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Abstract  The size structure of phytoplankton has considerable effects on the energy flow and nutrient cycling in the marine 

ecosystem, and thus is important to marine food web and biological pump. However, its dynamics in the high-latitude Arctic 

Ocean, particularly ice-covered areas, remain poorly understood. We investigated size-fractionated chlorophyll a (Chl a) and 

related environmental parameters in the highly ice-covered Arctic Ocean during the summer of 2020, and analyzed the 

relationship between Chl a distribution and water mass through cluster analysis. Results showed that inorganic nutrients were 

typically depleted in the upper layer of the Canada Basin region, and that phytoplankton biomass was extremely low (mean= 

0.05 ± 0.18 mg·m−3) in the near-surface layer (upper 25 m). More than 80% of Chl a values were <0.1 mg·m−3 in the water 

column (0–200 m), but high values appeared at the ice edge or in corresponding ice areas on the shelf. Additionally, the mean 

contribution of both nanoplankton (2–20 μm) (41%) and picoplankton (<2 μm) (40%) was significantly higher than that of 

microplankton (20–200 μm) (19%). Notably, the typical subsurface chlorophyll maximum (0.1 mg·m−3) was found north of 

80°N, where the concentration of sea ice reached approximately 100%. The Chl a profile results showed that the deep 

chlorophyll maximum of total-, micro-, nano-, and picoplankton was located at depth of 40, 39, 41, and 38 m, respectively, 

indicating that nutrients are the primary factor limiting phytoplankton growth in the ice-covered Arctic Ocean during summer. 

These phenomena suggest that, despite the previous literatures pointing to significant light limitation under the Arctic ice, the 

primary limiting factor for phytoplankton in summer is still nutrient. 
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1  Introduction 

Sea ice is one of the most important environmental features 
of the Arctic Ocean ecosystem. In summer, the ice-covered 
area of the Arctic Ocean is approximately 8×106 km2, 
accounting for nearly 60% of the total area. In winter, the 
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Arctic Ocean is completely covered by sea ice, except for a 
few polynyas (Wang et al., 2005). The melting of sea ice 
produces approximately 40% of the surface meltwater in the 
Arctic Ocean (Eicken, 2002). Reduction of sea ice increases 
the surface water temperature of the Arctic Ocean, which 
could enhance both the availability of light and the growth 
rates of phytoplankton (Steele et al., 2008; Perovich and 
Richter-Menge, 2009). Light has generally been considered 
the primary limiting factor of phytoplankton growth in the 
high-latitude Arctic Ocean (Soltwedel et al., 2005, 2016; 
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Wassmann and Reigstad, 2011). However, the melting of 
sea ice also enhances stratification and results in weaker 
mixing, which reduce the renewal of nutrients to the 
euphotic zone, further limiting primary productivity. The 
seasonal retreat and thinning of sea ice inhibit 
phytoplankton blooms by regulating the stratification and 
light conditions of the water column (Mundy et al., 2005; 
Leu et al., 2011). The cell abundances and species of sea ice 
diatoms decrease, whereas the dominance of green algae 
increases in the ice-covered area and at the ice–water 
interface (Macklin et al., 2002). The phytoplankton biomass 
in the Arctic Ocean has become higher than that on the 
shelves (Arrigo and van Dijken, 2015), accompanied by a 
shift in bloom dynamics (Ji et al., 2013). Ultimately, sea ice 
retreat in the Arctic Ocean is essential for the timing, quality, 
and quantity of primary production, which influences the 
standing stock of zooplankton and consequently the food 
web (Hunt et al., 2002, 2011). 

The size structure of phytoplankton is controlled by 
complex interactions among the marine physical mixing 
conditions, light environment, and nutrient concentrations 
(Li et al., 2009; Wassmann and Reigstad, 2011). According 
to cell volume, phytoplankton is usually classified into 
microplankton (>20 µm), nanoplankton (2–20 µm), and 
picoplankton (<2 µm) (Beardall et al., 2009). Of the three 
forms, microplankton is the more morphologically plastic 
and has a lower cell surface to volume ratio; however, 
picoplankton is dominant in marine planktonic ecosystems 
(Li et al., 2009), and it affects both energy flow and nutrient 
cycling in the Arctic Ocean (Mills et al., 2018). Small cells 
are mainly distributed in the oligotrophic and stratified 
ocean waters (Eppley and Peterson, 1979; Falkowski and 
Woodhead, 1992; Li et al., 2009). Variations in the size 
structure of the phytoplankton community and the species 
composition are essential for the migration of organic 
carbon to sediments because larger cells have a greater  

 

sinking rate and contribute to a highly efficient biological 
pump (Finkel et al., 2009). Therefore, it is important to 
understand the changes in phytoplankton community 
structure during the melting of sea ice (Sigman and Boyle, 
2000).  

Owing to the influence of topography and sea ice, 
there are few in-situ data on chlorophyll a (Chl a) 
concentration in the high-latitude Arctic Ocean. Numerous 
earlier studies showed that the Chl a concentration exceeds 
0.5 mg·m−3 in the high-latitude Arctic Ocean (Cota et al., 
1996; Coupel et al., 2015; Zhu et al., 2019; Kim et al., 
2020). However, Lee and Whitledge (2005) reported that 
under-ice Chl a concentration was only 0.02 ± 0.01 mg·m−3 
in the surface layer. Moreover, most observations of 
size-fractionated Chl a in the Arctic Ocean were conducted 
in shelf areas (e.g., the Barents and Chukchi seas) (Carmack 
and Wassmann, 2006), while few measurements were 
relevant to the high-latitude area (Poulin et al., 2010; 
Wassmann and Reigstad, 2011). Therefore, we investigated 
size-fractionated Chl a and related environmental parameters 
in the high-latitude Arctic Ocean (74°N–82°N; 160°E– 
150°W) during the summer 2020 to determine the main 
factors affecting the phytoplankton distribution. 

2  Materials and methods 

2.1  Study sites and sampling locations 

In this study, we used a conductivity–temperature–depth 
profiler to obtain physical properties such as water 
temperature and salinity at 43 stations in the Arctic Ocean 
between July and August 2020 (Figure 1). Additionally, 1 L 
Niskin bottles were used to collect water samples from the 
surface to the depth of 200 m (seven different depths: 5, 30, 
50, 75, 100, 150, and 200 m) for size-fractionated Chl a and  

 
Figure 1  Location of the sampling stations (red dots) in the Arctic Ocean during summer 2020. Blue solid lines represent transects P1, P2, 
P3, and R. 
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nutrient analyses. Sea ice concentration data were derived 
from the EUMETSAT OSI SAF product (https://osi-saf. 
eumetsat.int/products/sea-ice-products). 

2.2  Size-fractionated Chl a analysis 

The phytoplankton biomass was size-fractionated into 
micro- (20–200 μm), nano- (2–20 μm), and picoplankton 
(0.7–2.0 μm). First, water samples were filtered through 
200 μm Nitex filters to remove zooplankton. The water 
samples (0.5–1.0 L) for size-fractionated Chl a analysis 
were sequentially filtered through 20 and 2 μm Nucleopore 
filters (25 mm in diameter) and 0.7 μm Whatman GF/F 
filters (25 mm in diameter). All samples were extracted with 
90% acetone at −20  for 24 h and measured using a ℃
fluorometer (10-AU; Turner Designs, San Jose, CA, USA), 
which was calibrated before the analysis was performed 
(Holm-Hansen et al., 1965; Welschmeyer, 1994). 

2.3  Chl a profile fitting 

The Chl a profile fitting was parameterized using the 
equation originally given in Lewis et al. (1983) but later 
modified by Platt and Sathyendranath (1988): 
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where Bz is the normalized concentration of Chl a at depth z 
(mg·m−3), B0 is the background mixed-layer Chl a 
concentration (mg·m−3), h is the integrated chlorophyll 
above B0 (mg·m−2), Zm is the depth of maximum chlorophyll 
(m), and σ is the standard deviation of the width of the Chl 
a maximum peak (m). Bm represents the maximum value of 
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2.4  Nutrient analyses 

Samples for the determination of nutrients were collected at 
depths of 5, 30, 50, 75, 100, 150, and 200 m using Niskin 
bottles attached to a rosette sampler. Seawater was filtered 
through acid-cleansed cellulose acetate membranes (0.45 μm) 
and stored at −20  in a freezer.℃  Nutrient samples were 
analyzed immediately for nitrate plus nitrite ( 3NO + 2NO ), 

phosphate ( 3
4PO  ), and silicate (Si(OH)4) onboard the 

survey vessel using an automatic nutrient analyzer 
(QuAAtro; SEAL, Norderstedt, Germany) following the 
QuAAtro multitest methods. 

2.5  Data analysis 

The vertical distribution of Chl a was drawn using Ocean 
Data View (4.6.7). Multidimensional scaling (MDS) and 
cluster analysis were performed using PRIMER 6.0 to 
reveal the spatial patterns in sized-fractionated Chl a. The 
Pearson correlation coefficient at the confidence level of p 
< 0.05 was determined using R software (version 3.6). 

3  Results 

3.1  Hydrographic conditions and sea ice 
concentration 

Water temperature and salinity from the surface to the depth 
of 200 m in the Arctic Ocean are shown in Figure 2. Water 
temperature ranged from −1.73  to 1.00  (mean=  ℃ ℃
−1.02±0.52 ), and salinity ranged from 26.5 to 34.7 ℃
(mean=31.6±2.18). The temperature–salinity relationships 
indicated the presence of certain water masses in the upper 
water column. According to both Gong and Pickart (2015) 
and Mills et al. (2018), water mass properties reflected 
mainly off-shelf meltwater (potential temperature (T)<−1  ℃
and salinity (S)<31.5), Atlantic Water (T>−1  and ℃
S>33.6), and Chukchi Summer Water (−1 <℃ T <3  and ℃
30<S<33.6) (Figure 2a). 

 
Figure 2  Temperature–salinity (T-S) relationship of seawater (a) 
and sea ice concentration (b) at each station. 

The coverage of sea ice was relatively high because 
the investigation was conducted in the middle of the period 
of sea ice melting. The surface water temperature was  
−1.21±0.19  and the salinity was 27.6±0.78. The northern ℃
part of the basin, called the “heavy-ice basin”, is where sea 
ice concentration was >70% and the surface water 
temperature was <−1.4 . The “marginal ice zone” in the ℃
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east of the Canada Basin is associated with partial ice cover 
(20%–70%), and the surface water temperature was −1.0  ℃
and the salinity was <27.5. The Chukchi Borderland (P2-1, 
P2-2, and P2-3 stations), characterized by ice-free 
conditions (<20%), is designated the “ice-free basin” 
(Coupel et al., 2012). 

3.2  Distribution of Chl a 

The concentration of Chl a varied by two orders of 
magnitude throughout the study area, i.e., from 0.01–    
2.68 mg·m−3 (mean=0.05±0.18 mg·m−3). More than 80% of 
the Chl a concentration values in the water column (0–200 m) 
were <0.1 mg·m−3 (Figure S1). The average surface Chl a 
concentration was 0.02±0.01 mg·m−3  (Figure 3a). High 
values were found in the southern shelf zone and low values 
were found in the east of the Canada Basin. The subsurface   

chlorophyll maximum (SCM) was one order of magnitude 
higher than the surface Chl a concentration, with an average 
of 0.21 mg·m−3. In the water column, nearly 80% of the 
micro- and nano-Chl a values were <0.01 mg·m−3, whereas 
nearly 40% of the pico-Chl a values were >0.01 mg·m−3 
(Figure S1). The proportions of micro-, nano-, and 
picoplankton in the water column were 19%, 40%, and 41%, 
respectively (Figure S2b). However, the proportions of 
micro-, nano-, and picoplankton in the surface water were 
17%, 28%, and 55%, respectively (Figure S2a). Micro-, 
nano-, and pico-Chl a concentrations in the surface water 
were >0.01 mg·m−3, and the distribution was more uniform in 
the southern shelf zone. However, the micro-Chl a 
concentration was extremely low in the east of the Canada 
Basin and at the stations north of 78°N, whereas the pico- Chl 
a concentration was >0.01 mg·m−3 at stations north of 80°N.  

 
Figure 3  Distributions of total- (a), micro- (b), nano- (c), and pico-Chl a concentrations (d) in the surface layer. 

As shown in Figure 4, the average Chl a concentration 
was 6.60 ± 9.40 mg·m−2 in the integrated water column 
(0–200 m). A high value (61.58 mg·m−2) occurred at station 
R2 on the southern shelf edge and a low value (2.00 mg·m−2) 
occurred at station P3-11 in the east of the Canada Basin. 
The percentage of microplankton in the water column was 
only 19%, while the percentage of nanoplankton and 
picoplankton was 41% and 40%, respectively (Figure S2b). 
Microplankton was overwhelmingly dominant at the 
southern shelf edge, whereas picoplankton was the main 
contributor in the east of the Canada Basin and the northern 
ice zone. Nanoplankton served as the main contributor only 
at station E2. The percentages of microplankton and 

nanoplankton were elevated in the subsurface layer. 
Although the Chl a concentration in the water column 
below 50 m was lower than that of the surface layer, the 
percentage of nanoplankton was 51%. 

3.3  Distribution of size-fractionated Chl a at 
transects P1, P2, P3, and R 

Figure 5 presents the vertical distributions of total-, micro-, 
nano-, and pico-Chl a from the surface to the depth of   
200 m at transects P1, P2, P3, and R. The total-Chl a at 
stations P1-2 and P1-6 was 0.25 mg·m−3, and both were 
dominated by nanoplankton with a proportion of 
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Figure 4  Total column-integrated Chl a concentration (0–200 m) at all stations (a), and the contributions of micro- (b), nano- (c), and 
pico-Chl a (d) to the total-Chl a (%) in the water column. 

approximately 52% and 56%, respectively. Micro-Chl a 
reached 0.1 mg·m−3 at station P1-2, comprising 40% of the 
phytoplankton biomass. However, a high value of nano-Chl 
a occurred at 60 m depth at station P1-2 and in the 
subsurface water at station P1-6. Picoplankton was the 
primary contributor at stations P1-7 and P1-8, comprising 
64% and 79%, respectively. 

The vertical distribution of Chl a along transect P2 
indicated that the SCM was usually distributed in the upper 
50 m of the water column. A high value (0.47 mg·m−3) was 
observed at station P2-2, primarily attributable to 
microplankton that comprised 64%. A low value      
(0.03 mg·m−3) was observed at station P2-10 in the east of 
the Canada Basin, which was contributed only by 
picoplankton. Additionally, picoplankton comprised 
approximately 67% at station P2-9 in the east of the Canada 
Basin (Figures 5b, 5f, 5j, 5n). 

The concentration of sea ice along transect P3 was 
usually >70% during the study period. There were no 
significant differences in the physicochemical properties of 
the water between stations. The vertical distribution of Chl 
a was relatively consistent from east to west. Extremely low 
values (<0.01 mg·m−3) appeared in the surface layer and 
reasonably high values (>0.05 mg·m−3) occurred in the 
subsurface layer. The highest Chl a value (0.13 mg·m−3) 
was observed at stations P3-7 and P3-8, contributed 
primarily by picoplankton, which comprised 69% and 62%, 
respectively. However, the highest micro-Chl a value  

(0.06 mg·m−3) was found only at station P3-12, located at 
75-m depth. In contrast, micro-Chl a was <0.01 mg·m−3 at 
other stations (Figures 5c, 5g, 5k, 5o). 

The vertical distribution of Chl a along transect R 
(Figures 5d, 5h, 5l, 5p) showed that the concentration of 
Chl a decreased significantly, and extended northward from 
the Chukchi Sea shelf. The SCM generally occurred in the 
water column at depths <25 m. Additionally, the Chl a 
concentration decreased rapidly with increasing water depth 
at locations south of 76°N. In contrast, the SCM       
(~2 mg·m−3) at stations R1 and R2 was two orders of 
magnitude higher than that at the surface. These high values 
were contributed primarily by microplankton, which 
comprised >80%. The proportion of microplankton in the 
water column decreased rapidly at high latitudes. The 
concentration of Chl a was 0.19 mg·m−3 at stations R7 and 
R8, of which 95% and 74%, respectively, was contributed 
by picoplankton. 

3.4  Chl a profile parameters 

The profile parameters of Chl a can provide a detailed 
characterization of phytoplankton vertical distribution. In 
the fitted equations of Lewis et al. (1983), Bm represents the 
maximum value of the deep Chl a, Zm is the depth of the 
maximum concentration of Chl a in the water column, and 
σ is a parameter that indicates the peak width. Figure 6 
shows the vertical distribution of total-, micro-, nano-, and 
pico-Chl a, and the Gaussian curve fitting parameters Bm, 
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Figure 5  Vertical distributions of total-, micro-, nano-, and pico-Chl a from the surface to the depth of 200 m at transect P1, P2, P3, and R. 
a–d, Total-Chl a distribution along transect P1, transect P2, transect P3 and transect R, respectively; e–h, Micro-Chl a distribution along 
transect P1, transect P2, transect P3 and transect R, respectively; i–l, Nano-Chl a distribution along transect P1, transect P2, transect P3 and 
transect R, respectively; m–p, Pico-Chl a distribution along transect P1, transect P2, transect P3 and transect R, respectively.  

 

 
Figure 6  Vertical distributions of total-, micro-, nano-, and pico-Chl a concentrations and the Gaussian curve parameters Bm, Zm, and σ. 
a–d, Total-, micro-, nano-, and pico-Chl a concentrations, respectively; e–h, Total-, micro-, nano-, and pico-Bm values, respectively; i–l, 
Total-, micro-, nano-, and pico-Zm values, respectively; m–p, Total-, micro-, nano-, and pico-σ values, respectively. 
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Zm, and σ for all stations. A high value of total-Chl a of  
0.06 mg·m−3 was found at station E1, where the proportion 
of nanoplankton was relatively high (50%). The total 
concentration of Chl a was 0.04 mg·m−3 in the ice-covered 
area north of 82°N (station R9), which comprised 50% 
picoplankton. High values of Chl a (0.03 mg·m−3) were 
found on the Chukchi Plateau, whereas low values   
(<0.01 mg·m−3) were observed in the east of the Canada 
Basin and along transect R. 

The Bm values for total-, micro-, nano-, and 
picoplankton are presented in Figure 6e–6h, respectively. 
The total value of Bm ranged from 0.02–1.49 mg·m−3 (mean= 
0.19 mg·m−3). The highest value (1.49 mg·m−3) occurred at 
station E1 and consisted of Chl a, while lower values 
(<0.15 mg·m–3) were found in the east of the Canada Basin 
and along transect R. The mean value of micro-Bm was  
0.13 mg·m−3, and the highest value (1.43 mg·m−3) was 
observed in the southern shelf area at station R1. Lower 
values occurred in the northern ice-covered area and on the 
eastern Chukchi Plateau. The nano-Bm values ranged from 
0.01–0.61 mg·m−3 (mean=0.07 mg·m−3). Low values 
occurred along transect P3, in the northern ice-covered area, 
and in the east of the Canada Basin, while high values were 
found in the southern shelf region. The average value of 
pico-Bm was 0.07 mg·m−3, and high values appeared at 
stations P1-7 and P1-8. Overall, the mean value of 
micro-Bm was significantly higher than that of either nano- 
or pico-Bm, and Bm was higher in the southern shelf edge 
region. 

The mean Zm values of total-, micro-, nano-, and 
picoplankton were 39.78, 39.10, 41.09, and 37.76 m, 
respectively (Figure 6i–6l), and they were found in shallow 
water (<50 m). High values were found in the east of the 
Canada Basin. The total-, micro-, nano-, and pico-Zm values 
were 27.21, 25.73, 27.12, and 27.87 m, respectively, in the 
high-latitude area covered with sea ice (station R9). The 
surface water was dominated by picoplankton, and high 
values were found in the high-latitude ice-covered area, 
along transect P3, and in the east of the Canada Basin. 

The parameter σ indicates the peak width of Chl a. The 
σ values of total-, micro-, nano-, and picoplankton are 

shown in Figure 6m–6p, respectively. The mean σ values 
for total-, micro-, nano-, and picoplankton were 13.29, 
12.41, 12.29, and 12.85 m, respectively. Relatively high 
values were present in the high-latitude ice-covered area, 
along transect P3, and in the east of the Canada Basin. 
However, nano-σ (<10 m) decreased significantly in the 
southern shelf area.  

3.5  Sized-fractionated Chl a clustering analysis 
and MDS 

By using water column size-fractionated Chl a data，the 
study area could be classified into three ecological 
provinces based on MDS and cluster analysis (70%). 
Cluster 1 contained  25 stations, distributed primarily in 
the east of the Canada Basin and in the northern heavy-ice 
area, dominated by picoplankton (57.8%). The surface 
water in Cluster 1 was Atlantic Water (Mills et al., 2018). 
The average temperature was −1.0± 0.21  and th℃ e salinity 
was 31.86±1.77 (Figure 7, blue; Table 1). Cluster 2 
contained 14 stations, distributed primarily in the eastern 
part of the Chukchi Plateau. The concentration of sea ice 
was <20% in Cluster 2, which is representative of the 
ice-free zone. The surface water in Cluster 2 was off-shelf 
meltwater with average temperature of −1.04±0.18  and ℃
salinity of 32.44±0.63 (Arrigo et al., 2014). The proportions of 
microplankton (39.2%) and nanoplankton (37.8%) were 
relatively high (Figure 7, red; Table 1). Cluster 3 was found 
only at stations R1 and R2, in the southern shelf area where 
the proportion of microplankton reached 94.4%. The 
surface water in  Cluster 3 was affected by Chukchi 
Summer Water (Gong and Pickart, 2015; Kim et al., 2020). 
The average temperature was −1.25±0.18  and the ℃
salinity was 32.38 ±0.48. The average nutrient 
concentration within the water column (0–200 m) was 

relatively high ( 3NO : 13.46±0.54 µmol·L−1, 3
4PO  : 1.69± 0.04 

µmol·L−1, and Si(OH)4: 34.23±6.81 µmol·L−1) in this region 
(Figure 7, green; Table 1). 
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Figure 7  Cluster analysis (a) and MDS (b) of micro-, nano-, and picoplankton column-integrated chlorophyll (0–200 m) at all stations. 
Red indicates first assemblage, blue indicates second assemblage, and green indicates third assemblage. 

Table 1  Concentration of size-fractionated Chl a (mean±SD) and environmental parameters of the different ecological assemblages in the 
water column 

Parameter Cluster 1 Cluster 2 Cluster 3 

Temperature/℃ −1.0 ± 0.21 −1.04 ± 0.18 −1.25 

Salinity 31.86 ± 1.77 32.44 ± 0.63 32.38 

3NO /(µmol·L–1) 8.35 ± 1.48 8.06 ± 1.77 13.46 

3
4PO  /(µmol·L–1) 1.27 ± 0.27 1.20 ± 0.16 1.69 

Si(OH)4/(µmol·L–1) 16.75 ± 4.53 15.74 ± 3.73 34.23 

Total-Chl a/(mg·m–2) 4.15 ± 1.57 7.19 ± 3.72 48.18 

Micro-Chl a/(mg·m–2) 0.41 ± 0.50 2.75 ± 2.38 45.52 

Nano-Chl a/(mg·m–2) 1.43 ± 0.73 2.71 ± 2.70 2.02 

Pico-Chl a/(mg·m–2) 2.33 ± 1.14 1.71 ± 1.03 0.64 

Total-Bm/(mg·m–3) 0.13 ± 0.08 0.26 ± 0.2 1.49 

Total-Zm/m 41.33 ± 10.4 40.59 ± 21.04 30.05 

Total-σ/m 12.13 ± 3.76 12.56 ± 7.46 7.23 

Micro-Bm/(mg·m–3) 0.02 ± 0.02 0.20 ± 0.2 1.43 

Micro-Zm/m 40.61 ± 12.35 39.89 ± 26.31 34.41 

Micro-σ/m 14.72 ± 8.0 8.98 ± 3.22 5.14 

Nano-Bm/(mg·m–3) 0.05 ± 0.05 0.12 ± 0.16 0.11 

Nano-Zm/m 43.64 ± 9.47 39.31 ± 16.49 37.90 

Nano-σ/m 12.38 ± 3.16 9.76 ± 3.01 5.94 

Pico-Bm/(mg·m–3) 0.08 ± 0.05 0.06 ± 0.03 0.02 

Pico-Zm/m 40.37 ± 10.86 34.76 ± 11.58 31.67 

Pico-σ/m 12.27 ± 3.97 12.03 ± 6.00 18.11 

Microplankton/% 9.2 39.2 94.4 

Nanoplankton/% 33.1 37.8 4.1 

Picoplankton/% 57.7 23.0 1.5 
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4  Discussion 

4.1  Chl a dynamics 

The distribution of Chl a in the high-latitude Arctic Ocean 
is significantly influenced by topography and sea ice. 
Topography controls the circulation (Ryan et al., 2010), 
while sea ice primarily controls the light in the 
oligotrophic surface waters (Kwok and Rothrock, 2009). 
An extremely low phytoplankton biomass (mean=0.05± 
0.18 mg·m−3) was found in this study, and more than 80% 
of Chl a concentration values were <0.1 mg·m−3. These 
findings are highly consistent with previous related studies, 
where the mean phytoplankton biomass in surface waters 
was only 0.04±0.02 mg·m−3 in ice-free areas and even 
lower (0.02±0.01 mg·m−3) in ice-covered areas (Lee and 
Whitledge, 2005). However, numerous studies found that 
phytoplankton Chl a concentration exceeds 0.5 mg·m−3 in 
the high-latitude Arctic Ocean (Table 2). Arrigo et al. 
(2014) found that the surface Chl a concentration reached 
2.5 mg·m−3 in the northern Chukchi Sea, because the 
phytoplankton had experienced a two-week ice-free period. 
In this study, fewer than 10% of the Chl a concentration 
values were >0.5 mg·m−3. The extremely low 
phytoplankton biomass could reflect the fact that the study 
cruise was conducted in the middle of the ice-melting 
period, when the concentration of sea ice was >70% at 
most stations. 

Nutrients and light are the major factors limiting 
phytoplankton growth in the surface layer. To the north of 
80°N, the surface Chl a was close to the detectable limit, 
and the concentration of sea ice reached approximately 
100%. However, Chl a was 0.1 mg·m−3 in the subsurface 
layer (Figure 5p). This suggests that light might not be the 
primary factor limiting phytoplankton growth. Coupel et al. 
(2015) found an abundance of pelagic diatoms in the higher 

latitudes of the Canada Basin (>80°N) during the summer 
2008, clearly reflecting the presence of primary productivity 
in under-ice waters. It suggests that previous models 
underestimated the scale of productivity in the Arctic Ocean 
(Arrigo and van Dijken, 2004, 2015). Moreover, sea ice 
weakens the influence of wind-driven mixing on the upper 
water column, rendering the replenishment of nutrients 

more difficult (mean 3NO =0.09±0.33 µmol·L−1, 3
4PO  = 

0.65±0.22 µmol·L−1, Si(OH)4=4.11±0.43 µmol·L−1 in the 
surface layer) (Figure 8; Figure S4). In comparison with the 
Redfield ratio (Redfield et al., 1963), the nitrate to 
phosphate ratio in the water column (5.5±4.08) was 
extremely low. Low temperatures reduce the activity of 
phytoplankton enzymes, and inhibit photosynthesis and 
biological nitrogen fixation, further exacerbating the 
limitation of nitrogen in the high-latitude Arctic Ocean 
(McLaughlin and Carmack, 2010). Under the influence of 
multiple environmental elements, phytoplankton biomass 
and productivity in ice-covered areas decrease rapidly, with 
resultant impact on phytoplankton community structure, 
plankton growth, and ecosystems in the Arctic Ocean. 

4.2  Relationship between phytoplankton cluster 
and water mass 

Our results showed that phytoplankton in the study area 
could be classified into three ecological provinces based on 
the MDS and cluster analysis (similarity 70%). In Cluster 1, 
affected by ice-melt processes and Atlantic Water (Mills et 
al., 2018), the average Chl a concentration was       
<0.1 mg·m−3. Picoplankton, which comprised 57.8% of the 
total, is more easily adapted to a low-nutrient environment 
(Lovejoy et al., 2007). McLaughlin and Carmack (2010) 
analyzed data (2003–2009) from the Canada Basin, which 
showed that phytoplankton assemblages were dominated by 
picoplankton in the oligotrophic water column. There was 

Table 2  Surface Chl a concentration in the high-latitude area of the Arctic Ocean 

Time Latitude Longitude 3NO  

/(µmol·L–1) 

3
4PO   

/(µmol·L–1) 

Si(OH)4 
/(µmol·L–1) 

Chl a 
/(mg·m–3) 

References 

1993 70°N–76°N 170°W–150°W 0.1–0.4   0.75 Cota et al., 1996 

1994 74°N–86°N 170°E–160°W 1–14 0.5–1.7 2–50 0.1–14.0* Gosselin et al., 1997 

2002 70°N–78°N 164°W–112°W 0.25 ± 0.13   0.04± 0.02 Lee and Whitledge, 2005 

2008 65°N–86°N 180°–140°W < 2.0 < 1.0 < 5.0 0.88± 0.76 Coupel et al., 2015 

2011 70°N–80°N 160°E–140°W 0.1–14.5 0.5–1.8 1.4–34.7 0.11± 0.08 Kim et al., 2015; Yun et al., 2015

2012 74°N–82°N 160°E–140°W 2.0 ± 1.05 0.60–0.98 4.74–15.38 17.8±11.8* Yun et al., 2019 

2014 74°N–82°N 160°E–140°W 1.7 ± 4.0 0.7 ± 0.4 8.7± 10.1 66.3± 84.3* Pabi et al., 2008 

2016 63°N–80°N 170°E–140°W 0.31 ± 0.05 0.54 ± 0.02 3.8 ± 0.4 0.52± 0.11 Zhu et al., 2019 

2017 74°N–82°N 160°E–140°W 1.5 ± 3.0 0.8 ± 0.3 7.8± 6.4 0.8± 1.3 Kim et al., 2020 

2019 70°N–73°N 165°W–155°W    ~10.0 Churnside et al., 2021 

2020 74°N–82°N 160°E–140°W 0.09±0.33 0.65 ± 0.22 4.11±0.43 0.05±0.18 This study 

Notes: 3NO , 3
4PO  , and Si(OH)4 represent the nitrate, phosphate, and silicate in the surface water; * represents column-integrated Chl a (mg·m−2). 
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Figure 8  Vertical distributions of 3NO concentration from the surface to the depth of 200 m at transect P1 (a), P2 (b), P3 (c) and R (d). 

no significant correlation between pico-Chl a and nitrate 
(p>0.05, Figure S3), primarily because pico-Chl a   
(2.00 mg·m−2) was extremely low in the water column. The 
deep chlorophyll maximum in Cluster 1 appeared at the 
depth of 41 m in the water column (Table 1). However, a 
low value of Bm was found in the east of the Canada Basin 
(Figure 5), which was largely attributable to weakening of 
the thermocline, low salinity, and low nutrient concentration 
( 3NO <1.0 µmol·L−1) (Latasa et al., 2017). A consequence 

of increased stratification is diminished nitrate flux, which 
is a condition that limits new production and favors smaller 
organisms at the base of the food web (Li et al., 2009). 

In Cluster 2, micro- (39%) and nanoplankton (38%) 
were dominant in the eastern part of the Chukchi Plateau. 
This might primarily reflect the influence of off-shelf 
meltwater, where higher 3NO concentration (0.53± 

1.86 µmol·L−1) in the surface water promotes phytoplankton 
growth (Arrigo and van Dijken, 2004; Arrigo et al., 2014). 
Our results further showed a significant positive correlation 
between micro-Chl a and 3NO in the water column (p<0.05,   

Figure S3). Zhu et al. (2019) also showed that larger cell 
fractions (and more Chl a biomass) are associated with 

slightly more 3NO (but less Si(OH)4 and 3
4PO  ) within 

ice-free waters. It suggests that 3NO concentration might 

promote the growth of larger phytoplankton. Additionally, 
the concentration of sea ice was also <20% at these stations, 
suggesting that phytoplankton growth is less-affected by 
light limitation. 

The coastal Cluster 3 was affected by Chukchi 
Summer Water (Gong and Pickart, 2015), where 
microplankton contributed more than 90% of total Chl a. 
Coupel et al. (2012) found that large cells, such as diatoms 
and dinoflagellates, dominate in the Bering Strait and on the 
Chukchi shelf where the concentration of sea ice is 
extremely low. The value of Bm was significantly higher in 
the southern shelf area (station E1), but the corresponding 

Zm value was located at the depth of 30 m. One possible 
reason that could account for this phenomenon is the low 
sea ice concentration (27.6%) at station E1. Another reason 
could be the shallow water depth in the area and the ease of 
nutrient replenishment, which could provide opportunities 
for diatom blooms in specific and more stable water layers 
(Codispoti et al., 2013). Additionally, the availability of 
nutrients is often the primary factor that influences 
phytoplankton size structure (Marañón et al., 2015). We 
found that micro-Bm (0.13 mg·m−3) was significantly higher 
than nano- (0.07 mg·m−3) and pico-Bm (0.07 mg·m−3), 
possibly owing to the rapid settlement of microplankton 
(e.g., diatoms). When nutrients are depleted, microplankton 
is more likely to form deep chlorophyll maximum layers 
(Codispoti et al., 2013).  

In summary, the contribution of both nano- (41%) and 
picoplankton (40%) in the water column was significantly 
higher than that of microplankton (19%), indicating 
significant miniaturization of the community structure 
(Figure S2). Due to decreasing in the nutrient supply and 
low availability of light, the surface phytoplankton biomass 
was relatively low and dominated primarily by 
picoplankton in the Arctic Ocean (McLaughlin and 
Carmack, 2010). These findings are highly consistent with 
numerous other studies that indicated that picoplankton 
could adapt more effectively to low-nutrient environments 
in ice-covered areas (Lovejoy et al., 2006, 2007; Li et al., 
2009; Coupel et al., 2015; Mills et al., 2018). The average 
Zm and σ values were 39.42 and 12.71 m, respectively, 
implying that the range of phytoplankton distribution was 
extremely limited. Possible reasons for the variability in the 
vertical distribution of Bm include differences in losses to 
predators, growth, and sinking or migration among the 
different phytoplankton groups (Cullen, 2015).  

5  Conclusions 

Our study showed that the phytoplankton biomass was 
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extremely low in the high-latitude Arctic Ocean during the 
summer 2020. Relatively high Chl a concentrations were 
found in the eastern part of the Chukchi Plateau, where the 
sea ice concentration was <20% and the supplement of 
nutrients increased. Picoplankton dominated the 
phytoplankton community, indicating that the efficiency of 
the biological pump was substantially reduced, and that the 
carbon cycle was necessarily dominated by physical 
processes. The Chl a profile analysis showed that the 
vertical distribution of Bm was relatively stable, and that the 
sized-fractionated Zm was located at the depth of 
approximately 40 m. It implies that phytoplankton 
productivity was limited by nutrients rather than by light. 
According to the cluster analysis, the under-ice 
phytoplankton distribution was coupled with water masses 
because the mixing conditions cause nutrients distributions 
to vary. These results contribute to our understanding of the 
biogeochemical features of the high-latitude Arctic Ocean 
during the period of sea ice melting. 
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Supplementary Figures 

 
Figure S1  The frequency of the total- (a), micro- (b), nano- (c) and pico-Chl a concentrations (d) in the Arctic Ocean. 

 
Figure S2  The compositions of size-fractionated Chl a in the surface (a) and in the water column (b) in the study area. 

 
Figure S3  Pearson’s Correlation Coefficient between biological variables and environmental parameters in the water column (0–200 m) in the 
Arctic Ocean (total-, micro-, nano- and pico-Chl a has taken logarithm; * represent p < 0.05, ** represent p < 0.01 and *** represent p < 0.001). 
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Figure S4  The vertical distributions of nitrate, phosphate and silicate from the surface to a depth of 200 m at transect P1, P2, P3, R. 


