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ABSTRACT 

The ability of predator populations to expand their ranges and adapt to new 

environments is often attributed to having a generalist dietary strategy, which is thought 

to be represented both at the population and individual level.  Cormorants 

(Phalacrocorax spp.) are considered to be opportunistic generalists capable of using a 

wide variety of aquatic prey.  This reputation is partially responsible for the global 

conflict between piscivorous cormorants and fish harvesters, which is one of the most 

widespread wildlife management issues in history. Despite the persistent belief that 

cormorants adversely affect economically important fish populations, relatively little is 

known about their trophic ecology and habitat use.  Stable nitrogen and carbon isotopes 

are popular tools for studying food webs, and offer a comprehensive assessment of diet, 

trophic position, and ecological niche when combined with traditional diet analyses.  

However, the interpretation of isotope data may be confounded by variation in the lipid 

content of sample tissues.  No validated lipid-normalization procedures are currently 

available for any cormorant species, or any fish-eating birds.  As such, I first determined 

the effect of lipids on the stable carbon and nitrogen isotopes (δ
13

C and δ
15

N) values in 

cormorant tissues, and tested three published lipid-normalization models on stable 

isotope signatures in double-crested cormorant (P. auritus) muscle and liver tissues.  The 

presence of lipids in cormorant muscle and liver altered the stable isotopes values, 

indicating corrections were required. However, the effects of lipids in cormorants were 

unpredictable and thus violated a major assumption of published lipid-normalization 

models.  As a result, lipids must be chemically removed from cormorant muscle and liver 

tissue.  I then examined the diet and trophic position of breeding populations of double-
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crested cormorants from three different lakes. The results revealed that cormorants 

generally occupied top-predator positions and relied heavily on pelagic prey in all food 

webs examined. The isotopic values of cormorants and pelagic predatory fish were 

sometimes similar, suggesting that dietary overlap is possible. To determine whether 

cormorants are true dietary generalists I studied double-crested cormorants from breeding 

colonies spanning three major ecoregions.  Analyses of stomach contents revealed that at 

the population level cormorant diet varied widely by location, likely reflecting local food-

web structure.  However, within populations individuals were much more specialized 

than expected.  Temporal shifts in δ
13

C and δ
15

N values in cormorant tissues with 

different turnover rates (muscle vs. liver) indicated that foraging varied among 

populations.  The dietary niche occupied by cormorants will affect their interactions with 

fish, highlighting the importance of understanding their impacts to fish populations both 

at the population and individual level.  Ultimately, my research has shown that 

cormorants do not consume prey indiscriminately, and instead may have more specific 

and uniform dietary niche requirements than previously considered.  From a management 

perspective, cormorants should not be assumed to have negative effects on fish in all 

situations; however, further attention is required to determine the impacts of dietary 

overlap with sport fish.  Ecologically, I have shown that generalist species can be much 

more consistent and specialized than previously considered.  Further, individuals within 

generalist species may be highly specialized, which will change the overall effects of the 

population on other species in the food web.  
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CHAPTER 1.   GENERAL INTRODUCTION 

 

 

1.1 The ecology of expanding generalist populations 

As many species and populations around the world are suffering from serious 

declines, some species populations have been increasing.  Population expansion can be 

just as worrisome as extirpations, as increases in distribution and abundance of species 

can have serious ecological implications.  The arrival of new, or newly abundant species, 

can disrupt entire ecosystems (e.g., Sanders et al. 2003; Dukes and Mooney 2004).  

Predatory species, specifically, may out-compete other predators and negatively impact 

prey communities through predation.  There is an urgency to understand biological 

invasions, as they represent a major threat to natural ecosystems (reviewed in Vitousek et 

al. 1997).  For example, European green crabs (Carcinus maenas) were unintentionally 

introduced to North America and have spread throughout much of the coastline, posing 

serious threats to native invertebrate species via predation and competition (e.g., Jensen 

et al. 2002; Miron et al. 2005; Rossong et al. 2006; Walton et al. 2002).   Similarly, 

invasive mammals introduced to islands around the world have wreaked havoc on native 

ecosystems (reviewed in Courchamp et al. 2003), and have been especially detrimental to 

birds (reviewed in Jones et al. 2008).  Non-native freshwater fish around the world have 

had particularly strong ecological impacts on ecosystems by introducing pathogens (e.g., 

Gozlan et al. 2005), hybridizing with native species (e.g., Costedoat et al. 2005; Boyer et 

al. 2008), and depredating on, or out-competing, other species (e.g., Witte et al. 2000; 

Baxter et al. 2004).   Native predators may also expand their range or increase in number, 

which can potentially alter ecosystems and negatively affect other species during the 

process.  In this way, range expansions may be considered invasions (Thompson et al. 
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1995; Davis et al. 2000).  For example, coyotes in North America were historically a 

predator of the Great Plains but expanded to forested areas around the continent in the 

20
th

 century (Arjo and Pletscher 2004) and have had important impacts on prey (Henke 

and Bryant 1999), and other predators have been affected by intra-guild predation, 

competition, and displacement (reviewed by Jakubas 1999).  It is clear that new predators 

can play an important role in food webs, but the mechanism driving species invasions and 

expansions is poorly understood. 

 

It has been suggested that successful predators are characteristically quick at 

reproducing, are highly adaptable, and are dietary generalists (Sakai et al. 2001; Park 

2004).  Particularly, species expansions are often attributed to flexiblity in diet (e.g., 

Polačik et al. 2009; Tayleur et al. 2010; Zhang et al. 2010).  In reality, there are three 

mechanisms whereby species are able to expand their range and persist in multiple 

environments: 1) phenotypic plasticity, 2) fixed intermediate traits, or 3) genetic variation 

among populations (Greig and Wissinger 2010).   The adaptability, or plasticity, of 

generalists tends to attract the most attention from researchers; however, there is a 

paucity of supporting empirical evidence for many of these claims and no direct link 

between a generalist diet and population expansion.  Further, not all invasive species are 

generalists; some invasive species are highly specialized (e.g., Elliot et al. 1996; Bøhn 

and Amundsen 2001).  However, generalist species have a number of advantages over 

specialists with regards to range expansion.  Generalists can exploit a greater range of 

resources, and are better able to tolerate variable or unpredictable environments due to 

their behavioural, phenotypical, and physiological flexibility (Bergman, 1988; Parsons, 

1994; Rutherford et al., 1995).  As a result, generalists are typically better able to adapt to 
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new environments.  However, characteristics and biodiversity of the invaded community 

can also play an important role in invasion resistance (e.g., Stachowicz et al. 1999; 

Kennedy et al. 2002), such that invaders are not able to permenantly occupy a niche 

within the food web.  For this reason, the study of the ecological niche in regards to 

species invasions has become more prominent in recent years (e.g., Shea and Chesson 

2002; Peterson 2003; Thuiller et al. 2005; Medley 2010).  By examining the ecological 

niche of expanding and invading predators, we can get a better sense of how they operate 

within their food web.   

1.2 The ecological niche and its importance to expanding populations 

 

Community ecology, the study of distribution and interactions among organisms 

sharing the same environment, can play an important role in understanding biological 

invasions (Roughgarden 2009; Shea and Chesson 2002), as well as expanding native 

populations.  A fundamental question in ecology is how multiple species distribute 

themselves in ecosystems.  Species within a community are organized into „ecological 

niches‟, multi-dimensional environments wherein the resource requirements of organisms 

are met (Grinnell 1917; Hutchinson 1959).  However, ecological niche space is 

multidimensional, and is comprised of a physical space, resources, time, and interactions.  

Niche space can be further determined by interactions with other species and their 

environment (e.g., Platt and Weiss 1977; Dunson and Travis 1991; Albrecht and Gotelli 

2001; Amarasekare 2008; Ricklefs 2010).  Thus, an organism may be restricted to its 

„realized‟ niche due to ecological interactions, rather than using its entire potential, or 

„fundamental‟, niche. (reviewed in Colwell and Fuentes 1975).  Understanding niches is 

one of the most important goals in ecology (Godsoe 2010), and niche theory has been 
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linked to species richness, competition, speciation, invasions, and extinctions.  A solid 

grasp of community niche structure could change our understanding of population 

ecology, and help better estimate the impacts of certain species on food webs.  Yet, due 

to the complexity of communities, and the wide variety of factors that can affect their 

structure, niche theory remains poorly understood despite its importance.  Observing, 

measuring, and defining niche space is challenging because a niche is not necessarily just 

a physical space.   

Comparing the same species in multiple habitats is an important first step towards 

understanding niche structure.  Determining whether species occupy similar niches in 

multiple systems, or comparing niches in native and invaded food webs, can help answer 

how and why some species are expanding their range, and ultimately what impact one 

niche may have on another.  Studying how, or if, this niche changes across multiple food 

webs can increase our understanding of how some generalist predators are successful at 

range expansion.  Such studies may also enable us to determine the essential components 

of community structure based on similarities among multiple communities (Elton 1927).  

At the opposite end of the spectrum to community-wide studies, investigators of niche 

space also need to examine species at the individual level Schoener (1974), rather than 

assuming that the population level is representative of individuals.  However, such 

detailed studies are challenging, and require a relatively large investment of money and 

time.  Because a multi-dimensional niche space is difficult to measure or even 

comprehend, studies of ecological niche tend to focus on one or two physical 

characteristics – usually diet and habitat.  Dietary niches are particularly attractive to 
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researchers because they provide greater insight to community structure through food 

web interactions. 

1.3 Stable isotopes as a tool for studying niche space 

Researchers have taken advantage of the predictable patterns of certain stable 

isotopes ratios (particularly 
13

C/
12

C, 
15

N/
14

N) as they are transferred through the food 

chain to calculate diet composition, foraging habitat, and trophic positions.  Stable 

isotopes analyses of animal tissues are now a popular and powerful tool for studying diet 

composition (e.g., Phillips and Gregg 2003; Ikeda et al. 2010; Parnell et al. 2010; Won et 

al. 2010), ontogenetic shifts (e.g., Barks et al. 2010; Orr et al. 2011), trophic level (Post 

2002; Vander Zanden et al. 1997), and habitat use (Peterson & Fry 1987; Fry 2006).  

Using isotopes of C and N, researchers can thus create a 2-dimensional representation of 

dietary niche.  Differences in the ratios of heavy and light isotopes vary among 

organisms, and consumers tend to become enriched in the heavier isotope compared to 

their diet.  This is a long-term process that reflects diets over a period of a week to many 

months (e.g., Tieszen et al. 1983; Hobson and Clark 1992).  Thus, it can be much more 

comprehensive in terms of diet composition compared to the short-term “snapshot” 

approach of stomach content analyses.  As such, stable isotopes ratio analyses offer a 

more comprehensive approach to diet analyses compared to traditional examination of 

stomach contents or foraging events.  Carbon and nitrogen stable isotopes are most 

commonly used for diet and food web studies because they reflect foraging habitat use, 

prey consumption, and trophic position (Peterson and Fry 1987; France 1995; Vander 

Zanden et al. 1997).  Stable isotopes ratios are expressed in delta (δ) notation, and are 
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calculated by comparing the sample to an international standard in parts per thousand 

(‰): 

   δ
H
X = [(Rsample/Rstandard) - 1] x 1000 

where R is the ratio of heavy to light isotopes (e.g., 
15

N/
14

N).  The international standards 

for carbon (δ
 13

C) and nitrogen (δ
15

N) are Vienna PeeDee Belemnite (PDB) and 

atmospheric air (N2), respectively (Peterson and Fry 1987).  

Stable isotopes can provide a great deal more information about foraging habitats, 

trophic position, and foraging behavior compared to standard stomach contents analyses.  

These intrinsic markers can make it much easier to gather diet information for animals 

that travel long distances to feed, or forage in remote or difficult to observe habitats.  

Similarly, stable isotope analyses of samples easily collected from nests provided insight 

into the diet and trophic ecology of elusive animals, such as primates (Dammhahn and 

Kappeler 2009; Oelze et al. 2011), seabirds (Hobson 1990; Bearhop et al. 1999; Romanek 

et al. 2000), and underwater organisms (e.g., Knoff et al. 2008; Guilini et al. 2010; 

Giraldo et al. 2011) that would have been difficult to achieve otherwise.  In addition to 

studying diet composition, stable isotopes are now commonly used for studies of food 

web ecology because researchers can also examine complex trophic interactions such as 

competition, niche partitioning, and predator-prey relations (e.g., Blüthgen et al. 2003; 

Vander Zanden et al. (1999; Stewart et al. 2003; Cherel et al. 2007).  The development of 

more sophisticated techniques, such as stable isotopes analyses, have opened up new 

opportunities for studying dietary niches (Bailleul et al. 2010; Williams et al. 2010; 

Razgour et al. 2011), but large scale studies are still relatively rare (but see e.g., Martinez 

del Rio et al. 2009; Pethybridge et al. 2011).  To my knowledge, there has been little 
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effort to compare niches among various food webs, or examine how expanding 

populations and invasive species fit into various food webs. 

1.4 Cormorants as a model organism 

Double-crested cormorants (Phalacrocorax auritus) are widespread throughout North 

America; they occur from coast to coast, ranging from Mexico to Alaska, including every 

province in Canada.  Double-crested cormorant populations throughout North America 

have been on the rise in the past 30 years (Wires et al. 2001).  New cormorant colonies 

have also emerged during this period of growth, including colonies that have been 

documented beyond their historic range (Doucette et al. 2010).  In the Great Lakes 

region, double-crested cormorant colonies grew from 89 nesting pairs to over 25,000 

between 1970 and 1999 (Weseloh et al. 1995).  The Great Lakes and Prairie regions now 

support a major proportion of the breeding double-crested cormorants in North America 

(Wires and Cuthbert 2006).  Historical data are sparse with regards to double-crested 

cormorant numbers; however, populations underwent a serious decline around the turn of 

the 20
th

 Century (Wires and Cuthbert 2006).  Human persecution and reproductive failure 

due to dichlorodiphenyl-trichloroethane (DDT) pesticide use were likely causes of this 

decline (Hatch and Weseloh 1999).  It has been suggested that recent increases in double-

crested cormorant abundance are linked to a ban on use of DDT, changes in protection 

laws, and increases in food supply created by overharvesting of predatory fish species by 

recreational and commercial fisheries (Hobson et al. 1989; Wires and Cuthbert 2006).  

 Double-crested cormorants forage in a wide variety of habitats in both marine and 

freshwater, including lakes, rivers, aquaculture ponds, and coastal waters, and are capable 
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of exploiting a variety of prey species.  The ability of double-crested cormorants to use a 

wide variety of habitats and prey species, combined with their seemingly rapid and wide-

ranging population expansion, has garnered them the oft-used title of opportunistic 

generalists (e.g., Hatch and Weseloh 1999; Casaux et al. 2009).  Cormorants are pursuit 

divers, and fish are caught underwater, and swallowed at or below the surface, making it 

difficult to observe individual prey selection and foraging strategies.  Yet, cormorant diet 

has been studied for decades and there has been plenty of speculation regarding their 

impact to fish populations (e.g., Mattingley 1927, Bartholomew 1942; Neuman et al. 

1997; Glahn et al. 1998; Johnson et al. 2002).  However, the majority of data come from 

the Great Lakes and other systems where cormorants are heavily managed, and/or 

systems which are extensively modified by human activities such as fish stocking, fishing 

pressure, and the introduction of invasive species.  Yet it is unclear how these activities 

influence cormorant behavior with respect to diet and foraging ecology.  Furthermore, 

most of the data available regarding cormorant diet tends to be collected from nestling 

regurgitations on breeding colonies, and to a lesser extent from pellets regurgitated by 

adults in roosting areas.  There are a number of problems associated with these two 

methods (Duffy and Jackson 1989; Carss et al. 1997).  For example, regurgitated pellets 

and boluses may be biased against finding quick-digesting prey.  Pellets integrate 

multiple meals and underestimate soft-bodied, and smaller, prey.  Regurgitations provide 

a short-term representation of diet, representing recent foraging trips only.  Finally, it is 

unknown whether nestling regurgitations accurately reflect adult diet, yet they comprise 

the bulk of our knowledge of double-crested cormorant diet.  Despite these concerns, 

regurgitation analyses have remained in favour, likely because a large quantity of 
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samples can be collected relatively easily.  Recent advances in techniques for diet studies, 

such as stable isotopes, fatty acids, and genetic analyses, have been under-used by 

cormorant researchers (Hobson 2009; but see Bearhop et al. 1999; Robinson et al. 2009).  

Combining such techniques with traditional methods can enhance our understanding of 

cormorant diet beyond the “snapshot” analyses, and answer otherwise difficult questions 

about dietary niche and trophic position which can address large-scale questions 

regarding cormorant and food web ecology. 

Double-crested cormorants are an ideal species for a variety of ecological studies 

related to food web ecology, the biology of generalists and invasive species, and applied 

ecology.  As piscivores, meaning their diet is comprised almost entirely of fish, double-

crested cormorants have conflicted with humans over fisheries resources throughout 

North America (e.g., Glahn and Brugger 1995; Coleman et al. 2005).  Similar conflicts 

occur between fisheries and great cormorants (P. carbo) in Europe (e.g., Carss and 

Marzano 2005), and other cormorant species throughout the world (e.g., Trayler et al. 

1989; Linn and Campbell 1992; Kameda et al. 2003; Casaux et al. 2009).  Thus, from an 

applied perspective there is a pressing need to properly understand cormorant diet and 

food web interactions.  An understanding of food web interactions among cormorants and 

fish species can help inform management decisions and predict circumstances under 

which cormorants may negatively affect fisheries.  Finally, understanding how or if the 

trophic position of cormorants changes in various freshwater systems may also help to 

explain why cormorant populations are increasing worldwide.  Ecologists have the 

opportunity to take advantage of the applied interests in cormorants.  This widespread 

generalist species has value as a model species for studies of resource use by generalist 
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species.  As well, increasing cormorant populations, and the development of new 

colonies, provide opportunities to use this species to study invasion ecology.  Overall, we 

still have a poor understanding of how cormorant consumption affects aquatic food webs.   

Double-crested cormorant populations in Saskatchewan have increased more than 30 

fold since the 1960‟s (Somers et al. 2010), and new populations have developed outside 

the known breeding range for the species (Doucette et al. 2010).  Disturbance regimes 

and culling occur in almost every province and state in North America (e.g., Johnson et 

al. 2002, Rudstam et al. 2004), but double-crested cormorants are not yet officially 

managed in Saskatchewan.  Thus, there is an opportunity to study these birds and their 

interactions with other members of food webs which have not been dramatically altered 

by invasive species or stocking programs (with the exception of carp in Last Mountain 

Lake).  Saskatchewan is also an ideal location to study cormorants due to the range of 

ecoregions containing productive cormorant colonies.  Breeding colonies in 

Saskatchewan can be found in Prairie, Boreal, and Shield regions, and on water bodies 

varying from ephemeral fishless saline lakes, to large populated lakes, as well as remote 

northern lakes.  In addition, there has been a push to understand cormorant impacts to 

economically-valuable fish populations in the province as commercial and recreational 

fishing are major sources of revenue for Saskatchewan, generating $69 million yearly 

(Derek Murray Consulting Associates 2006).  For these reasons, Saskatchewan is an ideal 

location for studying the ecology of this species. 

 

1.5 Thesis objectives  
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The overall purpose of my research was to examine the dietary niche of double-

crested cormorants in multiple systems to help improve our understanding of how 

cormorants fit in freshwater food webs.  It is important to determine whether there are 

general trends in cormorant diet and food web niche to enable our understanding of 

whether and how cormorants are the major threat to fish populations they are made out to 

be.  Stable isotopes provided a previously unused technique for studies of cormorant diet 

and ecology. 

Overall, my objectives were:  

1) Develop the methodology for using cormorant tissues for stable isotopes analyses.  

Particularly, test and validate existing lipid-extraction procedures and their effects 

on δ
12

C and δ
15

N values in cormorant tissues, and determine the best method for 

fish-eating birds.  This research was published as Doucette et al. (2010b). 

 

2) Examine the diversity, or lack thereof, of diet and trophic niche of cormorant 

populations relative to other members of the food web in multiple systems.  

Potential interactions with prey, and the potential overlap with predatory sport 

fish, were of particular interest. This research was published as Doucette et al. 

(2011). 

 

3) Assess individual contribution to the overall niche of generalist populations by 

examining the potential for individual specialization within cormorant populations.  By 

comparing multiple cormorant populations, the objective was to determine how the 



 

12 

 

foraging ecology of generalist populations varies in multiple, different food webs.  This 

research has been written as a manuscript and will be submitted to American Naturalist.  
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CHAPTER 2. EFFECTS OF LIPID EXTRACTION AND LIPID NORMALIZATION 

ON STABLE CARBON AND NITROGEN ISOTOPE RATIO IN DOUBLE-CRESTED 

CORMORANTS: IMPLICATIONS FOR FOOD WEB STUDIES 

 

Note: This chapter has been republished, with permission, from: Doucette J.L., B. Wissel 

and C.M. Somers. 2010. The effects of lipid extraction and lipid-normalization on stable 

carbon and nitrogen isotopes ratios in the double-crested cormorant: implications for food 

web studies. Waterbirds. 33(3):273-284. 

 

2.1 Abstract  

Cormorants are desirable subjects for food web studies using stable isotopes (C 

and N) because of global fisheries conflicts, but no validated lipid-normalization 

procedures are currently available for any cormorant species.  Accordingly, the effects of 

chloroform-methanol and petroleum-ether lipid extractions and three published lipid-

normalization models on stable C and N isotope signatures in Double-crested Cormorant 

(Phalacrocorax auritus) muscle and liver tissues were investigated.  The presence of 

lipids in cormorant muscle and liver decreased δ
13

C values by approximately 1-2‰, more 

so than has been reported in other birds.  Cormorants showed large variation in the 

relationship between the C:N ratio of bulk tissue and the change in δ
13

C values after lipid 

extraction, violating a major assumption of published lipid-normalization models. 

Despite this violation, two of the three tested models performed reasonably well for 

correcting δ
13

C values. The circumstances under which these models might fail are 

unknown, so caution is warranted when applying them to new species. Petroleum-ether 

lipid extractions did not reduce the C:N ratio of tissue samples (over half of the samples 

ranged from 4.38 to 5.27) to those of pure proteins (4.0 or below); thus, lipid extraction 
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using chloroform-methanol is recommended to ensure the greatest accuracy of carbon 

isotope analyses of cormorant tissues. 

2.2 Introduction 

Piscivorous birds and humans are in conflict over fisheries resources in many 

places worldwide (e.g., Kirby et al. 1996; Harris et al. 2008; Zydelis and Kontautas 

2008). Consequently, ecologists and managers are increasingly required to understand the 

diet and role of avian piscivores in aquatic food webs.  Stable nitrogen and carbon 

isotopes are popular tools for studying food webs (e.g., Peterson and Fry 1987; Kling et 

al. 1992; Michener and Schell 1994; Schmidt et al. 2007); however, the interpretation of 

isotope data may be confounded by variation in the lipid content of sample tissues due to 

the depletion of the heavy carbon isotope (
13

C) in lipids (e.g., Tieszen et al. 1983; Logan 

et al. 2008).  Potential effects of lipids on carbon isotope signatures have been studied 

extensively in fishes (e.g., Sotiropolous et al. 2004; Logan et al. 2008; Mintenbeck et al. 

2008), but birds and other aquatic predators have received little attention (but see Post et 

al. 2007; Kojadinovic et al. 2008a; Oppel et al. 2010).   

The 
13

C-depletion of lipids relative to proteins causes sample tissues with elevated 

lipid content to have relatively lower δ
13

C values (DeNiro and Epstein 1977).  Therefore, 

it is necessary to correct for the presence of lipids, especially when comparing species 

with different lipid concentrations (Hobson and Clark 1992; Post et al. 2007), or within 

species where body condition varies substantially due to lipid accumulation or loss. One 

approach to correct for lipids is to chemically extract them from samples prior to stable 

isotope analyses (Kelly 2000).  Lipid extraction may alter δ
15

N values (Pinnegar and 

Polunin 1999; Murray et al. 2006), and therefore carbon and nitrogen isotopes need to be 
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analyzed separately, with lipids removed only from the carbon aliquots (Sotiropolous et 

al. 2004; Mintenbeck et al. 2008).  In addition, there is no standardized lipid-extraction 

method (Logan et al. 2008), making it difficult to pool data from various sources (Murray 

et al. 2006) or detect ecological patterns (Kelly 2000) across studies.  The best approach 

to account for lipids in food web studies, considering sample type, availability, and cost, 

is still unclear. 

An attractive alternative to chemical extraction is to apply post hoc mathematical 

lipid corrections (e.g., McConnaughey and McRoy 1979; Alexander et al. 1996; Kiljunen 

et al. 2006; Post et al. 2007).  Most of these corrections have been inadequately tested 

(Post et al. 2007), and their applicability to organisms other than fish is uncertain.  

Species- and tissue-specific correction formulas are recommended for stable isotope 

studies of food webs (Logan et al. 2008), but terrestrial and aquatic animals can be 

affected differently by the presence of lipids (Post et al. 2007).  Published lipid-correction 

models should therefore be tested before applying them to other organisms. 

 Great and Double-crested Cormorants (Phalacrocorax carbo and P. auritus, 

respectively) are excellent candidates for stable isotope studies because their piscivorous 

diet, in combination with recent population increases, has caused widespread conflicts 

with humans over fisheries resources in Europe and North America (e.g., Glahn and 

Brugger 1995; Kirby et al. 1996; Smith et al. 2008).  Accordingly, there is a pressing 

need to understand cormorant diet and food web interactions.  Stable isotopes offer a new 

resource for this research (e.g., Hobson 2009, Robinson et al. 2009), but currently no 

lipid-normalization models are available for cormorants. Kojadinovic et al. (2008a) 

recently developed lipid-correction models for four seabirds, but their study species feed 
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almost entirely on cephalopods (Kojadinovic et al. 2008b), and feed exclusively in salt 

water habitats.  To provide taxon-specific data for cormorants, and to test the usefulness 

of lipid-correction models in birds, we conducted carbon and nitrogen stable isotope 

analyses on Double-crested Cormorant (hereafter cormorant) muscle and liver tissue 

using common chemical lipid extractions and mathematical lipid corrections.   

 

2.3 Methods 

Cormorant Sampling 

We shot a total of 100 adult cormorants near nesting colonies at four lakes in 

Saskatchewan, Canada, during the 2006 and 2007 breeding seasons: (1) Last Mountain 

Lake (51°20'N, 105°15'W), (2) Dore Lake (54º46'N, 107º17'W), (3) Canoe Lake 

(55°11'N, 108°15'W), and (4) Reed Lake (50°24'N, 107°05'W).  We measured body mass 

and skull length of each bird, and calculated a body mass index (BMI) by dividing the 

mass (g) by the skull length (mm). We took pectoral muscle and liver samples from each 

bird for stable isotope analysis.  Cormorant collection was done under Special Permits 

060040 and 07FW0046 from the Saskatchewan Ministry of the Environment, and all 

sampling was approved by the University of Regina President's Committee on Animal 

Care. 

 

Stable Isotope Analyses  

Samples were rinsed with distilled water, dried at 50°C, and ground to a fine powder.  

Bulk samples (still containing lipids) were weighed (between 0.45 and 1.05 mg) in tin 

cups, and δ
13

C and δ
15

N were measured using a Finnigan Delta Plus isotope ratio mass 

spectrometer (Environmental Quality Analysis Laboratory, University of Regina). 
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Results are expressed in the standard δ notation as parts per thousand (‰) relative to 

international standards of PeeDee Belemnite (PDB) for carbon and atmospheric air (N2) 

for nitrogen.  Replicate samples had standard deviations of generally less than 0.2‰ for 

δ
13

C and δ
15

N values.  

Samples from the same individuals were re-analyzed after lipids were extracted 

using a chloroform-methanol solvent (2:1), a technique commonly used in other 

ecological studies (e.g., Post 2002; Hobson et al. 2002; Hobson and Bairlein 2003).  

Chloroform-methanol lipid extraction is considered one of the best techniques for 

removing total lipid content, because unlike other methods, it removes both polar and 

nonpolar lipids (Christie 1982).  Samples were treated with 5 ml of the solvent solution, 

agitated manually, and left for at least twelve h, after which the process was repeated and 

samples were left for at least six hours.  After each extraction, the supernatant containing 

lipids was decanted and discarded, and any remaining solvent evaporated in a fume hood.  

Once dry, these lipid-extracted samples were weighed and analyzed in the same way as 

the bulk samples.  To evaluate the differences in δ
13

C between extracted lipids and 

remaining proteins, a subsample of each tissue type was selected randomly for lipid 

analyses.  The bulk samples were initially weighed (average 0.12 g), and during chemical 

extraction the decanted supernatant containing lipids was reserved, the solvent was 

allowed to evaporate for at least twelve h on an aluminum weigh boat, and the remaining 

extract was weighed to the nearest 0.00001 g to estimate the lipid content (% of dry 

weight), and then analyzed for δ
13

C and δ
15

N values.  Gravimetric analysis is an 

inexpensive and accurate method that is commonly used to measure lipids extracted from 

tissues (e.g., Gardner et al. 1985; Pinnegar and Polunin 1999; Bodin et al. 2007; Post et 
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al. 2007).  Chloroform-methanol extraction removes lipids, but also other carbon 

containing compounds such as some sugars, amino acids, and salts (Christie 1982).  The 

lipid contents reported here are therefore likely overestimated.   

To examine the effect of solvent type on the change in δ
13

C and δ
15

N values, 

lipids were extracted with petroleum-ether from a subsample of muscle (n=25) and liver 

(n=15) tissues.  Samples were dried and ground to a powder, followed by lipid extraction 

with petroleum-ether at 90°C under pressure for 60 min using an Ankom XT15 Fat 

Extractor (SunWest Food Laboratory Ltd., Saskatoon, SK).  Ether is a common lipid 

extraction solvent used by food analysts and is recommended by the Association of 

Official Agricultural Chemists (Sahasrabudhe and Smallbone 1983; Devineni et al. 1997; 

AOAC 1997).  Petroleum-ether may be more specific than chloroform-methanol in that it 

extracts only lipids, whereas chloroform-methanol may remove other substances as well.  

However, polar lipids are not extracted using petroleum-ether (e.g., Dobush et al. 1985); 

thus, the lipid content is likely underestimated.   

 

Data and Statistical Analyses 

General Effects of Lipid Extraction – We compared the δ
13

C and δ
15

N values, as well as 

C:N ratios, of muscle and liver tissue before and after lipid extraction using paired t-tests.  

We used a similar approach to compare the δ
13

C of protein in lipid-extracted tissues, and 

in lipids extracted from those tissues.  Lipids were extracted primarily using chloroform-

methanol, and a subset was also extracted using petroleum-ether to compare the effects of 

solvents.  We compared δ
13

C values predicted from three commonly used lipid-

normalization models to the observed values that were measured after chemical 
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extraction using one-way analyses of variance (ANOVAs) and post hoc Dunnett‟s tests 

(with observed δ
13

C values as the control variable).  Samples with a C:N ratio greater 

than 4.0 after lipid extraction were removed from these analyses because they likely still 

contained enough lipids to affect δ
13

C values (Post et al. 2007).  In total, we analyzed the 

δ
13

C and δ
15

N values before and after lipid extraction from 76 muscle and 59 liver 

samples (including 46 paired muscle and liver samples from the same birds).   Similarly, 

a subsample of 50 muscle and 37 liver samples was analyzed for differences in δ
13

C 

values of extracted lipids and remaining protein.  Linear regressions were used to 

investigate the relationships between: (1) C:N ratio before extraction (C:Nbulk) and the 

change in δ
13

C values after chemical lipid extraction, (2) BMI and C:Nbulk ratio, (3) 

estimated lipid content and C:Nbulk ratio, and (4) the change in δ
13

C after lipid extractions 

and estimated lipid content.  Before conducting statistical analyses, all data were tested 

for normality and heteroscedasticity.  Statistical tests were performed using Statistica 8.0 

and Statistix 9.0 with an alpha value of 0.05 unless otherwise indicated.   

 

Accuracy of Mathematical Lipid-Normalization Models - We evaluated three published 

lipid-normalization models by comparing their mathematically predicted δ
13

C values to 

our observed values after chemical lipid extraction.  McConnaughey and McRoy (1979) 

developed a model based on two equations:  

 

(2.1)                                    L = 93 / [1 + (0.246 × C:Nbulk – 0.775)
-1

] 

(2.2)                                 δ
13

C‟ = δ
13

C + D × (I + 3.90 / [1 +(287/L)] )     
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where L is the proportional lipid content of the tissue (calculated using Equation 1), 

C:Nbulk is the molar ratio of carbon and nitrogen in the bulk sample, δ
13

C’ is the lipid-

normalized value, δ
13

C is the measured value of the tissue containing lipids, D is the 

difference in δ
13

C between lipid and protein (given a value of 6 by the authors), and I is a 

constant assigned a value of -0.207.   

Post et al. (2007) developed another lipid-normalization equation:  

(2.3)                                          δ
13

C‟ = δ
13

C – 3.44 + 1.00 × C:Nbulk                                                                     

where δ
13

C’, δ13
C, and C:Nbulk are the same as described in Equation 2.   

The third model is a modified equation (Sweeting et al. 2006) based on a mass 

balance equation developed by Fry et al. (2003): 

 

(2.4)       δ
13

Cextracted = [(δ
13

Cbulk × C:Nbulk) + (D × (C:Nbulk – C:Npure protein)) ]/ C:Nbulk 

To evaluate the models, we compared the predicted and observed δ
13

C values for 

muscle and liver.  We also modified the equations to incorporate our calculated 

parameters.  Rather than using D=6, we determined separate D values for cormorant 

muscle and liver.  Similarly, we calculated the C:N ratio after lipid extraction (C:Nprotein) 

of pure muscle and liver separately for Equation 4.  We then compared the predictive 

capabilities of all six models by: (a) conducting simple regression analyses, and (b) 

calculating the modeling efficiency (EF; Mayer and Butler 1993):  

                                 

(2.5)                                              EF= 1 – ∑(yi – ŷi)
2 / ∑(yi – ȳ i)

2
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where yi is the observed δ
13

C value and ŷi is the predicted (δ
13

C’) value.  An EF value 

indicates goodness of fit to the observed data, where 1 is a perfect fit, and models with 

EF values near or below zero should not be used.  While linear regression and EF 

calculations are similar in some ways, the regression evaluates deviation from a slope of 

zero (i.e., it tests the null hypothesis of no relationship), whereas modeling efficiency 

determines how well the predicted values match a 1:1 relationship with observed data.  

Thus, we present both analyses here.  

 Finally, we compared published equations designed to predict lipid content to our 

observed lipid content in muscle and liver.  We compared the predictive capabilities of 

three models by conducting simple regression analyses and calculating the modeling 

efficiency.  Besides the previously mentioned, and most commonly used, equation 

(Equation 1) developed by McConnaughey and McRoy (1979), two other predictive 

models for aquatic and terrestrial animals, respectively (Post et al. 2007), were also used:  

(2.6)                                        % lipid = -20.54 + 7.54 × C:Nbulk                                                                                                              

(2.7)                                        % lipid = -30.57 + 10.74 × C:Nbulk                                                                 

 

 

2.4 Results 

General Effects of Lipid Extraction  

Lipid extraction with chloroform-methanol caused δ
13

C values to increase 

significantly in both muscle (t=-17.19, df=75, P<0.001) and liver tissues (t=-16.13, 

df=60, P<0.001; Table 1).  The δ
15

N values also increased significantly in muscle (t=-

7.53, df=75, P<0.001) and in liver tissue (t=-3.09, df=60, P=0.003) after lipid extraction,  
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Table 1. Average (±SD) stable carbon and nitrogen values, and C:N ratios for cormorant 

muscle and liver tissue before (bulk) and after (extracted) lipids were removed.  

∆=δXbulk- δXextracted. 

            

    n δ
15

N δ
13

C C:N 

Muscle Bulk 76  14.83±2.28    -26.17±2.04 4.70±0.33 

 Extracted  15.20±2.24   -24.62±1.86 3.87±0.09 

 ∆  0.37±0.43 1.54±0.78 0.83±0.33 

      

      

Liver Bulk 61 15.63±2.43   -25.83±2.07 5.14±0.40 

 Extracted  15.80±2.32   -24.05±1.89 3.92±0.10 

  ∆   0.17±0.42 1.78±0.86 1.22±0.39 
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with a greater change in δ15N in muscle (Table 1).  The C:N ratio decreased significantly 

after lipid extraction in both muscle (t=22.20, df=75, P<0.001) and liver (t=-24.10, 

df=60, P<0.001; Table 1).   

We observed significant relationships between the change in δ13C (∆δ13C ) and 

C:Nbulk ratio in muscle (r2=0.16, P<0.001, n=76; Fig. 1) and liver tissues (r2=0.21, 

P<0.001, n=61; Fig. 1), but given the variation, C:Nbulk was not a good predictor of 

∆δ13C.  There was no significant relationship between BMI and the C:Nbulk ratio in 

muscle (r2=-0.004, df=72, P=0.27) or liver (r2=-0.01, df=58, P=0.430; data not shown).  

Lipids extracted with chloroform-methanol from muscle tissue had significantly lower 

δ13C values than the protein remaining in lipid-free tissues (t=27.66, df=49, P<0.001).  

In muscle, δ13C values of extracted lipids were on average 4.30 ± 1.10‰ lower than 

protein (D).  Similarly, lipids extracted from liver had significantly lower δ13C values 

than protein (t=24.89, df=36, P<0.001); specifically, they were 4.35 ± 1.06‰ lower than 

protein (D).  

Effects of Different Solvents  

A comparison of the ∆δ13C between chloroform-methanol and petroleum-ether 

extraction methods revealed a highly significant relationship (r2=0.92, df=24, P<0.001 

for muscle and r2=0.98, df=14, P<0.001 for liver), but with a smaller magnitude of 

change after petroleum-ether extraction (Fig. 2).  Specifically, when lipids were extracted 

with chloroform-methanol, the ∆δ13C was 0.55 ± 0.28‰ greater for muscle and 0.46 ± 

0.16‰ for liver.  When lipids were extracted using petroleum-ether, there was a 

significant Δδ13C for both muscle (t= -6.96, df=24, P<0.001) and liver (t= -4.92, df=14, 



 

38 

 

 

Figure 1. Relationship between the change in δ
13

C values (∆δ
13

C) and the C:N ratio of 

bulk muscle (black circles, thick trend line) and liver (open circles, thin trend line) tissue 

samples before lipid extraction.   
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Figure 2.  Relationship between the change in δ
13

C (∆δ
13

C) after chloroform-methanol 

and petroleum-ether extraction for both muscle (black circles) and liver (open circles).  

The solid line shows the 1:1 relationship if both methods produced identical Δδ
13

C.
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P<0.001) but there was no significant Δδ15N in either tissue (t=1.09, df=24, P=0.285 and 

t=0.36, df=14, P=0.727, respectively; data not shown).   The C:Nprotein ratio remained 

relatively high (4.36 ± 0.50 for muscle and 4.44 ± 0.50 for liver), suggesting that polar 

lipids were still present in the tissues following ether extraction.  The C:Nbulk ratio was a 

poor predictor of the Δδ13C after petroleum-ether lipid extraction (r2=0.05, df=24, 

P=0.296 for muscle and r2=0.27, df=14, P=0.461 for liver; data not shown).  Individuals 

showed similar variation in Δδ13C with respect to C:Nbulk after petroleum-ether 

extraction (data not shown) as when extracted with chloroform-methanol (Fig. 1). 

Accuracy of Lipid-Normalization Models 

Because the results for both lipid-extraction methods were very similar, we 

evaluated the accuracy of lipid-normalization models in comparison to chloroform-

methanol extractedsamples, which had a larger sample size (see above).  The δ
13

Cbulk 

values and the predicted δ
13

C values using three published models (McConnaughey and 

McRoy 1979; Sweeting et al. 2006; Post et al. 2007) were compared to our observed δ
13

C 

values after lipid extraction for both muscle and liver (Figs. 3 and 4, respectively). The 

parameters in each model were then adjusted to fit our data.  We used our calculated 

differences of 4.30‰ and 4.35‰ between δ
13

C in lipids and protein (D) value for muscle 

and liver, respectively, rather than 6‰ (McConnaughey and McRoy 1979; see Table 2 

for all parameters).  The Post et al. (2007) model was fitted by calculating the linear 

equation of the regression lines for C:Nbulk versus the Δδ
13

C after lipid extraction for both 

muscle and liver.  For the modified mass balance equation (Sweeting et al. 2006), we 

inserted our own average values for C:Nprotein and the difference in δ
13

C between lipid 

and protein.   
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Figure 3. Predicted δ
13

C values for cormorant muscle tissue using published lipid-

normalization equations (solid symbols) and two modified versions of those equations 

from this study (open symbols) and the observed δ
13

C values after chloroform-methanol 

extraction of lipids.  Bulk samples (muscle tissue without lipids extracted) are also 

shown.  The solid line shows the 1:1 relationship. 
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Figure 4. Predicted δ
13

C values for cormorant liver tissue using published lipid-

normalization equations (solid symbols) and two modified versions of those equations 

from this study (open symbols) and the observed δ
13

C values after chloroform-methanol 

extraction of lipids.  Bulk samples (muscle tissue without lipids extracted) are also 

shown.  The solid line shows the 1:1 relationship. 
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Table 2. Lipid-normalization models compared to the observed δ
13

C values in muscle and liver tissue. D, I, a, and b are the 

parameters estimated by different authors.  The modeling efficiency (EF; see Methods) was calculated for each equation to 

determine the model with predictions closest to the observed δ
13

C values for muscle and liver. 

        

Equation Authors Tissue Parameters EF r
2
 slope 

P-

value 

2 McConnaughey and McRoy 1979 Muscle D=6 0.831 0.868 0.871  <0.001 

  Liver D=6 0.801 0.846 0.873 <0.001 

3 Post et al. 2007  Muscle a=1.00, b=3.44 0.829 0.868 0.876 <0.001 

  Liver a=1.00, b=3.44 0.836 0.849 0.958 <0.001 

4 Sweeting et al. 2006 Muscle C:Npure muscle=3.7 0.827 0.869 0.875 <0.001 

   
∆δ

13
Clipid-pure 

muscle=6 
    

  Liver C:Npure liver=3.7 0.833 0.85 0.967 <0.001 

   ∆δ
13

Clipid-pure liver=6     

2 
Present study - fitted McConnaughey and 

McRoy 1979 
Muscle D=4.3 0.827 0.867 0.864 <0.001 

  Liver D=4.35 0.828 0.845 0.975 <0.001 

3 Present study – fitted Post et al. 2007 Muscle a= 0.985, b=3.09 0.852 0.868 0.876 <0.001 

  Liver a=1.015, b=3.438 0.838 0.849 0.958 <0.001 

4 Present study - fitted Sweeting et al. 2006 Muscle C:Npure muscle=3.9 0.648 0.868 0.870 <0.001 

   
∆δ

13
Clipid-pure muscle 

=4.3 
    

  Liver C:Npure liver=3.92 0.658 0.848 0.973 <0.001 

      
∆δ

13
Clipid-pure liver 

=4.35 
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We found significant differences among the predicted and observed δ13C values 

in muscle (F6, 525=2.29, P=0.034; Fig. 3).  A post-hoc Dunnett‟s test identified that the 

fitted version of the Sweeting et al. (2006) model predicted δ13C values that were 

significantly different from those observed, but all other models did not differ from actual 

values.  There were no significant differences among predicted δ13C values from the 

models and the observed δ13C values in liver (F6, 420=1.8, P=0.098; Fig. 4).   

Linear regressions indicated strong relationships between observed lipid-free muscle and 

liver δ13C values and estimated lipid-normalized δ13C using all six equations (Table 2).  

Our fitted Post et al. (2007) model had the highest model efficiency (Table 2) for both 

muscle and liver tissue. The modified mass balance model (Sweeting et al. 2006) was 

least suited to predict δ
13

C values based on the modeling efficiency (Table 2) and under-

estimated the Δδ
13

C, regardless of tissue type (Figs. 3 and 4).   

Significant differences were observed among predicted δ
13

C values from models 

and bulk (unextracted) δ
13

C values in muscle tissue (F6, 525=6.78, P<0.001).  A post-hoc 

Dunnett‟s test revealed that δ
13

C values from all models, other than the fitted Sweeting et 

al. (2006) model, were significantly different from the bulk muscle samples.  The models 

predicted δ
13

C values for muscle similar to the observed extracted values; on average 

they were 0.23 ± 0.79‰ higher in δ
13

C.  Similarly, in liver samples, the bulk δ
13

C values 

and those predicted by the models were significantly different (F6, 420=7.83, P<0.001).  A 

post-hoc Dunnett‟s test confirmed that all six models predicted values significantly 

different from the bulk samples.  The models predicted δ
13

C values similar to the 

observed values in liver after lipid extraction; on average, the predicted values were 0.11 

± 0.84‰ higher in δ
13

C.  
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Predictors of Lipid Content 

Estimated lipid content in cormorant muscle tissue ranged from approximately 9 

to 19% by mass.  There was no relationship between the percentage of material in 

chloroform-methanol extracts (representing estimated lipid content) and C:Nbulk ratio in 

muscle tissue (r
2
=0.09, P=0.052, n=34; data not shown).  Further, there was no significant 

relationship between estimated lipid content in muscle and the Δδ
13

C after lipid 

extraction (r
2
=-0.02, P=0.49, n=34; Fig. 5).  Estimated lipid content in liver tissue ranged 

from approximately 13 to 25%. The relationship between estimated lipid content and 

C:Nbulk ratio was weak, but significant (r2=0.40, P<0.001, n=24; data not shown).  A 

weak but significant relationship was also observed between estimated lipid content in 

liver and the Δδ13C after lipid extraction (r2=0.28, P=0.01, n=24; Fig. 5). 

Estimated lipid content using petroleum-ether extraction ranged from 4 to 14% 

for muscle and from 9 to 20% for liver, and was always less than the lipid percentage 

estimates using chloroform-methanol extraction (on average 7%).  However, there was a 

significant relationship between estimated lipid content for both muscle (r2=0.16, df=24, 

P=0.05) and liver (r2=0.46, df=14, P=0.006) using the two techniques.  Unlike the 

chloroform-methanol extraction, there was a strong relationship between lipid content 

extracted by petroleum-ether and C:Nbulk ratio for both muscle (r2=0.67, df=24, 

P<0.001) and liver (r2=0.80, df=14, P<0.001; data not shown).  However, similar to 

chloroform-methanol extraction, no relationship was found between the percentage of 

lipids in tissues extracted with petroleum-ether and the Δδ13C for muscle (r2=0.15, 

df=24, P=0.06) or liver r2=0.16, df=14, P=0.14; data not shown).  
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Figure 5. Relationship between estimated lipid content and the change in δ
13

C (∆δ
13

C) in 

cormorant muscle tissue (black circles) and liver tissue (open circles; thin trend line) after 

chloroform-methanol lipid extraction.  
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The predicted values for lipid percentage in muscle using the McConnaughey and 

McRoy (1979) model had a weak but significant relationship with the observed values 

based on chloroform-methanol extraction (Table 3), but negative modeling efficiency 

values (Table 3).  For liver tissue, we also noted weak relationships between the models 

and observed δ13C values, and poor modeling efficiency values (Table 3).  

2.5 Discussion 

Based on chloroform-methanol extraction, lipids contributed approximately 16 

and 20% to cormorant muscle and liver tissues.  Overall, compared to bulk samples, the 

presence of lipids in cormorant muscle and liver tissue decreased the δ13C values by 

approximately 1 to 2‰.  Other species with fairly high lipid contents, such as salmon 

(e.g., Kiljunen et al. 2006), showed similar changes in the δ13C values.  Importantly, the 

magnitude of the Δδ13C values we observed after lipid extraction was between two- and 

four-fold greater than what has been documented for other birds (Post et al. 2007; 

Kojadinovic et al. 2008a, but see review by Kelly 2000).  Therefore, it is imperative that 

future stable isotope studies correct δ13C for the presence of lipids in cormorant tissues, 

especially if they are to be compared to prey fish that have lower lipid content (e.g., Post 

et al. 2007) and will therefore not be as depleted in 13C.  A Δδ13C of 1-2‰ like that 

documented here may influence quantitative interpretations about diet when using mixing 

models (e.g., Phillips and Gregg 2003), or even qualitative interpretations of niche 

overlap (e.g., Genner et al. 1999).  A change of 1-2‰ in δ13C may not be biologically 

significant when making broad statements about carbon sources (France 1995; Kelly 

2000; Sotiropoulos et al. 2004); however, we caution against this assumption without 

extensive sampling of the system. 
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 Table 3. Lipid content equations compared to the observed lipid content (%) in muscle 

and liver tissue.  The modeling efficiency (EF; see Methods) and relationship were 

calculated for each equation to determine the model with predictions closest to the 

observed lipid content for muscle and liver.  

            

Equation Authors Tissue EF r
2
 

P-

value 

1 

McConnaughey and McRoy 

1979 Muscle -12.992 0.09 0.047 

  Liver -12.648 0.4 <0.001 

      

6 Post et al. 2007 (Aquatic) Muscle -0.653 0.085 0.052 

  Liver -1.313 0.4 <0.001 

      

7 Post et al. 2007 (Terrestrial)  Muscle -2.826 0.085 0.052 

    Liver -2.715 0.4 <0.001 
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 Lipid extraction using chloroform-methanol significantly increased the δ
15

N 

values measured in cormorants, particularly in muscle tissue (0.4‰).  We found at least a 

two-fold greater effect on Δδ
15

N than reported for other bird species using chloroform-

methanol for lipid extraction (Post et al. 2007), and the increases were higher than the 

typical analytical error associated with isotope ratio mass spectrometry (0.2‰; Post et al. 

2007).  Compared to the approximate 2 to 4‰ increase in δ
15

N with every trophic level 

(Minagawa and Wada 1984; Hobson and Welch 1992; Post 2002; Caut et al. 2009), this 

is a relatively small increase.  Thus, the increase in δ
15

N may not be biologically 

significant; however, it may still interfere with trophic position calculations (Sotiropoulos 

et al. 2004) and mixing model results (Phillips and Gregg 2003).  If chloroform-methanol 

extraction is to be used, we agree with previous recommendations to analyze separate 

aliquots for δ
13

C and δ
15

N analyses, extracting lipids only from the former (e.g., 

Sotiropoulos et al. 2004; Post et al. 2007; Kojadinovic et al. 2008).  Petroleum-ether 

extraction negates the need for separate aliquots, as it does not affect δ
15

N significantly; 

however, the C:Nprotein ratios suggest lipids are only partially removed; therefore, the 

corrected δ
13

C values will not represent pure protein. 

 The average difference in δ
13

C between the lipid extracted using chloroform-

methanol and the protein (D) in our study was approximately 4.30‰ and varied greatly 

among individuals, from 1.06 to 6.75‰.  Variation and deviation from what is currently 

used in models (D = 6‰) likely affects the accuracy of some model predictions (i.e., 

McConnaughey and McRoy 1979; Sweeting et al. 2006).  For example, depending on 

which D value was used in the McConnaughey and McRoy (1979) model, predicted δ
13

C 

values varied by an average of 1.52‰.  Although we cannot explain the variation in D, 
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Oppel et al. (2010) suggested that it is related to the variation in the Δδ
13

C after 

extraction.  Further research into this unexplained variation is warranted, and we 

recommend that appropriate D values be established experimentally in target species.  

Furthermore, the C:Nbulk ratios of most of our samples were between 4 and 7.   Although 

Post et al. (2007) suggested that lipid normalization is not required if the C:Nbulk ratio is 

less than 4.0 (Post et al. 2007), we found that a muscle sample with a C:Nbulk ratio of 3.9 

had a Δδ
13

C value of 1.25‰ after lipid extraction.  Such a change for a sample with a 

relatively low C:Nbulk ratio further supports our recommendation that samples should be 

corrected for the presence of lipids. 

 The lipid-normalization models tested in this study typically produced δ
13

C values 

similar to the observed values for both muscle and liver after lipid extraction, although 

the fitted Sweeting et al. (2006) model did not predict similar δ
13

C values in muscle.  

Other variations of these models exist (e.g., Kiljunen et al. 2006; Kojadinovic et al. 

2008); however, they were no more effective at predicting observed δ
13

C’ than the 

original models (data not shown).  Based on modeling efficiency, fitting the models using 

our calculated parameters did not significantly improve their predictive capacities, 

suggesting that published versions are generally accurate despite the difference in 

parameters used (e.g., D).  The differences in predicted versus expected δ
13

C values 

(typically <0.30‰, but up to 4.19‰) are less than the Δδ
13

C values (typically between 1 

and 2‰) after extraction.  The models are therefore better than no correction, and a <1‰ 

difference between the observed and predicted values would typically not affect the 

outcome of most studies.  However, it is not clear why the predicted δ
13

C values are close 

to those observed, and under what conditions the models are expected to produce 
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inaccurate lipid corrections.  Existing lipid-normalization models (e.g., Kojadinovic et al. 

2008) have recently been used on cormorants (e.g., Robinson et al. 2009), but we caution 

against extensive use of published models for studies of cormorants and other piscivorous 

birds because the underlying assumptions of the models are not met.   

All published lipid-normalization models assume a predictable relationship 

between C:Nbulk ratio and the Δδ
13

C after lipid extraction.  This assumption is violated for 

cormorants (this study), and similarly for King Eiders (Somateria spectabilis; Oppel et al. 

2010); both showed a poor predictive relationship between C:Nbulk ratios and ∆δ
13

C.  For 

example, the original McConnaughey and McRoy (1979) model consistently over-

estimated the Δδ
13

C values after lipid extraction.  Similarly, the mass balance model 

(Sweeting et al. 2006) involves estimating or calculating parameters (D, C:Nprotein) that 

are not easily predicted in cormorants.  There was large variation in D and the C:Nprotein 

among individual cormorants in our study.  Finally, the Post et al. (2007) model is based 

solely on the assumed linear relationship between C:Nbulk ratio and the Δδ
13

C values.  

Although this assumption may work for fishes, the relationship is weak in terrestrial 

organisms and is clearly not evident in cormorants (Post et al. 2007; this study).   

To further explore the use of lipid-normalization models, we compared predicted 

δ
13

C values to the observed values of individuals from a single study site (Dore Lake; 

n=20 for muscle, n=25 for liver; data not shown), which narrowed the range of δ
13

C 

values from -25.50 to -21.40‰ and -26.07 to -22.60‰ for muscle and liver, respectively.  

Typical food web studies of individual populations likely have a similar narrow range of 

δ
13

C.   Modeling efficiency declined for all models for muscle (0.67 ± 0.18), and for 

liver, the EF values were close to or below zero (-0.05 ± 0.25).  Because most studies on 
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individual populations will likely experience similarly narrow ranges of δ
13

C values, we 

conclude that published models should not be used without further investigation, as they 

may poorly predict lipid-normalized δ
13

C values, especially for liver tissue.  Further, our 

results are based on a narrow range of C:Nbulk ratios (3.9-6.48), and the C:Nbulk ratio was 

not a good predictor of the Δδ
13

C.  Extrapolation of the model for tissues with C:Nbulk 

ratios outside of this range may lead to inaccurate results.      

Published models (McConnaughey and McRoy 1979; Post et al. 2007) were 

unsuccessful at predicting lipid content as determined from chloroform-methanol 

extraction in cormorant muscle or liver.  Thus, models depending on this relationship 

may produce erroneous δ
13

C values.   For example, the McConnaughey and McRoy 

(1979) model incorporates a predicted lipid content, which may lead to inaccurate 

predicted δ
13

C values.   In addition, two of the lipid-normalization models 

(McConnaughey and McRoy 1979; Sweeting et al. 2006) assume a consistent 

relationship between lipid content and C:Nbulk ratio.  We found a significant relationship 

between the Δδ
13

C after lipid extraction and C:Nbulk ratio, but there was much more 

unexplained variance than has been reported in fish and invertebrates (e.g., Post et al. 

2007).  However, Post et al. (2007) found similar variance in the relationship between 

C:Nbulk ratio and the Δδ
13

C in mammals and other birds.  One potential explanation for 

this variance is that other sources of carbon are present in cormorant tissues besides lipids 

and protein (e.g., glycogen, metabolites; DeNiro and Epstein 1978; Blem 1990; Weber 

and Hamon 1996; LeBelle et al. 2002; Matthews and Mazumder 2005).  Our 

measurements of lipid content may also have been somewhat inaccurate, either due to 

errors associated with gravimetric measurement, or to the extraction of non-lipids.  
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However, there was a highly significant relationship between the lipid content using both 

extraction techniques, one of which (petroleum-ether) was performed in a commercial 

laboratory.  Additionally, the variation in the relationship between Δδ
13

C and C:Nbulk of 

individuals did not change when lipids were extracted using petroleum-ether, indicating 

that inaccurate measurements were likely not the cause of the observed variation.  Lipid 

content in birds and other organisms should be more accurately assessed if models for 

predicting lipid content or Δδ
13

C are to be used.   

In conclusion, the presence of lipids lowers the δ
13

C values in cormorant muscle 

and liver tissues, so values representing pure protein from all individuals should be used 

to obtain the most accurate δ
13

C values for comparison to other organisms such as fish 

(prey or competitors).  Lipid-corrected data will allow for more accurate interpretations 

of ecological niches, trophic position, and diet composition.  Published lipid-

normalization models may not perform well for cormorants and other piscivorous birds, 

so we recommend that researchers use chemical lipid extraction.  Various solvents can be 

used to extract lipids, and researchers should be aware that each method will produce 

different results as different lipid fractions are extracted.  Chloroform-methanol is the 

most common method, and it is the most effective at leaving only pure protein after 

extraction (Dobush et al. 1985), so we recommend this technique.  However, because of 

undesired effects on δ
15

N values, two aliquots are needed with lipid extraction conducted 

only on the one used for δ
13

C value.  With petroleum-ether extraction, two aliquots would 

not be needed because δ
15

N values remain unaffected, but a further adjustment to δ
13

C 

values (approximately +0.50‰) would be required after extraction to account for lipids 

that were not removed by this method.   
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The development of reliable lipid-normalization models for organisms other than 

fish would benefit from further investigation into the components of tissues (proteins and 

carbohydrates) that affect the C:N ratio after lipid removal.  In addition, further research 

on the relationship between C:Nbulk ratio and the change in δ
13

C due to lipid content in 

other unstudied organisms is warranted, and validation is required before models are 

applied to other piscivorous birds. 
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CHAPTER 3. CORMORANT-FISHERIES CONFLICTS: STABLE ISOTOPES 

REVEAL A CONSISTENT NICHE FOR AVIAN PISCIVORES IN DIVERSE FOOD 

WEBS 

Note: This chapter has been republished, with permission, from: Doucette, J.L., B. Wissel 

and C.M. Somers. 2011. Cormorant-fisheries conflicts: stable isotopes reveal a consistent 

niche for avian piscivores in diverse food webs.  Ecological Applications. 21(8): 2987-

3001. 

  

3.1 Abstract 

Global conflict between piscivorous cormorants (Phalacrocorax spp.) and fish harvesters 

is one of the most widespread wildlife management issues in history.  Despite the 

persistent belief that these birds adversely affect economically important fish populations, 

relatively little is known about cormorant trophic ecology and habitat use.  We examined 

the diet and trophic position of breeding populations of double-crested cormorants 

(Phalacrocorax auritus; hereafter cormorants) from three different lakes using stable 

carbon and nitrogen isotopes (δ
13

C and δ
15

N).   The δ
15

N values revealed that cormorants 

generally occupied top-predator positions in all food webs examined; their trophic 

position (5.0 ± 0.5) was consistent within and between years in all lakes studied.  The 

δ
13

C values showed that cormorants occupied very similar dietary niches in three 

different freshwater food-webs. Mean centroid distance, a measure of diversity, varied 

significantly among food webs (range 1.5 to 2.9), but not among cormorants from 

different lakes (range 0.8 to 1.2).  In all three lakes, cormorants relied heavily on non-

benthic or pelagic prey.  Stable isotopes mixing models demonstrated that cisco 

(Coregonus artedii), yellow perch (Perca flavescens) and ninespine stickleback 

(Pungitius pungitius) were most important for cormorant diet independent of the local 
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food-web structure.  The isotopic values of cormorants and pelagic predatory fish were 

sometimes similar, suggesting that dietary overlap is possible.  Based on our study, we 

suggest that cormorants may have more specific and uniform dietary niche requirements 

than previously considered. Consequently, the potential for adverse effects on food webs 

will heavily depend on whether economically-valuable species fill the prey niches 

consumed by cormorants.  For example, cormorants should have little economic impact 

where food webs are diverse in abundant prey species and niches.  Alternately, food webs 

with less diversity of prey species and niches may be more affected by cormorant 

predation.  Managers should avoid simply assuming that cormorants will have negative 

impacts on fisheries, and instead consider the structure of the food web as well as the 

niches occupied by cormorants and fish species of economic interest. 

 

3.2 Introduction 

Humans are often in conflict with wildlife over aquatic resources, and birds can 

have a variety of negative interactions with fisheries (reviewed by Tasker et al. 2000).  

Perhaps the most widespread example is the conflict between cormorant species 

(Phalacrocorax spp.) and human interests in farming and harvesting fish.  A piscivorous 

diet and increasing population sizes have fueled concerns regarding potential negative 

impacts of cormorant predation on fish populations.  The cormorant conflict is truly 

global in scale, with associated research programs or management activities present on 

six continents: North America (e.g., King et al. 1995; Glahn and Brugger 1995; Coleman 

et al. 2005; Dorr et al. 2010), South America (e.g., Punta et al. 1993; Casaux et al. 2009), 

Europe (e.g., Buijse et al. 1993; Crivelli et al. 1996; Carss and Marzano 2005; Nemtzov 

2008; Žydelis and Kontautas 2008), Africa (e.g., Linn and Campbell 1992), Asia (e.g., 
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Kameda et al. 2003; Takahashi et al. 2006; Kreuzberg-Mukhina 2008), and Australia 

(e.g., Trayler et al. 1989; Coutin and Reside 2003).  Large-scale management programs, 

including the killing of adults and suppression of reproduction, are currently active for 

double-crested (P. auritus) and great (P. carbo) cormorants in North America and 

Europe, respectively.  Despite extensive cormorant management programs for the sake of 

conserving fisheries, it remains unclear under which circumstances fish consumption by 

cormorants actually has negative economic impacts.  The need for more information on 

the ecological impacts of cormorants has been repeatedly acknowledged (e.g., Duffy 

1995; Kameda et al. 2003; Hobson 2009), but our understanding of this topic remains 

incomplete.  

Cormorants are pursuit divers that forage in both mid-water and benthic habitats 

(e.g., Gremillet et al. 1998; Coleman et al. 2005; Nelson 2005), capture a wide variety of 

species, and consume large quantities of small prey fish (e.g., Craven and Lev 1987; 

Campo et al. 1993; Bur et al. 1997).  Cormorant diet has been described extensively (e.g., 

Russell et al. 2003; Somers et al. 2003; Bulgarella et al. 2008; Liordos and Goutner 

2009), but important information gaps remain regarding the basic feeding ecology of 

cormorants.  Virtually all previous studies on cormorant diet have used conventional 

assessment techniques such as stomach content, pellet, and bolus analyses (but see 

Bearhop et al. 1999; Jones et al. 2010).  These methods can generate large and detailed 

data sets; however, they only provide short-term information on foraging bouts 

immediately preceding collection, and suffer from some potentially important detection 

biases (Duffy and Jackson 1986; Mersmann et al. 1992; Harris and Wanless 1993; Carss 

et al. 1997; McKay et al. 2003).  Further, conventional techniques have often involved 
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sampling diet items from flightless juveniles with the assumption that adults consume the 

same prey they provision to offspring.  Consequently, conventional diet analysis has 

created an incomplete view of cormorant feeding ecology.  There is a current need to 

develop a broader and more long-term perspective on cormorant diet and position within 

food webs. Stable isotopes may be useful for this purpose because they enable modeling 

of long-term diet, examination of trophic positions and foraging habitats, and 

characterization of food-web structure (Hobson 1990; France 1995; VanderZanden et al. 

1997).  Such capabilities are typically lacking with traditional diet assessment approaches 

(e.g., stomach content analyses).  Accordingly, analyses of stable carbon and nitrogen 

isotopes ratios are now commonly used to construct multidimensional food-web models 

and interpret diet composition of animals (e.g., Sydeman et al. 1997; VanderZanden and 

Vadeboncoeur 2002; Bearhop et al. 1999; Anderson et al. 2009; Newsome et al. 2009).  

However, stable isotopes have been used infrequently to study cormorant feeding 

ecology. 

Information regarding long-term cormorant diet trends and potential interactions 

with fish species (food-web position) will be crucial for making informed management 

decisions that are both scientifically and economically sound.  Understanding cormorant 

trophic positions in freshwater food webs will be especially important for anticipating 

conditions under which cormorants may have negative impacts on fisheries (i.e., when 

economically-valuable species occupy niches foraged on by cormorants).  Unfortunately, 

due to the perceived conflict with fisheries, cormorant research to date has mainly 

focused on locations where cormorants are of management concern.  Studies of 

cormorant diet are often conducted concurrently with highly disruptive cormorant 
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management programs, such as culling (e.g., Gremillet et al. 1998; Bearhop et al. 1999; 

Johnson et al. 2002; Rudstam et al. 2004), which may change cormorant behavior and 

lead to a biased picture of basic cormorant feeding habits and subsequent interactions 

with fish populations.  Studying cormorant feeding ecology in relatively undisturbed 

systems may generate better insights into cormorant-fish trophic interactions, and 

predictions regarding how changes to food webs may affect these relationships.  Finally, 

understanding the trophic position of cormorants in freshwater systems may also help to 

explain why cormorant populations are increasing over such large geographic areas 

worldwide.   

Based on stable carbon and nitrogen isotope analysis, we evaluated diet, trophic 

position, and habitat use of double-crested cormorants (hereafter, cormorants) in three 

different, relatively undisturbed freshwater lakes in Saskatchewan, Canada.   Our 

objectives were to: (1) determine whether cormorant dietary niche varied by lake, and (2) 

characterize long-term patterns in cormorant diet.  We examined shallow inland lakes 

spanning a major ecotone from productive grasslands to boreal forest, which are 

representative of lakes typically colonized by cormorants in large regions of North 

America, Europe, and Asia (e.g., Buijse et al. 1993; Woollhead 1994; Suter 1995; 

Engstrom 1998; VanDeValk et al. 2002; Stewart et al. 2005; McGregor 2009).  Our study 

lakes were relatively undisturbed compared to those that have traditionally been the focus 

of cormorant research (Woollhead 1994; Russell et al. 2003; Stewart et al. 2005; Casaux 

et al. 2009), eliminating major food-web disruptions (e.g., fish stocking) and cormorant 

management as factors influencing cormorant diet and behaviour.  Because cormorants 

are considered opportunistic generalists (e.g., Hatch and Weseloh 1999; Wires et al. 
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2001; Casaux et al. 2009), we predicted that their dietary niches would vary by site to 

reflect local differences among food webs.   

3.3 Methods 

Study Sites 

We conducted our studies on three different lakes in Saskatchewan, Canada 

during 2006 and 2007 (Fig. 1).  (1) Last Mountain Lake (51 ° 20 ' N, 105 ° 15 ' W) is a 

long, narrow, eutrophic lake located in the mixed-grass prairie region of southern 

Saskatchewan.  It is 233 km
2
 in size and has a mean depth of 7.6 m (max. 31.5 m).  The 

lake is a part of the Qu‟Appelle River system that flows south-east through a sequence of 

lakes across the prairies in a broad flood plain.  The system supports 20-25 fish species 

per lake, and is an important breeding and staging area for shorebirds and waterfowl.  

Approximately 1,900 pairs of cormorants nest at the north end of the lake on four islands 

in the Last Mountain Lake National Wildlife Area, and 250 pairs nest on three small 

islands in other parts of the lake. The lake has heterogeneous habitats, including depth 

variation, islands, shoals, and extensive shallow wetland complexes at its north and south 

ends.  The shoreline around Last Mountain Lake is largely developed and is comprised of 

recreational communities, agricultural fields, and some native grassland.  (2) Dore Lake 

(54 º 46 ‟ N, 107 º 17 ‟ W) is a roughly circular, 616 km
2 

mesotrophic lake located in the 

boreal plain region of central Saskatchewan;  it has a mean depth of 11.2 m (max. 19.5 

m), and a central pelagic area adjacent to three large, shallow bays, as well as some 

islands, shoals, and shoreline marshes.  Dore Lake is one of the largest lakes in 

Saskatchewan and is a part of the upper Churchill River drainage, which flows north-east  
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Figure 1. Map of Saskatchewan, Canada, showing the location of the three study lakes.  
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to the Hudson Bay.  The lake contains 17 fish species and supports approximately 11,500 

breeding pairs of cormorants on two islands.  The majority of the lake is surrounded by 

extensive wilderness consisting of mixed spruce and aspen forest.  (3) Canoe Lake (55 º 

14 ‟ N, 108 º 18 ‟ W) is a similarly remote boreal lake located approximately 55 km 

northwest of Dore Lake at their closest points.  Canoe Lake is also a part of the Churchill 

River drainage and contains 15 fish species.  Canoe Lake is 210 km
2
, and has a mean 

depth of 6.7 m (max. 14.9 m); it is smaller and more eutrophic than Dore Lake, but shares 

some similar habitat features. There were approximately 200 breeding pairs and at least 

1,000 non-breeding cormorants on Canoe Lake; however, no successful reproduction 

occurred during the study period.  Cormorant population estimates for all sites were 

conducted by Somers et al. (2010) using aerial photography during the 2006 nesting 

season.   

All three study lakes are exploited for commercial and recreational fisheries for 

lake whitefish (Coregonus clupeaformis), northern pike (Esox lucius), and walleye 

(Sander vitreus), as well as recreational fishing for the latter two species and to a lesser 

extent, yellow perch (Perca flavescens) and burbot (Lota lota).  Whitefish is by far the 

most important commercially harvested species at Dore Lake, whereas the recreational 

fishery is dominated by northern pike.   The walleye population in Dore Lake is 

considered relatively small compared to historical numbers, likely due to over-harvest in 

the mid-1900s.   At Canoe Lake walleye and northern pike are equally predominant 

species in both the recreational and commercial fishery.  Last Mountain Lake is the 

second-most heavily fished lake by recreational anglers in Saskatchewan, who target both 



 

70 

 

walleye and pike.  In contrast, the commercial fishery on Last Mountain Lake is 

relatively small and restricted to whitefish.   

In general, fish populations and commercial harvests have varied dramatically in 

each study lake, but there have been no extirpations of native species, no routine 

stocking, and no introductions of exotic fish species with the exception of common carp 

(Cyprinus carpio) immigration into Last Mountain Lake.  Thus, our study lakes are 

relatively less disturbed by humans, and have a much shorter history of exploitation than 

many locations where cormorant conflicts have been extensively studied in the past (e.g., 

the lower Great Lakes - Madenjian and Gabrey 1995; Neuman et al. 1997; McCullough 

et al. 2007; and Europe – Carss and Marquiss 1992; Keller 1995).   

 

Stable isotope sample collection and analyses 

We collected adult cormorants near breeding colonies at each study site using a 

12-gauge shot gun or 0.22 caliber rifle as the birds were foraging or making return flights 

to colony islands.  We collected approximately five birds each month throughout the 

breeding season, and sampled pectoral muscle from each bird for stable isotopes 

analyses.  At Last Mountain Lake 19 cormorants were collected between 19 May and 02 

Sept 2006, and 20 cormorants between 31 May and 1 Sept 2007; at Dore Lake 21 birds 

were collected between 29 May and 16 Aug 2006, and 18 between 21 May and 25 Aug 

2007; and at Canoe Lake 8 cormorants were collected between 21 June and 19 Aug 2006, 

and 20 between 11 June and 21 Aug 2007.  Thus, a minimum of 28 birds representing 

most of the breeding season were analyzed per site.  Before combining birds for stable 

isotopes analyses, we compared cormorant δ
13

C and δ
15

N values using factorial 
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ANOVAs.  Within lakes we found no significant differences in δ
13

C and δ
15

N based on 

year (data not shown), so the results of the two years were pooled.  A factorial ANOVA 

showed no significant differences in carbon or nitrogen values within lakes based on 

month sampled, or by sex (data not shown).  Thus, for all subsequent analyses we pooled 

data for all months and for males and females sampled from each lake.  Data met the 

assumptions for normality and homoscedasticity.  All statistical tests were conducted in 

Statistica 8.0 with an alpha value of 0.05. 

We also collected muscle tissue samples from potential prey species in Canoe Lake 

in 2006 and all three lakes in 2007 to reconstruct local food webs.  Small fish and 

invertebrates (crayfish and amphipods) were collected using beach seines in littoral zones 

and multi-panel gill nets in pelagic areas.  Large sport fish (northern pike and walleye) 

were collected using multi-panel gill nets and live traps, and opportunistically from 

angler discards.  Zooplankton were collected in 2007 using vertical hauls of a Wisconsin-

style plankton net, with 80 micron mesh, at depths ranging from 3-10 m.  From all fish a 

piece of dorsal muscle was isolated, rinsed with distilled water, completely dried at 50°C, 

and ground to a fine powder.  Pectoral muscle samples from cormorants were dried and 

ground in an identical way.  Zooplankton were dried and processed whole.  Samples were 

weighed in tin cups and stable carbon and nitrogen isotopes were analyzed using a 

Finnigan Delta Plus isotope ratio mass spectrometer.  Results are expressed in the 

standard δ notation as parts per thousand (‰) relative to international standards of 

PeeDee Belemnite (PDB) for carbon and atmospheric air (N2) for nitrogen (Peterson and 

Fry 1987).  Replicate samples generally had standard deviations of less than 0.2‰ for 

δ
13

C and δ
15

N.  To account for the relatively large effects of lipids on δ
13

C in cormorant 
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tissues, separate aliquots for carbon and nitrogen were run for analysis of pectoral 

muscle, with lipids removed from the former (Doucette et al. 2010).  A lipid 

normalization model was used to correct for the effects of lipids in fish and zooplankton 

(Post et al. 2007).  

 

Stable isotopes analyses of aquatic food webs 

Food-web structure was examined using standard bi-plots of mean (± SD) δ
13

C 

versus δ
15

N for each species.  For most fish species the mean values in bi-plots included a 

representative range of sizes and ages.  For rare species a minimum sample size of three 

individuals was used.  Yellow perch, which undergo ontogenetic shifts in diet (e.g., Keast 

1977), were divided into two size ranges (≤ 10 cm and ≥ 11 cm) to reflect potential shifts 

in δ
13

C and δ
15

N (e.g., Barks et al. 2010).  We also divided northern pike and walleye into 

two size categories (≤ 40 cm and ≥ 41 cm) to separately examine the stable isotopes 

values for fish that were above and below the size range generally vulnerable to 

cormorant predation (< 40 cm) (e.g., Derby and Lovvorn 1997; personal observations).  

The trophic position of each species was determined relative to cladocerans (Order 

Cladocera) or amphipods (Order Amphipoda) as the baseline primary consumer (assumed 

a trophic position of two) following the methods of VanderZanden et al. (1997), but using 

an increase in δ
15

N of 2.75 with each trophic level (Caut et al. 2009).  The fish species 

with the lowest mean δ
15

N was used to calculate the baseline at Dore Lake in 2006, 

because cladocerans or amphipods were not collected.   

The shape and structure of overall food webs and the cormorant populations from 

each lake were examined to determine whether cormorant niche changes among lakes.  
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Shape and structure of food webs were quantified using mean centroid distance and mean 

distance to nearest neighbor (Layman et al. 2007).  Mean centroid distance provides a 

measure of trophic diversity, where trophic diversity increases with mean centroid 

distance.  Mean distance to nearest neighbor evaluates trophic redundancy.   A low mean 

distance to nearest neighbor would indicate high trophic redundancy due to increased 

overlap of stable isotopes values among species.  We also quantified eccentricity (E), 

which describes the shape of food webs based on a principal components analysis of δ
13

C 

and δ
15

N values.  When E = 0 the δ
13

C and δ
15

N values are independently scattered, and 

E = 1 indicates a linear relationship between the principal components (in this case δ
13

C 

and δ
15

N; Turner et al. 2010).  Mean centroid distance, mean distance to nearest 

neighbor, and eccentricity were compared among lakes using nested linear models and a 

residual permutation procedure (RPP) scripted in R by Turner et al. (2010).  Food web 

metrics were calculated using only potential cormorant prey (all fish species, crayfish 

[Oronectes virilis], and salamanders [Ambystoma tigrinum]).   

  

Cormorant diet based on mixing models 

 δ
13

C and δ
15

N-based Stable Isotope Analysis in R (SIAR) mixing models (Parnell 

et al. 2010) were used to calculate the contributions of individual prey species to 

cormorant diet in all three lakes in 2007.  These models can incorporate all possible 

source inputs (prey), but will generate a wide range of possible solutions.  To narrow the 

range of possible solutions, informative priors can be included.  We used the diet 

composition (% biomass for each prey species), of nestling regurgitations in breeding 

colonies as informative priors.  Regurgitations were collected throughout the chick-
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rearing portion of the breeding season in 2007 from the time the majority of chicks were 

two weeks old.  Prey items from individual regurgitations (boluses) were identified and 

five representative individuals of each species were measured.  For each sampling day we 

calculated the % biomass for each prey species using length frequency data and length-

weight regressions.  The mean (±SD) % biomass was then calculated for each species 

based on the % biomass per day.  SIAR models require inclusion of the standard 

deviation in biomass for one species as part of the informative priors (Parnell et al. 2010).  

We used ninespine stickleback, as this species was consistently important in all lakes.  A 

total of 334 boluses (4,082 prey items) were collected at Last Mountain Lake and 656 

boluses (15,008 prey items) at Dore Lake in 2007.  Reasonable informative priors were 

not available for Canoe Lake due to the failed breeding colony and lack of nestling 

regurgitation data.  The SIAR mixing model for Last Mountain Lake in 2007 

incorporated stable isotopes values for burbot and salamanders from 2006 because these 

species were not collected in 2007.   

We focused SIAR models on species that were available prey items for 

cormorants.  Potential prey were excluded from mixing models when they were rare in 

both lake and bolus samples (less than 1% of biomass), or if they were too large to ingest 

(e.g., fish ≥ 40 cm).  Omission of uncommon diet items enables better estimates of the 

contribution of important species to predator stable isotopes values (Phillips and Gregg 

2003).  Further, inclusion of rare or unavailable prey species in the models did not change 

the overall outcome (data not shown).  Prior to analyses cormorant stable isotopes values 

were corrected for trophic changes of δ
15

N and δ
13

C by applying diet-tissue fractionation 
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factors.  Fractionation values of 0.92 ± 0.27‰ for δ
13

C and 1.70 ± 0.43‰ for δ
15

N were 

used (Caut et al. 2009).  The lake-specific models calculated the proportions of each prey  

species for the overall cormorant population using the mean (± SD) δ
13

C and δ
15

N values 

for each potential prey species, and δ
13

C and δ
15

N values of individual cormorants. 

The SIAR mixing model generates ranges (0 to 100%) and probabilities of diet 

contributions for all potential prey items.  Additionally, visual inspection of the mixing 

model figures (bi-plots) was used as a diagnostic tool to detect whether important diet 

sources were potentially omitted from the models (Phillips and Gregg 2003).  Models that 

incorporated informative priors were run using 200,000 reiterations, a burn-in of 50,000, 

and thinned by 15 for a total of 10, 000 posterior draws.  To reflect the greater 

uncertainty due to the lack of informative priors Canoe Lake prey source contributions 

were modeled using 500,000 reiterations, a burn-in of 50,000, and thinned by 15 for 

30,000 posterior draws.  Model performance was evaluated by examining the pair-wise 

correlation coefficients between prey sources.  High correlation coefficients between two 

prey sources indicate the model cannot differentiate between sources.  The highest pair-

wise correlation coefficient is reported for each model.  

3.4 Results 

Stable isotopes analyses of aquatic food webs 

Stable carbon and nitrogen isotopes bi-plots, which are two-dimensional 

representations of food-web structure, showed similar general patterns for all three lakes 

(Figs. 2-4).  Typically pelagic species had low δ
13

C values (e.g., cisco, Fig. 2a), whereas 

benthic species had high δ
13

C values (e.g., burbot, Fig. 2a).  Cormorants had relatively  
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Figure 2. Stable carbon and nitrogen bi-plot of muscle tissue from double-crested 

cormorants (DCCO) and potential prey species at Canoe Lake in 2006 (a) and 2007 (b).  

Stable isotopes values are plotted as means ± SDs.  BURB=burbot (n=10 in 2006, 0 in 

2007), CISC=cisco (n=7, 12), FHMN=fathead minnow (Pimephales promelas; n=0, 5), 

LGPR=log perch (Percina caprodes; n=5, 8), NNST=ninespine stickleback (n=0, 5), 

NRPK=northern pike (≤40 cm, n=4, 0) and (≥41cm, n= 3, 12) , SPSH=spottail shiner 

(Notropis hudsonius; n=5, 6), WALL=walleye (≤40 cm, n=8, 0) and (≥41 cm, n=3, 5) , 

WHSC=white sucker (Catostomus commersoni; n=3, 5), YLPR=yellow perch (≤10 cm, 

n=9, 4) and (≥11 cm, n=13, 8).   To simplify the bi-plots, zooplankton and amphipods are 

not shown.   
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Figure 3. Stable carbon and nitrogen bi-plot of muscle tissue from double-crested 

cormorants (DCCO) and potential prey species at Dore Lake in 2007.  Stable isotopes 

values are plotted as means ± SDs.  BURB=burbot (n=6), CISC=cisco (n=11), 

FHMN=fathead minnow (n=6), LKWH=lake whitefish (Coregonus clupeaformis; n=16), 

NNST=ninespine stickleback (n=4), NRPK=northern pike (≥41 cm; n=13), SHIN= shiner 

spp. (n=13), WALL=walleye (≤40 cm, n=8) and (≥41 cm, n=8), WHSC=white sucker 

(n=14), YLPR=yellow perch (≤10 cm, n=11) and (≥11, n=10).  To simplify the bi-plots, 

zooplankton and amphipods are not shown.   

 

 

5

7

9

11

13

15

17

19

-26 -24 -22 -20 -18 -16

DCCO

WALL>41

WALL<40

NRPK>41

BURB

CISC

LKWH

YLPR>11

YLPR <10

FHMN

NNST

WHSC

SHIN

δ
1
5
N

 

δ13C 



 

79 

 

 

 

Figure 4. Stable carbon and nitrogen bi-plot of muscle tissue from double-crested 

cormorants (DCCO) and potential prey species at Last Mountain Lake in 2007.  Stable 

isotopes values are plotted as means ± SDs.  CARP=common carp (n=5), CISC=cisco 

(n=3), CRAY=crayfish (n=6), FHMN=fathead minnow (n=7), IWDR=Iowa darter 

(Etheostoma exile; n=4), NNST=ninespine stickleback (n=2), NRPK=northern pike (≤40 

cm, n=3) and (≥41 cm, n=13), WALL=walleye (≤40 cm, n=14) and (≥41 cm, n=11), 

WHSC=white sucker (n=3), YLPR=yellow perch (≤10cm, n=5) and (≥11cm, n=11).  To 

simplify the bi-plots, zooplankton and amphipods are not shown.   
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low δ
13

C values, with the exception of Canoe Lake 2007 (Fig. 2b), indicating that they 

consumed prey from more pelagic (or less benthic) sources than did predatory fishes 

(Figs. 2-4).  Species that were expected to be top predators generally had the highest δ
15

N 

values (e.g., walleye, Fig. 3), with the notable exception of northern pike (Figs. 2b, 3-4).  

In all three lakes, regardless of year, cormorants had high δ
15

N values relative to most 

other species (Figs. 2-4).  Based on the calculated trophic positions of 5.0 - 5.8 (Table 1), 

cormorants were confirmed to be among the top predators in all three study lakes.  

Cormorant trophic position (5.3 ± 0.4) did not vary significantly among lakes (F2 = 1.67, 

P = 0.194; Table 1), and was comparable to that of both large (≥41 cm; 5.3 ± 0.5) and 

small (≤40 cm) walleye (4.9 ± 0.3).  Northern pike almost always had lower trophic 

positions (4.5 ± 0.4 and 4.5 ± 0.5 for small and large fish, respectively) relative to 

cormorants and walleye (Table 1).  Cormorants were the top predators at Canoe Lake, but 

at Dore and Last Mountain Lakes, cormorants were consistently second to large walleye 

(≥ 41 cm) that occupied a slightly higher trophic position (Table 1).   

In all three lakes isotopic overlap occurred among some species, but the degree of 

overlap varied.  For example, while Canoe and Dore Lakes are physically very similar, 

the bi-plots suggest that Dore Lake had more overlap (in both δ
13

C and δ
15

N) among 

species, and more variation (larger error bars) in diet (Figs. 2-3).  Further, in 2007 the 

food webs of the three lakes had significantly different mean centroid distances (Fig. 5), 

indicating that trophic diversity differed among lakes.  Dore Lake had the greatest mean 

centroid distance, and thus greatest diversity, followed by Last Mountain Lake and Canoe 

Lake.  Despite the differences in the food-web structures of the three lakes, there were no 

significant differences in the mean centroid distance (Fig. 5), mean distance to nearest  
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Table 1. Trophic positions (TP) for cormorants and fish species calculated from the 

formula [(δ
15

Nconsumer – δ
15

Nbaseline)/2.75) + TPbaseline] (Post 2002). δ
15

Nconsumer is the stable 

nitrogen isotope value for the consumer of interest, and δ
15

Nbaseline and TPbaseline is taken 

from the baseline primary consumer.  A fractionation rate of 2.75‰ for each trophic step 

is assumed (Caut et al. 2009).  See figures for previously mentioned species codes. 

BRST=brook stickleback (Culaea inconstans), EMSH= emerald shiner (Notropis 

atherinoides), AMPH= amphipods, CALA= calanoids (Order Calanoida), 

CLADO=cladocerans. 

 CANOE DORE LML 

SPECES 2006 2007 2006 2007 2006 2007 

DCCO 5.0 5.0 5.8 5.7 5.0 5.1 

 

Fish species       

BRST -- -- -- 3.0 -- 4.6† 

BURB 4.2 -- 5.7
a
 5.6 -- -- 

CARP -- -- -- -- -- 3.1 

CISC 3.7 3.7 5.8 4.9 -- 5.1† 

EMSH 4.3 -- 5.2† 3.1 -- -- 

FHMN -- 3.9 4.0†‡ 4.0 -- -- 

LGPR 4.0 4.3 -- 3.1 -- -- 

LKWH -- -- 5.1† 4.6 -- -- 

NNST -- 4.3 -- 5.7 -- 3.7† 

NRPK<40 4.7 -- -- -- 4.0 4.8 

NRPK>41 4.9† 4.6 5.3 4.8 4.8 4.5 

SPSH 3.7 4.0 -- 3.7 -- 3.5† 

WALL<40 4.6 -- -- 5.2 -- 4.9 

WALL>41 4.9† 4.9 6.2 5.8 5.7 5.4 

WHSC 3.8† 3.3 -- 3.6 -- 4.0† 

YLPR<10 4.0 4.2† 5.7 3.2 -- 4.5 

YLPR>11 4.4 4.4 5.3 4.6 -- 4.3 

 

Invertebrates       

AMPH 2.9‡ -- -- 2.9 2.8‡ 2.8 

 δ
15

N 7.8    δ
15

N 7.2  
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CALA -- 3.1 -- 3.4 -- 2.9 

CLADO -- 2.0‡ -- 2.0‡ -- 2.0‡ 

  δ
15

N 5.3  δ
15

N 4.2  δ
15

N 5.09 

       

†2-5 individuals  

‡Baselines (TP assumed).  Canoe Lake 2006 amphipods were based on the 

trophic position at a similar lake (Dore).  Last Mountain Lake 2006 amphipods 

were based on their trophic position in 2007. Dore Lake 2006 baseline (fathead 

minnows) was based on their trophic position in 2007. 
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Figure 5. Mean (±SD) centroid distance (MDC) for Canoe Lake (2006, 2007), Dore Lake 

(2007) and Last Mountain Lake (2007).  Centroid distance is given for the food web 

(black bars) at each lake, which includes only the potential prey of cormorants.  The 

centroid distance for the cormorant population (open bars) is also given for each lake.  

Letters denote significant differences (P<0.05). 
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neighbor, and eccentricity of cormorants (data not shown), indicating that cormorant 

populations at each lake had similar degrees of isotopic overlap.   Isotopic variation 

within cormorant populations was also similar across lakes (approximately 4‰ for δ
13

C 

and δ
15

N in 2007).  Stable carbon isotope values for individual cormorants ranged widely 

within lakes, from -27.3 to -23.1 in Canoe Lake, -25.2 to -21.1 in Dore Lake, and -25.8 to 

-22.0 in Last Mountain Lake.  Stable nitrogen isotope values ranged from 12.3 to 15.9 in 

Canoe Lake, 13.8 to 17.9 in Dore Lake, and 10.6 to 15.6 in Last Mountain Lake. 

In addition, cormorants consistently occupied the position of pelagic top predators 

between years when changes were observed elsewhere in the food web (Figs. 2).  At 

Canoe Lake between 2006 and 2007, the overall mean isotopic position of the food web 

shifted significantly (|2006 – 2007| = 1.2‰, P < 0.001), driven mainly by more pelagic 

mean δ
13

C values in 2007 (Fig. 2).  However, the mean cormorant isotopic position at 

Canoe Lake did not change (|2006 – 2007| = 0.2‰, P = 0.84).  All measures of trophic 

diversity (MDC, MNN, E) did not change significantly for either the food web or 

cormorants between 2006 and 2007 at Canoe Lake (data not shown).   

Cormorants showed different degrees of isotopic overlap with piscivorous fish 

species depending on lake and year, with the most overlap occurring at Dore Lake (Fig. 

3).  Cormorant stable isotopes values overlapped with other predatory fish, particularly 

walleye at Canoe and Dore Lakes (Fig. 2-3), and partially with yellow perch at Dore 

Lake (Fig. 3).  Surprisingly, they also sometimes overlapped with species that are not 

typically considered to be top predators, such as ninespine stickleback (Pungitius 

pungitius; Fig. 3).  Isotopic overlap between cormorants and northern pike occurred only 

at Canoe Lake in 2007, but the overlap was minimal (Fig. 2b).  Notably, in Last 
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Mountain Lake the isotopic niche of cormorants did not overlap with that of any other top 

predators (Fig. 4).  

 

Cormorant diet based on mixing models 

According to SIAR mixing models, yellow perch, cisco, and ninespine 

stickleback generally dominated cormorant diet, but the importance of these species 

varied among lakes.  Adult cormorant diet at Last Mountain Lake was made up largely of 

small yellow perch (mean 44%), cisco (mean 19%), and ninespine stickleback (mean 

11%; Fig. 6a).  In contrast, yellow perch (mean 7%; Fig. 6b) were relatively unimportant 

prey for adult cormorants on Dore Lake, where diet was dominated by ninespine 

stickleback (mean 49%) and cisco (mean 22%).  Stickleback were also the major prey 

item for adult cormorants at Canoe Lake (mean 35%; Fig. 6c), followed by yellow perch 

(both large and small), which contributed means of 20% and 19%, respectively (Fig. 6c). 

Cisco were relatively unimportant (mean 9%) prey items for adult cormorants at Canoe 

Lake.  No other prey species were identified as being important contributors (>10 %) to 

adult cormorant diet, regardless of lake.  For all lakes SIAR model performance can be 

considered moderate as the source correlation coefficients were all <0.70 (Guilford‟s 

interpretations of r values; e.g., Sprinthall 2003).  The highest source correlation within a 

model was r = -0.41 for Canoe Lake, r = -0.65 for Last Mountain Lake, and r = -0.66 for 

Dore Lake.   

The importance of prey species to adult cormorant diet according to the SIAR 

mixing models was somewhat inconsistent with the prey biomass contributions to  
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Figure 6. Results of SIAR mixing models (5, 25, 75, 95% credibility intervals) showing 

proportions of prey types in the diet of cormorants at (a) Last Mountain Lake, (b) Dore 

Lake, and (c) Canoe Lake in 2007.  See previous figures for species codes. 
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juvenile boluses.  Nestling diet composition (mean % biomass) indicated that juvenile 

cormorants at Dore Lake were fed predominantly yellow perch (44%), followed distantly 

by cisco (19%) and ninespine stickleback (18%; Table 2).  Thus, the three important prey 

species in juvenile boluses at Dore Lake were in accordance with the SIAR model, but 

the order of importance differed.  The contribution of cisco was similar using both diet 

assessment techniques, but the importance of yellow perch and ninespine stickleback was 

reversed.  At Last Mountain Lake, juveniles were fed cisco (21%), crayfish (20%), and 

ninespine stickleback (19%; Table 2).  The importance of cisco and ninespine stickleback 

was similar using the two techniques.  However, crayfish contribution was negligible in 

the SIAR model (Fig. 6a). Additionally, yellow perch did not make a major contribution 

to biomass (10%) of juvenile boluses at Last Mountain Lake, despite their importance in 

the SIAR model (Fig. 6a). 

3.5 Discussion 

Cormorant populations occupied a consistent isotopic niche across lakes that 

differed in fish species compositions, food-web structures, productivity levels, habitat 

availability, and levels of human development.  We found that cisco, ninespine 

stickleback, and yellow perch were the most important cormorant prey regardless of lake 

and diet assessment method, although their importance varied by site. These important 

prey fish species share the common properties of being relatively abundant in lakes, and 

all of them have large pelagic schooling populations (Milne et al. 2005; McIntyre et al. 

2006; Herczeg et al. 2009; Yule et al. 2008; Barks et al. 2010).  Further, cormorant diet 

was consistently pelagic (less benthic) relative to other top predators on all lakes, 

including pelagic-feeding walleye (Craig 1996).  Cormorants were therefore not using the  
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Table 2.  Mean contribution (± SD) as % biomass of prey species in juvenile 

regurgitations from two study lakes in Saskatchewan, Canada.  These % biomass values, 

and the standard deviations for ninespine stickleback were used as informative priors for 

the stable isotopes mixing models.  For yellow perch, which were divided into two size 

categories, the overall mean % biomass (± SD) is listed, as well as the % biomass for 

each size category.  

Prey Dore LML 

YLPR 0.44 ± 0.25 0.10 ± 0.09 

    YLPR <10 cm 0.43 (97% of all perch)   0.08 (86% of all perch)  

    YLPR >11 cm 0.01 (3% of all perch)  0.02 (14% of all perch) 

CISC 0.19 ± 0.26 0.21 ± 0.26 

NNST 0.18 ± 0.15 0.19 ± 0.13 

BURB 0.10 ± 0.10 0.12 ± 0.16 

SHIN 0.04 ± 0.04 0.08 ± 0.11 

WHSC 0.04 ± 0.04 0.02 ± 0.02 

WALL 0.01 ± 0.02 0.01 ± 0.02 

CARP 0.00  0.01 ± 0.02 

CRAY 0.00  0.20 ± 0.16 

NRPK 0.00  0.02 ± 0.02 

SALA 0.00 0.04 ± 0.08 

IWDR 0.00 0.00 

BRST 0.00 0.00 

LGPR 0.00 0.00 

TRPR 0.00 0.00 

sources (i.e., prey) from within the water column, rather than benthic sources  
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entire food web as expected for truly generalist predators, which should have 

intermediate δ
13

C values.  Importantly, relatively pelagic δ
13

C values indicate carbon 

(France 1995); in this context, “pelagic” does not necessarily imply foraging in deep 

water.  Previous research has described cormorants as flexible generalists feeding on 

benthic or mid-water fishes in shallow water (van Dobben 1952; Hatch and Weseloh 

1999; Carss and Ekins 2002), as well as on pelagic species (e.g., alewife in the Great 

Lakes; Dalton et al. 2009).  However, my findings suggest that cormorants may have 

more defined and restricted dietary niches in lakes than originally identified.  The 

structure of food webs and availability of highly suitable prey species (e.g., pelagic 

schooling fish) are likely primary factors contributing to increased local cormorant 

abundance in Saskatchewan (see Somers et al. 2010), and other areas.  My data suggest 

that cormorant impacts to fisheries may not be a concern in many cases because negative 

effects may only result from instances where the dietary niche of cormorants overlaps 

with, or is comprised of, economically-valuable fish species.   

To examine the importance of the food-web structure of host lakes on cormorant 

impacts in other areas worldwide, we searched the published literature for studies that 

addressed fish consumption by cormorants, and the subsequent impacts on the system.  

We limited the search to studies that were conducted on freshwater lakes during the 

breeding season (analogous to our study), and found 13 studies at nine sites (Table 3).  

The cormorants in all cases consumed mainly pelagic schooling fish species, which was 

consistent with our findings, and reinforces the possibility of a more restricted cormorant 

niche.  In seven studies cormorants consumed 2 – 48% of fish biomass, yet had no 
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Table 3. Summary of literature examining the impact of cormorants on fish populations.  Fish removed are rounded to the 

nearest whole number. 

Reference Cormorant consumption Negative Impact Stocked Prey Location 

Madenjian and Gabrey 

1995 

15 % of biomass needed to 

support walleye (by 

multiple bird species).  

Cormorants comprised 9 % 

of bird consumption. 

No No Western Lake Erie 

Seefelt and 

Gillingham 2008 

1400 metric tonnes  No No Northern Lake Michigan 

Belyea et al. 1997 2 % of biomass No No Les Cheneaux Islands, Lake 

Huron 

Dalton et al. 2009 18 – 48 % of biomass  No No Bride Lake, Connecticut 

Engstrom 2001 13 kg/ha  No No Sweden 

Linn and Campbell 

1992 

6 % of biomass No No Africa (Lake Malawi) 

Veldkamp 1995 5 – 16 % of biomass No No Netherlands 

Johnson et al. 2002 33 million fish or 1 million 

kg 

Possibly  No Eastern basin, Lake Ontario 

Burnett et al. 2002 28 % of age 3 perch Possibly No Eastern basin, Lake Ontario 

VanDeValk et al. 

2002 

7 – 14 % of biomass (by 

cormorants and anglers 

combined) 

Yes Yes Oneida Lake 

 25 – 40 % of biomass Yes Yes Oneida Lake 

Rudstam et al. 2004 1 – 8 % of biomass Yes Yes Oneida Lake 

Fielder 2008 None given Yes No Les Cheneaux Islands, Lake 

Huron 

Lantry et al. 1999 23 % of biomass Yes No Eastern basin, Lake Ontario 
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measurable impact on the fish populations.   These studies were widely distributed in 

North America, Europe, and Africa and involved a variety of fish species such as alewife 

(Alosa pseudoharengus), bream (Abramis brama), cichlids (family Cichlidae), and 

percids (family Percidae).  In contrast, four studies found evidence that cormorant 

consumption may negatively impact fisheries, and two studies suggested negative 

impacts but presented no definitive proof (Burnett et al. 2002; Johnson et al. 2002).  The 

species of concern in these studies were walleye, yellow perch, and smallmouth bass, all 

of which occupy similar niches (Campbell et al. 2009), and the latter two species may 

form schools.  Five of these six studies were conducted in the same or very similar 

geographic locations: two at Oneida Lake, New York (VanDeValk et al. 2002; Rudstam 

et al. 2004), and three in the eastern basin of Lake Ontario (Lantry et al. 1999; Burnett et 

al. 2002; Johnson et al. 2002).  The sixth study was conducted at Les Cheneaux Islands, 

Lake Huron (Fielder 2008), but is contrasted by an earlier publication with conflicting 

results (Belyea et al. 1997; see also Diana 2010).  Of all the lakes reviewed, Oneida Lake 

is the only one with a regular, intensive walleye and yellow perch stocking program.  

Both studies (VanDeValk et al. 2002; Rudstam et al. 2004) concluded that cormorants at 

Oneida Lake consumed sub-adult yellow perch, and to a lesser extent walleye, which 

reduced recruitment for the recreational fishery.  As consumers of pelagic schooling fish, 

it is not surprising that cormorants can impact systems which are heavily stocked with 

such species.  The unnaturally high abundance of preferred prey in the appropriate size 

range may allow cormorants to forage solely on these fish.  In contrast, in systems with a 

more diverse prey base cormorants may encounter other prey species more often, or may 

be forced to forage on less-preferred prey due to the relatively low density of other 
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options (but see Lantry et al. 1999).  Regardless, it is clear that in many cases, cormorants 

consume large numbers of fish without having a negative impact on fisheries.  Further, 

food-web structure, and its alteration or simplification, may be a critical component to 

whether cormorants negatively impact fisheries. 

Isotopic overlap occurred inconsistently between cormorants and walleye, and the 

degree of overlap varied among lakes and years.  Thus, the two top-predator species may 

share prey resources in aquatic food webs, and perhaps compete to some degree.  

Cormorants and northern pike did not overlap isotopically despite the fact that both 

species are considered opportunistic generalists.  The separation between pike and 

cormorants may stem from alternate habitats used; pike are strongly linked to the littoral 

zone (Bry 1996), whereas cormorants generally forage in waters deeper than 2 m (Cooper 

1985; Coleman et al. 2005).   Overall, potential competition with top predator fish species 

was limited and was not the result of cormorants occupying all available predator niches.  

Rather, local food-web structure may dictate the level of overlap between cormorants and 

sport fish.  Where stable isotopes values overlap between cormorant and sport fish 

populations, further research is required to determine whether competition for prey and 

habitat is occurring, and its importance in a fisheries management context.   It is also 

possible that dietary overlap may occur between a proportion of cormorants and sport 

fish even when the overall population means for isotopic values do not overlap.  In our 

study individual cormorants showed very high isotopic variation within lakes, suggesting 

that the populations were made up of individuals employing a wide variety of foraging 

strategies.  Thus, it is conceivable that dietary overlap with predatory fish, and thereby 

competition, may be more prevalent in particular subsets of the overall cormorant 
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population.  Disentangling the importance of variation in individual foraging strategies 

and factors that affect the potential for dietary overlap with sport fish requires additional 

research.  Such research may also address the caveat that isotopic overlap may occur 

without actual dietary overlap if other factors, such as fractionation rates and tissue 

turnover rates, differ among the overlapping species.   

We found some disagreement between the conventional assessment of cormorant 

diet using nestling regurgitations, and the modeling of adult diet with the SIAR approach.  

We currently cannot explain the apparent incongruence among data sets, but propose that 

it may have a biological or analytical explanation, or a combination of both.  The 

incongruence between the two diet assessment techniques could be the result of a true 

biological phenomenon, whereby adult and juvenile cormorants actually have different 

diet compositions.  There is some support for this notion in the literature.  Harris and 

Wanless (1991) found that adult shags (P. aristotelis) consumed a wider variety of fish 

species compared to the diet of young birds.  Similarly, rhinoceros auklets (Cerorhinca 

monocerata) have been found to use different foraging behaviour and catch different prey 

when provisioning versus self-feeding (Davoren and Burger 1999).  Finally, Johnson et 

al. (2002) have observed that double-crested cormorants changed their diet throughout 

chick rearing such that extrapolation of diet from juvenile regurgitations would over-

estimate alewife (Alosa pseudoharengus) consumption.  Additional research is needed to 

address dietary differences between adult cormorants and their offspring.   

Fractionation values have not yet been specifically established for cormorants (but 

see Mizutani et al. 1991, which examined a single bird).  The δ
13

C value used in our 

models is very similar to what is often considered for carbon (1‰; Tieszen et al. 1983), 
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and intermediate between the three existing values for bird muscle: 0.3‰ for gulls 

(Hobson and Clark 1992a), 1.9‰ for dunlin (Ogden et al. 2004), and 2.1‰ for a single 

cormorant (not lipid-corrected, Mizutani et al. 1991).  The δ
15

N fractionation value we 

used is lower than commonly-cited fractionation values (e.g., 2.7‰, 3.4‰; Minagawa 

and Wada 1984; VanderZanden and Rasmussen 2001).  However, carnivores, such as 

cormorants, are expected to have lower δ
15

N fractionation values due to the high 

availability of nitrogen from protein in their diet (Perga and Grey 2010).  It seems 

unlikely that incorrect fractionation values can explain the disagreement between diet 

characterization methods observed here. Adjusting the fractionation values to achieve 

similar outputs between the mixing models and regurgitation analyses would require 

drastically different values for each lake (1 to 5‰ for δ
15

N and -2 to -1‰ for δ
13

C), and 

there is no a priori reason to expect such deviation in cormorants.  

Another plausible possibility is that isotopic values of potential prey collected 

from lakes may not be representative of the actual prey taken by cormorants, thereby 

reducing the accuracy of SIAR models.  For example Barks et al. (2010) have shown that 

yellow perch in the near shore area in Dore Lake have different stable isotopes values 

than those in the offshore area, which was also the case in lakes in northern Ontario 

(Luek et al. 2010).  If cormorants do not draw perch randomly from the total available 

pool (e.g., if they avoid the littoral zone), use of the full range of isotopic values from 

specimens collected from both near shore and off shore habitats as potential prey may 

detract from the ability of the SIAR approach to accurately model diet.  A similar 

discordance can be expected for all prey species if individuals or populations differ 

substantially in stable isotopes values within the same lake. Future studies should 
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examine the ability of modeling approaches to accommodate wide intraspecific variation 

in the isotopic values for potential prey species.  Regardless of the cause of variation 

between methods, our results raise concerns regarding interpretation of diet using current 

assessment techniques.  In situations where cormorant populations are controlled based 

on diet, it is especially critical that diet can be properly assessed.     

The collective position of cormorant populations relative to the overall food web 

did not change over time or among lakes, suggesting that cormorant diet (and niche) was 

relatively consistent within seasons.   This lack of seasonal variance is in contrast to 

previous reports that cormorants switch prey species within the breeding season (e.g., 

Ross and Johnson 1995; Neuman et al. 1997; Lehikoinen 2005; but see Harris and 

Wanless 1991; Noordhuis et al. 1997).  The cause of the difference between our findings 

and those of previous studies is uncertain. Our monthly sampling approach should have 

been able to capture any major within-season changes in cormorant diet based on bird 

muscle turn-over rates (~1 month; Hobson and Clark 1992b).  However, small changes in 

diet, and changes that have no net effect on the stable isotopes values of the cormorants 

may have gone undetected.  The major prey species (cisco, ninespine stickleback, and 

yellow perch) had distinct stable isotopes values in all study lakes, so it is unlikely that a 

major diet switch among these prey species would have remained undetected. Thus, it is 

likely that cormorants in our study lakes were not changing their diet during the breeding 

season. 

In this study we examined dietary niche characteristics of cormorant populations, 

but the foraging behaviour of individual birds could be more complex.  For example, 

individual cormorants may change foraging habits and prey species over the breeding 
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season, but as a population their average isotopic value remains relatively constant.  

Alternatively, the lack of variation in the diet of Saskatchewan cormorants may be due to 

the consistency of prey availability over time, compared to other study areas, such as the 

Great Lakes.  For example, prey fish such as smelt (Osmerus mordax) and alewife 

undergo seasonal migrations in the Great Lakes that may influence cormorant prey 

selection (Johnson et al. 2002).  Changes in the seasonal availability of smelt and alewife 

may have contributed to the temporal changes documented in diet of cormorants in Great 

Lakes breeding colonies (e.g., Neuman et al. 1997; Ross and Johnson 1995).  In contrast, 

availability of major cormorant prey species in Saskatchewan lakes is not likely to vary 

as much in space or time. The tendency for cormorants to switch prey in some systems 

but not in others is further support for our hypothesis that cormorant diet is strongly 

dependent on food-web structure and composition. 

Studies such as ours, which examine the overall patterns of feeding ecology in 

relatively natural environments, can provide a broader understanding of how cormorants 

(or other newly arriving predators), can be successful in different food webs.  In general, 

the success of invaders is often attributed to their being formidable predators and highly 

flexible foragers, which allows them to exploit various food webs (e.g., Gordon 1998; 

Sakai et al. 2001; Weis 2010).  However, community structure can also play an important 

role in determining whether new species are successful (e.g., Kennedy et al. 2002; Carey 

and Wahl 2010).  Hence, we urge managers to carefully consider the local food-web 

position of cormorants relative to economically-valuable fish species, rather than 

assuming cormorants have direct negative effects on fisheries.  We also encourage 

greater scrutiny of diet assessment methods, especially when using such information to 
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determine management practices.  In particular, we advise against assuming juvenile diet 

represents the entire population until further research is conducted. 
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CHAPTER 4. SPECIALIZED INDIVIDUAL DIETARY NICHES WITHIN 

GENERALIST POPULATIONS: RE-THINKING CORMORANTS 

 

4.1 Abstract 

The ability of predator populations to expand their ranges and adapt to new 

environments is often attributed to having a generalist dietary strategy, at both the 

population and individual level.  Cormorants (Phalacrocorax spp.) are considered to be 

opportunistic generalists capable of exploiting a wide variety of aquatic prey, a reputation 

partially responsible for widespread fisheries conflicts between cormorants and humans.  

To determine whether cormorants are true dietary generalists I studied double-crested 

cormorants (P. auritus) from breeding colonies in three different major ecoregions.  

Analyses of stomach contents revealed that at the population level, cormorant diet varied 

widely by location, likely reflecting local food-web structure.  However, within 

populations individuals were much more specialized than expected (IS values = 0.22 - 

0.66).  Temporal shifts in δ
13

C and δ
15

N values in cormorant tissues with different 

turnover rates (muscle vs. liver) indicated that diet and foraging ecology varied among 

populations.  Some colonies demonstrated dramatic albeit uniform isotopic shifts among 

individuals, whereas others were comprised of individuals behaving uniquely.  

Individuals maintained consistent isotopic positions relative to each other throughout the 

breeding season, reinforcing the concept that these generalist populations are composed 

of many individual specialists.  Variation in cormorant foraging ecology will affect their 

interactions with fish, highlighting the importance of understanding their impacts both at 

the population and individual level.  Ultimately , my research has dispelled the myth that 
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cormorants are a threat to all fish species, which may also be true for other generalist 

species. 

4.2 Introduction 

Native, as well as invasive predators are widely successful establishing 

populations in new habitats because they can adapt to a wide variety of conditions, and 

are foremost dietary generalists (reviewed in Sakai et al. 2001).  Successful predators 

may benefit from a flexible diet and foraging behavior, allowing them to exploit a wide 

variety of resources.  There are a number of predators, including mammals (e.g., Lewis et 

al. 1999; Arjo and Pletscher 2004; Dickman 1996), birds (e.g., Livezey 2007; Tayleur 

2010), fishes (e.g., Bwanika et al. 2006; Polačik et al. 2009), and invertebrates (e.g., 

Snyder and Evans 2006; Field et al. 2007), that have successfully invaded new locations, 

presumably because they are generalists.  However, in many cases the dietary niche of 

generalist predators is poorly understood.   Individuals of generalist species are often 

assumed to also function as generalists, although populations of dietary generalists may 

be comprised of individuals that are generalists, specialists, or a combination of both 

(e.g., Bolnick et al. 2003; Vander Zanden et al. 2010).  For example, the success of 

invasive black rats (Rattus rattus) on islands around the world has been attributed to their 

flexible diet (e.g., Courchamp et al. 2003), but individual rats can occupy narrow, 

specialized niches (Ruffino et al. 2011).   A thorough understanding of dietary niches and 

foraging behavior of individuals, and changes through time, may help explain the trophic 

roles of expanding or invasive species in newly occupied food webs.   

 In combination with stomach content analysis, stable isotopes analyses offer 

unique insight into dietary niches both at the individual and population-level (reviewed 
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by Crawford et al. 2008a; Graham et al. 2010; Boecklen et al. 2011).  Variation can be 

measured among multiple individuals (e.g., Bearhop et al. 2004; Willson et al. 2010), and  

intra-individual niche width and  temporal variation can be detected by comparing stable 

isotopes values in multiple tissue types with different turn-over rates (e.g., Anderson et 

al. 2009; Vander Zanden et al. 2010).  Shifts in δ
13

C (among or within individuals) 

represent changes in carbon sources (e.g., marine vs. freshwater or benthic vs. pelagic 

habitats; Peterson and Fry 1987; France 1995), and shifts in δ
15

N indicate changes in 

trophic position (Vander Zanden et al. 1997).  Several studies of basic feeding ecology 

have successfully applied stable isotope analyses to characterize temporal variation in 

diet  (sharks, MacNeil et al. 2005; frogs, Araújo et al. 2009; ovenbirds, Cinclodes spp., 

Martinez del Rio et al. 2009), as well as intraspecific niche partitioning (Eurasian perch, 

Perca fluviatilis, Quevedo et al. 2009).  Stable isotopes analyses are a relatively new 

approach for investigating individual specialization (e.g., Bolnick et al. 2003; Brooke 

McEachern et al. 2006; Ruffino et al. 2011), and few studies have attempted to 

understand dietary niche and individual specialization in expanding native or invasive 

predators (see Ruffino et al. 2010; Doucette et al. 2011). 

Cormorants (genus Phalacrocorax) are widespread piscivorous birds whose 

populations have expanded dramatically around the world in recent decades (e.g., 

Coldren et al. 1998; Wires et al. 2001; Hénaux et al. 2007; Crawford et al. 2008b; 

Kreuzberg-Mukhina 2008).  Cormorant consumption of fish, combined with recent 

changes in their distribution and abundance, including establishment in previously 

unoccupied areas, has led to one of the most widespread human-wildlife conflicts in 

history (Doucette et al. 2011).  Double-crested and great cormorants (Phalacrocorax 
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auritus and P. carbo, respectively) in particular are managed extensively across the 

northern hemisphere using methods including harassment, suppression of reproduction, 

and culling of adults, for the purpose of conserving fisheries resources (e.g., Carss and 

Marzano 2005; Dorr et al. 2010).  Despite extensive research on the diet and foraging 

ecology of cormorant species worldwide (e.g., Grémillet et al. 1998; Johnson et al. 2002; 

Russell et al. 2003; Watanuki et al. 2004; Ryan et al. 2010), our knowledge of cormorant 

trophic niche, and ability to predict interactions with fish populations, remains 

incomplete.  In addition, our lack of insight into cormorant niche has likely contributed to 

an inability to explain the causes of recent population increases, or predict future 

locations that will be colonized (e.g., Kearney and Porter 2009). 

Opportunistic feeding and a broad, flexible dietary niche (e.g., Hatch and 

Weseloh 1999; Wires et al. 2001; Doucette et al. 2011) may lead cormorants to increase 

population sizes and move into previously unoccupied areas. Cormorants consume a wide 

variety of prey from many different sources, and are capable of meeting their energetic 

requirements in a multitude of habitats (Glahn and Brugger 1995; Bearhop et al. 1999; 

Hatch and Weseloh 1999, Barquete et al. 2008; Harris et al. 2008; Seefelt and Gillingham 

2008).  In addition, cormorants are highly mobile and capable of moving among distant 

foraging locations over short time frames (Custer and Bunck 1992; Neumann et al. 1997).   

Despite this clear capacity for flexibility, there is some evidence that cormorants may 

actually be more constrained in their foraging than suspected.  For example, cormorants 

are often consistent in location and depth of their dives (P. atriceps, Bearhop et al. 2006; 

P. auritus, Coleman et al. 2005; P. carbo, Warke and Day 1995; P. pelagicus, Kotzerka 

et al. 2011), and can have relatively specialized diets (e.g., P. atriceps, Bearhop et al. 
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2006; P. auritus, Ainley et al. 1981; P. brasilianus, Barquete et al. 2008; P. carbo, 

Voslamber et al. 1995, Warke and Day 1995).  In addition, Doucette et al. (2011) showed 

that cormorant populations may occupy consistent trophic niches across very different 

food webs.  Cormorants are thought to be opportunistic generalist predators, but this 

assessment is based entirely on studies at the population level.  It is currently unclear to 

what extent the niche of individual cormorants compares to the total niche space 

occupied by the population, and whether generalist feeding is expressed at the population 

or individual level.        

Here I examine the short- and long-term diet and trophic niches of double-crested 

cormorants (hereafter, cormorants) within and among breeding populations spanning a 

wide range of habitats and food webs.  Our overall objective was to test the hypothesis 

that cormorants are true generalists, with both populations and individuals displaying 

flexibility in diet.  I predicted that cormorant populations would have broad dietary 

niches, and that diet should vary spatially and temporally to reflect changes in the 

abundance and availability of prey.  Individual cormorants within populations were 

predicted to have similarly broad isotopic and dietary niches, with no or only small 

differences among individuals, reflecting a common generalist strategy.    

4.3 Methods 

Study Sites 

 I studied cormorants at breeding colonies on six lakes in three different ecozones 

(as described in Weaver 1997) in Saskatchewan, Canada from 2006-2010 (Fig. 1).   The 

Prairie Ecozone was represented by Reed Lake, a small, fishless, semi-permanent saline 

lake, and Last Mountain Lake, a large, eutrophic, prairie lake.  Both of  
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Figure 1.Map of Saskatchewan, including six cormorant breeding colonies across three 

Ecoregions. 
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these lakes are surrounded by a predominantly agricultural landscape.  These lakes have 

had nesting cormorants present since record keeping began (1960‟s), but have 

experienced substantial population increases since the early 1980‟s (Somers et al. 2010).  

The Boreal Plain Ecozone was represented by Dore and Canoe Lakes, which are remote, 

mesotrophic lakes surrounded by mixed coniferous and deciduous forest.  Dore Lake 

underwent a dramatic cormorant population increase from less than 100 breeding pairs in 

the 1960‟s, to more than 11,000 by 2006.  Canoe Lake has had < 300 breeding pairs 

present since 2005, as well as a large number (thousands) of resident non-breeding adults 

during the summer season (Somers et al. 2010).  The Boreal Plain / Boreal Shield 

Ecozone transition was characterized by Egg Lake and Lac La Ronge.  Egg Lake is a 

mesotrophic lake located at the northern edge of the Boreal Plain Ecozone that is remote 

and surrounded by forest and other lakes.  It has not been surveyed systematically, but 

was likely colonized by cormorants at least several decades ago.  Lac La Ronge is a 

remote oligotrophic lake with large sections located in both the Boreal Plain and Boreal 

Shield Ecozones.  Cormorants have only recently colonized Lac La Ronge, extending 

their known breeding range in Saskatchewan (Doucette et al. 2010a).  The six study lakes 

represent the full range of breeding habitats for cormorants in Saskatchewan, and 

collectively are likely representative of those in many other locations in the northern 

hemisphere.  Further details on several of the sites can be found in Doucette et al. (2011).  

All of the lakes, with the exception of Reed Lake, support sport and commercial fisheries, 

but there were no active cormorant management programs in Saskatchewan during this 

study. 

Diet, niche width and individual specialization 
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Stomach contents from shot adult birds and juvenile regurgitations from breeding 

colonies were used to examine the short-term diet of individual birds.  Regurgitated 

boluses were collected throughout the chick-rearing portion of the breeding season 

starting when the majority of chicks were two weeks old (see Table 1).  Because one 

parent remains with the nestling while the latter is in the nest, an individual bolus 

represents prey caught by one parent.  Adult birds were typically collected while foraging 

or on return flights to breeding colonies to maximize the chance of obtaining stomach 

contents.  Hereafter, we refer to prey collected from both boluses and dissected stomachs 

as boluses.  Prey items were identified and species composition, total number of species, 

and mean (± SD) number of prey species consumed by each bird was determined for each 

colony and year.  Species occurrence was calculated as the number of boluses in which a 

species was observed, divided by the total number of boluses to create a proportion of 

occurrence.  

I used the program IndSpec (Bolnick et al. 2002) to calculate total niche width 

(TNW), within-individual niche width (WIC), and between-individual niche width (BIC) 

for each cormorant population, as well as the proportion of TNW contributed by the 

within-individual component (WIC/TNW).  I quantified individual specialization using 

an index of similarity of individual diet to that of the population (IS), as well as the 

similarity of individuals to each other (O; Araújo et al. 2008).  WIC/TNW, IS, and O all 

have values ranging from 0 to 1, with values near 0 indicative of strong individual 

specialization, and values near 1 indicating individual generalists.  I used a Pearson 

correlation test to examine the relationship between TNW and IS for all colonies and  
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Table 1.  Characteristics of the six study sites containing cormorant colonies. Sites are organized geographically from the 

southernmost, Prairie colonies to the northern colonies located on the Boreal Shield.  Cormorant population estimates for all 

sites from Somers et al. (2010) and Doucette et al. (2010a).  Regurgitation sample sizes are given in Table 3. 

 

Lake Lat/Long Lake 

size 

Mean 

(max) 

depth 

Eco-

region 

Colony size 

(breeding 

pairs) 

Regurg. 

collection dates 

Bird collection 

dates 

Bird 

collection 

sample size 

Reed 50°23 N, 

107°05 W 

27 

km
2
 

1.5 m Prairie 500 

(intermittent) 

2006: 25 Jun – 25 

Jul  

2007: 27 Jun & 

25 Jul  

 

2006: 12 Jun & 

15 Jul 

2007: 30 May, 

6 Jun, & 31 Jul 

2006: 9 

2007: 12 

Last 

Mountain 

51°20 N, 

105°15 W 

233 

km
2
 

 

7.6 

(31.5) 

m 

Prairie 2,150 2006: 13 Jun – 20 

Jul  

2007: 13 Jun – 4 

Jul 

5 birds monthly  

2006: 23 May - 

2 Sep 

2007: 31 May - 

1 Sep 

 

2006: 20 

2007: 20 

Dore 54º46 N, 

107º17 W 

616 

km
2
 

11.2 

(19.5) 

m 

Boreal 

Plain 

11,500 2006: 20 Jun – 20 

Jul 

2007: 21 Jun – 8 

Aug 

5 birds monthly  

2006: 29 May - 

16 Aug 

2007: 21 May - 

25 Aug 

 

2006: 21 

2007: 20 

Canoe 55 º14 N, 

108 º18 W 

210 

km
2
 

6.7 

(14.9) 

m 

Boreal 

Plain 

200 (and 

>1,000 non-

breeders) 

2006: 27 Aug 

2007: n/a 

2006: 21 Jun, 

23 Jul, & 19 

Aug 

2007: 26 Jul & 

11 Aug 

 

2006: 13 

2007: 20 

 
 

        

Egg 55°107 N, 107 3.0 m Boreal 3,000 2009: 18 Jun & 5 2009: 5 Aug  2009: 23 
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105°33W km
2
  Plain 

and 

Shield 

Jul 

2010: 14 Jun – 22 

Jul 

 

2010: 8 Jul 2010: 21 

La Ronge 55°10 N, 

105°11 W 

1413 

km
2
 

12.7 

(42.0) 

m 

Boreal 

Plain 

and 

Shield 

~425 2010: 3 – 21 Aug 2010: 7 & 9 Jul  2010: 27 
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years combined (n = 12; underlying assumptions of normality and homoscedasticity were 

met).   

To examine temporal variation in diet we compared species occurrences between 

early and late chick rearing periods.  Not all lakes and years had sufficient sample sizes 

for this analysis, so only Dore and Last Mountain Lake (2007), Reed Lake (2006), and 

Egg Lake (2010) were used.  The time between the first sampling date when chicks were 

approximately two weeks old, and the last sampling date when chicks were large enough 

to enter the water, a period of roughly 8-10 weeks, was divided evenly into two periods.  

Sampling dates with > 4 boluses were included in this analysis. 

Intra- and inter-individual isotopic variation  

Adult cormorants were collected at each site using a 12 gauge shot gun or 0.22 

caliber rifle.  Pectoral muscle and liver tissue samples were dissected from each bird.  

Tissue sample were dried and ground to a powder, weighed in tin cups, and stable carbon 

and nitrogen isotopes were analyzed using a Finnigan Delta Plus isotope ratio mass 

spectrometer.  Stable isotopes values are expressed using the standard δ notation as parts 

per thousand (‰) relative to international standards for δ13C (PeeDee belemnite) and 

δ15N (atmospheric air).  Replicate samples generally had deviations of less than 0.2‰ 

for both δ13C and δ15N.  Separate aliquots for carbon and nitrogen were run for analysis, 

with lipids removed from the former due to the effects of lipids on δ13C in cormorant 

tissues (Doucette et al. 2010b).For each lake, short and long-term diet of individuals was 

examined using standard bi-plots of δ
13

C versus δ
15

N for both muscle and liver.  In birds, 

muscle represents approximately two weeks to one month of diet, whereas liver 
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incorporates diet from a few days to two weeks (Hobson and Clark 1992; Carleton et al. 

2008).  To facilitate comparisons between the two tissue types, cormorant stable isotopes 

values were corrected for trophic changes of δ
15

N and δ
13

C by applying diet-tissue 

fractionation factors.  Fractionation values used for muscle were 0.92‰ for δ
13

C and 

1.70‰ for δ
15

N, and for liver, 0.35‰ for δ
13

C and 2.6‰ for δ
15

N (Caut et al. 2009).  

Differences in δ
13

C and δ
15

N values between males and females were examined using an 

ANOVA for each population and year (n =10; data were unavailable for Egg Lake 2009), 

and a standard Bonferroni correction was applied to account for multiple tests.  

Population isotopic niche width for the breeding season was calculated as the range of 

δ
13

C and δ
15

N values of muscle and liver tissues combined.  Mean (± SD) individual 

isotopic niche was measured as the mean intra-individual difference between muscle and 

liver, representing changes between short-term (weeks) and long-term (months) diet.   

Circular statistics, which demonstrate the directionality and magnitude of isotopic 

shifts in populations, were used to quantify changes in diet over time (Schmidt et al. 

2007).  Intra-individual temporal isotopic shifts can be used as a proxy for niche width 

(e.g., Bearhop et al. 2004).  Individual isotopic shifts may also allude to changes in 

foraging location, as well as the level of coherence among foraging individuals.  For 

example, individuals with similar isotopic shifts likely also have similar foraging 

strategies.  In these ways, individual isotopic shifts can highlight differences in individual 

foraging ecology within and among colonies.  The average directional change in diet 

(expressed as difference in isotope values between muscle and liver) was quantified with 

two measures: the direction (mean angle of change, ), and length (euclidean distance, r).  

To test whether temporal isotopic shifts were uniform or unique among individuals, 



 

129 

 

circular SD (a measure of dispersion) was calculated along with Rayleigh‟s tests for 

circular uniformity, with standard Bonferroni corrections (Sokal and Rohlf 1995).  

Factorial ANOVAs were used to compare δ
13

C and δ
15

N values of each population by 

tissue type and year, and a standard Bonferroni correction was applied to account for 

multiple tests.  As there were no interaction effects of year and tissue type (data not 

shown), we report the statistical results for tissue type only.  Stable isotopes data sets met 

the assumptions for normality and homoscedasticity in all cases.  An alpha value of 0.05 

was used for all statistics.   

4.4 Results 

Diet, niche width and individual specialization 

Based on my data from boluses, total niche width of cormorant populations 

(TNW) varied three-fold across the six populations (Table 2), indicating broad dietary 

flexibility at the colony-level.  Niche width variation among populations was driven by 

differences in the composition and abundance of prey species consumed by cormorants 

(Figure 2; Appendix A).  For example, tiger salamanders (Ambystoma tigrinum) and 

crayfish (Oronectes virilis) were common in the diet of prairie populations in addition to 

fish, whereas the boreal plain cormorant populations consumed fish almost exclusively.  

Yellow perch and cisco (Coregonus artedi) were present in the diet of all populations, but 

their importance varied dramatically by location.  Despite the large differences among 

cormorant populations, niche width was not affected by ecoregion, lake size, or colony 

size (data not shown). 
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Table 2. Individual specialization metrics for six cormorant colonies in multiple years, 

based on stomach contents, were calculated using IndSpec.  Total niche width (TNW), 

within-individual component of niche width (WIC/TNW), individual specialization 

compared to the population (IS), and pair-wise overlap among individuals (O).  Values 

closer to 0 for WIC/TNW, IS, and O indicate more specialization.  

Lake (year) TNW WIC/TNW IS O 

Reed (2006) 0.89 0.048 0.41 0.45 

Reed (2007) 1.15 0.038 0.32 0.61 

LML (2006) 1.67 0.20 0.22 0.16 

LML (2007) 1.32 0.26 0.32 0.22 

Dore (2006) 1.28 0.24 0.35 0.32 

Dore (2007) 1.08 0.37 0.49 0.36 

Canoe (2006) 0.56 0.66 0.66 0.51 

Canoe (2007) 0.59 0.34 0.63 0.48 

Egg (2007) 0.74 0.12 0.41 0.32 

Egg (2009) 0.93 0.18 0.38 0.31 

Egg (2010) 0.74 0.23 0.61 0.50 

LLR (2010) 1.11 0.16 0.45 0.44 
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Figure 2. Percent occurrence of prey species in  juvenile regurgitated boluses during early 

(open bars) and late (black bars) chick-rearing periods for (a) Reed Lake 2006, (b) Last 

Mountain Lake 2007, (c) Dore Lake 2007, and (d) Egg Lake 2010. 
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Stomach content data provided strong evidence for individual specialization by 

cormorants in five of the six colonies.  Individual cormorants consumed 1.1 to 2.1 species 

on average (Table 3), regardless of the number of species consumed by the population as 

a whole.  Individual diet at any given time equated to, on average, 17 % of the total 

number of potential prey species consumed by the population at each colony.  The 

within-individual component of niche width (WIC/TNW) for all lakes indicated relatively 

strong individual specialization (Table 2) without clear trends by ecoregion, lake size, or 

colony size.  The WIC/TNW for all but one lake was < 0.4, indicating there was high 

diversity among individuals.  Similarly, individual cormorant diet was typically < 50 % 

similar to the overall diet of their respective populations (IS < 0.5), and also to 

conspecifics from their population (O < 0.5) (Table 2).  In general, individuals in prairie 

colonies (Last Mountain and Reed Lakes) tended to be more specialized than those in 

colonies on the boreal plain and shield lakes.  Individual cormorants on Last Mountain 

Lake were the most specialized regardless of metric (IS, and O).  In contrast, Canoe Lake 

(2006 and 07) and Egg Lake (2010 only) individuals did not appear to specialize at all (IS 

> 0.5).   

Overall, there was a strong negative correlation between TNW and IS (r = -0.86, 

df = 10, P<0.001), indicating the degree of individual specialization increased with total 

niche width.  The four northernmost colonies generally had relatively narrow niche 

widths and reduced individual specialization compared to the two prairie colonies.   

Variation in sampling effort likely did not influence these results as total niche width and 

individual specialization did not vary predictably with sample size, even within lakes. 
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Table 3. Mean species richness for prey items observed in nestling boluses and adult 

stomachs from six lakes in Saskatchewan.  Note: there were no boluses at Canoe Lake in 

2007. 

Lake  Year Sample size 

(# boluses 

and 

stomachs) 

Total 

number 

of species 

Mean (± SD) 

species per 

individual 

% of total 

consumed 

by 

individuals 

Reed Lake  2006  141 6 1.1 ± 0.3 18 

 2007  57 6 1.1 ± 0.3 18 

Last Mountain 

Lake  

2006  329 14 2.0 ± 1.2 14 

 2007  346 17 1.9 ± 1.0 11 

Dore Lake  2006  246 11 1.7 ± 0.9 15 

 2007  666 12 2.0 ± 0.9 17 

Canoe Lake  2006  87 9 2.0 ± 0.9 22 

 2007  16 5 1.6 ± 0.9 32 

Egg Lake  2007  59 7 1.2 ± 0.4 17 

 2009  158 8 1.3 ± 0.6 16 

 2010  706 13 1.4 ± 0.7 11 

Lac La Ronge  2010  229 7 1.3 ± 0.6 19 

  



 

135 

 

Table 4.  Circular statistics results assessing isotopic shift from muscle to liver tissue in 

individual cormorants at six lakes across Saskatchewan, Canada.  Colonies are arranged 

geographically from south to north. A standard Bonferroni correction has been applied to 

the P-values reported for the Rayleigh‟s Test.  Significant P-values are highlighted in 

bold. 

  

Mean Vector 

Circular 

SD 

Rayleigh's Test 

 Lake  Year 

Length  

(r)  

Direction 

(µ) Z P 

Reed 2006 0.93 30.11° 22.51° 6.86 0.011 

 

2007 0.87 64.91° 30.39° 9.06 0.011 

LML 2006 0.62 142.96° 55.95° 7.32 0.011 

 

2007 0.51 100.53° 66.28° 5.25 0.044 

Dore 2006 0.85 84.17° 32.48° 15.23 0.011 

 

2007 0.66 74.84° 52.05° 8.76 0.011 

Canoe 2006 0.44 93.75° 73.71° 2.48 0.891 

 

2007 0.53 127.23° 64.29° 5.68 0.033 

Egg  2009 0.93 99.70° 22.31° 15.47 0.011 

 

2010 0.93 101.08° 21.15° 18.33 0.011 

LLR 2010 0.91 84.74° 25.37° 22.19 0.011 
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To account for intrinsic temporal differences in prey biodiversity which could 

influence our results, I examined the level of individual specialization throughout the 

breeding period.  Seasonal changes in diet did not appear to influence our overall 

conclusions regarding individual specialization (based on temporal comparisons using 

Last Mountain and Dore Lakes; Appendix B).  Further, based on a comparison of species 

occurrence in boluses between early and late chick-rearing, diet was generally consistent 

over time in all ecoregions (Figure 2).  However, cormorants at Last Mountain Lake 2007 

showed some indication of temporal prey switching.    

Intra- and inter-individual isotopic variation  

At the population level, variation in the magnitude of isotopic shifts between 

muscle and liver (r values, Table 4), and thus isotopic overlap of tissues, indicated 

temporal diet shifts in some colonies, but not in others (Fig. 3).  The magnitude of 

isotopic shifts varied more than 2-fold among colonies, with the smallest temporal shifts 

at Canoe and Last Mountain Lakes, and the largest at Egg Lake and Lac La Ronge.  

Specifically, there were significant differences in δ
13

C values between the two tissue 

types in the three northern-most boreal populations (Table 5), indicating a major change 

in the carbon source of cormorant diets at Dore Lake, Egg Lake, and Lac La Ronge.  In 

contrast, the isotopic composition (both δ
13

C and δ
15

N values) of muscle and liver did not 

differ significantly in the three southern-most populations (Table 5).  Thus, cormorant 

populations at Canoe, Last Mountain, and Reed Lakes were isotopically consistent over 

time.  The direction of isotopic shifts between muscle and liver (µ) also varied among 

populations (Table 4), driven mainly by different δ
15

N shifts.   The δ
13

C values in muscle  
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Table 5. Comparisons of muscle and liver δ
13

C and δ
15

N values at six colonies.  Isotopes values were adjusted for 

fractionation, and multiple years were combined.  A standard Bonferroni correction was applied to the P-values, and 

significant values are in bold.   

 

Carbon 

 

Nitrogen 

Colony Δmusc-liv (‰) F DF P 

 

Δmusc-liv (‰) F DF P 

Reed -0.73 2.72 1, 36 1.19 

 

-0.74 3.5 1, 36 0.76 

LML -0.50 3.29 1, 74 0.80 

 

0.32 2.24 1, 74 1.53 

Canoe -0.33 2.48 1, 62 1.32 

 

0.07 0.29 1, 62 6.55 

Dore -0.96 23.54 1, 78 0.01 

 

-0.09 0.17 1, 78 7.45 

Egg -1.63 169.87 1, 74 0.01 

 

0.35 4.68 1, 74 0.37 

La Ronge -1.31 47.19 1, 52 0.01 

 

-0.14 0.56 1, 52 5.05 
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Figure 3. Individual cormorant muscle (solid symbols) and liver (open symbols) stable 

isotope values, and accompanying circular statistics, at six lakes across Saskatchewan 

Canada.  Colonies are arranged from south to north.  Reed Lake 2006 (a) and 2007 (b), 

Last Mountain Lake 2006 (c) and 2007 (d), Dore Lake 2006 (e) and 2007 (f), Canoe Lake 

2006 (g) and 2007 (h), Egg Lake 2009 (i) and 2010 (j), and Lac La Ronge 2010 (k). 
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tissues were consistently lower compared to liver in all populations (Table 5).  

Interestingly, despite the wide variation in foraging ecology among colonies, each 

cormorant colony underwent the same isotopic shifts from year to year (Fig. 3a-k).   

In all but one population, mean individual isotopic niche width, based on the 

difference in isotope values between muscle and liver, was less than half the width of the 

total population (Table 6).  Thus, the total isotopic niche of the population was comprised 

of smaller individual niches, matching the niche analyses based on stomach contents.  

Individual niche width was narrowest at Canoe and Last Mountain Lakes where isotopic 

shifts were the least uniform, as temporal isotopic shifts varied among individuals (Table 

4).  The narrow individual niche widths combined with the lack of uniformity among 

cormorants, particularly in the Canoe Lake population, suggests these individuals had 

unique diets and/or foraging ecology.  In direct contrast, individual isotopic niche widths 

were widest (Table 6) and most uniform (Table 4) at Egg Lake, Lac La Ronge, and Reed 

Lake (Fig. 3 a-b,i-k), indicating individuals within these populations all experienced the 

same large temporal isotopic shift in diet.  Interestingly, these uniform shifts among 

individuals were present in only one isotope at all three lakes: δ
13

C at Egg Lake and Lac 

La Ronge, and δ
15

N at Reed Lake.  Individuals maintained a consistent isotopic niche 

relative to each other on one axis of the bi-plot while undergoing a uniform shift along 

the other axis (e.g., Fig. 3 i), indicating there is some isotopic specialization likely related 

to diet and/or foraging ecology.   

In addition to variation in specialization among colonies, there was variation 

among individuals at most colonies (Fig. 3).  Populations were generally comprised of  
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Table 6. Isotopic niche width of the population, mean (SD) niche width of individuals, and mean percent of population niche 

width occupied by an individual. 

 

  

Population Niche 

Width Individual Niche Width 

Colony Year δ
13

C δ
15

N δ
13

C (mean ±SD) % δ
15

N (mean ±SD) % 

Reed Lake  2006 2.16 4.75 0.41 ± 0.39 19 1.08 ± 0.77 23 

Reed Lake  2007 7.51 5.48 0.95 ± 0.61 13 0.51 ± 0.89 9 

Last Mountain 

Lake  2006 4.51 3.57 0.29 ± 0.69 6 0.30 ± 0.65 8 

Last Mountain 

Lake  2007 5.43 5.05 0.69 ± 0.73 13 0.34 ± 0.95 7 

Canoe Lake 2006 4.49 2.84 0.19 ± 1.17 4 0.08 ± 0.87 3 

Canoe Lake 2007 4.50 3.79 0.47 ± 0.81 10 0.31 ± 0.62 8 

Dore Lake 2006 6.02 4.08 1.11 ± 0.70 18 0.12 ± 0.62 3 

Dore Lake 2007 4.09 4.81 0.81 ± 0.66 20 0.07 ± 0.95 1 

Egg Lake 2009 3.45 2.42 1.62 ± 0.62 47 0.36 ± 0.76 67 

Egg Lake 2010 3.76 3.81 1.63 ± 0.55 43 0.34 ± 0.72 9 

Lac La Ronge 2010 4.07 3.33 1.31 ± 0.37 32 0.74 ± 0.37 22 
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both isotopic specialists and isotopic generalists, particularly at the four southernmost 

colonies where inter-individual variation in the magnitude of isotopic shifts was 

commonplace (Fig. 3 a-h).  Within the same population, some cormorants maintained 

specific isotopic values over time (magnitude of isotopic shifts between 0.2 and 0.6 ‰), 

whereas other individuals shifted over 2.0 ‰ (Fig. 3a-h).  For example, of 20 individuals 

at Last Mountain Lake in 2007, four individuals had isotopic shifts < 0.6 ‰, and seven 

individuals had shifts ≥ 1.5 ‰ (Fig. 3d).  In contrast to the southern-most lakes there was 

little deviation in the magnitude of isotopic shifts at Egg Lake and Lac La Ronge; 

individuals in the northernmost populations made similar, large isotopic shifts (Fig. 3i-k) 

and were therefore all isotopic generalists.  Inter-individual isotopic differences were 

unrelated to sex, as δ
13

C and δ
15

N values were similar for males and females in all 

populations, with one exception (δ
13

C at Reed Lake 2007) after a standard Bonferroni 

correction (data not shown).      

4.5 Discussion 

Multiple lines of evidence demonstrate that double-crested cormorants in a variety 

of habitats are much more specialized as individuals than has been previously considered.  

Wide dietary niches at the population level were often comprised of many different, 

smaller, niches among individuals.  Thus, generalist cormorant populations had broad 

niches but were comprised of many individual specialists with different diets.  For 

example, individual stomach samples contained very few species relative to the broad 

range of species consumed by the population, indicating prey species collected during 

individual foraging trips were relatively specific and differed among individuals.  

Comparison of long-term (muscle) vs. short-term (liver) diet with stable isotopes 
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provided corroborating evidence for specialization, as individuals tended to maintain 

consistent niches in respect to one or both isotopes between tissue types.  The extent of 

seasonal diet variation, as evidenced by data from both stable isotopes and stomach 

contents, differed among colonies, but within-colony diet and foraging ecology was 

relatively consistent from year to year.  The temporal consistency of diet observed across 

all colonies (this study, Doucette et al. 2011) deviates from what has generally been 

reported in the literature (e.g., Ross and Johnson 1995, Neuman et al. 1997).   My 

research demonstrates that different perspectives (i.e., population level vs. individual 

level) can alter our interpretations of diet and foraging ecology of a species.  As such, the 

diet of populations and individuals are not necessarily representative of one another, 

which has important consequences for both management and ecology.   

Drivers of individual specialization 

At this point, it is unclear why individual specialization in cormorants is so 

widespread given that as a species double-crested cormorants consume a wide variety of 

prey species.  We suggest a number of factors that may lead to individual specialization 

in some populations.  First, individual specialization, and thus niche partitioning, can be a 

mechanism to avoid intra-specific competition (e.g., Abrams 1980). Such partitioning 

may be further influenced by individual physical limitations of the predators themselves 

(e.g., Polis 1984; Beaudoin et al. 1999; Brischoux et al. 2009; Alanärä et al. 2001).  For 

example, varying abilities to capture and handle different prey among individuals can 

lead to intra-specific resource partitioning (e.g., Siemers and Swift 2006; Svanback et al. 

2011).  Dietary partitioning in cormorants has previously been attributed to sexual 

dimorphism, as larger males can dive deeper or feed on larger prey (e.g., P. albiventer, 
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Kato et al. 2000; P. auritus, Anderson et al. 2004, and Robinson et al. 2009; P. carbo, 

Fonteneau et al. 2009; P. harrisi, Wilson et al. 2008).  Individual diet may also be 

constrained by foraging abilities (e.g., prey handling), or behavioral limitations (e.g., 

limited search images) (Kurvers et al. 2010; Bergvall et al. 2010).  For example, 

Morrison et al. (1978) suggested that young olivaceous cormorants (P. olivaceus) 

improved their foraging abilities over time by developing technique and a prey search 

image.  In general, juvenile predators tend to be less efficient foragers, and during the 

learning process they tend to have more general diets (Werner et al. 1981; Persson 1985).  

However, further investigation is required to directly address this theory in double-

crested cormorants. 

Individual specialization is likely not just the result of choosing different prey 

species, as individuals occupied consistent isotopic niches in relation to each other even 

when consuming the same prey species (e.g., Egg Lake and Lac La Ronge).  It is possible 

that aspects of social structure could influence fine-scale diet partitioning among 

individuals.  For example, multiple foraging flocks may feed on different fish schools, 

and thus encounter prey with different stable isotope values. Similarly, it is possible that 

birds within the same foraging flock may encounter isotopically distinct prey.  Social 

hierarchies and interference competition among conspecifics can influence food resource 

acquisition in, and thus the dietary niche of, birds (e.g., Langen and Rabenold 1994; 

Robichaud et al. 1996), mammals (e.g., Vogel 2005; Oelze et al. 2011), and fishes 

(Alanärä et al. 2001; reviewed in Ward et al. 2006).  Competition and spatial partitioning 

can lead to dietary differences (e.g., Savolainen and Vepsäläinen 1988) even within 

microhabitats (Jiang et al. 2008).  Social hierarchy likely exists within cormorant 
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foraging flocks, as in other social birds (Burger and Gochfeld 1984; Gill 1990; Bautista et 

al. 1995; Mónus and Barta 2008).  Agonistic interactions and hierarchical spatial 

segregation among cormorants occurs in colonies and roosts (e.g., Siegel-Causey and 

Hunt Jr. 1986; Blanco 1994; Galvan 2004; Somers et al. 2011), but to our knowledge has 

not been studied in foraging flocks of any cormorant species.  However, the position of 

an individual cormorant within a foraging flock influences its success; individuals at the 

front of the flock are much more successful than those at the back (Van Eerden and 

Voslamber et al. 1995).  Within-flock position could thus lead to dietary partitioning 

among individual cormorants, and perhaps explain the isotopic partitioning among 

individuals that consumed the same prey species (i.e., birds may catch fish of varying 

size or condition with varying stable isotopes values).   

Potential sources of constraint 

Doucette et al. (2011) showed that cormorant populations maintained consistent 

niches despite inhabiting diverse food webs.  Yet, this study (including the same 

cormorant populations) identified that cormorant individuals and populations are 

different in terms of diet and foraging ecology.  The apparent inconsistency between the 

two studies can potentially be explained if the consistent niche of cormorant populations 

in multiple food webs forces individuals to vary their diet and foraging ecology, or vice 

versa.   It is unclear whether the consistent niche occupied by cormorants is the result of 

choice or constraint; however, we offer four possible explanations.  First, cormorants 

may be forced into a specific niche due to morphological or behavioral foraging 

limitations (e.g., Cooper 1985; Platteeuw and Van Eerden 1995; Coleman et al. 2005; 

White et al. 2007; Hustler 2008; Halsey et al. 2007).  However, given that cormorants can 
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adapt to a wide range of environments and prey items, it is unlikely that the observed 

consistent niche is due to physical limitations.  Alternatively, interspecific competition 

with other piscivores could constrain cormorants to specific habitats or prey (Van Valen 

1965; Valeix et al. 2007).  It has been suggested that piscivorous birds may compete with 

predatory sport fish (Bur and Stapanian 2008; Kelley 2008; McParland et al. 2010), but 

this theory remains untested.  Doucette et al. (2011) found that walleye (Sander vitreus 

vitreus) tended to occupy higher trophic positions than cormorants, so it is possible that 

cormorants are excluded from some niche spaces (i.e., the top trophic position), but 

competition is difficult to observe and test.  Prey availability could also influence 

predator diet and has been linked to diet and foraging behaviour in a variety of cormorant 

species (P. pelagicus; Kotzerka et al. 2011; P. carbo and P. aristotelis, Gremillet et al. 

1998).  For example, there is some evidence that cormorants consume prey in proportion 

to its abundance (e.g., Linn and Campbell 1992; Somers et al. 2003). 

A fourth explanation for the consistent niches across multiple food webs may be 

that cormorants are capable of actively choosing their dietary niche based on some 

unknown benefit.  Thus, similar population niches among food webs could indicate 

dietary niche selection, rather than constraint.  If cormorants are capable of choosing their 

niche, then an adequate abundance of profitable prey would allow all individuals within 

the population to feed on the same species, but force diversification when preferred prey 

abundance does not support the entire population.  Doucette et al. (2011) suggested that 

cormorants prefer pelagic, schooling prey such as yellow perch and cisco.  This may 

explain why cormorants focus on yellow perch and cisco in the northern lakes where 

these prey are relatively abundant.   In contrast, yellow perch and cisco abundance is low 
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in Last Mountain Lake and the cormorant population consumed a wide variety of species 

there.  Importantly, these potential explanations for why cormorants occupy consistent 

niches in multiple food webs may not be mutually exclusive, and further research is 

needed to examine which factors influence the dietary niche space of cormorants.  

 

Stable isotopes in studies of individual specialization 

By combining stomach contents and stable isotopes analyses, I was able to 

broaden the understanding of cormorant diet and foraging ecology.  While the strong 

agreement between the two diet assessment techniques is further evidence for the validity 

of our general conclusions, both methods provided information that was specific for each 

approach.  Stable isotopes provide a big picture assessment of diet for a much longer time 

period than stomach contents.  On the other hand, stomach contents analyses can provide 

specific details, particularly about prey species, that are lacking with stable isotopes 

analyses.  For example, Egg Lake and Lac La Ronge cormorants had dramatic shifts in 

δ
13

C values, suggesting a major prey shift, yet stomach contents indicated that diet was 

consistently comprised of yellow perch throughout the breeding season.  Based on dietary 

evidence, the consistent δ
15

N values within individuals, and the known variation in δ
13

C 

values of yellow perch (ie., Barks et al. 2010), it is most likely that the δ
13

C shifts were 

the result of a change in foraging location, rather than a prey shift.   Hence, I encourage 

researchers to combine stable isotopes analyses with traditional diet analyses techniques.  

However, I draw attention to an important caveat when using stable isotopes from 

multiple tissues.  Diet-tissue fractionation factors must be accounted for before multiple 

tissue types can be compared, as incorrect fractionation values would over- or under-
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estimate the shift between muscle and liver tissues.  There are currently no existing 

reliable fractionation values specifically for cormorants (but see Mizutani et al. 1991, an 

analysis of a single bird without lipid corrections), so we used average values reported for 

birds (Caut et al. 2009).  With birds collected throughout the breeding season there is an 

expected lag in muscle values compared to liver due to slower turnover in the former.  If 

diet is isotopically consistent over time one would expect that muscle and liver tissue 

should remain similar throughout the season.   I found the δ
13

C values of muscle were 

always lower compared to liver, suggesting the difference in δ
13

C fractionation between 

the two tissues are under-estimated.  Alternatively, because isotopic values of muscle 

represent a long-term average of different prey from various locations, isotopes values of 

diet would have to remain highly consistent over time.  However, individual cormorants 

typically consume multiple species, and there are isotopic differences within prey species 

(e.g., Barks et al. 2010), so it is unlikely that diet would be isotopically consistent over 

time.  Regardless, altering the fractionation values would likely not affect the overall 

trends observed here.  Specifically, if the difference in δ
13

C fractionation values between 

muscle and liver was underestimated, then cormorant diet is even more consistent over 

time than the data suggest. 

 

Management implications 

Dietary niche constraint and individual specialization of double-crested 

cormorants have important consequences for fisheries management.  For example, if 

cormorants are constrained to a specific niche, it is unlikely that they will be able to 

colonize new systems in which this specific niche is not available.  Further, the trophic 
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position of economically-important fish species in relation to cormorants will play an 

important role in determining whether cormorants impact fisheries.  Once cormorants 

have colonized a system, there are three possible scenarios for niche occupation with 

respect to fisheries.  The first possibility is that newly-arriving cormorants have obtained 

access to the niche by forcing other predators out through competitive exclusion.  In this 

scenario, cormorants must be able to competitively displace other predators such as large 

sport fish, which could have a negative impact on sport fish populations.  Competitive 

displacement is believed to occur in the wild (e.g., Stewart et al. 2002; McDonald et al. 

2007; Metzger et al. 2009; Cupples et al. 2011) but clear documentation is difficult.   

However, comparisons of resource use by potentially competing sympatric species to 

communities in which said species occur alone may provide some insight regarding the 

displacement hypothesis (e.g., Huey and Pianka 1977; Hindar et al. 1988; Douglas et al. 

1994; Lisičić et al. 2011).  Alternatively, cormorants may re-occupy niches that they had 

previously inhabited.  In this scenario, the niche space occupied by cormorants before 

their decline in the 20
th

 century would not have been used by other species, leaving an 

“empty niche” (Giller 1984; reviewed in Lekevicius 2009), and returning cormorants 

would have no competitive impact on predatory sport fish.  References to species filling 

empty niches in the literature generally pertain to habitat (for example, the invasion of 

bare substrate in aquatic environments by bivalves [Penchaszadeh et al. 2000], or bare 

ground used by invasive plants [MacDougall et al. 2009]).  In relation to diet, an empty 

niche would imply that there is a surplus of prey resources available.  While it has been 

suggested that ecosystems can support more consumers than are present (Rohde 2008), 

this has not been tested.  A third possibility is that newly-arriving cormorants occupy 

http://www.springerlink.com/content/?Author=Duje+Lisi%c4%8di%c4%87
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niche space that was left vacant when predatory sport fish populations declined (as 

suggested by Hobson et al. 1989).  Increases in cormorant populations would thus be a 

symptom, and possibly a useful indicator, of overfishing.  In this scenario recovery of 

fish populations may be difficult if their previous niche space is now occupied by 

cormorants, and they are unable to out-compete the birds.  Further, the presence of a new 

top predator can lead to cascading trophic effects (e.g., Parsons 1992; McPeek 1998; 

Woodward and Hildrew 2002).  Regardless of how niche occupation occurs, it is 

unrealistic to assume that all cormorant populations negatively affect fish populations.   

I have demonstrated that individual cormorants are not necessarily representative 

of the population, nor do cormorant populations have the same diet or foraging ecology 

in all systems.  Understanding individual specialization can improve our ability to 

measure and predict ecological implications.  I encourage researchers to examine how 

and why individuals of a generalist species are constrained, and to question the 

mechanism that drives individual foraging ecology in multiple environments.  With 

respect to cormorant-fisheries conflicts, it is critical that fisheries managers not make 

assumptions about cormorant impacts, and instead strive to better understand the foraging 

ecology and niche space of the cormorant population in question before making 

management decisions. 
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CHAPTER 5. GENERAL DISCUSSION 

5.1 General conclusions 

My thesis objectives were to (1) Test and validate existing lipid-extraction 

procedures and their effects on δ
12

C and δ
15

N values in cormorant tissues in order to 

develop methodology for using cormorant tissues for stable isotopes analyses. (2) 

Examine the diversity, or lack thereof, of diet and trophic niche of cormorant populations 

relative to other members of the food web in multiple systems.  Particular attention was 

given to the potential interactions with prey, and the potential overlap with predatory 

sport fish. (3) Assess individual contribution to the overall niche of generalist populations 

and determine how, or whether, foraging ecology of generalist populations varies in 

multiple, different food webs.  My three research chapters (Chapters 2-4) dealt with these 

three objectives sequentially.   

For my first objective, I determined that the presence of lipids in cormorant muscle 

and liver significantly altered stable isotopes values in these tissues, and thus 

demonstrated that lipids must be accounted for before using stable isotopes analyses to 

study cormorant diet and ecology (Chapter 2).  Corrective mathematical models have 

been developed for fish; however, the predictive capacity of the models for other species 

remains largely untested.   I concluded that cormorant tissues did not meet an important 

assumption required to confidently use those mathematical corrections, and thus lipid 

extraction was required.  This work paves the way for future cormorant research by 

making informed recommendations for accounting for lipids.  My evaluation of existing 

lipid correction models is one among few studies on non-fish species (Post et al. 2007; 
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Kojadinovic et al. 2008; Oppel et al. 2010) and has been the only study of the effects of 

lipids on stable isotopes in fish-eating birds.  The results highlight the importance of 

accounting for lipids in ecological studies, but also testing existing models before 

applying them to new species.  Further, my research indicated that varying techniques 

used to extract lipids can yield different results, suggesting a consensus regarding 

extraction solvents would help make future syntheses of multiple studies possible.  

By developing the methodology needed to assess cormorant diet using stable 

isotopes, it was then possible to study the diet and foraging ecology of cormorants both 

within and among populations using this technique.  To meet my second objective, I 

combined conventional dietary analyses with stable isotopes analyses to produce a 

comprehensive assessment of cormorant diet, trophic position, and dietary niche (Chapter 

3).  By comparing the birds‟ dietary niche over three food webs in multiple ecozones, I 

determined that cormorant populations occupied very consistent niches in relation to 

other species regardless of food web.  Further, cormorant population niches were 

relatively narrow and confined compared to what is expected of a generalist.  Based on 

these findings, and for my third objective, I examined the role of individual cormorants 

within the population niche (Chapter 3).  I found that diet and foraging ecology of 

individual cormorants varied within and among populations, but individuals remained 

relatively consistent over time. Individuals within populations tended to be specialized, as 

their dietary niches were much narrower than that of the overall population.  These 

results were the first conclusive evidence that the wide, generalist, dietary niche of 

cormorant populations is comprised of many individuals with relatively unique, 

specialized niches, rather than many individuals with the same, widely-overlapping diet.  
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To my knowledge this is also the only research on any organism comparing the 

contribution of individuals to the niche of a population across multiple food webs.   

5.2 Cormorant niche  

Given the diverse diet and variations in foraging patterns, I agree with the general 

consensus (Hatch and Weseloh 1999) that double-crested cormorants are generalists 

because they are capable of using a wide variety of resources.  However, unlike what 

would be expected of a generalist, population niche width was strikingly consistent in 

multiple food webs, and individual specialization was common.  Such consistency and 

similarity of cormorant populations in multiple food webs with varying abundance and 

diversity of prey species suggested that cormorants as populations were in some way 

constrained (see Chapter 4 for a detailed discussion).  Given that all species (with the 

exception of whitefish) were documented in the diet of cormorants they were clearly 

capable of consuming all fish species present.  As such, one would expect their dietary 

niche to encompass the entire food web at each lake, or vary based on abundance of 

various prey species in each lake.  This would be represented by cormorant stable 

isotopes values that span the entire spectrum of values in prey within each food web.  Yet 

in every case, cormorant stable isotope values were clearly segregated to a relatively 

small portion of the food web bi-plots, suggesting they were pelagic top predators.  

Similarly, individual birds had relatively narrow isotopic niches indicating that diet 

remained consistent over time.  Thus, relative to their presumed generalist fundamental 

niche, individual cormorants occupied specialized realized niches.  It is unclear whether 

the consistency and specialization observed in such a widespread generalist is unique, but 

this is not likely the case.  
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  My research highlights a number of key ecological issues relating to double-crested 

cormorants that require attention.  For cormorants specifically, stable isotopes analyses 

have the potential to finally address concerns regarding biases in conventional diet 

sampling techniques.  Most of what we know about cormorant diet comes from pellets 

and nestling regurgitations, but there are concerns regarding this short-term “snapshot” 

analysis, biases related to digestion and regurgitation of various prey items, and whether 

nestling regurgitations are representative of adult diet.  While all three concerns deserve 

attention, the latter topic has yet to be directly addressed in the literature.  Because adults 

do not regurgitate prey as willingly as nestlings, there are few direct data on adult diets, 

and assumptions are continually made regarding similarities between nestling and adult 

diet.  I strongly encourage acomparison of stable isotope values from nestling and adult 

birds to examine this question.   

With respect to my findings regarding individual specialization in a generalist 

predator, the questions remaining are 1) what drives individual specialization in double-

crested cormorants, and as an extension to that, 2) how would individuals in one food 

web behave if relocated to another system.  It is unclear whether differences in 

behaviours among populations are a function of the food web itself, or due to intrinsic 

characteristics of individuals.  For example, it is unclear whether a bird that forages on 

cisco at Reed Lake would continue to forage for cisco if relocated to Egg Lake, where the 

cormorant populations forage extensively on yellow perch.   Given that cormorants are 

migratory birds and must therefore adapt to new environments, it seems likely that the 

birds respond to their surroundings.  We expect a Reed Lake bird would switch to a diet 

of yellow perch if placed in a system where that species is the dominant potential diet 
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item.  If instead foraging behaviour is due to intrinsic characteristics (e.g., a learned 

behaviour, or a physical constraint), why there were distinct trends among colonies 

becomes unclear.  Although diet can differ among even nearby cormorant colonies (e.g., 

Neuman et al. 1997), extensive mixing of individuals among colonies has also been 

observed (e.g., Dolbeer 1991; Duerr et al. 2007).  Thus, one would not expect particular 

behaviours to be associated with certain colonies.  Observing cormorants over much 

longer time periods, or incorporating tissues with longer turnover times, would allow 

researchers to study whether individual behaviour varies across multiple habitats (e.g., 

compare individual foraging ecology on wintering and breeding grounds).  Further, 

experiments with captive birds could examine prey preference and test my hypothesis 

that cormorants prefer schooling, pelagic species such as yellow perch and cisco (see 

Chapter 3).   

5.3 Cormorant-fisheries conflicts 

Until now, it was generally assumed that cormorants consumed any and all fish 

species encountered, and cormorants threatened any fish species within water bodies used 

by the birds.  These assumptions are based on numerous studies of cormorant diet; 

however, these studies tend to be narrow in scope, and are usually designed to directly 

address management questions.  By using multiple diet assessment techniques and a 

multi-scale approach, my research has improved and altered the understanding of double-

crested cormorant diet, foraging ecology and trophic niche.  Asking basic ecology 

questions, and comparing multiple populations in a variety of food webs, can enhance our 

understanding of the role of cormorants in aquatic food webs, and possibly make 

predictions for future management problems. For example, in Chapter 3 I suggested that 
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certain systems or food webs may be more likely to experience cormorant conflicts if 

they are prone to invasion by cormorants, competitive interactions with predatory sport 

fish, and/or consumption of economically valuable fish species by cormorants.  Given the 

link between cormorant ecology and fisheries management, the effects of cormorants on 

sport and commercial fish species is a topic that requires further attention.  The research I 

report here is the first to provide any real perspective on potential niche overlap among 

cormorants and sport fish.  Before now it was generally assumed that cormorants, 

walleye, and northern pike were all top predators in freshwater lakes, but this had never 

been directly tested.  I have demonstrated that cormorants and walleye are both top 

predators, but in some cases walleye occupy a higher trophic position.  Northern pike, on 

the other hand, occupied a lower trophic position in all instances.  Walleye stable isotopes 

values generally fell between cormorants and northern pike, overlapping with these two 

species in some lakes.  My research indicates there is potential for dietary overlap, and 

thus competition, among the three top predators.  However, documenting and measuring 

the effects of competition is a difficult feat and requires further study.  

A challenging question related to cormorant-fisheries conflicts remains whether 

cormorants have negative impacts on fish populations.  Predators can have substantial 

effects on prey (e.g., Sunderland 1999; Berger et al. 2001; Symondson et al. 2002; Baum 

and Worm 2009).  However, whether aquatic food webs are controlled by top-down or 

bottom-up forces, or a combination of both, has been debated in the literature (Vanni 

1987; McQueen 1989; Horppila et al. 2003; Worm and Myers 2003; Frederiksen et al. 

2006).  Based on Chapters 3 and 4, I speculate that bottom up effects may control 

cormorants as food web structure determines cormorant diet, although the evidence for 



 

181 

 

this is purely qualitative.  For example, considering cormorants occupied consistent, 

specific dietary niches, it is possible that only food webs with this available niche can 

support their populations.  If cormorant niche breadth is constrained by the food web in 

this way, than species composition of cormorant diet would be determined by prey 

availability within that niche. Food web structure may also play a role in determining the 

level of specialization among individual cormorants, as individual specialization was 

consistently more prevalent in some lakes.  Alternatively, if cormorants are not 

constrained by the availability of a certain niche, but instead are choosing it, they may be 

less controlled by the food web.  Currently, management plans assume that fish 

populations are experiencing direct negative impacts due to consumption by cormorants 

(i.e., top-down effects), but few studies have found evidence of this (see Chapter 3, Table 

3).  To properly address whether cormorants are controlled by bottom-up effects, future 

studies of predator-prey interactions are needed to determine whether cormorants are 

constrained to this consistent niche be external forces, and answer quantitatively how 

bottom-up constraint may affect cormorant productivity, or vice versa.   

Cormorant-fisheries conflicts provide ideal opportunities for researchers to study 

entire systems, and ecologists can provide worthwhile information on food web 

interactions in return.  In particular, fisheries management programs throughout North 

America, and similarly in Europe, could benefit from further studies of cormorant 

ecology and their position in aquatic food webs.   Because cormorants are a widespread 

predator with a highly variable diet, there are ideal opportunities to study a species in 

multiple environments.  From a management perspective this may help explain which 

food webs are likely to be negatively affected by cormorant predation.  Sample collection 
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would be easy to facilitate in most areas, as cormorant culling is common throughout 

North America.  I recommend taking advantage of such programs to collect a variety of 

tissues for stable isotopes analyses, as well as stomach contents for traditional diet 

assessment.  

5.4 Technical considerations 

Stable isotopes analyses have become common in the field of animal ecology, and 

can address a wide range of topics such a paleoecology (e.g., Cerling and Harris 1999; 

Tütken and Vennemann 2009; Wang et al. 2009), physiology (e.g., Flanagan and 

Ehleringer 1991; Cherel et al. 2005; reviewed in Gannes et al. 1998), migratory 

movements (e.g., Hobson and Wassenaar 1997; Cerling et al. 2006; reviewed in Hobson 

1999), and ecosystem ecology (e.g., Vander Zanden et al. 1999; Armitage and Fourquean 

2009;Vizzini and Mazzola 2009; reviewed by Peterson and Fry 1987).  However, stable 

isotopes analyses remain underappreciated for large scale food web studies, and studies 

of ecological niches.  This is despite the fact that stable isotopes analyses have the 

potential to address questions related to food web niche that are difficult to answer 

otherwise.  My research has demonstrated the utility of combining stable isotopes 

analyses with traditional diet assessments to interpret food web interactions and the 

dietary niche of a common, wide-ranging species across multiple habitats.  Combining 

stable isotopes and stomach contents analyses can vastly improve our understanding of 

topics which are of interest to ecologists and managers alike such as trophic position, 

linkages to various components of the food web (such as pelagic or littoral sources, 

Vander Zanden and Vadeboncouer 2002), and potential dietary overlap with other 

predators and economically-valuable fish species.   
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Niche width measurements using stable isotopes are new to ecological studies 

(Bolnick et al. 2003; Bearhop et al. 2004; Araújo et al. 2007; Layman et al. 2007), and 

will likely be used more in the future as the potential is more fully realized.  Analysing 

multiple tissues from the same individual can not only provide long-term diet information 

that is otherwise difficult to obtain, but can also address the breadth of resources used, 

and the contribution of individual diets to the overall niche of the population.  To use 

stable isotopes for niche width analyses researchers must 1) collect and report isotopes 

values from multiple tissues with varying turnover rates, 2) understand the important 

distinction between isotopic and dietary niche, and 3) consider some important 

assumptions associated with stable isotopes analyses.  As more researchers and managers 

begin to use stable isotopes analyses for ecological studies of double-crested cormorants 

and other species, it is imperative that the proper experimental studies are available to 

support these initiatives.  It is also critical that researchers understand the various factors 

that can influence stable isotopes values.  

Despite their popularity, stable isotopes analyses will not completely replace 

traditional diet analyses because the resolution can be limited, particularly regarding prey 

species and size.  Second, without careful consideration of the variety of factors that 

affect stable isotopes values, it is possible to misinterpret stable isotopes data.  For 

example, a consumer population with a consistent isotopic niche over time may have a 

very specific diet, and thus be both isotopic and dietary specialists.   Alternatively, the 

consumer may eat a variety of prey species consistently that combine to give very 

specific stable isotope values (see Martinez del Rio 2009, Fig. 1b).  Similarly, differences 

in isotopic values between multiple tissues suggest diet shifts over time; however, these 
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differences could be related to analytical problems such as the use of incorrect 

fractionation values (see below) or other ecological factors, such as a shifting baseline, or 

a change in foraging habitats (e.g., Egg Lake and Lac La Ronge cormorants in Chapter 

4).  There have been numerous calls for laboratory experiments in an effort to address the 

assumptions and develop additional theory (Gannes et al. 1997; Martinez del Rio et al. 

2009b). Yet, compared to observational studies which use stable isotopes to explain 

ecological processes, there are far fewer experimental studies designed to understand the 

mechanisms causing stable isotopes values to vary from diet to consumer (Martinez del 

Rio 2009b).  In particular, there is still a strong need for experimental studies of the 

effects of lipid extraction, differences in fractionation values among species and tissues, 

and a combination of the two.   

Fractionation rates, the difference in isotope values between the diet and the 

consumer, can vary drastically among species (Caut et al. 2009), as well as by tissue type, 

body size, condition, and diet (Tieszen et al. 1983; Hobson et al. 1993; Roth and Hobson 

2000; Carleton and Martinez del Rio 2005).  Incorrect fractionation rates can greatly alter 

conclusions regarding diet, especially when used in mixing models (Bond and Diamond 

2011).  Despite this knowledge, researchers are often forced to use published values for 

other species because experimental studies are lacking for many species.  Reliable 

fractionation values are unavailable for double-crested cormorants, and existing 

experimental studies on cormorants (Mizutani et al. 1991; Bearhop et al. 1999) raise 

important concerns regarding experimental design of fractionation studies.  Mizutani et 

al. (1991) reported fractionation values for a single captive double-crested cormorant.  

Because fractionation rates can vary among individuals the values for a single bird are 
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potentially unrepresentative of an entire species.  Similarly, the body condition, 

nutritional stress, and metabolism in captive birds are not necessarily representative of 

wild birds.  Furthermore, the authors did not account for the presence of lipids, rendering 

their data unusable by researchers who have done so.  Bearhop et al. (1999) calculated 

fractionation values in the feathers of a number of captive great cormorants 

(Phalacrocorax carbo) and wild shags (P. aristotilis), two species closely related to 

double-crested cormorants, as well as common mergansers (Mergus merganser), for a 

total sample size of 41 birds.  A larger sample size, lipid extractions, and the inclusion of 

wild birds enhance the validity of their results compared to that of Mizutani et al. (1991).  

However, they only sampled feathers, limiting the applicability of their study to 

researchers using the same tissue.  Unfortunately, Bearhop et al. (1999) did not report 

statistical differences in fractionation values among the species, which may have 

validated their use on other closely related species, at least for feathers.   

The number of species for which fractionation values have been determined remains 

relatively low in comparison to the research produced that could benefit from species-

specific values (compiled in Caut et al. 2009).  Further, as with cormorants, there is little 

consistency in the tissues sampled, or accountability for lipids, among the studies.  My 

research on the effects of lipids in cormorant muscle and liver tissues can help enhance 

the accuracy of future ecological studies, and ongoing fractionation experiments using 

captive double-crested cormorants are promising (E. Craig, pers. comm).  However, there 

is a clear need for directed experiments designed to obtain fractionation values from a 

wide variety of tissues and organisms.  Further research is needed related to the 

physiological factors that affect fractionation in organisms in general.  Differences 
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between wild and captive animals, and the effects of varying diets, would be particularly 

useful.   

5.5 Generalist ecology  

Based on my research, I suggest future work on a number of basic ecological 

questions including 1) why do we see similar trophic niche structure among multiple food 

webs with varying biodiversity and species with different diets, 2) why does individual 

niche width differ among populations with very similar niches, 3) how do these varying 

individual niches influence the overall trophic impact of a population, 4) what drives 

individual specialization in generalist species, and 6) what defines a generalist.  

Species may be generalists in the sense that they are capable of using a wide variety 

of resources; that is, they have a generalist fundamental niche.  The term generalist may 

also be used to refer to actual examination of resource use, which would indicate a 

generalist realized niche.  The basis for which to label a species a generalist varies among 

researchers, and there is no consensus about how wide a niche must be to be considered 

generalist.  The generalist title is most commonly applied at the population or species 

level, but populations can be comprised of individuals which are specialists, generalists, 

or a combination of both (Bolnick et al. 2003).  As such, whether a species is measured at 

the individual, population, or species-wide level can also influence whether the generalist 

label is applied.  Adding to the confusion, organisms and individuals may fundamentally 

be generalists, but in reality have a specialized realized niche. For example, we know 

cormorants are physically able to forage in a wide variety of conditions, and they can 

capture multiple prey species, but my research shows that in many cases individuals may 

be functioning within the food web as specialists.  Individual specialization has also been 
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found in other generalist species (Martinez del Rio 2009; Bolnick et al. 2003; Bearhop et 

al. 2004; Paterson et al. 2012), but still remains largely unstudied.  Labeling a species as a 

specialist or generalist may generate misunderstanding regarding their resource use and 

how they interact with other species within a food web.  Ecologically, it is the realized 

niche used by an organism or individual that is critical in food web studies, as it defines 

with which species a consumer will interact.   I propose that future researchers make 

distinctions between the two modes of generalism by referring to species, populations, 

and individuals as fundamental generalists based on their generalist ability, and 

functional generalists to refer to populations or individuals with generalist realized 

ecological niches.  The same prefaces could be applied to the term specialist. 

Determining the dietary niche of a population, and how or if it changes in different 

food webs, is important for understanding basic ecology such as niche theory, or food 

web drivers such as top-down vs. bottom up food web control.  Examining changes to 

niche width among food webs could also aid in better predictions of the effects of 

changes to the environment (i.e., climate change, habitat destruction) or food web (i.e., 

trophic effects of species loss, invasive species).  Furthermore, the niche occupied, rather 

than the fundamental or assumed potential niche, will determine which species 

interactions (i.e., competitors, predator-prey) will occur.  As I have shown, individuals 

within the same generalist species can behave differently and consume different prey.  

Variation in behaviour, diet, and individual niches within and among populations can 

influence how a population impacts species around them, and how resource availability 

affects them in return.  Thus, I implore researchers to consider the importance of the 

realized niche, and the role of individuals within that niche.  Further, measuring the 
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difference between the realized and fundamental niche of populations could shed light on 

how populations are limited and contribute to our understanding of generalist ecology.   

Enclosure experiments used to test prey selection could also address whether 

individuals are constrained by intrinsic characteristics.  It is difficult to make conclusions 

regarding preference, or the influence of prey availability on prey selection by 

generalists, which is likely why there has been little research on the subject.  This is 

largely because we impose our biases of availability; what we consider to be available 

may not be perceived in the same way by the consumers.  The presence, or even high 

abundance, of a species does not equate to availability, as factors such as prey detection 

and catchability, habitat use, and other physical constraints are also important.  Overall, 

very little has been done to examine prey selection and the forces which influence prey 

selection in predatory generalists, yet this is a topic that has far-reaching potential.  
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Appendix A.  Species composition in diet of double-crested cormorants. 

Prey abundance (% abundance) by species collected from stomachs and regurgitations at six cormorant colonies in multiple years. 

YLPR = yellow perch (Perca flavescens), NNST = ninespine stickleback (Pungitius pungitius), SHINE = shiner species (Notropis 

spp.), CORE = coregonids, lake whitefish (Coregonus clupeaformis) and cisco (C. artedi), BRST = brook stickleback (Culaea 

inconstans), CRAY = crayfish (Oronectes virilis), SALA = tiger salamander (Ambystoma tigrinum), WHSC = white sucker 

(Catostomus commersonii), BURB = burbot (Lota lota), IWDR = Iowa darter (Etheostoma exile), FHMN = fathead minnow 

(Pimephales promelas), NRPK = northern pike (Esox lucius), LGPR = log perch (Percina caprodes), TRPR = trout perch (Percopsis 

omiscomaycus), CARP = common carp (Cyprinus carpio), WALL = walleye (Sander vitreus vitreus), SLSC = slimy sculpin (Cottus 

cognatus), LNSC = longnose sucker (Catostomus catostomus), GOLD = goldfish (Carassius auratus). 

 

 Reed LML Dore Canoe Egg LLR 

 

% of 2006 2007 2006 2007 2006 2007 2006 2007 2009 2010 2010 

 

total n=141 n=57 n=329 n=346 n=246 n=666 n=87 n=16 n=158 n=706 n=229 

YLPR 42 0 

 

0 

 

316 (6) 222 (5) 1,015 (30) 7,426 (48) 1,715 (84) 130 (86) 708 (72) 4,375 (83) 310 (40) 

NNST 34 0 

 

31 (17) 2,002 (38) 2,780 (63) 1,497 (44) 6,235 (41) 0 

 

7 (5) 4 (<1) 294 (6) 5 (<1) 

SHINE 7 0 

 

0 

 

202 (4) 664 (15) 151 (4) 1,163 (8) 266 (13) 8 (5) 70 (7) 122 (2) 4 (<1) 

CORE 5 88 (20) 53 (28) 24 (<1) 125 (3) 672 (20) 352 (2) 42 (2) 1 (<1) 143 (15) 119 (2) 375 (48) 

BRST 5 6 (1) 0 

 

1,618 (31) 95 (2) 2 (<1) 42 (<1) 0 

 

0 

 

1 (<1) 4 (<1) 0 

 
CRAY 3 0 

 

1 (<1) 621 (12) 363 (8) 0 

 

7 (<1) 0 

 

0 

 

0 

 

5 (<1) 0 

 
SALA 1 312 (70) 97 (52) 99 (2) 55 (1) 0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 
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WHSC 1 5 (1) 1 (<1) 56 (1) 12 (<1) 11 (<1) 35 (<1) 1 (<1) 6 (4) 52 (5) 210 (4) 49 (6) 

BURB 1 0 

 

0 

 

113 (2) 13 (<1) 17 (<1) 66 (<1) 13 (<1) 0 

 

3 (<1) 43 (<1) 13 (2) 

IWDR 0 0 

 

0 

 

131 (2) 18 (<1) 1 (<1) 3 (<1) 0 

 

0 

 

0 

 

2 

 

0 

 
FHMN 0 35 (8) 0 

 

63 (1) 2 

 

26 (<1) 0 

 

0 

 

0 

 

0 

 

0 

 

0 

 
NRPK 0 0 

 

5 (3) 8 (<1) 15 (<1) 1 (<1) 2 (<1) 0 

 

0 

 

0 

 

42 (<1) 0 

 
LGPR 0 0 

 

0 

 

0 

 

2 

 

0 

 

55 (<1) 3 (<1) 0 

 

0 

 

0 

 

0 

 
TRPR 0 0 

 

0 

 

0 

 

9 (<1) 0 

 

0 

 

4 (<1) 0 

 

3 (<1) 20 (<1) 19 (2) 

CARP 0 0 

 

0 

 

3 (<1) 45 (1) 0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 
WALL 0 0 

 

0 

 

0 

 

5 (<1) 1 (<1) 6 (<1) 2 (<1) 0 

 

0 

 

0 

 

0 

 
SLSC 0 0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

4 (<1) 0 

 
LNSC 0 0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

2 

 

0 

 
GOLD 0 1 (<1) 0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

 
TOTAL  447 

 

188 

 

5,256 

 

4,425 

 

3,394 

 

15,392 

 

2,046 

 

152 

 

984 

 

5,242 

 

775 
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Appendix B: IndSpec values for cormorants during early and late breeding periods. 

Individual specialization based on IndSpec values for Dore and Last Mountain Lake 

when divided into early and late breeding periods compared to the entire breeding season.  

WIC/TNW, IS, and O values closer to 0 indicate individual specialization. 

 

Breeding 

Period TNW WIC/TNW IS O 

Dore overall 1.08 0.37 0.49 0.36 

2007 early 1.05 0.39 0.50 0.37 

 

late 1.01 0.41 0.55 0.41 

   

 

  Last Mountain 

Lake  overall 1.32 0.26 0.32 0.22 

2007 early 1.08 0.36 0.40 0.26 

 

late 1.35 0.21 0.25 0.22 

 

 


