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Abstract: The origins of the freshwater fauna that inhabits Antarctic lakes are poorly known. The species
present today could be relict species that have survived Quaternary glaciations on the continent, or
Holocene migrants from more temperate regions. One approach to investigating these questions is to study
faunal microfossils in lake sediment. This approach was applied to a 293 cm sediment core from Lake
Boeckella, located at the northern tip of the Antarctic Peninsula. The microfossils indicated that most of
the metazoan species that occur in the lake today have been present since soon after the lake’s formation
¢. 5.5 ka ago. In particular, the centropagid copepod Boeckella poppei (Mrazek) has been present throughout
the lake’s history, suggesting a local source for this species. The development of biodiversity in the lake with
time was in general more consistent with local (Antarctic) rather than distant (South American) sources,
though an alternative explanation is that dispersal to Antarctica was more efficient in the mid-Holocene.
Evidence of dispersal from extra-continental sites comes from the scattered occurrence throughout the core
of Eubosmina chilensis (Daday), a South American species that does not reach the Antarctic or the sub-
Antarctic islands at present, and which failed to establish a permanent population in the lake.

Key words: Antarctica, Lake Boeckella, fauna, copepods, colonization, vicariance, dispersal, Boeckella
poppei, climate change, Holocene.

Introduction

The origin and history of the metazoan fauna of freshwater
Antarctic lakes are poorly known. It is uncertain whether the
animals present in the lakes today, which include arthropods,
tardigrades, nematodes and rotifers, survived Quaternary
glaciations in refugia on the continent or have invaded from
more temperate regions during the Holocene. A recent review
of the crustacea of Antarctic freshwater lakes concluded that
all species are Holocene migrants (Pugh et al., 2002). There is
little direct evidence to support this conclusion, but there is
also limited evidence to suggest the presence of continental
refugia. Only very few Antarctic lakes are known to predate
the last glacial maximum (Doran et al., 1994; Hodgson et al.,
2005), but a study of the sediments of one of these, Lake Reid
in the Larsemann Hills (69°23.13’S, 76°22.72°E), has shown
that at least two species — the cladoceran Daphniopsis studeri
Riihe and the rotifer Notholca sp. — have been present in the
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lake throughout its lifetime (Cromer et al., 2006). Bayly et al.
(2003) used morphological and biogeographical arguments to
conclude that two copepod species found in East Antarctic
freshwater lakes — Boeckella poppei (Daday) and Gladioferens
antarcticus Bayly — have had long associations with the
Antarctic continent and probably survived in local refugia.
There is also evidence from the terrestrial fauna for the
presence of endemic nematodes, tardigrades, springtails and
mites that must have survived glaciation on the continent
(Andrassy, 1998; Mclnnes and Pugh, 1998; Marshall and
Coetzee, 2000; Stevens and Hogg, 2003; Convey and Mclnnes,
2005).

Understanding the origins of the Antarctic limnetic fauna is
important if the biogeography of the continent is to be placed
in a global context. If all the species present are Holocene
migrants, then the lakes of the continent are merely biogeo-
graphical extensions of more northerly regions. If, in contrast,
the lakes contain an endemic fauna, they can provide
fascinating insights into the biodiversity and ecology of these
habitats in earlier, possibly preglacial, times. Furthermore, the
species present will provide important information about the
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characteristics required and strategies used to survive glacia-
tion on the continent.

In this paper we discuss the distribution of animal micro-
fossils in the sediment of Lake Boeckella, which is located at
Hope Bay, ¢. 20 km from the northern extremity of the
Antarctic Peninsula. If the colonization of lakes of the
Antarctic Peninsula was from further north, this lake may
have been one of the first continental sites reached by invading
species (Ellis-Evans and Walton, 1990; Marshall, 1996). The
record of such arrivals will be preserved in the sediment:
colonizing species will first appear in a particular sediment
horizon (though if the species has no body part or egg that is
preserved there will be no evidence of its arrival). If coloniza-
tion of the lake was from local sources, species are more likely
to first occur soon after the onset of biological sedimentation,
with later arrivals probably from more distant sources. A
similar diversity—time relationship would be expected if long-
distance colonization was a common occurrence. Clearly the
ability of the organism to survive in the lake once it has arrived
is also of prime importance (Ellis-Evans and Walton, 1990;
Clarke, 2003). Conversely, if colonization from South America
has been limited to occasional extraordinary events, a gradual
increase in biodiversity with time in the lake might be expected.

This sediment-based approach has been previously used to
identify a period in which the anostracan Branchinecta gaini
Daday was present in lakes on James Ross Island, ¢. 60 km to
the south of Lake Boeckella on the eastern side of the
Antarctic Peninsula (Bjorck et al., 1996). Jones et al. (2000)
showed that Branchinecta gaini, Boeckella poppei and two
species of mite, Alaskozetes antarcticus (Michael) and Halo-
zetes belgicae (Michael), have been associated with Sombre and
Heywood Lakes on Signy Island (South Orkney Islands, ¢. 660
km to the northeast of Lake Boeckella), for much of the lakes’
existence. The Holocene colonization of lakes on Greenland
has also been studied by this method (Bennike, 2000). Here we
provide the first information on the colonization of a lake on
the Antarctic Peninsula by animals, with the aim of identifying
when the colonizations occurred and the implications for the
sources of the fauna. The species dynamics also provide
insights into the ecological history of the lake and its
surrounds.

Study site

Lake Boeckella is located in a small (< 5 km?) ice-free area at
Hope Bay, near the northern extremity of the Antarctic
Peninsula (Figure 1). It lies in a glacially gouged depression
and is dammed by a moraine. The lake is located at 49 m above
sea level approximately 500 m from the ocean. The maximum
depth recorded in a bathymetric survey was 4 m (Izaguirre
et al., 1993), though Zale and Karlén (1989) report collecting
the core used in this study from 6.9 m. The lake receives
meltwater from glaciers on nearby Mount Flora, and therefore
has low conductivity. An outlet stream runs from the lake to
Hope Bay. Further details of the lake can be obtained from
Izaguirre et al. (1993, 2003), Vinocur and Pizarro (1995) and
Almada et al. (2004).

The biology of Lake Boeckella has been the topic of
numerous studies. The phytoplankton community was de-
scribed by Izaguirre et al. (1993), and consists of inter alia
cyanophytes, chlorophytes and diatoms. Further cyanobacter-
ial and algal species form the periphyton (Vinocur and Pizarro,
1995). The only crustacean recorded is the copepod Boeckella
poppei, which has a nekto-benthic habit in the lake (Almada
et al., 2004). Other members of the zooplankton include the
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Figure 1 Map showing Lake Boeckella and the surrounding area.
The inset shows the location of Hope Bay on a map of Antarctica
(star)

scarce rotifers Notholca walterkostei de Paggi and Philodina
gregaria Murray (Izaguirre et al., 2003). Tardigrades are also
present in the lake at low abundance, but the species present
have not been determined.

Hope Bay is the site of a major Adélie penguin rookery that
extends up from the coast and into the drainage basin of Lake
Boeckella (Figure 1). The total number of breeding pairs in this
rookery in 1986 was approximately 120000 (Myrcha et al.,
1988), and there is evidence that the colony has increased
dramatically in size since 1945 (Zale, 1994a). The number of
penguins that actually nest in the drainage basin of the lake has
not been recorded. Tatur (1989) reported abandoned rookeries
in the area, suggesting either that the breeding sites have moved
periodically, or that penguin abundance may have been higher
in the past. Both the inhabited and the abandoned rookeries
are major sources of nutrients to the lake (Tatur and Myrcha,
1983). As a result of this input, Lake Boeckella lies mid-way
along a lake series in the Hope Bay area that ranges from
oligotrophic (no penguin influence) to hypereutrophic (extreme
penguin influence) (Izaguirre et al., 2003).

Methods

The collection in late 1987 of the sediment core used in this
study was described by Zale and Karlén (1989). Further details
of this core have been discussed by Zale (1994a,b) and Bjorck
et al. (1991). The 293 cm long core was collected from the
centre of the lake and sectioned at 5 cm intervals (except for a
3 c¢m section from 0 to 3 cm). After the initial subsampling the
remaining core was preserved with polyethyleneglycol (PEG)
using the method of Tippett (1964), and stored at 4°C until
further analysis.

A 0.5-1.0 g subsample of each preserved section was placed
in ~ 10 mL distilled water in a glass vial to dissolve the PEG.
A few drops of Rose Bengal stain were added, and the sample
allowed to stand overnight to disperse the sediment. In some
cases short bursts of ultrasonication aided dispersal. The
sediment was then rinsed through a stack of 200 pm, 100 pm
and 44 pum sieves with thorough washing with distilled water.
The contents of the sieves were backwashed into vials for
storage in distilled water. The samples were viewed through a
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have been annual varves. The LOI in this unit averaged near
25%. In the 193-198 cm segment there was a sudden change
from fine laminations to yellower, often coarser sediment that
contained only occasional and less well-defined laminations.
This change defined the beginning of Unit 5. At ¢. 180 cm the
LOI increased to above 30% and, after an initial decrease to
near 20%, this level or higher was maintained with a few local
minima (near 110 cm and more recently between 40 and 64 cm)
to 30 cm. The most recent sediments in Unit 6 (0—25 cm) were
characterized by higher sand content (also see X-radiographs
of this section of the core in Zale and Karlén, 1989) and
markedly lower LOI than sediments from Unit 5.

Dating the core

Radiocarbon dates for six segments of the core were obtained
soon after collection (Zale and Karlén, 1989; Bjorck et al.,
1991; Zale, 1994b). The dates, given in Table 1, are difficult to
interpret because of the presence of ‘old’ marine-derived
carbon through the input of faecal material from penguins
that nest in the drainage basin of the lake. Zale (1994b)
developed a geochemical model that took into account the
input of this old carbon to calculate ‘true’ ages (Table 1). From
this work it was estimated that deglaciation of the area
occurred approximately 6.3 ka BP.

An alternative dating approach is tephrochronology. Bjorck
et al. (1991) allocated the tephra of Unit 2 to AP14, a tephra
band recognized across the northern Antarctic Peninsula and
nearby offshore islands that was derived from an eruption
of Deception Island (62°57'S, 60°38'W), which is 190 km
to the west of the lake (Bjorck et al., 1991). AP14 has been
dated at ¢. 4.7 ka BP (Bjorck er al., 1991), and it is now
generally accepted that deglaciation at the northern end of the
Antarctic Peninsula and on nearby islands occurred at about
5.5-5.0 ka BP (Hjort et al., 2003).

Because of the preservation of the core with PEG, it was not
possible to use more modern techniques to obtain new dates on
the core.

Animal microfossils

Copepods

Only fragmentary copepod exoskeletal material was found in
the near-surface sediment, which was not surprising as
copepod bodies are in general poorly preserved in sediments
(Warner, 1989). In contrast, copepod eggs were the most
abundant microfossil in the core (Figure 2). These eggs had the
same characteristics as those of gravid females of Boeckella
poppei collected from Lake Terrasovoje, Prince Charles Moun-
tains, Antarctica. As this species occurs in Lake Boeckella
today, it was concluded that the eggs were from this species.
The majority of the eggs were empty, and many were
represented by a single hemisphere. The occurrence in fresh-
water sediments of similar empty, presumably hatched copepod

Table 1 Radiocarbon ages of sediment from Lake Boeckella

eggs of this and other species has been recorded previously
(Bennike, 1998; Jones et al., 2000; Knapp et al., 2001).
Copepod eggs were present in all segments including the oldest
sediment from Unit 1, though large shifts in abundance
occurred (Figure 2).

Copepod spermatophores that were identical in shape to
those of modern Boeckella poppei were also abundant in recent
sediments, with numbers decreasing roughly exponentially with
depth. Two sizes of spermatophore were observed that were
similar in shape, but which had different dimensions (Figure 3).
The longer spermatophores were abundant at the top of the
core, but disappeared more rapidly with depth than the smaller
ones. The distribution of spermatophores in the sediment
suggests that they are broken down in situ, and therefore
changes in their abundance cannot be used to infer changes in
lake conditions or animal populations.

The occurrence of the two spermatophore types might
suggest the presence of more than one copepod species in the
lake. However, Boeckella poppei occurs in two size morphs on
South Georgia (Hessen et al., 1989), and it is possible a similar
situation occurs in Lake Boeckella. Hessen et al. (1989)
recorded that the eggs of both morphs were the same size.
Alternatively, the different spermatophores may be associated
with the formation of diapause eggs, noted previously in
copepods from Lake Boeckella (Izaguirre et al., 2003). Further
study of the reproduction of the extant population is required
to confirm the origins of the two spermatophore sizes in Lake
Boeckella. The absence of a second species of copepod was
supported by molecular genetic analysis of the sediment, which
indicated that Boeckella poppei was the only copepod present
in the lake both early in the lake’s history as well as in the most
recent sediments (Bissett ez al., 2005).

Cladocera

Cladoceran remains are generally well preserved in lake
sediments (Korhola and Rautio, 2001). Occasional cladoceran
exoskeletal fragments were observed casually at some depths
in the core, including near 225 and 100 cm, but they were
more common over a short interval from 53 to 68 cm. Within
this narrow depth range there were clearly periods when
the cladocera were abundant and others when they were
absent: exoskeletal remains were not recovered from all
subsamples of the segments studied. No estimates of abun-
dance were made. The species present was identified as
Eubosmina chilensis (Daday) (M.C. Marinone, personal com-
munication, 2005) (Figure 4), which is widely distributed in
southern South America. The only previous records of
bosminids from the Antarctic region are of Bosmina obtusir-
ostris Sars (though this identification has been questioned
(Pugh et al., 2002)), Eubosmina longispina (Leydig) and
Bosmina cf. kessleri (Brooks et al., 2005), all from the Falkland
Islands.

Depth (cm) Sample number Uncalibrated radiocarbon Modelled age
age ("*C yr BP) (yr BP)
0-2 ST11990 2275+70 0
0-23 ST11746 2585+70
83-113 ST11747 2140470 470
143-173 ST11620 3720470
203-233 ST11748 4085+120 2620
263-293 ST11619 8615+170 5360

Uncalibrated ages are from Bjorck ef al. (1991) and modelled ages from Zale (1994b).
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Figure 3 Distribution of spermatophore length in sediment from 3
to 8 cm showing the occurrence of two size classes

Tardigrades

Remains of tardigrades have rarely been reported from lake
sediments (Frey, 1964). Tardigrade bodies and exuviae decom-
pose rapidly after sedimentation, and there are only a few
records of the recovery of tardigrade eggs from sediment cores
(Frey, 1964; Jankovska, 1991).

Tardigrade eggs were surprisingly abundant in the Lake
Boeckella core. Four types of egg were observed, of which three
were common. The spherical surface of the most abundant egg
type was covered with tapered conical projections (Figure 5);
these eggs were attributable to the lacustrine species Dactylo-
biotus ambiguus (Murray) or a closely related species (Binda
and Pilato, 1999; McInnes and Pugh, 1999). Dactylobiotus cf.
ambiguus eggs were present at low abundance from Unit 2, and
were common in most segments in Unit 4 and the first half of
Unit 5, above which they were strictly absent (Figure 2).

The second egg type was slightly elliptical, with the
projections on the surface of the eggs ending in complex
bifurcations (Figure 5). These eggs are attributable to Macro-
biotus furciger Murray, a terrestrial species that is often
associated with the nitrophilous alga Prasiola crispa (Light-
foot) Kiitzing but which may be present in the littoral zone at
the lake margin (Mclnnes and Pugh, 1999; S.J. Mclnnes,

personal communication, 2005). This egg type was observed
intermittently throughout the core at low abundance, though a
sharp peak occurred in Unit 5 after the disappearance of
Dactylobiotus cf. ambiguus (Figure 2).

The third egg type was smaller (diameter ¢. 70 um), with
short rods between inner and outer surface layers, giving it a
speckled look. These were similar to eggs of Acutuncus
antarcticus (Richters), a typically terrestrial species that also
lives in lakes (Pilato and Binda, 1997; Mclnnes and Pugh,
1999), but could also have been from a related species. We refer
to this egg type as Acutuncus sp. These small eggs were present
throughout much of Unit 5 (Figure 2), though there was an
isolated occurrence early in Unit 4 that was associated with
high relative abundances of other microfossil types (eg,
copepod spermatophores and rotifers).

Occasional examples of a fourth egg type, attributable to a
member of the genus Ramazzottius, which has distinctive eggs,
were observed in a few samples in Unit 5. Members of this
genus are terrestrial in habit.

Rotifers

Rotifer remains have rarely been recorded from lake sediments,
though they are sometimes abundant in peat bogs (Frey, 1964).
One exception to this rule is members of the genus Notholca,
loricae of which have been reported from sediments of fresh-
water and saline lakes in the Vestfold and Larsemann Hills,
Antarctica (Swadling et al., 2001; Cromer et al., 2005, 2006).

Loricae of the rotifer Notholca walterkostei (Figure 4) were
present in Lake Boeckella sediments throughout the second
half of Unit 5, with scattered occurrences in Units 3 and 4. The
appearance of Notholca walterkostei in Unit 5 coincided with
the disappearance of the eggs of Dactylobiotus cf. ambiguus.
Notholca walterkostei has been recorded in the zooplankton of
Lake Boeckella in a recent study (Izaguirre et al., 2003), and
occurs elsewhere in maritime Antarctica and South America
(Dartnall and Hollowday, 1985; Battistoni, 1992).

Other rotifer species have been recorded from Lake Boeck-
ella (Izaguirre et al., 2003) that have undoubtedly been present
for an extended period. Most of these species are bdelloids that
do not produce a lorica, and are therefore not preserved in the
sediment.

Figure 4 Examples of microfossils found in the sediment of Lake Boeckella. (a) Lorica of Notholca walterkostei (length: 200 pm); (b)
Halozetes belgicae cuticle (length: 600 pm); (c) platyhelminth egg (length: 70 um); and (d) Eubosmina chilensis exoskeleton (length: 400 um)
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Figure 5 Tardigrade eggs from the sediment of Lake Boeckella. (a) Egg of Dactylobiotus cf. ambiguus; (b) detail of processes on the surface
of the egg of Dactylobiotus cf. ambiguus; (c) egg of Macrobiotus furciger; and (d) detail of processes on the surface of the egg of Macrobiotus

furciger. Note the scale bars at bottom of each figure

Orabatid mites
Remains of two different species of orabatid mite were recorded
in the sediment: Alaskozetes antarcticus and Halozetes belgicae
(Figure 4). Both these species have been recorded in the Hope
Bay region in recent times (Wallwork, 1967), and are typically
inhabitants of terrestrial habitats, with Alaskozetes antarcticus
often associated with areas rich in organic debris and Halozetes
belgicae more specifically crustose lichens. However, both
species can survive for extended periods in aquatic habitats
(Goddard, 1979) and the supralittoral zone (Pugh and MacAl-
ister, 1994). Both the ventral plates of immature stages and adult
cuticles were observed in the sediment; the number of mite
remains recorded in Figure 2 is the total of all complete or near
complete adult cuticles and late stage nymphal plates
recorded for each species. Numerous other fragments of cuticles,
legs and other body parts were observed, but were not counted.
Halozetes belgicae was present in all units, though Alasko-
zetes antarcticus was not observed at the base of the core,
appearing first in Unit 4. Maximum abundance of both species
occurred during Unit 5, though both were (nearly) absent early
in this unit. Alaskozetes antarcticus was not recorded in the
most recent sediments.

Thecate amoebae

Tests of thecate amoebae are commonly observed in lake
sediments and have been used extensively in palaeolimnological
reconstructions (Beyens and Meisterfeld, 2001). Tests of a
single species, Difflugia sp., were common in one subsample
taken from 173-178 cm, but were not observed in any other
subsample from this depth or elsewhere in the core. This
microfossil was not one that would have been overlooked
during the systematic counts.

Platyhelminth

Eggs of a rhabdocoel platyhelminth (Figure 4) were observed
in Unit 5, with only a single occurrence in the latter part of
the unit.

Unidentified eggs
At least nine other, unidentified egg types were observed in
the core. The most abundant, LB2, was observed in all units

at moderate abundance. This egg was the same size as those
of Boeckella poppei, but had a thicker external membrane
that was a different colour (yellow brown, as opposed to
colourless). There was a reasonable correlation between the
abundances of Boeckella poppei eggs and this type (R? = 0.375,
n =31, p <0.05); if it is accepted that only one copepod species
occurs in the lake, it is possible that this egg is a diapause egg
of Boeckella poppei. 1t is plotted in Figure 2 with the other
copepod remains for easier comparison.

The other egg types are described in more detail in Appendix
1. Most of these eggs were present at highest abundance in
Unit 5, though some were observed in earlier units and/or were
present in the latest sediments (Figure 2).

Diversity

Diversity, defined as the number of different microfossils
recorded in a particular sample, was greatest in Unit 5, with
the peak occurring just prior to the disappearance of eggs of
Dactylobiotus cf. ambiguus. An earlier peak in diversity
occurred at the base of Unit 4 associated with an increase in
LOI and reduction in the importance of moss in the lake. It
should be noted, however, that the plot in Figure 2 does not
reflect total metazoan diversity, rather the diversity of the
species that left microfossils.

Discussion

Regional climate setting and its effect on the biota
Palaeolimnological data from Antarctic lakes has been used
widely to develop models of local and regional climate change
(Hodgson et al., 2004). Previous analyses of the characteristics
of the Lake Boeckella core used in this study led to the
conclusions that the area had been deglaciated 5.5-6.3 ka BP
(Zale, 1994b; Hjort et al., 2003); that a major climate downturn
occurred that ended at ¢. 4.7 ka BP (as indicated by the sharp
drop in LOI: Zale, 1994a); that the climate recovered after this
downturn (mid-Holocene warm period); and that penguins
had been present in the area throughout the lake’s history
except for a short period during the climate downturn (Zale,
1994a). Our re-interpretation based on analysis of faunal
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microfossil distribution and other characteristics of the core
questions some of these conclusions, and is summarized below.

Lake Boeckella was a shallow, oligotrophic pond in the
period when the deepest sediment recovered (Unit 1) was
formed, as reflected by the low LOI and occasional subaerial
oxidation of the surface sediment. It is probable that there were
few penguins in the drainage basin of the lake at this time (see
below). A large eruption of Deception Island (or another
nearby volcano) that resulted in a major input of tephra into
the lake defined the boundary between Units 1 and 2.
Approximately 15 cm of tephra was deposited, though this
would have included in-wash from the drainage basin. A
similar tephra layer over 1 m thick attributable to the same
eruption has been reported from a lake on King George Island
(Tatur et al., 1999). Zale and Karlén (1989) suggested that the
concomitant decrease in LOI that occurred with this tephra
input was an indicator of deterioration in climate. However, the
low LOI is attributable to dilution by clastic material and a
reduction in productivity resulting from the deposition of fine
ash into the lake that would have reduced light penetration
(Figure 2). After the end of the input of the volcanic material,
extensive growth of aquatic moss occurred in the lake, which
is indicative of low nutrient, low productivity conditions
(Heywood et al., 1980). This implies a lack of significant
nutrient input from penguins, and therefore the probable
absence of breeding birds from the drainage basin of the lake
at this time (Zale, 1994a).

The boundary between Units 3 and 4 occurred when moss
became less important and water column and benthic produc-
tivity by algae and cyanobacteria increased, possibly as a result
of the slow release of nutrients from the drainage basin. A peak
in diversity early in the unit suggests that many species were
present in the lake that could take advantage of the changed
conditions or alternatively colonized the lake over a relatively
short period of time. The finely laminated sediments of Unit 4
indicate seasonal peaks in productivity or possibly grazing. The
organic sediment in this zone (and throughout most of the
core) consisted largely of very finely divided material that
probably had been ingested and excreted by Boeckella poppei
or other grazers. The fine laminations suggested that there was
close coupling between primary productivity and grazing.

The shift to the poorly laminated, yellower sediment of Unit
S was abrupt, indicating a rapid change in the lake conditions.
This is consistent with an increase in nutrient input into the
lake with the arrival of significant numbers of penguins in the
area. Zale (1994a) developed a proxy for penguin numbers
based on geochemical parameters in the sediment. This proxy
showed a marked increase at this time from near background
levels, also indicating an increase in penguin abundance.
Productivity in the lake was no longer limited by nutrient
availability, and is likely to have occurred less in short blooms,
but more generally throughout the year when light was
available. Grazing became uncoupled from productivity be-
cause of the abundance of food. The increase in LOI early in
Unit 5 was consistent with an increase in both productivity and
nutrient content of the lake.

The two mite species, Alaskozetes antarcticus and Halozetes
belgicae, were nearly absent for a period early in Unit 5, which
implies harsher conditions in the moss-beds and lichen that
they inhabit (Hodgson and Convey, 2005). Paradoxically, the
absence of the mites coincided with an increase in LOI,
suggesting increased productivity in the lake. An explanation
is that an increase in penguin numbers occurred during a period
of climate deterioration, and possibly reflects an increase in
range of Adélie penguins as conditions at the northern end of
the Antarctic Peninsula, particularly the disposition of sea ice

(Fraser and Trivelpiece, 1996), became more suitable for them.
Other studies have shown that a period of neoglaciation
occurred about the same time (c. 2.5 ka BP), consistent with
our interpretation (Hjort et al., 2003; Mosley-Thompson and
Thompson, 2003). The return of the mites later in Unit 5 can be
interpreted as an increase in terrestrial organic productivity as
a result of nutrient input from penguins or an amelioration of
the climate that did not result in disappearance of the penguins.

Unit 5 can be split into two sections, with the break
coinciding with the disappearance of eggs of Dactylobiotus
cf. ambiguus from the sediments. There was no other clear
change in sediment characteristic that occurred at the same
time, except that this period was one of high LOI. It may have
been that the tardigrade species was not adapted to eutrophic
lake conditions, possibly because of the effects of anoxia in the
surface sediments on egg viability (S.J. Mclnnes, personal
communication, 2005). Other species were apparently better
adapted to the highly productive conditions, notably Notholca
walterkostei, which increased in abundance after the disap-
pearance of the tardigrade, and Boeckella poppei.

The final unit of the lake (25 cm and above) was
characterized by falling LOI, increased clastic material and
decreased mite numbers (with the disappearance Alaskozetes
antarcticus early in the unit). Zale (1994a) recorded a drop in
his penguin proxy in the same interval. It therefore appears
that penguin numbers declined, reducing nutrient availability
both in the lacustrine and terrestrial habitats. The steady rather
than abrupt decline in LOI may reflect continued mobilization
of nutrients from abandoned rookeries (Tatur, 1989), rather
than a slow decrease in penguin abundance.

Colonization of Antarctic lakes by invertebrates
The distribution of faunal microfossils in the sediment of Lake
Boeckella suggests that three different behaviours occurred
amongst colonizers of the lake. These can be characterized as
early colonizers, later colonizers and unsuccessful colonizers.

The oldest sediments studied contained microfossils of only
two species, Boeckella poppei and Halozetes belgicae, along
with unidentified egg type LB2. These species clearly reached
the lake soon after its formation, though the core used here did
not penetrate into sediments formed prior to the onset of
biological sedimentation. Boeckella poppei occurs in Patagonia,
the islands of Drake Passage (where it has been present on
Signy Island for at least 5500 years (Jones et al., 2000)) and
along the western side of the Antarctic Peninsula as far south
as Alexander Island (Heywood, 1977; Bayly, 1992), suggesting
that it could be a Holocene immigrant from South America
that then dispersed quite widely on the continent. In some ways
this is surprising, as centropagid copepods are poor colonizers.
Bayly and Morton (1978) emphasized the apparent paradox
that these copepods, which produce desiccation-resistant eggs
and might therefore be expected to disperse readily, usually
have more restricted distributions than cyclopoid copepods
that lack resistant eggs.

An alternative explanation for the occurrence of Boeckella
poppei in this region is that it survived the last glacial
maximum in epishelf lakes or other lakes along the western
side of the Antarctic Peninsula. Epishelf lakes, which contain a
layer of freshwater dammed by an ice-shelf that ‘floats’ on
seawater (Gibson and Andersen, 2002), could have been
present through the glacial period, and therefore provided
refuge for freshwater species. Two epishelf lakes on Alexander
Island (71°S, 70°W), Ablation and Moutonnée Lakes, contain
Boeckella poppei, as do many ponds near the lakes (Heywood,
1977). These lakes, as well as other epishelf lakes that have
disappeared after failure of the ice dam (Mueller et al., 2003;
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Bentley et al., 2005) and the numerous proglacial and moraine
ponds that occur along the margins of the Antarctic Peninsula
ice shelves, may have provided further refuges for this species.
Local dispersal of the copepods could then have occurred,
which would obviate the necessity for over-ocean migration
from Patagonia.

A further consideration is that Boeckella poppei seems to be
quite an adaptable species. It occurs in large, deep ultraoligo-
trophic lakes (Bayly et al., 2003) and small ponds (Heywood,
1977). 1t is able to alter its reproductive cycle to suit food
availability (Izaguirre et al., 2003), and is found in two size
morphs, the occurrence of which is possibly related to the
presence of predators (Hessen et al., 1989). If the source of this
species were colonization from South America, its flexibility
may have meant that it could colonize newly formed ponds and
lakes more efficiently than other potential colonizers that
arrived at the same time.

The other early colonizer evident in the sediment, the mite
Halozetes belgicae, is endemic to the western margin of
the Antarctic Peninsula and nearby sub-Antarctic islands
(Wallwork, 1967; Pugh and Convey, 2000). As this is a largely
terrestrial species that can survive in the supralittoral zone
(Pugh and MacAlister, 1994), it does not have the same need for
a lacustrine glacial refugium; any ice-free land with sufficient
build up of organic material in the supralittoral zone would
suffice. If no ice-free land remained in the Hope Bay region
during the last glacial maximum, Halozetes could have been
transported by currents from other, nearby areas. It then
colonized newly exposed land from the littoral zone reaching
the Lake Boeckella basin soon after its formation. As pointed
out by Pugh (2003), aerial dispersal of mites is highly unlikely.

The second group of colonizers, which included Notholca
walterkostei, Dactylobiotus cf. ambiguus, Macrobiotus furciger,
Acutuncus sp. and the species that produced many of the
unknown egg types appeared in the core in Units 2 or 3, or at
the start of Unit 4, resulting in a peak in diversity early in Unit
4. Alaskozetes antarcticus first appeared in the middle of Unit
4. None of these species appeared to become regular inhabi-
tants of the lake after this initial colonization, with the
exception Dactylobiotus cf. ambiguus and the mite. The other
species all disappeared from the sediment record, but may have
continued to occur in the lake at low densities until the lake
environment became more productive, allowing greater abun-
dance, or the disappearance of a competing species. If the
species did become extinct in the lake, they may have reinvaded
from local (perhaps other lakes in the Hope Bay area) or more
distant sources. Similarly, the absence of these species from the
earliest sediments in the lake does not necessarily preclude
their colonization soon after the lake’s formation as they might
not have become sufficiently numerous to be recorded in the
sediment until the increase in nutrients at the start of Unit 4
resulted in the production of a more abundant food supply.
This conclusion is indicated by the presence of Notholca
walterkostei in modern Lake Boeckella, albeit at low abun-
dance (Izaguirre et al., 2003), but its absence from recent
sediments. It may be that the species has been present
throughout Unit 6 even though the sediment record would
suggest otherwise.

The final group of colonizers are those that appeared in the
lake for a short period but then disappeared. The cladoceran
Eubosmina chilensis apparently reached the lake on a number
of occasions, but was unable to develop sustainable popula-
tions. Difflugia sp. reached the lake on at least one occasion,
but prospered in the lake for a very short period. Other species
undoubtedly reached the lake, but did not develop long-term
populations. It is surprising that the anostracan Branchinecta

gaini colonized a lake only 60 km to the south of Lake
Boeckella (Bjorck et al., 1996), but either did not reach Lake
Boeckella or did not prosper there.

These observations indicate that there has been a continual
arrival of new propagules to the lake, including, presumably,
of the species that successfully colonized the lake early in
its existence. It is surprising, then, that no new species that
leaves microfossils appears to have successfully colonized
the lake since the middle of Unit 4, perhaps 3.5 ka BP (with
the exception of a few rare, unidentifiable species). Further-
more, Dactylobiotus cf. ambiguus appears to have been unable
to recolonize the lake in Unit 6 when lake conditions were
similar to those of Unit 4 when this species was abundant. It
may be that colonization processes were more efficient during
the mid-Holocene warm period, when Units 2-4 were
deposited, than in later, cooler times. This suggests that all
species adapted to colonization of this region did so quite early
in the lake’s existence and that there has not been sequential
colonization due to rare colonization events from the north.

The data presented here provide the earliest dates for the
occurrence of Boeckella poppei, Notholca walterkostei, Dacty-
lobiotus cf. ambiguus, Macrobiotus furciger, Acutuncus sp.,
Ramazzottius sp., Halozetes belgicae and Alaskozetes antarc-
ticus on the Antarctic Peninsula and in most cases the
Antarctic continent. Little can be concluded definitely from
this single study about the routes and methods of colonization:
a comparative study of a series of lakes in the area is needed to
tease out the processes occurring. However, the study does
show that many of the species arrived quite early in the lake’s
history, and hint that the efficiency of colonization has varied
with time.
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Appendix 1

This data file lists characteristics of unidentified microfossils
recorded in the sediments of Lake Boeckella (Figure Al).

LB3

This microfossil had a clear, often deformed outer membrane
with a strongly stained centre. The whole microfossil was
typically 130 pm in diameter, with the strongly stained central
portion 30 pm.

LB4
This spherical egg was 120 pm in diameter, and was uniformly
and darkly stained.

LB5
This lozenge-shaped microfossil which was up to 300 um long
was the outer membrane of an unidentifiable, hatched egg.

LB6

This microfossil was light amber coloured when not stained. It
was 160 pm in diameter, and was characterized by extensive
flanges giving it a crumpled look. Similar microfossils have
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Figure A1 Light micrographs of (a) LB3; (b) LB4; (c) LBS;
(d) LB6; (e) LB10; and (f) LB7

been found in sediments from elsewhere on the continent
(L. Cromer, personal communication, 2005).

LB7

This microfossil appeared as a cylinder ¢. 320 pm long and
70 um in diameter covered with scattered raised hemispheres
5 um in diameter. It appears that this microfossil was originally
a spherical egg that deformed into a cylinder on hatching.

LBS8
Egg type LB8 was spherical, 150 pm in diameter, opaque, and
did not stain.

LB9

This microfossil was similar to LB3, but had an amber outer
area surrounding the stained centre. It was c¢. 120 pm in
diameter.

LB10

This spherical microfossil was ¢. 160 um in diameter, and was
characterized by a distinctive H-shape to the area stained by
Rose Bengal.

References

Almada, P, Allende, L., Tell, G. and Izaguirre, I. 2004:
Experimental evidence of the grazing impact of Boeckella poppei
on phytoplankton in a maritime Antarctic lake. Polar Biology 28,
39-46.

Andrassy, I. 1998: Nematodes in the sixth continent. Journal of
Nematode Morphology and Systematics 1, 107-86.

Battistoni, P.A. 1992: Cinco especies del genero Notholca Gosse,
1886 (Rotatoria) de la Argentina, incluyendo N. guidoi sp.n.
Theringia, Seria Zoologica, Porto Alegre 73, 35—-45.

Bayly, LA.E. 1992: Fusion of the genera Boeckella and
Pseudoboeckella (Copepoda) and revision of their species from
South America and sub-Antarctic islands. Revista Chilena de
Historia Natural 65, 17-63.

Bayly, I.A.E. and Morton, D.W. 1978: Aspects of the zoogeography
of Australian microcrustaceans. Verhandlungen. Internationale
Vereinigung fir Theoretische und Angewandte Limnologie 25,
975-78.

Bayly, I.A.E., Gibson, J.A.E., Wagner, B. and Swadling, K.M.
2003: Taxonomy, ecology and zoogeography of two Antarctic
freshwater calanoid copepod species: Boeckella poppei and
Gladioferens antarcticus. Antarctic Science 15, 439—-48.

Bennike, O. 1998: Fossil egg sacs of Diaptomus (Crustacea:
Copepoda) in Late Quaternary lake sediments. Journal of Paleo-
limnology 19, 77-79.

2000: Palaecoecological studies of Holocene lake sediments
from west Greenland. Palaeogeography, Palaeoclimatology,
Palaeoecology 155, 285-304.

Bentley, M.J., Hodgson, D.A., Sugden, D.E., Roberts, S.J., Smith,
J.A., Leng, M.J. and Bryant, C. 2005: Early Holocene retreat of
the George VI Ice Shelf, Antarctic Peninsula. Geology 33, 173-76.
Beyens, L. and Meisterfeld, R. 2001: Protozoa: testate amoebae. In
Smol, J.P, Birks, H.JB. and Last, W.M., editors, Tracking
environmental change using lake sediments. Volume 3. Terrestrial,
algal, and siliceous indicators. Kluwer, 121-52.

Binda, M.G. and Pilato, G. 1999: Dactylobiotus lombardoi sp. n.
(Eutardigrada: Macrobiotidae) from Terra del Fuego, with a key
to the Dactylobiotus-species. Zoologischer Anzeiger 238, 147-55.
Bissett, A., Gibson, J.A.E., Jarman, S.N., Swadling, K.M. and
Cromer, L. 2005: Isolation, amplification and identification of
ancient copepod DNA from lake sediments. Limnology and Ocea-
nography Methods 3, 533-42.

Bjorck, S., Sandgren, P. and Zale, R. 1991: Late Holocene
tephrochronology of the northern Antarctic Peninsula. Quater-
nary Research 36, 322-28.

Bjorck, S., Olsson, S., Ellis-Evans, C., Hiakansson, H., Humlum, O.
and de Lirio, J.M. 1996: Late Holocene palacoclimatic records
from lake sediments on James Ross Island, Antarctica.
Palacogeography, Palaeoclimatology, Palaeoecology 121, 195-220.
Brooks, S., Boxshall, G., Kattel, G. and Flower, R. 2005: Aquatic
invertebrates collected from inland waters of the Falkland
Islands 2001. Cladocera. http://www.geog.ucl.ac.uk/ecrc/fibril/
cladocera.htm, (accessed 5 July 2005).

Clarke, A. 2003: Evolution, adaptation and diversity: global
ecology in an Antarctic context. In Husikes, A.H.L., Gieskes,
W.W.C., Rozema, J., Schorno, R.M.L., van der Vies, S.M. and
Wolff, W.., editors, Antarctic biology in a global context.
Backhuys, 3—17.

Convey, P. and Meclnnes, S.J. 2005: Exceptional tardigrade-
dominated ecosystems in Ellsworth Land, Antarctica. Ecology
86, 519-27.

Cromer, L., Gibson, J.A.E., Swadling, K.M. and Ritz, D.A. 2005:
Faunal microfossils: indicators for ecological evolution in an
Antarctic saline lake. Palaeogeography, Palaeoclimatology, Palaeo-
ecology 221, 83-97.

Cromer, L., Gibson, J.A.E., Swadling, K.M. and Hodgson, D.A.
2006: Evidence for a faunal refuge in the Larsemann Hills, East
Antarctica, during the Last Glacial Maximum. Journal of
Biogeography DOI 10.1111/§.1365-2699.2006.01490x.

Dartnall, H.J.G. and Hollowday, E.D. 1985: Antarctic rotifers.
British Antarctic Survey Scientific Reports 100, 3—46.




634 The Holocene 16 (2006)

Doran, P.T., Wharton, R.A. and Lyons, W.B. 1994: Paleolimnology
of the McMurdo Dry Valleys, Antarctica. Journal of Paleo-
limnology 10, 85—114.

Ellis-Evans, J.C. and Walton, D. 1990: The process of colonization
in Antarctic terrestrial and freshwater ecosystems. Proceedings of
the NIPR Symposium on Polar Biology 3, 151-63.

Fraser, W.R. and Trivelpiece, W.Z. 1996: Factors controlling the
distribution of seabirds: winter—summer heterogeneity in the
distribution of Adélie penguin populations. Antarctic Research
Series 70, 257-72.

Frey, D.G. 1964: Remains of animals in Quaternary lake and bog
sediments and their interpretation. Archives fur Hydrobiologie,
Beiheft ( Ergebnisse der Limnologie) 2, 1-114.

Gibson, J.A.E. and Andersen, D.T. 2002: Physical structure of
epishelf lakes of the southern Bunger Hills, East Antarctica.
Antarctic Science 14, 253—-62.

Goddard, D.G. 1979: Biological observations on the free-living
mites of Signy Island in the maritime Antarctic. British Antarctic
Survey Bulletin 49, 181-205.

Hessen, D.O., Sandoy, S. and Ottesen, P. 1989: Calanoid copepods
from South Georgia, with special reference to size dimorphism
within the genus Pseudoboeckella. Polar Biology 10, 71-75.
Heywood, R.B. 1977: A limnological survey of the Ablation Point
area, Alexander Island, Antarctica. Philosophical Transactions of
the Royal Society of London B 279, 39—-54.

Heywood, R.B., Dartnall, H.J.G. and Priddle, J. 1980:
Characteristics and classification of the lakes of Signy Island,
South-Orkney Islands, Antarctica. Freshwater Biology 10, 47-59.
Hjort, C., Ingolfsson, 0., Bentley, M. and Bjorck, S. 2003: The late
Pleistocene and Holocene glacial climate history of the Antarctic
Peninsula region as documented by the land and lake sediment
records — a review. Antarctic Research Series 79, 95—-102.
Hodgson, D.A. and Convey, P. 2005: A 7000 year record of oribatid
mite communities on a maritime-Antarctic island: responses to
climate change. Arctic, Antarctic and Alpine Research 37, 239—-45.
Hodgson, D.A., Doran, P.T., Roberts, D. and McMinn, A. 2004:
Paleolimnological studies from the Antarctic and subantarctic
islands. In Pienitz, R., Douglas, M.S.V. and Smol, J.P,, editors,
Long-term environmental change in Arctic and Antarctic lakes.
Springer, 419-74.

Hodgson, D.A., Verleyen, E., Sabbe, K., Squier, A.H., Keely, B.J.,
Leng, M., Saunders, K. and Vyverman, W. 2005: Late Quaternary
climate-driven environmental change in the Larsemann Hills, east
Antarctica, multi-proxy evidence from a lake sediment core.
Quaternary Research 64, 83—-99

Izaguirre, 1., Mataloni, G., Vinocur, A. and Tell, G. 1993: Temporal
and spatial variations from Boeckella Lake (Hope Bay, Antarctic
Peninsula). Antarctic Science 5, 137-41.

Izaguirre, 1., Allende, L. and Marinone, M.C. 2003: Comparative
study of the planktonic communities of three lakes of contrasting
trophic status at Hope Bay (Antarctic Peninsula). Journal of
Plankton Research 25, 1079-97.

Jankovska, V. 1991: Unbekannte Objekte in Pollenpriaparaten —
Tardigrada. In Kovar-Eder, J., editor, Palacovegetational develop-
ment in Europe and regions relevant to its palaeofloristic evolution.
Naturhistorisches Museum, 19-23.

Jones, V.J., Hodgson, D.A. and Chepstow-Lusty, A. 2000:
Palaeolimnological evidence for marked Holocene environmental
changes on Signy Island, Antarctica. The Holocene 10, 43—60.
Knapp, R.A., Garton, J.A. and Sarnelle, O. 2001: The use of egg
shells to infer the historical presence of copepods in alpine lakes.
Journal of Paleolimnology 25, 539—-43.

Korhola, A. and Rautio, M. 2001: Cladocera and other
branchiopod crustaceans. In Smol, J.P, Birks, H.J.B. and Last,
W.M., editors, Tracking environmental change using lake sediments.
Volume 4. Zoological indicators. Kluwer, 5—41.

Marshall, D.J. and Coetzee, L. 2000: Historical biogeography and
ecology of a continental Antarctic mite genus, Maudheimia (Acari,
Oribatida): evidence for a Gondwanan origin and Pliocene—
Pleistocene speciation. Zoological Journal of the Linnean Society
129, 111-28.

Marshall, W.A. 1996: Biological particles over Antarctica. Nature
383, 680.

Mclnnes, S.J. and Pugh, P.J.A. 1998: Biogeography of limno-
terrestrial Tardigrada, with particular reference to the Antarctic
fauna. Journal of Biogeography 25, 31-36.

—— 1999: Zonation in Antarctic lake-dwelling benthic meiofauna,
with emphasis on the tardigrada. Zoologischer Anzeiger 238, 283 —
88.

Mosley-Thompson, E. and Thompson, L.G. 2003: Ice core
paleoclimate history from the Antarctic Peninsula: where do we
go from here? Antarctic Research Series 79, 115-27.

Mueller, D.R., Vincent, W.F. and Jeffries, M.O. 2003: Break-up of
the largest Arctic ice shelf and associated loss of an epishelf lake.
Geophysical Research Letters 30, Article no. 2031.

Myrcha, A., Tatur, A. and del Valle, R. 1988: Numbers of Adélie
penguins breeding at the Hope Bay and Seymour Islands rookeries
(West Antarctica) in 1985. Polish Polar Research 8, 411-22.
Pilato, G. and Binda, M.G. 1997: Acutuncus, a new genus of
Hypsibiidae (Eutardigrada). Entomologische Mitteilungen aus dem
Zoologischen Museum, Hamburg 12, 159—62.

Pugh, P.J.A. 2003: Have mites (Acarina: Arachnida) colonised
Antarctica and the islands of the Southern Ocean via air currents?
Polar Record 39, 239-44.

Pugh, P.J.A. and Convey, P. 2000: Scotia Arc Acari: antiquity and
origin. Zoological Journal of the Linnean Society 130, 309—-28.
Pugh, P.J.A. and MacAlister, H.E. 1994: Acari of the supralittoral
zone on sub-Antarctic South Georgia. Pedobiologia 38, 552—65.
Pugh, P.J.A., Dartnall, H.J.G. and Mclnnes, S.J. 2002: The non-
marine crustacea of Antarctica and the islands of the Southern
Ocean: biodiversity and biogeography. Journal of Natural History
36, 1047-103.

Seppelt, R.D. and Kanda, H. 1986: Morphological variation and
taxonomic interpretation in the moss genus Bryum in Antarctica.
Memoirs of National Institute of Polar Research 37, 27-42
Stevens, ML.I. and Hogg, I.D. 2003: Long-term isolation and recent
range expansion from glacial refugia revealed for the endemic
springtail  Gomphiocephalus  hodgsoni from Victoria Land,
Antarctica. Molecular Ecology 12, 2357-69.

Swadling, K.M., Dartnall, H.J.G., Gibson, J.A.E., Saulnier-Talbot,
E. and Vincent, W.F. 2001: Fossil rotifers and the early coloni-
zation of an Antarctic lake. Quaternary Research 55, 380—84.
Tatur, A. 1989. Ornithogenic soils of the maritime Antarctic.
Polish Polar Research 10, 481—532.

Tatur, A. and Myrcha, A. 1983: Changes in the chemical
composition of waters running off from penguin rookeries in the
Admiralty Bay region (King George Island, South Shetland
Islands, Antarctica) Polish Polar Research 4, 113-25.

Tatur, A., Martinez-Macciavello, J.C., Niegodzisz, J. and del
Valle, R. 1999: A record of Holocene environmental changes in
sediment core of Hotel Lake, King George Island, Antarctica.
In Repelewska-Pekalowa, J., editor, 26th International Polar
Symposium, Lublin, Poland. Maria Curie-Sklodowska University
Press, 379-89.

Tippett, R. 1964: An investigation into the nature of the layering of
deepwater sediments in two eastern Ontario lakes. Canadian
Journal of Botany 4, 1693-708.

Vinocur, A. and Pizarro, H. 1995: Periphyton flora of some lotic
and lentic environments of Hope Bay (Antarctic Peninsula). Polar
Biology 15, 401-14.

Wallwork, J.A. 1967: Cryptostigmata (oribatid mites). Antarctic
Research Series 10, 105-22.

Warner, B.G. 1989: Other fossils. Geoscience Canada 16, 231—
42.

Zale, R. 1994a: Changes in size of the Hope Bay Adélie penguin
rookery as inferred from Lake Boeckella sediment. Ecography 17,
297-304.

—— 1994b: '#C age corrections in antarctic lake sediments
inferred from geochemistry. Radiocarbon 36, 173-85.

Zale, R. and Karlén, W. 1989: Lake sediment cores from the
Antarctic Peninsula and surrounding islands. Geografiska Annaler
Series A-Physical Geography 71, 211-20.



Copyright of Holocene is the property of Arnold Publishers and its content may not be copied or
emailed to multiple sites or posted to a listserv without the copyright holder's express written
permission. However, users may print, download, or email articles for individual use.



