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Abstract Tardigrades are found in most terrestrial and
freshwater Antarctic ecosystems and are one of the most
diverse and important groups of invertebrates in Antarctica.
We developed a new laboratory system for rearing the
Antarctic tardigrade Acutuncus antarcticus (Richters
1904), one of the most widespread and common Antarctic
tardigrade species. To provide a description of the life
history of this tardigrade, survival and reproduction of 68
individuals were observed and recorded daily at a constant
temperature of 15 °C. The life-history data obtained are
consistent with previous studies of other tardigrades. The
exceptionally high hatching success obtained is suggested
to be an important life-history characteristic of this species
contributing to it often being a common and dominant
species in the Antarctic habitats in which it occurs. Fur-
thermore, high hatching success combined with very low
variation in development time, under the protocol used in
the current study, indicates that A. antarcticus may be a
good model species for studies in developmental biology.
Integrating data from this and previous studies, the im-
portance of temperature on reproduction and growth in
A. antarcticus was inferred. With terrestrial and freshwater
ecosystems in some parts of Antarctica experiencing
sometimes drastic contemporary climatic and environ-
mental changes, studies of the effect of temperature on
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generation time and reproductive success in Antarctic
tardigrades are urgently required, as these animals are
important elements of community structure and function in
polar ecosystems.
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Introduction

Antarctic terrestrial environments are amongst the most
extreme and variable on Earth in terms of temperature,
water availability and seasonality (Smith 1988; Peck et al.
2006). The harsh environments of Antarctica constrain its
terrestrial ecosystems to be relatively simple, comprising a
limited flora of bryophytes, lichens, algae and cyanobac-
teria, and an invertebrate fauna of micro-arthropods, ne-
matodes, tardigrades, rotifers and protozoans (Convey et al.
2014). Terrestrial organisms living in these environments
are known to demonstrate a variety of physiological and
life-history traits that enable them to survive (e.g. Block
et al. 2009). Nevertheless, knowledge is currently limited
mainly to the micro-arthropod groups of mites and
springtails, with some information also available on ne-
matodes (Convey 1997; Hogg et al. 2014).

The limno-terrestrial microfauna of nematodes, tardi-
grades and rotifers are amongst the most diverse and
dominant groups of invertebrates in Antarctica (Dastych
1984; Andrassy 1998; Convey and Mclnnes 2005; Adams
et al. 2006; Maslen and Convey 2006; Sohlenius and
Bostrom 2008; Velasco-Castrillon et al. 2014a). They play
essential roles as consumers and decomposers in biological
cycles in soil ecosystem processes (Wall 2005). Tardi-
grades are found in most terrestrial and freshwater
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Antarctic ecosystems, including some remote nunatak re-
gions where even the otherwise ubiquitous nematodes are
absent (Convey and Mclnnes 2005). In continental lakes
and pools, in particular, tardigrades are one of the major
community components (Gibson et al. 2007; Tsujimoto
et al. 2014).

Amongst more than 1000 species of tardigrades recorded
worldwide (Degmaetal. 2014), 59 species have been recorded
to date in Antarctica (Guidetti et al. 2014; Tsujimoto et al.
2014; Velasco-Castrillon et al. 2014b). Acutuncus antarcticus
(Richters 1904) is known to be one of the most widespread
Antarctic tardigrade species (Velasco-Castrillon et al. 2014b),
being often the most common and dominant species in both
terrestrial and lake environments (McInnes 1995; Gibson et al.
2007; Tsujimoto et al. 2014). Dougherty (1964) obtained a
culture of Hypsibius arcticus (Murray 1907), which is now
recognized as A. antarcticus (see Dastych 1991; Pilato and
Binda 1997), from dried freshwater algal felt collected in the
Cape Crozier region of Ross Island in continental Antarctica,
and investigated the reproductive traits of five individuals and
their offspring. While his data provided valuable information
on reproduction in this species, the study was limited by the
few individuals available and the relatively unstable tem-
perature, nutrient and medium conditions under which the
experiment took place. A recent culture study of this species
has provided molecular profiles and morphological charac-
teristics (Kagoshima et al. 2013), but detailed information on
the species’ life history remains unavailable.

In order to provide a description of the life history of
this Antarctic tardigrade, we developed a new laboratory
rearing system. Using this system, survival and reproduc-
tion of 68 individuals of A. antarcticus were observed and
recorded daily at a constant temperature of 15 °C. Life-
history characteristics of Antarctic species are compared
with those of other species of tardigrade reported in the
available literature, including those of Dougherty (1964).

Materials and methods

Acutuncus antarcticus was collected by MT from Hama-
giku-lIke Lake (formerly known as Abi-lIke Lake) in
Skarvsnes (69°28’'S 39°39'E), on the Sdya Coast of East
Antarctica (Fig. 1), in January 2008, during the 49th Ja-
panese Antarctic Research Expedition. Benthic samples
were collected from the lake using a glove sampler (Ek-
man-Birge type, RIGO). The samples were placed into 2.5-
ml tubes, stored at —70 °C and returned frozen to Japan. In
January 2013, the frozen samples were wrapped with four
Kimtowels (Nippon Paper Crecia Co., Ltd.) and thawed at
3 °C for 24 h. Thawed samples were placed into Petri
dishes, and water was added. The benthic samples were
sorted with tweezers in the dish, and then living individuals
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were retrieved using a pipette under a dissection micro-
scope. Sub-samples were mounted on slides in Faure’s
solution, and animals were identified under a phase-con-
trast microscope (Olympus BX53, 1000x).

Acutuncus antarcticus (Fig. 2) were reared under
laboratory conditions established by modifying the method
described in a study of Ramazzottius varieornatus (Hor-
ikawa et al. 2008). Animals were cultured in plastic pla-
tes 3.5 cm in diameter containing a thin layer of solid
1.5 % Bacto™ agar (Difco Laboratories Sparks, MD,
USA) with 1.0 ml of Volvic® water and 2.0 pl of a sus-
pension of the green alga Chlorella sp. (Raw Chlorella
V-12, Chlorella Industry Co., Ltd., Tokyo, Japan). Dishes
were covered with lids, placed in an incubator and culti-
vated at 3 °C in the dark (in order to prevent any over-
growth of the algae) for the first 4 months. Since the rate of
population increase of A. antarcticus was quite slow at
3 °C, the dishes were cultivated at 10 °C for another
4 months in order to obtain a sufficient number of indi-
viduals prior to the present study. Animals were transferred
to new culture dishes every 3 weeks.

Initially, we cultivated trial cohorts of 20 adults at
constant temperatures of 10, 15, 20, 25 °C for 17 days in
order to select an appropriate temperature for subsequent
experimental observations. A rearing temperature of 5 °C
was not tested since the preliminary culture work indicated
that the reproductive rate was low, and additionally, higher
reproductive performance at 10 than 4 °C has previously
been reported in this species (Kagoshima et al. 2013). The
numbers of eggs deposited over 17 days were 71, 168, 71,
0, respectively, at 10, 15, 20, 25 °C (all the individuals
reared at 25 °C died within the study period). Based on this
initial trial, a temperature of 15 °C was selected for the
experiments described below.

Eggs deposited in the stock culture dishes cultivated
at 10 °C were randomly selected independent of the
oviposition date, transferred to new culture dishes and
incubated at 15 °C. Sixty-eight juveniles hatched within
a 24-h period (Fig. 3) were transferred to individual
wells on culture plates (TPP® tissue culture plates, 12
wells, flat bottom with a layer of 300 pl of 1.5 % agar
gel on the bottom, and 600 pul of Volvic® water and
1.8 pl of a suspension of Chlorella sp. added to each
well), and reared at 15 °C in the dark. Individual tardi-
grades were inspected daily, and their survival and egg
production were monitored. Animals were transferred to
new culture dishes every week. This tardigrade typically
develops several eggs within its ovaries before an
oviposition event. Eggs from each clutch were isolated
on the day of oviposition and transferred to individual
wells on new culture plates. Subsequent egg hatching
was monitored daily under a dissection microscope until
30 days after oviposition. Data on lifespan, timing and
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Fig. 1 a Map of Antarctica showing location of the study site; b location of Skarvsnes in the SGya coastal region. Black areas represent ice-free
areas; ¢ location of Hamagiku-lke Lake in Skarvsnes

Fig. 3 A juvenile of Acutuncus antarcticus just after hatching from
Fig. 2 Acutuncus antarcticus in the culture system described, the egg. Scale bar 50 pm
showing Chlorella sp. inside its midgut
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clutch size of each oviposition event, and egg maturation
and hatching were recorded. The transparent body of
A. antarcticus made it very difficult to identify exuviae
inside the green algal medium in the narrow wells of the
culture plates, and therefore no attempt was made to
record the cycle and timing of moulting.

Results

Under the rearing environment at 15 °C, A. antarcticus
individuals survived for an average of 69.2 days (Table 1).
Sixty-six of the 68 individuals had at least one oviposition
event. The first oviposition occurred predominantly at the
age of 9-10 days. The average number of oviposition
events per individual was 7.5. In total, 508 clutches were
recorded with clutch size varying from 1 to 10 eggs and
oviposition interval ranging from 3 to 25 days. Of the 2342
eggs collected, 2286 (97.6 %) hatched. Hatching time

showed little variability, with 50.6 % hatching in 8 days
and an additional 39.7 % in 9 days.

There were a number of instances of individuals de-
veloping eggs but either re-absorbing them or the eggs not
continuing to full maturation and oviposition. Two such
individuals never successfully oviposited before dying,
while a third successfully deposited two batches before
failing to complete subsequent oviposition. During the
process of normal egg formation, eggs develop in the
posterior of the ovary and, as they become larger, they
become packed in line in the ovary in the posterior part of
the body prior to oviposition. Those individuals showing
failure of oviposition tended to have the immature eggs
located in other parts of the ovary in a disorganized fash-
ion, suggesting a possible reproductive anomaly. Appar-
ently well-developed eggs remaining within the bodies of
three dead adults did not hatch, although eggs that had been
deposited on the day before four individuals died hatched
successfully.

Table 1 Life-history traits of tardigrade species available from the published literature, including data from the present study

Species Food Temp Lifespan Max Age at first No. eggs/ Hatching Hatching Reference
°O) (days) lifespan oviposition individual success (%) time (days)
(days) (days)
Acutuncus Algae 15 69.2 + 36.4 162 93+ 1.1 344 +£226 97.6 85+£0.7 Present
antarcticus study
Acutuncus Algae 4-7 nd >160 21-45 2-84 69.0 14-33 Dougherty
antarcticus® (1964)
Macrobiotus Algae 20 83.0 £ 33.5 145 16.5 + 3.8° nd 78 11.9 £ 2.7 Lemloh
sapiens et al.
(2011)
Milnesium sp.’ Rotifer 25 427 £ 11.8 58 153+ 1.6 229+ 129 772 112 £ 24  Suzuki
(2003)
Paramacrobiotus  Rotifer 20 125 £ 35 204 104 138 £ 71 33 7 Schill
kenianus (1) (2013)
Paramacrobiotus ~ Rotifer 20 141 £ 54 212 10° 124 £ 78 51 8 Schill
kenianus (2) (2013)
Paramacrobiotus  Rotifer 20 97 £+ 31 187 104 42 + 54 54 9 Schill
palaui (2013)
Paramacrobiotus  Nematode 14 1949 £ 1644 518 769 £+ 16.4 37.8 £29.3 83.1 £12.7 41.0+£9.5 Altiero
richtersi (1) et al.
(2006)
Paramacrobiotus  Nematode 14 137.3 £ 1364 457 70.7 + 194 17.8 £ 16.0 51.0 £ 36.0 60.0 £ 16.7 Altiero
richtersi (2) et al.
(2006)
Paramacrobiotus  Algae & 20 69.0 £ 45.1 237 244 £ 4.4° nd 82.2 16.7 £ 6.7 Lemloh
tonollii Rotifer et al.
(2011)
Ramazzottius Algae 25 350 £ 164 87 >9 7.85 82.5 57+ 1.1 Horikawa
varieornatus et al.
(2008)

a

Originally described as Hypsibius arcticus; updated by Dastych (1991)

® Originally described as Milnesium tardigradum; updated by Michalczyk et al. (2012)

4 Median
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Discussion

Studies of the life-history traits of tardigrades have been
limited until very recently (Schill 2013). Using daily ob-
servation of growth and reproduction of individual tardi-
grades, Suzuki (2003) successfully revealed the detailed
life history of Milnesium sp., and the life-history traits of a
small number of temperate and tropical species in culture
have been described in the last decade (Altiero et al. 2006;
Horikawa et al. 2008; Lemloh et al. 2011; Schill 2013).
The life-history data described here for A. antarcticus in
culture at 15 °C under stable conditions fall within the
ranges reported in previous studies of eight species
(Table 1), notwithstanding the differences in food type and
temperature conditions applied in each study. The hatching
success of A. antarcticus eggs obtained in the current study
was exceptionally high compared to most previous studies.
High hatching success could be an important life-history
characteristic contributing to this species being one of the
most widespread and often common and dominant species
within its Antarctic habitats of occurrence, where there is a
general requirement to reproduce in a very limited period
of time during the summer (Convey 1997). Furthermore,
egg development duration was relatively constant, with
more than 90 % of the eggs hatching at 8-9 days after
oviposition. The very high hatching success combined with
the stable development time under the protocol used here
indicates that A. antarcticus may be a good model species
for studies in developmental biology, as with Hypsibius
dujardini (Gabriel et al. 2007) and Milnesium tardigradum
(Schill and Fritz 2008).

In comparison with Dougherty’s (1964) study, in which
cultures were maintained at the lower temperature range of
4-7 °C, the first oviposition was earlier and development
was faster in the current study. Dougherty (1964) reported
a range of 2—13 eggs per clutch with a minimum oviposi-
tion interval of 8 days, in comparison with 1-10 eggs and a
minimum interval of 3 days in the present study. Hohberg
(2006) noted the significant influence of temperature on
clutch size, egg development, survival rate, body growth
and generation time in Paramacrobiotus richtersi (reported
as Macrobiotus richtersi in Hohberg 2006), cultivating
cohorts of 20 eggs at each of 8, 12, 16 and 20 °C. Our
simple preliminary survey on the cultivation of
A. antarcticus at different temperatures over 17 days at the
beginning of this study also demonstrated a wide variation
in reproductive output at the different temperatures. Tem-
perature is also one of the most important factors control-
ling birth and growth rate in several species of rotifer
(Galkovskaja 1987; Sarma and Rao 1991; Pérez-Legaspi
and Rico-Martinez 1998). The effect of temperature on
longevity is well-known in model invertebrate species such

as the fruit fly Drosophila melanogaster (Lamb 1968) and
the nematode Caenorhabditis elegans (Klass 1977).

In all species of tardigrade, moulting continues peri-
odically throughout the lifetime and is often associated
with vitellogenesis (Kinchin 1994). In some species, eggs
are laid freely in the substratum, while in others they are
enclosed in the cast exuvia of the adult (Marcus 1928).
Milnesium sp. is known to deposit eggs in the old exuviae
in the space between the old and new cuticles (Suzuki
2003), after which ecdysis occurs within a few hours. In
species characterized by free-laying oviposition, the tem-
poral relationship between oviposition and moulting is
unknown. During the current study, eggs of A. antarcticus
were deposited freely in the medium although deposition in
exuviae has also been reported in this species (Dougherty
1964; Mclnnes 1995; Kagoshima et al. 2013).

Despite periodically producing eggs, failure of ovipo-
sition was observed in three individuals during the study.
Egg re-absorption has been noted in cultures of some
tardigrade species in which animals were observed not
feeding under the culture conditions (Baumann 1970;
Bertolani 1983). It was not possible to confirm whether the
individuals failing to oviposit here were feeding or non-
feeding. Egg viability was high even for those laid the day
before the parent animals died, while those remaining in-
side the body of dead adults did not hatch. It is known that
eggs of Milnesium sp. experience extreme constriction as
they pass through the opening of the cloaca during
oviposition (Suzuki 2003). Although not examined in the
current study, tardigrade eggs may require such an extreme
physical stimulus in order to initiate embryological
development.

The present study advances understanding of the life
history of Antarctic tardigrades. Terrestrial and freshwater
ecosystems in some parts of Antarctica are currently ex-
periencing sometimes drastic climatic and environmental
changes (Quayle et al. 2002; Turner et al. 2009). Under-
standing how individual species respond to these changes is
recognized as a key research challenge in order to predict
how ecosystem structure and function might be altered
(Convey 2011). In the relatively simple terrestrial and
freshwater ecosystems of Antarctica, tardigrades are an
important component of the biota. Studies demonstrating
the effect of temperature on the generation time and re-
productive success of Antarctic tardigrades are urgently
required as they can affect substantially the community
structure and function in these ecosystems.
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