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Abstract
The Palmer Deep canyon along the West Antarctic Peninsula is a biological hotspot with abundant phyto-

plankton and krill supporting Adélie and gentoo penguin rookeries at the canyon head. Nearshore studies have
focused on physical mechanisms driving primary production and penguin foraging, but less is known about
finer-scale krill distribution and density. We designed two acoustic survey grids paired with conductivity–tem-
perature–depth profiles within adjacent Adélie and gentoo penguin foraging regions near Palmer Station, Ant-
arctica. The grids were sampled from January to March 2019 to assess variability in krill availability and
associations with oceanographic properties. Krill density was similar in the two regions, but krill swarms were
longer and larger in the gentoo foraging region, which was also less stratified and had lower chlorophyll con-
centrations. In the inshore zone near penguin colonies, depth-integrated krill density increased from summer to
autumn (January–March) independent of chlorophyll concentration, suggesting a life history-driven adult krill
migration rather than a resource-driven biomass increase. The daytime depth of krill biomass deepened through
the summer and became decoupled from the chlorophyll maximum in March as diel vertical migration magni-
tude likely increased. Penguins near Palmer Station did not appear to be limited by krill availability during our
study, and regional differences in krill depth match the foraging behaviors of the two penguin species. Under-
standing fine-scale physical forcing and ecological interactions in coastal Antarctic hotspots is critical for
predicting how environmental change will impact these ecosystems.

The West Antarctic Peninsula is characterized by high sum-
mer primary productivity, large krill stocks, and abundant pen-
guins, whales, and seals (Ross et al. 1996a). Although the entire
inner continental shelf is highly productive, penguin colonies
are distributed heterogeneously (Fraser and Trivelpiece 1996),
which has been related to the presence of deep submarine can-
yons that extend from the continental shelf break to the land
margin and transport warm (> 1�C), high-nutrient Upper Cir-
cumpolar Deep Water inshore (Couto et al. 2017). The interac-
tion between the ocean currents and bathymetry in these
canyons serves to concentrate and promote phytoplankton

growth (Kavanaugh et al. 2015; Carvalho et al. 2019), and to
aggregate Antarctic krill (Euphausia superba), supporting large
higher trophic level populations (Santora and Reiss 2011). Few
studies have investigated local-scale krill distributions within
these canyon hotspots and their direct impact on predator forag-
ing ecology.

The West Antarctic Peninsula is undergoing significant
warming and melting, leading to a latitudinal climate gradient
with warm, moist subpolar conditions propagating south to
replace cold, dry polar conditions (Stammerjohn et al. 2012;
Cook et al. 2016). The Palmer Deep submarine canyon,
located near the U.S. research base Palmer Station, is in the
transition zone between polar and subpolar climates, making
it an ideal location to study ecosystem changes. Polar, ice-
obligate Adélie penguins (Pygoscelis adeliae) have high breed-
ing site fidelity and natal philopatry (i.e., they repeatedly
return to their birthplace to breed), and colonies in the Palmer
region have existed for hundreds to thousands of years
(Emslie 2001). With sea ice loss and increased snowfall, local
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Adélie penguin populations have declined � 90% since the
1970s (Fraser et al. 2020). Concurrently, sub-Antarctic, ice-
intolerant gentoo penguins (Pygoscelis papua) established colo-
nies near Palmer Station in 1994 and have been increasing
ever since (Fraser et al. 2020). In the Palmer region, both spe-
cies feed almost exclusively on krill (Fraser and Hofmann 2003;
Pickett et al. 2018), and krill abundance in the region
remained relatively stable from 1993 to 2013 (Steinberg
et al. 2015). However, from 1976 to 2016 there was a krill
abundance decline in the southwest Atlantic sector, and a
southward range contraction that concentrated krill distribu-
tion along the West Antarctic Peninsula shelf (Atkinson
et al. 2019). This is notable because further warming could
cause additional range contractions and decreased krill bio-
mass near Palmer Station (Klein et al. 2018), which in turn
could increase penguin foraging efforts and decrease breeding
success (Fraser and Hofmann 2003; Chapman et al. 2011).

Adélie and gentoo penguins are central place foragers, and
nearly a decade of penguin satellite tag data near Palmer Sta-
tion shows each species forages � 8–25 km from their respec-
tive colonies within two spatially segregated foraging habitats

(Fig. 1; Cimino et al. 2016; Pickett et al. 2018). Adélie pen-
guins breeding on Humble and Torgerson Islands forage
mainly over the northern flank of the Palmer Deep canyon at
shallow depths (mean 17.1 � 8.8 m; Pickett et al. 2018). This
region is characterized by fresher, coastally influenced waters
with shallow mixed layer depths (MLDs), slower currents, lon-
ger residence times (1–4 d), and higher chlorophyll concentra-
tions (Carvalho et al. 2016; Kohut et al. 2018). Gentoo
penguins breeding on Biscoe Point forage over the southern
flank of the canyon and into the Bismarck Strait, often at
deeper depths (mean 41.5 � 23.6 m; Pickett et al. 2018). This
region is more offshore-influenced with intrusions of warm
and nutrient-rich Upper Circumpolar Deep Water, deeper
MLDs, faster currents, shorter residence times (0.2–2 d), and
lower chlorophyll concentrations (Carvalho et al. 2016; Kohut
et al. 2018). Despite the importance of krill within this ecosys-
tem, little is known about their role linking physical and pri-
mary production dynamics to penguin foraging. Previous
studies show that austral summer krill distributions in the
Palmer Deep canyon are influenced by physics (e.g., tidal
cycles, MLD, winds) and phytoplankton concentration

Fig 1. Map of the region south of Anvers Island along the West Antarctic Peninsula (inset) showing penguin foraging 2D kernel density estimates (KDE)
based on foraging dives from satellite tag data from 2009 to 2019 (blue = Adélie foraging region, red = gentoo foraging region). The outer extent of the
colored area is the 90% KDE, the thick line is the 80% KDE, and the thin line is the 50% KDE. Overlaid are the locations of the acoustic surveys, CTD pro-
filing stations, and net tows. The blue triangle represents Adélie penguin colonies on Humble/Torgerson Islands, the red triangle represents the gentoo
penguin colony on Biscoe Point, and the yellow triangle represents Palmer Station. Survey leg numbers are labeled 1–5 in black for each foraging region.
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(Bernard and Steinberg 2013; Cimino et al. 2016; Bernard
et al. 2017) and that foraging penguins respond to physical
characteristics such as surface convergent features and tides
(Oliver et al. 2013, 2019). Our study is the first to document
seasonal krill dynamics specific to the two penguin foraging
regions and describe differences in krill availability for the
respective penguin populations. Using data collected over one
austral summer, we assess (1) differences in krill availability
(depth-integrated density, spatial and vertical distributions,
and swarm structure) between the two penguin foraging
regions; (2) associations between these patterns and regional
oceanographic properties; and (3) implications for penguin
foraging behavior. The surveys created for this study are the
start of a new data set introduced to the Palmer Antarctica
Long-Term Ecological Research (LTER) project, designed to
provide data on nearshore krill distributions at spatial and
temporal scales that are relevant to penguin foraging ecology.
Our results emphasize the importance of organismal life histo-
ries in understanding ecological interactions over seasonal
scales, which is crucial for predicting how continued environ-
mental change will impact krill and penguin populations in
ecologically important coastal areas.

Methods
Survey design

Survey design was based on 9 yr of penguin satellite tag
data (2009–2018) indicating the key foraging regions for
established Adélie and gentoo penguin colonies near Palmer
Station. Methods for processing tag data and calculating the
penguin foraging 2D kernel density estimations shown in
Fig. 1 are outlined in Cimino et al. (2016) and Pickett
et al. (2018). Two 20-nautical mile acoustic surveys were cen-
tered in each species’ foraging region (Fig. 1). Each survey was
paired with five conductivity–temperature–depth (CTD) profil-
ing stations located midway across each northwest-southeast
survey leg to collect ancillary physical oceanographic and phy-
toplankton data. Each survey was run weekly over one austral
summer season (January–March 2019) during the daytime
(approximately 9:00 to 15:00 h local) pending weather. When
possible, the two surveys were run on consecutive days; how-
ever, weather sometimes increased the interval to 3 d. Two
additional early-season surveys were conducted on
28 November 2018 in the Adélie region and on 18 December
2018 in the gentoo region. A total of 25 surveys were run over
the season, 14 in the gentoo foraging region and 11 in the
Adélie foraging region.

Acoustic data collection
Surveys were conducted aboard a 10-m-long rigid-hulled

inflatable boat equipped with a hull-mounted, downward-fac-
ing Simrad EK80 single-frequency (120 kHz) transducer
(Kongsberg Maritime, Kongsberg, Norway). During all surveys,
1 kW pulses at 256 ms duration were transmitted once per

second. Geographic positions were simultaneously logged
using the vessel’s Global Positioning System. Acoustic survey-
ing speed averaged five knots to ensure high-quality data
while allowing for the longest feasible survey distance. The
system was calibrated mid-season in the field using the stan-
dard sphere method (Foote 1990), whereby a 38.1-mm
tungsten-carbide calibration sphere with known acoustic
properties was suspended below the transducer and moved
within the acoustic beam.

Krill net sampling
To inform acoustic processing, E. superba were collected

from the RV Laurence M. Gould in the Palmer Deep canyon
using a 2 × 2 m square frame Metro net with 700-μm mesh
towed obliquely. Five net tows were conducted from
06 January 2019 to 08 January 2019 (three tows down to
120 m and two krill-targeted tows to 20 and 25 m, respec-
tively), and six net tows were conducted from 03 February
2019 to 05 February 2019 (two tows to 120 m, one krill-
targeted tow to 100 m, two double tow-yos to 60 m, and one
double tow-yo to 75 m). Length measurements were made for
a random subsample of 100 E. superba, or all E. superba caught
in each tow if there were < 100 krill (standard length 1 of
Mauchline 1980). Krill length–frequencies were calculated in
1-mm bins separately for January, February, and both months
combined. Gaussian mixture models were fit to the three
length-frequency distributions using the MATLAB function
fitgmdist. Based on visual examination of the length-frequency
histograms for the different time periods, three length modes
were selected for the analysis. The model output gives the
mean of each length mode and the mixing proportion for
each mode (probability that an observation comes from
that mode).

Acoustic data processing
Raw acoustic data from the 120-kHz transducer were

processed using Myriax Echoview version 10.0. Estimated
background noise levels were subtracted from the echogram,
and surface noise (top 4 m) and the ocean bottom were
removed before analysis. The calibration from the transducer
was applied to the echogram and adjusted for speed of sound
and absorption coefficients derived from CTD profiles taken
during each survey.

Volume backscattering strength (dB re 1 m−1) due to
E. superba was isolated using a −70 dB threshold (Lawson
et al. 2008). This threshold was estimated based on the maxi-
mum distance that krill can maintain visual contact with
other krill and reflects a packing density of 1.7 ind. m−3. In
addition to E. superba, the krill species Thysanoessa macrura
was present in the study area during the survey period. In
most cases, the −70 dB threshold and swarm detection param-
eters (see below) likely excluded T. macrura, which is distrib-
uted more evenly in space than E. superba and forms diffuse
aggregations that are acoustically distinct from those of
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E. superba (Daly and Macaulay 1988; Lawson et al. 2008).
Therefore, the contribution of T. macrura to estimated krill
biomass in this study is likely minor. The tunicate Salpa tho-
mpsoni has a similar target strength (TS) to krill (−85 to
−65 dB at 120 kHz; Wiebe et al. 2010); however, during the
study period, no salps were encountered in the net tows or
seen floating on the surface, which is common in years when
salps are abundant.

Because � 98% of krill biomass is contained in patches or
swarms (Fielding et al. 2014), swarms were isolated and used
for our analysis. Krill swarms were detected using the “School
Detection module” in Echoview. The software detected
swarms with a minimum length of 4.5 m and a height of 2 m
and linked swarms within 15 m horizontally and 5 m verti-
cally of each other. These parameters were determined based
on the resolution of our acoustic data, guided by methods in
Tarling et al. (2018). Detected swarms that were too small to
be corrected for beam geometry were removed from the analy-
sis (Diner 2001).

Acoustic noise limited the detection of swarms deeper
than 250 m; however, this limitation should have minimal
impact on our biomass estimates as most studies show that
summertime krill swarms typically reside in the top 150 m of
the water column (e.g., Miller and Hampton 1989). High
phytoplankton productivity in summer and early fall likely
resulted in little to no krill benthic feeding, which is usually
a result of reduced feeding success in surface waters (Schmidt
et al. 2011). Additionally, this analysis is focused on krill
availability to penguins in the Palmer region, which typically
forage in the top 150 m of the water column (Pickett
et al. 2018).

During our 25 survey days, a total of 3521 krill swarms were
detected. Individual swarm features were calculated including
mean length (m), mean height (m), and area (m2). Volume
backscattering strength was integrated within each krill
swarm, resulting in an area backscattering coefficient (sa; m

2

m−2) value. Depth-integrated krill sa values were similarly cal-
culated by integrating volume backscattering strength from
the surface to either 250 m or the seafloor, whichever was
shallower, in 10-m horizontal increments along each survey
track. To characterize the depth distribution of krill, volume
backscattering strength was also integrated within 10-m hori-
zontal by 1-m vertical bins for each survey, providing an sa
value for each grid cell.

The sa values from individual krill swarms, depth-integrated
survey segments, and 1-m vertical bins were all converted to
density (g wet weight [WW] m−2) following methods in Reiss
et al. (2008). Krill TS at 120 kHz was calculated using the sim-
plified stochastic distorted-wave Born approximation model
(Conti and Demer 2006) based on krill length–frequencies
from either January, February, or both months combined. To
remove extreme outliers, 99% of krill length–frequencies were
used (Tarling et al. 2009). Surveys conducted before 17 January
used January length-frequencies, surveys between 17 January

and 25 January used both months’ length-frequencies, and
surveys after 25 January used February length-frequencies.

Krill density (g WW m−2) in individual krill swarms, depth-
integrated survey segments, and 1-m vertical bins was calcu-
lated by multiplying sa values by an area-scattering conversion
factor (CF) for the respective length-frequency distribution:

CF =

PB

b= 1
f b ×w Lbð Þ

PB

b=1
f b × σ Lbð Þ

,

where B is the total number of length-frequency bins, b, fb is the

frequency for each length-frequency bin, w (g per krill) is the WW

of an individual krill as a function of body length (L; mm), calcu-

lated using the model developed from Commission for the Conser-

vation of Antarctic Marine Living Resources 2000 survey data in

the Scotia Sea (Hewitt et al. 2004):

w=2:236×10−6 ×L3:314,

and σ (m2 per krill) is the backscattering cross section of an indi-

vidual krill as a function of body length:

σ =10TS Lð Þ=10:

Total biomass (g WW) in individual krill swarms, depth-integrated

survey segments, and 1-m vertical bins was calculated by multiply-

ing the density of a krill swarm or bin by its area in m2.

Environmental data
At each profiling station, CTD (SeaBird Electronics Seacat

SBE 19plus sensor) and chlorophyll a (Chl a) fluorescence
measurements (Wet Labs ECO fluorometer sensor) were made
down to 120 m depth or within 10 m of the bottom at
shallower stations. These downcast data were averaged in 1-m
depth bins. Chl a fluorescence was calibrated against discrete
water samples collected at 50 and 65 m twice per week from
January to March at Palmer LTER Sta. E (located just east of
Outcast Island, Fig. 1). Water samples were filtered onto
Whatman GF/F filters, extracted in 90% acetone, and analyzed
using a Turner fluorometer. Calibrated Chl a profiles were
then corrected for nonphotochemical quenching using
methods from Xing et al. (2012). For each profile, 50 m aver-
aged temperature, 50 m averaged salinity, 50 m averaged par-
ticulate beam attenuation coefficient (beam c), 50 m
integrated Chl a, and the depth of the chlorophyll maximum
were calculated.

Since photosynthetically active radiation (PAR) measure-
ments were not collected during surveys, 50 m averaged beam
c measurements were compared to the depth of 1% PAR mea-
sured biweekly at Sta. E from January to March. A negative lin-
ear correlation was found between the two (Pearson’s
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r = −0.78, p ≤ 0.001, n = 23), and therefore, 50 m averaged
beam c was used as a proxy for light attenuation in the surface
water column.

The seasonal MLD was calculated from vertical profiles of
temperature and salinity according to Carvalho et al. (2017)
and is based on the depth of the maximum buoyancy fre-
quency (max(N2)). A quality index value (QI; Lorbacher
et al. 2006) was calculated for each vertical profile and was used
to filter out profiles without significant stratification (QI < 0.5).
This approach was validated using a ship-based study along the
West Antarctic Peninsula (Schofield et al. 2018).

Wind speed (m s−1) measurements were obtained from an
automated weather station located just behind Palmer Station.
12-h averages of wind speeds were calculated for the duration
of the study period using 2-min data.

Statistical analysis
All statistical analyses were conducted in MathWorks

MATLAB version R2019b. Data were grouped prior to statisti-
cal analysis to address specific spatial and temporal questions.
For spatial analysis, a single value for each krill variable
(median swarm length, median swarm height, median swarm
area, median swarm biomass, median swarm density, median
krill depth, mean depth-integrated krill density, and number
of krill swarms per kilometer) was calculated for each of the
five survey legs in the two penguin foraging regions (see
Fig. 1) for all survey days. This approach allowed pairing of
the CTD and acoustic data and created equal sample sizes for
all variables. For temporal analysis, a single mean or median
value for each krill variable (see above) and environmental
variable (mean 50 m averaged temperature, mean 50 m aver-
aged salinity, mean 50 m integrated Chl a, mean 50 m aver-
aged beam c, mean MLD, and mean max(N2)) was calculated
for each survey day in the two penguin foraging regions. The
same approach was used for the two inshore survey legs com-
bined and the two offshore survey legs combined within each
foraging region. For temporal and spatial analyses, the median
krill depth was calculated using 1-m vertically binned krill
densities averaged across each leg and survey. Only the
10 weeks when both surveys were conducted were included in
statistical analyses to allow for a paired sample design.

Spatial differences between and within penguin foraging
regions were analyzed with generalized linear mixed-effects
models (GLMMs) fit by maximum likelihood (MATLAB func-
tion fitglme) using the single mean or median values for each
survey leg. We chose GLMMs because many of the model
response variables had nonnormal data distributions that gen-
eralized models can accommodate, and because mixed models
can account for the temporal dependence in our data caused
by our repeated, paired sample design. Each environmental
and krill variable was the response variable in three different
models. The first model included penguin foraging region
(Adélie or gentoo) as a categorical, fixed effect to test for spa-
tial differences between foraging regions. The other two

models included survey leg (1–5) as a continuous, fixed effect
to test for inshore to offshore differences across the Adélie and
gentoo regions, respectively. Sampling week was included as a
random effect in all models to account for the repeated, paired
sample design. For all GLMMs, appropriate model error distri-
butions and link functions were selected by visually inspecting
histograms of response variables.

Temporal trends for each penguin foraging region were
analyzed with generalized linear models (GLMs; MATLAB
function fitglm) using the single mean or median values for
each survey day. Each environmental and krill variable was set
as the response variable in six different models. A pair of
models tested for temporal change in the full Adélie and gen-
too foraging regions, respectively. A second pair of models
tested for temporal change in the two inshore survey legs of
the Adélie and gentoo foraging regions, respectively. A third
pair of models tested for temporal change in the two offshore
survey legs of the Adélie and gentoo foraging regions, respec-
tively. All models included sampling date as a continuous,
fixed variable. For all GLMs, appropriate model error distribu-
tions and link functions were selected by visually inspecting
histograms of response variables.

To determine relationships between environmental and
krill variables, non-parametric Kendall rank correlation tests
(MATLAB function corr) were used due to the non-normal data
distributions of most variables. Variables were paired by survey
leg for correlations so that the sample size of krill variables
matched the sample size of environmental variables derived
from CTD profiles.

Results
Krill population characteristics

During our study, three modes of krill lengths were detected
in the Palmer Deep canyon region. Juvenile krill (modes 1 and 2)
accounted for 41% of total measured animals (Fig. 2A). From
January to February, mode 1 shifted from 13.2 to 15.2 mm, while
mode 2, centered at 21.1 mm in January, mostly disappeared
from the region by early February (Fig. 2B,C). Adult krill (mode
3) accounted for 59% of total measured animals and shifted from
35.3 to 44.0 mm from January to February (Fig. 2A–C).

Spatial variability
Significant differences between the adjacent penguin forag-

ing regions were found from January to March. The Adélie
region was significantly fresher with higher max(N2) magni-
tudes, higher integrated Chl a concentrations, and shallower
MLDs than the gentoo foraging region (GLMM, p ≤ 0.03;
Table 1; Fig. 3A-D). The Adélie region was also marginally
warmer with higher beam c values (i.e., increased light attenu-
ation) than the gentoo foraging region (GLMM, p = 0.13 and
0.08, respectively; Table 1; Fig. 3E,F). Temperatures < 0.5�C,
salinities < 33.6, and max(N2) values > 1.0 × 10−3 were all pre-
sent in the Adélie region but absent in the gentoo region,
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indicating a greater influence of surface meltwater in the Adé-
lie region (Fig. 3A,B,E).

Krill swarms in the gentoo foraging region were longer,
thicker, larger, denser, and contained higher biomass than
swarms in the Adélie region (GLMM, p ≤ 0.002; Table 1;
Fig. 4A–E). Additionally, fewer krill swarms were encountered
when the Chl a concentration was low (Kendall, p = 0.01,
τ = 0.18, n = 94), and these swarms were longer and larger
(Kendall, p ≤ 0.001 and 0.002, τ = −0.28, and −0.21, n = 94
and 94, respectively). Despite differences in krill swarm struc-
ture, there were no significant differences in the median krill
depth, depth-integrated krill density, or the number of krill
swarms per kilometer between foraging regions (GLMM,

p ≥ 0.27; Table 1; Fig. 4F-H). Although the difference in
median krill depth was not statistically significant, the median
value in the Adélie region was 28 m shallower than in the gen-
too region (55 vs. 83 m; Fig. 4F), which is similar to the
24.4 m difference in mean penguin foraging dive depths
between the two regions (17.1 m for Adélie penguins and
41.5 m for gentoo penguins; Pickett et al. 2018).

There was less variability within each foraging region than
between them. There were no significant differences across
survey legs for environmental variables in either region
(GLMM, p ≥ 0.15; Supporting Information Table S1) or for krill
variables in the gentoo foraging region (GLMM, p ≥ 0.14;
Table 2). However, in the Adélie region, depth-integrated krill

Fig 2. Euphausia superba length-frequency distributions in the nearshore Palmer Deep canyon for (A) January and February combined (11 net tows,
739 krill measured), (B) 06 January 2019–08 January 2019 (five net tows, 453 krill measured), and for (C) 03 February 2019–05 February 2019 (six net
tows, 286 krill measured). Black lines indicate the best component fits for each krill mode based on Gaussian mixture models.

Table 1. Results from GLMMs assessing the differences in variables between Adélie and gentoo penguin foraging regions. Models for
50 m averaged temperature and 50 m averaged salinity used a normal distribution and identity link function while all other models used
a gamma distribution and log link function. Significant results are indicated in bold. Weather occasionally prevented profiling at some
CTD stations, and some MLD profiles failed to meet the QI threshold, resulting in n < 50 for those CTD-derived variables.

Variable Adélie (n) Gentoo (n) Coeff. SE t p

50 m averaged temperature (�C) 45 49 −0.08 0.05 −1.51 0.13

50 m averaged salinity (PSU) 45 49 0.10 0.02 6.78 < 0.001

50 m integrated chlorophyll a (mg m−2) 45 49 −0.18 0.08 −2.19 0.03

50 m averaged beam c (m−1) 45 49 −0.08 0.05 −1.78 0.08

MLD (m) 28 24 0.34 0.15 2.29 0.03

Max(N2) 28 24 −0.43 0.12 −3.65 < 0.001

Krill swarm length (m) 50 50 0.39 0.09 4.53 < 0.001
Krill swarm height (m) 50 50 0.38 0.12 3.21 0.002

Krill swarm area (m2) 50 50 0.85 0.17 4.85 < 0.001

Krill swarm biomass (g WW) 50 50 4.12 0.43 9.57 < 0.001
Krill swarm density (g WW m−2) 50 50 1.35 0.34 3.97 < 0.001

Median krill depth (m) 50 50 0.11 0.14 0.84 0.41

Depth-integrated krill density (g WW m−2) 50 50 0.28 0.28 0.98 0.33

Number of krill swarms per kilometer 50 50 −0.16 0.14 −1.12 0.27
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density was highest inshore where there were more krill
swarms per kilometer (GLMM, p ≤ 0.003; Table 2; Fig. 5A,B).
This heightened inshore density existed despite individual
swarms being less dense and containing less biomass on the
inshore survey legs (GLMM, p ≤ 0.004; Table 2; Fig. 5C,D).
Krill distribution was also deepest inshore in the Adélie region
(GLMM, p = 0.01; Table 2; Fig. 5E).

Spatiotemporal variability in krill density
The temporal trends of environmental and krill variables

inshore vs. offshore were mostly similar. For example, median
krill depth deepens over time both inshore and offshore in
both regions (GLM, p ≤ 0.005; Supporting Information
Tables S2 and S3). However, the temporal trends in depth-
integrated krill density showed different patterns inshore

vs. offshore. In the first half of our paired sampling period
(13 January–16 February), depth-integrated krill density was
highest in the gentoo region, and biomass was concentrated
in the offshore survey legs near the Wauwerman Islands
(Fig. 6A). In the second half of our study period (17 February–
23 March), krill density was highest at the inshore survey legs
in both regions (Fig. 6B). Although krill density was variable
week to week, increasing trends in krill density for the inshore
survey legs and decreasing trends for the offshore survey legs
in both foraging regions suggest an inshore redistribution of
krill biomass from January to March (Fig. 6C,D).

Seasonal patterns
Despite significant environmental differences between the

two foraging regions, seasonal patterns were similar (Fig. 7A,B,

Fig 3. Differences in (A) 50 m averaged salinity, (B) max(N2), (C) 50 m integrated chlorophyll a, (D) MLD, (E) 50 m averaged temperature, and (F)
50 m averaged beam c between the Adélie and gentoo survey regions. In each box plot, the horizontal line represents the median value, the top and bot-
tom box limits represent the 25th and 75th percentiles, whiskers represent the full range of non-outlier observations, and multiplication (×) symbols repre-
sent outliers. The colored points are the mean values for each paired sampling day. Black lines indicate GLMM fits and asterisks indicate GLMM
significance levels in Table 1 (*0.01 < p ≤ 0.05, ***p ≤ 0.001, absence of asterisks indicates p > 0.05). See Table 1 for n values.
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D,E). Surface freshwater pulses throughout the season stabi-
lized the water column (increased max(N2); Kendall, p = 0.01,
τ = −0.24, n = 52) and spurred phytoplankton blooms (Ken-
dall, p = 0.008, τ = −0.19, n = 94). In January, relatively calm
winds (mean 2.8 m s−1) and the presence of surface meltwater
(0–10 m) resulted in shallow MLDs (mean Adélie = 7.8 m;

mean gentoo = 12.3 m) and high max(N2) values (mean Adé-
lie = 0.001; mean gentoo = 6.9 × 10−4). On 24 January, a peak
in wind speed (12.8 m s−1) deepened respective MLDs to 48.3
and 60.0 m in the Adélie and gentoo regions, concurrent with
increases in integrated Chl a from respective averages of 69.1
and 61.7 mg m−2 before the wind event to peaks of 176.8 and

Fig 4. Differences in (A) krill swarm length, (B) krill swarm height, (C) krill swarm area, (D) krill swarm density, (E) krill swarm biomass, (F) median krill
depth, (G) depth-integrated krill density, and (H) the number of krill swarms per kilometer between the Adélie and gentoo survey regions. In each box
plot, the horizontal line represents the median value, the top and bottom box limits represent the 25th and 75th percentiles, whiskers represent the full
range of nonoutlier observations, and multiplication (×) symbols represent outliers. The colored points are the mean values for each paired sampling day.
Black lines indicate GLMM fits and asterisks indicate GLMM significance levels in Table 1 (**p ≤ 0.01, ***p ≤ 0.001, absence of asterisks indicates
p > 0.05). See Table 1 for n values.

Table 2. Results from GLMMs assessing the differences in krill variables across survey legs within each penguin foraging region (Adélie
and gentoo). All models used a gamma distribution and log link function. Significant results are indicated in bold. n = 10 for all legs in
each region.

Adélie region Gentoo region

Variable Coeff. SE t p Coeff. SE t p

Krill swarm length (m) 0.04 0.03 1.38 0.18 0.008 0.04 0.17 0.86

Krill swarm height (m) −0.05 0.04 −1.49 0.14 −0.10 0.06 −1.47 0.15

Krill swarm area (m2) −0.06 0.05 −1.08 0.29 −0.15 0.10 −1.51 0.14

Krill swarm biomass (g WW) −0.48 0.14 −3.49 0.001 −0.23 0.27 −0.83 0.41

Krill swarm density (g WW m−2) −0.28 0.09 −3.06 0.004 −0.20 0.20 −1.01 0.32

Median krill depth (m) 0.15 0.06 2.61 0.01 −0.07 0.05 −1.44 0.16

Depth-integrated krill density (g WW m−2) 0.37 0.12 3.12 0.003 −0.02 0.15 −0.13 0.90

Number of krill swarms per kilometer 0.14 0.04 3.45 0.001 0.10 0.08 1.31 0.20
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159.5 mg m−2 just after the wind event. MLDs deepened to
70.6 and 67.0 m in the Adélie and gentoo regions, respec-
tively, in late February due to higher wind speeds in the first
half of February (mean 4.8 m s−1). In response, phytoplankton
biomass decreased to an average of 70.4 and 41.7 mg m−2.
Calmer winds in late February and early March (mean
2.5 m s−1) and a small surface meltwater layer reduced MLDs
in mid-March (Adélie = 10.5 m; gentoo = 28.6 m), leading to a
secondary small bloom (Adélie = 111.1 mg m−2;
gentoo = 111.9 mg m−2).

Krill biomass deepened significantly in both regions (GLM,
p ≤ 0.005; Supporting Information Table S4; Fig. 7C,F), espe-
cially following the primary phytoplankton bloom. The
median krill depth increased from an average of 21.4 and
47.6 m in January to an average of 165.7 and 149.5 m in
March for the Adélie and gentoo regions, respectively. Deeper
median krill depths were correlated with lower integrated Chl
a concentrations (Kendall p ≤ 0.001, τ = −0.26, n = 94) and
lower beam c values (Kendall p ≤ 0.001, τ = −0.37, n = 94). In
both regions, the median krill depth remained closer to the
depth of the chlorophyll maximum through the primary
bloom (Adélie = 8.4 m and gentoo = 28.5 m average depth

differences) than post-bloom when the difference between the
two became larger (Adélie = 84.4 m and gentoo = 73.5 m dif-
ferences in February; Adélie = 152.6 m and gentoo = 137.7 m
differences in March), indicating a decoupling of krill biomass
from the chlorophyll maximum (Fig. 7B,C,E,F).

The date of peak penguin chick fledging (13 February for
Adélie penguins and 01 March for gentoo penguins) coincides
with the deepening of krill biomass in both regions (Fig. 7C,
F). Percent krill biomass available within each species’
observed foraging depths (0–82 m for Adélie penguins and
0–144 m for gentoo penguins) decreased from an average of
75.7 to 16.3% in the Adélie region and from 96.3 to 44.8% in
the gentoo region from before to after peak fledging.

Discussion
The Adélie and gentoo penguin foraging regions are adja-

cent to each other in the Palmer area, with the colonies
located roughly 10 km apart, yet the foraging regions have sig-
nificantly different oceanographic properties and krill avail-
ability. These small-scale differences are significant to central
place foraging penguins that have limited foraging ranges and

Fig 5. Differences in (A) depth-integrated krill density, (B) the number of krill swarms per kilometer, (C) krill swarm density, (D) krill swarm biomass, and
(E) median krill depth across the five survey legs of the Adélie survey, with survey leg 1 located offshore and leg 5 located inshore. In each box plot, the
horizontal line represents the median value, the top and bottom box limits represent the 25th and 75th percentiles, and whiskers represent the full range
of non-outlier observations. The colored points are the values for each paired sampling day. Black lines indicate GLMM fits and asterisks indicate GLMM
significance levels in Table 2 (**p ≤ 0.01, ***p ≤ 0.001, absence of asterisks indicates p > 0.05). n = 10 for all.
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are responsible for the survival of their chicks at the nest.
These fine-scale and dynamic features are important in under-
standing differences in the foraging ecology between the local
penguin populations as this polar ecosystem continues to
change.

Krill population characteristics
Juvenile krill accounted for 41% of total measured animals,

indicating a moderately successful recruitment year (Fig. 2;
Ross et al. 2014). The prevalence of small (10–20 mm) krill
during our study is unusual. Larval E. superba spawned the
same summer would most likely be in the calyptopis
stages (< 5 mm) during January/February, with relatively few
having reached furcilia stages (roughly 5–15 mm; Gibbons

et al. 1999). Thus, the 10–20 mm mode is either very large
age-class 0 krill or small age-class 1 krill. The latter is more
likely, and two separate length modes for age-class 1 krill are
sometimes reported during summer along the West Antarctic
Peninsula (Ross et al. 2014).

Spatial variability
The Adélie region was fresher, had greater integrated Chl

a and max(N2) values, a shallower MLD, and a greater influ-
ence of coastal meltwater (Fig. 3; Table 1). The Adélie region
receives greater inputs of coastal meltwater and has slower cur-
rents, resulting in a stable water column conducive to phyto-
plankton growth (Carvalho et al. 2016; Kohut et al. 2018).
Conversely, the gentoo region receives offshore intrusions of

Fig 6. Seasonal spatiotemporal trends in krill biomass. Maps of mean depth-integrated krill density with the size of the circle scaled to density for roughly
1-month periods during the early and late austral summer: (A) 13 January 2019–16 February 2019 (n = 5 surveys) and (B) 17 February 2019–23 March
2019 (n = 5 surveys). The blue triangle represents Adélie penguin colonies on Humble/Torgerson Islands, the red triangle represents the gentoo penguin
colony on Biscoe Point, and the yellow triangle represents Palmer Station. Time series of mean depth-integrated krill density for the inshore two survey
legs (purple dots) compared to the offshore two survey legs (black dots) for the (C) Adélie and (D) gentoo penguin foraging regions. Solid lines indicate
GLM fits (see Supporting Information Tables S2 and S3) with model p-values indicated in subplot legends.

Nardelli et al. Krill availability near Palmer Station

10



Upper Circumpolar Deep Water and has faster currents, which
flush coastal meltwater and phytoplankton out of the region
more quickly (Carvalho et al. 2016; Kohut et al. 2018).

There were no significant differences between depth-
integrated krill density, the median krill depth, or the number
of krill swarms per kilometer encountered in the two foraging
regions; however, there were significant differences in krill
swarming behavior (Fig. 4; Table 1). These patterns are signifi-
cant for foraging penguins that depend on food sources proxi-
mate to their colonies. Krill swarming behavior responds to
the environmental conditions that krill are experiencing,
mainly to aid in finding food (Folt and Burns 1999). In the
gentoo region, lower integrated Chl a concentrations corre-
lated with longer and larger swarms. Previous studies in the
Palmer region found krill swarms associated with low chloro-
phyll environments and attributed this pattern to grazing
(Bernard et al. 2017) and to avoidance of high phytoplankton
biomass areas that could be associated with higher predation
risks (Cimino et al. 2016). Alternatively, assuming some level
of organization between individuals within a swarm, a larger
swarm area may increase the probability of encountering

patches of food and increase foraging efficiency, and could be
a strategy to locate food in low chlorophyll environments
(Hamner and Hamner 2000; Tarling et al. 2009). Greater krill
densities are also found in shallower water depths and along
steep bathymetric slopes (Santora and Reiss 2011; Silk
et al. 2016), thus, the shallow and complex bathymetry (pin-
nacles and seamounts) around the Wauwerman Islands may
contribute to the higher-density swarms in the gentoo region.

Although not statistically significant, the median krill
depth was 28 m deeper in the gentoo region than the Adélie
region and was negatively correlated with Chl a and beam c.
Higher integrated Chl a concentrations in the Adélie region
increase light attenuation (reflected in higher beam c values)
and may offer more protection from visual predators than in
the gentoo region, allowing krill swarms to remain shallower.
Additionally, krill may remain deeper in the gentoo region to
avoid getting flushed from the region by strong surface cur-
rents (Kohut et al. 2018). Differences in krill depth distribu-
tions appear to drive differences in Adélie and gentoo foraging
depths, with gentoo penguins at Biscoe Point foraging on
average at deeper depths than Adélie penguins at Humble and

Fig 7. Time series of physical and biological properties in the (A–C) Adélie and (D–F) gentoo penguin foraging regions from November 2018 to March
2019. (A,D) Interpolated vertical cross-sections of daily averaged salinity overlaid with MLD (dashed line) and 12-h averaged wind speed (gray line).
(B,E) Interpolated vertical cross-sections of daily averaged chlorophyll a overlaid with MLD (dashed line). (C,F) Interpolated vertical cross-sections of daily
averaged krill density overlaid with MLD (dashed line). Horizontal dashed lines indicate the maximum dive depth for Adélie and gentoo penguins
(82 and 144 m, respectively) based on five summers of data from Pickett et al. (2018). Vertical solid lines indicate peak penguin chick fledging dates (day
when the most chicks fledged) in 2019 for each species (13 February for Adélie penguins and 01 March for gentoo penguins; methods in Chapman
et al. 2010).
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Torgerson Islands (41.5 and 17.1 m, respectively; Pickett
et al. 2018), roughly matching the 28 m difference in median
krill depth between the regions.

No significant environmental or krill differences were
found across the five survey legs in the gentoo region, but in
the Adélie region, there was higher depth-integrated density,
more krill swarms per kilometer, and deeper krill biomass
inshore compared to offshore (Fig. 5). Additionally, krill
swarms inshore were less dense and contained less biomass
despite the higher depth-integrated density inshore. Higher
depth-integrated krill density inshore could be related to the
shoaling bottom depths near Outcast Island, and deeper
inshore krill biomass could be a response to increased preda-
tion closer to the Adélie penguin colonies (Klevjer et al. 2010).
However, numerous low-biomass and low-density swarms
inshore contradict the expectation of larger and denser
swarms in the presence of visual predators (Fielding
et al. 2012), such as the Adélie penguins making foraging trips
from Humble and Torgerson Islands.

Spatiotemporal variability in krill density
Krill biomass dynamics operate on large spatial and tempo-

ral scales linked to their life history, with interannual variabil-
ity driven by recruitment success (Reiss et al. 2008; Saba
et al. 2014) and seasonal variability driven by horizontal
migration (Siegel 1988; Nicol 2006). In summer, the adult krill
population is concentrated near the shelf break, and juvenile
krill are most abundant in coastal waters (Siegel et al. 2013;
Conroy et al. 2020). In early autumn, adult krill begin moving
inshore to troughs or canyons where they can utilize deep
food resources during the winter (Cleary et al. 2016; Reiss
et al. 2017), while juvenile and larval krill may remain shallow
to access under-ice algae (Bernard et al. 2018; Walsh
et al. 2020). Over our study period, krill density increased
inshore in the Adélie and gentoo regions (Fig. 6) independent
of changes in environmental parameters. Although there is
variability in weekly krill distribution due to behavioral
responses to ocean physics, food availability, and predation,
the increased density inshore (especially in the Adélie region)
could be linked to the inshore migration of adult krill in late
summer. No net tows were available later than early February
to confirm this hypothesis, but presumably we would have
found a higher proportion of adult krill in those tows. The
inshore increase in the gentoo region is more variable, which
might reflect greater surface current speeds that may flush krill
out of the region via the Bismarck Strait (Kohut et al. 2018), or
the tendency of krill to aggregate near the seamounts and
walls that are present along the offshore survey legs near the
Wauwerman Islands.

The prevalence of juvenile krill during our study likely
benefitted both penguin species. Juvenile krill remain close to
shore in summer (Siegel et al. 2013; Conroy et al. 2020), caus-
ing mean depth-integrated krill density in our study to stay
high throughout the summer (minimums of 111.9 and 72.7 g

WW m−2 for the Adélie and gentoo regions, respectively),
which could lead to shorter foraging trips, chicks fed at more
frequent intervals, increased chick fledging masses, and
increased survival rates (Fraser and Hofmann 2003; Cimino
et al. 2014). During failed recruitment years, the lack of juve-
nile krill inshore during summer may increase the importance
of the cross-shelf adult krill migration for coastal penguin col-
onies and may lead to greater seasonal variability in krill
biomass.

Using 12 yr of Palmer LTER data (1995–2006), Sailley
et al. (2013) found that penguin colonies at Palmer Station
did not appear to be limited by local krill biomass. This agrees
with the results of our study. In austral summer 2018–2019,
there were 1586 Adélie penguin breeding pairs (3172 poten-
tially foraging adults) and 3655 gentoo penguin breeding pairs
(7310 potentially foraging adults; W. R. Fraser unpublished).
Along the West Antarctic Peninsula, past studies show average
krill consumption values per foraging trip of 348.6 (n = 48;
Volkman et al. 1980) and 510.7 g (n = 12; Trivelpiece
et al. 1987) for Adélie penguins and 365.0 (n = 46; Volkman
et al. 1980), 433.4 (n = 14; Trivelpiece et al. 1987), 671.1
(Admiralty Bay, n = 120; Miller et al. 2010), and 422.0 g (Cape
Shirreff, n = 130; Miller et al. 2010) for gentoo penguins. Using
the maximum average consumption estimates for each species
and assuming one foraging trip a day per penguin, 3172 Adé-
lie penguins and 7310 gentoo penguins would consume 1.6
and 4.9 tons of krill per day, respectively. Total krill biomass
encountered on a given survey day (only considering our
20 nautical mile survey line) ranged from 27.2 to 1075.4 tons
WW in the Adélie region and from 18.9 to 1266.6 tons WW
in the gentoo region, indicating no shortage of krill for pen-
guins within each foraging region, and plenty of prey left
over for other krill predators foraging in the region such as
whales, seals, fishes, and flying seabirds. In addition, Palmer
region penguins forage relatively close to colonies (� 8–
25 km) compared to penguins in other locations where forag-
ing trips can reach 100 km (Williams 1995), and both species
are capable of much deeper dives than are seen in the Palmer
region (Bost et al. 1994; Watanuki et al. 1997), further
supporting that penguins do not appear to be limited by krill
in this area.

Seasonal patterns
The seasonal dynamics of phytoplankton in both foraging

regions match those observed over six austral summer seasons
(2010–2015), with phytoplankton blooms coupled to surface
meltwater dynamics (Fig. 7A,B,D,E; Carvalho et al. 2016). In
late austral spring, day length is increasing, and solar warming
and sea ice melt stratify the upper water column allowing phy-
toplankton to remain in surface waters with ample access to
sunlight (Vernet et al. 2008). These conditions spur a large
phytoplankton bloom in January (Carvalho et al. 2016). Fol-
lowing the primary bloom, decreases in meltwater inputs com-
bined with increased wind mixing cause MLDs to deepen,
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mixing phytoplankton deeper in the water column out of the
range of sunlight needed for growth (Mitchell and Holm-
Hansen 1991) and leading to a decline in chlorophyll concen-
trations. A secondary bloom in late February/early March is
associated with increased freshwater input and increased water
column stability, likely initiated by continued seasonal
warming and glacial meltwater runoff into coastal waters
(Moline and Prézelin 1996; Carvalho et al. 2016).

Similar to other Antarctic studies (Taki et al. 2005; Fielding
et al. 2012), daytime krill biomass shifted deeper in the water
column from January to March (Fig. 7C,F). This pattern sug-
gests an increase in the magnitude of diel vertical migration
(DVM), a behavior cued by light that balances feeding with
the avoidance of visual predators (Hays 2003). During the
midsummer period of near continual daylight, E. superba
remains in surface waters to feed throughout the diel cycle
and exhibits shallow or inconsistent DVM (Tarling
et al. 2018). The first half of our study period is characterized
by long day length (21:17–16:05 h), with high integrated Chl
a concentrations that increase light attenuation in surface
waters (as evidenced by larger beam c values). Although day
length is long, darker daytime surface waters may offer some
protection from visual predators, allowing krill to remain shal-
low near the depth of the chlorophyll maximum. The proxim-
ity of the median krill depth to the chlorophyll maximum in
both regions through the primary bloom in late January/early
February suggests krill are feeding during the daytime.

Krill DVM is typically more pronounced during spring and
autumn when photoperiod is shorter (Ross et al. 1996b; Taki
et al. 2005). During the second half of our study, day length
was shorter (15:58–11:03 h) and integrated Chl
a concentrations decreased, which reduced light attenuation
in surface waters (as evidenced by decreased beam c values).
Brighter daytime surface waters may make krill more suscepti-
ble to visual predators, and reduced day length increases the
opportunity for protected nighttime feeding. The increased
distance between median krill depth and the depth of the
chlorophyll maximum in both regions after the primary
bloom suggests the prioritization of daytime predator avoid-
ance over feeding.

Adélie penguin breeding phenology is typically 2–3 weeks
earlier than that of gentoo penguins, with peak fledging
occurring in mid-February for Adélie penguins and in early
March for gentoo penguins (Pickett et al. 2018). Obtaining
high krill yields during periods of peak chick growth is criti-
cal for chick survival, and interestingly, the date of peak
fledging for each species coincided with the deepening of
krill biomass in their respective foraging regions (Fig. 7C,F).
Adélie penguins are migratory and usually depart the Palmer
area after fledging, while gentoo penguins are nonmigratory
and require food in this region beyond March. There are no
foraging data post-fledging, but gentoo penguins likely
increase foraging dive depths in March to match the depth
of the prey field.

Conclusions
Ongoing environmental change along the West Antarctic

Peninsula is expected to impact krill recruitment and penguin
foraging dynamics in the Palmer Station area. Water column
stratification and phytoplankton concentration do not appear
to impact the krill biomass present on a given day in the
Palmer area; however, bottom-up processes drive krill recruit-
ment success or failure over interannual scales (Saba
et al. 2014). Long-term warming, sea ice declines, and increas-
ing wind speeds cause MLDs to deepen and phytoplankton
concentrations to decline and shift to smaller cells (Montes-
Hugo et al. 2009), which could lead to sustained poor krill
recruitment over longer time scales. Decreased krill recruit-
ment could lead to greater seasonal fluctuations in krill abun-
dance near penguin colonies. Warmer waters and less sea ice
habitat could also detrimentally impact krill growth and lipid
accumulation (Ruck et al. 2014; Klein et al. 2018). Less consis-
tent krill availability and reduced prey quality may result in
increased penguin foraging efforts (e.g., longer foraging trip
durations, deeper dives). The transition from Adélie to gentoo
penguins in the region might shift the demand for krill later
in the summer based on differences in breeding phenology
and increase the need for seasonally sustained krill to accom-
modate a nonmigratory local population. However, gentoo
penguins have a more diverse diet than Adélie penguins, and
alternate prey options could potentially support their needs
when local krill availability is low (Pickett et al. 2018).

This study highlights large temporal and spatial variability
in krill distributions over the scales relevant to foraging pen-
guins in the Palmer Station vicinity (e.g., differences in krill
swarming behavior within regions only 10 km apart). This
emphasizes the importance of high-resolution data sets in
studying predator foraging ecology. Continued full-ecosystem
research incorporating organismal life-history strategies is
imperative for understanding the underlying factors that struc-
ture coastal biological hotspots and how further environmental
change will impact them.
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