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ABSTRACT: Antarctic krill Euphausia superba, crystal krill E. crystallorophias, and Antarctic sil-
verfish Pleuragramma antarctica are key mid-trophic level species in the Ross Sea, connecting pri-
mary production to the upper trophic levels. Distributions of these species were constructed from
observations made in the western Ross Sea from 1988 to 2004. Distributions of environmental con-
ditions were obtained from a 5-km resolution circulation model (temperature, mixed layer depth,
surface speed) and satellite-derived observations (chlorophyll, sea ice cover). A hierarchy of sta-
tistical methods determined correlations and relationships between species and environmental
conditions. Each species occupies a localized habitat defined by different environmental charac-
teristics. Antarctic krill are concentrated along the northwestern shelf break in a habitat charac-
terized by deep (>1000 m) bottom depth, warm temperature (1 to 1.25°C), decreased sea ice, and
proximity to the shelf break. Crystal krill and Antarctic silverfish are concentrated in Terra Nova
Bay. Common characteristics of the habitat for these species are southwesterly location, coastal
proximity, and cold temperature (-1.75 to —2°C). The habitat characteristics obtained for the 3 spe-
cies provide a basis for projecting potential distribution changes in response to environmental
change and for delineating regions of the Ross Sea for focused management and selection of
marine protected areas that support ecosystem-level conservation plans.

KEY WORDS: Antarctic krill - Euphausia superba - Crystal krill - E. crystallorophias - Pleuragramma
antarctica - Habitat characteristics - Ross Sea - Antarctic

INTRODUCTION

The Ross Sea is among the most biologically pro-
ductive regions within the Southern Ocean (Arrigo et
al. 1998b, 2008), contributing about 35% (23.4 + 9.98
Tg C yr "} [mean + SD]) of the annual Southern Ocean
shelf production (66.1 Tg C yr!; Arrigo et al. 2008).
The primary production of the Ross Sea supports a
complex and diverse food web that includes a suite of

*Corresponding author: LDavi062@odu.edu

apex predators (Pinkerton et al. 2010, Ballard et al.
2012, Smith et al. 2012). Two species of krill (Antarctic
Euphausia superba and crystal E. crystallorophias)
and one fish species (Antarctic silverfish Pleura-
gramma antarctica) account for the majority of the
mid-trophic level biomass in the Ross Sea and provide
an important link between primary production and
upper trophic levels (Daly & Macaulay 1988, Ainley et
al. 2006, Smith et al. 2007, Pinkerton et al. 2010).

© The authors 2017. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are un-
restricted. Authors and original publication must be credited.
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Many of the apex predators (e.g. penguins, seals,
and cetaceans), fish, and other mid-trophic level spe-
cies in the Ross Sea depend directly or indirectly on
krill and Antarctic silverfish as their primary food
source (Pinkerton et al. 2010, Smith et al. 2012,
Pinkerton & Bradford-Grieve 2014). This dependency
on a few mid-trophic level species sets up a food web
structure in the Ross Sea in which these few species
link and control energy flow between low and high
trophic levels (Ainley et al. 2015). As a result, changes
in distribution, abundance, and relative availability
of these 3 species affect all trophic levels.

Crystal krill and Antarctic silverfish are associated
with sea ice, which provides food and a nursery region
for eggs and early life stages (Laws 1985, Kellermann
1986b, Daly & Macaulay 1988), and these ice-oblig-
ate species tend to be found in neritic, ice-covered
regions (Hubold 1984, Kellermann 1986a, Thomas &
Green 1988, Hosie 1991, Pakhomov & Perissinotto
1996). For Antarctic krill, the presence of warm Cir-
cumpolar Deep Water (CDW) at depth is essential for
completion of their early life history (Hofmann et al.
1992, Hofmann & Hiisrevoglu 2003), and this species
tends to be found in regions where CDW is present
(Quetin & Ross 1984, Azzali & Kalinowski 2000, Sala
et al. 2002, Ashjian et al. 2004, Lawson et al. 2004).
These general distributions exhibit considerable
spatial variability between seasons and across the
Southern Ocean (Azzali & Kalinowski 2000, Siegel
2005, Lawson et al. 2008, Murphy et al. 2017). Studies
have considered relationships between krill abun-
dance and different environmental variables such as
temperature, oxygen concentration, sea ice, and salin-
ity (e.g. Witek et al. 1981, Weber et al. 1986, Siegel
2005, Atkinson et al. 2008, Murphy et al. 2017). How-
ever, predictable relationships that are stable between
areas and years have yet to be determined, and the
extent to which the distributions of this organism are
related to environmental conditions is unknown.
Understanding the factors influencing current krill
and Antarctic silverfish distributions will allow pro-
jections of distributional changes in response to
changing environmental conditions in the Ross Sea
(e.g. Smith et al. 2014Db).

The objectives of this study were to (1) construct
distributions of the 3 key mid-trophic level species in
the western Ross Sea and (2) evaluate the extent to
which the distributions of these species are corre-
lated with environmental variables. The first objec-
tive was addressed by constructing distributions of
Antarctic krill, crystal krill, and Antarctic silverfish
from historical literature. An optimized hot spot ana-
lysis was used to test the hypothesis that the species

are or are not randomly distributed. The second
objective was addressed by using an empirical
orthogonal function analysis to establish statistically
based quantitative relationships between species
and environmental variables that are associated with
the krill and silverfish habitat. Addressing these
objectives provides guidance for understanding the
effects of changes in mid-trophic level species on
ecosystem processes and biogeochemical cycles in
the Ross Sea.

METHODS
Species' data sources

The Italian Antarctic expeditions that took place in
the western Ross Sea (Fig. 1A) between 1988 and
2000 provided extensive surveys of the distribution of
Antarctic krill and crystal krill (Table 1, Fig. 1B). Krill
sampling for juveniles and adults occurred during
the austral summer (December to February) and late
austral spring (November) and extended from 64° to
77.5°S and from 177°W to 165°E (Fig. 1B). Antarctic
silverfish surveys were made between 1988 to 2004
as part of cruises that extended from 67° to 78°S and
from 175°W to 164°E during the austral late spring
and summer (Table 2, Fig. 1C). The abundance data
for Antarctic silverfish include the larval, postlarval,
and juvenile early life history stages. The aggregated
krill biomass and silverfish abundance distributions
reported from the cruises listed in Tables 1 & 2, re-
spectively, were digitized and converted to common
units of biomass (t km™?) and abundance (ind.
[1000 m®]™Y), respectively. Details of how the biomass
and abundance distributions were constructed from
the acoustic and net-based observations are pro-
vided in the references listed in Tables 1 & 2.

Environmental data sources

The average maximum temperature below 300 m
for the summer season of 2010 (Table 3, Fig. 2A) was
extracted from simulated circulation distributions ob-
tained from a 5-km horizontal resolution implemen-
tation of the Regional Ocean Modeling System
(ROMS) for the Ross Sea (Mack et al. 2017). The
300-m temperature distribution provides a tracer for
CDW which does not exhibit seasonal variations
(Dinniman et al. 2003).

Ocean color measurements (Table 3) from the Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) from
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Fig. 1. (A) Antarctica, showing the study region in the western Ross Sea and maps of the sampling distributions by year for (B)

krill (Euphausia superba and E. crystallorophias) and (C) Antarctic silverfish Pleuragramma antarctica. Bottom bathymetry

data are from NOAA National Centers for Environmental Information; International Bathymetric Chart of the Southern Ocean;
General Bathymetric Chart of the Oceans

September 1997 to April 2002 were obtained as part
of the Processes Controlling Iron Regulation at the
Mesoscale (PRISM) project that focused on the Ross
Sea (McGillicuddy et al. 2017). Chlorophyll concen-
trations (mg m~) estimated from SeaWiFS 8 d Level 3

construct an average growing season (December to
February) climatology (Fig. 2B).

Mixed layer depth (MLD; Table 3) was extracted
from simulated circulation distributions for September
2010 to February 2012 (Mack et al. 2017). The MLD,

binned seasonal climatology files were used to defined as the depth where density (o) differs from

Table 1. Summary of cruise dates, species sampled, life history stage, units, and reference for the Italian Antarctic Expeditions to the
western Ross Sea that provided the krill biomass data sets used in this study. The data sources were screened to avoid duplicate reporting
of biomass data sets. nm: nautical mile

Cruise date Species sampled Life history stage Units Reference
January-February 1988 Euphausia crystallorophias Juvenile & adult ind. m™2 Guglielmo et al. (2009)
December 1989 — January 1990 E. superba Adult t nm™2 Azzali & Kalinowski (2000)
November 1994 E. superba Adult t nm™2 Azzali & Kalinowski (2000)
December 1994 E. superba & E. crystallorophias Adult t nm™2 Azzali & Kalinowski (2000)
November 1994 E. superba & E. crystallorophias Adult t km™2 Azzali et al. (2006)
December 1994 E. superba & E. crystallorophias Adult t km™2 Azzali et al. (2006)
December 1997 E. superba & E. crystallorophias = Juvenile & adult t km™2 Azzali et al. (2006)
January 2000 E. superba & E. crystallorophias = Juvenile & adult t km™2 Azzali et al. (2006)
January-February 2000 E. superba & E. crystallorophias  Juvenile & adult  ind. (1000 m®~! Sala et al. (2002)
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Table 2. Summary of cruise dates, life history stage, units, and references for the Antarctic silverfish data used in this study.
The data sources were screened to avoid duplicate reporting of biomass data sets

Life history stage

Units

Reference

January-February 1988

November—-December 1994

January-February 1996
December 1997
January-February 2000
January 2004

November 1989 — January 1990

Postlarvae
Postlarvae
Postlarvae & juvenile

Juvenile

Larvae, postlarvae, & juvenile
Larvae, postlarvae, & juvenile
Larvae, postlarvae, & juvenile

ind. (100 m®)*
ind. (100 m3)~*
ind. (100 m®)!

ind. (100 m3)~*
ind. (1000 m3)!
ind. (1000 m?)~!
ind. (1000 m%)~!

Guglielmo et al. (1997)

Granata et al. (2000)

Vacchi et al. (1999),
Granata et al. (2000)

Granata et al. (2000)
La Mesa et al. (2010)
La Mesa et al. (2010)
La Mesa et al. (2010)

Table 3. Summary of environmental data, source, data time range, and references used in this study. Environmental dis-
tributions were produced from the summer average data (December—February). SeaWiFS: Sea-viewing Wide-Field-of-view
Sensor, SSM/I: Special Sensor Microwave Imager. The percent sea ice cover was calculated from the SSM/I measurements

using the methodology given in Cavalieri et al. (1996)

Environmental variable Source

Time Reference

Maximum temperature Ross Sea Circulation Model
below 300 m (°C)
Chlorophyll (mg m™)
Mixed layer depth (m)
Sea ice (% coverage)
Surface speed (m s™)

Ocean Color SeaWiFS

Ross Sea Circulation Model
SSM/1

Ross Sea Circulation Model

December 2010 — March 2011

September 1997 — April 2002
September 2010 — February 2012

September 2010 — February 2012

Mack et al. (2017)

McGillicuddy et al. (2017)
Mack et al. (2017)
Cavalieri et al. (1996)
Mack et al. (2017)

1988-2003

the surface by >0.01 kg m=3, was calculated from the
simulated daily averaged temperature and salinity
values, and averaged to provide monthly means. The
monthly MLD values were then averaged to obtain a
summer seasonal MLD climatology (Fig. 2C).

The summer average sea ice concentration (Table 3)
distribution in the Ross Sea was obtained from Spe-
cial Sensor Microwave Imager (SSM/I) measure-
ments made between 1988 and 2003 as part of an
analysis of sea ice changes in the Ross Sea (Fig. 3A,
Smith et al. 2014Db).

Estimates of the magnitude and variability of the
east—-west and north—south components of the veloc-
ity field are provided by simulated surface speed
distributions that were obtained from the Ross Sea
circulation model (Table 3, Mack et al. 2017). The
simulated daily surface speeds were averaged to
obtain monthly (December-February) distributions,
which were then averaged to provide a summer dis-
tribution (Fig. 3B).

Construction of species distributions and
environmental data sets

The krill, Antarctic silverfish, and environmental
data sets were imported into the geographic informa-

tion system package ArcGIS 10.2.2 to construct dis-
tributions of the individual variables and to overlay
combinations of variables (e.g. bathymetry and krill).
The distance from each krill and silverfish measure-
ment to the location of the coastline and ice shelf
front, defined by the 0-m isobath, and shelf break,
defined by the 700-m isobath, was measured using
the ArcGIS function ‘Near.' These variables were in-
cluded as part of the environmental variable data set.
Values of the environmental variables that correspond
to the location of each krill and Antarctic silverfish
measurement were extracted using the ArcGIS func-
tion ‘Extract Multi Values to Points.’

Statistical analyses

The optimized hot spot analysis in the spatial statis-
tics extension of ArcGIS was used to identify statisti-
cally significant spatial clustering of high values (hot
spots) and low values (cold spots) in the krill, Antarc-
tic silverfish, and environmental distributions using
the Getis-Ord Gi* statistic (Getis & Ord 1992). The
significance of the Gi* statistic for each data value
provides an associated z-score, p-value, and confi-
dence level bin. The Gi* value for each data point is
then partitioned into a bin that reflects its signifi-
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Fig. 2. (A) Simulated summer (December—February) maxi-
mum potential temperature (°C) below 300 m obtained from
the Ross Sea circulation model (Mack et al. 2017). (B) Aver-
age growing season (December—February) chlorophyll (mg
m~) climatology derived from SeaWiFS measurements
made in 1997-2002 (McGillicuddy et al. 2017). (C) Summer
average (December—February) mixed layer depth (m) distri-
bution obtained from simulated temperature and salinity
160°E 170° 180° 170°W 160° distributions (Mack et al. 2017)
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Fig. 3. Summer (December—February) averaged (A) SSM/I-derived distribution of sea ice concentration (0-100 % coverage)
obtained from measurements made between 1988 and 2003 (Cavalieri et al. 1996), and (B) surface speed (m s™!) obtained from
the simulated circulation distributions (Mack et al. 2017)

cance level, i.e. confidence intervals of 99% (3 Gi*
value), 95% (2 Gi* value), and 90% (+1 Gi* value).
The remaining Gi* values are considered to be statis-
tically insignificant.

Histograms that partitioned the number of krill and
Antarctic silverfish measurements into 0.25°C tem-
perature and 100-m bathymetry bins were used to
identify initial relationships in the data sets. The
numerous 0 values in the data sets for the 3 species
(i.e. absence of the species) biased the histogram fre-
quencies and obscured underlying patterns. There-
fore, histograms were constructed that excluded 0
values to better highlight relationships with temper-
ature and bathymetry.

The spatial autocorrelation (Moran's I) function
from the spatial statistics extension of ArcGIS was
used to measure the similarity of features. The
Moran's I statistic uses the data locations and values
to estimate the degree of similarity in the data and
the type of similarity, i.e. clustered, dispersed, or ran-
dom. A positive Moran's I index indicates that high
values cluster near high values and low values clus-
ter near low values, signifying spatially clustered dis-
tributions, and a negative Moran's I index indicates

no clustering of the data (high values are near low
values). Very high or low z-scores associated with
significant p-values reflect a non-random pattern in
the data. The spatial autocorrelation analysis was
done for each species and each environmental vari-
able using the entire data set (western Ross Sea
scale) and using the portion of the data set identified
by the 99 % confidence interval in the hot spot analy-
sis (hot spot scale) (Tables S1 & S2 in the Supple-
ment at www.int-res.com/articles/suppl/m584p045_
supp.pdf).

A traditional empirical orthogonal function (EOF)
analysis separates time series measurements at a
series of locations into sets of related spatial patterns
with certain time histories (Preisendorfer & Mobley
1988). The EOF implementation used in this study
analyzes a set of variables, i.e. the species and envi-
ronmental distributions, at a series of locations. The
EOF yields patterns of related variables, given by the
eigenfunction, and locations at which the patterns
are dominant, the loading vector. The eigenvalue for
each mode indicates the fraction of the variance of
the data set represented by a given mode. Significant
modes are identified by those with eigenvalues that
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are greater than the mean of all the eigenvalues, i.e.
‘the average eigenvalue test' (Preisendorfer & Mob-
ley 1988). The eigenfunctions indicate which vari-
ables are related for a given mode, and the loading
vector indicates the dominance of a pattern. The
eigenvector provides the direction of change (posi-
tive or negative) relative to the mean. The EOF
analysis was done for the species and environmental
data in the region defined by the chlorophyll distri-
bution (Fig. 2B), which sets a common area for all
data sets. The analysis was done using the entire
data set (western Ross Sea scale) and the data set
defined by the 99 % confidence interval obtained for
the biological hot spot (hot spot scale). The mean
value was subtracted from each data set to remove
the effects of trends so that the data variability is bet-
ter represented. The resultant data set was divided
by the standard deviation of the data to create a 0-
mean unit variance data set. This detrended and
scaled data set was used in the EOF analysis.

RESULTS
Distributions

Antarctic krill are found over most of the western
Ross Sea continental shelf, along the shelf break, and
in offshelf waters (Fig. 4A). The inner shelf region is
characterized by low biomass (<1 t km™2) or absence
of Antarctic krill (Fig. 4A). The exception is the
southwest inner shelf, where Antarctic krill biomass
was consistently 1-10 t km™2. The shallow areas over
Mawson and Pennell Banks have the largest biomass
of 100-1000 t km~2. Antarctic krill biomass is consis-
tently 100-1000 t km™2 along the shelf break/slope
region and in the northwestern corner of the Ross
Sea (Fig. 4A). Biomass values in excess of 1000 t km™2
occur in the northwest Ross Sea off the coast of Cape
Adare (Fig. 4A).

Crystal krill occur at low biomass levels (less than 1t
km™2) over most of the western Ross Sea continental
shelf and were not found in samples from the eastern
part of the study region (Fig. 4B). Localized areas of
biomass of 1-10 t km~2 occur over Mawson and Pen-
nell Banks, the southern inner shelf near the Ross
Ice Shelf, and the southwestern inner shelf (Fig. 4B).
Biomass of 100-1000 t km™2, the highest observed,
occurs in and around Terra Nova Bay in the far west-
ern Ross Sea.

The early life stages of Antarctic silverfish occur at
low (<10 ind. [1000 m®') abundance levels over
most of the western continental shelf and are absent

in offshelf waters (Fig. 4C). Localized regions of en-
hanced abundance occur on the shelf in the shal-
lower waters over Mawson and Pennell Banks. The
largest and most consistent occurrence of Antarctic
silverfish is in Terra Nova Bay (Fig. 4C), where abun-
dance values exceed 10000 ind. (1000 m®)~!. Just out-
side of Terra Nova Bay, along the southwestern flank
of Mawson Bank, Antarctic silverfish abundance lev-
els are similar to those in Terra Nova Bay (Fig. 4C).

The histograms show that the largest number of
Antarctic krill observations are associated with tem-
peratures of 1 to 1.25°C and bottom depths of 1000 m
(Fig. 5A). The Antarctic krill histogram shows sec-
ondary peaks at colder temperatures (-1.25 to —1.5°C)
and shallower bottom depths (300 and 400 m). The
largest number of crystal krill observations are asso-
ciated with temperatures of —1.75 to —2°C and bottom
depths between 500 and 800 m (Fig. 5B). Secondary
peaks in the crystal krill histogram are at —-1.0 to
—-1.5°C and 300, 400, and 500 m. The temperatures
and bottom depths that correspond to the largest
number of observations of the early life stages of
Antarctic silverfish are similar to those associated
with crystal krill, —-1.75 to —2°C and 500 and 700 m
(Fig. 5C). The fewest observations occur at warm
temperatures and 900 m.

Hot spot and spatial autocorrelation analysis

The optimized hot spot analysis shows that the
Antarctic krill distribution over most of the Ross Sea
continental shelf is not significantly different from an
average distribution (Fig. 6A). The exception is the
northwestern shelf/slope region. The area defined
by the 99% confidence level (red circles) outlines a
biological hot spot (region enhanced relative to sur-
rounding areas) for Antarctic krill along and off the
shelf/slope region to the east of Cape Adare (Fig. 6A).
The 90 % confidence level expands this region to the
north and southward onto the outer continental shelf
(Fig. 6A). The crystal krill distribution is relatively
uniform over most of the continental shelf, except in
Terra Nova Bay (Fig. 6B), where a distinct hot spot
occurs. The region outlined by the 99% confidence
level includes the inner and northern shelf region of
Terra Nova Bay and the outer part of the Drygalski
Ice Tongue. The region encompassed by the 90%
confidence interval slightly expands the hot spot area
(Fig. 6B). The biological hot spot of the early life
stages of Antarctic silverfish is also concentrated in
Terra Nova Bay and in the near environs with a dis-
tribution that is similar to crystal krill (Fig. 6C).
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tal krill, and (C) Antarctic silverfish observations (excluding
0 values) as a function of potential temperature (°C) and bot-
tom depth (m). Chi-squared goodness-of-fit tests indicate
that the 3 histograms differ from a normal distribution, with
p-values of <0.0005, 0.0022, and <0.0005, respectively

The spatial autocorrelation analysis indicates that
the distribution pattern of Antarctic krill is statisti-
cally random at the western Ross Sea scale (z-score =
0.7597, p = 0.4474, Table S1 in the Supplement). In
contrast, the distributions of adult crystal krill and
early life stages of Antarctic silverfish are clustered
at a statistically significant level at the western Ross
Sea scale (p < 0.01, Table S1). The environmental
variables associated with the krill and Antarctic sil-

Potential temperature (°C)

verfish values are clustered at a statistically signifi-
cant level (p < 0.01, Table S1).

At the hot spot scale, the Antarctic and crystal krill
biomass distributions are statistically random (z-
score = —0.1272, p = 0.8988 and z-score = —0.6648, p =
0.5062, respectively, Table S2). The Antarctic silver-
fish abundance distribution is statistically clustered
at the hot spot scale, as are the associated environ-
mental variables (z-score > 2.58, p < 0.01, Table S2).

EOF analysis
Western Ross Sea scale

The eigenvalues obtained from the EOF analysis
(Table S3) show that the first 4 modes are significant
for Antarctic krill and crystal krill and the first
3 modes are significant for the Antarctic silverfish
(Fig. 7) at the western Ross Sea scale (Table 4).

The first mode obtained for the Antarctic krill west-
ern Ross Sea scale data set (Fig. 8A, blue bars) ex-
plains 38.04 % of the variance (Table S3) and is ac-
counted for by the association of southerly (northerly)
latitudes, cold (warm) water temperature, higher
(lower) chlorophyll concentrations, and increased
(decreased) distance to the shelf break (Table 4).
Mode 2 (Fig. 8A, cyan bars) explains 16.78 % of the
variability in the data set (Table S3), and the eigen-
vectors indicate that this is attributed to bottom
depth, sea ice, and surface speed. Mode 2 is associ-
ated with higher concentrations of sea ice, slower
surface speeds, and deeper bottom depths (Table 4).
Modes 3 and 4 (Fig. 8A, yellow and red bars) account
for 11.86% and 10.49% (Table S3) of the variance,
respectively, and suggest a correspondence between
longitude and MLD for Mode 3, and longitude, sur-
face speed, and distance to the coast for Mode 4
(Table 4).

The 4 significant modes obtained for the crystal
krill data set at the western Ross Sea Scale explain
36.31, 17.53, 10.6, and 9.21 % of the variance (Table
S3), respectively. Mode 1 is associated with latitude,
distance to the shelf break, distance to the coast, and
temperature (Fig. 8B, blue bars), suggesting corre-
spondences between northerly (southerly) latitudes,
increased (decreased) distance from the coast, de-
creased (increased) distance to the shelf break, and
warmer (colder) temperatures (Table 4). The vari-
ance in Mode 2 is attributed to bottom depth, chloro-
phyll, and sea ice (Fig. 8B, cyan bars), suggesting an
association among shallow bottom depths, decreased
concentrations of sea ice, and higher concentrations



54

Mar Ecol Prog Ser 584: 45-65, 2017

180° 170°W

70°

75°

@ Hot Spot-99% Confidence
@ Hot Spot-95% Confidence ;
(O Hot Spot-90% Confidence
O Not Significant

150°E 160°

170°

180° 170°W 160°

180° 170°W

70°
70° S
s

75°

Hot Spot-99% Confidence
Hot Spot-95% Confidence
Hot Spot-90% Confidence
Not Significant

150°E 160° 170° 180° 170°W 160°

180° 170°W

70°

75°

@ Hot Spot-99% Confidence
@ Hot Spot-95% Confidence
O Hot Spot-90% Confidence
O Not Significant

150°E 160° 170° 180° 170°W 160°

Fig. 6. Distribution of regions with clustering that is signifi-

cant at the 99, 95, and 90 % significance level for (A) Ant-

arctic krill, (B) crystal krill, and (C) Antarctic silverfish early

life history stages obtained from the optimized hot spot

analysis. Regions that do not have significant clustering are
also shown



Davis et al.: Krill, silverfish, and environmental correlations

55

T T T T T T T T T

—¥— Antarctic krill
Crystal krill
Antarctic silverfish

Eigenvalue

Fig. 7. Eigenvalues and associated modes for Antarctic krill,

crystal krill, and Antarctic silverfish obtained from the entire

data set (western Ross Sea scale). Modes with eigenvalues
greater than the mean (=1, dashed line) are significant

of chlorophyll. Modes 3 and 4 indicate correspon-
dences between longitude and MLD (Fig. 8B, yellow
bars), and crystal krill biomass, bottom depth, and
MLD (Fig. 8B, red bars), respectively (Table 4). Mode
4 indicates that decreased (increased) crystal krill
biomass is associated with increased (decreased) bot-
tom depths and deeper (shallower) mixed layers
(Table 4).

The 3 significant modes obtained for Antarctic sil-
verfish explain 39.74, 21.5, and 12.59% of the vari-
ance in the data set (Table S3), respectively. Mode 1

is associated with eastern longitudes, distance to the
shelf break, distance to the coast, and temperature
(Fig. 8C, blue bars), suggesting that eastern (west-
ern) longitudes are associated with warmer (colder)
temperatures, decreased (increased) distance from
the shelf break, and increased (decreased) distance
to the coast (Table 4). The variance in Mode 2 is
accounted for by bottom depth, sea ice, and chloro-
phyll concentration (Table 4), suggesting an associa-
tion among deeper bottom depths, increased sea ice
coverage, and decreased chlorophyll concentrations
(Fig. 8C, cyan bars). Mode 3 provides an associa-
tion among bottom depth, surface speed, and MLD
(Table 4), in which slower surface speeds are associ-
ated with deeper bottom depths and deeper mixed
layers (Fig. 8C, yellow bars).

Hot spot scale

The eigenvalues obtained from the EOF analysis
for each species and associated environmental distri-
butions at their associated hot spot scale (Table S4)
show that the first 4 modes are significant for Antarc-
tic krill and Antarctic silverfish, and the first 3 modes
are significant for crystal krill (Fig. 9).

The 4 significant modes for the Antarctic krill data
set at their associated hot spot explain 43.93, 23.3,
12.86, and 10% of the variance (Table S4), re-
spectively. Mode 1 characterizes their northwestern
corner hot spot with bottom depth and water tempera-
ture (Fig. 10A, blue bars). Mode 2 further refines their

Table 4. Summary of the dominant variables and direction of change (positive: +, negative: —) relative to the mean for each

species at the western Ross Sea scale and the hot spot scale obtained from the EOF analysis. Long: longitude, Lat: latitude, Bio:

biomass, Abu: abundance, Depth: bottom depth, Speed: surface speed, Temp: temperature below 300 m, Coast: distance to
coastline, Ice: sea ice coverage, Chla: chlorophyll a concentration, Shelf: distance to shelf break, MLD: mixed layer depth

Western Ross Sea scale Hot spot scale
Significant mode Dominant variables Significant mode = Dominant variables
Antarctic 1 Lat (-), Temp (-), Chla (+), Shelf (+) 1 Depth (+), Temp (+)
krill 2 Depth (+), Speed (-), Ice (+) 2 Ice (-), Shelf (-)
3 Long (-), Ice (+), MLD (-) 3 Lat (+), Speed (+)
4 Long (-), Speed (-), Coast (+) 4 Bio (=), MLD (-)
Crystal 1 Lat (+), Temp (+), Coast (+), 1 Long (=), Temp (-), Coast (-),
krill Shelf (-) Chla (-), Shelf (+)
2 Depth (-), Ice (-), Chla (+) 2 Lat (=), Depth (+), MLD (-)
3 Long (=), MLD (-) 3 Lat (+), Bio (+), Temp (-)
4 Bio (=), Depth (+), MLD (+)
Antarctic 1 Long (+), Temp (+), Coast (+), 1 Long (-), Speed (-),
silverfish Shelf (-) Temp (-), Coast (-)
2 Depth (+), Ice (+), Chla (-) 2 Depth (-), Ice (+), MLD (+)
3 Depth (+), Speed (=), MLD (+) 3 Lat (-)
4 Abu (+), Chla (-)
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MLD: mixed layer depth

habitat by including sea ice cover and distance to
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the shelf break (Fig. 10A, cyan bars). The eigenvectors
for mode 3 indicate an association between surface
speed and latitude (Fig. 10A, yellow bars), and a cor-
respondence between Antarctic krill biomass and
MLD is given by Mode 4 (Fig. 10A, red bars). The first
3 modes suggest that the hot spot habitat for Antarctic
krill in the northwestern corner of the Ross Sea shelf
break region is defined by deep bottom depths with
warm water temperatures, decreased sea ice, and fast
surface speeds (Table 4). Mode 4 of the EOF suggests
that within this habitat, increased Antarctic krill bio-
mass is associated with waters that have deeper
mixed layers (Table 4).

The 3 significant modes at the hot spot scale for
crystal krill explain 39.79, 17.86, and 15.02% of the
variance in the data set, respectively (Table S4). The
eigenvectors for Mode 1 capture the Terra Nova Bay
characteristics between longitude, distance to the
coast, temperature, and chlorophyll concentration
(Fig. 10B, blue bars). Mode 2 further refines the
habitat characteristics by including bottom depth,

—¥— Antarctic krill
5 Crystal krill 4
} Antarctic silverfish

Eigenvalue

Fig. 9. Eigenvalues and associated modes for Antarctic krill,

crystal krill, and Antarctic silverfish obtained from the data

set defined by the 99 % confidence interval from the hot spot

analysis (hot spot scale). Modes with eigenvalues greater
than the mean (=1, dashed line) are significant
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from the data set defined by the 99 % confidence level from the hot spot analysis (hot spot scale) for (A) Antarctic krill, (B)
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latitude, and MLD (Fig. 10B, cyan bars). The eigen-
vectors for Mode 3 show an association among crys-
tal krill biomass, water temperature, and latitude
(Table 4). The first 2 modes suggest that the hot spot
habitat in Terra Nova Bay for crystal krill is defined
by westerly longitudes with cold temperatures, low
chlorophyll concentrations, and deep bottom depths.
Mode 3 of the EOF suggests that within Terra Nova
Bay, increased crystal krill biomass is associated with
the northern latitudes within this habitat and cold
temperatures (Fig. 10B, yellow bars).

The 4 significant modes from the EOF analysis at
the Terra Nova Bay hot spot scale for Antarctic silver-
fish explain 47.88, 21.66, 10.95, and 10.26 %, respec-
tively (Table S4). Mode 1 indicates an association
between longitude, surface speed, temperature, and
distance to the coast and shelf (Fig. 10C, blue bars).
Modes 2 and 3 add bottom depth, MLD, ice, and lati-
tude as additional habitat characteristics, respec-
tively (Fig. 10C, cyan and yellow bars). Mode 4 pro-
vides a correspondence between Antarctic silverfish
abundance and chlorophyll concentration (Fig. 10C,
red bars). These in total suggest that the hot spot
habitat for the early life stages of Antarctic silverfish
in Terra Nova Bay is defined by southwesterly loca-

tions with slow surface speeds, cold temperatures,
shallow bottom depths, deep MLDs, and increased
sea ice cover (Fig. 10C). Within the Terra Nova Bay
habitat, increased abundance of the early life stages
of Antarctic silverfish is associated with low chloro-
phyll concentrations (Table 4).

DISCUSSION
Perspective

The relationships developed to describe correspon-
dences between terrestrial and marine species and
environmental conditions take many forms (see
review by Elith & Leathwick 2009), but all have the
goal of providing quantitative and robust models that
allow the prediction of potential effects of changing
environmental conditions on species distributions.
For the Antarctic marine system, species distribution
models have focused on Antarctic krill and top pred-
ators because of their importance in the food web,
and the availability of observations to describe the
distributions and habitat characteristics (Ichii 1990,
Trathan et al. 2003, Naganobu et al. 2006, Atkinson
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et al. 2008, Murase et al. 2013). Early attempts to
explain the observed circumpolar distribution of
Antarctic krill were based on qualitative comparisons
with environmental conditions, such as temperature,
sea ice, and bathymetry (Marr 1962, Mackintosh
1973). While providing insights into basic factors
affecting Antarctic krill distributions, these qualita-
tive studies lacked the ability to quantify relation-
ships with environmental distributions, and to assess
regional differences in controls. More recent studies
have developed statistical relationships and models
that allow quantification of the relative effects of
environmental conditions on circumpolar (Hofmann
& Hisrevoglu 2003, Atkinson et al. 2004, 2008) and
regional distributions of Antarctic krill (Weber & El-
Sayed 1985, Witek et al. 1988, Trathan et al. 2003,
Lawson et al. 2008). These studies identified patterns
and provided correlations between Antarctic krill
and environmental variables, but also showed that
these exhibited considerable variability, which is in
part attributed to different space and time scales that
are resolved by the observations used in the analy-
ses. Similar studies for other krill species, such as
crystal krill, have not been done, except through
qualitative analyses that relate presence to ambient
conditions (e.g. Fevolden 1980, Brinton & Townsend
1991, Daly & Zimmerman 2004). The general distri-
bution of the early life history stages of Antarctic sil-
verfish is known (see review by La Mesa & Eastman
2012), but again correspondences with environmen-
tal conditions are based on qualitative analyses (Hu-
bold 1984, Kellermann 1986a,b, Koubbi et al. 2011).

Our analysis advances these studies by quantita-
tively characterizing the habitats of 3 important mid-
trophic level species in the Ross Sea. The use of
environmental distributions obtained from a high-
resolution circulation model provides a range of envi-
ronmental distributions at the scale of the Ross Sea
that are not possible to obtain from observations. The
addition of satellite-derived distributions provides a
comprehensive characterization of the environmen-
tal conditions, that when combined with ship-based
biomass distributions, provide a basis for quantitative
assessments of distributional patterns and habitats of
each species.

Observations of the 3 species included in this
analysis come from cruises made in the austral spring
and summer; observations from other times of the
year are lacking due to the logistical constraints of
making ship-based measurements in the Ross Sea.
These observations capture general characteristics of
summer conditions, but are not sufficiently dense in
space or time to capture variability. As a result, the

primary relationships that emerge from this analysis
are those that characterize the physical environment
of the Ross Sea. Observations from all seasons taken
with space and time resolution that reveals variabil-
ity are needed to define the full range of the habitats
occupied by the 3 species.

The general characteristics of the distributions of
the 3 species show clear and distinct patterns in the
Ross Sea. Each species occupies a localized habitat
that is defined by different environmental character-
istics (Table 5). The data sources to estimate the krill
biomass and Antarctic silverfish abundance used in
the EOF analysis are based on acoustic measure-
ments and net tows (e.g. oblique tows), respectively,
which integrate over the upper 120 to 160 m. Thus,
the habitat characteristics are representative of the
upper water column rather than specific depths where
the krill and Antarctic silverfish were collected.

Antarctic krill occupy the habitat along the outer
continental shelf break. Crystal krill and the early life
stages of Antarctic silverfish occupy similar and over-
lapping habitats in the Terra Nova Bay region that
are distinct from the Antarctic krill habitat. Separa-
tion of Antarctic krill and crystal krill habitats in the
western Ross Sea has been described for specific
times and locations (Sala et al. 2002, Taki et al. 2008,
Leonori et al. 2017), but this study shows that the sep-
aration is a general characteristic of the 2 species.

Interactions between crystal krill and Antarctic sil-
verfish in the Terra Nova Bay habitat are not seen
from the EOF analysis, but biological interactions
such as predator-prey responses are not captured in
the data used in this analysis. Some overlap in the
distribution of the 3 species occurs over the continen-
tal shelf, but the regions where the biomass is en-
hanced (i.e. statistically significant) relative to aver-
age conditions, i.e. the hot spots for the 2 krill species,
are separate and distinct.

Habitat characteristics
Antarctic krill

Although Antarctic krill are distributed throughout
the Ross Sea, the habitat defined by this analysis indi-
cates that this species is found in areas overlying
warm water at depth with decreased sea ice concen-
trations and proximity to the shelf break (Table 5), i.e.
conditions that are found off and along the northwest-
ern shelf/slope region. Many studies have shown that
Antarctic krill are associated with the shelf/slope re-
gion throughout the Antarctic (Hosie 1991, Miquel
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Table 5. Summary of hot spot locations and habitat characteristics for each species. The hot spot locations were determined from the optimized hot spot analysis; the bathym-
etry and temperature ranges are from the histogram analyses; and the habitat characteristics are defined by the dominant variables of the first 2 EOF modes of the hot

spot analysis, which explained more than 50 % of the data variance. The EOF analysis at the Ross Sea and hot spot scales provide the biomass and abundance associations

Biomass & abundance associations

Western Ross Sea scale

Habitat characteristics

Bathymetry Temperature

Hot spot
location

Hot spot scale

Deep mixed layer

No association

>1000 m 1to 1.25°C Deep water

Northwest

Antarctic krill

Warm temperature
Decreased sea ice

shelf break

Euphausia superba

Proximity to shelf break

Northerly latitude
Cold temperature

Shallow depth

Southwesterly location
Coastline proximity

Cold temperature
Low chlorophyll

-1.75to =2°C
Deep water

500-800 m

Terra Nova Bay

Crystal krill

Shallow mixed layer

E. crystallorophias

Shallow mixed layers

Low chlorophyll

No association

Southwesterly location
Coastline proximity
Slow surface speed
Cold temperature
Shallow water

500-700 m -1.75to -2°C

Terra Nova Bay

Antarctic silverfish

Pleuragramma antarctica

Increased sea ice

1991, Trathan et al. 2003, Ashjian et al. 2004, Siegel
2005, Azzali et al. 2006, Taki et al. 2008) and note
that this area is important to many parts of their life
history (Nicol 2006). Moreover, the circumpolar
analysis by Atkinson et al. (2008) found that 87 % of
the Antarctic krill population occurs over deep
water and speculated that this habitat protects
against intense predation pressure found in shal-
lower shelf regions, where the species is accessible
to a range of predators.

The Antarctic krill hot spot region in the north-
western Ross Sea is associated with shelf/slope
waters of >1000 m and temperatures of 1 to 1.25°C
(Table 5). This hot spot overlies an area where
intrusions of CDW occur along the outer shelf
region (Dinniman et al. 2003, Smith et al. 2007, Orsi
& Wiederwohl 2009), which is considered neces-
sary for successful completion of the first phase of
their early life history (Ross et al. 1988, Hofmann et
al. 1992, Hofmann & Hiisrevoglu 2003). The north-
western Ross Sea is a spawning region for Antarc-
tic krill (Spiridonov 1996) further supporting iden-
tification of this area as a habitat.

The slower surface speeds associated with the
habitat in the northwestern corner of the Ross Sea
provide a mechanism for maintaining this region as
a hot spot. Simulated circulation distributions (Din-
niman et al. 2003) show alternating regions of on-
offshelf flow along the northwestern shelf with
about a 20-25 km scale that are associated with a
closed gyre circulation. Numerical Lagrangian
simulations implemented for the western Ross Sea
in which particles were released along the shelf/
slope and over the continental shelf show on—-offshelf
transport along the shelf/slope region (Pinones et
al. 2016). Particle transport was to the northwest
along the outer shelf with retention in the shelf/
slope region that corresponds to the Antarctic krill
hot spot. Estimates of Antarctic krill life history
stage, based on particle transport times, showed that
the aggregated particles corresponded to larval
and adult stages (Pinones et al. 2016).

The Antarctic krill distribution in the hot spot
region is statistically random. This suggests that
the distribution at this scale is variable and unpre-
dictable, similar to results from studies in other
Antarctic regions (Priddle et al. 1988, Sushin &
Shulgovsky 1999, Trathan et al. 2003, Lawson et al.
2008). Krill are not only structured by environmen-
tal conditions (such as currents), but also by behav-
ioral and ecological pressures, such as the acquisi-
tion of food and avoidance of predators, which
affect variability and regional distributions (Daly &
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Macaulay 1991); these factors were not included in
this analysis. The EOF analysis also indicated that
enhanced Antarctic krill biomass is associated with
deeper mixed layers, which may be related to food
supply, although no correspondence with surface
chlorophyll emerged from the analysis.

Crystal krill

Crystal krill are typically found in inshore neritic
environments throughout the Antarctic (Fevolden
1980, O'Brien 1987, Thomas & Green 1988, Hosie
1991, Nordhausen 1994, Pakhomov & Perissinotto
1996, Sala et al. 2002, Daly & Zimmerman 2004,
Amakasu et al. 2011). In the Ross Sea, crystal krill are
widely distributed over the western continental shelf
and are concentrated in Terra Nova Bay. The general
habitat characteristics for crystal krill determined
from this study consist of southwesterly locations
near the coast with cold temperatures (1.75 to —2°C),
low chlorophyll, bottom depths between 500 and
800 m, and shallow mixed layers (Table 5). These
conditions define a primary habitat in Terra Nova
Bay, which supports a statistically significant region
of enhanced crystal krill biomass.

The crystal krill distribution at the western Ross Sea
scale is clustered at a statistically significant level,
whereas the distribution in Terra Nova Bay is statisti-
cally random. This suggests that gradients in environ-
mental variables are structuring the crystal krill at
larger scales, but their distributions at smaller scales
are responding to ecological and behavioral controls.
The EOF analysis at the western Ross Sea scale
showed that increased crystal krill biomass is associ-
ated with shallow bathymetry and shallow mixed lay-
ers, i.e. conditions that are associated with the shallow
banks that extend across the continental shelf (Smith
et al. 2014b). The EOF analysis indicated that in-
creased crystal krill biomass is associated with colder
water temperatures and northerly latitudes in Terra
Nova Bay, which is consistent with observations that
showed highest crystal krill biomass in the northerly
region of Terra Nova Bay (Guglielmo et al. 2009).

The inverse relationship with chlorophyll that
emerged from the EOF analysis as a habitat charac-
teristic for crystal krill is counter to the positive rela-
tionship found by Leonori et al. (2017). The satellite-
derived chlorophyll climatology used for the EOF
analysis shows values in Terra Nova Bay that are
generally <0.5 mg m™ and does not resolve varia-
bility at mesoscale or sub-mesoscale scales, which
are likely the scales that crystal krill target. A more

complete description of habitat characteristics is pro-
vided by including in situ chlorophyll measurements
that are coincident with crystal krill distributions (e.g.
Leonori et al. 2017), which resolve relevant scales.
Although speed did not emerge as a primary habi-
tat characteristic at either scale, results from numeri-
cal Lagrangian simulations show particle retention in
Terra Nova Bay and over the shallow banks in the
western Ross Sea (Pinones et al. 2016). The crystal
krill biomass data set used in the EOF analysis had
too few observations (<1% of total data) from over
the shallow banks to support the suggestion that
these are retention areas for crystal krill. In Terra
Nova Bay, the sampling distribution for crystal krill
covered primarily the continental shelf (Guglielmo et
al. 2009), which is an area of uniform slow speeds in
the simulated circulation distribution. As a result, a
relationship with speed cannot be determined be-
cause the biomass values are associated with the same
speed values. Enhanced spatial resolution in the
sampling of crystal krill distributions in Terra Nova
Bay and over the shallow banks is needed to resolve
and better define habitat relationships for this region.

Antarctic silverfish

Antarctic silverfish are typically found over conti-
nental shelf waters throughout the Antarctic (Hubold
1984, DeWitt et al. 1990, White & Piatkowski 1993,
Trunov 2001, Donnelly & Torres 2008) and exhibit a
circum-Antarctic distribution (Emslie & McDaniel
2002). This species has a wide distribution through-
out the Ross Sea continental shelf (DeWitt 1970,
Granata et al. 2000, Ackley et al. 2003, Donnelly et al.
2004, O'Driscoll et al. 2011), but occurs in higher
abundance in particular regions. The habitat defined
by this analysis indicates that the early life history
stages of this species are found in southwesterly
locations with cold temperatures (-1.75 to —2°C), bot-
tom depths of 500 and 700 m, slow surface speeds,
increased sea ice concentration, deep mixed layers,
and proximity to the coast (Table 5). Other features
are also important factors for the early life history of
silverfish, including proximity to an ice shelf or
glacial tongue, canyons, water mass stratification,
polynyas, and katabatic winds (review in Vacchi et
al. 2012b), all of which are features associated with
Terra Nova Bay. The Antarctic silverfish distributions
are clustered at a statistically significant level at the
western Ross Sea and Terra Nova Bay scales, sug-
gesting similar environmental structuring of their
distributions.
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The highest abundance of Antarctic silverfish early
life stages occurs in Terra Nova Bay, which was
identified as a statistically significant hot spot and is
known as a nursey area for silverfish eggs and larvae
(Vacchi et al. 2012a). Antarctic silverfish tend to
spawn in ice-covered coastal regions, ice shelf areas,
and polynyas (Vacchi et al. 2004, 2012a), and use sea
ice as a nursery for their eggs and early life stages
(Kellermann 1986a,b, Daneri & Carlini 2002). Antarc-
tic silverfish spawn in the lower water column, and
embryos, which are slightly positively buoyant, are
found associated with sea-ice thickness and platelet
ice (Vacchi et al. 2004, 2012a,b). The slow surface
speeds that emerged as a characteristic for the Antarc-
tic silverfish habitat will facilitate retention of the
early life stages in the productive polynya region.
Unlike the crystal krill, the distribution of Antarctic
silverfish observations (La Mesa et al. 2010) was suf-
ficient to capture speed as a habitat characteristic,
which highlights the importance of designing sam-
pling strategies to include scales of environmental
controls.

The EOF analysis indicated that sea ice was not a
strong factor structuring the Terra Nova Bay habitat,
which is counterintuitive for a species that depends
on sea ice for reproduction and food supply. This
result is likely an artifact of the ship-based sampling,
which avoids regions with high sea ice coverage. For
the Terra Nova Bay hot spot, the EOF analysis indi-
cated that increased Antarctic silverfish abundance
is associated with low chlorophyll concentrations,
which is also counterintuitive given the high levels
of primary production in Terra Nova Bay (Arrigo et
al. 1998a). As for crystal krill, the satellite-derived
chlorophyll climatology did not resolve variability at
scales that are relevant to Antarctic silverfish.

Climate considerations

The habitat characterizations obtained from this
study provide a basis for understanding potential
changes in the distribution of the 3 species as climate
affects environmental conditions in the Ross Sea. Pro-
jections of conditions for 2050 and 2100 that are based
on assumed warming trends and changes in wind
forcing suggest that the Ross Sea will experience de-
creased summer sea ice concentration and extent,
earlier formation of polynyas, expansion of the Ross
Sea polynya, shallower summer MLDs, and a decrease
in the advection of CDW onto the shelf (Smith et al.
2014b). The 3 species of interest to this study are suc-
cessful at present, but they are stenothermal (able to

tolerate only a small range of temperatures) and have
life cycles that are dependent on sea ice, making them
potentially sensitive to climatic change.

Summer seasonal sea ice coverage is projected to
decrease to 44 % of current coverage, and that for
2100 is projected to decrease further to 22 % of cur-
rent conditions (Smith et al. 2014b). Habitat observa-
tions show that crystal krill and Antarctic silverfish
occupy ice-covered regions. Reduction of this habitat
may impact both species through effects on food sup-
ply, adult reproduction, and availability of nursery
grounds for early life history stages. Both species
have life history strategies that are timed with the
opening of polynyas, and earlier polynya formation
may result in a mismatch with their required envi-
ronmental conditions, producing decreased repro-
ductive success and survival. Reduced sea ice may
favor early spawning by Antarctic krill and increase
recruitment (Siegel & Loeb 1995) due to the extended
growth period throughout the summer months. How-
ever, this species also depends on sea ice as an over-
wintering habitat that provides food sources and pro-
tection for early life history stages (Daly 1990, 2004)
as well as older stages (Siegel & Loeb 1995).

Projected decreases in CDW inputs to the Ross Sea
continental shelf and shallower MLDs will potentially
reduce nutrient supply to the upper water column
and allow the ocean to remain stratified for a longer
period of time (Smith et al. 2014b). Projections for
2050 suggest that these changes will reduce the rela-
tive contribution of Phaeocystis antarcticum to the
continental shelf production and favor diatom pro-
duction (Smith et al. 2014a,b, Kaufman et al. 2017).
This may provide increased food supply for all 3 spe-
cies, especially Antarctic krill, which prefer diatoms
as food (Haberman et al. 2003). However, reduced
CDW may adversely affect the ability of Antarctic
krill to complete the descent-ascent portion of their
early life history, which depends on warm water at
depth to accelerate embryo and early larval stage
development.

The projected changes in environmental conditions
may also alter the present distribution of hot spots,
which are foci for locally intense energy fluxes within
the food web (Atkinson et al. 2001, Murphy et al.
2007). Changes in environmental conditions that alter
hot spot location, size, and persistence potentially af-
fect the distribution, abundance, and relative avail-
ability of the 3 mid-trophic level species, that in turn,
affect all trophic levels of the Ross Sea food web. Ain-
ley et al. (2006, 2015) showed that reduced availability
of the 2 krill species in late austral summer resulted in
a trophic cascade that caused diet switching, changes
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in foraging behavior, and reduced abundance of top
predators. The hot spot locations identified in this
study are in areas associated with land-based colonies
of penguins (Woehler 1993, Ainley et al. 2010, Smith
et al. 2014a) and enhanced abundance of seals and
cetaceans (Stirling 1969, see review by Smith et al.
2007). Hence, alterations to these sites have poten-
tially large consequences for the Ross Sea food web.

CONCLUSIONS

The continental shelf break/slope region of the
Ross Sea provides a productive habitat with features
that favor Antarctic krill. Similarly, the inner shelf
region within Terra Nova Bay provides a habitat that
supports crystal krill and the early life stages of
Antarctic silverfish. The localization of energy trans-
fer in these regions provides a defined area for quan-
tifying energy flows in the food web. This localization
also makes the food web productivity vulnerable to
environmental changes.

This study takes a bottom-up approach to defining
habitat characteristics that are based on the assump-
tion that the distributions of the 3 mid-trophic level
species are controlled by environmental conditions.
However, predation pressure and predator foraging
strategies are important top-down controlling factors
that need to be combined with environmental controls
to account for variability in prey distributions. Prey
behavior such as vertical migrations and swarm for-
mations are also biological and behavioral compo-
nents that may play a role in structuring the distribu-
tions of the 3 mid-trophic level species (Taki et al.
2008, Wiebe et al. 2011). The distribution of early
life stages is likely controlled by bottom up factors
such as circulation and temperature (e.g. Hofmann &
Hiusrevoglu 2003, Pifiones & Federov 2016, Murphy et
al. 2017), but older life stages are more likely con-
trolled by growth potential and predation (Atkinson et
al. 2008). Refinement of the habitats identified in this
study requires inclusion of the effects of predation, as
well as behavioral and species interactions, such as
competition, both within and between trophic levels.

The habitats for the 3 mid-trophic level species
identify areas of the Ross Sea that deserve focused
management. Environmental changes in these re-
gions coupled with possible pressures from resource
use, such as fishing, could alter the balance in the food
web and overall production of the Ross Sea. The re-
sults from this study provide further rationale and
support for ecosystem-level conservation that underlie
the selection of the Ross Sea marine protected areas.
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