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INTRODUCTION

The response of zooplankton to climate change im-
pacts ecosystem dynamics in multiple ways. Shifts in
centers of abundance, range boundaries, community
composition, and timing of seasonal activity impact
the roles of zooplankton as both prey and grazer.
Changes in seasonal activities of animals in marine
ecosystems include shifts in seasonal peak bio mass or

timing of migrations (Walther et al. 2002, Edwards &
Richardson 2004, Mackas et al. 2007, 2012a), and may
lead to a mismatch in prey availability for predators or
harm species keyed to climate-invariant parameters
such as insolation (Edwards & Richardson 2004,
 Moline et al. 2008, Mackas et al. 2012b).

The Palmer Long Term Ecological Research (PAL
LTER) program is focused on the marine pelagic eco-
system west of the Antarctic Peninsula (wAP) in the
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ABSTRACT: The Palmer Long Term Ecological Research study region west of the Antarctic Penin-
sula is experiencing warming and changing seasonal sea ice dynamics. Abundance patterns of 3
species of pelagic secondary producers were analyzed for trends, cycles, range extensions or shifts
in the location of highest density, and for changes in population dynamics over a 16 yr period
(1993−2008). Species analyzed represented different hydrographic regimes and are known to
have contrasting responses to seasonal sea ice dynamics: krill Euphausia superba, seasonal sea ice
zone; tunicates Salpa thompsoni, warmer waters with minimal sea ice; and larval Antarctic silver-
fish Pleuragramma antarcticum, cold continental shelf waters. Cycles were observed in grid-wide
abundance and recruitment for E. superba. Maximum grid-wide densities did not decrease, but
the location of highest densities shifted southward 200 km, away from Adélie penguin rookeries
at the northern end. A distinct change post-1999 was apparent in the frequency of occurrence and
abundance of S. thompsoni. Mixtures of krill and salps became common, but neither peak densi-
ties nor the frequency of peak years for salps increased. As with Antarctic krill, highest salp den-
sities shifted southward alongshore. Larval P. antarcticum were abundant in the northern coastal
region in the early 1990s, but virtually disappeared in that region after 1999/2000. Possible mech-
anisms underlying these observations include the southerly movement of the sea ice edge during
spring, changes in proximity of source populations (salps), and changes in transport pathways
 (larval P. antarcticum). Patterns are compared to those in the SW Atlantic.
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Southern Ocean. In the wAP, the southern boundary
of the Antarctic Circumpolar Current (ACC) parallels
the shelf break (Orsi et al. 1995), Upper Circumpolar
Deep Water (UCDW) supplies heat to shelf waters
(Martinson et al. 2008, Dinniman et al. 2011, Martin-
son & McKee 2012), and the Antarctic Peninsula
Coastal Current (APCC) flows to the southwest along
the continent under ice-free conditions (Moffat et al.
2008). The study region is influenced by the seasonal
advance and retreat of sea ice each year. Ecosystem
structure and function appear sensitive to variability
in seasonal sea ice dynamics (Massom & Stammer-
john 2010).

The PAL LTER program initiated a taxonomically-
resolved macro-zooplankton and micronekton (>2 mm
in length) time series in the austral summer of 1993.
In this analysis, we focused on 3 species, integral to
food web structure, that inhabit zones with different
sea ice influences (Mackintosh 1934, Hempel 1987,
Siegel & Piatkowski 1990): ‘cold’ water in the sea-
sonal sea ice zone (the euphausiid Antarctic krill
Euphausia superba); oceanic, ‘warm’ water with little
sea ice (the pelagic tunicate Salpa thompsoni); and
coastal, cold continental shelf water associated with
permanent pack ice (larval Antarctic silverfish Pleura -
gramma antarcticum). Antarctic krill (subsequently
krill) and S. thompsoni often dominate (>50%) total
zooplankton biomass in the PAL LTER study region
(Ducklow et al. 2007), either singly or in combination.

Krill is a key species (Smetacek & Nicol 2005) link-
ing multiple levels of the food web, being a grazer of
phytoplankton (Ross et al. 1998, Garibotti et al. 2003,
Bernard et al. 2012) and prey for many apex preda-
tors (Everson 2000). Krill is long-lived (5 to 7 yr, Nicol
2000), and swims as well as a small fish (Hamner &
Hamner 2000). Recruitment success has been linked
to both seasonal sea ice dynamics and the El Niño-
Southern Oscillation (ENSO) cycle (Siegel & Loeb
1995, Quetin & Ross 2003, Loeb et al. 2009, 2010).

In contrast, S. thompsoni has a seasonal life cycle,
alternating sexual and asexual stages. Small soli-
taries winter deep in the water column (250 to
1500 m) with UCDW (Foxton 1966, Lancraft et al.
1991), migrate to the surface in late winter/early
spring, and bud off aggregate chains. Each solitary
may produce up to 800 aggregate zooids, in several
chains (Foxton 1966, Daponte et al. 2001). Aggre-
gates release small (~20 mm) solitaries (Daponte et
al. 2001, P. Kremer pers. comm.) ~52 d from release
(Loeb & Santora 2012). Significant within- and
between-year variability in abundance (Foxton 1966)
has been linked to seasonal sea ice dynamics and the
ENSO cycle (Loeb et al. 1997, 2009, Ross et al. 2008).

Rapid growth rates of zooids and production of
aggregate chains mean that populations of salps can
increase quickly during spring and summer.

The Antarctic silverfish is a long-lived (21 to 35 yr)
planktivorous pelagic fish that depends on sea ice for
spawning and as an early nursery (Vacchi et al. 2004,
2012, La Mesa & Eastman 2012), and thus may be
especially sensitive to decreasing sea ice. In the
late 1970s, schools of subadult (3 to 4 yr old) P.
antarcticum were observed under the ice pack near
Palmer Station (Daniels & Lipps 1982), and subadult
Antarctic silverfish were common in the diet of the
Adélie penguins there. The diet of these Adélie pen-
guins has changed (Emslie & Patterson 2007, Chap-
man et al. 2011), with few silverfish in the diet in
recent times. In this study, larval P. antarcticum is an
indicator for the 3 to 4 yr old fish that are important
prey for several seabirds (La Mesa et al. 2004, La
Mesa & Eastman 2012).

S. thompsoni populations appear to have shifted
poleward over the past 2 decades, south of 65° S
(Chiba et al. 1999, Pakhomov et al. 2002, Atkinson et
al. 2004, Ross et al. 2008). Further poleward expan-
sion is predicted with continued warming (Loeb et al.
1997, Atkinson et al. 2004, Moline et al. 2008). Salps
may be limited physiologically (Pakhomov et al.
2011a,b) and unable to reproduce in cold waters
(Chiba et al. 1999, Pakhomov et al. 2002, Pakhomov
2004), dictating their ‘warm’ oceanic distribution. In
regions with cold surface waters, Circumpolar Deep
Water (CDW) may be a reproductive refuge, e.g. warm
water where the life cycle can continue (Pak homov et
al. 2011a,b). Thus, southerly locations where CDW is
close to the shelf may be favorable for southward salp
expansion onto the shelf. Salp and krill habitats
are usually distinct (Atkinson et al. 2004, Loeb et al.
1997, Nicol et al. 2000), but large-scale overlap has
occurred in the PAL LTER region (Ross et al. 2008).

The relevant factors for possible impacts of climate
change for pelagic polar zooplankters include sur-
face water temperatures, seasonal sea ice dynamics,
and circulation’s impact on heat input and transport
pathways. The wAP is one of the world’s most rapidly
warming regions, with temperatures increasing on
land (King et al. 2003, Turner et al. 2005) and in the
ocean (Gille 2002, Meredith & King 2005, Martinson
et al. 2008). Since the late 1970s, sea ice cover has
increased in the Antarctic as a whole, but signifi-
cantly decreased in the Bellingshausen/Amundsen
Sea region (Parkinson & Cavalieri 2012). Seasonality
patterns also have changed (Stammerjohn et al.
2008). Additionally, the mean position of the ACC
is projected to shift southward, closer to the shelf
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break, as climate changes and westerlies intensify
(Böning et al. 2008).

In this study, we analyzed a 16 yr time series (1993
through 2008) for trends and cycles in abundance and
distribution of 3 species of macro zooplankton/ micro -
nekton in the PAL LTER region during a warming cli-
mate. The data spanned 3 krill recruitment  cycles
(Quetin & Ross 2003). We explored (1) whether the
species act in synchrony or independently, (2) whether
there was a poleward shift in either range or highest
abundance as predicted for Southern Ocean zoo-
plankton (Pakhomov et al. 2002, Mackey et al. 2012),
(3) whether changes in krill were correlated with re-
cruitment dynamics, and (4) whether patterns in this
region were similar to those in the SW Atlantic sector
of the Southern Ocean.

MATERIALS AND METHODS

Study region

The original PAL LTER sampling grid consisted of
on/offshore grid lines from just south of Marguerite
Bay (000.*) to the southern Bransfield Strait (900.*)
spaced at 100 km intervals. Standard grid stations on
the lines were 20 km apart from the continent (*.000)
to 200 km offshore (*.200), past the shelf break and
into waters ~3000 m deep (Waters & Smith 1992).
Additional stations were occupied at other locations
on some cruises. Station codes consist of 6 digits (e.g.
300.120), 3 for the grid line followed by 3 for the grid
station, both in km. For early January to mid-Febru-
ary cruises from 1993 through 2008, the PAL LTER
sampling region encompassed the area from just
south of Anvers Island (600 line) to just south of Ade-
laide Island at the mouth of Marguerite Bay (200 line)
(Fig. 1). Stations are identified as coastal (<300 m
deep and  Marguerite Bay), shelf (300 m to 750 m), or
slope (>750 m) according to bathymetry and hydro-
graphic water column characteristics (Martinson et
al. 2008) (Fig. 1). ‘Inside north’ coastal stations were
between the Biscoe Islands (Renaud and Lavoisier
Is.) and the mainland (inner 600, 500, and 400 lines),
and in Crystal Sound north of Adelaide Island. From
1996, several offshore stations seaward of *.200 were
added (600.220, 500.220, 500.240 in most years and
200.220 and 200.260 in the last 3 yr) to verify the
decrease in densities of Antarctic krill and rapid
increase in densities of Salpa thompsoni off the shelf.
Three stations inside Marguerite Bay, added in 1997,
continued east of 200.000 along the 200 transect line
as negative  stations. Sampling was conducted from

MV ‘Polar Duke’ (1993−1997) and ARSV ‘Laurence
M. Gould’ (1998−2008). Weather, ice, or schedules
prevented sampling all stations every year (Table 1).
After 2008, sampling expanded southward, with sig-
nificantly decreased sampling in the original study
region (600 to 200 lines). This analysis focused on the
16 yr time series with original sampling intensity that
included 3 krill population cycles. Balanced sampling
within the key species’ life cycle aided detection of
trends and cycles. Steinberg et al. (in press) utilized
these data and those from 2009 to 2013 to examine
the relationship between the abundances of the
major macrozooplankton taxa and environmental
parameters (sea ice, atmospheric climate indices, sea
surface temperature, and phytoplankton biomass

Fig. 1. Palmer LTER study region (~64° to 69° S and 64° to
74° W) with coastal, shelf and slope regions separated by
lines. Islands are: An, Anvers I.; R, Renaud I.; L, Lavoisier I.;
Ad, Adelaide I. MB: Marguerite Bay. Black, land mass; dark
gray, <450 m; light gray, ≥450 to 750 m; white, ≥750 m.
Grid lines are labeled. Grid stations indicated with diamond,
x-axis *.240 to *.−060, left to right. White closed circles are 

additional stations
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and productivity). Due to the decreased sampling
intensity beginning in 2009, the spatial scales were
larger than those examined in this analysis.

Collection and sample analysis 

Zooplankton were collected with a 2 m square net
(~700 µm knotless nylon square mesh) and a 1 m
square net (335 µm Nytex mesh) towed obliquely be-
tween the surface and 120 m and 300 m, respectively,
as described in Ross et al. (2008). For krill and salps,
the 2 m catch was sorted, enumerated, and abundance
standardized to the volume of seawater filtered, with
presence or absence noted for the 1 m net. Larval
Pleuragramma antarcticum were enumerated for
both nets. Atkinson et al. (2008) standardized net
tows for Antarctic krill from multiple investigations,
including the PAL LTER, to a large net towed ob -
liquely to 200 m, and devised corrections for the
depth of the tow, time of day, size of the net, and time
of year of sampling. Specifically for this study, adjust-
ments for all but time of day were minimal and not
applied. We plotted sun elevation (NOAA Solar
 Calculator www.esrl.noaa.gov/gmd/grad/solcalc/) for
the 2 m net for all 3 species to test the effect of time of
day on density of the catch, assuming a random distri-

bution of tows over location and time
of day as per Atkinson et al. (2008).
Sun elevations during this study
ranged from −9° to +50°. A correlation
of higher densities with low sun ele-
vations would suggest  either day-time
avoidance of the net or migration of
part or all of the population from be-
low 120 m into the upper layers at low
light levels. Density did not change
with time of day for 2 species; linear
regressions of sun elevation against
density were not significant for either
Antarctic krill (n = 894, r2 = 0.0013, p =
0.284) or  larval P. antarcticum (n =
154, r2 = 0.0021, p = 0.577). However,
for salps, densities were higher at
low sun elevations. We used 5 yr
(2004−2008) of data with presence or
absence of salps known for the 2 nets
(n = 261 pairs of tows at the same sta-
tion) to investigate whether the 0 to
120 and 0 to 300 m depth horizons
were coherent in detecting presence
or absence of salps. The 2 nets were
coherent for 77% of the pairs, and dis-

agreed at low densities (15% of pairs salps present in
2 m net, and 8% in 1 m net when salps absent in other
net). We accepted a zero salp catch from the 2 m net
as valid. A 3.12° sun elevation was empirically deter-
mined to divide the data into 2 groups: ≤3.12°, tows
done when the entire salp population was in the
 upper 120 m (n = 153, r2 = 0.0019, p = 0.589 for linear
regression), and >3.12° when a portion of the salp
population was between 120 and 300 m (n = 286,
r2 = 0.0055, p = 0.209 for linear regression). We
could not distinguish the transition time with the
 sampling regime. The delta distribution means of
the positive catches for the 2 groups were 189.8 and
36.6 zooids 103 m−3 (i.e. zooids per 103 m3), a ratio
of 5.180. Density estimates of all zooids and of soli-
taries from all tows with initial sun elevations >3.12°
were multiplied by 5.180 to standardize the data for
time of day.

Abundance estimates of larval Antarctic silverfish
from the 2 m and 1 m nets from the same location and
day did not differ (Wilcoxon matched-pairs signed-
ranks test, Siegel 1956) (Table 2) so data from both
nets were used. Krill size distributions and salp
aggregate:solitary ratios were determined for most
2 m catches. Size distributions of larval P. antarct -
icum were determined at selected stations. Details
are under species description.

Cruise Sampling Grid lines Inside Marg. Std 
dates north Bay stns

1993 8 Jan–6 Feb 200 (3), 300, 400, 500, 600 1 0 37
1994 11 Jan–6 Feb 300, 400, 500, 600 3 0 35
1995 7 Jan–6 Feb 200, 300, 400, 500, 600 3 0 46
1996 8 Jan–9 Feb 200, 300, 400, 500, 600 2 1a 46
1997 12 Jan–12 Feb 200, 300, 400, 500, 600 4 3 46
1998 29 Jan–13 Feb 200, 300, 400, 500, 600 3 3 42
1999 9 Jan–11 Feb 200, 300, 400, 500, 600 4 3 46
2000 9 Jan–24 Jan 200, 300, 400, 500, 600 1 2 39
2001 10 Jan–24 Jan 200, 300, 400, 500, 600 0 2 46
2002 8 Jan–26 Jan 200, 300, 400, 500, 600 0 1 46
2003 11 Jan–1 Feb 200, 300, 400, 500, 600 2 3 46
2004 8 Jan–31 Jan 200, 300, 400, 500, 600 2 3 46
2005 5 Jan–31 Jan 200, 300, 400, 500, 600 0 3 46
2006 7 Jan–2 Feb 200, 300, 400, 500, 600 2 2 46
2007 8 Jan–4 Feb 200, 300, 400, 500, 600 2 3 46
2008 5 Jan–2 Feb 200, 300, 400, 500, 600 4 2 46
aGrid cell 230.−080 in 1996

Table 1. Cruise: year, sampling dates, grid lines surveyed, number of ‘inside
north’ and Marguerite Bay grid cells sampled, and number of possible 46
‘standard’ grid cells occupied. Grid cells are equal areas centered on stations
20 km apart on/offshore on lines 100 km apart alongshore. Standard cells
were those seaward of islands and outside Marguerite Bay (9 cells each
on 600, 400 and 300 lines, 8 cells on the 500 line, 11 cells on the 200 line).
Inside north consists of 4 grid cells: 600.020, 500.000, 400.000, and 400.020. 

Marguerite Bay consists of 3 negative grid cells on the 200 line
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Abundance. The study region was divided into 50
(46 standard and 4 ‘inside north’) grid cells, each
100 km in the alongshore dimension, centered on
grid lines and stations, and 20 km in the on/offshore
dimension out to the *.200 cells. Inner cells were next
to the continent, outer cells in waters generally 1800
to 3000 m. Marguerite Bay cells were analyzed sepa-
rately. Estimates of mean density and variance were
based on the delta distribution (Aitchison 1955), as
preferred for most zooplankton (Pennington 1983).
The annual density for the entire grid, for individual
grid lines, and for the cross-shelf gradient as repre-
sented by hydrographic regimes were calculated as
in Ross et al. (2008). Means and variances for each
grid cell were inspected for extremely high numbers
(or variances) disproportionately affecting annual or
grid-line abundances. A tow was defined as an out-
lier if the absolute variance was driven by that one
estimate and that one estimate was an order of mag-
nitude greater than the next highest estimate. Three
tows (one each in 1993, 1998, 2002) for estimates of
krill grid-wide density and one tow (1998) for krill
grid-line density met these criteria. No estimates for
either salps or larval P. ant arcticum met these crite-
ria. Frequency of occurrence was the proportion of
grid cells with positive catches over the time series.

Size distribution analysis for Euphausia superba.
Standard length 1 (tip of rostrum to end of uropod,
Mauchline 1980) of either all krill from a tow or a ran-
dom subsample of ~100 krill was measured. Length-
density distributions (LDDs) for each cruise, the
 number of krill per 1000 m3 in each 1 mm length
increment, were combined from all standard grid
 stations (Table 1). The program CMIX (de la Mare
1994) was used to fit a mixture of normal distributions
to these cruise LDDs; outputs were observed and
expected density for each length bin, calculated with

the delta distribution, and the total density and mean
total length of each mixture component. There was
usually a clear mode of small krill about 1 yr old (age
class 1, AC1s), generally ≤31 mm, and 1 to 3 modes of
older age classes. Year classes (YC) were identified
by the year of the summer spawned. The index of
recruitment success (R1, proportion of the AC1s of
the total population [de la Mare 1994]) and absolute
recruitment success (density of AC1s [Siegel et al.
1998]) were estimated for each year class for the
entire region and for each grid line. The upper bound
length for AC1s was calculated as the mean length
plus 2 standard deviations (Table 3). R1 for a grid line
was the proportion of krill smaller than this upper
bound of the total krill from the line. Density of AC1s
for a grid line was the mean grid-line krill density
multiplied by the line-specific R1.

Population analysis for Salpa thompsoni. From
1995 to 2008 zooids were identified as either aggre-
gates (A) or solitaries (S). Small solitaries (~10 to
15 mm with some as large as 40 mm, colorless diges-
tive glands, often with yolk sacs) were likely released
prematurely due to turbulence in the net, and were
counted as embryos for 1997−2008. When possible,
all solitaries were removed from the catch and meas-
ured. For large catches (>3 l), subsamples of 200 to
400 zooids were examined for aggregate: solitary
(A:S) ratios. Mean number of embryos per tow and

15

Year N (pairs) T

1995 25 131*
1996 8 −17*
2003 6 8*
2007 16 −25+

2008 8 8*

Table 2. Wilcoxon matched pairs signed ranks test used to
test the null hypothesis that estimates of abundance of larval
Pleuragramma antarcticum from the 2 m and 1 m nets did
not differ for the 5 yr with adequate pairs of nets. N is the
number of pairs with a difference greater than zero. T is the
smaller of the sum of like-signed ranks. The null hypothesis
is rejected if T is less than the critical value (Siegel 1956). T*,
not significantly smaller than the critical value at the p = 

0.05 level; T+, not significant at the p = 0.10 level
Year class Ave StdL (mm) Upper bound for 

AC1 95% AC1

1992 23.04 28
1993 28.29 34
1994 28.20 35
1995* 17.08, 23.51 29
1996 22.12 28
1997 24.77 29
1998 26.00 30
1999* 19.71, 28.02 34
2000 25.88 31
2001* 16.75, 25.35 32
2002 26.18 31
2003 24.58 30
2004 25.64 32
2005* 22.56, 28.13 33
2006 26.99 33
2007 23.12 29

Table 3. Average standard length of AC1s from CMIX soft-
ware, and upper bound length for 95% of AC1s for each
year class (YC) of Euphausia superba. Standard deviations
ranged from 2.123 to 3.794. Upper bound for YC2002 and
YC2005 adjusted after inspection of mode shape. Data for
YC1992 to 2001 from Quetin & Ross (2003). *Two modes 

of AC1s present
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the A:S ratio were used to characterize bloom pro-
gression. Large numbers of embryos indicated that
aggregates were either ready to release or had
released small solitary zooids.

Size distribution analysis for Pleuragramma ant -
arcticum. Total lengths (TL) of a subsample of larval
P. antarcticum were measured to the nearest mm at
selected stations. Growth rates were estimated with
mean TLs from 23 size distributions with ≥3 indi -
viduals, 16 from 1994−1997 in the coastal waters
north of Adelaide Island and 6 in 2003 from Mar-
guerite Bay. Growth rate was the slope of average TL
versus day-of-year of sampling.

Regional abundance and recruitment of Antarctic
krill and abundance and A:S of salps were compared
to anomalies of indices of seasonal sea ice dynamics
for the region (Stammerjohn et al. 2012), and to a
seasonal ENSO index (ONI, Nino3.4 anomalies, 3
mo running mean) from the NOAA website (May
2012) www. cpc. ncep.noaa. gov/ products/ analysis_
monitoring/ ensostuff/ ensoyears.shtml and standard-
ized to historical data (1971 to 2000). The krill ENSO
index pooled 5 seasons, including critical periods for
reproduction (spring before and summer of spawn-
ing) and larval survival (first fall, winter and spring).
For salps, ENSO indices tested were winter prior to
sampling and 3 seasons pooled (winter, spring prior
to and summer of sampling).

RESULTS

Mean annual abundances for both Euphausia
superba and Salpa thompsoni documented spatial
gradients on multiple scales: grid-wide (regional),
grid-line (north to south, alongshore gradient), and
cross-shelf (coastal, shelf and slope). For larval
Pleuragramma antarcticum, only grid-wide and grid-
line mean annual abundances were available.

Patterns of abundance and recruitment of
 Euphausia superba

Krill showed cyclical variation in grid-wide density,
with the maximum >30 times the minimum. Two
years of increasing density (1996−1997, 2002−2003,
and 2007−2008) were followed by 3 to 4 yr of decreas-
ing density (Fig. 2). Grid-wide LDDs from 2003
through 2008 (Fig. 3) confirm a continuation of the 5
to 6 yr krill population cycle for this study region
(Quetin & Ross 2003). Climatological (mean of all
years) AC1 density was 31.96 ± 4.51 recruits 103 m−3
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(mean ± SE). Successful recruitment, defined as R1 >
0.35 and AC1 density >30 recruits 103 m−3 occurred
for 6 YCs: YC1995, YC1996, YC2001, YC2002,
YC2006, and YC2007 (Fig. 4). AC1 density for suc-
cessful YCs ranged from ~30 to 117 recruits 103 m−3,
and unsuccessful YCs from <1 to 13 recruits 103 m−3.
R1 is a relative measure and will be higher for the
1st year of good recruitment than the 2nd year, be-
cause in the 2nd year the population is larger due to
the previous year’s young. This holds for all 3 cycles.
However, the absolute number of recruits is a func -
tion of relative reproductive success and winter
 survival, so the number of recruits in Year 1 will not
always be greater than in Year 2.

With this population cycle, Year 1 (1995, 2001,
2006) is the year of the 1st strong YC (successful
spawning summer and good larval survival over-
winter), Year 2 (1996, 2002, 2007) is the year of the
2nd strong YC and first summer of increased density
resulting from that 1st strong YC. When 2 successful
YCs are followed by 3 to 4 unsuccessful YCs, as in the
PAL LTER study region, Year 3 will be the year of
peak density. Peak density varied significantly (328,
171 and 311 ind. 103 m−3 in 1997, 2003, and 2008,
respectively) (Fig. 2). For a non-linear cycle, peak
density can track trends in population density, and,
in this study, krill did not decline significantly with
time (−0.8% yr−1, exponential equation).

A north to south difference was seen in the cyclical
pattern (Fig. 5A−E). For the 300 to 600 lines, Year 3 of
each cycle had the highest density in summer (or was
equal to Year 2) within a cycle. The pattern was
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irregular for the 200 line and Marguerite Bay. For the
1st cycle, highest densities in Years 2 and 3 were
found on the 600 and 500 lines, for the 2nd cycle on
the 500 and 300 lines, and for the 3rd cycle on the 400
and 300 lines. Between the 1st and 2nd cycles, Year 3
density decreased by 50 to 75% on the 600 and 500
lines, and slightly increased or did not change on the
300 and 400 lines. Between the 2nd and 3rd cycles,
Year 3 density did not change on the 600 and 500
lines, but increased by 200 to 500% on the 300 and

400 lines. For 3 of the lines, an exponential equation
described the decrease or increase in Year 3 krill
densities, with an average 7 to 12% decrease on the
600 and 500 lines, and a 17.5% increase on the 400
line (Table 4). Peak density on the 300 line was high
for all 3 cycles, although there was an increase for the
3rd cycle. The location where the highest densities of
krill were caught shifted hundreds of kilometers
southward alongshore over the 16 yr time series.
Only a minor proportion of krill were caught on the
200 line. In Marguerite Bay, krill were rare prior to
2002 (Fig. 5E).

R1 and AC1 densities showed the same cycle in the
northern and southern parts of the grid, e.g. good
recruitment regionally was reflected by elevated R1s
on most grid lines (Fig. 6A,B), although elevated R1s
were not >0.35 for about 25% of the lines in ‘good
recruitment years’ (Fig. 6A). Alongshore variability
was greater for AC1 density than for R1. AC1 density
followed the pattern for grid-line abundance, with
higher AC1 densities on the 500 and 600 lines the 1st
cycle, decreasing densities on the 500 and 600 lines
with increasing densities on the southern 3 lines the
2nd cycle, and highest densities on the 400 and 300
lines the 3rd cycle (Fig. 6B). The shift south in the
location of highest density is due to the AC1s. High-
est grid-line mean AC1 densities were >200 103 m−3.

The strength of the cross-shelf gradient in krill
densities varied (Fig. 7), mostly due to the >800 fold
interannual variation in coastal station densities,
more than 10× greater than at shelf and slope sta-
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Fig. 6. Euphausia superba. (A) Recruitment index, R1, and
(B) Average density of age class 1 (AC1) krill for each grid
line and each cruise year calculated with the LDDs and the 

total length maximum for AC1 krill
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Fig. 7. Euphausia superba. Mean annual delta distribution
density (ind. 103 m−3) with standard error for hydrographic
regimes within the study region: coastal (d, solid line), shelf
(S, dashed line), and slope (×, dotted line) stations as in Fig. 1

Transect a b r2

line (ind. 103 m−3)

600 408.53 −0.120 0.786
500 400.23 −0.070 0.824
400 25.06 +0.175 0.820
300 178.25 +0.042 0.368
200 12.47 +0.099 0.337

Table 4. Exponential equations describing the increase or
decrease in peak density of Euphausia superba over time for
each PAL LTER grid line over the 16 yr time series. The 

equation: density (yr3) = aeb·t with t in years
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tions, ~36 fold and 11 fold, respectively. A strong
(coastal:slope > 10) gradient was generally found in
Years 2 and 3 of the population cycle. A weak
(coastal:slope < 5) or  reverse gradient was found in
years at the end and beginning of the cycle, in con-
junction with low densities. From 1996−2008, the
median krill density at stations seaward of the *.200
cells was 1 ind. 103 m−3 (n = 45), an order of magni-
tude lower than densities at grid slope stations, 8 to
24 ind. 103 m−3 (Fig. 7).

Patterns of abundance and bloom dynamics of
Salpa thompsoni

Frequency of occurrence and density reflect bloom
spatial extent and environmental conditions for bloom
development, respectively. Climatological mean fre-
quency of occurrence and density for the 16 yr time
series were 51.5% and 119.95 zooids 103 m−3. We
defined ‘salp’ years as high occurrence (>75%) and
moderate (>100 zooids 103 m−3) density during the
cruise, i.e. 1994, 1997, 1999, and 2005 (Fig. 8). Grid-
wide occurrence and density were likely underesti-
mated in 2000 as not all slope grid cells were sam-
pled. In the first half of the time series, frequency of
occurrence and zooid density were closely and posi-
tively correlated. However, after 2000, the frequency
of occurrence was >50% in all but 2007, but density
was less than the climatological mean in all but 2005
(Fig. 8).
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Fig. 8. Salpa thompsoni. Mean annual delta distribution
density (zooids 103 m−3) with standard error for the entire
study region (d, solid line), and percent occurrence (grid
cells occupied over total grid cells sampled) (Jh, dashed line)
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Fig. 9. Salpa thompsoni. Mean annual delta distribution
density (zooids 103 m−3) with standard error for each grid
line (d, solid line), and percent occurrence (Jh, dashed line).
Stations in Marguerite Bay rarely included salp zooids and
are not included in the figure. (A) 600, (B) 500, (C) 400, 
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Although frequency of salp occurrence for each
grid line was similar to the grid-wide pattern, den-
sity patterns differed (Fig. 9). Very high densities
(>300 zooids 103 m−3) were rare in space and time
(600 line in 1994 and 1997, 200 in 1999, and 300 in
2005). Elevated densities (> the mean of 120 zooids
103 m−3) were not found on every line during salp
years, with the lines closest to the cross-shelf troughs
(600 and 300, Fig. 1) most consistent in elevated
salp densities. After 1997, the highest densities
found in ‘salp’ years were no longer on the 600 line
but shifted south several hundred kilometers (200 to
400 lines).

Maximum densities of salps were characteristically
found at slope stations, and varied interannually by a
factor of 5000. Slope stations drove the overall ele-
vated densities in 1999, 2000, and 2005 (Fig. 10). In
contrast, early in the time series (1994 and 1997),
both slope and shelf stations contributed to overall
high densities. From 1996−2008, the median zooid
density at stations seaward of *.200 was 141 zooids
103 m−3 (n = 45), nearly twice the median density at
grid slope stations (Fig. 1) during the same time
period (Fig. 10).

Solitary zooids were not present at a majority of
stations in any year, and average annual densities
were <1.2 zooids 103 m−3 (Table 5); highest densities
were found in 1997, 1999−2002, and 2005−2006. The
cross-shelf gradient for solitary densities was similar
to that of aggregates, i.e. highest in slope waters and
rare in coastal waters. The salp:krill ratio of grid-
wide densities illustrated variability in community

composition (Table 5), with ratios <0.1 in  krill-
dominant years and >6 in salp-dominant years. Two
 patterns emerged: (1) the number of krill-dominant
years decreased from 4 to 1 between the 1st and 2nd
half of the time series; (2) salp-dominant years were
in Years 5 or 6 of the krill population cycle when krill
densities were at a minimum (Table 5).

Small aggregates were present all years (authors’
un publ. data) indicating that release of aggregates
was ongoing in January. Solitaries were usually
≥55 mm in body length, although in 2001 and 2002
smaller, recently released solitaries (20 to 40 mm)
dominated. The average embryo abundance per tow
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Fig. 10. Salpa thompsoni. Mean annual delta distribution
density (zooids 103 m−3) with standard error for hydro-
graphic regimes within the study region: coastal, shelf and 

slope stations as in Fig. 1
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Fig. 11. Salpa thompsoni. (A) Aggregate:solitary zooid ratio,
1995−2008 annual summer cruise. 99Jan-1 indicates the
ratio is based on the first sampling of the grid cells. Grid-
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the mean 2003−2009 (Elephant I, Loeb & Santora 2012) or
1993−2008 (PAL LTER, this study). Grey bar, Elephant I, 

Jan/Feb; black bar, PAL LTER
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(Table 5) was highest in ‘salp’ years (Fig. 8), although
generally elevated between 1999 and 2005.

The A:S ratio was not calculated when <6 solitaries
were found during the cruise (1996, 1998, 2007,
2008). The maximum A:S ratio was in 1999, and the
lowest ratio in 1995 (Fig. 11A). A:S ratios ≥125 were
found in the ‘salp’ years of 1997, 1999, and 2005
(Fig. 8, Fig. 11A), and in 2 non-salp years (2003 and
2004) when densities of both aggregates (<43 zooids
103 m−3) and solitaries (<0.23 zooids 103 m−3) were
relatively low. Although the A:S ratio was often cor-

related with density, this ratio is primarily an index of
bloom dynamics. Theoretically, A:S ratios will be >50
when production of chains has just begun (beginning
bloom), reach a maximum of ~800 at highest abun-
dances, and be <15 during winter. Several succession
phases exist: early stage of aggregate chain release
(1995, 1996, 1998) with few solitaries or embryos and
a low A:S ratio; bloom underway (2001, 2002) with
variable A:S ratios and solitary densities and moder-
ate abundance of embryos; and a well-developed
bloom (1997, 1999, 2005) with A:S ratios >125 and
numerous embryos. All ‘early stage’ years were
before 2000 and the shift in frequency of occurrence.
When comparisons were possible, the A:S ratios for
the entire grid and the slope and shelf regions were
similar (Fig. 11A), suggesting that salp bloom
dynamics were consistent cross-shelf in any one year.

Patterns of abundance of larval Pleuragramma
antarcticum

Larval P. antarcticum was never found at slope or
outer shelf PAL LTER stations during the time series
(Table 6). Inner shelf and coastal grid cells contained
larval P. antarcticum, with the highest frequency of
occurrence at coastal stations and inside Marguerite
Bay. Climatological grid-cell density and annual
mean grid-line densities were calculated for possible
habitat, i.e. with data from grid cells where larval P.
antarcticum occurred at least once. Climatological
densities were highest at coastal stations and inside
Marguerite Bay, although the inner shelf grid cells in
the far north (600) and far south (200) also had high
densities (Table 7).
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Year Salp: Year in krill No. solitaries No. embryos
krill cycle 103 m−3 2 m tow−1

1993 0.01 4 NaN NaN
1994 11.36 5 NaN NaN
1995 0.06 1 0.126 NaN
1996 0.00 2 0 NaN
1997 0.44 3 1.138 29.1
1998 0.00 4 0.003 2.0
1999 7.97 5 1.143 67.7
2000 6.04 6 0.870 0.4
2001 2.38 1 0.647 6.9
2002 0.54 2 1.191 2.2
2003 0.25 3 0.228 0.5
2004 1.08 4 0.143 3.3
2005 6.99 5 0.721 9.1
2006 0.64 1 0.671 0.1
2007 2.13 2 0.005 0.03
2008 0.03 3 0.029 0.3

Table 5. Ratio of grid-wide mean density of Salpa thompsoni
to that of Euphausia superba for each cruise, with year
within recruitment cycle of E. superba. Mean density of soli-
taries, number of embryos per 2 m tow. NaN means data not 

collected that year

Sta/          200       180       160       140       120       100       080       060       040       020       000       −020     −040     −060
line Slope                                Shelf                                                           Coastal

600             0           0           0           0        0.063     0.188     0.250     0.250     0.438     0.500     Land     Land     Land     Land
500             0           0           0           0        0.063        0        0.125     0.063     Land     Land     0.500     Land     Land     Land
400             0           0           0        0.063        0        0.063     0.063     0.125     0.063     0.750     0.333     Land     Land     Land
300             0           0           0           0           0           0           0        0.188     0.750     Land     Land     Land     Land     Land
200             0           0           0        0.071        0           0        0.067     0.286     0.333     0.500     0.286     0.583     0.818     0.857
aInside north: 600.020 (n = 12, 1994−2000, 2003−04, 2006−08), 500.000 (n = 6, 1994−95, 1997−99, 2008), 400.000 (n = 3, 1997,
1998, 2008), 400.020 (n = 12, 1993−99, 2003−04, 2006−08)

Table 6. Proportion of annual summer cruises from 1993−2008 with larval Pleuragramma antarcticum present in a grid cell.
Grid cells identified with station and line of center of cell, and as slope, shelf, or coastal according to Martinson et al. (2008).
Vertical black lines separate the on/offshore zones. Grid stations 040 to 200 were sampled on the 600, 500, 400, 300 grid lines
for all years (n = 16). Grid stations 000 to 200 on the 200 line were sampled from 1995 to 2008 (n = 14), and inside Marguerite
Bay (200.* negative cells) from 1997 to 2008 (n = 12). ‘Inside north’ (grid cells east of the Biscoe Islands)a were not sampled 

every year due to ice and time constraints. Land means not sampled due to land mass
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In most years, mean larval density was <0.1 larvae
m−2; highest densities occurred in 1995 and 2007
(Fig. 12). Marguerite Bay was not sampled in the first
4 yr, thus peaks in 1993 and 1995 may be underesti-
mates. Although interannual variability in density of
larval P. antarcticum is large, implying large variabil-
ity in recruitment success, there is not a clear pattern
nor is there an association with either krill or salps.

The region of highest density of larval P. antarc -
ticum shifted during the study period (Fig. 13). In the
northern part of the study region (Fig. 13A), larval P.
antarcticum was found further offshore (to *.120)
than on most lines (Table 7), but high densities (max
1.83 larvae m−2) were only found early in the time
series (1993−1995, 1997). Larval P. antarcticum has
not been found in the northern part of region since
January 2000. In the mid-study region, densities
were lower (Fig. 13B), although larval P. antarcticum
persisted behind Lavoisier Island throughout the
study period. On the 200 line, mean densities of lar-

val P. antarcticum at inner shelf and coastal stations
were the same or higher than densities in the mid-
and northern regions early in the time series, and
Marguerite Bay densities were the highest of any
area, up to 4.06 larvae m−2 in 2007 (Fig. 13C). Peak
grid-wide density in 1995 was due to larvae from the
northern 2 lines and just outside Marguerite Bay,
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Fig. 12. Larval Pleuragramma antarcticum. Mean annual
delta distribution density (larvae m−2) (S, solid line) with
standard error for the coastal and inner shelf habitat (only 2
habitats where larval P. antarcticum ever found in study
region) plus 3 stations in Marguerite Bay from 1997. Dotted
line is number of grid cells of defined habitat sampled 

each year
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Fig. 13. Larval Pleuragramma antarcticum. Mean annual
density (larvae m−2) for grid cells on each grid line within
habitat. (A) northern grid lines: 600 (solid line), 500 (dashed
line); (B) mid-region grid lines: 400 (solid line), 300 (dashed
line); (C) southern grid line: 200 (outside Marguerite Bay,
solid line), inside Marguerite Bay (dashed line, sampled rou-
tinely from 1997). Note different density scale on right for 

y-axis for Marguerite Bay

Sta/          200       180       160       140       120       100       080       060       040       020       000       −020     −040     −060
line Slope                                Shelf                                                           Coastal

600             0           0           0           0         2.41     34.64     19.70     101.3     320.6     432.4     Land     Land     Land     Land
500             0           0           0           0         6.62         0         4.35       7.34      Land     Land     869.0     Land     Land     Land
400             0           0           0         6.33         0         5.08     19.03     17.57     9.78     149.2     89.83     Land     Land     Land
300             0           0           0           0           0           0           0         3.90     71.91     Land     Land     Land     Land     Land
200             0           0           0         0.71         0           0         0.79     227.8     74.15     14.77     22.97     146.9     688.4   2019.7

Table 7. Climatology of larval Pleuragramma antarctium: Mean density (1000 × ind. m−2) in each grid cell from the annual 
summer cruises 1993−2008. Labels and number of samples as for Table 6
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whereas in 2007 peak density was due to Marguerite
Bay. Elevated densities have been restricted to the
southern region since 1998, although a few larval P.
antarc ticum were found recently at coastal stations
from within Marguerite Bay north to the 400 line.

Larval Pleuragramma antarcticum growth rates

Growth rates calculated from samples from the 600
line in 1995 (Fig. 14A) and from all samples from the
400 to 600 lines between 1994−1997 (Fig. 14B) were
0.15 mm d−1 and 0.16 mm d−1, respectively. Larvae
collected in 2003 in Marguerite Bay varied from
15.00 to 19.85 mm in TL, and were not used in growth
rate calculations due to the short time period (2 d)
and geographical separation.

Seasonal sea ice dynamics and teleconnections to
the ENSO cycle for salps and krill

A Spearman’s rank correlation (Siegel 1956) was
used to evaluate correlations among anomalies of ice
retreat, advance, and duration in the wAP (Stammer-
john et al. 2012) and grid-wide krill abundance and
recruitment and salp abundance. For krill, only R1

and the retreat anomaly were significantly correlated
(rS = 0.49, p = 0.05 one tailed); the rS for advance and
duration anomalies and recruitment were <0.31. The
rS values for all ice anomalies and krill abundance
were < 0.08 (critical value for significance = 0.425),
a lack of correlation similar to that found by Ross et
al. (2008). For salps, the rS values for all anomalies
and abundance were between 0 and –0.28. We pre-
dicted that higher A:S would be found in January
after an early retreat as the warmer surface waters
would promote growth; however, the correlation
between A:S and ice retreat anomaly was not signifi-
cant (rS = 0.445, critical value = 0.564). Early ice
retreat alone is not sufficient for an advanced bloom
by January. Thus, grid-wide parameters for these 2
species did not show consistent associations with any
single regional sea ice index.

Given the known teleconnections between ENSO
and sea ice, we previously developed a multi-season
ENSO index to sum the effects of multiple seasons.
The exponential relationship between successful re -
cruitment and neutral or low absolute ENSO indices
for the previous 15 mo found for the first half of the
time series (Quetin & Ross 2003) continued, with low-
est recruitment indices found during strong El Niño
or La Niña 15 mo time periods (Fig. 15). Salp density
in the study region was not correlated with the ENSO
cycle (Spearman’s rank correlation: density versus
the ONI [Oceanic Niño Index] for the prior winter
[r = −0.1]; density versus the sum of the ONI for the
previous winter, spring, and summer of observation
[r = −0.12]).
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DISCUSSION

In the wAP, variability in physical processes allows
testing of the hypothesis that structure and function
of the Antarctic marine system are strongly influ-
enced by physical processes, in particular annual
advance and retreat of sea ice (Smith et al. 1995). The
summer sampling region for the PAL LTER covers a
large part of the slow, cyclonic gyre with 2 or 3 circu-
lation cells known for the region (Stein 1988). One
question concerns how well the defined study region
encompassed the habitats of the 3 species discussed
here.

Sampling location and design

Krill are at the boundary between plankton and
nekton, with adults viewed as micronekton and lar-
vae as zooplankton. Nicol (2006) suggested that
krill’s swimming and chemosensory abilities and
behavioral patterns might foster its retention within
favorable habitats. With a retention system, the
effects of the local physical and biological environ-
ment on the population dynamics of largely local krill
stocks better explain distribution and abundance
than advection. Several studies support the PAL
LTER region as a retention system: regional YC suc-
cess is correlated with regional environmental char-
acteristics (Quetin & Ross 2003); the assumption of
zero transport of larval krill away from the region is
reasonable (Wiedenmann et al. 2009); and larval krill
are predominantly retained in winter on the shelf
(Piñones et al. 2011, 2013). Thus, the gyre system of
the PAL LTER (Smith et al. 1999, Martinson et al.
2008) is viewed as a larval retention region, with a
largely local adult population. Larvae hatched from
embryos released by adult females on the outer shelf
and slope are retained in the same region as the
adults.

Although 87% of the circumpolar krill population
are in waters deeper than 2000 m, near the wAP, high
densities are closer inshore on the shelf, with the
oceanic habitat containing few krill (Atkinson et al.
2008). This earlier finding was supported by the
sharp decrease in krill density seaward of the PAL
LTER grid. In the wAP in summer, juveniles and
subadults are generally on the inner shelf (Siegel
1988, Lascara et al. 1999), linked with high food con-
centrations (Atkinson et al. 2006, Tarling et al. 2006).
Reproducing adults are on the outer shelf and slope,
with underlying UCDW (Quetin & Ross 2001, Hof-
mann & Husrevoglu 2003). The cross-shelf gradient

here is similar to previous studies (Siegel 1988, Las-
cara et al. 1999, Ross et al. 2008), with highest densi-
ties inshore, but the strength of the gradient is influ-
enced by the krill population cycle. The varying
needs of different life cycle stages can create demo-
graphic separation (Siegel 2005).

The 0 to 120 m depth horizon for the 2 m net was
based on distributions of krill aggregations in 2 stud-
ies done in the area. Ross et al. (1996), in a non-quan-
titative acoustic study, observed krill aggregations in
the upper 120 m of the water column with median
depths 9 to 55 m. In quantitative acoustic surveys
during 4 Palmer LTER cruises, all aggregations were
above 110 m, and biomass concentrated in the upper
50 m (Lascara et al. 1999). The lack of a time-of-day
effect on density estimates of krill at these latitudes
supports the acoustic evidence that the 0 to 120 m
depth horizon in summer includes most of the krill in
the water column. Higher latitudes for PAL LTER
tows likely underlie the lack of a time-of-day effect,
in contrast to that found at lower latitudes (Atkinson
et al. 2008). The lower light contrast due to the rela-
tively high sun elevations may be an inadequate sig-
nal to cause detectable time-of-day differences in net
avoidance as found at lower latitudes (Everson &
Bone 1986) or to trigger strong diel vertical migra-
tions (DVM).

Antarctic krill have been found feeding on the
shallow sea bed (Kawaguchi et al. 1986) and more
recently in waters >3500 m feeding on phytoplank-
ton detritus (Clarke & Tyler 2008). Schmidt et al.
(2011) found between 2 and 20% of the krill popula-
tion was below 200 m, with lower percentages (2 to
8.5%) characteristic of shelf populations (<500 m).
Thus, we possibly missed a small percentage of the
adult Antarctic krill population by not towing close to
the sea bed.

In an extensive discussion of sampling for Antarctic
krill, Atkinson et al. (2012) discussed the advantages
and disadvantages of nets versus acoustics. Esti-
mates from nets adjusted as per Atkinson et al. (2008)
were similar to the mean acoustic biomass estimated
at the same time in the same location. Net estimates
of biomass may be an underestimate due to avoid-
ance and patchiness, but technical issues with
acoustical techniques (separating krill from other
sound scatterers and changing krill target strengths)
also create uncertainties in acoustic biomass esti-
mates. The 2 m net data provide relative density
 estimates from a consistent sampling regime that
includes habitats for all demographic groups, allows
us to detect trends and cycles, and to investigate pos-
sible mechanisms underlying any change detected.
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In contrast, the sampling design does not include
the entire horizontal or vertical range for Salpa
thompsoni. Historically, salps had rarely been found
within the study region. Both the strong cross-shelf
gradient with maximum densities at slope stations
and median zooid densities at offshore stations twice
that of slope stations suggested a source population
in the ACC. In addition, S. thompsoni is known to
show both an ontogenetic (Foxton 1966) and diel
 vertical migration (Casareto & Nemoto 1986, Peris -
sinotto & Pakhomov 1998, Nishikawa & Tsuda 2001),
with a significant proportion of the salp population
between 90 and 300 m during the day. Nishikawa &
Tsuda (2001) noted that upward migration for the
DVM of salps at their 64° S study site began during
midday, but the population remained at 30 to 120 m
for a relatively long time before reaching the surface
at complete darkness. The 0 to 120 m depth horizon
for the 2 m net of this study appeared to include
<20% of the salps in the water column during day-
light hours. We viewed the patterns of salp abun-
dance as a function of when and where the ACC and
resident salps or seed populations moved closer to
the shelf break and were included in the annual
 sampling. With a seasonal life cycle, the bloom pro-
gression found in the salps may be a response to
local physical and biological environments, but sam-
pling was not designed to investigate the full habitat
range.

For Pleuragramma antarcticum, we sampled only
the larval habitat, e.g. the upper water column in
cold continental shelf waters (La Mesa & Eastman
2012). In contrast to Antarctic krill and salps, found
in all grid cells in some years, larval P. antarcticum
were restricted to inner shelf and coastal waters,
especially Marguerite Bay. Larval distributions were
considered the source of possible future prey for
predators.

Impact of environmental changes

Variability in abundance and distribution of these
pelagic species may be due to changes in population
dynamics (birth and death rates), behavioral re -
sponses, or circulation patterns (Flores et al. 2012a).
With climate warming and increases in ocean tem-
perature, Mackey et al. (2012) predicted southward
shifts in distributions of many Antarctic zooplankton,
although Quetin et al. (2007) added the caveat that
habitat extension southward may be limited by lati-
tudinal changes in light regime and energy input
interacting with life cycle phenology.

At the spatial scale of the 100 000 km2 study region,
densities of Antarctic krill followed a 5 to 6 yr popu-
lation cycle with highest densities after 2 sequential
years of successful recruitment. Peak density varied,
but did not decline monotonically. In contrast, the
pattern of frequency of occurrence and density of S.
thompsoni shifted in 2000. Salps now are consistently
found on the shelf, but high densities characteristic of
a ‘salp’ year are less frequent. Interannual variability
in grid-wide densities of larval P. antarcticum was
also high (factor > 600), with no clear cycle or trend.
The 2 yr of highest density were 12 yr apart, affecting
our ability to detect a long cycle.

At the finer spatial scale, i.e. the alongshore or
north to south gradient, highest densities of all 3 spe-
cies were found further south over time. For krill,
densities found during the peak year of the popula-
tion cycle decreased on the northern lines and
increased 200 km to the south. The initial climatology
for S. thompsoni showed a pattern shaped like a
small ‘r’, with densities 2 orders of magnitude greater
on the slope and northern shelf regions (Ross et al.
2008). Positive anomalies in abundance were found
in the southern slope region from 1999−2001, at the
time of the pattern change. With the full 16 yr time
series, the highest densities found in ‘salp’ years have
shifted from the northern region to the southern 3
lines. Highest densities are still in the slope region,
but overall frequency of occurrence is usually >50%.
The distribution of larval P. antarcticum changed
dramatically, with densities in the northern coastal
region rapidly dropping to zero. We explored
whether these changes in abundance and distribu-
tion were linked to changes in seasonal sea ice
dynamics and circulation patterns over the past sev-
eral decades.

Seasonal sea ice dynamics

Seasonal sea ice dynamics have changed dramati-
cally in the wAP/Bellingshausen Sea, with advance
60.8 d later and retreat 38.4 d earlier over the 32 yr
record (Stammerjohn et al. 2008, 2012). Ecosystem
structure and function are more likely to be impacted
by changes in seasonality than absolute sea ice cover
(Massom & Stammerjohn 2010), e.g. earlier water col-
umn stratification with alterations in the timing of ice-
edge or water column phytoplankton blooms (Arrigo
et al. 2008, Vernet et al. 2008, Venables et al. 2013)
and/or an earlier loss or change in location of habitat
for species dependent on ice as a platform or a food
resource (Chapman et al. 2011, Lowe et al. 2012).
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Sea ice dynamics likely affect Antarctic krill both
through its effects on recruitment and through
behavioral responses to sea ice habitat. In a retention
system, variation in regional densities will reflect
recruitment dynamics, and within-region differences
will reflect behavioral or demographic factors. Krill
density is sensitive to recruitment success, but 2 to 3
successful years can compensate for several failures
(Priddle et al. 1988). For the 3 population cycles here,
2 successful years were followed by 3 to 4 yr of fail-
ure. Lowest peak density (2003) followed 4 yr of fail-
ure, suggesting that recovery to initial population
levels is difficult if 4 yr of failure are followed by only
2 yr of success. The strength of a year class is influ-
enced by a sequence of environmental conditions
impacting food availability for spawning and larval
survival that can go back 2 yr (Quetin & Ross 2003,
Atkinson et al. 2012). First, reproductive output is
correlated with sea ice retreat, likely through its
effect on the availability of spring food essential for
ovarian development (Hagen et al. 2001, Quetin &
Ross 2001). The critical role of high primary produc-
tion in spring and summer in successful reproduction
and subsequent recruitment the following summer
is supported by the correlation between krill abun-
dance and primary production lagged 2 yrs (Year 3 of
the population cycle) (Steinberg et al. in press). Lar-
val survival is affected by food availability in summer
and fall prior to sea ice advance (Lowe et al. 2012),
and by the presence of the sea ice microbial commu-
nity (SIMCO) as a food source during their first win-
ter (Ross & Quetin 1991, Quetin et al. 1996, Meyer
2011 and references therein, Flores et al. 2012a,b,
Lowe et al. 2012). Successful recruitment is associ-
ated with an early ice advance and its effect on
SIMCO availability in winter (Quetin et al. 2007) and
a minimum duration (Siegel & Loeb 1995, Quetin &
Ross 2003), supporting the concept that larval sur-
vival over winter is the critical parameter most sensi-
tive to climate change (Flores et al. 2012a). However,
a successful year class requires multiple seasons with
contrasting sea ice requirements; this concept is sup-
ported by the correlation of krill recruitment with a
15 mo neutral ENSO index (Fig. 8), and by modeling
studies (Wiedenmann et al. 2009).

Within the study region, we suggest there is broad
effect of ice edge dynamics on distribution that is not
reflected in grid-wide or large-scale indices. Age
structure was consistent north to south, i.e. the shift in
the location of highest krill densities to the south was
not due to spatial differences in the distribution of de-
mographic groups. Larval and juvenile krill are asso-
ciated with the sea ice habitat in winter (Quetin et al.

1996, Frazer et al. 2002), and higher densities of sub -
adult and adult krill occur at the sea ice edge in
spring (Quetin et al. 1992, Brierley et al. 2002, Zhou
& Dorland 2004, Flores et al. 2012b). With their
chemosensory and swimming abilities, adult krill are
capable of controlling their distribution (Kanda et al.
1982, Price 1989, Hamner & Hamner 2000). The shift
from sea ice to open water habitat may be triggered
by changes in habitat-specific food availability. We
speculate that krill associate with the retreating ice
edge and its food sources until water-column phyto-
plankton blooms are present, then switch habitats.
With earlier sea ice retreat, the location of the ice
edge when incident light and mixed layer depth
foster spring phytoplankton blooms will be further
south, as will the krill when they disassociate from the
sea ice. Thus, a behavioral response to the relative
abundance of alternate food resources may underlie
the location of highest krill densities in  summer.

On the larger grid-wide scale, the contrast of chang-
ing sea ice dynamics and unchanging density and R1

for krill means that correlations of sea ice advance
and duration with recruitment are no longer signifi-
cant as they were earlier in the time series (Quetin &
Ross 2003, 1993−2002). Timing of retreat remains im-
portant to recruitment. However, the shift southward
in highest densities suggests that behavioral responses
to the changing sea ice and associated environmental
factors operate on the smaller scale of 100s of km.
Seasonal sea ice dynamics may now be optimal for
successful recruitment further south, but circulation
within the gyres and behavior means krill are found
throughout the study region. If the trends in sea ice
continue, optimal conditions for production may con-
tinue to shift south and out of the study region, and
krill will drastically decrease in the northern region in
the next decade. However, the lack of krill at high lati-
tudes, in cold continental shelf waters and extreme
light regimes, suggests that movement south has limits.

In previous studies, abundance and distribution of
S. thompsoni have been strongly correlated with sea-
sonal sea ice dynamics (Siegel & Loeb 1995, Atkinson
et al. 2004, Ross et al. 2008, Loeb et al. 2009). How-
ever, neither abundance nor the A:S ratio were con-
sistently associated with sea ice dynamics. The
movement of the ACC with the salp source popula-
tion and its warmer water closer to the shelf may
mean that the proximity of the ACC to the shelf is
now the determining parameter in the study region.
In the northern wAP, Loeb et al. (2010) suggested
that, with climate change, the former drivers of struc-
ture and function of the ecosystem, e.g. sea ice, are
no longer as important.
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Circulation patterns

As the ACC has moved poleward and closer to the
shelf break, eddy activity has potentially increased
(Marschall 2003, Böning et al. 2008). Eddies form at
the shelf break, particularly near the Marguerite
Trough, and move warm UCDW onto the mid-shelf
(Martinson & McKee 2012), with specific location(s)
dictated by the interaction of the ACC with bathym-
etry (Dinniman & Klinck 2004, Dinniman et al. 2011).
Specific locations may have changed as the ACC has
moved poleward. Near the continent, the APCC, a
strongly seasonal coastal current, flows to the south-
west (Beardsley et al. 2004, Moffat et al. 2008). The
APCC is sensitive to sea ice dynamics, forming in
spring and summer after ice melts, and disappearing
after winter ice forms. Coastal flow to the northeast is
absent during ice-free times, but frequently occurs in
winter (Moffat et al. 2008).

Salpa thompsoni. Increased salp densities at slope
stations since 2000, higher frequency of occurrence
grid-wide, and movement of highest densities south
suggested a range extension onto the shelf and pole-
ward. However, the high densities of ‘salp’ years
have de creased in frequency and have disappeared
in the northern region. One possible explanation is
changes in locations or how salp populations reach
the shelf. Initially, in the PAL LTER region, the mean
position of the ACC, and associated dense salp popu-
lations, may have been further offshore and the
incursion of salps onto the shelf due to large mean-
ders in the ACC flooding the shelf. Now, with the
ACC closer to the shelf, eddies may routinely intro-
duce salps to the shelf and the frequency of occur-
rence has increased. Martinson & McKee (2012)
found subsurface eddies, potentially with salp seed
populations, primarily moved onto the shelf in the
southern regions, as the ACC encounters the Mar-
guerite Trough. A historical change in the main loca-
tion of the ACC interaction with the shelf could cause
the range shift south. In other oceans, such shelf/
current interactions are predictors of salp patches
(Deibel & Paffenhöfer 2009).

With earlier sea ice retreat and intensified eddy
activity, the increasing heat content of the shelf, first
observed in 1998 (Martinson et al. 2008), will con-
tinue. Warmer shelf water should promote salp
growth and blooms, and be associated with indica-
tors of bloom progression. Although salp bloom
indices (A:S ratio and embryo abundance) showed
significant variation in seasonal succession in Janu-
ary, all ‘early’ stage years were prior to the shift. In
two of the later years (2003, 2004), a well-developed

bloom was present, but densities of solitaries and
embryos were lower than in other well-developed
bloom years. For these years, the overwintering seed
population (solitaries) may have been lower than in
‘salp’ years. Exploring variable input in seed popula-
tions and/or the complexities of the necessary envi-
ronmental conditions for ‘salp’ years is beyond the
scope of this paper.

Pleuragramma antarcticum. Density of larval P.
antarcticum in the wAP is generally 10 times less
than in the Weddell Sea. Maximum densities in this
study were similar to those off the Biscoe Islands in
the late 1970s and 1980s (Kellermann 1986, Keller-
mann & Schadwinkel 1991). The abrupt decrease in
larval P. antarcticum densities in the northern coastal
region has persisted, as densities at southern coastal
stations increased. The loss of  larval P. antarcticum in
the northern region could be due to: (1) loss of a local
source population, (2) loss of connectivity to the
northern region from a distant source population, or
(3) decrease in larval survival only in the north.

Spawning sites for P. antarcticum appear restricted
to high latitude waters off or near ice shelves, and sea
ice plays a role in spawning and nursery grounds
(Vacchi et al. 2004, 2012). Kellermann (1986, 1996)
suggested the wAP region is on a spawning location
periphery, and that spawning grounds for larval P.
antarcticum in the wAP are in northeastern Belling-
shausen Sea continental shelf waters. Antarctic sil-
verfish in the Weddell Sea and in Croker Passage
(between Bransfield and Gerlache Straits) are
unlikely sources due to the lack of connectivity
and/or the age structure of the population (Reisen-
bichler 1993, La Mesa & Eastman 2012). The pres-
ence of spawning size adults in the southern coastal
region, including Marguerite Bay (Donnelly & Torres
2008, authors’ unpubl. 1993−2008 data) supported a
spawning population in the southern PAL LTER.

In other locations, 8 to 9 mm larvae hatch in late
November to December (Kellermann 1986, Hubold
1990, La Mesa et al. 2010). In the PAL LTER region,
lengths of larval P. antarcticum in early January are
consistent with these hatching times and observed
growth rates (0.15 mm d−1, this study; 0.15 to 0.25 mm
d−1, Guglielmo et al. 1997, La Mesa et al. 2010). Sev-
eral potential pathways may move larvae from the
postulated spawning area (Kellermann 1996) north-
east to the PAL LTER region. First, drifters released
near Marguerite Bay moved offshore into the ACC,
occasionally turning inshore at 65° S (Zhou et al.
2002, Beardsley et al. 2004), possibly transporting
larvae northeast along the shelf edge to the northern
slope and shelf stations. However, larval P. antarc ti -
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cum were never found at outer stations on any of the
lines, negating this possibility.

Second, the coastal flow to the northeast and its
sensitivity to changing seasonal sea ice dynamics
(Moffat et al. 2008) may play a role. Larval P.
antarcticum from Marguerite Bay and the coastal
Bellingshausen Sea could be transported in the sea-
sonal coastal flow northeast along Adelaide Island.
At current speeds of 6 to 10 cm s−1, larvae would take
~2 mo to move 500 km from Marguerite Bay to the
northern PAL LTER region (Beardsley et al. 2004,
Moffat et al. 2008). During the 1990s, when the
region was ice-covered during November and most
of December, this current could have transported lar-
val P. antarcticum from spawning grounds either
inside or south of Marguerite Bay northeast into the
northern PAL LTER region. With earlier ice retreat
(Stammerjohn et al. 2008, 2012), the length of time
the coastal flow to the northeast exists in late spring
will decrease, if it exists at all, and movement of lar-
val P. antarcticum to the northern PAL LTER region
will cease. Our observations suggest that this possi-
bility may have occurred in the late 1990s.

Ecosystem function and comparison to the 
northern wAP

Peak PAL LTER krill densities were similar to max-
imums in the SW Atlantic, although the long-term
mean for the longer SW Atlantic time series was
greater (230 ind. 103 m−3, Siegel 2005). Recruitment
success in the PAL LTER region and the northern
wAP are coherent (Siegel et al. 2003) with similar
mean AC1 densities (33 recruits 103 m−3) (Siegel et al.
2013). However, in the northern wAP, the recent pat-
tern of 3 yr of successful recruitment before failure
(2000−2002, 2005−2007) (Loeb et al. 2010) was not
fully reflected in the PAL LTER (2001−2002,
2006−2007). Also, links to the underlying coupled
atmospheric-oceanic processes may differ; successful
recruitment in the northern wAP is correlated with
neutral or La Niña conditions, not neutral ENSO con-
ditions as for the PAL LTER. In the northern wAP,
more subtle ENSO-related factors appear to have
replaced the role of winter sea ice in krill recruitment
(Loeb et al. 2010).

Salps are generally associated with CDW, and
higher abundances in the northern wAP (median for
‘salp’ years >325 zooids 103 m−3) (Loeb & Santora
2012) may reflect the proximity of the ACC to the
sampling area. Salps are also significantly correlated
with ENSO in the northern wAP (Loeb et al. 2009),

unlike the PAL LTER region. Density anomalies
showed that prior to 2000, ‘salp’ years in the 2 regions
were not coherent, but subsequent anomalies were
in the same direction (Fig. 11B). Loeb et al. (2009)
and Loeb & Santora (2012) characterized the shift in
conditions from salp- to krill-favorable after the rapid
shift from El Niño to La Niña conditions in 1998 as a
‘regime shift’, and attributed it to the southeasterly
movement of the southern ACC front. The rapid shift
coincided with changes in multiple parameters in the
PAL LTER study region (Martinson et al. 2008, Ross
et al. 2008, Smith et al. 2008, Stammerjohn et al.
2008, Vernet et al. 2008), and with the change in the
pattern of salp frequency of occurrence and density.
Within the PAL LTER region, salp abundance and
distribution were initially strongly correlated with
seasonal sea ice dynamics; however, with the move-
ment of the ACC closer to the shelf break, the strong
correlations have weakened. Salp abundance and
distribution in both the northern wAP and in the PAL
LTER region likely now both respond to the proxim-
ity of the ACC.

Shifts in the location of highest krill densities may
also affect ecosystem function through predators tied
to land-based breeding grounds. The decrease in
Adélie penguins nesting near Palmer Station has
been attributed to changes in prey abundance or
location, among other factors (Emslie & Patterson
2007, McClintock et al. 2008, Moline et al. 2008,
Chapman et al. 2011). However, only Adélie penguin
populations are decreasing; other krill-dependent
species (chinstrap and Gentoo penguins) have been
increasing (Moline et al. 2008). In contrast, in the
northern wAP and Scotia Sea, all 3 species have
declined (Trivelpiece et al. 2011). Trivelpiece et al.
(2011) suggested that declining penguin populations
in the northern wAP and Scotia Sea/South Georgia
regions are likely a consequence of increased com-
petition for krill from other predators and declining
krill populations due to climate change (Atkinson
et al. 2004, 2008). This dichotomy needs additional
research.

Summary

Antarctic krill are a long-lived species with epi -
sodic recruitment and the ability as adults to control
their distribution. No significant changes in patterns
of grid-wide density or recruitment were seen, but
the shift south in highest densities suggested that if
trends in sea ice continue krill will disappear from
the northern region within 2 decades. In contrast,
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salps have a seasonal cycle, and abundance and dis-
tribution patterns more closely associated with that
year’s environmental conditions. Larval P. antarc -
ticum are restricted to coastal areas, and distributions
are likely controlled by the success of distant spawn-
ing populations and seasonal currents that transport
the larvae. The postulated environmental change
underlying the shift southward of the highest densi-
ties differed. Krill shift from feeding on ice-associ-
ated food to the open water column once blooms are
established; with earlier ice retreat, the change in
habitat will occur further south, and so will highest
densities in summer. Increased frequency of occur-
rence and the range extension of S. thompsoni is
likely due to the poleward movement of the southern
boundary of the ACC, with small eddies in the south-
ern region inputting seed populations onto the shelf.
Changes in the timing of the coastal flow northeast
due to earlier sea ice retreat combined with the fixed
hatching time of larval P. antarcticum may underlie
cessation of larval transport into the northern region.
A change in salp frequency of occurrence and the
disappearance of larval Antarctic silverfish from the
northern coastal region coincided with a sharp
increase in the heat content of the shelf (Martinson et
al. 2008) and a rapid shift in ENSO conditions. Eco-
system structure and function, as seen in the geo-
graphical gradients and ratios of salp:krill abun-
dance, varied with the krill population cycle,
emphasizing that knowledge of the phase of episodic
recruitment is critical for interpreting relative abun-
dance and trends in shorter-term studies. Ecosystem
dynamics are impacted by changes in composition
and distribution of the grazers and prey items, with
effects ranging from changes in grazing pressure in
conjunction with the population cycle to shifts in
areas of highest abundance away from land-based
nesting seabirds. Large interannual variability in the
absolute and relative densities of the 2 major macro-
zooplankton grazers will lead to highly variable graz-
ing intensity and fecal production and sinking.
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