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SUMMARY

Caridean shrimps comprise the only decapod infraorder in the markedly impoverished
high Antarctic decapod fauna. Their presence, with about a dozen species only, was
previously assigned to their capability of down-regulating high haemolymph
magnesium ([Mg*}..) concentrations at low temperatures. This regulation is missing or
insufficient in reptant decapods, affecting in particular their scope of activity. This
deficiency has been hypothesised as one important factor explaining their extinction
during Antarctic cooling in the Tertiary, as evidenced by the fossil record.

The present work demonstrates an ecological adaptation in the early life history of
decapods to ecophysiological constraints in the cold, primarily a mismatch between
reproductive fraits and a marked seasonality of primary production and low
temperatures increasing with latitude. It is shown that on a macroecological scale,
natant decapods show remarkable plasticity in changing their early life history patterns
with latitude and decreasing water temperature. These changes inciude, for example,
an increase in egg size, hatching of large and advanced larvae and a reduction of
fecundity with iatitude. Energy saving traits to abbreviate larval developments such as
a strong suppression of the number of instars, low metabolic losses in very thin exuviae
during fewer moults, and a loss of highly variable developmental pathways compared
to lower latitides, are observed already in the Subantarctic realm of southernmost
America. Early larvae generally present a high resistance to starvation, which in
combination with an abbreviated larval development allows for a better synchronisation
with peaks in food availability. However, caridean larvae rely on primary production,
and the evolutionary step towards complete endotrophic larval development, possibly
due to phylogenetic constraint, is almost unknown in marine shrimps.

The need for food in planktotrophic and extended larval development of ancestor
reptants, and the lacking resistance of larvae to starvation as well as their low tendency
of suppressing the number of larval instars, is herein supposed to have selected
against Reptantia at high latitudes. However, it is shown that lithodid crabs, which
evolved fairly recently about 13 to 25 Ma ago, did develop early life history adaptations
to cold environments. Two lithodid crab species from the Subantarctic Magellan region
(Lithodes santolla, Paralomis granulosa) developed complete food independent
lecithotrophic and strongly abbreviated development of demersally living larvae, and a
high tolerance to low temperatures typical of the Antarctic. Under present climate
conditions, these anomuran crabs may represent a reptant group that might be able to
recuperate the polar environments as a habitat for reptants, as already indicated by a
few recent records of lithodids off the Antarctic continental shelf.

it



ZUSAMMENFASSUNG

Caridea sind die einzigen Vertreter der artenarmen hochantarktischen
Decapodenfauna. |hre Prasenz mit nur etwa 12 Arten wurde ihrer Fahigkeit
zugesprochen, Magnesiumkonzentrationen in der Hamolymphe ([Mg®*]..) bei niedrigen
Temperaturen herabregulieren zu kénnen. Diese Regulationsfahigkeit fehlt oder ist nur
gering ausgebildet in den reptanten decapoden Krebsen, wodurch ihre Aktivitat stark
reduziert wird. Das Fehlen der Magnesiumregulierung wurde als méglicher Faktor flr
die Ausldéschung reptanter Krebse wahrend der Abkiihlungsprozesse der Antarktis im
Tertiadr hypothetisiert. Die Ausléschung der Reptantia wahrend dieses Zeitraums wurde
durch Fossilienfunde belegt.

Diese Arbeit befasst sich mit den Prozessen okologischer Anpassung friher
Lebensstadien (Embryonen und Larven} decapoder Krebse an &kophysiologische
Zwéange unter Kaltebedingungen. Diese o&kophysiologische Zwénge basieren
insbesondere auf einem Ungleichgewicht zwischen Reproduktionszykien und einer
kurzen und stark saisonalen Primé&rprodukion, kombiniert mit niedrigen Temperaturen,
und nimmt mit geographischer Breite zu. Aus makrodkologischer Sicht zeigen natante
Garnelen (Caridea) eine bemerkenswerte Plastizitat in ihren frihen Lebensstadien als
Konsequenz zu den mit steigendem Breitengrad abnehmenden Wassertemperaturen.
Beispiele dieser Anpassung sind ein stetiges Grossenwachstum der Eier, grossere und
in ihrer Entwicklung weiter vorangeschrittene Larven zum Zeitpunkt des Schlupfes,
sowie eine geringere Fekunditat mit steigendem Breitengrad. Bereits in der
Subantarktis des sldlichen Amerika konnten im Vergleich zu niedrigeren Breiten
Energie einsparende Eigenschaften in Richtung einer stark abgekdrzten
Larvalentwicklung, geringere metabolische Verluste in sehr diinnen Exuvien und einer
geringeren Anzahl an Hautungen, sowie der Verlust der Variabilitat in larvalen
Entwicklungszyklen, beobachtet werden. Frihe Larven zeigen eine hohe
Hungerfahigkeit, weiche in Kombination mit einer abgekirzten Larvalentwicklung zu
einer besser Synchronisierung mit Hohepunkten in der Nahrungsverflgharkeit fihrt.
Trotzdem sind die Caridea abh&ngig von Primarproduktion. Der evolutionare Schritt in
Richtung komplett endotropher Larvalentwicklung ist kaum bekannt und vermutlich
durch phylogenetische Zwange bedingt.

Die Notwendigkeit planktotropher Nahrung und eine verlangerte Larvalentwicklung der
verwandten reptanten Decapoda, sowie die mangelnde Fahigkeit ihrer Larven zu
hungern und auch eine abgeklrzte Larvalentwicklung zu durchlaufen, wird hiermit als
ein Selektionsmechanismus gegen die Reptantia in hohen Breitengraden
angenommen. Im Gegensatz dazu haben die lithodiden Krebse, die sich erst vor etwa
13 bis 25 Mio. Jahren entwickelt haben, frihe Lebensstadien entwickelt, die eine
Anpassung an Kélte aufweisen. Zwei Arten der Lithodidae aus der subantarktischen

v
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Magellanregion (Lithodes santolla, Paralomis granulosa) haben eine komplett
nahrungsunabhéngige lecithotrophe und stark abgekirzte Larvalentwicklung in
demersalen Larven hervorgebracht, und weisen zudem eine hohe Toleranz gegeniber
niedrigen und antarktistypischen Temperaturen auf. Unter gegebenen
Klimaverhéltnissen kénnten die Lithodiden eine reptante Decapodengruppe darstellen,
die in der Lage ist die Polargebiete wieder zu besiedeln. Einige wenige rezente Funde
lithodider Krebse unterhalb des antarktischen Schelfs unterstiitzen diese Annahme.



1 INTRODUCTION

1.1 DECAPOD CRUSTACEANS IN POLAR AREAS

With over 42,000 species described so far, decapods represent one of the largest
taxa in the animal kingdom, only outnumbered by insects and gastropods (Bowman
and Abele, 1982; Tudge, 2000). Aimost 90 % of all decapod species live in the oceans
or adjacent brackish water, and at least 1000 species were able to colonise limnic
habitats (Kaestner, 1980). Although in much lower numbers (< 100 species), in the
course of their evolution decapods were also able to conquer firm land (Hartnoll, 1988).
Most decapods are benthic, living at the seafloors of oceans, rivers and lakes, and their
life history is rather complex (Anger, 2001). Instead of developing directly from the egg
to a benthic juvenile stage, most species produce pelagic larvae and these pelagic
stages had to adapt to an environment, which is rather variable and different from that
of the adult conspecifics. Therefore, decapod larvae had to adapt to more variable se-
lective forces in the pelagic than their benthic parents, such as temperature, salinity,
and/or food availability, and have evolved their own evolutionary adaptations, princi-
pally in morphology, locomotion and physiology (Williamson, 1982; Anger, 2001; An-
ger, 2003).

The low number of decapod species found in the polar marine realm of both hemi-
spheres is quite remarkable, when compared to other seas. In the Southern Ocean,
only about twelve benthic caridean shrimps have been found hitherto on the Antarctic
continental shelf and the adjacent deep sea (Yaldwyn, 1965; Maxwell, 1977; Gorny,
1999), and only about 5 species live on the high-Antarctic Weddell Sea shelf (Arntz et
al. 1992). Except for some lithodid crabs that have recently been found in the Antarctic
Bellingshausen Sea (Klages et al., 1995; Arana and Retamal, 2000}, reptants are not
known from high polar areas, where water temperature at the seafloor drops perma-
nently below about 0°C. Although distribution patterns in decapod diversity in high
southern latitudes should be greatly impacted by the Antarctic Circumpolar Current
(ACC) and the deep sea, both surrounding and isolating the Antarctic marine realm, the
diversity pattern in decapod crustaceans should principally be the same in the Arctic.

Due to geographic connections of the Arctic with adjacent sub-Arctic and boreal re-
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gions, however, the pattern of decapod biogeography is not as clear as in the Southern
Ocean. Carideans also dominate the high Arctic regime (Squires, 1966; 1990), but
temperatures at the seafloor of the Bering Sea, where various commercially exploited
reptant species such as Chinoecetes opilio and Paralithodes camtschatica occur in
great abundance, are higher with averages between —1 and +1 °C, or even higher an-
nual means (Mallet et al., 1993; annual mean from 1983 to 1993: +3.4 °C, see Stevens

et al., 1996).

1.2 SYSTEMATICS AND SPECIES STUDIED

A systematic division of the Decapoda into the suborders Reptantia and Natantia
was introduced by Boas (1880) and Borradaile (1907). Recently, Késtner (1993) pre-
ferred the division into the suborders Dendrobranchiata (infraorder Penaeidae) and
Pleocyemata (infraorders Stenopodidea, Caridea, Astacidea, Thalassinidea, Palinura,
Anomura, and Brachyura), thus dissolving the suborders Reptantia and Natantia. Kast-
ner’'s classification (1998) considers the Natantia to be paraphyletic (Abele, 1991;
Scholz and Richter, 1995), but does not consider the Reptantia as a true monophyletic
group {Scholz and Richter, 1995). As the systematics of the Decapoda is still subject to
controversial discussion, the present work is based on the division into Reptantia and
Natantia, which in addition facilitates the outline of the problem of low decapod diversity
in high latitudes.

Along the Pacific coast off South America, the hippolytid shrimp Nauticaris magel-
lanica (A. Milne Edwards, 1891, Fig. 1A) is known to occur over approximately 35 de-
grees of latitude, thus being an ideal species for the comparison of life history adapta-
tions to changing environmental conditions, mainly temperature, with latitude
(Wehrtmann and Kattner, 1998; Thatje and Bacardit, 2000c). Nauticaris magelflanica is
occurring in shallow subtidal habitats, and is an abundant species associated with
mussel raft cultures and holdfasts of the kelp Macrocystis porifera (Aracena and Ldpez,
1973; Ojeda and Santelices, 1984). At the Atlantic coast of South America, this species
is distributed from the coastal waters off Buenos Aires (Argentina) south to the Magel-

lan region and the Falkland islands (Boschi et al., 1992; Spivak, 1997).
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Members of the genus Campylonotus, which forms the monogeneric caridean family
Campylonotidae Sollaud, 1913, represent shallow-water to deep-sea species predomi-
nantly living in Subantarctic regions (Thatje et al., 2001; Thatje, 2003). This genus has
a circumpolar distribution (Spivak, 1997; Yaldwyn, 1960), and its first representative
from Antarctic waters, Campylonotus arntzianus (Thatje, 2003; Fig. 1B), is described
herein. The biogeographic restriction of the Campylonotidae to the Southern Ocean
suggests that the evolution of life history adaptation in this caridean family and the his-
tory of the Southern Ocean are strongly linked.

The two lithodid anomurans studied in this thesis, Paralomis granulosa {Jaquinot)
and Lithodes santolla (Molina), are a characteristic faunistic element of the decapod
fauna in the subantarctic Magellan region of South America, and constitute an impor-
tant target of the local artisanal trap fishery in both southern Chile and Argentina
(Campodonico, 1971; Lovrich, 1997). Lithodes santolla (Fig. 1C) and P. granulosa (Fig.
1D) show a bathymetric distribution from the shallow sublittoral to approximately 700 m

and 300 m water depth, respectively {(Boschi et al., 1992).

Fig. 1. Species studied in the present thesis; A: Nauticaris magellanica; B: Campylonotus arntzianus, C:
Lithodes santolla; D: Paralomis granulfosa; A, C-D, changed after Boschi et al., 1992; B, changed after

Thatje, 2003.
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1.3 PHYSIOLOGICAL BACKGROUND

Low temperature is the main physiological impact to life in polar areas, and is caus-
ing low metabolic rates in polar ectotherms (Clarke, 1983; Peck, 2001). In decapod
crustaceans, low temperatures in general, but especially in combination with high Mg?*
levels in the haemolymph, have been hypothesized to reduce their activity owing to the
effect of Mg®* as a relaxant (Frederich, 1999; Frederich et al., 2001). Since Reptantia
regulate [Mg*}y only slightly below the [Mg®] of sea water, their scope of activity
should be hampered. In contrast, Natantia are known to regulate [Mg®],, to very low
levels (Tentori and Lockwood, 1990; Frederich et al., 2001). This might explain not only
the limits of cold tolerance in decapods, but also their geographic distribution, and
might be the reason for the principal absence of the Reptantia from the polar regions

(Frederich et al., 2001).

1.4 AIMS OF THIS STUDY

Hypotheses

() Physiological constraints limit the distribution of high-latitudinal decapods, e.g.
the lack of a sufficient [Mg®*],, regulation mechanism.
(i} Some taxa have managed to overcome these physiological constraints using

ecological life-history adaptations.

The major aims of this study are

(i) to investigate reproductive traits in Subantarctic caridean decapods and to
asses, how ecological adaptations helped to overcome physiological constraints
in the cold.

ii) to study reproductive strategies in Subantarctic lithodid anomurans, and to as-
sess their capability to respond to distribution-limiting physiological constraints

by ecological adaptations in early life history.
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(i)

to define ecological and phylogenetic limits in fife history adaptation to high
latitudes, which complement physiological constraints involved into distribution-

limiting factors for decapods in Polar areas.

to work out a perspective for the evolution of the high latitudinal decapod fauna.



2 MATERIALS AND METHODS
2.1 SAMPLING AND STUDY AREAS

2.1.1 Study areas

This work was mainly carried out in the southernmost part of America, the Magellan
region, which comprises one of three classical Subantarctic provinces (Fig. 2, for dis-
cussion see Hedgpeth, 1971; De Broyer and Jazdzewsky, 1996) and is situated only
about 1000 km north of the Antarctic Peninsula. The Antarctic and the Magellan region
are separated by the Drake Passage, whose deep-sea trenches reach 5000 m depth.
The Antarctic Circumpolar Current (ACC), which is driven by the West Wind Drift, is
assumed to be the main oceanographic barrier isolating the Antarctic marine realm
from the rest of the marine world, The usually wide ACC is forced through the narrow
channel of the Drake Passage. After passing through this channel, the drift again wid-
ens greatly and the current splits into two. Its smaller northern branch creates the Cape
Horn current and later loops north into the Falkland Current, whereas the larger branch
continues eastwards to South Georgia.

The Falkland Current is the reason for the cold-temperate marine realm of the
south-western Atlantic Ocean, with its offshore waters extending north to the latitude of
Buenos Aires (about 16°S), where it strongly weakens due to the influence of the Brazil
Current moving south along the coast. The south-western Atlantic Ocean comprises
the second large study area in the present work (Fig. 2). In addition, preliminary studies
and observations were carried out along the Subantarctic islands of the Scotia Arc (Fig.
2) including the South Shetland Islands (King George Island), situated at the northern-

most tip of the Antarctic Peninsula.

2.1.2 Plankton sampling

Plankton material for the study of meroplankton assemblages as well as larval de-
velopments in species of the Campylonotidae and the hippolytid shrimp Nauticaris ma-
gellanica was obtained from the south-western Atlantic and the Magellan region (Figs.

2, 5) during various cruises. This includes extensive material obtained during the cruise
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by the German vessel "Walther Herwig" to the south-western Atlantic Ocean in 1978
(Ciechomski et al., 1979; Cousseau et al., 1979; Publications Ii, lll}, as well as the Joint
Chilean-German-italian Magellan “Victor Hensen” Campaign to the channel and fjord
system of the cold-temperate subantarctic Magellan region (Figs. 2, 3; Publication VI)

in October/November 1994 (see also Arntz and Gorny, 1996}.
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Fig. 2. Study areas (as indicated by boxes) in the Southern Ocean (Antarctica without indication of ice

shelves). The 500 m isobath has been marked.

Different pankton nets were used during these cruises (for detailed description of
sampling see, Publications II, Hl, V). Zooplankton samples were directly preserved in 4
% hexamethylenetetramine-buffered formaldehyde seawater solution. The decapod
larvae material for morphological studies obtained during the above mentioned cruises
has been compared to the material collected by a plankion net of 200 pm mesh size by
monthly sampling from onboard a Zodiac in the Beagle Channel (Tierra del Fuego)

from 1987 to 1989 (see Lovrich, 1999).
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Sampling of plankton in the Maxwell Bay off King George Island (Fig. 2) was per-
formed by means of a Bongo net of 200 um mesh size. Sampling was carried out on a

weekly basis from January to April 2002 (for details see, Publication 1X).

2.1.3 Capture and maintenance of ovigerous females

Ovigerous Campylonotus vagans were caught in September 2001 from about 15 to
30 m depth in the Beagle Channel (54°53 S, 68°17 W, Fig. 3) using an inflatable din-
ghy equipped with an epibenthic trawl (1.7 m mouth width, net with 1 cm mesh size,
see Tapella et al., 2002). Additional adults of C. vagans for size-fecundity relationships
were obtained from various cruises to the Straits of Magellan and the Beagle Channel
(see, Publication 1V),

Ovigerous lithodid crabs (Paralomis granulosa, Lithodes santolia) were collected in
April/Mai 2000 and 2001 in the Beagle Channel (Tierra del Fuego, southern Argentina)
using commercial fishery traps (for details of local crab fisheries, see Lovrich, 1997).
Lithodids were maintained at the local institute in Ushuaia (CADIC) and a few weeks
after transported with the German research icebreaker "Polarstern” to the marine bio-
logical faboratory Helgoland (BAH).

Investigations of the decapod fauna along the Subantarctic islands of the Scotia Arc
were performed during the Latinamerican “Polarstern” Study (LAMPOS) on board RV
Polarstern in Aprii/Mai 2002. Decapod material was obtained using an Aggasiz traw! at
variable depths in waters off the Sandwich Islands (Fig. 2). The shrimp material ob-
tained was sorted and photographed, then fixed in 3-4 % buffered formalin.

Ovigerous females of both lithodids and shrimps were kept in flow-through seawater
aguaria (10 to 30 | water content, depending on the species studied) in Argentina
(CADIC, Ushuaia) and Germany (BAH, Helgoland) at constant temperatures (for de-
tails see, Publiactions Hi - V, VIl + VIN). Lithodids and caridean shrimps were fed twice
a week with squid and commercial TETRA AniMin pellets for aquaristics (TetraWerke,

Germanyy), respectively.
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Fig. 3. Main sampling area of ovigerous crabs and shrimps in the Subantarctic Beagle Channel (Magellan

region, South America).

2.1.4 Rearing of larvae

Freshly hatched, actively swimming larvae obtained from different females of both
lithodids and shrimps, were randomly selected and subsequently reared in individual
100 ml bowls kept under natural conditions of salinity and light (see, Publications 11l —
V, VII + VIII). For the study of temperature tolerance in larval developments in P.
granulosa, we tested 1, 3, 6, 9, 12, and 15°C. Larvae in each treatment (n = 48 each)

usually resulted from the same females. Temperature tolerance in larvae of L. santofla
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was only tested below 6°C, the average water temperature in the Beagle Channel in
spring (Lovrich 1999), i.e. at 1, 3, and 6°C.

Lithodid larvae were reared without addition of food, since previous experiments
{(McLaughlin et al., 2001, 2003; Calcagno et al., 2004a, b; Kattner et al., 2003) had
shown that all larval stages of L. santofla and P. granulosa are non-feeding. From the
day of metamorphosis, juvenile crabs were fed with Artemia nauplii. At 8-15°C, the
culture water (in juveniles also food) was changed every other day, at lower tempera-
tures every third day. in all treatments, the larvae or juveniles were checked daily for
moults or mortality. In the lithodid P. granulosa, the rearing experiments with one hatch
were continued throughout one year, from August 2001 to August 2002, while all other
experiments in lithodids and shrimps were terminated as soon as the crab stage Il, or
juvenile I, respectively, was reached. Larvae of the caridean C, vagans were always
maintained in presence of food (Artemia sp. nauplii) immediately following hatching,
and only in an additional treatment larval resistance of unfed larvae to starvation was

tested (Publication V).

2.2 SAMPLE TREATMENT

2.2.1 Morphological studies

Carapace length (CL) and total length (TL) of caridean larvae and adults were
measured from the base of the rostrum between the eyes to the posterior dorsal mar-
gin of the carapace, and to the posterior margin of the telson, respectively (Publications
[ =V, IX). The terminology used for the differentiation of the larval phases, the farval
morphology and the characteristics encountered to distinguish between species and

larval stages, corresponds to that suggested by Williamson (1960, 1968, 1982).

2.2,2 Total lipid content and fatty acid analyses

Fatty acid composition was determined by gas chromatography (Kattner and Fricke,
1986). In summary, fatty acids were converted to methyl esters by transesterification in

methanol containing 3 % concentrated sulphuric acid at 80 °C for 4 h. The obtained
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2 MATERIALS AND METHODS

fatty acid methyl esters were then analysed using a gas chromatograph (GC) (HP6890)
on a 30 m x 0.25 mm i.d. wall-coated open tubular column (film thickness: 0.25 pm;
liquid phase: DB-FFAP) using temperature programming. Fatty acids were identified
with standard mixtures and quantified by internal standard (Kattner et al., 1998). Since
the amount of larval material in all biochemical studies was extremely limited due to low
female fecundity, we calculated individual total fipid content on the basis of lipid extrac-
tion, precipitation and drying, previous to transesterification of the sample material for

fatty acid analyses.

2.2.3 Protein analyses

Larvae sampled for protein analyses were gently rinsed in distilled water, dried on
filter paper, transferred individually into an Eppendorf vial and deep frozen at —80 °C.
Protein samples were dried for 48 h using the Finn-Aqua Lyovac GT2E vacuum drier,
and dry mass (W) was afterwards measured in a Sartoris MC1 RC 210 S Balance
(precision: 0.01 mg, capacity 210 g). Following drying, samples were homogenised by
sonication (Branson, Sonifer, Cell Disruptor B 15) and each homogenate was divided in
two aliquots for protein analyses. We used the Lowry method for protein determination
(Lowry et al.,, 1951), modified to perform measurements using microplates (Pfaff, 1997,
Paschke, 1998). Spectrometric measurements were made in triplicate in a microplate

spectrophotometer (750-nm filter, Dynatech, MR 7000).

2.24 Analyses of elemental composition, dry mass (W), carbon (C), hydrogen

(H), nitrogen (N)

All larvae sampled for elemental and biochemical analyses throughout larval devel-
opment in both lithodids and shrimps originated from one single female. Sometimes,
parallel rearings from different females are compared. Samples for determinations of W
and elemental composition (C, N, H; with n = 5 replicates each; one individual per rep-
licate} were taken immediately after hatching and in variable intervals during later de-
velopment, depending on the larval developmental pathway in shrimps and lithodid

crabs (see, Publications IV, V, VI, Vill). Exuviae were sampled from each larval stage
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in order to quantify biomass losses during successive moults. Since a minimum of 0.2
Hg dry mass is needed for each elemental analysis, up to 20 exuviae (originating from
various females) per replicate sample were pooled.

Weight measurements were carried out to the nearest 0.1 g with an autobalance
(Mettler, UMT 2}. Techniques and equipment used for obtaining C, N and H content of

larvae and juveniles were the same as described by Anger and Harms (1990).

2.3 DATA ANALYSES

2.3.1 Cluster analyses

We used the software package PRIMER (Plymouth Routines in Multivariate Eco-
logical Research) developed at Plymouth Marine Laboratory, United Kingdom, for sta-
tion classification of meroplankton data obtained from the Magelian region (Pubiication
V1}. The hierarchical agglomerate cluster method (Clarke and Gorley, 2001) was ap-
plied on the basis of abundance means per station to differentiate meroplankton com-

munities utilising the Bray-Curtis Similarity Index.

2.3.2 Statistics

The relationship between fecundity and female size (CL) of C. vagans was demon-
strated with a linear regression analysis (Publication 1V; Sokal and Rohlf, 1995) previ-
ously log-transforming data to achieve linearity. Significant differences in egg-sizes
among the different stages (for classification see, Publication IV) were tested using a
one-way ANOVA (Sokal and Rohlf, 1995). Assumptions of homoscedasticity and nor-
mality were tested with Bartlett’s and Kolmogorov-Smirnov tests, respectively. For the
ANOVA, we pooled the egg-size data of stages | and Il because of strong similarity and
no variability in stage II.

Differences in larval elemental composition at hatching were compared in different
females of both lithodids and shrimps. Statistical differences were tested by means of a
one-way ANOVA (Sokal and Rohlf, 1995). Changes in elemental composition (W, C, N,

H). protein and total lipid parameters were described and compared with linear regres-
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sions in relation to larval age (Sokal and Rohlf, 1995). The elemental and protein data
were previously log-transformed to achieve normality and homoscedasticity (tested
with Kolmogorov-Smirnov and Bartlett's tests, respectively). Slopes of linear regres-
sions were compared with an ANCOVA using the F statistic (Publications V, VII, VII,
Sokal and Rohlf, 1995).
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3 RESULTS AND DISCUSSION

3.1 PLASTICITY IN CARIDEAN REPRODUCTIVE MODES - A
LATITUDINAL VIEW

Many species of caridean shrimps (Natantia) have developed strong life-history ad-
aptations to both [atitudinally changing conditions of food and temperature (for review
see, Clarke, 1982b, 1987, 1993a). The most conspicuous adaptations include an in-
creasing egg size with increasing latitude and decreasing average water temperature,
associated with changes in the biochemical composition of eggs, and often reduced
fecundity (Gorny et al., 1992; Wehrtmann and Kattner, 1998; Wehrtmann and Lardies,
1999; Anger et al., 2002; Thatje et al., 2004a). Egg nutrient content has been directly
correlated with egg size, assuming that size increase in eggs with latitude should re-
flect enhanced female energy investment into each embryo (Clarke, 1993a, b;
Wehrtmann and Kattner, 1998).

As an additional latitudinal trend, larval size at hatching appears to increase,
whereas the number of larval instars and the degree of morphological variability tend to
decrease. This is probably best studied in the hippolytid shrimp Nauticaris magellanica
{cf. Wehrtmann and Albornoz, 1998; Thatje and Bacardit, 2000c¢), which shows a distri-
bution along approximately 35° of latitude, from central Chile south to the Magellan re-
gion (Spivak, 1997). Differences in developmental pathways of larvae of this species
reared in the laboratory compared to material from the plankton suggest variability in
larval development to be a direct response to stress (Wehrtmann and Albornoz, 2003;
Thatje and Bacardit, 2000c). This might be referred to variable natural conditions, since
it has been frequently shown that caridean morphogenesis is affected by distinctive bi-
otic and abiotic factors in the field, such as temperature, salinity, and food availability
(Christiansen and Anger, 1990; Thatje and Bacardit, 2000c; Anger, 2003).

Low temperatures at high latitudes have been observed to retard not only larval devel-
opment time, but also larval growth and to reduce mortality as compared with boreal
species (Clarke and Lakhani, 1979; Gorny et al., 1993). The requirements for exoge-

nous energy from food allowing for developmental flexibility and extended modes of
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larval development in the cold should therefore be high, as metabolic costs for addi-
tional moults as well as energy losses with cast exuviae imply a high degree of de-
pendence on plankton productivity (Anger, 2001; Wehrtmann, 1991). Nevertheless, the
flexibility in larval developmental pathways also allowed carideans to evolve energy
saving strategies when low temperatures and limited food availability selected for ab-
breviated and partially endotrophic modes of larval development (Thatje et al., 2001).
The need for energy saving strategies at conditions of low temperatures and a season-
ally limited primary production in high latitudes has suppressed the extent and flexibility
of developmental pathways in caridean larvae. For instance, strongly abbreviated larval
developments passing invariably through only 2 or 4 larval instars, respectively, in the
sub- and high Antarctic genera Campylonotus and Chorismus (Table 2; Bruns, 1992;
Thatje et al., 2001; Thatje and Lovrich, 2003: Thatje et al., 2004a), combined with high
larval resistance to starvation, especially in the zoea | instar (Thatje et al., 20044, b),
allow for an enhanced synchronisation with short and pulsed periods of primary pro-
duction, and reduce at the same time the degree of larval dependence on planktonic
food sources (Clarke, 1988; Anger et al., 2003). Further energy saving strategies are
low metabolic and elemental losses (C, H, N during few moults and by very thin exu-

viae (Thatje et al., 2004b).

Conclusions

» Plasticity in caridean larval developments allows for energy saving traits through
abbreviated larval developments in high latitudes.

* This enhances the possibility of synchronizing larval development with short peri-

ods of primary production.

Similar early life history adaptations are known also from the Antarctic crangonid
Notocrangon antarcticus (Bruns, 1992). In the high Antarctic Weddell Sea, carideans
spawn only every second year (Arntz et al., 1992; Gorny et al., 1992; Gorny and
George, 1997), suggesting insufficient energy supply to female reproduction due to
short periods of primary production during summer, whose length may not be sufficient
for the level of somatic growth allowing for an annual reproductive cycle (Clarke,
1982a). In polar environments, the mismaitch between energy availability and high

costs for female energy investment into large embryos may thus have selected against
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complete lecithotrophy in caridean larval development (Thatje et al., 2003a). On the
other hand, complete endotrophic farval developments of pelagic larvae are rare in ma-
rine caridean shrimps anyway, which may indicate a phylogenetic constraint for the
evolution of lecithotrophic developments in the sea. One exception are the Palaemoni-
dae from freshwater habitats, which have endotrophic larval developments (cf. Magal-
haes 1988; Odinetz Collart and Magalhdes, 1994). However, this family is predomi-
nantly distributed from tropical to temperate regions (Hunte, 1978; Delgado et al.,
1997) indicating temperature as an additional phylogenetic constraint for lecithotrophic
larval developments. One known exception, which should be mentioned here, is the
subarctic Sclerocrangon boreas, which has a direct and abbreviated (lecithotrophic)
development of benthic larvae, including a high degree of parental care (Makarov,

1968; Miglavs, 1992).

The hypothesis, presented here is supported by some biochemical observations on
lipid and fatty acids in polar shrimps. Clarke (1977a, b) stated that despite some in-
crease in muscle phospholipid content Chorismus antarcticus did not show a consid-
erably different lipid content and fatty acid composition as compared to crustaceans
from lower latitudes. Consequently, he suggested that the Antarctic marine environ-
ment has little effect on the biochemical composition of adult shrimps (Clarke, 1977b,
¢). The lack of wax esters in C. antarcticus as well as in Campylonotus vagans from the
Subantartic Magellan region (Thatje et al., 2004b) may also suggest that this pattern
coincides with an inability of further energetic adaptation to low temperatures.

Recently, Graeve and Wehrtmann (2003) found that the fatty acid and lipid contents of
polar shrimp eggs do not differ significantly from those of tropical species. This was
surprising, because previous studies suggested that high latitudinal crustacean eggs,
which are generally larger, have a higher nutrient content per embryo (Clarke, 1993b),
as the adult Antarctic shrimps appear to accumulate large amounts of lipids (Clarke,
1983, 1987). Due to lack of data and the low number of caridean species living in the
Southern Ocean, a general conclusion is still difficult. Inter- and intraspecific nutrient
contents in eggs are highly variable, and should directly refiect feeding conditions (Her-
ring, 1974; Hopkins et al., 1993; Anger et al., 2002). Estimates and comparisons of fipid
contents from eggs, in particular, are problematic, since they do not always consider

the developmental stage of embryo development (variable degree of lipid depletion).
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Large eggs rich of lipids, therefore, do not necessarily imply a higher degree in en-
dotrophy of the larvae, but without doubt should indicate large and advanced larvae at
hatching (Wehrtmann and Kattner, 1998, Thatje and Bacardit, 2000c¢; Thatje et al.,
2001; Thatje et al., 2004a). In addition, it should be considered that energy contents of
eggs are also dependent on nutrient density, which is somehow independent of egg

size {Anger et al., 2002).

Conclusions
» The lack of lecithotrophic larval developments in marine Caridea is suggested to be

a phylogenetic constraint.

3.2 REPTANT DECAPODS IN THE SOUTHERN OCEAN

3.2.1 Antarctic reptant decapods: only a myth?

THE EVIDENCE

“Everybody who has worked in Antarctic waters has been struck by the peculiar ab-
sence of crabs, lobsters, shrimps ..... in shallow waters”

H. Broch, 1961

The impoverished Antarctic decapod fauna, compared with the high diversity of de-
capod crustaceans recorded in the Subantarctic (Gorny 1999), still comprises one of
the most enigmatic phenomena in marine biodiversity research. Although Broch (1961)
described the decapod diversity pattern in the Southern Ocean at the very beginning of
modern Antarctic research, his statement was not strictly correct, since the first Antarc-
tic Natantia (Chorismus antarcticus, Notocrangon antarcticus) were already discovered
by the Expedition of the German Polar Commission to South Georgia in 1882-83
{Pfeffer, 1887). However, South Georgia is a rather Subantarctic environment. Since
then, a couple of new species and records were reported from the Southern Ocean

{e.g. Yaldwyn, 1965; Kirkwood, 1984; Tiefenbacher, 1980; Thaije, 2003), but Antarctic
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decapod diversity, apparently, remained poor, represented by about a dozen natant
(caridean shrimp) species only, some of which are actually known to occur in high
abundances and large collections on the high Antarctic Weddell Sea shelf (Arntz and

Gorny, 1991; Amiz et al., 1992; Gorny, 1999).
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1986; Boschi et al., 1992; Retamal, 1981, 1992; Klages ef al., 1995; Arana and Retamal, 1999; Gorny,
1999; Collins et al., 2002; Zakian, 2002; Thatje and Arntz, 2004, and references therein).
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The controversial discussion of whether reptants, especially brachyuran and anomu-
ran crabs, are present at least with some members in the Antarctic (Yaldwyn, 1965;
Dell, 1972; Gorny, 1999; Frederich et al., 2001, and references therein), resulted from
Stebbing’s record of the brachyuran crab Halicarcinus planatus (Stebbing, 1914) from
Macdougal Bay, South Orkney lIslands (Fig. 4). This material was probably collected
during the Scottish National Antarctic Expedition in 1903, and Stebbing’s record was
based on museum material only. Yaldwyn (1965) was the first to doubt that the occur-
rence of H. planatus at the South Orkney Islands is possible. Although this species fiv-
ing mostly in the intertidal to shallow subtidal is a very common representative in the
Mageltan region, including the Falkland Islands, and representatives of the genus are
distributed circum-Subantarctically (Gorny, 1999), it has never been found at South
Georgia, which is situated much north of the South Orkney islands and north of the
ACC (Fig. 6). Frederich (1999) supposed H. planatus to be a potential invader of the
Antarctic, due to low Mg® contents in its haemolymph, which is untypical of crabs
(Frederich et al., 2001); the extended larval development through completely planktot-
rophic larvae, however, should select against this species in the Antarctic environment
(Boschi et al., 1969; Thatje et al., 2003a). This could already have impeded the occur-
rence of H. planatus at South Georgia, although a colonisation through larvae by
means of currents should be, theoretically, possible. My own investigations at three lo-
cations along the north-eastern coast of South Georgia in summer 2001 did not reveal
any intertidal brachyuran crab. On the basis of our recent knowledge, we should seri-
ously doubt the record of H. planatus from the South Orkney [slands by Stebbing
(1914), which was presumably due to mislabelled museum material (see also, Yald-
wyn, 1865).

Larvae of benthic reptants were first reported by Tiefenbacher (1994), who found
five mesopelagic larvae of the palinurid Stereomastis submi between 400 to 800 m
sampling depth. Tiefenbacher supposed the occurrence of palinurid larvae to be rea-
son of aduit populations in the deep waters of the sampling area (Drake Passage,
57°08,55; 55°0,60°W), which remains uncertain, However, larvae and adults of S. su-
hmi have been reported from the Magellan region (Arntz et al., 1999; Thatje et al.,
2003a) and at about 2100 m depth on the continental slope south of the Beagle Chan-
nel (Arntz et al., 1999). These records suggest that the occurrence of adult S. suhmiin

the deep of the Drake Passage might be possible.
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Recently, reptant larvae of the genus Pinnotheres (Brachyura) and the mole crab
Emerita sp. (Anomura) have been recorded in Maxwell Bay (King George Island,
62°14°338; 58°43'81W) at the Antarctic Peninsula (Thatje and Fuentes, 2003), to be
considered as the first records of reptant larvae south of the Polar Front. This record
was discussed to be due to the intrusion of Subantarctic water masses into the Antarc-
tic regime, as evidenced by the accompanying Subantarctic copepods (genus Acartia),

and not due to established adult populations in the Antarctic.

The first certain record of an adult reptant from the high Antarctic marine realm, a
lithodid anomuran from the South Pacific side of the Antarctic, was published by
Birstein and Vinogradov {1967). This first find of Paralomis spectabilis off Scott Island
(67°23°S; 179°53'E), was realized during the Russian expedition on board the oceano-
graphic vessel “Ob” to the Southern Ocean in summer 1957-58. However, it should be
considered that Hale (1941) had already found Lithodes murrayi off Maquarie island
some years in advance of the Russian colleagues, but at lower latitude (58°28°S;
1568°53'E). Later, an additional record of three lithodid anomurans from the Southern
Pacific (about 67°29°S; 179°55'W), at about 1080 m water depth, was described as
Paralomis birsteini by Macpherson (1988a).

The various records of lithodid crabs from the Southern Ocean raised fishery ex-
pectations (although ecologists always considered these single finds as exceptions!),
since these crabs were known as a fishery resource around the Subantarctic island of
South Georgia, where at least five lithodid species are known to occur (Otto and Mac-
intosh, 1996; Collins et al., 2002, and references therein; Fig. 4). The catch of 88
specimens of Paralomis birsteini along the Antarctic Peninsula, from the South Orkney
Island southward to Peter | Island in the high Antarctic Bellingshausen Sea using
commercial “centolla” baited traps (Fig. 4; Arana and Retamal, 1999), as well as the
records of Lithodes murrayi off Peter | island (180-260 m water depth, Klages et al.,
1985), clearly demonstrated the existence of lithodid anomuran populations in the Ant-
arctic (Thatje and Arntz, 2004). The potential value as a fishery resource must be con-
sidered low due to delayed first maturity and slow growth, as that of shrimp populations
in the Antarctic (Arntz et al., 1994). It should be commented here, that the taxonomic
status of P. birsteini in the work by Arana and Retamal (1999) remains uncertain, since

both authors confounded this species with P. anamerae in their Table 1 (Arana and
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Retamal, 1999). It should be stressed that the lithodid record by Klages et al. (1995)
suggested their occurrence io be related with temperatures above 0°C at the seafloor
{(+1.8°C in their study), and this might explain the absence of records of lithodid anomu-
rans from the colder Weddel! and Lazarev Sea shelves (always below 0°C, see, Seab-

rooke et al,. 1971; Atz et al. 1992},

Conclusions
* Lithodid anomurans comprise the only reptant group apparent with adult popula-
tions in the Antarctic except the high Antarctic continental shelf, where tempera-

tures drop permanently below critical temperatures for lithodids.

3.2.2 Reproductive modes in Southern Ocean lithodid anomurans

Embryonic development, larval release, and parental care. Larval release in deca-
pods is known to occur frequently in response to abiotic environmental conditions such
as lunar or tidal cycles, leading to synchronised hatching which usually does not ex-
ceed a period of a few hours to days (DeCoursey, 1983; DeVries et al., 1983; Saigusa
and Kawagoye, 1997; Zeng and Naylor, 1997). Although aquatic invertebrate embryos
are usually tolerant of low oxygen concentrations, egg-masses are size-limited due to
internal oxygen gradients (Strathmann and Strathmann, 1995). Decapods, which pro-
duce compact egg-masses of up to several centimetres in diameter, compensate oxy-
gen deficiency in the centre of their €gg-masses mainly by abdominal flapping. This
maternal care behaviour tends to increase during late embryonic development when
the oxygen demand of the embryos increases (Nakanishi, 1985; Naylor et al., 1999;
Femaéndez et al.,, 2000; Baeza and Fernandez, 2002). The energetic cost of brooding
depends mainly on the size of the €gg-mass and on oxygen partial pressure. Since the
oxygen partial pressure in seawater is temperature-dependent, these costs shouid be
higher in temperate and warm shallow subtidal zones than in the deep sea and at high

iatitudes.
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In cold environments such as the Antarctic and adjacent Subantarctic regions, the
hatching mode of decapods is little known. The two most common lithodid representa-
tives from the Subantarctic Beagle Channel off Tierra del Fuego, P. granulosa and L.
santfolla, are known to carry up to 10,000 and 32,000 eggs per clutch, respectively
(Lovrich, 1997). Embryonic development in these species is known to last between
about one to almost two years (L. santolla: 9-10 months, Vinuesa, 1984; P. granulosa:
18-22 months, Lovrich and Vinuesa, 1993). Hatching of larvae in low daily numbers
results in extended hatching periods, which can last at least up to 2 months in duration
(Thatje et al., 2003). Freshly hatched larvae of P. granulosa showed low oxygen con-
sumption rates at low temperatures (Thatje et al., 2003). The rate, however, strongly
increased with temperature, and a similar pattern was already reported in other lithodid
species (Nakanishi, 1985; Anger, 1996). Low larval oxygen consumption may be a
consequence of low temperature regimes and restricted maternal aid in oxygen supply
due to the physiological constraints at low temperatures. Namely, reptant crabs may
suffer from narcotising effects induced by low temperatures in combination with high
Mg** levels in the haemolymph {Frederich et al.,, 2001). As a consequence, brooding
activities such as abdominal flapping, which is needed for active and controlied larval
release, should be dramatically reduced. Low daily hatching rates are therefore sug-
gested as an ecological response to the physiological constraints (the lack of strong
abdominal flapping, Baeza and Fernandez, 2002) and consequently low energetic
costs for the female.

If we assume that embryonic development duration in decapods is not strictly ge-
netically determined, but also dependent on temperature and oxygen level (oxygen
availability), oxygen gradients in egg-masses of reptant decapods could be responsible
for the delay of hatching of larvae from the innermost layers of the egg-mass (Chaffle

and Strathmann, 1984), thus explaining the occurrence of extended hatching periods.

Conclusions

e In Subantarctic lithodids, long-lasting embryonic development, and larval hatching
in low daily numbers over an extended period of up to several weeks depending on
hatch size, are discussed as life history adaptations to, and/or physiological con-

straints by, the environmental conditions of high latitudes.
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Larval development. The southern stone crab, P. granulosa, shows complete leci-
thotrophy and a strongly abbreviated larval development with two zoeal stages and a
megalopa (Calcagno et al., 2003, 2004). These reproductive patterns are strikingly
similar to those observed in another lithodid crab from the Subantarctic Beagle Chan-
nel, the southern king crab, L. santolla (Molina), which has three zoeal stages and a
megalopa (McLaughlin et al., 2001; Lovrich et al., 2003). Both species occur in the Ma-
gellan region, where strong seasonality in the light conditions and low average tem-
peratures are typical, allowing for only a short period of primary production. In both
species, hatching of larvae occurs in winter (July-September, Lovrich and Vinuesa,
1899; Thatje et al., 2003). According to larval development duration at about 5-6 °C,
which is the average water temperature in the Beagle Channel in late winter {Lovrich,
1999}, metamorphosis and first food uptake of the actively feeding benthic juvenile
should occur in spring (September-November), when primary production increases

(Anger et al., 2003).

The patterns of larval and early juvenile development as well as changes in biomass
and chemical composition observed in L. santofla can be compared with those previ-
ously described for a congener from the North Atlantic, L. maja (Anger, 1996). Both
closely related but geographically separated Subpolar species show a number of strik-
ing similarities not only in their adult ecology and climatic distribution but also in early
development. Both pass through three zoeal stages and a megalopa, and comparison
of development duration, larval survival, and changes in biomass and chemical coOmpo-
sition of fed and unfed larvae shows that both species have endotrophic larval devel-
opments (Lovrich et al., 2003). Total duration of larval development at 6°C in L. santfolla
was about 10 weeks, whereas L. maja required about 7 weeks at a rearing temperature
of 9°C. This suggests similarity also in the temperature dependence of development
duration (Anger et al., 2003).

The most striking similarity between L. santoifa and L. mafa is in the complete leci-
thotrophy from hatching through all four larval stages to metamorphosis, which is inter-
preted as adaptation to Subpolar environments. The mismatch of short planktonic food
availability and long pelagic development in cold waters shouid have selected for a
food-independent mode of larval development, which is principally based on an en-

hanced energy allocation to female reproduction (for recent discussion, Anger, 2001).
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Lecithotrophy has recently been observed also in a congener from the North Pacific
and the Bering Sea, the golden king crab, L. aequispinus (Shirley and Zhou, 1997),
which suggests that this may be a wide-spread developmental pattern in Lithodes spe-

cies living at high latitudes.

An extremely high C:N ratio in both P. granulosa and L. santolia at hatching (the
same as in L. maja, Anger, 1996) indicates that large lipid reserves persist in both spe-
cies from the egg yolk (Lovrich et al., 2003; Kattner et al., 2003: Calcagno et al., 2004),
serving the larvae as an energy-rich fuel for endotrophic development under conditions
of strongly limited food availability. In both species, the C:N ratio decreased signifi-
cantly during larval development, which indicates a preferential degradation of lipid re-
serves, especially during the zoeal (i.e. more active) phase of development, coinciding
with a weaker decrease in the protein pool (cf. Anger, 1996). As another similarity be-
tween these species, the first juvenile crab stage showed immediately after metamor-
phosis food uptake and rapid growth. A particularly steep increase in the C:N ratio
during the postmoult and early intermoult periods suggests a rapid replenishment of
tost lipids. In addition, however, cuticular mineralization with inorganic carbonates may
contribute to this increase in the C:N index. Decreasing values thereafter indicate in
both species a proportionally stronger increase in the protein fraction, reflecting epi-
dermal reconstruction and growth of muscular and nervous tissues during the premouit
period. All these patterns are typical of planktotrophic larval and juvenile crab stages
(for recent review, see Anger, 2001).

However, the degree in adaptation to lecithotrophic larval developments differs be-
tween L. santofla and P. granulosa. Larvae of L. santolla contain higher amounts of
fatty acids and protein than P. granulosa. In addition, in L. santolla these energy
sources in form of lipids (mainly triacylglycerol) are less utilised until metamorphosis,
whereas P. granulosa almost exhausts all lipidic energy pools (Kattner st al., 2003).
Monounsaturated fatty acids are dominating in L. santofla in contrast to P. granulosa,

and are preferably utilised as compared to polyunsaturates (Kattner et al., 2003).
Besides principal similarities in the patterns of larval development and in associated
chemical changes within biomass of P. granulosa and L. santolia, there are similarities

in larval behaviour of these species. In both, the zoeal stages are slow but active
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swimmers, showing a tendency to stay near the bottom as demersal larvae (Thatje et
al., 2003). The same applies to the megalopa during the first 2-3 days after moulting.
Subsequently, however, the megalopa becomes fully benthic and increasingly sluggish.
Generally low locomotory activity of the larvae may be an energy saving mechanism
during non-feeding development, representing another adaptation to food-limited envi-
ronments.

As an additional tentatively adaptive trait, the larval stages of both species show
very fow exuvial energy losses as compared with planktotrophic decapod farvae, which
is the same as in L. maja (for recent discussion of the literature, Anger, 1996, 2001).
Production of unusually thin exuviae was observed also in a terrestrial brachyuran crab
species with non-feeding larvae {Anger and Schuh, 1992), suggesting that similar en-
ergy-saving traits may occur in various decapod crustacean taxa with a lecithotrophic

mode of development.

it is suggested that food-independent larval development may be an important life-
history adaptation to limited primary production in Subantarctic marine environments.
This trait may partially explain the wide range of bathymetric distribution of some Su-
bantarctic lithedid species from the shallow sublittoral to the deep sea (Baez et al.,
1986, Lovrich and Vinuesa, 1993), where scarce planktonic food availability presuma-
bly selects against an extended planktotrophic larval development, Similar patierns
may thus be expected to occur also in other lithodids from high latitudes, for instance in

L. aequispinus.

Conclusions

» Lithodes santolla and Paralomis granufosa are able to complete their larval devel-
opment without external food supply, i.e. the larval development is completely en-
dotrophic.

¢ Physiologically, L. santolla shows a better adaptation to the lecithotrophic larval de-
velopment as compared to P. granulosa.

« Complete lecithotrophy in larval developments is an adaptation to scarcity in food
availability due to short periods of primary production prevailing in Subantarctic en-

vironments.
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Temperature tolerance in larvae and early juveniles. Most striking is the wide range
of temperatures tolerated by larval and early juveniles of P. granufosa (Anger et al.,
2003; Publication VIIl). At a temperature as low as 1°C, about one half of the larvae
developed successtfully to the megalopa stage, and metamorphosis to the first juvenile
crab stage was reached within a tolerance window ranging from 3-15°C. This suggests
that complete mortality before metamorphosis observed in a previous study (Vinuesa et
al., 1989) was caused due to either weakness of the larval material or poor rearing
conditions (Calcagno et al., 2004). Tolerance of low temperatures was also ohserved in
L. santolfla (Fig. 5). At 1°C, the moult to the zoea |l succeeded, but without reaching
the metamorphosis, which could also have been hampered by the low number of repli-

cates used (n = 48).
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and megalopa).

Since experimental data suggest an optimum of about 6-9°C for larval develop-
ments in both species, the larvae and juveniles appear to be optimally adapted to the
temperature conditions at hatching in late winter (Lovrich, 1999). In the natural envi-
ronment of the Beagle Channel, larvae should become megalopae 2-3 weeks after
hatching (late July-August), and metamorphosis to the first juvenile crab should be ex-
pected to occur throughout spring/early summer (September-November). One year af-
ter hatching from the egg, the juveniles of P. granulosa should reach approximately
crab instars VI-VII (Anger et al., 2003; Publication ViIh.
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The tolerated range for larval development in P. granulosa is much wider than would
be required within the Beagle Channel (summer average 9.8°C, Lovrich, 1999). This
tolerance of relatively warm conditions (up to at least 15°C) indicates that P. granulosa
is not really a typical "cold-adapted”, i.e. cold-stenothermal, but actually a cold-
eurythermal species (cf. Périner et al., 2000; Périner, 2002). This is consistent with its
broad geographic distribution in the Subantarctic region and along both sides of south-
ern South America, ranging in the Atlantic north to Santa Catarina, Brazil (Boschi et al.,
1992), and in the Pacific to the island of Chilog, Chile (Retamal, 1981). Likewise, this
response pattern is congruent with the observation that P. granulosa is the only spe-
cies of its genus that inhabits also shallow coastal waters where temperatures may be
quite variable (Macpherson, 1988b).

The thermal response pattern of the early life-history stages of Paralomis granulosa
may be typical of the Lithodidae (or at least Paralomis and Lithodes spp.) living at high
latitudes, commonly with wide ranges of geographic and bathymetric distribution (for
references see, Paul et al., 2002); true deep-sea species living in a more stable envi-
ronment, in contrast, should be cold-stenothermal. Since larvae and juveniles of P.
granulosa are cold-eurythermal, they should be an interesting subject for testing the
physiological hypotheses of thermal tolerance recently proposed by Pértner (2001,
2002). These would suggest that this species, including its early life-history stages,
should be capable of regulating mitochondrial densities and/or capacities to produce
energy, adjusting to seasonally, bathymetrically, or regionally changing temperature
conditions, or after differential acclimatization in the laboratory.

Also extremely iong periods of larval development at low temperatures (<6°C),
passed without any uptake of food, but based on a degradation of internal energy re-
serves alone (Calcagno et al., 2003; Kattner et al., 2003). Although an extended leci-
thotrophic period under conditions of cold indicates also low rates of metabolic energy
consumption, successful non-feeding development through a period of up to four

months remains highly remarkable (Anger et al., 2003).

Similar patterns are known in L. maja from the North Atlantic (Anger, 1996), as well
as in a Pacific congener, L. aequispinus (Shirley and Zhou, 1997). In the latter species,
the maximum period of non-feeding larval development (148 days at 3°C; Paul and

Paul, 1999) exceeds even by one month the maximum time that we observed in P.
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granulosa. Successful larval development at 9°C as well as a wide geographic distribu-
tion range (from Japan to the Bering Sea, Canada and Alaska, Zaklan, 2002) suggest
that L. aequispinus is, like P. granulosa, an eurythermal rather than a cold-
stenothermal species. The occurrence of ovigerous females of L. maja in coastal wa-
ters of Greenland, where water temperatures between —1°C and 5°C were recorded
(Woll and Burmeister, 2002) suggests a similar cold resistance in its early life-history
stages as in P. granulosa and, probably, in L. aequispinus. Although no temperature
tolerance data of larvae are available from this species, the eatly life-history stages
should be eurythermal, as suggested by the wide geographic distribution from the
southern North Sea to Spitzbergen, Iceland, and Greenland {(Zaklan, 2002). In contrast
to endotrophic larval developments, zoeae of the commercially most important lithodid
from high latitudes, Paralithodes camtschatica {Stevens, 2002; Sundet and Hjelset,
2002), are known to require planktonic food (e.g. Kurata, 1960; Paul and Paul, 1980),
although larvae tolerate a wide range from low to moderate temperatures {0-15°C;
Shirley and Shirley, 1989).

Although intraspecific variability in cold tolerance may be high in lithodids, similari-
ties among various species suggest that a combination of larval eurythermality and
lecithotrophy may be a wide-spread trait in lithodids. Phylogenetic constraints not gen-
erally allowing for an evolution of such special adaptations in other reptant Decapoda
(for discussion see Thatje et al., 2003a) may have contributed to both gradients of de-
creasing species richness and the tendency towards a reduction of the larval phase
with increasing latitude, which is known as “Thorson’s ruie” (Mileikovsky, 1971, based

on Thorson, 1936, 1950).

Conclusions

* Both L. santolla and P. granulosa are well adapted to thrive under conditions of
food limitation and cold occurring in high-latitude marine ecosystems. On the other
hand, both species are equally well adapted to cool temperate regions, where a
relatively elevated temperature level excludes truly cold-adapted stenothermal spe-
cies. Thus, a remarkable extent of larval eurythermality, together with an unusually
high endotrophic potential, allow in these species for extended periods of com-

pletely food-independent development from hatching through metamorphosis.
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3.2.3 Challenging the cold: the return of crabs to the Antarctic?

The origin of benthic marine invertebrates from both Antarctic and Subantarctic wa-
ters can be traced back as far as the Early Cretaceous, about 130 Ma ago (Crame,
1999). At the Late Cretaceous-Early Cenozoic boundary, the austral Province showed
temperate aspects in its marine invertebrate fauna, as evidenced by the fossil decapod
record (Feldmann et al., 1997; Crame, 1999). At present, the decapod crustaceans are
one of those invertebrate groups which display a remarkable reduction in diversity to-
wards high southern latitudes, with about 120 benthic shrimp and crab species in the
Subantarctic, compared with only about 5 shrimp representatives remaining on the
Continental Shelf of the high Antarctic Weddell Sea (Gorny, 1999; Amtz, 1999). Faunal
impoverishment and particularly the final extinction of crabs untii about 20 Ma ago
(Forster et al., 1987; Clarke and Crame, 1989; Feldmann et al., 1997) is discussed as a
result of various processes involved. Antarctic cooling started as late as 35 to 23 Ma
years ago as a result of continental drift (Barker et al., 1991). The opening of the Drake
Passage created the ACC, which acts as an oceanographic barrier {Crame, 1999).
These geological processes affected in particular decapod diversity. Decapod crabs
are especially sensitive to cold temperatures. Cold tolerance requires, in the first place,
an adjustment of the functional capacity of oxygen supply mechanisms like ventilation
and circulation (Pértner, 2002). In brachyuran crabs this process is hampered by their
special sensitivity to Mg®*, combined with their poor ability to reduce Mg®* levels in the
haemolymph below those in the water. In consequence, their scope for aerobic activity
is minimized and they are narcotised by a combination of temperatures much below
0°C and by high Mg** levels in the haemolymph (Frederich et al., 2001). Such physio-
logical constraints affect all processes demanding aerobic energy, including brooding in
crab species (Fernandez et al., 2000), and make them less competitive with those
crustaceans, which show the ability to regulate Mg®* at low levels, such as shrimps,
isopods and amphipods (Frederich et al., 2000; Tentori and Lockwood, 1990). Fur-
thermore, glaciation events of the Antarctic continental shelf may have affected espe-
cially most brachyuran crab species with a limited bathymetric distribution range

(Gorny, 1999). Eurybathic species with a refuge in deeper waters, such as most carid-
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ean shrimps of the Southern Ocean, were able to re-colonise the shelf (Gorny, 1999).
This may explain why Antarctic invertebrates, in general, show a wider bathymetric

distribution than species in other regions (Brey et al., 1996).

Recently, king crabs (Lithodidae), which were recorded for the first time only be-
tween 13 to 25 million years ago (Cunningham et al., 1992), were discovered in the
deeper waters off the continental shelf in the high Antarctic Bellingshausen Sea
(Klages, et al., 1995; Arana and Retamal, 2000; Thatje and Arntz, 2004) and in the
South Pacific off the Ross Sea (Mcapherson, 1988, cf. chapter 3.2.1.), re-opening the
debate about the return of this group to Antarctic waters after glacial retreats (Anger et
al., 2003). Our evidence suggests that lithodid crabs are adapted in their life history to
physiological constraints in the cold (cf. chapter 3.2.2.). Extended, food-independent
larval development periods at iow temperatures should be typical of the Antarctic re-
gime, providing independence from scarce and strongly seasonal food availability due
to highly seasonal plankton production (Clarke, 1983; Kattner et al., 2003). At the same
time, metabolism is minimised during a slow and fong-lasting larval development of at

least 4 months (cf. chapter 3.2.2., Publication VHI).

This evolutionary young taxon of anomuran crabs, which is represented by several
species in high latitudes of both hemispheres and also appears to be a common deep-
sea representative (Baez et al., 1986; Macpherson, 1988a, b; Lovrich et al., 2002; An-
ger et al. 2003, and references therein), is obviously about to liberate itself from the
apparent phylogenetic constraints of their ancestor reptants, the limited potential for
abbreviated larval developments (cf. chapter 3.2.1., Publication Vil), to conquer the
polar marine realm as a life habitat. Under present climate conditions, | hypothesise a
colonisation pattern of the Antarctic by lithodid crabs via the deep sea, which should
have been facilitated by similar ecological conditions found in both cold regions and

deep-sea environments (for discussion see, Thiel et al., 1996).

The recent find of Subantarctic reptant decapod larvae at the Antarctic Peninsula off
King George Island (cf. chapter 3.2.1.) suggests that crossing the ACC by means of
water masses is a possible transport mechanism for meroplanktonic larvae. Although

at present low temperatures in the Antarctic should select against insufficiently adapted
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larvae, in the case of climate change the re-colonisation of the Antarctic environment
by reptants, in particular brachyurans, might be possible, and could be much faster

than previously expected (Arntz, 1999; Crame, 1996, 1997).

Conclusions

» The fossil record evidences the extinction of reptants from the Antarctic during Ant-
arctic cooling.

» Comparability of life history adaptations needed for deep-sea and polar environ-
ments suggest lithodids to have invaded the Antarctic marine realm via the deep

sea.

3.3 FUTURE PERSPECTIVES

There is still a substantial lack in knowledge of reproductive strategies of marine in-
vertebrates in general, which holds especially true for the Southern Ocean. Since the
first comprehensive attempt of developing an ecological concept of latitudinal patterns
in invertebrate reproduction (Thorson, 1936, 1950; Mileikovsky, 1971), and despite
many attempts to dismiss Thorson’s concept (for discussion see Arntz and Gili, 2001),
our knowledge of invertebrate reproductive strategies from the Polar regions is im-
proving only slowly. It may take some more time until we can offer comprehensive
evolutionary concepts for the origin of the Antarctic fauna and sound ecological rea-
sons for the (non-) existence of taxa in {sub) polar waters. in the following, | would like

to outtine some fuiture research necessities;

(i) The lack of information on invertebrate reproduction from both the high and Su-
bantartic environments requires a significant increase in autecological studies of
invertebrate reproductive traits from all taxa. This should, among other im-
provements, allow for a better future identification of meroplanktonic larvae in
the field, which is urgently required for ecological work.

(i) Physiological response in early life history of invertebrates to Polar conditions
remains almost unstudied. Physiological concepts of cold adaptation are mostly

based on adult physiology (Peck, 2001), despite the fact that environmental
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(iii)

conditions, in a first stage, should predominantly select against the more sensi-
tive larvae (Hoegh-Guldberg and Pearse, 1995; Anger, 2001).

For further elucidation of evolutionary pathways and the origin of the Antarctic
fauna, for example the decapod fauna, we have to strengthen circum-Antarctic
comparisons and the use of the molecular tool. For instance, it is still uncertain
whether decapods have predominantly invaded the Antarctic via the deep sea
(as herein suggested for the lithodid fauna) or used the Subantarctic islands as
biogeographic step-stones (e.g. the islands of the Scotia Arc). Genetics should

help to elucidate evolutionary time scales.
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Abstract Two specimens of Campylonotus arntzianus
sp. nov. were caught in the Antarctic Scotia Sea off
Saunders Island (57°40.31°S, 26°27.81"W) using an A-
gassiz trawl at one station (depth: 475-589 m). The new
species described here is the fifth representative of the
monogeneric family Campylonotidae, and the first of the
family south of the Antarctic Convergence. Campylon-
otus arntzianus sp. nov. is a shrimp of about 5 cm in total
length. Due to similarities in adult morphology,
C. arntzianus sp. nov. seems to be closely related to
C. capensis, a deep-sea species from the Southern
Atlantic Ocean. A simple key for the species identifica-
tion of the Campylonotidae is provided.

Introduction

The family Campylonotidae Soliaud, 1913, was originally
divided into the two genera Campylonotus Bate, 1888 and
Bathypalaemonella Balss, 1914, the latter comprising
a few members of deep-sea species (e.g. Bruce 1966;
Pequegnat 1970; Wicksten and Méndez 1983). Due to an
increasing number of new species with different mor-
phological characters in the genus Bathypalaemonella, de
Saint-Laurent (1985) transferred this genus from the
Campylonotidae to the Bathypalaemonellidae, Recently,
this family was divided into two genera (Cleva 2001).
Members of the genus Campylonotus are shallow
sublittoral to deep-sea species, predominantly assigned
to Subantarctic regions of the southern hemisphere
{Thatje et al. 2001). Campylonotus vagans Bate, 1888, has
been recorded from the southeastern Pacific on the
Chilean coast (about 41-56°S) by Retamal (1981), Gorny
(1999), Thatje et al, (2001}, and from the Argentine
sector of the Southern Atlantic (Torti and Boschi 1973;

S. Thatje

Alfred Wegener Institute for Polar and Marine Research,
P.O. Box 120 16127515 , Bremerhaven, Germany
E-mail: sthatje@awi-bremerhaven.de

Boschi et al. 1992), extending north to the latitude of
Buenos Aires (about 35°S). That species was found from
the shallow sublittoral down to about 300 m water
depth. Campylonotus semistriatus Bate, 1888, secems to be
exclusively restricted to the channel and fjord system of
the Strait of Magellan and Tierra del Fuego at water
depths of 150-500 m (Retamal 1981; Boschi et al. 1992;
Thatje et al. 2001}, The third species from the Atlantic
sector, C. capensis Bate, 1888, is mainly known to occur
as deep-sea shrimp along the continental platform of the
Argentine Atlantic shelf north to the continental slope off
Brazil, at depths ranging from 700 to 1,300 m (Boschi
et al. 1992; Spivak 1997; Gorny 1999). However, this
species was also found in shallower waters (140 m) at
Marion Island (46°43°S, 38°4’30”E; Bate 1888; Yaldwyn
1960), which may indicate a more circumpolar distribu-
tion of the species. The only Indopacific representative of
this genus is C. rathbunae Schmitt, 1926, which has been
found in the Great Australian Bight and off the east coast
of New Zealand at depths of 155-800 m (Yaldwyn 1960,
Pike and Williamson 1966).

There is generally little knowledge of the life history
of the Campylonotidae, Protandrous hermaphroditism
is assumed for all four previously assigned campylonotid
species (Yaldwyn 1960, 1966; Torti and Boschi 1973,
Thatje and Lovrich 2003) and seems to be a pattern
typical to the family (Yaldwyn 1960). These species seem
to follow an abbreviated larval development, passing
through a minimum of two zoeal stages and one
decapodid stage (Pike and Williamson 1966; Thatje et al.
2001). This abbreviated development is already indicat-
ed by well-developed zoea I (for discussion, see Pike and
Williamson 1966), but was only completely followed in
laboratory cultures of larvae of C. vagans (Thatje and
Lovrich 2003). Although, from an evolutionary point of
view, first larvae are quite advanced in development,
with respect to the complete palp divisions of the maxilla
and the maxillule and the large pereiopodal exopods, it
is among the most primitive caridean larvae (Pike and
Williamson 1966; Thatje et al. 2001). Its systematic
position on the basis of larval characteristics resulted in

Reprinted with permission from Springer-Verlag
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controversial discussion (see Borradaile 1907; Balss
1957; Pike and Williamson 1966; Thatje et al, 2001).

The present work gives a detailed description of a
new representative of the Campylonotidae, C. arntzianus
sp. nov. from waters off Saunders Istand (South Sand-
wich Islands), and that is the first representative of the
Campylonotidae for Antarctic waters.

Materials and methods

Two specimens of the new species were obtained from an Agassiz
trawl (sampling depths: 475-389 m) at one station oftf Saunders
Island (South Sandwich Islands, 57°40.31°8, 26°27.81'W, Fig. 1}
during the “Latinamerican Polarstern Study” (LAMPOS, ANT
XIX/35, April 2002}, Both specimens were photographed in order to
record coloration previous to fixation. The specimens were fixed in
4% buffered formalin and later transferred into 70% ethanol. The
paratype was dissected in the laboratory, and appendages and
mouthparts drawn using a Zeiss stereomicroscope. The type
material is deposited in the Crustacea collection of the Zoological
Museum of the Humboldt University, Berlin, Germany.

Results

Systernatics

Order Decapoda Latreille, 1803
Suborder Dendrobranchiata Bate, 1888
Superfamily Palaemonoidea Rafinesque, 1813
Famity Campylonotidae Sollaud, 1913
Diagnosis

Genus Campylonotus Bate, 1888: first pair of pereiopods
chelate, with only one movable finger; second pair of per-
eiopods equal; pereiopods without exopods; arthrobran-
chs and epipods at bases of first four pairs of pereiopods.
Upper antennal flagellum simple. Basal part of rostrum

243

with not more than five teeth, the first of which stands be-
hind the middle of carapace (changed after Holthuis 1952,
1955; see also Yaldwyn 1960; Torti and Boschi 1973).

Campylonotus arntzianus, new species

Material examined Saunders Island (South Sandwich
Islands, Scotia Sea, Antarctica). PFS Polarstern expe-
dition “LAMPOS, ANT XIX/5”; sampling location,
station no. PS61/207, 57°40.31’S, 26°27.81'W, 16 April
2002 (Fig. 1). AGT sampling depth, 475-589 m. Two
male specimens of Campylotonus arnizianus sp. nov.,
holotype, CL=11.1 mm, TL=353.7 mm; paratype,
CL=10.3 mm, TL=153.2 mm. Zoological Museum of
the Humbeoldt University, Berlin, Germany (reg.
no. ZMB 27453} (Figs. 2, 3, 4).

Etymology The species is named after Prof. Dr. Wolf
E. Arntz.

Diagnosis A robust prawn of medium size with
prominent, blade-like rostrum slightly curved; rostral
formula 6/4 (rostral tip with 1 subapical tooth). Telson
armed with one mesial tooth and three pairs of spines on
posterior margin; six pairs of spines at distal third of
surface near lateral margin.

Description  Rostrum blade-like and slightly curved;
rostral formula known is 6/4, 3 of upper teeth on
rostrum proper and 2 posterior of orbit; rostral tip with
I subapical tooth. Lower margin of rostrum with four
pronounced teeth (Fig. 2).

Eyes black, round, corneas not reaching end of first
segment of antennular peduncle (Fig. 2).

Carapace smooth, cylindrical, with anterolateral
margin rounded. Carapace with branchiostegal and
pterygostomian spines (Fig. 2B).

Fig. 1 Sampling location of 50° 40° 30° 20°
Campylonotus armzianus sp. 1 . : *
nov. from the Scotia Sea, South
Sandwich Islands, Antarctica
(57°40.31'S, 26°27.81"W).
Specimens were caught during
the “Latinamerican Polarstern %South Georgia
Study” (LAMPOS) in April 500 South
2002 Sandwich
"4 Islands
i
58° - Scotia Sea sampling @ Saunders
location = Isfand
’
60° - - . ="
g2° - Antgrctic P 500
Peninsula
64 P
i (g 8 00
ol f
Scale: 1:40563415 at Latitude ¢°
Source: GEBCO.
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Fig. 2A, B Campylonorus
arntzignus sp. nov. (ZMB
27453), holotype, male. A living
holotype, lateral view;
photograph by Martin
Rauschert. B drawing.
Scales=1 cm

Antennular peduncle with slender first segment bear-
ing long, tapering stylocerite, and widely expanded base,
Stylocerite reaching about midway along second anten-
nular peduncle, rather broad at base, narrowing gradu-
ally to sharp point. Third segment about two-thirds of
second, both together about two-thirds of first (Fig. 3A).
Outer flagellum of more than 20 segments; inner flagei-
lum about half as long as outer. Inner margin of an-
tennule with dense row of feathered setae, first antennular
segment with row of 12 setae at outer margin (Fig. 3A).

Antennal scaphocerite about 3 times as long as broad
(Fig. 3B), with straight iateral margin terminating in

a strong tooth, which does not project beyond the
rounded apex of the lamella. Inner margin with dense
row of long feathered setae. Flagellum about twice as
long as CL, first three segments broader. Inner margin
of antennal basis terminating in a rounded hook.

Mandible with incisor and molar processes fused into
one denticulate plate bearing strong cutting edge
(Fig. 3C), palp absent.

Maxillule with proximal and distal endites armed
with stout bristles (Fig. 3D). Endopod with long aesth-
ctasc on inner apex; endopod bearing second apex at
fateral third, with terminal feathered projecting setae;
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Fig. 3A-H Campylonoius
arntzianus sp. nov, (ZMB
27453), paratype, mate, right
side. A anteanule; B antenna;
C mandible; D maxillule;

E maxilla; F maxilliped 1;

G maxilliped 2; H maxilliped 3.
Scale bars a=2 mm (A, B);
B=2 mm (H); ¢=1 mm (C};
d=2 mm (D-G)

endopod ending in round apex with row of single
feathered setae.

Maxilla with proximal endite unequally bilobed,
armed with 65-70 and 7 feathered setae, respectively
(Fig. 3E); distal endite well developed and strongly
bilobed, together with more than 40 feathered setae.
Endopod simple, with four long, slender, feathered apical
setae. Scaphognathite large and fringed with feathered
setae decreasing in length towards posterior lobe,

Maxilliped 1 with clearly separated proximal and
distal endites (Fig. 3F); margins and surface of endites
with dense cover of stout bristles; endopod bi-segment-
ed, with apical tuft of setae; exopod with long palp
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(apical tip of five segments) and large caridean lobe
fringed with long, feathered setae,

Magxilliped 2 with well-developed exopod separated
from basis. Ischium, merus and carpus separated
(Fig. 3G).

Magxilliped 3 with three-segmented exopod, of which
first and second segments form a broad basis (Fig. 3H);
exopod about half as long as ischium. Endopod of four
segments ending in a short apical spine; internal margin
with dense row of feathered setae.

Perciopod 1 chelate (Fig. 4A). Dactylus slightly
longer than half length of propodus; fingers of chela
(especially tip) setose. Merus about twice as long as
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Fig. 4A—G Campylonotus
arnizianus sp. nov. (ZMB
27453) paratype, male, right
side. A pereiopod 1, lateral
view; B pereiopod 2,

fateral view; C pereiopod 3,
fateral view; D pereiopod

4, lateral view; E pleoped 1,
lateral view; F pleopod 2, lateral
view; G telson and uropads,
dorsal view. Scale bars:
a=1mm (A); &=2 mm (B-D,
G); e=2mm (E, F)

albjc
carpus, 1.2 times ischium; basis short, with two tufts of
setae.

Pereiopod 2 chelate (Fig, 4B), almost twice as long as
pereiopod 1. Dactylus slightly longer than half length of
propodus; fingers of chela (especially tip) setose; propo-
dus now with broader base. Merus about 3 times as long
as carpus, twice as long as ischium; basis without setation.

Perejopods 3-5 almost the same (Fig. 4C, D).
Dactylus about one-quarter to one-fifth length of
propedus and curves to terminate in a single, acute tip;
the concave ventral surface bears several short acute
bristles, brush-like; dorsal surface with several feathered
setae in pereiopods 4 and 5 (Fig. 4D), pereiopod 3 with
two to three spiny setae (Fig. 4C). Propodus and merus
about 1.5 times as long as carpus; carpus about 1.5 times

as long as ischium. All segments are scarcely covered
with short, thin setae. Merus in pereiopod 5 with
terminal spine (Fig. 2B).

First pleopod with broad endopod, 4 times as long as
broad, 1.7 times as long as exopod, terminating in apical
lobe (Fig. 4E); internal margin of basis and first third of
endopod with row of short feathered setae; straight-
edged exopod tapering to acute tip; exopod fringed with
about 20 long, feathered setae.

Second male pleopod with both endopod and exopod
with weakly convex setose lateral and medial margins
tapering to acute distal tips (Fig. 4F). Basis of endopod
slightly expanded, bearing the appendix interna and
masculina, [.7 times as long the appendix interna; ap-
pendix masculina with three strong terminal aesthetascs.
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Pleurae of somites 1-5 rounded and expanded
(Fig. 2B); pleura of somite 3 with small posteriorly di-
recting tooth; posterior margin of the pleura of somite 5
with sharp tooth some distance above the sharply pointed
apex. Somite 6 without expansion but pointed apex.

Uropods with endopod about as long as tail fan,
exopod slightly longer (Fig. 4G). Exopod with straight
lateral margin terminating in strong tooth. Both poste-
rior margins of endopod end exopod with long, feathered
setae; exopod with one additional lateral outer spine
(Fig. 4G). Telson with straight lateral margins, narrow-
ing posteriorly; posterior margin with mesial tooth and
three pairs of apically rounded spines; lateral margins
with six pairs of dorsal spines at distal third; telson dor-
sally with one pair of mesial, posteriorly projecting spines
on first quarter; three to five mesial spines ventrally at
distal third of telson (not indicated in drawing, Fig. 4G).
Colour Living specimens were of bright, dark-orange-
red. Lateral sides of carapace changed to greyish-white;
pereiopods irregularly striped white; somites with diffuse
white stripes dispersing towards posterior margins. Both
specimens obtained showed variable colouration, which
I assume to be a general pattern in this species, as known
from other Campylonotidae.

Discussion
Taxonomic remarks

Campylotonus arnizianus sp. nov. is closely related to
C. capensis, but can undoubtedly be distinguished on the
basis of morphological differences (compare with Bate
1888; Yaldwyn 1960; Torti and Boschi 1973). The main
morphological characteristics separating both species
are now listed (features of C. capensis in parentheses):
rostrum slightly curved (strongly curved), with short
bristies at basis of ventral teeth {without bristles); cara-
pace without posterior tubercle (tubercle present); som-
ite 4 with pleural tooth (absent); mandible without palp
{with two-segmented palp); maxiilipeds 1 and 2 without
epipod (large epipod and podobranch present). The
absence of the mandibular palp and the truncated
scaphognathite in C. arntzianus sp. nov., which is
tapering in all other campylonotid species, might be an
indication of a different feeding mode.

Key to species of Campylonotus Bate, 1888
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General remarks

The benthic decapod fauna of the Antarctic is repre-
sented by only about ten natant species (Yaldwyn 1965;
Kirkwood 1984; Tiefenbacher 1990), but these often
occur in large concentrations and great biomass on the
high-Antarctic shelf. Little is known of the decapod
fauna south of the Antarctic Convergence or in the
shallows along the Scotia Arc. The latier are assumed to
serve as evolutionary footsteps between the Subantarctic
Magellan Province of South America and the Antarctic
Peninsula. Campylonotus was previously recorded as
being exclusively Subantarctic, although Gorny (1999,
Table 2) cited the occurrence of C. vagans on the Ant-
arctic Shelf. I could not discover this Antarctic find
during the re-examination of the literature cited in his
work (Gorny 1999}, and therefore assume it to be a
mistake, or probably a confusion of the station data
published by Holthuis (1952).

Decapod diversity in the Sandwich Islands area was
low and completely different in species composition
compared to stations obtained along the northern and
southern branch of the Scotia Arc (Romero et al. 2003},
In terms of community analyses, Ramos {1999) found a
similar benthic faunal pattern as represented by poorly
structured communities, inciuding the absence of im-
portant suspension-feeder communities typical of the
high Antarctic. Ramos (1999) assumed this indication to
be due to active volcanism in this area (see also Acosta
et al. 1989} serving as continuous disturbance. This find,
however, can be confirmed by my own observalions
during the present scientific cruise to the area: sediments
consist of lava and/or soft pumice stone, and no sponge
or dense suspension-feeder communities were found at
all. In addition to the present new species, two further
caridean morphotypes were obtained from this arca
which have not yet been assigned to known taxa. This
indicates that the natant decapod fauna is probably
much higher in diversity in the Antarctic than previously
assumed.

Campylonotus arnizignus sp. nov. is morphologically
closely related to C. capensis, a deep-sea shrimp from the
southern Atlantic. It is possible that colonisation of the
Antarctic by decapod crustaceans is predominantly via
the deep sea, where ecological conditions, such as low
temperatures and food availability, are in some aspects

- Abdomen dorsally armed with spines and a blunt tubercle
~ Abdomen dorsally unarmed

1. Rostrum with 3-4 ventral teeth

— Rostrum with more than 4, normally 6-10, ventral teeth
2. One subdorsal rostral spine present

— No subdorsal rosiral spine

3. Rostrum slightly cusved, projecting, with short bristles at basis of ventral teeth;
carapace without posterior tubercle, somite 4 with pleural tooth
- Rostrum strongly curved, without brisiles; carapace with posterior tubercle,

somite 4 without pleural tooth

C. rathbunae Schmitt, 1926
1

2

C. vagans Bate, 1388

3

C. semistriatus Bate, 1888
C. arntzianus Thatje, 2003

C. capensis Bate, 1888
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comparable to the Antarctic regime. Adaptation in the
reproductive cycle, which 1 assume to be a clue for
survival in polar areas, is often comparable, and might
therefore be one key factor for successful colonisation of
this area. The same evolutionary pathway has been al-
ready suggested for Chorismus tuberculatus (Thatje and
Bacardit 2000), a deep-water caridean from the southern
Atlantic Qcean.
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MORPHOLOGICAL VARIABILITY IN LARVAL STAGES OF
NAUTICARIS MAGELLANICA (A. MILNE EDWARDS, 1891)
(DECAPODA: CARIDEA: HIPPOLYTIDAE)

FROM SOUTH AMERICAN WATERS

Sven Thatje and Rosa Bacardit

ABSTRACT

Of the three species of hippolyiid shrimps known to cccur in the southwestern Atiantic
Ocean, Nauticaris magellanica {A. Miine Edwards, 1891) is the only representative of its
genus. Zoeal larvae of M. magellanica were obtained from plankton samples taken by
means of a plankton net in Argentine waters in the southwestern Atlantic Ocean during
two expeditions carried out from onboard the RV WatTHER HERWIG and the RV SHinxar
Manru in 1978 and 1979, respectively. In the present work we distinguish and redescribe
six zoeal stages of N. magellanica and compare our results with the previous description
of larvae reared under lzboratory conditions from a population off central southern Chile.
Differences in size, number of setae on the appendages as well as in the development of
the pereiopods are discussed from an ecological and biogeographical point of view.

The general knowledge of meroplanktonic larvae and their ecology is still limited, and
taxenomists mainly focus on larval descriptions in order to facilitate studies on plankton
ecology (e.g., Wehrtmann and Baez, 1997). However, due to the lack of larval descrip-
tions it is hardly possible to work on a species level with decapod larvae. This is espe-
cially true for species inhabiting South American waters. Rearing larvae obtained from
ovigerous females is the main method for analyses of larval development and allows a
clear identification at the species level. In the history of larval research it has frequently
been shown that larvae reared in the laboratory, and especially carideans, show a great
variability in farval stages and morphelogy (Knowiton, 1974; Sandifer and Smith, 1979;
Boschi, 1981; Criales and Anger, 1986; Wehrtmann, 1991). Published comparisons be-
tween decapod larvae reared in the laboratory and field-collected Jarvae do net exist,
although laboratory observations give evidence that morphological variability might be a
comumen pattern in nature, too. The amount of variability complicates the work of ecolo-
gists, and is one reason why scientists working on larval development and ecology mainly
focus on autecological studies {e.g., Palma, 1994; Wehrtmann and Albornoz, 1998).

Nauticaris magellanica is the only representative of this genus inhabiting the coastal
waters of southern South America (Helthuis, 1952; Méndez, 1981; Boschi et al., 1992).
At the Pacific coast this shrimp 1s known to cover a geographical range of approximately
35° of latitude (Wehrtmann and Kattner, 1998}, and therefore it is an ideal species for the
study of ecological adaptations to different environmentat conditions. It has been recorded
from all parts of the Chilean coast (Retamal, 1981), except the South Patagonian Icefield
{(latitudinal range: 48°20°S 10 51°30°8, Aniya and Skvarca, 1992; Mutschke et al., 1996),
and is the most abundant shrimp associated with mussel raft cultures and holdfast of the
kelp Macrocystis pyrifera (Aracena and Lopez, 1973; Ojeda and Santelices, 1984). At the
Atlantic coast, N. magellanica is known to occur from the coastal waters of Buenos Alres
(Argentina) south to the Beagle Channel (Magellan region), as well as around the Falkland
Islands/islas Malvinas (Spivak, 1997; Boschi et al,, 1992),

Reprinted with permission from Rosenstiel School of Marine and Atmospheric Science
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Wehrtmann and Albornoz (1998} provide a complete description of the iarval develop-
ment of N. magellanica reared from egg-carrying females obtained from a population
coliected from mussel raft culture (Mytilus chilensis) off central Chile (41°35750"S,
72°42°53 "W). Their work constitutes the first complete description for zoeal develop-
ment ir: this genus. In our present study, we compare these larval descriptions with larvae
of N. magellanica obtained from plankton samples taken in the southwestern Atlantic
Ocean (37°35°S to 55°15°S; 53°40"W to 68°15°'W), and discuss differences in size and
morphology in relation to ecological adaptations and biogeographical separation.

MATERIAL AND METHODS

In the present work we provide information on the larval morphology of the hippolytid decapod
N magellanica. The material studied was collecied in Argentine waters in the southwestern Atlan-
tic Ocean (37°357S t0 53°157S; 53°40"W 10 68°15°W, see Fig. 1} during two expeditions carried out
onboard the RV Wartrer Herwic and RV Suivkal Maru in 1978 (August to October) and 1979
(January to March}, respectively (Ciechomski et al,, 1979; Cousseau et al., 197%). Samples were
collected by means of a Bongo net of 330 pun mesh size and were preserved in 3% formalin solution
buffered with hexamethylenetetramine. Complete descriptions of the cruises and additional infor-
mation on oceanographic measurements can be obtained from Ciechomski et al. (1979).

Carapace ength (CL) was measured from the posterior edge of the orbital arch to the mid-dorsal
posterior margin of the carapace; total length {TL) of the larvae was measured from the posterior
margin of the orbital arch to the distal margin of the telson, excluding setae. The descriptions of
larval stages represent an average of our observations. Nomenclature used for the differentiation of
the Jarval phases and morphology correspends to that suggested by Williamson (1960, 1968, 1982),
Gurney (1942), Boschi (1981), Haynes (1978, 1981, 1985) and Albornoz and Wehrtmaan (1997).

We compare our larval descriptions with that of Wehrtmann and Albornoz (1998) who reared
larvae of N. magellanica, obtained from an adult population of a mussel raft culture (M. chilensis)
in central southern Chile (41°35°50"S, 72°42'53"W).

Family Hippolytidae
Nauticaris magellanica (A. Milne Edwards, 1891)

ZOEA ]
TL=22x002mm;CL=0.6%0.0l mm;n=12

General Characteristics (Fig. 2A, B).—Eyes sessile; anterior and posterior part of cara-
pace with smail protuberances; rostrum acute and lightly curved down; one pair of
pterygostomian spines present; supraorbital and antennal spines absent; Z2nd abdominal
segment without pleura; 6th abdominal segment continuous with telson.

Antennule (Fig. 2I).—Terminai region of external flagellum with three aesthetascs and
one simple apical internal seta; internal flagellum with jong plumodenticulate seta;
protopedite long and without segmentation,

Antenna (Fig. 2K)—Exopodite with nine long plumose setae on internal margin (in-
cluding tip) and two short external plumose setae; distal region divided in four segments;
medium-internal margin of exopedite with small papilla; endopodite approximately two
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Figure 1. Sampling locations of larvae of Nawticaris mageilanica in the southwestern Atlantic Ocean
{Argentina) carried out onboard the RV Wattner Herwig and the RY SHinkal Manry from August
1978 10 March 1979 (sampling month and year as indicated by the numbers),
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Figure 2. Zoea 1. A: carapace with cephalic appendages, dorsat view; B: lateral view; C: maxilla; D:
telson; E: mandible; F: maxillule; G: maxilliped I; H: maxilliped IE; I maxilliped 1I; I: antennule;
K: antenna. Scale bars: a = 0.2 mm (C, E-F, =K b=1mm(A-B,D);c=0.5 mm (G-1).
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timmes larger than exopodite; with leng plumose seta in medial position, distally bearing
numerous denticles; protopodite with one small spine located on base of endopodite.

Mandible (Fig. 2E).--Incisor and molar processes present; incisor process bearing two
strong terminal denticles; molar process with denticles and one protuberance,

Maxillule (Fig. 2F).~-Endopodite with three plumodenticulate terminal setae and 12
subterminal setae; coxal endite with two long plumodenticulate and two short setae on
tateral margin of endite, and three cuspidate setae on its distal part; internal margin with
row of short, simple setae (rnicrotrichia); basal endite with three spiniform setae, 2-3
spines with denticles and one serrate seta; protopodite with one plumose seta.

Maxilla (Fig. 2C).—Endopodite bilobed, with distal lobe longer, presenting 2, 1, 1, 2
plumodenticulate setae, from proximal to distal; proximal lobe with two plumodenticulate
and one plumose setae; coxal endite with six plumose and three plumodenticulate setag
on proximal lobe, and with two plumodenticulate and two plumose setae on distal lobe;
basal endite with three plumodenticulate and one plumose setae on both proximal and
distal lobe; scaphognathite with five plumose setae, one of which in apical region; inter-
nal margin of both endopodite and scaphognathite with row of small simple setae.

Maxilliped I (Fig. 2G).—Coxopodite with six plumodenticulate setae; basipodite with
3, 3, 3, 3 plumodenticulate setae on internal margin; endopodite of four segments with 3,
1, 2 and 4 proximal and distal setae; exopodite with three plumose natatory terminal setae
and 1 subterminal one.

Maxiliiped 11 (Fig. 2H) —Coxopodite with one plumodenticulate seta on internal mar-
gin; basipodite with 2, 3, 3 plumodenticulate setae; endopodite of four segments with 3,
1, 2, and 4 proximal and distal setae, respectively, exopodite with three terminal plus two
subterminal plumose natatory setae.

Maxilliped IIT (Fig. 2I).—Coxopodite without setae; basipodite with 1, 1, 2
plumodenticulate setae on intermal margin; endopodite composed of four segments: dis-
tal one with three terminal and one subterminal setae; exopodite with three terminal and
two subterminal plumose natatory setae.

Pereiopods.~—Absent.

Abdomen {Fig. 2B).—With 5 segments, 6th segment continuous with telson; pleopods
absent.

Uropods ——Absent.

Telson (Fig. 2D).—Subtriangular; with 7+7 spines with external pair located lateralty;
with pronounced median indentation.

Zoea
TL=29+008mm;CL=07x003mm;n=11

General Characteristics (Fig. 3A,B)—Eyes pedunculate; carapace with pair of
pterygostomian and supraorbital spines, but lacking antennal spines; restrum more pro-
nounced and lightly curved down; 6th abdominal somite stil} continuous with telson.

Antennule (Fig. 3H)—Internal flagellum smali and with one long plumodenticulate
terminal seta; external flagebium with four aesthetascs and one seta; distal margin of
protopodite with two short piumose setae.

Antenna (Fig. 3D)—Exopodite (including tip} with eight long and two short plumose
setae: distal tip 4-segmented; internal medial marpin of exopodite without papilia.
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Figure 3. Zoea IL. A: anterior part of carapace with cephalic appendages, dorsal view; B; carapace,
fateral view; C: telsen; Dt anlenna; E: maxilla; F: pereiopods | - 11, G: pereiopods 111 — V; H:
antennule. Scale bars: 2= 0.2 mm (D-E, H); b= 1 mm (A-C); ¢ = 0.5 mm (F-G).

Mandible —Without changes.

Maxillile —Coxal endite with seven sctae; basal endite with five spines and two thin-
ner ores; no other differences to previous stage.

Maxilla (Fig. 3E).—Proximal lobe of coxal endite with 11 plumose and four
plumodenticulate setae; distal lobe with 2+2 plumodenticulate and plumose setae, re-
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spectively; proximal lobe of basal endite with 3+1 plumodenticulate and plumose setae,
respectively; scaphognathite with four subterminal plus one apical plumose setae, one
being apical; no other differences to previous stage.

Maxiiliped I—Coxopodite with eight plumodenticulate setae; basipodite with 3, 4, 4
and 3 proximal and distal setae, respectively; exopodite with four terminal and one sub-
terminal plumose setae; no other differences to previous stage.

Maxilliped II —Co