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Marine spatial planning and ecosystem models that aim to predict and protect fisheries and wildlife ben-
efit greatly from syntheses of empirical information on physical and biological partitioning of marine eco-
systems. Here, we develop spatially-explicit oceanographic and ecological descriptions of the central
California Current region. To partition this region, we integrate data from 20 years of shipboard surveys
with satellite remote-sensing to characterize local seascapes of ecological significance, focusing on krill,
other micronekton taxa, and top predators (seabirds and marine mammals). Specifically, we investigate if
micronekton and predator assemblages co-vary spatially with mesoscale oceanographic conditions. The
first principal component of environmental and micronekton seascapes indicates significant coupling
between physics, primary productivity, and secondary and tertiary marine consumers. Subsequent prin-
cipal components indicate latitudinal variability in niche-community space due to varying habitat char-
acteristics between Monterey Bay (deep submarine canyon system) and the Gulf of the Farallones
(extensive continental shelf), even though both of these sub-regions are located downstream from
upwelling centers. Overall, we identified five ecologically important areas based on spatial integration
of environmental and biotic features. These areas, characterized by proximity to upwelling centers, shal-
low pycnoclines, and high chlorophyll-a and krill concentrations, are potential areas of elevated trophic
focusing for specific epipelagic and mesopelagic communities. This synthesis will benefit ecosystem-
based management approaches for the central California Current, a region long-impacted by anthropo-
genic factors.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Worldwide, fisheries production is concentrated in eastern
boundary upwelling ecosystems (EBUEs; Fréon et al., 2009). The
abundance and diversity of marine biota in EBUEs are related to
the extraordinary productivity of these regions, largely determined
by wind-driven upwelling and large-scale transport mechanisms
(Ware and Thompson, 2005; Checkley and Barth, 2009). Upwelling
promotes pulses in primary productivity that supports the rich for-
age nekton community vital for sustenance of fisheries and wildlife
with great commercial and recreational value (Brodeur et al., 2003;
Field et al., 2006). However, given a plethora of marine life and
associated human population centers, EBUEs are among the most
heavily impacted ecosystems globally (Halpern et al., 2008).
Cumulative human impacts include serial depletion of marine
mammals and fisheries stocks, altered food web dynamics and var-
ious habitat changes and contamination. Restoration, recovery and
ll rights reserved.

).
future conservation of fisheries and marine predators of EBUEs are
dependent, in part, on the development of better ecosystem-based
management strategies, including spatially-explicit approaches
(Crowder and Norse, 2008). In particular, understanding spatial
variability in linkages between mesoscale oceanography, oceanic
habitats, and predator–prey dynamics could provide key informa-
tion for marine spatial planning (Halpern et al., 2009; Grantham
et al., 2011). The regional spatial ecology of key marine environ-
ments has thus become a featured element of many developing
ecosystem-based management programs (Crowder and Norse,
2008; Cury et al., 2008; Hooker et al., 2011).

The California Current Ecosystem (CCE) is a well-known EBUE
because of its expansive fisheries, tremendous biodiversity, and
considerable complex history of human interactions and impacts
(Checkley and Barth, 2009). The central California Current region,
from Point Arena, (39�N) in the north to Point Sur (36�N) in the
south (hereafter referred to as the ‘‘Gulf of the Farallones and
Monterey Bay’’ region; GoF/MB), continues to support a broad
array of commercial and recreational fisheries (including salmon,
groundfish and coastal pelagic species), though many of these
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populations are depleted. This region also hosts the largest and
most diverse seabird and marine mammal colony in the continen-
tal United States (Farallon Islands National Wildlife Refuge; Fig. 1).
Currently 13 seabird species and five pinniped species reside on
the islands and number in the hundreds of thousands (Sydeman
et al., 2001; Office of National Marine Sanctuaries, 2010). Histori-
cally this refuge may have sustained over a million individual birds
and hundreds of thousands of seals and sea lions. Endangered blue
whales (Balaenoptera musculus), black-footed albatross (Phoebastria
nigripes) and leatherback sea turtles (Dermochelys coriacea) also
use the region as an important feeding ground (Croll et al., 2005;
Hyrenbach et al., 2006; Benson et al., 2007). Over the 19th and
20th centuries, marine bird and mammal populations here were
heavily exploited (Scammon, 1874; Rowley, 1929; Ainley and Lewis,
1974; Cass, 1985; Sydeman and Allen, 1999; Estes et al., 2006).
Notably, the last commercial whaling station in the US, located in
San Francisco Bay, was closed in 1971. This region has experienced
considerable non-extractive human disturbances as well, including
high volumes of marine transportation, numerous oil spills, and
dumping of munitions and hazardous waste in proximity to the
Farallon Islands (Office or National Marine Sanctuaries, 2010;
Fig. 1). Therefore conservation is an ongoing process and will greatly
benefit from the development of geospatial ecosystem indicators
specific to the region (Halpern et al., 2009).
Fig. 1. Central California coast study area. The NMFS ‘‘Juvenile Rockfish and Ecosystem
includes 35 trawl stations that are consistently sampled each year for CTD measuremen
only). The study area has complex bathymetry and circulation due to coastal geomorphol
Depth contours are 100 m intervals from 100 m up to 1000 m, and then 2000 m isobath
study area includes the large and deep submarine canyon system of Monterey Bay. Withi
Gulf of the Farallones ‘GFNMS’ and Monterey Bay ‘MBNMS’.
In many ecosystems, including the GoF/MB region, micronekton
species comprise a key linkage between the physical environment
and upper trophic level marine predators that are of management
and conservation concern (Cury et al., 2000; Bakun, 2006). We
define the micronekton assemblage as organisms on the order of
2–10 cm in length that are prey for upper trophic level species
(Pearcy, 1976; Brodeur and Yamamura, 2005). Typically, this
assemblage is composed of (1) small pelagic invertebrates (e.g.,
cephalopods, euphausiids and pelagic decapods), (2) juvenile
stages of benthic or pelagic fishes (including a range of gadids,
merluccids, scorpaenids and pleuronectids), and (3) adult and sub-
adult stages of small pelagic species (e.g., clupeids, engraulids or
osmerids) and mesopelagic fishes (e.g., myctophids, bathylagids).
Several studies have focused on the community structure and hab-
itat relationships of micronekton in the northern California Current
off Oregon (Pearcy, 1976; Brodeur et al., 2003; Miller et al., 2010;
Phillips et al., 2009; Ruzicka et al., 2012), but to date none have
offered a comprehensive geospatial analysis of the micronekton
species assemblages relative to oceanography and habitat charac-
teristics in the GoF/MB region. Here we test the hypothesis that
local oceanographic mechanisms (i.e., upwelling and retention)
underlie spatial patterns of micronekton assemblages and habitat
associations and that these relate to the distribution and abun-
dance of upper trophic level predators. To test this hypothesis
Assessment Survey’’ is conducted annually during May–June. This ‘core’ region
ts and net hauls for micronekton (red circles; black triangles indicate CTD sampling
ogy, steep shelf breaks and intrusion of submarine canyons into shelf/coastal waters.
. There is extensive shelf habitat from Bodega Bay to Santa Cruz, but the southern
n the study area there are three National Marine Sanctuaries: Cordell Bank ‘CBNMS’,
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we integrate satellite-derived information on hydrographic condi-
tions with physical oceanographic and biological data obtained
from ship-based monitoring of micronekton and top predator com-
munities in the central California region over a 20-year period.
Specifically, we investigate whether (1) micronekton assemblages
co-vary spatially with mesoscale oceanographic conditions and
(2) spatial segregation of oceanic and coastal species relates to
sea floor depth and distance to coastline, as has been hypothesized
by others (Pearcy, 1976; Brodeur et al., 2003; Lu et al., 2003;
Phillips et al., 2009; Keister et al., 2009a,b). We also investigate
whether the interplay of coastal geomorphology and bathymetry
(e.g., headlands, submarine canyons, shelf width) and localized
upwelling influence the latitudinal regionalization of species asso-
ciations within the shelf domain (e.g., Hickey, 1995). A major
emphasis in this study is krill (euphausiids) which, because of their
biomass, energy content and tendency to form dense patches, play
a key role in pelagic food webs (Brinton, 1962; Field et al., 2006;
Santora et al., 2012). Information on the primary krill species in
the GoF/MB region, Euphausia pacifica and Thysannoessa spinifera,
may also provide insight into the distribution of other micronek-
tonic species that are krill predators. To do this we explore whether
the distribution and abundance of E. pacifica and T. spinifera covary
with those of other micronekton taxa. Lastly, we test the idea that
seabird and marine mammal aggregations can be used as indica-
tors of micronekton assemblages. This study is important because
recognition of significant linkages between micronekton and top
predator assemblages is essential for the identification of ecologi-
cally important areas and, ultimately, for marine spatial manage-
ment (Hyrenbach et al., 2000; Hooker et al., 2011).
2. Materials and methods

2.1. Study area

The hydrography off central California exhibits strong seasonality
(Steger et al., 2000). During spring–summer (February–September),
northerly wind forcing and Ekman transport drive offshore
displacement of surface waters and nearshore upwelling of cold,
nutrient-rich water from depth. Pulsed upwelling in conjunction
with lengthening daylight hours in spring initiate phytoplankton
blooms that support coastal food webs; enhanced primary and sec-
ondary productivity are supported by pulsed upwelling through
subsequent months, terminating with the relaxation of northerly
winds in late summer. Interactions between northerly winds and
coastal geomorphology and bathymetry result in upwelling centers
characterized by cold, high-nutrient and low-chlorophyll waters
(Largier et al., 2006). High-chlorophyll waters are located down-
stream or inshore of upwelling centers in association with locally
induced upwelling structures such as jets, filaments and eddies
(Schwing et al., 1991; Steger et al., 2000; Largier et al., 2006).
Coastal upwelling ‘‘shadows’’ exist in the lee of prominent head-
lands and capes; here alongshore flow is reversed, forming circula-
tion cells where the retained water contains high concentration of
chlorophyll and zooplankton (Graham et al., 1992; Graham and
Largier, 1997; Largier et al., 2006). Quantification of this dynamic
and complex seasonal coastal upwelling ecosystem is critical for
understanding habitat associations and spatial relationships of
key forage species and their dependent top predator populations
(Keister et al., 2009a,b; Ainley et al., 2009).

Two major physical and ecological regions of the central CCE are
the Gulf of the Farallones (GoF), defined by a broad continental
shelf (�50 km) compared with narrow shelves (�20 km) of adja-
cent regions, and Monterey Bay (MB), cut by a massive submarine
canyon. The oceanography of GoF is influenced by Point Reyes, a
topographically-critical headland at its northern boundary
(Fig. 1). The western edge of the broad GoF shelf is punctuated
by Southeast Farallon Island (SEFI) and associated sea stacks, shal-
low Middle Farallon Islet, North Farallon Islets and Cordell Bank
seamount, located �50 km to the north of SEFI. Point Reyes,
18 km to the northeast and an important upwelling center is the
closest point of land to SEFI. The Golden Gate entrance to San Fran-
cisco Bay, an important source of low salinity and nutrient rich
water, is 42 km east of SEFI. Along the Farallon Escarpment north-
west of the islands (approximated by the 200 m shelf-break)
numerous small canyons and a few shallow banks provide diverse
habitats (Fig. 1). Davenport, near the Ascension submarine canyon
system south of GoF, is another important upwelling center
(Schwing et al., 1991; Rosenfeld et al., 1994) and source of a plume
of cold, nutrient rich water that forms an upwelling shadow (sensu
Graham and Largier, 1997) in northern Monterey Bay. The greater
Monterey Bay region is also characterized by elevated productivity
due to complex benthic–pelagic coupling associated with submar-
ine canyons and retention features (Hickey, 1995; Chavez and
Messié, 2009).
2.2. Micronekton sampling

The Fisheries Ecology Division of the Southwest Fisheries Sci-
ence Center has conducted an annual late spring/early summer
(May–June) mid-water trawl survey for juvenile rockfish in the
greater GoF/MB region (36�–39�N) since 1983. Details and history
of this survey are provided by Sakuma et al. (2006). Sampling was
consistently done at 5–6 fixed stations located on cross-shelf tran-
sect lines (Fig. 1) each year between 1990 and 2009, with each sta-
tion sampled two or three times per year. Micronekton were
collected at night using a modified Cobb midwater trawl, with a
26 m headrope and 9.5 mm cod-end liner; no flow meter was used.
Typically 15 min tows were made at each station with a headrope
depth of 30 m. However, a 10 m depth was used in shallow waters,
and shorter-duration tows (e.g., 5 min) were made in areas with
dense jellyfish aggregations (e.g., nearshore, GoF stations), with
data adjusted according to the standard 15 min tow duration.

While the survey was originally designed to sample juvenile
rockfish (Sebastes) species to develop indices of year class strength
for stock assessment (Larson et al., 1994; Ralston and Howard,
1995, Sakuma et al., 2006), many other commercially and ecologi-
cally important micronekton taxa are sampled (Brodeur et al.,
2003; Santora et al., 2011a; Bjorkstedt et al., 2011). Enumeration
of non-rockfish species was inconsistent before 1990. Subsequent
to that time the contents of the entire catch were identified to spe-
cies or lowest taxon possible and enumerated. Data from a total of
2085 net samples collected between 1990 and 2009 were used for
this study. The taxa treated here (Table 1) were selected based on
their overall abundance and importance with respect to energy
flow in the marine food web; these are vertebrate and invertebrate
species that collectively comprise the regional micronektonic for-
age assemblage (Brodeur et al., 2003; Field et al., 2006; Brand
et al., 2007; Dufault et al., 2009). Several generic groups were
formed of similar species based on high among-species correla-
tions (e.g., Sebastes and Citharichthys), while other taxa were aggre-
gated into broader functional groups (e.g., myctophids) for
analytical purposes. Data pertaining to a total of 13 micronekton
taxa were averaged for each station, 1990–2009. Exceptions are
krill species, data on which were available from 2002 to 2009,
and jellyfish, which were enumerated from 1990 through 2001
and again from 2009 to 2010. Station-specific anomalies of abun-
dance were estimated by subtracting the long-term mean from
the mean catch-per-unit-effort (individual haul�1; CPUE; 15 min
at target depth) per station. Abundance of each taxon was stan-
dardized (z-score) to facilitate relative abundance comparisons.



Table 1
Micronekton taxa examined in this study and catch summary statistics (1990–2009).

Functional group Species names Fisheries potential %
Positive
hauls

Mean CPUE, and
Coefficient of
Variation (CV)

Juvenile rockfish Sebastes spp., particularly S. jordani,
S. entomelas, S. goodei and S. flavidus

Adults are of high commercial importance (formerly
10,000s tons, currently 1000s)

67.7% Mean = 23.2
CV = 0.74

Mesopelagic fishes Includes families Myctophidae, Bathylagidae; key species
include Diaphus theta, Stenobrachius leucopsaurus,
Leuroglossus stilbius

No existing fisheries and limited near term potential
(despite great abundance) as technology currently
infeasible

38.3% Mean = 106
CV = 0.81

Juvenile Pacific
hake

Merluccius productus Adults of high commercial importance, largest
fishery in CCS (�300,000 tons)

62.8% Mean = 192
CV = 2.09

Juvenile sanddabs Citharichthys sordidus and C. stigmaeus Adults of moderate commercial importance (1000s
tons)

74.9% Mean = 18.9
CV = 0.95

Pacific sardine Sardinops sagax Historically, largest fishery in CCS (100,000s tons),
currently a major fisheries target

16.7% Mean = 6.92
CV = 1.08

Northern Anchovy Engraulis mordax Formerly major fishery (100,000s tons), currently
catches �10,000s tons, largely bait and incidental
catch

23.3% Mean = 71.6
CV = 1.33

Market Squid Loligo opalescens Currently among largest fisheries in California
Current (�100,000 tons)

48.1% Mean = 0.2
CV = 1.25

Sergestid shrimp Sergestidae No existing fisheries, limited near term potential 24.1% Mean = 78.8
CV = 1.58

Jellyfisha Chrysaora fuscescens, C. colorata and Aurelia aurita No existing fisheries, limited near term potential 27.5% Mean = 260
CV = 1.31

Octopi Octopus spp., primarily O. rubescens No existing fisheries, limited near term potential 26.5% Mean = 17.8
CV = 1.52

Juvenile Chinook
Salmon

Oncorhynchus tshawytscha Currently a high value commercial and recreational
target (1000s tons)

1.2% Mean = 1.63
CV = 1.03

Euphauisa pacificab Euphausia pacifica Currently fisheries prohibited 81.4% Mean = 44900
CV = 0.69

Thysannoessa
spiniferab

Thysanoessa spinifera Currently fisheries prohibited 69.7% Mean = 42900
CV = 3.51

a Years sampled are 1990–2001, 2009.
b Years sampled are 2002–2009.
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2.3. Hydrographic data and remote-sensing

Bathymetric data for the survey area (m; 0.016� resolution)
were obtained from the ETOPO1 Global Relief Model (www.ngdc.
noaa.gov/mgg/global/global.html). A digital elevation model was
used to estimate sea floor depth and slope (degrees) and Euclidian
distance (km) to the coastline for each of the sampling stations.
During shipboard surveys, daytime was dedicated to collecting
oceanographic data to characterize the ambient physical environ-
ment (Table 2). This was done through a series of Conductivity–
Temperature–Depth (CTD) casts at fixed locations around the trawl
stations. CTD casts were made (SeaBird Electronics, SEACAT
19plus) at each station to a depth of 500 m or 10 m from the bot-
tom at shallower stations. A fluorometer (WET Labs WETStar WS3-
Table 2
Description of environmental data sets and variables used in this study.

Variable Symbol Name Unit Years Description

Chlorophyll-a Chl-a 6–20 m mg m�3 1997–
2009

Conductivity–
Chl-a 22–40 m

Temperature Temp 6–20 m C Conductivity–
Temp 22–40 m

Salinity Salinity 6–20 m PSU Conductivity–
Salinity 22–40 m

Pycnocline depth Depth BVF m Depth of the m
Stratification strength Max BVF 1/s freq. Brunt–Väisällä
Eddy Kinetic Energy EKE cm�2 s�2 1997–

2008
Remotely sens

Meridional Wind Speed Wind m s�1 1998–
2009

Remotely sens

Station Depth Depth m Static From USGS ET
Station Slope Slope degrees Static From USGS ET
Distance to Coast DistCoast km Static Euclidean (str
030) attached to the CTD collected Chlorophyll-a (Chl-a) data with
depth. Fluorometer data collection started in 1997. Here we focus
on CTD data collected during 1997–2009 because this matches the
temporal coverage of ancillary hydrographic data derived from sa-
tellite-based remote-sensing (see below). Data from a total of 2646
CTD casts made over the 13 year period were used to estimate
mean hydrographic conditions at each station (Fig. 1). This was
done by placing CTD data on a uniform coarse 7 km � 7 km grid.
For each year of sampling there were approximately 6 CTD casts
per grid. Over the 13 years, grid cell locations next to trawl stations
were represented by between 47 and 83 CTD casts. The mean of all
CTD casts at each grid point was calculated, allowing for as many
data as possible to be used to calculate climatologies. These
data were interpolated onto a finer grid (�1 km) using bilinear
Temperature–Depth cast

Temperature–Depth cast

Temperature–Depth cast

aximum Brunt–Väisällä Frequency
Frequency

ed, from AVISO; Data set from NOAA Environmental Research Division

ed, from NASA QuikSCAT; Data set from NOAA Environmental Research Division

OPOS-1
OPOS-1
aight line) distance from station to closest point on California mainland

http://www.ngdc.noaa.gov/mgg/global/global.html
http://www.ngdc.noaa.gov/mgg/global/global.html


Table 3
Top predator species examined qin this study, observed during shipboard surveys (1996–2009); Species status is provided by International Union for Conservation for Nature
(IUCN; http://www.iucnredlist.org; date accessed 9 March 2012).

Species Mean ± SD Conservation Status, Diet and Breeding Site
Median (#/km)

Black-footed albatross Phoebastria nigripes 1.38 ± 0.72 IUCN status is endangered; Diet of nekton (mostly squid and forage fish). Breeds on
Hawaiian Islands1.45

Cassin’s auklet Pychoramphus aleuticus 5.32 ± 8.06 IUCN status is least concern; Diet is plankton/icthyoplankton); Breeds locally
2.96

Common murre Uria aalge 4.36 ± 4.19 IUCN status is least concern; Diet is nekton (forage fish, juvenile groundfish, squid,
krill); Breeds locally3.93

Rhinoceros auklet Cerorhinca monocerata 1.72 ± 1.17 IUCN status is least concern; Diet is nekton (forage fish, juvenile groundfish, squid,
krill); Breeds locally1.48

Sooty shearwater Puffinus griseus 14.35 ± 24.70 IUCN status is near threatened; Diet is nekton (forage fish, juvenile groundfish, squid,
krill); Breeds in Southern Hemisphere6.27

Western gull Larus occidentalis 2.02 ± 1.25 IUCN status is least concern; Diet is nekton (forage fish, juvenile groundfish, squid,
krill); Breeds locally1.66

Humpback whale Megaptera novaeangliae 1.98 ± 2.88 IUCN status is least concern; Diet is nekton (krill, forage fish)
1.11

Pacific white-sided dolphin Lagenorhynchus obliquidens 8.08 ± 19.04 IUCN status is least concern; Diet is nekton (forage fish, juvenile and adult groundfish,
squid)0.00

California sea lion Zalophus californianus 1.09 ± 1.43 IUCH status is least concern; Diet is nekton (forage fish, juvenile and adult groundfish,
squid)1.11
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interpolation, and only grid locations with at least 9 years of data
were kept for this final interpolation. The values for the trawl sta-
tions were obtained by picking the closest value on the fine grid.

For each CTD cast, we estimated mean sea temperature, salinity
and Chl-a at 6–20 m and 22–40 m depth intervals. These depth
intervals were chosen to match the depth of trawl samples. For
each cast we estimated the Brunt-Väisälä frequency (BVF; Talley
et al., 2011) to characterize water column structure. The BVF value
is a measure of stratification strength at a particular station; depth
of the maximum BVF value represents the pycnocline (Talley et al.,
2011). Satellite-derived data were used to estimate meridional
wind speed and geostrophic velocity associated with each sam-
pling station (Table 2, QuikSCAT, http://coastwatch.pfeg.noaa.gov/
erddap/). At a particular position and time the satellite data that
most closely corresponded to the CTD station were used. Satellite
data were averaged over the 31 days before the date of the CTD
cast (there are 32 days in all; 31 days before and 1 on the day of
the cruise). Sea surface height and geostrophic velocity data (Level
3) were generated by the Archiving, Validation, and Interpretation
of Satellite Oceanographic (AVISO) source; Eddy Kinetic Energy
(EKE; cm2 s�2; 0.25� resolution) was calculated by EKE = 1/
2 � (U2 + V2) where U and V are zonal and meridional geostrophic
current components, respectively (www.aviso.oceanobs.com). We
calculated mean values of meridional wind speed and EKE using
a 32-day window that matched the timing of the shipboard survey
(typically 4–5 weeks) over 1997–2008. Environmental variables
were linked to the trawl stations (Fig. 1) and mapped in GIS as cli-
matologies to describe mesoscale variability across the study area.
2.4. Top predator surveys and species selection

During daytime transits between hydrographic sampling sta-
tions, underway counts of marine birds and mammals were con-
ducted using standardized techniques. Standard survey details
are provided by Ford et al. (2004), Yen et al. (2004) and Ainley
and Hyrenbach (2010). Here we focus on nine species known to
prey upon the wide range of invertebrate and vertebrate micronek-
ton taxa sampled during rockfish surveys (Table 3; Lowry et al.
1991; Ainley et al. 1996a,b; Stroud et al., 1981; Chu, 1984; Briggs
et al., 1988; Clapman et al., 1997; Benson et al., 2002; Abraham
and Sydeman, 2006; Mills et al., 2007; Thayer and Sydeman,
2007; Weise and Harvey, 2008). Important predators include six
seabird species: locally breeding Cassin’s auklet (Pychoramphus
aleuticus), common murre (Uria aalge), rhinocerous auklet (Cerorh-
inca monocerata) and western gull (Larus occidentalis), and migrant
black-footed albatross (P. nigripes) and sooty shearwater (Puffinus
griseus). Important marine mammal predators include the resident
Pacific white-sided dolphin (Lagenorhynchus obliquidens) and two
seasonal migrants, the California sea lion (Zalophus californianus),
which has large seasonal breeding colonies located primarily on
the Farallon Islands and Año Nuevo Island (Sydeman and Allen,
1999), and humpback whales (Megaptera novaeangliae). To
quantify the abundance of predator species we established 110
grid cells, each 100 km2 in size, and scaled the abundance of each
species relative to the amount of effort (number of 3 km bins) sam-
pled per cell over the period 1996 through 2009 (see Yen et al.,
2004; Santora et al., 2011a). These were used to construct regional
long term means and SD of the individual predator species).
2.5. Analysis

The objectives of this study are (a) to relate micronekton CPUE to
long-term climatologies of the physical environment off central
coastal California based on in situ and satellite-derived data and
(b) relate these to the abundance of top predators The first objective
is achieved through a statistically-based characterization the bio-
physical ‘seascape’ of the GoF/MB region (Tables 1–3). To do this
we mapped environmental variables and station-specific relative
abundance of the micronekton taxa to (a) describe spatial heteroge-
neity and (b) identify unique mesoscale bio-physical associations
(e.g., temperature and species assemblages in space). Environmen-
tal variables were contoured using a simple interpolation method
(i.e., inverse distance weighting) based on the spatial resolution of
station data (Fig. 1). Abundance of each taxon was mapped as
anomaly plots (long term spatial mean subtracted) and classified
spatially into five categories according to their mean and standard
deviation (SD) values. These abundance categories were color
coded to facilitate comparisons of abundance among species with
respect to stations, the 4th category (orange) are anomalies greater
than 1SD and the 5th category (red) are anomalies greater than 2SD
of the spatial distribution patterns of the various taxa.

Subsequent statistical analyses were performed in order to (a)
establish a spatial separation between offshore and coastal micro-
nekton taxa and (b) determine whether there are particular regions
of high/low micronekton abundance that may be attributed to
oceanographic conditions, specifically unique features such as

http://coastwatch.pfeg.noaa.gov/erddap/
http://coastwatch.pfeg.noaa.gov/erddap/
http://www.aviso.oceanobs.com
http://www.iucnredlist.org


J.A. Santora et al. / Progress in Oceanography 106 (2012) 154–174 159
localized upwelling centers and retention zones. Principal Compo-
nent Analysis (PCA) was used to quantify co-variation among vari-
ables and to group them according to multivariate physical and
biological factors. Environmental variables and micronekton taxa
were analyzed separately and treated as individual seascapes.
The environmental seascape was based on CTD data (depth aver-
aged temperature, salinity and Chl-a at 6–20 m and 22–40 m)
and remotely sensed variables (Eddy Kinetic Energy, meridional
wind speed) presented in Table 2. The micronekton seascape was
based on log-transformed (n + 1) spatial mean abundance of the
13 taxa listed in Table 1; taxa were normally distributed (p < 0.1;
Kolmogorv-Smirnov test) except juvenile salmon (p = 0.05) be-
cause they were only caught in the GoF (Wells et al., 2012). Envi-
ronmental variables and micronekton taxa were inputted into
each PCA as a Pearson correlation matrix. Meaningful principal
components were determined by inspecting eigenvalues (e.g.,
Scree plot) and percent variance explained (Legendre and Legen-
dre, 1998). We examined relationships between the environment
(c)

(a)

Fig. 2. Climatology (mean) of environmental variables: (a) Meridional wind speed (m
stratification strength (max BVF), (e) pycnocline depth (m), (f) Eddy Kinetic Energy (cm�

See Table 1 for variable description and source. Note that the Chlorophyll-a maps (g an
and micronekton data sets using Canonical Correlation Analysis
(CCR) and regression analysis (Legendre and Legendre, 1998). Clus-
ter analysis (Ward’s method with Euclidean distance metric and
standard deviation scaling) was used to produce dendrograms
indicating groups of stations sharing similar micronekton composi-
tion and relative abundance characteristics (with minimum vari-
ance among groups) (Legendre and Legendre, 1998). Statistical
significance of clusters was determined using the nonparametric
Kruskal–Wallis test (Zar, 1999), leading to a statistically-based
regionalization of micronekton associations.

Seabird and marine mammal sightings were mapped based on
continuous underway records thus making them useful indicators
of ecologically important areas where conditions favor elevated con-
centration of micronekton prey thus forage potential. We predict
that the spatial distribution of top predators should relate to regio-
nal micronekton assemblages because they feed on specific micro-
nekton taxa (Sydeman et al., 1997; Croll et al., 1998) that, because
of their differing life history characteristics, are distributed within
(d)

(b)

s�1), (b) temperature (�C) over 6–20 m, (c) mean Salinity (PSU) over 6–20 m, (d)
2 s�2), (g) chlorophyll-a (mg m�3) over 6–20 m, and (h) chlorophyll-a over 22–40 m.
d h) have different scales per depth integration.



(e) (f)

(g) (h)
Fig. 2. (continued)
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specific regions of the GoF/MB (Yen et al., 2004; Santora et al.,
2011a). To examine spatial associations the only grid cells included
in analyses were those that overlapped the location of fixed CTD/
trawl stations (n = 35; Fig. 1). Although this reduction produced few-
er predator observations for use relative to environmental and
micronekton variables, it provides a more robust approach since
spatial associations at larger scales involve interpolations which
could be misleading (Santora et al., 2011a; Santora and Reiss,
2011). Nonparametric correlation analyses (bootstrap with 5000
randomizations) were used to test the hypothesis that the relative
abundance of top predators is related to principal components de-
rived from environmental and micronekton seascapes.
3. Results

3.1. Regionalization of the physical seascape

The interactions of seasonal upwelling winds, coastal geomor-
phology (e.g., capes and promontories), bathymetry and outflow
from San Francisco Bay act in concert to create substantial meso-
scale variability in hydrography in the study area as seen in
Figs. 2a–h. As indicated by upper water column (6–20 m) temper-
ature and salinity values (Fig. 2b and c) localized upwelling centers
in the vicinity of Point Reyes and Point Año Nuevo are the source of
cold, high salinity water here and in adjacent regions. High EKE
values (Fig. 2f) monitored west of Pt. Reyes likely reflect turbulence
from the upwelling jet emanating from Point Reyes (Schwing et al.,
1991; Largier et al., 2006) while those south of Point Año Nuevo
could result from upwelling features off Point Año Nuevo steered
offshore by bathymetry of the Ascension submarine canyon
(Rosenfeld et al., 1994). In the alongshore direction, a sub-surface
temperature/salinity front (�11.17–11.22 �C, �33.45–33.49 PSU)
lies roughly parallel to the shelf-break and separates cool, saline
onshore waters from warmer, lower-salinity ones offshore.

Values of most of the environmental variables utilized here re-
flect distance from the coastline, indicating substantial gradients of
mesoscale variability across the study area (Figs. 2a–h). Meridional
wind speed, upper water column (6–44 m) temperature and EKE
increase, while upper water column salinity decreases and the



Table 4
Results of Principal Component Analysis for (a) Environment 1, hydrographic
conditions averaged at 6–20 m depth, (b) Environment 2, hydrographic conditions
at 22–40 m depth and (c) Micronekton taxa. See Figs. 3 and 5 for plots of variables in
ordination space.

PC Eigenvalue % Total variance Cumulative %

(a) Environment 1
1 4.21 42.12 42.12
2 2.50 25.04 67.17
3 1.35 13.55 80.72
4 0.61 6.11 86.84
5 0.50 5.01 91.85

(b) Environment 2
1 4.45 44.55 44.55
2 2.41 24.06 68.61
3 1.05 10.51 79.13
4 0.72 7.16 86.29
5 0.59 5.90 92.19

(c) Micronekton
1 3.71 28.53 28.53
2 2.22 17.12 45.65
3 1.81 13.94 59.59
4 1.21 9.33 68.92
5 0.99 7.65 76.57

(a)

(b)
Fig. 3. Results of principal component analysis for environmental variables;
illustrated by ordination of components ‘PC1’ and ‘PC2’: (a) hydrographic conditions
at depth of 6–20 m and (b) 22–40 m. The main difference between these two
ordinations is the shift of Chlorophyll-a concentration. In (a) chlorophyll-a at 6–
20 m is related to shallower depths on the shelf (see Fig. 2b and d), whereas in (b)
Chlorophyll-a at 22–40 m is related to Pycnocline depth (increases in depth with
distance from the coast) and Eddy Kinetic Energy.
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pycnocline deepens with distance from shore. Two coastal regions
characterized by relatively low wind speeds and EKE values, rela-
tively low temperature and high salinity values and increased
stratification strength are known ‘upwelling shadows’. One of
these is located in the GoF south of Point Reyes; the other is in
north MB. Water column stratification is notably high over the
GoF inner shelf, and this region is characterized by elevated 6–
20 m and 22–40 m Chl-a concentrations (Fig. 2d and g). Offshore
of this Chl-a concentrations at 6–20 m are quite low while those
at 22–40 m, like those well offshore of Point Reyes and Point Año
Nuevo, are relatively high. These offshore deep Chl-a concentra-
tions are related to regional values of EKE (rho = �0.49, p < 0.05),
pycnocline depth (rho = 0.46, p < 0.05) and wind speed
(rho = �0.43, p < 0.05).

Ordination of environmental variables from both depth bins re-
flects mesoscale variability associated with distance offshore of
major upwelling centers (Table 4a and b; Fig. 3a and b). The
PCA6–20m with averaged 6–20 m temperature, salinity and Chl-a
values along with other environmental variables listed in Table 2.
This analysis produced first (PC16–20m) and second (PC26–20m) prin-
cipal components that, respectively, explained 42% and 25% of the
total variance. PC16–20m clearly shows separation of coastal and
oceanic oceanographic conditions that are related to water depth
and upwelling conditions along the coastline. PC26–20m is related
to mesoscale EKE variability and pycnocline depth and reflects lat-
itudinal variation of ocean conditions within MB, the GoF and tur-
bulent region north of Point Reyes (Figs. 2 and 3). PCA22–40m, using
averaged 22–40 m temperature, salinity and Chl-a values, dis-
played nearly identical percentages for the first and second compo-
nents (PC122–40m and PC222–40m) as did PCA6–20m. The main
difference between the results in ordination space is the relation-
ship between Chl-a at 22–40 m and EKE (Fig. 3).

Cluster analysis of environmental variables yielded five spa-
tially coherent groups defined here as regions (Table 5; Fig. 4).
(1) ‘Monterey Bay Region’, represented by six deep-water stations
located over the Monterey Bay Submarine canyon, is characterized
by low meridional wind speed and EKE (Fig. 2a and f). (2) The 9
‘Oceanic Region’ stations lie over the outer continental shelf/slope,
an area with intensified meridional winds, warm, low salinity sur-
face waters and a deep pycnocline (Fig. 2a–c and e). (3) The ‘Point
Reyes Region’ is represented by four mid-shelf stations in the
northern survey area subjected to very high EKE and supporting
elevated Chl-a values (Fig. 2f–h). (4) The ‘Inner Shelf Region’’
consists of two spatially separated groups of five stations each,
one located between the Golden Gate and Pescadero, the other
within the inner portion of Monterey Bay. These relatively shal-
low-water stations are located in areas protected from strong
meridional winds, with low EKE, shallow pycnoclines, strong
stratification and moderately high 6–20 m Chl-a values. (5) ‘‘Dy-
namic Upwelling Regions’’ occur as three spatially distinct pairs
of stations located, respectively, over the inner shelf north of Point
Reyes, the shelf break south of Point Reyes and the shelf break
south of Point Año Nuevo. These regions are characterized by gen-
erally moderate values of meridional wind, EKE, pycnocline depth,
stratification and Chl-a.

3.2. Regionalization of micronekton seascapes

Ordination of micronekton abundance data resulted in three
assemblages (Table 4c; Fig. 5). PC1taxa showed a clear separation



Table 5
Comparison of environmental variables among regions identified by cluster analysis.

Environmental regions Kruskal–Wallis Test

Variable Monterey Bay
‘Deep’ (1)

Oceanic (2) Point Reyes mid
shelf (3)

Inner shelf
upwelling (4)

Dynamic
upwelling (5)

H, p

Temp.(6–20 m) 11.31 ± 0.23 11.57 ± 0.44 10.36 ± 0.26 11.05 ± 0.36 10.76 ± 0.40 20.07, 0.005
Temp. (22–40 m) 10.28 ± 0.22 10.55 ± 0.36 9.62 ± 0.29 9.72 ± 0.26 9.68 ± 0.35 24.65, 0.001
Salinity (6–20 m) 33.54 ± 0.06 33.35 ± 0.11 33.57 ± 0.13 33.61 ± 0.11 33.55 ± 0.06 16.31, 0.003
Salinity (22–40 m) 33.63 ± 0.06 33.45 ± 0.11 33.66 ± 0.13 33.77 ± 0.08 33.69 ± 0.04 23.15, 0.0001
Chl-a (6–20 m) 2.60 ± 0.32 2.88 ± 0.57 4.34 ± 1.30 4.48 ± 0.84 3.83 ± 0.80 21.96, 0.002
Chl-a (22–40 m) 1.37 ± 0.19 1.66 ± 0.29 2.16 ± 0.47 1.40 ± 0.37 1.42 ± 0.20 12.33, 0.015
Pycnocline Depth 23.91 ± 5.13 27.45 ± 5.35 31.99 ± 4.02 17.23 ± 2.08 22.14 ± 3.90 22.77, 0.0001
Stratification 0.0006 ± 0.00005 0.0006 ± 0.00005 0.0004 ± 0.0005 0.0008 ± 0.0001 0.0007 ± 0.0001 23.29, 0.0001
EKE 22.38 ± 10.13 83.12 ± 41.14 163.10 ± 30.04 41.29 ± 20.27 101.68 ± 44.78 22.59, 0.002
Wind Speed �2.91 ± 0.37 �3.89 ± 0.40 �3.52 ± 0.22 �2.45 ± 0.41 �3.19 ± 0.32 25.68, <0.0001
Depth 1212.67 ± 716.53 712.00 ± 439.78 124.25 ± 42.64 74.20 ± 15.92 86.17 ± 25.74 27.60, <0.0001
Slope 11.69 ± 4.17 4.53 ± 2.60 0.43 ± 0.53 0.57 ± 0.62 0.52 ± 0.29 25.88, <0.0001
Dist. Coast 13.15 ± 5.83 39.40 ± 13.08 27.47 ± 7.34 13.61 ± 9.56 16.88 ± 13.47 16.94, 0.002

Estimates are mean ± SD and Kruskal–Wallis is a test for difference among regions (bold values indicate significance p < 0.05). See Table 1 for description of variables and
Fig. 4 for location of environmental regions.
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between coastal (e.g., jellyfish, T. spinifera) and oceanic (e.g.,
mesopelagic) taxa, indicating the importance of water depth and
sampling location for encountering different micronekton assem-
blages. PC2taxa relates to the abundance of sardine and anchovy
within the inner shelf of Monterey Bay. PC3taxa describes latitudi-
nal variability of abundance in relation to mid-shelf locations
(Table 6).

Cluster analysis based on standardized abundance of individual
taxa at each station yielded five spatially coherent groups that re-
flect a major separation of oceanic and coastal habitats with fur-
ther subdivision over the shelf region (Fig. 6). The oceanic group
(Cluster 1), located well offshore from north of Point Reyes to north
of Monterey Bay and nearshore over the deep bathymetry of Mon-
terey Submarine Canyon, was comprised of mesopelagic fish, juve-
nile hake, sergestid shrimp and octopi (Fig. 7a–d). Among the four
shelf clusters the most restricted was represented at three inner
Monterey Bay stations (Cluster 2) and reflected high concentra-
tions of sardine and anchovy (Fig. 7l and m). Another distinctive
inner shelf assemblage (Cluster 5), containing T. spinifera, juvenile
salmon and jellyfish, extended along the coast to just north of
Monterey Bay. Offshore of this group was an abundant mid-shelf
assemblage (Cluster 4) made up of E. pacifica, juvenile rockfish,
juvenile sanddabs, market squid, sardine and anchovy (Figs. 7h–
m). Market squid are also an important component of Cluster 5,
coinciding with T. spinifera, juvenile salmon, and jellyfish in the
northern inner shelf area. Market squid, anchovy and sardine are
also major components of Cluster 2 over the inner shelf of Monte-
rey Bay (Fig. 7k; same as PC2taxa). The taxonomic composition of
Cluster 3, located over the outer mid-shelf region, is similar to that
of Cluster 4, however abundances here are substantially lower than
in Cluster 4, particularly so for E. pacifica and juvenile stages of
rockfish and sanddabs (Table 6). Low concentrations of juvenile
rockfish seen here also extend across the entire shelf region north
of Point Reyes, the region characterized by high EKE. Thus Clusters
3 and 4 represent regions of low and high abundance, respectively,
of a mid-shelf euphausiid-dominated micronekton assemblage, the
latter of which is likely to support their predator populations (i.e.,
‘hot spots’ of intense trophic interaction).

The region delineating elevated concentrations of the euphau-
siid-dominated micronekton assemblage (Cluster 4) extends more
or less parallel to the coast over the mid-shelf north of Point Reyes
and centered approximately on the 200 m isobath (shelf-break)
from off the Farallon Islands to Santa Cruz (Fig. 6). However, the
taxonomic composition and abundance relationships of micronek-
ton sampled within this region demonstrate distinct latitudinal
differences. ‘Area A’, located over the mid-shelf region between
Point Reyes and Bodega Bay, has large concentrations of krill (T.
spinifera, E. pacifica), jellyfish, and juvenile salmon and sanddab.
‘Area B’, represented by two stations around Southeast Farallon Is-
land contains high abundance of both krill species, jellyfish, sar-
dine, and juvenile salmon, rockfish and sanddab. ‘Area C’ off
Pescadero has large concentrations of both krill species, market
squid, anchovy, and juvenile salmon, rockfish, and sanddabs. ‘Area
D’ adjacent to the complex system of Ascension, Año Nuevo and
Cabrillo submarine canyons south of Point Año Nuevo supports
large concentrations of both krill species, market squid, anchovy,
sardine and juvenile rockfish and sand dab. Although not part of
euphausiid-dominated Cluster 4, the high abundance of market
squid, anchovy and sardine over the inner shelf of Monterey Bay
(Cluster 2) represents another potential region of intense trophic
interaction, ‘Area E’.
3.3. Relationship between physical and biological seascape

The results of each PCA for environmental and micronekton
variables described a principal gradient related to water depth
and coastal vs. offshore ocean conditions. The secondary compo-
nent of the environmental and third component of the micronek-
ton PCA indicated habitat subdivisions that, when mapped,
showed latitudinal variation reflecting localized upwelling and
variation of micronekton assemblages between the mid- and inner
shelf domains (Figs. 4 and 6). CCR and nonparametric correlation of
principal components based on factor loadings at sampling sta-
tions were used to confirm concordance between gradients in the
environmental and micronekton variables (Table 7). CCR showed
that environmental variables accounted for 59% (v2 = 215.4,
p < 0.0001) of variance in the micronekton assemblage. This rela-
tionship was the same for both environmental data sets and anal-
yses (i.e., PCA6–20m, PCA22–40m; Table 7). Moreover, regression
analysis of principal components for micronekton and environ-
mental seascapes indicate significant spatial concordance (Table 7;
Fig. 8). For example, between PC1taxa and PC1environment (habitat
changes relative to an inshore-offshore gradient) are significantly
correlated (r2 = 0.56, r = �0.75, p < 0.0001; Fig. 8a). Principal com-
ponents PC2environment and PC3taxa indicate latitudinal variability
of ocean conditions and micronekton assemblages within the
mid-shelf domain and are significantly related (r2 = �0.27,
r = �0.52, p = 0.0013; Fig. 8d). However, the relationship between
PC1taxa and PC2environment is significant (r2 = 0.28, r = �0.53,



(a)

(b)
Fig. 4. Regionalization of environmental conditions: (a) results of cluster analysis for environmental variables (see Table 1) collected at stations reveals distinct zones of: (1)
‘Monterey Bay’, (2) ‘Oceanic’, (3) ‘Point Reyes Mid Shelf’, (4) ‘Inner Shelf’ and (5) ‘Dynamic Upwelling’; (b) results of cluster analysis mapped onto station location. See Table 4a
for details of environmental variables in relation to region.
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p < 0.001; Fig. 8b), as is the relationship between PC3species and
PC1environment (r2 = 0.15, r = 0.39, p = 0.02; Fig. 8c).
3.4. Seabird and mammal distribution

Seabird observations indicate that the spatial distribution pat-
terns of locally breeding species (Cassin’s auklet, common murre,
rhinoceros auklet and western gull) reflect the location of breeding
colonies and adjacent local foraging grounds (Fig. 9a–i). In contrast,
high concentrations of the migrant black-footed albatross and
sooty shearwater reflect their affinity for using productive foraging
grounds not constrained by local breeding colonies.

Common murres are the most abundant of the locally breeding
species and display dense foraging concentrations throughout the
shelf region (Fig. 9c). Murre concentrations are particularly dense
within the GoF due to major breeding colonies on the Farallon Is-
lands and Point Reyes peninsula. High concentrations of murres
south of the GoF are associated with mid-shelf waters near Half
Moon Bay and Point Año Nuevo. Cassin’s auklets are concentrated
within the GoF, especially over the inner shelf and shelf break west
of the Farallon Islands (Fig. 9b); they also display a few high



Fig. 5. Results of principal component analysis for micronekton. Taxa associations
illustrated by ordination of PC1 and PC2.

164 J.A. Santora et al. / Progress in Oceanography 106 (2012) 154–174
concentrations within outer Monterey Bay. Large concentrations of
rhinoceros auklets (Fig. 9b) occur over the outer shelf and beyond
the shelf-break; they are also concentrated along the edges of Cor-
dell Bank, west of Point Reyes and over the mid-shelf region west
of Half Moon Bay and Point Año Nuevo (Fig. 9d). Western gulls are
chiefly concentrated within the GoF and appear to be strongly
associated with breeding colonies on the islands there (Fig. 9f).

Black-footed albatross are chiefly oceanic and concentrate at or
beyond the shelf-break (Fig. 9a; see also Hyrenbach et al., 2006).
Accordingly, they occur in large concentrations over Cordell Bank,
the Farallon Escarpment and heads of Pioneer, Ascension and Mon-
terey submarine canyons (Figs. 1 and 9a). They are also concen-
trated west of Point Reyes and along the shelf break west of
Point Año Nuevo, both regions of high EKE (Figs. 2f and 9a). Sooty
shearwaters are the most abundant seabird species observed dur-
ing shipboard surveys and are common throughout the shelf and
offshore portions of the study area. However, they are particularly
concentrated along the shelf-break west of Point Año Nuevo
(Fig. 9e).

Relatively high concentrations of California sea lions occur near
the shelf-break west of Half Moon Bay and Point Año Nuevo, with-
in Monterey Bay and near the mouth of San Francisco Bay (Fig. 9g).
Most of the large humpback whale concentrations tended to be in
oceanic waters, except for the region around the Farallon Islands,
inshore off Half Moon Bay and over the head of Monterey Bay sub-
marine canyon (Fig. 9h). Pacific white-sided dolphins are strikingly
Table 6
Comparison of standardized (z-score) taxa abundance (mean ± SD) among regions determi
among regions (bold values indicate significance p < 0.05). Taxa are sorted by abundance w
that ‘Region 3’ represents low abundance for all taxa.

Species Regions

Species Oceanic (1) Inner monterey bay (2) Mid shelf low abundan

Mesopelagic Fish 1.15 ± 0.74 �0.66 ± 0.09 �0.65 ± 0.17
Sergestid Shrimp 0.86 ± 1.25 �0.47 ± 0.06 �0.51 ± 0.00
Juv. Hake 0.84 ± 1.22 �0.47 ± 0.35 �0.40 ± 0.33
Octopi 0.72 ± 1.39 �0.44 ± 0.08 �0.39 ± 0.18
Juv. Sand Dabs 0.36 ± 1.29 �0.47 ± 0.47 �0.84 ± 0.37
E. pacifica 0.15 ± 0.85 �0.85 ± 0.36 �0.30 ± 0.71
Juv. Rockfish 0.03 ± 1.18 �0.36 ± 0.63 �0.31 ± 0.79
Anchovies �0.27 ± 0.33 2.82 ± 1.44 �0.43 ± 0.17
Sardines �0.29 ± 0.23 3.00 ± 1.22 �0.37 ± 0.07
Market Squid �0.44 ± 0.19 0.83 ± 0.93 �0.36 ± 0.18
Juv. Salmon �0.37 ± 0.08 �0.41 ± 0.00 �0.27 ± 0.14
Jellyfish �0.38 ± 0.05 �0.09 ± 0.13 �0.30 ± 0.14
T. spinifera �0.64 ± 0.18 �0.68 ± 0.08 �0.31 ± 0.36
abundant along the shelf-break and offshore in deep oceanic
waters (Fig. 9i).

3.5. Relationship between predators and biophysical seascape

The predator species displayed a variety of significant associa-
tions with the environmental and micronekton principal compo-
nents (Table 8). Overall, the common murre is a strong spatial
ecosystem indicator and is the only predator species associated
with the micronekton PC1taxa that separates coastal and oceanic
micronekton and therefore indicates an affinity for shelf habitat
species (Table 8; Figs. 7e–m and 9c). Common murres are also sig-
nificantly related to PC1environment (i.e., the coastal-oceanic gradi-
ent), which supports their selection of shelf habitat and
relationship to coastal processes like upwelling. Distribution of
Cassin’s auklet is positively related to micronekton PC2taxa (i.e., in-
ner-shelf domain), whereas black-footed albatross and sooty
shearwater are negatively associated with micronekton PC2taxa,
indicating an association with offshore micronekton taxa (Table 8).
None of the predator species are correlated with the micronekton
PC3taxa, and no marine mammal species are correlated with any
of the micronekton principal components. Black-footed albatross,
sooty shearwater, humpback whale and pacific white-sided dol-
phin are associated with environmental principal components that
indicate their selection of shelf-break and oceanic habitats (Table 8;
Fig. 9). The distributions of rhinoceros auklet, western gull and Cal-
ifornia sea lion are not correlated with either micronekton or envi-
ronmental principal components (Table 8).
4. Discussion

We have tested the hypothesis that local oceanographic pro-
cesses explain spatial variability in micronekton and that these
determine the distribution and abundance of upper trophic level
predators in the GoF/MB region. Our emphasis is on micronekton
because they it is key to epipelagic food web dynamics of the re-
gion. Community-habitat associations were developed based on
the abundance of micronekton sampled over 2 months each year
(May–June), averaged across years to produce ‘spatial climatolo-
gies’ (see Santora et al., 2011b, 2012); these were then related to
mesoscale climatologies of the physical environment. This multi-
variate approach facilitates an understanding of habitat hetereoge-
neity as well as krill–micronekton and micronekton–predator
seascapes. As such, this study sets the stage for defining ecologi-
cally important areas with application to marine spatial planning
within the central California Current (Halpern et al., 2009).
ned by cluster analysis of stations; Kruskal–Wallis is test for difference in abundance
ith respect to ‘Region 1’ (Oceanic) and italicized abundance values are positive. Note

Kruskal–Wallis Test

ce (3) Mid shelf high abundance (4) Inner shelf (5) H, p

�0.70 ± 0.01 �0.71 ± 0.00 25.03, <0.001
�0.51 ± 0.00 �0.51 ± 0.00 25.66, <0.001
�0.53 ± 0.21 �0.66 ± 0.07 18.42, <0.001
�0.42 ± 0.09 �0.47 ± 0.04 17.26, 0.002

0.49 ± 0.54 �0.01 ± 0.66 12.63, 0.013
0.40 ± 1.04 0.07 ± 1.89 7.42, 0.11
0.58 ± 0.99 �0.24 ± 0.91 4.29, 0.37
�0.01 ± 0.50 �0.37 ± 0.14 13.12, 0.01
�0.30 ± 0.20 �0.04 ± 0.35 9.85, 0.04
�0.17 ± 0.37 1.82 ± 1.98 18.73, <0.001

0.23 ± 0.74 1.66 ± 2.33 117.74, 0.02
0.08 ± 0.69 1.76 ± 2.30 19.98, 0.005
0.96 ± 1.07 1.53 ± 0.92 22.85, <0.001



(a)

(b)
Fig. 6. Regionalization of micronekton taxa assemblages: (a) results of cluster analysis of standardized taxa abundance of stations produced distinct zones of ‘Oceanic’ (see
Fig. 4a–d), and shelf regions represented by ‘Inner Monterey Bay’, ‘Inner Shelf’ and a complex of ‘Mid Shelf’ habitat (denoted by dashed line) that relates to low and high
(dashed circles) micronekton abundance. (b) Results of cluster analysis mapped onto station location; Cluster 3 (green circles) are areas of low abundance for all taxa and
Cluster 4 (light blue, dashed circles) are areas of high micronekton taxa abundance. Probable hot zones (collection of stations labeled A-D) of micronekton taxa abundance
coincided with high abundance of both krill species (E. pacifica, T. spinifera). See Table 6 for details and comparison of micronekton abundance among clusters.
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By means of direct gradient analysis, the first principal
components of environmental and micronekton seascapes indicate
significant coupling between physics, primary productivity mid-
and top-level consumers in the GoF/MB region. This quantification
defines bathymetric and upwelling-derived ocean habitat that
supports varying micronekton assemblages from inner shelf to
oceanic domains. Secondary components of environmental and
micronekton seascapes indicate latitudinal variability due to
habitat differences between the Gulf of the Farallones (northern/
broad continental shelf) and Monterey Bay (southern/deep submar-
ine canyon system), both of which are located immediately down-
stream from upwelling centers (Point Reyes and Point Año Nuevo,
respectively). Thus, we attribute physical and lower trophic level
seascapes primarily to inshore–offshore and north–south gradients
in bathymetry, EKE and centers of upwelling and relaxation (as
proxied by pycnocline depth); together, these factors produced dis-
tinct chlorophyll-a variation in surface and subsurface waters as
well as distinct micronekton assemblages. Similarly, Brodeur et al.
(2003) and Phillips et al. (2009) showed that the spatial organiza-
tion of micronekton species off Oregon and Washington was



Fig. 7. Climatology maps of micronekton taxa (anomaly of abundance). Taxa are grouped according to the results of principal component and cluster analyses that resolved
regionalization of micronekton species associations: Group 1 ‘Oceanic’: (a) Mesopelagics, (b) Juvenile Hake, (c) Sergestids, and (d) Octopi; Group 2 ‘Inner Shelf’: (e) T. spinifera,
(f) Juvenile Salmon, and (g) Jellyfish; Group 3 ‘Mid-Outer Shelf Species’: (h) E. pacifica, (i) Juvenile Rockfish, (j) Juvenile Sand Dab, (k) Market Squid, (l) Northern Anchovy, (m)
Pacific Sardine. See Table 1 for species description.
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strongly linked to water depth and distance from coast and attrib-
uted variation in species assemblages to continental shelf width
and location of submarine canyon systems.

4.1. Inshore–offshore community gradients

Our analysis of environmental and micronekton seascapes
yielded five different ecological zones in the GoF/MB region
(Fig. 10). The coastal wind field generates intensified localized
upwelling at coastal promontories (e.g., Point Reyes, Point Año
Nuevo) that form productive downstream ‘upwelling shadows’,
as indicated here by increased surface (6–20 m) Chl-a values
(Fig. 2g). These results are consistent with those of Graham and
Largier (1997), who first described the significance of upwelling
shadows in the California Current. Further offshore, high EKE along
the shelf-break is associated with increased pycnocline depth and
sub-surface (22–40 m) Chl-a values. In the mid-shelf domain,
multiple micronektonic taxa occur in high abundance; here the
ecologically important krill species E. pacifica and T. spinifera can
dominate micronekton assemblages. There are also areas consis-
tently having low overall micronekton abundance and where no
one micronekton species is numerically dominant. These are areas
with strong meridional winds and high EKE, suggesting that
offshore transport of surface waters here may advect organisms
away from shelf habitats (Bakun and Parrish, 1982; Botsford
et al., 2003; Lu et al., 2003; Keister et al., 2009a,b). For example, off-
shore transport in the high EKE region north of Pt. Reyes may in
part explain the low abundance of juvenile rockfish there. How-
ever, the rockfish species composition suggests that this may also
be a biogeographic boundary related to bathymetrically-driven cir-
culation processes. Greater numbers of northern rockfish species,
such as yellowtail, canary and widow rockfish (Sebastes flavidus,
Sebastes pinniger and Sebastes entomelas) are sampled here relative
to the area south of Point Reyes. Juvenile shortbelly rockfish
(Sebastes jordani) dominates the catch south of Pt. Reyes, with
elevated concentrations associated with the various submarine
canyon systems located between the Farallon Islands and Monte-
rey Bay (Chess et al., 1988).

Our spatial analysis of seascapes indicates a marked change in
physical forces and micronekton composition at the shelf-break
(200 m isobath). Underway acoustics traces during rockfish sur-
veys indicate that euphausiids (probably E. pacifica; Santora
et al., 2011a) are densely concentrated along the shelf-break at
20–40 m depths coinciding with relatively high Chl-a concentra-
tions. We postulate that the combination of high cross-shelf trans-
port associated with coastal upwelling and abrupt bathymetric
change at the shelf-break (Genin, 2004; Yen et al., 2004) acts to
promote localized dense krill concentrations here. Previous studies
in the California Current also demonstrate that physical processes
at the shelf-break, such as the formation of eddys and tempera-
ture/salinity fronts, promote enhanced primary production and
elevated biomass of zooplankton, fishes and squids that attract
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large aggregations of seabirds and marine mammals (Mackas et al.,
1997; Ainley et al., 2005, 2009). The mesoscale variability and
structure of environmental and micronektonic seascapes quanti-
fied here confirms the importance of upwelling centers and how
they relate to the spatial distribution of krill ‘hotspots’ along the
shelf-break (Santora et al., 2011b). Given the association between
increased abundance of krill and other micronekton taxa demon-
strated here, these locations represent areas of potentially high tro-
phic transfer.

4.2. Top predators

Seabirds and marine mammals are treated here as ecosystem
indicators because they are conspicuous, integrate energy from
lower trophic levels and are often perceived to be in direct compe-
tition with humans for marine resources (Yodzis, 2001; Bundy
et al., 2009). Despite the use of disparate data sets, we found signif-
icant covariation between the mesoscale distribution of some of
the predators and principal components of the micronekton and
environmental seascapes. Three of five seabird species (black-
footed albatross, common murre and sooty shearwater) were re-
lated to both environmental and micronekton seascapes, whereas
two of three marine mammal species (humpback whale and Pacific
white-sided dolphin) were related more strongly to components of
the environmental seascape. Variation among predator species
may be due to differences in habitat selection by resident (local
breeders) vs. migrant species. For example, the resident common
murre is a probable indicator of enhanced trophic exchange in
the shelf domain, whereas the black-footed albatross, humpback
whale, and Pacific white-sided dolphin provide information on
bio-physical habitats along the shelf-break and in oceanic waters.
Thus, to a large degree, interspecific differences among top preda-
tors reflect basic habitat selection, but other biological details are
also critical considerations. For example, while surface tempera-
ture and Chl-a are commonly used to build top predator habitat
models, biological ‘prey fields’ are rarely used. It is beyond the
scope of this paper to build these kinds of models and address
whether top predators are responding mostly to physical or biolog-
ical habitat heterogeneity, but this is something worth exploring in
the future. In addition, the top predator multispecies approach ap-
plied in this study provides a basis for future studies investigating
habitat partitioning and interspecific interactions, such as facilita-
tion and competition, relative to marine resources (Ainley et al.,
2009; Santora and Reiss, 2011).

4.3. Ecologically important areas

Marine spatial planning greatly benefits from the spatial inte-
gration of ecosystem data, especially physical ocean conditions
and trophic interactions as well as human use patterns (Halpern
et al., 2009). Therefore, the identification of ecologically important
areas (EIAs), placed in context of other marine layers (e.g.,
commercial fishing pressure, shipping lanes) should benefit
future marine spatial planning off central California To aid in the
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identification and comparison of EIAs, we present a localization of
physical and biological seascapes (Fig. 10). We define EIAs as loca-
tions of specific habitat characteristics, important to top predator
and prey aggregations, thus areas of potentially high trophic trans-
fer. The putative EIAs we describe below are based on discrete
(sampling stations) rather than continuous samples and so can
be used only to differentiate broadly dissimilar spatial marine hab-
itats off central California. They are also likely to be temporally
ephemeral, defined by the seasonal oceanographic patterns result-
ing from strong structural forcing by coastal upwelling during
May–June each year. As a consequence we caution against applica-
tion of these findings to less than broad latitudinal considerations
and to other seasons. Furthermore, many of the micronekton taxa
treated here are transitioning between early pelagic to benthic or
semipelagic adult stages (e.g., rockfishes, sanddab, hake) while
the distribution of others (e.g., squid) are related to reproduc-
tively-related migratory behavior. Moreover, some of the top pre-
dators are either provisioning offspring (e.g., common murre) or
utilizing the region for foraging (e.g., current and post reproductive
stages; black-footed albatross and humpback whale, respectively),
and the timing of these life history characteristics may vary be-
tween years.



Table 7
Relationship between principal components of micronekton (e.g., Taxa PC1) and environmental factors.

Variable Taxa PC1 Taxa PC2 Taxa PC3 Environment
6–20 m PC1

Environment
6–20 m PC2

Environment
22–40 m PC1

Environment
22–40 m PC2

Taxa PC1 1.00
Taxa PC2 �0.10 1.00
Taxa PC3 �0.27 0.37 1.00
Environment 6–20 m PC1 �0.79 0.22 0.46 1.00
Environment 6–20 m PC2 �0.36 0.19 �0.45 0.02 1.00
Environment 22–40 m PC1 �0.71 0.16 0.55 0.95 �0.19 1.00
Environment 22–40 m PC2 �0.57 0.30 �0.27 0.29 0.93 0.07 1.00

Vales are Spearman rank correlations and bold indicates significance at p < 0.05. Importantly, the signs of the correlations between principal components do not indicate
changes in abundance, but rather reflect changing direction along a particular gradient.

Fig. 8. Relationship between principal components of environment (PC1 is inshore–offshore gradient and PC2 is latitudinal variability) and taxa principal components (PC1 is
inshore–offshore gradient and PC3 is latitudinal variability): (a) taxa PC1 vs. environmental PC1, (b) taxa PC1 vs. environmental PC2, (c) taxa PC3 vs. environmental PC1 and
(d) taxa PC3 vs. environmental PC2.
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4.3.1. North Point Reyes and the Gulf of the Farallones
Due to upwelling and high offshore (cross-shelf) transport at

Point Reyes, juvenile rockfish are rare, and high concentrations of
krill and other micronekton taxa are located in retention zones to
the north and south of this promontory (Areas A-B, Fig. 10). Both
areas have relatively shallow pycnoclines and high Chl-a concen-
tration but differ in terms of meridional wind strength, with the
Gulf of the Farallones being a wind shadow in the lee of Point Reyes
compared with conditions to the north. Vander Woude et al. (2006)
described surface water retention with elevated Chl-a concentra-
tions north of this headland. Both krill species are present in high
numbers north of Point Reyes (A), while T. spinifera is the more
abundant species within the upwelling shadow in the Gulf of the
Farallones (B). While juvenile rockfish are less abundant north of
Point Reyes than within the inner Gulf of the Farallones, the oppo-
site pattern is demonstrated by juvenile sanddabs. Interestingly,



(a) (b) (c)

(f)(e)(d)

(g) (h) (i)
Fig. 9. Climatology of seabird abundance (a) black-footed albatross, (b) cassin’s auklet, (c) common murre, (d) rhinoceros auklet, (e) sooty shearwater (f) western gull, (g)
California sea lion, (h) humpback whale and (i) Pacific white-sided dolphin. Species abundance is mean number of individuals per km for all surveys, 1996–2009. Note that
species abundance is scaled differently due to their relative abundance within the study area.
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the retention areas north and south of Point Reyes both contain
high numbers of jellyfish, T. spinifera and juvenile salmon
(Fig. 10). This spatial overlap suggests that there may be potential
competition between jellyfish and other animals that feed on zoo-
plankton such as juvenile salmon. Measured consumption rates
and trophic overlap among jellyfish and forage fish in the northern
California Current suggests that jellyfish have high dietary overlap
with salmon, anchovies and sardines and could be an important
source of mortality for zooplankton (Brodeur et al., 2008; Suchman
et al., 2008; Ruzicka et al., 2012). However, the role of jellyfish as
prey for leatherback sea turtles is clearly important for under-
standing the distribution, habitat selection and predator–prey
dynamics of this endangered species, which concentrates here at
the end of the upwelling season to feed on jellyfish (Benson
et al., 2007; Graham et al., 2010). Lastly, Point Reyes is well-known
for its large seabird and pinniped rookeries (Thayer et al., 1999),
which explains the abundance of common murre and California
sea lions to the north and south of this promontory.

4.3.2. Half Moon Bay and Point Año Nuevo
These coastal areas are characterized by shallow pycnoclines

and moderately high Chl-a concentrations (areas C-D, Fig. 10).
However, the Año Nuevo EIA is associated with localized upwelling
off Point Año Nuevo, and the two areas differ in shelf width, water
depth and bathymetric complexity. The Half Moon Bay area (C)
includes a much wider continental shelf extending well offshore
compared to the narrow shelf cut by the extensive Ascension can-
yon system off Point Año Nuevo (D). Despite these physical differ-
ences, both krill species, E. pacifica and T. spinifera, occur here along
with anchovies, which elsewhere are represented only in inner



Table 8
Relationship between top predators and principal components of micronekton (e.g., Taxa PC1) and environmental factors.

Variable Black-
footed
albatross

Cassin’s
auklet*

Common
murre*

Rhinoceros
auklet*

Sooty
shearwater

Western
gull*

Humpback
whale

Pacific white-
sided
dolphin

California
sea
lion*

Taxa PC1 0.16 0.03 �0.30 0.21 0.22 0.01 0.13 0.16 �0.09
Taxa PC2 �0.45 0.23 0.15 0.06 �0.39 0.18 0.12 0.22 0.16
Taxa PC3 �0.08 0.01 0.23 0.01 �0.03 0.21 0.11 0.00 0.08
Environment 6–20 m PC1 �0.26 �0.02 0.40 �0.19 �0.17 0.03 �0.28 �0.24 0.04
Environment 6–20 m PC2 �0.19 0.14 0.02 �0.06 �0.27 �0.15 0.01 0.12 0.03
Environment 22–40 m PC1 �0.17 �0.08 0.41 �0.20 �0.08 0.10 �0.27 �0.22 0.03
Environment 22–40 m PC2 �0.25 0.16 0.11 �0.06 �0.31 �0.07 �0.09 �0.01 �0.01

Values are Spearman rank correlations and bold indicates significance at p < 0.05.
* Indicates resident breeder.

Fig. 10. Idealized spatial organization of ecologically important areas (EIAs) within the Gulf of the Farallones (wide shelf system) and Monterey Bay (deep submarine canyon
system) region based on integration of environmental, micronekton and predator seascapes sampled during May–June over 1990–2009. The combination of upwelling winds
coastal geomorphology, and abrupt bathymetry influences the geospatial variability of upwelling centers and ecosystem productivity. High cross-shelf transport (arrows
associated with Point Reyes, Año Nuevo and Point Sur influences advection and retention of micronekton species assemblages latitudinally along the coast. Our results
suggest 5 EIAs that contain distinct micronekton assemblages and provides important habitat for top predators: (a) North Point Reyes, (b) Gulf of the Farallones, (c) Half Moon
Bay, (d) Point Año Nuevo and (e) Inner Monterey Bay. These areas are separated from oceanic zones (F1–F3) in deep waters (see Discussion for details). Species codes are
EPAC ‘E. pacifica’, TSPIN ‘T. spinifera’, JELL ‘jellyfish’, MASQ ‘market squid’, SERG ‘sergestid’, MESO ‘mesopelagic fishes’, ANCH ‘anchovy’, SARD ‘sardine’, ROCK ‘juvenile rockfish’
DABS ‘juvenile sanddab’, SALM ‘juvenile Chinook salmon’, COMU ‘common murre’, CAAU ‘Cassin’s auklet’, RHAU ‘rhinoceros auklet’, BFAL ‘black-footed albatross’, SOSH ‘sooty
shearwater’, CASL ‘California sea lion’, HUWH ‘humpback whale’ and PWSD ‘Pacific white-sided dolphin’.
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Monterey Bay (E). The two areas differ in terms of other micronek-
ton taxa as well as predators. More juvenile salmon and sanddabs
occur off Half Moon Bay while more juvenile rockfish, market squid
and sardines inhabit the Point Año Nuevo area (Fig. 10). Common
murres, rhinoceros auklets, California sea lions and humpback
whales are common to both areas. Due to the nearshore proximity
of the shelf-break and submarine canyons, pelagic seabird species
such as sooty shearwaters and black-footed albatrosses are found
within the Point Año Nuevo area. Año Nuevo Island is an important
rookery for breeding seabirds, especially rhinoceros auklets, which
likely explains elevated concentration of this species here.

4.3.3. Inner Monterey Bay
This well-known upwelling shadow area (Area E) supports com-

paratively high concentrations of sardine, anchovy and market
squid (Fig. 10). As indicated by the distinct principal component
associated with this area, its micronekton assemblage contrasts
starkly with those of the other areas. The unique assemblage here
is associated with proximity to the upwelling zone off Pt. Año Nue-
vo which supplies nutrients downstream to the northern Monterey
Bay and deep submarine canyon system that bisects the relatively
flat inner bay shelf region (Graham and Largier, 1997). On either
side of the submarine canyon head were scattered high concentra-
tions of common murres, black-footed albatrosses and humpback
whales.

4.3.4. Oceanic areas
Coinciding with stronger winds, high EKE and deep waters, the

micronekton assemblages represented within the three alongshore
zones that extend beyond the shelf-break (F1-3, Fig. 10) contrast
with assemblages found over the shelf. Notably, E. pacifica and
mesopelagic fishes, highly concentrated along the outer shelf-
break, comprise the majority of micronekton sampled here. Subtle
differences in the micronekton assemblage occurred relative to the
deep submarine canyon system of outer Monterey Bay (area F3).
Juvenile rockfish, hake and sanddabs, sergestid shrimp, and octopi
are more abundant here than in offshore areas further north
(Sakuma and Ralston, 1997). Furthermore, pelagic predators such
as sooty shearwaters, black-footed albatrosses, Pacific white-sided
dolphins and humpback whales are also concentrated throughout
these areas.

4.4. Future work

This analysis has built upon previous studies of the GoF/MB
region (Ainley et al. 1996a,b; Croll et al., 2005; Yen et al., 2004;
Keiper et al., 2005; NCCOS, 2007; Harding et al., 2011; Santora
et al., 2011a,b), but provides a comprehensive integration and
assessment of the bio-physical seascapes. By integrating MWT sur-
veys over decades, our study of micronekton assemblages provides
a basis for and contributes to designing future surveys that seek to
map the distribution of plankton and nekton using continuous
sampling methods such as hydroacoustics. A caveat of this study
is the limited evaluation of the vertical distribution of micronekton
in the water column, which certainly contributes to the distribu-
tion of predators. Future work should examine this aspect of the
seascape. We also note that the spatial climatologies described
here may vary, and that the biogeographic boundaries shown in
Fig. 10 are simplified approximations of these assemblages. More-
over, the baseline conditions do not reflect the considerable
temporal variability associated with most of these forage species.
It is well known that the abundance of krill, anchovies, sardines,
juvenile rockfish, and seabirds may vary by orders of magnitude
between years (Marinovic et al., 2002; Chavez et al., 2003; Brodeur
et al., 2006; Lavaniegos and Ohman, 2007; Ainley and Hyrenbach,
2010; Field et al., 2010), with substantial consequences to the food
web, as well as to distribution and the boundaries of the EIAs we
have described. However, we have produced generalized spatial
dimensions of EIAs, locations that sustain micronekton assem-
blages that are likely important to both resident and migratory
top predators. By characterizing this baseline, we have set the
stage for analyses of how anomalies in micronekton distribution
and abundance may resonate throughout the food web (Wells
et al., 2008; Ruzicka et al., 2012; Thompson et al., 2012). Ulti-
mately, these results will contribute to a greater understanding
of the spatial and temporal dynamics that lead to variable produc-
tivity in central California coastal waters, information that should
help to operationalize simultaneous protection and use of the mar-
ine environment in this region.
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