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a b s t r a c t

Glacier ice released to the oceans through iceberg formation has a complex effect on the surrounding

ocean waters. We hypothesized that phytoplankton communities would differ in abundance, composi-

tion and production around or close to an iceberg. This paper tests the influence of individual icebergs

on scales of meters to kilometers, observed through shipboard oceanographic sampling on March-April

2009. Surface waters (integrated 0-100 m depth, within the euphotic zone) sampled close to the iceberg

C-18a (o1 km) were characterized by lower temperatures, more dissolved nitrate, less total

chlorophyll a (chla) concentration, less picoplankton (o3 mm) cell abundance, and higher transparency

than surface conditions 18 km upstream. However, enrichment of large cells, identified as diatoms, was

the basis of an active food chain. Upward velocity of meltwater and dissolved Fe concentrations in

excess of 1-2 nM are expected to facilitate diatom specific growth. The presence of diatoms close to the

iceberg C-18a and the higher variable fluorescence (Fv/Fm) indicated healthy cells, consistent with

Antarctic waters rich in micronutrients. Furthermore, chla increased significantly 2 km around the

iceberg and 10 days after the iceberg’s passage. We hypothesize that the lower biomass next to

the iceberg was due to high loss rates. Underwater melting is expected to dilute phytoplankton near the

iceberg by entraining deep water or by introducing meltwater. In addition, high zooplankton biomass

within 2 km of the iceberg, mainly Antarctic krill Euphausia superba and salps Salpa thompsonii, are

expected to exert heavy grazing pressure on phytoplankton, the krill on large cells 410 mm and the

salps on smaller cells, 3-10 mm. The iceberg’s main influence in the austral fall is measured not so much

by phytoplankton accumulation but by reactivation of the classic Antarctic food chain, facilitating

diatom growth and sustaining high Antarctic krill populations.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Sea ice, doubling the size of Antarctica every winter, is known
to favorably affect water-column microbial communities in spring
and summer through the marginal ice zone (Smith and Nelson,
1985). Similarly, glacier ice released to the oceans through iceberg
formation could influence the water column and positively affect
the biology through several physical-chemical processes.
Although large icebergs such as the B-15 (295 km long�40 km
wide) off the Ross Ice Shelf affect the local pack ice dynamics by
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decreasing incident light and consequently decreasing seasonal
primary production by as much as 40% (Arrigo et al., 2002),
smaller icebergs (of the order of several km or less) that move
along the Antarctic coastal current (Gladstone et al., 2001) seem
to have a positive effect on phytoplankton (Smith et al., 2007).

Primary production in Antarctic coastal areas may be limited
by light (Mitchell and Holm-Hansen, 1991), zooplankton grazing
(Walsh et al., 2001) or micronutrients such as Iron (Fe) (Martin
et al., 1990; Boyd et al., 2000). Phytoplankton community com-
position responds to changes in water-column stability as well as
Fe or Ammonium (NH4

+) enrichment (Martin et al., 1990). As
observed during seasonal succession, microplankton cells
(420 mm) can dominate in productive waters during the spring
bloom and along the ice edge while flagellates and microflagel-
lates, many of them nanoplanktonic (2-20 mm), are abundant in
less productive environments or later in the season (reviewed
by Knox, 2007). Diatoms and/or the colonial prymnesiophyte
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Phaeocystis spp. are major contributors to autotrophic organic
carbon during periods of high productivity (Fryxell and Kendrick,
1988), and potentially, around icebergs (Whitaker, 1977). As the
dynamics of upwelling and water-column stabilization in the
vicinity of icebergs are expected to be similar to those observed in
the marginal ice zone (Dunbar, 1984) we can also expect to detect
changes in community composition around the iceberg, as com-
pared to background water. The similarity with the ice edge is,
however, limited, as no ice algal seeding is expected from icebergs
(but see Roberts et al., 2007). Phytoplankton composition can be
affected by grazing pressure as well; diatom biomass from the
Weddell Sea can be grazed down and replaced by a community
composed of flagellates such as cryptomonads and Pyramimonas

(Hegseth and Von Quillfeldt, 2002; Froneman et al., 2004). Shelf
waters of the Western Antarctic Peninsula present similar
dynamics (Garibotti et al., 2003a; Walsh et al., 2001).

Although only a limited number of studies exist concerning
the impact of icebergs on the microbial community in the
Antarctic, the few available studies from the Arctic and Antarctic
have yielded contradictory results. While Shulenberger (1983) did
not find any increase in phytoplankton biomass around Arctic
icebergs, others have found increased phytoplankton and seabirds
associated with them (Hooper, 1971). Two factors that have been
consistently studied are degree of drifting and iceberg size.
Grounded icebergs seem to create a more productive system in
their area of influence, while no such effect has been detected in
drifting icebergs. Extremely large icebergs seem to decrease
regional production due to decreased free surface between ocean
and atmosphere (i.e., Arrigo et al., 2002) while a positive effect is
expected for smaller icebergs due to the nutrient enrichment and
contribution of freshwater. Recently, a study by Smith et al.
(2007) showed increased biological activity of phytoplankton,
zooplankton and birds attributed to the presence of free-floating
icebergs. High micronutrient concentrations originating from
sediments associated with the icebergs, capable of sustaining
healthy phytoplankton, suggested icebergs are an important
source of micronutrients to Antarctic coastal waters (Lancelot
et al., 2009) as has previously been shown for oceanic waters
(de Baar, 1995).

We hypothesized that phytoplankton around or close to the
iceberg would show different properties than plankton away from
the iceberg’s influence. Phytoplankton communities would differ
in abundance, composition and production. Changes in phyto-
plankton could occur at two different spatial scales: (i) around an
individual iceberg where a gradient of primary production could
Fig. 1. : Map of Powell Basin in NW Weddell Sea, showing the locations of the stations s

the Iceberg Alley area (filled black circles), and the Control Station site (triangles). Arr
develop perpendicular to the iceberg or on the iceberg plume, and
(ii) on a regional scale, in the area affected by iceberg drift, such as
the ‘‘iceberg alley’’ in the Weddell Sea. This paper presents a test
of the influence of individual icebergs on scales of meters to
kilometers, studied with oceanographic sampling on board ships.
Non-impacted waters serve as control sites.
2. Materials and Methods

Waters surrounding the iceberg and control areas away from
the iceberg’s influence were sampled for phytoplankton distribu-
tion, primary production and nutrients. Sampling for the Iceberg
III cruise was conducted on board the ARSV Nathaniel B. Palmer in
the Powell Basin, NW Weddell Sea, from 10 March through 7 April
2009 while iceberg C-18a was free-drifting between 611 and 621S
and between 49o and 52oW (Fig. 1, Table 1). The overall water
depth during the sampling ranged from 1600 to 3277 m. C-18
originated in the Ross Ice Shelf in 2002. C-18a, which is derived
from it, was tracked between Julian Day 152, 2005 and Julian Day
326, 2009 (Stuart and Long, 2011). The iceberg was sampled at a
distance of o1 km for waters impacted (Close C-18a) and at
474 km to the East as a control (Control Station, CS). We also
sampled at 16-18 km on the iceberg’s projected path as a
proximate control (Far C-18a). A fourth location, the Iceberg Alley
(IA), was sampled 4130 km to the South East of C-18a; it
represented an area of high iceberg density.

Water samples were taken with a Conductivity-Temperature-
Depth (CTD) rosette on the ship, outfitted with 24 8.5-L Niskin
bottles, a Wetlabs ECO fluorometer and a C-Star transmissometer
from Wetlabs. To estimate biomass, samples were taken at 10-12
depths from 0-500 m. For primary productivity we sampled
within the euphotic layer, at depths corresponding to 100%,
50%, 25%, 10%, 5% and 1% of incident irradiance. The euphotic
zone (Zeu) was defined as the layer of water above the 1% surface
irradiance. To determine the sampling depths, we used a Bio-
spherical Instruments QSP-200 L attached to the CTD rosette,
away from shading effects. Mixed-layer depth (MLD) was calcu-
lated as the depth where the change in water-column density
40.01 within a 5-m layer.

Nutrient concentrations were determined by flow injection
analysis using a Lachat Instruments Quikchem 8000 Autoanaly-
zer. Samples were collected directly from the Niskin bottles;
samples not processed at time of collection were frozen and
stored at �20 1C until analysis (usually for a few days). If frozen,
ampled between 10 March and 7 April 2009: the C-18a iceberg (single black dots),

ow depicts C-18a drift from 10-30 March.



Table 1
Geographical and physical properties of stations sampled during the Iceberg III cruise. Abbreviations include Temp (temperature), Fluor (fluorescence), and Trans

(transmission measured as beam attenuation). Data is averaged over the top 100 m sampled and is presented 7one standard deviation. For each sampling region, the

overall average and standard deviations are also presented beneath each sampling region. Locations that are significantly different from Close C-18a are marked in bold

(a¼0.05) and in bold italics (a¼0.1).

Event Sampling

Region

Date Distance

from

iceberg

(km)

Lat

(1S)

Lon

(1W)

Mixed

Layer

Depth

(m)

Average

Salinity

Average

Temp

(1C)

Average

Density

(kg m�3)

Average

Oxygen

(ml l�1)

Average

Fluor

(mg m-3)

Average

Trans (%)

3 Close C-18a 3/10/2009 0.58 62.256 51.689 56 34.02870.260 �0.61070.693 27.34770.239 7.3770.33 0.307 0.15 96.5571.30

29 Close C-18a 3/16/2009 0.49 61.967 51.352 51 33.99570.264 �0.44170.527 27.31470.235 7.3270.57 0.607 0.27 96.0471.41

39 Close C-18a 3/17/2009 0.71 62.793 51.599 25 34.1070.170 �0.77570.653 27.41370.164 7.2470.27 0.737 0.21 96.4771.18

101 Close C-18a 3/29/2009 0.32 62.369 50.713 32 34.23970.086 �0.72570.347 27.52570.084 7.0270.29 0.407 0.16 96.8170.92

108 Close C-18a 3/30/2009 0.72 61.481 50.318 50 34.11970.121 �0.34770.576 27.41070.123 7.2870.27 0.557 0.24 95.6771.64

Average7Standard Deviation 34.09670.095 �0.5870.18 27.40270.081 7.2570.13 0.5270.17 96.3170.45

8 Far C-18a 3/11/2009 16.60 62.311 51.601 24 33.92070.307 �0.46070.641 27.25470.275 7.4070.43 0.577 0.22 96.1771.10

46 Far C-18a 3/18/2009 17.82 61.562 51.484 20 33.98870.201 0.08370.707 27.28270.194 7.4470.25 0.807 0.35 95.1571.73

56 Far C-18a 3/20/2009 18.54 61.500 51.520 40 34.11170.176 �0.19970.594 27.39770.170 7.2470.35 0.6070.26 95.5771.59

65 Far C-18a 3/20/2009 18.00 61.512 51.618 - 34.15070.080 �0.18570.510 27.42870.089 7.2970.19 0.6770.26 95.3871.60

121 Far C-18a 4/1/2009 17.82 61.446 50.638 40 34.13370.155 �0.28970.520 27.41970.148 7.4170.29 0.7370.28 95.2771.54

Average7Standard Deviation 34.06070.101 �0.21070.197 27.35670.082 7.3670.09 0.6870.09 95.5170.40

147 Iceberg Alley 4/4/2009 - 62.806 49.883 45 34.14570.273 �1.09770.340 27.46470.233 7.0670.60 0.4370.16 97.0170.93

154 Iceberg Alley 4/5/2009 - 62.858 50.073 32 34.19770.248 �1.18570.249 27.50970.209 6.9470.63 0.4570.19 97.1570.97

Average7Standard Deviation 34.17170.037 �1.14170.062 27.48770.032 7.0070.09 0.4370.02 97.0870.10

141 Control Station 4/3/2009 - 61.687 48.636 55 33.91370.200 0.02370.583 27.22670.187 7.4770.33 1.1970.39 94.8071.32

170 Control Station 4/7/2009 - 61.794 48.440 47 33.90170.177 �0.08970.514 27.22270.165 7.5270.27 0.957 0.35 95.0071.22

Average7Standard Deviation 33.90770.009 �0.03370.079 27.22470.003 7.4970.03 1.0770.17 94.9070.14
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samples were carefully defrosted in warm running water for
�1 h. The phosphate method was a modification of the molyb-
denum blue procedure of Bernhardt and Wilhelms (1967), in
which phosphate was determined as a reduced phosphomolybdic
acid employing hydrazine as the reductant. The nitrate+nitrite
analysis used the basic method of Armstrong et al. (1967), with
modifications to improve the precision and ease of operation.
Sulfanilamide and N-(1-Napthyl) ethylenediamine dihydrochlor-
ide reacted with nitrite to form a colored diazo compound. For the
nitrate+nitrite analysis, nitrate (NO3) was first reduced to nitrite
(NO2) using a cadmium reduction column and imidazole buffer as
described by Patton (1983). Nitrite analysis was performed on a
separate channel, omitting the cadmium reductor. The silicic acid
method was based on that of Armstrong et al. (1967) as adapted
by Atlas et al. (1971). Addition of an acidic molybdate reagent
formed silicomolybdic acid which was then reduced by stannous
chloride. Ammonium was determined by an indophenol blue
method modified from ALPKEM RFA methodology which refer-
ences Methods for Chemical Analysis of Water and Wastes, March
1984, EPA-600/4-79-020, ‘‘Nitrogen Ammonia’’, Method 350.1
(Colorimetric, Automated Phenate).

Chlorophyll a (chla) concentration was estimated fluorometrically
from extracted samples (Holm-Hansen et al., 1965). Water aliquots
(120 or 250 ml) were filtered onto a membrane filter, frozen at
�80 1C for at least 24 h and extracted in 90% acetone at �20 oC.
Fluorescence was measured with a digital Turner Designs Model
AU10. Calibration was done with pure chla (Sigma Co.) in 90% acetone
(ACS grade) with concentration measured spectrophotometrically
(Jeffrey and Humphrey, 1975). Chla was measured in 6 size fractions
with 0.2, 1.0, 3.0, 5.0, 10.0 and 20.0-mm membrane polycarbonate
filters (Osmonics). The chla retained by the 0.2-mm filter was
considered total chla concentration. Chla in the different size fractions
(in units of mg m�3) is calculated by subtraction from the biomass
retained by consecutive filters. Chla in the 0-100 m layer is integrated
to represent average phytoplankton response within the euphotic
zone due to iceberg processes (in units of mg m�2). Integrated values
are calculated from surface to 100 m depth with the trapezoid
method.
Chla concentration was also measured with a Wetlabs ECO
(Environmental Characterization Optics) fluorometer attached to
a MOCNESS (Multiple Opening/Closing Net and Environmental
Sensing System from BESS Inc.) net based on determinations of
in vivo fluorescence by chla. Five locations, 0.4, 1.9, 9.3 and
18.5 km away from the iceberg were sampled from surface to
300 m (see Kaufmann et al. (2011) for more details). All deploy-
ments were carried out at night (midnight to 5 am local time) so
data from the different deployments are free of fluorescence
quenching and comparable among each other. The in vivo fluor-
escence was calibrated by the manufacturer to equivalent mg chla
m�3. The data were averaged by 10 m depth and expressed as
surface chla concentrations (0-10 m) in mg m�3 and integrated
chla (0-300 m) in units of mg m�2, as explained above.

Cell abundance in three size fractions was measured by flow
cytometry (cells o3 mm, cells 3-10 mm and cells 410 mm).
Samples (1 ml) were preserved with 2% paraformaldehyde solu-
tion and kept at �80 1C until analysis. Analysis was performed at
Bigelow Laboratory for Ocean Sciences at the J.J. MacIsaac Facility
for Aquatic Cytometry. Concentrations are expressed as number
of cells m�3.

The degree of phytoplankton health (i.e. absence of stress) was
estimated by its variable fluorescence (Fv/Fm), as measured by a
FIRe System (Satlantic). Blanks were estimated from filtered
seawater and reference fluorescence was estimated from
extracted chla in 90% acetone. Samples were collected from the
Niskin bottles upon CTD arrival on deck and stored in the dark at
4 1C for 15 min before analysis.

Estimates of primary production (SIS or Simulated In Situ
experiments) were made experimentally at each CTD station, during
24-h on-deck incubations in UV opaque plexiglas (UV-O) incubators
placed on a shade-free area on deck with temperature maintained at
surface in situ conditions with running sea water (range from
�1.5 1C to +1 1C). Duplicate 100-ml samples were incubated in
125-ml borosilicate bottles after addition of 5 mCi of NaH14CO3 per
bottle. After 24 h, the samples were concentrated onto 25-mm
Whatman GF/F filters, fumed with 20% HCl for 24 h and placed in
5 ml of Universal scintillation fluid. Samples were then counted with
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a scintillation counter (Perkin Elmer Tri-Carb 2900 TRs). Specific
activity of each sample depth was determined after 14C inoculation
from 0.1 ml of sea water fixed with 1 M NaOH. Time-zero values,
determined from filtration of 100-ml sample before incubation,
were always o5% of the light data. Primary production was
calculated from the difference of light minus dark bottle readings
and assuming a HCO3� in the water of 24,000 mg C kg�1 (Carrillo
and Karl, 1999). The efficiency of carbon uptake (PB) was calculated
as the integral of primary production divided by the integral of chla
for the euphotic zone (Falkowski, 1980).

Due to the small sample size and shape of the distributions,
non-parametric statistics were used to test differences between
medians (Statistica version 5). Effects of the iceberg on surround-
ing waters was measured by comparing locations with respect to
Close C-18a waters using the Mann-Whitney test; significance is
presented at a¼0.05 and a¼0.10. Spearman rank order correla-
tions were employed to establish relationships between paired
measured variables within a location; significance was set at
a¼0.05.
3. Results

Average temperature (0-100 m) was �1.14 1C70.062, �0.58 1C
70.183, �0.210 1C+0.197 and �0.033 1C70.079 (Table 1) defining
a gradient of increasing temperatures from Iceberg Alley to the
Control Station (po0.05). Average transmission showed a compar-
able gradient of decreasing transparency (more suspended particles)
while average salinity, density, oxygen and fluorescence did not
show significant changes (Table 1).

Total phytoplankton biomass, estimated from chla abundance,
was higher at Far C-18a (0.42 mg m3) and the Control Station
(0.45 mg m3), intermediate at Close C-18a and lowest at Iceberg
Alley (0.17 mg m3) (Fig. 2, Table 2A). The chla in the different size
fractions was higher in the mixed layer (0-50 m), decreasing
exponentially below. In general, the chla at Far C-18a and the
Control Station remained higher to 100 m while the Close C-18a
and Iceberg Alley stations started to decrease at a shallower depth
(�70 m). The picoplankton (o3 mm) fraction presented the high-
est concentration at the C-18a and Iceberg Alley sites (Fig. 2A, B,
Fig. 2. Chlorophyll a profiles for each size fraction at the Close C-18a stations, o1 km fr

Alley stations (C) and the Control stations, 74 km East of C-18a (D). Data represents th

Iceberg Alley and Control Station), and error bars represent one standard deviation fro

pigment scales for the different areas.
C) and was significantly lower at Close C-18a compared to Far
C-18a (Table 2A). Highest concentration at the Control Station
was associated with chla at 5-10 mm fraction (Fig. 2D). The larger
size fraction of 10-20 mm chla presented a minimum at the
surface and a maximum at �70-100 m depth at Close C-18a
and Iceberg Alley and was more constant with depth in the other
two locations (Fig. 2). The smaller fractions dominated the
assemblage in the surface 100 m, with the exception of the
Control Station where the intermediate fractions (3-5 mm and
5-10 mm) were more abundant (Table 2A). Total abundance was
higher at Far C-18a (Fig. 2A and Table 2A). Phaeopigment
concentration was on average �20% chla with some size fractions
as high as 50% (Table 2B).

Waters sampled close to the iceberg (Close C-18a), integrated
between 0-100 m depth, representative of the euphotic zone and
subject to iceberg melting, were colder, with deeper mixed layers,
more dissolved NO3, less total chla concentration, less pico-
(o3 mm) and nano- (5-10 mm) cell abundance and higher transpar-
ency than those 18 km upstream (Far C-18a) (po0.10, Tables 1–4;
Figs. 2 to 4). Large cells (410 mm) were concentrated at 70-100 m,
below the mixed layer; that peak was more conspicuous at Close
C-18a (Fig. 4A). A similar pattern was observed at Iceberg Alley.
Microphytoplankton (cells 420 mm) were higher at Close C-18a
than at Far C-18a (po0.1). In summary, the phytoplankton com-
munity influenced by the iceberg showed an enrichment of large
cells and a concomitant decrease of small cells in surface waters,
with a net effect of decreased total biomass o1 km from the
iceberg. This is similar to the reported higher 420 mm chla/total
chla for icebergs analyzed previously (Smith et al., 2007). Data from
2009 also showed large variability in the vicinity of the iceberg
(Table 2).

The difference between the waters at Close C-18a and those at
the Control Station was more striking. In addition to colder
waters, with lower chla 1-10 mm, lower fluorescence and more
transparency, the differences included lower cell abundance,
higher salinity and more healthy cells (higher Fv/Fm) near the
iceberg (Tables 1 to 4 and Figs. 2 to 4). Furthermore, more
microphytoplankton were present in the 0-40 m mixed layer at
C-18a compared to Far C-18a (po0.1, Cefarelli et al., 2011). These
results imply that the iceberg presence in western Powell Basin
om the iceberg (A), Far C-18a stations, 16–18 km NE of the iceberg (B), the Iceberg

e average of all stations at a given location (n¼5 for Close and Far C-18a, n¼2 for

m the mean. Data is plotted at the average depth for the location. Note different



Table 2
Chlorophyll a (Chla) and phaeopigment (Phaeo) size fraction within the euphotic zone. Data at each station represent the integrated to 100 m values and the mean and one

standard deviation for each location is summarized beneath each sampling region. Locations that are significantly different from Close C-18a (o1 km from the iceberg) are

marked in bold (a¼0.05) and in bold italics (a¼0.1). Number of samples in top 100 m was 6-8 depths.

Event Sampling

Region

Total Chla

(mg m�2)

Chla 0.2 m-1 m
(mg m�2)

Chla 1 m-3 m
(mg m�2)

Chla 3 m-5 m
(mg m�2)

Chla 5 m-10 m
(mg m�2)

Chla 10 m-20 m
(mg m�2)

Chla420 m
(mg m�2)

(A)

3 Close C-18a 22.012 4.202 2.493 3.786 3.917 1.396 6.669

29 Close C-18a 27.154 7.576 3.804 4.032 6.144 1.557 4.105

39 Close C-18a 27.664 6.775 3.761 2.780 3.539 2.562 8.888

101 Close C-18a 19.877 8.090 4.572 1.759 1.677 1.238 3.314

108 Close C-18a 30.585 12.748 5.790 4.590 2.495 2.056 2.917

Average7Standard

Deviation

25.45874.389 7.83873.106 4.08471.211 3.38971.122 3.55471.694 1.76270.543 5.17972.536

8 Far C-18a 27.113 – – – – – –

46 Far C-18a 33.747 10.025 4.659 5.545 7.983 1.369 4.567

56 Far C-18a 29.836 10.570 5.208 3.716 3.749 2.834 3.790

65 Far C-18a 41.763 19.428 7.258 4.148 4.228 3.133 3.538

121 Far C-18a 34.034 9.591 8.494 3.642 5.559 1.625 5.501

Average7Standard

Deviation

33.29875.537 12.40374.700 6.40571.787 4.26370.883 5.38071.897 2.24070.873 4.34970.884

147 Iceberg Alley 11.827 6.031 1.943 1.483 1.398 0.274 0.699

154 Iceberg Alley 12.849 5.862 2.855 1.155 1.709 0.613 0.685

Average7Standard

Deviation

12.33870.723 5.94770.119 2.33970.645 1.31970.232 1.55470.220 0.44370.240 0.69270.010

141 Control

Station

33.734 5.271 1.680 8.215 13.336 2.843 2.513

170 Control

Station

27.532 3.270 1.403 6.175 12.630 2.240 1.796

Average7Standard

Deviation

30.63374.385 4.27071.415 1.54270.196 7.19571.443 12.98370.499 2.54270.427 2.15570.507

(B)

Event Sampling

Region

Total Phaeo

(mg m�2)

Phaeo 0.2 m–1 m
(mg m�2)

Phaeo 1 m-3 m
(mg m�2)

Phaeo 3 m-5 m
(mg m�2)

Phaeo 5 m-10 m
(mg m�2)

Phaeo 10m-20 m
(mg m�2)

Phaeo 420 m
mg m�2)

3 Close C-18a 6.037 1.866 1.238 0.702 0.891 0.281 1.089

29 Close C-18a 3.540 0.551 0.720 0.722 1.305 0.201 0.071

39 Close C-18a 8.332 2.751 1.545 0.578 1.535 0.664 1.444

101 Close C-18a 6.567 0.810 1.856 0.725 2.542 0.666 0.887

108 Close C-18a 7.222 1.486 1.868 0.605 1.871 0.601 0.901

Average7Standard

Deviation

6.33971.784 1.49370.877 1.44570.481 0.66770.070 1.62970.622 0.48270.244 0.87870.504

8 Far C-18a - - - - - - -

46 Far C-18a 7.867 1.696 1.009 1.613 1.425 1.365 0.532

56 Far C-18a 5.536 0.364 2.068 1.372 1.270 1.191 0.635

65 Far C-18a 10.393 3.118 2.103 0.835 2.725 0.768 0.840

121 Far C-18a 5.084 0.549 2.145 0.941 1.845 0.278 0.111

Average7Standard

Deviation

7.22072.441 1.43271.269 1.83170.549 1.19070.365 1.81670.653 0.90070.485 0.52970.307

147 Iceberg Alley 2.873 1.104 0.713 0.272 0.374 0.291 0.319

154 Iceberg Alley 2.787 0.402 1.274 0.274 0.442 0.227 0.258

Average7Standard

Deviation

2.83070.061 0.75370.496 0.99370.396 0.27370.002 0.40870.049 0.25970.045 0.28970.043

141 Control

Station

9.630 1.878 0.996 2.152 3.099 0.747 1.089

170 Control

Station

4.030 0.358 0.718 0.958 1.732 0.435 0.314

Average7Standard

Deviation

6.83073.960 1.11871.075 0.85770.197 1.55570.844 2.41570.967 0.59170.221 0.70270.548
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waters decreased the overall biomass, particularly of nanoplank-
ton cells, both as chla concentration and cell counts, but affects
composition selecting for growth of large cells.

Waters at Iceberg Alley were colder, with less dissolved
oxygen and higher transparency associated with less total chla
and phaeopigments, less chla at all size fractions, with the
exception of picoplankton (o3 mm), less phaeopigments in the
nanoplankton fraction (3-10 mm), lower primary production and
particulate carbon and nitrogen, lower NH4

+ and lower
photosynthetic efficiency (Fv/Fm) than at Close C-18a. This
indicates an area with similar chla size structure as the C-18a
area, but with less abundant and less healthy phytoplankton
(Tables 1–4, Figs. 2 to 4).

Stations close to C-18a (Fig. 5A) and at Iceberg Alley (Fig. 5B)
had similar cell size distribution within the 0-100 m surface layer,
with smaller cells dominating the biomass. The main difference
was the lower overall biomass at Iceberg Alley. The size distribu-
tion at these sites was described by a negative exponential curve.



Table 3
Dissolved inorganic nutrients and particulate organic carbon and nitrogen. Data represent the average values in the top 100 m, and the mean and one standard deviation

from the mean for each location are summarized beneath each sampling region. Locations that are significantly different from Close C-18a are marked in bold (a¼0.05)

and in bold italics (a¼0.1). Number of samples in top 100 m was 6-8 depths.

Event Sampling

Region

Phosphate

(m mol m�2)

Nitrite

(m mol m�2)

Ammonium

(m mol m�2)

Silicate

(m mol m�2)

Nitrate

(m mol m�2)

Particulate

Organic

Carbon(mg m�2)

Particulate

Organic

Nitrogen(mg m�2)

3 Close C-18a 202.1 12.7 73.9 7580.6 2961.8 - -

29 Close C-18a 184.4 19.2 84.4 6199.4 2928.2 6755.1 1191.1

39 Close C-18a 188.3 17.1 101.9 6416.0 2834.7 - -

101 Close C-18a 190.5 18.7 57.9 6756.7 2958.2 3257.3 789.9

108 Close C-18a 186.8 19.9 82.3 6268.7 2774.5 4468.3 1050.1

Average7Standard Deviation 190.576.9 17.572.9 80.1716.1 6644.37565.8 2891.5783.1 4826.971776.2 1010.47203.5

8 Far C-18a 187.7 15.3 100.5 6938.6 2774.6 - -

46 Far C-18a 179.7 19.1 96.0 5825.6 2649.2 3886.7 789.5

56 Far C-18a 187.7 17.4 79.8 6429.3 2730.8 4043.4 884.6

65 Far C-18a 186.7 18.6 80.5 6637.0 2826.5 - -

121 Far C-18a 187.6 20.0 89.8 6160.4 2754.6 4438.6 1003.5

Average7Standard Deviation 185.973.5 18.171.8 89.379.2 6398.27428.5 2747.2765.1 4122.97284.4 892.57107.2

147 Iceberg Alley 198.1 18.2 58.4 6974.8 2937.2 2495.0 593.0

154 Iceberg Alley 188.9 16.0 57.0 7398.7 3024.9 3066.0 698.5

Average7Standard Deviation 193.576.5 17.171.6 57.771.0 7186.77299.8 2981.1762.0 2780.57403.8 645.7774.6

141 Control Station 179.5 18.8 81.9 6669.1 2737.2 5275.6 1097.9

170 Control Station 235.3 24.2 109.7 8235.4 3361.3 5630.2 1269.2

Average7Standard Deviation 207.4739.5 21.573.8 95.8719.7 7452.371107.5 3049.27441.3 5452.97250.7 1183.57121.2
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In general, more small cells were seen at Far C-18a, 18 km away.
In contrast, nanoplankton (5-10 mm) dominated at the Control
Station (Fig. 5C) with minimum contribution by the smaller and
larger size fractions.

Further analysis of the influence of the iceberg on chla
distribution was determined by analyzing samples at 5 distances
from the iceberg (Fig. 6). Surface chla showed higher concentra-
tion at 2 km (po0.05), a distance not sampled with CTDs. The
difference was significant with respect to 0.4 km and 18 km.
Integrated chla (0–300 m) showed the same pattern as surface
chla, but to a lesser degree (p¼0.245).

Primary Production showed intermediate values (Fig. 7), with
a range between 369 and 65 mg C m�2 d�1 within the euphotic
zone (Table 4). Rates were highest close to C-18a and at the
Control Station and lower 18 km away (Far C-18a). Lowest rates
were measured at the Iceberg Alley stations. Rates are mainly
related to chla concentrations, as expected for Antarctic coastal
waters (Dierssen et al., 2000; Vernet et al., 2008), although values
were higher than expected in waters close to the iceberg. For each
location primary productivity variability was high; differences
between Close and Far C-18a were not significant. The efficiency
of carbon uptake (PB), calculated as integrated production per
integrated biomass during daylight hours at this time of the year
was significantly higher close to the iceberg than 18 km away
(p¼0.05, Table 4).
4. Discussion

C-18a was sampled during austral fall of 2009, from mid
March to mid April. Sun angle is low at this time of year at this
latitude, and day length is also short (�12 h). A surface mixed
layer with relatively warm and fresh waters was always present
(35.5713.1 m). Winter water, represented by a temperature
minimum, was located at �100 m depth (Carmack and Foster,
1977). This layer was thicker and colder closer to the iceberg
(Stephenson et al., 2011). Underneath this feature were the main
thermocline and the Upper Circumpolar Deep Water. In general,
coastal waters offer less stratification than waters in the central
Weddell Sea (Gordon, 1998).

The western Powell Basin is a region often visited by free-
floating icebergs. Tracks indicate a general drift North East along
the continental slope of western Weddell Sea (Gladstone et al.,
2001). C-18a followed the bottom topography, moving parallel to
the continental slope (1600-3650 m depth; Fig. 1). We expected
waters of the Iceberg Alley area, in the SW Powell Basin, to be the
most affected by icebergs due to the seasonal drift of icebergs
along the region as well as the combined effect of many small
icebergs at the time of sampling. The C-18a area had also a
seasonal signal but with only one iceberg present for 20 days
(10–30 March 2009) the cumulative effect on the surrounding
phytoplankton was thought to be less. Finally, the Control Station
was considered the least influenced by icebergs.

The hydrography at the time of sampling is expected to be
influenced by the icebergs present through the austral summer
months, after sea ice retreat. The observed temperature gradient
in the surface waters (0-100 m; Table 1) is in agreement with
expected input by melting icebergs. Temperature-Salinity (T-S)
diagrams show varying surface melting, from higher temperature
and salinity at the Control Station east of C-18a, intermediate in
the west (C-18a region), and minimum at the Iceberg Alley
(Stephenson et al., 2011). Thus, far-field differences between
C-18a waters and the Control Station water can be attributed to
the presence of the iceberg C-18a. Near-field differences intro-
duced by the iceberg at the time of sampling can be established
by comparing Close C-18a and Far C-18a waters, 18 km away.
Regional iceberg influence can be established from properties
observed at Iceberg Alley.

The distribution of phytoplankton abundance along the
meltwater gradient established by water temperature was
opposite to our expectations (Table 2). The higher chla con-
centration observed at the Control Station and lower at Close
C-18a and Iceberg Alley was in opposition to previous results
(Smith et al., 2007; Schwarz and Schodlok, 2009). Different
from large icebergs in the Ross Sea Ice Shelf (Arrigo et al., 2002;
Rhodes et al., 2009), small free-drifting icebergs increase
phytoplankton concentration and favor diatoms, known to be



Table 4
Primary productivity, fluorescence induction (FIRe) parameters and cell counts from flow cytometry data. Abbreviations include Zeu (euphotic zone depth), PB (efficiency of carbon uptake) and Phyto (phytoplankton). Production

and fluorescence parameters represent the integrated (Primary Production and PB) or average (Fv/Fm, s, t) within the euphotic zone and the average of the top 100 m for the phytoplankton cell counts (n¼number of cells).

Fv/Fm is the maximum quantum efficiency of Photosystem II, in the dark; s is the functional absorption cross section of PSII; t is the rate of electron transport of PSII (PQ re-oxidation). The mean and one standard deviation

from that mean for each location are summarized beneath each sampling region. Locations that are significantly different from Close C-18a are marked in bold (a¼0.05) and in bold italics (a¼0.1). Number of samples in top

100 m was 6–8 depths.

Event Sampling

Region

Zeu (m) Primary Production

(mg C m�2 d�1)

PB

(mgC (mg Chla)�1 h�1)

Fv/Fm s (Å2 q-1) t (ms) Total Phyto

(nn108 m�3)

Phyto 410 m
(nn108 m�3)

Phyto 3–10 m
(nn108 m�3)

Phyto o3 m
(nn108 m�3)

3 Close C-18a – – – – – 27.67717.82 0.365770.2909 12.0476.084 15.27712.06

29 Close C-18a 102 367.3 13.53 0.58670.060 931787 24187829 27.40713.93 0.475070.2167 11.6074.714 15.337 9.113

39 Close C-18a 110 368.9 14.05 0.61470.053 7517123 31647355 31.97711.85 0.407570.2982 20.1873.447 11.397 9.145

101 Close C-18a 68 108.3 5.45 0.58970.040 5797115 14547845 13.817 6.028 0.322570.1748 5.91571.810 7.57074.152

108 Close C-18a 70 258.2 8.44 0.63970.040 596798 27457380 29.09717.76 0.531470.3452 12.0676.193 16.50711.19

Average7Standard Deviation 275.77123.1 10.3774.14 0.60770.025 7147164 24457728 25.9977.046 0.420470.0837 12.3675.084 13.2173.697

8 Far C-18a 75 114.3 4.21 0.50570.029 6017 88 344271522 - - - -

46 Far C-18a 53 274.2 8.13 0.60470.070 7277108 25957389 35.45721.52 0.560070.3295 15.687 8.867 19.22712.46

56 Far C-18a 50 234.7 7.87 0.62670.049 5387 19 25917224 30.52717.72 0.635070.3127 9.24574.520 20.64713.02

65 Far C-18a - - - 0.66270.020 509757 38097900 31.63715.24 0.594370.3586 11.5473.623 19.49711.39

121 Far C-18a 34 106.4 3.13 0.58970.022 595796 29957294 21.3879.819 0.524470.3325 10.3974.110 10.4775.839

Average7Standard Deviation 182.4784.8 4.6773.41 0.59770.059 594784 30867535 29.7575.963 0.578470.0047 11.7172.803 17.4574.697

147 Iceberg Alley 53 64.5 5.46 0.56770.048 8857165 33097921 21.1279.304 0.242570.1859 13.467 4.960 7.42574.982

154 Iceberg Alley 55 86.9 6.77 0.57370.041 7277149 38787808 22.91711.89 0.240070.1690 14.647 6.360 8.02875.824

Average7Standard Deviation 75.57 15.8 6.11 70.93 0.57070.004 8067111 35947402 22.0271.262 0.241370.002 14.057 .0.838 7.72670.426

141 Control Station 54 255.4 7.57 0.39970.063 832789 33547593 44.52718.66 1.82370.8645 18.3976.927 24.31711.01

170 Control Station 58 232.8 7.21 0.37470.038 10217 204 39907640 37.06714.18 2.08970.9024 10.4372.929 24.54711.02

Average7Standard Deviation 244.1716.0 7.3970.25 0.38670.018 9277133 36727450 40.7675.274 1.95670.0188 14.4175.626 24.4270.0164
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Fig. 3. Phaeopigment profiles for each size fraction at the Close C-18a stations (A), Far C-18a stations (B), the Iceberg Alley stations (C) and the Control Stations (D). Data

represents the average of all stations at a given location, and error bars represent one standard deviation from the mean. Data is plotted at the average depth for the

location. Note different pigment scales for the different areas.

Fig. 4. Profiles of chlorophyll a (A) and phaeopigments (B) in the greater than

10 mm fraction as a function of the total chlorophyll (or phaeopigments). Data

represents the average of all stations at a given location.
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selected by krill as favorite food (Ross et al., 2000). Although
the chla accumulation around grounded icebergs (Whitaker,
1977) is not observed around free-floating icebergs, the latter
drift when in open waters, distributing their influence over
large areas in short periods of time (Bigg et al., 1997). The
accumulated effect could be in the order of thousands of km2
per month for an iceberg of the dimensions of C-18a (Helly
et al., 2011).

High variability in the response of phytoplankton abundance to
icebergs has been observed in previous studies. An iceberg might be
expected to decrease or increase chla concentration and this differ-
ence might be related to in situ chla concentrations (Schwarz and
Schodlok, 2009). These authors found that if chla o0.36 mg m�3 the
iceberg tended to increase surface chla after its passage while levels
tended to decrease when in situ chl a concentrations were
40.6 mg m�3. Average chla abundance in surface waters of western
Powell Basin during fall 2009 was on the order of 0.55 mg m�3

(Fig. 2B) and decreased to an average 0.45 mg m�3 (Fig. 2A)
ato1 km from C-18a. However, at 2 km away the chla increased
significantly (po0.05) to a concentration �11% higher 16-18 km
away (Fig. 6A). Schwarz and Schodlok (2009) also found variability in
the chla response at different times of the year, with no increase
during October, February and March and positive increase in
November, January and February. Due to the expected variability
introduced by the iceberg, we consider our results an underestima-
tion of the patterns and processes generated by the iceberg. Sampling
an iceberg was challenging as the iceberg drifted, traveling over
different waters along the way. Repetitive sampling within a 3-week
period, as on this cruise, was done in different water masses which
increases variance and decreases signal to noise ratio for the
variables of interest. The icebergs’ high-frequency motion, (rotation
and surging) added variability as well. Large calving events might be
less frequent and variable in magnitude, but sides of the icebergs fell
frequently creating ‘‘growlers’’ and brash that introduced surface
patchiness (Robe, 1978). The size of the iceberg can limit optimum
sampling: a large proportion of time can be spent changing location.
The threat of calving limits the distance where the ship can operate
safely and sampling of waters a few meters away from the iceberg
can only be done remotely. Iceberg drift could be another source of
variability when determining an iceberg’s dynamics and its effect on
the surrounding ecosystem. C-18a drifted at an average speed of
0.15-0.52 km h�1 (Helly et al., 2011), which was slow compared to
A52, that was moving at a speed of 1.45 km h�1 in December 2005
off Clarence Island (Smith et al., 2007), but similar to the mean daily
iceberg drift of 11.577.2 km d�1 (�0.5 km h�1; Schodlok et al.,
2006).



Fig. 5. One hundred (100)-m averaged chlorophyll a for each size fraction, at the

Close and Far C-18a stations (A), the Iceberg Alley stations (B) and the Control

Station (C). Data represents the average of all stations at a given location and error

bars represent one standard deviation from the mean. Six to eight depths were

sampled per CTD cast.

Fig. 6. Chlorophyll a calculated from the MOCNESS CTD fluorometer, plotted as a

function of distance from the C-18a iceberg. Open diamonds represent the average

value of the top 10 m of each trawl (A) or the average chlorophyll a integrated to

300 m for each trawl (B); filled circles in both panels represent the average of all

trawls for a given location. Error bars represent one standard deviation from the

mean. The similarity in variances was tested with Levine’s test for multiple

samples of unequal size and with non-normal distribution, p¼0.245. Non-

parametric comparison of means (Mann-Whitney test) indicate chla concentration

near the surface (0-10 m) at 2 km is significantly higher than at 18 km (po0.05).

Fig. 7. Profiles of Primary Production at each of the sampling locations. Depths of

incubation correspond to 100%, 50%, 25%, 10%, 5% and 1% of the surface irradiance.

Data represent the average of all stations at a given location; error bars represent

one standard deviation from the mean. Data are plotted at the average depth

sampled for each bottle at each location.
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C-18a drift generated a wake behind the iceberg (towards the
South West) observed during surface mapping (Helly et al., 2011).
Lower chla concentrations were observed o5 km, increasing
farther out (5-18 km). The wake had a permanence in excess of
10 days measured from the corresponding residence time of the
surface features (Helly et al., 2011), similar to the 6 days in
Schwarz and Schodlok (2009). The phytoplankton growth needed
to account for the observed 30% increase in chla after 10 days is
within the rates expected for healthy Antarctic phytoplankton.
While cell doubling of 2 days is considered maximum at 0 1C
(Eppley, 1972), average growth in the euphotic zone can vary
from 0.2 to 0.4 d�1 for phytoplankton with abundant nutrients at
the height of the growth season in January (Garibotti et al.,
2003b). Our results support the notion of healthy phytoplankton
in the iceberg’s vicinity, indicated by high variable fluorescence
and PB (Table 4). Preliminary growth estimates, based on primary
production and total suspended particulate carbon (Tables 3 and
4) provide an average rate within the mixed layer (0-�40 m) of
0.0770.02 d�1 or a division every �14 days, sufficient to account
for the observed increase in chla.
4.1. Patterns of phytoplankton distribution around the iceberg

Three patterns in chla distribution were analyzed in this study
with respect to the iceberg’s influence: surface chla (Fig. 6A),
integrated chla in the euphotic zone (Fig. 6B) and chla
size distribution with depth and distance from iceberg (Figs. 4
and 5). Results are mixed when compared with previous results,
with phytoplankton biomass lower at the iceberg than expected
(Table 2A). Similarly, primary production was low close to
the iceberg (Table 4). In contrast, physiological parameters
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indicated a healthy community with higher PB o1 km from
C-18a than at 18 km away and high variable fluorescence
(Fv/Fm) (Table 4).

The pattern of surface chla distribution described for the
December 2005 icebergs (Smith et al., 2007) was observed in
waters around C-18a, with chla significantly higher at a distance
of 2 km (Fig. 6A). Here we show that this pattern extends to depth
(Fig. 6B). However, chla biomass was on average lower than
expected at the iceberg’s proximity (Table 2B), higher in control
areas (Far C-18a and the Control Station) and lowest at Iceberg
Alley. Thus, the gradient in phytoplankton biomass between
stations was opposite to meltwater input, lowest at Iceberg Alley
and Close C-18a, and highest at Far C-18a and the Control Station.

Large phytoplankton cells (chla 410 mm) were more abun-
dant near C-18a compared to 18 km away and the Control Station
(Figs. 2A and 4A) with a peak at 70-100 m, in agreement with
findings that diatoms, mostly large nano- or microphytoplankton,
dominated phytoplankton composition near the iceberg (Cefarelli
et al., 2011). Corethron pennatum and various Chaetoceros spp.
were abundant microplanktonic species while Thalassiosira and
Fragilariopsis nana contributed to the nanoplankton. Large phyto-
plankton cells are commonly associated with productive areas in
the Weddell Sea (Fryxell, 1989; Kang and Fryxell, 1993). Diatoms
in long chains and colonial prymnesiophytes with mucilagineous
colonies are found at the ice edge in the spring, as well as at
oceanic fronts (Kang et al., 2001; Krell et al., 2005). In contrast,
small nanoplanktonic flagellates dominate areas of lower produc-
tivity (Fryxell, 1989; Kang and Fryxell, 1993). This is a general
pattern of cell size distribution and composition in relation to
productivity found elsewhere in Antarctica (Kang and Lee, 1995;
Figueiras et al., 1998; Gall et al., 2001; Varela et al., 2002).

Chla size distribution showed a notable variability with
respect to iceberg-impacted and non-impacted areas (Fig. 5). Cell
size distribution in phytoplankton describes structure within the
pelagic ecosystem (Chisholm, 1992; Ehnert and McRoy, 2007;
Hewes, 2009); it is maintained by differential productivity (Fiala
et al., 1998; Trembley and Legendre, 1994). It has been proposed
that large cells can be controlled by bottom-up (physical and/or
chemical) processes while nano- and picoplankton cells
(o10 mm) respond to grazing pressure, e.g. microzooplankton
grazing (Smith and Lancelot, 2004). Different grazers can also
affect phytoplankton community composition as some grazers
specialize on microphytoplankton (i.e. Euphausia superba or
Antarctic krill) and salps feed mainly on smaller cells (o10 mm,
Salpa thompsonii) (Walsh et al., 2001). The variability in chla size
distribution observed can be used to infer the type of grazers in
the studied areas and the effect that the iceberg(s) can have on
phytoplankton through grazing pressure (Kawaguchi et al., 2000).
The presence of large cells (410 mm) close to the iceberg (Fig. 5A)
is expected to sustain macrograzers. In contrast, the waters in the
Control Station dominated by nanoplankton (Fig. 5C) and impo-
verished in large cells, would maintain microzooplankton or salps
(Dubischar and Bathmann, 1997).

Similar to chla distribution, primary production was lower
close to the iceberg and higher at Control Station (Table 4).
Biomass specific primary production or PB had the opposite
pattern indicating production was limited by biomass. Primary
production in coastal polar waters is explained mostly by chla
abundance (�70%, Dierssen et al., 2000). Early measurements
have shown high production over the shelf (0.41 g C m�2 d�1)
and lower in deep waters (0.104 g C m�2 d�1) (El Sayed and
Taguchi, 1981; Longhurst, 1998; Smith and Nelson, 1990). While
winter production can be very low (0.1 mg C m�2 d�1), summer
ice-edge communities in the Weddell Sea can produce up to
2.4 g C m�2 d�1 (Park et al., 1999). Overall the primary produc-
tion estimates in the fall of 2009 were average for the coastal
waters of the Weddell Sea and not as high as those from ice-edge
communities.

Combining observed primary production rates with C:N ratio
of 5.4, a C:Chla ratio of 136 (Tables 2A and 3) and a high
proportion of sedimenting cells (Smith et al., 2011), compared
to a C:Chla ratio of 72 in summer (Garibotti et al., 2003b) and a
C:N of 4.5 for healthy cultures, we deduce that the phytoplankton
encountered in Powell Basin represents a typical fall community,
rich in carbon but healthily growing. Whether the in situ growth
can translate to chla accumulation will depend on, among other
factors, loss terms. As shown above (Section 4) in situ growth
rates can explain a 30% increase in biomass after the iceberg’s
passage. We propose here that the iceberg influence can promote
phytoplankton losses and that chla accumulation will occur only
where the growth enhanced by turbulent mixing and Fe addition
can counteract any large loss rates.

4.2. Physical, chemical and biological processes related to the iceberg

Three main oceanic processes are considered to explain the
phytoplankton patterns observed. They are unique to the iceberg,
originating from the ice or created through the iceberg’s presence
in sea water. Each process is known to facilitate growth but can
also create losses. First, the melting of the iceberg is driven by
three main mechanisms related to basal melting and melting on
the sides of the iceberg. Changes in chla could originate from
increased mixing introduced by the iceberg as well as nutrient
enrichment, as seen by increased dissolved nitrate and dissolved
iron. Biologically, the presence of zooplankton can affect phyto-
plankton abundance via grazing and nutrient release. Each of
these processes is discussed below.

4.2.1. Melting and turbulence introduced by the iceberg

Three main physical processes originating from the iceberg’s
melting and movement were observed during Iceberg III cruise in
2009 (Stephenson et al., 2011; Helly et al., 2011). Seawater is
warmer than ice, melting the iceberg’s outer surface. The first
process refers to melting at the base of the iceberg, or basal
melting (Donaldson, 1978; Jenkins, 1999). The effects of this
process, occurring between 50 and 200 m depth, would impact
phytoplankton below the mixed layer, at the bottom of the
euphotic zone. The end result is expected to be a dilution of
phytoplankton concentration in waters close to the iceberg. The
dilution could be due to the input of freshwater from the iceberg
that lacks biological components. Alternatively, dilution could
also occur from entrainment of deep seawater (4100 m) with
lower phytoplankton concentration towards the surface (Fig. 4).
In this process, the freshwater produced at 200 m in C-18a (the
iceberg’s bottom is considered to be between 150-192 m) was
less dense and rose along the sides of the iceberg, mixing with the
surrounding waters until reaching a level of same water density.
The end result was colder and more saline water towards the
surface. In a T-S diagram, a layer with saltier, colder water was
seen above the layer of temperature minimum, or winter water
(Stephenson et al., 2011). About 10 of the 65 CTDs taken during
Iceberg III show this type of physical process. The lack of a more
consistent observation of the melt-water saline layer could mean
that the process was intermittent or that it was more obvious
during certain iceberg positions or motions.

Another process would decrease phytoplankton concentration
from surface to depth by advecting cells away from the iceberg’s
face; it is expected to be an important factor in lowering chla
between 50 and 200 m depth. Chla profiles close to C-18a showed
lower pigment concentrations in the 50-100 layer (Fig. 2A) with
respect to farther away (Fig. 2B). The melting from the iceberg’s
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flanks can result in two vertical layers of freshwater close to the
iceberg, the inner one moving upwards and the outer one moving
downwards (Neshyba, 1977). The turbulence mixes meltwater
with the surrounding waters and moves freshwater away from
the iceberg along an isopycnal slope or layer of diminishing
density (Helly et al., 2011). This process was observed near
C-18a as small, steplike changes in the salinity/density profile,
and was present both above and below the winter water
(Stephenson et al., 2011).

It is expected that freshwater input would dilute waters
around the iceberg, decreasing phytoplankton concentration,
particularly at the mixed layer. The melting of brash ice from
iceberg calving probably decreased surface salinity and chla
further (Robe, 1978). In this process a freshwater layer rises to
the surface without any considerable mixing with surrounding
waters (Donaldson, 1978; Neshyba, 1977). This water would be
seen as fresher in the vicinity of the iceberg (Helly et al., 2011)
during surface mapping. For C-18a, the fresher water was seen
more clearly at the iceberg’s wake and was persistent for 10 days.

Iceberg melting can also be related to the chla 410 mm within
the mixed layer and the chla 410 mm observed at 70-100 m
depth close to the iceberg (Fig. 4A). The upwards flow of water
along the iceberg’s side originating from basal melting called also
‘‘upwelling’’ by icebergs (Neshyba, 1977) can be equated to
upwelling events in western boundary currents. Upward vertical
motion has been correlated with increases in relative proportion
of large cells (Rodriguez et al., 2001), as shown here (Fig. 4A).
Abundance of diatoms is a well known phenomenon associated
with upwelling events (i.e. Montero et al., 2007). The upward
velocity associated with eddies and unstable fronts, 10-100 km in
dimension, also promotes large cells. We propose here that
upwelling by iceberg melting can have a similar effect on
phytoplankton size distribution.

In summary, we expected that physical processes of under-
water iceberg melting, combined with surface melting from
calving and entrainment of deep water by the iceberg melting
and displacement, to reduce phytoplankton abundance. In addi-
tion, these physical processes promote growth of large cells,
known to dominate productive environments. These were indeed
the patterns observed within 1-2 km from the iceberg (Fig. 6;
Smith et al., 2007).
4.2.2. Icebergs as a source of nitrate and iron

In addition to being a source of freshwater, icebergs are
expected to release nutrients to the seawater. The increased
dissolved nitrate concentration measured in the 0-100 m layer
of seawater close to the iceberg (o1 km from the iceberg face) in
relation to similar water 16-18 km away (po0.1, Table 3), indi-
cates that nitrate increases as the iceberg passes through a body
of water. The nitrate enrichment was most pronounced in the
50-100 m layer (po0.05). Three processes can be considered to
produce this effect: decreased phytoplankton growth, entrain-
ment of deep water from the main thermocline (below 150 m) or
input from meltwater. As higher nitrate concentrations co-occur
with lower phytoplankton abundance, accumulation of nitrate
could originate from decreased nitrate uptake. Such reduction in
nitrate would be related to a reduction in phosphate as well, as
both nutrients are needed to support all phytoplankton, and this
has not been observed. Similarly, if higher nitrate originates from
enrichment of surface waters by entrainment of deep waters
through mixing from meltwater (Jenkins, 1999) or by alteration of
the water column structure as an iceberg with a 200-m keel
passes through a 50-m mixed layer, we would expect to measure
also higher phosphate and silicate. This was not observed either.
Parker et al. (1978) mention a concentration gradient of nitrate
away from the iceberg and conclude that icebergs are a source of
dissolved inorganic nitrogen, similar to our observations. The
melting of continental ice is considered a potential source of
dissolved nitrate in the water column, originating from atmo-
spheric deposition over the polar cap. Atmospheric Nitrogen
(N) deposition occurs both in the Arctic (Hooper, 1971) and
the Antarctic (Parker et al., 1978; Bauer, 1978). In Antarctica,
the input of nitrate and ammonium (NH4

+) to surface ocean
waters is calculated as 1%-7% of the nitrate pool in the mixed
layer of the Southern Ocean. Average concentration in the ice is
19.57 mg m�3 nitrate and 13.34 mg m�3 ammonium due to
stratospheric ionization processes. Thus icebergs could contain
about 7 times the concentration of nitrate of surface waters
(2.7 mg m�3).

Input of Fe in the water column by sea ice melting in the
spring is considered key to the production in the Ross Sea
(Sedwick and DiTullio, 1997; Tagliabue and Arrigo, 2006). We
can expect continental ice to bring Fe as well, both from minerals
attached to the bottom of the iceberg (ice-drafted detritus) or
from atmospheric input (Smith et al., 2007). This could be a
process of micronutrient injection to the coastal current in
Antarctica since icebergs, as predicted from modeling (Lancelot
et al., 2009), are expected to remain in coastal waters (Gladstone
et al., 2001). We had hypothesized that the iceberg was a source
of dissolved Fe, able to stimulate phytoplankton growth in Fe-
limited waters. de Baar (1995) measured higher dissolved Fe in
the wake of an iceberg in the Polar Front. Terrigenous material
from icebergs east of Clarence Island sampled in 2005 was able to
maintain phytoplankton growth (Smith et al., 2007). Lin et al.
(2011) found higher dissolved Fe in waters of lower salinities
within the Powell Basin. These samples originated from surface
waters near the iceberg (o1 km) and were collected with metal-
free sampling gear. They concluded that trends in the horizontal
and vertical distributions of dissolved and particulate Fe sug-
gested that Fe may be scavenged by abiotic and biotic processes
near icebergs. Accumulation of diatoms close to the iceberg, as
measured by microscopy (Cefarelli et al., 2011) and chla size
fractions (Fig. 5), is consistent with an environment rich in Fe
(Helbling et al., 1991; Holm-Hansen et al., 1994; Coale et al.,
2004; Boyd et al., 2000). Furthermore, the high photosynthetic
efficiency in phytoplankton impacted by icebergs, compared to
those in the Control Station, are further indication of Fe-rich cells
under the iceberg’s influence (DiTullio et al., 2005; Hopkinson
et al., 2007).
4.2.3. Grazing in the iceberg’s vicinity

Potential grazing from the observed zooplankton abundance
and composition, and its variability with respect to iceberg-
impacted and non-impacted waters, is in agreement with the
distribution of phytoplankton in the different chla size fractions.
The enrichment in large cells observed in the C-18a area and to a
lesser extent at Iceberg Alley (Fig. 5A and B) suggests that iceberg
waters can maintain grazers that select for large cells, such as the
Antarctic krill Euphausia superba (Daniels et al., 2006). At the
Control Station (Fig. 5C), nanoplankton can feed large protists or
grazers that specialize in small cells, such as salps (Kawaguchi
et al., 2000; Pakhomov et al., 2006). These results agree with
zooplankton distribution at C-18a: macrozooplankton biomass
was highest close to the iceberg (0.4 km), and diminished expo-
nentially with distance (Kaufmann et al., 2011). There was higher
total zooplankton biomass at 0.4 km from C-18a, declining to a
minimum at 18 km away, with intermediate biomass at 9 km
(Table 5). Composition of zooplankton also changed with distance
to the iceberg: the highest proportion of large E. superba biomass
was at 0.4 km from C-18a whereas the Control Station had the



Table 5
Zooplankton abundance in the Powell Basin in March-April 2009, as wet weight and number of individual per 1000 L, as a function of distance from the C-18a iceberg, the

Control Station and Iceberg Alley. Temperature was used as an indicator of meltwater input. The relationship between biomass and numerical abundance is not 1:1 as krill

juveniles dominated at the Control Station and adults at other locations (Kaufmann et al., 2011).

Iceberg Alley Close C-18a - - Far C-18a Control Station

Distance from C-18a (km) – 0.37 1.85 9.26 18.52 –

Mixed Layer Temp (1C7StDev) �0.878470.1121 �0.179870.2077 – – 0.196470.2658 0.164970.1128

N 12 9 8 6 6 4

Zooplankton Abundance
Weight/Volume Mean 95.12 305.40 195.47 97.96 22.09 27.51

(g 1000 m�3) 95% CI 58.30 334.64 187.88 63.73 10.52 13.60

Number/Volume Mean 39.60 67.38 137.63 119.34 45.42 130.13

(#1000 m�3) 95% CI 13.75 63.94 101.30 48.23 20.90 117.04
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lowest. Highest salp biomass was within 2 km of the iceberg and
dominant at the Control Station, although overall salp biomass
was low. This small cell-salp vs. large cell-krill distribution is
observed in Southern Ocean waters as a result of sea ice
variability (Loeb et al., 1997) and increased influence of oceanic
waters over the continental shelf (Quetin et al., 2007). Long-term
changes in krill abundance are attributed to changes in size
distribution of the food source (Atkinson et al., 2004). Similar to
other oceanographic features, an iceberg creates high variability
in food availability and is proposed here that it can support high
grazer biomass.

Phaeopigments are a by-product of chla degradation by graz-
ing and suspended phaeopigments can be indicative of micro-
zooplankton grazing (Lorenzen, 1967; Welschmeyer and
Lorenzen, 1985). Assuming similar photodegradation rates for
suspended phaeopigments, Far C-18a and the Control Station had
higher microzooplankton grazing than waters close to the iceberg
(Table 2B, Fig. 3). Thus, large phytoplankton and krill grazing
prevailed close to C-18a while microzooplankton grazing and
nanoplankton cells were more prominent in waters not affected
by icebergs.

If we assume that fall phytoplankton will have been subjected
to heavy grazing pressure during the previous growth season, the
distribution at the Control Station can be considered the average
at this time of year. Krill had grazed down the diatoms and only
smaller cells remain (Walsh et al., 2001; Hegseth and Von
Quillfeldt, 2002; Garibotti et al., 2003b; Froneman et al., 2004),
a condition labeled post-bloom (Hernandez-Leon et al., 2008).
That waters affected by icebergs remain rich in diatoms late in the
season can be attributed to the beneficial effect that icebergs can
have over phytoplankton community composition, cell physiol-
ogy and production efficiency, as described in this paper. That
icebergs sustain a large grazer population can be estimated by
comparing macrozooplankton volume to chla concentration at
each location (Tables 2 and 5): this proportion is an order of
magnitude higher at Close C-18a and Iceberg Alley than at Far
C-18a and the Control Station. High NH4

+ concentrations o1 km
from the iceberg, produced from zooplankton metabolism, can be
attributed to high grazing pressure as well.
5. Conclusions - The Iceberg Ecosystem

The phytoplankton distribution in relation to C-18a and other
icebergs can be explained within the unique pelagic ecosystem
associated with free-floating icebergs. We have shown that
phytoplankton close to icebergs is healthy, as expected from
nutrient-rich environments, and actively growing. The commu-
nity composition is characteristic of productive areas: rich in large
cells. Chla increased 10 days after the iceberg’s passage (Helly
et al., 2011) and the accumulation can be accounted for by the
growth rate obtained from this study. Why doesn’t chla accumu-
late close to C-18a? We propose that during March-April 2009, in
the austral fall, the loss of phytoplankton biomass at the iceberg’s
vicinity was larger than growth. Both physical and biological
processes decreased phytoplankton biomass. The low tempera-
ture at Iceberg Alley and Close C-18a indicated meltwater input,
diluting phytoplankton. The mixing, vertical upward movement
and nutrient enrichment all contribute to healthy cells. In addi-
tion, zooplankton distribution had the opposite pattern to chla,
highest o1 km from C-18a and lowest at the Control Station, and
the proportion of zooplankton biomass to phytoplankton was an
order of magnitude higher close to the iceberg. High sedimenta-
tion rates associated with C-18a (Smith et al., 2011; Shaw et al.,
2011) is consistent with grazers associated to iceberg(s) and an
activation of the food chain by the iceberg community. Iceberg
Alley is similar to Close C-18a in composition but further along in
the seasonal development, with zooplankton having grazed down
phytoplankton to winter levels. The system is one of top down
control of phytoplankton close to the iceberg. The zooplankton
community is associated exclusively with the iceberg(s), such that
phytoplankton can accumulate in waters left behind by the
iceberg’s passage.
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