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Diversity mechanisms of
long-term changes in
phytoplankton biomass and
productivity in the Southern
Ocean: comparison in the
Amundsen and Cosmonaut Seas
Xinyu Zheng1, Yan Bai1,2,3*, Yifan Zhang2, Xianqiang He1,2,3,
Teng Li2 and Fang Gong2

1School of Oceanography, Shanghai Jiao Tong University, Shanghai, China, 2State Key Laboratory of
Satellite Ocean Environment Dynamics, Second Institute of Oceanography, Ministry of Natural
Resources, Hangzhou, China, 3Ocean College, Zhejiang University, Zhoushan, China
Introduction:Global warming and glacier melt are transforming Southern Ocean

ecosystems, profoundly affecting phytoplankton dynamics. This study

investigates long-term phytoplankton changes in the Amundsen and

Cosmonaut Seas, focusing on responses to climate-driven environmental shifts

and the influence of the Southern Annular Mode (SAM).

Methods: We analyzed high-resolution (4 km, monthly averaged) satellite-derived

chlorophyll-a (Chla) and net primary productivity (NPP) data from austral summers

(2003–2020). Environmental parameters, including sea surface temperature (SST),

photosynthetically active radiation (PAR) andwind speed (WS), sea ice concentration

(SIC) and mixed layer depth (MLD), were examined to elucidate their roles in driving

phytoplankton variability in the Amundsen and Cosmonaut Seas.

Results: During positive SAM phases, Chla and NPP generally increased across both

seas, but local ocean circulation led to divergent subregional trends. North of the

Southern AntarcticCircumpolar Front (sACCF) andwithin theWeddell Gyre, enhanced

wind-driven MLD promoted Chla increases. In the northern Ross Gyre, cooling SST

and deeper MLD intensified upwelling and nutrient, sustaining Chla growth, while

shallower MLD and weaker upwelling in the eastern Ross Gyre reduced Chla. In

coastal Amundsen Sea, warming SST facilitated sea icemelt, increasing Chla, whereas

cooling SST in the Cosmonaut Sea and Prydz Bay increased SIC, reducing Chla.

Discussion: This high-resolution analysis highlights the complex interplay of

physical and biological drivers in polar marine ecosystems, providing critical

insights into climate change impacts on Southern Ocean phytoplankton

dynamics and their regional variability.
KEYWORDS

Chla, NPP, spatio-temporal trend, Southern Ocean, Amundsen Sea, Cosmonaut Sea,
remote sensing
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1 Introduction

The elevated atmospheric carbon dioxide (CO2) concentrations

have intensified global warming, significantly impacting marine

ecosystems by altering ocean circulation, accelerating sea ice

melting, and causing ocean acidification (Deppeler and Davidson,

2017; Le Quéré et al., 2016). The Southern Ocean is pivotal in

mitigating climate change, accounting for approximately 40% of

global oceanic CO2 absorption (Frölicher et al., 2015). As the

foundation of marine ecosystems, phytoplankton are essential for

evaluating ecosystem changes and comprehending the global

carbon cycle and its response to climate change. Key indicators of

phytoplankton productivity, such as chlorophyll-a concentration

(Chla) and net primary productivity (NPP), are pivotal in these

assessments (Arrigo et al., 2008).

Recent research employing field observations, remote sensing,

models, and reanalysis data have elucidated spatio-temporal

patterns of Chla and NPP in the Southern Ocean and their

associations with global climate change (Arrigo et al., 2008, 2015;

Feng et al., 2022; Pinkerton et al., 2021). From a long-term

perspective, Yu et al. (2023) reported an increasing trend in

Southern Ocean Chla based on global Chla product results from

1998 to 2020. Thomalla et al. (2023) similarly observed an upward

trend in phytoplankton blooms in this region, albeit with regional

variations. Noh et al. (2021) highlighted that Chla trends in the

western Amundsen-Ross Sea and the D’Urville Sea exhibited

contrasting patterns, attributed to differing limiting factors for

phytoplankton growth. While numerous investigations have

explored large-scale spatio-temporal changes in phytoplankton

productivity in the Southern Ocean, further research is essential

to understand long-term and high-resolution changes in marginal

seas, especially those influenced by local ocean circulation.

The Southern Ocean is recognized as being exceptionally sensitive

to climate change, with various regions experiencing impacts from

factors such as ocean warming, increased wind speed (WS), iron (Fe)

limitation, sea ice melting, and changes in the mixed layer depth

(MLD) (Haumann et al., 2020; Marinov et al., 2006; Ryan-Keogh et al.,

2023; Thomalla et al., 2023). Wind-driven MLD deepening had been

shown to sustain high Chla during austral summer (Carranza and

Gille, 2015), while MLD shoaling has been associated with

phytoplankton blooms (Briggs et al., 2018). Elevated sea surface

temperatures (SST) and increased photosynthetically active radiation

(PAR) have accelerated phytoplankton growth but may also suppress

productivity by reducing nutrient supply through stratification (Del

Castillo et al., 2019; Carranza and Gille, 2015). Kim and Kim (2021)

proposed that primary production in high-latitude regions of the

Southern Ocean was likely to increase in the future due to the

combined effects of warming, light availability, and Fe inputs.

Despite numerous studies indicating that limiting factors for

phytoplankton growth vary across different regions of the Southern

Ocean, the underlying processes driving phytoplankton variability,

influenced by external environmental stressors such as ocean

circulation and sea ice dynamics, remain complex and require

further investigation (Boyd, 2019; Trimborn et al., 2019).
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Additionally, the relationship between Southern Ocean

phytoplankton concentration and climate change remains

insufficiently understood.

The Amundsen Sea, situated in the southwest sector of

Antarctica, and the Cosmonaut Sea, located in the northeast

sector, are two regions with distinct characteristics. Both are

influenced by the Southern Antarctic Circumpolar Front

(sACCF), the Antarctic Slope Current (ASC), and other regional

ocean currents, yet they exhibit markedly different phytoplankton

productivity patterns (Arrigo et al., 2015). Specifically, the

Amundsen Sea demonstrates higher primary productivity, with

the Amundsen Sea polynya (Annual NPP: 105.4 Tg C yr-1,

averaged Chla: 2.28 mg m-3) ranking as one of the highest

phytoplankton productivity regions in the Southern Ocean

(Arrigo et al., 2015). Conversely, the Cosmonaut Sea exhibits

lower primary productivity, particularly in Lützow-Holm Bay,

which has an annual NPP of 6.7 Tg C yr-1 and a mean

chlorophyll-a concentration of 0.17 mg m-3, ranking it among the

least productive regions in the Southern Ocean (Arrigo et al., 2015).

The persistent upwelling of warm Circumpolar Deep Water

(CDW) has led to the accelerated melting of West Antarctic ice

shelves, making the Amundsen Sea one of the most affected regions

in the Southern Ocean (Bett et al., 2020). This unique marine

environment has garnered substantial attention in research, leading

to an extensive body of literature (Azaneu et al., 2023; Haigh et al.,

2023; Park et al., 2024; Xie et al., 2024). Pinkerton et al. (2021)

utilized multiple linear regression analysis to conclude that SST

exerts a more significant influence on the Chla trend in the

Amundsen Sea than PAR, MLD, and SIC (sea ice concentration).

Furthermore, they highlighted that the spatial resolution and

coverage limitations of remote sensing data necessitate further

investigation into the spatial variations in phytoplankton

productivity and their underlying mechanisms (Pinkerton et al.,

2021). Studies on productivity changes in the Cosmonaut Sea have

predominantly relied on field observations or large-scale analyses

from the South Indian Ocean sector (Schwarz et al., 2010; Takao

et al., 2012), rendering it one of the less studied regions of the

Southern Ocean. Consequently, a comparative analysis of the

marine environments of the Amundsen and Cosmonaut Seas will

enhance our understanding of phytoplankton responses to climate

change and variability, offering valuable insights into the controlling

mechanisms of phytoplankton productivity.

This study concentrates on the Amundsen and Cosmonaut

Seas, utilizing high-resolution remote sensing ocean color data from

the Southern Ocean at high latitudes. The objective is to more

precisely elucidate the regulatory mechanisms governing

phytoplankton changes within the context of climate change.

First, in-situ Chla and NPP data were gathered to validate the

accuracy of satellite products. Then, long-term temporal variations

in satellite products were analyzed and combined with various

satellite environmental parameters, and the similarities and

differences in phytoplankton changes in the Amundsen and

Cosmonaut Seas were explored. This analysis aimed to investigate

the similarities and differences in phytoplankton dynamics between
frontiersin.org
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the Amundsen and Cosmonaut Seas. Ultimately, through

comparative analysis, this study seeks to enhance our

understanding of how phytoplankton respond to climate change.
2 Materials and methods

2.1 Study areas

The Amundsen Sea is situated south of 60°S, extending between

160°W and 80°W (Figure 1a). The ocean circulation in this region

exhibits considerable complexity, primarily comprising the Ross

Gyre, sACCF, and the Antarctic Slope Current (ASC). The

interactions among these currents are pivotal to the functioning

of the regional marine ecosystem. Notably, the intrusion of warm

CDW has altered sea ice distribution and influenced ocean

circulation by supplying iron, thereby promoting phytoplankton

growth (Bett et al., 2020).

The Cosmonaut Sea, located south of 60°S and between 30°E

and 80°E (Figure 1b), also exhibits a complex circulation system. It

also includes currents like the sACCF and ASC. South of the

sACCF, upwelling processes transport nutrients from subsurface

waters to the surface, thereby stimulating phytoplankton growth
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and significantly influencing the primary productivity of the marine

ecosystem (Morrison et al., 2015). Additionally, the Weddell Gyre

and the Prydz Bay Gyre play crucial roles in regional ocean

dynamics. The Weddell Gyre is characterized by a shallow mixed

layer with relatively warm water and low salinity, whereas the Prydz

Bay Gyre features a deeper mixed layer with cooler water and higher

salinity (Williams et al., 2010).

The Amundsen Sea, situated in the warm-shelf zone, and the

Cosmonaut Sea, located in the cold-shelf zone, exhibit differences in

CDW temperatures of approximately 1–2°C (Frew et al., 2019;

Narayanan et al., 2019). The heat fluxes from the atmosphere and

the subsurface water controlled the growth and melting of sea ice

(Saenz et al., 2023). In warm-shelf areas, the heat from CDW not

only affects the thickness of the ice shelves (Holland et al., 2020) but

also influences glacier melt. Conversely, in cold-shelf regions, the

thermal effect of CDW is considerably diminished, resulting in

increased sea ice production and thicker ice cover (Mahoney

et al., 2011).

The study areas in the Amundsen and Cosmonaut Seas were

divided into nearshore and offshore regions based on latitude

thresholds. Specifically, for the Amundsen Sea, the nearshore

region is south of 70°S, and the offshore region was between 60°S

and 70°S; for the Cosmonaut Sea, the nearshore region was south of
FIGURE 1

Schematic of the mean circulation in the (a) Amundsen Sea and (b) Cosmonaut Sea. The dashed lines denote the boundaries of each circulation
system. (a) In the Amundsen Sea, the primary influences are the Ross Gyre, sACCF, and ASC. (b) In the Cosmonaut Sea, the main influences include
the eastern Weddell Gyre, Prydz Bay Gyre, sACCF, and ASC. Ocean circulation patterns are adapted from Williams et al. (2010) and Roach and
Speer (2019).
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65°S, and the offshore region was between 60°S and 65°S. This

division was based on three reasons: First, these latitude thresholds

reflected significant environmental changes identified in January

SIC for the Southern Ocean (Supplementary Figure 2). For example,

in the Amundsen Sea, areas south of 70°S were near the continental

shelf and ice shelves, where sea ice dynamics, while areas north of

70°S were open ocean with less sea ice influence. Second, the

division aligned with ocean circulation patterns. In the

Amundsen Sea, areas north of 70°S were more influenced by the

southern front of the sACCF, while areas south of 70°S were

dominated by the ASC, affecting phytoplankton distribution

differently; similar patterns apply to the Cosmonaut Sea. Third,

although more complex criteria (e.g., distance from the coast,

bathymetry, or hydrological fronts) could be used, latitude

provided a simple, practical, and repeatable approach that

matched the resolution of satellite data and the regional

oceanographic context.
2.2 Data collection and match

2.2.1 In situ data
The field survey datasets were obtained from the Chinese Arctic

and Antarctic Research Center’s Antarctic expeditions (CHINARE,

www.chinare.org.cn) and the Japan National Institute of Polar

Research’s Antarctic research team (JARE, www.nipr.ac.jp). The

surveys were conducted from 2003 to 2020. A total of 1,896 in-situ

Chla data samples and 57 in-situ NPP data samples were collected.

2.2.2 Satellite-derived Chla and NPP
Johnson et al. (2013) performed a comparative analysis of

widely used Chla algorithms and found that existing empirical

algorithms significantly underestimate Chla in high-latitude regions

of the Southern Ocean. As a result, they proposed an improved

algorithm for MODIS-OC3M (see Equations 1, 2).

Chl _ Johnson = 10(0:6994−2:0384R−0:4656R
2+0:4337R3) (1)

R = log10(max(Rrs
443
555

� �
,Rrs

490
555

� �
)) (2)

In Equations 1 and 2, R represented the maximum value of the

two remote sensing reflectance (Rrs) ratios. Chla_Johnson referred

to the Chla data for the Southern Ocean (mg m-3).

The study regions are located in high-latitude regions, where

satellite ocean color remote sensing could be influenced by weak

illumination due to the low solar zenith angle during winter. Li et al.

(2022) used the OC3M algorithm based on MODIS Rrs band ratios

and a neural network model to effectively recover hourly Chla

products south of 50°S in the Southern Ocean. This Chla product

had higher effectiveness and accuracy than the Chla products

obtained from MODIS. Therefore, this study adopted the Rrs

products from Li et al. (2022) and the improved OC3M algorithm

from Johnson et al. (2013). The final Chla_Johnson product

spanned from 2003 to 2020, with a spatial resolution of 4 km and

a temporal resolution of daily averages (for matching purposes). As
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a comparison of matching results, this study utilized Level 3 Chla

data (Chla_OC3M) obtained from NASA’s MODIS-Aqua

(www.oceancolor.gsfc.nasa.gov), covering the period from 2003 to

2020, with a spatial resolution of 4 km and a temporal resolution of

monthly averages.

This study used the Vertical Generalized Production Model

(VGPM) proposed by Behrenfeld and Falkowski (1997) and the

Eppley-VGPM to generate NPP_VGPM and NPP_Eppley

products, respectively, based on the Chl_Johnson product as

input data. The period for both models was from 2003 to 2020,

with a spatial resolution of 1/12° and a temporal resolution of

monthly averaged. Additionally, the NPP_Arrigo (mg C m-2 day-1,

4 km and monthly) for the Southern Ocean from 2003 to 2020 was

calculated using the NPP algorithm specifically developed for the

Southern Ocean by Arrigo et al. (2008), as shown in Equation 3.

NPP =
Z 100

z=0

Z 24

t=0
Chla(z)

C
Chla

G(z, t)dtdz (3)

where Chla(z) was the Chla at a specific depth z, C/Chla was the

ratio of phytoplankton carbon to Chla (constant: 88.5), and G(z, t)

was the net biomass-specific growth rate (h−1) at a given time t and

depth z.

2.2.3 Matching strategy of in situ data
This study first validated and evaluated satellite-derived Chla

against in-situ Chla data. To meet the needs of long-term research, a

month was used as the smallest time unit, with an 8-day averaged

temporal resolution window to maximize the matching of valid

data. Spatially, to minimize the impact of cloud interference and

the resulting data gaps, different grid sizes were tested, including

1/6°×1/6°, 1/12°×1/12°, 1/24°×1/24°, and 1/48°×1/48°. The

matching process between in-situ and satellite-derived Chla was

as follows: First, for each in-situ Chla point, a 3s criterion was

applied for filtering, and satellite datasets within different spatial

windows around each in-situ point were identified. Secondly,

ensure that there were at least 50% valid pixels in each spatial

window, and then used the spatial average method to increase the

matching probability and meet the stated accuracy goals for the

products (Hu et al., 2001). Thirdly, to ensure homogeneity of the

pixel averaging window, data with a coefficient of variation (the

ratio of standard deviation to mean) ≥ 0.15 were excluded to ensure

stability within each spatial averaging window (Bailey and Werdell,

2006). Finally, the satellite-derived datasets were compared with the

corresponding in-situ measurements. A similar matching process

was applied to NPP, with a monthly averaged temporal resolution

and spatial resolution box of 1/4°×1/4°, 1/6°×1/6°, and 1/24°×1/24°.

2.2.4 Other data
This study utilized environmental parameters such as SST,

PAR, WS, MLD, and SIC. SST and PAR data were sourced from

NASA’s MODIS-Aqua (www.oceancolor.gsfc.nasa.gov) as level 3

monthly average products, with a spatial resolution of 4 km and a

period from 2003 to 2020. Monthly averaged WS datasets,

representing wind speed at 10 m above sea level, were obtained

from NASA’s QuikSCAT sensor (http://www.remss.com), with a
frontiersin.org
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spatial resolution of 0.25° and resampled to a uniform resolution

of 4 km. Monthly MLD datasets from 2003 to 2020 were

derived using the Hybrid Coordinate Ocean Model (HYCOM),

sourced from the Oregon State Ocean Productivity Data Center

(www.sites.science.oregonstate.edu), with a spatial resolution of 4

km. SIC data were obtained from the National Snow and Ice Data

Center (NSIDC) (https://noaadata.apps.nsidc.org/NOAA) of

the National Oceanic and Atmospheric Administration (NOAA),

with a spatial resolution of 25×25 km, resampled to a

uniform resolution of 4 km. The SIC datasets were available in

GeoTIFF format, covering the period from 2003 to 2020 with a

monthly temporal resolution. This study incorporated the Southern

Annular Mode (SAM) monthly averaged data provided by

Marshall (2003).
2.3 Method

2.3.1 Statistical analyses
The following statistical parameters were used to quantitatively

assess the validation performance between the in-situ and

satellite data:

(1) Pearson correlation coefficient (R), defined as a measure of

the linear correlation between the in-situ and satellite data, was

calculated in Equation 4:

R =
n(oRS� InSitu) − (oRS)(oInSitu)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

½noRS2 − (oRS2)�½noInSitu2 − (oInSitu)2�
q (4)

The statistical significance of each correlation coefficient was

assessed using a two-tailed t-test. The p-value was computed from

the t-distribution with n–2 degrees of freedom, where n was the

sample size. Correlations were considered statistically significant at

p < 0.05, corresponding to a 5% significance level.

(2) Root Mean Square Error (RMSE) could be used to evaluate

model results, and was calculated in Equation 5:

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
on

1(Preduct − True)2

n

s
(5)

(3) Bias reflected the systematic deviation of satellite-derived

data to in-situ data. The formula referred to Seegers et al. (2018) and

was calculated in Equation 6:

Bias = 10(
o
n
i=1

log10 RS−log10 InSitu

n ) (6)

(4) Mean Absolute Error (MAE) represented the averaged

absolute difference between satellite-derived data to in-situ data,

and was calculated in Equation 7:

MAE = o
n
1 RS − InSituj j

n
    (7)

(5) Median Absolute Percent Difference (MAPD) was the

median of all percentage differences, reflecting the typical relative

deviation of satellite-derived data from in-situ data, and calculated

in Equation 8:
Frontiers in Marine Science 05
MAPD = median(
RS − InSitu

Insitu

����
����� 100% ) (8)

In equations 4 to 8, “RS” and “InSitu” represented the satellite

data and in-situ data, respectively; “Predict” and “True” represented

the predicted values and true values, respectively; and n was the

sample size. In Section 3.1, the MAE and MAPD of the verification

process was calculated on a logarithmic scale and then converted

back to the original scale.

(6) Spearman Correlation Analysis: to evaluate the relationship

between Chla, NPP and environmental variables (SST, PAR, WS,

MLD, and SIC), spearman’s rank correlation coefficient was

employed. The coefficient was computed in Equation 9:

r = R½r½x�, r½y�� = cov½r½x�, r½y��
sr½x�sr½y� (9)

where denoted the conventional Pearson correlation coefficient

operator; cov[r[x], r[y]] was the covariance of the rank variables; sr
[x] and sr[y] were the standard deviations of the rank variables.

Spearman’s method was robust to skewness and outliers, providing

a reliable measure of association under these conditions. The

correlation coefficient r ranges from -1 to 1, with -1/1 indicating

a perfect negative/positive monotonic relationship, and 0 no

monotonic relationship. Statistical significance of each correlation

coefficient was assessed using a t-test to compute p-values, testing

whether r significantly differs from zero.

(7) Multiple linear regression. (MLR). This study examined the

impact offive environmental factors—SST, PAR,WS,MLD, and SIC—

on Chla, not NPP. NPP calculations typically integrate SST, PAR, and

MLD, which can introduce autocorrelation or collinearity if analyzed

directly with these factors. This study usedMLR to quantify their direct

relationship with Chla. Focusing on Chla as the dependent variable

avoids these issues, allowing a clearer assessment of each factor’s

independent contribution. The calculation was as follows:

① Standardization of Data Xij:

XStandardized
ij =

Xij − mj

sj
(10)

In the Equation 10, Xij represented the j-th variable of the i-th

sample; Xij had dimensions of n� p, where n was the length of the

time series and p was the number of variables (including SST, PAR,

WS, MLD, and SIC). mj was the mean of the j-th variable, and sj was

the standard deviation of the j-th variable. Data standardization

was performed to eliminate the influence of different units

of measurement.

Before performing MLR analysis, multicollinearity tests were

performed on environmental factors (x) to assess potential

multicollinearity problems (see Supplementary Table 2).

② Assuming a linear relationship between the dependent variable

and independent variables, the linear equation was as follows:

Chla = b1SST + b2PAR + b3WS + b4MLD + b5SIC + e (11)

In the Equation 11, b1,     b2…,   b5 were the regression

coefficients of each independent variable, indicating the extent of

the impact of each independent variable on the dependent variable;
frontiersin.org
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e epsilone was the error term, representing the unexplained portion

of the model. After standardization, the relative contribution of

each independent variable could be assessed by comparing the

absolute values of the regression coefficients.

③ The percentage contribution of each parameter was

calculated in Equation 12:

Contribution =
bij j

o bj
�� ��

 !
� 100% (12)

where bi was the coefficient for the i-th environmental

parameter, and the summation includes all predictors in the model.

2.3.2 Calculation of long-term series change
trend

To quantify the long-term trends of Chla and NPP in the study

areas, the Mann-Kendall (MK) test (Mann, 1945; Kendall, 1975)

combined with the Sen slope (Sen, 1968) were applied for robust

climate change analysis (Thomalla et al., 2023; Pinkerton et al.,

2021). Based on MATLAB software to achieve, the specific steps are

as follows (Chla as an example):

First, climatological monthly averages were calculated for each

month (e.g., January, February, etc.) using the entire time series of

satellite-derived Chla. These averages were subtracted from the

corresponding monthly values to derive anomaly data, effectively

removing the influence of seasonal fluctuations. For each pixel

within the target regions, MK test was defined in Equation 13:

MK =oi<jsgn(xj − xi) (13)

where xi and xj were data points in the time series, and sgn was

the sign function (1 if xj−xi> 0, -1 if < 0, and 0 if = 0). The sign of

MK indicated an upward or downward trend, with statistical

significance determined by the standardized statistic Z and

corresponding p-value.

Upon confirming trend significance, this study quantified the

trend magnitude using Sen slope estimator, calculated as the

median of all pairwise slopes. See Equation 14.

Sen = median(
xj − xi
j − x

),  for all i < j (14)

where Sen represented the rate of change per unit time. This non-

parametric method was also robust against outliers. For pixels where

the p-value exceeded 0.05 (p > 0.05), the trend was deemed non-

significant, and the Sen slope was set to 0 to exclude these statistically

unreliable trends from further analysis. This thresholding ensured

that only robust trends contributed to the regional assessment.
3 Result

3.1 Validation of satellite-derived Chla and
NPP

To evaluate the reliability of satellite-derived data products for

assessing phytoplankton productivity, we compared satellite-derived
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Chla and NPP estimates with corresponding in-situ measurements.

The validation was performed across multiple spatial resolutions

using two Chla products: Chla_OC3M and Chla_Johnson, and three

NPP models: NPP_VGPM, NPP_Eppley, and NPP_ Arrigo.

The results of the in-situ and satellite-derived Chla match-ups

were shown in Figure 2, and the spatial distribution results were

shown in Supplementary Figure 1. Typically, when the two datasets

lie near the 1:1 line, it indicates high matching accuracy. If the

satellite data lie above the 1:1 line, they overestimate the in-situ data,

and vice versa. Figures 2a–c showed that the Chla_OC3M generally

underestimated the in-situ Chla data. In contrast, the Chla_Johnson

product (Figures 2e–h), derived using the modified OC3M

algorithm, exhibited improved agreement with in-situ

measurements and aligned more closely with the 1:1 line. This

improvement was reflected in a lower MPD, meeting the NASA

Ocean Color Protocol requirement of ±35% accuracy (Hooker and

McClain, 2000). The other statistical results of each spatial window

confirmed that Chla_Johnson (Figures 2e–h) was also more

effective and accurate than Chla_OC3M (Figures 2a–d). NPP

validation results were shown in Figure 3. Both the VGPM and

Eppley models (Figures 3a–f) tended to underestimate in-situ NPP

values across spatial scales. Although NPP_Arrigo showed a slight

overestimation, considering that the MAPD and MAE of

NPP_Arrigo (1/4° and 1/6°) were the smallest and the bias was

closer to 1, indicated that this product had better stability

(Figures 3g, h). However, the performance metric of the 1/12°

box of NPP_Arrigo indicated that the high-resolution window was

not suitable for high latitude sea areas. This might result from fewer

matching points due to reduced average effective pixels at higher

window resolutions and the removal of highly variable pixels

through strict quality screening. In addition, the simulation of the

algorithm for sub-mesoscale features needs to be strengthened to

further reduce the deviation between the predicted and

observed values.

Overall, the accuracy verification quantitatively showed that the

match-ups of Chla_Johnson and NPP_Arrigo were consistent with

in-situ observations and exhibited significant correlations. These

validated datasets were therefore adopted in the subsequent

analyses of spatiotemporal variability and trend detection in the

Amundsen and Cosmonaut Seas.
3.2 Spatial and temporal variability of Chla
and NPP in the Amundsen and Cosmonaut
Seas

Satellite-derived Chla and NPP data from 2003 to 2020 revealed

distinct seasonal and spatial patterns across the Amundsen and

Cosmonaut Seas (Figure 4). Both variables exhibited strong

variability, with phytoplankton biomass and productivity typically

increasing from November, peaking in January, and declining

through February and March.

Spatially, higher spatial mean Chla and NPP values were

consistently observed in nearshore regions compared to offshore
frontiersin.org

https://doi.org/10.3389/fmars.2025.1547082
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zheng et al. 10.3389/fmars.2025.1547082
areas. In the Amundsen Sea, summertime (December–February)

mean values of Chla and NPP reached 1.18 mg m-3 and 824.44 mg

C m-2 day-1, respectively, while the corresponding values in the

Cosmonaut Sea were 0.64 mg m-3 and 611.83 mg C m-2 day-1.

Within the nearshore zone, maximum values were observed south of

70°S in the Amundsen Sea (up to 1.63 mg m-3 Chla and 903.82 mg C

m-2 day-1 NPP) and south of 65°S in the Cosmonaut Sea (up to 0.87

mg m-3 Chla and 637.41 mg C m-2 day-1 NPP). This nearshore–

offshore gradient was most pronounced in January, when the

difference between the two zones peaked (Amundsen Sea: DChla =

1.00 mg m-3, DNPP = 417.65 mg C m-2 day-1; Cosmonaut Sea: DChla
= 0.38 mg m-3, DNPP = 226.79 mg C m-2 day-1).

Within the offshore domains, the western Amundsen Sea,

corresponding to the Ross Gyre divergence zone, exhibited elevated

productivity compared to its eastern counterpart. In the Cosmonaut Sea,

localized high-productivity areas were observed in the Prydz Bay and the

eastern part of theWeddell Gyre, with peak values reaching 1.39 mgm-3

for Chla and 874.03 mg C m-2 day-1 for NPP in the Prydz Bay.

Long-term trends in austral summer Chla and NPP were assessed

using Sen slope and MK test (Figure 5). Seasonal variations in Chla and

NPP in the Amundsen and Cosmonaut Seas as a whole, offshore, and

nearshore regions were summarized in Table 1. Both seas exhibited

significant positive trends in their spatially averaged productivity over

the 18-year period. In the Amundsen Sea, Chla increased at a rate of

0.05 mg m-3 yr-1 and NPP at 18.28 mg C m-2 day-1 yr-1. Corresponding

trends in the Cosmonaut Sea were slightly lower: 0.01 mg m-3 yr-1 for

Chla and 15.63 mg C m-2 day-1 yr-1 for NPP.

At the subregional level, the offshore areas in the Amundsen Sea

exhibited spatial mean Chla and NPP increases of 0.04 mg m-3 yr-1 and

14.20 mg C m-2 day-1 yr-1, respectively. In the nearshore region of the

Amundsen Sea, both Chla and NPP are higher than offshore areas

(Figure 5, Table 1). Notably, increases were observed north of the
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sACCF and in the northern Ross Gyre, while decreases were noted in

the southern and eastern parts of the Ross Gyre. The offshore areas in

the Cosmonaut Sea showed increased trends, with 0.08 mg m-3 yr-1 in

Chla and 18.11 mg C m-2 day-1 yr-1 in NPP. In contrast, the nearshore

Cosmonaut Sea, particularly the region encompassing the Prydz Bay,

which displayed negative trends, with Chla andNPP decreasing by -0.13

mg m-3 yr-1 and -8.57 mg C m-2 day-1 yr-1, respectively.
3.3 Environmental parameter variability and
correlation patterns in the Amundsen and
Cosmonaut Seas

The environmental parameters considered in this study built on

previous research on the impacts of climate change on primary

producers in the Southern Ocean (Pinkerton et al., 2021). Key

environmental drivers, including SST, PAR, WS, MLD, and SIC,

were incorporated to enhance understanding of the primary factors

and regulatory mechanisms influencing phytoplankton biomass

and productivity in the Amundsen and Cosmonaut Seas.

Figure 6 presented the monthly variations of these parameters

in the Amundsen and Cosmonaut Seas during the austral summer

(November to March) from 2003 to 2020. SST and PAR in the

Amundsen and Cosmonaut Seas initially increased in November,

with SST peaking in February and PAR peaking in December,

followed by a decline (Figures 6a, b, f, g). Conversely, WS and MLD

exhibited an inverse trend, reaching their lowest values in December

and January (regional averages: Amundsen Sea: 5.52 m s-1 and 22.11

m; Cosmonaut Sea: 5.73 m s-1 and 20.62 m; Figures 6c, d, h, i). SIC

data revealed that both regions were predominantly ice-free from

December to March (Figures 6e, j). During the austral summer

period (December and January), the marine environment
FIGURE 2

Validation results of satellite-derived Chla and in-situ Chla (Unit: mg m-3) with spatial resolution of 1/6° (a, e), 1/12° (b, f), 1/24° (c, g) and 1/48° (d, h).
(a–d) Match-ups from Chl_OC3M and in-situ Chla; (e–h) Match-ups from Chl_Johnson and in-situ Chla. The units of Bias and MAE were mg m-3.
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demonstrated greater stability, characterized by ice-free conditions,

warmer SST, higher PAR, and reduced wind speeds (Figure 6).

These conditions were more conducive to large-scale

phytoplankton blooms compared to other months (Figure 4).

To further investigate the primary environmental drivers of

marine phytoplankton productivity, the long-term trends of various

parameters during the austral summer (2003–2020) were analyzed

(Figure 7, Supplementary Figure 3). In the offshore regions, long-

term results showed increasing trends in WS, MLD, and SIC, while

SST and PAR decreased significantly (p < 0.05, n = 54,

Supplementary Figure 3). Long-term observations indicated that

SIC differed significantly between nearshore and offshore regions of

the Amundsen Sea. Similarly, WS exhibited distinct spatial

variability between nearshore and offshore regions of the

Cosmonaut Sea (p < 0.05, n = 54, Supplementary Figure 3).

To quantify the relationships between environmental variability

and phytoplankton responses, Spearman correlation analyses were
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conducted between detrended environmental time series and Chla/

NPP in both offshore and nearshore regions (Figure 7). In the

offshore areas, correlation results indicated that when SST was the

independent variable, Chla and NPP increased as SST decreased

(Figures 7a–d, p < 0.05, n = 54). Conversely, when PAR, MLD, and

SIC were the independent variable, respectively, Chlan and NPP

showed a positive correlation with these parameters (Figures 7e–h,

m–t, p < 0.05, n = 54). In the nearshore areas, phytoplankton

productivity was significantly positively correlated with SST, PAR,

and MLD (Figures 7a–h, m–p, p < 0.05, n = 54), while it was

negatively correlated with SIC (Figures 7q–t, p < 0.05, n = 54).

These spatially varying correlation patterns indicate differing

sensitivities of phytoplankton productivity to environmental drivers

depending on geographic setting. Offshore productivity appeared to

be more closely associated with vertical mixing and stratification

processes, while nearshore variability was more strongly linked to

thermal and radiative conditions and sea ice coverage. These
FIGURE 3

Validation results of satellite-derived NPP and in-situ NPP (Unit: mg C m-2 day-1) with spatial resolution of 1/4° (a, d, g), 1/6° (b, e, h) and 1/12° (c, f, i).
(a–c) Match-ups from NPP_VGPM and in-situ NPP; (d–f) Match-ups from NPP_Eppley and in-situ NPP; (g–i) Match-ups of NPP_Arrigo and in-situ NPP.
The units of Bias and MAE were mg C m-2 day-1.
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FIGURE 4

Climatological monthly mean of Chla (a–l), NPP (m–x) in the Amundsen and Cosmonaut Seas from 2003 to 2020.
FIGURE 5

Averaged trends of Chla (a, b) and NPP (c, d) in the Amundsen (a, c) and Cosmonaut Sea (b, d) in austral summer (December to February) from
2003 to 2020. Only statistically significant trends were shown (p < 0.05).
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observations provide a quantitative foundation for the region-

specific mechanistic analyses that follow in the Discussion section.
3.4 Environmental parameter contributions
to Chla variability in the Amundsen and
Cosmonaut Seas

To quantify the influence of environmental variables on Chla

variability, eight 1°×1° subregions in the Amundsen and Cosmonaut

Seas were selected based on circulation patterns and significant Chla

trends (Figures 5a, b), adopting a 1°×1° box scale inspired by S. Zhang

et al. (2023) to capture mesoscale oceanographic features like sea ice

dynamics regions and frontal zones using satellite-derived Chla and

NPP data (4 km resolution, 2003–2020), thereby reducing noise while

preserving regional signals. These include two subregions near the

sACCF in the Amundsen and Cosmonaut Seas (ACC#1 and ACC#2),

two nearshore zones influenced by coastal currents (Coast#1 and

Coast#2), two areas in the Ross Gyre (Gyre-RN#1 and Gyre-RE#1),

and two in the Cosmonaut Sea associated with the Weddell Gyre and

Prydz Bay Gyre (Gyre-W#2 and Gyre-P#2).These eight sub-regions

were used to analyze the differences in the mechanisms by which

changes in environmental parameters affect phytoplankton in the

sACCF, Gyre, and nearshore areas of the Amundsen Sea and

Cosmonaut Sea.

In the subregions north of the sACCF, ACC#1 (averaged: 0.43

mg m-3, 655.68 mg C m-2 day-1) and ACC#2 (averaged: 0.60 mg

m−3, 637.02 mg C m-2 day-1) exhibited relatively lower

phytoplankton productivity compared to other subregions.

However, both subregions demonstrated increasing trends over

the study period (p < 0.05, n = 54, Figure 4, Supplementary

Table 1). Based on multiple linear regression indicated that

strengthened WS and MLD were the primary contributors to

observed increased Chla (Table 2). Specifically, WS and MLD

accounted for 40.56% and 18.17% of Chla variance in ACC#1,

while MLD alone explained 64.82% in ACC#2. Both regions

exhibited positive correlations between MLD and Chla, indicating

that Chla increased as MLD deepened (p < 0.05, Figure 7,

Figures 8a–d).
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Environmental trends in Gyre-W#2 was comparable to those

observed in ACC#1 and ACC#2 (Supplementary Figure 4),

characterized by increasing Chla and NPP (Supplementary

Table 1). The contribution of MLD deepening to Chla was most

significant (57.29%, Figure 8b, Table 2). A notable positive

correlation was found between WS and MLD (Supplementary

Figure 4, Table 2, R = 0.59, p < 0.05), which implied that the

mechanism controlling the increase in Chla was likely to be

consistent in Gyre-W#2 and ACC#1 as well as ACC#2.

In Coast#1, the nearshore Amundsen Sea region, situated in

highly productive nearshore regions, characterized by averaged

Chla and NPP values of 2.77 mg m−3 and 1,498.16 mg C m−2

day−1, respectively. Warming SST showed a significant positive

correlation with both Chla and NPP, while SIC was negatively

correlated (p < 0.05, Figure 7). Both Chla and NPP demonstrated

significant increasing trends over the study period (p < 0.05, n = 54,

Supplementary Table 1). SST and SIC accounted for approximately

58.89% and 31.50% of the increased Chla, respectively (Figure 8e,

Table 2). Furthermore, SST and SIC were significantly negatively

correlated, indicating a robust relationship between SIC melting

and SST warming (p < 0.05, n = 54, Supplementary Figure 4).

Additionally, increased WS and deepened MLD contributed less to

Chla variability (Figures 8e, g, Table 2).

This study also identified that the Prydz Bay Gyre exhibited

significant large-scale algal blooms (Figure 4). However, during the

austral summer of 2003–2020, these blooms in Gyre-P#2 exhibited

a significant declining trend (-0.10 mg m-3 yr-1, p < 0.05, Figure 5),

consistent with the findings of Pinkerton et al. (2021), who observed

a decreasing trend in Chla in the Prydz Bay. Cooling SST accounted

for approximately 55.96% of the Chla decline (Figures 8f, h, Table 2,

Supplementary Figure 3, 4). Concurrently, decreased MLD

exhibited a significant negative correlation with Chla (p < 0.05,

Figure 7). Although MLD contributed 37.16%, this indirectly

reflected that the reduction of Chla was not caused by MLD, but

by SST. A similar situation was observed in Coast#2 (Table 8j). Both

Chla (-0.01 mg m-3 yr-1) and NPP (-1.95 mg C m-2 day-1 yr-1)

exhibited declining trends (p < 0.05, n = 54). Notably, the increased

SIC (0.80% yr-1, Supplementary Figure 3) explained approximately

77.18% of decreased Chla, and SIC and Chla were significantly

negatively correlated (R = -0.57, p < 0.05). For every unit increase in

SIC, Chla decreased by -0.35 mg m-3 (Table 2).

The two Ross Gyre subregions (Gyre-RN#1 and Gyre-RE#1)

exhibited similar response patterns in terms of contributing

variables (Figures 8i, k, Supplementary Figure 4). In Gyre-RN#1,

cooling SST and strengthened WS accounted for 54.82% and

34.20% of Chla variability, respectively (Supplementary Figure 3,

Figure 8i). In Gyre-RE#1, SST and WS contributions were 56.90%

and 22.53%, respectively (Supplementary Figure 3, Figure 8i).

Despite both regions being part of the same circulation system,

only Gyre-RN#1 showed a positive trend in Chla, whereas Gyre-

RE#1 displayed a decline. This indicated that the mechanisms

driving productivity changes in Gyre-RE#1 differ markedly from

those observed in Gyre-RN#1.
TABLE 1 Spatially averaged rates of change for Chla and NPP in austral
summer in the target regions.

Summer\Seas Amundsen Sea Cosmonaut Sea

Chla

Whole Sea 0.05 0.01

Offshore 0.04 0.08

Nearshore 0.12 -0.13

NPP

Whole Sea 18.28 15.63

Offshore 14.20 18.11

Nearshore 20.09 -8.57
The rate of Chla (unit: mg m-3 yr-1) was followed by the rate of NPP (unit: mg C m-2 day-1

yr-1). Excluding non-significant trends (p > 0.05), only significant trends were shown.
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4 Discussion

4.1 Climate regulation of phytoplankton
dynamics in the Amundsen and
Cosmonaut Seas

Long-term variability in phytoplankton productivity in the

Amundsen and Cosmonaut Seas is not only shaped by local

environmental factors but also modulated by large-scale
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atmospheric and oceanic climate drivers (Lenton and Matear,

2007). Among these, the Southern Annular Mode (SAM) emerges

as a key mechanism linking atmospheric variability with upper-

ocean conditions (Thompson et al., 2011). As the dominant mode

of climate variability in the Southern Hemisphere, the SAM

controls the intensity and latitudinal position of the westerly wind

belt (Marshall, 2003; Fogt and Marshall, 2020). In recent decades,

the SAM has exhibited a persistent trend toward its positive phase,

characterized by stronger and poleward-shifted westerlies
FIGURE 6

(a–j) Box plots of various environmental parameters (SST, PAR, WS, MLD, and SIC) in the Amundsen and Cosmonaut Seas from November to March,
2003–2020. The red lines showed the median.
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(Thompson et al., 2011; Perren et al., 2020). This shift enhances

Ekman-driven upwelling and promotes the equatorward transport

of cold surface waters, leading to SST cooling in much of the

Southern Ocean (Purich et al., 2016; Xu et al., 2022). Furthermore,

SAM exerts significant influence on changes in MLD and mesoscale

eddies (Screen et al., 2010; Sen Gupta and England, 2006),

ultimately influencing nutrient transport and variations in

phytoplankton concentration (Noh et al., 2021).

According to the cross-correlation analysis of SAM with Chla

and NPP, the change of SAM positively affected the change on Chla

and NPP (Supplementary Figure 5). The increasingly positive phase

of SAM enhances near polar cold water mixing through changes in

wind speed (Fogt and Marshall, 2020; Marshall, 2003; Thompson

et al., 2011). Consequently, this process modifies the thickness and

depth of the Southern Ocean’s mixed layer (Screen et al., 2010),
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redistributes nutrients, and ultimately influences marine ecosystem

productivity (Noh et al., 2021).

In the Amundsen Sea, positive SAM conditions facilitate the

southward intrusion of warm CDW onto the continental shelf (Deb

et al., 2018; Naughten et al., 2023). In contrast, regions such as the

Cosmonaut Sea appear less responsive to SAM induced upwelling

due to persistent sea ice cover and more limited access to CDW

intrusions, resulting in decreased productivity trends. These climate

influences interact with local dynamics to create complex patterns

of phytoplankton variability. While SAM intensification generally

promotes vertical nutrient transport through stronger winds

and deeper MLD, the regional biological response depends

on concurrent SIC conditions, SST anomalies, and iron

availability, emphasizing the need for regionally interpretation of

climate signals.
FIGURE 7

(a–t) Spearman correlations of SST, PAR, WS, MLD, and SIC in the Amundsen (a–h) and Cosmonaut (i–p) Seas with Chla and NPP, respectively,
during austral summer 2003–2020 (p < 0.05). Note: before correlation analysis, the data were detrended.
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4.2 Mechanistic explanations of
phytoplankton variation in the Amundsen
and Cosmonaut Seas

The spatial heterogeneity in phytoplankton trends across the

Amundsen and Cosmonaut Seas reflects the influence of distinct

environment and region-specific physical forcing. Differences

between nearshore and offshore zones, as well as between gyre

and frontal areas, suggest that phytoplankton productivity in this

region of the Southern Ocean is regulated by the combined effects of

SST, SIC, MLD, and so forth. These environmental factors could be

synergistic or antagonistic, and determining the net effect of these

interactions on phytoplankton biomass and productivity remains

challenging (Thomalla et al., 2023).

In most regions of the Amundsen and Cosmonaut Seas, MLD

andWS showed a significant positive correlation, indicating that the

deepening of MLD was mainly driven by the enhancement of WS.

Carranza and Gille (2015) argued that if the intensity of wind-

driven mixing is sufficient to deepen MLD, MLD may play a key

role in the increase of phytoplankton in summer. For the

subsequent sub-regions, if the change in MLD is caused by WS,

which is referred to as wind-driven MLD here.

In high-nutrient, low-chlorophyll (HNLC) systems such as the

Southern Ocean, vertical nutrient transport is crucial for sustaining

phytoplankton productivity (Carranza and Gille, 2015).

Wind-driven MLD deepening facilitates the upward flux of

macronutrients and micronutrients, especially iron into surface

waters (Carranza and Gille, 2015; Fauchereau et al., 2011). Under
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adequate light conditions, this process supports phytoplankton

growth. However, the effect of MLD on productivity depends on

local iron limitation: when iron limitation is strong, MLD

deepening generally promotes growth, but when iron is already

sufficient, excessive mixing may dilute surface concentrations or

reduce light exposure, resulting in a negative correlation between

MLD and Chla (Fauchereau et al., 2011).

Vertical mixing, however, is not the only pathway for iron

supply in the Southern Ocean. In nearshore regions adjacent to the

Antarctic continent, sea-ice and glacial meltwater release iron-rich

freshwater into the upper ocean. This freshwater input enhances

water column stratification while simultaneously delivering iron,

thereby stimulating phytoplankton growth through a mechanism

that operates independently of deep vertical mixing (Behera et al.,

2020; Leung et al., 2015; Petrou et al., 2016). As a result, the increase

in the nearshore Chla may require further consideration of the

effects brought about by the SST and SIC relationship.

Three primary mechanisms governing Chla and NPP dynamics

had been identified in the Amundsen and Cosmonaut Seas

(Figure 9). The first mechanism involved wind-driven changes in

MLD, which significantly influenced phytoplankton dynamics. In

the regions north of the sACCF in the Amundsen and Cosmonaut

Seas, as well as the Weddell Gyre, the observed increase in

phytoplankton biomass and productivity during austral summers

from 2003 to 2020 was predominantly attributed to wind-driven

MLD enhancement. WS exhibited a significant positive correlation

with MLD (Supplementary Figure 4), suggesting that WS enhanced

vertical mixing in the upper ocean, thereby deepening the MLD
TABLE 2 Multiple regression coefficients and the contribution of each marine environmental parameter (SST, PAR, WS, MLD, and SIC) to Chla of 8
subregions in the Amundsen and Cosmonaut Seas, respectively.

Regions/Parameters SST PAR WS MLD SIC RMSE

Amundsen

ACC#1
0.02 0.02 -0.09 0.06 0.08

0.25
1.18% 2.84% 40.56% 18.17% 37.24%

Gyre-RN#1
-0.08 -0.01 -0.07 0.03 0.01

0.44
54.82% 1.00% 34.20% 9.20% 0.78%

Gyre-RE#1
0.18 0.02 -0.11 0.11 0.01

0.37
56.90% 0.94% 22.53% 19.52% 0.11%

Coast#1
1.29 -0.23 0.37 0.28 -0.94

1.96
58.89% 1.96% 4.91% 2.74% 31.50%

Cosmonaut

ACC#2
0.08 0.17 -0.04 0.26 0.03

0.31
5.83% 26.86% 1.59% 64.82% 0.90%

Gyre-W#2
0.11 0.14 -0.04 0.16 -0.12

0.45
10.77% 18.06% 1.15% 57.29% 12.73%

Gyre-P#2
0.37 0.01 -0.12 -0.30 0.06

1.37
55.96 0.01% 5.56% 37.16% 1.31%

Coast#2
0.07 -0.06 -0.15 0.05 -0.35

0.22
3.18% 2.26% 15.48% 1.90% 77.18%
For each environment parameter in the table, the first row was the regression coefficient, and the second row was the contribution percentage. Unit of RMSE was mg m-3.
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(Carranza and Gille, 2015). This process facilitated the upwelling of

nutrient-rich subsurface waters to the surface (Sallée et al., 2021),

contributing to the sustained long-term increase in regional

phytoplankton productivity (Figure 9).
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Moderate wind speed anomalies can break the surface

stratification, enhance vertical mixing (deepen the MLD), thereby

transporting deep nutrients to the surface and supporting the

increase of Chla (Fauchereau et al., 2011; Carranza and Gille,
FIGURE 8

(a–l) Contribution ratio diagram of environmental parameters (SST, PAR, WS, MLD, and SIC) to Chla variation in the Amundsen and Cosmonaut Sea
during austral summertime, 2003 to 2020. Note: the plus or minus signs indicated an increase or decrease in trend, and the values of all
contributions were rounded to integers.
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2015). However, overly strong wind speeds may deepen the MLD

below the euphotic layer and inhibit the growth of phytoplankton

(Fitch and Moore, 2007). In ACC#1, WS contributed high but

showed a negative effect, which was consistent with the negative

correlation between WS and Chla in the Southern Ocean at the

monthly and seasonal scales (Fitch and Moore, 2007). While, in

ACC#2, the contribution of WS was relatively low, and its indirect

impact through the deepening of MLD was limited. The negative

regression coefficient indicated that strong winds were not

conducive to the increase of Chla (Table 2). Regression analysis

effectively distinguished the direct negative effect of WS on Chla

(due to excessive mixing) and the indirect positive effect (due to

moderate deepening of MLD).

The impact of the ACC#1 area on SIC in offshore cannot be

ignored, the contribution of cooling SIC was significant. It was

inferred that cooling SST led to an increase in SIC, reducing

stratification and enhancing vertical mixing, which combined with

wind-driven mixed layer deepening, promoted phytoplankton

growth in the region.

Concerning the impact on the Weddell Gyre, the findings of

Williams et al. (2010) on large-scale circulation in the Cosmonaut

Sea indicate that the eastern boundary of the Weddell Gyre

demonstrated relatively high levels of productivity, with Gyre-

W#2 being identified as an upwelling region (Westwood et al.,

2010). Although PAR also contributed to the increase in

Chla, highlighting its role in enhancing phytoplankton

productivity under unrestricted light conditions, wind-driven

enhancement of MLD in Gyre-W#2 remained the main driver of

phytoplankton outbreaks.

The second mechanism involved the influence of upwelling

intensity on phytoplankton responses. During the positive phase of

SAM, intensified westerly winds induce Ekman transport, which

moves cooler SST from south to north (Xu et al., 2022). This process

enhanced upwelling and resulted in decreased SST in both

subregions of the Ross Gyre. In Gyre-RN#1, the cooling of SST,

combined with wind-driven MLD, brought nutrient-rich cold water

from deeper layers to the surface, thereby promoting phytoplankton

blooms in this region (Figure 8e). In contrast, Gyre-RE#1, situated
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between sACCF and Southern Boundary Front, exhibited higher

averaged Chla and NPP than ACC#1. These observations were

consistent with previous studies indicating that productivity is often

elevated near frontal zones (Boyd et al., 1995). However, the average

austral summer MLD in Gyre-RE#1 was significantly shallower

than in Gyre-RN#1. Furthermore, the SST cooling rate in Gyre-

RE#1 was considerably lower than in Gyre-RN#1, which might

suggest weaker upwelling activity in Gyre-RE#1. With a shallower

MLD, nutrient availability from subsurface waters might also be

reduced. Strass et al. (2002) demonstrated that alternating

upwelling and downwelling motions frequently occur near polar

fronts. Due to the fast surface currents of the ACC, downwelling

areas are usually associated with increased Chla, downwelling areas

are typically characterized by higher Chla concentrations, while

upwelling regions, despite their nutrient richness, may exhibit lower

Chla levels (Hense et al., 2003). These factors likely contributed to

the observed decline in phytoplankton productivity in subregion

Gyre-RE#1 (Figure 9).

A third mechanism influencing phytoplankton variability

involves the coupling between SST and SIC, particularly in coastal

regions where basal melting and meltwater dynamics strongly

modulate ecological conditions. In nearshore Amundsen region,

elevated SST is associated with reduced SIC, leading to prolonged

open-water periods, enhanced light penetration, and stratified

conditions favorable to bloom development (Petrou et al., 2016;

Sherrell et al., 2015). Although wind speed had a relatively minor

direct contribution to productivity in this region, synoptic-scale

winds can influence the size and persistence of polynyas by

regulating sea ice extent (Arrigo et al., 2012). Downslope wind

events may also enhance vertical mixing along the coastal slope,

promoting nutrient resupply in the marginal ice zone (DeJong et al.,

2018). Overall, the observed increase in phytoplankton

productivity in the nearshore region of the Amundsen Sea

resulted from a synergistic effect where warming SST promoted

SIC melting, and wind-driven MLD deepening enhanced nutrient

availability (Figure 9).

In contrast, the nearshore Cosmonaut Sea represents a colder

shelf system characterized by persistent sea-ice cover and limited
FIGURE 9

Schematic diagram of the austral summer Chla and NPP trends mechanisms.
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thermal forcing (Narayanan et al., 2019). Observed declines in SST

and increases in SIC (both significantly negatively correlated, p <

0.05, n = 54) in nearshore Cosmonaut regions likely reduce the

delivery of meltwater-derived nutrients (Fe), contributing to the

long-term decline in phytoplankton productivity (Figure 9). DeJong

et al. (2018) indicated that strong coastal winds during the austral

summer inhibit coastal ice melt, and wind-induced sea ice retreat

remains minimal farther offshore. As a result, SIC in this region

remains comparatively high throughout the summer (Behera et al.,

2020), restricting light availability and suppressing vertical nutrient

exchange. Ma et al. (2020) showed that despite favorable irradiance

conditions during certain periods, nutrient limitation, particularly

in regions like the Prydz Bay, which are naturally oligotrophic, may

constrain bloom development.

In addition to the effects of SST and SIC, complex

hydrodynamic processes, such as CDW invasion and iron

availability, could further modulate phytoplankton trends. In the

Amundsen Sea, persistent SST warming enhances the southward

intrusion of warm CDW, which promotes the basal melting of ice

shelves and contributes to the release of iron-enriched meltwater

(Naughten et al., 2023). However, the subpolar circulation observed

in the Cosmonaut Sea and the CDW transition on the continental

shelf strongly limit the amount of heat reaching the ice shelf and

therefore have lower melting rates than the Amundsen Sea

(Narayanan et al., 2019, 2023). Additionally, sea-ice and glacial

meltwater serve as important sources of bioavailable iron in this

iron-limited environment (Behera et al., 2020). As CDW advects

onto the continental shelf, its interaction with sediment and sea-ice-

modified waters has been shown to stimulate phytoplankton

blooms (Arrigo et al., 2015). In fact, Arrigo et al. (2015) estimated

that up to 58% of the interannual variability in Chla in Antarctic

coastal polynyas can be attributed to iron derived from basal melt.

Future studies with in-situ nutrient profiles and current

measurements could quantify the contributions of CDW and iron.

MLD, WS, and Chla exhibited concurrent declining trends in

the Prydz Bay,. However, MLD displayed a significant negative

correlation with Chla (p < 0.05, n=54), which was contrary to the

expected mechanism that decreased MLD reduced the vertical

mixing effect and thus reduced Chla. The reason for this

phenomenon may be that when phytoplankton are in the surface

layer with sufficient light, reducing MLD is conducive to the

increase of Chla. However, this negative effect appeared to be

limited in the Prydz Bay. Alternatively, cooling SST coupled with

increased SIC may suppress Chla accumulation by reducing

phytoplankton metabolic rates or Fe release from sea ice, thus

masking the beneficial effects of MLD. These findings highlight the

complex interplay of environmental factors in regulating

phytoplankton dynamics in the Prydz Bay.

In addition to the effects of declining SST and increasing SIC,

previous studies suggest that variations in Chla in the Prydz Bay

may also be significantly influenced by water mass exchange

processes and grazing pressure from higher trophic levels. First,

water mass exchange regulates nutrient distribution and supply,

which in turn affects phytoplankton growth. In the shelf front

region of Prydz Bay, frontal convergence between distinct water
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masses creates a pronounced nutrient gradient, with the inner shelf

exhibiting significantly higher nutrient levels than the offshore

waters to the north (Chen et al., 2017). Moreover, CDW mixes

with ASC waters, altering density to form modified CDW and

invades the Prydz Bay (Meijers et al., 2010) and brought key

nutrients, maintaining phytoplankton production over time

(Foppert et al., 2024). Second, higher trophic organisms such as

Antarctic krill and copepods exert strong top-down control on

phytoplankton dynamics. During phytoplankton blooms, these

herbivores rapidly increase in abundance, consuming a

substantial proportion of primary production (Deppeler and

Davidson, 2017). Observational studies have also shown that

during periods of elevated summer Chla in open waters, grazing

activity by krill and large copepods intensifies simultaneously,

thereby suppressing further phytoplankton accumulation (Zhang

et al., 2023). These factors may thus constitute important

mechanisms behind the observed Chla decline in the Prydz Bay,

complementing the physical drivers such as SST and SIC.

Collectively, these contrasting responses between the

Amundsen and Cosmonauts regions highlight the critical role of

wind-driven MLD, upwelling, and SST coupling with SIC in

regulating phytoplankton productivity, which illustrates how

regional marine environments differently shape the Southern

Ocean ecosystems.
5 Conclusion

This study utilized the high-resolution remote sensing Rrs

datasets for the Southern Ocean from 2003–2020, produced by Li

et al. (2022), combined with algorithms developed by Johnson et al.

(2013) and Arrigo et al. (2008), to construct high-precision Chla

and NPP datasets. These datasets had a monthly temporal

resolution and a spatial resolution of 4 km, effectively addressing

the long-term and high-precision remote sensing data of

phytoplankton biomass studies in the high-latitude regions of the

Southern Ocean.

This dataset revealed significant spatio-temporal variations in

Chla and NPP during the austral summer (2003–2020) in the

Amundsen and Cosmonaut Seas. The effects of multiple marine

environmental parameters on phytoplankton trends were analyzed,

considering circulation and gyre influences. Nearshore regions

experienced pronounced algal blooms due to enhanced water

mixing and nutrient supply, including Fe from glacial meltwater,

leading to higher productivity than offshore areas. Over long-term

scales, both seas showed overall increases in Chla and NPP under

positive SAM phase influence. In regions north of the sACCF and

within the Weddell Gyre, intensified wind-driven vertical mixing

brought nutrient-rich subsurface waters to the surface, boosting

phytoplankton productivity. Locally, trends varied: enhanced

northward Ekman transport increased upwelling and MLD in the

northern Ross Gyre, stimulating blooms, while decreased Chla in

the eastern Ross Gyre was due to weaker upwelling. In the

Amundsen Sea nearshore, warm CDW incursions caused glacier

melting and deepened MLD, driving phytoplankton growth.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1547082
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zheng et al. 10.3389/fmars.2025.1547082
Conversely, reduced productivity in Prydz Bay Gyre and nearshore

Cosmonaut Sea were influenced by cooling SST, increased SIC,

reducing nutrient availability.

Based on long-term satellite observations, this study provides

detailed insights into the variations in phytoplankton productivity

in the Amundsen and Cosmonaut Seas. It underscores the

sensitivity of these ecosystems to climate change and elucidates

their complex responses. These findings not only enhance our

understanding of Antarctic marine ecosystems but also provide

valuable data and methodological support for future climate impact

assessments and the conservation of Southern Ocean ecosystems.

Despite these contributions, the study had certain limitations.

The relatively short duration of satellite time series poses challenges

for distinguishing long-term trends from interannual variability.

Moreover, the absence of key biogeochemical observations, such as

ocean pH, grazing pressure, and partial pressure of carbon dioxide,

hampers a comprehensive assessment of phytoplankton dynamics.

As a HNLC region, phytoplankton productivity is further

influenced by atmospheric deposition of iron-bearing aerosols

from desert dust and wildfire events, whose effects may persist

over extended periods. These inputs vary regionally and interact

with local hydrographic conditions to shape biological outcomes.

Future research should adopt a more diversified approach to

monitoring phytoplankton dynamics, thereby enhancing the

robustness of predictions concerning primary productivity in the

Southern Ocean.
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