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A B S T R A C T

Antarctic krill, Euphausia superba, is a highly abundant and ecologically important zooplankton species in the
Southern Ocean. Regions of elevated Antarctic krill biomass exist around Antarctica, often as a result of the
concentrating effect of bathymetry and ocean currents. Such areas are considered biological hotspots and are key
foraging grounds for numerous top predators in the region. A hotspot of Antarctic krill biomass exists off the
southern extent of Anvers Island, Western Antarctic Peninsula, and supports a population of Adélie penguins that
feed almost exclusively on it, as well as numerous other top predators. We investigated the spatio-temporal
variability in Antarctic krill biomass and aggregation structure over four consecutive summer seasons, identi-
fying environmental factors that were responsible. We identified three distinct krill aggregation types (Large-
dense, Small-close and Small-sparse), and found that the relative proportion of each type to total aggregation
numbers varied significantly between survey days. Large-dense aggregations occurred more frequently when
westerly winds predominated and when the local mixed tide was in the diurnal regime. Small-close aggregations
were also more frequent during diurnal tides and were negatively correlated with phytoplankton biomass. Small-
sparse aggregations, on the other hand, were more prevalent when the mixed tide was in the semi-diurnal phase.
We suggest that, under certain conditions (i.e. diurnal tides and westerly winds), the biological hotspot in the
nearshore waters off Palmer Station, Anvers Island, functions as a zone of accumulation, concentrating krill
biomass. Our findings provide important information on the dynamics of Antarctic krill at the local scale.

1. Introduction

In the ocean, biological hotspots are regions of elevated biomass
that persist at decadal to centennial time scales (Schofield et al., 2013).
These regions are known for their capacity to support high densities of
avian, pinniped and cetacean predators that have evolved to recognize
and make use of available resources (Palacios et al., 2006; Santora and
Veit, 2013). In Antarctica, biological hotspots often exist where
bathymetry and ocean currents interact to concentrate Antarctic krill
(Euphausia superba, hereafter referred to as krill), the primary prey
source to numerous top predators in the area (Chapman et al., 2010;
Nicol et al., 2008; Nowacek et al., 2011; Santora et al., 2009, 2010;

Warren et al., 2009). Along the Western Antarctic Peninsula (WAP), one
such hotspot exists off the southern extent of Anvers Island, extending
from the nearshore waters out to Palmer Deep Canyon (Schofield et al.,
2013). At Anvers Island, breeding Adélie penguins (Pygoscelis adeliae)
feed almost exclusively on krill (Fraser and Hofmann, 2003). During the
breeding season (austral spring-summer), adult Adélie penguins depend
on the predictable resources of krill within their foraging range to
provision their chicks (Fraser and Hofmann, 2003; Nicol et al., 2008;
Wienecke et al., 2000).

Although south of Anvers Island persists as a biological hotspot over
long ecological time scales, at shorter time scales (days to weeks) krill
are highly patchy and ephemeral, and their biomass and availability (a
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function of the type of aggregations formed) to predators can be
strongly influenced by the local physical environment (Bernard and
Steinberg, 2013; Brierley et al., 2006; Cox et al., 2011; Warren et al.,
2009). Krill form aggregations of varying size and packing density that
can be found throughout the water column either sparsely or densely
spaced together (Bernard and Steinberg, 2013; Cox et al., 2011; Hamner
and Hamner, 2000; Krafft et al., 2012; Tarling et al., 2009). Krill ag-
gregation characteristics (e.g. shape, size, packing density, depth) are
spatially heterogeneous even at the sub-mesoscale (< 1 km), and, at a
local scale, the types of aggregations present may change daily (Bernard
and Steinberg, 2013). Variability in krill aggregations can impact
foraging behavior in penguins and other top predators (Alonzo et al.,
2003; Cimino et al., 2016; Grünbaum and Veit, 2003; Mori and Boyd,
2004). Shallow aggregations of krill minimize surface recovery time in
diving penguins, allowing them to spend more time submerged foraging
(Chappell et al., 1993; Kooyman, 1989). Encounter rates are greater
when aggregations are larger and shallower, and thus more easily seen
by visual predators (Grünbaum and Veit, 2003; Jansen et al., 1998).
Various reasons have been proposed to explain aggregation behavior of
krill, including reproduction, feeding, predator avoidance and energetic
benefits (Hamner et al., 1983; Ritz, 2000), and it is possible that these
reasons may become more or less important throughout the krill life
cycle.

There are a number of possible physical mechanisms that might
alter zooplankton biomass and availability to predators in biological
hotspots on a daily basis, including tides and currents (Bernard and
Steinberg, 2013; Lavoie et al., 2000; Murison and Gaskin, 1989), and
strong wind events and storms (Batchelder et al., 1995; Jiang et al.,
2007; Warren et al., 2009). The Adélie penguins breeding near Anvers
Island exhibit daily variability in their foraging distances that has been
correlated to tidal regime (Oliver et al., 2013). The tides at Anvers Is-
land alternate between diurnal (one high and one low tide per day) and
semi-diurnal (two high and two low tides per day) regimes on a roughly
two-week basis (Amos, 1993), and Oliver et al. (2013) found that the
foraging distance of Adélie penguins during semi-diurnal tides was
roughly double that of diurnal tides. Bernard and Steinberg (2013)
showed that krill biomass was also dependent on the local tidal regime
with significantly higher biomass in the nearshore waters off Anvers
Island during diurnal tides. This suggests that the penguins are re-
sponding to their prey. The latter study, however, did not resolve the
underlying mechanisms by which diurnal tides resulted in increased
krill biomass.

Here we describe variability in krill biomass and their availability to
predators and suggest the physical mechanisms responsible. While krill
within this region are important prey items for many top predators, we
will concentrate the discussion of our results within the context of
Adélie penguin foraging.

2. Methods

2.1. Study site

The study was conducted during the austral summers of 2011–2012,
2012–2013, 2013–2014, and 2014–2015 in the nearshore waters off
Palmer Station, Anvers Island (Western Antarctic Peninsula, Fig. 1).
Just southwest of Anvers Island, the across-shelf Palmer Deep Canyon
comes to a head (Fig. 1, top right). The bathymetry then rises rapidly
into the nearshore waters off Palmer Station, characterized by nu-
merous small islands and shoals (Fig. 1, bottom right).

2.2. Acoustic sampling protocol

Krill were mapped acoustically from a ~6 m Zodiac Mark V in-
flatable boat (Ms. Chippy) using a 120 kHz single frequency DT-X echo
sounder from Biosonics. Acoustic surveys were conducted as frequently
as possible during each summer season, however weather and sea ice

conditions restricted the total number of survey days (see
Supplementary materials Tables 1–4 for details on survey dates). Sur-
veys that were cut short due to changes in conditions (weather and/or
sea ice) were excluded from our analysis since in those situations noise
from waves and/or transiting through sea ice resulted in poor quality
acoustic data. Survey grids differed between seasons, but were con-
sistent within each season (Fig. 2) and we have taken this into con-
sideration in our analyses (see further details in Section 2.7).

2.3. Krill length-frequencies

In order to get an estimate of population demographics in the region
during our study, krill were collected each January from the ARSV
Laurence M. Gould using a 2 × 2 m square frame Metro net (700 µm
mesh size) towed obliquely through the water column to ~120 m over
Palmer Deep (see Fig. 1 for location marked by “X”), which is within
20 km of our study area (Steinberg et al., 2015). Length measurements
were made for a subsample of at least 100 individuals randomly se-
lected from each catch (see Supplementary materials Table 5 for catch
information), using Standard Length 1 (SL1) for total length according
to Mauchline (1970). Measured krill were binned into 1 mm length
increments, ranging from 10 to 65 mm.

2.4. Acoustic data collection and processing

The acoustic data collection and processing approach is described in
more detail in Bernard and Steinberg (2013). Briefly, the calibrated
echo sounder was towed horizontally at a depth of ~1 m at speeds of
3–5 knots. Volume backscattering strength (Sv) measurements were
binned vertically into 1 m bins, but to maintain spatial resolution on the
horizontal plain, we did not bin pings at this stage. We used maximum
ping rates of 5 pings per second. Krill were identified from other pos-
sible sources of scattering where volume backscattering strength at
120 kHz exceeded the −70 dB threshold. An element in the acoustic
matrix that qualified as krill, based on the threshold, was considered
part of an aggregation if any of its eight neighboring elements also
qualified as krill (Lawson et al., 2008b). Neighboring elements classi-
fied as krill were grouped into aggregations using the Image Processing
Toolbox in MATLAB (R2014a). Aggregations smaller than 2 × 2 m
were discarded from further analysis to reduce the chance of incorrectly
assigning backscatter signal from other scatterers (e.g. small fish) to
krill. Identified krill aggregations were also visually examined and
compared to the corresponding echograms to manually remove any that
may have been caused by non-krill scatterers. Anther possible scatterer
with a similar volume backscattering strength to krill (−85 to −65 dB
at 120 kHz) that might have influenced our acoustic signal is the tu-
nicate, Salpa thompsoni, in its aggregate stage (Wiebe et al., 2010).
Unlike krill, S. thompsoni does not form cohesive aggregations, but ra-
ther forms layers. When we passed over scattering layers identified
during our surveys using the echo sounder, we conducted net tows from
Ms. Chippy using a 1 m diameter ring net (2 mm mesh size) to validate
potential krill aggregations (Bernard and Steinberg, 2013). These net
tows were typically shallow (top 20 m) and relatively fast to minimize
net avoidance. Note that, in contrast to ship-based acoustic surveys,
working from a Zodiac has a number of constraints and it was not
possible to tow the ring net through deeper aggregations encountered
fromMs. Chippy. However, we were able to effectively sample the layers
that could have been salps and in all instances, we only ever caught
krill. When we passed over vast shallow layers, krill could often be seen
visually from the side of the Zodiac.

2.4.1. Target strength estimates
We used the Distorted-Wave Born Approximation (DWBA) model of

Lawson et al. (2006) to predict target strengths (TS; units of dB re:
1 m2) for each 1 mm binned length category of krill. The model was
parameterized with measured values of krill lengths and cylindrical
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radii and with values of acoustic material properties (g and h) calcu-
lated using regression equations obtained from the literature (Chu and
Wiebe, 2005). Krill lengths were converted to SL2 from SL1 using the
equations provided in Lawson et al. (2006). The ratio of length to cy-
lindrical radius, 9.5, was calculated from net samples (Bernard and
Steinberg, 2013). The model was set to estimate TS for a mean or-
ientation of 20° (standard deviation of 20°) after Lawson et al. (2004)
and Chu et al. (1993). TS was then used to calculate backscattering
cross-section 〈σbs〉 where

=TS log σ10 bs10 (1)

2.4.2. Krill biomass estimates
Krill biomass estimates were made following Lawson et al. (2008b).

Volume backscattering strength (Sv) measurements were converted to
volume backscattering coefficients (sv) following the equation,

=S log s10 ( )v v10 (2)

The values of sv are the result of the sum of the product of σbs j of a
single krill in size class j and the number (nj) of individuals per unit
volume in that size class for all M size classes such that,

∑=
=

s σ nv
j

M

bs j j
1 (3)

The number of individuals in each size class (nj) is equal to the
product of the total number of individuals (N) across all M size classes
and the fraction of individuals (Pj) in size class j. Following this, Eq. (3)
becomes

∑=
=

s N σ Pv
j

M

bs j j
1 (4)

Krill abundance (N , ind. m-3) can then be solved since all other
variables are known. Krill biomass (ρ, g m-3) can be estimated as the

sum across all M size classes of the product of the wet-weight biomass
of an individual krill in size class j (WWj, g), the fraction of krill in each
size class (Pj), and the total abundance of krill (N , ind. m-3) (Lawson
et al., 2008b), such that,

∑=
=

ρ N WW P
j

M

j j
1 (5)

2.5. Defining aggregation characteristics

During our four survey seasons, a total of 5858 krill aggregations
(identified as described in Acoustic data collection and processing, above)
were examined and key features, including mean depth (m), mean size
(height × length, m2), and mean biomass (g m-3) were described
(Table 1). Nearest neighbor distances (NNDs, m) between aggregations
were also described. For NNDs, distances between each aggregation and
every other aggregation encountered on a particular day were calcu-
lated, and NND was determined as the shortest Euclidean distance be-
tween an aggregation and any other aggregation (Bernard and
Steinberg, 2013). Note that the echo sounder had a maximum range of
250 m, below which any potential krill aggregations would not have
been detected. Since short sections of our survey grids were over
bottom depths> 250 m, it is possible that our analysis missed deeper
krill aggregations. However, this is likely insignificant since other stu-
dies have shown that aggregations of krill are typically within the top
100 m of the water column (Fielding et al., 2012; Warren and Demer,
2010).

2.6. Environmental variables

Wind data were measured daily at the meteorological station si-
tuated on Gamage Point, Palmer Station (Fig. 1). Tidal regime was
determined using a tide prediction algorithm developed specifically for

Fig. 1. Map of study area showing location of Anvers
Island in relation to the Antarctic Peninsula (left
panel), Palmer Deep Canyon (the center of which is
denoted by the “X”, top right panel), and detailed
bathymetry off Palmer Station (denoted by the blue
square), Anvers Island (bottom right panel). The
meteorological station is located on Gamage Point
(denoted by the green square, bottom right panel)
and the Chl-a samples were collected at PAL LTER
Station B (denoted by the red square, bottom right
panel). (For interpretation of the references to color
in this figure legend, the reader is referred to the web
version of this article.)
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Palmer Station (Amos, 1993), as the tide gauge available was faulty
during part of our study, and was based strictly on the number of high
and low peaks per 24-h day (diurnal = 2 peaks, semi-diurnal = 1
peak). We also have included chlorophyll-a (chl-a) data obtained from
the Palmer Antarctica Long-Term Ecological Research (PAL LTER)
project in our analyses. Briefly for chl-a, seawater samples taken from 0,
5, 10, 20, 30 and 50 m depth at PAL LTER Station B (Fig. 1) were fil-
tered onto Whatman GF/F filters, pigments were extracted in 90%
acetone, and fluorescence measurements were made using a Turner
Designs 10AU fluorometer (JGOFS, 1994). Since chl-a was not mea-
sured daily by the PAL LTER, we used the values obtained from the
closest sampling day (< 3 days) for each acoustic sampling day. Al-
though the environmental data were obtained from single points within
our larger acoustic sampling area, these sites can be considered as re-
presentative of our study area (Tortell et al., 2014).

2.7. Data analysis

2.7.1. Identifying aggregation types
Aggregations were grouped using a Principle Components Analysis

(PCA) and a Partitioning Around Medoids (PAM) cluster analysis, after
Kaufman and Rousseeuw (1990). A PCA was carried out on centered
and normalized aggregation parameters (i.e. depth, size, biomass and
NND). The PAM cluster analysis was then performed on the results of
the PCA. The silhouette validation method was used to select the
number of clusters (k) set a priori (Grebmeier et al., 2006). Eigenvectors
of the first three principle components were used to identify aggrega-
tion parameters that were responsible for the clustering. Where the
absolute value of an eigenvector element was greater than the product
of 0.7 and the maximum absolute eigenvector value for a given prin-
ciple component, the parameter was considered to have a significant
influence (Cox et al., 2011).

2.7.2. Daily variability in aggregations
Because our sampling grids covered a reduced area in our first

survey year compared with the next three years (Fig. 2), we first
tested for significant variability in average percent contributions of
each identified aggregation type between the west and east sectors
of our study area (marked by the −64.06°W line of longitude) during
each of the latter three years. Results of a Kruskal-Wallis one-way
analysis of variance showed that percent contribution of each ag-
gregation type to the total was not significantly different between the
east and west in each of the latter three survey years. Subsequently, all
further analyses on krill aggregation types were conducted with the
full dataset.

Daily variability in percent contribution of each identified ag-
gregation type was determined using the non-parametric one sample
Wilcoxon test with the null hypothesis that percent contribution on a
given day does not differ from the median of 10 randomly selected
percent contribution values. The null hypothesis was rejected if the
median p value from 10,000 permutations was<0.05.

2.7.3. Identifying possible environmental drivers
We used linear mixed effects models (LMMs) and the information-

theoretic approach to determine the environmental predictor variables
(described above) responsible for day-to-day variation in percent con-
tribution of each identified aggregation type. The information-theoretic
approach uses a filter criterion to compare a set of models selected a
priori (Burnham and Anderson, 2002), avoiding the many biases asso-
ciated with traditional model selection methods, such as stepwise re-
gression (Whittingham et al., 2006). We tested for collinearity - the
significant correlation between predictor variables - using variance in-
flation factors with an upper limit of 3 (O’Brien, 2007; Zuur et al.,
2010) and found no collinearity between environmental factors. Seven
a priori models were selected for the information-theoretic approach,
each associated with a specific hypothesis (Table 2).

Fig. 2. Map showing acoustic survey grids occupied in 2011–2012 (top panel),
2012–2013 (middle panel), and 2013–2014 & 2014–2015 (bottom panel). Note that in
2013–2014 and 2014–2015, the same grid was occupied. The contour color legend is the
same as in Fig. 1. (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.).

Table 1
Features used to describe aggregation structure and the equations used to define them. D
is depth; n is number of vertical bins; dijmax is depth at maximum horizontal bin j for ith
vertical bin; dijmin is depth at minimum horizontal bin j for ith vertical bin; H is height; L is
length; m is number of horizontal bins; lj is length at jth horizontal bin; KE is krill extent;
Hi is height at ith vertical bin; bi is bottom depth at ith vertical bin; DSF is distance from sea
floor; DSS is distance from sea surface; B is biomass; Bij is biomass at coordinate of ith

vertical bin and jth horizontal bin.

Aggregation Feature Equation
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= ⎡
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∑ ⎛
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LMMs were fit with the nlme package using restricted maximum
likelihood estimation (Pinheiro et al., 2006) in R (R Development Core
Team 2014) and included a random intercept term for survey year to
account for differences in both our sampling strategies (different survey
grids used) and the krill population (years of high versus low recruit-
ment). Since our samples were collected at irregularly spaced time in-
tervals, the corCAR1 correlation function (nlme package) was used to
fit a continuous autoregressive error structure and is useful for irregular
time series (Pollitt et al., 2012). Since our sample size was small (n =
63), the models were compared using Akaike Information Criteria (AIC)
corrected for small sample sizes (AICc). The AICc allowed us to de-
termine the most parsimonious model with the fewest terms that ac-
counted for the most variation. Models with lowest AICc values and
highest AICc weights were subject to further model validation, in-
cluding tests for patterns between residuals and covariates. Once a
model was validated (i.e. no patterns were observed between residuals
and covariates), we considered the predictor variable with the largest
absolute value of the t-statistic to contribute most to the model's fit of
observed data (Kuhn and Johnson, 2013).

3. Results

3.1. Krill recruitment index

In 2011–2012, the 10–20 mm size class dominated the krill popu-
lation, which is indicative of a strong recruitment (RI = 0.80; Fig. 3A).
In the subsequent summers, the krill population was dominated by
sequentially larger individuals (2012–2013: 25–35 mm; 2013–2014:
30–40 mm; 2014–2015: 40–50 mm), indicating the growth of the main
cohort that was recruited in 2011–2012, as well as lack of new re-
cruitment (RI = 0.13, RI = 0.13 and RI = 0.19, in 2012–2013,
2013–2014, and 2014–2015, respectively; Fig. 3B, C and D).

3.2. Krill aggregation types

The PCA identified aggregation size and biomass as being largely
responsible for variance along the first principle component axis (PC1),
while biomass and NND were most important for PC2, and size and
NND were important for PC3. The highest Silhouette Coefficient, 0.85,
was obtained for k = 3 clusters. Thus, the PAM analysis identified three
distinctly different aggregation types (Table 3). Type I aggregations
were significantly larger, and shallower, with higher krill biomass than
either Type II or III (p< 0.05 for all, Table 3). Type II aggregations
were significantly deeper in the water column than either Types I or III;
Type II aggregations had the lowest krill biomass and highest NND
values (p<0.05 for all, Table 3). Type III aggregations were statisti-
cally smallest among the three types and had the greatest NND values

(p< 0.05 for all, Table 3). The predominant aggregation type varied
significantly between survey days (one sample Wilcoxon test; p< 0.05
for each aggregation type).

3.3. Identifying possible environmental drivers

3.3.1. Environmental variables
Wind direction and speed, as indicated by the u and v wind vectors,

was highly variable throughout each season and was dominated by
winds out of the south and west (one sample Wilcoxon test; p< 0.05,
Supplementary materials, Figs. 1 and 2). Although peaks in Chl-a were
observed each survey season, values did not vary significantly between
sampling days during any of the four surveys (one sample Wilcoxon
test; p> 0.05, Supplementary materials, Fig. 3). During our study, tidal
regime typically switched between diurnal and semi-diurnal roughly
every two weeks.

3.3.2. Model results – Type I aggregations
Of the seven a priori models, two suitable candidate models (M2 and

M4) were identified (Table 4), and both models passed validation tests.
M2 included u and v wind vectors, while M4 included both wind vec-
tors and tidal regime (i.e. diurnal or semi-diurnal). When winds were
strongly out of the south (i.e. positive v wind vectors), Type I ag-
gregations were sparse (M2 t-statistic = −2.30; M4 t-statistic =
−2.48). Type I aggregations were more frequently encountered when
winds were predominantly westerly (i.e. positive u wind vectors) in
direction (M2 t-statistic = 1.55; M4 t-statistic = 1.64). Diurnal tides
also resulted in increased occurrence of Type I aggregations (M4 t-
statistic = −1.22).

3.3.3. Model results – Type II aggregations
Three suitable candidate models (M5, M3 and M1) were identified

for Type II aggregations (Table 4). However, only M5 and M3 passed
validation tests, we thus discarded M1. M5 included tide and log-
transformed Chl-a; M3 included only tide. Type II aggregations were
more frequently encountered during diurnal tides (M5 t-statistic =
−1.86; M3 t-statistic = −1.65). Our results also show that the number
of Type II aggregations was negatively correlated with log-transformed
Chl-a (M5 t-statistic = −1.65).

3.3.4. Model results – Type III aggregations
The information theoretic approach produced two suitable models

for Type III aggregations (M5 and M1, Table 4). These models both
passed validation tests. M5 is described above for Type II aggregations,
and M1 included log-transformed Chl-a only. The opposite trends were
observed with tide regime and log-transformed Chl-a for Type III ag-
gregations as were found for Type II aggregations. Type III aggregations

Table 2
Hypotheses and corresponding models used in the information-theoretic approach.

Model Expression Hypothesis

M1 log10(chl) Type I and II aggregations are relatively more abundant when phytoplankton biomass is high. Type III aggregations show the opposite
trend.

M2 u + v Winds that result in the net onshore movement of surface waters will correspond with increased relative abundances of Type I and II
aggregations and decreased relative abundances of Type III aggregations.

M3 tide Type I and II aggregations are relatively more abundant during diurnal tides (tide=1), while Type III aggregations are relatively more
abundant during semi-diurnal tides.

M4 u + v + tide Diurnal tides and winds interact to result in net onshore movement of surface waters, which results in relatively more Type I and II
aggregations and relatively fewer Type III aggregations.

M5 tide + log10(chl) Diurnal tides promote conditions favorable to phytoplankton growth, resulting in increased relative occurrence of Type I and II
aggregations and the opposite trend for Type III aggregations.

M6 u + v + log10(chl) Wind-induced upwelling in the nearshore promotes phytoplankton growth and consequently elevated phytoplankton biomass, resulting in
greater relative abundances of Type I and II aggregations and the opposite trend for Type III aggregations.

M7 tide + log10(chl) + u + v A combination of diurnal tides and suitable winds promote conditions favorable for phytoplankton growth and consequently elevated
phytoplankton biomass, resulting in greater relative abundances of Type I and II aggregations and the opposite trend for Type III
aggregations.
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were more frequently observed during semi-diurnal tides (M5 t-statistic
= 1.88) and were positively correlated with log-transformed Chl-a (M5
t-statistic = 2.49; M1 t-statistic = 2.21).

4. Discussion

Most studies examining spatial and temporal variability in Antarctic
krill biomass and aggregation structure have been at the macro scale,
spanning 10's to 100's of kilometers and seasons to years (see for ex-
ample, Brierley et al., 1997; Fielding et al., 2014; Kinzey et al., 2015;
Lawson et al., 2008a; Reiss et al., 2008; Ross et al., 2014; Steinberg
et al., 2015). Though these studies provide valuable insights into the
population dynamics of Antarctic krill, they do not yield sufficient re-
solution at the sub-mesoscale, the scale at which predators are affected
over days to weeks. Our analysis of sub-mesoscale variability in krill
aggregation structure, and thus their availability as prey to top pre-
dators, suggests significant fluctuations over relatively short time per-
iods of days to weeks. We identified several key environmental vari-
ables that are, at least in part, responsible for these fluctuations.

We described three distinctly different aggregation types, each with
their own unique set of characteristics. Type I aggregations were
shallow (~37 m) and large (~1419 m2) with the highest krill biomass
(~ 70 g m-3); throughout the remainder of our paper, we will refer to
these as Large-dense aggregations. Type II aggregations were closely
spaced together (~22 m), but were deeper (~48 m), on average, than
Types I and III. Type II aggregations had low krill biomass (~5 g m-3),
but due to their relatively larger size (~104 m2) would have had more
krill overall than Type III aggregations that are significantly smaller
(~67 m2) and that have relatively low biomass (~7 g m-3); we will refer
to Type II aggregations as Small-close aggregations. Type III aggrega-
tions were small and had low krill biomass (averages given above); they
were also relatively deep (~40 m) and were sparsely distributed (NND
~293 m). We will refer to Type III aggregations as Small-sparse ag-
gregations.

Of the three aggregation types identified, Large-dense aggregations
were most readily available to foraging Adélie penguins, while Small-
sparse aggregations were the least readily available. Adélie penguins
are central place foragers, and as such must balance energy expenditure
(i.e. foraging time and effort) and energy intake (i.e. food consump-
tion). During the breeding season, this is not only to ensure an animal
meets its own metabolic requirements, but also that its young are suf-
ficiently provisioned (Orians and Pearson, 1979; Ydenberg et al., 1994).
Krill aggregations that are large with high biomass (like our Large-
dense aggregations) allow for maximum energy intake by foraging
Adélie penguins. Adélie penguins are visual hunters and large ag-
gregations are also more visible, enabling shorter search times between
foraging bouts (Grünbaum and Veit, 2003; Jansen et al., 1998). Simi-
larly, aggregations that are closely spaced together (i.e. low NND va-
lues) reduce search time for Adélies. Adélie penguins typically exhibit
shallow hunting dives, often targeting the upper 40 m of the water
column (Chappell et al., 1993; Cimino et al., 2016), thus shallower
aggregations mean less energy expenditure in diving and a shorter
surface recovery time (Chappell et al., 1993; Kooyman, 1989).

We found significant variability in the predominant aggregation
type between survey days that could be described, at least in part, by
key environmental predictor variables discussed in further detail below.

Fig. 3. Krill length frequencies in 1 mm length bins,
for (A) 2011–2012, (B) 2012–2013, (C) 2013–2014,
and (D) 2014–2015. Recruitment index (RI) is shown
for each season.

Table 3
Mean (standard error) aggregation parameters for aggregation Types I-III identified with
Principle Component Analysis and Partitioning Around Medoids analysis. Eigenvectors
for the first three principle components (PC1–PC3) are provided for each aggregation
parameter. The percent variation explained by each principle component is given in
parentheses. Aggregation parameters with significant influence are highlighted in bold.
NND is nearest neighbor distance. (For interpretation of the references to color in this
table legend, the reader is referred to the web version of this article.).
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4.1. Effects of the environment on the occurrence of Large-dense
aggregations

We found that the occurrence of Large-dense aggregations was de-
pendent on wind speed and direction. During the summer months at
Palmer Station, winds are primarily from the south, west or a combi-
nation of the two. Large-dense aggregations were more frequent when
winds were predominantly out of the west. The proportion of Large-
dense aggregations was, however, negatively correlated with southerly
winds. Due to the orientation of Anvers Island, persistent westerly
winds drive an onshore flow of surface waters as a result of Ekman
transport. Coincident surface current measurements from a 3-site high
frequency radar (HFR) system in January and February 2015 (Kohut
et al., 2014) show the mean onshore flow during these westerly winds,
from the head of the Palmer Deep Canyon towards Palmer Station
(Fig. 4C). Submarine canyons are known to be regions of elevated
biomass for euphausiids and small fishes (Allen et al., 2001; Genin,
2004; Lavoie et al., 2000; Mackas et al., 1997; Santora and Reiss, 2011)
and we suggest that this onshore flow transports krill aggregations from
the Palmer Deep Canyon into the nearshore region sampled by the
acoustic surveys. Due to the bathymetry of the nearshore region (see
Fig. 1), it is possible that krill brought inshore in this manner would
accumulate, thereby elevating local krill biomass levels (Franks, 1992;
Genin, 2004). Mean surface currents during southerly winds were
weakly onshore toward Palmer Station (Fig. 4D). It is less clear how this
would have resulted in proportionally fewer Large-dense aggregations.
However, southerly winds were less common than westerly winds
during the period when the HFR system was operating and they coin-
cided more frequently with diurnal tides. At our study site, the tidal
regime alternates between diurnal (single daily peak) and semi-diurnal
(dual daily peaks) on a roughly a two-week basis. The HFR data clearly
shows that the mean current direction across all diurnal tide days was
onshore (Fig. 4A), while the mean over all semi-diurnal days was away
from shore (Fig. 4B). It is possible then that the onshore mean surface
current direction observed during southerly winds was determined
more by tidal regime than wind in that period (January–February
2015).

Large-dense aggregations were observed more frequently during
diurnal tides than they were during semi-diurnal tides. These findings
suggest that during diurnal tides surface currents likely transport krill
from the head of the Palmer Deep Canyon toward the nearshore waters
off Palmer Station. During semi-diurnal tides, surface currents are di-
rected away from our study site, removing krill from the nearshore
waters. These findings are consistent with the higher krill biomass ob-
served in the nearshore region during diurnal tides (Bernard and
Steinberg, 2013).

4.2. Effects of the environment on the occurrence of Small-close
aggregations

Like Large-dense aggregations, Small-close aggregations were en-
countered most frequently during diurnal tides as opposed to semi-
diurnal tides. Although these aggregations were not necessarily large and
were relatively deep, they were numerous and closely spaced, and were
within the average dive depth of Adélie penguins (i.e. ~40 m, Chappell
et al., 1993; Cimino et al., 2016). Interestingly, the frequency of occur-
rence of Small-close aggregations was negatively correlated with phy-
toplankton biomass, suggesting that either (i) krill were avoiding areas of
high phytoplankton biomass, or (ii) they were grazing at rates high en-
ough to control phytoplankton stocks. Since krill are important grazers of
phytoplankton, particularly during the spring and summer months when
primary productivity is elevated and phytoplankton biomass is conse-
quently high (Bernard et al., 2012), we suggest that the latter option is
more likely. Indeed, in the same region one year prior to the start of our
study, Cimino et al. (2016) found that krill aggregations occurred in
areas with lower integrated Chl-a. At greater temporal scales in the same
nearshore region, interannual peaks in krill abundances occurred in re-
sponse to strongly positive spring/summer Chl-a anomalies the year
before (Saba et al., 2014). Similarly, at a larger spatial scale, phyto-
plankton primary productivity was the main environmental control
driving interannual summer abundances of Antarctic krill (with a 2-year
lag) along the WAP study region of the PAL LTER (Steinberg et al., 2015).
Chl-a is thus an important predictor of krill biomass at multiple scales.

4.3. Effects of the environment on the occurrence of Small-sparse
aggregations

Small-sparse aggregations responded with opposite trends to Large-
dense and Small-close aggregations. Small-sparse aggregations were
rarely encountered during diurnal tides, but rather dominated the ag-
gregation types during semi-diurnal tides. We postulate that the pre-
dominant offshore current direction during semi-diurnal tides would
have removed the majority of krill aggregations, leaving only few,
sparsely distributed aggregations to remain. It is likely that in such a
scenario, the low krill biomass in the nearshore waters would have
released grazing pressure on phytoplankton standing stocks, thereby
allowing Chl-a concentrations to rise. Indeed, our models showed a
positive correlation between Small-sparse aggregations and Chl-a.
Small-sparse aggregations were also negatively correlated with SST.
While the mechanisms behind this are less clear, it is possible that low
SST values may be indicative of increased through flow and mixing,
conditions that may have dispersed krill aggregations, resulting in the
predominance of only those that are small and sparse.

Table 4
Results from the linear mixed effects models used in the information-theoretic approach, showing Akaike's Information Criteria for small sample size (AICc), change in AICc (ΔAICc), and
AICc weights (AICw) for each aggregation type (Types I-III). The best model fits are highlighted in orange. (For interpretation of the references to color in this table legend, the reader is
referred to the web version of this article.).
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5. Conclusion

We found that krill biomass and aggregation size were greatest
during diurnal tides and when westerly winds predominated. Both
conditions result in the net onshore flow of surface currents trans-
porting waters from the Palmer Deep Canyon into the nearshore off
Palmer Station, where the flow presumably interacts with bathymetry,
resulting in accumulation of krill. Franks (1992) described the me-
chanisms by which biomass might accumulate at fronts, distinguishing
between retention (characterized by closed particle streamlines) and
accumulation (characterized by convergent particle streamlines) and
noted that accumulation of strong swimmers, like krill, is likely. Given
our findings presented above, we suggest that the nearshore waters off
Palmer Station function as a zone of accumulation for krill during per-
sistent westerly winds and diurnal tides.
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