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Abstract Depth-stratified vertical sampling was carried
out during the New Zealand International Polar Year cruise
to the Ross Sea on board the RV Tangaroa in February—
March 2008. The distribution (horizontal and vertical),
density and population biology of Salpa thompsoni were
investigated. Salps were found at two of the four major
sampling locations, e.g. near the continental slope of the
Ross Sea and in the vicinity of seamounts to the north of
the Ross Sea. Both abundance and biomass of S. thompsoni
were highest near the seamounts in the Antarctic Circum-
polar Current reaching ~2,500 ind 1,000 m—> and 8.2 g
dry wt 1,000 m~> in the water column sampled. The data
showed that S. thompsoni populations were able to utilize
horizontal and vertical discontinuities in water column
structure, in particular the warm Circumpolar Deep Water
(CDW), to persist in the high Antarctic. Although salps
appeared to continue migrating to the surface colder layers
to feed, both aggregate chain and young embryo release
seem to be restricted to the CDW. This study for the first
time has provided evidence that low Antarctic salp species
may successfully reproduce in the hostile high Antarctic
realm.
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Introduction

The pelagic tunicate Salpa thompsoni is one of the most
prominent metazoan filter feeders in the Southern Ocean
(Voronina 1998; Pakhomov et al. 2002). In the core of its
areal distribution (ca 45-55°S), S. thompsoni has the ability
to undergo explosive population development during the
austral summer, likely outcompeting other zooplankton
species and dramatically altering the food web (Loeb et al.
1997; Walsh et al. 2001). This species is known as an
efficient re-packager of small particles into fast sinking
feces, playing a significant part, at least seasonally, in the
Southern Ocean biological pump by channeling biogenic
carbon from surface waters into the ocean’s interior and
seafloor (Le Fevre et al. 1998; Moline et al. 2000; Walsh
et al. 2001; Phillips et al. 2009). Recently, it has been
shown that S. thompsoni may also provide a direct and
efficient link between surface production and benthic
ecosystems (Gili et al. 2006).

In the classical work by Foxton (1966), S. thompsoni was
described as an animal well adapted to oceanic, low Ant-
arctic latitudes and seldom found in coastal seas surrounding
the Antarctic continent. The southern boundary of the
S. thompsoni distribution coincided with the northernmost
extension of the winter sea ice (Foxton 1966). In recent
decades, however, a southward shift in the distribution of
S. thompsoni has been documented (Chiba et al. 1999;
Pakhomov et al. 2002; Atkinson et al. 2004). Since
S. thompsoni is a cold-temperate species, changes in its lat-
itudinal distribution could be indicative of a large-scale
environmental shift in the high Antarctic. Indeed, large-scale
environmental changes have been observed over the past few
decades (de laMare 1997,2009; Levitus et al. 2000), including
a warming of the Antarctic midwaters (700-1,100 m) by
0.17°C between the 1950s and the 1980s (Gille 2002).
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However, the mechanisms of the salp expansion into the
high Antarctic are still not clear. Positive relationships
between water column integrated temperature and salp
distributions have been documented in various coastal seas
around the Antarctic continent (e.g. Siegel et al. 1992;
Pakhomov et al. 1994, 2002; Hosie et al. 1997; Nicol et al.
2000 and references therein), suggesting that salps may
utilize the vertical structure of the Southern Ocean waters
to penetrate southwards. Salps have been found to be
restricted to the warmer water masses or layers (e.g. Siegel
et al. 1992; Park and Wormuth 1993; Pakhomov et al.
1994; Pakhomov et al. 2006). Limited studies at fine ver-
tical scales (tens of centimeters to tens of meters) in the
epipelagic domain have shown that salps may indeed
preferentially concentrate in the warmer water layers/len-
ses in the high Antarctic (Krakatitsa et al. 1993; Pakhomov
1993, 1994; Catalan et al. 2008). However, current evi-
dence suggests that their expansion into areas previously
considered as the realm of Antarctic krill is physiologically
limited by their inability to reproduce at these low tem-
peratures (Casareto and Nemoto 1986; Chiba et al. 1999;
Pakhomov et al. 2002; Pakhomov et al., in review).

The generalized water column structure in the water
adjacent to the Antarctic continent includes the cold
Antarctic Surface Water (ASW) that occupies the top
200-300 m and may have a seasonally warmed near-sur-
face layer. Beneath this layer is the warm Circumpolar
Deep Water (CDW) that extends from ca 200 to
~3,000 m. This layer moves toward the Antarctic conti-
nent and is often recorded close to the continental slope
(Naganobu et al. 2006). We hypothesize that the CDW may
represent the mechanism for S. thompsoni transport into the
cold water regions of the coastal Antarctic and a refuge
enabling its persistence in this realm. Although the gen-
eralized vertical distribution and migrations of S. thomp-
soni have been studied in the Southern Ocean, to our
knowledge there are no data sets on the vertically resolved
distribution of S. thompsoni in the high Antarctic.

The oceanography of the Ross Sea and the Antarctic
Circumpolar Current (ACC) to its north has been well
described (e.g. Jacobs et al. 1970; Orsi et al. 1995; Picco
et al. 2000; Naganobu et al. 2006; Orsi and Wiederwohl
2009; Rickard et al. 2010). It represents a perfect setting for
the CDW refuge hypothesis. The ACC north of the Ross
Sea shelf break (~72 to 73°S) to the Polar Front (PF)
(~62°S) is characterized by a slow eastward flow of
<2 cm sfl, accelerating to >10 cm s~! at the southern
boundary of the ACC (~65 to 66°S) and Antarctic
Divergence region (AD) (~71.5 to 73°S). South of the PF
to the Ross Sea shelf, surface waters are described as ASW,
while cold (—1.9°C) and saline (>34.6%o) shelf waters
(SW) are found over the Ross Sea shelf proper. It is well
documented that in the vicinity of the Ross Sea, the CDW
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is clearly distinguishable between 150 and 2,000 m and
penetrates all the way to the Ross Sea continental slope
(Russo 2000; Naganobu et al. 2006).

Here, we describe a unique, albeit small, data set col-
lected during the New Zealand (International Polar Year)
IPY-CAML cruise to the Ross Sea that performed verti-
cally stratified net tows in the region. The main aims of this
paper are (a) to describe the horizontal and vertical dis-
tributions as well as stage development of the S. thompsoni
population in the high Antarctic realm (the Ross Sea and its
vicinity) in relation to environmental variables and (b) to
look for evidence whether S. thompsoni may successfully
reproduce in the high Antarctic.

Materials and methods

Plankton samples were collected during the New Zealand
IPY-CAML cruise to the Ross Sea on board the RV Tan-
garoa (cruise 0802), between February 12 and March 11 of
2008 (Table 1; Fig. 1). In total, fourteen MOCNESS-1
(rectangular 1-m? frame equipped with nine 200-pm mesh
nets) tows were carried out, in three regions: the Ross Sea
shelf, the Ross Sea slope and the ACC to the north of the
Ross Sea (two locations). Generally, four (on two occa-
sions, five) depth strata were sampled between the surface
and near bottom (proximity to bottom £ 50-200 m) layers
(Table 1). Most of the tows were conducted during the
daytime. The exceptions were tows at stations 42, 57, 95
and at stations 170, 238 that were completed during
nighttime and twilight, respectively. Tows at stations 168
and 232 started at twilight and completed in daylight
(Table 1). The MOCNESS-1 was equipped with mechan-
ical flow meters, net pitch and depth sensors. The towing
speed was 1.5-2 knots, and volume filtered ranged between
235 and 1,953 m?, depending on the depth strata sampled.
The towing procedure was to lower the net to the maximum
sampling depth and subsequently tow it obliquely to the
surface, closing and opening nets according to pre-identi-
fied sampling depth strata (Table 1). Immediately after the
tow, the samples from each depth stratum were split using
a Folsom splitter. A one-fourth or one-eighth subsample
was preserved in a 4% buffered formaldehyde seawater
solution and returned to the laboratory for subsequent
numerical analyses. In addition to the stratified MOC-
NESS-1 tows, a single midwater trawl (10 mm mesh size)
was conducted at station 193, at the depth interval
163-184 m. For comparative purposes, a random sub-
sample of salps was preserved in a 4% buffered formal-
dehyde seawater solution.

At seven of the MOCNESS-1 stations, CTD casts,
generally from sea surface to sea floor, were completed
prior to the net hauls to obtain vertical profiles of
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Table 1 Sampling station information in the Ross Sea during February—March 2008

Station  Date, Latitude Longitude  Bottom Sampling Gear Range of max  Sampled depth strata (m)
no. 2008 depth time gradients

(m) (start) in thermocline

(T°Cm™")

42 February 12 —74.7623 167.0802 800 23:14 MOCNESS-1 0.711-0.813*  750-600-400-200-0
57 February 14 —75.6292 169.8343 550 02:04 MOCNESS-1 0.711-0.813*  500-400-300-200-100-0
95 February 17 —76.2025 176.2027 453 21:44 MOCNESS-1 0.711-0.813*  420-315-210-105-5
122 February 21  —72.3517 175.5265 930 10:47 MOCNESS-1 0.020-0.052 890-600-400-200-0
134 February 22 —72.0803 1755117 1,630 09:41 MOCNESS-1 0.020-0.052" 1,100-600; 200-0
156 February 24  —72.0190 173.2105 852 09:36 MOCNESS-1 0.018-0.029 780-600—-400-200-0
158 February 24  —72.0845 173.0488 519 15:16 MOCNESS-1 0.033-0.053 480-300-200-100-0
168 February 25 —71.8970 174.1040 1,911 08:15 MOCNESS-1 0.018-0.029* 1,250-800-500-200-0
170 February 25 —71.3427 174.6373 2,188 19:15 MOCNESS-1 0.066-0.147 2,150-1,200-600-300-0
193 March 2 —68.2605 —178.9175 3,243 08:10 Midwater trawl  0.025-0.057" 163-184
194 March 2 —68.0900 —179.2798 646 12:11 MOCNESS-1 0.025-0.057 550-350-200-100-0
232 March 6 —67.6122 —178.9153 3474 07:20 MOCNESS-1 0.027-0.068 3,400-1,700-850-200-0
238 March 7 —67.3765 —179.8685 450 04:54 MOCNESS-1 0.027-0.068"  400-300-188-100-0
261 March 9 —66.9447 170.8488 451 18:46 MOCNESS-1 0.038-0.088 400-300-200-100-0
283 March 11 —66.6982 171.3285 3,448 12:53 MOCNESS-1 0.038-0.088"  3,200-2,370-1,700-800-200-0

 Indicate stations without the CTD cast. Values are provided from the closest CTD cast

temperature, salinity, oxygen and chlorophyll-a concentra-
tions (Fig. 1). Two additional CTD casts were completed at
independent stations.

In the laboratory, all samples were examined for the
presence of salps. When found, salps were identified,
counted, separated into aggregate and solitary forms. The
oral-atrial length (OAL) was measured to the nearest mil-
limeter according to Foxton (1966), for specimens in either
the entire preserved sample or a half to quarter subsample
when salp numbers were very high. The maturity stages of
S. thompsoni have previously been described in several
papers (e.g. Foxton 1966; Casareto and Nemoto 1986;
Chiba et al. 1999; Daponte et al. 2001). Following these
descriptions, the maturity stages of aggregates were
determined according to the morphological characteristics
of the embryo inside an aggregate body. Five stages (from
0 to 4) were classified according to gradual growth of the
embryo. At stage O, the ovarian sac is spherical with no
sign of embryo development. By stage 4, the embryo, often
>4 mm in length, resembles in all features an early oozoid
(Foxton 1966; Daponte et al. 2001). Stage 5 ‘spent’ was
identified by the presence of a placenta scar, which indi-
cated that the embryo had been released. Finally, we
observed some aggregates containing what we assumed to
be unfertilized eggs (the ovarian sac is clearly transparent)
and aggregates with no visible embryos (possibly failed
fertilization) or embryos that showed a remnant of some
degree of development (possibly embryos with disrupted
development). Following Chiba et al. (1999), we classified
these specimens as stage ‘X1’ and stage ‘X2’, respectively.

The developmental stages of S. thompsoni solitary forms
were previously described by Foxton (1966), Casareto and
Nemoto (1986) and Daponte et al. (2001) and are deter-
mined according to the morphology of the stolon.

Salp densities were converted to individuals 1,000 m~>.
The dry weight (mg 1,000 m ) of salps was calculated for
each station using their length frequency abundance com-
position and a relationship between the dry mass and OAL
of fresh S. thompsoni from the Bellingshausen Sea
(Dubischar et al. 2006). No correction for the salp length
shrinking due to preservation was applied. The mean val-
ues of chlorophyll-a, temperature, salinity, oxygen and
depth were calculated for each depth interval sampled by
the MOCNESS-1 using the available CTD data. In the case
of net stations without a CTD cast, the data from the
nearest CTD cast to that station were applied. The rela-
tionship between these environmental data and
log;o(x + 1)-transformed salp density and biomass was
then tested using Pearson correlation analysis. All analyses
were performed using Statistica 6.0.

Results

The oceanographic environment

CTD stations reflected the known oceanographic envi-
ronment for the region. The Ross Sea shelf region (sta-

tions 42, 57 and 95) was characterized by water
temperatures <0°C throughout the water column (Fig. 2).
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Fig. 1 Station positions
occupied during the RV
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The upper 50 m was comparatively warm at ~ —0.8°C,
while below this depth the temperature decreased to a
uniform —1.8°C. The Ross Sea shelf break was charac-
terized by cold (<—1°C) surface waters and an intrusion
of warm (~0°C) Circumpolar Deep Water (CDW)
(Fig. 3, stations 122, 136, 158 and 168). The CDW layer
at shelf break stations was of variable thickness,
extending from ~200 m to between 400 and 750 m,
below which temperatures decreased to <—1°C. Station
170 although located close to the Ross Sea, shelf break
was slightly further north than the other stations in this
region (Figs. 1, 3). This station was oceanographically
similar to the northern stations (Figs. 3, 4), indicating
that there was a sharp separation at the shelf break
between the continental shelf stations and the abyssal
stations. The stations to the north of the Ross Sea had
cold (—1.5°C) surface waters (Fig.4). Below 200 m,
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these stations were characterized by CDW and temper-
atures between 0 and 1.5°C.

Chlorophyll-a concentrations were highest over the
Ross Sea shelf, reaching 4.5 mgm™> in the strongly
stratified surface waters (Fig. 2). At the shelf break stations
and further north, chlorophyll-a concentrations ranged
between 0.8 and 2.5 mg m™" in the top 100 m (Figs. 3, 4).
At the slope stations, chlorophyll-a concentrations usually
sharply decreased to almost zero below 300 m, while at the
northern stations modest chlorophyll-a concentrations (ca
0.5-0.6 mg m~>) could be observed down to 250-300 m
(Figs. 3, 4).

Horizontal and vertical salp distributions

Pelagic tunicates belonging to a single species, Salpa
thompsoni, were present in nine of the fourteen MOCNESS
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Fig. 2 Vertical distribution of temperature and chlorophyll-a at the
non-salp shelf (upper panel) and offshore (bottom panel) stations
during February—March 2008 in the Ross Sea and adjacent waters

stations sampled (Fig. 5). Salps were found at two of the
four major sampling locations, the continental slope of the
Ross Sea and in the vicinity of seamounts to the north of
the Ross Sea (Fig. 5). S. thompsoni was completely absent
from the stations on the Ross Sea shelf (stations 42, 57 and
95) and at the two stations in the ACC to the northwest of
the Ross Sea (stations 261 and 283). Where salps did occur,
their density distribution was patchy, varying by two to
three orders of magnitude among stations (Table 2). Only
median abundance and biomass of S. thompsoni were
higher near the seamounts in the ACC compared with the
north of the Ross Sea, while mean densities, although
variable, were similar in both locations (Table 2).

The deepest depth stratum where salps were caught was
800-1,280 m, at station 168 (Table 1). At the stations with
the highest salp densities (168, 170, 194 and 238), salps

were primarily distributed in the upper 300 m of the water
column. Stations 168 and 170 commenced at daytime
08:15 and 19:15 local time, respectively. Very high salp
densities (up to 2,500 ind 1,000 m73) were observed in the
top 0-200(300) m coinciding with the highest chlorophyll-
a concentrations (Table 1; Fig. 3). At station 238, com-
mencing at 04:54 (twilight), salp densities reached >6,000
ind 1,000 m~> (Table 1; Fig. 4). Salps were concentrated
in the upper 100 m of the water column and, as with the
previous two stations, coincided with the maximum chlo-
rophyll-a concentrations. Sampling at station 194 com-
menced at midday, and the maximum density of salps was
deeper than that in the previous three stations (occurring at
~300 m), in close proximity to the upper boundary of the
CDW (Table 1; Fig. 4).

At slope stations 122, 156 and 158, sampled during
daylight between 09:30 and 15:30, maximum salp densities
(ca 40400 ind 1,000 m_3) were found between 200 and
400 m and clearly situated within the warm CDW
(Table 1; Fig. 3). Sampling at station 232, situated north
of the Ross Sea, commenced at 07:20 and had low salp
densities (<8 ind 1,000 m~?) that peaked at ~500 m in the
CDW (Table 1; Fig. 4).

The Pearson correlation analysis found a significant
positive relationship (r = 0.5, P < 0.05, df = 24) between
salp abundance/biomass and chlorophyll-a concentrations
and a significant negative correlation (r = —0.5, P < 0.05,
df = 24) between salp abundance/biomass and depth. This
was in part due to the significant inverse relationship
between depth and chlorophyll-a concentrations (r =
—0.67, P < 0.05, df = 24). There was no significant cor-
relation between salp abundance/biomass and sampling
time, depth strata averaged temperature, salinity and
oxygen.

Salpa thompsoni: length frequency distribution
and development

Aggregate forms dominated the populations of S. thomp-
soni in both the Ross Sea slope and northern ACC stations
(Table 2). The aggregate/solitary ratio was particularly
high (>1,000) in the Ross Sea slope region. Solitaries were
present in very low numbers (0.7-7.5 ind 1,000 m~>) in
the upper depth strata (0-200 or 0-300 m) and were rep-
resented by large (58—-80 mm OAL) specimens at advanced
(3-5A) stages of development. At the stations to the north
of the Ross Sea, the aggregate/solitary ratio was substan-
tially lower at around 55 (Table 2). The solitaries were
only found in the subsurface (>100 m) depth strata, with
densities ranging from 3.5 to 59.7 ind 1,000 m . Unlike
stations over the Ross Sea slope, almost all solitaries at the
northern stations were composed possibly of “newly
released” embryos (stage 0) with OAL varying between 3
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Fig. 3 Vertical distribution of Salpa thompsoni abundance, water
temperature and chlorophyll-a concentrations at stations near the
Ross Sea continental slope during February—March 2008. When salp

and 5.5 mm. However, the possibility that small embryos
might have been the net sampling artifact and could have
been released by aggregates in the net cannot be dis-
counted. Only a single large and mature (OAL = 60 mm,
Stage 4B) solitary specimen was caught at station 238 in
the 400-300 m depth strata.

The length frequency data averaged over the sampled
water column were multimodal at both slope and northern
sites, ranging between 3 and 25 mm in OAL (Fig. 6a, b). In
both regions, a prominent small aggregate (OAL 6-7 mm)
cohort was observed. Inter-comparison between MOC-
NESS and midwater trawls (stations 194 and 193) clearly
pointed to a severe undersampling by the midwater trawl of
aggregates smaller than 12 mm OAL (Fig. 6b). Generally,
aggregates at early developmental stages (0-2) predomi-
nated across all stations (Fig. 6c¢). It should be noted that at
stations where stage 0 was encountered, a substantial pro-
portion (up to 25%) of aggregates had unfertilized eggs
(stage X1). The contribution of either matured (stage 4) or
spent (stage 5) aggregates was small (<5%) over the con-
tinental slope and modest (up to 20%) at the ACC stations.

@ Springer

Salp density (ind.1000 m™)

abundances were plotted with the CTD profiles, average sampling
depth of the particular depth strata was used. It was assumed that the
salp abundance was always zero at the surface

Occasionally, aggregates with no visible or malfunctioned
embryos (stage X2) were found, at both slope and ACC
stations, but their contribution never exceeded 5% of total
aggregate numbers (Fig. 6c¢).

Depth-stratified length frequency distribution of
developmental stages showed several similar patterns
across all stations where salps were present (see Figs. 7,
8, 9, 10, 11). Highest relative contributions of large
aggregates (OAL >15 mm) at advanced stages (3-5)
of development were generally observed at depths
>200-300 m (e.g. Figs. 7b, 8, 9b, 10b and 11b). The
smallest aggregates, at early stages of development
(1-3), were mainly found between 100 and 500 m
(Figs. 8, 9a, b, 10a, b and 1la, b). It should be noted
that stage X1 was only associated with the small-sized
(probably just released) aggregates. Their contribution
was the highest (up to 80-100% of total aggregates of
the size class) within the subsurface midstrata (e.g.
Figs. 9b, 10b and 11a), and they entirely vanished by the
OAL of 10 mm. Conversely, stage X2 aggregates were
typically between 10 and 20 mm OAL.
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Discussion

Vertical distribution of Salpa thompsoni
and persistence in the region

During austral summer, S. thompsoni has been shown to
migrate strongly between the surface and midwater layers,
down to 500-1,000 m (Hardy and Gunther 1935; Foxton
1966; Gili et al. 2006), although the core of the population
appears to remain within the upper 300 m (Piatkowski
1985; Casareto and Nemoto 1986; Pakhomov 1994,
Perissinotto and Pakhomov 1998a, b; Nishikawa and Tsuda
2001). Detailed studies in the Bransfield Strait revealed that
although S. thompsoni migrated across a temperature range
of —1.5° to +2.0°C, they tended to concentrate in the
warmer (>0°C) water layers above and below the main
thermocline (Pakhomov 1993, 1994). In addition, the gra-
dient in the thermocline appeared to affect S. thompsoni
migration. For example, within the main thermocline
salps freely migrated across temperature gradients of
0.022-0.048 T°C m~!. However, at gradients >0.242
T°C m™"' salps tended to migrate only within the upper-
most 100 m, concentrating below 30 m either within the
upper thermocline or just above the cold layer during the
daytime, and migrating closer to the surface (3—50 m)
during the nighttime (Pakhomov 1994).

In the East Indian sector of the Southern Ocean during
detailed sampling, Nishikawa and Tsuda (2001) described
the vertical migrations of S. thompsoni in the region of
relatively low (max ~0.6 mg m ™) subsurface chloro-
phyll-a concentrations. It was hypothesized that salps
adapted their migration patterns to utilize limited food
resources in the oligotrophic region. For example, salps
started ascending toward the surface at midday but con-
centrated in the chlorophyll maximum layer avoiding the
near-surface (0-30 m) strata, possibly avoiding visual
predators (Nishikawa and Tsuda 2001). The temperature
range salps experienced at their daytime maximum gen-
erally ranged between —0.5 and —1.0°C.

In the Lazarev Sea, S. thompsoni was concentrating at
0-30 m during the nighttime where the maximum chloro-
phyll-a levels (0.8-1.2 mg m ) were observed, but during
the daytime salps were moving to the depth strata 30-90
and 90-200 m (Perissinotto and Pakhomov 1998a, b).
During this migration, the population appeared to cross
the cold water (~—0.5 to —1.5°C) layer between 30
and 100 m (Perissinotto and Pakhomov 1998b). The
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Fig. 5 Spatial distribution of the depth-integrated abundance (indi-
viduals m~?) of Salpa thompsoni in the Ross Sea and adjacent waters
during February—March 2008

Table 2 Densities of Salpa thompsoni in the sampled water column
during the February—March 2008 in the proximity of the Ross Sea

Continental slope
of the Ross Sea

(stations 122, 156,
158, 168 and 170)

Seamounts north
of the Ross Sea
(stations 194, 232
and 238)

Abundance, ind 1,000 m—>
Average £+ 1SD
Median
Range

Abundance, ind m~2
Average £ 1SD
Median
Range

301 £ 346
162
13-857

424 + 522
78
12-1,097

Biomass, mg DW 1,000 m>

Average £ 1SD
Median
Range
Biomass, mg DW m ™2
Average £ 1SD
Median
Range
Aggregate/solitary ratio

1,038 £+ 1,399
262
35-3,369

1,498 + 1,971
172

31-4,313
1,888

1,158 £+ 1,124
1,032
2-2,441

516 £ 488
568
5-976

3,175 £+ 4,462
1,229
16-8,280

1,347 £ 1,727
676

56-3,309

55
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temperature gradients within thermoclines were modest,
generally ranging from 0.03 to 0.10 T°C m~" (Pakhomov
et al. 2002).

Observations from this study appear to be most com-
parable to the Lazarev Sea data set. At the five daytime
stations where salps were present (09:36-12:11, Table 1),
salp vertical distribution was closely correlated with ver-
tical water temperature patterns, with densities always
being highest within the warm CDW. On three occasions,
when stations were sampled during either the early morn-
ing (e.g. 07:20-08:15, stations 168 and 232) or twilight
(04:54, station 238 and 19:14, station 170), salps were
found in the upper water layers. It is worth noting that in all
but one station, the upper stratum sampled was either
0-200 or 0-300 m, precluding precise location of salps
within the epipelagic zone. The thermocline gradients
at all stations with salps were modest, never exceeding
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Fig. 7 Depth-stratified length frequency distribution of developmental stages of Salpa thompsoni aggregates at stations 122 (a) and 134

(b) during February—March 2008 in the Ross Sea

0.147 T°C m~', and mostly ranged from 0.018 to
0.068 T°C m™" (Table 1). The correlation analyses, how-
ever, did not reveal any relationship between log-trans-
formed salp abundance and biomass and sampling time,
seawater temperature, salinity or oxygen concentrations
(P > 0.05). Our findings appeared to differ from results
recently obtained in the Bransfield Strait where the salp
distribution was largely related to oxygen concentrations
(Catalan et al. 2008). In the Bransfield Strait data set,
however, the sampling intervals within the upper most
layer were narrow (ca 25 m), while during our study the
minimum sampling resolution was at least 100 or 200 m.

Although no 24-h stations were carried out during this
survey, comparison of the different net tows indicated that
the vertical distribution of S. thompsoni had a consistent
pattern that was strongly related to environmental vari-
ables. During the daytime, the salp population was con-
centrated at a depth associated with the upper part of warm
CDW. Here, water temperatures were within the range
typical of the low latitude Antarctic habitat of S. thompsoni
documented by Foxton (1966). During the nighttime, salps
migrated into the cold surface waters, with minimum
temperatures of —1.5 to —1.6°C, presumably to take
advantage of enhanced chlorophyll-a concentrations. This
was evident as elevated epipelagic salp densities in the
early evening to early morning hours. The above assess-
ment of salp distribution patterns is supported by the
Pearson correlation analysis. No significant relationship
was observed between S. thompsoni densities/biomass and
temperature, while they had a significant negative corre-
lation with depth and positive correlation with chlorophyll-
a (these two parameters having an obvious inverse

relationship). Although being strongly associated with
warm CDW, the occurrence of phytoplankton within the
cold epipelagic zone necessitated salp migration out of
CDW waters in order to feed. Although the sampling res-
olution was too coarse to identify exactly where salps were
located within the epipelagic layer, the observed tempera-
ture gradients did not preclude their widespread occur-
rence. In the Bransfield Strait, Catalan et al. (2008) recently
suggested that S. thompsoni populations have to utilize the
vertical structure of the water column in a similar way in
order to sustain their fitness. Below, we further hypothesize
that warm water intrusions such as those observed up to the
Ross Sea slope may be important not only for the advection
of salps into the high Antarctic but also for their persistence
in high Antarctic regions.

Development and life cycle of Salpa thompsoni
in the high Antarctic

Surprisingly, little attention has been paid to the life cycle
of S. thompsoni in recent years (e.g. Casareto and Nemoto
1986; Chiba et al. 1999; Pakhomov et al. 2006, submitted).
It has only been described in detail by Foxton (1966)
within the typical S. thompsoni habitat between 45° and
55°S. According to Foxton (1966), S. thompsoni aggregates
dominate (aggregate/solitary ratio > 50) in the surface
layers between November and March. The aggregate/soli-
tary ratio drops to <15 during the winter months (July—
September). Near the surface, small aggregate forms
(1020 mm OAL) are found all year around. Foxton has
noted that early spring (September) and late summer
(March) were periods of sharp increase in S. thompsoni
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Fig. 8 Depth-stratified developmental stage composition of aggre-
gate forms of Salpa thompsoni during February—March 2008 in the
Ross Sea and adjacent waters

densities, particularly aggregates; these increases are linked
to the active release of bud chains (aggregates) by solitary
forms (Foxton 1966). There is a tendency for large and
maturing aggregates to migrate to deep waters, particularly
during March and April. Since solitaries, represented by
small (<10 mm OAL) specimens, were almost entirely
absent in the upper layers by fall, Foxton (1966) suggested
March—April as an active embryo release period occurring
in the subsurface layers. Small solitaries overwinter in the
deep layers and probably grow to 10-20 mm (modal OAL)
by September, when they appear near the surface, then to
30-40 mm by November and to 40-50 mm by February
(Foxton 1966).
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In the high Antarctic, it has been noticed that eggs in the
aggregates could be either absent or not fertilized (up to
100% on some occasions), e.g. assigned as aggregates with
the stage X (Casareto and Nemoto 1986; Chiba et al. 1999).
In both the Bellingshausen and Lazarev seas, a substantial
(up to 25%) proportion of stage X aggregates have also
been encountered (Pakhomov et al. 2006, submitted).
Based on these findings, it has been hypothesized that
S. thompsoni may not be able to complete its life cycle at
high latitudes (Casareto and Nemoto 1986; Chiba et al.
1999). It is likely that they occur as expatriate populations
that are advected into the region with CDW waters
(Pakhomov et al. 2006) and that these populations probably
do not survive through the winter (e.g. in the Lazarev Sea,
Pakhomov et al. submitted or west of the Ross Sea near
Adelie Land, Chiba et al. 1999). This hypothesis has not
yet been proven and physiological studies are required.
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Fig. 9 Depth-stratified length frequency distribution of developmental stages of Salpa thompsoni aggregates at stations 156 (a) and 168

(b) during February—March 2008 in the Ross Sea
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Fig. 10 Depth-stratified length frequency distribution of developmental stages of Salpa thompsoni aggregates at stations 158 (a) and 170

(b) during February—March 2008 in the Ross Sea

The current data were collected from the end of Feb-
ruary to the beginning of March, coinciding with the sec-
ond peak of aggregate release in the S. thompsoni life cycle
described by Foxton (1966). Our findings are similar to
those described by Casareto and Nemoto (1986) for the
region to the east of the Ross Sea. The length frequency
data and development stage composition of aggregates, and
the presence of solitaries at the Ross Sea slope stations at
an advanced stage of development conform well to the
described life cycle timing. Although it has been suggested
that the development rate of salp aggregates in high Ant-
arctic regions may be slowed by low temperatures (Chiba
et al. 1999; Pakhomov et al. 2006), it appears that the S.
thompsoni population on the Ross Sea slope and to the
north was not similarly affected. It is not unreasonable to
suggest that effects of the low temperatures may have been
minimized due to the presence of CDW underlying the cold
surface waters, providing salps with a warm water refuge.

Depth-stratified length frequency and stage development
analysis show several similar patterns. Firstly, the smallest
aggregates were almost always observed in the 100500 m
depth strata. Secondly, the highest proportion of aggregates
with unfertilized eggs was found in the same depth strata.
Thirdly, the development of aggregates was positively
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related to the sampling depth, and the most advanced
development stages always coincided with the deepest
depth strata. Lastly, the ready-to-spawn solitaries were
found in the upper (0-200 or 0-300 and 200-500 m) layers
at the Ross Sea slope stations, while young, just released
solitaries were only recorded within the subsurface
(>100 m down to 400 m) depth strata at the northern sta-
tions. The above summary suggests that, similar to the life
cycle described in Foxton (1966), S. thompsoni aggregates
descend during their development. Both aggregate chains
released by solitaries and embryos released by aggregates
likely occur in the subsurface (100400 m) layers.

Our data show that as many as 100% of newly released
aggregates (OAL of <5 mm) in the subsurface depth strata
may not yet be fertilized. This varied between stations, but
remarkably, the proportion of unfertilized eggs had drop-
ped sharply by the time aggregates reach 810 mm in
OAL. Two processes may have been responsible for this
phenomenon. Small, unfertilized aggregates may have a
very high mortality, or they are fertilized soon after release.
Aggregates with no visible or malfunctioned embryo are
only found in small numbers (generally <5%) in the
aggregates larger than 14 mm OAL. We may only specu-
late that large aggregates without visible embryos could in
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Fig. 11 Depth-stratified length frequency distribution of developmental stages of Salpa thompsoni aggregates at stations 194 (a) and 238
(b) during February—March 2008 in the adjacent waters of the Ross Sea

fact be remains of small aggregates with unfertilized eggs.
Proper temporal studies in the high Antarctic region are
urgently needed to verify the above suggestions.

The multimodal length frequency distributions and
presence of small aggregates in high numbers in both slope
and open ocean stations are indicative of multiple chain
release events by solitaries. This confirms that reproduction
is ongoing in the vicinity of the Ross Sea, as was suggested
by Foxton (1966) for S. thompsoni populations further
north. Although chain release was observed at both the
Ross Sea slope and ACC stations in this study, free-living
young embryos were only found at the latter. This despite
spent aggregates being identified in the subsurface layers of
the slope stations, albeit in low numbers. It is difficult to
explain this finding. The newly released embryos judging
from their size could be the sampling artifact and might
have been released in the net at the northern stations. It is
also possible that either young solitary densities were very

low and/or natural mortality among them was very high at
the Ross Sea slope stations. It appears that S. thompsoni
aggregates might have already released embryos at the
slope stations, while they were at the pre-releasing stage at
the northern stations. Although S. thompsoni (=S. gerlac-
hei, Casareto and Nemoto 1987) have been documented
from the Ross Sea and its adjacent waters by Foxton
(1964), our study has for the first time provided evidence
that this species may successfully reproduce in the high
Antarctic realm during the summer season.

Conclusions
The presented data set indicates that S. thompsoni popu-
lations are able to utilize horizontal and vertical disconti-

nuities in water column structure, in particular the warm
CDW, to persist in the high Antarctic. Although salps need
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to continue migrating to the surface layers to feed, both
aggregate chain and young embryo release seem to be
restricted to the CDW. This may allow S. thompsoni to
complete the sexual reproduction within their life cycle in
the hostile high Antarctic realm. It is therefore expected
that the regions where the CDW penetrates close to the
shelf regions (e.g. Bellingshausen, Lazarev, Cooperation
and Ross Sea) may represent hot spots for the S. thompsoni
southward expansion (Pakhomov et al. 1994; Nicol et al.
2000; Klinck et al. 2004; Smedsrud 2004; Naganobu
et al. 2006). Annual studies are required to prove that
S. thompsoni is capable surviving through the winter and
completing its life cycle. Recent studies showed that the
warming trend of the Southern Ocean could be largely
explained by the poleward migration of the ACC although
other mechanisms, for example increased heat flux from
the atmosphere or increased poleward eddy heat flux, are
also possible (Gille 2008). Such displacement could bring
anomalously warm waters into contact with the ice shelves
and increase their melting (e.g. Shepherd et al. 2001, 2004;
Rignot and Jacobs 2002). Therefore, if the Southern Ocean
warming continues to accelerate in the future due to cli-
mate change, such regions may become the first areas
where S. thompsoni populations may become properly
established.
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