
DOI: 10.1126/science.1231346
, 1430 (2013);339 Science
 et al.Antje Boetius

Export of Algal Biomass from the Melting Arctic Sea Ice

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): March 25, 2013 www.sciencemag.org (this information is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/339/6126/1430.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

http://www.sciencemag.org/content/suppl/2013/02/14/science.1231346.DC1.html 
can be found at: Supporting Online Material 

 http://www.sciencemag.org/content/339/6126/1430.full.html#ref-list-1
, 2 of which can be accessed free:cites 42 articlesThis article 

 http://www.sciencemag.org/cgi/collection/oceans
Oceanography

 http://www.sciencemag.org/cgi/collection/microbio
Microbiology

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2013 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

M
ar

ch
 2

5,
 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/1967002561/Top1/AAAS/PDF-R-and-D-Systems-Science-130301/RandD_Systems_2013-March.raw/1?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/339/6126/1430.full.html
http://www.sciencemag.org/content/339/6126/1430.full.html#ref-list-1
http://www.sciencemag.org/cgi/collection/microbio
http://www.sciencemag.org/cgi/collection/oceans
http://www.sciencemag.org/


Export of Algal Biomass from
the Melting Arctic Sea Ice
Antje Boetius,1,2,3*† Sebastian Albrecht,4† Karel Bakker,5† Christina Bienhold,1,2†
Janine Felden,3† Mar Fernández-Méndez,1,2† Stefan Hendricks,1† Christian Katlein,1†
Catherine Lalande,1† Thomas Krumpen,1† Marcel Nicolaus,1† Ilka Peeken,1,3† Benjamin Rabe,1†
Antonina Rogacheva,6† Elena Rybakova,6† Raquel Somavilla,1† Frank Wenzhöfer,1†
RV Polarstern ARK27-3-Shipboard Science Party†

In the Arctic, under-ice primary production is limited to summer months and is restricted not
only by ice thickness and snow cover but also by the stratification of the water column, which constrains
nutrient supply for algal growth. Research Vessel Polarstern visited the ice-covered eastern-central
basins between 82° to 89°N and 30° to 130°E in summer 2012, when Arctic sea ice declined to a
record minimum. During this cruise, we observed a widespread deposition of ice algal biomass of
on average 9 grams of carbon per square meter to the deep-sea floor of the central Arctic basins.
Data from this cruise will contribute to assessing the effect of current climate change on Arctic
productivity, biodiversity, and ecological function.

Primary productivity in the central Arctic is
limited by light and nutrients. Photosyn-
thetically active radiation (PAR) for under-

ice primary production is only available from
May to August but is locally restricted by ice thick-
ness and snow cover (1–4). Owing to stratifica-
tion (5, 6), the mixed layer depth is limited to 10
to 30 m in summer (Table 1), which constrains
the nutrient supply for algal growth (7). Hence,
average estimates for primary production (PP) in
the ice-covered central Arctic are low, on the order
of 1 to 25 g C m−2 year−1 (8, 9). The contribution
of ice algae is not well constrained, ranging from 0
to 80% (10–13). However, as a consequence of
Arctic warming, primary productivity in and under
the ice may be boosted by higher light transmis-
sion through thinning sea ice (3, 14, 15) and the
increase in melt-pond coverage during summer
(4, 16).

Assessing the consequences of current climate
change in the central Arctic regions remains dif-
ficult because reliable baselines for Arctic produc-
tivity, biodiversity, and ecological function are
lacking [reviewed in (17)]. During the 2012 sea-
ice minimum, research vessel (RV) Polarstern
visited the ice-covered eastern-central basins be-
tween 82° to 89°N and 30° to 130°E (Fig. 1). In
this area, thick multiyear sea ice has been largely
lost as a result of melt by atmospheric heat (18).
Our airborne electromagnetic measurements con-
firmed that first-year ice dominated (>95%), with

an average modal thickness of less than a meter
and a melt-pond cover of 30 to 40%.

Previous investigations of the underside of
Arctic sea ice found that the diatom Melosira
arctica grows meter-long filaments, anchoring
in troughs and depressions under ice floes and
covering up to 40 to 80% of the underside of
undisturbed ice floes (12, 19–24) (Fig. 2). Warm-
ing and melting leads to their rapid sedimenta-
tion (20–23). Deposition of Melosira strands had
been observed on the sea floor of Arctic shelves
(12, 21), but their contribution to carbon export in
the ice-covered basins remains unknown (25, 26).
Particulate organic carbon flux to the deep sea,
measured by sea-floor carbon demand (25) and

by sediment traps moored in the Amundsen Basin
(27), was around 1 g C m−2 year−1 (>1500 m) in
the 1990s, with a peak contribution of sub-ice
algae of up to 28% in August (27). Repeated mea-
surements during the first Arctic-wide sea-ice
minimum in 2005–2007 showed an increased
carbon flux of 6.5 g C m−2 year−1 (850 m), peak-
ing in July (28).

During the expedition IceArc in summer 2012,
we observed in seven out of eight regions sea-
floor deposits of fresh M. arctica strands and
other sub-ice algae at 3500- to 4400-m water
depth (Fig. 1, fig. S1, and movies). Patches of
algae of 1 to 50 cm in diameter covered up to
10% of the sea floor. This attracted opportunistic
megafauna—such as the deep-sea holothurians
Kolga hyalina (29) and Elpidia heckeri and the
ophiurid Ophiostriatus striatus—which were ob-
served to feed on the Melosira strands. Based
on their color, chlorophyll a content, and chloro-
plast morphology, the freshest algal deposits were
observed at the northernmost stations, 7 and 8
(>87°N). Stations 4 to 6 (82° to 85°N), north of
the Laptev Sea margin, showed degraded algal
deposits. In this area, megafauna biomass was
substantially elevated, as was the pigment con-
centration of holothurian gut content (Table 1).
The larger body sizes (>6 cm) and apparent fe-
cundity of the Kolga population (based on gonad
sizes) in this area suggested that sources of food
had been available for at least 2 months and that
the main algal flux had occurred before June.
This matches observations of rapid melt and ex-
port of ice from the Laptev Sea as early as May
2012. By July, large open water areas had ap-
peared within the ice zone up to 85°N (Fig. 1),

1Alfred Wegener Institute, Helmholtz Center for Polar and
Marine Research, 27515 Bremerhaven, Germany. 2Max Planck
Institute for Marine Microbiology, 28359 Bremen, Germany.
3MARUM, Center for Marine Environmental Sciences, University
Bremen, 28334 Bremen, Germany. 4FIELAX Gesellschaft für
wissenschaftliche Datenverarbeitung mbH, 27568 Bremerhaven,
Germany. 5NIOZ Royal Netherlands Institute for Sea Research,
1790 ABDen Burg, Netherlands. 6P. P. Shirshov Institute of Ocean-
ology, Russian Academy of Sciences, 117997 Moscow, Russia.

*Corresponding author. E-mail: antje.boetius@awi.de
†All authors with their contributions and affiliations appear
at the end of this paper, and all other contributors are listed
in the supplementary materials.

Fig. 1. Ice conditions during RV Polarstern Expedition IceArc (ARK27-3, 2 August to 8 October 2012). (A)
Ice cover in July 2012 in percentages. Ice stations with fresh and degraded algal deposits are marked by
green and brown circles, respectively. White indicates no deposits. (B) Aerial image of station 3 in mid-
August. (C) Aerial image of station 6 in mid-September.
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causing a rapid decline of the sea-ice cover, re-
flected in 1 to 2 m of melt-water content above
the winter thermocline (Table 1).

Our surveys showed shreds of M. arctica
(Table 1), indicating their melt-out earlier in the
season (23). At 3500- to 4400-m depth, deposits
of coiled Melosira strands (diameters of 5 to
12 cm) covered 0.1 to 10% of the sea floor. The
carbon deposition by sub-ice algae was estimated to
be equivalent to 1 to 156 g Cm−2 (median 9 gCm−2)
(Table 1). For comparison, the 2012 pelagic new
production in the same regions was estimated
to be 7 to 16 g C m−2 (median 11 g C m−2)
(Table 1), with a contribution by diatoms of
36% based on silicate inventories (Table 1).
Melosira strands are not used as food in the
pelagial and sink rapidly to the sea floor (23).
This results in a contribution of at least 45% of
total primary production and >85% of carbon
export in 2012.

The algal deposits at the sea floor and extracts
of Kolga gut at stations 3, 4, 7, and 8 contained

living Melosira cells with green chloroplasts and
lipid vesicles (Fig. 2). The algal deposits had
variable high concentrations of chloroplast pig-
ment equivalents (CPE) (27 T 21 mg cm−3; n =
18 aggregate samples) and a high chlorophyll
a to total pigment ratio (51 T 18%). In com-
parison, pigment contents of bare sediments next
to the patches were low at 0.8 T 0.3 mg cm−3,
matching concentrations found in the 1990s (25).
The gut contents of Kolga specimens showed
even higher pigment concentrations of, on av-
erage, 51 T 47 mg cm−3 (Chla/CPE ratio of 41 T
14%; n = 15 gut samples), and algae recovered
from guts were still photosynthesizing when ex-
posed to light (30).

Previous investigations focusing on oligo-
trophic deep-sea sediments have found a direct
relationship between carbon flux, benthic bio-
mass, and remineralization rates (31–35). How-
ever, despite the widespread deposition of algae
observed in the eastern-central basins, apparently
only sediment bacteria (as estimated from respi-

ration rates) (fig. S2) and large mobile megafauna
had profited from the ice-algae deposition. In-
fauna burrows and tubes were rare, indicating an
absence of the sediment-dwelling macrofauna
characteristic of other deep-sea basins with sea-
sonally sedimenting phytoplankton blooms [re-
viewed in (36)]. Furthermore, the bare sediments
next to the algal depositsmaintained oxygen fluxes
of only 0.3 to 0.4 mmol O2 m

−2 day–1, equivalent
to a carbon demand of 1 to 2 g Cm−2 year−1. Such
low rates are typical for oligotrophic deep-sea
sediments (37, 38) and match carbon export
fluxes measured in the 1990s in this area (25, 27).
In contrast, in situ and ex situ microprofiling of
diffusive oxygen fluxes into sediments covered
by algal aggregates showed elevated rates of 5 to
6mmolO2m

−2 day−1, equivalent to carbon fluxes
of 25 g C m−2 year−1 (stations 7 and 8) (fig. S2).
This suggests considerable microbial respiration
(13 to 60%) of the algal carbon input. According-
ly, in cores covered by Melosira strands, oxygen
penetration in the sediment was reduced to a few

Table 1. Distribution of algal aggregates and characteristics of sea-ice stations investigated. Methods are provided in the supplementary materials.
Where available, averages and standard deviations are given. FYI, first-year ice; MYI, multiyear ice; n.d., not determined.

Ice station (no.) 1 2 3 4 5 6 7 8

Event* PS80_224 PS80_237 PS80_255 PS80_277 PS80_323 PS80_335 PS80_349 PS80_360
Date 8/9/12 8/14/12 8/20/12 8/25/12 9/4/12 9/7/12 9/18/12 9/22/12
Latitude (N) 84°3.03' 83°59.19' 82°40.24' 82°52.95' 81°55.53' 85°06.11' 87°56.01' 88°49.66'
Longitude (E) 031°6.83' 078°6.20' 109°35.37 130°7.77' 131° 7.72' 122°14.72' 61°13.04' 58°51.81'
Sea-ice cover (%) 80 80 70 80 60 50 100 100
Ice thickness (m) 1.0–1.2 1.2–2.0 0.7–1.2 0.7–0.9 1.2–1.7 0.9–1.7 1.2–1.8 1.1–1.8
First/multiyear ice FYI FYI FYI FYI FYI FYI/MYI FYI/MYI FYI/MYI
Melt-pond cover (%) 40 20 40 50 10 30 20 20
Drift (knots) 0.14 T 0.1 0.35 T 0.2 0.55 T 0.2 0.24 T 0.1 0.26 T 0.1 0.29 T 0.2 0.01 T 0.0 0.17 T 0.1
Surface radiation (W m−2)† 150 T 93 97 T 59 60 T 38 56 T 45 62 T 76 26 T 23 11 T 6 5 T 3
PAR under ice (W m−2) 33 5 9 n.d. 3 2 <1 <<1
Atmospheric temperature (°C) –1.5 –1.2 0.3 –0.3 –3.3 –1.6 –3.9 –10.1
Seawater temperature (5 m, °C) –1.5 –1.5 –1.6 –1.5 –1.5 –1.5 –1.8 –1.7
Salinity (5 m) 33.0 33.2 32.8 31.2 30.6 30.3 33.1 32.9
Mixed layer depth (m) 15 21 16 23 20 20 31 30
Melt water (m)‡ 0.5 0.7 0.7 1.1 2.3 2.2 0.8 0.9
Nitrate concentration (mM, ‡0–2 m) 2.89 3.08 0.29 0.42 0.1 0.08 0.97 0.49
N:Si/N:P (‡0–2 m) 3/10 2/10 0.3/2 0.1/2 0.03/1 0.02/0.4 0.02/0.3 0.3/2
14C-PP (mg C m−2 day−1)§ 62 9 19 36 39 10 5 4
New PP (g C m−2 year−1)‡ 16 7 12 7 9 10 16 15
Diatom contribution (%)‡ 40 28 32 24 n.a. n.a. 41 40
Sub-ice algal cover (%) 0.04 0.19 <0.01 n.d. 0.04 0.03 0.55 0.13
Ice algae composition dv. algae|| div. algae|| Melosira n.d. Melosira Melosira Melosira Melosira
Sea-floor algal cover (%) 0 0.03 T 0.04 1.3 T 0.4 0.33 T 0.4¶ 0.5 T 0.2¶ 0.8 T 0.6¶ 2.2 T 0.7 10.4 T 0.5
Sediment CPE (mg cm−3) 0.7 T 0.1 1.4 T 0.3 1.0 T 0.3 1.0 T 0.4 0.7 T 0.2 0.5 T 0.1 0.6 T 0.1 0.8 T 0.5
Sediment Chla/CPE ratio (%) 10 17 22 22 18 14 14 14
Megafauna biomass
(g wet weight m−2)

0.42 1.01 3.36 1.07 3.19 5.49 3.46 0.33

Gut CPE (mg cm−3) n.d. n.d. 130 T 20 41 T 15 30 T 2 3 T 1 48 T 12 n.d.
Gut Chla/CPE ratio (%) n.d. n.d. 43 49 66 22 51 n.d.
Ice algae composition sediment/gut n.d. n.d. Melosira Melosira

div. algae||
Melosira

div. algae||
Melosira

div. algae||
Melosira Melosira

div. algae||
Ice algae C deposition (g C m−2) 0 0.5 20 5 7 11 32 156
Water depth (m) 4014 3485 3569 4161 4031 4355 4380 4374
*Supplementary data available at http://doi.pangaea.de/10.1594/PANGAEA.803293. †Refers to incoming global radiation at the surface. ‡Estimates based on seasonal inventories of
the mixed-layer depth of the previous freezing season (see supplementary materials). §Depth-integrated rates for the water column euphotic zone (1% PAR under the ice). ||Diverse
algae included in various ratios: Porosira sp., Pleurosigma, Nitzschia sp., Fragilariopsis sp., Entomoneis sp, Chaetoceros sp., Navicula sp., Cylindrotheca, and other chain-forming pennate
diatoms. ¶Estimates include discolored patches/degraded algal patches.
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millimeters compared with the surrounding sedi-
ment, where oxygen penetrated >50 cm (fig. S1).
Hence, if high exports of sea-ice algae had oc-
curred regularly before 2012, oxygen penetration
depth would have been less than observed, in-
dependent of the fresh Melosira deposits (30).
Hence, we conclude that massive algal falls
were rare.

Arctic climate models predict a further de-
cline in the sea-ice cover, toward a largely ice-free
summer in the Arctic in coming decades (39).
Our observations support the hypothesis (14) that
the current sea-ice thinning and increasing melt-
pond cover may be enhancing under-ice productiv-
ity and ice-algae export,with ecological consequences
from the surface ocean to the deep sea.
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Fig. 2. M. arctica aggregations. Strands (~20 cm) ofMelosira (A) under ice (station 7), (B) recovered from
the sea floor (station 7), and (C) photographed in situ with K. hyalina grazing on deposits (station 3). (D to
F) Microscopic images of Melosira cells from (A), (B), and (C) (extract of Kolga gut), respectively.
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