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Krill (crustaceans of the family Euphausiacea) comprise an important prey field for vast array of fish, birds,
and marine mammals in the California Current and other large marine ecosystems globally. In this study,
we test the hypothesis that mesoscale spatial organization of krill is related to oceanographic conditions
associated with coastal upwelling. To test this, we compiled a climatology of krill distributions based on
hydroacoustic surveys off California in May-June each year between 2000 and 2009 (missing 2007).
Approximately 53,000 km of ocean habitat was sampled, resulting in a comprehensive geo-spatial data
set from the Southern California Bight to Cape Mendocino. We determined the location and characteris-
tics of eight definite and two probable krill “hotspots” of abundance. Directional-dependence analysis
revealed that krill hotspots were oriented in a northwest-southeast (135°) direction, corresponding to
the anisotropy of the 200-2000 m isobath. Krill hotspots were disassociated (inversely correlated) with
three upwelling centers, Point Arena, Point Sur, and Point Conception, suggesting that krill may avoid
locations of strong offshore transport or aggregate downstream from these locations. While current fish-
eries management considers the entire coast out to the 2000 m isobath critical habitat for krill in this eco-
system, we establish here smaller scale structuring of this critical mid-trophic level prey resource.
Identifying mesoscale krill hotspots and their oceanographic determinants is significant as these smaller
ecosystem divisions may warrant protection to ensure key ecosystem functions (i.e., trophic transfer) and
resilience. Furthermore, delineating and quantifying krill hotspots may be important for conservation of
krill-predators in this system.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Due to their high biomass, lipid content, and tendency to form
dense aggregations in epipelagic habitats, krill (crustaceans of
the family Euphausiacea) comprise an important prey field and
component of marine ecosystems worldwide (Siegel, 2000),
including the California Current System (CCS) off the west coast
of the US (Brinton, 1962, 1976; Brinton and Townsend, 2003). Most
species of upper trophic level fishes, birds and marine mammals of
societal interest depend directly or indirectly, through an interme-
diate prey species, on krill. Field et al. (2006) estimate that much of
the energy flow in the northern CCS between primary producers
and tertiary consumers is filtered through krill. Krill are important
prey for all life stages of most rockfish (Sebastes spp.), salmonids
(Onchorhynchus spp.), hake (Merluccius productus), and other eco-
nomically important fish (Chess et al., 1988; Brodeur et al., 2007;
Tanasichuk, 1999, respectively). Additionally, the endangered blue
whale (Balaenoptera musculus), is an obligate krill-predator whose
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foraging distribution is closely linked to krill distribution (Fiedler
et al., 1998; Mate et al., 1999; Croll et al., 2005). Krill is important
prey for locally breeding seabirds (Ainley et al., 1996; Abraham and
Sydeman, 2006). For example, a major decline in krill availability
was apparently responsible for reproductive failures of one species,
Cassin’s Auklet (Ptychoramphus aleuticus), in 2005 and 2006
(Sydeman et al., 2006; Santora et al., 2011). Understanding the for-
aging ecology and population biology of krill-predators (fish, birds,
and mammals) in the CCS is therefore dependent on developing a
better appreciation of both the relative abundance and spatial
organization of krill in this ecosystem (Croll et al., 2005; Jahncke
et al., 2008; Ainley et al., 2009; Santora et al., 2011). However,
we largely lack reliable estimates of krill biomass throughout the
California Current.

Two krill species, Euphausia pacifica and Thysanoessa spinifera,
are numerically dominant in the CCS (Brinton, 1962; Siegel, 2000;
Marinovic et al., 2002; Brinton and Townsend, 2003; Lu et al,,
2003). E. pacifica is usually found in waters at or beyond the
shelf-break (200-1000 m) and over submarine canyons, whereas
T. spinifera apparently prefers coastal habitats extending to the
outer-shelf (Brinton, 1962; Tanasichuk, 1998a,b; Feinberg and


http://dx.doi.org/10.1016/j.pocean.2011.04.002
mailto:jasantora@gmail.com
http://dx.doi.org/10.1016/j.pocean.2011.04.002
http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean
https://www.researchgate.net/publication/222563343_Effects_of_the_1997-1999_El_Nino_and_La_Nina_events_on_zooplankton_abundance_and_euphausiid_community_composition_within_the_Monterey_Bay_coastal_upwelling_system?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/222425301_Top-down_modeling_and_bottom-up_dynamics_Linking_a_fisheries-based_ecosystem_model_with_climate_hypotheses_in_the_Northern_California_Current?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/252413047_Cross-shore_separation_of_adult_and_juvenile_euphausiids_in_a_shelf-break_alongshore_current?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/252413047_Cross-shore_separation_of_adult_and_juvenile_euphausiids_in_a_shelf-break_alongshore_current?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/252648397_Ecosystem_responses_to_short-term_climate_variability_in_the_Gulf_of_the_Farallones_California?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/252648397_Ecosystem_responses_to_short-term_climate_variability_in_the_Gulf_of_the_Farallones_California?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/250219401_Association_of_predators_and_prey_at_frontal_features_in_the_California_Current_Competition_facilitation_and_co-occurrence?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/237175248_Krill_Euphausicea_life_history_and_aspects_of_population_dynamics?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/237175248_Krill_Euphausicea_life_history_and_aspects_of_population_dynamics?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/253128724_Population_biology_of_Euphausia_pacifica_off_Southern_California?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/254338863_From_wind_to_whales_Trophic_links_in_a_coastal_upwelling_system?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/254338863_From_wind_to_whales_Trophic_links_in_a_coastal_upwelling_system?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/240808852_Variation_in_the_diet_of_Cassin's_Auklet_reveals_spatial_seasonal_and_decadal_occurrence_patterns_of_euphausiids_off_California_USA?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/264232956_Spatial_organization_of_krill_and_seabirds_in_the_California_Current?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/264232956_Spatial_organization_of_krill_and_seabirds_in_the_California_Current?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/227677717_Interannual_and_interdecadal_variability_in_juvenile_coho_salmon_Oncorhynchus_kisutch_diets_in_relation_to_environmental_changes_in_the_northern_California_Current?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/248417074_Decadal_variability_in_abundances_of_the_dominant_euphausiid_species_in_southern_sectors_of_the_California_Current?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/248417074_Decadal_variability_in_abundances_of_the_dominant_euphausiid_species_in_southern_sectors_of_the_California_Current?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/227623397_Movements_of_North_Pacific_blue_whales_during_the_feeding_season_off_southern_California_and_their_southern_fall_migration?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==
https://www.researchgate.net/publication/254240840_TROPHIC_RELATIONSHIPS_OF_THE_SHORTBELLY_ROCKFISH_SEBASTES_JORDAN_OFF_CENTRAL_CALIFORNIA?el=1_x_8&enrichId=rgreq-6e29e3c23a5e09acfb5121c84f4df4e3-XXX&enrichSource=Y292ZXJQYWdlOzI1MTUwMzgxODtBUzoxMTQ1MjI4NDUwOTM4OTBAMTQwNDMxNTc4MjQ2MA==

398 J.A. Santora et al./ Progress in Oceanography 91 (2011) 397-409

Peterson, 2003; Lu et al, 2003; Marinovic et al, 2002;
Goémez-Gutiérrez et al., 2005; Dorman et al., 2005; Pinchuk et al.,
2008). In comparison to high-latitude krill (e.g., E. superba in the
Antarctic, and T. rashii in the Bering Sea) that usually undergo one
major spawning season per year (Siegel, 2000), the reproductive
ecology of E. pacifica and T. spinifera involves multiple spawning at-
tempts throughout the year, the timing of which appears to be clo-
sely synchronized to upwelling in the CCS (Brinton, 1962, 1976;
Tanasichuk, 1998a,b; Feinberg and Peterson, 2003; Shaw et al.,
2010). Evidence exists suggesting that both species favor cooler
oceanographic conditions over warm years in the CCS (Ainley
et al., 1996; Tanasichuk, 1998a,b; Peterson et al., 2002; Marinovic
et al., 2002; Brinton and Townsend, 2003; Sydeman et al., 2006).

Upwelling varies geographically in seasonality, strength and
duration along the California coast (reviewed by Checkley and
Barth, 2009; Bograd et al., 2009). The combination of seasonal
north-westerly winds and geographic coastline features such as
capes, points, and peninsulas produce spatial variability in the
intensity of upwelling centers that can be assessed by calculating
changes in wind stress and Ekman transport (Bakun and Parrish,
1982; Chelton, 1982; Pickett and Paduan, 2003; Chelton et al.,
2007) and related to plankton distribution (Peterson and Keister,
2002; Keister et al., 2009). It is well-known that strong centers of
upwelling along the California coast are located near Cape Men-
docino (40°N), Point Arena (39°N), Point Sur (36°N), and Point
Conception (34°N) (Strub et al, 1987; Pickett and Schwing,
2006; Chelton et al., 2007). All of these upwelling centers are
linked to elevated ecosystem productivity (Checkley and Barth,
2009).

Since krill are active swimmers (e.g. speed range 1.8-
3.0 cm s~ 1; De Robertis et al., 2003) that are dependent on phyto-
plankton for food, we hypothesized that high krill concentrations
(i.e. hotspots) would not be found near centers of upwelling, but
instead are associated with adjacent regions, where offshore
advection is weaker and food is concentrated (Bakun and Parrish,
1982). Conceptually, this idea is a hybrid of “upwelling shadows”
(Graham et al., 1992; Wing et al., 1998) that result in downstream
concentration of plankton, and “optimal environmental window”
that leads to variable reproductive success and survivorship of fish
in relation to upwelling intensity and its effect on food supply and
larval displacement (Parrish et al., 1981; Bakun and Parrish, 1982;
Cury and Roy, 1989). A hypothetical relationship between krill
abundance and upwelling intensity is shown in Fig. 1. This model,
expanded, modified, and applied in a spatial context from the ori-
ginal “optimal environmental window” of Cury and Roy (1989)
suggests that the spatial distribution of krill is a function of the bal-
ance between Ekman transport and food availability from upwell-
ing centers. That is, “hotspots” of krill are not located too far away
from an upwelling center because food availability will be limited.
Conversely, they are not located too close to upwelling centers be-
cause extensive advection transports krill from favorable habitat.
The critical point is that both food availability and offshore Ekman
transport act to limit, mechanistically, the optimal environmental
conditions for krill and thus the locations of hotspots. To test this
prediction we correlate latitudinal variation in krill density against
latitudinal variation in offshore advection, using Ekman transport
as a proxy for upwelling.

As high resolution information on preferred prey availability,
specifically the abundance of diatoms (Ohman, 1984; Pinchuk
et al.,, 2008) is not available, in this study we focus on the predic-
tion that krill hotspots are disassociated (i.e. inversely correlated)
with upwelling centers in the CCS. Although, satellite-based esti-
mates of ocean color (e.g. SeaWiFS) may provide useful proxies
for measuring and mapping phytoplankton concentrations, this
information relates to ocean surface conditions and does not
provide species level “prey” information (e.g. diatoms) that krill
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Fig. 1. This model, expanded, modified, and applied in a novel spatial context from
the original “optimal environmental window” of Cury and Roy (1989) suggests that
the spatial distribution of krill hotspots is based on upwelling intensity and
advection (although in the original hypothesis, negative consequences of wind are
due to excessive turbulence). Krill hotspots should not be located too far away from
an upwelling center or food availability will be limited. In contrast, hotspots should
not be located too close to upwelling centers because extensive transport
(advection) may remove krill from favorable habitat.

prefer. Additionally, eddies and geostrophic flow may also influ-
ence where krill concentrate and this information along with re-
motely sensed phytoplankton and krill behavior (e.g. vertical
migration, breeding, spawning) should be useful for designing a
future study for modeling krill distributions and ocean conditions
in the CCS (Hofmann et al., 2004; Goebel et al., 2010; Dorman
et al,, 2011).

We compiled a decade (2000-2009, minus 2007) of hydroa-
coustic survey data representing >50,000 km of survey effort to
(i) map and measure the distributional patterns of krill, (ii) for-
mulate a spatially-explicit climatology of krill hotspots, and (iii)
assess the relationship of these hotspots to oceanographic condi-
tions, particularly the spatial dynamics of upwelling. To analyze
these data, we applied geo-statistical techniques to construct
krill utilization distributions (i.e. mapped histograms) across the
entire survey area. We employed the Nautical Scattering Coeffi-
cient (NASC) acoustic index that Santora et al. (2011) related pri-
marily to abundance of E. pacifica. Although it is well-known that
E. pacifica exhibits preference for shelf-break/slope habitats in the
CCS (Brinton, 1962), the mesoscale (10-100 km) and directional-
ity of krill aggregations has yet to be described. Consequently, we
also predicted that krill distribution in the study region is more
closely correlated at increasing spatial lags alongshore than in
cross-shelf directions due to the general SW trend of the conti-
nental shelf-break.

2. Materials and methods
2.1. Study area

The CCS is an eastern boundary current ecosystem characterized
by high productivity and high variability in production across all
trophic levels (Mann and Lazier, 1996; MacCall, 1996; Kudela
et al., 2008). Productivity here is driven by coastal upwelling, with
localized enhancement associated with coastline geography (e.g.,
Cape Mendocino and Pt. Conception, Fig. 2), wind stress curl over
outer-shelf regions, and advection of source waters and nutrients
from both the north and the south (Rykaczewski and Checkley,
2008; Checkley and Barth, 2009). Flow dynamics in the coastal
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region of the CCS have strong seasonal variability, although interan-
nual variability can be as great or greater as seasonal changes.
Specifically, increased advection of southern source water
associated with El Nino events (warm phases of the El Nino-
Southern Oscillation, or ENSO) events can result in dramatic
declines in productivity and shifts in community structure, while
during the cold phases of ENSO, the coastal ecosystem is character-
ized by intensified transport of nutrient-rich northern waters and
increased productivity (Checkley and Barth, 2009). The
2000-2009 study period included both cold and warm ENSO
events:, cool ocean conditions associated with La Nifia prevailed
during 2000-2002; a weak El Nifio event occurred in 2003;
“normal” conditions characterized 2004 while, warm conditions
and delayed upwelling extended across 2005-2006 and cool La
Nina conditions again prevailed from 2008 through 2009 (Bograd
et al., 2000; Goerick et al., 2004; Schwing et al., 2006; McClatchie
et al., 2009; Bjorkstedt et al., 2010).
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2.2. NMFS Juvenile Rockfish Survey

We used data collected by the National Marine Fisheries Service
(NMEFS) ‘Juvenile Rockfish/Ecosystem Survey’ (JRS), which focuses
primarily on estimating the pre-recruit (young-of-year) abundance
of rockfish (Sebastes spp.) during the period of high spring upwell-
ing and productivity in May and June (Ralston and Howard, 1995).
The shipboard sampling was conducted over a “Core” area within
the central California Current that is bounded to north off Point
Reyes (38°) and to the south off Monterey Bay, CA (36.5°), spanning
approximately 350 km of coastline (Fig. 2). Embedded in this re-
gion are the National Marine Sanctuaries of Cordell Bank, Gulf of
Farallones and Monterey Bay. In 2004, the survey was expanded
coast-wide to the north off Cape Mendocino, CA (40°) and south-
ward to San Diego, CA (32.5°), spanning approximately1400 km
of coastline (Fig. 2). This expansion of the survey enhanced infor-
mation on regional oceanographic conditions, species distribution,
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Fig. 2. Spatial coverage and ships trackline sampled during May-June aboard the NMFS Juvenile Rockfish survey; inset ‘core’ area 2000-2009 and coast-wide survey 04-09. A

total of 53,180 km were sampled for krill using acoustics.
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and bio-geographic boundaries (Sakuma et al., 2006). We used
underway acoustics data to investigate spatial patterns of krill
abundance (Santora et al., 2011) within the core area from 2000
through 2009 and coast-wide from 2004 through 2009. Unfortu-
nately, acoustic data were not obtained in 2007.

2.3. Krill spatial distribution

Acoustic surveys are routinely used to map krill distributions in
a variety of marine ecosystems worldwide (MacLennan and Sim-
monds, 2005). For the purpose of this study, we utilize acoustics
to map krill distributions and identify concentrations of high abun-
dance (i.e., krill hotspots). Acoustic volume backscattering data (S,,
dB) were collected using a multi-frequency echosounder (SIMRAD
EK500 and EK60) configured with down looking 38, 120, and
200 kHz split beam transducers mounted on the hull of the ship
at a depth of ~7 m (Santora et al., 2011). Acoustic data were pro-
cessed using a multiple frequency target identification technique
(Watkins and Brierley, 2002). Volume backscattering strength
measured at different frequencies were used to identify the
backscattering from krill by use of a three frequency AS, method
(Hewitt and Demer, 2000; Watkins and Brierley, 2002). We aver-
aged volume backscattering and integrated signals over 1 nautical
mile (nmi) horizontal segments, and from a depth of 300 m or the
sea floor in shallow regions, to the transducer (10 m buffer added
to transducer depth). We calculated the Nautical Acoustic Scatter-
ing Coefficient (NASC nmi~') as our basic measurement index of
horizontal krill-plankton distribution and abundance (MacLennan
and Simmonds, 2005). Due to their similar size range, 10-28 mm
(Feinberg and Peterson, 2003; Croll et al., 2005; Ressler et al.,
2005; Shaw et al., 2010; Santora et al., 2011), we are unable to
separate backscatters of E. pacifica and T. spinifera.

2.4. Spatial analysis of krill distribution

Approximately 51,856 km of survey effort were integrated and
stored in a geographic information system (GIS) designed for map-
ping krill and conducting spatial analysis within the core area
(2000-2009; 29,443 km) and coast-wide survey (2004-2009;
35,158 km; Fig. 2). An important consideration is that nearly half
(25,587 km) of this very large data set represents zero value esti-
mates for the acoustic krill index. Part of this is attributed to acous-
tics techniques that provide high frequency sampling (Maclennan
and Simmonds, 2005). Another factor is that krill are generally
patchily distributed and densely concentrated particularly in
specific geographic locations such as shelf-breaks and canyons
(Mackas et al., 1997; Tanasichuk, 1998a,b; Lu et al., 2003; Ciannelli
et al., 2008; Santora et al., 2011).

To evaluate the data, we compiled the acoustic survey effort
into discrete 25 km~2 grid cells to summarize the acoustic krill in-
dex by sampling frequency (number of years a cell was sampled)
and mean number of nautical miles sampled per cell. We then esti-
mated the anomaly of krill abundance (mean per cell with total
mean of all grid cells subtracted) and the coefficient of variation
(CV) per grid cell (Fig. 3). The grid size was chosen to minimize ef-
fects of spatial autocorrelation (Fortin, 1999; Dungan et al., 2002;
Ciannelli et al., 2008) and to match the spatial footprint of satellite
products (e.g., sea surface temperature, chl-a) and top-predator at-
lases (see Ford et al., 2004) that may be used in future analysis with
respect to krill. The grid size also reflects a reasonable trade-off be-
tween sampling density and spatial resolution. For example, in the
core area (represented by nine survey years) the survey effort is
highly repetitive, with nearshore and offshore waters being well
sampled (Fig. 3A) and the mean number of nautical miles sampled
per cell is relatively even along the coast (Fig. 3B). The krill
abundance anomaly plot shows high concentrations along the

shelf-break and over the Monterey Canyon mouth (Fig. 3C). In
addition, the Coefficient of Variation (CV) shows the variability of
the krill index and highlights cells that appear to be more variable
than others (Fig. 3D).

We quantified krill spatial distribution using the kernel smooth-
ing method (Silverman, 1986) implemented in ArcView 9.2 (ESRI,
Inc. Redlands, CA, USA) to estimate spatial utilization distributions
(Worton, 1989; Keating and Cherry, 2009). Each acoustic sample
had a longitude (x), latitude (y) and acoustic krill index (expressed
as a z-value). Kernel density estimation, like any spatial interpola-
tion method, involves estimating an attribute value (e.g., krill) at
an un-sampled site given measurements at neighboring sampled
sites, via an algorithm that incorporates a weighting function that
prescribes relative contributions of individual sampled values as a
function of the distance between the un-sampled and sampled
sites. Kernel density estimation is a non-parametric method and
assumes that spatial autocorrelation between samples decreases
(e.g., their semivariance increases) asymptotically as distance in-
creases (Silverman, 1986; Seaman and Powell, 1996; Legendre
and Legendre, 1998; Ciannelli et al., 2008). The Gaussian kernel
estimator for point location data (Silverman, 1986; Seaman and
Powell, 1996) was modified for continuous data by multiplying
values of krill abundance by kernel weights and computing a
weighted average. The kernel width is adjusted by a search radius
(bandwidth), which governs the degree of dispersion (rate of drop-
off) of mass around the sampled value (see Fig. 2 for sampling
distribution). Based on a previous analysis of the krill spatial orga-
nization from this data set, Santora et al., 2011 showed that the
acoustic index of krill abundance was generally spatially autocor-
related at 5 nmi intervals. In order to achieve the mesoscale level
of smoothing that we desired to detect krill hotspots, kernels were
calculated using a search radius (bandwidth) equal to 5 nmi.

Percent volume contours were calculated at 5% intervals from
kernel densities to summarize spatial utilization distributions
(i.e. histograms) of krill (Worton, 1989; Keating and Cherry,
2009). Essentially, this procedure is a cumulative histogram ap-
proach that partitions the interpolated krill abundance index into
percentiles of abundance. We mapped utilization distributions
and considered percentage levels of 5-20% as “high” and 20-40%
as “medium” hotspots; we calculated metrics for describing their
respective location (e.g., mean center, distance to isobaths and
land, etc.). For interpreting utilization distributions, it is important
to keep in mind that the outer 95% elliptical contours depict the ex-
tent (total area or volume observed/sampled during shipboard
sampling) containing the majority of survey effort. Moving inward,
the utilization distributions are concentric ellipses that reflect an
increase in the spatial heterogeneity of krill, revealing localized
concentration zones of repeatedly detected higher values of the
acoustic index (i.e., the probability of finding similar values of krill
decreases by increasing distance and area). That is, lower percent
utilization contours (<40%) indicate areas of high krill abundance,
especially those smaller than 20%.

2.5. Spatial variability of krill

Little is known about how krill aggregations vary spatially by
latitude in the CCS (but see Ressler et al., 2005; Lu et al., 2003;
Swartzmen et al., 2005). To describe these patterns, one needs to
examine cross-shelf and alongshore directionality. This concept
(anisotropy) focuses on the idea that a measurement property
(krill distribution) varies spatially with direction (Legendre and
Legendre, 1998; Ciannelli et al., 2008). We measured the spatial
variability of krill distribution using directional-based correlogram
methods (Moran’s I) to quantify scale-dependent patterns of krill
(Legendre and Legendre, 1998). Correlograms allow determination
of the characteristic scale of krill patchiness by counting the
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Fig. 3. Grid-based analysis (cell ~25 km~2) of acoustic krill index off central California: (A) summary of sampling effort by grid (years sampled, max 9), (B) mean nautical
miles sampled per cell per year, (C) standardized block-averaged anomaly of krill abundance (subtracted mean from mean cell value) and (D) coefficient of variance (CV) of

krill abundance per cell.

successive number of lags with positive correlations before becom-
ing negative (i.e. zero-crossing). We calculated modes of krill direc-
tional spatial variability for isotropic (all-directional, invariant with
respect to direction), 0° for north/south variation, 90° for cross-
shelf-break variation, and 135¢° for alongshore variation.

2.6. Ekman transport and upwelling

Meridional wind stress (North-South) data measured from the
QuikSCAT satellite scatterometer were obtained from NOAA Coast-
watch (http://coastwatch.pfeg.noaa.gov/erddap/search/index.html?
searchFor=QuikSCAT). QuikSCAT uses active microwave radar to
measure electromagnetic backscatter from wind roughened
ocean surface (Pickett and Paduan, 2003; Pickett and Schwing,
2006; Chelton et al., 2007). Wind vector measurements from
the QuikSCAT satellite have been validated and have good agree-
ment with wind vectors measured from National Data Buoy Cen-
ter (NDBC) buoys (Pickett and Paduan, 2003). We calculated
wind stress from wind velocities as described in Smith (1988).
QuikSCAT data were plotted onto a 0.125 by 0.125° grid
(14 km). Zonal (East-West) mass transport is simply calculated

from: Mex = Ty(0)/f ; where Mex is the zonal (East-West) Ekman
mass transport, Ty(0) is the wind stress at the sea surface, and f
is the coriolis parameter. The unit of Ekman transport is kg/(ms).
Negative values of wind stress (winds directed from North to the
South) result in negative Mex values. Therefore, increasingly neg-
ative Mex values indicate more transport of water in the Ekman
layer offshore. To calculate the zonal Ekman mass transport cli-
matologies, monthly means in May and June for the years
2000-2009 were averaged to reveal locations along the coast
where advection was intense.

2.7. Ekman transport, upwelling centers and krill hotspots

We compared the latitudinal distribution of Ekman transport
(from QuikSCAT) and mean krill abundance along the California
coastline. Comparisons were made between 34.4°N and 40.0°N,
representing approximately 716 km. To test our hypothesis that
the optimal environmental window for krill is related to distance
to/from upwelling centers we calculated mean Ekman transport
at locations 50 km from the coast and mean abundance of krill
by 0.2° bins of latitude. The distance of 50 km is approximately
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where the 1000 m isobath is along the California coast and
includes the shelf and shelf-break habitat. We used cross-correla-
tions to examine how the association between Ekman transport
and krill vary by increasing latitudinal distance (Legendre and
Legendre, 1998). To accomplish this we lagged (lag size is 0.2° bins
of latitude ~25 km) krill against Ekman transport and plotted the
resulting correlogram from —15 lags to +15 lags (a total 350 km
in either direction). Data were de-trended prior to cross-correla-
tion analysis and significance per lag was determined at the 95%
confidence interval.

3. Results
3.1. Identification and location of krill hotspots

3.1.1. ‘Core’ area: Cordell Bank (38°N) to Monterey Bay (36.5°N)
Utilization distributions for the core area averaged over
9 years indicated four hotspots within the central California area
(labeled A-D in Fig. 4, Table 1). One hotspot is located approxi-
mately 50 km due west of Pt. Reyes peninsula, centered on Cor-
dell Bank (38°N, 123.4°W, labeled A in Fig. 4). The center of this
location (38°N, 123.4°W) is 7 km, 12.5 km and 18 km east of the
200 m, 1000 m and 2000 m isobaths, respectively. Inspection of
the 200 m isobath, indicates that the unique twist in bathymetry

may facilitate krill concentration here (Fig. 4). The southwestern
edge of Cordell Bank forms the beginning of the Farallon Escarp-
ment, an area of steep bathymetric change and krill hotspot B,
located on the shelf-break at the western edge of the Gulf of
the Farallones. The center (37.5°N, 122.9°W) of B is 53 km from
the coast, directly over the 200m isobath and 11 km and
35 km, respectively, from the 1000 m and 2000 m isobaths. On
the southern edge of B, lies Pioneer submarine canyon, which bi-
sects hotspots B and C (Fig. 4). Both the Pioneer and the Ascen-
sion canyon systems have previously been described as hotspots
for shortbelly rockfish (Sebastes jordani), an important Kkrill-
predator and key prey of salmon, seabirds and marine mammals
(Chess et al., 1988; Ralston et al., 2003). Hotspot C has a NW
orientation parallel to the coast, and is centered on the 200 m
isobath. Its center (37°N, 122.6 W) is 38 km from Afio Nuevo
on the coast and 12.5km and 32 km, respectively, from the
1000 m and 2000 m isobaths (Fig. 4). The southeastern edge of
this hotspot is associated with Ascension submarine canyon
and forms a boundary with Monterey submarine canyon, the
location of hotspot D (Fig. 4). Hotspot D is positioned over the
1000 m isobath with its center (36.7°N, 122.0 W) 23 km from
Moss Landing and 5km and 9km, respectively, from the
1000 m and 2000 m isobaths (Fig. 4). Monterey submarine can-
yon is a well-known location of large numbers of krill and their
predators (Marinovic et al., 2002; Croll et al., 2005).
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Fig. 4. Krill hotspots off central California, during May-June, 2000-2009. Percent utilization distributions were estimated and mapped using kernel density interpolation;
regions containing dense krill concentrations are labeled A-D. See Table 1 for additional information on labeled krill hotspots.
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Table 1
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Summary of krill hotspots (ID, Geographic name, Location) identified in the central California region, May-June, 2000-2009 (see Fig. 4). Dist. is distance to feature (isobath, coast)
in km; values in parentheses indicate (—) inshore and (+) offshore. Ref. land point is reference to nearest land on California coast or island.

ID Name Mean center Area, km? Dist. 200 m Dist. 1000 m Dist. 2000 m Dist. Coastline Ref. land point

A Cordell Bank 380N, —1234W 200 7(+) 12.5(+) 18(+) 50(—) Pt. Reyes Peninsula

B Gulf of Farallones 375N, -1229W 890 0 12.5(+) 35(+) 53(-) Half Moon Bay

C San Mateo 370N, -122.6 W 671 0 12.5(+) 32(+) 38(-) Afio Nuevo Island

D Monterey Bay 36.7N, —-122.0 W 578 5(-) 0 9 23(-) Moss landing
Mean + SD 584.7 + 287 3+3 9+6 23+12 41+13

3.1.2. California coast-wide: Pt. Arena to the Channel Islands

The expanded survey effort in 2004 allowed us to map krill hot-
spots between Cape Mendocino and Point Conception using
5 years of data (Fig. 5). Between Cape Mendocino and Pont Arena
to the south are two closely spaced locations of elevated krill con-
centrations (1; Table 2, Fig. 5), but these are too small to be consid-
ered hotspots. South of this was a medium inshore hotspot (2) off
Bodega Bay, north of Point Reyes (Table 2, Fig. 5). This is centered
(38.3 N, —123.2 W) 20 km east of Bodega Head, and11 km, 26 km,
and 48 km, respectively, from the 200 m, 1000 m and 2000 m iso-
baths. Within the Gulf of Farallones and Monterey Bay the previ-
ously detected hotspots B, C and D are found in identical
locations (labeled 3-5; Figs. 4 and 5), but varied slightly in their

mean centers (Tables 1 and 2). These results indicate that the cen-
tral California krill hotspots based on nine survey years were also
identified using 5 years of data.

It is important to note that the bathymetry south of Monterey
Bay is quite different than that to the north, particularly with re-
spect to the 200 m isobath. South of Monterey Bay the 200 m iso-
bath runs southeast within a few kilometers of the coastline (Fig. 5)
whereas in the Gulf of the Farallones it is located 20-60 km off-
shore. South of Monterey Bay along the Big Sur coast, two portions
of the largest hotspot detected are located on the relatively wide
shelf extending between the 200 and 1000 m isobaths over the
Santa Lucia Bank (Table 2, Fig. 5, labeled 6). The northern edge of
this location is bounded by Sur and Lucia Canyons. The first portion
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Fig. 5. Krill hotspots California coast-wide during May-June, 2004-2009. Percent utilization distributions were estimated and mapped using kernel density interpolation;
regions containing dense krill concentrations are labeled 1-10. Depth contours are the 200 m, 1000 m and 2000 m isobaths respectively. See Table 2 for additional

information on labeled krill hotspots.
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Table 2
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Summary of krill hotspots from coast-wide surveys, May-June, 2004-2009 (see Fig. 5). Dist. is distance to feature (isobath, coast) in km; values in parentheses indicate (—) inshore

and (+) offshore. Ref. land point is reference to nearest land on California coast or island.

ID Name Sub areas  Mean center Area, km? Dist. 200m  Dist. 1000 m  Dist. 2000 m  Dist. coastline  Ref. land point
1 Point Arena 1 39.8°N, 123.9W 216 11( 26(+) 48(+) 12(-) Pt. Arena
2 39.1°N, 123.8W 320 15(+) 28(+) 48(+) 7.5(-)
2 Bodega Head 1 38.3°N, 1232W 950 17(+) 40(+) 56(+) 20(-) Bodega Head
3 Gulf of Farallones 37.6°N, 123.0 W 740 0 6(+) 10(+) 10(-) SE Farallon Island
4 Pescadero 37.0°N, 1225W 823 0 17.5(+) 36.5 28.8(—) Pescadero
5 Monterey Bay 36.7°N, 122.0W 578 5(-) 0 9(+) 23(-) Moss Landing
6 Big Sur 1 35.6°N, 121.6 W 2100 22(-) 17(+) 57(+) 33(-) Big Sur
2 35.3°N, 121.3W 700 36( 32(+) 60(+) 50(-) San Luis Obispo
7 Point Sal 34.8°N, 121.0W 1060 21(-) 50(+) 73(+) 43(-) Pt. Sal
8 Point Conception 34.3°N, 1204W 780 3(-) 19(+) 49 14(-) Pt. Conception
9-10  Channel Islands 1 334°N, 119.7W 430 3(-) 14(+) 28(+) 25(-) San Nicholas Island
2 33.6°N, 1193W 210 29 0 82 36(—) Santa Barbara Island
Mean + SD 7422+509 135%12 208+15 46.4+22 252+13
of hotspot 6 extends southward of Point Sur with a mean center 0.25 - e tsotropic
(35.6°N, 121.6 W) situated 33 km west of Point Piedras Blancas
(Fig. 5). The second portion is to the south with a mean center -0 degrees
(35.3°N, 121.3 W) located 50 km west of San Luis Obsipo (Fig. 5). = 90 degrees
South of San Luis Obispo, the 200 m isobath moves further off- ——135 degrees
shore then bends nearly 90° to the east around the coastline off 0.15
Point Conception. This region comprises a major bio-geographic o
boundary along the US west coast that separates oceanic and cli- z
matic conditions to the north from those within the California g 0.1
Bight of southern California (Fig. 5; Checkley and Barth, 2009). Kill =
hotspot 7 is located north of Point Conception; centered (34.8°N, T
121.0 W) 43 km west of Point Sal, this is the southernmost krill
hotspot within the central California region (Table 2, Fig. 5). Hot-
spot 8, centered at 34.3°N, 120.4 W, is 14 km due south of Point 0
Conception within the western edge of Santa Barbara channel.
Longitudinal survey coverage south of this, within the southern o

California Bight, was reduced and the near shore coastal area was
not sampled (see boundary of 95% kernel in Fig. 5). However,
offshore surveys conducted near San Nicholas and Santa Barabara
Islands included two medium hotspots, 9 and 10 (Table 2, Fig. 5).
Hotspot 9 was centered 25 km north of San Nicholas Island
(33.4°N, 119.7W) over the 200 m isobath while hotspot 10
(33.6°N, 119.3°W) was centered 36 km northwest of Santa Barbara
Island over the 1000 m isobath (Fig. 5).

3.2. Modes of directional spatial variability of krill hotspots

Krill hotspots (Figs. 4 and 5) are spatially orientated along the
prominent southeast bathymetric trend of the California coastline.
Based on Moran'’s I we found concordance in the spatial variability
of krill among isotropic (all-directional), 0° (north-south) and 90°
(east-west) directional correlograms, indicating a common charac-
teristic spatial scale of 1-7 nmi or 13 km (Fig. 6). That is, krill exhi-
bit similar scales of patchiness in north/south and cross-shelf
directions. The alongshore (135° direction) spatial variability
showed a characteristic spatial scale of 1-23 nmi, 43 km, that is
substantially larger than other directions (Fig. 6). However, krill
demonstrated increased spatial variability at even larger scales
(>23 nmi,) for cross-shelf directions (Fig. 6) that we attribute to
large-scale spatial similarity associated with the shelf-break
extending throughout the California Current marine ecosystem.

3.3. Spatial relationships between krill hotspots and strong upwelling
regions

Krill hotspots are located in proximity to known upwelling cen-
ters (Figs. 5 and 7A). The climatology of zonal Ekman transport
(Fig. 7A) shows strong east-west transport (increasing negative

1 357 9111315171921232527293133353739414345
Lag (Nautical Miles)

Fig. 6. Modes of directional spatial variability of krill off central California: 2-
dimensional correlograms (Moran’s I) depicting direction spatial variability for
isotropic (all-directional), 0° (north/south variation), 90° (cross-shelf, east/west
variation) and 135° (alongshore, parallel to bathymetry). The characteristic scale is
largest in the alongshore direction (~1-42 km). (For interpretation to colours in this
figure, the reader is referred to the web version of this paper.)

values of Ekman transport) near Cape Mendocino, Point Arena,
Point Sur and Point Conception. In contrast, relatively weak trans-
port occurs between the Point Reyes Peninsula and Monterey Bay
and along the coast south of Point Sur to just north of Point Con-
ception (features labeled in Fig. 7A). Placing krill hotspots (Fig. 5)
in context with Ekman transport (Fig. 7A), shows that krill are
not concentrated near the Cape Mendocino region where Ekman
transport is strongest. To illustrate and quantify the role of variable
Ekman transport by latitude on krill abundance we selected data
between 34.4°N and 40°N (~715 km of coastline; Fig. 7). The plot-
ted mean Ekman transport at 50 km from the coast and mean krill
abundance by 0.2°N latitude bins (~25 km) shows concordant in-
verse fluctuation between high krill abundance and Ekman trans-
port (Fig. 7C). That is, geographically along the coast higher (less
negative) values of Ekman transport indicate the likelihood of re-
duced advection (i.e., increased retention) which coincides with
elevated krill abundance. In fact, the relationship between mean
Ekman transport and krill abundance is negative and strong
(r*=0.54, r=—0.77, p < 0.01, Fig. 7C). In addition, cross-correlation
was used to measure the association of Ekman transport and
lagged krill abundance (at lags of 0.2°N, ~25km) to determine
the sensitivity of their association (Fig. 7D). We found that Ekman
transport and krill abundance are generally in phase with changes
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Fig. 7. Ekman transport and krill distribution. (A) Climatology of May and June zonal Ekman Mass transport for the time span 2000-2009. The mass transport (kg/ms) is
driven by the upwelling winds that are present during this time of year, and the resultant transport is directed offshore (from east to west). Larger values are located at south
of Cape Mendocino, Point Arena and Point Sur. The dashed line marks the distance of ~50 km from the shore; this distance is approximately the same location as the —1000 m
isobath. (B) Covariation of mean Ekman transport (50 km from coast) and mean krill abundance (NASC nmi~') by 0.2°N latitudinal bins (~25 km); higher Ekman values
indicate lower transport, (C) relationship between krill abundance and Ekman transport (based on data in b), and (D) cross-correlation between Ekman transport and lagged
krill abundance showing positive and significant associations at —1 to +1 lags (red bars) and disassociations or out of phase at larger lags (<—3 and +5).

at small lags to the north and south (-2 to +2, ~100 km; Fig. 7D),
but were strongly out of phase at larger lags (Fig. 7D).

4. Discussion

In the CCS, krill are of great interest because a large amount of
energy flows through them to upper trophic levels, particularly to
commercially important species (Batchelder et al., 2002; Field
et al., 2006). Therefore, describing description of the spatial organi-
zation of krill on relatively large spatio-temporal scales is war-
ranted for understanding and managing living marine resources
of the California Current ecosystem. This study builds on the classic
work of Brinton (1962, 1976), who developed a geographic atlas of
krill to establish broad scale patterns of krill abundance,

distribution and reproductive behavior in relation to oceanographic
and climatic conditions in the CCS and elsewhere in the North
Pacific. Specifically, this study focused on indentifying zones of
elevated krill abundance at a previously unattainable resolution,
quantifying the orientation of these spatial patterns along the coast
and quantifying the spatial relationships between the long-term
mean of krill distribution and upwelling intensity.

Using nearly a decade of acoustic surveys we tested the hypoth-
esis of mesoscale (10s-100s of km) structuring of krill populations
in the southern to central-northern California Current. We quanti-
fied a climatology of krill abundance and distribution to resolve
spatial structuring and to identify and describe characteristics of
krill hotspots. Our study shows where krill are concentrated along
the California coast during typically the strongest periods of
upwelling in this environment (May-June; Rykaczewski and
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Checkley, 2008; Bograd et al., 2009; Checkley and Barth, 2009). We
confirmed mesoscale structuring of the krill population in this re-
gion of the California Current (Brinton, 1962) and demonstrate that
krill hotspots are aligned with the predominant orientation of the
shelf-break in the study region (135°). This conclusion is, in part,
related to the acoustic signatures we obtained. Using about half
of this dataset (2002-2006), Santora et al. (2011) demonstrated
that the acoustic signals relate more strongly to the relative abun-
dance of Euphausia pacifica than Thysanoessa spinifera. According to
previous studies of these species off California, E. pacifica is more
abundant than T. spinifera and occupies more of the outer-shelf,
shelf-break, and slope habitats (Brinton, 1962; Brinton and
Townsend, 2003). Therefore, we surmise that the overall pattern
of mesoscale structuring evident in this study reflect E. pacifica
more so than other species of krill in this ecosystem. Ongoing
and future research will include a refinement of acoustic estimates
by species across different habitats with coupled analysis of trawl
and bongo net data. We can improve our understanding of essen-
tial krill habitats and their connectivity in the food web, by quan-
tifying the location, spatial arrangement and directional
orientation of krill hotspots. Zooplankton patchiness has been
studied for decades and it is generally assumed that correlation
scales vary more rapidly in the cross-shelf rather than along-shelf
direction (Haury et al., 1978; Mackas, 1984). Krill hotspots were
generally 20 nmi in length in the alongshore direction and only
5-7 nmi in the cross-shelf direction. We also found that the area
of krill hot spots ranged in size from 200 to 2100 km? and suspect
this variation relates to regional oceanographic conditions (e.g.,
Ekman transport, turbulence) and bathymetric characteristics such
as submarine canyon size and shelf habitat.

Our study confirmed that there is substantial regional variabi-
lity in the spatial distribution of krill in the California Current.
We did not identify any krill hotspots in the northern California
region from Cape Mendocino (40°N) south to Pt. Arena (39°N), a re-
gion of strong upwelling (Bakun and Parrish, 1982; Pickett and
Schwing, 2006). Along the central California coast, we quantified
the spatial organization of krill hotspots within a region of low
upwelling between 38°N and 36.5°N (Fig. 4). Here we identified
four krill concentration zones centered along the shelf-break-slope
within the boundaries of Cordell Bank (A), Gulf of the Farallones
(B), and Monterey Bay (C and D) National Marine Sanctuaries
(see Fig. 4). The bathymetry within this region is a complex net-
work of submarine canyons (e.g., Pioneer Canyon, Monterey
Canyon) that is interspersed with steep shelf-break (e.g., Farallon
Escarpment) and wide shelf-slope habitat. Moreover, there is
evidence that the flow of water over Monterey Canyon within
Monterey Bay forms an offshore eddy (Graham and Largier,
1997), a location that we identified as a krill hotspot and previ-
ously described as an important location for foraging cetaceans
(Benson et al., 2002; Croll et al., 2005).

South of Monterey Bay, at Point Sur, the coastal flow of the
California Current is influenced by steep changes in nearshore
bathymetry (200 m isobath lies directly at the coastline) and widen-
ing of the shelf-break (Hickey, 1979; Breaker and Mooers, 1986).
This region is also considered an important upwelling region where
geostrophic flow is intensified by wind resulting in high primary
productivity to the south along the Big Sur coast (Breaker and
Mooers, 1986; Pickett and Paduan, 2003; Pickett and Schwing,
2006). We found three relatively large krill hotspots within this re-
gion that ranged in area of 1000-2000 km? and were centered on
the 1000 m isobath approximately 30-50 km from the coastline
(Fig. 5). South of this region, is the geographic boundary formed by
Point Conception (34°N), a location containing high concentrations
of top-predators and recognized as a “biological hotspot” in the
California Current (Checkley and Barth, 2009). We identified krill
hotspots adjacent to the north and south of this important region.

Our comparison of the mesoscale structure of krill hotspots
with Ekman transport (calculated from QuikSCAT winds) by lati-
tude from 34°N to 40°N showed disassociations (inverse correla-
tion) with upwelling centers; krill were found in regions of
generally weaker Ekman transport (e.g. Greater Gulf of the Farall-
ones). Previous work on wind stress, upwelling and Ekman trans-
port off the California coast (Bakun and Parrish, 1982; Pickett
and Paduan, 2003; Pickett and Schwing, 2006; Chelton et al.,
2007; Rykaczewski and Checkley, 2008) showed that regions of
substantial upwelling coincide with coastal geomorphology (e.g.
bathymetry and coastal mountains) such as the coastal promonto-
ries at Cape Mendocino, Point Arena, Point Sur and Point Concep-
tion. We found that although krill hotspots are separated from
these sites they are found adjacent to these upwelling centers in
regions where Ekman transport is decidedly weaker (Fig. 7). The
fact that krill are disassociated with strong upwelling centers dur-
ing May and June, when upwelling is substantial, supports our con-
ceptual model of an “optimal upwelling window” for krill. This
model depends on both nutrient input and advection as mecha-
nisms for understanding their spatial distribution. We did not ad-
dress the nutrient input/food availability part of this mechanism in
this study due to lack of data on diatoms, the primary prey re-
source for krill (Ohman, 1984; Pinchuk et al., 2008). Krill hotspots
should persist throughout the summer as long as upwelling at
these locations is relatively active, driving the opposing mecha-
nisms of nutrient input (food availability) and advection (trans-
port). Furthermore, synthesis is needed on the behavior of krill,
specifically diel vertical migration, which may help to counter dis-
placement of krill from favorable habitat. Future analysis is needed
to investigate seasonal variation in mesoscale structuring of krill
distributions especially during winter and fall months when
upwelling is less active and geostrophic flow is stronger in the
northward direction due to intensification of the Davidson Current
and California Undercurrent (Hickey, 1979; Huyer, 1983). This
information would be useful for predicting changes in krill spatial
organization and perhaps population dynamics of krill between
seasons and years (Swartzmen et al., 2005; Dorman et al., 2011).

In recognition of the key role of krill in the food web, the PFMC
implemented a ban on the development of krill fisheries in the US
waters of the California Current, a move preceded by actions taken
by West Coast states in coastal waters and widely supported by
academic, conservation, and fishing communities (PFMC, 2008).
The action recognized krill as an “essential component” of the mar-
ine ecosystem, in particular as forage to species of considerable
economic significance in each of the four Fishery Management
Plans (FMP) administered by the PFMC. This includes all stocks in
the coastal pelagic species FMP, particularly market squid (Dory-
teuthis opalescens) for which krill typically represent over 90% of
prey (Karpov and Cailliet, 1979). However, krill are also important
prey of Pacific sardine (Sardinops sagax, Hand and Berner, 1959;
Emmett et al., 2005), anchovies and jack mackerel (Engraulis
mordax and Trachurus symetricus; Brodeur et al., 1987) as well as
juvenile and adult stages of both species of Pacific salmon (Merkel,
1957; Brodeur et al., 1987; Daly et al., 2009). Krill are preyed upon
by most of the largest groundfish populations on the US west coast,
notable among which are Pacific hake (Merluccius productus) the
largest West Coast fishery by volume (Rexstad and Pikitch, 1986;
Buckley and Livingston, 1997; Tanasichuk, 1999) and most species
of rockfish (Sebastes spp., Brodeur and Pearcy, 1984; Chess et al.,
1988; Lee and Sampson, 2009). Although most highly migratory
fish species feed higher on the food web, both albacore tuna
(Thunnus alalunga) and blue sharks (Prionace glauca) will feed on
euphausiids in coastal waters (Harvey, 1989; Glaser, 2010). Finally,
as noted earlier, krill are critical components of the diets of many
seabirds and marine mammals, including several threatened or
vulnerable species.
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In enacting their protective management measures for krill, the
PFMC defined krill habitat very broadly as “the area between the
2000 m isobath and coastline with topographic and oceanographic
features that consistently serve to concentrate krill and support
stock productivity (while incidentally supporting predator feed-
ing)” (PFMC, 2008). However, the Council action also recognized
that within this broad region there are specific areas of krill aggre-
gation and high abundance, many of which support high densities
of mobile predators such as salmon, seabirds and marine mam-
mals. These areas are generally well-known but have not been for-
mally quantified with respect to long-term patterns of distribution
and abundance. Although the PFMC decision did not identify such
regions with a higher level of habitat protection (e.g., definition of
these areas as Habitats of Particular Concern, or HAPCs), due lar-
gely to the fact that the ban on directed fishing precluded this
need, future management actions by the PFMC or other manage-
ment entities may benefit from the improved identification and
quantification of such habitats in the Central California region. In
particular, the location, size and spacing of krill hotspots within
this region may be particularly valuable for future consideration
of marine protected areas aimed at offering additional protection
for krill-dependent predators (Hyrenbach et al., 2000; Roberts
et al., 2003; Parnell et al., 2006). Notably, we identified krill hot-
spots within the boundaries of three National Marine Sanctuaries
off Central California. The size, spacing and center of these distribu-
tions may be informative for sanctuary managers in developing
conservation and management plans for maintaining the func-
tional role of krill within sanctuary boundaries, particularly if inte-
grated with distribution data on a variety of their fish, seabird and
mammal predators (Halpern et al., 2008).

Our summary of krill hotspots should be useful for understand-
ing and predicting changes in the spatial distribution, abundance
and demography of krill-dependent predators. This, in turn, should
help inform management and conservation measures by any num-
ber of management agencies or bodies. For example, endangered
blue whales have been involved in lethal ship-strikes incidents
off California, which poses additional threats to their conservation
(Berman-Kowalewski et al., 2010). Additional insight may be
gained by relating blue whale foraging behavior and distributions
to krill hotspots, as a means to possibly prevent future ship-strike
incidents. We identified krill hotspots near Point Conception and
the Channel Islands (see Fig. 5), a region recognized as an impor-
tant feeding ground for blue whales (Fiedler et al., 1998; Mate
et al., 1999; Bailey et al., 2010) and also a heavily traveled route
for commercial shipping (Halpern et al., 2009); whale-ship-strike
incidents are highly clustered here (Berman-Kowalewski et al.,
2010). Future effort is needed to determine how the location of
krill hotspots relate to commercial shipping traffic and other hu-
man disturbances to the marine environment of the California Cur-
rent ecosystem (Halpern et al., 2009). As the distribution of whales,
and thus their vulnerability to strikes, varies considerably from
year to year, an integrated approach that considers both long-term
spatial hotspots with shorter-term forecasts of temporal variability
in krill abundance (Santora et al., 2010) could lead to information
that would reduce the risk of whale mortalities.

In conclusion, our study resolved mesoscale spatial distribution
patterns of krill, identified regions of high abundance (i.e., hot-
spots) that were disassociated with strong upwelling centers, and
confirmed the likelihood of spatial “optimal environmental win-
dows” for krill in the CCS. This long-term study provides informa-
tion on where krill are most likely to occur along the California
coast and has important implications for the spatial ecology and
management of krill and their predators. A novel aspect of this
study is the spatially-explicit linkage between ship-based acousti-
cally determined krill abundance and Ekman transport derived
from remotely sensed wind stress (NASA QuikSCAT). Integration

of other satellite-based data products with information on Kkrill
and krill-predators would likely be a promising way forward in
the developing field of marine spatial management.
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