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Variable ocean conditions can greatly impact lower trophic level prey 

assemblages in marine ecosystems, with effects propagating up to higher trophic 

levels. Our goal was to better understand how varying ocean conditions influence diets 

and niche overlap among a suite of low- to mid trophic level predators. We studied the 

diets of common murres (Uria aalge) over 10 contrasting years between 1998 and 

2011, a period in which the Northern California Current experienced dramatic 

interannual variability in ocean conditions. Likewise, murre diets off Oregon varied 

considerably. Interannual variation in murre chick diets appears to be influenced by 

environmental drivers occurring before and during the breeding season, at both basin 

and local spatial scales. While clupeids were an important diet component throughout 

the study period, in some years murre diets were dominated by Pacific sand lance 

(Ammodytes hexapterus) and other years by osmerids (likely Allosmerus elongatus 

and Hypomesus pretiosus). Years in which the Pacific Decadal Oscillation and local 

sea surface temperatures were above average during summer months also showed 

elevated levels of clupeids in murre diets, while years with higher winter 



 

ichthyoplankton biomass and summer northern copepod biomass anomalies had fewer 

clupeids and more sand lance and smelts.  Years with higher Northern Oscillation 

Index values during summer months also showed more smelts in the murre diets.  

Nesting phenology and reproductive success were correlated with diet as well, 

reflecting demographic consequences of environmental variability mediated through 

bottom-up food web dynamics. 

To examine niche overlap between murres and other marine predators we 

employed collaborative fisheries research with synoptic observations of a major 

seabird colony to determine the diets of four predator species on the central Oregon 

coast during two years of contrasting El Niño (2010) vs. La Niña (2011) conditions. 

The greatest degree of dietary overlap was observed between Chinook salmon 

(Oncorhynchus tshawytscha) and common murres, with both smelts (Osmeridae) and 

clupeids (primarily Clupea pallasii) observed as the dominant prey types. Diets 

differed between El Niño and La Niña conditions for two predators, murres and black 

rockfish (Sebastes melanops).  During La Niña, smelts decreased, while sand lance 

increased in common murre diets. Black rockfish had fewer larval Dungeness crabs 

(Cancer magister) and a greater proportion of crab species associated with the later 

spring transition. Chinook salmon and Pacific halibut (Hippoglossus stenolepis) diets 

were similar during El Niño and La Niña conditions. 

These findings underscore that the diets of common murres during chick 

rearing reflect local- and basin-scale biophysical processes in the Northern California 

Current, and are valuable for understanding the response of upper trophic level 



 

organisms to changing oceanographic conditions. Additionally, using multiple 

predators across several diverse taxa to track changes in prey communities provided a 

way to detect seemingly subtle changes in prey communities and contributes to a more 

comprehensive understanding of food web dynamics and ecosystem indicators. 
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Dietary responses of marine predators to variable oceanographic conditions in the 

Northern California Current 

 

CHAPTER 1 – GENERAL INTRODUCTION  

Background 

During the past two decades, the California Current large marine ecosystem 

(CCLME) has experienced dramatic variability in ocean conditions, including apparent 

but arrested regime shifts, delayed upwelling, and anomalous near-shore hypoxia 

(Peterson & Schwing 2003, Barth et al. 2007, Vanegas et al. 2008). Investigators have 

characterized the responses of some lower to middle trophic level taxa to fluctuations in 

ocean conditions (e.g., Hooff and Peterson 2006, Brodeur et al. 2008), and some progress 

has been made on understanding the responses of some middle and upper trophic level 

taxa (Wells et al. 2008, Sydeman et al. 2009). However, less is known about middle and 

upper trophic level responses in the Northern California Current. Proponents of 

ecosystem-based management of the CCLME call for a more complete understanding of 

trophic interactions and biological responses to changing environmental conditions (Field 

& Francis 2006).  

Variability in the Northern California Current Ecosystem 

Food-web dynamics in the CCLME vary with changing ocean conditions on 

seasonal, annual, interannual, and decadal scales.  Seasonal changes between upwelling 

and downwelling have profound effects on the community composition of the CCLME, 

with a winter (downwelling) and a summer (upwelling) assemblage of species (Peterson 

and Keister 2003, Hooff and Peterson 2006, Brodeur et al. 2008). Annual differences in 

the timing of upwelling initiation and upwelling intensity cause variations in the 
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productivity of the CCLME (Bograd et al. 2009). Basin scale interannual climate 

oscillations, such as El Niño and La Niña, impact species assemblages at lower trophic 

levels, and fitness and reproductive success at upper trophic levels (Lenarz et al. 1995). 

Longer time-scale oscillations, such as the Pacific Decadal Oscillation (Mantua et al. 

1997), the Northern Oscillation Index (Schwing et al. 2002) and the North Pacific Gyre 

Oscillation (Di Lorenzo et al. 2008, Caballos et al. 2009) are hypothesized to correspond 

with whole ecosystem regime changes in species assemblages across trophic levels. The 

ecosystem implications of recent increases in ocean condition variability have not been 

fully resolved, and are of great concern to fisheries managers and other stakeholder 

groups (Risien 2009).  

Research Approach 

Predator-prey relationships, which can be empirically measured through diets, are 

the most fundamental species interaction within an ecosystem (Vandermeer 1972). My 

research objective was to better understand the responses of mid- to upper trophic level 

predators to changes in oceanographic conditions by examining the diets of a suite of 

focal predators. Prior to my research, few recent data were available on the interannual 

variability of marine predator diets in the Northern California Current. The predators 

included in my study were Chinook salmon (Oncorhynchus tshawytscha), Pacific halibut 

(Hippoglossus stenolepis), and black rockfish (Sebastes melanops) which are all 

commercially important piscine predators, and the common murre (Uria aalge), an 

abundant and widely distributed, piscivorous seabird.  

The fish species were suitable focal species because studies in other regions 

showed that forage fish make up a substantial portion of their diets, and they were readily 
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caught in the commercial and recreation fisheries on the Oregon Coast (Brodeur and 

Pearcy 1992, Emmett et al. 2006, Miller and Brodeur 2007). The common murre is a 

suitable focal species because they are a dominant seabird in the Northern California 

Current, with approximately 685,000 breeding murres along the Oregon coast and 

estimated annual prey consumption on par with marine fisheries harvest (Naughton et al. 

2007, Roth et al. 2008). Common murres are generalist piscivores known to forage on 

coastal shelf and shelf break marine habitats (Oedevedken et al. 2001).  They have a 

known foraging range up to 60 km from the breeding colony and 180 m depth (Piatt and 

Nettleship 1985, Yen et al. 2004). During chick rearing, common murres return to the 

colony with single fish carried in their bill to feed chicks, allowing for identification of 

the fish by visual means without sacrificing the predator (Ainley et al. 1993, Miller and 

Sydeman 2004). 

Keeping in mind the different scales of variability within the CCLME, I took two 

approaches to better understand the dietary responses of predators to changes in 

oceanographic conditions. The first approach, described in Chapter 2, utilized a longer 

time series (n = 10 years) of a single predator’s diet, the common murre, to examine 

interannual dietary changes related to oceanographic and ecosystem variability at the 

basin and local scale. The second approach, described in Chapter 3, compares the diets of 

seabirds to the diets of three fish species over a shorter, two year sampling period to 

examine the dietary responses and changes in dietary overlap among predators during 

years of contrasting oceanographic conditions. The diets of most predators are composed 

of complex combinations of many species, defying simple comparison among predators 
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and years. Therefore, I took a multivariate approach for analyses, utilizing community 

analysis and multivariate statistics.
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CHAPTER 2- ENVIRONMENTAL DRIVERS AND REPRODUCTIVE 

CONSEQUENCES OF HIGHLY VARIABLE DIETS OF COMMON MURRES 

(URIA AALGE) OFF THE OREGON COAST 

Amanda J. Gladics, Robert M. Suryan, Julia K. Parrish, Cheryl A. Horton, 

Elizabeth A. Daly, William T. Peterson. 

 

Abstract 

In many regions throughout their range, common murres (Uria aalge) exhibit 

narrow dietary preferences and thus are vulnerable to recruitment failures of a dominant 

prey species during the breeding season. Contrastingly, common murres nesting in the 

Northern California Current off Oregon, exhibit high species diversity and variability in 

dominant prey consumed. We studied the diets of common murres over 10 contrasting 

years between 1998 and 2011, a period in which the Northern California Current 

experienced dramatic interannual variability in ocean conditions. Likewise, murre diets 

off Oregon varied considerably. Interannual variation in murre chick diets was influenced 

by environmental drivers occurring before and during the breeding season, and at both 

basin and local scales. While clupeids (likely Clupea pallasii) were an important diet 

component throughout the study period, in some years murre diets were dominated by 

Pacific sand lance (Ammodytes hexapterus) and other years by osmerids (likely 

Allosmerus elongatus and Hypomesus pretiosus). Years in which the Pacific Decadal 

Oscillation and local sea surface temperatures were higher during summer months also 

showed elevated levels of clupeids in murre diets, while years with higher 

ichthyoplankton biomass and summer northern copepod biomass anomalies had fewer 

clupeids and more sand lance and smelts.  Years with higher values of the Northern 

Oscillation Index during summer months also showed higher proportion of smelts in the 
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diets. Nesting phenology and reproductive success were negatively correlated with 

gradients in sand lance and clupeids, respectively, reflecting demographic consequences 

of environmental variability mediated through bottom-up food web dynamics. 

Introduction 

The common murre (Uria aalge), a piscivorous seabird with a circumpolar boreal 

range, shows population level responses to basin and local scale climate variability (Irons 

et al. 2008, Parrish et al. 2003).  Population level responses to changes in oceanographic 

conditions are mediated through prey availability, diet, and ultimately reproductive 

success at the colony scale (Cairns 1987, Ainley et al. 1995).  Common murres are 

generalist piscivores known to forage in coastal shelf and shelf break marine habitats 

(Oedevedken 2001). They have access to a range of marine habitats, with an average 

foraging range of approximately 60 km from the breeding colony and 20 – 40 m depth 

(Piatt & Nettleship 1985, Yen et al. 2004). Throughout much of their high latitude range, 

murres often depend on a single or few species of mid-water schooling fishes to provision 

chicks, and can be vulnerable to breeding failures if key fish stocks are unavailable 

during the chick rearing period (Gaston and Jones 1998, Davoren and Montevecchi 

2003a,2003b).   

On the west coast of North America, murre diets are more diverse. Studies in the 

central California Current have shown prey switching in response to variable 

oceanographic conditions and corresponding changes in prey availability (Ainley and 

Boekelheide 1990, Ainley et al. 1993, Miller and Sydeman 2004, Mills et al. 2007).  In 

northern California, interannual variability and between site differences have been 

documented as well (Eigner 2009). At Tatoosh Island, in the Northern California Current, 
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Parrish and Zador (2003) observed prey switching between a handful of dominant prey 

species as a mechanism to buffer environmental variability, whereas further north at 

Triangle Island in the transition zone between the California Current and the Alaska 

Current, Hipfner et al. (2008) observed little variability in murre diets, despite highly 

variable oceanographic conditions. Less is known about murre diets in off Oregon, near 

the latitudinal midpoint of murre research sites, despite the fact that murre numbers in 

this region dwarf those to the North and South (Manuwal et al. 2001, Naughton et al. 

2007). 

In this study, we aimed to elucidate the effects of basin and local scale 

environmental variability on the diets of common murres at a breeding colony in the 

Northern California Current. We anticipated that factors both before and during the 

breeding season might affect prey availability and thus murre diets. We also were 

interested in how changes in murre chick rearing diets might interact with murre 

reproductive measures of nesting phenology and fecundity. 

 

Methods 

Study Site 

We collected all murre diet and demographic data at Yaquina Head, Newport, 

Oregon (44°40'30'' N, 124°04'35'' W).  Approximately 70,000 common murres nest at the 

Yaquina Head colony, along with 8 other species of seabirds (Naughton et al. 2007). All 

observations of murres were made at two large sub-colonies Colony Rock and Flat Top 

Rock, approximately 50,000 and 17,000 breeding murres respectively. Our observation 
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points at the base and gallery deck of the Yaquina Head lighthouse were approximately 

100-150 m from nesting murres. 

Diet data collection 

Common murres return from foraging trips with a single prey item, generally 

carried with the head or mantle inside the mouth of the murre and tail or tentacles 

extending past the murre’s bill. The visible portions of the prey item can be used to 

identify prey type, generally to the family, genus or species level. Murre prey items were 

identified using trained observers and digital photographs of chick feeding events.  

Observations were concentrated in the morning hours during chick rearing (May – 

August) throughout the study period (1998-2011). During 1998 – 2002, trained observers 

worked in pairs for 30-60 minutes daily to identify murre prey items between 3 May – 19 

July 1998 – 2002. No data were collected from 2003 – 2006.  During 2007 - 2011, 

common murre prey was identified using digital photographs (Larson and Craig 2006) of 

adult murres returning to the colony with a single prey item between the hours of 0630 – 

1800, 2-5 days per week, 22 June - 9 August 2007 - 2011. We used a Cannon EOS T2i 

digital SLR camera with a 50 mm lens attached to a Swarovsky 20-60 X 80 mm STM 

spotting scope. The photographer was 95 – 105 m from the birds holding fish.  

Photographs were examined and prey identified to the lowest taxonomic level possible, 

generally to the family or genus level. Several prey species identified by trained 

observers were difficult to distinguish in photographic samples and thus were combined 

into more general taxonomic groups to allow analysis of the entire time series. Fish that 

could not be identified to the family level or lower were excluded from statistical 

analysis.  
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Demographics data collection 

We monitored reproductive success of 12-25 breeding pairs in each of 6-12 plots 

on two subcolonies, Colony Rock and Flat Top Rock throughout the breeding season 

(April-August). Within these plots, we closely observed breeding birds, recording when 

eggs were laid and then followed the success of each breeding pair through egg 

incubation and chick rearing at approximately 1- 3-day intervals. We used the median 

hatch date to measure breeding phenology. Reproductive success was calculated as the 

percentage of eggs laid that produced chicks that fledged. It is unlikely to observe 

fledging events, therefore we used the amount of time murre chicks remained on the 

colony to determine if a chick fledged or disappeared because of likely mortality.  Murre 

chicks may begin leaving the colony when 15 days old (Ainley et al. 2002), therefore, 

chicks that remained on the colony > 15 days were considered successfully reared to 

fledging age. 

Basin Scale Physical Indices 

We used monthly values of basin scale environmental variables that have been 

shown to correlate with biological variability in the North Pacific, including the Pacific 

Decadal Oscillation (PDO), Multivariate El Niño/Southern Oscillation Index (MEI), 

Northern Oscillation Index (NOI). The PDO is the leading principal component of North 

Pacific monthly sea surface temperature variability poleward of 20° N since 1900 

(Mantua et al. 1997) and can be strongly correlated with changes in fish populations 

(Mantua et al. 1997, Alheit and Bakun 2010). We obtained values for the PDO from the 

Joint Institute for Study of the Atmosphere and Ocean website, University of Washington 

(http://jisao.washington.edu/pdo/). Periodic fluctuations in sea surface temperatures in the 



13 

 

 

tropical Pacific, termed El Niño during warm temperature anomalies and La Niña during 

cool temperature anomalies, are well known to cause widespread atmospheric, 

oceanographic and biological changes throughout the north Pacific. The MEI is a 

multivariate, standardized measure of the strength of El Niño activity in the tropical 

Pacific based on six types of physical observations (Wolter 1987, Wolter and Timlin 

1993). We obtained MEI values from the Earth Systems Research Laboratory – Physical 

Sciences Division (NOAA ESRL) website (http://www.esrl.noaa.gov/psd/enso/mei/). The 

NOI is the anomaly of sea level pressure difference between the North Pacific High and 

Darwin, Australia, and serves as measure of the strength of atmospheric circulation 

between the tropics and the North Pacific (Schwing et al. 2002). Positive NOI values 

corresponds to enhanced winds, higher than average coastal upwelling and La Niña 

conditions; the opposite conditions occur during periods with negative NOI (Schwing et 

al. 2002). We obtained values of the NOI from the Pacific Fisheries Environmental 

Laboratory (PFEL) live access data server 

(http://www.pfeg.noaa.gov/products/PFEL/modeled/indices/). 

Local Physical Indices 

Local and regional scale physical variables thought to possibly affect forage fish 

availability to murres included monthly average sea surface temperature for the spring 

(Jan-Apr) and summer (May-Sept), the date of the spring transition, and monthly 

upwelling anomaly. Temperature is a very important factor in determining habitat 

suitability in marine environments, and can also serve as a proxy for many other physical 

processes in the coastal ocean, including upwelling and water stratification (Mann and 

Lazier 2006). We obtained monthly average sea surface temperatures for the central 
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Oregon coast from the National Oceanic and Atmospheric Administration National Buoy 

Data Center, Stonewall Banks Station 46050 (44°38'20" N 124°32'2" W) 

(http://www.ndbc.noaa.gov/station_page.php?station=46050). The date of the spring 

transition, which has been linked to ocean productivity and community composition in 

the California Current (Logerwell et al. 2003), is based on the date when the integrated 

cumulative upwelling reaches its minimum value (Bograd et al. 2009).  This metric was 

obtained from the NOAA Northwest Fisheries Science Center Ocean Ecosystem 

Indicators website (http://www.nwfsc.noaa.gov/research/divisions/fed/oeip/a-

ecinhome.cfm). We included an index of upwelling because the overall biological 

productivity off the Oregon coast is strongly influenced by the strength and intensity of 

seasonal upwelling. Monthly upwelling index anomaly values for 45°N 125°W were 

obtained from the Pacific Fisheries Environmental Laboratory (PFEL, 

http://www.pfeg.noaa.gov/). The PFEL derives upwelling indices from 6-hourly sea level 

pressure gridded fields. 

Local Biological Indices 

Local biological indices available for the 1998-2002 and 2007-2011 periods 

included the northern copepod index (NCI), the copepod community index (CCI), the 

winter ichthyoplankton biomass index (WIB), and winter ichthyoplankton community 

index (WIC). The zooplankton community was sampled along the Newport 

Hydrographic line at station NH5 (8 km from the Yaquina Head colony) following 

methods described in Peterson and Keister (2003) and has been used to develop several 

indices based on species composition and biomass. The northern copepod index (NCI) is 

an index of the biomass anomaly of cold water associated copepod species, including 
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Pseudocalanus mimus, Acartia longiremis, and Calanus marshallae (Peterson and 

Keister 2003, Peterson et al. 2012). The copepod community index (CCI) is composed of 

the principle axis of a non-metric multi-dimensional scaling (NMS) ordination of the 

copepod species community following methods in Keister et al. (2011). Changes in these 

indices represent important changes in the quality of fish prey, with implications for fish 

survival and therefore availability to murres during chick rearing. We considered 

potential relationships between copepod indices collected both before (Jan – Apr) and 

during (May – Sept) the murre breeding season (monthly values were averaged across 

these periods to derive a single value). Ichthyoplankton are sampled along the Newport 

Hydrographic line as well (Brodeur et al. 2008) at stations 9-46 km from the murre 

colony. The samples collected from 1 January to 31 March are used to develop two 

ichthyoplankton indices (Daly et al., in prep). The winter ichthyoplankton biomass (WIB) 

index is the combined biomass (mg C 1000 m
-3

)
 
of five taxa commonly found in juvenile 

salmon diets (Cottidae, Osmeridae, Sebastes spp., Ammodytes hexapterus, Engraulis 

mordax) but also occur in diets of common murres. The winter ichthyoplankton 

community (WIC) index is the x-axis scores of an NMS ordination of biomass values for 

all species in the ichthyoplankton community (Daly et al., in prep). Ichthyoplankton 

indices were available only for time periods preceding the murre breeding season (Jan – 

Mar). 

Data Screening and Transformation 

Prey were combined into twelve, ecologically relevant taxonomic categories for 

analysis. Prey species or groups that occurred in ≤ 5% of the sample units were omitted 

from the analysis. Prey categories retained for analyses summed to ≥ 95% of the diet by 
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count. We summed the counts of prey species from each bill load collected during each 

sampling year and then divided by the sample unit total such that each value in the matrix 

ranged from zero to 1. These values represented the proportion of the diet by abundance 

that each prey species represented during that year. There were no outliers (>2 SD cutoff) 

in the dataset, thus all years were retained in the analysis.  

Statistical Analysis 

All multivariate statistical analyses were conducted using PC-ORD v. 6.0 

(McCune & Medford 2011) and R v. 2.14.1 (www.r-project.org). A nonparametric, 

multi-response permutation procedure (MRPP) was used to test the null hypothesis of no 

significant difference between the samples collected using traditional trained observer 

techniques and the community sampled using digital photographs (Mielke & Berry 

2001). We used Sørenson’s (Bray-Curtis) distance to compare the similarity of years 

within these two a priori groups to the similarity of diets within year across groups. 

MRPP analysis returns a chance-corrected within group agreement (A-value) which 

ranges from -1 to 1. An A-value of zero signifies that the similarity of sample units 

within groups is equal to that which would be expected by chance and, therefore, there is 

no difference between groups. An A-value of 1 is returned if all sample units within a 

group are identical to one another and, therefore, there are strong differences between 

groups. 

We employed a multivariate ordination technique, nonmetric multidimensional 

scaling (Kruskal 1964), to reduce the dimensionality of the prey composition data and 

allow for a visual representation of prey community structure among the different 

predator diets. We selected NMS among ordination techniques because it is considered to 
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be the most robust ordination approach for ecological data with non-linear relationships 

(McCune & Grace 2002). We evaluated the dimensionality of ordinations using a scree 

plot of real data in relation to randomized data and by the evaluation of stress versus 

dimensionality of randomized Monte Carlo simulations. The instability was evaluated 

using the final instability of the two dimensional solutions against the 10
-4

 value 

recommended by McCune & Grace (2002). Sørenson’s distance was used in all cases, 

with a random starting configuration and 50 runs using real data and up to 200 iterations 

per run. 

We conducted an examination of correlations between ordination axes and 

individual dietary components (Table 1), a number of environmental variables (Table 2) 

and two demographic parameters. Environmental variables with large correlation 

coefficients (r
2
 ≥ 0.4) were considered meaningful and interpreted. We overlaid the 

correlations of these variables with the ordination. The length of the line is proportional 

to the strength of the correlation, while the angle indicates which axes the variable is 

correlated with. For example, a variable correlated with axis 1 but not axis 2 will be 

parallel to axis 1 and orthogonal with axis 2. We did not conduct statistical tests for 

significance of these correlations because ordination scores do not meet the assumption 

of independence (McCune & Grace 2002). 

Results 

Murre Demographics  

Common murre median hatch date occurred between Julian date 164 – 189 and 

reproductive success varied from a low of 20% in 1998 to a high of 90% in 2002. 

Phenology was relatively stable during the early study period (1998 – 2002, median hatch 
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date = 166, min = 164, max = 172) but was significantly later during the later study 

period (2007-2011, median hatch date = 178, min = 175, max = 189) (Welch’s two 

sample t-test, df = 5.587, p = 0.007). There were no obvious relationships between 

phenology and fecundity (Figure 2.1) 

Community Structure 

We did not detect any difference in prey composition (MRPP, A = -0.006, p = 

0.55) between years in which sampling was conducted using trained observers (1998-

2002) vs. digital photographs (2007-2011). We collected an average of 585 (range: 36 – 

1510) identifiable bill loads and murres consumed over 12 species of prey, however, 

relative proportions varied annually, with smelts (Osmeridae), Pacific sand lance 

(Ammodytes hexapterus), and clupeids, likely Pacific herring (Clupea pallasii) 

comprising 65% to 95% of the diet, across all sampling years (Figure 2.2).  

A two dimensional NMS ordination of murre chick diets explained 93.2% of the 

variance in the diets, with an acceptably low final stress of 4.7. The ordination axes were 

orthogonal and captured similar amounts of the variance in the original diet matrix (Axis 

1:  r
2
 = 0.525; Axis 2: r

2 
= 0.407). The NMS ordination of diets did not reveal any distinct 

clustering of years into diet types; rather sampling years were distributed relatively 

evenly across the ordination space (Figure 2.3). We found that three prey types had 

strong correlations (r
2
 ≥0.4) with ordination axes (Table 1). Axis 1 was positively 

correlated (r
2
 = 0.667) with the abundance of smelts, and negatively correlated (r

2
 = 

0.851) with Pacific sand lance in the diets. Axis 2 was positively correlated (r
2
 = 0.869) 

with clupeids in the diets.  
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Prey categories comprising smaller proportions of murre diets showed weaker 

relationships with ordination axes. Smelts, northern anchovy, sculpins, and flatfishes 

were positively related with axis 1 (r
2
 = 0.355, 0.175, 0.105, respectively). Following the 

pattern of clupeids, sculpins (Cottidae) and squids (Cephalopoda) were also positively 

correlated with axis 2 (r
2
 = 0.217 and 0.153, respectively). Rockfishes (Sebastes spp.) 

smelts, and hexagrammids were negatively correlated with axis 2 (r
2
 = 0.393, 0.261, 0.14, 

respectively) 

Basin-scale indices and murre diets 

Two of the three basin-scale environmental indices (summer NOI and PDO) were 

strongly correlated with murre diets (Figure 2.3, Table 2.2). The May – September values 

of the NOI were positively correlated with axis 1 (r
2
 = 0.436), thus high NOI values 

corresponded to years in which the murre diets were dominated by smelts and were lower 

when dominated by sand lance and herring. The May – September values of the PDO 

were positively correlated with axis 2 (r
2
 = 0.477), indicating years with positive PDO 

values had higher abundances of clupeids, and lower smelt and sand lance values. We did 

not find any strong correlations between the MEI and murre diets, nor did we detect any 

strong correlations with basin scale indices which occurred before the murre breeding 

period. 

Local indices and murre diets 

We did not detect any local indices that correlated with axis 1 (Figure 2.3, Table 

2.2). The local SST was positively correlated with axis 2 (r
2
 = 0.477), showing a similar 

pattern as the PDO. Higher SST was associated with years in which the PDO was also 

higher and diets contained more clupeids. Both WIB and NCI were negatively correlated 
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with axis 2 (r
2
 = 0.872, r

2
 = 0.412, respectively), thus out of phase with the correlations 

with axis 2 observed for PDO and SST. There was a weak negative correlation between 

the strength of upwelling anomaly in April and May with axis 1 (r
2
 = 0.297). Therefore, 

stronger upwelling in April and May was associated with years in which murre diets had 

more sand lance and less smelts. Neither upwelling anomalies during other time periods 

nor the timing of the spring transition were correlated with murre diets. Similar to basin 

scale indices, we did not find any correlations with physical variables occurring prior to 

the breeding season. 

Demographic variables and murre diets 

We observed correlations between both demographic variables and murre diets. 

Hatch date was positively correlated with axis 1 (r
2
 = 0.353), and reproductive success 

was negatively correlated with axis 2 (r
2
 = 0.283). Neither correlation, however, was 

strong (i.e. r
2
 ≥0.4). Hatch date and reproductive success correlations with orthogonal 

NMS axes reinforced that these demographic parameters were not correlated with one 

another (Figure 2.4) 

Discussion 

Variation in murre diet community 

We observed gradients among the three primary prey types, with years of 

intermediate diet composition, under varying ocean conditions, suggesting that multiple 

environmental factors drive interannual changes in murre diets rather than a single, 

dominant environmental factor. Alongside the three dominant prey types, several smaller 

components of the diet followed similar patterns of variation. We observed that years 

higher in smelts also had elevated levels of northern anchovy and flatfishes, consistent 



21 

 

 

with previous observations of associations between whitebait smelt, northern anchovy 

and Pacific sanddab (Citharichthys sordidus) in the Northern California Current (Brodeur 

et al. 2005). Sculpins (Cottidae) and squids (Cephalopoda) were also more abundant in 

murre diets in years with higher amounts of clupeids, while rockfishes were less 

abundant.  

The diets observed during this study contain many of the same prey species 

observed in adult murre diets during studies conducted between 1979 and 1982 on the 

central and southern Oregon Coast and in the Columbia River plume, but in very 

different proportions (Veroujean and Matthews 1983, Matthews 1983). Pacific herring 

were an important component of murre diets collected near Newport in 1982, but smelts 

and sand lance each comprised less than 2% of the diets (Matthews 1983). Diets collected 

over four years near Coos Bay showed a great deal of interannual variation, which we 

observed in our study as well (Matthews 1983). Murre diets in the Columbia River Plume 

were dominated (>75%) by northern anchovy and Pacific tomcod (Microgadus proximus) 

(Veroujean and Matthews 1983), which were only minor dietary constituents in our 

observations. Matthews (1983) also found at least some evidence of geographic variation 

in diets, with murres collected within 2 km of the Yaquina Bay jetties containing greater 

amounts of coho salmon and larval crabs and fewer market squid.  

Murre diets at Yaquina Head showed some similarities with murre diet 

observations in other regions of the Northern California Current, but were markedly 

different than murre diets in the central California Current.  Rockfishes were an 

important, although variable, prey for murres nesting near the shelf break in the central 
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California Current (Ainley et al. 1993, Miller and Sydeman 2004), while they only made 

up ~10% (at maximum) of murre diets at Yaquina Head. Anchovy/clupeids were the 

dominant prey when rockfish are unavailable at central California Current sites, while 

smelts and sand lance make up only a small portion of murre diets in that region (Miller 

and Sydeman 2004). Murres nesting closer to shore in central California show more 

similarity to the diets of Yaquina Head murres with higher amounts of smelts and sand 

lance, though clupeids/anchovy were an important component of the diets as well (Eigner 

2009). Further north in California, murres had high amounts of smelts and some sand 

lance in their diets (Eigner 2009), more similar to what we observed at Yaquina Head. 

Observations in the Northern California Current on the Washington Coast, showed a diet 

similar to what we observed at Yaquina Head (Parrish and Zador 2003). Pacific herring, 

smelts, and sand lance accounted for >80% of the chick diet at a near shore colony off the 

northern coast of Washington, (Parrish and Zador 2003). 

Environmental drivers of variable diets 

We observed changes in murre diets associated with temperature related indices 

(PDO, SST), an atmospheric circulation related index (NOI), and indices related to 

productivity at lower trophic levels (WIB, NCI). We observed cooler water periods were 

associated with smelts and Pacific sand lance in the diets, while clupeids in murre diets 

during warm water periods, with elevated PDO and local SST values. Following the same 

pattern as smelts, northern anchovy and flatfishes were more abundant in years with 

cooler water conditions and greater NOI values during the summer months. This pattern 

is consistent with previous findings of fluctuations in “cool anchovy regimes” and “warm 

sardine regimes” throughout the Pacific (Chavez et al. 2003). The association between 
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clupeids, cottids, and squid during warmer water conditions is not entirely consistent with 

previous observations of increased squid abundance with lower SST elsewhere in the 

California Current (Brodeur et al. 2005, Zeidberg et al. 2006). This regional difference in 

response to SST may be related to current wide changes in squid distribution, as Loligo 

spp. are more abundant further south in the California Current under normal conditions. 

Another result that contrasts with local studies of fish communities (Auth and Brodeur 

2006) is that rockfishes in murre diets were not associated with warm water temperatures. 

One explanation may be that upwelling and relaxation periods more than temperature 

may modify the availability of offshore juvenile rockfishes to foraging murres.  

Enhanced atmospheric teleconnections between the tropics and the North Pacific 

during the summer months was associated with higher amounts of smelts and lower 

amounts of sand lance in murre diets.  While the bio-physical mechanisms are unclear, it 

is possible that increased surface winds associated with a stronger Pacific high pressure 

mode benefited osmerids, though few data exist on the relationships between smelt 

abundances and oceanographic conditions. Perhaps delayed strengthening of the north 

Pacific high, is detrimental to winter spawning young of the year sand lance during a 

critical period of ontogeny. 

Biomass values for ichthyoplankton during the winter months preceding the 

murre breeding season and northern lipid rich copepod biomass anomaly during the 

summer months were associated with murre diets that were lower in clupeids but higher 

in sand lance, smelts, and rockfishes. By extension, periods with lower water 

temperatures and negative PDO values were years with high biomass values at lower 
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trophic levels, which is consistent with previous findings (Peterson and Keister 2003, 

Peterson et al. 2012). It is logical that both indices based on biomass related to murre 

diets while similar indices based on community composition (CCI, WIC) were not 

strongly related to diets. For the murre, a predator one or two trophic levels above the 

species used to calculate these indices, it appears that overall ocean productivity and prey 

abundance is more important than composition of species. 

Surprisingly, we did not observe any relationships between physical indices 

measured prior to the murre breeding season and murre diets. Obviously, temporal lags 

exist between the physical indices measured at the basin scale and corresponding physical 

and biological changes in the area immediately surrounding the murre colony. It may be 

that the more immediate atmospheric forcing components exert a larger influence on the 

murre foraging behavior and prey availability than components that require longer to take 

effect. 

Despite differences in the murre diets in the central California Current and the 

Yaquina Head colony, some of the same environmental drivers have been shown to affect 

the diet composition throughout the CCLME.  Oscillations in the PDO have been tied to 

shifts in murre diets over longer temporal scales (Miller and Sydeman 2004) and studies 

of another piscivorous seabird, the rhinocerous auklet (Cerorhinca monocerata), found 

negative correlations between local SST and the proportion of preferred prey in the diet 

(Thayer et al. 2008). There also were several relationships that we expected to observe 

based on previous studies that were not evident in our study.  Seasonal upwelling is 

recognized as an important environmental driver of biological productivity in eastern 
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boundary currents like the California Current (Mann and Lazier 2006), and has been 

related to components of murre diets (Ainley et al.1993), but did not show direct 

relationships with murre diets in our study.  Likewise, MEI was not directly related to the 

diet community, though other studies have observed effects of El Niño on murre diets 

(Miller and Sydeman 2004).   

Reproductive consequences of variable diets 

We found a positive correlation between summer NOI and later median hatch 

dates but no relationship between NOI and reproductive success, which contrasts with 

other studies murres in the California Current.  Both Reed et al. (2009) and Black et al. 

(2010) found that positive NOI anomalies prior to the breeding season were associated 

with earlier murre lay dates.  Parrish and Zador (2003) detected a positive correlation 

between the winter NOI values and murre reproductive success at Yaquina Head in the 

late 1990’s and early 2000’s, which our findings did not corroborate. These finding may 

suggest that NOI anomalies may have differential effects depending on latitude and 

season, and possible decoupling between the northern region of the California Current 

and the central and southern regions of the system in recent years (Bjorkstedt et al. 2010).  

Parrish and Zador (2003) also found a strong negative relationship between reproductive 

success at Yaquina Head and the MEI, an index associated with reduced productivity and 

reduced prey availability in the Northern California Current. But this pattern did not bear 

out in the longer dataset collected in northern Washington (Parrish and Zador 2003) or 

over the full time series examined in this study.  Their observations of murre 

demographics at Yaquina Head coincided with the strong 1997-1998 El Niño, and it is 
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likely that the relationship they observed was heavily influenced by that strong 

perturbation (Parrish and Zador 2003). 

A mechanistic relationship between murre diets and phenology remains unclear. 

Animals maximize their reproductive potential by adjusting breeding phenology to 

synchronize the period of highest energy demands of offspring with the period of greatest 

food availability (Lack 1968, Van Noordwijk et al. 1995). Therefore, changes in prey 

availability or composition could have triggered murres to adjust their nesting phenology 

accordingly. Alternately, it is possible that non-prey related causes, such as predation or 

disturbance, triggered changes in nesting phenology, which then resulted in a different 

suite of prey species available for murres during breeding. Other factors have been shown 

to affect breeding phenology, such as evolutionary constraints that favor synchronous 

breeding to minimize the risk of predation (Reed et al. 2009). There is some evidence 

that predation and disturbance at this colony have increased during the pre-laying and 

laying periods in recent years (Suryan, unpublished data) and it may be that murres are 

delaying breeding in response to this perceived predation risk. Murre primarily prey on 

pelagic, schooling forage fishes, whose arrival times to the region have been shown to 

vary with oceanographic conditions (Kaltenberg et al. 2010).  Additionally, murre diets 

in the Northern California Current have also been shown to change within the breeding 

season, with sand lance and smelt observed early in the season and later diets dominated 

by clupeids (Hamel 2009). While this shift towards clupeids later in the season may be 

related to chick ontogeny and growth allowing for the delivery of larger prey, it is unclear 

if the progression is caused solely by shifts in murre foraging behavior or by seasonal 
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changes in prey availability as well.  A shift in murre phenology might result in a 

mismatch with the arrival of preferred prey to the area surrounding the colony.  The 

median hatch date observed in 2011 was more than two weeks later than the median 

hatch observed at the beginning of the time series. 

We also found that when murre diets at Yaquina Head contained fewer clupeids, 

accompanied by negative PDO and SST anomalies, their reproductive success was 

higher. Similar relationships were found at another murre breeding site in the Northern 

California Current, where both PDO and local SST were negatively correlated with 

colony attendance and showed weak negative correlations with reproductive success 

(Parrish and Zador 2003).  While forage fish lipid content is known to fluctuate inter-

annually based on ocean productivity (Anthony et al. 2000, Litz et al. 2010), herring are 

known to be lipid rich prey, often containing greater lipid content than sand lance or 

smelts (Romano et al. 2006, Litz et al. 2010). We found little evidence for a trend of 

higher reproductive output during years with prey items known to be of high energy 

density.  As has been observed in other seabird colonies (Suryan et al. 2000, Jodice et al. 

2006, Harding et al. 2007), it appears that prey abundance and proximity to the colony 

(availability) is more important to reproductive success than prey quality for murres at 

Yaquina Head. 

Years when clupeids dominated the diet could have been when adult murres had 

to travel further to obtain prey to provision chicks. Murres are known to buffer 

reproductive success with flexible time budgets (Burger and Piatt 1990) but longer 

foraging trip durations have also been related with reduced reproductive success during 
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more extreme prey shortages (Zador and Piatt 1999). At Yaquina Head, the gradient in 

murre diets ranging from smelts and sand lance low on axis 2 to clupeids higher on axis 2 

may represent a shift in foraging location between years. Smelts and sand lance are 

known to have a more inshore distribution, while clupeids are more abundant further 

offshore (Brodeur et al. 2005, Emmett et al. 2006, Kaltenberg et al. 2010). During years 

with higher sea level pressure in the North Pacific and enhanced coastal upwelling, we 

would expect greater availability of forage fish overall (Brodeur et al. 2005) and 

potentially greater prey availability in the area immediately surrounding the colony. 

Increased prey availability might allow murres, a central place forager, to forage closer to 

the colony on coastally distributed species such as smelts and sand lance with subsequent 

energetic ramifications on chick growth and reproductive success (Burke and 

Montevecchi 2009, Elliot et al. 2009). Unfortunately, we do not have a consistent 

measure of murre foraging duration across the entire time series and thus cannot account 

for changes in parental provisioning efforts.  

Conclusions 

Prey consumption by murres varies with both physical and biological conditions 

at basin and local scales, suggesting that murre diets may serve as a more sensitive 

indicator of middle trophic level consumer responses than demographic or sub-

demographic parameters. Although murre phenology and reproductive success are related 

to changes in the diet, reproductive success was moderate to strong throughout our time 

series, with the exceptions of 1998 and 2011. Murres display flexible foraging strategies, 

with prey switching acting to buffer changes in prey community and availability and 

allowing for successful reproduction. 
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Table 2.1.  Correlations of prey species with NMS axes 1 & 2.  The strength (r2) 
of the correlation and the direction (+ or -) are shown and all correlations with 
an r2 > 0.4 highlighted in bold   

  
  

NMS  1 NMS 2   

  Prey categories 
 

r2 (sign of correlation)   

  Pacific sand lance (Ammodytes hexapterus)   0.851 (-) 0.113 (-)   

  Herring, sardine, shad (Clupeidae) 
 

0.005 (+) 0.869 (+)   

  Sculpins (Cottidae) 
 

0.175 (+) 0.217 (+)   

  Northern anchovy (Engraulis mordax) 
 

0.355 (+) 0.043 (+)   

  Hake and cods (Gadiformes) 
 

< 0.001 (-) 0.009 (+)   

  Lingcod and Greenlings (Hexagrammidae) 
 

0.005 (+) 0.140 (-)   

  Squids (Cephalopoda) 
 

0.021 (-) 0.153 (+)   

  Smelts (Osmeridae) 
 

0.667 (+) 0.261 (-)   

  Flatfishes (Pleuronectiformes) 
 

0.105 (+) 0.019 (+)   

  Salmon (Oncorhynchus spp.) 
 

0.090 (+) 0.002 (-)   

  Rockfishes (Sebastes spp.)   0.002 (-) 0.393 (-)   
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Table 2.2.  Correlations of environmental variables with NMS axes 1 
& 2.  The strength (r2) of the correlation and the direction (+ or -) are 
displayed below, with all correlations with an r2 > 0.4 highlighted in 
bold.   

  
   

NMS  1 NMS 2   

  
 

Environmental 
Index Time r2 (sign of correlation)   

  

B
as

in
  

PDO Oct-Apr 0.039 (+) 0.204 (+)   

  PDO Oct-Dec < 0.001 (-) 0.326 (+)   

  PDO Jan-Apr 0.060 (+) 0.102 (+)   

  PDO May-Sept 0.276 (+) 0.477 (+)   

  MEI Oct-Dec 0.085 (+) 0.269 (+)   

  MEI Oct-Apr 0.091 (+) 0.237 (+)   

  MEI Jan-Apr 0.076 (+) 0.200 (+)   

  MEI May-Sept 0.111 (-) 0.152 (+)   

  NOI Jan-Apr 0.095 (-) 0.002 (-)   

  NOI May-Sept 0.436 (+) 0.030 (-)   

  

Lo
ca

l 

SST Jan-Apr 0.073 (+) 0.158 (+)   

  SST May-Sept 0.183 (+) 0.550 (+)   

  Spring Transition  Julian date 0.020 (+) 0.200 (-)   

  Upwelling Anomaly  Jan-Apr 0.023 (-) 0.001 (-)   

  Upwelling Anomaly  Apr 0.164 (-) 0.022 (+)   

  Upwelling Anomaly  Apr-May 0.297 (-) 0.150 (+)   

  Upwelling Anomaly  May-Sept 0.102 (-) 0.053 (+)   

  

B
io

lo
gi

ca
l 

CCI Jan-Apr 0.099 (+) 0.087 (+)   

  CCI Apr-May 0.148 (+) 0.053 (+)   

  CCI May-Sept 0.066 (+) 0.237 (+)   

  NCI Jan-Apr 0.008 (-) 0.013 (-)   

  NCI May-Sept 0.029 (+) 0.412 (-)   

  WIC Jan-Mar 0.001 (+) 0.102 (+)   

  WIB Jan-Mar 0.020 (-) 0.872 (-)   
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Figure 2.1 Median hatch date and reproductive success during the study period. No data were collected during 2003-2006.   
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Figure 2.2. Common murre diets, shown as proportion of total number of prey observed. Numbers shown above each bar are the total 

number of identifiable samples collected during that sampling year. 
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Figure 2.3. Non-metric multidimensional scaling ordination of prey counts with joint 

overlay showing strength and direction of correlations between environmental variables 

and ordination axes. Triangles represent sampling years.
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Figure 2.4. Non-metric multidimensional scaling ordination of prey counts with joint plot 

overlay showing strength and direction of correlations between murre reproductive 

parameters and ordination axes. Triangles represent sampling years. 
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CHAPTER 3 – MARINE PREDATOR DIETS AND VARIABLE 

OCEANOGRAPHIC CONDITIONS: IMPLICATIONS FOR FOOD WEB 

DYNAMICS AND ECOSYSTEM INDICATORS 

Amanda J. Gladics, Robert M. Suryan, Richard D. Brodeur, Leah M. Segui, Laura 

Z. Filliger 

Abstract 

Variable ocean conditions can greatly impact lower trophic level prey 

assemblages in marine ecosystems, with effects propagating up to higher trophic levels.  

Our goal was to better understand how varying ocean conditions influence niche overlap 

among a suite of low- to mid trophic level predators and evaluate predator diets as a 

method to track prey communities. We employed opportunistic fish diet collections in 

collaboration with commercial and recreational fishermen together with synoptic 

observations of a major seabird colony to determine the diets of four predator species on 

the central Oregon coast during two years of contrasting El Niño (2010) vs. La Niña 

(2011) conditions. The greatest degree of dietary overlap was observed between Chinook 

salmon (Oncorhynchus tshawytscha) and common murres (Uria aalge), with both smelts 

(Osmeridae) and clupeids (primarily Clupea pallasii) observed as the dominant prey 

types. Diets differed between El Niño and La Niña conditions for two predators, murres 

and black rockfish (Sebastes melanops). During La Niña, smelts decreased, while sand 

lance (Ammodytes hexapterus) increased in common murre diets. Black rockfish had 

fewer larval Dungeness crabs (Cancer magister) and a greater proportion of other crab 

species associated with the later spring transition. In contrast, Chinook salmon and 

Pacific halibut (Hippoglossus stenolepis) diets were similar during El Niño and La Niña 
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conditions. Using multiple predators across several diverse taxa to track changes in prey 

communities provided a way to detect seemingly subtle changes in prey communities and 

can contribute to more comprehensive understanding of food web dynamics and 

ecosystem indicators 

Introduction 

Although ecological theory predicts that predators would have specialized 

foraging strategies to avoid direct competition with one another (Schoener 1971, Greene 

1986), many marine predators are generalists, taking advantage of a wide variety of 

available prey resources (Link 2002, Closs et al. 2008). Moreover, diet specialization is 

not constant through time, but responds to changes in prey abundance (Steenhof and 

Kochert 1988, Holbrook and Schmitt 1989, James 1991). For example, when an 

individual prey type has a particularly abundant year class, many predators can take 

advantage of this available food resource, thereby increasing, at least short-term (monthly 

to yearly) niche overlap (Smith et al. 1978, Schoener 1982). Studies of seabirds and 

marine mammals have found greater niche overlap when prey resources were more 

abundant and greater specialization when food was scarce (Tinker et al. 2008, Barger and 

Kitaysky 2011). Likewise, there are numerous examples in marine fish communities of 

similar shifts in niche overlap with seasonal and interannual changes in prey abundance 

(Thurman 1982, Brodeur and Pearcy 1992, Feyrer et al. 2003). 

Large numbers of mobile marine predators share the productive waters of the 

Northern California Current off Oregon (Batchelder et al. 2005). This is especially true 

during the summer months when nesting seabirds and predatory fish migrate into the 

Northern California Current region to take advantage of the seasonally abundant food 
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resources, fueled by seasonal wind-driven upwelling (Ainley et al. 2005, Emmett et al. 

2006). Although marine predators have large areas available for foraging activities, prey 

are patchily distributed where physical processes such as upwelling or fronts aggregate 

grazers and micronekton (Mann and Lazier 2006, Ainley et al. 2009, Santora et al. 2011). 

Therefore, aggregations of many middle and upper trophic level taxa exploit resources in 

the same core areas of enhanced prey availability, temporarily increasing niche overlap 

(Reese and Brodeur 2006, Ainley et al. 2009). Marine food web studies in the Northern 

California Current have indeed found that despite indications of food limitation and 

predicted competition for limited food resources, niche specialization is not constant 

through time. Instead, trophic interactions, diet and niche overlap differ among years 

across a wide variety of predatory fishes (Brodeur and Pearcy 1992, Emmett et al. 2006, 

Miller and Brodeur 2007). 

Gaining insight into predator niche specialization and conditions under which 

niche overlap might occur is essential to understanding coastal marine ecosystem 

dynamics and informing ecosystem based management. Effective fisheries management 

requires a clearer understanding of the trophic relationships of commercially important 

fishes, and their shifting interconnections with non-target species such as seabirds and 

forage fishes to predict future growth and survival of ecologically and economically 

important stocks. Understanding diet variability in ecosystem modeling and ecosystem 

based management efforts has led to more realistic models with ever increasing relevance 

to managers (Field et al. 2006, Brand et al. 2007, Ruzicka et al. 2012). Predators 

integrate information about changes in the ecosystem at multiple trophic levels and may 
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be sentinels of ecosystem changes in light of climate change (Parsons et al. 2008, Durant 

et al. 2009, Bond et al. 2011). Studies using predators as sentinels of ecosystem change 

to date in the California Current have focused primarily on single species or single taxa 

approaches (Ainley et al. 1995) or are limited by several important confounding factors 

inherent in the approach (Mills et al. 2007). First, a potential indicator may actively select 

prey so that diets do not reflect actual prey abundances (Link 2004, Mills et al. 2007). In 

addition, the prey of a highly selective indicator species may not change in a given year 

even though other prey components of the food web did. It is possible that these and other 

limitations could be overcome with the development of multi-predator, cross-taxa 

indicators of ecosystem change at lower trophic levels. 

In this study, we aimed to elucidate the trophic relationships and dietary overlap 

among a suite of focal marine predators in the Northern California Current. A secondary 

goal was to evaluate the usefulness of predators as ecosystem indicators, and investigate 

the use of multi-taxa indices to gauge ecosystem responses to interannual environmental 

variability. Adult Chinook salmon (Oncorhynchus tshawytscha), Pacific halibut 

(Hippoglossus stenolepis), and black rockfish (Sebastes melanops) were selected as 

important predator species because historical data indicated some degree of dietary 

overlap (Brodeur and Pearcy 1992, Dufault et al. 2009) and these species could be 

obtained with relative ease and low cost through collaborations with the local commercial 

and recreational fishery. A piscivorous seabird, the common murre (Uria aalge) was 

included as an additional forage fish sampler to examine cross-taxa dietary overlap of 

lower- to mid- trophic level consumers. 
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Contrasting basin scale oceanographic conditions during two consecutive years 

(2010 and 2011) provided an opportunity to characterize individual predator diet 

responses, and corresponding changes in dietary overlap among predators, to different 

environmental conditions. Moderate El Niño conditions preceded sampling in 2010. 

Although there was an abrupt phase shift to La Niña conditions in June 2010, the 

biological conditions did not transition from El Niño conditions as rapidly (Bjorkstedt et 

al. 2011). A southern copepod community typical of El Niño conditions dominated the 

region well through the summer months, before shifting towards a more boreal 

community later in the summer and early fall, despite some of the coldest water 

temperatures on record and anomalously strong summer upwelling (Bjorkstedt et al. 

2011). La Niña conditions persisted through the winter months between our sampling 

seasons, and extended through the second summer of sampling in 2011.  

Therefore, we hypothesized that predator diets would vary between years and 

there would be greater prey separation among predators in “poor” forage years in that 

opportunistic predators are forced to show more specialized foraging to find alternative 

prey (e.g., Brodeur and Pearcy 1992, Barger and Kitaysky 2011). This situation would be 

expected under El Niño conditions, associated with lower primary productivity. In 

contrast, we expected higher concordance among predatory fish and seabird diets in years 

of higher prey abundance whereby predator populations should concurrently take 

advantage of strong year classes of key prey (e.g., Brodeur and Pearcy 1992, Barger and 

Kitaysky 2011). This would be expected under La Niña conditions, associated with 
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enhanced energy transfer to higher trophic levels, which often favor recruitment of 

winter-spawning forage fishes.   

Methods 

Sample Collection: Fish diets 

Fish diets were obtained through collaborative sampling with commercial and 

recreational fishermen operating from Newport, Oregon. Chinook salmon, black rockfish 

and Pacific halibut stomach samples were collected from May 1 through August 31 of 

2010 and 2011. Commercial fishermen collected and returned whole stomachs of 

Chinook salmon and recorded the approximate weight, length, date, and catch location.  

Whole stomachs of black rockfish, Pacific halibut and some Chinook salmon were 

collected at port from recreational fishermen, and fish length and a general catch location 

were recorded. Chinook salmon stomachs were collected at 1-2 week intervals, and the 

number of stomachs obtained with identifiable prey numbered 66 in 2010 and 29 in 2011. 

In 2010 and 2011, 23.2% and 14.7%, respectively, of salmon stomachs we collected were 

empty. Black rockfish stomachs were collected on 2-5 days each week and we obtained 

230 rockfish stomachs with identifiable prey in 2010 and 258 in 2011.  In 2011, 13.7% of 

rockfish stomachs were empty. Pacific halibut stomachs were obtained during 3-day all 

depth recreational fishing openings during May, June and August in both years. In 2010, 

49.2% of halibut stomachs collected were empty and we obtained 62 halibut stomachs 

with identifiable prey. In 2011, 43.4% of halibut stomachs were empty and 138 stomachs 

had identifiable prey. General locations of the fishing effort for all three fish predators are 

shown in Figure 3.1. 
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Stomach contents were identified to the lowest taxonomic level possible and 

enumerated. Once sorted, prey items were set on blotting paper briefly to remove excess 

water and then a damp mass was taken. When soft tissue was too digested to identify, 

hard parts such as bones and otoliths were used to identify the prey species using a 

photographic reference collection, the NWFSC Bone Identification Reference Database 

(Zamon, NOAA Northwest Fisheries Science Center (NWFSC), Hammond, OR, 

unpublished data). Prey that were mostly digested and identified only to a higher 

taxonomic level (such as fish or crustacean) were excluded from statistical analysis.  

Sample Collection: Avian diets  

Common murre chick rearing diets were obtained observationally using digital 

photographs of chick feeding events (Larson and Craig 2006) at a breeding colony 

located at Yaquina Head, Newport, Oregon. We used a Cannon EOS T2i digital SLR 

camera with a 50 mm lens was attached to a Swarovsky 20-60 X 80 mm STM spotting 

scope.  The photographer was 95 – 105 m from the birds holding fish. Photographs were 

taken of adult murres returning to the colony with a single prey item between the hours of 

0630 – 1800, 2-5 days per week during the chick rearing period, 27 June - 9 August 2010 

and 2011. Photographs were examined and prey identified to the lowest taxonomic level 

possible for 585 identifiable bill loads in 2010 and 304 in 2011. Although the exact 

foraging locations of adult murres could not be ascertained, breeding murres are central 

place foragers with known foraging distances (≤~60 km) and diving depths (≤~150 m) 

(Ainley et al. 1996, Hatch et al. 2000, Oedevedken et al. 2001, Hedd et al. 2009) which 

overlap the geographic (Fig. 3.1) and depth habitats of the fish predators in this study. 

Several similar looking prey species were difficult to identify in murre diet samples and 
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thus prey were combined into more general taxonomic groups to allow comparison 

between fish and bird predators (Appendix 1). Only prey species identified to the family 

level or lower were retained for analysis.  

Data Screening and Transformation 

The chick feeding strategy of common murres limits the possibility of any chick 

feeding event containing more than one prey species, whereas a fish predator stomach 

might contain a large number of species, including invertebrates. It is unlikely that 

observers could detect invertebrate prey delivered to murre chicks because it would be 

contained entirely within the bill of the adult murre and therefore not visible to observers. 

Given these two different data collection methods, we aggregated the data differently to 

allow for comparisons among the diets of all predators, fish predators only, and within a 

single predator’s diet. The diets of fish and avian predators were compared using only the 

nektonic (teleost and cephalopod) components of the diet (nekton dataset), while the fish 

predators were compared using the entire diet (complete dataset). We compared the diets 

of single predators between the two sampling years using the complete dataset for fish 

predators and nekton dataset for the murres.  Additionally, since samples were collected 

from different predators on different days, we chose to aggregate all diet samples 

(stomachs and bill loads) from a single predator for each calendar week into a sample 

unit. 

We used numerical abundances of prey to compare diets among predators rather 

than biomass for several reasons. We used an observational approach to determine murre 

diets and were unable to obtain measurements of prey biomass. Therefore, numerical 

abundance was the only metric common across all predators. To assess potential biases in 
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numerical abundance data, we compared count vs. biomass estimates of prey composition 

for the three fish predators where both metrics could be calculated.  

We combined data into ecologically relevant taxonomic categories for analysis; 

ten categories were used for the nekton dataset including all predators and fourteen prey 

categories were used in the complete dataset to compare diets of fish predators. Prey 

species or groups which occurred in ≤ 5% of the sample units were omitted from the 

analysis. Prey categories retained for analysis comprised ≥ 95% of the numerical 

composition of the diet. We summed the counts of prey species in each stomach or bill 

load collected during each week and then divided by the sample unit total such that each 

value in the matrix ranged from zero to 1. These values represented the proportion of the 

diet by abundance that each prey species represented during that week. We then 

transformed these data using the arcsine square root transformation to improve normality. 

We identified four potential outliers (>2 SD cutoff) in the complete dataset but none in 

the nekton only dataset. Although these outliers did not appear to be structuring the 

dataset, we chose to exclude all sample units composed of only a single stomach. Thus, 

two samples units were excluded from the complete dataset analysis. 

Statistical Analysis  

We employed a multivariate ordination technique, nonmetric multidimensional 

scaling (NMS, Kruskal 1964, Mather 1976), to reduce the dimensionality of the prey 

species data and allow for a visual representation of prey community structure among the 

different predator diets. We evaluated the dimensionality of ordinations using a scree plot 

of real data in relation to randomized data and by the evaluation of stress versus 

dimensionality of randomized Monte Carlo simulations. Instability was evaluated using 
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the final instability of the two dimensional solutions against the 10
-4

 value recommended 

by McCune & Grace (2002). Sørenson (Bray-Curtis) distance was used, except for the 

2011 nekton dataset for which no useful ordination was found using Sørenson distance 

and therefore we used relative Euclidean distance. In all cases we employed a random 

starting configuration with 50 runs using real data, with up to 200 iterations per run. 

We used nonparametric, multi-response permutation procedure (MRPP) to test the 

null hypothesis of no significant difference among predators and years (Mielke & Berry 

2001). We conducted global MRPP tests as well as pairwise tests. For all MRPP 

analyses, we used Sørenson’s distance to compare the similarity of sample units within a 

priori groups to the similarity of sample units across groups. MRPP assesses within and 

between group differences with a chance-corrected within group agreement (A-value) 

which ranges from -1 to 1. An A-value of zero signifies that the agreement of sample 

units within a group is equal to that which would be expected by chance, while a positive 

A-value indicates greater similarity within a group than among groups. Negative A-

values signify less similarity within a group than among groups. In ecological studies, it 

is common to have A-values of less than 0.1 that are significant and values of 0.3 or 

greater is considered high (McCune & Mefford 2011).  

We conducted indicator species analysis (ISA) (Dufrêne & Legendre 1997) to 

identify prey categories that reliably indicate sample unit membership within a particular 

predator species group (i.e. identify a particular sample unit as a Chinook sample). 

Indicator values are the product of the relative abundance and relative frequency of a prey 

category within a group. Therefore, indicator values represent both the exclusivity and 
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constancy of a prey category within a particular predator’s diet. The significance of the 

indicator value for each prey category was tested using 4999 Monte Carlo simulations. 

We also used ISA to identify prey categories shared among predators. Prey categories 

which did not significantly indicate group membership within any single predator’s diet, 

and had indicator values greater than 8% across multiple predators were considered 

shared prey categories. All multivariate statistical analyses were conducted using PC-

ORD v. 6.0 (McCune & Medford 2011) and the vegan package in R v. 2.14.1 (www.r-

project.org, Oksanen et al. 2011). 

Results 

Interannual Variation in Predator Diets 

Overall patterns in diet composition were similar for rockfish and halibut 

regardless of whether we used abundance or biomass as a metric (Figures 3.2 and 3.3). 

Salmon diet composition was different depending on the metric used, with fish prey de-

emphasized when using numerical abundance (Figure 3.4). Rockfish diets (55 taxa) 

differed in both prey abundance and frequency of occurrence between 2010 and 2011 

(MRPP, Count: A = 0.0465, p = 0.006; Occurrence: A = 0.1675, p < 0.0001). The 

strength of the difference between years was greater for the frequency of occurrence 

metric, suggesting that the difference may be driven by prey categories consumed 

frequently but in relatively small numbers. Several prey categories appeared to be driving 

the differences between years. Fish constituted a greater percentage of the black rockfish 

diets in the 2010, although the 2011 diets had a more diverse invertebrate component 

(Table 3.1). Pacific sand lance (Ammodytes hexapterus) was identified as key indicator 

prey for 2010, while a pelagic pteropod (Limacina helicina), krill (98.3% Thysanoessa 



53 

 

 

spinifera, 1.7% Euphausia pacifica,) and other crab larvae (48.2% Porcellanidae, 26.2 % 

Grapsidae, 16.2% Pinnotheridae, 8.2% Paguridae, 1% Diogenidae) were significant 

indicator prey categories for 2011 (Table 3.2). In both years black rockfish relied on a 

combination of fish and invertebrate prey, with invertebrate prey categories making up 

the largest component of the diet. Seasonally abundant larval invertebrates, such as 

cancrid crab megalopae, and juvenile and adult stages of pandalid shrimp and crangonid 

shrimp, as well as adult mysids were important shared prey items across black rockfish 

diets in both years. 

The diets of common murres (12 taxa) contained prey generally found close to 

shore, including smelts (Osmeridae), Pacific sand lance, and flatfishes 

(Pleuronectiformes) as well as more widely-ranging schooling coastal pelagic species 

such as Pacific herring (Clupea pallasii), Pacific sardines (Sardinops sagax), and 

northern anchovies (Engraulis mordax). Common murre diets differed in prey abundance 

between 2010 and 2011, but not in frequency of occurrence (MRPP, Count: A = 0.175, p 

= 0.0007, Occurrence: A = 0.025, p = 0.244). The lack of difference in frequency of 

occurrence between years is likely caused by relatively few prey categories used in the 

analysis (n= 10), and relatively large number of samples collected during each sampling 

week (n = 11-277), resulting in a diet matrix where most prey categories were present in 

each week of sampling. Clupeids and smelts were important prey in both years, with ISA 

values ranging between 38-62%. Smelts were identified as a key indicator prey category 

in 2010, whereas Pacific sand lance and flatfishes were identified as key indicator prey 

for 2011.   
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Salmon diets (17 taxa) did not differ between years (MRPP, A = 0.024, p = 

0.168). Krill (88.1% Euphausia pacifica and 11.8% Thysanoessa spinifera) were very 

important prey in both years. Juvenile rockfishes were found in higher numbers in 2010 

than 2011, following the same pattern observed in common murre diets. Cancrid crab 

megalopae and clupeids (85.3% Pacific herring, 13.3% Pacific sardine, and 1.3% 

American shad, Alosa sapidissima) were also found in higher numbers in 2010 compared 

to 2011. While invertebrates dominated the diet in terms of counts, clupeids and Pacific 

hake (Merluccius productus) formed an important contribution in terms of biomass in 

both years (>65%). 

Pacific halibut (37 taxa) showed more exclusive piscivory than the other 

predatory fish species examined (>85% fish). Pacific hake was the most common prey, 

comprising nearly half the diets in both years. Demersal flatfishes were also important in 

halibut diets, along with the more pelagic clupeids (54.2% Pacific herring, 38.9% Pacific 

sardine, 1.7% American shad, 5% unidentified clupeid).   

There were weak but significant differences in the entire prey community for 

rockfish, salmon, and halibut combined between the two years (MRPP, A = 0.027, p = 

0.016) and for the nekton community of all predators (MRPP, A = 0.034, 0.00017), 

suggesting that there were differences in at least some components of the prey 

community between the two years. 

Dietary Overlap of Fishes 

Two dimensional NMS ordinations of fish predator diets in 2010 and 2011 

explained 88.2% and 95.9% of the variance in the diets, respectively. These ordinations 

revealed similar general patterns, but some differences were observed in dietary overlap 
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between the two years (Fig. 3.5). In both years, axis 1 captured a greater amount of the 

variance in the original diet matrix (2010: r
2
 = 0.67; 2011: r

2 
= 0.77), whereas axis 2 

accounted for a relatively small portion of the variance (2010: r
2
 = 0.21; 2011: r

2 
= 0.18). 

Based on the positions of prey species centroids, axis 1 appears to be capturing a gradient 

in prey sizes from smaller, planktonic prey to larger nektonic prey higher while axis 2 

captured variation that is less clearly interpretable. Black rockfish diet samples ordinated 

low on axis 1 and near the mid-point of axis 2 in both years, but were more tightly 

clustered in 2011. Salmon and halibut diets showed greater spread among sample units 

and greater overlap in 2011 compared to 2010.   

When all predators were included in the analysis, the three fish predators showed 

significant dietary specialization in both years, with greater difference observed among 

predators in 2011 (MRPP, 2010: A = 0.361, p < 0.0001, 2011: A = 0.396, p < 0.0001). 

Pair-wise comparisons of fish predator diets revealed significant differences among all 

predators, although the differences were stronger (A > 0.3) between rockfish and other 

fish predators than between salmon and halibut (Table 3.2). Pairwise MRPP results also 

reinforced our interpretation of an increase in dietary overlap between salmon and halibut 

in 2011, with a lower A-value and a higher, though still significant, p-value compared to 

2010 (Table 3.2). 

Indicator prey categories for black rockfish were invertebrate prey, including 

Cancer spp., shrimps, mysids, other crab larvae, and small zooplankton (Table 3.3). Prey 

that indicated salmon diets were of intermediate and larger size, including krill in both 

years, and osmerids and clupeids in 2010. Larger, nektonic prey categories indicated 
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halibut diets, particularly gadiformes (100% Pacific hake, Merluccius productus, when 

identifiable) during both years and cephalopods, clupeids, and flatfishes in 2011. Juvenile 

rockfishes (Sebastes spp.) were shared prey items across all predatory fish in both years. 

In 2010, Pacific sand lance was shared between rockfish and salmon, and cephalopods 

were shared between salmon and halibut (Table 3.3).  

Dietary Overlap of Nekton Component of All Predator Diets 

The positions of rockfish, salmon, and murre diets in NMS ordinations of the 

nekton components among predator diets for 2010 and 2011 were different (Fig. 3.6). 

These two dimensional ordinations explained 73.4% and 70.8% of the variance in the 

diets in 2010 and 2011, respectively. Similar to the ordinations of fish predator diets, axis 

1 captures a greater amount of the variance in the original diet matrix in both years (2010: 

r
2
 = 0.44; 2011: r

2 
= 0.39), and axis 2 accounts for a smaller portion of the variance 

(2010: r
2
 = 0.21; 2011: r

2 
= 0.18). Again, axis 1 appears to explain a gradient in prey size 

with sample units containing smaller prey located lower on axis 1, while larger prey were 

higher on axis 1. Black rockfish diets cluster low on axis 1 in both years, but extend 

further along axis 1 in 2011 compared to 2010. There is also a linear pattern to the 

rockfish samples in 2011 that is not present in 2010. This linearity does not appear to be 

associated with any seasonal progression in nekton prey of rockfish, but more likely 

related to the smaller number of samples that contained nekton prey in 2011 compared 

with 2010. Interestingly, salmon diets ordinate highest on axis 1 in 2010, but halibut diets 

are positioned higher on axis 1 in 2011. There appears to be overlap in nekton consumed 

between these two predators in both years, but greater overlap in 2010 in contrast to the 

previous results including all dietary components. Common murre diets ordinate in an 
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intermediate position between rockfish and other fish in both years, but with more 

overlap with halibut in 2010. Murre diets ordinated somewhat parallel to black rockfish 

diets in 2011, but lower on axis 2. 

All predators showed significant specialization in nekton prey species in both 

years when all predators were included in the analysis (MRPP, 2010: A = 0.262, p < 

0.0001, 2011: A = 0.293, p < 0.0001). Again, pairwise comparisons of predators revealed 

changes in dietary overlap among predators between years. In 2010, we did not detect 

any significant difference between the nekton components of salmon and halibut diets, 

which reinforces the findings of overlap between these predators in the NMS ordination 

(Table 3.4, Fig. 3.6). Although the NMS ordination suggested overlap between salmon 

and halibut diets in 2011 as well, the MRPP analysis did not confirm those results. 

Rather, we found that the nekton components of these predators’ diets were significantly 

different in 2011 although the difference was not very strong (Table 3.4, A-value < 0.3). 

In contrast to the results for fish only, where we found several strong differences (A > 

0.3) in pairwise comparisons, the only strong difference in the nekton components of 

predator diets was found between halibut and murres in 2011. Pairwise comparisons of 

rockfish diets with other predators showed roughly equivalent specialization in both 

years. 

A number of prey categories are associated with these differences in the nekton 

components of predator diets (Table 3.5). Indicator nekton for black rockfish were 

smaller fish, generally found closer to shore including larval sculpins (Cottidae) in 2010 

and Pacific sand lance in 2011. Clupeids, often considered more schooling pelagic prey, 
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indicated salmon diets in 2011. Gadiformes, primarily Pacific hake, indicated the halibut 

diets in both years. Common murres had the most indicator nekton categories in both 

years. Pacific sand lance, squids and octopus, smelts and other fishes were indicators in 

2010.  Smelts and squids and octopus were indicators for murre diets again in 2011. 

Rockfishes (juvenile and adult, Sebastes spp.,) were a shared prey item across all 

predators in both years, though they had relatively low indicator values for salmon. 

Flatfishes were shared among all predators in 2010 and between halibut and murres in 

2011. Clupeids were shared among murres, salmon and halibut in 2010, while sculpins 

were shared between rockfish and murres, and northern anchovies were shared among 

murres and salmon in 2011.  

Discussion 

We hypothesized that there would be differences in diet composition between the 

two sampling years, which was only partially supported. Differences between the two 

sampling years were detected in half of the predator diets examined. Black rockfish and 

common murre diets differed between the two years, while no difference was detected in 

Chinook salmon and Pacific halibut diets.  This finding suggests that differences in 

environmental conditions did not impact predators uniformly. Overall specialization was 

observed in both years, but this separation was not equal across both years, as we found 

with the pairwise MRPP analysis. Greater separation among diets was observed when the 

entire suite of diet components was considered for the analysis of rockfish, salmon and 

halibut diets. Separation was less dramatic, though still significant in most cases, when 

the smaller, invertebrate components of the diet were excluded from the analysis. Our 

results from the NMS ordination were generally confirmed through pairwise comparisons 
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of predator diets. Overall, although we did not have independent sampling of available 

prey during our study, it appears that no single prey category was overly abundant during 

either year of our study period, and therefore we observed limited niche overlap. 

Salmon and halibut diets present a special case. There were obvious differences in 

the dominant components of their diets, with salmon feeding on krill and halibut 

consuming large numbers of Pacific hake, yet they showed opposite trends in degree of 

overlap depending on whether we considered the entire suite of diet components or just 

nekton diet components. When all parts of the diet were included in the analysis, we 

observed increased overlap (decreased specialization) in 2011, supporting our initial 

hypothesis of greater diet overlap during a La Niña year. When only the nekton diet 

components were considered, however, it appeared that overlap decreased in 2011 

compared to 2010. One possible explanation for these seemingly conflicting results is the 

slight increase in similar invertebrate species consumed by halibut and salmon in 2011 

may have led to more overlap, whereas the decreased occurrence of nekton prey in the 

salmon diets and increased occurrence in halibut diets in 2011 may have reduced the 

degree of overlap simply because there were fewer prey items with which to compare the 

similarity of these predators.  

We also detected a decrease in overlap in the nekton components of murre and 

halibut diets in 2011, which was the opposite of what we hypothesized. Despite an 

increase in flatfish in murre diets in 2011 to a similar level as found in halibut diets, 

differences in many other nekton components of these predators’ diets drove increased 

specialization. In many ways, this demonstrates that overlaps in a single prey type will 
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not overshadow differences in many other prey categories. It also underscores our 

findings in the overlap in nekton components of salmon and halibut diets, and perhaps 

suggests that examining the entire suite of dietary components captures a different set of 

responses to environmental variability than the nektonic components alone. 

Ocean conditions suspected to drive differences in predator diets did vary 

between our sampling years, yet it appears that the environmental perturbations were not 

severe enough to cause changes in all predator diets. Several important basin-scale, 

physical oceanographic indices that are known to affect prey abundance in the California 

Current System showed phase shifts between our sampling years (Bjorkstedt et al. 2011). 

However, these phase shifts did not occur in similar directions, thus precluding stronger, 

additive affects. The Multivariate El Niño/Southern Oscillation Index (MEI) and the 

Pacific Decadal Oscillation (PDO) tracked one another, although neither year was 

strongly anomalous (MEI: http://www.esrl.noaa.gov/psd/enso/mei/, PDO: 

http://jisao.washington.edu/pdo/). Both the MEI and PDO showed positive anomalies 

during the early part of 2010, switching to negative anomalies in May and June 2010 and 

remaining negative, consistent with a switch from a relatively weak to moderate El Niño 

to a strong La Niña event in 2011(Bjorkstedt et al. 2010).  

The North Pacific Gyre Oscillation (NPGO, Di Lorenzo et al. 2008), however, did 

not show similar timing in transition and may have dampened the biological effects of 

changes in MEI and PDO between years. The NPGO tracks the strength of the gyre 

circulation in the North Pacific and is closely associated with the strength of the 

California Current; positive NPGO values have been associated with a strengthening in 



61 

 

 

gyre circulation and strength of the California Current and increased productivity 

throughout the California Current (http://www.o3d.org/npgo/, Bjorkstedt et al. 2011). 

Recent findings have also found strong correlations between NPGO and the timing of the 

spring transition in the California Current, with profound effects on productivity during 

the summer months (Chenillat et al. 2012). Studies suggest that in recent years the NPGO 

may have stronger influences on the California Current ecosystem than the PDO (Di 

Lorenzo et al. 2008, Chenillat et al. 2012). Despite a switch from El Niño to La Niña 

conditions in 2010, NPGO remained positive, then switched to negative in early 2011. 

Hence, during generally low productivity El Niño conditions in the California Current, 

there was confounding NPGO conditions that favor productivity, and vice versa during 

the La Niña year. Negative NPGO values observed during 2011, however, were not as 

strong as previous observations during low productivity conditions, such as during 2005. 

Overall, the El Niño and La Niña conditions occurring during our sampling appeared to 

have had modest effects on the system (Bjorkstedt et al. 2011). Despite arguably subtle 

physical oceanographic differences between our two sampling years, we were able to 

detect biological responses using a multi-predator approach. 

Select components of predator diets corresponded with expected patterns of warm 

and cold water associated species under the shift between El Niño and La Niña 

conditions. Juvenile Sebastes spp. were observed in higher numbers in rockfish and 

murre diets during El Niño compared to La Niña the following year, concurrent with 

anomalously high densities of juvenile rockfishes in larval/juvenile fish surveys off 

Oregon and Washington in 2010 (Brodeur et al. 2011, Auth, unpublished data). During 
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warm, low-upwelling years, juvenile rockfishes normally found beyond the shelf break 

off Oregon appeared to be more abundant in coastal waters (Brodeur et al. 2011) and 

become more common in predator diets (Daly et al. In prep), although this prey resource 

was not so abundant that it impacted overall dietary overlap. In contrast, a subarctic 

pelagic pteropod (Limacina helicina) was found in black rockfish diets during the cooler 

La Niña conditions. Common murre diets closely followed predicted changes, with taxa 

with cold water affinities such as Pacific sand lance increasing in the diets under La Niña 

conditions. Our results were also consistent with what would be expected in larval crab 

species composition for these two contrasting years. We observed higher abundances in 

Dungeness crab megalopae (Cancer magister) in salmon and rockfish diets in 2010, 

which are associated with early spring transitions and by extension positive NPGO 

(Shanks and Roegner 2008, Chenillat et al. 2012). Pagurid, porcellanid, and grapsid crab 

larvae were more numerous in black rockfish diets in 2011, coincident with a later spring 

transition, and negative NPGO (Shanks and Roegner 2008, Chenillat et al. 2012).  

We did not detect differences in the diets of salmon and halibut between the two 

years, but the usefulness of these predators as indicators of changes in prey communities 

should not be discounted. These predators have access to a broader range of available 

prey sizes, and can seek favorable prey conditions through active searching over larger 

areas during foraging. Therefore, changes in salmon and halibut diets might signal when 

environmental conditions make large departures from average conditions, which we did 

not encounter during our short sampling period. Our ability to understand food web 

structure and function depends on understanding predator responses to both small and 
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large perturbations as well as variability within a normal range (Wells et al. 2008). 

Predators with relatively consistent diets from year to year may also provide a useful way 

to track food web variability that occurs at much longer (multi-year and decadal) 

temporal scales. If fisheries managers wish to track interannual fluctuations in the 

difficult to sample near shore prey communities, including juvenile rockfishes and Pacific 

sand lance, then examining the diets of murres and near shore rockfishes may provide a 

relatively low cost way to do so. Long term changes in the marine food web are 

especially important to track and understand in light of predicted effects of continued 

commercial harvest of marine predators, ocean acidification, and global climate change 

(Field et al. 2006, Ruzicka et al. 2012). 

Sebastes spp. were an important shared prey item among predators in both years, 

highlighting the importance of rockfishes as prey at several different life stages (larval, 

juvenile and adult) and over a wide range of body sizes (see also Mills et al. 2007). 

Rockfishes and flatfishes were shared among some predators in both years, suggesting 

that rocky reef and benthic associated prey can be an important resource when more 

ephemeral patches of coastal pelagic fish species may be unavailable. Our findings are 

similar in some ways to recent studies of lingcod (Ophiodon elongatus) diets off the 

Oregon coast (Tinus 2012) and pigeon guillemot (Cepphus columba) diets in Kachemak 

Bay, Alaska (Litzow et al. 2002). Rockfishes and other reef associated prey were a small, 

but relatively consistent component of the lingcod diet, whereas transient pelagic prey 

made up a higher proportion of the diet but varied by study site and season (Tinus 2012). 
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Likewise, demersal fishes were a reliable prey source when more pelagic, lipid rich prey 

were unavailable for pigeon guillemot (Litzow et al. 2002). 

Although all predators share somewhat similar life history characteristics as 

medium to large bodied, generalist predators, there may also be important differences in 

their foraging flexibility under variable environmental conditions (Ainley et al. 2002, 

Dufault et al. 2009). Predator species in our study with more constrained foraging areas 

and smaller body sizes, the common murre and black rockfish, had significant dietary 

differences between the two years of sampling. Black rockfish are associated with rocky 

reef substrates, are relatively slow swimmers, and have limited home ranges (Parker et al. 

2007, Hannah and Rankin 2011). Murres are central place foragers during the breeding 

season, remaining within 45-60 km of the breeding colony and typically diving to 20-40 

m depth (max distance 135 km, max depth 152 m; Hatch et al. 2000, Hedd et al. 2009). It 

is possible that murres could be foraging much closer to shore in some years, further 

reducing their foraging area. These morphological and life history constraints may reduce 

the area available to rockfishes and murres for finding prey, perhaps tightening the 

relationship between prey species found in these predators diets and overall availability 

of prey species in the marine environment.   

We expected greater dietary overlap than we observed, as previous studies had 

found that schooling fishes such as herring, smelts, flatfishes, and juvenile rockfishes 

were important prey for all the predators in our study (Steiner 1979, Brodeur and Pearcy 

1992, Dufault et al. 2009). Differences between our findings and previous studies on food 

habits were especially pronounced for black rockfish. Steiner (1979) found that black 
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rockfish diets during the summer months near Depoe Bay, Oregon were dominated by 

smelts, flatfishes, rockfish, and mysids. Black rockfish in the late 1970’s were primarily 

consumers of nekton, while we observed that current rockfish diets are dominated by 

planktonic or micronektonic invertebrate prey. It remains unclear whether the differences 

between historic rockfish diets and current rockfish diets are related to long term 

reorganization of the food web or just stronger short term variability than we observed 

during this study. Examining a suite of marine predator diets revealed a more nuanced 

and complex understanding of interannual shifts in the prey community than any single 

predator studied in isolation. Periodic monitoring of predator diets through collaborative 

fisheries research would help in answering these questions and could provide information 

on prey populations that could enhance our understanding of food web dynamics under 

varying oceanographic regimes and, thereby, aid in adaptive management of this highly 

productive system.   
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* One outlier sample was excluded from these unstandardized data, but was retained in the statistical analyses.

  Table 3.1.  Predator diets summarized in the broad taxonomic categories used for comparisons of diets between years and among predators. All 
values shown as percent count, which is the count of the individuals in a prey category divided by the total number of individual in a predator's diet in 
a single year.  Sample size (n) refers to stomachs containing identifiable prey, or identifiable murre bill loads.     

  
        

  

  
 

Black rockfish Chinook salmon 
 

Pacific halibut 
 

Common murre   

  

 

2010 2011 
  

2010 2011 
  

2010 2011 
  

2010 2011   

  
        

  

  n  230 258 
 

62 28* 
 

62 138 
 

585 304   

  Taxa                         

  Small Zooplankton (Amphipoda, Cumacea, Isopoda) 3.37% 7.13% 
 

0.00% 0.42% 
 

0.00% 0.00% 
 

0.00% 0.00%   

  Krill (Euphausiidae) 0.26% 2.90% 
 

51.78% 54.85% 
 

0.00% 0.00% 
 

0.00% 0.00%   

  Pelagic pteropod (Limacina helicina) 0.00% 3.23% 
 

0.00% 0.00% 
 

0.00% 0.00% 
 

0.00% 0.00%   

  Mysids (Mysidacea) 47.76% 23.77% 
 

0.00% 9.28% 
 

0.00% 0.00% 
 

0.00% 0.00%   

  Cancer crabs (Cancer spp.) 34.69% 44.39% 
 

22.17% 8.44% 
 

0.00% 3.65% 
 

0.00% 0.00%   

  
Other Crab larvae (Porcellanidae, Paguridae, Diogenidae, 
Pinnotheridae, Grapsidae) 2.31% 16.98% 

 
0.00% 0.00% 

 
0.00% 0.00% 

 
0.00% 0.00%   

                Shrimps (Caridea) 10.52% 4.23% 
 

0.00% 0.00% 
 

0.91% 1.09% 
 

0.00% 0.00%   

  Squid and Octopus (Cephalopoda) 0.04% 0.00% 
 

1.86% 0.42% 
 

2.73% 6.93% 
 

0.68% 2.96%   

  Herring, Sardine, Shad (Clupeidae) 0.01% 0.00% 
 

10.23% 3.80% 
 

23.64% 11.68% 
 

7.01% 12.17%   

  Salmon (Oncorhynchus spp.) 0.00% 0.00% 
 

0.00% 0.00% 
 

0.00% 0.00% 
 

0.17% 1.97%   

  Smelts (Osmeridae) 0.00% 0.27% 
 

2.79% 12.66% 
 

0.00% 0.00% 
 

71.79% 36.18%   

  Hake and Cods (Gadiformes) 0.00% 0.01% 
 

2.64% 3.80% 
 

49.09% 45.26% 
 

0.85% 0.66%   

  Rockfishes (Sebastes spp.) 0.43% 0.07% 
 

6.36% 3.38% 
 

4.55% 9.85% 
 

12.65% 0.99%   

  Pacific sand lance (Ammodytes hexapterus) 0.37% 0.01% 
 

2.17% 1.27% 
 

0.00% 0.00% 
 

2.74% 16.45%   

  Flatfishes (Pleuronectiformes) 0.17% 0.05% 
 

0.00% 1.69% 
 

18.18% 19.71% 
 

1.88% 23.36%   

  
Other fishes (Cottidae, Liparidae, Hexagrammidae, 
Engraulididae, Agonidae, Chimaeridae,  Petromyzontidae) 0.06% 0.20% 

 
0.00% 0.00% 

 
0.91% 1.82% 

 
2.22% 5.26%   
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 Table 3.2. Pair-wise comparisons of fish predator diets in 2010 and 

2011 using multi-response permutation procedure. A-values 
designated with a * indicate significant (* for p < 0.05, ** for p < 
0.01, *** for p < 0.001) differences between predators. Strong 
differences (A > 0.3) are highlighted in bold. 

 

  
 

Chinook Salmon Pacific Halibut 
 

2010 

Black Rockfish 0.302*** 0.369*** 

Chinook Salmon  0.15*** 

2011   

Black Rockfish 0.306*** 0.431*** 

Chinook Salmon  0.089* 
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Common Name

Black 

rockfish

Chinook 

salmon

Pacific 

halibut

Black 

rockfish

Chinook 

salmon

Pacific 

halibut

Pacific sand lance 21 16 0 0 15 0

Cancrid crabs 75 8 0 68 7 4

Shrimps 93 0 1 87 0 4

Squids and Octopus 0 10 14 0 2 72

Herring, Sardine and Shad 0 56 31 0 29 47

Hake and Cods 0 5 86 0 25 52

Other crab larvae 7 0 0 76 0 0

Krill 3 43 0 25 60 0

Mysid Shrimps 87 0 0 86 2 0

Smelts 0 40 0 1 29 0

Other fishes 5 0 11 48 0 11

Flatfishes 4 0 27 2 14 66

Rockfishes 8 21 24 2 12 37

Small Zooplankton 73 0 0 85 2 0

2010 2011

Table 3.3.  Indicator Values (%) for each prey category in the 2010 and 2011 comparison of 

fish predator diets.  Significant indicator values (p < 0.05) are shown in bold, with prey 

categories shared among predators indicated by boxes.
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Chinook Salmon Pacific Halibut Common Murre

Black Rockfish 0.14*** 0.231*** 0.251***

Chinook Salmon -0.011 0.128**

Halibut 0.289***

Chinook Salmon Pacific Halibut Common Murre

Black Rockfish 0.16*** 0.274*** 0.278***

Chinook Salmon 0.138*** 0.162***

Halibut 0.385***

2010

2011

Table 3.4. Pair-wise comparisons of all predator diets in 2010 and 2011 

using multi-response permutation procedure (MRPP).    A-values 

designated with at * indicate significant (* for p < 0.05, ** for p < 0.01, *** 

for p < 0.001) differences between predators. Strong differences (A-

values > 0.3) are highlighted in bold.
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Common Name

Black 

rockfish

Chinook 

salmon

Common 

murre

Pacific 

halibut

Black 

rockfish

Chinook 

salmon

Common 

murre

Pacific 

halibut

Pacific sand lance 0 3 75 0 54 5 18 0

Squids and Octopus 0 0 67 0 0 0 57 0

Herring, Sardine and Shad 0 23 25 29 0 45 20 23

Sculpins 83 0 3 0 12 0 12 0

Northern anchovy 0 5 36 0 2 14 20 0

Hake and Cods 0 24 1 50 0 5 4 80

Smelts 2 9 59 0 0 10 76 0

Other fishes 1 0 44 16 3 0 3 16

Flatfishes 9 11 24 35 6 0 18 15

Rockfishes 12 8 34 15 26 9 25 14

2010 2011

Table 3.5.  Indicator Values (%) for each prey category in the 2010 and 2011 comparison of all predator diets.  

Significant indicator values (p < 0.05) are shown in bold, with prey categories shared among predators are 

shown in boxes.
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Figure 3.1. Map of study area showing foraging range of murres and general collection 

areas for fishes. The 200 m continental shelf break depth contour is shown. 
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Figures 3.2a & 3.2b. Black rockfish diets, shown as percent of total biomass (2a) and count (2b). 
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Figure 3.3a & 3.3b.  Pacific halibut diets, shown as proportion of total biomass (3a) and counts (3b). 
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Figure 3.4a and 3.4b.  Chinook salmon diets, shown as proportion of total biomass (4a) and count (4b). As in Table 1, one outlier 

sample was excluded from 2011 in these unstandardized data, but was retained in the statistical analyses using standardized data.
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Figure 3.5. Non-metric multidimensional scaling ordinations of prey counts for fish 

predators, aggregated to weekly intervals by predator for 2010 and 2011. All identifiable 

prey were included in the analysis. The coordinates of some sample units in these 

ordinations are the same, such that they are not visibly separated. 

 

 

 
Figure 3.6. Non-metric multidimensional scaling ordinations of prey counts for all 

predators, aggregated to weekly intervals by predator for 2010 and 2010. Only teleost and 

cephalopod prey were included in the analysis. The coordinates of some sample units in 

these ordinations are the same, such that they are not visibly separated. 
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CHAPTER 4 – SYNOPSIS AND CONCLUSIONS 

Research Aims 

I set out to examine the responses of middle and upper trophic level marine 

predators to changes in oceanographic conditions, as measured through diets. My 

approach included a time series (n = 10 years) of a single predator’s diet, the common 

murre, as well as a shorter study (n = 2 years) to examine interannual variation and 

dietary overlap between murres and three other marine predators. The study of murre 

diets over 10 years (Chapter 2) allowed for an examination of the interaction between 

basin and local scale environmental variables and their influence on murre diets, as well 

as changes in murre phenology and reproductive success relative to diet. My examination 

of dietary overlap among multiple forage fish predators, common murres, black rockfish, 

Chinook salmon, and Pacific halibut during two years of contrasting oceanographic 

conditions (Chapter 3) shed light on the range of responses among predators to changes 

in oceanographic conditions and shifts in dietary overlap. 

Primary Findings 

My analysis in Chapter 2 revealed that both basin and local scale physical and 

biological drivers impact common murre diets. The overall pattern in murre diets were 

most correlated with the three most abundant dietary components.  Sampling years fell 

along a tri-lateral gradient formed by clupeids, smelts, and Pacific sand lance components 

of the diet. Both temperature and surface wind related basin scale indices were correlated 

with murre diets. Local scale physical and biological indices also showed strong 

correlations with murre diets. These findings suggest that common murre diets are a 

sensitive metric to changes in environmental conditions and provide an easy to monitor 
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“bottom up” indicator of annual changes in coastal forage fish prey assemblages affecting 

breeding conditions that is independent of “top-down” effects on common murre 

populations.  I also found that murre reproductive phenology and success were related to 

murre diets, although these relationships were not as strong as those found between murre 

diets and environmental drivers.   

In Chapter 3, I found that changes in oceanographic conditions between years 

resulted in strong shifts in diets of smaller, more area restricted predators, but more stable 

diets in larger, more mobile predators. The analysis of dietary overlap among teleost 

predators using the full suite of dietary components revealed strong separation among 

predator diets. Separation was less dramatic, though still significant in most cases, when 

diet overlap analysis was constrained to only forage fish prey. Greater dietary overlap 

between salmon and murres in a year when murre diets had anomalously high levels of 

near shore smelts leads to speculation that salmon may have been caught foraging closer 

to shore or these near shore species were more widely distributed in 2010 than 2011. The 

impact of contrasting El Niño vs. La Niña conditions on predator diets appeared more 

subtle than hypothesized, however, using multiple predators across diverse taxa to track 

changes in prey communities provided a way to detect seemingly subtle changes in prey 

communities and can contribute to more comprehensive understanding of food web 

dynamics and ecosystem indicators. 

Contributions and Future Directions 

This study provides a novel contribution to research on marine food webs in the 

Northern California Current in several ways. I demonstrated the feasibility of 

collaborating with a network of recreational, charter, and commercial fishermen to obtain 
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diet samples using an opportunistic sampling approach to leverage efforts of fishermen. 

Project CROOS has pioneered this approach in west coast ports to collect data on genetic 

stock identification, but only collected data on salmon diets as a small, one year pilot 

study (www.projectcroos.com, Weitkamp, unpublished data). I expanded on this existing 

network to include charter and recreational fishermen and several additional fish species, 

demonstrating that studies on predator diets can be conducted on a relatively small 

research budget. 

My study provides updated information on the diets of common murre, black 

rockfish, Chinook salmon, Pacific halibut as well as data on interannual fluctuations in 

common murre diets over a 10 year time series. In the service of improving ecosystem 

based fisheries management there has been an increasing emphasis on understanding 

interannual fluctuations in trophic interactions between species targeted by fisheries and 

non-target species (Field and Francis 2006, Risien 2009, Lester et al. 2010). There has 

been much emphasis and research investigating the usefulness of seabirds as indicators, 

but also critiques on the limitations of this approach as well (Cairns 1987, Piatt et al. 

2007, Parsons et al. 2008, Durant et al. 2009). Our results provide some support to the 

idea that seabirds can provide useful information about changes in the marine 

environment, but also highlight that the inclusion of multiple predators adds value to 

these types of investigations. While short term studies of multiple predators’ diets can 

provide insight for future research, it is important to recognize the value of longitudinal 

studies for evaluating ecosystem change. The importance of such long-term research 

efforts are becoming more widely recognized, yet it is still difficult to obtain research 
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funding and thus long-term studies are severely lacking for seabirds and other middle and 

upper trophic level predators in the Northern California Current. Outside of research 

efforts on the interactions between seabird and salmonids on the Columbia River, 

Yaquina Head is unique as the only coastal seabird research site in Oregon. It would be 

beneficial to add additional predators to the suite of research activities at this site, even if 

it can only be sustained on a small scale. These data can be incorporated in to marine 

ecosystem modeling efforts similar to Ruzicka (2012), and can inform efforts to expand 

ecosystem based fisheries management in the CCLME. My research serves to fill a small 

portion of this gap in our scientific understanding of ecosystem function.   
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APPENDIX 1. 

Predator
Prey Category

Isopoda GAMMARIDAEGammaridae
Cumacea
Amphipoda

Gammaridae
Hyperiidae

Krill Euphausia pacifica Euphausia pacifica
Thysanoessa spinifera Thysanoessa spinifera

Pelagic Pteropod Limacina helicina Limacina helicina
Emerita analoga Anoplopoma fimbria
Homalopoma baculum
Olivella biplicata

Cnideria

Salpa
Mysidae Mysidae

Alienacanthomysis macropsis Neomysis rayii
Archaeomysis grebnitzkii
Exacanthomysis davisi
Holmesimysis sculpta
Neomysis mercedis
Neomysis rayii
Xenacanthomysis pseudomacropsis
Cancer spp. CANCERCancer spp. Cancer spp.
Cancer magister CANCER MAGISTERCancer magister Cancer productus

Diogenidae
Porcellanidae

Pachycheles pubescens
Petrolisthes eriomerus

Grapsidae
Hemigrapsus oregonensis

Paguridae
Pagurus spp.
Pagurus ochotensis

Pinnotheridae
Fabia subquadrata

Acantholithodes hispidus
Chorilia longipes
Lopholithodes foraminatus

Caridea Pandalus danae
Crangonidae Pandalus jordani

Crangon alaskensis Pandalus platyceros
Crangon dalli
Crangon stylirostris

Pandalidae
Pandalus danae

Nemertea Phrixocephalus cinncinatus
Polychaeta

Loligo opalescens LOLIGO OPALESCENSLoligo opalescens Rossia pacifica Loligo opalescens
Loligo opalescens
Enteroctopus dofleini

Clupea pallasi Clupea pallasi Clupea pallasi Clupeidae
Alosa sapidissina Alosa sapidissina
Sardinops sagax Sardinops sagax

Hake and cods Merluccius productus Merluccius productus Merluccius productus Gadiformes

Smelts Allosmerus elongatus Allosmerus elongatus Allosmerus elongatus
Sebastes spp. Sebastes spp. Sebastes spp. Sebastes spp.

Sebastes helvomaculatus
Sebastes melanops
Sebastes zacentrus
Sebastolobus alascanus

Pacific sandlance Ammodytes hexapterus Ammodytes hexapterus Ammodytes hexapterus
Pleuronectiformes Pleuronectiformes Pleuronectiformes Pleuronectiformes

Citharichthys spp. Citharichthys spp.
Citharichthys sordidus Citharichthys sordidus
Lepidopsetta bilineata Parophrys vetulus
Parophrys vetulus Atheresthes stomias
Psettichthys melanostictus Eopsetta exilis

Glyptocephalus zachirus
Lyopsetta exilis
Microstomus pacificus

Cottidae Engraulis mordax Ophiodon elongatus Cottidae
Hemilepidotus spinosus Agonopsis vulsa Engraulis mordax

Liparidae Hydrolagus colliei Onchorhynchus spp.
Hexagrammidae Lampetra tridentata

Ophiodon elongatus
Agonidae

Stellerina xyosterna
Engraulis mordax

Other Plantae Plastic

Herring, Sardine, and 

Shad

Rockfishes

Flatfishes

Other fishes

Shelf/Slope crabs

Shrimps

Other invertebrates

Squids and Octopus

Chinook salmon Pacific halibut Common Murre

Appendix 1.  Taxonomic identity of prey species grouped to more general prey categories for analysis, shown by predator.   If there 

were no instances of a prey category within the diet of a predator, that entry has been left blank.

Small Zooplankton

Black rockfish

Gastropods

Gelatinous 

Zooplankton

Mysids

Cancer crabs

Other Crab larvae



 

 

 

 

 


