coastal area of
Regions I (South Shetland Island and Antarctic Peninsula) and III
(South Orkney Island), higher phytoplankton crops [(25.6+15.8)
mg/m?, (23.2+13.8) mg/m?] and subsequent strong feeding activ-
ities [Phytin-a, (1.6+1.1) mg/m?2, (1.8+1.3) mg/m?2] accompanied
by the lowest nutrient stocks [phosphate, (2.1+0.2) pmol/L,
(2.0£0.4) pmol/L; nitrate, (28.3+3.3) umol/L, (26.9+5.7) pmol/L]
were found in Regions I and III compared with Region II [Chl g,
(21.6+5.7) mg/m?; phosphate, (2.0£0.4) pmol/L; nitrate,
(26.945.7) pmol/L]. Similarly, pretty high Chl a concentration
(around 0.5-7 mg/m3) was also reported near James Ross Island
and in the Bransfield Strait (Mendes et al., 2012). Moreover, al-
though the nutrient concentrations of deep water ( >100 m) are
comparable among the three regions (Figs S3a and b), shallower
MLD in Regions I and III compared with Region II (p<0.01)
would also limit the upwelling of nutrient-rich deep water, and
further result in the lower nutrient concentration therein (Figs
S3a and b). Furthermore, phytoplankton with different sizes and
nutrient uptake efficiencies also have diverse preferences and
tolerance to nutrient status (Gibb et al., 2001; Gibberd et al.,
2013). For instance, diatoms favor silicate-enriched environ-
ments as silicate is an essential element for the formation of sili-
ceous diatom shells, and is consistent with positive correlations
between diatoms and Si/N ratios found in this study (Fig. 6). In contrast,
P. antarctica and green flagellates could be much more adapted
to nitrate- and phosphate-enriched environments with higher
N/P (Arrigo et al., 1999) (Fig. 6). Despite the higher nutrient in-
ventory of Region II (especially for nitrate and phosphate), the
lowest Si/N and Si/P ratios in Region II (p<0.05) may partly con-
tribute to the lower diatom percentage compared with that ob-
served in the other two regions (Fig. 3).

Although the Fe concentration was not analyzed in this study,
the MWC has been shown to be a good indicator for Fe-rich
freshwater inputs in the continental marginal sea of the Antarc-
tica continent (Costa et al., 2020; Mendes et al., 2018b; Wang et
al., 2020; Zhang et al., 2019). In this study, although no signific-
ant correlation was observed between the MWC and Chl a con-
centrations due to complex hydrology conditions, negative rela-
tionships existed between MWC and P. antarctica percentage
(r=-0.20, p<0.01). One possible reason is that nanophytoplank-
ton (e.g., P. antarctica (<20 pm), cyanobacteria (1-2 pm), green
flagellates (0.1-5 pm) and cryptophyta (6-20 pm)) with a small
size and high specific surface area could favor their nutrient up-
take, and thus have a competitive advantage under Fe-deficient
environments (Gibb et al., 2001; Hassler et al., 2014). Also, the
proportion of utilized Fe by the larger phytoplankton (e.g., diat-
oms ( >20 pm)) increases in strongly stratified waters with higher
MWC (Wang et al., 2020). Similarly, Mendes et al. (2012) repor-
ted ice melting processes would trigger growth of large diatoms
in coastal sea area of James Ross Island. Based on the efficient Fe

supplement from upwelling and glacial melt water, the Fe con-
centration of Region III was around three times higher than that
of Region II (Ardelan et al., 2010; McGillicuddy et al., 2015; Sanc-
hez et al., 2019). This may have thus resulted in the low diatom
and high P. antarctica proportions in Region II, and vice versa in
Region III (Fig. 3), which was consistent with another study car-
ried out in the South Scotia and Philip Ridge during late summer
(Mendes et al., 2018b). The high-Fe cyclonic ASF flows clockwise
along the Powell Basin and to the south (Wang et al., 2020) (Fig. 1),
likely contributed to the limited Fe supply to Region I (0.31-0.73
nmol/L) (McGillicuddy et al., 2015; Sanchez et al., 2019). As
shown in Fig. 7a, a region with high Chl a concentrations
centered at 49°W and 61°S in Region II, far from an island, result
the horizontal mixing of an Fe-rich ASF with the well-stratified
but Fe-poor ACC. Similar phenomena were also described with-
in the western Weddell-Scotia Confluence region (Heywood et al,
2004; Von Gyldenfeldt et al., 2002). Thus, the northbound hori-
zontal delivery of nutrients by the ASF and release of demanded
Fe onto the shelf and ridge area of Region II may be an important
point source driving high biomass in the pathway of the ASF.

4.3 Effect of light intensity and water mixing on phytoplankton
growth

4.3.1 Influence of light intensity

Light intensity affected by the weather conditions has been
considered to be the primary factor determining the phytoplank-
ton crops and taxonomic composition (Arrigo et al., 1999; Hoppe
etal, 2017; Mendes et al., 2012; Wojtasiewicz et al., 2019). In this
study, based on the PAR and Zeu data calculated from remote
sensing data, the influence of light intensity on the phytoplank-
ton growth was also estimated. The regional variation in PAR was
the same as that of Chl a concentrations, with Region I having the
highest PAR and Chl a concentration while Region II had the
lowest PAR and Chl a concentration (Fig. 3). Only in Region II,
which was mainly an open sea area, did a significantly positive
relationship exist between PAR and phytoplankton crops (r=0.52,
p<0.05), indicating the important regulating effect of light radi-
ation intensity on phytoplankton crops in the well-mixed water
column with deep MLD. Moreover, combing with the historical
literature (Table 3) and remote sensing data (https://hermes.acri.
fr/index.php) in this study area (e.g., Regions I and II), we find a
time lag (around one month) between the most lightful (Decem-
ber and January) and the most productive months (January and
February). Although with the highest PAR during early summer
(https://hermes.acri.fr/index.php) in the study area, the Chl a
concentrations during early austral summer (i.e., December and
January) was even slightly lower than those studies carried out
during mid and late austral summer (i.e., February and March)
(Table 3). Similar monthly discrepancies on primary production
rates (i.e., Region I) were reported: higher carbon assimilation
rates were found during February and March (0.93-3.38
mg/(mg-h), assimilated carbon mass by per milligram Chl a per
hour) and lower values during January (0.30-2.02 mg/(mg-h), as-
similated carbon mass by per milligram Chl a per hour) (Russo et
al., 2018 and references therein). This phenomenon probably
was a compromise between light condition and water column
structure, especially in this strong hydrodynamic environment.

Positive correlations were observed across the entire study
area between PAR and diatoms in the water column (r=0.52,
p<0.01), while a negative relationship with P. antarctica (r=-0.58,
p<0.01) and green flagellates (r=—0.41, p<0.05) was observed (Fig. 6).
This phenomenon is consistent with previous studies in the Ross
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Sea (Rozema et al., 2017) and West Antarctic Peninsula adjacent
sea area (Joy-Warren et al., 2019), and could be attributed to the
differences in photophysiology of diatoms and P. antarctica. For
example, compared with P. antarctica, diatoms could produce
less photosynthetic pigment and higher photoprotective pig-
ment per cell, and thus are far less susceptible to photoinhibition
and could sustain competitive advantage under environment
with high light levels (Arrigo et al., 1999; Villafane et al., 2008). By
contrast, the P. antarctica can produce more light-harvesting pig-
ments per cell, and are susceptible to photoinhibition, but could
dominate waters where light levels are low (Alderkamp et al.,
2010). This photophysiological characteristic may have contrib-
uted to the significantly lower percentage of diatoms (59%+4%)
and higher percentage of P. antarctica (34%+5%) in Region II
than Regions I and III (diatoms, 72%+6% and 76%+6%; P. Antarc-
tica, 25%+5% and 20%+7%) (Fig. 3), and the vertically decreasing
percentage of diatoms and increasing P. antarctica with greater
water depth in the water column (Fig. 7). This was also suppor-
ted by the monthly shift of the phytoplankton community from
diatoms dominated to nanoflagellates dominated because the
decreasing of light intensity from early summer to late summer
(Table 3). Furthermore, cryptophyta, typically small flagellates
that can successfully grow in highly illuminated conditions with
shallow mixed layer (e.g. prevalence in the Gerlache Strait,
Mendes et al., 2018a), also appeared in the upper layers of cer-
tain stations of Region III (e.g., Station D6-03, 16%) with higher
PAR and strong water column stratification (Figs 2 and 4).

4.3.2 Influence of water mixing

Water stratification and mixing, which play an important role
in shaping habitat environments (e.8., Egpiiiyy Z€U, and MLD),
are also limiting factors for the vertical distribution of phyto-
plankton crops and taxonomic composition (Cai et al., 2003;
Hoppe et al., 2017; Mendes et al., 2012; Wojtasiewicz et al., 2019;
Zhang et al., 2014, 2019). In this study, Ey;;,, was significantly
positively and negatively correlated with MWC (r=0.94, p<0.01)
and MLD (r=-0.67, p<0.01), respectively, indicating the more
MW contribution and shallower MLD, the higher the water sta-
bility. In other words, the melt water has a high concentration of
dissolved iron, so the Fe limit may be lifted in high stability wa-
ters columns (Costa et al., 2020; Mendes et al., 2018a; Wang et al.,
2020). Three regions both received considerable MW inputs;
however, mesoscale processes such as anticyclonic eddies (e.g.,
approximately 40 km in diameter, centered at 62°S and 54°W)
maintained by regional topography and energy from strong
shears of the ASF exist in Region II (Thompson et al., 2009) res-
ulting in stronger mixing and the most unstable water environ-
ment in this region (deepest MLD and lowest E,y;.,)- In this
study, although no significant statistical relationship was found
between E, ;.. (or MLD) and phytoplankton crops, a stable wa-
ter environment favors the growth of phytoplankton (Mendes et
al., 2012) which is consistent with our observations of lower Chl a
concentration in Region II where the water stability was lowest
(Figs 2f and 5a).

Moreover, Eg,;;, and MLD showed significant correlation
with the percentage of diatoms (r=0.20, p<0.01; r=-0.53, p<0.01),
and inverse correlation with P. antarctica (r=-0.20, p<0.01;
r=0.48, p<0.01) and green flagellates (r=-0.44, p<0.01; r=0.41,
p<0.01) (Fig. 8). The vertical profiles of phytoplankton crops and
taxonomic composition demonstrated obvious differences
among stable and unstable water columns (Fig. 7). In the well-
mixed water with deep MLD, the phytoplankton could be physic-
ally carried up and down and even below the Zeu depth, and the
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induced possible light limitation and unstable environments may
result in a constant (0-200 m) but low crops having high and con-
stant nanophytoplankton proportion in the water column (e.g.,
Stations D3-03 and D3-05 of Region II, Fig. 7). This is in line with
dominance of nanoflagellates (e.g. cryptophytes and P. antarc-
tica) in the open-ocean area of Weddell Sea (Mendes et al., 2012).
In contrast, a high and dynamically decreasing crops below the
mixed layer was observed in the water column with strong strati-
fication and high stability, where the dominant phytoplankton
changed from diatoms to P. antarctica (e.g., Stations D1-10 and
D2-06 of Region 1, Stations D5-06 and D6-03 of Region 111, Fig. 7).
The vertical changes of algal crops and taxonomic composition
should be attributed to the rapid light attenuation caused by
strong water stratification, as suggested by the negative relation-
ship between E,p;,, and Zeu (r=-0.84, p<0.01). Additionally, the
slope of linear regression between the sum of Phytin-a and
Phide-a concentration with Chl a concentration is a strong indic-
ator of grazing pressure (Mendes et al., 2012). Although no signi-
ficant correlation was found in the high Chl a part (Chl a concen-
tration>0.16 mg/m?3) of Region II, the concentration of degrada-
tion products was significantly higher than that of the low Chl a
part (Chl a concentration<0.16 mg/m3) (p < 0.01). The feeding
activity of the stations with low Chl a concentrations (k=0.08) was
much lower than that of the whole Region II (k=0.22) (Fig. 9b),
which confirms that zooplankton has patchy distribution charac-
teristics similar to phytoplankton (Jeffrey et al., 1997). The lower
slope and concentrations of Chl a degradation products in the
well-mixed (low Chl a concentration) water column indicates
weak feeding activities by herbivorous zooplankton in Region II
(Figs 3 and 9).

4.4 Perspective in evolution of the phytoplankton taxonomic com-

position and its ecological effect

As the northernmost region of Antarctica, the Antarctic Pen-
insula with limited glaciers is suffering rapid warming (more than
twice as fast as the global average), accelerated retreat rates of
sea ice, and attenuation of glaciers during the past decades, due
to anthropogenic activity and natural circulation variability
(Clem et al., 2020; Cook et al., 2016; Martinson et al., 2008;
Rozema et al., 2017; Stammerjohn et al., 2008; Turner et al.,
2017). Simultaneously, significantly earlier sea ice retreating
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Fig. 9. Linear regressions of chlorophyll a (Chl a) concentra-
tions and its degradation products (the sum of pheophorbide a
(Phide-a) and pheophytin a (Phytin-a)) in three regions. The
slope represents the grazing pressure with a steeper slope sug-
gesting stronger feeding activities. Region III (c) has the highest
slope (k=0.33, extreme value (blue triangle) is removed from cal-
culation), the slope of Region I (a) is medium (k=0.30), and the
slope of Region II (b) is the lowest (k=0.20). If only considering
the stations with low Chl a concentration (<0.16 mg/m3) of Re-
gion II, the slope (k=0.08) is much lower than that of the whole
Region II.

(around 1 month), later sea ice advancing (around 2 months),

and shortening of sea ice duration (around 3 months) in the Ant-
arctic Peninsula regions were also reported through a 26 a period
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observation study (Stammerjohn et al., 2008). Austral summer is
the most suitable season for phytoplankton growth and contrib-
utes nearly the whole year’s primary productivity in the contin-
ental marginal sea of Antarctica (Park et al., 2010). To track the
succession of the phytoplankton taxonomic groups under cli-
mate change, it is important to explore the trends and monthly
and annual variations of the phytoplankton composition, espe-
cially during the austral summer.

As discussed in previous sections, the study area is a sensitive
region of ice-sea interactions, which could induce various
changes in a variety of environmental drivers such as MLD, light
conditions, and micronutrient inputs. According to previous
studies, the schematic of the annual evolution of past phyto-
plankton taxonomic groups is presented in Fig. 10a. However, in
the future, the occurrence of phenomena mentioned above could
significantly affect the marine ecosystem and biological carbon
pump therein. In early spring with relatively low light intensity,
the increasing temperature of air and surface seawater could lead
to earlier retreating of sea ice and melt water input, and result in
a shallow MLD with Fe-rich upper-layer water. However, due to
the light limitation in early spring, the phytoplankton crops
would still be low, which is also a premature consumption and
waste of this Fe-rich water (Fig. 10b). In late spring and the early
summer, the influence of the increasing light intensity and con-
tinuous glacial melt water input could cause diatom blooms to
occur earlier. The diatoms could contribute around 57%-80% to
the phytoplankton community during early summer (Table 3).
However, due to the premature consumption and loss of Fe-rich
sea ice melt water in spring, the Fe availability may become
worse and water stratification may weaken in the coastal region,
resulting in a much shorter period of diatom blooms in early

Late summer Autumn

sea ice diatom diatom  P. antarctica
T

Late summer Autumn

Fig. 10. Schematic model of past (Garcia-Munoz et al., 2013; Gongalves-Araujo et al., 2015; Lovenduski and Gruber, 2005; Mendes et
al., 2012; Nunes et al., 2019; Reiss et al., 2009; Russo et al., 2018) and future phytoplankton taxonomic composition under changing
environments in the northeastern Antarctic Peninsula. The horizontal axis shows how marine environmental factors change
temporally in the Antarctic Peninsula and its influence on phytoplankton taxonomic composition. The depth of the mixed layer is

shown by the density change from light blue to dark blue.
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summer (Fig. 10b). After that, with the continuously decreasing
sea ice melt water input and strong wind mixing, a deeper MLD
with weak water column stability could significantly favor the
growth of smaller phytoplankton in the remaining lighting time
during the year (Fig. 10b). This is supported by the quickly shift
(from simple to complex) of phytoplankton taxonomic composi-
tion from early summer to late summer (Table 3). As shown in
Table 3, the first two major taxonomic groups could account for
more than 90% of the total phytoplankton community during
early summer. In contrast, the groups only accounted for around
70% in late summer, but the proportion of smaller phytoplank-
ton (dinoflagellates, cryptophyta and P. antarctica) increased sig-
nificantly (e.g., Region I, 36%-45%; Region II, 43%—-72%; Region
111, 30%-75%).

With the shortening of sea ice duration, the period with favor-
able environmental conditions (Fe-rich and shallower MLD) for
large diatom blooms is continuously shortening, and the period
with a deep MLD and Fe-poor conditions, which is favorable for
smaller cryptophyta and P. antarctica, is much longer (Fig. 10b).
For example, the proportions of diatoms in Region I during early
summer decreased from ~80% in January 2010 (Garcia-Mufoz et
al., 2013) to ~64% in January 2016 (this study), and from ~60% in
February and March 2008 (Mendes et al., 2012) to ~55% in Febru-
ary and March 2013 (Russo et al., 2018) during late summer.
Moreover, the proportions of smaller phytoplankton (e.g., P. ant-
arctica, Chemotaxonomic group and others) in Region I during
early summer increased from ~20% in January 2010 (Garcia-
Muiioz et al., 2013) to ~36% in January 2016 (this study), and
from ~40% in February and March 2008 (Mendes et al., 2012) to
~45% in February and March 2013 (Russo et al., 2018) during late
summer. Because part of the original large diatom-derived
primary production would be replaced by a miniaturized phyto-
plankton taxonomic groups, the induced increasing biomass of
small herbivores (e.g., copepods) and carbon-poor gelatinous zo-
oplankton (e.g., salps) would lead to much lower biological
pump efficiency (Costa et al., 2020; Wang et al., 2020) due to the
lower carbon sequestration and deposition flux (Belcher et al.,
2017; Moline et al., 2004; Murphy et al., 2007; Tréguer et al.,
2018). Moreover, the decreasing crops and proportion of large di-
atoms, which are a favorable food and major source of energy for
krill in spring and summer (suggested by a significantly correl-
ated percentage of diatoms and products of feeding activities
(e.g., Phytin-a and Phide-a) (r>0.46, p<0.01)), and an increasing
abundance and relative proportion of nanophytoplankton (e.g.,
cryptophyta and P. antarctica), which are more efficiently grazed
by carbon-poor salps (Cadée et al., 1992; Kerr et al., 2018b;
Moline et al., 2004), may lead to the degeneration of the spawn-
ing ground for krill and even the migration of higher predators in
the Antarctic Peninsula coastal region (Forcada et al., 2012). The
changing of keystone species (diatoms and krill) would result in
further changes in this marine ecosystem.

5 Conclusions

The northeastern Antarctic Peninsula is a region with com-
plex environmental settings and variable phytoplankton taxo-
nomic composition. In the coastal area (e.g., the South Orkney Is-
land adjacent region and the region north of South Shetland Is-
land), a strong intensity of PAR and high freshwater input from
adjacent surface sea ice or glacial MW characterized the environ-
mental settings therein. These environmental drivers promote
water stability, induce shallow MLD, and relieve potential Fe lim-
itations for phytoplankton growth. Consequently, significantly
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higher phytoplankton crops were observed in the coastal region
of the Antarctic Peninsula and South Orkney Island. The relative
proportion of diatoms, which favor high light intensity, a stable
water column, and high-Fe waters, were more concentrated in
this region. In offshore areas (e.g., Philip Ridge and South Scotia
Ridge), despite much more abundant macronutrients, strong wa-
ter mass interactions (ASF, WF, ACC, and eddies) provided an
environment with a deep MLD and weak water column stability,
and combined with relatively low PAR and limited Fe inputs. All
of these environmental drivers contributed to low phytoplankton
crops and less herbivore activities therein. Moreover, this envir-
onment favors the growth of small phytoplankton (e.g., P. antarc-
tica and green flagellates), which have higher Fe-uptake efficien-
cies and are better adapted to light limitation and unstable envir-
onments compared to large diatoms. Since the Antarctic Penin-
sula has limited glaciers and is suffering rapid warming, it is ex-
periencing an earlier sea ice retreat, shorter sea ice duration, and
changes in the period and degree of water mixing (Stammerjohn
et al., 2008). These changing ice-sea interactions would eventu-
ally lead to large changes to this ecosystem (e.g., miniaturization
of the phytoplankton taxonomic groups) and a lower biological
pump efficiency. More long-term observations are needed to fur-
ther understand the ecosystem dynamics of this rapidly chan-
ging environment.
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Supplementary information:

Fig. S1. Detailed retention time and chromatogram of pigments (used pigments in red font) measured by UPLC. a. mixed standards-

a; b. mixed standards-b.

Fig. S2. Distribution of temperature (a) and salinity (b) across the water column (i.e., 0 m, 25 m, 50 m, 100 m, 200 m).
Fig. S3. Distribution of nitrate concentration (a), phosphate concentration (b) and silicate concentration (c) across the water

column (i.e., 0 m, 25 m, 50 m, 100 m, 200 m).

Fig. S4. Distribution of N/P ratios (a), Si/P ratios (b) and N/Si ratios (c) across the water column (i.e., 0 m, 25 m, 50 m, 100 m, 200 m,

respectively).

Fig. S5. Distribution of chlorophyll a (a), pheophorbide a (b), pheophytin a (c), fucoxanthin (d), chlorophyll ¢, (e), chlorophyll c, (f),
and chlorophyll b (g) concentrations in the water column (i.e., 0 m, 25 m, 50 m, 100 m, 200 m, respectively).
Fig. S6. The distributions of temperature (a), salinity (b), the percentage of diatoms (c) and P. antarctica (d) in Section L1. The

location of Section L1 is shown in Plot b.

Fig. S7. The distributions of temperature (a), salinity (b), the percentage of diatoms (c) and P. antarctica (d) in Section L2. The

location of Section L2 is shown in Plot b.

Table S1. The ratio of the two mobile phases varies with time in the Ultra Performance Liquid Chromatography (UPLC) binary
gradient elution program, according to the method of Zapata et al. (2000).

Table S2. The abbreviation and retention time of the pigment measured by UPLC.

Table S3. The percentage of different phytoplankton taxonomic groups in the water column.

Table S4. Correlations of the mean value of studying parameters at all study sites. Only data with significant correlations at the 0.05
level are shown, the underlined number is significant at the 0.01 level.

Table S5. Phytoplankton taxonomic composition (relative abundance) in the surface layer of the study area based on CHEMTAX
calculation.

The supplementary information is available online at https://doi.org/10.1007/s13131-021-1865-4 and www.aosocean.com. The
supplementary information is published as submitted, without typesetting or editing. The responsibility for scientific accuracy and
content remains entirely with the authors.
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