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The lingcod (Ophiodon elongatus) is an important groundfish species in both 

recreational and commercial fisheries of the Northeastern Pacific.  It is a large, fast-growing, 

generalist predator of invertebrates and fishes.  In response to concerns that lingcod may 

limit populations of rockfishes (Sebastes spp.), I compared the diets of 375 adult lingcod from 

two locations on nearshore reefs along the Oregon Coast with estimates of relative prey 

availability from dive surveys.  Juvenile and adult rockfishes of relatively site-attached species 

were the most abundant potential prey observed in dive surveys, yet they were the least 

preferred prey type as determined by Johnson’s (1980) preference analysis.  In contrast to 

the transient, pelagic fishes that comprised 46% of lingcod diet by number, rockfishes 

comprised only 4.7% of prey items.  The implication for marine reserves being considered 

along the Oregon Coast is that lingcod are unlikely to be a major threat to protected rockfish 

stocks.  However, current preference models that assume unconstrained capacity (the sum 

of factors that reduce consumption) and equivalence between abundance and availability 

perform poorly when comparing among many prey types because of scale distortion (where 

relative consumption is compared with unrealistic levels of prey availability) and large and 

uneven bias in prey availability measures.  By assuming capacity constraints based on 

maximum observed use prey availability can be more realistically described, and problems of 



 
 

scale distortion and prey abundance/availability mismatch that occur with resource 

preference models can be solved.  The inclusion of resource capacity with a preference index 

has important advantages when analyzing the resource use of a habitat and prey generalist.  

Additionally, a standard prey selection model is presented that includes a binary probability 

term to characterize a fundamental difference between transient and resident prey types. 

This two-model approach described here is robust to un-aggregated inputs (raw data 

including zeros) and makes more efficient use of typical field data.  For example, this 

approach provides indirect evidence that lingcod display inverse frequency-dependent prey 

selection.  The two-model approach, when applied to lingcod, provides insight into the likely 

outcome of changes in prey abundances with respect to predator-prey relationships.  
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Description and Analysis of Dietary Preference of Lingcod in the 

Nearshore Zone, Oregon 

 

CHAPTER 1 

 

Introduction 

 

The diets of fishery species provide necessary information for understanding food 

web structure, an important requirement for ecosystem-based fisheries science and 

management (Francis et al. 2007).  In chapter 2, I describe the diet of lingcod (Ophiodon 

elongatus Girard).  The Lingcod is targeted by both recreational and commercial fishers along 

the West Coast of North America. The 2000 stock assessment of lingcod from British 

Columbia to northern California estimated biomass at 11% of pre-commercial exploitation 

levels (Jagielo et al. 2003) and management substantially reduced fishing mortality to allow 

recovery of this stock.  By 2006, lingcod stocks were declared fully recovered by the Pacific 

Fisheries Management Council.  Lingcod are large (up to 152 cm TL and 59 kg) and fast-

growing.  They are relatively site-attached, demersal piscine predators on shallow 

northeastern Pacific rocky reefs.  They roam across both rocky and soft-bottom habitats over 

distances of at least hundreds of meters, yet they demonstrate a high degree of site fidelity 

for time scales of at least weeks to months (Jagielo 1990; Smith 1990; Mathews 1992; 

Yamanaka and Richards 1993; Jagielo et al. 1999a; Starr et al. 2004).  

Although lingcod population dynamics have been studied from a fisheries 

perspective (Jagielo et al. 2003), very little is understood about how this predator affects the 

structure of fish populations and assemblages on rocky reefs.  A previous study of diet and 

habitat associations of demersal fishes on nearshore reefs along the Oregon Coast 
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documented 282 adult lingcod consuming 27 identifiable species of fish and invertebrates.  

Of those 134 prey items, no adult rockfishes were identified and the contribution to total 

biomass by all rockfish prey was less than 1% (Steiner 1979).  However, no lingcod studies 

have described diet in relation to prey abundance.  In order to assess differential selection, 

and thus characterize what prey types will most likely be selected, there must be an estimate 

of prey availability relative to consumption (Manley et al. 2002).  In chapter 3, using lingcod 

diet and prey abundance estimates off the coast of Oregon, I addressed the following 

questions: (1) Do lingcod prefer particular prey species? (2) Do lingcod preferentially target 

rockfishes?   

There are no published studies of lingcod diet in the unprotected nearshore zone of 

Oregon, which is distinct from U.S. study sites in California (Wilby 1937; Miller and Geibel 

1973), Puget Sound, Washington, and British Columbia, Canada (Cass et al. 1990; Haggarty et 

al. 2004) where conditions are both physically and biologically different. In these other 

regions, the diet of lingcod is among the most generalized of any marine fish when described 

with respect to prey size, taxonomy and habitat.  One goal of this study was to describe the 

diet of adult lingcod off the coast of Oregon and to provide insight into possible effects of 

lingcod foraging behavior and changes in population structure on proposed marine reserves.   

Marine reserves can enhance local populations of large, resident, top-level predators 

(Martell et al. 2000).  Among possible indirect effects of a local increase in predator biomass 

is a decrease in a particular prey type (Graham et al. 2003).  This kind of interaction has been 

proposed for lingcod predation on rockfishes (Sebastes spp.) within marine reserves 

(Beaudreau and Essington 2007).  Given that a system of marine reserves is currently under 

consideration for the state of Oregon, understanding whether lingcod currently pose a threat 

to rockfishes in this region is important because rockfishes are a major fishery species.  The 

theoretical structures for describing community dynamics, like those relevant to marine 

reserves, are food webs or more generally interaction webs.   

Food web linkages depend on an understanding of the pattern and process of prey 

availability and selection (Berlow et al. 2004, Montoya et al. 2006).  If the sampling method 

for available prey is similar to the consumer, e.g. visual surveys in a study of a mobile, visual 

predator, then general inferences can be made about the relative prey availability (Green 

and Plotkin 2007).  When prey abundance is measured empirically in natural systems, prey 
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availability is inferred from what is apparent to an observer (Menge 1972, Smith and 

Rotenberry 1990, King 1996).  Different prey types may vary considerably in how observable 

they are, and this characteristic is affected by a number of mechanisms including crypsis and 

spatial and /or temporal patchiness.  If these differences are large among different prey 

types, as is often the case for generalist consumers, considerable bias emerges in availability 

estimates (He and Gaston 2000, Pueyo 2006).  These differences in detectability of different 

prey types are characteristic of the sensory and search capabilities predators as well as 

human observers.   

Highly generalized consumers may prey on more or less apparent prey types.  To 

make meaningful comparisons among those prey types a model is required that uses an 

appropriate benchmark from which comparisons can be made.  In chapter 4 I show how a 

suitable benchmark can be made by incorporating a capacity constraint on consumption.  

This capacity constraint includes both energetic and physical constraints.  If this benchmark is 

biologically relevant and sensitive to the relative abundance of the resources, it will also be 

capacity constrained.  Current preference models that assume unconstrained capacity and 

equivalence between abundance and availability perform poorly when comparing among 

many prey types because of scale distortion and large and uneven bias in prey availability 

measures.  Both of these problems can be addressed by explicitly incorporating capacity 

constraints as a benchmark into a prey selection model.  In the case where a particular prey 

type is highly abundant, there is considerable scale effect in the output of a standard 

preference model.  This problem with unconstrained capacity in the model can lead to 

inaccurate conclusions regarding prey selection.   

To solve the capacity constraint problem we use a production efficiency (Data 

Envelopment Approach) model.  This non-parametric model has been in standard practice 

for decades in various fields in economics (Loxano and Gutiérrez 2008, Färe and Grosskopf 

2000) but has not been used before to analyze consumption by an animal.  This model 

creates an “efficient frontier” constructed from observations of outputs and inputs.  

Inefficiency is measured by the extent to which an observation departs from this frontier.  

We interpret these departures from the frontier not as inefficiency among consumers, but as 

differences in the distribution of available resources among consumers.  In this way we can 

quantify an unobserved characteristic in the environment.  By using output from both a 
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preference model and one that constrains capacity we show that general relationships 

between a predator and ecologically dissimilar prey types can be characterized with limited 

field data. 

Because availability of prey is not uniform in the environment prey consumption 

typically changes through both space and time.  When prey are consumed based on 

frequency of encounter, consumption can be said to be frequency-dependent.  When prey 

are consumed disproportionately relative to their availability, predation is said to be selective 

(Rosenzweig 1981, Manly et al. 2002).  Through differential selection, predation may 

influence species diversity by selecting either abundant prey (Schoener and Spiller 1996) or 

rare prey (Almany and Webster 2004, Almany et al. 2007).  If a specialist predator selects a 

particular prey type, that predator’s population dynamics may be linked with that of the 

selected prey (Hixon 1986, Hanski et al. 2001).  Conversely, a highly generalized predator 

may temporarily select particular prey types as relative prey abundances vary, yet because 

the predator’s selection is flexible and variable, it will have density dynamics that are 

disassociated from that of any particular component of its prey base.  In these cases 

selection varies, but preference is generally considered to be a fixed characteristic.  

Preference, in an absolute sense, may be unknowable but can be inferred from prey use 

versus availability measures (Johnson 1980).  If preference is weak, prey-switching among 

alternative prey may be a dominant foraging behavior.  In this case prey abundance 

(encounter rate) determines selection and this can be considered frequency-dependent 

selection.  When preference (or conversely avoidance) is strong, selection is relatively 

independent of abundance (Murdoch 1969).  In some cases, if preference is operating 

weakly, predation may tend to stabilize prey populations by preferentially selecting 

abundance peaks and thus alleviating competitive exclusion among prey groups.  Conversely, 

strong preference may be de-stabilizing to a system if predation is operating independently 

of fluctuations in prey abundance (Prugh 2005).  Such considerations indicate that the food 

web linkages between predation and prey population dynamics depend on an understanding 

of the pattern and process of prey availability and selection.   

The nature and extent of ecological linkages between predator and prey are 

particularly poorly known among marine fishes and invertebrates.  This paucity of data is 

especially important for an understanding of exploited species.  Besides a lack of basic 
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demographic information on exploited stocks, there are few data describing the interaction 

strengths among demersal fishes.  This is partly because the environment is difficult to access 

and prey species range from highly apparent and site-attached to abundant but infrequently 

observed.  If predation is concentrated on prey types that are transient and not limited by 

predation, the effects will be difficult to detect but can provide for high local predator 

biomass.  Transient prey types may be locally rare but regionally abundant. 

  In chapter 5, by using a two-model approach of combined preference and DEA, I 

show as an example that a highly generalized marine fish selects the greatest number of prey 

from types that are the least frequently observed in the environment.  That is, the more 

patchy the resource the more likely it will be exploited.  This is an example of inverse 

frequency-dependent prey selection, where the less frequently encountered the prey type 

the more likely it is to be consumed.  To compensate for differences in naturally occurring 

prey density (e.g., schooling behavior) I consider frequency of encounter as a binary event, 

independent of the point density of the particular prey type.  Inverse frequency-dependent 

prey selection occurs because the per capita defense of prey types that overlap with the 

predator less frequently is weaker than those with more complete spatial and temporal 

overlap, meaning transient prey may be, on average, more available as prey than resident 

prey types.  

In some cases prey preference and availability may be equivalent; in other cases 

these measures are different.  In all cases, where prey selection is not strictly frequency-

dependent, relative prey availability is a distinct variable and may be very difficult to 

quantify.  Combining multiple approaches to an analysis of consumption patterns contributes 

to a better understanding of the problems associated with identifying prey availability from 

abundance data.   
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Abstract   

Diet composition of lingcod (Ophiodon elongatus) was determined by analysis of 375 

adult lingcod caught by hook and line off the coast of Oregon.  Samples were gathered from 

July through September 2003 at one site and from May through October 2004 and 2005 at a 

second site.  Lingcod diets were extremely generalized with 21 species of fish and 

invertebrates in 14 ecologically different prey categories identified from 186 lingcod 

stomachs containing food.  The most frequently consumed prey species were Pacific herring 

(Clupea pallasii ) and Pacific sand-lance (Ammodytes hexapterus), both transient species that 

together comprised 46% of prey items by number.  Variation in consumption of transient 

prey was the primary influence on inter-annual trends in consumption of all prey types and 

transient prey appeared to substantially subsidize the local lingcod population.  However, 

resident prey provided a less variable resource over time as there was always some 

consumption of resident prey among actively feeding lingcod.  Besides an improved 

understanding of the basic ecology of lingcod, the decoupled (or weakly correlated) 

consumption of transient and resident prey types by a generalist consumer is an important 

consideration for management of exploited marine fishes.  This is because the population 

dynamics, and factors limiting population abundance, may be very different in resident and 

transient prey with respect to local predator abundance.  As a result, management of these 

different prey types requires that predation effects be considered differently for each. 

 

 

 

 

 

 

 

Key words: baitfishes; dietary analysis; generalist-predation; trophic subsidy  
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Introduction 

The diets of targeted fishery species provide necessary information for 

understanding food web structure, which is an important requirement for ecosystem-based 

fisheries science and management (Francis et al. 2007).  The lingcod (Ophiodon elongatus 

Girard) is targeted by both recreational and commercial fishers along the West Coast of 

North America.  The 2000 stock assessment of lingcod from British Columbia to northern 

California estimated biomass at 11% of pre-commercial exploitation levels (Jagielo et al. 

2003) and management substantially reduced fishing mortality to allow recovery of this 

stock.  By 2006, lingcod stocks were declared fully recovered by the Pacific Fisheries 

Management Council.  

Currently, there are no published studies of lingcod diet in the exposed nearshore 

zone of Oregon, which is ecologically distinct from the California coast (Wilby 1937, Miller 

and Geibel 1973), Puget Sound, Washington and British Columbia, Canada (Cass et al. 1990, 

Haggarty et al. 2004).  In general, the nearshore zone in Oregon differs from other regions by 

having higher wave energy, lower underwater visibility, low abundance of kelp, and high and 

frequent sand transport across hard bottom.  In other regions, the diet of lingcod is among 

the most generalized of any marine fish with respect to prey size, taxonomy and habitat.  

Prey include some species targeted by both recreational and commercial fishers.  Previous 

studies have demonstrated that adult lingcod roam across both rocky habitats and soft-

bottom seafloors over distances of at least hundreds of meters, yet show a high degree of 

site fidelity on reef habitats for time scales of at least weeks to months (Jagielo 1990, Smith 

et al. 1990, Mathews 1992, Yamanaka and Richards 1993, Jagielo et al. 1999, Starr et al. 

2004).  

Consumption rates for generalist consumers like lingcod may be either positively or 

negatively correlated among different prey types, or they may be uncorrelated and these 

effects can be important in actively managed systems (Dill et al. 2003).  If spatially and 

temporally transient prey species predominate in the diet of a resident predator, they may 

constitute subsidies to the local predator population (Anderson and Polis 1998).  When 

subsidies occur there may be a concomitant suppression of local prey species by apparent 
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competition among prey types with a common predator (Holt 1977, Chanaton and Bonsall 

2000).  Besides direct consumption, risk effects (modification of distribution or behavior 

because of a perceived predation risk) may have an important influence on community 

structure (Creel and Christianson 2007).  Especially in marine systems where trophic webs 

may be poorly defined (Thompson et al. 2007) initial consideration of predator-prey 

relationships requires dietary analysis (Heithaus et al. 2008).  The goal of this study was to 

describe the diet of adult lingcod off the coast of Oregon and to characterize relative 

patterns of consumption of transient and resident prey species by lingcod.   

 

Methods 

Two nearshore subtidal sites were sampled along the coast of Oregon:  Site 1 south 

of Newport (144° N; 24°W) and Site 2 south of Coos Bay (144°N; 23° W).  Both sites are 

comprised of high-relief rocky reef, rocky flats, cobble, and sand at 20 to 50 m depths.  Rocky 

reefs in this region support little kelp and vary from small pinnacles encompassing less than 

10 m2 to large boulder fields and rock flats that may exceed 1.0 km2 in area.  Areas of 

exposed rock change on temporal scales of months to decades as the distribution of sand 

shifts, and sand transport is greatest during the stormy winter months (Kulm 1968). 

A total of 60 lingcod were collected at Site 1 by multiple anglers on a chartered 

recreational fishing vessel in July (19 and 17 fish in two sampling trips), August (12 fish) and 

September (12 fish) of 2003 (one trip each).  The 315 lingcod collected at Site 2 were by a 

commercial fisherman in the months of May (22 fish), June (49 fish), and October (60 fish) of 

2004; and May (50 fish), June (48 fish), August (45 fish), and October (41 fish) of 2005.  The 

commercial gear used was a “dingle-bar”, where an iron bar was trolled just off the seafloor 

with a set of three trailing hooks with an attractor, and rubber jigs with large hooks.  An 

additional set of three jigs were trolled mid-water (about 10-20 m off-bottom).  When 

multiple lingcod hit the jigs, they generally did so simultaneously on both the bottom and 

mid-water sets. 

In the first year, lingcod stomachs were labeled, placed in cloth bags and preserved 

in ethanol.  In subsequent years, stomachs were labeled, wrapped in cheesecloth on ice and 

examined within 24 hours.  The number and identity of items in each stomach were recorded 
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to the lowest possible taxon.  When the identification of a prey fish was not possible from 

external characteristics, I attempted to identify the prey by otoliths and/or skeletal elements. 

A second, blind reading of a sub-sample of otoliths and skeletal elements was done by Susan 

Reimers (Oregon Department of Fish and Wildlife), a recognized expert who confirmed prior 

determinations.  When possible, beaks were used to estimate size and infer species of 

octopus by comparison with other samples that were identified to species from external 

characteristics. 

Stomach content data were analyzed by frequency of occurrence (%Fo = n·100·Ns
-1) 

and percentage of prey (%N = n’·100·Np
-1), where n = the number of stomachs containing a 

particular prey type, Ns = the total number of lingcod stomachs examined, n’ = the total 

number of individuals of a particular prey type, and Np = the total number of prey items 

(Hyslop 1980). 

 

Results 

Sixty lingcod sampled at Site 1 contained 11 prey categories.  At Site 2, 315 lingcod 

contained the same 11 prey categories, and additionally Pacific sand-lance (Ammodytes 

hexapterus Pallas) as a major prey item, as well as market squid (Loligo opalescens Berry), 

juvenile rockfishes (Sebastes spp.), lamprey (Lampreta tridentada Richardson) and northern 

anchovy (Engraulis mordax Girard) as minor items (Table 1). Because both the number of 

samples and sampling effort was much greater at Site 2, it is unsurprising that more prey 

types were found there.  Among prey categories common to both sites, there were 

significantly more Pacific herring consumed by lingcod sampled at Site 1 than at Site 2 (t-test, 

df = 373, P = 0.01). No other significant differences among prey categories were found 

between sites, and there was no evidence of an ontogenetic shift in prey selection within the 

46 – 76 cm total length size range of those adult lingcod examined and measurable prey 

(ANOVA F-stat = 0.15, df = 1,28, P = 0.7).   

In the pooled data, there were 21 identified prey species.  The dominant prey was 

Pacific herring (%F = 9.87, %N = 33.64), a transient/pelagic species (Figure 1, Table 1).  

Among the 342 prey items found in 375 stomachs, major prey items were 32% Pacific 

herring, 14% Pacific sand-lance, 12% unidentified fishes, 10.5% octopus (Octopus spp.), and 
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8% shrimp (Pandalus spp.).  Minor prey items included sculpins (family Cottidae), rockfishes, 

flatfishes (order Pleuronectiformes), Pacific hake (Merluccius productus Ayres), cancer crab 

(Cancer magister Dana), kelp greenling (Hexagramos decagrammus Pallus), market squid, 

northern anchovy, other lingcod, one skate (Raja sp.), and one lamprey (Table 1).  Typically, a 

single prey item (but as many as 17) was found in a stomach containing prey (Figure 2a) and 

as many as four species within a single gut sample (Figure 2b).  For pooled data, 50.4% of 

lingcod stomachs were empty.  Among sampling months, empty stomachs ranged from 8 – 

81% (mean 56% empty, n = 10 sampling periods, SE = 5.7).  The presence of consumed prey 

among lingcod was unpredictable, regardless of the sampling month (ANOVA F-stat = 1.77, df 

= 1,9, P = 0.22).  

Consumption of resident prey appeared to be independent of consumption of 

transient prey (ANOVA F-stat = 2.46, df = 1,9, P = 0.15).  Because proportional consumption 

of transient prey dominated in the diet, trends in consumption (Figure 3) of transient prey 

largely influenced the general pattern in consumption of all prey types (ANOVA F-stat = 

52.73, df = 1,9, P < 0.01). 

 

Discussion 

Lingcod are both anatomically and behaviorally adapted to eat prey of very different 

taxonomy, size and habitats.  Off Oregon, lingcod are highly generalized predators of both 

local and transient species. Notably, lingcod off Oregon ate relatively few rockfishes, which 

are particularly common in this region.  Instead, prey were numerically dominated by 

transient/pelagic species, especially Pacific herring and Pacific sand lance.  Consistent with 

these findings, other studies in other regions found that identifiable prey items were mostly 

Pacific herring, Pacific sand lance, Pacific tomcod (Microgadus proximus Girard) and Pacific 

hake (Cass et al. 1990; Haggarty et al. 2004).  An unpublished study of diet and habitat 

associations of lingcod and other demersal fishes conducted before large-scale commercial 

harvest of lingcod off Oregon showed that lingcod had consumed 27 identifiable species of 

fish and invertebrates (Steiner 1979).  Of 186 prey items identified in 313 lingcod stomachs, 

53% were either smelts (Osmeridae spp.) or Pacific hake, 11% were young-of-the-year 

rockfishes (< 1.0 % of total biomass), 14% were flatfishes and 4% were octopus (> 30% of 
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total biomass).  Demersal nekton represented 82% of the prey biomass and the contribution 

of rockfishes as prey was negligible (Steiner 1979).  However, this study showed that 

numerically, 52% of prey were transient/pelagic, 4% were associated with soft-bottom 

seafloors, 44% were demersal reef-dwelling species, and of those half were invertebrates.  

The importance of macro-invertebrates among local prey species is also different from 

previous studies.  Sand consistently occurred in lingcod stomachs containing both octopus 

and shrimps, but never with flatfishes of any species.  This pattern suggests that these 

lingcod did not forage for flatfishes directly over the seafloor, but were eating them in the 

water column.  

In relatively long-lived generalist predators such as lingcod, dietary sampling at 

temporal scales > 2 years may be required for meaningful patterns in consumption to 

emerge.  The variance in consumption by local predators of transient prey is high and may be 

independent of regional prey abundance.  If consumption of resident prey is relatively even 

over time, the resident prey types may provide a maintenance resource while more 

ephemeral prey provide sporadic opportunities for enhanced growth and reproduction.   

Sampling in this study did not include winter months and was spatially limited.  

Additionally, hook and line sampling may create an unaccounted for bias in selection of 

particular lingcod, and rates of egestion upon capture are unknown.  Digestion rates of free-

living lingcod are unknown and as samples degrade through time identification is more 

difficult and uneven among prey categories.  However, dietary analysis of these lingcod 

demonstrates that these predatory fish are extremely generalized, both ecologically and 

taxonomically.  While lingcod do feed on relatively site-attached fishes and frequently on 

macro-invertebrates, these data show that about half of all prey items, quantified 

numerically, are transient fishes.  This pattern suggests that lingcod biomass on nearshore 

reefs is subsidized by transient species (see Anderson and Polis 1998, Wipfli et al. 2003).  

Also, trends in consumption over time from this study do not suggest a direct linkage 

between transient and resident prey consumption.  If this outcome is in fact representative 

of lingcod foraging behavior, then there are no synergistic effects (e.g. predator 

aggregations) with respect to consumption of transient prey that would disproportionally 

affect resident prey species.  This finding has implications for management decisions 

regarding potential negative effects of lingcod on other managed species because 
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consumption patterns that would translate into changes in lingcod population appear to be 

primarily influenced by transient baitfishes. 
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Table 1.  Prey found in 375 lingcod stomachs off Oregon, where n is the number of stomachs 
containing a particular prey type and n’ is the total number of individuals of a 
particular prey type; %Fo is the frequency of occurrence, and %N is the percent of 

prey items. 

 

Prey species n n’ %Fo %N 

Transient/pelagic fishes     

  Lampetra tridentata 1 1 0.27 0.31 

  Engraulis mordax 2 2 0.53 0.62 

  Clupea pallasii 37 109 9.87 33.64 

  Merluccius productus 7 8 1.87 2.47 

  Ammodytes hexapterus 15 49 4 15.12 

Skates and Flatfishes (soft bottom)     

  Raja spp. 1 1 0.27 0.31 

  Hippoglossus stenolepis 1 1 0.27 0.31 

  Citharichthys sordidus 3 3 0.8 0.93 

  Parophrys vetulus 1 1 0.27 0.31 

  Platichthys stellatus 2 2 0.53 0.62 

  unidentified flatfishes 5 5 1.33 1.54 

Reef dwelling fishes     

 Rockfishes     

  Sebastes melanops 6 6 1.6 1.85 

  Sebastes saxicola 1 1 0.27 0.31 

  unidentified rockfishes 7 9 1.87 2.78 

Greenlings:         

  Hexagrammos decagrammus 3 3 0.8 0.93 

  Ophiodon elongatus 2 2 0.53 0.62 

  Unidentified fishes 28 33 7.47 10.19 

Sculpins     

 Hemilepidotus hemilepidotus 3 3 0.8 0.93 
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  Scorpaenichthys marmoratus 2 2 0.53 0.62 

  Unidentified sculpins 9 9 2.4 2.78 

Invertebrates     

  Octopus bimaculatus 26 30 6.93 9.26 

  Octopus dofleini 5 5 1.33 1.54 

  Loligo opalescens 3 3 0.8 0.93 

  Pandalus spp. 23 27 6.13 8.33 

  Cancer magister 2 6 0.53 1.85 
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Figure 1.  Percent of lingcod prey (%N) as a function of frequency of occurrence (%Fo).  Prey 
categories:  TP, transient/pelagic fishes (predominantly Pacific herring); SF, skates 
and flatfishes; S, sculpins; R, rockfishes; G, greenling (including cannibalism by 
lingcod); I, invertebrates; O, other (including uncategorized, unidentified fishes). 
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a. 

 

b. 

 

Figure 2.  Distributions of the number of (a) prey items and (b) prey species among 375    
lingcod. 
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a. 
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 Figure 3.  Average consumption per individual lingcod of resident and transient prey over   

time (a) and of all prey combined (b).  Consumption of resident prey does not appear to 

compensate for changes in consumption of transient prey types that dominate the overall 

trend.  Trendlines are least-squares, second order polynomials. 
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Prey preference by lingcod (Ophiodon elongatus) on Oregon reefs: 

implications for marine reserves 
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Abstract  

 

The lingcod (Ophiodon elongatus) is an important groundfish species in both 

recreational and commercial fisheries of the northeastern Pacific.  It is a large, fast-growing, 

generalist predator of invertebrates and fishes.  In response to concerns that lingcod may 

limit populations of rockfishes (Sebastes spp.), I compared the diets of 375 adult lingcod from 

two locations on nearshore reefs along the Oregon Coast with estimates of relative prey 

availability from dive surveys.  Prey consumption and abundance patterns were not 

statistically different between sampling locations, and so were pooled.  Relatively site-

attached juvenile and adult rockfishes were the most abundant potential prey observed in 

dive surveys, yet they were the least preferred prey type as determined by Johnson’s (1980) 

preference analysis.  In contrast to the transient, pelagic fishes that comprised 46% of 

lingcod diet by number, especially Pacific herring (Clupea pallasii) and Pacific sand-lance 

(Ammodytes hexapterus), rockfishes comprised only 4.7% of prey items.  Of 16 individual 

rockfish prey found in lingcod stomachs, one was potentially reproductive (age 3) and the 

remaining 15 were either young-of-the-year or juveniles < 3 years of age.  The implication for 

marine reserves being considered along the Oregon coast is that lingcod are unlikely to be a 

major threat to protected rockfish stocks.   

 

 

 

 

 

 

 

 

Key words: generalist predation, marine protected area, resource selection, rockfish 
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Introduction 

 

Marine reserves can enhance local populations of large, resident, top-level predators 

(Martell et al. 2000).  Among possible indirect effects of a local increase in predator biomass 

is a decrease in a particular prey type (Graham et al. 2003).  This kind of interaction has been 

proposed for lingcod predation on rockfishes (Sebastes spp.) within marine reserves in the 

Pacific Northwest of the United States (Beaudreau and Essington 2007, 2009).  Given that a 

system of marine reserves is currently under consideration for the state of Oregon, 

understanding whether lingcod pose a threat to rockfishes in this region is important 

because rockfishes are major fishery species.   

Lingcod are large (up to 152 cm TL and 59 kg) and fast-growing predators.  They are 

relatively site-attached, demersal piscine predators on shallow northeastern Pacific rocky 

reefs.  They roam across both rocky habitat and soft-bottom seafloors over distances of at 

least hundreds of meters, yet they demonstrate a high degree of site fidelity for time scales 

of at least weeks to months (Jagielo 1990; Smith 1990; Mathews 1992; Yamanaka and 

Richards 1993; Jagielo et al. 1999a; Starr et al. 2004).  

Although lingcod population dynamics have been studied from a fisheries 

perspective (Jagielo et al. 2003), very little is understood about how this predator affects the 

structure of fish populations and assemblages on rocky reefs.  A previous study of diet and 

habitat associations of demersal fishes on nearshore reefs along the Oregon Coast showed 

that 282 adult lingcod had consumed 27 identifiable species of fish and invertebrates.  Of 

those 134 prey items, no adult rockfishes were found and the contribution to total biomass 

by all juvenile rockfish prey was < 1% (Steiner 1979).  However, no prior lingcod studies have 

described diet in relation to prey abundance.   

In order to assess differential prey selection, and thus characterize what prey types 

are most likely consumed by a predator, there must be an estimate of prey availability 

relative to consumption (Manley et al. 2002).  Using lingcod diet and prey abundance 

estimates off the coast of Oregon, I addressed the following questions:  (1) Do lingcod prefer 
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particular prey species?  (2) Do lingcod preferentially target rockfishes?  The answers were 

yes and no, respectively. 

 

Materials and Methods 

 

Study sites 

 

I sampled lingcod from two nearshore subtidal sites along the coast of Oregon:  one south of 

Newport, referred to as Site 1 (144° N; 24°W), and another site south of Coos Bay, referred 

to as Site 2 (144°N; 23° W).  Both sites were comprised of high relief rocky reef, rocky flats, 

cobble, and sand at depths of 20 to 50 m.  The reefs varied from small pinnacles 

encompassing < 10 m2 to large boulder fields and bedrock flats that may exceed 1.0 km2 in 

area.  The area of rock exposed changes on temporal scales of months to decades, but sand 

transport is greatest during the stormy winter months and relatively stable during the 

summer (Kulm et al. 1968; Bourke et al. 1971). 

 

Prey availability 

 

I evaluated prey availability by SCUBA dive survey in the areas where lingcod were collected 

for gut analyses.  A single dive survey consisted of a single 100 x 4 m visual-count transect 

(Bohnsack 1996).  I conducted surveys at Site 1 in January and June 2004, and in June 2005 (3 

surveys total), and at Site 2 in January and October 2004, and in June (3 surveys) and 

September 2005 (6 surveys total).  The locations of transects were determined haphazardly 

from the surface by dropping a weighted line in an area as close as possible to where fishing 

for lingcod occurred and where depths were sufficiently shallow for safe diving (< 35 m).  

Underwater visibility was variable, but always sufficient to identify fish within 2 m of the 

transect line.  I surveyed three basic habitat types within each transect:  high-relief rocky 
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reef, boulder/cobble, and broken shell/sand.  I quantified the relative abundance of potential 

prey, estimating age groups of rockfishes (year 1, 1-2, 3 +) from total lengths.  I observed only 

adult lingcod on rocky reef habitat and moving across soft-bottom seafloors.  

 

Dietary composition 

 

Multiple anglers using lines with a single hook on a chartered recreational fishing vessel in 

July (19 and 17 fish in two sampling trips), August (12 fish) and September (12 fish) of 2003 

(one trip each) collected a total of 60 lingcod at Site 1.  The lingcod collected at Site 2 were 

by a commercial fisher in the months of May (21 fish), June (48 fish), and October (59 fish) of 

2004, and May (49 fish), June (45 fish), August (46 fish), and October (40 fish) of 2005. 

In the first year, lingcod stomachs were labeled, placed in cloth bags and preserved 

in ethanol.  In subsequent years, stomachs were labeled, wrapped in cheesecloth on ice and 

examined within 24 hours.  The number and identity of items in each stomach were recorded 

to the lowest possible taxon.  When the identification of a prey fish was not possible from 

external characteristics, I attempted to identify the prey by otoliths and/or skeletal elements. 

A second, blind reading of a sub-sample of otoliths and skeletal elements was done by Susan 

Reimers (Oregon Department of Fish and Wildlife), a recognized expert who confirmed prior 

determinations.  When possible, beaks were used to estimate size and infer species of 

octopus by comparison with other samples that were identified to species from external 

characteristics. 

 

Results 

 

Prey availability  
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Observed potential fish prey were overwhelmingly dominated by rockfishes (Sebastes spp.) 

at both sites; over 90% of fish recorded were demersal rockfishes.  Aggregations of black 

rockfish (S. melanops) typically exceeded 100 individual adults and were the most common 

rockfish species.  Pooling data between the two study sites, black rockfish were 41.1% of a 

total of 2,640 fish recorded in nine dive surveys.  When Sebastes species were aggregated 

into a single prey category (demersal rockfishes) there was no difference in mean abundance 

between sites (t test, P = 0.62, d.f. = 7) or of lingcod abundance between sites (t test, P = 

0.74, d.f. = 7).  There was a mean of 177.7 (SE = 14.8) demersal rockfish and 4.3 (SE = 0.33) 

lingcod observed at Site 1 and a mean of 148.8 (SE = 37.8) rockfish and 3.8 (SE = 0.98) lingcod 

at Site 2.   

Prey species assemblages and relative abundances were similar between sites with 

minor differences.  A rank concordance test indicated no significant differences in abundance 

of potential prey species between sites (Kendall’s rank concordance test, S = 1.91, n = 16, P < 

0.01).  Striped surfperch (Embiotoca lateralis) and yellowtail rockfish (S. flavidus) were 

recorded only at Site 1, whereas canary rockfish (S. pinniger) were observed only at Site 2.  

Besides those species, the sites were not different with respect to either the presence of 

potential prey species or relative abundance by genus, with the exception of significantly 

more sculpins (Family Cottidae) at Site 1 than Site 2 (t test, P = 0.003, d.f. = 7).  Geographic 

ranges of all species in this study are known to overlap both study sites (Froese and Pauly 

2009).   

 

Dietary composition 

 

Of the 60 lingcod stomachs sampled at Site 1, 12 were empty and 48 contained prey that 

were aggregated to 10 categories.  At Site 2, of the 315 lingcod stomachs sampled, 177 were 

empty and 138 contained the same 10 prey categories plus Pacific sand-lance (Ammodytes 

hexapterus) as a major prey item, as well as market squid (Loligo opalescens), Pacific lamprey 

(Lampetra tridentata) and northern anchovy (Engraulis mordax) as minor items (Table 1).  

Because both the number of samples and sampling effort was much greater at Site 2, it was 

expected that more prey types were found there (see Bock 1987).  Among prey categories 
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common to both sites, there were significantly more Pacific herring (Clupea pallasii) 

consumed by lingcod sampled at Site 1 than at Site 2 (t test, P = 0.01, d.f. = 373).  No other 

significant differences among prey categories consumed were found between sites (Kendall’s 

rank concordance test, S = 2.03, n = 15, P < 0.01) so the data were pooled for preference 

analysis.  

Pooling sites, there were 21 identified species aggregated into 14 ecologically similar 

prey categories.  Among the 342 prey items found in 375 stomachs (50.4 % of lingcod 

stomachs were empty) major prey items were Pacific herring, Pacific sand-lance, unidentified 

fishes, two-spotted octopus (Octopus bimaculatus), and pandalid shrimps (Pandalus spp.).  

All other prey, including rockfishes, each comprised < 5% of the total gut contents.  Of the 

prey items that were measurable to total length, 14 were confirmed to be rockfishes.  The 

largest of those was 28 cm (the only potential adult), and none were estimated to be > 3 

years old based on published length-at-age curves (Love et al. 2000).  Of the identified 

young-of-year rockfishes, 5 were of the ‘black-spot’ group and one was a stripetail (S. 

saxicola).  Nearly all rockfish identified to species were S. melanops < 2 years old as inferred 

by length (Love et al. 2002).   

There were 41 unidentified prey items, 33 of which were confirmed not to be 

rockfishes.  There was no evidence of an ontogenetic shift in prey selection within the size 

range of those lingcod examined (46 – 76 cm total length).  Typically, a single prey item (but 

as many as 17) was found in a stomach containing prey, and among those stomachs 

containing more than one prey item, as many as four different species (see chapter 2).   

 

Prey preference 

 

Analysis of identified prey in the pooled data showed that prey selection was not 

proportional to availability (Johnson’s preference, F = 943, df 132, 13, P <<0.001).  Rockfishes 

were significantly ‘avoided’ among prey categories (Waller-Duncan multiple comparisons, P = 

0.01, n = 145).  In order of preference, adult rockfishes were ranked last followed by sub-

adult rockfishes (Fig. 1).  Preference ranking also indicated that transient/pelagic prey (Pacific 
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herring and Pacific sand-lance) were among the most ‘preferred’ prey.  However, because of 

inadequate availability data, as well as the difficulty of comparing very different types of 

prey, it was not possible to differentiate prey preference ranks among Pacific herring, Pacific 

sand-lance, shrimps and octopus.  Other categories fell between these extremes (Fig. 1).    

 

Discussion 

 

These data indicate that lingcod off the coast of Oregon are (1) highly generalized predators 

of both fish and invertebrates in multiple habitats, (2) select some prey species 

disproportionally to their abundance, and (3) do not differentially target rockfish as prey.  

Rockfishes may not be preferred because, unlike any other identified prey items, they have 

robust, venomous spines (Smith and Wheeler 2006).   

Large, highly generalized predators eat many different prey types and often do so 

infrequently, so samples sizes must be large to adequately capture the heterogeneity of the 

data (e.g., Kingsford 1992).  With 375 samples, the dietary data reported here describe the 

relative abundance of prey categories in the diet of lingcod over a limited geographical area 

during half the year.  However, Steiner (1979) collected winter and summer samples of 

lingcod and did not detect a seasonal increase in consumption of rockfishes, and his sample 

size appears to have captured the heterogeneity in the consumption data.  The primary 

sources of error in my data include potential misidentification of prey and undefined rates of 

egesting stomach contents.  Additionally, the digestion rates for free-living lingcod are 

unknown.  The dive surveys were limited by inadequate estimates of prey availability and 

asymmetric sampling accuracy among habitats for prey types that were difficult to observe.  

However, rockfishes are highly observable and there was clearly a strong negative preference 

(or avoidance) for rockfishes as compared with all other prey types.  Hydro-acoustic tracking 

studies of black rockfish have shown they move less than a few hundred meters over periods 

of months (Parker et al. 2008) suggesting complete spatial and temporal overlap with lingcod 

during the study period.  
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There is concern that lingcod predation may reduce the efficacy of marine reserves 

to replenish populations of rockfishes, especially overfished species.  In a recent study that 

addressed this issue in Puget Sound, Washington,  Beaudreau and Essington (2007) found 

that in 560 lingcod (< 30 cm-108 cm) sampled inside and outside marine reserves, 6.8% of 

the total number of prey items were rockfishes.  All individual rockfish identified to species 

were Puget Sound rockfish (S. emphaeus) and 0.4% of all prey were confirmed to be other 

species of Sebastes.  The Puget Sound rockfish is a very small schooling species often found 

in high densities that mature in 1-2 years.  They are not fished either recreationally or 

commercially and thus are not the focus of recovery efforts.  The largest measurable rockfish 

in Beaudreau and Essington’s (2007) study was 16.6 cm.  Combined with the results from 

Steiner (1979) and this study, lingcod of any size rarely prey on larger-bodied rockfishes.  

Beaudreau and Essington (2007) state that results from a modeling exercise suggest intensive 

lingcod fishing is likely to disproportionately alleviate predation pressure on larger rockfishes.  

However, combined empirical evidence from all three studies does not support this 

assertion.  

Of all prey items found in this study, only one was a potentially reproductive rockfish.  

This observation translates to less than one adult rockfish consumed per lingcod per year, 

whereas the dive surveys found an average of 40 adult rockfishes living in the vicinity of each 

lingcod.  If these ratios are representative, then they suggest that lingcod predation is not a 

primary source of mortality for nearshore adult rockfishes off the coast of Oregon.  Nor do 

lingcod appear to be a primary source of mortality of juvenile or young-of-the-year rockfishes 

because they were only slightly more likely to be eaten by lingcod.  Hobson et al. (2002) 

found predation by black rockfish, blue rockfish, and kelp greenling were the primary source 

of mortality for post-settlement juvenile rockfishes in northern California. 

The results of this study show that lingcod are highly generalized predators that 

consume a broad variety of prey in terms of taxa, body form, and habitat.  Lingcod are 

mobile, opportunistic, ambush predators that do not appear to be individually specialized.  

Based on the number of empty stomachs, they frequently go at least several days without 

eating, suggesting there may be large differences between local prey abundance and prey 

availability (see Menge 1972; Kelly 1996).  Better information is required on foraging range in 

relation to differences in habitat and prey availability to better understand lingcod foraging 
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behavior as it relates to prey density.  Nevertheless, this study indicates that lingcod do not 

pose a substantial threat to rockfish populations off the coast of Oregon.   
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Figure 1  Mean relative “preference” (Johnson’s *1980+ – t) of 186 lingcod containing prey 
from 14 prey categories, listed from most preferred (rank 1) to least preferred (rank 
14).  Values with the same underline are not significantly different (P > 0.05, Waller-
Duncan multiple comparison).  Rank numbers identify species as listed in Table 1.  
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Table 1. Identified prey items found in lingcod stomachs and preference rank by        
aggregated prey category (underlined).   

 

Common name Scientific name  Preference rank 
by category 

Pandalid shrimps Pandalus spp. 1 

Pacific sand-lance Ammodytes hexapterus 2 

Flatfishes and skates  3 

   English  sole  Parophrys vetulus  

   Pacific halibut Hippoglossus stenolepis  

   Pacific sand-dab Citharichthys sordidus  

   Skates Raja spp.  

   Starry flounder Platichthys stellatus  

Pacific hake Merluccius productus 4 

Market squid  Loligo opalescens 5 

Northern anchovy Engraulis mordax 6 

Pacific herring Clupea pallasii 7 

Pacific lamprey Lampetra tridentata 8 

Octopus  9 

   Two-spotted octopus Octopus bimaculatus  

  Pacific giant octopus Octopus dofleini  

Sculpins  10 

   Cabezon Scorpaenichthys marmoratus  

   Red Irish lord  Hemilepidotus hemilepidotus  

Lingcod Ophiodon elongatus 11 

Kelp greenling Hexagrammos decagrammus 12 

Sub-adult Rockfishes  13 

   Stripetail rockfish Sebastes saxicola  
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Adult rockfishes  14 

   Black rockfish Sebastes melanops  

Dungeness crab Cancer magister incidental 
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Abstract   

 

Resource capacity, broadly defined as the sum of factors limiting consumption 

between zero and some upper bound, is unique to each resource–consumer interaction.  

Capacity can be measured on a scale from zero to an observed maximum.  The explicit 

inclusion of capacity in a resource preference model provides a useful benchmark against 

which consumer selectivity among diverse prey types can be compared.  Most preference 

indices (e.g., Johnson 1980) assume that capacity is unconstrained and resource availability is 

equivalent to resource abundance.  More realistic prey availability can be described 

assuming capacity constraints based on maximum observed use.  Additionally, problems with 

scale distortion (i.e., progressively reduced relationships among model inputs and outputs as 

an artifact of scale), and the prey abundance/availability mismatch that can occur with 

resource preference models, can be addressed with additional insight.  With a model that 

incorporates capacity, stronger inferences regarding the differences between prey 

availability and apparent abundance can be made in cases where resource types include 

those both readily and poorly observed (e.g., resident and transient prey, respectively).  

Using both a preference and constrained capacity model in tandem (referred to here as the 

“two-model approach”) is robust to un-aggregated inputs and makes more efficient use of 

available data.  The inclusion of resource capacity in a preference index has especially 

important advantages when analyzing the resource use of a habitat and prey generalist.   

 

 

 

Key words: availability, capacity, generalist predator, prey selection, resource preference, 

derive 
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Introduction 

 

Understanding the ecological mechanisms underlying food web linkages depends on 

knowledge of the pattern and process of prey availability and selection (Montoya et al. 2006, 

Berlow et al. 2004).  If the method for sampling prey abundance is similar to that used by the 

consumer (e.g., visual surveys in a study of a mobile, visual predator) then realistic inferences 

may be made about relative prey availability (Green and Plotkin 2007).  However, prey 

availability is commonly inferred from what is apparent to an observer, but what may or may 

not be apparent to the predator being studied (King 1996, Smith and Rotenberry 1990, 

Menge 1972).  Different prey types may vary considerably in detectability, which is affected 

by a number of factors, including prey conspicuousness and spatial and temporal patchiness.  

If differences in detectability are large among different prey types, as is often the case for 

generalist consumers, then considerable bias emerges in availability estimates (Pueyo 2006, 

He and Gaston 2000).  However, when these differences can be explicitly recognized in a 

resource selection model, new insights and more accurate conclusions are possible because 

multiple perspectives on relationships among resources are formalized. 

In the context of predation, a ‘capacity constraint’ is the sum of factors preventing 

further consumption of a particular prey type regardless of an increase in prey abundance.  A 

simple example is a satiation effect, where a predator is prevented from eating a second prey 

item as a result of having eaten the first. 

Preference models that assume linear proportionality between consumption and 

resource abundance do so for all levels of abundance.  Meaningful comparisons of the 

relative distribution of diverse prey types among consumers require a model that uses a 

realistic benchmark that relaxes the proportionality assumption.  A benchmark can be 

derived by incorporating a capacity constraint on consumption that includes both energetic 

and physical constraints.  A benchmark that is biologically relevant and sensitive to the 

relative abundance of different prey will also be capacity constrained.  Current preference 

models that assume unconstrained capacity and equivalence between abundance and 

availability perform poorly when comparing among many prey types because of scale 

distortion and uneven bias in prey availability measures (Buskirk and Millspaugh 2006, 
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Mackenzie 2006).  Both problems can be addressed by explicitly incorporating capacity 

constraints as a benchmark into a prey selection model.   

In some situations the mean consumption of a particular prey type is low because, as 

is typical of predators that consume a broad variety of prey, many individual predators 

consume none of a particular prey type (Figure 1).  Where a particular prey type is highly 

abundant, there is a considerable scale effect between observed consumption and the model 

benchmark.  Observations of prey consumption that fall on the left side of equity (the J line 

in Figure 1) are considered preferred and observations that fall to the right side of that line 

are considered avoided.  The use of absolute values in a preference model can seem 

untenable if measured resource abundance is lower than consumption.  However, the 

inference gained from the models presented here is relative rather than absolute and the 

models do not preclude either the inclusion of output values of zero, or measuring along the 

y-axis with some input values of zero. 

We use a production efficiency Data Envelopment Analysis (DEA) model (Färe and 

Grosskopf 2000a) to solve the capacity constraint problem in studies of resource preference.  

Non-parametric DEA models have been used by economists to evaluate relative efficiencies 

among firms (Loxano and Gutiérrez 2008, Färe and Grosskopf 2000b) but have not been used 

before to analyze resource use by an animal.  This model creates, in the parlance of resource 

economics, an “efficient frontier” constructed from inputs and outputs of observed data.  We 

show this as the full capacity line (OC in Figure 1).  This efficient frontier is an amalgam of all 

model benchmarks (one for each prey type).  “Inefficiency” is measured by the extent to 

which an observation departs from this frontier.  We interpret these departures from the 

frontier not as inefficiency among consumers, but as differences in the distribution of 

available resources among consumers.  In this way we can quantify the patterns of 

consumption among all resources simultaneously.   

If a particular prey type is less apparent to an observer, and a predator detects prey 

in its environment similarly to the observer, then that prey type will be less apparent to the 

predator as well.  This is particularly the case when a prey type is geographically patchy 

relative to the predator (spatial and temporal match-mismatch).  In this way, the difference 

between the mean consumption and the relative observed abundance recapitulates 

availability of the prey to the predator.  In this paper we show that by combining output from 
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both a standard preference model and a model that constrains capacity, general 

relationships between a predator and ecologically dissimilar prey types can be accurately 

characterized with limited field data. 

 

Prey preference model 

 

The general formulation of the preference model, derived from Johnson (1980), is as 

follows.  Let rij be some measure of consumption of prey component (i) by an individual 

predator (j) and sij be an observed measure of the availability of prey component (i) to 

individual predator (j).  The individual differences, tij = rij - sij , are then averaged across 

animals to indicate the relative preference of all prey types across all predators, as given in 

(1).  

 

1 ( )
J

i ij ij

j t

t J r s                           (1) 

 

 

Derivation of a resource selection model with explicit capacity 

 

Consider the model (1) but relax the assumption of unconstrained proportional 

capacity by constraining the model benchmark with a data-based envelope.  This envelope is 

formed by the maximum observed level of consumption for each prey type at each level of 

availability for all prey types and all consumers.  The curve (or envelope in the case of 

multiple prey types) that represents observed capacity (OC) for a particular prey type at a 

particular level of availability is defined by the following maximization problem:   
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Where, j = 1,…,J observations of use (y) and availability (x) and  z = an intensity variable that 

when constrained (e.g., z ≥ 0 ≤ 1 ) defines the efficient line (frontier) between observations of 

maximum use (M outputs at N input).  The direction of measure (g) is unity from the 

observed capacity frontier to a particular (x,y) observation.  By again averaging the distances 

(Di) for each resource (i) as in equation (1) the resource capacity constrained benchmark is 

obtained.  Both models (1) and (2) consider variations in observed abundance of a particular 

prey type to a predator’s selectivity.  With multiple observations of a consumer (J) there are 

multiple observations of the abundance of prey type (I).  For each prey type we plot its 

observed abundance on the x-axis and the consumption of that prey type on the y-axis.  We 

then connect the observations of maximum use at each observed resource abundance value 

to form an observed maximum consumption (or capacity) curve.  The distance from an 

individual observation of use at a given level of abundance to the OC curve (t) describes 

selection for that resource (i).  The average distance for the use of a particular prey type 

among all predators is our selection measure (T).  In figure 1, T = OC – A, where A is the mean 

consumption of a particular prey type.  In this case the preference model (J) shows this prey 

type to be highly avoided because of the high abundance relative to consumption.  However, 

the (T) value shows the distribution of consumption among predators. 

We illustrate the differences between outputs from the preference model (J) and 

constrained capacity model (T) with a simple example (Table 1).  With prey type A, the 

average use in relation to what was observed is low (Figure 2a).  Prey type B is sometimes 

consumed at high levels, but is also sometimes unobserved in the environment (Figure 2b).  

Prey type C (Figure 2c) is a neutral example with respect to the two models.  In this 

illustration there is a single observation for each prey type.  In the usual case of multiple 

observations, confidence intervals for both model estimators can be generated via bootstrap 

methods (Boyle et al.  1997). 
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Discussion 

 

Food webs describe predator-prey interactions within an ecological community.  

These relationships are influenced by the traits and densities of both the consumers and 

their prey.  These empirical constructs are highly influenced by the limitations of the data 

gathered to create them.  Among these limitations are the differences in an observer’s ability 

to detect different prey components within a food web containing highly generalized 

consumers.  Such limitations may lead to false conclusions regarding prey availability when 

they are used to determine the relative importance of trophic interactions on population 

dynamics.  By using data on consumption more efficiently while recognizing differences in 

observer detection capabilities regarding prey availability, more accurate estimates of 

realized prey availability are possible, and in turn can generate more realistic estimates of 

interaction strengths between prey and generalist consumers. 

A relative ranking of prey types may be all that can be expected from an analysis of 

use relative to abundance given the constraints of field data.  Maitland (1965) pointed out 

that a resource component will be recognized as being preferred only if use is high relative to 

abundance.  Because abundant resources that are used at low levels may be vital to a 

consumer, a conclusion that a particular component is of low value (i.e., not preferred) may 

be unwarranted.  For this reason, a preference index and level of use should be considered 

separately and in context rather than in absolute terms.  Both models (1) and (2) are robust 

to uneven prey availability estimates. 

When outputs from both models are considered together (Figure 3), general patterns 

in the predator-prey relationship become apparent that are not evident when only one 

model is used.  The preference model does not distinguish between prey types B and C and 

the constrained capacity model does not distinguish between prey types A and C in Table 1.  

However, when the outputs of both models are examined together, there is a high degree of 

separation among all prey types.  The four quadrants of a graph of the combined models 

(Figure 3) can be seen as representing different relationships between a consumer and its 

prey.  Prey types in quadrants I and II are not preferred, and prey in quadrant I would be 
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unexpected in a stable system, because there would be no apparent refuge from predation.  

Prey types in I and IV are unevenly distributed among individual consumers, in some cases 

because the prey type is very patchy in the environment.  Prey types in quadrant III are 

relatively preferred and evenly distributed among individual consumers.  Different prey 

defense strategies may be reflected in these different quadrants.   Prey types in quadrant II 

may be morphologically defended, in quadrant III cryptic, and in quadrant IV patchy with low 

spatial/temporal overlap with the predator.  A shift from one quadrant to another over time 

would indicate an overall shift of trophic relationships in the system. 

The quality of use and availability data may be limited by among-prey sampling bias, 

spatial/temporal sampling mismatch among mobile prey, and different levels of aggregation 

in either or both input and output data.  However, these data are often all that are available 

from environments that are difficult to sample, and they are commonly used both to gain 

inference about a predator-prey system and to make important management decisions.  The 

two-model approach we outline here makes more efficient use of available data and 

elucidates additional emergent properties that are not otherwise apparent. 
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Table 1.  Synthesized data with three distinct prey types (A,B,C) and output from two models.  
The observations (two for each prey type) are composed of an incident of observed prey use 
at an observed level of prey abundance.  These observations are unitless; it matters only that 
the units of measure are consistent among observations.  The distances from an observation 
to a model benchmark are represented by (J) for the preference model, and by (T) for the 
constrained capacity model.  The absolute values for the mean output for each model and 
prey type are in italics. 

 

 

Prey type Observation Use  Abundance J T 

A a1 3 3 0 0 

 a2 1 9 -8 2 

    mean:       4 1 

B b1 8 0 8 0 

 b2 2 12 -10 6 

    mean:       1 3 

C c1 3 3 0 0 

 c2 1 3 -2 2 

    mean:       1 1 
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Figure 1.  Graphical comparison the preference model (J) and the constrained capacity model 
(OC). The line of equality (J) represents a benchmark from which to compare relative 
consumption of different prey types.  The lower line segments (OC) are formed by the 
highest observed consumption of a particular resource at a particular level of observed 
abundance.  The 8 points in this hypothetical data set are observations of resource use by a 
particular individual predator.  The open point (A) is the mean level of consumption of a 
particular prey type by a particular consumer.  The value (A) is very low because the 
preponderance of observations were zero, as is often the case with large predators.  Both 
models J (1) and OC (2) take values of zero into account. 
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Figure 2. 
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Figure 2.  Comparison of models 
(1) and (2) with respect to two 
observations each of three 
different prey types (A, B, and C 
in Table 1).  Prey consumption 
(use) is on the y-axis, prey 
abundance is on the x-axis.  The 
solid line (model 2) is where the 
constrained capacity benchmark 
would be drawn with respect to a 
single prey type.  The dashed line 
(model 1) is where the preference 
model benchmark line of equality 
would be drawn for each prey 
type.    
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Figure 3. 

 

 

Figure 3.  Output from the preference model is on the y-axis and output from the 
constrained capacity model is on the x-axis for each (x,y) pair in this two-model approach.  
Each model produces a single value for each prey type, which is the mean distance value (T,J) 
among all observations.  Low denomination values on the y-axis represent prey types that 
are relatively preferred, and on the x-axis relatively evenly distributed among consumers 
(Quadrant III).  Prey types in Quadrant II are relatively avoided, but are evenly distributed 
among predators, and in Quadrant IV, prey types are relatively preferred, but unevenly 
distributed among consumers.  Prey types in Quadrant I would be symptomatic of an 
unstable predator-prey relationship because it indicates a prey type that is both highly 
preferred and highly accessible.  Thus, prey are unlikely to be plotted in Quadrant 1. 
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Abstract   

  

Frequency-dependent predation occurs when different prey are consumed in 

proportion to their frequency of encounter by predators.  The inverse occurs when the 

majority of consumed prey are from sources that are less frequently encountered.  This 

pattern of prey selection becomes apparent in the two-model approach Tinus and Cross 

(2010) used for exploring the details of prey preference.  As an example, lingcod Ophiodon 

elongates, a generalist marine apex predator, is examined with respect to differential 

selection of prey.  After examining stomach contents of 375 lingcod and estimating relative 

prey abundance with dive surveys, it was found that over half of prey items by number were 

from transient species, specifically Pacific herring (Clupea pallasii ) and Pacific sand-lance 

(Ammodytes hexapterus).  The paradoxical result is that the less frequently available a prey 

type was, the more likely it was to be consumed.  However, analysis using the two-model 

approach described different prey types by both the realized distribution among predators 

and the relative preference for different prey types (defined as use minus availability).  When 

described in this way, transient prey types were apparently more available as prey than 

those that had complete spatial and temporal overlap with the predator.  This happened 

because of differences in intrinsic prey defense strategies and because average prey 

abundance was not equivalent to availability.  The inclusion of a binary probability term in a 

basic frequency-dependence model is used to illustrate a fundamental difference between 

temporal and spatial mismatch, and other types of prey defense found in transient and 

resident prey types, respectively.  Overall, the models show how transient and resident prey 

types can be considered differently, such that likely effects of changes in population 

abundances lead to different conclusions.    

 

 

 

Key words: capacity, Ophiodon elongates, prey selection, resource preference 
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INTRODUCTION 

 

An understanding of the effects of predation on prey communities is often elusive because a 

predator may eat many different prey species that behave and defend themselves in ways 

difficult to observe in the natural environment (Endler 1986).  It is therefore often necessary 

to examine indirect measures of predator activity and prey responses to gain an 

understanding of the interactions among predators and prey.  Prey availability to predators is 

not uniform and thus prey consumption typically changes through both space and time.  

When prey are consumed based on frequency of encounter, consumption is said to be 

frequency-dependent.  When prey are consumed disproportionately relative to their 

availability, predation is said to be selective (Rosenzweig 1981, Manly et al. 2002).  Through 

differential selection, predation may influence prey species diversity by selecting either 

abundant prey (Shoener and Spiller 1996) or rare prey (Almany and Webster 2004, Almany et 

al. 2007) or both (see review by Hixon 1986).  If a specialist predator selects a particular prey 

type, then that predator’s population dynamics may be linked with that of the selected prey 

(Hanski et al. 2001).  Conversely, a highly generalized predator may temporarily select 

particular prey types as relative prey abundances vary, yet because the predator’s selection 

is flexible and variable, its population dynamics are disassociated from that of any particular 

component of its prey base.  In these cases selection varies, but preference is considered 

here to be a fixed characteristic.   

Preference, in an absolute sense, may be unknowable but can be inferred from prey 

use versus availability measures (Johnson 1980).  If preference is weak, prey-switching 

among alternative prey may be a dominant foraging behavior.  In this case prey abundance 

(encounter rate) determines selection and is considered frequency-dependent.  When 

preference (or conversely avoidance) is strong, selection is relatively independent of 

abundance (Murdoch 1969).  In some cases, if preference is operating weakly, then 

predation may tend to stabilize prey populations by preferentially selecting abundance peaks 

and thus alleviating competitive exclusion among prey groups.  Conversely, strong 
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preference may be de-stabilizing to a system if predation is operating independently of 

fluctuations in prey abundance (Prugh 2005).   

Food web linkages between predation and prey population dynamics depend on an 

understanding of the pattern and process of prey availability and selection.  The nature and 

extent of ecological linkages between predator and prey are particularly poorly known 

among marine species.  These relationships are especially important for an understanding of 

fishery species.  Besides a lack of basic demographic information on exploited stocks there 

are few data describing the trophic interaction strengths among demersal (seafloor 

associated) fishes.  This is partly because the seafloor environment is usually difficult to 

access and prey species range from highly apparent and site-attached to infrequently 

observed.  If predation is concentrated on prey types that are transient and not limited by 

predation, then the effects on local population dynamics will be difficult to detect but may 

provide for high local predator biomass.  These prey types may be locally rare but regionally 

abundant.  

  The purpose of this paper is to show that by using a two-model approach of 

combined preference and constrained capacity (factors that limit additional consumption) 

developed by Tinus and Cross (2010), one can show that a highly generalized marine fish 

selects the greatest number of prey from types that are the least frequently observed in the 

environment.  That is, the more patchy the resource the more likely it will be exploited.  This 

is an example of inverse frequency-dependent prey selection, where the less frequently 

encountered the specific prey type, the more likely it is to be consumed.  To compensate for 

differences in naturally occurring prey density (e.g., schooling behavior) I consider frequency 

of encounter as a binary event, independent of the point density of the particular prey type.  

This apparent inverse frequency-dependent prey selection occurs because the per capita 

defense of prey types that overlap with the predator less frequently is less dependent on 

morphology than those with more complete spatial and temporal overlap.  

 

Simple frequency-dependent prey selection model 
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 If there is no prey preference operating, the frequency of prey in the diet is equal to 

the frequency of encounter.  Usually, prey are not equal with respect to preference or risk to 

predation and in these cases the simple prey selection model contains a term (r) that 

incorporates all the characteristics of prey defense, e.g. crypsis, active defense, refuging 

behavior, etc. (Gendron 1987): 

 

                                                                          1

i i
i n

j j

j

r X
F

r X

                                                 (1) 

 

 where Fi is the frequency of occurrence of prey type ( i ) in a stomach, (ri ) is described 

above,( Xi ) is the density of prey type( i ) and ( n ) is the total number of prey types.  Equation 

(1) is the basis of many mechanistic models of prey selection (Gendron 1987).  The 

relationship between density (X) and susceptibility to predation (r) can become increasingly 

complex as the model incorporates more factors, including whether or not the predator is 

reducing the rate of consumption by reducing prey abundance or if replenishment of the 

prey population is occurring.  However, in the case of a highly generalized predator that 

consumes prey that are both resident and transient, an additional primary term is required 

to differentiate between resident and transient prey types: 
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                                           (2) 

 

where: 
'

i is a binary probability of encounter for a particular prey type with a predator.  

This can occur when the ranges of a predator and a particular prey type do not overlap 

completely (Figure 1).  Using a mechanistic model, comparisons of transient and resident 
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prey types are difficult because there is no explicit way to differentiate between prey 

defense strategies, which directly affect predictions about predation intensity with changing 

densities.  The two-model descriptive approach (Tinus and Cross 2010) is one way to 

reconcile the mechanisms described by the prey preference term (ri) and the first order 

probability term
'

i .    

 

METHODS 

 

I sampled 375 lingcod stomachs on two nearshore subtidal sites off Oregon comprised of 

high relief rocky reef, rocky flats, cobble, and sand at depths of 20 to 50 m.  Multiple anglers 

using lines with a single hook on a chartered recreational fishing vessel collected a total of 60 

lingcod at Site 1.  The 315 lingcod were collected at the Site 2 by a commercial fisher and I 

enumerated and identified all prey items to the lowest possible taxon.  As soon as was 

practicable (due to variable weather conditions, but generally within 30 days), I evaluated 

prey availability by dive survey in the areas where lingcod were collected for gut analyses.  A 

particular dive survey consisted of a 100 x 4 m visual-count transect (Bohnsack 1996).  Rapid 

visual transects are a reasonable sampling method of prey abundance because lingcod are 

large, mobile, visual predators of both fishes and macro-invertebrates.  I conducted surveys 

on three basic habitat types within each transect:  high-relief rocky reef, boulder/cobble, and 

broken shell/sand.  I quantified the relative abundance of potential prey within the foraging 

range of lingcod.  I observed adult lingcod on rocky reef habitat and moving across soft-

bottom seafloors.   

Survey and lingcod consumption data are analyzed here using a two-model approach 

(Tinus and Cross 2010) where a preference model (3) is used in combination with a selection 

model with explicit capacity constraints (4).  With multiple observations of a consumer (j) 

there are multiple observations of the availability of a resource (i).  The observations of 

maximum use at each observed resource availability value are then connected to form an 

observed maximum consumption, or capacity (OC) curve.  The distance from an individual 

observation of use at a given level of abundance to the OC curve (t) describes selection for 
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that resource (i).  The average distance for a use of a particular resource among all animals is 

the selection measure (T).   See Tinus and Cross (2010) for a more complete description of 

the two-model approach. 

 

Prey preference model 

 

The general formulation of this preference model, derived from Johnson (1980), is as 

follows.  Let (rij ) be some measure of use of prey component (i) by individual (j) and (sij ) be a 

measure of the availability of component (i) to individual (j).  The difference, tij = rij - sij , are 

averaged across animals to indicate the relative preference of prey components across all 

animals (3): 

 

1 ( )
J

i ij ij

j t

t J r s                           (3) 

 

Derivation of a resource selection model with explicit capacity 

 

We consider model (3) but relax the assumption of unconstrained proportional 

capacity using Färe and Grosskopf (2000).  The curve that represents observed capacity (OC) 

for a particular resource at a particular level of availability is given by equation (4), where, j = 

1,…,J observations of use (y) and availability (x) and (z) is an intensity variable that when 

constrained (e.g., z ≥ 0 ≤ 1 ) defines the efficient line (frontier) between observations of 

maximum use (output).  The directional distance function that forms the OC curve is given by 

the following equation: 
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where (g) is the direction of measure from the observed capacity frontier to a particular (x,y) 

observation.  The function finds the maximum value for β by varying (z) within a range of 

possible values. 

 Output from both models are plotted as (x,y) pairs to separate prey types into 

quadrants.  Confidence intervals are generated for each x and y output value (Table 1) by a 

two-stage Monte Carlo method (Boyle et al. 1997). 

 

RESULTS 

 

The model with an explicit capacity constraint alone shows significant differences among 

prey types, whereas the preference model alone shows equivalence (Table 1).  For example, 

with the OC model, per capita opportunity (patchy distribution) for herring is low and per 

capita opportunity for octopus is relatively high (even distribution).  Rockfishes are 

intermediate in this respect.  When the outputs from these two models are taken together, a 

pattern emerges where the mean and variance plots from the combined model recapitulate 

the pattern from the dive surveys; that is, the most highly variable (patchiest) prey types are 

the largest contributors to the overall consumption.  Although these are schooling species, 

the most frequently consumed prey (Pacific herring) are larger than many other more 

frequently encountered prey types, suggesting that the effect is not simply an artifact of 

eating many more prey at a single encounter.  An individual encounter does not necessarily 

yield an overwhelmingly larger caloric uptake, but these less frequently encountered 
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schooling species are within the same size range as other prey types and are more calorie-

dense (Anthony et al 2000).    

 The detection ratios (number of surveys in which a particular prey type was detected 

divided by the total number of surveys) from dive surveys (Table 1) indicate which prey types 

were more or less observed.  The preference indices show that rockfishes were selected far 

less than would be expected from their abundance, but most other prey types were not 

distinguished.  The OC model indices show that distributions of transient prey species were 

distributed far less evenly among individual lingcod than most other prey types.  Transient 

prey types, resident cryptic, and rockfishes (morphologically defended) are distinguished 

from each other among quadrants (Figure 2). 

 

DISCUSSION 

 

Inverse frequency-dependent prey selection occurs when prey types least likely to be 

encountered are the most frequently selected.  It is generally assumed that a predator will 

attempt to consume the next encountered prey item when actively foraging.  This apparent 

paradox is explained by the difference between prey availability and abundance.  What 

makes a particular prey individual available, beginning with spatial and temporal overlap, is a 

combination of behavioral and morphological characteristics that results in an incomplete 

refuge from predation.  An additional consideration is the effect of sampling bias.  If sampling 

bias is equivalent among all observations in a relative comparison, the bias in effect cancels 

out.  However, when prey defense strategies are very different, as with resident and 

transient prey, accounting for both differences in preference and sampling bias is difficult.  

This idea is formalized in equations (1) and (2) and a possible solution is offered by equations 

(3) and (4) and shown graphically with emergent properties (Figure 2).   

 An analysis using a Data Envelopment Analysis (DEA) index provides two 

conclusions:  1) rockfish are on average rarely consumed by lingcod, and 2) rockfish are on 

average consumed far below a lingcod’s observed capacity to consume rockfish.  Thus, 

lingcod observed capacity for rockfish is very low relative to other prey types and the mean 
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consumption of rockfish relative to observed capacity is also very low, though not the lowest 

among all prey types.  If the average consumption of rockfish by lingcod had been close to 

their observed capacity at a given level of abundance, then the OC index suggests rockfish 

would be considered a consistent component of the prey base.  A result like this would 

suggest that lingcod have a low capacity for rockfish, but that potential consumption is 

relatively even among consumers.   

Both selection measures showed lingcod to be highly flexible in their consumption of 

many different prey types.  Pacific herring were frequently consumed, but were observed on 

only one dive survey, thus far less available in terms of spatial and temporal overlap.  This 

leads to the result using the preference method that herring are highly preferred.  Because 

lingcod observed capacity for herring is high relative to other prey types (17 consumed by 

one individual) and average consumption is much lower, herring are less available (because 

of temporal/spatial patchiness) and their consumption is highly variable.  The range of 

occurrence (interaction space in the descriptive model, Figure 1) can be considered the area 

within which a particular prey type can be found at any time.  Resident prey types have 

ranges smaller than or equal to that of the predator of interest.  In this case most of the prey 

items consumed, measured numerically, appear to have a larger home range than the 

predator.  In one case the prey may range over a large area, in another case there may be 

the appearance of low spatial/temporal overlap, but it is because the prey type is cryptic or 

uses some sort of barrier sequestration (e.g., lives in a hole) making detection infrequent. 

An important consideration is the influence of stochastic processes in the transient 

resource term 
'

i  in comparison to (r).  The less predictable the potential presence of a 

particular prey type the less frequently that prey type should appear in the diet.  This 

phenomenon is different from the seasonal appearance of an important prey (e.g., bears and 

salmon, Quinn et al. 2006).   In this paper 
'

i is described as an unconditional probability, 

e.g., likelihood of encounter.  However, as the predation process is better understood 

through additional data, conditional probabilities may be useful to formalize portions of the 

model error. 

Preference indices do not directly indicate the level of use of a particular resource.  

Information about the level of use is important for interpretation of results.  A particular 
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resource may be rarely selected but if it is determined to be rare in the environment, or in 

this case the level of use is always near the observed maximum, that component may be 

considered highly preferred.  The conclusion in this case of being highly preferred may be 

misleading if the resource represents a small fraction of the total resource base.  For this 

reason a preference index and level of use should be considered separately and in context 

rather than in absolute terms (Johnson 1980, Maitland 1965). 

The quality of use and availability data may be limited by among-component 

sampling bias, spatial/temporal sampling mismatch among mobile prey, and different levels 

of aggregation between input and output data sets.  However, these data are often what are 

available and they are used both to gain inference about a biological system and to inform 

important management decisions.  Problems with the treatment of availability data can be a 

product of over-aggregation.  That is, even when a particular resource is measured to the 

finest scale discernable to the observer (e.g., a juvenile of a particular species) it may not be 

uniformly available to a predator.  For example, demersal rockfishes have robust spines that 

are venomous (Smith and Wheeler 2006), yet some are eaten by lingcod.  Perhaps only those 

rockfish individuals with compromised defenses are in fact available as prey.  In this way the 

total number of rockfish found within the feeding range of an adult lingcod may be a gross 

overestimate of rockfish availability as prey.  An indication of this pattern is the low level but 

moderately consistent consumption of rockfish by lingcod shown by the OC index. 

The use of two models in conjunction is a valuable tool for quantifying process 

patterns.  In this case, the analysis generates the hypotheses that rockfishes have an 

apparent high per capita defense against lingcod predation and that shifts in either the 

abundance of lingcod or rockfishes would not significantly affect predation rates.  

Conversely, increases in the presence of transient resources would likely influence the 

predation rates on those prey types.  The frequency-dependence models illustrate how 

temporal and spatial patchiness in a prey resource can be usefully considered a 

fundamentally different type of prey refuge and one that is very difficult to quantify because 

of artifacts of sampling.  The two-model approach quantifies the relative differences among 

different prey resources in a way that is not revealed by traditional approaches to resource 

preference modeling.   
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As ecosystems increasingly require intensive management (including establishing 

fully protected zones), a detailed understanding of underlying processes must be gained 

from sparse data.  The two-model approach to prey preference improves understanding of 

existing predator-prey interactions with limited existing data.  Additionally, inference is 

gained from modeled interactions into what changes in predator-prey interactions could be 

expected from changes in population abundances.  Considerations such as these help inform 

management decisions regarding the predicted effects of changes in predator abundance, 

which influence both system stability and resilience.   
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Table 1.  Lingcod prey types with Preference and Observed Capacity model output, 

associated survey observations and relative proportion of the total prey base. 

 
Prey type 

 
Preference model  

 

 
OC model  

 

Proportion 
of survey 

dives where 
observed 

(%) 

Proportion 
of total prey 

(%) 

 mean 95% CI mean 95% CI   

Pacific lamprey  0.00 0.01 -0.32 0.32 0.00 0.31 
Northern anchovy  -0.73 0.07 -0.25 0.25 0.00 0.62 
Lingcod  -3.56 0.17 -0.13 0.13 0.89 0.62 
Market squid  0.01 0.01 -0.43 0.27 0.00 0.93 
Greenlings  -4.45 0.24 -0.44 0.44 0.78 0.93 
Adult rockfishes  -149.9 8.01 -1.00 0.27 1.00 1.85 
Pacific hake  0.02 0.01 -0.49 0.24 0.00 2.74 
Juvenile rockfishes -73.88 6.47 -0.57 0.39 0.33 3.09 
Flatfishes  0.03 0.02 -0.65 0.11 0.00 4.02 
Sculpins  -2.66 0.14 -0.62 0.17 0.78 4.33 
Pandalid shrimps  0.07 0.02 -1.29 0.62 0.00 8.33 
Octopus  -0.31 0.05 -1.19 0.32 0.33 10.8 
Pacific sand lance  -0.61 0.12 -3.70 1.98 0.00 15.12 
Pacific herring  0.29 0.15 -4.05 1.07 0.11 33.64 

unidentified fishes    12.67 
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Figure 1.  Diagram of a hypothetical predator (P) within its foraging range (rectangle) 

that contains resident prey types A-C with complete temporal and spatial overlap.  Prey type 

D is transient and is unpredictably present within the foraging range (arrow shows path of 

movement through the interaction space).  Equation (1) represents prey types A-C and 

predator (P) within the defined foraging range (r in equations 1, 2).  Prey type D is included in 

equation (2) where (ωi) represents a binary probability of encounter. 
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Figure 2.  Output (Table 1) from the Preference model (equation 3) on the x-axis 

(base 10 logarithmic scale, and shift-transformed +1.0) and the OC model (equation 4) on the 

y-axis (transformed by *-1.0) shows prey types distributed by predator avoidance (x-axis) and 

patchiness of use (y-axis).  Prey types in quadrant IV are always present but rarely consumed 

and prey types in Quadrant II are most often consumed but rarely present.  Most prey types 

fall into Quadrant III, where they are intermediate in both respects.  Over half the prey items 

consumed occur in Quadrant II, and none occur in Quadrant I where there would be no prey 

refuge.  
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 CHAPTER 6 

 

Conclusion 

 

Lingcod are both physically and behaviorally adapted to eat prey of very different 

taxonomy, size and habitat. This study reveals lingcod to be highly generalized predators of 

both local and transient species. The lingcod in this study ate few rockfishes, which in this 

region are common, demersal, and spiny species. I found prey were numerically dominated 

by transient/pelagic species. Consistent with these findings, other studies found that 

identifiable prey items were mostly Pacific herring, Pacific sand lance, Pacific tomcod 

(Microgadus proximus Girard) and Pacific hake (Cass et al. 1990; Haggarty et al. 2004). 

Another study showed that lingcod had consumed 27 identifiable species of fish and 

invertebrates.  However, this study showed that numerically, 52% of prey were 

transient/pelagic, 4% were associated with soft-bottom, 44% were demersal reef-dwelling 

species, and of those, half were invertebrates. The importance of macro-invertebrates 

among local prey species is different from previous studies. Sand consistently co-occurred in 

stomachs containing both octopus and shrimps, but never with flatfishes of any species. This 

suggests that these lingcod did not forage for flatfishes directly over the bottom, but 

consumed them in the water column.  

While lingcod do feed on relatively site-attached fishes and frequently on macro-

invertebrates, my data show about half of prey items, quantified numerically, are energy-

dense transient fishes. This suggests that lingcod biomass on nearshore reefs is subsidized by 

pelagic, and to a lesser extent soft-bottom, ecozones.  This finding has implications for 

management decisions regarding potential impacts of lingcod on other managed species.  

These data indicate that lingcod off the coast of Oregon are (1) highly generalized predators 

of both fish and invertebrates in multiple habitats, (2) select prey disproportionally to prey 

abundance, and (3) do not differentially target rockfish as prey.   
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Large, highly generalized predators eat many different prey types and often do so 

infrequently, so samples sizes must be large to adequately capture the heterogeneity of the 

data (e.g., Kingsford 1992).  With 375 samples, the dietary data reported here describe the 

relative abundance of prey categories in the diet of lingcod over a limited geographical area 

during half the year.  The primary sources of error in these data include potential 

misidentification of prey and undefined rates of egesting stomach contents upon capture.  

Additionally, the digestion rates for free-living lingcod are unknown.  The dive surveys were 

limited by inadequate estimates of prey availability and asymmetric sampling accuracy 

among habitats for prey types that were difficult to observe.  However, rockfishes are highly 

observable and there was clearly a strong negative preference (or avoidance) for rockfishes 

as compared with all other prey types.  Hydro-acoustic tracking studies of black rockfish have 

shown they move less than a few hundred meters over periods of months (Parker et al. 

2008), thus can be expected to have complete spatial and temporal overlap with local 

predators during the study period.  

There is concern that lingcod predation may reduce the efficacy of marine reserves 

to recover some overfished populations of rockfishes.  In a recent study that addressed this 

issue in Puget Sound, Washington,  Beaudreau and Essington (2007) found that in 560 

lingcod (< 30cm-108cm) sampled inside and outside marine reserves, 6.8% of the total 

number of prey items were rockfishes.  All individual rockfish identified to species were 

Puget Sound rockfish (S. emphaeus) and 0.4% of all prey were confirmed to be other species 

of Sebastes.  The Puget Sound rockfish is a very small schooling species often found in high 

densities that mature in 1-2 years.  They are not fished either recreationally or commercially 

and thus are not the focus of recovery efforts.  The largest measurable rockfish in Beaudreau 

and Essington’s (2007) study was 16.6 cm.  Combined with the results from Stiner (1979) and 

this study, lingcod of any size rarely prey on larger-bodied rockfishes.  Beaudreau and 

Essington (2007) state that results from a modeling exercise suggest intensive lingcod fishing 

is likely to disproportionately alleviate predation pressure on larger rockfishes.  However, 

combined empirical evidence from all three studies does not support this assertion.  

Of all prey items found in this study, only one was a potentially reproductive rockfish 

and it apparently had been ingested within 24 hours of capture.  This ratio simplifies to less 

than one adult rockfish consumed per lingcod per year, whereas the dive surveys found an 
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average of 40 adult rockfishes living in the vicinity of each lingcod.  If these ratios are 

representative, they suggest that lingcod predation is not a primary source of mortality for 

nearshore adult rockfishes off the coast of Oregon.  Nor do lingcod appear to be a primary 

source of mortality of juvenile or young-of-the-year rockfishes because they were only 

slightly more likely to be eaten by lingcod.  Hobson et al. (2002) found predation by black 

rockfish, blue rockfish, and kelp greenling were the primary source of mortality for post-

settlement juvenile rockfishes in northern California.  Based on the number of empty 

stomachs, lingcod frequently go at least several days without eating, suggesting there may be 

large differences between local prey abundance and prey availability (see Menge 1972; Kelly 

1996).  Better information is required on foraging range in relation to differences in habitat 

and prey availability to understand lingcod foraging behavior as it relates to prey density.   

Food webs describe networks of feeding relationships within an ecosystem.  These 

relationships are influenced by the traits and densities of the consumers within the defined 

system.  Food webs are also a system of ideas shaped by empirical data that describe real 

interactions among members of the construct.  These empirical data are highly influenced by 

the limitations of the data creation process.  Among these limitations are the differences in 

an observer’s ability to detect different prey components within a food web containing highly 

generalized consumers.  These differences among observations may mislead conclusions 

about trophic effects when information about differences in prey availability are used to 

determine interaction strengths.  By using data on consumption and recognizing differences 

in observer detection we can recover better estimates of realized prey availability and 

generate better estimates of interaction strengths between trophic components and a 

generalist consumer. 

Statements about the preference of one resource type relative to another are 

appropriate and useful for answering broad ecological questions.  However, only a relative 

ranking of components may be all that can be expected from an analysis of use relative to 

availability given the constraints of field data.  Maitland (1965) pointed out that a resource 

component will only be recognized as being preferred if usage is high relative to abundance. 

Because abundant resources that are used at low levels may be vital to a consumer, a 

conclusion that a particular component is of low value (i.e., not preferred) may be 
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unwarranted and for this reason a preference index and level of use should be considered 

separately and in context rather than in absolute terms.   

The quality of use and availability data may be limited by among-component 

sampling bias, spatial/temporal sampling mismatch among mobile prey, and different levels 

of aggregation between input and output data sets.  However, these data are often what are 

available from natural environments and they are used both to gain inference about a 

system and to inform important management decisions.  Using a two-model approach makes 

more efficient use of available data and may elucidate additional emergent properties that 

are not otherwise apparent. 

  The hypothesis that lingcod prey significantly on rockfish was clearly rejected based 

on the preference index because rockfish are selected as prey far less than would be 

expected by their abundance.  An analysis using an Observed Capacity (OC) index shows two 

things:  first that rockfishes are on average rarely consumed by lingcod and second, that 

rockfishes are on average consumed far below a lingcod’s observed capacity to consume 

rockfishes.  From this analysis, lingcod observed capacity for rockfish is very low relative to 

other prey types and the mean consumption of rockfish relative to observed capacity is also 

very low, though not the lowest among all prey types.  If the average consumption of 

rockfish by lingcod had been close to their observed capacity at a given level of abundance, 

by the OC measure, rockfish would be considered a consistent component of the prey base.  

A result like this would suggest that lingcod have a low capacity for rockfish, but potential 

consumption is relatively even among consumers.  Both selection measures showed lingcod 

to be highly flexible in their consumption of many different prey types.  By contrast, Pacific 

herring were frequently consumed and were only observed on one dive survey, thus far less 

available.  This leads to the result using the preference method that herring are highly 

preferred.  Because lingcod observed capacity for herring is very high relative to other prey 

types (17 consumed by one individual) and average consumption is much lower, herring are 

less available (because of temporal/spatial patchiness) and their consumption is highly 

variable.  The range of occurrence can be considered the area within which a particular prey 

type can be found at any time.  Resident prey types are those that have a range less than or 

equal to that of the predator.  In this case most of the prey types consumed, measured 

numerically, appear to have a far greater range than the predator.  In one case the prey may 
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range over a large area, in another case there may be the appearance of low 

spatial/temporal overlap, but it is because the prey type is cryptic or uses some sort of 

barrier sequestration making detection infrequent. 

Preference indices do not directly indicate the level of use of a particular resource.  

This information is important for interpretation of results.  A particular resource may be 

rarely selected but if it is determined to be rare in the environment, or in our case the level 

of use is always near the observed maximum, that component may be considered highly 

preferred.  This may be misleading if the resource represents a small fraction of the total 

resource base.  For this reason a preference index and level of use should be considered 

separately and in context rather than in absolute terms.  Even when a particular resource is 

measured to the finest scale discernable to the observer (e.g., a juvenile of a particular 

species) they may not be uniformly available to a predator.  For example demersal Sebastes 

species have robust spines that are venomous (Smith and Wheeler 2006), yet some do get 

eaten by lingcod.  It is likely that only those individuals with compromised defenses are in 

fact available as prey.  In this way the total number of rockfish found within the feeding 

range of an adult lingcod may be a gross overestimate of rockfish availability as prey.  An 

indication of this pattern is the low level but moderately consistent consumption of rockfish 

by lingcod shown by the DEA index.  Using this two-model approach to glean additional 

inference from available data is important for an improved understanding of proposed 

linkages among consumers and resources.  These data and subsequent interpretations feed 

directly into food web constructions as well as inform management decisions.    
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