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a b s t r a c t
Due to spatio-temporal variability of lower trophic-level productivity along the California Current Ecosystem
(CCE), predators must be capable of switching prey or foraging areas in response to changes in environmental
conditions and available forage. The Gulf of the Farallones in central California represents a biodiversity hotspot
and contains the largest common murre (Uria aalge) colonies along the CCE. During spring, one of the West
Coast's most important Chinook salmon (Oncorhynchus tshawytscha) populations out-migrates into the Gulf of
the Farallones. We quantify the effect of predation on juvenile Chinook salmon associated with ecosystemlevel variability by integrating long-term time series of environmental conditions (upwelling, river discharge),
forage species abundance within central CCE, and population size, at-sea distribution, and diet of the common
murre. Our results demonstrate common murres typically forage in the vicinity of their offshore breeding sites,
but in years in which their primary prey, pelagic young-of-year rockﬁsh (Sebastes spp.), are less available they
forage for adult northern anchovies (Engraulis mordax) nearshore. Incidentally, while foraging inshore, common
murre consumption of out-migrating juvenile Chinook salmon, which are collocated with northern anchovy, increases and population survival of the salmon is signiﬁcantly reduced. Results support earlier ﬁndings that show
timing and strength of upwelling, and the resultant forage ﬁsh assemblage, is related to Chinook salmon recruitment variability in the CCE, but we extend those results by demonstrating the signiﬁcance of top-down impacts
associated with these bottom-up dynamics. Our results demonstrate the complexity of ecosystem interactions
and impacts between higher trophic-level predators and their prey, complexities necessary to quantify in
order to parameterize ecosystem models and evaluate likely outcomes of ecosystem management options.
Published by Elsevier B.V.

1. Introduction
Food webs in upwelling systems are generally regulated by bottomup processes involving nutrient enrichment and primary production
that support populations of forage species on which predators depend
(Bakun, 1996). These systems also contain top-down pathways in
which upper and mid trophic-level organisms exert signiﬁcant pressure
on lower trophic-level forage ﬁshes and zooplankton, leading to complex food-web interactions that complicate efforts to implement ecosystem-based management (Cury et al., 2000; Skern-Mauritzen et al.,
2015). Due to substantial interannual variability of ocean-climate
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interactions within upwelling ecosystems, which are often associated
with shifts in the relative abundance and productivity of key forage species (e.g., Glantz and Thompson, 1981; Lindegren et al., 2013), there is
the potential for variability in predator-prey relationships leading to unanticipated trophic impacts and cascades (Peck et al., 2014; Marshall et
al., 2016). Speciﬁcally, variability in ocean conditions may lead to
spatio-temporal changes in forage species availability, with resulting
shifts in foraging patterns of predators. A better understanding of
these dynamics can beneﬁt ecosystem-based management by providing
benchmarks to characterize trophodynamic thresholds needed to evaluate potential outcomes of management strategies (Bakun et al., 2009;
Collie et al., 2016).
The California Current Ecosystem (CCE) is dominated by a mix of
large-scale transport dynamics and regional upwelling characteristics
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including timing, duration and intensity of upwelling which determine
primary and secondary production within coastal waters (Checkley and
Barth, 2009; Bograd et al., 2009). On the central California continental
shelf (Fig. 1) intense, late-winter upwelling corresponds to a forage assemblage typically dominated by young-of-the-year (YOY) rockﬁshes
(Sebastes spp.), YOY ﬂatﬁshes, krill, squid, and additional regionallyspawned forage species (Schroeder et al., 2014; Ralston et al., 2015).
Conversely, a weak and/or late upwelling regime results in a forage assemblage dominated by species from farther south and/or off-shore including adult northern anchovy (Engraulis mordax), adult Paciﬁc sardine
(Sardinops sagax), and Myctophidae (Santora et al., 2014; Ralston et al.,
2015). In central California YOY rockﬁshes are a linchpin of the food web
(Lenarz, 1980; Szoboszlai et al., 2015), and if not available, or are delayed, predators switch to other forage species (Ainley et al., 1990;
Ainley et al., 1996; Webb and Harvey, 2015). Alternate prey for predators includes adult northern anchovy and juvenile Chinook salmon (Oncorhynchus tshawytscha) (Ainley et al., 1990; Ainley et al., 2015; Gladics
et al., 2015).
The spatial distributions of YOY rockﬁshes and adult northern anchovy display distinct patterns off central California; adult northern anchovy are more coastal, with higher abundance southeast of the
Farallon Islands while YOY rockﬁshes are broadly distributed but often
abundant immediately adjacent to the islands (Santora et al., 2012;
Santora et al., 2014). During weak upwelling and transport years, this
region is characterized as an offshore, southern, and warmer oceanic
ecosystem (i.e., subtropical), in which primary forage species are compressed towards the coast (Wells et al., 2016), resulting in a few concentrated coastal foraging areas for predators to exploit. These areas are
likely to intersect out-migrating juvenile Chinook salmon also foraging
on the shelf and, therefore, result in increased predation on salmon.
Several river systems between central California and Washington
impart signiﬁcant numbers of salmon smolts into the coastal marine
ecosystem. In central California, productivity of Chinook salmon can
be strongly diminished by poor survival before (i.e, related to inland
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environment; Michel et al., 2015, Sturrock et al., 2015) and immediately
following out-migration (Wells et al., 2016). Predation impacts in the
CCE coastal environments on recruitment of juvenile salmon to the
spawning population and ﬁshery 2–3 years later may depend on changes in prey and predator distributions associated with variability in ocean
conditions (Pearcy, 1992; Emmett et al., 2006). Recent syntheses of food
habits studies indicated juvenile Chinook salmon ranked 6th in central
California (Ainley et al., 2014, 2015) and 23rd across the CCE
(Szoboszlai et al., 2015) in their frequency of occurrence among predator diets. Thus, while juvenile salmon may not be a key forage target, the
effect of top-down impacts on Chinook salmon populations is likely to
increase when alternate prey is less available (LaCroix et al., 2009). Consequently, we predict top-down impacts on juvenile Chinook salmon to
be related to variation in bottom-up determinants of physical conditions and forage community dynamics (Pearcy, 1992; Brodeur et al.,
2003; Wells et al., 2016).
The Gulf of the Farallones-California Central Valley system is data
rich and represents a biodiversity hotspot containing the largest common murre (Uria aalge) colonies along the CCE. During spring, one of
the West Coast's most important Chinook salmon populations out-migrates to the region. We use long-term time series to examine relationships among survival of juvenile Chinook salmon, freshwater discharge,
upwelling intensity, and the diet, foraging distribution (i.e., at-sea density), and population size of the piscivore common murre (Fig. 1). Common murres are the numerically dominant breeding seabird in the Gulf
of the Farallones, and their diet and availability of their prey during the
period of Chinook salmon outmigration is well studied from a seasonal,
interannual and decadal perspective. YOY rockﬁshes (primarily S.
jordani) are the preferred prey for common murres due to their proximity to breeding colonies, seasonality, and abundance (Mills et al., 2007),
and their availability is directly and positively correlated to the seabird's
reproductive success (Ainley et al., 1996). When YOY rockﬁshes are not
available the common murre diet switches to one dominated by northern anchovies which are distributed nearshore (Santora et al., 2012).

Fig. 1. Study area and key geographic features. Sample region (blue box in inset map) showing trawl locations (grey squares) and survey domain for shipboard seabird observations. Black
circle represents Southeast Farallon Island (SEFI). Additional common murre colonies are indicated with white circles at Point Reyes, Año Nuevo Island, North Farallon Islands (NFI),
Double Point (DP) and Devil's Slide Rock (DS). Grey circle represents Chipps Island. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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We evaluate three related hypotheses regarding common murresalmon interactions in central California coastal waters: 1) common
murre foraging aggregations are more concentrated on the shelf during
years of more subtropical conditions locally in May and June, 2) predation on out-migrating Chinook salmon, which reside nearshore, increases when common murre switch from feeding primarily on
juvenile rockﬁshes to adult northern anchovy inshore, and 3) the negative effect of increased common murre predation on survival of out-migrating Chinook salmon is statistically signiﬁcant. Furthermore, we
discuss the implications of our study for evaluating the impacts of managed freshwater ﬂows, salmon hatchery practices, seabird recovery, and
ﬁsheries on predator-prey interactions for informing ecosystem-based
management. The results of which may be extended to similar eastern
boundary upwelling ecosystems (see Bakun, 1996).
2. Materials and methods
2.1. Study area
The central California region of the CCE, including the Gulf of the
Farallones, is a highly productive coastal upwelling ecosystem (Fig. 1),
and can serve as a model for other river-coastal ocean marine systems
in the CCE. The wide shelf of the Gulf located between Cordell Bank,
off Point Reyes, and Monterey Bay provides essential habitat for krill
(Santora et al., 2011b), YOY rockﬁshes (Ralston et al., 2013), and other
forage species (Largier et al., 2006; Santora et al., 2012) (Fig. 1). Within
the Gulf of the Farallones, the formation of an upwelling shadow is critical for retention of forage (Ainley et al., 1993; Santora et al., 2012). As
well, submarine canyon systems, islands, and banks provide adult rockﬁsh habitat, making this a region with abundant YOY rockﬁshes following spawning in late winter (Yoklavich et al., 2000; Ralston et al., 2013).
This secondary production and its retention support abundant populations of ﬁsh, seabirds, and marine mammals, especially during spring
and summer (Ainley and Hyrenbach, 2010; Santora et al., 2012). Juvenile Chinook salmon that survive through freshwater and estuarine
out-migration enter the Gulf of the Farallones during spring, where
they spend the summer feeding predominantly on krill, small ﬁshes,
and crab megalopia (MacFarlane and Norton, 2002; Wells et al., 2012).
2.2. Data for seabird population size, diet, and prey size
For our assessment of common murre-salmon interactions, we use
common murre population size data from 1983 to 2012 at Southeast
Farallon Island (SEFI) (Fig. 1, Appendix). The SEFI colony is the largest,
contributing half of the total population numbers in the greater Gulf of
the Farallones including colonies at North Farallones, Point Reyes Headland, Double Point and Devil's Slide (Fig. 1). Given the overwhelming
difference in abundance, higher frequency of data collection, time series
length, and similarity in population trends (Carter et al., 2001), we focus
our analyses on SEFI population data (Fig. 2a).
Common murre diet data were collected at SEFI during chick feeding
(June-early July), 1983–2012 (Table 1, Appendix). As adult common
murres returned to the colony to feed their chicks, prey items, held singly in the bill, were identiﬁed to the lowest possible taxon (Ainley et al.,
1990; Roth et al., 2007). Diet data for common murres are presented as
the proportion by number of prey items observed for each prey species
(i.e., frequency of occurrence). Trip durations (minutes) of common
murres parents from SEFI were measured among a subset of those
returning to the colony to feed chicks either adult northern anchovy,
YOY rockﬁshes, or salmon, during 1984–2012.
To estimate the size distribution of prey consumed, June through
early July, the prey lengths (mm) of YOY rockﬁshes, adult northern anchovy, and salmon were estimated relative to common murre bill
length (Ainley et al., 1990; Ainley et al., 2002), 1983–2012. As well, to
evaluate the size of potential Chinook salmon prey to common murres
immediately following out-migration (April–June), average size at

Fig. 2. Common murre population size and distribution. (a) Population size of common
murres breeding on Southeast Farallon Island (SEFI). At-sea bird observations were not
conducted in years represented by open circles. Triangles represent years during which
at-sea bird observations were conducted. Grey and red triangles indicate years of
subarctic (more typical) and subtropical conditions locally, respectively, during which
at-sea bird observations were conducted. Distribution of common murre density (km2)
during years identiﬁed as subarctic (b) and subtropical (c) oceanographic conditions as
indicated in (a). Black circle in (b) and (c) is SEFI. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

out-migration of juvenile Chinook salmon during 1983–2012 was determined from surface trawl samples collected at Chipps Island, located
at the conﬂuence of the Sacramento and San Joaquin Rivers in the California Central Valley (Table 1, Fig. 1, Appendix).
2.3. Data for seabird at-sea density and distribution
Seabird observers collaborating with National Marine Fisheries
Service's Rockﬁsh Recruitment and Ecosystem Assessment Survey
(RREAS) measured distribution and abundance of common murres in
the greater Gulf of the Farallones region during May–June 1996–2010
(with the exception of 1998; Table 1, Fig. 2b, c). Cruise tracks reﬂect
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Table 1
Data type, series, source and years used in the analysis. Unit abbreviations include frequency of occurrence (FO), cubic feet per second (cfs), and catch per unit effort (CPUE)
where catch is average number per trawl. Sources include the Rockﬁsh Recruitment and
Ecosystem Assessment Survey (RREAS), Point Blue Conservation Science, United States
Fish and Wildlife Service (USFWS), Regional Mark Processing Center (RMIS), the Paciﬁc
Fisheries Environmental Laboratory (PFEL), and United States Geological Survey (USGS).
Type

Series

Source

Years

Common
murre

Abundance (ind.)

Point
Blue
RREAS
Point
Blue
Point
Blue
Point
Blue
RREAS
RREAS
USFWS

1983–2012

At-sea density (km2)
Diet composition (% FO)
Trip duration (minutes)
Size of prey (mm)
Forage base
Chinook
salmon

Rockﬁsh (ln(CPUE + 1))
Northern anchovy (CPUE)
Length at Chipps Isl. (mm)

Survival (%)
Environment March upwelling at 39°N (m3/s./100 m of
coastline)
Average discharge during April (cfs; USGS
station 11390500)

1996–2010
1983–2012
1984–2012
1983–2012
1983–2012
1983–2012
1983–2012

RMIS
PFEL

1983–2012
1983–2012

USGS

1983–2012
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hypothesis regarding changes in common murre aggregation and distribution during contrasting local environmental conditions, we compared
mean density of common murres between matched grid cells during
subtropical and subarctic (more typical) conditions using a paired ttest. Furthermore, we used Getis-Ord Hotspot analysis to identify significant aggregation hotspots (Santora et al., 2011a; Dorman et al., 2015)
during years of divergent environmental conditions in spring (Santora
et al., 2014). We used the results of Santora et al. (2014) to identify subtropical events 1996–2010 (excluding 1998) based on in situ conditions, allowing for a nuanced and spatially-appropriate representation
of upwelling and transport dynamics at the same time as the preyscape
and seabird distributions were observed. Four of the 14 years over
which birds were observed at sea were subtropical (i.e., 1997, 2004,
2005, 2006).
2.7. Analysis of common murre diet
We evaluated whether availability of YOY rockﬁshes and adult
northern anchovy were related to their frequency in common murre
diet by ﬁtting regression models. Speciﬁcally, we ﬁt the proportion of
prey in the returning parent common murre diet as a function of the
prey CPUE from the RREAS (Model 1).
ðModel 1Þ Prey in diet ðproportionÞ ¼ lnðPrey CPUE þ 1Þ:

the orientation of RREAS sample transects from the inner shelf to outer
slope and pelagic habitats (Santora et al., 2012). During daytime transits
between hydrographic sampling stations, underway counts were conducted using standardized techniques (Ford et al., 2004; Spear et al.,
2004; Ainley and Hyrenbach, 2010).
2.4. Data for forage ﬁsh availability
The RREAS also sampled common murre prey, including pelagic YOY
rockﬁshes and adult northern anchovy (Ralston et al., 2013, 2015; Table
1). In brief, during May–mid June 1983–2012, a modiﬁed mid-water
Cobb trawl was used to enumerate pelagic YOY rockﬁshes and adult
northern anchovy at 35 stations spanning from Point Reyes through
Monterey Bay (Fig. 1). A total of 2534 trawl samples from 1983 to
2012 were used to determine average number of YOY rockﬁshes and
adult northern anchovy collected per trawl in each year (i.e., catchper-unit-effort, CPUE). Although juvenile salmon are encountered too
rarely in this survey to estimate abundance, a different survey that
targeted juvenile salmon in nearshore waters indicated a roughly
200:1 ratio of northern anchovy to juvenile salmon in the Gulf of the
Farallones (Harding et al., 2011).
2.5. Data for salmon survival
Early survival of fall-run Chinook salmon was estimated using recoveries of hatchery ﬁsh implanted with coded-wire tags [Regional Mark
Information System (rmpc.org)]. Tagged ﬁsh were released April
through June throughout the Sacramento-San Joaquin watershed and
recaptured as adults in ﬁsheries or while returning to spawn. Our analysis included 223 release groups from 1983 to 2012. More recent years
did not have sufﬁcient adult recaptures to estimate early survival. To estimate survival rates, we followed the methods of Magnusson and
Hilborn (2003) (Appendix).

To examine whether the incidence of salmon in common murre diet
increases with increased predation on northern adult anchovy (Hypothesis 2), we used correlation analysis to evaluate the strength of the association of increased juvenile salmon in common murre diet with
variability in adult northern anchovy in the diet. To evaluate the possibility of a direct relationship of predation on juvenile salmon population
survival we related Chinook salmon survival to the observed proportion
of salmon in the common murre diet.
2.8. Analysis of salmon survival
We ﬁt a regression to assess the relative importance of physical and
biological characteristics on survival rate of juvenile salmon. Our response was Chinook salmon survival and we included a number of independent variables determined a priori based on our understanding of
the coastal ecosystem: second order polynomial of upwelling in March
at 39°N (Ainley et al., 1993; Ainley et al., 1996; Schroeder et al., 2014),
YOY rockﬁsh CPUE (Wells et al., 2016), and common murre population
size (Ainley et al., 2015). We also included an interaction between common murre abundance and YOY rockﬁsh CPUE to examine if the impact
of common murre predation of salmon survival was mediated by the
abundance of YOY rockﬁshes (Hypothesis 3).
We accommodated the likelihood that Sacramento River discharge
affected survival of tagged release groups (Newman and Brandes,
2010; Sturrock et al., 2015) by including a covariate for discharge from
a location north of release locations, 1983–2012 (Table 1). We included
average Sacramento River discharge during April to represent downriver and estuarine ﬂow and habitat conditions as salmon out-migration
begins and continues through June. The ﬁnal model was:

2.6. Analysis of at-sea common murre distribution

ðModel 2Þ Survival ¼ lnðDischarge in April þ 1Þ
2
þ Upwelling in March þ ðUpwelling in MarchÞ
þ Interaction½lnðRockfish CPUE þ 1Þ
 lnðCommon Murre population þ 1Þ:

To map common murre density, at-sea surveys were summarized by
110 grid cells, each 100 km2 in size, and were scaled relative to the
amount of effort (number of 3 km bins) sampled per cell during Maymid June 1996–2010 (minus 1998), as derived from Santora et al.
(2012). We calculated mean density of common murres per grid cell
(Santora et al., 2014; Ralston et al., 2015) (Fig. 2a). To test our ﬁrst

Because response variables in our regressions were proportions, we
used beta-regression (Cribari-Neto and Zeilis, 2010) with a logit link to
ﬁt models in Program R (R Core Team, 2015). Fits of beta-regressions are
reported as pseudo-r2; the squared correlation of linear predictors and
the logit link transformed response (Cribari-Neto and Zeilis, 2010). To
meet assumptions of normality, we log-transformed April discharge,
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YOY Rockﬁsh CPUE, and common murre population size. We standardized covariates (mean = 0, SD = 1) in Model 2 so they were on similar
scale. The maximum correlation between covariates was b 0.6 and
deemed acceptable (Dormann et al., 2012). In addition to a positive
trend in common murre population size (p b 0.0001, r2 = 0.88;
Fig. 2a), YOY rockﬁsh CPUE had a weak negative trend (p = 0.0072,
r2 = 0.20, N = 30). No other trends were present for covariates or response variables.
3. Results
3.1. Common murre population size and at-sea distribution
Of the years for which we had at-sea bird observations (N = 14), 4
represented subtropical conditions locally (Fig. 2a; Santora et al.,
2014). Population sizes on SEFI during these subtropical (mean =
156,153 ± 32,885 SE) and typical, subarctic conditions (mean =
129,413 ± 22,872 SE) were similar. However, at-sea there was an
increased likelihood of detecting larger foraging aggregations
during subtropical conditions (mean = 6.55 ± 1.01 SE as opposed
to mean = 3.68 ± 0.33 SE). Aggregation intensities of common
murres at matched grid cells were signiﬁcantly different between

environmental states (t = − 2.68, p = 0.0072, df = 123), indicating
that common murres shift foraging distribution between different
local oceanographic conditions in spring (Fig. 2b, c). Getis-Ord Hotspot
analysis indicated that the largest aggregation hotspots were signiﬁcantly clustered, but were segregated in these different states
(grid cells in Fig. 2 b and c with densities N40 are signiﬁcant hotspots;
p b 0.001). During subarctic conditions there were aggregations of no
greater than ~20 individuals·km−2 across the sample region but during
subtropical conditions aggregations on the shelf commonly reached
N40 individuals·km− 2 (Fig. 2b,c). In fact, N 60 individuals·km−2 occurred near SEFI and farther south off Año Nuevo during subtropical
conditions compared to b15 individuals·km−2 in the same locations
during years with subarctic conditions (Fig. 2a, b).
3.2. Common murre diet
Fish brought back to chicks by parents consisted predominantly of
YOY rockﬁshes and adult northern anchovy (Fig. 3a): cumulatively
85% of the diet on average (Fig. 3a). The proportion of YOY rockﬁshes
and adult northern anchovy in the diet were inversely correlated (r =
−0.94, p b 0.001, N = 30). Regressions demonstrate that as log-transformed YOY rockﬁsh CPUE increased, the proportion in the diet

Fig. 3. Common murre diet analysis. (a) Proportion of YOY rockﬁshes (blue) and adult northern anchovy (orange) captured by common murre for feeding their chicks at Southeast Farallon
Island. (b) Survival estimates for juvenile Chinook salmon. (c) As abundance of juvenile rockﬁshes (ln(Rockﬁsh CPUE + 1) increases, the proportion in common murre diet also increases.
Blue line represents Model 1 ﬁt. (d) Proportions of juvenile salmon and adult northern anchovy in murre diet are positively correlated (r = 0.51). Dark green line is the loess smooth
showing increasing pattern. (e) Length (mm) of rockﬁsh and northern anchovy in the murre bill (blue and orange, respectively), lengths of out-migrating Chinook salmon during May
through June (light green), and lengths of juvenile salmon in the bill (dark green). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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increased (Model 1, p = 0.0006, pseudo-r2 = 0.41, N = 30; Fig. 3c). Diet
switching to adult northern anchovy was also concomitant with an increased abundance of adult northern anchovy (Model 1, p = 0.0022,
pseudo-r2 = 0.26). When common murre switched from foraging on
rockﬁshes to northern anchovy inshore the trip duration more than
doubled from a mean of 90.4 min ± 0.92 SE (N = 13,065) to a mean
of 238.7 min ± 2.05 SE (N = 6164).
Juvenile salmon were highly variable in common murre diets, contributing between 0 and 9% of observed prey (Fig. 3d). The proportion
of salmon in the diet was negatively correlated to YOY rockﬁsh in the
diet (r = − 0.56, p = 0.001, N = 30) and positively correlated with
adult northern anchovy in the diet (r = 0.51, p = 0.004, N = 30,
Fig. 3d). Due to similar distributions, trip durations were nearly the
same between common murres returning with salmon (mean =
182.7 min ± 12.23 SE, N = 223) and adult northern anchovy. The
out-migrating size distribution of salmon was fully within the range of
YOY rockﬁshes and adult northern anchovy taken by common murres
and, therefore, they were within the size range of appropriate prey during early out-migration (Fig. 3e). Although slightly larger, the observed
size of salmon in the diet during June and July was also within bounds of
observed YOY rockﬁshes and adult northern anchovy (Fig. 3e).
3.3. Salmon survival
Salmon survival demonstrated a 30-fold difference across the time
series (b0.001 to 0.026; Fig. 3 b). Salmon survival was negatively related
to the proportion of salmon in the common murres diet before (pseudor2 = −0.24, p = 0.0239, N = 30) and after multiplying by the population size of common murre (pseudo-r2 = −0.44, p = 0.0018, N = 30),
indicating the possible direct role predation has on salmon survival rate.
Ecosystem factors related to salmon survival included main effects of
discharge during April, upwelling in March, and the interaction between
common murre population size and YOY rockﬁsh abundance (Model 3,
Table 2, pseudo-r2 = 0.72, N = 30). Autocorrelation analysis and
a Durbin-Watson test indicated residuals were not serially correlated
(p = 0.5420). Increased freshwater discharge in April related to improved survival of Chinook salmon (Table 2, Fig. 4a). The relationship
between March upwelling and survival of Chinook salmon was
unimodal, with highest survivals at slightly positive upwelling indices
(Table 2, Fig. 4a). Finally, the interaction between common murre population size and YOY rockﬁsh abundance indicates salmon survival declined dramatically during years of below-average YOY rockﬁsh CPUE
and more so as common murre population size increased (Fig. 4c).
4. Discussion
Juvenile Chinook salmon in coastal central California are affected by
a synergistic relationship between bottom-up processes (e.g., upwelling,) affecting the preyscape, which results in top-down impacts from
common murres and likely other predators that exhibit offshore-inshore changes in foraging location (i.e. ﬁshes, other seabirds and marine
mammals). As demonstrated in Santora et al. (2014), in years with a
subtropical environment locally, the availability of broadly-distributed
Table 2
Beta regression model results. Abbreviations include Catch per Unit Effort (CPUE) and
standard error (SE). N = 30 and pseudo-r2 = 0.72.
Covariate

estimate SE

Z-Score

p-value

Intercept
ln(Discharge April + 1)
March upwelling
(March upwelling)2
ln(Rockﬁsh CPUE + 1)
ln(Common murre abundance + 1)
Interaction between rockﬁsh and common
murre

−4.78
0.49
1.58
−1.61
0.53
−0.05
0.23

−43.94
4.07
2.91
−2.99
4.74
−0.52
2.17

b0.0001
b0.0001
0.0036
0.0028
b0.0001
0.6154
0.0301

0.11
0.12
0.54
0.54
0.11
0.11
0.11

Fig. 4. Juvenile Chinook salmon survival relates to environment, forage ﬁsh abundance and
common murre population size. (a) Positive relationship between Chinook salmon survival
and standardized log-transformed Sacramento River discharge (cubic feet per second)
averaged for April (±2 cross-validated SE). (b) Unimodal relationship between salmon
survival and standardized upwelling in March (m3/s/100 m of coastline) (±2 crossvalidated SE). (c) Relationship between salmon survival and the interaction between
standardized log-transformed abundance of juvenile rockﬁshes (ln(Rockﬁsh CPUE + 1)
and common murre breeding population (per km2). Color bar is centered on median
values of observed survival; white is median survival. Also shown are the spread of data
across the predicted contour space. The far right of the surface would be extrapolated
beyond the data and has been masked; those predicted values for survival were above
those observed in the data set. Model covariates not included in each plot were maintained
at median values.

YOY forage ﬁsh species (e.g., juvenile rockﬁshes) is reduced while the
availability of adult northern anchovy is high inshore. During the
4 years of subtropical conditions over which we observed at-sea spatial
distribution, common murres altered their foraging at-sea distribution
to feed inshore and occurred in larger aggregations. Over the longer
30-year time period we examined, such a behavior would increase
their consumption of adult northern anchovy and, as consequence, increase incidental predation on juvenile salmon co-occurring nearshore
with northern anchovy (Fig. 3a and d). This supports ﬁndings in Wells
et al. (2016) who show environmental conditions and the resultant
composition of the forage community in spring are likely determinants
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of Chinook salmon recruitment variability in central CCE. We expand
those results by demonstrating predation by seabirds can be a signiﬁcant agent of mortality for juvenile salmon.
4.1. The role of inland habitat
We support ﬁndings that freshwater ﬂow is linked to survival of juvenile Chinook salmon out-migrating from California's Central Valley
(Sturrock et al., 2015; Michel et al., 2015). Speciﬁcally, increased discharge early during downstream migration is associated with improved
survival of hatchery releases in the Sacramento-San Joaquin watershed.
Increased discharge reduces the time to migrate through the river and
the duration that juvenile salmon are exposed to riverine predators
(Michel et al., 2015). However, this was most likely not the only reason
for observed improved survival because our analysis included ﬁsh released in the Sacramento-San Joaquin Delta. Increased ﬂow early during
downstream migration may have improved quality of habitat and refuge in the estuary downstream through spring, provided more turbidity
to avoid predation, and extended the salinity gradient reducing osmotic
shock (Sturrock et al., 2015).
4.2. Upwelling drivers of the preyscape
We argue increased predation on salmon collocated with northern
anchovy nearshore is linked indirectly to upwelling dynamics through
resulting variability of the preyscape. Regional upwelling in March affects abundance of krill and YOY rockﬁshes on the shelf in May and
June (Schroeder et al., 2014). When late-winter upwelling occurs, increased nutrients are available for development of a krill- and YOY rockﬁsh-dominated forage base during spring (Schroeder et al., 2014); this
mechanism is often termed ‘preconditioning’ (Logerwell et al., 2003;
Schroeder et al., 2009). However, if upwelling is too strong, primary
productivity can be advected from the shelf (Garcia-Reyes et al., 2014).
Similarly, pelagic YOY rockﬁshes and other forage species can
be advected from the shelf during periods of intense upwelling
(Ainley et al., 1993; Ralston et al., 2013; Cury and Roy, 1989; Santora et
al., 2011b). In contrast, during weak upwelling years adult northern anchovy and other southern CCE species dominate the Gulf of the
Farallones preyscape as more offshore and southern oceanic waters are
impinged along the coast concentrating forage species onto juvenile
salmon coastal habitat (Ainley et al., 1996; Santora et al., 2014; Ralston
et al., 2015).

170,000 tons of prey per year. The actual biomass of salmon smolts in
the Gulf of the Farallons in any given year is extremely difﬁcult to measure, but as a very rough approximation, the California's Central Valley
hatcheries produce approximately 30 million smolts in any given
year (Huber and Carlson, 2015), constituting approximately 75% of
the ocean population off of California (Kormos et al., 2012;
Palmer-Zwahlen and Kormos, 2013, 2015), and the average weight of
a 110 mm smolt (the mean size consumed by murres; Fig. 3e), is 12 g
(MacFarlane and Norton, 2002). Together, this suggests that even with
no substantive mortality between hatcheries and the coastal ocean
(which has been estimated to be ~ 94%; Michel et al., 2015), the total
biomass of salmon smolts in this region is likely b 700 tons in the coastal
ocean. While it would take a focused bioenergetics study to evaluate the
scale of actual consumption by SEFI common murre, this demonstrates
that the potential impact of predation by this population is consistent
with the conclusions inferred in our analysis, and that any factors that
might inﬂuence the ﬂuctuations in foraging behavior of common
murre between juvenile rockﬁsh and northern anchovy has the potential to dramatically inﬂuence the mortality of out-migrating salmon.
While coastal common murre colonies have likely reached close to
maximum size owing to spatial restriction, North and South Farallon
colonies should continue to grow, with that of SEFI alone having once
numbered perhaps 1 million breeding birds before commercial egging
operations reduced their numbers substantially by the 1880s (Carter
et al., 2001). Thus, take of juvenile salmon by common murres is likely
to increase as the common murre populations continue to grow.
While common murre is likely to be a key driver of changing predation
patterns on juvenile salmon in response to variable ocean conditions,
other predators or food-web interactions may also be signiﬁcant factors.
Speciﬁcally, potential predators with a similar foraging behavior to
common murre are increasing throughout the region as well. For
example, humpback whales (Megaptera novaeangliae) (Ainley and
Hyrenbach, 2010) also appear to shift their foraging patterns between
nearshore and offshore prey communities, focusing their foraging effort
on krill during cool, productive years and on northern anchovy in inshore waters during years of delayed upwelling or lower productivity
(Fleming et al., 2016). Although humpback whales are unlikely to target
salmon, they are generalist predators, and some predation could occur
incidental to targeting northern anchovies or other schooling ﬁshes
that comprise a substantive fraction of their diet, particularly in coastal
waters (Clapham et al., 1997; Fleming et al., 2016).
4.4. Common murre – salmon interactions

4.3. Insights from juvenile salmon as prey
The impact of common murre population size on Chinook salmon
survival was dependent on availability of YOY rockﬁshes, which are dependent on environmental conditions (Ralston et al., 2013; Schroeder et
al., 2014). When regional oceanographic conditions were characterized
as warmer, fresher, deeper 26.0 isopycnal, and stronger stratiﬁcation
(i.e., weaker upwelling/subtropical; Santora et al., 2014) in spring/early
summer, common murres occurred in larger foraging aggregations inshore where adult northern anchovy typically display higher concentrations (Santora et al., 2014). Such switching of foraging distributions,
increases aggregation intensity, and increases foraging trip duration within coastal waters, and increases predation of juvenile Chinook salmon
(Fig. 3d).
Given that common murres are increasing in the greater Gulf of the
Farallones and now number N 500,000 breeding birds at 5 colonies during summer (Fig. 1), and their ability to access the entire water column
over the shelf, it is likely they consume an appreciable number of juvenile salmon in years when adult northern anchovy are the dominant
prey, even if salmon comprise b 10% of the diet. The potential scale of
the predation impact could be considered based on Roth et al. (2008),
who estimated that between Cape Blanco, OR and Point Conception,
CA, the mid-2000s population of common murres consumed over

During years when YOY rockﬁshes are less available, common
murres at SEFI bring back a more diverse diet to chicks (Ainley et al.,
1990; Mills et al., 2007). We found that during such years common
murres fed farther from the island and more likely foraged inshore to
where northern anchovy concentrate (Fig. 2b, Ainley et al., 1990,
Ainley et al., 1996, Santora et al., 2012). Foraging on northern anchovy
inshore brings them into waters where availability (Wells et al., 2012)
and, hence, predation of juvenile Chinook salmon can be higher. While
our synthesis relied on diet data from common murres nesting at an offshore location, common murres at coastal sites can consume four times
as many juvenile Chinook salmon compared to those observed at SEFI
(Eigner, 2009). Therefore, the interaction between common murres
and salmon may be even more prevalent than we have assessed. Similarly, near to the coast in Washington, juvenile salmon contribute 6–
10% of the common murre diet (Schrimpf et al., 2012). Juvenile salmon
appear to be an important prey of seabirds, and especially common
murres, in coastal waters of the CCE including the Gulf of the Farallones.
The interrelationships between common murre and salmon that we
elucidate may be altered from historic conditions. Salmon were incredibly abundant in the Gulf of the Farallones and central California coastal
waters before building of dams on rivers of the Central Valley during the
1930s (Yoshiyama et al., 1998) and they may have competed with
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piscivorous seabirds in the region. Common murres and salmon (adults
and juveniles) prey on the same suite of species in similar areas
(MacFarlane and Norton, 2002; Thayer et al., 2014). Salmon, owing
to their former abundance, might have had the same negative
inﬂuence on common murre prey availability, population size,
and breeding success as do pink salmon (O. gorbuscha) on pufﬁns
(Fratercula spp.) today in the Gulf of Alaska (Springer and van Vliet,
2014). Similarly, during mid-20th century, populations of common
murres, as well as other potential predators, such as whales and sea
lions, were greatly diminished from contemporary levels. As such,
their predation impacts would have likely been modest 40 to 50 years
ago, but substantial, and increasing, over recent decades, consistent
with the recognition that the recovery of higher trophic-level predators
is often not synonymous with the recovery of ecosystems (Marshall et
al., 2016).
4.5. Insights from common murres as predators
Common murre breeding success is correlated positively with proportion of YOY rockﬁshes in the chick diet (Ainley et al., 1996; Wells
et al., 2008). However, measured by chicks ﬂedged per breeding pair,
SEFI common murres are typically able to compensate for the potential
unavailability of YOY rockﬁshes in most years by switching to northern
anchovies, despite the fact that it was necessary to switch foraging area,
forage farther from the colony, and extend trip duration. The high caloric value of adult northern anchovies may compensate for the greater
foraging effort required to feed on them (juvenile salmon also have a
high caloric value; Adrean et al., 2012). The common murres' ﬂexibility
likely has to do with: 1) their diving ability, 2) their strong, rapid
ﬂight, which allows for rapid-enough return with food to satisfy chicks
(Ainley et al., 1990; Spear and Ainley, 1997), and 3) three-week-old
chicks accompany male parents away from the colony to where food is
most available (Ainley et al., 1996; Furness and Tasker, 2000; Ainley et
al., 2002).
4.6. Implications for ecosystem-based management
Chinook salmon populations of the CCE in recent decades
have more synchronized demographics as a result of coast-wide
ecosystem variability linked to increased variation of basin-scale conditions (Sydeman et al., 2013; Kilduff et al., 2015), hatchery practices
(Huber and Carlson, 2015), and decreasing natural production
(Yoshiyama et al., 1998) and life-history diversity (Carlson and
Satterthwaite, 2011). As environmental variability in the CCE
increases accompanied by variability in the preyscape and increases in
seabird and other predator populations (Ainley and Hyrenbach, 2010),
the impact on salmon, without growth in salmon populations, may
become greater. Such regional and possibly CCE-wide variability
in salmon production can endanger populations at risk, increase
occurrences of ﬁshery closures, and threaten resilience of coastal
communities.
Fully-coupled ecosystem models are gaining traction as decision
support tools to evaluate food-web dynamics and trade-offs associated
with potential ecosystem management strategies (e.g., Smith et al.,
2011; Kaplan et al., 2013). However, the complexity of this particular relationship, in which dynamics take place over relatively ﬁne spatial
scales and with complex feedback and interaction mechanisms, suggests that it would be unlikely to be captured effectively by current
models (Plaganyi and Butterworth, 2004; Link et al., 2012). The efﬁcacy
of these modeled results relies on proper parameterization of trophic interactions and variability in those interactions across environmental
conditions (Rose, 2012; Collie et al., 2016). Information provided herein
can be used to parameterize ecosystem models and develop benchmarks and trophodynamic thresholds to evaluate likely outcomes of
ecosystem management options including considerations of three ﬁshery resources (i.e., rockﬁshes, anchovy, and salmon), recovering seabird
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populations, and freshwater habitat. To be useful, such models will have
to be capable of modeling the processes that drive the climate-dependent variability in predator-prey relationships responsible for these cascading interactions, a level of complexity that challenges our
contemporary ecosystem modeling skills.
Our results offer immediate value to ecosystem-based management
by estimating the non-linear functional relationships of river discharge,
upwelling, YOY rockﬁsh availability, and common murre abundance on
salmon survival (Fig. 4). In that regard, the relationships inform conditions related to thresholds in Chinook salmon survival and can be
used to evaluate likely successes of competing management scenarios.
For example, our model results indicate that if YOY rockﬁsh availability
falls below its long-term mean, the survival of ocean entry salmon decreases dramatically. Such was the case in 2005 and may have led, or
at the very least contributed, to the subsequent ﬁshery collapse in
2007 and 2008 which required a Congressional appropriation of
$170,000,000 for disaster relief (Lindley et al., 2009). Here, we recognize
the role seabird predation may have had in the collapse and we quantify
the environmental and forage availability thresholds beyond which
salmon survival declines drastically.
In all, we identify the complex nature of many ecosystem interactions and challenges facing resource managers attempting to sustain
both exploited (i.e., salmon, anchovy, rockﬁsh) and protected (i.e., seabird, marine mammal) resources in a natural (i.e., upwelling) and managed (i.e., river discharge) environment. In this example, all three
ﬁsheries resources are managed as distinct ﬁsheries with their own ﬁsheries management plans by a single management entity, the Paciﬁc
Fisheries Management Council (PFMC). However, PFMC recently
adopted a “Fisheries Ecosystem Plan” that is intended to enable managers
to take ecosystem interactions into account when considering management measures as well as to coordinate information across ﬁsheries
management plans for decision-making purposes (Paciﬁc Fisheries
Management Council, 2013). While the need to sustain forage for
higher trophic-level predators was highlighted as a key management
objective, the plan also highlighted the need to understand and
quantify potential risks to managed species associated with predator
interactions.
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