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ABSTRACT. Distributions of gymnosomatous pteropods, Spongiobranchaea australis and Clione antarctica, were
determined at six sites along a latitudinal gradient in western Antarctica Peninsula shelf waters using vertically
stratified trawls. Hydrographic data were collected at the same sites with conductivity-temperature-depth casts, and
correlations of explanatory variables to gymnosome distributions were determined using statistical analyses performed
in Matlab, a high level programming software to conduct numerical computation and visualisation. Explanatory
variables included sampling site, latitude, longitude and depth, seawater temperature, salinity and density, Southern
Ocean Antarctic Surface Water, Winter Water, Upper Circumpolar Deep Water and warm transitional waters, as well
as oceanographic remote sensing data for coloured dissolved organic matter, chlorophyll a concentration, normalised
fluorescence line height, nighttime sea surface temperature, photosynthetically active radiation, particulate inorganic
carbon, particulate organic carbon, daytime sea surface temperature and daily sea ice concentration. Hydrographic
data revealed that warmer water masses were prevalent along the western Antarctic Peninsula, and the distributions
of both gymnosome species were primarily influenced by water masses, temperature, sampling site and latitude. As a

consequence, distributional shifts of gymnosomes are predicted in response to the current warming trends.

Introduction

One of the unusual characteristics of the western Ant-
arctic Peninsula (WAP) is the persistent intrusion of
warmer Upper Circumpolar Deep Water (UCDW; Klinck
and others 2004; Martinson and others 2008). UCDW
flows at mid-depths (200 to 400 m) from the Antarc-
tic Circumpolar Current (ACC), and creates a unique
marine environment at mid-depths along the WAP as
it intrudes into cross-shelf troughs where it mixes with
colder coastal waters (for example Antarctic Surface
Water (AASW) and Winter Water (WW); Smith and
others 1999a). The mixing influences water column struc-
ture and species’ composition for both vertebrate and
invertebrate communities (Donnelly and Torres 2008;
Parker and others 2011). For zooplankton such as the
sub-Antarctic gymnosome Spongiobranchaea australis
(Fig. 1a; d’Orbigny 1836) that is more commonly found
north of the Polar Front (PF), or the Antarctic gymno-
some Clione antarctica (Fig. 1b; Smith 1902) that lives
at temperatures near —1.8°C south of the PF (Seibel
and others 2007), temperature has enormous potential
for influencing their distributional ranges along the WAP
(Hunt and others 2008).

Howeyver, few studies have considered the distribu-
tions of these two gymnosomes along the WAP and south
of the Gerlache Strait (for example Hopkins 1985, U.S.
Antarctic Marine Living Resources (AMLR) reports), a
meso-scale region where the majority of UCDW enters
onto the WAP shelf from the ACC (Fig. 2; Smith and
others 1999a, Klinck and others 2004, Dinniman and
others 2012). Hunt and others (2008) reviewed decades
of Antarctic gymnosome distribution data determined
from various trawling methods, and reported that S.
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australis was essentially absent along the WAP during the
months of March and April, whereas C. antarctica was
consistently present throughout the year. Recently, Loeb
and Santora (in press) revealed that the abundance of S.
australis increases with climate change related to La Nifia
and intensified influence of the ACC. With increased
UCDW and regional warming along the WAP (Meredith
and King 2005; Ducklow and others 2007; Martinson
2012), ecological studies can provide a better understand-
ing of alterations occurring within this marine ecosystem,
and gymnosomes may have sentinel species that indicate
regional climate changes in the Bellingshausen Sea to the
northern extent of Joinville Island (for example Comeau
and others 2009, 2010; Lischka and others 2011; Maas
and others 2011a, 2011b; Seibel and others 2012).
Determining gymnosome distributions along the
WAP requires a method of collecting multiple vertic-
ally or horizontally stratified zooplankton samples along
a wide latitudinal range while also collecting data on
the corresponding physical environment. And, as gym-
nosomes most often inhabit offshore waters, they are
generally inaccessible unless sampled from research ves-
sels equipped with plankton nets. Continuous Plankton
Recorders damage soft tissues. Sediment traps, vital for
understanding population dynamics of small plankton
such as diatoms, planktonic foraminifers, and thecosomes
(shelled pteropods), are not appropriate for soft-bodied
organisms such as gymnosomes because preservatives
deform key taxonomic features used for identification. In
contrast, mesh nets of zooplankton samplers such as the
Multiple Opening and Closing Net and Environmental
Sampling System (MOCNESS) have been successfully
used to sample a wide range of faxa without damage
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Fig. 1. Southern Ocean gymnosomatous pteropods with
a one cm scale bar: a) Spongiobranchaea australis, and
b) Clione antarctica.

and in a variety of oceanic ecosystems when used aboard
research vessels to capture live specimens. Another dis-
tinct attribute of the MOCNESS, relative to other mesh-
net zooplankton sampler systems, is its ability to collect
multiple vertically and horizontally stratified samples
along with corresponding data on the immediate physical
environment. Therefore the MOCNESS is a preferred
sampling system to determine gymnosome distributions
along the WAP.

In the present study, we postulated that distributions
of S. australis and C. antarctica are determined by
distinct water masses along the WAP. To test this hy-
pothesis we looked for significant differences in gym-
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nosome species distribution within and between sites,
nets (depth strata), seawater temperatures, seawater sa-
linities, seawater densities, latitudes (as they relate to
the circulation of Antarctic water masses) as well as
with oceanographic remotely sensed data. Our data sum-
marise distributions of gymnosomes with depth (vertical
distributions), among sites (horizontal distributions), and
suggests that S. australis is more abundant in warmer
waters influenced by UCDW advected from the ACC,
while C. antarctica is more abundant at higher latitudes
influenced by colder coastal water masses of the high
Antarctic marine ecosystem.

Materials and methods

Hydrographic data sources

Hydrographic data collection corresponded with trawling
events along the WAP, extending from Charcot Island
in the south to Joinville Island in the north (Fig. 2,
sites 1 to 6, respectively) during March and April 2010.
Conductivity-temperature-depth (CTD) casts (n = 34)
from Nathaniel B. Palmer utilised SeaBird SBE-45 and
SeaBird 3—01/S instruments to record hydrographic data
to depths approximately 50 m from the bottom. Sea-
water depth, temperature, and salinity data were post-
processed for the downcast only. Post-processing util-
ised SeaBird software (SBEDataProcessing-Win 32) and
seawater density was calculated using the UNESCO
(1981)/Millero and Poisson (1981) equations that use
observed seawater temperatures and salinities. Southern
Ocean water masses were identified using the seawater
temperature and salinity guidelines from Smith and oth-
ers (1999a): AASW temperatures 1.8 to 1.0°C with salin-
ities ranging from 33.0 to 33.7 PSU, WW temperatures
range down to —1.5°C with salinities ranging from 33.8
to 34.0 PSU, and UCDW temperatures 1.0 to 1.4°C with
salinities ranging from 34.6 to 34.7 PSU.

Gymnosome sampling
Instrumentation mounted on the MOCNESS measured
the volume of seawater filtered (m® min~!) and depth
(m) for each trawling event. Onboard instrumentation
recorded all MOCNESS readings, as well as the latitude
and longitude of the trawling event and trawling speed.
On occasions when the flow volume instrumentation
failed for an individual MOCNESS net, volume of water
filtered in the net was estimated based on cruise-wide
mean volumes filtered per minute per depth stratum, trawl
duration, and speed.

Gymnosomes were collected from MOCNESS trawls
in deep shelf waters along the cruise track. A 10 m?
MOCNESS (MOC-10) fitted with 3 mm mesh nets and
capable of collecting vertically stratified samples was
used (Wiebe and others 1976, 1985; Donnelly and Torres
2008; Parker and others 2011). Five discrete depth layers
between 0 to 500 m were sampled. The initial, or drogue
net, trawled obliquely to 500 m with subsequent nets
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Fig. 2. Western Antarctic Peninsula (WAP) with inset map denoting sampling area.
Black diamonds in sites 1 to 6 represent locations of the 10 m? Multiple Opening
and Closing Net and Environmental Sampling System (MOC-10) trawls. Circulation
of the Antarctic Circumpolar Current and sub-gyres 400 to 200 m along the WAP are
adapted from Smith and others (1999a), and denoted by arrows.

sampling 500 to 300 m (net 1), 300 to 200 m (net 2),
200 to 100 m (net 3), 100 to 50 m (net 4), and 50 to O m
(net 5). MOC-10 trawls were performed throughout the
day and night, with towing speeds ranging from 1.5 to
2.5 knots. Upon retrieval, contents collected in each
MOC-10 net were emptied into 19L buckets, and the
gymnosomes present in each bucket were removed, enu-
merated, and identified to species level. Results were
expressed as density of gymnosomes captured (number
per 10* m~3 volume of seawater filtered; Donnelly and
Torres 2008). A total of 44 trawls were made: 11, 11, 6,
8, 4 and 4, from sites 1-6, respectively.

Main goals of the field work required nearly exclusive
use of the MOC-10 at each site. However, at each of the
six sites at least one 1 m> MOCNESS (MOC-1) trawl
was taken using nine, 333 pum mesh nets, primarily for
archival purposes. MOC-1 trawls confirmed that adult
gymnosomes were present only in sites 1 to 4.

Oceanographic remote sensing data

Oceanographic remotely sensed data used in this study
were obtained from the Giovanni online data system
developed and maintained by the NASA GES DISC at
http://giovanni.gsfc.nasa.gov (Berrick and others 2009),
and from the National Snow and Ice Data Center online
data system and produced by P. Gloersen, NASA/GSFC,
Oceans and Ice Branch. Giovanni MODIS-Aqua data at
a 4 km resolution were obtained from Ocean Portal’s
Ocean Color Radiometry Online Visualization and Ana-
lysis global monthly products. MODIS-Aqua data were
averaged for each month, March and April 2010, and then
compared to trawling events occurring in their respective
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month. These data included coloured dissolved organic
matter (CDOM), chlorophyll concentration (CHLO), nor-
malised fluorescence line height (NFLH), nighttime sea
surface temperature (NSST), photosynthetically active
radiation (PAR), particulate inorganic carbon (PIC), par-
ticulate organic carbon (POC), and daytime sea surface
temperature (SST). NASA GES DISC defines particulate
matter as particles that are caught by filter with pore
size 0.7 pm, while dissolved matter are eluted through
the filter. POC largely consists of phytoplankton and
organic detritus and PIC consists primarily of biogenic
calcium carbonate; they are both estimated using re-
mote sensing through backscatter algorithms. NFLH is
solar-stimulated chlorophyll a fluorescence at 698 nm.
Daily sea-ice concentration (DSIC) data over this study’s
sampling area were generated using the NASA team
algorithm (Cavalieri and others 1996; Nimbus-7 SMMR
and DMSP SSM/I passive microwave data), then com-
pared to trawling events occurring on associated days.
Remotely sensed data were matched with species’ dens-
ity data using latitude and longitude coordinates to the
nearest tenth of a decimal degree. For a point of latitude
and longitude correlating to species’ density that had no
comparable oceanographic data, two-dimensional linear
interpolation was performed using Delaunay triangula-
tion of the scattered data (Matlab: MathWorks, Natick,
Massachusetts, USA; de Berg and others 2008).

Statistical methods

Statistical analyses were performed in Matlab with
the Fathom toolbox (Jones 2012) to include a dis-
tribution free, permutation-based variant of MANOVA
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Table 1. Categorical transformation ranges for temperature, salinity and density

a)

Number  Categorical temperature (°C) Categorical salinity (PSU) Categorical seawater density (kg m3)
1 1.5t01.2 34.70t0 34.5 1027.80 to 1027.7

2 1.2t01.0 34.49 to 34.3 1027.69 to 1027.6

3 1.0t0 0.0 34.29 to 34.1 1027.59 to 1027.4

4 0.0to —1.0 34.09 to 33.8 1027.39 to 1027.1

5 —1.0to —-1.9 33.79 t0 33.3 1027.09 to 1026.8

b)

Number Categorical water mass Categorical temperature (°C) Categorical salinity (PSU)
1 AASW —-1.8t01.0 33.0t0 33.7

2 wWw —-1.5t00.0 33.8t0 34.0

3 ucbw 1.0to1.4 34.6t034.7

4 Transitional Water 0.0t0o 1.0 34.0to0 34.6

(NP-MANOVA; Anderson 2001), which is appropriate
for analysing ecological data. For analyses, CTD cast
profiles of seawater temperature, salinity and density
were averaged in 10 m intervals, as each CTD cast varied
in depth and could not be directly compared per trawling
event. Significance for each statistical method (P < 0.05)
was evaluated with distribution-free randomization tests
(n = 1000 iterations), removing reliance on the assump-
tions of any one distributional model (Anderson 2001).

NP-MANOVA was used to analyse vertical density
data for both species, accounting for presence and ab-
sence per trawl, per net, in relation to the categorical
variables site, net, and seawater temperature, salinity,
and density (Table la), and the Southern Ocean water
masses, AASW, WW, UCDW and warm transitional
waters influenced by UCDW (Table 1b). The first set of
null hypotheses stated that there were no differences in
gymnosome densities among levels of the independent
categorical variables. When an explanatory variable yiel-
ded a significant effect, NP-MANOVA was followed by
post-hoc multiple comparison pair-wise tests.

Analyses also included a stepwise forward selection
of explanatory variables in Redundancy Analysis (RDA)
based on Akaike information criterion (AIC) to explain
variability in gymnosome vertical density per stratified
trawling event. To find the most parsimonious subset
of the explanatory variable(s) using RDA, the following
categorical variables were used: site, net, mean net depth
of occurrence, water mass, seawater temperature, salinity,
density, and trawl latitude and longitude. Calculating the
mean net depth of occurrence for gymnosomes captured
in the MOC-10 trawls was accomplished using the Mat-
lab Fathom toolbox to calculate a weighted mean depth of
occurrence separately for all sites and for each sampling
event (f_depthMean; Brodeur and Rugen 1994). Latitude
and longitude were converted to Universal Transverse
Mercator (UTM) coordinates for Northing and Easting.
Categorical variables were dummy coded when used
in RDA. Continuous explanatory variables were trans-
formed using square root, fourth root, log base ten (x +
1), natural log (x + 1), and log base two (x + 1). For the
response data, the vertical density of gymnosomes had
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only square root and fourth root transformations applied.
The second set of null hypotheses stated that there were
no relationships between gymnosome vertical densities
and the categorical variables site, net, mean net depth,
water mass, temperature, salinity, density, and Northing
and Easting.

Horizontal abundance data (number of gymnosomes
under 10* m? of sea surface) were calculated by summing
the total gymnosomes caught per trawling event over
the trawling area (Goldman and McGowan 1991; Criales
and others 2004) then analysed with NP-MANOVA to
test for a separation of distributions between sampling
sites. When significance differences were detected, post-
hoc multiple comparison pair-wise tests were used to
detect where there were significant effects in relation to
gymnosome horizontal abundances and site. The third
null hypothesis stated that there was no difference in
gymnosome horizontal abundance in regards to site.

Analyses also included a stepwise forward selection
of explanatory variables in RDA based on AIC to explain
the variability of only known gymnosome density per
stratified trawling event. This was done to find the most
parsimonious subset of the explanatory variable(s) in
RDA to explain observed gymnosome density in regards
to the following explanatory variables: site, net, mean net
depth, Southern Ocean water mass type (per Smith and
others 1999a), seawater temperature, seawater salinity,
seawater density, latitude, longitude, and remotely sensed
data. Prior to statistical analyses latitude and longit-
ude coordinates were converted to UTM coordinates to
Northing and Easting. Categorical explanatory variables
were dummy coded when used in RDA. Continuous
explanatory variable data was transformed using square
root, fourth root, log base ten (x + 1), natural log
(x + 1), and log base two (x + 1). For the response data,
vertical density of gymnosomes had only square root and
fourth root transformations applied. The fourth set of
null hypotheses stated that there were no relationships
between gymnosome vertical densities and the categor-
ical variables site, net, mean net depth, Southern Ocean
water mass type, temperature, salinity, density, Northing,
Easting, and the remotely sensed data.
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Fig. 3. Water masses and gymnosome depths. Water masses identified for sites 1 to 4, as determined by CTD casts,
are illustrated by latitude and water depth (left y-axis). Water mass boundaries at depth are denoted by solid black
lines. Water masses labeled are: Antarctic Surface Water (AASW), Winter Water (WW), Transitional Water, and Upper
Circumpolar Deep Water (UCDW). Mixing is assumed to create the Transitional Water’s temperatures and salinities.
Mean depths of capture of gymnosomes per trawl by latitude are illustrated for S. australis with open stars, and C.

antarctica double open circles.

Results

Sampling sites and hydrography
Temperature-salinity profiles from the CTD cast data
reveal the presence of WW in the southernmost sampling
sites, 1 and 2, while WW was almost entirely absent
from site 3, and completely absent in site 4 (Fig. 3). The
near absence of WW at sites 3 and 4 suggests that this
water mass was mixed with the warmer waters from the
ACC, creating warmer transitional waters at mid depths.
AASW, transitional water, and UCDW were consistently
detected in sites 1 to 4. The more northern sites 5 and 6
had nearly isothermal water columns and individual wa-
ter masses were not present. For this reason, and concern-
ing the gymnosome capture data below, hydrographic
results focus on sites 1 to 4 only. Temperatures at sites
1 through 4 were typically above 0°C, whereas temper-
atures at sites 5 and 6 were typically below 0°C. For this
study the water temperature minimum was approximately
—1.8°C, and the maximum was approximately 1.8°C.
Mean hydrographic data (Fig. 3) revealed a seawater
profile in site 1 with AASW extending from the surface to
70 m, WW from 70 to 130 m, warmer transitional waters
from 130 to 260 m, and UCDW from 260 to 500 m; site
2 with AASW from surface to 70 m, WW from 70 to
110 m, warmer transitional waters from 110 to 220 m,
and UCDW from 220 to 500 m; and site 3 and site 4 lost
the colder mid-depth waters. Site 3 had AASW from the
surface to 60 m, warmer transitional waters from 60 to
300 m, and UCDW from 300 to 500 m. However a very
small presence of WW from 40 to 60 m near 66°S in site

https://doi.org/10.1017/5003224741300065X Published online by Cambridge University Press

3 was revealed in CTD cast data. Site 4 had AASW from
surface to 70 m, warmer transitional waters from 70 to
230 m, and UCDW from 230 to 500 m. The water column
structure indicates a consistent presence of UCDW in
each of the sites, with the majority of the warmer UCDW
detected in sites 3 and 4, or nearest to the ACC.

Species vertical density, horizontal abundance,
and hydrography

Adult gymnosomes were absent in stratified MOC-10
trawls in sites 5 and 6, sites characterised by isothermal
water columns, while trawls at sites 1 to 4 consistently
captured adult gymnosomes and CTD casts revealed
stratified water columns. Across sites 1 to 4, S. australis
was captured most often in the depth stratum of net 2,
300 to 200 m (Fig. 3). Cruise-wide mean water depth of
occurrence for S. australis was 179 =+ 18 m. The mean
depth of capture at site 1 was 171 &+ 42 m, site 2 was 174
+ 42 m, site 3 was 151 &+ 32 m, and site 4 was 209 +
33 m. The first series of null hypotheses were rejected
as vertical densities of S. australis differed significantly
by site and seawater temperature, and demonstrated a
relationship with deeper water strata (net 2) associated
with warmer water temperatures (Table 2a). Pair-wise test
results for S. australis demonstrated significant vertical
density differences in site 3 as compared to sites 1 and 2,
net 2 compared to net 1, and temperature ranging from
1.2 to 1.0°C versus 1.5 to 1.2 or 0.0 to —1.0°C (Table 3).
Pair-wise test results for both gymnosome species are
shown in Table 4a.
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Table 2. Significant NP-MANQOVA results

a) S. australis

Explanatory variable F statistic P value
Site 2.85 0.011
Net 8.22 0.011

Seawater temperature 414 0.005

b) C. antarctica

Explanatory variable F statistic P value
Site 3.80 0.007
Net 3.56 0.004

Seawater temperature 3.17 0.015
Seawater salinity 4.53 0.002
Seawater density 4.76 0.004

Number of observations Degrees of freedom

220 5
220 4
220 4

Number of observations
220
220
220
220
220

Degrees of freedom

AR BDMDO

Spongiobranchaea australis was captured most often
in warmer transitional waters influenced by UCDW or
in UCDW. The second null hypothesis was rejected as
vertical density differences across sites 1 to 4 is explained
by a negative relationship with latitude (Northing), a
strong positive relationship with depths sampled by net
2, a positive relationship with warmer water temperatures
(1.2 to 1.0°C) indicative of transitional water influenced
by UCDW, and a positive relationship with UCDW when
plotted on a single canonical axis (RDA: Fig. 4; F =
334, P = 0.008, N = 180 obs.). Therefore, higher
vertical densities of S. australis were associated with
lower latitudes, UCDW, warmer water temperatures, and
the 300 to 200 m depth stratum sampled by Net 2.
Horizontal abundances for this species showed no signi-
ficant differences among sites 1 through 4 per our third
null hypothesis, although the abundance of S. australis
generally increased moving from site 1 to site 4 (Fig. 5a).

In contrast, C. antarctica was rarely captured any-
where except for site 2 (Fig. 3, Table 3). This species
was captured most often in the depth stratum 200 to
100 m, net 3 (Fig. 3). Cruise-wide mean depth of oc-
currence was 135 = 9 m. The mean depth of capture at
site 1 was 100 £ 29 m, site 2 was 137 & 9 m, site 3
trawls captured no C. antarctica, and in site 4 was 288 +
43 m. The first set of null hypotheses were rejected for
this species as vertical densities differed significantly
by site, a more shallow water strata sampled by net
3, seawater temperature, seawater salinity, and seawater
density (Table 2b). Pair-wise test results for C. antarctica
demonstrated significant vertical density differences in
site 2 as compared to either site 1, 3 or 4, in net 3
compared to nets 1 or 2, and temperature ranging from
0.0 to —1.0°C versus 1.0 to 0.0°C (Table 4b).

In general vertical densities of C. antarctica were
most strongly associated with cooler water temperatures
in more shallow waters. The second null hypothesis
was rejected as C. antarctica vertical density variability
across sites 1 to 4 is explained by a strong relationship
with cold temperatures relating to WW (—1.0 to 0.0°C),
a strong relationship with site 2, a weaker relationship
with seawater salinities influenced by AASW (33.3 to
33.8 PSU), and a negative relationship with UCDW when
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plotted on a single canonical axis (Fig. 6; RDA: F =
12.03, P = 0.001, N = 180 obs.). Therefore, higher
vertical densities of C. antarctica were associated with a
decreased presence of UCDW, less saline waters, proxim-
ity to site 2, and cold water temperatures relating to WW.
C. antarctica’s horizontal abundances were significantly
different between sites (NP-MANOVA: F = 3.75, P =
0.016, N = 36 obs.), with pairwise tests showing signi-
ficant separations in site 2 versus 3 (P = 0.050) and in
site 2 versus 4 (P = 0.030). The third null hypothesis was
rejected as C. antarctica’s horizontal abundances varied
with latitude, with the greatest horizontal abundances
observed in the southernmost sites (Fig. 5b).

RDA analysis of gymnosome densities under the
fourth hypothesis confirmed the relationships with South-
ern Ocean water masses and depth, however C. antarctica
density also demonstrated a positive relationship with
the presence of sea ice. The fourth null hypothesis was
rejected for S. australis as 60% of the variability in
vertical density across sites 1 to 4 was explained by a
strong relationship with transitional waters influenced by
UCDW and deeper depths (Fig. 7a; RDA: F = 15.80,
P =0.001, N = 35 obs.). The fourth null hypothesis was
also rejected for C. antarctica as 69% of the variability
in vertical density across sites 1 to 4 was explained
by a strong relationship with site 2, a weak negative
relationship with sea ice, and a negative relationship with
AASW (Fig. 7b; RDA: F = 23.37, P = 0.001, N = 35
obs.). Therefore vertical densities of S.australis increase
in warmer, deeper waters, whereas vertical densities of C.
antarctica increase closer to site 2 and decreases with the
presence of sea ice and AASW.

Discussion

Gymnosome distributions were influenced primarily by
Southern Ocean water masses, temperature, site, depth,
and latitude along the WAP. The highest densities of
S. australis were associated with lower latitudes nearest
the ACC and warmer water temperatures influenced by
advection of UCDW from the ACC in the 300 to 200 m
depth stratum. In contrast, the highest vertical densities
of C. antarctica were associated with less saline, colder
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Table 3. 10 m> MOCNESS (MOC-10) trawl data for WAP Austral Fall cruise (2010)

GMT GMT Latitude Longitude Bottom Volume S.a. Ca.
Site Trawl Date Time (°S) (°W) Depth (m) Filtered (m®) (#) (#)
1 8 27-Mar 3:50 69 59.15 76 45.02 700 62677.1 1 1
1 9 27-Mar 8:13 69 55.41 76 52.22 700 53233.4 0 0
1 10 29-Mar 6:17 70 25.13 76 14.06 743 63125.5 1 0
1 11 29-Mar 9:27 7025.13 76 16.36 813 65802.9 0 1
1 12 29-Mar 12:06 70 24.85 76 32.80 1200 54665.5 1 0
1 13 29-Mar 14:27 70 25.01 76 19.38 725 70701.8 0 1
1 14 29-Mar 18:57 70 25.19 76 32.45 1259 92587.3 1 3
1 15 29-Mar 22:05 70 25.18 76 20.02 695 77406.7 2 1
1 16 30-Mar 0:27 70 25.19 76 34.44 1299 78906.7 2 0
1 17 31-Mar 2:07 69 50.83 76 00.15 757 46593.5 1 0
1 18 31-Mar 4:28 69 50.85 76 00.81 787 60631.0 3 0
2 19 3-Apr 12:07 67 46.73 68 06.06 860 124631.9 0 17
2 20 5-Apr 22:43 67 52.58 68 08.47 506 137647.0 4 9
2 21 6-Apr 4:27 67 52.42 68 08.13 685 162795.9 7 3
2 22 6-Apr 9:49 67 51.95 68 07.78 710 73936.7" 6 2
2 23 7-Apr 21:22 68 21.31 70 12.41 726 69739.0 4 0
2 24 8-Apr 0:33 68 21.94 7011.83 826 148146.6 1 0
2 25 8-Apr 18:07 67 52.54 68 08.26 680 130896.1 4 28
2 26 10-Apr 22:28 67 58.64 68 33.60 596 154631.2 1 2
2 27 11-Apr 4:32 67 58.53 68 33.39 800 128575.11 2 4
2 28 11-Apr 22:25 67 58.50 68 33.33 564 179995.4 3 49
2 29 12-Apr 4:38 67 48.96 68 11.01 886 60910.0 2 11
3 30 14-Apr 3:22 66 05.10 66 23.15 745 52896.0 7 0
3 31 14-Apr 5:56 66 05.10 66 22.86 370 57477.31 1 0
3 32 14-Apr 8:29 66 05.23 66 23.03 472 56944.8 0 0
3 33* 15-Apr 3:18 66 19.60 66 41.21 490 0.0 0 0
3 34 15-Apr 5:44 66 17.93 66 38.93 500 135056.3 6 0
3 35 15-Apr 10:41 66 14.58 66 33.00 911 67957.0 2 0
3 36 16-Apr 1:29 66 10.80 66 27.26 657 112037.8 1 0
4 1* 22-Mar 2:06 64 35.67 65 26.80 600 0.0 0 0
4 2+ 22-Mar 4:51 64 34.35 65 23.17 629 0.0 0 0
4 3* 22-Mar 13:54 64 28.14 65 05.72 591 0.0 0 0
4 4 22-Mar 18:58 64 29.31 65 08.44 574 54085.0 2 0
4 5 23-Mar 5:54 64 40.48 65 32.20 655 33472.0 0 0
4 6 23-Mar 8:12 64 42.80 65 27.50 690 57913.7 0 0
4 7 23-Mar 11:00 64 45.90 65 21.89 597 50095.7 0 0
4 37 17-Mar 21:39 64 58.91 64 30.96 961 79511.0f 10 1
4 38 18-Apr 1:18 64 59.97 64 33.94 925 135848.0 5 0
4 39 18-Apr 6:32 65 00.03 64 33.83 899 121631.0 3 0
4 40 18-Apr 11:15 64 59.82 64 33.48 930 117470.5 2 3
5 41 23-Apr 13:30 63 56.44 61 39.40 1174 137814.6 0 0
5 42 23-Apr 18:27 64 05.50 6147.78 1239 140494 .4 0 0
5 43 24-Apr 2:33 64 05.70 61 48.11 1040 63772.3 0 0
5 44 24-Apr 6:21 64 05.72 61 47.88 1056 125278.4 0 0
6 45 25-Apr 23:04 63 25.11 56 42.48 781 112567.0 0 0
6 46 26-Apr 3:34 63 30.97 56 29.79 753 129452 3f 0 0
6 47 26-Apr 7:41 63 25.59 56 43.70 935 59863.2" 0 0
6 48 26-Apr 21:43 63 24.32 56 48.47 356 51886.01 0 0

Note: S.a. = Spongiobranchaea australis, C.a. = Clione antarctica
fFlow volume instrumentation failed for individual MOC-10 net, * Failed MOC-10 tow

waters in site 2, and vertical density generally decreased
in the presence of UCDW and further from the ACC. The
present study’s hydrographic data revealed that UCDW
has increased its influence at depth on the WAP marine
ecosystem since the study of Smith and others (1999a),
which is confirmed by Dinniman and others (2012). More
S. australis were observed in sites 3 and 4, sites that
experience the most intrusions of UCDW at depth.

https://doi.org/10.1017/5003224741300065X Published online by Cambridge University Press

Comparisons of the present study’s hydrographic data
with that of Smith and others (1999a) showed similar ver-
tical water temperature minima in shelf waters along the
WAP for the autumn, yet the present study’s temperature
maxima were approximately 0.5°C warmer. Increasing
UCDW intrusions originating from ACC are consistent
with the observed warming trend. The topographical
relief, 200 m relative to 400 m, for the continental shelf
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Table 4. Pairwise results; P < 0.05 is considered significant

Site
1vs. 3 (P = 0.016)
2vs. 3 (P = 0.044)

Net

Site

1vs. 2 (P =0.014)
2vs. 3 (P =0.033)
2vs. 4 (P =0.015)

Net

a)S. australis pair-wise results with 1000 iterations

1vs. 2 (P = 0.015)

b) C. antarctica pair-wise results with 1000 iterations

1 vs. 3 (P = 0.003)
2vs. 3 (P =0.032)

Categorical temperature
1vs. 2 (P =0.036)
2vs. 4 (P =0.005)

Categorical temperature
3vs. 4 (P =0.008)
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Fig. 4. Redundancy analysis (RDA) plot for S. australis with respect to water
masses and water mass properties. RDA reveals a negative relationship
with latitude (Northing), a strong positive relationship with depths sampled
by net 2 (300-200m), and a positive relationship with Upper Circumpolar
Deep Water (UCDW) when plotted on a single canonical axis (RDA: F =
4.39, P = 0.004, N = 180 obs.). Higher vertical densities of S. australis were
associated with lower latitudes, UCDW, warmer water temperatures, and the
300 to 200 m depth stratum sampled by Net 2.

waters of the WAP facilitate the formation of a large
cyclonic gyre bound between the ACC and Antarctic
continent within the Bellingshausen Sea. Within this gyre
are two cyclonic sub-gyres that circulate UCDW into
WAP shelf waters at depth. The dynamic forces of the
sub-gyres direct the greatest amounts of UCDW from the
ACC into WAP shelf waters near sites 3 and 4 (Fig. 2;
Dinniman and others 2012). The depths of the dynamic
topography (400 to 200 m) are considered to be below
the influence of seasonal variability (Hofmann and others
1992, 1996; Smith and others 1999a), and therefore in-
creased UCDW and warmer water temperatures at depth
indicates long-term and sustained water mass warming in
this polar marine ecosystem with the advection of warm
water masses from the ACC.

Interestingly, temperatures below 200 m along the
WAP have not only increased, but warmer water tem-
peratures have also progressed landward over the last
two decades since the Smith and others (1999a) obser-
vations, as revealed in the present study’s CTD data.
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The increased UCDW intrusions, and thus warmer waters
along the WAP shelf, could be affected by interannual
or decadal-scale variations. However, our results are also
confirmed by the WAP hydrographic data of Martinson
and others (2008), Dinniman and others (2012), and
Martinson (2012) who reported a persistent warming of
WAP shelf waters with an increasing presence of UCDW
over the recent decades. Martinson (2012) also reported
increases in UCDW along the WAP, which is likely the
result of westerly wind intensification, increased UCDW
upwelling and decreased seasonal sea ice (Dinniman
and others 2012). Westerly wind intensification around
Antarctica has increased 20% since the 1970s (Trathan
and others 2011; Dinniman and others 2012), influencing
UCDW advection from the ACC. Upwelling of UCDW
is most pronounced near Lavoisier and Anvers Islands
south of the Gerlache Strait (Klinck and others 2004;
Smith and others 1999b; Dinniman and others 2012).
The persistent warming at depth by UCDW has created
a shifting mesoscale temperature gradient along the WAP
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Fig. 5. Distribution bubble plots of a) S. australis and b) C. antarctica across study
sampling area. Bubbles produced using numbers of gymnosomes captured (10* m?)
per volume of seawater filtered (m®; Table 3) in 10 m? Multiple Opening and Closing
Net and Environmental Sampling System (MOC-10) trawling events (n = 44) with
respect to latitude and longitude. Bubbles are proportional to the range of densities
of gymnosomes captured along the western Antarctic Peninsula, and larger bubbles
indicate greater densities. S. australis was captured more frequently per trawl in
sites closer to the Antarctic Circumpolar Current (sites 3 and 4), whereas C. antarctica
was primarily caught in Marguerite Bay (site 2).

marine ecosystem, as warmer waters continue to move
landward, ultimately affecting species’ distributions (for
example Moline and others 2004).

Where the greatest amounts of UCDW entered the
WAP shelf waters at depth near Lavoisier and Anvers
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Islands, the highest densities of S. australis were found.
And, as UCDW was continually present at depth in
sampling sites 1 to 4, so was S. australis. Moving south-
ward to the colder waters at sites 1 and 2, a significant
increase in C. antarctica densities and abundances were
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Fig. 6. Redundancy analysis (RDA) plot for C. antarctica with respect to
water masses and water mass properties. RDA reveals a strong relationship
with cold temperatures relating to WW (-1.0 to 0.0°C), a strong relationship
with site 2, a weaker relationship with salinities relating to AASW (33.3 to
33.8 PSU), and a negative relationship with Upper Circumpolar Deep Water
(UCDW) when plotted on a single canonical axis (RDA: F = 12.03, P = 0.001,
N = 180 obs.). Higher vertical densities of C. antarctica were associated with
a decreased presence of UCDW, less saline waters, proximity to site 2, and

cold water temperatures relating to WW.

observed; particularly in site 2. Both of these sites were
influenced by WW, and both sites contained C. antarc-
tica.

The present study demonstrates a distributional range
for S. australis further south of the PF than the range
reported in Hunt and others (2008) and in the reviewed
studies over the last three decades cited therein. Since
these earlier studies, the WAP has experienced a dimin-
ishing seasonal sea-ice cover and a subsequent highly
altered seasonal cycle, ultimately resulting in the dis-
tributional shifts of polar marine organisms (Fraser and
others 1992; Rott and others 1996; Trivelpiece and Fraser
1996; Smith and others 1998; McClintock and others
2008; Moline and others 2008; Lawson and others 2008;
Convey and others 2009). For example, with dimin-
ishing seasonal sea-ice cover the ice-dependent Adélie
penguin populations have significantly decreased, and
ice-intolerant chinstrap and gentoo penguin populations
have increased (Smith and others 1999b, Ducklow and
others 2007). Synchronously, the ice-dependent Antarc-
tic silverfish (Pleuragramma antarcticum), a keystone
species in the polar pelagic marine ecosystem, has been
disappearing along the WAP (Ducklow and others 2007).
Recent warming of the WAP marine ecosystem at depth
(400 to 200 m) has also increased the biomass of ice-
intolerant species of sponges and bryozoans (Barnes and
others 2006; Aronson and others 2007).

As with other distributional shifts due to WAP warm-
ing, S. australis may have expanded its distributional
range into increasingly habitable waters south of the PF,
made possible by the increasing water mass advection
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of UCDW from the ACC, while distributions of C.
antarctica are restricted to more southern regions. When
comparing the present study’s MOC-10 data from sites 2
and 3 to the 2001-2002 autumn MOC-10 Global Ocean
Ecosystem Dynamics (GLOBEC) data on gymnosome
densities at the corresponding sites reported in Parker
and others (2011), we found that S. australis was again
influenced by waters advected from the ACC, as well
as an increasing high latitude density of C. antarctica
in site 2. For example, S. australis was never captured
in the GLOBEC Fall 2001 MOC-10 trawling events. In
2002 trawls S. australis was captured most often in more
northern waters near the ACC, and proximity to the ACC
increased the mean density of S. australis, explaining
22% of the variability in distributions reported in Parker
and others (2011; RDA: F = 6.78, P = 0.026). Mean
density of S. australis in site 2 increased from 0.008
to 0.380 gymnosomes per 10* m™3 of seawater, from
2002 to 2010, respectively. In the GLOBEC autumn 2002
MOC-10 trawls S. australis was absent in site 3, yet this
study’s 2010 mean density in site 3 increased substan-
tially to 0.74 gymnosomes per 10* m™3 of seawater. C.
antarctica’s 2002 to 2010 mean density in site 2 increased
from 0.02 to 1.26 gymnosomes 10* m-3 of seawater, and
was also absent in site 3 in 2001, 2002 and 2010 MOC-10
trawls. The observed changes in mean autumn density of
C. antarctica from 2001 to 2002 are similar to shifts in
krill distributions, a probable response to warmer water
masses along the WAP (Lawson and others 2008).
Warmer water temperature would affect metabolic
rates and enzymatic activities, ultimately influencing
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Fig. 7. Redundancy analysis (RDA) plot for a) S. australis, and b) C. antarc-
tica when including oceanographic remotely sensed variables. S. australis’
vertical densities across sites 1 to 4 reveals a strong relationship with
transitional waters influenced by UCDW and deeper depths related to UCDW
(RDA: Fig. 6a, F = 15.80, P = 0.001, N = 35 obs.), whereas C. antarctica’s
vertical densities across sites 1 to 4 reveals a strong relationship with site 2,
a weak negative relationship with sea ice, and a negative relationship with
AASW (RDA: Fig. 6b, F = 23.37, P = 0.001, N = 35 obs.). Therefore vertical
densities of S. australis increase in warmer, deeper waters, whereas vertical
densities of C. antarctica increase closer to site 2 and with the presence of
sea ice, but decreases with the increasing presence of AASW.

the ability of organisms to forage, reproduce, and/or
avoid predation (Portner and others 2007). The Antarctic

tribution correlations suggest that S. australis is physiolo-
gically adapted to warmer sub-polar temperatures and

polar marine ecosystem is generally characterised by
permanently cold, stable temperatures (Clarke and Peck
1991), and as a tradeoff for life adapted to these low
temperatures, there is a decreased tolerance of changing
temperatures (Clarke 1998; Portner and others 2007).
Although there are no studies detailing the physiology
of the sub-Antarctic gymnosome S. australis, its typical
habitat characteristics north of the PF and this study’s dis-
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water masses. As warmer water masses are increasingly
advected from the ACC onto the WAP shelf, S. australis
populations may be able to expand their distributions in
the region of the WAP.

Physiological studies of C. antarctica reveal neuro-
muscular and energetic temperature compensation that
supports its continuous locomotion in cold waters (Seibel
and others 2007; Rosenthal and others 2009; Dymowska
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and others 2012). It is likely that the dissimilar habitats of
the Southern Ocean gymnosomes have resulted in differ-
ent physiological adaptations to live in distinct thermal
ranges or ‘climate envelopes’ (Pearson and Dawson
2003). One line of evidence to support this theory comes
from the visual observations during the present study,
which suggest that the sub-Antarctic S. australis may
have two swimming gaits. Observations at 0°C in the
present study revealed that over the small range S. aus-
tralis possessed an escape response with a wing-beat fre-
quency of approximately 1.9 Hz, whereas C. antarctica
maintained a wing-beat frequency of approximately 1.4
Hz. It is thought that the sub-Antarctic gymnosome S.
australis possesses a greater scope for locomotor activity
than the Antarctic gymnosome C. antarctica.

If Southern Ocean gymnosomes live in dissimilar
thermal ranges, colder Antarctic waters would act as
a physiological barrier to limit the distributions of S.
australis, and similarly, warmer temperatures would act
as a physiological barrier to limit the distributions of
the cold-adapted C. antarctica (Seibel and others 2007;
Portner and others 2007; Portner and Farrell 2008).
Unique water masses of the Southern Ocean, defined
by temperature and salinity, are invaluable mesoscale
indicators of physical oceanography and the dynamic
marine ecosystem response. With increasing occurrences
of UCDW impinging upon the WAP shelves, temperature
driven distributional shifts of both gymnosome species
may increase future interactions, ultimately shifting dis-
tributions in a region changing from a polar environment
to a sub-polar one (Roy and others 1998; Ducklow and
others 2007; Martinson 2012).
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