hence, apomorphic for Neognathae.

Definitive fossils of dinosaur eggs and
nests were discovered in the early 1920s. The
most common type of eggs were initially
identified as belonging to the ornithischian
dinosaur Protoceratops (21). This referral was
based on the abundance of both Protocera-
tops skeletal remains and this type of egg at
Bayn Dzak. No undoubted embryonic re-
mains were found in these eggs. Although
embryonic remains were initially reported
(22), these observations have been shown to
be erroneous (23).

On the basis of circumstantial evidence,
two recent studies of dinosaur eggs (1, 2)
suggested that this type of egg is not from
Protoceratops, but from a theropod dinosaur.
The type of egg most common at the Flam-
ing Cliffs is identical in size and shape, sur-
face ornamentation, and microstructure to
the egg containing the oviraptorid embryo.
Hence, we now provisionally identify these
as oviraptorid theropods. However, consid-
ering that embryos within eggs are scarce,
the possibility that this type of egg has a
broad distribution among Dinosauria cannot
be discounted, although this possibility is
unlikely.

Further evidence for the identification of
the Flaming Cliffs eggs comes from remark-
able and suggestive associations (16, 24). In
1923, George Olson collected a dinosaur
nest (AMNH 6508) of this type of egg (Fig.
3) at the Flaming Cliffs. During excavation,
the holotype of Owiraptor philoceratops
(AMNH 6517) was discovered lying on top
of the clutch of eggs, separated by only 10
cm. In his description of this species, Osborn
surmised that this animal died while feeding
on the eggs—hence the generic name he
gave it, meaning “egg seizer” (16). Our evi-
dence suggests that the holotype of Owviraptor
philoceratops perished not while feeding on
these eggs, but perhaps while incubating or
protecting this clutch of eggs. Since this
discovery, another such association of an
adult oviraptorid and a nest of this type of
egg has been reported from Djadokhta-like
beds at Bayan Mandahu (24).

The abundance of this type of egg at the
Flaming Cliffs, comprising approximately
50% of the eggs (I, 2) encountered, is sur-
prising because skeletal remains of ovirap-
torids and ‘other theropods are extremely
rare. The original collections from the
Flaming Cliffs by the Central Asiatic expe-
ditions include 101 specimens of Protocera-
tops andrewsi (22), but only one specimen of
Owiraptor philoceratops, two specimens of Ve-
lociraptor mongoliensis, and one of Saurorni-
thoides mongoliensis (16). This is a strong
warning against the identification of eggs
only on the basis of the relative abundance
of eggs and skeletons in the same horizon.

The occurrence of the tiny skulls of
dromaeosaurids in association with the ovi-
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raptorid egg is an enigma. Skulls of non-
avian theropods this small are rare, and the
close association of two specimens with the
egg of another taxon is unlikely to be due to
chance alone. Although they are certainly
from animals close to hatchling age, it is
unclear whether they are embryos or neo-
nates; the possibility that the dromaeosaurids
are from an adjacent nest, were prey items of
adult oviraptorids, were predators on the ovi-
raptorid eggs or hatchlings, or even that one
of the two taxa was a nest parasite, cannot be
discounted. In any case, their intimate asso-
ciation with the oviraptorid eggs provides
another reason for caution in identifying
eggs on the basis of their associations with
embryos not actually enclosed within them.
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Autumn Bloom of Antarctic Pack-Ilce Algae
C. H. Fritsen,* V. . Lytle, S. F. Ackley, C. W. Sullivant

An autumn bloom of sea-ice algae was observed from February to June of 1992 within the
upper 0.4 meter of multiyear ice in the Western Weddell Sea, Antarctica. The bloom was
reliant on the freezing of porous areas within the ice that initiated a vertical exchange of
nutrient-depleted brine with nutrient-rich seawater. This replenishment of nutrients to the
algal community allowed the net production of 1760 milligrams of carbon and 200 milligrams
of nitrogen per square meter of ice. The location of this autumn bloom is unlike that of spring
blooms previously observed in both polar regions.

Approximately 3 to 4 X 10° km? of the
western sector of the Antarctic Weddell
Seais continuously covered by sea ice (I).
Low water column biomass and light limi-
tations imposed by the ice and snow restrict
primary production in the water column,
and dense microbial communities associat-
ed with the sea ice are presumed to be the
major source of primary production for this
region’s pelagic ecosystem (2). Elucidating
the annual production cycle and the factors
controlling primary production in this re-
gion of the world ocean has been problem-
atic because of the difficulties associated
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with conducting long-term investigations
in drifting pack ice. The deployment in
1992 of the first Antarctic drifting ice sta-
tion (ISW-1) enabled us, however, to ex
amine in situ microalgal production and
nutrient dynamics in relation to changing
physicochemical conditions in Antarctic
pack ice over a prolonged period.

ISW-1 was deployed on a 2- to 3-km?
multiyear ice floe (ice surviving a summer
melt season) in the southwest Weddell
Gyre in a region of 80 to 90% multiyear ice
coverage (3). Several experimental quadrats
were monitored (4) as the station drifted




Fig. 1. Stratigraphic representation
of ice cores obtained from site B.
Ice cores obtained throughout the
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multiyear ice floe often contained
differing  crystallographic  struc-
tures; however, surface flooding
and porous layers were common,
and large brine drainage features
were always present below the
freezing front (Fig. 2). Depths (in
centimeters) are relative to the ice-
snow interface.
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northward at 53°W longitude from 71.4°S
(9 February) to 65.8°S (6 June). Results are
presented from a primary 20 by 20 m study
quadrat (site B) located 40 to 50 m from the
perimeter of the floe in a larger area (about
0.2 km?) of relatively undeformed (0.95 to
1.2 m thick) multiyear ice. Initially, there
was a layer of highly porous, unconsolidated
ice (brine volume, 50 to 80%) (5) located
~5 to 10 cm below the ice-snow interface
just below sea level (Fig. 1). These porous
layers near sea level have been described
(6) and are believed to originate by either
internal melting (7) or surface flooding and
infiltration of seawater into the snow, fol-
lowed by freezing (6). Granular ice crystals
were located above and immediately below
the porous layer, and the bottom 60 to 70
cm were composed of vertical columnar
crystals. Large brine channels (0.5 to 3.0 cm
in diameter) permeated both the granular
ice and the columnar ice below the uncon-
solidated layer.

Ice temperatures were initially isother-
mal, ranging from —1.70° to —1.80°C, and
brine salinities were 30 to 34 parts per
thousand (ppt). As air temperatures de-
creased, a freezing front propagated into the
snow and sea ice (Fig. 2). The freezing front
took about 2 weeks to advance 30 cm and
pass through the porous layer, and an addi-
tional 2 weeks to advance the remaining 80
to 90 cm to the bottom of the ice. Coinci-
dent with the propagation of the freezing
front, the ice was desalinating. By day 74
(14 March), bulk salinities of the porous
layer showed that considerable desalination
had occurred (Fig. 3A) despite the presence
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of 80 cm of consolidated ice beneath the
porous layer. The porous layer solidified as
granular crystals distinguishable as a dis-
crete band of golden-brown color caused by
the presence of a dense microalgal commu-
nity (Fig. 1).

Plant pigments (chlorophyll a and phaeo-
pigments) in the ice initially ranged from
0.7 to 11 mg m™~3, whereas water column
biomass remained below 0.1 mg m™3
throughout the study. Standing stocks of
pigments in the ice were increasing at a
rate of 0.8 mg m ™2 day ™! during the initial
3 weeks (day 60 to 81; Fig. 3B). Within
the porous layer, carbon was fixed at rates
of 100 mg of C m™3 day ™! (day 60) and
ranged up to 800 mg of C m™3 day™! (day
67). Integration of these rates over the 22
cm  of the porous layer yields 22
to 176 mg of C m~2 day™!. The net algal
C and N accumulations were equivalent
to 57 mg of C m™2 day™! and 6.3 mg of
N m~? day~! (8). After day 81, both
the in situ incubations and the changes in
integrated pigments showed that the algal
communities continued to grow, albeit at
one-tenth of the rates before day 81. The
decreases in algal growth rates were coin-
cident and likely caused by the decreas-
ing ice temperatures (Fig. 2), the concom-
itant increasing brine salinities (9), and
the decreasing daily insolation.

The net production of algal biomass
within the multiyear sea ice during the
period of study was equivalent to 1760 mg
of C m™2 and 200 mg of N m~2 The
primary area of algal growth was in the
upper 0.4 m of the ice, near the region of
the porous layer, as is demonstrated by the
final vertical profile of plant pigments ob-
tained on the last day of study at this site
(Fig. 3C). The increase in algal biomass at
the depth of the maximum amount of pig-
ment accumulation represented an increase
of 73 mmol m™> of algal nitrogen biomass.
The brine initially contained only 1.9 mmol
of N m™3 as nitrate + nitrite and 1.5 to 2.4
mmol of N m™> as ammonium ion. For ice
with a 50 to 80% brine content, the com-
bined nitrogen sources would have support-

SCIENCE e« VOL. 266 -

4 NOVEMBER 1994

04 ~ \\\/\//-
20 a\10
T 40+ \/

< 4

< 60

£

o

8 90 \
100 A
120 =

55 60 65 70 75 80 85
Day of the year

90 95 100

Fig. 2. Propagation of a freezing front into multi-
year sea ice. Temperatures to the left of the —2°C
isotherm  fluctuated between —1.70° and
—1.87°C. Ice thickness was 1.2 m (Fig. 1).

ed less than 5% of the observed increase in
algal biomass. This nutrient deficit suggests
that brine and nutrient-rich seawater ex-
changed during the study.

Convective brine motion has been dem-
onstrated in laboratory-grown ice and in
the bottom skeletal layers of growing land-
fast ice (10). In the present study, however,
the density instability in the brine was
formed by the rejection of brine from the
new ice forming within the porous layer. Ice
temperatures (Fig. 2) indicate that the brine
below the freezing front never exceeded 35
to 36 ppt (9), which shows that the salts
expelled from the freezing front were dilut-
ed to salinities 1 to 2 ppt greater than that
of the underlying seawater. While the freez-
ing front was advancing and the algal com-
munity was growing, concentrations (rela-
tive to salinity) of nitrate + nitrite in-
creased within the brine and ice (Fig. 3D).
By day 81, ratios of nitrate + nitrite to
salinity had increased to values similar to
those in the water column. This relative
nutrient increase shows that the interstitial
brine was mixing with nutrient-rich seawa-
ter at a rate exceeding the rate at which the
algal communities used the new nutrients.
After the aqueous portion of the porous
layer froze and brine volumes dropped be-
low 5%, ratios of nitrate -+ nitrite to salinity
decreased as would be expected if the brine
pockets became isolated (11) and the algal
communities continued to use and deplete
the trapped nutrients.

During the initial 21 days of algal
growth, fluxes of seawater had to exceed
0.015 m®> m~? day ! in order to sustain
the growth of the algal population as well
as the increase in the nutrients relative to
salinity. Volume fluxes estimated from a
salt-balance approach (12) exceed the nu-
trient demand of the algae and range from
0.04 to 0.1 m® m™2 day~!. These estimates
of brine exchange lead to the conclusion
that the original brine in the porous layer
(0.1 to 0.17 m?) was replaced several times
(up to 20) during the autumnal freezing
period. The large brine channels seen in ice
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Fig. 3. (A) Bulk salinities of the porous layer [calculated as the product of the fractional brine volume (V,)
(5) and the salinity of the brine]. Points before day 74 were calculated with V,, = 0.5 to obtain the
conservative estimate of desalination. (B) Increase in vertically integrated standing stocks of pigments
[chlorophyll a (Chl a) + phaeopigments (phaeo)]. Closed symbols represent ice cores melted in filtered
seawater to reduce the osmotic shock and cell lysis. Open symbols represent cores melted for nutrient
analysis without the addition of filtered seawater. (C) Vertical profile of pigments on day 128. (D) Ratios of
nitrate + nitrite to salinity in porous-layer brine (open symbols) and sea ice (closed symbols). Brine
samples are single-sample determinations; ice values are means from five to eight sections of ice cores.
Error bars, 2 SEM. Seawater nitrate + nitrite to salinity ratio was 0.876 = 0.069 (n = 8).

cores (Fig. 1) and divers’ observations of
brine channels in the region lead us to
conclude that the vertical exchange oc-
curred through these conduits.

Our results document a phenomenon
that is widespread and may occur through-
out the freezing seasons. Antarctic pack ice
frequently floods with seawater from snow
accumulation or deformation events or
both (13). When flooded areas freeze, the
process of brine exchange is initiated, and
surface and internal algal communities are
presented with additional nutrients for sus-
tained growth. In our study, sufficient light
was available as the freezing front propagat-
ed into the ice for an algal bloom to occur.
Dense internal bands of algae (20 to 130 mg
of chlorophyll a per cubic meter) were
found throughout the ISW-1 floe and in ice
surveyed from ships throughout the region,
which suggests that internal blooms are
common.

Our results also raise some fundamental
questions regarding annual production cy-
cles and the physical factors controlling pro-
duction in pelagic sea-ice ecosystems. One
implication of our study is that snow cover
may actually augment primary production
because of its propensity to create surface
flooding. In contrast, in land-fast sea-ice
ecosystems, snow cover has been shown only
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to reduce primary production (14, 15).
Spring blooms of bottom-ice algae have
been considered to be the primary source of
new production in the sea-ice ecosystems
studied thus far (14, 15). However, in pelag-
ic regions of perennial pack ice with deep
snow cover, spring blooms of bottom-ice
communities may be substantially limited by
the amount of light available, and losses due
to bottom ablation may be strong. Autum-
nal blooms, of interior and surface commu-
nities, are therefore more likely to be the
primary sources of new production.
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