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During the fifteenth Italian Antarctic expedition, in the framework of the Pack Ice Ecosystem Dynamics
programme, we investigated structure and functioning of the sympagic communities in the annual pack ice at
Terra Nova Bay (74 �41.720 S, 164 �11.630 E). From November 1 to November 30 1999, we collected intact sea
ice cores and platelet ice samples at an interval of 3 days. Ice samples were analysed for inorganic nutrients
concentrations, algal biomass and productivity, pigment spectra, extracellular enzymatic activities and bacterial
carbon production, micro-algal and metazoan community structure. Autotrophic biomass in the bottom ice
increased more than two orders of magnitude from the beginning to the end of November 1999 (i.e. from
c. 1–400 mg chlorophyll am�3). In the same temporal interval, inorganic nutrients concentrations as well as
dissolved organic matter sharply increased. Pigment spectra and microscopic analyses revealed that bottom ice
communities were different from those of the platelet ice. The bottom-ice sympagic flora was represented almost
exclusively by cryobenthic species, whereas platelet ice was characterised by the presence of both cryopelagic
and cryobenthic species. Metazoan community in the bottom sea ice was largely dominated by copepods. In
particular, the calanoiod Stephos longipes and the harpacticoid Harpacticus furcifer accounted for more than 90%
of the sympagic fauna. In the bottom sea ice concentrations of phaeophorbides and other degraded
phytopigments were low indicating that most of the sympagic flora was active. These findings suggest that
grazing pressure might be only a minor factor controlling or regulating inorganic nutrient concentrations.
Conversely, potential degradation rates of organic carbon mediated by extracellular enzymatic activity were very
high and largely exceeded organic matter production by photosynthesis.
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1 INTRODUCTION

Sea ice surrounding the Antarctic continent varies in extent from 4� 106 km2 in summer to

20� 106 km2 in winter, representing one of the largest and most dynamic ecosystems on

Earth (Arrigo et al. 1997). Sea ice formation and melting are major factors affecting
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physical–chemical characteristics and biological processes of the entire Southern Ocean

(Garrison and Buck, 1991; Smetacek et al., 1992; Dieckmann et al., 1998; Gleitz et al.,

1998; Brierley and Thomas, 2002).

Annual primary production in the Antarctic sea ice ranges between 30 and 70 Tg C (Arrigo

et al., 1997). Although primary production in the sea ice has been estimated to account for

only a minor fraction (1–4%) of the total biogenic carbon production in the Southern Ocean,

sea ice algal biomass plays a fundamental role representing a highly concentrated food source

for higher trophic levels, both during the period of autotrophic biomass accumulation in the

sea ice and during ice melting in summer (Legendre et al., 1992).

Sea ice biota includes a variety of micro-organisms, such as micro-algae and small

metazoans, living within the ice (i.e. sympagic organisms) and larger animals living at the

sea ice–water interface (Spindler, 1994).

During austral spring, dense auto- and heterotrophic populations accumulate within the

annual sea ice where algal biomass and primary production may reach values as high as

400 mg chlorophyll a (Chl-a)m�2 and 1 g C m�2 d�1, respectively (Günther et al., 1999;

McMinn et al., 1999; Guglielmo et al., 2000; Thomas et al., 2001). During summer, this bio-

mass is released into the water column after ice melting (Leventer and Dunbar, 1996; Fischer

et al., 1988), fuelling both the pelagic and benthic coastal environments with huge amounts

of bioavailable organic carbon (Fabiano and Pusceddu, 1998; Pusceddu et al., 2000).

However, at Terra Nova Bay it has been recently reported that the considerable accumulation

of algal biomass in the sea ice during austral spring is not followed by the depletion of inor-

ganic nutrient concentrations, which, in contrast, remain very high (Guglielmo et al., 2000).

Several biological factors have been invoked to explain such a discrepancy; zooplankton

grazing on micro-algal cells and very high organic matter degradation rates have been

recently proposed (Günther et al., 1999; Guglielmo et al., 2000). The comprehension of fac-

tors involved in such an apparently paradoxical condition of high nutrient–high biomass is of

paramount importance for clarifying trophodynamic and biogeochemical pathways in the

Antarctic sea ice.

In the frame of the fifteenth Italian Antarctic Expedition, the Pack Ice Ecosystem

Dynamics project aimed at investigating whether transfer of matter and energy within the

sea ice trophic web are top–down (grazing) and=or bottom–up (nutrient) controlled. To do

this, we investigated vertical distribution and temporal changes of inorganic nutrient concen-

trations, pigment spectra and species composition of the algal sympagic communities in the

annual pack ice and platelet ice as well as organic matter content and extracellular enzymatic

activities in its bottom layer and in the platelet ice. In the bottom-ice layer, we also investi-

gated the composition of metazoan populations.

2 MATERIALS AND METHODS

The sampling area, ca. 100 m2, was located in the offshore annual pack ice at Terra Nova Bay

(74 �41.720 S, 164 �11.630 E) (Fig. 1). Sea ice cores (10 cm i.d.) were collected at 2–3-day

intervals from 1 November to 30 November 1999, using an aluminium corer. Sea ice thick-

ness (about 2.4 m) remained constant during the sampling period.

Immediately after collection, sea ice cores were sliced (in dim light conditions to avoid photo-

damage) into 3-, 6- and 12-cm thick sections, according to the considered variables. Four cores

were collected at each sampling date and used for nutrient measurements, photosynthetic pig-

ment analyses, bacterial carbon production, extracellular enzymatic activities and primary

production measurements.
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For the determination of inorganic nutrient concentrations (NO3¼NO2, NH4, PO4,

Si(OH)4), the lowest 50 cm of each sea ice core was sliced into sections of 10 cm thickness,

whereas the remaining upper part of the core was sliced into sections of 20 cm. Sections were

then melted in a thermostatic bath at a temperature close to 0 �C; after melting, samples were

pre-filtered onto Whatman GF=C filters (Guglielmo et al., 2000). Nutrient concentrations

(mmol dm�3) were determined by means of a segmented-flow autoanalyser ALPKEM,

according to the methods of ALPKEM Flow Solution (ALPKEM, 1992a–c; 1994), while

practical salinity units (UNESCO, 1981) were obtained by means of an Autosal Guildline

salinometer.

In order to investigate sea ice formation processes occurring during winter, tritium concen-

trations expressed as Tritium Units (TU; 1 TU¼ 0.118 Bq dm�3) were determined along sea

FIGURE 1 Sampling area (A) and station location (B).
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ice cores. Radioactive content of sea ice samples was measured, after acidification with

200 ml of 0.1 N HCl, within 24 h from filtration, in a Wallac 1400 liquid scintillator, using

10 ml of Aquasol II as a scintillation cocktail. The radioactive content of different sea ice

layers has been used to provide information on the different water masses that originated

the sea ice, following the technique already applied on ice-free water masses (Michel

et al., 1979; Roether, 1989; Bayer and Schlosser, 1991; Schlosser et al., 1991).

For particulate organic carbon and nitrogen analyses, sea ice was melted in the dark at

c. 0 �C and filtered onto Whatman GF=F filters. Filters were analysed by a CHN analyser.

For the analysis of extracellular aminopeptidase activity, three to five replicates (about 5 cm3

of sea ice broken up into small pieces) for each section were treated immediately as reported by

Guglielmo et al., (2000). Briefly, sea ice samples were incubated at �1.8 �C in the dark for 4 h

with 2.5 ml of filtered, sterile seawater containing 200 mM L-leucine-4-methylcumarinyl-7-

amide. After incubation, samples, once melted, were centrifuged and analysed fluorometrically

according to Fabiano and Danovaro (1998).

For spectrophotometric, spectrofluorometric and HPLC determinations of photosynthetic

pigments, sea ice samples were melted at room temperature in dim light conditions and fil-

tered through Whatman GF=F glass fibre filters. Spectrofluorometric analyses of Chl-a,

phaeopigments (Phaeo) and spectrophotometric determination of chlorophaeopigments

(Chl) were carried out within a maximum of 12 h after collection. Results of both analyses

indicate the presence of a strong correlation between Chl-a and Chl concentrations

(r2
¼ 0.975); therefore, only Chl data are presented here. Filters were placed in neutralised

90% (v=v) acetone, minced with a glass stick and allowed to extract for 24 h. The extract

was read before and after acidification; the spectrofluorometer (Spex, Fluoromax) was

checked daily with a solution of Chl-a from Anacystis nidulans by Sigma. Details for the

spectrofluorometric calibration procedure and for the spectrophotometric (Kontron,

Uvikon) analyses are given in Lazzara et al. (1997). The HPLC analyses were carried out

according to Mantoura and Llewellyn (1983) using an HPLC Beckman System 166.

Micro-algal community composition was analysed microscopically with a Zeiss invertoscope

(IM35, ob. 40� ); taxa were identified according to Hasle (1964), Balech (1976), Priddle and

Fryxell (1985), Ricard (1987), Chretenniot-Dinet (1990) and Medlin and Priddle (1990).

For metazoan counting, ice cores were sliced into three to five layers and then melted in a

thermostatic bath at 0 �C. After melting, samples were preserved in a 2% buffered formalin

solution. In the laboratory, all metazoans were identified under a dissecting microscope. All

copepods were identified at species level and assigned to the correct development stage. In

this article, only data on copepods are included.

3 RESULTS AND DISCUSSION

The Ross Sea is characterised by the largest continental shelf of the entire Antarctic ocean

and is one of the most productive areas of the Southern Ocean (Comiso et al., 1993;

Arrigo and McClain, 1994; Saggiomo et al., 1998; Saggiomo et al., 1999).

Remarkable differences in the structural characteristics of the sea ice and the presence=
absence of an unconsolidated platelet layer under the congelation ice have been

observed along the Ross Sea coastline. In particular, Terra Nova Bay has been reported as

a site of formation of platelet ice, while this layer is absent in the adjacent Woods Bay

(Guglielmo et al., 2000). Therefore, we suggest that the formation of a platelet ice layer

in Terra Nova Bay could be a triggering mechanism leading to different algal assemblages

inhabiting these two adjacent areas.
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In November 1999, the thickness of the pack ice at Terra Nova Bay was about 240 cm,

notably thicker than the average thickness of 140 cm observed in 1997 in the same area

(Guglielmo et al., 2000) and exhibited a different structure between the upper 120 cm and

the lower part of sea ice cores. The analysis of vertical profiles of tritium and crustal

radionuclide concentrations in the sea ice (Fig. 2) indicates that higher values of tritium

(on average 4.7� 1.1 TU), coupled with the presence of other radionuclides (214Bi-214Pb)

of crustal origin, were found in the ice core below 120 cm horizon rather than in the

upper one (1.6� 0.5 TU). Despite the lack of classic textural analysis of the sea ice, this

result suggests that the formation of the lower part of sea ice might have occurred after an

intense aeolian advection of terrestrial material, whereas the upper sea ice column was

formed under different meteorological conditions.

Figure 3 illustrates Chl-a vertical distribution in the ice cores at the beginning and at the

end of November 1999. On 4 November, algal biomass in the upper 220 cm of the pack ice

was <1 mg Chl-a l�1, and slightly higher values – up to 1.30 mg Chl-a l�1– were measured in

the bottom 20 cm. Conversely, algal biomass in the platelet ice at the beginning of November

was very high (90 mg Chl-a l�1; Fig. 3). At the end of November, algal biomass concentra-

tions increased significantly throughout the ice core including platelet ice. With the exception

of the bottom-ice layer, the maximum increase was observed in the upper layer of the intact

sea ice. Biomass accumulation exceeded 400 mg Chl-a l�1 in the bottom-ice layer and

350 mg Chl-a l�1 in the platelet ice (Fig. 3). Vertical and temporal changes in the composition

of the photosynthetic pigment pools clearly indicated the presence of significant changes in

the taxonomic composition and photophysiological adaptation of algal assemblages in the

different layers of the ice cores.

Fucoxanthine was by far the most abundant pigment, in particular in the bottom ice, indi-

cating the dominance of diatoms. Relatively high concentrations of Chl-b were observed,

with a decreasing pattern from the top to the bottom layers of sea ice; Chl-b concentrations

in both the bottom and platelet ice were almost undetectable. Peridinin, a diagnostic pigment

for dinoflagellates, was recorded throughout the ice core in variable concentrations but dino-

flagellates never dominated the sympagic assemblages. As far as photoprotective pigments

FIGURE 2 Vertical profile of tritium concentrations (1 TU¼ 0.118 Bq dm�3) in the sea ice cores collected at Terra
Nova Bay in November 1999.
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concentration is concerned, diadinoxanthin occurred throughout the ice core, whereas diatox-

anthin was observed only in the top layer of the sea ice. At the end of November, the dom-

inance of fucoxanthine was even more pronounced (about 70% of total pigments with

exception of Chl-a) along the entire ice core. Chl-b was found at very low concentrations

and only in the top layer. Peridinin concentrations were even lower than at the beginning

of November.

Algal biomass accumulation in the bottom layer of intact sea ice in 1999 was notably lower

than in 1997 (Fig. 4; Guglielmo et al., 2000). Such difference may be related to the much

thicker pack ice in 1999 (240 vs. 140 cm in 1997). Furthermore, thicker snow coverage

FIGURE 4 Temporal evolution of micro-algal biomass (mg l�1 Chl-a) in the bottom ice during spring in 1999 and
in 1997.

FIGURE 3 Chl-a distribution along the ice cores on November 4 (A) and November 28 (B) 1999.
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(>20 cm) was observed in 1999, so that lower light availability likely occurred in 1999

(Arrigo et al., 1991). In 1999, snow coverage progressively decreased during November,

thus, allowing light to reach deeper ice layers and, therefore, enhancing algal growth.

Clearly, different environmental conditions (in terms of light availability and snow cover)

in 1999 resulted in a delay of micro-algal accumulation in the pack ice as occurred in

1997 (Fig. 4). As the sampling period in 1999 was limited to November, we do not know

whether sympagic algal biomass reached values comparable to those recorded in 1997 in

a later period. Previous investigations in the same area reported that photosynthetic capacity

of the bottom-ice sympagic flora are very low, suggesting that algal growth should have

occurred at very low rates. These findings suggest that the increase in bottom-ice micro-

algal biomass might be the result of both colonization and accumulation of micro-algae enter-

ing intact sea ice from platelet (Guglielmo et al., 2000), rather than deriving from in situ algal

growth.

Microscopic analyses of the bottom and platelet ice layers showed the presence of very

different algal assemblages in these two layers. The bottom-ice flora was mainly composed

by cryobenthic diatoms, of which the most abundant species was Entomoneis kjellmanni (e.g.

Amphiprora sp.). On the other hand, the platelet layer was characterised both by pelagic and

benthic species.

Previous studies carried out in Terra Nova Bay reported that diatoms largely dominate both

the pelagic and the sympagic flora, with clear differences in species composition.

Fragilariopsis curta generally dominated the pelagic flora (Marino et al., 1995), whereas

cryobenthic diatoms, such as Amphiprora sp. and Nitzschia cf. stellata, accounted for

more than 90% of the entire bottom sea ice flora. Further, the possible role of sea ice melting

in triggering summer phytoplankton blooms has been highlighted (Saggiomo et al., 1998,

1999, 2002).

Such composition of the sympagic algal community has been previously reported in the

Terra Nova Bay sea ice, irrespective of sea ice thickness (Guglielmo et al., 2000).

Therefore, the algal assemblages observed in this study appear as a distinctive feature

of the Terra Nova Bay sea ice, while sea ice algal assemblages in the nearby Wood Bay

are largely dominated by chromophyceans (Moro et al., 2000).

During the austral spring, most of the autotrophic biomass in the annual sea ice was con-

centrated near the sea ice–water interface in Terra Nova Bay, as previously reported in other

Antarctic sites (Brierley and Thomas, 2002). As outlined above, in the present study a con-

tinuous significant increase of autotrophic biomass (by a factor of about 400) in the bottom

sea ice was observed from 1 November to 30 November (Fig. 4). Contemporarily, while a

clear increase in particulate organic nitrogen concentrations was observed, no clear patterns

in particulate organic carbon (POC) concentrations occurred (Fig. 5(a) and (b)). As a con-

sequence, the C : N ratio values (Fig. 5(c)) clearly decreased from early November (about

10) to the end of the sampling period (about 4). Such pattern suggests that, at the end of

November, nitrogen-rich organic compounds accumulated in the bottom sea ice, thus, poten-

tially guaranteeing high amounts of fresh and bioavailable organic matter for heterotrophic

metabolism.

From the beginning to the end of November 1999 (Tab. I, Fig. 6), particulate organic

nitrogen (PON) concentrations increased both in the lowest 10 cm of sea ice (from 6.6

to 107 mmol dm�3, i.e. about 15 times) and, to a lower extent, in the 1 m layer above

(from 4.1� 0.9 to 11.0� 2.0 mmol dm�3). A similar trend was observed in the bottom

sea ice layer for all inorganic nutrients investigated. At the end of November, nitrite plus

nitrate and PO4 concentrations in the bottom sea ice layer reached values as high as

70.6 and 14.1 mmol dm�3, respectively. These concentrations were well above those

observed in the underlying seawater and much higher than those expected from the
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observed increase of salinity, confirming previous findings in the annual pack ice at Terra

Nova Bay (Guglielmo et al., 2000). Conversely, inorganic nutrient concentrations in the sea

ice layer comprised between 130 and 230 cm displayed an inverse temporal pattern, char-

acterised by a clear depletion of nitrate plus nitrite, PO4 and Si(OH)4 concentrations, that

resulted below the expected values normalised to salinity. These findings suggest that

autotrophic processes in the upper sea ice layer (i.e. 120–230 cm) lead to a clear nutrient

FIGURE 5 Temporal changes of particulate organic carbon (a) and nitrogen (b) concentrations and C : N ratios (c)
in the bottom ice at Terra Nova Bay during November 1999.

TABLE I Inorganic and organic nutrients concentrations in the bottom sea ice at the beginning and at the end of
November 1999.

Date DIN (mMN) PO4 (mMP) SiO2 (mMSi) DOP (mMP) DON (mMN)

November 1 19.18 0.35 9.6 0.13 0.18
November 25 87.15 14.11 22.9 5.22 107.16
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depletion, while in the bottom sea ice a paradoxical increase of inorganic and organic nutri-

ents and algal biomass is observed. This apparent paradox has been previously reported in

the same area and in other coastal sea ice regions of the Southern Ocean (Guglielmo et al.,

2000; Brierley and Thomas, 2002). Such a discrepancy has been previously ascribed to the

occurrence of remineralisation activities much higher than primary production, able to

maintain inorganic nutrient supply to sympagic micro-algae always above their require-

ments (Guglielmo et al., 2000). Extracellular enzymatic activity are a key step in organic

matter cycling (Azam, 1998). In this study, we found aminopeptidase activity values in the

bottom sea ice and in the platelet ice much higher than those in the surrounding ice-free

waters (Fig. 7).

Based on dissolved organic nitrogen concentrations, we tentatively estimated the potential

degradation rate of the dissolved organic nitrogen pool in the bottom sea ice. To do this, we

FIGURE 6 Temporal changes in nutrient concentrations in the sea ice at Terra Nova Bay during November 1999.
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assumed DON entirely represented by dissolved proteins (Keil and Kirchman, 1993) and, by

dividing the proteinaceous C pool potentially liberated by aminopeptidase activity (assuming

72 mg C mmol�1 of MCA as a conversion factor; Fabiano and Danovaro, 1998) for the carbon

equivalents of dissolved proteins (assuming 0.49 mg C mg�1 as a conversion factor; Fabiano

et al., 1995), we estimated that the entire dissolved organic nitrogen pool in the bottom

sea ice could be potentially degraded (i.e., mobilised) in a few hours (1–5 h). Although

based on the maximal aminopeptidase activity (i.e. at saturating substrate concentrations)

and on conversion factors, these results suggest that rates of bacterial-mediated degradation

of organic matter in the bottom sea ice may be extremely fast. Such high potential degrada-

tion rates of organic carbon (>10 g C m�2 d�1 only for the protein pool) largely exceed

organic matter production by photosynthesis, possibly leading to the observed accumulation

of inorganic nutrients.

Another possible factor involved in the accumulation of inorganic nutrients in the bottom

sea ice concurrently with the accumulation of algal biomass could be identified in the graz-

ing pressure by planktonic herbivores, which, however, were present in relatively low num-

bers. Metazoan community associated with the bottom sea ice was largely dominated by

FIGURE 7 Aminopeptidase activities in the bottom sea ice, platelet ice and ice–water interface in 1999.

FIGURE 8 Life stages of S. longipes and H. furcifer in the sea ice at Terra Nova Bay during spring in 1999.
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copepods. In particular, the calanoiod Stephos longipes and the harpacticoid Harpacticus

furcifer accounted together for more than 90% of the entire sympagic meiofauna. While

S. longipes was mostly represented by nauplli (Costanzo et al., 2002), H. furcifer indivi-

duals were mainly present as copepodids (Fig. 8, Tab. II). This result confirms previous

findings on the life-cycle strategy of the Antarctic calanoid copepods (Schnack-Schiel

et al., 1995, 2001). Both species displayed widely fluctuating temporal patterns. A peak

in S. longipes abundance was observed on 19 November, whereas H. furcifer displayed

much lower abundance for the entire sampling period (Fig. 9). The two dominant ice-asso-

ciated copepod species in the Weddell Sea are the calanoid S. longipes and the harpacticoid

Drescheriella glacialis (Dahms et al., 1990; Schnack-Schiel et al., 1995, 1998, 2001). In

the sea ice of Terra Nova Bay, the highest copepod abundance was observed in the

lower part of the ice cores (i.e. bottom 10 cm), where highest Chl-a concentrations were

measured (up to 400 mg l�1; Guglielmo et al., 2000), as reported in the Eastern Weddell

Sea (Dahms and Dieckmann, 1987; Kurbjeweit et al., 1993; Schnack-Schiel et al.,

1995). The HPLC analyses indicated that concentrations of phaeophorbides and other

degraded phytopigments were extremely low in the bottom sea ice, thus, indicating that

most of the sympagic flora was active. These findings suggest that grazing pressure may

be only a minor factor controlling or regulating inorganic nutrient concentrations in the

bottom sea ice.

TABLE II Range of abundance of S. longipes and
H. furcifer life stages in the sea ice at Terra Nova Bay
during spring in 1999.

Min (ind. l�1) Max (ind. l�1)

S. longipes
Nauplii 3.5 509.5
Copepodids 0.0 7.9
Adults 0.0 13.1
Exuviae 0.0 21.0

H. furcifer
Nauplii 0.0 0.0
Copepodids 0.0 60.1
Adults 0.0 12.0
Exuviae 0.0 71.1

FIGURE 9 Temporal changes of S. longipes and H. furcifer abundance (ind. l�1) in the bottom ice in Terra Nova
Bay, November 1999.
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