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Abstract

Seasonal meltwater input creates a thin freshen layer in surface seawater under ice, which largely shifts the algae
assemblages. Our recent observation of photosynthetic pigments in the high Arctic showed that ice bottom and 5
m of seawater under ice contained relatively high concentration of fucoxanthin, while chlorophyll b and lutein
were the major diagnostic pigments in ice-water interface and 0 m of seawater under ice. Additionally, a notable
change of dominant phytoplankton occurred in the top 5 m of seawater under ice, from chlorophytes-dominated
at surface to diatoms-dominated at 5 m depth, which might attribute to the sharp salinity gradient (salinity from
12.5 to 28.1) in the surface seawater under ice. Our results imply that phytoplankton community in surface layer
under ice would become more chlorophytes in the future warming Arctic Ocean.
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1  Introduction
Accelerated decline of the Arctic sea ice over the last two dec-

ades was one of the most prominent signals of global climate
change (Johannessen et al., 1999; Deser and Teng, 2008). Based
on the satellite records, the decline rate of Arctic sea ice coverage
had already rise from 2.2%–3.0% per decade during the 1979–
1996 period to 10.1%–10.7% per decade in present (Comiso et al.,
2008), and the ice cover in summer of 2012 declined by at least
40% compared to the average ice cover during 1979–2000 (Par-
kinson and Comiso, 2013). A freshening trend caused by in-
creased freshwater storage associated with melting of sea ice
(Rabe et al., 2011), resulting in a significant change on physical
and ecosystem environment in the Arctic Ocean.

How phytoplankton response to sea ice retreat is of central
concern due to its ecological importance in marine food web and
biological pump. Early studies reported that freshening in the
seasonal ice-open basin would favor picophytoplankton thrive
but larger cells languish via enhancement of water stability and
deepen of nutricline (Li et al., 2009; He et al., 2012). Coupel et al.
(2012) also found that distinct distribution of phytoplankton
abundance and biomass in marginal ice zone between low ice
cover and heavy ice cover in summer. However, information
about ecological impact of climate change in the high Arctic is
still parse (e.g., Gosselin et al., 1997; Anderson et al., 2003; Rys-
gaard and Nielsen, 2006; Laney et al., 2013) due to the lack of
field work. Therefore it was considered as one of the most re-

quired study regions in the Arctic Ocean (Wassmann, 2011).
Thus, it is necessary to have a detailed understanding of

phytoplankton response to ice melting and surface freshening in
the permanently ice cover water in the high Arctic. In the central
Arctic, summer sea ice melting would thin the ice pack, produ-
cing a large freshwater input which would lead to dramatic salin-
ity gradient and surface freshening under ice. During the Chinese
Arctic cruise in summer 2014, nutrients and phytoplankton ob-
servations at a fixed floating ice pack were carried out in order to
examine the change of dominant algae at ice bottom and the sur-
face freshening layer under ice. This helps us better understand
the ecological and biogeochemical dynamics after ice melting in
the high Arctic.

2  Materials and methods

2.1  Study sites and sampling
During 19 to 23 August 2014 (CHINARE2014), ice cores and

water samples were collected at six sampling sites (IT1–IT6) at a
floating ice station in the high Arctic. The GPS track of ice drift
and sampling sites were shown in Fig. 1. Ice cores were taken
with a Mark ice corer and then seawater of ice-water interface
was collected immediately. The bottom 5 cm of ice cores were
sectioned and melted in pre-filter saline seawater, to avoid algae
cell damage by osmotic pressure change (Garrison and Buck,
1986). Ice cores and water samples of IT1 and IT2 were taken on  
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19 August, IT3 and IT4 on 20 August, and IT5 and IT6 on 21 Au-
gust. Seawater under sea-ice was collected at 0 m, 2 m and 5 m
water depth on 23 August, of which the salinity was measured
with WTW ProfiLine Cond 197i portable salinity sensor (Ger-
many).

2.2  Nutrients analysis
Nutrient samples (nitrate plus nitrite, silicate, phosphate) for

seawater and ice cores were filtered through pre-washed cellu-
lose acetate membranes (0.45 μm) and measured immediately
using a continuous flow analyzer Skarlar San++ (Holland, Breda).
Analysis methods for nutrients were referred to the Specification
for Oceanographic Survey (General Administration of Quality Su-
pervision, Inspection and Quarantine of the People’s Republic of
China (AQSIQ) and Standardization Administration of the
People’s Republic of China, 2008) and Grasshoff et al. (1999). The
detection limits were 0.1 μmol/L for NO3

–+NO2
–, 0.1 μmol/L for

SiO3
2–, and 0.03 μmol/L for PO4

3–, respectively.

2.3  Pigments analysis
For pigment samples, 4–8 L seawater and 1–2 L ice melting

water were filtered through GF/F filters under gentle vacuum
(<5×104 Pa and dim light condition, and then stored at –80°C un-

til analysis. Pigments were extracted with 3 mL of 100% HPLC-
grade methanol at –20°C for 1 h, sonicated (ice-bath) for 30 s and
extracted again for 1 h. The extracts were filtered through 0.22 μm
microporous membrane. Before 200 μL extract was injected into
HPLC system, the extract was premixed with 28 mmol/L tet-
rabutyl ammonium acetate (TBAA) (1:1 v/v). Pigment was ana-
lyzed by HPLC (Waters 600) system equipped with an Eclipse
SDB C8 column (150 mm×4.6 mm, 3.5 μm) and with photodiode
array detector (Waters 2998), using a solvent system proposed by
van Heukelem and Thomas (2001) consisting of Solvent A (meth-
anol) and Solvent B (methanol and TBAA, 70:30, v/v), at a flow
rate of 1 mL/min and the column temperature of 45°C. The gradi-
ent systems used (min, A%, B%) was as follows: (0, 90, 10), (36, 5,
95), (41, 5, 95), (45, 90, 10), (55, 90, 10). Pigments were qualified
and quantified by absorption wavelength at 450 nm for chloro-
phylls and carotenoids. The peaks were identified by comparing
their retention time and spectra with those of pigment standards
(DHI water and environment, Demark). Pigments measured
were listed in Table 1.

2.4  Relative contributions of different algae assemblagesto chloro-
phyll a
Matrix factorization program CHEMTAX proposed by Mackey

 

Fig.  1.     Study  area  and  drift  route  of  sea-ice  (the  dashed  line  represents  the  ice  cover  more  than  90%  in  August  2014
(http://nsidc.org/soac)) (a); sampling sites in the ice floating station (b); and schematic diagram of the sampling method of ice
bottom, ice-water interface and seawater under ice (c).

  ZHUANG Yanpei et al. Acta Oceanol. Sin., 2017, Vol. 36, No. 8, P. 122–130 123



et al. (1998) was the most widely used method to reveal phyto-
plankton community based on diagnostic pigment ratios.
However it is inaccurate for the small dataset of this study, thus a
specific pigment ratios method (Marty et al., 2008) was applied to
estimate the relative contributions of phytoplankton groups. In
this method, the specific ratios of taxonomic pigment to chloro-
phyll a were selected to calculate algae assemblages. Besides, the
calculated algae assemblages were classified as three major
groups (Not et al., 2005) based on pigment markers: (1) Diatom-
group, refers to fucoxanthin-containing group, mainly diatoms,
but also including chrysophytes andprymnesiophytes; (2) Green-
group, characterized by the presence of Chl b and lutein, mainly
members of green algae (chlorophytes and prasinophytes share
several pigments, but not prasinoxanthin); (3) Cyano-group, in-
cluding cyanophytes and prochlorophytes. The specific pigment
ratios for algae groups’ identification were based on Zhuang et al.
(2014), which was used on the northern Bering Shelf. The output
ratios of diagnostic pigments and chlorophyll a were 0.61 for
Fuco, 0.26 for Chl b and 0.35 for Zea, respectively. The empirical
formulas were as follows:

CTChla=3.85CChlb+1.64CFuco+2.86CZea,
Fdiatom=1.64CFuco/CTChla,
Fgreen=3.85CChlb/CTChla,
Fcyano=2.86CZea/CTChla,

where Fgreen, Fdiatom and Fcyano represented the relative contribu-
tion of Green-group, Diatom-group and Cyano-group to total Chl

a biomass, respectively. CChlb, CFuco and CZea represented the
concentration of Chl b, Fuco and Zea, respectively.

3  Results

3.1  Nutrients distribution
The concentrations of nutrients in the bottom section of the

ice core were similar at six sampling sites (Fig. A1) and character-
ized by severe oligotrophic condition, with concentration in aver-
age (0.1±0.1) μmol/L (NO3+NO2), (0.04±0.01) μmol/L (PO4) and
(1.3±0.0) μmol/L (SiO2), respectively (Table 2). In contrast, phos-
phate and silicate concentration in ice-water interface were
slightly higher than those in ice bottom, with mean value of
(0.20±0.11) μmol/L and (1.6±0.2) μmol/L, while inorganic nitro-
gen was under detected (0.1 μmol/L), suggesting that nitrogen
was the absolute limiting nutrient.

As shown in Table 2, seawater under ice (0–5 m) also suffered
the nitrogen limitation with inorganic nitrogen ranged from 0 to
0.5 μmol/L, which was lower than phytoplankton growth
threshold (defined by 1 μmol/L). Phosphate and silicate in sea-
water under ice (0–5 m) were relatively abundant with a range
from 0.16 to 0.71 μmol/L and 1.8 to 2.4 μmol/L, respectively.
Compared to ice bottom and ice-water interface, seawater under
ice had relatively high nutrients stocks, with a mean concentra-
tion of (0.52±0.19) μmol/L (PO4) and (2.1±0.3) μmol/L (SiO2) re-
spectively.

Table 1.   Major pigment in algal group and abbreviation recommended by Jeffrey et al. (1997)
Pigments Abbreviation Algal group and marine processes

a. Chlorophylls

Chlorophyll a Chl a all photosynthetic microalgae (except prochlorophytes)

Divinyl chlorophyll a DV Chl a prochlorophytes

Chlorophyll b Chl b chlorophytes, prasinophytes

b. Carotenoids

Alloxanthin Allo cryptophytes

19′-Butanoyloxyfucoxanthin But-fuco chrysophytes, prymnesiophytes

β, β-carotene β, β-car all algae except cryptophytes

Diadinoxanthin Diadino diatoms, dinoflagellates, prymnesiophytes, chrysophytes

Neoxanthin Neo chlorophytes, prasinophytes

Fucoxanthin Fuco diatoms, prymnesiophytes, chrysophytes

19′-Hexanoyloxyfucoxanthin Hex-fuco prymnesiophytes

Lutein Lut chlorophytes, prasinophytes

Peridinin Perid dinoflagellates

Prasinoxanthin Prasino prasinophytes

Diatoxanthin Diato diatoms, dinoflagellates, prymnesiophytes, chrysophytes

Violaxanthin Viola chlorophytes, prasinophytes

Zeaxanthin Zea cyanophytes, prochlorophytes

c. Chlorophyll degradation products

Pheophytin a Phytin a zooplankton faecal pellets, sediments

Pheophorbide a Phide a protozoan faecal pellets

Table 2.   Average concentration of nutrients (μmol/L) and pigments (ng/dm3) in ice-related habitats (ice bottom, ice-water interface
and seawater under ice) at the sampling sites (IT1–IT6) in ice floes in high Arctic

Ice-related habitats
Nutrients/μmol·L–1 Pigments/ng·dm–3

NO3+NO2 PO4 SiO2 Chl a Fuco Chl b Lut Zea

Ice bottom 0.1±0.1 0.04±0.01 1.3±0.0 82±53 35±30 0±0 2±4 0±0

Ice-water interface 0.0±0.0 0.20±0.11 1.6±0.2 112±52 17±4 26±23 29±17 5±6

Seawater under ice (0 m) 0.1±0.2 0.28±0.13 1.7±0.2 132±78 16±18 60±34 46±41 6±9

Seawater under ice (2 m) 0.1±0.1 0.58±0.09 2.2±0.1 55±8 13±7 11±13 8±7 0±0

Seawater under ice (5 m) 0.1±0.0 0.69±0.02 2.3±0.0 38±7 18±3 2±5 1±2 0±0
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3.2  Algal pigments
Pigments analysis revealed that Chl a, Fuco, Diadino and

Diato were major pigments detected in the bottom segment of
the ice cores, with average values of (82±53) ng/dm3, (35±30)
ng/dm3, (23±17) ng/dm3 and (5±6) ng/dm3 respectively (Fig. A2),
indicating a dominance of diatoms in the algae assemblages of
the ice bottom.

Chlorophyll a concentration in ice-water interface ranged
from 59 to 198 ng/dm3, with a mean concentration of (112±52)
ng/dm3 (Table 2). The highest amount was encountered at IT6
(Fig. A2). Lut was the most abundant carotenoids with an aver-
age value of (29±17) ng/dm3, while the averaged concentrations
of Chl b and Viola were up to (26±23) ng/dm3 and (16±15)
ng/dm3 respectively. Since prasinoxanthin was not detected
(Prasinoxanthin was the diagnostic pigment of prasinophyts), the
high abundance of Chl b and Viola indicated that chlorophytes
was the dominant algae in ice-water interface. Besides, Fuco had
a mean concentration of (17±4) ng/dm3 and Zea, a diagnostic
pigment of cyano-group, had a mean value of (5±6) ng/dm3.

In the seawater under ice, both the amount and composition
of photosynthetic pigments had a significant change along the
water depth. Pigments at 0 m depth reached the highest concen-
tration, with Chl a ranged from 62 ng/dm3 to 285 ng/dm3. Chl b
and Lut was the major diagnostic pigments, with averaged con-
centration of (60±34) ng/dm3 and (46±41) ng/dm3 respectively,
indicating the distribution of chlorophytes. Algal pigments at 5 m
depth were relatively low compared to those at 0 m depth.
However pigments at different water depths vary widely. Chl a
and Fuco were major components of pigments with average con-
centration of (38±7) ng/dm3 and (18±3) ng/dm3, whereas others
diagnostic pigments were quite low or undetected, suggesting a
diatoms-dominated at 5 m depth. While at 2 m depth, two oppos-
ite distributed pattern of pigments composition were found in
seawater. Fuco was the main diagnostic pigments at Stas IT1 and
IT3, while Chl b and Lut were relatively high at the others station.
The average concentration of pigments at 0 m depth were (55±8)
ng/dm3 (Chl a), (13±7) ng/dm3 (Fuco), (11±13) ng/dm3 (Chl b)
and (8±7) ng/dm3 (Lut).

3.3  Algae assemblages
The relative contributions of algae assemblages calculated

based on the specific pigment ratios were shown in Table 3. As
mentioned above, diatoms were major contributor of diatoms-
group and chlorophytes were major contributor of green-group.
A high percentage of diatoms (up to 90%) were found in ice bot-
tom and at 5 m depth of seawater under ice. Meanwhile, in ice-
water interface and at 0 m depth of seawater under ice, chloro-
phytes contributed 77% and 87%, respectively, to thetotal chloro-
phyll a biomass. At 2 m depth of seawater under ice, diatoms and
chlorophytes co-dominated the phytoplankton community. Cy-
anobacteria had a significant distribution in ice-water interface
and at 0 m depth of seawater under ice, with a relative contribu-

tion of 6% and 3%.

4  Discussion

4.1  Dramatic change of dominant algae in ice ecosystem
As shown in Fig. 2, pigment-induced phytoplankton com-

munity shown that most of algae biomass in ice bottom was con-
tributed by diatoms, with a relative contribution higher than 90%,
which was consistent with previous observation in the central
Arctic. Gradinger (1999) also found that pennate diatoms domin-
ated in the bottom layer of ice cores, while phototrophic flagel-
lates ruled the upper parts. Besides, pigments biomass of ice bot-
tom in the central Arctic was two or three orders of magnitude
lower than that in Chukchi shelf (Gradinger, 2009), which prob-
ably ascribed to nutrients availability in the bottom layer.

Phytoplankton community in ice-water interface was domin-
ated by chlorophytes, which was different from ice bottom (Fig.
2), suggesting a distinct mechanism of algal physiology between
ice and water. The low salinity in ice-water interface might bene-
fit chlorophytes and others flagellates. Also a green algae bloom
was recorded in under-ice ponds with salinity of ice-water inter-
face as low as 9.1 (Gradinger, 1996). It has been reported that the
coverage of under-ice ponds accounted for 5% of the Arctic sea
ice cover (Eicken, 1994). However, nutrients stock indicated ice-
water interface might hardly sustain an algae bloom in the study
area.

Chlorophyll a biomass in seawater under ice decreased
gradually with the increase of depth, which might be related to
light intensity (Fig. 2). With the increase of depth and salinity, the
chlorophytes biomass decreased whereas the diatoms biomass
increased. Thus, a significant shift of dominant phytoplankton
was observed at the top 5 m of seawater under ice, with the algae
assemblages shifted from dominance of chlorophytes at 0 m
depth to co-dominate by diatoms and chlorophytes at 2 m depth,
and then to diatoms-dominated at 5 m depth (Fig. 2). The rapid
change of phytoplankton composition in seawater under ice was
unique in the global ocean.

Generally, nutrients availability played an important role in
phytoplankton selection. For instance large diatoms usually
dominated in the nutrients-rich region and picophytoplankton
dominated in the oligotrophic water. In here, spearman correla-
tion coefficient analysis showed that change of algae as-
semblages significantly correlated with environmental variables,
such as depth, salinity, phosphate and silicate, but not related
with inorganic nitrogen (Table 4). Extremely low concentration of
inorganic nitrogen absolutely limited the phytoplankton growth.
Thus nutrients were not the major cause of the rapid change of
dominant phytoplankton. The salinity change, however, might
be the key factor for the phytoplankton shift in such thin layer of
seawater under ice. As mentioned, a strong salinity gradient
formed in the top 5 m of seawater under ice, with salinity in-
crease from in average 12.5 at 0 m to 28.1 at 5 m (Fig. 2). Appar-

Table 3.   Average concentration of Chl a (ng/dm3) and average contribution of different algae assemblages in ice-related habitats (ice
bottom, ice-water interface and seawater under ice)

Ice-related habitats Chl a/ng·dm–3
Percentage/%

Diatoms-group Green-group Cyano-group

Ice bottom 82 92 8 0

Ice-water interface 112 17 77 6

Seawater under ice (0 m) 132 9 87 3

Seawater under ice (2 m) 55 47 53 0

Seawater under ice (5 m) 38 93 7 0
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ently, phytoplankton responses promptly to the surface freshen-
ing layer in the sea-ice system. Therefore ice melt in summer was
an important factor influencing the algae assemblage in the cent-
ral Arctic.

4.2  Comparison of dominant algae in ice-system with others oli-
gotrophic waters
As in the other oceans, nitrogen limitation constrains sustain-

ability of primary production in the Arctic Ocean (Falkowski,
1997). The surface seawater under ice was considered as the
most nitrogen limitation part in the Arctic Ocean (Cota et al.,
1990). In tropical and temperate oceans, prochlorophytes and cy-
anobacteria were usually the dominant algae in oligotrophic sur-
face waters (Table 5) owing to their low nutrients demand.
However, distribution of prochlorophytes and cyanobacteria
were limited in the Arctic Ocean, due to the low temperature and
light availability. Previous study (Coupel et al., 2012) suggested
that pico-flagellates (mainly prasinophytes) dominated in phyto-
plankton community at the ice edge of the Arctic Ocean (Table
5). While in perennially ice-covered central Arctic, algae as-

semblages of surface water under ice was dominate by chloro-
phytes. Chlorophytes were widely distributed in the freshwater,
thus the extremely low salinity in surface water under ice might
beneficial to chlorophytes. In other words, environment factors
such as salinity significantly influence the phytoplankton com-
munity in different oligotrophic waters, although primary pro-
duction was subject to nutrients deficiency.

4.3  Impact of freshening on the algal community in the high Arctic
The consequences of the freshening on phytoplankton dy-

namics in the Arctic Ocean have been well studied in recent
years. As shown in Fig. 3, the surface freshening by sea ice reduc-
tion and/or higher river runoffs (Yamamoto-Kawai et al., 2009) as
well as accelerated nutrient consumption in surface layer, resul-
ted in a more oligotrophic Arctic Ocean with a deepened nutri-
cline (Coupel et al., 2014). Consequently phytoplankton became
smaller (Li et al., 2009) and subsurface chlorophyll maximum
(SCM) deeper (McLaughlin and Carmack, 2010). In perennially
ice-covered area, a strong salinity gradient (from salinity about 5
to 28) formed in the surface layer under sea ice and then a second

 

Fig. 2.   Distribution of averaged salinity, nutrients and algae assemblage based on the observation in the ice-system (ice bottom, ice-
water interface and seawater under ice) in the central Arctic.

Table 4.   Spearman correlation coefficient analysis between environmental variables and algae assemblages
Depth Salinity P N+N Si

Diatom-group correlation
coefficient

0.605** 0.683** 0.597** 0.288 0.663**

significance
(bilateral)

0.008 0.002 0.009 0.246 0.003

Green-group correlation
coefficient

–0.878** –0.871** –0.789** –0.343 –0.860**

significance
(bilateral)

0.000 0.000 0.000 0.164 0.000

Cyano-group correlation
coefficient

–0.545* –0.469* –0.470* –0.307 –0.517*

significance
(bilateral)

0.019 0.050 0.049 0.215 0.028

          Note: ** When confidence level (bilateral) is 0.01, the correlation is significant; * when confidence level (bilateral) is 0.05, the correlation is
significant.
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salinity gradient in halocline layer. Ashift of dominant algae asso-
ciated with salinity change occurred, from a chlorophytes-dom-
inated community to a diatoms-dominated one. Therefore the
increased freshening in the surface layer under sea ice caused by
the global warming might shift the phytoplankton community to
more chlorophytes in the central Arctic in the future.

5  Conclusions
In our observation, a dramatic salinity gradient together with

an alternation of dominant algae occurred at the top 5 m of the
seawater under ice in the high Arctic Ocean. Chlorophytes dom-
inated at 0 m in the seawater with low salinity. The phytoplank-
ton rapidly shifted to diatom-dominated at 5 m with relatively
high salinity. Our results imply that phytoplankton community in
the surface layer under ice would become more chlorophytes in
the future freshening Arctic Ocean. This shift might alter the food
web in the perennially ice-covered Arctic Ocean since the com-
munity size and structure are strong determinants of the ecosys-
tem carbon flux. A chlorophytes-based system tended not to sup-
port large exports of biogenic carbon. Our observation in top 5 m

of the seawater under ice was a complement of study on phyto-
plankton dynamics response to the freshening in the high Arctic
Ocean.

Acknowledgements
The authors appreciate all crews of the R/V Xuelong icebreak-

er during the 6 th Chinese National Arctic Expedition for their
kind help. Thanks are also given to Lin Ling from the Polar Re-
search Institute of China for the help with the field work and Ren
Jian from the Second Institute of Oceanography of SOA for critic-
al comments on English manuscript.

References
Anderson L G, Jones E P, Swift J H. 2003. Export production in the

central Arctic Ocean evaluated from phosphate deficits. Journ-
al  of  Geophysical  Research:  Oceans,  108(C6):  3199,  doi:
10.1029/2001JC001057

Comiso J C, Parkinson C L, Gersten R, et al. 2008. Accelerated decline
in the Arctic sea ice cover. Geophysical Research Letters, 35(1):
L01703, doi: 10.1029/2007GL031972

Cota G F, Anning L J, Harris L R, et al. 1990. Impact of ice algae on in-

 

Fig. 3.   The sketch of the freshening impact on the phytoplankton dynamics in the central Arctic.

Table 5.   Comparison of the algae assemblages in the oligotrophic ecosystem
Area Characteristic Depth Dominant algae assemblage Reference

Equatoiral Pacific warm pool upper ocean (<150 m) Prochlorococcus, Synechococcus
and haptophytes

Mackey et al. (2002)

Western EquatoiralPacific warm pool upper ocean (<200 m) prochlorophytes, cyanobacteria
and prymnesiophytes

Zhuang et al. (2012)

Offshore of East China Sea Kuroshio water upper ocean (<150 m) prochlorophytes, chrysophytes
and prymnesiophytes

Furuya et al. (2003)

Northern South China Sea warm eddy formed by the
Kuroshio intrusion

euphotic zone (<100 m) prochlorophytes Huang et al. (2010)

Northern Bering Sea nutrients-depleted surface
water

surface seawater diatom and chrysophytes
co-dominated

Zhuang et al. (2014)

Canada Basin marginal ice zone surface seawater Prasinophytes-dominated Coupel et al. (2012)

High Arctic ice-system sea-ice interface chlorophyte-dominated this paper

  ZHUANG Yanpei et al. Acta Oceanol. Sin., 2017, Vol. 36, No. 8, P. 122–130 127

http://dx.doi.org/10.1029/2001JC001057
http://dx.doi.org/10.1029/2007GL031972
http://dx.doi.org/10.1029/2001JC001057
http://dx.doi.org/10.1029/2007GL031972


organic  nutrients  in  seawater  and  sea  ice  in  Barrow  Strait,
NWT, Canada, during spring.  Canadian Journal of  Fisheries
and Aquatic Sciences, 47(7): 1402–1415

Coupel P, Jin Haiyan, Joo M, et al. 2012. Phytoplankton distribution
in  unusually  low  sea  ice  cover  over  the  Pacific  Arctic.
Biogeosciences, 9(11): 4835–4850

Coupel P, Ruiz-Pino D, Sicre M A, et al. 2014. The impact of freshen-
ing on phytoplankton production in the Pacific Arctic Ocean.
Progress in Oceanography, 131: 113–125, doi: 10.1016/j.pocean.
2014.12.003

Deser C, Teng Haiyan. 2008. Evolution of Arctic Sea ice concentra-
tion trends and the role  of  atmospheric  circulation forcing,
1979-2007. Geophysical Research Letters, 35(2): L02504, doi:
10.1029/2007GL032023

Eicken H. 1994. Structure of under-ice melt ponds in the central Arc-
tic and their effect on, the sea-ice cover. Limnology and Ocean-
ography, 39(3): 682–694

Falkowski P G. 1997. Evolution of the nitrogen cycle and its influence
on the biological sequestration of CO2 in the ocean. Nature,
387(6630): 272–275

Furuya K, Hayashi M, Yabushita Y, et al. 2003. Phytoplankton dynam-
ics in the East China Sea in spring and summer as revealed by
HPLC-derived pigment signatures. Deep Sea Research Part II:
Topical Studies in Oceanography, 50(2): 367–387

Garrison D L, Buck K R. 1986. Organism losses during ice melting: a
serious bias in sea ice community studies. Polar Biology, 6(4):
237–239

General Administration of Quality Supervision, Inspection and Quar-
antine of the People’s Republic of China (AQSIQ), Standardiza-
tion Administration of the People’s Republic of China. 2008.
GB/T 12763–2007 Specifications for oceanographic survey (in
Chinese). Beijing: Standards Press of China

Gosselin M, Levasseur M, Wheeler P A, et al.  1997. New measure-
ments of phytoplankton and ice algal production in the Arctic
Ocean. Deep Sea Research Part II: Topical Studies in Oceano-
graphy, 44(8): 1623–1644

Gradinger R. 1996. Occurrence of an algal bloom under Arctic pack
ice. Marine Ecology Progress Series, 131: 301–305

Gradinger R. 1999. Vertical fine structure of the biomass and compos-
ition of algal communities in Arctic pack ice. Marine Biology,
133(4): 745–754

Gradinger R. 2009. Sea-ice algae: MAJOR contributors to primary pro-
duction and algal biomass in the Chukchi and Beaufort seas
during  May/June  2002.  Deep  Sea  Research  Part  II:  Topical
Studies in Oceanography, 56(17): 1201–1212

Grasshoff  K,  Kremling K,  Ehrhardt M. 1999.  Methods of  Seawater
Analysis. 3rd ed. Weinheim: Wiley-VCH, 193–198

He Jianfeng, Zhang Fang, Lin Ling, et al. 2012. Bacterioplankton and
picophytoplankton abundance, biomass, and distribution in
the Western Canada Basin during summer 2008. Deep Sea Re-
search Part II: Topical Studies in Oceanography, 81–84: 36–45

Huang Bangqin, Hu Jun, Xu Hongzhou, et al. 2010. Phytoplankton
community at warm eddies in the northern South China Sea in
winter 2003/2004. Deep Sea Research Part II: Topical Studies in
Oceanography, 57(19–20): 1792–1798

Jeffrey S W, Mantoura R F C, Wright S W. 1997. Phytoplankton Pig-
ments in Oceanography. Paris: UNESCO Publishing

Johannessen O M, Shalina E V, Miles M W. 1999. Satellite evidence
for  an  Arctic  sea  ice  cover  in  transformation.  Science,

286(5446): 1937–1939
Laney S R, Krishfield R A, Toole J M, et al. 2013. Assessing algal bio-

mass and bio-optical distributions in perennially ice-covered
polar  ocean  ecosystems.  Polar  Science,  8(2):  73–85,  doi:
10.1016/j.polar.2013.12.003

Li W K, McLaughlin F A, Lovejoy C, et al. 2009. Smallest algae thrive
as the Arctic Ocean freshens. Science, 326(5952): 539

Mackey  D  J,  Blanchot  J,  Higgins  H  W,  et  al.  2002.  Phytoplankton
abundances and community structure in the equatorial Pacific.
Deep Sea Research Part II: Topical Studies in Oceanography,
49(13–14): 2561–2582

Mackey D J, Higgins H W, Mackey M D, et al. 1998. Algal class abund-
ances in the western equatorial Pacific: estimation from HPLC
measurements of chloroplast pigments using CHEMTAX. Deep
Sea Research Part  I:  Oceanographic Research Papers,  45(9):
1441–1468

Marty J C, Garcia N, Raimbault P. 2008. Phytoplankton dynamics and
primary production under late summer conditions in the NW
Mediterranean Sea. Deep Sea Research Part I: Oceanographic
Research Papers, 55(9): 1131–1149

McLaughlin F A, Carmack E C. 2010. Deepening of the nutricline and
chlorophyll maximum in the Canada Basin interior, 2003–2009.
Geophysical  Research  Letters,  37(24):  L24602,  doi :
10.1029/2010GL045459

Not F, Massana R, Latasa M, et al.  2005. Late summer community
composition and abundance of photosynthetic picoeukaryotes
in Norwegian and Barents Seas. Limnology and Oceanography,
50(5): 1677–1686

Parkinson C L, Comiso J C. 2013. On the 2012 record low Arctic sea
ice cover: combined impact of preconditioning and an August
storm. Geophysical  Research Letters,  40(7):  1356–1361,  doi:
10.1002/grl.50349

Rabe B, Karcher M, Schauer U, et al. 2011. An assessment of Arctic
Ocean freshwater content changes from the 1990s to the 2006-
2008  period.  Deep  Sea  Research  Part  I:  Oceanographic  Re-
search Papers, 58(2): 173–185

Rysgaard S, Nielsen T G. 2006. Carbon cycling in a high-arctic marine
ecosystem-Young Sound, NE Greenland. Progress in Oceano-
graphy, 71(2–4): 426–445

Van Heukelem L, Thomas C S. 2001. Computer-assisted high-per-
formance liquid chromatography method development with
applications to the isolation and analysis of phytoplankton pig-
ments. Journal of Chromatography A, 910(1): 31–49

Wassmann P. 2011. Arctic marine ecosystems in an era of rapid cli-
mate change. Progress in Oceanography, 90(1–4): 1–17

Yamamoto-Kawai M, McLaughlin F A, Carmack E C. 2009. Surface
freshening of the Canada Basin, 2003–2007: river runoff versus
sea ice meltwater. Journal of Geophysical Research: Oceans,
114(C1): C00A05, doi: 10.1029/2008JC005000

Zhuang Yanpei, Jin Haiyan, Chen Jianfang, et al. 2012. Distribution of
photosynthetic pigments and its indication to phytoplankton
community  in  warm  pool  of  the  western  equatorial  Pacific.
Haiyang Xuebao (in Chinese), 34(2): 143–152

Zhuang Yanpei, Jin Haiyan, Li Hongliang, et al. 2014. Phytoplankton
composition and its ecological effect in subsurface cold pool of
the northern Bering Sea in summer as revealed by HPLC de-
rived  pigment  signatures.  Acta  Oceanologica  Sinica,  33(6):
103–111

128 ZHUANG Yanpei et al. Acta Oceanol. Sin., 2017, Vol. 36, No. 8, P. 122–130  

http://dx.doi.org/10.1016/j.pocean.2014.12.003
http://dx.doi.org/10.1016/j.pocean.2014.12.003
http://dx.doi.org/10.1029/2007GL032023
http://dx.doi.org/10.1016/j.polar.2013.12.003
http://dx.doi.org/10.1029/2010GL045459
http://dx.doi.org/10.1002/grl.50349
http://dx.doi.org/10.1029/2008JC005000
http://dx.doi.org/10.1016/j.pocean.2014.12.003
http://dx.doi.org/10.1016/j.pocean.2014.12.003
http://dx.doi.org/10.1029/2007GL032023
http://dx.doi.org/10.1016/j.pocean.2014.12.003
http://dx.doi.org/10.1016/j.pocean.2014.12.003
http://dx.doi.org/10.1029/2007GL032023
http://dx.doi.org/10.1016/j.polar.2013.12.003
http://dx.doi.org/10.1029/2010GL045459
http://dx.doi.org/10.1002/grl.50349
http://dx.doi.org/10.1029/2008JC005000
http://dx.doi.org/10.1016/j.polar.2013.12.003
http://dx.doi.org/10.1029/2010GL045459
http://dx.doi.org/10.1002/grl.50349
http://dx.doi.org/10.1029/2008JC005000


Appendix:

 

Fig. A1.   Nutrients distribution (μmol/L) of ice bottom, ice-water interface and seawater under ice at the sampling sites (IT1-IT6) in
ice floes in high Arctic.
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Fig. A2.   Distribution of Chl a and four major diagnostic pigments (ng/dm3) in ice bottom, ice-water interface and seawater under ice
at the sampling sites (IT1-IT6) in ice floes in the high Arctic, different color represented Chl a, Fuco, Chl b, Lut and Zea, respectively.
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