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ABSTRACT
It is fundamental to understand the development of Zygnematophycean (Streptophyte) micro-algal blooms within
Greenland Ice Sheet (GrIS) supraglacial environments, given their potential to signi�cantly impact both physical (melt) and
chemical (carbon and nutrient cycling) surface characteristics. Here, we report on a space-for-time assessment of a GrIS ice
algal bloom, achieved by sampling an �85 km transect spanning the south-western GrIS bare ice zone during the 2016
ablation season. Cell abundances ranged from 0 to 1.6 × 104 cells ml�1, with algal biomass demonstrated to increase in
surface ice with time since snow line retreat (R2 = 0.73, P < 0.05). A suite of light harvesting and photo-protective pigments
were quanti�ed across transects (chlorophylls, carotenoids and phenols) and shown to increase in concert with algal
biomass. Ice algal communities drove net autotrophy of surface ice, with maximal rates of net production averaging
0.52 – 0.04 mg C l�1 d�1, and a total accumulation of 1.306 Gg C (15.82 – 8.14 kg C km�2) predicted for the 2016 ablation
season across an 8.24 × 104 km2 region of the GrIS. By advancing our understanding of ice algal bloom development, this
study marks an important step toward projecting bloom occurrence and impacts into the future.
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INTRODUCTION
Micro-algal residence within supraglacial environments has
been reported from numerous polar and high-altitude locations,
including Antarctica (Ling and Seppelt 1990), Alaska (Takeuchi,
2001, 2013; Ganey et al. 2017), Siberia (Takeuchi et al. 2006, 2015),
the Himalayas (Yoshimura, Kohshima and Ohtani 1997) and the
Greenland ice sheet (GrIS). For the latter, the presence of micro-
algal communities on surface ice has been known since the sec-
ond half of the 19th century (Nordenski ¤old 1872), though only

recently have studies reported the potential for wide-spread �ice
algal� bloomsduring summer ablation periods (Uetake et al. 2010;
Stibal et al. 2012; Yallop et al. 2012; Lutz et al. 2014; Stibal et al.
2017a). Distinct from communities associated with snow-pack
(e.g. Chlorophyta) and cryoconite (e.g. Cyanobacteria) habitats
(Lutz et al. 2014), ice algal assemblages are comprised of few, spe-
cialised taxa belonging to the Zygnematophyceae (Streptophyta)
(Remias, Holzinger and L ¤utz 2009; Remias et al. 2012a,b). Blooms
occur within the upper few centimetres of surface ice when
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liquid water, photosynthetically active radiation and nutrient
resources are available during the ablation season (Yallop et al.
2012; Stibal et al. 2017a; Stibal, Bradley and Box 2017b), and are
manifest through the brownish-greyish colouration they lend
to the ice surface, which is often described as dark- or dirty-
ice (Yallop et al. 2012; Chandler et al. 2015; Anesio et al. 2017;
Musilova et al. 2017).

Additional to the typical suite of light harvesting and photo-
protective pigments associated with green microalgae (Remias,
Holzinger and L ¤utz 2009; Yallop et al. 2012), ice algae are known
to produce a purpurogallin-type phenolic pigment that is postu-
lated to provide photo-protection against excessive UV and visi-
ble light experienced in supraglacial environments (Remias et al.
2012a,b). This pigmentation, coupled with the high abundance
of cells achieved during blooms (�104 cells ml�1; Yallop et al.
2012; Stibal et al. 2017a), has been suggested to be one of the
main drivers of albedo reduction (surface darkening) reported
from numerous polar regions, including the western margin of
the GrIS in the so-called dark zone (Yallop et al. 2012; Stibal et al.
2017a; Van Den Broeke 2017G27). As albedo has a primary con-
trol on surface melt (Box et al. 2012), biological-albedo reduction
associated with ice algal blooms may have contributed to the
accelerating surface run-off apparent from the GrIS since the
early 1990s (Yallop et al. 2012; Van den Broeke et al. 2017; Stibal
et al. 2017a), a primary driver of global sea level rise (Van den
Broeke et al. 2017). Yet empirical evidence to fully quantify the
role of ice algae in this process is currently lacking (Cook et al.
2017; Tedstone et al. 2017).

In addition to feedbacks on surface melt, ice algal blooms
may also impact carbon and nutrient cycling within supraglacial
habitats, with consequences for down-stream ecosystems
(Stibal et al. 2012). Whilst the greatest microbial activity is com-
monly associatedwith cryoconite debris (Anesio et al. 2009; Hod-
son et al. 2010), surface ice dominated by ice algae may �x sub-
stantially more CO2 than cryoconite given its greater spatial
extent (Cook et al. 2012; Yallop et al. 2012; Chandler et al. 2015).
A modelling approach demonstrated ice algal communities to
be the primary contributors to supraglacial carbon �xation, con-
tributing signi�cantlymore than cryoconite-associated commu-
nities (Cook et al. 2012), with accumulation of autochthonous
organic carbon demonstrated within net autotrophic, dirty ice
habitats (Musilova et al. 2017). Labile organic carbon not con-
sumed in-situ by secondary production can be exported by
meltwater �ushing and utilised within downstream ecosystems
(Musilova et al. 2017; Smith et al. 2017).

Given the potential of ice algal blooms to signi�cantly alter
both the physical and chemical supraglacial environment, it
is thus fundamental to understand how blooms develop in
space and time. Despite this, a limited number of studies have
assessed ice algal blooms on the GrIS (e.g. Uetake et al. 2010;
Yallop et al. 2012; Stibal et al. 2017a), exemplifying the limited
information available for ice algae in comparison to other glacial
microbial communities (Anesio et al. 2017). Yallop et al. (2012)
reported maximal densities of ice algae to range 9.1�29.5 × 104

cells ml�1 at a marginal south-westerly GrIS location, though
observed no spatial trends in algal abundance across their 75
km transect. Recently, Stibal et al. (2017a) reported point obser-
vations of algal loadings for a range of GrIS locations and mon-
itored bloom dynamics over an ablation season in a similar
south-westerly location. They demonstrated that increases in
algal abundance with time over the ablation period weremoder-
ated by rainfall events, determining amean population doubling
time of 5.5 – 1.7 days (Stibal et al. 2017a).

Here, we report on a space-for-time assessment of an ice
algal bloomoccurring on the south-western GrIS. As the ablation
season proceeds, snow line retreat inland from the ice margin
exposes increasing amounts of bare ice in which algal blooms
can occur. Sampling along a transect perpendicular to the ice
margin thus allows us to substitute space (distance inland from
the margin) for time (duration since snow line retreat), permit-
ting a quasi-temporal assessment of bloom development. We
focus here predominantly on the bare ice zone (see Hodson et al.
2010), the most important region in terms of microbial abun-
dance and activity (Stibal et al. 2012), using helicopter transects
spanning �50 km inland from the ice sheet margin toward the
accumulation zone. Emphasis was placed on capturing dynam-
ics in algal biomass and pigmentation across transects, given
their importance in driving biological-albedo effects (Cook et al.
2017). The carbon �xation potential of ice algal assemblages was
further characterised and up-scaled using relationships iden-
ti�ed between the time since snow line retreat, algal biomass
and net production, to provide the �rst temporally and spatially
resolved estimate of organic carbon accumulation in surface ice
driven by a GrIS ice algal bloom.

METHODS
Site and sampling details

Assessment of an algal bloom occurring in surface ice of the
GrIS was achieved using a space-for-time approach by conduct-
ing two helicopter transects across �85 km of the ablation- to
the accumulation-zone of the western ice sheet margin during
the 2016 ablation season (Fig. 1 and Table 1). Transects were con-
ducted on the 27th July 2016 (T1, DOY = 209) and the 5th August
2016 (T2, DOY = 218), with three sites examined per transect,
ranging from �20 to 30 km apart. The most inland sites (S1a
and S1b) differed between transects, whilst sites 2 (S2) and 3
(S3) were assessed on both transects. To allow a space-for-time
conversion, the duration of time (d) since snow line retreat was
determined for each sampling site using MODIS MOD09GA sur-
face re�ectance (R) data following the approach of Tedstone et al.
(2017). Brie�y, a threshold was applied to daily band 2 (841�876
nm, R < 0.6) images and the �rst day of themelt season at which
each sampling site became snow free was identi�ed by applying
a 7-day rolling window in which a minimum of 3 days had to be
classi�ed as snow-free, 0 as snow-covered and a maximum of
4 days could be cloudy (Table 1). Given the location of site S1a
near the equilibrium line, snow line retreat was not predicted
at this location before sampling occurred during T1. Across all
other sites, the duration since snow line retreat varied inversely
with distance from the ice sheet margin (Table 1).

At each site, n = 10 discrete surface areas measuring approx-
imately 20 × 20 × 2 cm (length x width x depth) were sampled
in order to constrain ice algal abundance, species diversity and
pigmentation. Sample locations were chosen randomly across
an area �50 × 50 m upwind of the helicopter landing position.
Whilst no formal sampling strategy was performed, sampling
was conducted to be representative of the surface types present
at each site. For each surface sample, a spectral re�ectancemea-
surement was taken prior to disturbance of the surface. This
was achieved using a Field Spec Pro 3 spectrometer (ASD, USA)
with a collimating lens limiting the instantaneous �eld of view
of the �bre optic to 8�, held 30 cm above the sample surface at
nadir viewing angle to provide a ground �footprint� of �35 cm2.
The same procedure was used to measure the re�ectance of a
Spectralon reference panel immediately before and after each
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Figure 1. Sampling sites and camp location on the south-western Greenland ice sheet (A), with insert showing the relative position of the sampling region within
Greenland. Transect 1 (sites S1a, S2 and S3) was performed on the 27th July 2016 (DOY = 209) and transect 2 (sites S1b, S2, S3) on the 5th August 2016 (DOY = 218).
Images show the supraglacial surface environment of sites S1a (B), S2 (C) and S3 (D) during transect 1, illustrating the conspicuous increase in surface impurities
apparent across transects toward the ice sheet margin. Ancylonema nordenski ¤oldii (E) and Mesotaenium berggrenii (F) were shown by this study to dominate surface ice
across transects (scale bars = 10 µm in both cases).

Table 1. Site and sampling details.

Site GPS location Distance from ice margin DOY of snow line retreat
Duration since snow line

retreat (d)

S1a 67.0003, - 47.0154 �135 km 213 n.a.
S1b 67.0631, - 47.5433 �110 km 205 13 (T2)
S2 67.0571, - 48.3064 �75 km 191 18 (T1)

27 (T2)
S3 67.0913, - 48.8929 �50 km 152 57 (T1)

66 (T2)

Sites S1a and S1b were surveyed during transect 1 (T1, DOY = 209) and transect 2 (T2, DOY = 218), respectively, whereas sites S2 and S3 were surveyed during both
transects.

measurement of the sample surface to enable the hemispheri-
cal conical spectral re�ectance factor (HCRF) of the surface to be
calculated. Subsequently, the surface was imaged with a scale,
and the top 2 cm collected using a metal ice saw and trowel into
a sterile Whirl-Pak bag. Sampling tools were washed between
samples withMiliQ water andWhirl-Pak bags were immediately
placed into the dark and transported to a primary ice camp (�35
km inland from the ice sheet margin, Fig. 1) within 3 h for pro-
cessing.

Sample processing

All samples were melted in the dark over a �24 h period at the
primary ice camp. Following melting, samples were thoroughly
homogenised before sub-sampling. To assess algal cell numbers,

species diversity and biovolume, 15 ml of homogenised sam-
ple was �xed with 25% glutaraldehyde at 2% �nal concentra-
tion. Samples were stored in the dark under ambient ice sheet
temperatures until transport to the University of Bristol, UK,
for counting. Counts were performed using a Fuchs-Rosenthal
haemocytometer (Lancing, UK) on a Leica DM 2000 epi�uores-
cence microscope with attached MC120 HD microscope camera
(Leica, Germany). For those samples containing suf�cient cell
abundance, aminimum of 300 cells were counted to ensure ade-
quate assessment of assemblage diversity. Imaging for quanti�-
cation of cell volumes was performed in parallel to counts and
measurements of cell diameter and height made using ImageJ
software, with cell volume calculated considering ice algal cells
as regular cylinders after Hillebrand et al. (1999). Cell volumes
(µm3 cell�1) were converted to biomass (pg C cell�1) using the
relationship of Montagnes et al. (1994) between cellular carbon
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