Vol. 596: 181-198, 2018 MARINE ECOLOGY PROGRESS SERIES

https://doi.org/10.3354/meps12598 Mar Ecol Prog Ser Published May 28

Environmental and geographic relationships
among salmon forage assemblages along the
continental shelf of the California Current

Whitney R. Friedman!?*, Jarrod A. Santora?®, Isaac D. Schroeder!*, David D. Huif®,
Richard D. Brodeur®, John C. Field?, Brian K. Wells?

!Institute of Marine Science, University of California, Santa Cruz, 100 McAllister Way, Santa Cruz, CA 95060, USA
2Fisheries Ecology Division, Southwest Fisheries Science Center, National Marine Fisheries Service,
National Oceanic and Atmospheric Administration, 110 McAllister Way, Santa Cruz, CA 95060, USA

3Center for Stock Assessment Research, Department of Applied Mathematics and Statistics, University of California,
Santa Cruz, 1156 High Street, Santa Cruz, CA 95064, USA

‘Environmental Research Division, Southwest Fisheries Science Center, National Marine Fisheries Service,

National Oceanic and Atmospheric Administration, 99 Pacific Street, Suite 255A, Monterey, CA 93940, USA
50cean and Estuary Ecology Program, Fish Ecology Division, Northwest Fisheries Science Center,
National Oceanic and Atmospheric Administration, 520 Heceta Place, Hammond, OR 97121, USA

SFish Ecology Division, Northwest Fisheries Science Center, National Oceanic and Atmospheric Administration,
2030 S.E. OSU Drive, Newport, OR 97365, USA

ABSTRACT: Ocean entry for salmon (Oncorhynchus spp.) is a critical period during which re-
cruitment to the adult population is likely set. During this period, predation risk will be modulated by
availability of suitable prey at the time and location of out-migration. Therefore, identifying variables
affecting the distribution of prey coast-wide facilitates ecosystem-based management of Chinook
salmon O. tshawytscha in the California Current. In this study, we quantified distributions of salmon
forage assemblages relative to biogeographic breaks and ocean conditions along the California Cur-
rent shelf ecosystem from Monterey Bay, California (36.5° N), to Willapa Bay, Washington (46.5° N).
Epipelagicmicronekton samples were collected during late springs of 2011, 2013, 2014, and 2015. We
characterized (1) abundance of salmon forage taxa north and south of geographic boundaries, (2)
spatial gradients in forage assemblages, and (3) relationships between environment and spatiotem-
poral variability of forage assemblages. We found higher abundances of market squid Doryteuthis
opalescens, rockfishes (Sebastes spp.), and sanddabs (Citharichthys spp.) south of Cape Mendocino,
while pandalid shrimp (Pandalus spp.), rex sole Glyptocephalus zachirus, and smelt (Osmeridae)
were more abundant in the north. Multivariate analyses demonstrated a latitudinal gradient in
the relative contribution (rank order) of individual taxa to salmon forage assemblages, and further
analyses revealed the presence of 4 distinct multi-species assemblages associated with regional and
meso-scale oceanographic dynamics. Our findings indicate that distributions of salmon forage
assemblages and the oceanographic characteristics associated with those assemblages is similar to
the spatial coherence of Chinook salmon population survival observed over longer time series.
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INTRODUCTION (Beamish & Mahnken 2001, Kilduff et al. 2014,

Woodson & Litvin 2015, Wells et al. 2016). Previous

Recruitment of Chinook salmon Oncorhynchus studies have demonstrated that the initial period at
tshawytscha to the adult population is widely sea is associated with peaks in rates of energy accu-
thought to be set during the first few months at sea mulation and growth for juvenile Chinook salmon
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(MacFarlane 2010), and availability of appropriate
forage on the coastal shelf is associated with in-
creased survival of the out-migrating juveniles (Wells
et al. 2012, 2016). When the forage assemblage for
out-migrating salmon juveniles is restricted in abun-
dance and/or biomass due to reduced coastal pro-
duction or is spatially disjointed from out-migrating
salmon, juvenile survival can be very low (Brodeur et
al. 1992, Wells et al. 2016). Mechanistically, reduced
availability of forage results in decreased size and
growth of juvenile salmon (Brodeur et al. 1992),
which in turn leads to an increased probability of
being preyed upon (Woodson et al. 2013, Tucker et
al. 2016). Further, population survival estimates of
Chinook salmon out-migrating to the northern Cali-
fornia Current Ecosystem (CCE) covary with one
another significantly more than with those salmon
populations out-migrating south (Kilduff et al. 2014).
This is likely a result of the spatial coherence of win-
ter downwelling and upwelling dynamics (Parrish et
al. 1981, Mueter et al. 2002, Checkley & Barth 2009)
demarcated by coastal promontories and known bio-
geographic breaks in marine fauna (e.g. Cape Men-
docino; King et al. 2011, Fenberg et al. 2015, Gott-
scho 2016). It is therefore of interest, especially for
understanding the effects of regional environmental
variability on Chinook salmon populations, to discern
whether juvenile salmon forage assemblages show a
similar pattern of spatial coherence. Moreover, the
directed effort toward ecosystem-based fishery man-
agement (Pacific Fisheries Management Council
2013), and the development of ecosystem models to
inform such efforts (e.g. Ruzicka et al. 2012, Kaplan
et al. 2013, Fiechter et al. 2015, Koehn et al. 2016),
benefit from an improved understanding of variabil-
ity in salmon forage assemblages relative to regional
and temporal variations in hydrographic processes.
Relationships between environmental determinants
affecting forage productivity have been identified
and should be considered when assessing variability
of salmon forage assemblages and their distribution
along the CCE shelf (Wells et al. 2016). Reduced
downwelling and increased upwelling in winter pro-
motes availability of nutrients near or at the surface,
equator-ward transport of subarctic water, and pro-
duction of forage on the shelf during winter (Loger-
well et al. 2003, Wells et al. 2012, Daly et al. 2013,
2017, Thayer et al. 2014). Specifically, for some
salmon forage species, such as young-of-the-year
(YOY) rockfishes (Sebastes spp.) and sanddabs
(Cithrichthys spp.), spawning occurs during winter,
and the influx of subarctic water masses (Ralston et
al. 2013, 2015) and/or nutrients (Schroeder et al.

2014) is positively related to their abundance on the
shelf. As spring approaches and the transition to
more intense, regular upwelling occurs, the strength
and duration of the upwelling season depends, in
part, on the date of that transition, as determined by
regional winds (Bograd et al. 2009, Schroeder et al.
2013). The transition to the upwelling season is posi-
tively related to latitude, such that more northern re-
gions of the CCE initiate upwelling later and experi-
ence a shorter upwelling period (Bograd et al. 2009,
Black et al. 2011). When the CCE shelf experiences
more intense and earlier upwelling relative to the lat-
itude, continued nutrient introduction enables devel-
opment and maintenance of populations of krill and
forage fishes in late spring (Parrish et al. 1981,
Schroeder et al. 2014, Wells et al. 2016). These prey
populations overlap temporally and spatially with
ocean out-migration timing for many Chinook salmon
populations (Daly et al. 2013, 2017). However, if up-
welling and associated transport is too intense, pri-
mary productivity (Garcia-Reyes et al. 2014, Jacox et
al. 2015) and prey (Cury & Roy 1989, Santora et al.
2011, Ralston et al. 2013) can be advected off the
shelf, making them unavailable to juvenile salmon.
Ultimately, the overlap in timing of out-migration and
the development and retention of a forage base on
the shelf is key to ensuring that the energetic needs of
juvenile out-migrants are met (e.g. Logerwell et al.
2003, Wells et al. 2012, Satterthwaite et al. 2014).
Based on the current understanding of CCE dyna-
mics, the conceptual model that underlies our study is
that the survival of juvenile salmon is related to the
availability of prey on the shelf during the first few
months atsea, and thatthe composition and abundance
of forage assemblages on which salmon rely is ulti-
mately determined by winter regional-scale (e.g. up-
welling; 100-1000 km) and spring meso-scale (e.g.
retentive regions, Wing et al. 1998; 10-100 km) hydro-
graphic processes (Checkley & Barth 2009, Wells et al.
2016, Riddell et al. 2018). Along the CCE, when juve-
nile Chinook salmon out-migrate to sea, they mostly
rely on juvenile fishes, amphipods, decapods, and eu-
phausiids (hereafter krill) as important prey resources
(Brodeur et al. 2007, Wells et al. 2012, 2016). As
juvenile salmon grow, they broaden their diet to in-
clude progressively larger juvenile fishes and other
prey when available (Daly et al. 2009). However, the
diets of juvenile Chinook salmon vary along the
CCE (Brodeur et al. 2007, Hertz et al. 2015), with dif-
ferences likely attributable to variability in forage
assemblages (Brodeur et al. 2007) resulting from
spatiotemporal environmental variability (Brodeur &
Pearcy 1992, Wells et al. 2012, 2016). These differ-
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ences in diet show within-region coherence in compo-
sition (Hertz et al. 2015), suggesting a regional co-
herence of available forage assemblages.

We evaluated the relationships between spatio-
temporal variability of ocean conditions and the com-
position of forage assemblages used by juvenile Chi-
nook salmon over a large region of the CCE shelf
(36.5-46.5°N). We hypothesized that the distribu-
tions of distinct salmon forage assemblages relate to
biogeographic boundaries (i.e. capes, see Fenberg et
al. 2015) and environmental dynamics associated
with those boundaries (e.g. upwelling characteris-
tics) along the CCE. We focused on epipelagic micro-
nekton species known to occur in juvenile salmon
diets and sampled in regions overlapping with juve-
nile salmon distributions. Based on our conceptual
model of the system, we related these samples to
upwelling dynamics in winter, and water mass and
transport dynamics in spring and early summer.
Throughout the CCE, physical forcing patterns and
forage assemblage structure tend to exhibit their
largest gradients at the large coastal promontories,
such as Cape Blanco and Cape Mendocino (Fig. 1;
Checkley & Barth 2009, Phillips et al. 2009, Fenberg
et al. 2015, Gottscho 2016). Therefore, we hypothe-
sized that a similar boundary at coastal promontories
may exist in the salmon forage assemblage in the
northern-central CCE.

MATERIALS AND METHODS
Collection of epipelagic micronekton

Epipelagic micronekton samples were collected
during May and June by the Southwest Fisheries Sci-
ence Center Rockfish Recruitment and Ecosystem
Assessment Survey and the Northwest Fisheries Sci-
ence Center Pre-recruit Groundfish Survey. Data
were extracted for the region from Monterey Bay,
California (36.5° N) to Willapa Bay in southern Wash-
ington (46.5°N). A modified midwater Cobb trawl
(30 m headrope depth where bottom depth was
>50 m, 10 m headrope where bottom depth was
<50 m) was towed for 15 min at 2 knots (distance of
~1 km) during hours of darkness to collect epipelagic
species along the CCE in the mixed layer where
juvenile salmon are typically found (Sakuma et al.
2016). Methods were standardized between regions
beginning in 2011. To match the habitat distribution
of juvenile Chinook salmon (Bi et al. 2011, Hassrick
et al. 2016), we restricted samples analyzed to data
from trawls conducted where bottom depth was
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Fig. 1. Distribution of the 297 trawls in depths <200 m that
were used in the analyses. Samples were collected by the
Northwest Fisheries Science Center (open circles, NWFSC)
and Southwest Fisheries Science Center (filled circles;
SWEFSC) of the National Marine Fisheries Service during
May and June 2011, 2013, 2014, and 2015. Isobaths shown
are at 100 and 200 m

<200 m. In total, we used 297 trawls collected across
72 fixed stations (Fig. 1), covering the years 2011,
2013, 2014, and 2015 (trawls were not conducted
across the complete study range in 2012). Of the
297 trawls used, 196 were collected south of Cape
Mendocino (40.5°N), and 34 samples were within-
year repeats. The median days apart for those sam-
pled twice within a year (n = 28) was 10.5d, and 16 d
for those sampled 3 times within a year (n = 6).
Repeat within-year samples were controlled for in
the analyses.
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We restricted our analysis of epipelagic micronek-
ton sampled to those of appropriate size to be eaten
by out-migrating salmon (including only YOY life
stages where appropriate) (Daly et al. 2009); the final
selection of taxa represented a size range (standard
length) of 13.0-69.0 mm (mean = 37.72 mm). Species
were grouped into the lowest identified taxonomic
groups. To reduce the influence of very rare species,
only taxa that were present in at least 1% of the 297
trawls were used in the analysis (Table 1). Of the 31
taxa analyzed in this study, all but 1, combfish (Zan-
iolepididae), are confirmed prey of juvenile Chinook
salmon based on stomach content analyses (Brodeur
1989, Brodeur & Pearcy 1990, MacFarlane & Norton
2002, Schabetsberger et al. 2003, Brodeur et al. 2007,
2011, Daly et al. 2009, 2010, Wells et al. 2012, E. Daly

unpubl. data). Total krill abundance (primarily Eu-
phausia pacifica and Thysanoessa spinifera; Santora
et al. 2012a) was measured from the same trawls;
however, we quantified the abundance and geo-
graphic distribution of krill separately due to the
ubiquity and overall greater abundance of krill along
the CCE (Santora et al. 2012b, Dorman et al. 2015).

Oceanographic data

Environmental variables used in our assessment of
salmon forage assemblages were chosen a priori
based on published relationships between the dyna-
mics of the CCE and development of the forage as-
semblage on the shelf (Table 2; Hickey 1979, Loger-

Table 1. Epipelagic micronekton taxa representing salmon forage considered in our analyses (Brodeur 1989, Brodeur & Pearcy

1990, MacFarlane & Norton 2002, Schabetsberger et al. 2003, Brodeur et al. 2007, 2011, Daly et al. 2009, 2010, Wells et al. 2012,

E. Daly unpubl. data). Non-metric multidimensional scaling (NMS) axis 1 and axis 3 scores (abundance weighted centroids of

site scores for which the taxon was observed) are presented for each of the 30 taxa included in the NMS analysis, as well as the

significance of their relationship to the ordination space (*p < 0.05). Within-assemblage ranked abundances show the relative

contribution of each taxon to the assemblages (A1-A4) identified by the regression-tree analysis (Fig. 3). Bold values indicate
the top 5 ranked taxa for each assemblage type. Assemblages A1-A4 are consistent with Table 3 and Figs. 3 & 4

No.  Common name Taxon Axis scores & significance Within-assemblage ranks

Axis 1 Axis 3 p Al A2 A3 A4
1 Armhook squid Gonatus spp. 0.204 -0.979 0.061 8 5 7 13
2 Arrowtooth flounder  Atheresthes stomias —-0.646 -0.764 0.601 9 20 4 23
3 Barracudina Paralepididae 0.493 -0.870 0.159 - - - 27
4 Blacktip squid Abraliopsis felis 0.114 -0.993 0.042* 14 15 14 22
5 Combfish Zaniolepididae 0.753 0.658 0.089 - 13 - 18
6 Dover sole Microstomus pacificus 0.749 -0.663 0.087 21 18 12 20
7 Lingcod Ophiodon elongatus 0.733 0.680 0.026* - - - 7
8 Market squid Doryteuthis opalescens 0.741 0.671 <0.001* 15 4 11 1
9 Myctophids Myctophidae -0.174 -0.985 0.044* 12 12 12 11
10 Northern anchovy Engraulis mordax 0.546 0.838 0.01* - 21 - 8
11 Octopus Octopoda 0.557 -0.831 0.02* 20 9 14 12
12 Pacific hake Merluccius productus 0.424 -0.906 0.002* 13 11 5 5
13 Pacific sand lance Ammodytes hexapterus -0.718 -0.696 0.009* 17 - - 29
14 Pacific sardine Sardinops sagax 0.614 0.789 0.19 - - - 14
15 Pacific tomcod Microgadus proximus -0.994 0.110 0.139 18 17 14 29
16 Painted greenling Oxylebius pictus 0.937 0.350 0.059 - - - 25
17 Pandalus shrimp Pandalus jordani -0.583 -0.812 0.829 1 2 1 4
18 Poacher Agonidae -0.341 -0.940 0.511 22 22 14 28
19 Rex sole Glyptocephalus zachirus 0.410 -0.912 0.04* 6 6 8 9
20 Rockfish Sebastes spp. 0.996 -0.086 <0.001* 4 1 3 2
21 Ronquil / prickleback Ronquilus / Stichaeidae 0.355 0.935 0.758 11 22 9 15
22 Sand sole Psettichthys melanostictus —0.070 0.998 0.185 7 7 6 10
23 Sanddab Citharichthys spp. 0.848 -0.531 <0.001* 5 3 2 3
24 Sculpin Cottidae 0.998 0.068 0.003* 19 16 - 16
25 Sergestid Sergestidae -0.053 -0.999 0.007* 2 19 - 19
26 Shrimp Natantia 0.872 0.490 0.134 - - - 26
27 Slender sole Lyopsetta exilis 0.434 -0.901 0.014* 10 10 10 6
28 Smelt Osmeridae —-0.745 —-0.667 0.443 3 8 - 17
29 Snailfish Liparidae -0.521 -0.854 0.036* 16 - 14 24
30 Turbot Pleuronichthys spp. 0.995 -0.102 <0.001* 22 14 - 21
31 Krill Euphausiidae - -
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Table 2. Environmental variables used to assess the distribution of salmon forage assemblages. Conceptually, these variables
were chosen to examine the influence of winter preconditioning, water mass characteristics, and transport on the distribution
of juvenile salmon forage assemblages

Variable Definition

Influence

Regional abundance of forage
Ul Coastal upwelling index 4 months
prior to sample date

Depth of the 26.0 kg m~ isopycnal
4 months prior to sample date

d26,

Mesoscale distribution of forage

Uso Meridional (East, West) compo- 3
nents of water velocity at 20-40 m
during the month of the trawl.
Positive values of U are eastward

Vio Zonal (North, South) components
of water velocity at 20-40 m
during the month of the trawl.
Positive values of V are northward )

Temperature at 20-40 m during
the month of the trawl

Temp,

Reduced downwelling and upwelling in winter represents precondi-
tioning of the system by reducing stratification and promoting
nutrient availability onto the shelf early in the season

Represents availability of nutrients to the surface. A shallow 26.0 kg m™
isopycnal in the winter has been associated with increased production
of phytoplankton and forage species on the shelf

Surface currents relate to the advection and retention of larval and
juvenile fish on the shelf, and transport of organisms between regions

Identifies water masses that can entrain forage species

3

well et al. 2003, Checkley & Barth 2009, Schroeder et
al. 2014, Wells et al. 2016). Reduced downwelling
and upwelling in winter represent preconditioning of
the system by reducing stratification and promoting
nutrient availability on the shelf early in the season
(Logerwell et al. 2003, Schroeder et al. 2009). The
depth of the 26.0 kg m~ isopycnal during winter rep-
resents availability of nutrients to the surface layer. A
shallow 26.0 kg m~ isopycnal in the winter has been
associated with increased production of phytoplank-
ton (Jacox et al. 2016) and forage species on the shelf
(e.g. juvenile rockfishes and krill; Schroeder et al.
2014). Eastward and northward surface currents dur-
ing spring relate to the advection and retention of lar-
val and juvenile fishes on the shelf, and transport of
organisms between regions (Bakun & Parrish 1982,
1990, Cury & Roy 1989, Largier et al. 2006, Dorman et
al. 2011). Spring temperatures and salinities at the
depth of the trawl samples are representative of par-
ticular water masses that may indicate forage species
associations and their spatial distribution (Largier et
al. 2006, Santora et al. 2012b). Here, we focus only on
temperature, as salinity was highly correlated to tem-
perature at the scale we examined (i.e. salinity was
removed from models to avoid collinearity issues).
Modeled oceanographic data at the time and loca-
tion of each trawl, as well as at 4 mo prior to each
trawl (to assess preconditioning effects following
results from Logerwell et al. 2003, Schroeder et al.

2009) were derived from a data-assimilative regional
ocean modeling system (ROMS; Moore et al. 2011).
Variables derived from ROMS (spatial resolution
10 km) included: depth of 26.0 kg m~ isopycnal 4 mo
prior to each trawl (Table 2, d26,.,), temperature at
20-40 m during the month of the trawl (Table 2,
Temp,.p), as well as meridional and zonal components
of water velocity at 20-40 m during the month of the
trawl (Table 2, U,y and V., respectively). The depth
of 20—-40 m was selected because it matched the tar-
get depth for trawl samples (Sakuma et al. 2016). For
each trawl, we calculated values for each ROMS vari-
able by averaging all ROMS data points over a radius
of 56 km from the starting latitude and longitude and
month of the sample. We could not justify a higher
resolution of environmental data given likely trans-
port dynamics occurring through the months, nor
could we justify restricting the environmental data to
a shorter time frame given relatively high variability
in oceanographic conditions during the precondition-
ing and upwelling seasons.

The coastal upwelling index has been used exten-
sively to estimate coastal upwelling in the CCE (Ba-
kun 1973, Bograd et al. 2009). The upwelling index is
calculated from the cross-shelf component of Ekman
mass transport (Schwing et al. 1996) and can be
calculated from meridional and zonal components
of the wind stress vector that are rotated by the
coastal angle to resolve the normal component to the
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shore line. We downloaded monthly means of Ekman
transport vectors (1° spatial resolution) from NOAA's
west coast regional node of CoastWatch (http://coast-
watch.pfeg.noaa.gov/erddap/griddap/erdlasFnWPr.
html), rotated the vectors by the coastal angle, and
then divided the resultant Ekman transport by —10 to
put the values in units of m® s™ 100 m™! of coastline,
which is consistent with units used to represent up-
welling intensity. This resulted in negative values
indicating downwelling and positive values indica-
ting upwelling. We used linear interpolation (imple-
mented in Python 2.7.13, using the function ‘grid-
data’', method ‘linear’ in the package 'SciPy;’ Jones et
al. 2001) to create a spatially interpolated surface of
Ekman transport values and extracted the interpo-
lated values at the start location of each trawl 4 mo
prior to sampling (Table 2, Ul ).

Oceanographic conditions along CCE during
years investigated

We examined catch rates of epipelagic micronek-
ton collected during late spring of 2011, 2013, 2014,
and 2015. These years had coast-wide coverage
using consistent sampling methods, and represent a
broad range of environmental conditions. These
environmentally divergent years allowed for a natu-
ral experiment to parse general rules governing sal-
mon forage assemblages along the CCE from year-
specific conditional drivers. In winter 2011, weak
upwelling and occasional downwelling dominated
the central CCE and downwelling dominated in the
northern CCE, a condition typical of the northern
CCE but a negative upwelling anomaly for the cen-
tral CCE (Bjorkstedt et al. 2012). Winter conditions in
2013 were characterized by a lack of downwelling
and occasional upwelling in the northern CCE and
stronger than typical upwelling in the central CCE,
with positive upwelling anomalies along the central
to northern CCE (Wells et al. 2013). In 2014 and 2015,
sea surface temperatures were observed to be anom-
alously high in nearly all regions of the Northeast
Pacific (Leising et al. 2015, Di Lorenzo & Mantua
2016, Sakuma et al. 2016). As well, during winter
transitioning from 2013 to 2014, basin-scale indica-
tors (i.e. Pacific Decadal Oscillation, Multivariate El
Nino Southern Oscillation Index, and North Pacific
Gyre Oscillation; Mantua et al. 1997, Wolter & Timlin
1998, Di Lorenzo et al. 2008, respectively) switched
phase, indicating less productive conditions and a
looming El Nino (Leising et al. 2014, 2015) that ulti-
mately initiated in 2015/2016 (McClatchie et al.

2016). Despite these larger basin-scale patterns, tem-
peratures in both 2014 and 2015 remained relatively
cool nearshore into late spring during our sampling
period (McClatchie et a. 2016), and the abundance of
many forage species (particularly YOY rockfish and
YOY sanddabs) was high (Sakuma et al. 2016). Win-
ter upwelling was typical in 2014 but slightly weaker
in 2015 (Leising et al. 2015). During 2015, the depth
of the 26.0 kg m™ isopycnal during winter, which
shoals during upwelling and represents availability
of nutrients to the surface, was depressed (Jacox et
al. 2016).

Characterizing forage assemblages

We used univariate and multivariate analyses to
evaluate the likelihood of spatial and temporal differ-
ences in salmon forage assemblages within the CCE.
For the univariate analysis, samples were binned by
the latitude at which they were collected north (101
trawls) or south (196 trawls) of 40.5°N (Cape Mendo-
cino). We described mean differences in catch per
unit effort (CPUE; number observed per trawl) of
individual taxa north and south of Cape Mendocino.
We used non-metric multidimensional scaling (NMS)
to resolve gradients in salmon forage assemblages
among the 297 trawls (all years combined) (McCune
et al. 2002). NMS analysis was implemented in Pro-
gram R (v3.2.3; R Core Team 2015) using the pack-
age 'vegan' (Oksanen et al. 2016). CPUE data were
square-root transformed prior to analysis to reduce
the influence of highly abundant species and individ-
ual large catches. Dissimilarities between sample
units (trawls) were calculated using the Bray-Curtis
(Serensen) measure (Bray & Curtis 1957, McCune et
al. 2002). Analysis of the stress statistic indicated that
3 axes were appropriate for this dataset (final stress <
15). NMS plots were rotated so that the greatest vari-
ation in the data was represented by axis 1.

Taxa were fit onto NMS space by performing a lin-
ear regression of the form

V=PB1X: + B Xz + ¢ (1

where y represents a vector of CPUE data for each
taxon, X; are the NMS scores on one axis and X, are
the NMS on a second axis. The observed R? value for
the linear regression was compared against 10000
random permutations of the taxon CPUE vector. The
resulting p-values represent the proportion of times a
randomized R? from the distribution was equal to or
greater than the observed R? value (‘vegan' function
‘envfit,” Oksanen et al. 2016). To visualize taxonomic
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indicators of assemblages, taxa significantly related to
NMS space (p < 0.05) were presented with vectors
showing the direction of the relationship, and vector
length corresponded to the strength of the correlation.

Evaluating environmental determinants of
forage assemblages

To determine whether distinct assemblages were
associated with environmental conditions, the result-
ing NMS axis scores were used as the numerical
response variables in a regression tree analysis
(Breiman et al. 1984, De'ath & Fabricius 2000, Fen-
berg et al. 2015). Regression tree analysis is a non-
parametric decision-tree machine learning tech-
nique used to predict the response of a dependent
variable based on several, possibly interacting, input
variables. It works by recursively splitting a dataset
based on the best value among the set of predictor
variables that produces 2 maximally homogenous
groups. Our analysis was implemented in Program R
using the package ‘rpart’ (Therneau et al. 2015) to
model the distribution of each of the 3 NMS axis
scores (our response variables) based on the oceano-
graphic conditions we associated with each trawl
(Table 2). Resulting trees were pruned to minimize
misclassification error and model complexity, based
on the results of 10-fold cross-validation (Breiman et
al. 1984, Therneau & Atkinson 1997, 2018, De'ath &
Fabricius 2000, Loh 2011). Each axis was modeled
separately. Based on the conceptual model defined
above, the explanatory variables we tested were
upwelling index during the fourth month preceding
each trawl (UI,.,), depth of the 26.0 kg m~ isopycnal
during the fourth month preceding each trawl (d26,.
4), temperature during the month of the trawl (Temp,.
0), and meridional and zonal components of surface
velocity during the month of the trawl (U, and Vi,
respectively) (Table 2). Pairwise correlation coeffi-
cients (Pearson's Irl) among co-variates included in
the analysis ranged from 0.07-0.61, and the maxi-
mum observed variance inflation factor was 2.18,
each below established threshold values for
collinearity (Dormann et al. 2013).

Krill analysis

Given that krill are ubiquitous in the study region
(Santora et al. 2012b, Dorman et al. 2015) and are a
particularly important component of salmon diet
(Wells et al. 2012), we chose to examine how the

same set of environmental variables influenced krill
distribution and abundance. Generalized additive
models (GAMs) were used to assess the distribution
and abundance of krill relative to the same 5 oceano-
graphic variables used in the previous analysis and
latitude (R package ‘mgcv,” function ‘gam;’” Wood
2006). GAMs were used rather than linear models as
we did not assume a linear relationship between krill
abundance and co-variates. Total krill abundance in
each trawl (all species) was summed and log-trans-
formed [In(Krill CPUE+1)]. We included a random
effect of Station-Year to account for stations that
were re-sampled within a year, and tested whether a
random effect of Year was required to account for
residual spatial autocorrelation in the final model.
GAMs were constructed with a Gaussian distribution
and identity link function. The full model was speci-
fied as

In(Krill CPUE+1) = s1(Ul;4) + 55(d26;.4) + s3(Temp;.q)
+ S4(Urg) + s5(Vig) + se(Station-Year, re)
+ s;(Year, re) (2)

For this model, s are cubic smoothing splines with
up to 10 knots, and the term ‘re’ indicates random
effects. Akaike's information criterion (AIC) (Saka-
moto et al. 1986) was used to select the best model
among candidate solutions. All models within an AIC
difference (A) of <2 are reported (Burnham & Ander-
son 2003), as well as adjusted R-squared and de-
viance explained (Wood 2006).

RESULTS
Characterization of salmon forage assemblages

The univariate analysis comparing abundances of
each taxon north and south of Cape Mendocino re-
vealed differences between the regions (Fig. 2A).
Central CCE samples (<40.5°N) included higher
abundances of market squid Doryteuthis opalescens,
YOY rockfishes, and YOY sanddabs. Northern trawls
tended to include higher abundances of pandalid
shrimp (Pandalus spp.), rex sole Glyptocephalus zachi-
rus, and smelt (Osmeridae). Of these, rockfishes,
sanddabs, and smelts are common salmon prey items
(see citations in Table 1).

NMS analysis resolved gradients in the relative
contributions of taxa collected in each trawl sample.
Three dimensions were sufficient to explain most of
the variability in the observed forage assemblages
(stress = 14.8%). The proportion of variance repre-
sented by the 3 axes between the original distance



188

Mar Ecol Prog Ser 596: 181-198, 2018

A
1.Armhook squid

2.Arrowtooth flounder

3.Barracudina
4.Blacktip squid
5.Combfish

6.Dover sole
7.Lingcod

8.Market squid
9.Myctophids
10.Northern anchovy
11.0Octopus
12.Pacific hake
13.Pacific sand lance
14.Pacific sardine
15.Pacific tomcod
16.Painted greenling
17.Pandalus shrimp
18.Poacher

19.Rex sole

20.Rockfish

21.Ronquil/prickleback

22.Sand sole
23.Sanddab
24.Sculpin
25.Sergestid
26.Shrimp
27.Slender sole
28.Smelt
29.Snailfish
30.Turbot
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Fig. 2. (A) Abundances of the 30 taxa examined in this study
(Table 1) north (blue) and south (yellow and grey) of Cape
Mendocino (40.5° N). Notches represent 95 % confidence in-
tervals around the median; non-overlapping notches indi-
cate strong evidence for a difference in medians (Chambers
et al. 1983). Whiskers represent values within 1.5*IQR (in-
ter-quartile range) of the upper and lower quartiles. CPUE:
catch per unit effort. (B,C) Results from the non-metric mul-
tidimensional scaling (NMS) ordination of forage assem-
blages caught in 297 trawls. Variability in axis 1 is associ-
ated with latitude as indicated by the color gradient from
low latitudes (min = 36.3° N, yellow) to high latitudes (max =
46.5° N, dark blue). (B) Ordination results for axis 1 and 2.
Taxa significantly related to NMS space (p < 0.05) are pre-
sented with vectors showing the direction of the relationship
and vector length corresponds to the strength of the correla-
tion. Numbers represent taxa as listed in panel A and Table
1. (C) Ordination results for axes 1 and 3. Statistics for taxa
significantly related to NMS space are shown in Table 1
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matrix and the ordination distances was R? = 0.90
(Fig. 2B,C). Axis 2 represents the rare samples con-
taining large collections of pandalid shrimp relative
to other taxa (Fig. 2B). We focus our NMS results on
the relationships uncovered by axes 1 and 3 because
they represent spatial characteristics of salmon for-
age assemblages.

Of the 30 taxa, 16 were significantly correlated
with the first and third dimensions of the NMS ordi-
nation (Table 1, Fig. 2C). NMS axis 1 scores were
negatively related to the latitude at which the sample
was collected, and therefore represent the presence
of a latitudinal gradient in relative contribution (rank
order) of taxa to the forage assemblages (Fig. 2B,C).
Southern assemblages were characterized by higher
relative contributions of market squid, rockfishes,
and sanddabs. The relative contribution of Pacific
sand lance Ammodytes hexapterus was greater in
northern assemblages. Pacific sand lance, while rare
overall, were present in nearly 10% of samples col-
lected north 0f 43.5° N and in none south of that. Axis 3
represents variation attributed to species with either
on- or more off-shore affinities occurring on the shelf
during sampling (as determined by Santoraetal. 2012a
and Ralston et al. 2015). Those species for which pro-
duction depends on shelf conditions (greater axis 3
scores) include lingcod Ophiodon elongatus, market
squid, and YOY northern anchovy Engraulis mordax.
Off-shelf derived taxa include YOY Pacific hake
Merluccius productus and sergestids (Sergestidae)
(Fig. 2C).

Environmental determinants of forage assemblages

Regression tree analysis revealed assemblages
associated with spatiotemporal patterns of winter
upwelling (UI,.,), the depth of the 26.0 kg m~ isopyc-
nal in winter (d26,4), and sea temperature during the
sampling month (Temp,). The regression tree model
for axis 1 scores (representing latitudinal gradient)
resulted in 4 leaves, referred to here as assemblage
types (R? = 0.54, RMSE = 0.48, Fig. 3). The first split
was represented by winter upwelling values: 73 % of
samples were associated with very weak winter
downwelling or upwelling (U, > -12m®s 1 100 m™,
mean = 16.5) and the remaining 27 % of samples
were associated with stronger winter downwelling
(UL.4<-12m®s 1100 m™!, mean = -49.8; Fig. 3). Sec-
ondarily, the assemblages associated with winter
downwelling (assemblages 1 and 2, purple and blue
in Figs. 3 & 4A-H) were differentiated by warmer
(Tempy.y = 9.7°C, mean = 10.6; 18 % of samples) or

cooler (Temp;.y < 9.7°C, mean = 9.4; 9% of samples)
sea temperatures during the survey. The samples as-
sociated with winter upwelling (assemblages 3 and 4;
green and orange in Figs. 3 & 4I-P) were differ-
entiated by shallower (d26;.,>-106 m, mean =-97.7;
2% of trawls) or deeper (d26,, < -106 m, mean =
-131.8; 71 % of samples) 26.0 kg m~ isopycnals 4 mo
prior to sampling. Regression tree analyses for NMS
axes 2 and 3 scores were uninformative (no splits)
and likely represent assemblage characteristics that
were associated with environmental drivers unac-
counted for in our conceptual model.

Interannual variability

Assemblage types 1 (purple; Fig. 4A-D) and 2
(blue, Fig. 4E-H) were primarily observed north of
40.5°N (Cape Mendocino) during the 4 sampling
years; only 3 trawls occurred south of Cape Mendo-
cino. Largely, assemblage type 1 was present in
2011, 2013, and 2014 (90.4 % of trawls in that assem-
blage) and assemblage 2 was almost entirely re-
stricted to 2014 and 2015 (96.4 % of trawls in that
assemblage; Table 3). The northern assemblages
(assemblages 1 and 2) were clearly differentiated by
local temperatures (Figs. 3 & 4A-H). For example, a
comparison of the distributions in 2014 of assem-
blage 1 (Fig. 4C) and the distribution of assemblage 2
(Fig. 4G) indicate they do not overlap based on tem-
peratures during sampling. All 4 years show a similar
degree of separation, with assemblage 1 associated
with temperatures warmer than 9.7°C, and assem-
blage 2 associated with temperatures cooler than
9.7°C (Figs. 3 & 4A-H). While assemblage type 2 was
statistically associated with downwelling and cooler
temperatures (Fig. 3), in 2014 it existed in a region of
relatively strong upwelling (Fig. 4C,0), indicating
that the presence of upwelling is not exclusive of
assemblage type 2. Assemblage type 1 had 23 taxa
represented, with smelt and sergestids being rela-
tively more abundant than any of the other 3 assem-
blages (Table 1). Assemblage type 2 had the same
number of taxa but these samples had decreased
representation of smelt and sergestids, and increased
representation of market squid and rockfishes.

Assemblage type 4 (orange) was predominantly a
central CCE assemblage through all 4 years; how-
ever, in 2013, it had a small representation (4 trawls)
north of Cape Blanco as well, possibly due to a lack of
typical downwelling in the northern CCE (Fig. 4B,N).
Assemblage type 4 was represented by all 30 taxa
(Table 1). It was the only assemblage with barracud-
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ina (Paralepididae), lingcod, Pacific sardine Sardi-
nops sagax, painted greenling Oxylebius pictus, or
shrimp (Nantantia). Market squid ranked first in this
assemblage, higher than in any other assemblage.

Assemblage type 3 had the fewest taxa repre-
sented (18 taxa; Table 1) due, in part, to its small rep-
resentation (7 trawls; Fig. 3). Unlike other assem-
blages, arrowtooth flounder Atheresthes stomias
were relatively abundant (Table 1). Assemblage type
3 was only present during 2013 and only in the con-
fined area between Capes Blanco and Mendocino
concurrent with a relatively shallow 26.0 kg m™ iso-
pycnal (Fig. 4J). Both assemblages 3 and 4 included
higher representations of Pacific hake relative to
other taxa.

In sum, there were notable interannual patterns in
the presence and distribution of the 4 assemblages.

Assemblage types 1 and 4 were present in all 4 years,
and the only ones represented in 2011. Northern
assemblage types (1 and 2) occupied different, yet
adjacent, water masses defined here by temperature.
In 2013, the typically more southern assemblage type
(4) spread across the CCE, but was missing from the
area between the capes associated with assemblage
3, which was not present in any other sample year.

Krill distribution

Krill were ubiquitous, occurring in 88 % of samples.
However, relatively more krill were caught in central
California than elsewhere on the coast (Fig. 5A).
Three models for describing the association of krill
abundance relative to environmental conditions
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were within AAIC < 2 (Table 4). All top models included tempera-
ture during sampling (Temp,.;), and depth of the 26.0 kg m~ iso-
pycnal 4 mo prior (d26,,). Additional terms included winter
upwelling (Ul.,) and local meridional transport during the time of

Table 3. Four assemblage types (A1-A4) that resulted from the regression
tree model for axis 1 (Fig. 3). Columns include number of trawls (n) in each
assemblage type during each sampling year and the percentage of total
trawls from each assemblage that were observed in each year (% total).
Assemblages A1-A4 are consistent with Table 1 and Figs. 3 & 4

A1l A2 A3 A4
n % total n % total n % total n % total
2011 29 56 0 0 0 0 41 20
2013 9 17 1 4 7 100 56 27
2014 9 17 16 57 0 0 61 29
2015 5 10 11 39 0 0 52 25
Total samples 52 28 7 210
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Fig. 5. (A) Krill abundance (catch per unit effort, CPUE) captured in each
trawl (all 4 study years included). Also shown are the relationships between
krill CPUE and (B) Temp,.y, (C) d26;4, and (D) Ul,4; variables are defined in
Table 2. Results in B-D are shown as partial responses based on the best
generalized additive model (Model 1) in Table 4 (+2 SE; dashed lines)
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In(Krill CPUE +1) ~ 51(d26,.4) + s2(Tempy.o) + s3(Station-Year, re)

best solutions after model selection among candidate models containing all possible combinations of the 5 environmental variables (plus the random effects Station-Year, and
Model Krill ~ environmental models

Year) used in our analyses. Model 4 (not supported) includes Year as a random effect in addition to the terms in Model 1. Variables are defined in Table 2. CPUE: catch per

Table 4. Results for models of krill abundance variability along the shelf. Estimated degrees of freedom (edf) are listed next to each model covariate. Models 1-3 represent the
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sampling (U.¢). The top model (Model 1, Table 4)
included temperature during sampling (Temp,.() as
well as winter upwelling (Ul,,) and depth of the
26.0 kg m~ isopycnal 4 mo prior (d26,,) (R%-adj =
0.41, deviance explained = 55.5%; Fig. 5B-D,
Table 4). The depth of the 26.0 kg m~ isopycnal 4 mo
prior was the explanatory variable that was most
strongly related to krill abundance in spring (Fig. 5C,
Table 4). Increased krill abundance in spring was
associated with a shallower 26.0 kg m~ isopycnal in
late winter, with an asymptote at 135 m. We did not
see an effect of year in the krill model (Table 4).

DISCUSSION

We examined geographic and environmental
determinants of juvenile salmon forage assemblages
and found evidence of biogeographic provinces asso-
ciated with capes and a latitudinal gradient associ-
ated with patterns of winter upwelling conditions.
Market squid, rockfishes, and sanddabs were more
dominant members of central CCE samples, and
Pacific sand lance was more dominant in the north-
ern CCE (Table 1). Importantly, we assessed environ-
mental factors that relate to the regional abundance
of forage species (e.g. winter preconditioning), as
well as factors that impact spring-time spatial distri-
bution of forage assemblages. Our findings indicate
that distributions of salmon forage assemblages and
the oceanographic characteristics associated with
those assemblages are similar to the spatial coher-
ence of salmon population survival observed over
longer time series in the north-east Pacific Ocean
(Mueter et al. 2002, Kilduff et al. 2014). Specifically,
upwelling, forage assemblage, and survival dynam-
ics vary at a scale of approximately 500-700 km
along the CCE (Mueter et al. 2002, Kilduff et al.
2014), likely the result of winter downwelling north
of Capes Mendocino and Blanco and upwelling south
of these capes. Therefore, it is likely that ecosystem
shifts leading to variation in the forage base in the
north will affect salmon survival differently in the
northern CCE than in the central CCE. We note,
however, that coast-wide coherence of salmon sur-
vival may be increasing as a result of variability at
the larger scale of the Pacific basin (Kilduff et al.
2015) and proximately by increasing coherence of
forage assemblage dynamics along the CCE similar
to the pattern observed in 2013 (Sakuma et al. 2016).
In our results, this is indicated by the occurrence of
the typically southern A4 assemblage in northern
coastal waters (Fig. 4N).

We found that upwelling and winter precondition-
ing dynamics were the dominant determinants of
assemblage differences along the CCE (Fig. 3). Two
of the 4 assemblages we identified were consistently
observed north of Cape Mendocino (assemblages 1
and 2) in association with downwelling, typical of
the northern region in winter. Spring-time tempera-
ture was important for splitting closely distributed
assemblages in the northern CCE. We also identi-
fied a central CCE assemblage (assemblage 4) that
was predominantly distributed south of Cape Blanco
and associated with winter upwelling. However, in
2013, assemblage 4 was also identified in the north-
ern CCE, coincident with a period of atypically
weak winter downwelling for that region. Addition-
ally, in 2013, we identified a unique assemblage
that occurred between the capes associated with an
unusually shallow 26.0 kg m™ isopycnal (assem-
blage 3, Fig. 4J). In 2013, the region between the
capes had typical winter upwelling, making it dis-
tinct from the area to the north where downwelling
was dramatically reduced and upwelling events
occurred (Fig. 4N, Wells et al. 2013). Therefore, the
association of assemblage type 3 with a shallow
26.0 kg m~2 isopycnal likely resulted from relatively
strong southward transport through the region con-
comitant with the reduced downwelling and occa-
sional upwelling in the north.

Biogeographic boundaries and mesoscale
variability

The region between Capes Blanco and Mendocino
represents a biogeographic break in the northern-
central CCE for a number of marine taxa (Checkley &
Barth 2009, Fenberg et al. 2015, Gottscho 2016). We
observed a split in salmon forage assemblages in the
same region, largely explained by differences in the
timing, intensity, and structure of upwelling (Bograd
et al. 2009, Checkley & Barth 2009). The region be-
tween Capes Blanco and Mendocino is characterized
by a narrow shelf and had the greatest interannual
variability of upwelling intensity along the CCE dur-
ing the study period (Fig. 4) and, as a result, was
characterized by variable turbulence and offshore
and alongshore advection (Hickey 1979). North of
Cape Blanco, the shelf is substantially wider and the
coastline is oriented in a north—south direction (i.e.
dominant current direction). South of Cape Mendo-
cino the shelf narrows, coastal prominences are more
common, and the dominant wind direction is north-
east-southwest in the spring and summer. These
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aspects of geography result in laminar upwelling
north of Cape Blanco and meandering upwelling jets
in central California (Strub et al. 1991). In the central
region of the CCE, upwelling occurs throughout the
year but typically strengthens in March to become
especially strong in the summer. However, in the
northern CCE, downwelling transitions to upwelling
approximately in April, and the upwelling in the
summer is weaker than in the central CCE (Bograd et
al. 2009).

In addition to the broader regional differences be-
tween forage assemblage types north and south of
the capes, mesoscale divisions between forage as-
semblages were also present. Specifically, assem-
blage type 1 (Figs. 3 & 4A-D) was associated with
warmer temperatures than assemblage 2 (Figs. 3 &
4E-H). The spatial scale at which these assemblages
differed was relatively fine (Fig. 4A-H), especially in
2014 and 2015. This suggests that modest behavioral
differences and shifts in distribution of salmon could
result in experiencing different forage assemblages.
In this case, the assemblage associated with cooler
water masses (assemblage 2) had higher ranks of
market squid and rockfishes, both common salmon
prey items in the region (see citations in Table 1),
suggesting it may be a preferred forage assemblage
for juvenile salmon. Similar mesoscale differences
existed in 2013, during which an assemblage type
was restricted between the capes and was distinct
from the more dominant assemblage types occurring
along the CCE (assemblage 3, Fig. 4J). This assem-
blage was characterized by higher-ranked abun-
dances of Pacific hake relative to the northern assem-
blages and higher-ranked abundances of arrowtooth
flounder relative to the northern and southern as-
semblage types (Table 1). YOY Pacific hake and ar-
rowtooth flounder are typically observed farther off-
shore, but a shallow 26.0 kg m™ isopycnal, such as
that associated with this assemblage (Fig. 4J), is in-
dicative of less on-shore transport to the region and
increased alongshore transport through the region
(Schroeder et al. 2014). The shelf in this region is
very narrow such that off-shore derived taxa may
simply be more common; as well, the relative abun-
dance we observed may have been inflated by a re-
duction in the total number species observed. This lo-
cally distributed assemblage represented the fewest
taxa, and a number of important salmon forage taxa
were absent, including northern anchovy, Pacific sar-
dine, and Pacific sand lance, likely as a result of ad-
vection from the region indicated by the exception-
ally shallow 26.0 kg m~ isopycnal (Schroeder et al.
2014).

Spatiotemporal variability of salmon
forage assemblages

During our short study period, winter upwelling
characteristics in the central CCE were largely asyn-
chronous with the northern region (Fig. 4) and con-
comitant with that were distinct assemblage differ-
ences in the central and northern CCE. While 2015
had negative or neutral winter upwelling values in
the central CCE (Fig. 4D,P), the difference between
the northern and central CCE upwelling dynamics
was sufficient to sustain distinct northern and south-
ern assemblages (Fig. 4D,H,L,P). This suggests that
relatively modest winter upwelling in the central
CCE is capable of separating assemblages north and
south of the capes. The most synchronous winter up-
welling conditions along the CCE were in 2013, dur-
ing which winter upwelling was intense south of
Cape Blanco and downwelling was dramatically re-
duced north of Cape Blanco (i.e. conditions in the
north were more similar to a typical winter in the
central CCE). Perhaps as a result, the central CCE
assemblage associated with winter upwelling was
observed south and north of the capes, although rep-
resented by only 4 trawls in the north. Associated
with reduced downwelling in the north in 2013 was a
relatively shallow 26.0 kg m~ isopycnal between the
capes that resulted in a unique assemblage with few
taxa (Fig. 4J). We argue that this likely resulted from
advection of nearshore fishes from the narrow shelf
of the region due to stronger than typical southward
transport. Interestingly, across years the region be-
tween the capes was occupied by all assemblage
types we observed. However, during any given year,
the region was largely occupied by a single assem-
blage, suggesting the assemblage composition at this
location is determined by the conditions north or
south of it.

For an ecosystem characterized by high seasonal,
interannual, and interdecadal variability, 4 years of
data are not likely to have captured all of the possible
states of this system. This is particularly true as these
years have tended to be years of high variability in
productivity for some species, such as YOY rock-
fishes, YOY sanddabs, and market squid, while re-
flecting very low abundance levels for other key
prey, such as northern anchovy and Pacific sardine
(McClatchie et al. 2016, Sakuma et al. 2016). The
2014-2015 period was one of highly anomalous
atmospheric and ocean conditions throughout the
northeastern Pacific, which has been referred to as a
‘marine heatwave,’ that was associated with un-
precedented toxic algal blooms, fisheries closures,
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widespread species range shifts, and unusual mortal-
ity events for several populations of seabirds and
marine mammals (Leising et al. 2015, Cavole et al.
2016, DiLorenzo & Mantua 2016, Jacox et al. 2016,
Santora et al. 2017). Across the CCE in 2015 there
were increases in rockfish abundances, but there
were decreases in krill abundance (Leising et al.
2015). Consistent with Schroeder et al. (2014), we
show that krill abundance was negatively related to
the depth of the 26.0 kg m~ isopycnal (Fig. 5C).

We noted direct effects of the large marine heat-
wave in 2015 on distributions of salmon forage
assemblages on the shelf. The environmental signal
isindicated by the exceptionally warm surface condi-
tions off-shore in the northern CCE that is evident in
Fig. 4H. The warm water mass in 2015 overlapped
the shelf at a small area in the north (45-46°N;
Fig. 4H). At the location where it did encroach on the
shelf (Fig. 4D), our analysis shows the presence of
assemblage 1 (our northern warm-water assem-
blage). During the same period, cooler waters im-
pinged on the shelf in the north (Fig. 4H) and, associ-
ated with the band of cooler water, was the second
northern assemblage. Despite limited samples, this
indicates that divisions between the 2 distinct north-
ern assemblages correspond to adjacent water
masses.

A salmon perspective of forage assemblages

Within the CCE, juvenile salmon diets reflect the
forage assemblages that we quantified (Brodeur et al.
2007, Wells et al. 2012, Hertz et al. 2015, Daly et al.
2017). Representative of regional forage availability,
rockfishes and krill make up approximately half the
diet of Chinook salmon by volume in the central
CCE, while smelt and Pacific sand lance are signifi-
cant forage taxa in the northern CCE (Hertz et al.
2015, Daly et al. 2017). Importantly, juvenile salmon
diets covary with the spatiotemporal dynamics of the
forage assemblages we quantified. For example, in
2011, when assemblage type 1, which contains
Pacific sand lance, encompassed the northern region,
Pacific sand lance was a significant contributor to the
salmon diet (Daly et al. 2017). However, in 2015, dur-
ing which assemblage type 2 impinged inshore of
assemblage type 1 (Fig. 4D,H), Pacific sand lance
were absent from the salmon diet (Daly et al. 2017).
While assemblage type 2 does not contain Pacific
sand lance, rockfishes are its most highly ranked
taxon (Table 1). Concomitant with the presence of
assemblage type 2 nearshore, rockfishes were the

dominant contributor to the salmon diet in 2015 (Daly
et al. 2017). Importantly, these results support covari-
ability between regional forage dynamics and diet,
but they also demonstrate that meso-scale patterns
between assemblage types 1 and 2 can determine
the diet, and perhaps foraging behavior, of the
salmon.

Broader implications for salmon dynamics
and management

Although linking variability of forage communities
directly to salmon survival is complicated and largely
untestable here given our short time series, our re-
sults do provide a basis for exploring these relation-
ships, as availability of the appropriate abundance
and distribution of salmon forage is widely acknowl-
edged to be a key factor in determining subsequent
ocean survival. Importantly, we demonstrate that the
distribution of forage assemblages could be the prox-
imate driver of the spatial patterns of covariability
between population survival dynamics revealed by
Kilduff et al. (2014). However, the abundance and
structure of forage assemblages available only tells
part of the story. Salmon may be dependent upon the
availability of lipid-rich prey to achieve high growth
rates when they first enter the ocean. Previous stud-
ies have observed substantial seasonal and interan-
nual variation in lipid and fatty acid profiles in both
fish and invertebrates (Daly et al. 2010, Litz et al.
2010), which may be linked to bottom-up processes
starting with the lower trophic levels (Litz et al. 2010,
Miller et al. 2017). Therefore, the presence of a high
abundance of young fish may not relate to strong
recruitment if the fish are not the best for salmon
energetically (Daly et al. 2013, 2017).

The specific structure of the salmon forage assem-
blage may have significant indirect effects on salmon
survival as well. For instance, changes in the forage
assemblage, as they relate to environmental drivers,
can lead to changes in the foraging behavior of
salmon predators (Emmett et al. 2006, Wells et al.
2017). Therefore, while we focus on the possibility of
bottom-up drivers leading to variability in the forage
base, such variability can affect the relative impact of
predators on salmon as well. While Wells et al. (2017)
focused on temporal variability in a given location
(i.e. the central CCE), it is reasonable to extend those
results and suggest that geographically distinct for-
age communities may determine, in part, the relative
impact of predation on salmon along the CCE. For
instance, juvenile salmon contribute 6-10% of the
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common murre Uria aalge diet near the coast in
Washington in the northern CCE (Schrimpf et al.
2012) and 9 % in the Gulf of the Farallones in the cen-
tral CCE, with increasing predation on salmon in
years of low forage availability. The results we pres-
ent here allow a first step toward developing a mech-
anistic understanding of bottom-up dynamics deter-
mining forage assemblages along the CCE. These
considerations could, in turn, inform spatially explicit
ecosystem models characterizing the dynamics be-
tween salmon and salmon predators.
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