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Abstract

Our study makes use of a fortuitous oceanographic data set collected around

the remote sub-Antarctic island of Bouvetøya by a conductivity�temperature�
depth recorder (CTD) integrated with a satellite-relayed data logger deployed

on an adult female southern elephant seal (Mirounga leonina) to describe the

seasonal evolution of the western shelf waters. The instrumented seal remained

in waters over the shelf for 259 days, collecting an average of 2.6 (90.06) CTD

profiles per day, providing hydrographic data encompassing the late austral

summer and the entire winter. These data document the thermal stratification

of the upper water layer due to summer surface heating of the previous year’s

Antarctic Surface Water, giving way to a cold subsurface layer at about 100 m

as the austral winter progressed, with a concomitant increase in salinity of

the upper layer. Upper Circumpolar Deep Water was detected at a depth of

approximately 200 m along the western shelf of Bouvetøya throughout the

year. These oceanographic data represent the only seasonal time series for this

region and the second such animal�instrument oceanographic time series in

the sub-Antarctic domain of the Southern Ocean.

To access the supplementary material for this article, please see

supplementary files under Article Tools, online.

In the SO, large-scale physical oceanography is now rea-

sonably well characterized (Whitworth & Nowlin 1987;

Pakhomov & McQuaid 1996; Abbott et al. 2000). In the

open ocean, the densest water masses, the CDW and

Antarctic Bottom Water are responsible, amongst other

things, for the injection of nutrients into the upper water

layers by upwelling (Prézelin et al. 2000; Law et al.

2003). Generally, the lack of phytoplankton abundance

in the open SO, despite the presence of adequate nutri-

ents, is attributed to a lack of dissolved iron (Fe) in the

euphotic zone (Blain et al. 2007). This has led to the

general characterization of the SO as a high nutrient,

low chlorophyll environment. However, phytoplankton

blooms have been observed near shelf waters around SO

islands using satellite imagery (Korb et al. 2004; Mongin

et al. 2008), suggesting that these regions may be sub-

jected to localized Fe enrichment (Blain et al. 2001).

While remote sensing methods can provide information

on the productivity of surface waters, this information is

only available in cloud-free conditions, and detection

of subsurface or deep chlorophyll maxima indicates that

phytoplankton blooms do occur outside the detectable

(vertical) range of satellite imagery (Ardyna et al. 2013).

An informative method for characterizing shelf-water

productivity is sampling for phytoplankton and measur-

ing physical properties of the water column using elec-

tronic devices to detect deep chlorophyll maxima and

quantify the water properties in which they occur. Such

empirical studies of the shelf waters around Kerguelen

Island in the sub-Antarctic identified sufficient winter

enrichment of the surface mixed layer with Fe to promote

one of the largest and most predictable phytoplankton

blooms in the SO (Blain et al. 2007). Unfortunately, similar

studies of the shelf waters of other SO islands are limited,

primarily because of logistic and financial considerations.

A lack of empirical studies on shelf oceanography hinders
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our ability to mechanistically describe the relationships

between predator demographic trends and biological and

physical oceanography. Yet understanding these relation-

ships is critical if we are to predict how populations of cen-

trally foraging predators will respond to changes in ocean

conditions and processes due to climate modification

(Trathan et al. 2007).

The sub-Antarctic island Bouvetøya (Fig. 1a) in the

South Atlantic sector of the SO provides suitable terrestrial

breeding habitat for large populations of central place

foraging marine predators, including macaroni penguins

(Eudyptes chrysolophus), chinstrap penguins (Pygoscelis

antarctica) and the second largest population of Antarctic

fur seals (Arctocephalus gazella) in the world (Hofmeyr et al.

2005). This makes the region of great interest in terms

of the physical processes in the marine environment that

support such a predator guild. All of these species prey on

krill (Euphausia superba; Hofmeyr et al. 2010; Rombolá

et al. 2010; Trathan et al. 2012) and, to a lesser extent,

myctophid fishes (Myctophidae spp.; Cherel et al. 2010;

Staniland et al. 2011). On account of the remoteness of

Bouvetøya, only three recent studies of the oceanogra-

phy near the island have been conducted (Krafft et al.

2010; González-Dávila et al. 2011; Klunder et al. 2011).

Constraints on these studies meant they were unable

to provide anything more than point estimates of oceano-

graphic conditions during the austral summer.

In this study, an oceanographic ‘‘mooring’’ provided

time-series data which afforded a unique opportunity to

look at changes in the vertical structure of the shelf waters

over time. This ‘‘mooring’’ was an adult female southern

elephant seal (Mirounga leonina) instrumented with a

CTD-SRDL. The seal remained in the immediate vicinity

of Bouvetøya, providing a unique, continuous three-

dimensional data set of the western shelf waters through-

out the late austral summer until early October. This

fortuitous data set allows us to characterize the composi-

tion of shelf waters and the seasonality of oceanographic

processes around this rarely visited and consequently

understudied island. We hypothesize that the physical

oceanography on the shelf sets up conditions that can

potentially support temporally and spatially predictable

prey. Specifically, our study aims to (1) describe the three-

dimensional seasonal evolution of the physical properties

of the marine environment utilized by the predator guild

during the austral summer and early autumn and (2)

explore whether the UCDW, which is typically nutrient-

rich, is present on the shelf over winter.

Materials and methods

This study was initiated at Nyrøysa, a beach on western

Bouvetøya, in the Southern Ocean (548 23’ S 3847’E;

Fig. 1a; Orsi et al. 1995). The oceanographic data reported

herein are from a single adult female elephant seal tagged

on 20 January 2008. The CTD-SRDL deployed on this

seal was calibrated after assembly (Boehme et al. 2009)

and CTD profiles collected were transmitted via the Argos

satellite network. The CTD data collected were then post-

processed (Boehme et al. 2009; Roquet et al. 2011), result-

ing in an estimated accuracy of 90.038C and 0.05 PSU.

For broad-scale studies that seek to show relative changes

over time, such as ours and that performed by Meredith

et al. (2011), these levels of accuracy and precision are

quite reasonable, though readers must be aware that the

data are not from traditional CTD platforms and interpret

our findings accordingly.

To identify temporal trends in dive behaviour, a plot of

the maximum depth of CTD profiles over time was fitted

with a locally weighted scatter plot smoothed curve. We

characterized the dive behaviour of the animal during the

tracking period by plotting maximum dive depth against

date. Error correction of Argos location data followed an

iterative two-step process. Firstly, raw locations were pre-

processed to remove extreme outliers by removing those

with unclassified error estimates (LC-Z) and, secondly, a

swim speed filter of 2 ms�1 was applied (McConnell et al.

1992). Subsequently, locations were estimated using a

Kalman filter under a state-space framework in the R

package ‘‘crawl’’ (Johnson et al. 2008). Applying this

spatial error correction and filtering process, we estimated

a location for each CTD profile that was likely accurate to

within 95 km of the true location (Kuhn et al. 2009;

Lowther, Lydersen, Fedak et al. 2015).

We calculated seawater potential density anomalies

(s, kg m�3) at 1-m intervals for each CTD profile

(McDougall et al. 2009). Monthly cross-sectional oceano-

graphic profiles were generated for temperature (8C),

salinity (PSU) and seawater potential density anomaly

along a section running west from Nyrøysa out to a

Abbreviations in this article
AASW: Antarctic Surface Water
CDW: Circumpolar Deep Water
CTD: conductivity�temperature�depth

recorder
CTD-SRDL: CTD integrated into a satellite relay

data logger
MEOP: Marine Mammals Exploring the Oceans

Pole to Pole research programme
NADW: North Atlantic Deep Water
PSU: practical salinity units
SO: Southern Ocean
T-S: temperature�salinity
UCDW: upper layer of Circumpolar Deep Water
WW: Winter Water
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distance of 35 km, representing the approximate distance

to the 2000-m isobath (Fig. 1a). Given the coarse nature of

depth sampling provided by compressing T-S profiles, we

define the surface mixed layer depth as a finite change in

density from surface values (Nilsen & Falck 2006). To avoid

aliasing issues with the diurnal heating�cooling cycle and

to acknowledge the effect of surface turbulence, we use a

conservative value of 0.125 kg m�3 and define the surface

s as the value calculated for the bottom of the first depth

bin (4 m) to determine the surface mixed layer depth at the

location of each CTD profile (Brainerd & Gregg 1995;

Rudnick & Ferrari 1999; Huyer et al. 2005). To determine

the surface mixed layer depth (m), monthly means were

calculated and interpolated across the study area. A T-S

plot of the hydrographic data was constructed using a

reference pressure of 0 dbar to characterize the temporal

evolution of the water column throughout the residency

period of the elephant seal.

Results

The animal remained close to Bouvetøya from the time it

entered the water post-tagging on 20 January until 5

October, during which time it commenced a directed

south-east movement to approximately 578S. Thus, for

the purpose of this study, the seal’s CTD-SRDL provided

oceanographic data for 259 days, resulting in 675 CTD
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Fig. 1 (a) Filtered location estimates of CTD casts from a southern elephant seal instrumented on 20 January 2008 in relation to the sub-Antarctic island

of Bouvetøya in the South Atlantic sector of the Southern Ocean. The red box highlights the section used to characterize the seasonal evolution of the

water column in the areas typically used by resident krill�predator populations. Approximate locations of the sub-Antarctic Front, Polar Front and

southern Boundary of the Antarctic Circumpolar Current are shown. (b) Diving during the resident period in the selected geographic box was

consistent with a benthic foraging mode, with most dives being conducted within the 600-m isobath. The red line represents the fitted locally weighted

scatter plot smoothed curve highlighting the temporal trend in dive behaviour.
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profiles collected at a rate of approximately 2.6190.06 per

day (Fig. 1a). Within a defined geographical section of

interest (Fig. 1a), 424 CTD profiles (Fig. 1b) were collected

during the 259-day deployment, resulting in an average

1.64 (90.2) profiles per day. The mean depth of profiles

was 337 m (95 m), with a maximum depth of 860 m; of all

oceanographic profiles, 31% were from water depths

greater than 400 m. Most dives during the animal’s

sedentary period were conducted inside the 600-m isobath

along the western shelf of Bouvetøya (Fig. 1).

There was a clear seasonal evolution of the water column

along the western shelf of Bouvetøya (see Supplementary

Fig. S1). During February and March, the upper 200 m of

water were stratified, with a cold layer of water (0.258C�0.

758C) between 80 and 200 m overlaid by surface waters

reaching up to 1.58C. The cold layer represents the remnants

of the cold WW of the AASW from the previous year

(Supplementary Fig. S1). The pronounced upper-layer ther-

mocline persisted until the end of April, but as the austral

winter progressed, rapid surface cooling led to the formation

of a strong thermocline between 150 and 200 m, represent-

ing the new WW. Salinity also followed a seasonal progres-

sion with two pronounced haloclines separating the two

upper summer layers (salinities approximately 33.8 and 34.4

PSU, respectively) and the more saline UCDW (ca. 34.8

PSU). These haloclines persisted throughout the rest of the

study period, although an increase in salinity of the surface

waters to ca. 34.2 PSU was apparent during the autumn and

into winter. Concurrent with an increase in salinity through

this period, the halocline also appeared to become deeper,

reflecting the thickening of the upper layer of cold water

during the winter.

A T-S plot showed the presence of a cold layer*WW

AASW 2007*in mid-summer on top of the warmer

UCDW of which North Atlantic Deep Water is a part (Fig. 2).

By early autumn (April and May), T-S values covered a

33.8 34 34.2 34.4 34.6 34.8
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Fig. 2 Potential T-S plots for the water column around the sub-Antarctic island of Bouvetøya, colour coded by month. Vertical dashed lines represent

isopycnals and the horizontal dashed line approximates the freezing point of sea water at different salinities. Distinct water masses identified by

potential temperature and salinity values are identified as WW, Antarctic Surface Water from the previous year (AASW 2007) and NADW.
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broader range, changing to near straight line T-S curves

crossing a reduced number of isopycnals. During mid-

winter (September and October), there was a cold (ca.

�1.58C) AASW layer above a denser layer of UCDW (Fig. 2

and Supplementary Fig. S1). The depth of the mixed layer

varied spatially and temporally, ranging between 60 and

160 m to the west of the island, occurring shallower than

60 m across large regions between February and April

(Supplementary Fig. S2).

By the time the elephant seal departed the selected

intensive study area, a stable, homogeneous layer of cold

water (�18C to �28C) occupied the top 100 m, repre-

senting the fully developed WW, which lay above the

upper layer of the CDW (Supplementary Fig. S1).

Discussion

In this study, the tagging of a deep-diving elephant seal

that subsequently remained resident in the shelf waters

around the remote sub-Antarctic island of Bouvetøya

provided a unique data set that allowed the first descrip-

tion of the seasonal evolution of the water column in this

region. Our study represents one of the two animal-

borne instrument deployments that have collected a time

series of ocean data comprehensive enough to quantify

such changes, with the pattern of T-S plots in our study

from 2008 tracking closely those describing the upper

water column around the South Orkney Islands in 2007

(Meredith et al. 2011).

Two concurrent studies, independent of ours, detected

elevated levels of dissolved nutrients, including Fe (0.5�
1.0 nM), and heterogeneously distributed regions of high

krill abundance throughout the upper water column and

on the shelf to the west and south of Bouvetøya during

the summer (Krafft et al. 2010; Klunder et al. 2011). The

latter study documented that swarms of krill with high

proportions of adults were found in waters with salinities

and temperatures ranging from 33.96 (90.05) to 34.19

(90.09) PSU and 1.06 (90.54)8C to 0.2 (90.49)8C, res-

pectively, with silicate levels five times the magnitude of

those recorded when krill were absent. The shelf waters

around Bouvetøya support a rich predator guild includ-

ing chinstrap and macaroni penguins and Antarctic fur

seals, colonies of which breed at Nyrøysa, amongst many

other locations on the island. These predators feed on

krill, which can aggregate in swarms that occupy the upper

mixed layer during the night, descending to depths between

100 and 250 m during daylight (Zhou & Dorland 2004).

Penguins and Antarctic fur seals do not dive as deeply as

elephant seals, so the consistent proximity of shallower

regions of the mixed layer to the breeding beach plays an

important role in their foraging ecology by providing access

to krill (Lowther, Lydersen & Kovacs 2015). These resources

are particularly crucial during the late breeding season for

both fur seals and penguins when young require a lot of

food that parents must bring back to the colony (Blanchet

et al. 2013; Lowther et al. 2014).

In our study, we identified above ca. 200 m remnants

of the previous year’s cooler water AASW during mid-to-

late summer, in agreement with the findings of a boat-

based transect across the region conducted at the same

time as our elephant seal was collecting ocean profiles in

this area (González-Dávila et al. 2011). It is worth noting

that AASW, derived from CDW upwelled on the con-

tinental shelf of Antarctica and advected north by Ekman

transport, is rich in silicate (silicic acid), which is an essen-

tial nutrient for diatom productivity (Hutchins & Bruland

1998). Salinity and temperature profiles of the subsur-

face, remnant AASW we describe are closely matched

with those described by Krafft et al. (2010) as containing

high levels of silicic acid, suggesting conditions in this

western shelf water mass were favourable for krill feed-

ing between February and March 2008.

In the meridional plane, upwelling and subsequent

Ekman transport moves CDW northwards from the

Antarctic continent where it meets the western shelf

topography of Bouvetøya (Johnson & Bryden 1989).

We detected the presence of UCDW on the western shelf

of Bouvetøya throughout the study period, which was

clearly identified by the presence of relatively warm,

saline water below 200 m. Notably, our results depict

the presence of nutrient-rich North Atlantic Deep Water

within the UCDW which persists until early winter

before being replaced exclusively by cooler UCDW.

Unlike ship-borne oceanographic studies, we are un-

able to influence the ‘‘design’’ of the sampling regime

conducted by instrumented diving predators. The spatial

variability in sampling effort is therefore likely biased

towards areas where an individual can find food, with

‘‘unprofitable’’ areas being under-represented in our data

set. However, given the sparse coverage of Argo floats in

the area covered by our study, it is unlikely that a similar

fine-scale four-dimensional characterization of the shelf

hydrography of Bouvetøya could be made using only

satellite-derived measurements. The opportunistic col-

lection of time-series oceanographic data from a deep-

diving marine predator has allowed us to characterize

the seasonal evolution of the physical environment of a

sub-Antarctic island that hosts large numbers of breed-

ing central place foragers. Furthermore, these data have

proven invaluable in garnering a clearer understand-

ing of the links between physical oceanography and

ecological processes (Lowther, Lydersen & Kovacs

2015), which would have been impossible using remote,
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satellite-derived measurements of near-surface ocean

characteristics.
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Matsuoka A. & Tremblay J.-É. 2013. Parameterization of

vertical chlorophyll a in the Arctic Ocean: impact of the

subsurface chlorophyll maximum on regional, seasonal

and annual primary production estimates. Biogeosciences

Discussions 10, 1345�1399.
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