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ABSTRACT 
 
 

Landbirds are faced with exceptional energetic demands during migration. Few 

birds can complete their migration in one flight, and require multiple areas along the way 

to rest and refuel. Refueling rates (i.e., the ability to gain mass) at stopover sites can 

strongly influence the overall speed of migration and arrival timing on the breeding 

grounds.  As a result, availability of high quality stopover habitat for migrants to rest and 

refuel is critical to ensure a successful migration.  

Recent evidence suggests that emergent aquatic insects, and specifically midges 

(Diptera: Chironomidae), provide an important food resource in the northern Great Lakes 

region for spring migrant landbirds.  These migrants often outpace phenological 

development of vegetation and encounter low availability of terrestrial prey. The arrival 

of high concentrations of migrant landbirds coincides with peak midge emergence in the 

western Lake Erie basin. However, little research has quantified the contribution of 

emergent aquatic insects to the diet of migrant landbirds and the refueling consequences 

associated with the use of these resources.  

Agricultural and shoreline development in northwestern Ohio has resulted in 

isolated patches of forest habitat within a landscape where between 5-10% of forest cover 

remains. Despite the fragmented nature of the landscape, these forest patches often 

contain very high concentrations of migrant landbirds during spring, making it necessary 

to assess the habitat relationships and food resources that promote successful refueling. 
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Stable-carbon isotope analysis measures the ratio of 13C to 12C (δ13C) and is useful 

for dietary reconstruction because stable-carbon signatures provide time-integrated 

information on food assimilated for energy, and not just food ingested.  Stable-carbon 

isotopes are more enriched in freshwater habitats than in terrestrial environments, 

providing the ability to make inferences about the contributions of different habitat types 

to dietary composition.  Additionally, stable-carbon isotope signatures in inert tissues 

(e.g., feathers) reflect dietary choices made when and where the tissue was grown, 

whereas metabolically active tissues reflect diet over a variety of temporal scales.  For 

instance, stable-carbon isotope signatures in a small songbird reflect diet over the 

previous 2-4 weeks for whole blood, approximately three days for plasma, and the 

previous 4.4 ± 2.1 hours for breath.  

Dietary choices made during stopover should greatly influence a migrant’s ability 

to successfully refuel and continue migrating. Determining how well migrant birds refuel 

using different food resources and/or habitats is important to understanding their ecology.  

One way to assess refueling is through plasma lipid metabolites, a transient form of fat in 

the blood that can indicate the physiological state of an individual by evaluating the 

instantaneous state of mass change. Elevated levels of triglyceride are indicative of mass 

gain and fat deposition, and can be used to assess refueling performance and to evaluate 

the quality of food resources and habitats.  
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My research objectives were to (1) evaluate the contribution of emergent aquatic 

insects to migrant landbird diets, (2) assess the relationship between migrant refueling 

performance and dietary composition, and (3) determine how dietary composition and 

refueling performance vary with respect to distance from the Lake Erie shoreline.  

This study was conducted along the southwestern shore of Lake Erie at the 

Ottawa National Wildlife Refuge in northwestern Ohio during April-May, 2007 and 

2008. I evaluated the dietary composition and refueling performance of Yellow-rumped 

“Myrtle” Warblers (Dendroica coronata), Magnolia Warblers (D. magnolia), and White-

throated Sparrows (Zonotrichia albicollis; 2008 only) at three shoreline forest sites and 

three inland (2-3 km from lakeshore) forest sites. I assessed the contribution of emergent 

aquatic insects to migrant diets using stable-carbon isotope analysis of CO2 in breath, 

which reflects recent diet; i.e., previous 4.4 ± 2.1 hours. I used plasma lipid metabolite 

profiling (triglyceride concentration) to assess the energetic importance of emergent 

aquatic insects to migrants.  

I used Analysis of Variance (ANOVA) to test for differences in diet and refueling 

performance between shoreline and inland forest patches, among sites, and between years 

for each migrant species.  I used an information theoretic approach and Akaike’s 

Information Criterion (AICC) to evaluate the importance of linear mixed-effects models 

in explaining variance in refueling performance for each of the three migrant songbirds.   
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Mean stable-carbon isotopic signatures were -24.3 ± 1.7‰ for aquatic insects 

(i.e., midges) and -29.0 ± 2.1‰ for terrestrial invertebrates.  Mean stable-carbon 

signature was -28.4 ± 2.5‰ for Yellow-rumped Warblers, -26.0 ± 2.0 ‰ for Magnolia 

Warblers, and -25.0 ± 2.4 ‰ for White-throated Sparrows.  Stable-carbon isotopes for 

Yellow-rumped (β = 0.10, F1,114 = 11.72, p < 0.001) and Magnolia Warblers (β = 0.11, 

F1,56 = 5.17, p = 0.027) became more enriched later in spring, indicating an increase in 

use of emergent aquatic insects over the migratory period. 

Yellow-rumped Warblers at shoreline sites had diets that were more terrestrially 

derived compared to inland forest sites (F1,109 = 15.07, p < 0.001); however, there was no 

inter-year variation (F1,109 = 0.01, p = 0.913).  Dietary composition of Yellow-rumped 

Warblers differed among shoreline sites (F2,85 = 12.2, p < 0.001), with more terrestrially 

derived diets at Lamb’s Woods (p = 0.009) and Crane Creek (p < 0.001), as compared to 

migrants at Darby West.  There was no difference in dietary composition of Magnolia 

Warblers between shoreline and inland habitats (F1,51 = 1.91, p = 0.173), among sites 

(F4,51 = 0.95, p = 0.446) or between years (F1,51 = 2.12, p = 0.152), or for White-throated 

Sparrows between shoreline and inland habitats (F1,58 = 2.63, p = 0.110) or among sites 

(F4,58 = 1.04, p = 0.397). 

Refueling performance of Yellow-rumped Warblers was similar between 

shoreline and inland habitats (F1,109 = 0.08, p = 0.783) and there was no inter-year 

variation (F1,109 = 0.07, p = 0.790).  However, refueling performance of Yellow-rumped 
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Warblers did vary among shoreline sites (F2,85 = 5.21, p = 0.007; Figure 6), with birds at 

Crane Creek having lower refueling performance than at either Darby West (p = 0.027) 

or Lamb’s Woods (p = 0.012).  There was no difference in refueling performance for 

Magnolia Warblers between shoreline and inland habitats (F1,51 = 0.02, p = 0.887), 

among sites (F4,51 = 1.12, p = 0.356), or between years (F1,51 = 2.95, p = 0.092); similarly, 

refueling by White-throated Sparrows did not differ between shoreline and inland sites 

(F1,58 = 0.70, p = 0.410) or among sites (F4,58 = 1.68, p = 0.168).  No relationships were 

detected between dietary composition and refueling performance for Yellow-rumped 

Warblers (F1,114 = 0.09 , p = 0.767), Magnolia Warblers (F1,56 = 1.10, p = 0.299), or 

White-throated Sparrows (F1,62 = 0.44, p = 0.508). 

Refueling performance of Yellow-rumped Warblers was best supported by the 

linear mixed-effects model including midge abundance and an interaction between 

energetic condition and capture time (ωi = 0.446).  Refueling performance of Magnolia 

Warblers was best explained by a model that included capture time (ωi = 0.339), whereas 

refueling by White-throated Sparrows was best explained by the model that included 

midge abundance and bleed time (ωi = 0.248). 

Refueling performance of migrants at small shoreline forest sites (0.22-0.28 ha) 

that often contain very high concentrations of migrant landbirds, and greater potential for 

resource competition, was comparable to larger inland forest sites (0.69-1.74 ha).  Midge 

abundance in my study area was similar at shoreline and inland forest patches, and this 
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may explain why I detected few differences in dietary composition and refueling 

performance of migrants between shoreline and inland habitats.  Inland forest patches in 

my study area are scattered within a landscape dominated by marshland, with stable-

carbon signatures of emergent aquatic midges consistent with marshland origins.  The 

lack of a relationship between midge abundance and refueling by Magnolia Warblers 

may be a function of this species’ later migratory period, when terrestrial prey may be 

more abundant.   

My findings indicate that use of a combination of aquatic and terrestrial insects in 

both shoreline and inland forest patches conferred energetic benefits to individual 

migrants using these resources.  My study suggests that spring migrant landbirds benefit 

from use of small remaining habitat patches with nearby wetlands.  Efforts focusing on 

the conservation and restoration of shoreline and inland forest patches within coastal 

areas is imperative given the high concentrations of landbird migrants in the western 

Lake Erie basin, the low availability of habitat in the region, and the ability of migrants to 

successfully refuel. 
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CHAPTER 1 

INTRODUCTION 

 

Many species of migratory landbirds have experienced significant population 

declines over the past four decades (Sauer et al. 2008).  These declines were initially 

attributed to events occurring on breeding or wintering grounds, but recent evidence 

suggests that populations of some species may be limited by events during migration 

(Sherry and Holmes 1995), possibly due to degradation of stopover habitat (Moore et al. 

1995).  Despite the fact that migration accounts for 2-4 months of the annual cycle (Keast 

and Morton 1980), and that numerous selective pressures influence birds during 

migration (Hutto 2000), inadequate attention has focused on understanding habitat 

requirements, energetic constraints, and behavioral ecology of migrating birds (Moore et 

al. 1995, Petit 2000).   

Developing a better understanding of migrant ecology is needed because 

migratory landbirds face exceptional energy demands during migration (Alerstam and 

Lindström 1990, Blem 1990) and typically require multiple locations (stopover sites) 

along the way to rest and refuel (Berthold 1975, Blem 1980, Winker 1992).  Migrants 

must balance their need to satisfy energetic demands with limitations imposed by 

competition, adverse weather conditions, and time constraints (Moore et al. 1995).  Thus, 

the availability of high quality habitat where migrants can stop to refuel is of great 
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importance to ensure a successful migration and timely arrival on the breeding grounds 

(Moore et al. 1995).  Through the acquisition of higher quality territories and mates, 

migrants that arrive earlier to breeding areas often experience greater reproductive 

success than do migrants arriving later (Perrins 1970, Rowe et al. 1994, Lozano et al. 

1996, Smith and Moore 2005). 

Migrating landbirds cross vast agricultural regions in midwestern North America. 

Upon reaching the Great Lakes, spring migrants often concentrate on the southern 

shoreline because they are reluctant to cross the open waters of Lake Erie during the day 

(Diehl et al. 2003).  In the Western Basin of Lake Erie migrant birds find themselves in 

landscapes dominated by agriculture and shoreline housing developments, interspersed 

with small, often isolated patches of forest.  Despite the small size of forest patches, they 

often contain high numbers of landbird migrants, because of an apparent concentration of 

migrants into these locations. 

Large swarms of emergent aquatic insects occur in these patches during spring, 

with midges (Diptera: Chironomidae) being the most abundant (P. Rodewald, unpubl. 

data).  Recent evidence suggests that midges provide an important food resource for 

northbound migrant landbirds which often outpace phenological development of 

vegetation and encounter low prey availability at more northerly stopover sites (Smith et 

al. 1998, 2004, 2007a).  However, little research has quantified the specific contribution 

of emergent aquatic insects to the diet of migrant landbirds, or the energetic 

consequences associated with use of these resources.   

The ability of migratory birds to meet energetic demands en route is a major 

determinant of the overall success of migration (Alerstam and Lindström 1990). Since 
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migrant fuel deposition rates are indicative of stopover habitat quality (Weber et al. 

1998), a thorough understanding of the food resources and habitats that promote efficient 

refueling is necessary for the development of large-scale conservation efforts for 

migratory birds (Moore et al. 1995).  This is particularly true of highly fragmented 

landscapes, such as the Western Basin of Lake Erie, where birds concentrate in large 

numbers during migration. 

 

STOPOVER ECOLOGY OF MIGRANT LANDBIRDS 

 

Migration is an energetically costly and a high risk period within the annual cycle 

of migratory birds (Berthold 1975, Blem 1980, Alerstam and Lindström 1990, Bairlein 

1990, Blem 1990).  Few landbird migrants can complete their migration in one flight, and 

require stopover areas along the way to rest, replenish energy reserves, and seek shelter 

from adverse weather and predators (Berthold 1975, Blem 1980, Winker 1992, Schaub 

and Jenni 2000).  High refueling rates are necessary to restore depleted energy stores and 

minimize stopover duration (Schaub and Jenni 2000), making the availability of high 

quality stopover habitat of utmost importance for a successful migration (Moore et al. 

1995, Dunn 2000, 2001, Kelly et al. 2005).  

 Migrant landbirds experience many selective pressures during migration, such as 

high energy demands, balancing trade-offs between predation risk and foraging, 

competition with resident and migrant birds, adverse weather conditions, encountering 

unfamiliar sites, time constraints, parasites, and orientation errors (Moore et al. 1995).  
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Although migrants have many adaptations to deal with these challenges, migration 

remains a demanding phase of the annual cycle. 

 

Energetic demands 

 
Fats are the primary energy source utilized by migratory organisms including 

birds, insects, and mammals (Berthold 1975, Blem 1980, Dawson et al. 1983, Schaub and 

Jenni 2000) and yield up to eight times more energy than wet protein (Jenni and Jenni-

Eiermann 1998).  The hydrophobic nature of fats permits storage without water or 

protein, accounting for less overall weight than other energy sources (Ramenofsky 1990).  

Fats are oxidized during energy production, sparing glucose and muscle proteins, which 

prevents catabolism of muscles, preserving their use for flight (Dawson et al. 1983).   

Passerine migrants exhibit hyperphagia during migration, a behavior 

characterized by a significant increase in food consumption and rapid fat deposition to 

subcutaneous tissues, resulting in a 20 to 30% increase in lean body mass (Blem 1980, 

Alerstam and Lindström 1990, Bairlein 1990, Ramenofsky 1990).  Migrants, such as the 

Garden Warbler (Sylvia borin), are known to increase their digestive efficiency and 

assimilation of fat, protein, and carbohydrate, which enhances their ability to deposit 

energy reserves and increase the amount of metabolizable energy (Bairlein 1985, Bairlein 

1990).  

Refueling rates during stopover are critical in determining the overall speed of 

migration (Alerstam and Lindström 1990, Schaub and Jenni 2001a), yet migrants are 

faced with physiological limitations to fuel deposition.  For example, organs involved in 
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food assimilation, such as the liver, kidney, and intestines, are atrophied in some birds 

during migration (Piersma and Lindström 1997). Thus, it is often necessary for migrants 

to recuperate, e.g., 3 to 4 days in Blackcaps (S. atricapilla), before high rates of fuel 

deposition can occur (Biebach 1998, Gannes 2002). 

 Migrants can show extreme seasonal shifts in dietary composition during spring 

and autumn migration, which helps them cope with potential variation in food availability 

en route.  Many insectivorous birds switch to a diet comprised largely of fruit in the fall 

(Parrish 1997, 2000).  These shifts can depend on changes in the availability and 

abundance of seasonal food items (Stiles 1980, Herrera 1984), but other studies have 

found diet shifts independent of food availability (Morton 1973, Greenberg 1981, 

Sorenson 1981, Martin 1985). Food choices are also influenced by the nutritional 

requirements of a migrant’s current physiological state because certain foods might fulfill 

nutritional needs better than others (Bairlein 1985).   

The rate at which energy is accumulated and deposited at stopover sites is a 

critical factor influencing the spatial and temporal pattern and overall success of 

migration (Alterstam and Lindström 1990, Schaub and Jenni 2001a).    Migrants capable 

of refueling efficiently during stopover will likely benefit by not only minimizing the 

overall duration of migration and time spent in unfamiliar habitats, but will incur 

reproductive benefits by arriving to breeding areas early and in superior physiological 

condition (Alerstam and Lindström 1990).  
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Stopover duration 

 
The overall speed of migration is largely determined by the length of time migrant 

birds spend during stopover.  Stopover duration is influenced by the migrant’s condition 

and energetic demands upon arrival (Moore and Kerlinger 1987, Loria and Moore 1990), 

the potential for mass gain at a site (Alerstam and Lindström 1990), habitat quality, (e.g., 

food abundance; Russell et al. 1994, Schaub and Jenni 2001b), and predation pressure 

(Aborn 1994).  Other extrinsic and intrinsic factors such as immune function (Owen and 

Moore 2008), weather conditions, age, and experience also influence duration of stopover 

(Moore et al. 2005).  Birds arriving with greater energy reserves behave differently than 

lean migrants, which may need to allocate more time to foraging (Moore and Aborn 

2000).  Given their need to gain mass, lean migrants generally remain at stopover sites 

longer than birds in better energetic condition (Moore and Kerlinger 1987).  Spatial 

variation in habitat quality, and thus refueling rates, are likely to have a great impact on 

the progression and timing of migration (Moore et al. 1995).   

 

Arrival timing 
 
 

The timing of arrival on the breeding grounds can greatly influence both survival 

and reproductive success for a migratory bird.  Migrants must tradeoff risks associated 

with arriving too early (e.g., harsh weather conditions, low food availability) with the 

costs of arriving too late (e.g., acquisition of low quality territory and mates, poor 

breeding success; McNamara et al. 1998, Kokko 1999).  Individuals of some species that 

overwinter in higher quality mesic forest habitats likely arrive earlier to the breeding 
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grounds and in better condition than those individuals overwintering in low quality arid 

shrub habitats (Marra et al. 1998, Marra 2000, Marra and Holmes 2001, Norris et al. 

2004).  For example, Marra et al. (1998) observed that American Redstarts (Setophaga 

ruticilla) occupying black mangrove forests (considered high quality) during winter in 

Jamaica had earlier spring departure dates, were in better physiological condition, and 

arrived to breeding grounds earlier than individuals that wintered in drier, second growth 

scrub forests.  Birds delayed en route likely arrive at the breeding grounds later than 

those that are able to minimize stopover duration (Moore et al. 2005).   

Migrants that arrive earlier to breeding areas are often in better condition and 

experience greater reproductive success than later arrivals (Perrins 1970, Rowe et al. 

1994, Smith and Moore 2005).    Early arrival allows for acquisition of high quality 

territories with more nest sites (Aebischer et al. 1996, Lozano et al. 1996).  Additionally, 

arriving early increases the likelihood of mate pairing (Lozano et al. 1996), particularly 

with a mate of high quality (Møller 1994, Lozano et al. 1996), and allows greater 

opportunity for extra-pair mating (Langefors et al. 1998) and polygyny (Hasselquist 

1998).  Early arriving females initiate breeding earlier (Cristol 1995), produce larger 

clutches and offspring, and have more time to renest or fledge a second brood (Smith and 

Moore 2005).   
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DIETARY RECONSTRUCTION USING STABLE ISOTOPES 

 

Recently, there has been rapid growth in the development and utilization of stable 

isotopes to study nutritional origin and migratory movements in animals (Hobson 2005a, 

2005b).  Several stable isotopes follow predictable patterns of occurrence in nature which 

can be utilized to make inferences about diets or determine locales of the different stages 

of a bird’s annual cycle (Hobson and Wassenaar 1997, Hobson 2005a).  As biochemical 

components of food are incorporated into a consumer’s tissues, the isotopic signatures 

fractionate, or change, in a predictable manner, the direction and magnitude of which 

depend upon the tissue of interest (Tieszen 1983, Mizutani et al. 1991).  Deciphering 

food webs, understanding migratory connectivity (i.e., the relationship between different 

stages of the annual cycle), and determining nutrient resource allocation are some of the 

more common ecological questions that stable isotope analysis can address. 

Stable-carbon is the best known stable isotope and is associated with 

photosynthetic pathways.   C3 and C4 plants have distinct ratios of 13C:12C due to 

differences in photosynthetic carbon fixation (Hobson 2005b).   Mesic and xeric habitats 

also differ in their carbon signature making it possible to evaluate movements of birds 

between these habitats by analyzing the carbon isotope ratios contained in the tissues of 

individuals (Wolf and Martínez del Rio 2000).  Stable nitrogen is often used to evaluate 

trophic relationships, and increases with higher trophic levels (Hobson 1990).  Stable-

carbon and nitrogen have been used to reconstruct diet and are both more enriched (i.e., 

have a greater proportion of the heavier isotope) in marine and aquatic habitats than 

terrestrial environments (Hobson 1990, Hobson 1999).  Recently, stable-hydrogen 



 9

(deuterium) isotope analysis has been employed to assess migratory connectivity and 

seasonal interactions (i.e., how events and conditions in one season influence 

reproduction, condition, or behavior in another) of migrant landbirds, as deuterium 

signatures vary in a predictable manner with rainfall and latitude (Hobson and Wassenaar 

1997).   

 

Stable isotopes as a tool for inferring diet 

 
 
   The variety of techniques available for quantifying diet have, until recently, been 

methodologically constrained, labor intensive, and difficult to interpret.  Examining gut 

contents has often required destruction of the animal, which is problematic if multiple 

samples from one individual are necessary or the species being studied is rare or 

endangered (Hatch et al. 2002a, Evans Ogden et al. 2005).  Analyses of stomach 

contents, regurgitates, and feces are biased due to differences in digestibility and 

retention times of certain prey items (Hobson et al. 1994, Levey and Karasov 1994, 

Evans Ogden et al. 2005).  Different food items are not necessarily nutritionally 

equivalent per unit volume, which makes it difficult to interpret the relative contribution 

to an animal’s energetic condition (Pearson et al. 2003).  Foraging observations provide 

only limited information on dietary composition, since it is often logistically difficult to 

monitor birds, such as seabirds (Quillfeldt et al. 2005) and landbirds (Hatch et al. 2002b), 

as they move through the environment, and the accuracy of visually identifying prey 

items varies with the type of prey (Pearson et al. 2003).  Finally, all of these methods 
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reflect diet just prior to or during sampling and are often difficult to objectively quantify 

(Levey and Martínez del Rio 2001, Inger et al. 2006). 

Stable isotope analysis presents several advantages for quantifying diet over 

traditional methods (Cree et al. 1999) because it allows for diet reconstruction based on 

isotopic fractionation, provides time-integrated dietary information (Pearson et al. 2003), 

and involves typically non-lethal methods.  Stable isotope data can be collected for all 

individuals in dietary studies, including those with empty stomachs, and there is no bias 

with the differential digestion of soft versus hard bodied prey (Hobson and Sealy 1991, 

Evans Ogden et al. 2005).  Stable isotopes reflect foods assimilated, not just those 

ingested (Evans Ogden et al. 2005), and, depending on the tissue chosen, can reflect diet 

over short (hours to days for plasma and breath) or long (weeks for whole blood and 

months for feathers) time periods; therefore, the stable isotope method of dietary analysis 

can provide long-term information on habitat use and assimilation without the problems 

associated with recapture, which provide only a “snap shot” look at dietary composition 

(Hobson 2005b, Inger et al. 2006). 

Despite these advantages, stable isotope analyses have limitations and 

requirements that should be considered.  Dietary reconstruction requires that food sources 

are isotopically distinct (Hatch et al. 2002a, Inger et al. 2006), and that the investigator 

knows the isotopic turnover, or half-life, of various tissues (Tieszen et al. 1983, Hobson 

and Clark 1992a), how biochemical components from the diet change when assimilated 

into tissues of consumers (i.e., discrimination factor; Tieszen et al. 1983, Hobson and 

Clark 1992b, Bearhop et al. 2002, Robbins et al. 2005), and how isotopic signatures of 

the diet and tissue relate to one another (Pearson et al. 2003).  The need for such 
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information has resulted in numerous laboratory studies to determine turnover rates and 

discrimination factors for various isotopes, tissues, and species (Tieszen et al. 1983, 

Hobson and Clark 1992a, Bearhop et al. 2002, Hobson and Bairlein 2003, Pearson et al. 

2003, Podlesak et al. 2005), and to test the validity for application to exercising birds in 

the field (Hobson and Yohannes 2007). 

Isotopic turnover is positively correlated with the metabolic rate of the tissue of 

interest.  For example, isotopes in metabolically active tissues, such as breath and plasma, 

have shorter half-lives than do whole blood, or liver.  Tissues, such as feathers, are 

metabolically inert after growth is complete, and thus, the isotopic signature is fixed in 

the feather and directly reflects that of the food web in which they were grown (Hobson 

and Wassenaar 1997). Isotopic turnover also varies across taxa; birds, such as the 

Yellow-rumped Warbler (Dendroica coronata), have shorter plasma half-lives for carbon 

(0.5-1.7 days; Pearson et al. 2003)  than do American Crows (Corvus brachyrhynchos; 

2.9 days; Hobson and Clark 1993), which in turn, are shorter than black bears (Ursus 

americanus; 3.5 days; Hilderbrand et al. 1996).   

 Recent studies have applied a multiple isotope approach to dietary reconstruction 

by combining measures of several isotopes, such as δ13C and δ15N.  Marine, freshwater, 

and terrestrial food webs vary dramatically in their isotopic ratios for C and N, thus 

allowing for estimations of dietary composition from different food sources.  Relative 

contributions of aquatic and terrestrial food sources have been determined for various 

species, i.e. Atlantic salmon (Salmo salar; Doucett et al. 1996), Herring Gulls (Larus 

argentatus; Hebert et al. 1999), and riparian spiders in New Zealand (Collier et al. 2002), 

as well as distinctions between freshwater and saltwater environments, e.g., wood storks 
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(Mycteria americana; Romanek et al. 2000).  For example, Evans Ogden et al. (2005) 

assessed the proportional use of agricultural versus estuarine habitats by non-breeding 

Dunlin (Calidris alpina pacifica) throughout the wintering season in the Fraser River 

Delta, British Columbia. Stable isotope analysis has been particularly useful in 

reconstructing diets of seabirds (Hobson et al. 1994), which forage at great distances out 

at sea.  Songbirds often switch their diets to take advantage of arthropod and fruit 

resources during fall migration (Bairlein 1990).  This system is understudied and the 

application of stable isotopes could be used to investigate both temporal and spatial 

changes in songbird diet (Podlesak et al. 2005).   

Most studies that have used stable isotopes have assessed diet over a portion of 

the annual cycle, e.g. temporal changes in diet composition of geese and shorebirds over 

the wintering season (Evans Ogden et al. 2005, Inger et al. 2006). However, few studies 

have addressed diet composition over a short temporal scale in the field.  Various lab 

experiments have determined turnover rates for metabolically active tissues, such as 

plasma and blood, which can be applied to wild birds to assess changes in composition of 

diet over a shorter temporal scale (e.g., hours to days; Pearson et al. 2003, Podlesak et al. 

2005).  Podlesak et al. (2005) examined δ13C signatures over a range of tissues reflecting 

diet over a short-term (i.e., breath, plasma, feces) to long-term (i.e., red blood cells, 

feathers) temporal scale, and was able to detect recent dietary switches in Yellow-rumped 

Warblers upon arrival at a stopover site during fall migration.  Yet the same study was 

unable to detect diet switching in other migrant species, which could be attributed to 

utilization of diets with similar isotopic signatures for these species.  Future studies 

should consider isotopic turnover and fractionation (i.e., how isotopic signatures change 
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as they are assimilated into various tissues), as well as the isotopic signatures of the food 

sources available to the animal of interest when using stable isotopes to reconstruct diet 

(Podlesak et al. 2005). 

Stable isotope signatures of recently consumed food items are not instantaneously 

incorporated into a consumer’s tissues, and thus can reflect diet over differing temporal 

scales relative to the metabolic rate of the tissue of interest (Hobson and Clark 1992a).  

Therefore, assessing a migrant’s most recent diet proves challenging, as many tissues, 

such as plasma or whole blood, indicate diet over the period of several days to a month.  

However, exhaled CO2 can provide a “dietary snap shot” for an individual animal 

because it indicates the isotopic composition of the substrate a consumer is catabolizing 

at the time of measurement (Hatch et al. 2002a, 2002b, Carleton et al. 2004).  Although 

stable-isotope analysis of exhaled CO2 has been utilized frequently for mammalian and 

human studies (Schoeller et al. 1980, 1984, Metges et al. 1990, Normand et al. 1992, 

Sponheimer et al. 2006), few have incorporated it into avian dietary research (Hatch et al. 

2002a, 2002b, Carleton et al. 2004, Podelesak et al. 2005).  Laboratory studies have 

shown that stable isotope analysis of exhaled CO2 in Rock Pigeons (Columba livia) and 

Yellow-rumped Warblers could detect recent dietary switches over the previous 6 hours 

(Hatch et al. 2002, Podelsak et al. 2005).  In addition, the method has recently been 

validated in the field by indicating that fall migrants switched diets to include bayberry 

(Myrica spp.) upon arrival at Block Island, RI (Podlesak et al. 2005). 

Now that turnover rates and discrimination factors have been determined for 

passerines, and validated in exercising birds (Hobson and Yohanness 2007), their 

application to migratory settings is feasible.  Since stable-carbon isotopes derived from 
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aquatic food webs are more enriched than terrestrial sources (Fry and Sherr 1984) and 

isotopic signatures of a bird’s diet reflect the signature of food items (Pearson et al. 2003, 

Evans Ogden et al. 2005, Podlesak et al. 2005), stable isotopes can assess the relative 

contributions of aquatic versus terrestrial food sources in a migrants diet.    

 

ASSESSING REFUELING PERFORMANCE USING PLASMA LIPID 

METABOLITES 

 

Until recently, energetic condition was generally measured by assessing mass 

change from recaptured individuals, size-corrected body mass, mass versus time of day 

regressions, and nutrient or fat reserves (Williams et al 1999).  Methods that require 

recapture are problematic in that few individuals are recaptured and those that are may 

not be representative of birds not recaptured (e.g., lower quality individuals may be more 

likely to remain at a site longer and be recaptured; Biebach et al. 1986, Moore and 

Kerlinger 1987, Winker et al. 1992, Woodrey and Moore 1997, Schaub and Jenni 2000, 

Gannes 2002). Furthermore, capture stress can have adverse effects on an individual’s 

ability to gain mass after release (Rogers and Odum 1966, Nisbet and Medway 1972, 

Winker et al. 1992) and recapture methods are unable to reflect daily variation in mass 

change, since recaptures occur after a variable number of days (Schaub and Jenni 2001a).  

In addition to requiring high sampling effort, assessing energetic condition with mass 

versus time of day regressions assumes that migrants arrive that morning, migrant mass at 
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capture is independent of mass at dawn, and that average mass gain of migrants at a site 

is applicable to all individuals (Winker et al. 1992, Dunn 2000).   

Measures of fat deposition and size-corrected body mass provide only a static 

measure of condition, and do not necessarily reflect an individual’s physiological state 

(Williams et al. 1999).  For example, two birds could be considered of equal quality if 

their subcutaneous fat scores are the same.  However, one bird could be on a trajectory of 

rapid mass loss because the habitat is not meeting its energetic demands, while the other 

bird’s mass could be constant or increasing (Williams et al. 1999).  In such a situation, 

evaluating energetic condition on static measures alone would not detect the different 

physiological and refueling states of the two individuals.   

Over the last decade, the use of physiological measures to assess energetic 

condition has increased in avian research.  These measures have included plasma 

metabolites (Anderson and Gustaffson 1995, Dawson and Bortolotti 1997), 

glucocorticoids (Wingfield et al. 1992), hematocrit (Piersma et al. 1996), and immune 

system function (Lochmiller et al. 1993, Ots and Hôrak 1996).   The use of plasma lipid 

metabolites has been increasingly applied in migration studies to assess refueling and 

fattening in birds during stopover.  Compared to traditional methods, metabolite analysis 

provides the ability to assess the physiological state of the individual by evaluating the 

instantaneous state of mass change (i.e., refueling performance; Williams et al. 1999). 

Further, this method permits comparisons of refueling performance between sites and 

among populations (Schaub and Jenni 2001a, Guglielmo et al. 2005, Seaman et al. 2006), 

which can be used to assess habitat quality from an energetic standpoint (Williams et al. 

1999).  Metabolites require less sampling effort than traditional methods of assessing 
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energetic condition (Guglielmo et al. 2005) and are more sensitive to rapid changes in 

feeding rate (Zajac et al. 2006).   

In general, metabolites are substances produced by or necessary for a specific 

metabolic process, and can be a starting, intermediate, or byproduct of the metabolic 

pathway (Ramenofsky 1990).  Plasma lipid metabolites are a transient form of fat, 

remaining in the bloodstream for approximately 2 hours (Jenni-Eiermann and Jenni 1994, 

Jenni and Schwilch 2001).  For ornithological studies, triglycerides, glycerol, and β-

hydroxy-butyrate are the most common plasma lipid metabolites used for assessing 

energetics.  Triglycerides are synthesized during lipogenesis in the liver from fatty acids 

in the diet, which are then transported to the adipose tissue (Ramenofsky 1990).  Elevated 

triglyceride (TRIG) levels are indicative of mass gain and fat deposition (Jenni-Eiermann 

and Jenni 1994, Jenni-Eiermann and Jenni 1997, Schaub and Jenni 2001a, Guglielmo et 

al. 2002, Guglielmo et al. 2005, Seaman et al. 2005).  TRIG levels in free-living Western 

Sandpipers (Calidris mauri) were highest during the migratory phase when birds were 

rapidly gaining mass (Guglielmo et al. 2002, Seaman et al. 2006), and lowest in the 

winter when birds were lean (Guglielmo et al. 2002).  

β-Hydroxy-butyrate (BUTY) and glycerol (GLYC) are elevated during fasting 

and mass loss (Jenni-Eiermann and Jenni 1994, Jenni-Eiermann and Jenni 1997, Schaub 

and Jenni 2001a, Guglielmo et al. 2002, Guglielmo et al. 2005, Seaman et al. 2005).  

During fasting and times of low energy, adipocytes release free fatty acids and GLYC, 

while BUTY is a ketone synthesized from free fatty acids to replace glucose during 

lipolysis.  Thus, elevated levels of BUTY indicate lipid utilization and GLYC levels 

increase during lipolysis, as triglycerides are hydrolyzed to release fatty acids 
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(Ramenofsky 1990).  These metabolites reveal fasting and mass loss in migrant landbirds 

and therefore can indicate whether habitats are meeting the energetic demands of 

migrants (Guglielmo et al. 2005).  

Mean levels of circulating metabolites are correlated to changes in body mass and 

can be used in ecological studies to assess habitat quality based on an animal’s 

performance (i.e., refueling rate) at stopover sites (Williams et al. 1999, Seaman et al. 

2006) and detect differences between sites (Guglielmo et al. 2005, Seaman et al. 2006).  

Migrants at a high quality stopover site had higher TRIG levels and lower BUTY and 

GLYC metabolite profiles than those at a lower quality stopover site during spring 

migration along the northern shores of Lake Erie (Guglielmo et al. 2005).   

Plasma lipid metabolite profiling provides a powerful tool for assessing energetic 

condition and making inferences about diet and habitat quality, however, there are several 

concerns regarding its application that researches should consider.  Although studies 

utilizing metabolites have demonstrated that their levels correlate with the trajectory of 

mass loss or gain, the rate of mass gain in relation to body mass remains to be determined 

(Jenni and Jenni-Eiermann 1994, Gannes 1999, Schaub and Jenni 2000, 2001a).  The 

majority of metabolic profiling has occurred with insectivorous species, with recent work 

encompassing granivores and frugivores birds (Cerasale and Guglielmo 2006, Smith et 

al. 2007b). Since the most common metabolites measured, TRIG, BUTY, and GLYC, are 

lipid derivatives, dietary lipid content could influence plasma lipid metabolite profiles.  

With few exceptions, the influence of dietary macronutrient composition has not been 

shown to affect metabolite profiles of birds (Seaman et al. 2005, Cerasale and Guglielmo 

2006), however, one study detected mixed effects of dietary macronutrient composition 
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on metabolite profiles of captive White-throated Sparrows (Zonotrichia albicollis) (Smith 

et al. 2007b). 

 

STOPOVER ECOLOGY IN THE GREAT LAKES REGION 

 

Migrant landbirds accumulate along the southwestern shores of Lake Erie during 

spring in numbers believed to be unparalleled in the Midwestern United States (Black 

Swamp Bird Observatory 2003).  Small migrant landbirds are often reluctant to cross 

large bodies of water, such as the Gulf of Mexico, resulting in shoreline concentrations 

(Weir 1972, Moore and Simons 1992).  Migrants risk making orientation errors and 

encountering wind drift, and without adequate energy stores, may be unable to cross 

geographic barriers successfully (Alerstam 1990).  The Great Lakes do not pose much of 

a barrier to birds during nocturnal migration; however, radar observations show that 

migrants are reluctant to continue flying over the Great Lakes during the day (Diehl et al. 

2003).  At daybreak, migrants exhibit a “dawn ascent” (i.e., increase migratory height) 

and reorient towards the nearest visible land for stopover (Diehl et al. 2003). 

Shoreline vegetation is often strongly influenced by its proximity to the Great 

Lakes.  Winds off the lake depress shoreline ambient temperatures, thereby delaying 

budbreak and the development of vegetation.  Similarly, shoreline conditions may delay 

emergence of terrestrial invertebrates and suppress the activity of emergent aquatic 

insects, including midges (Ewert and Hamas 1995).  In warmer inland sites, trees leaf-out 

earlier, and include arthropods such as Lepidoptera and other leaf-clinging insects that 
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are scarce along the shoreline in early spring.  As distance increases from the shoreline, 

these “lake effects” become less pronounced, resulting in spatial variation in the 

development of vegetation and insect prey composition (Smith et al. 1998).   

 

Life history of midges 

 
Midges (Diptera: Chironomidae) are one of the most abundant and widely 

distributed insects in freshwater environments (Cranston 1995).  Prior to their emergence, 

chironomid larvae inhabit lake sediments, where they can occur year-round (Tokeshi 

1995).  Chironomids emerge from these sediments in large numbers to mate, usually at 

dusk and early morning.  In temperate regions, large emergences typically occur from 

early spring and last through summer (Armitage 1995).  Midge emergence is highly 

temperature sensitive, typically peaking when water temperatures exceed 10°C (Armitage 

1995).  Adult midges are weak fliers after they emerge, flying short distances of up to 20 

meters at a time until reaching shoreline where adults cling to substrates until the rest of 

their body parts harden (Armitage 1995). 

Mating swarms are a typical behavior of many aquatic insects, including midges, 

which often aggregate in dense swarms around rocks, tree-tops, and other substrates 

(Armitage 1995).  Midge swarms occur most frequently in calm weather with wind 

speeds less than 11 km h-1, suitable light intensity, and when the ambient air temperature 

is greater than 10°C (Armitage 1995).  Consequently, midges are generally inactive on 

cool mornings.  These characteristics, in addition to a midge’s slow response to quick 
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movements (Busby and Sealy 1979), make midges a readily accessible resource for 

insectivorous and omnivorous birds (Smith et al. 1998). 

 

Emergent aquatic insects as a food resource for migrant landbirds 

 
During spring, food availability can be limiting as migrant landbirds encounter 

areas with less advanced phenological development of vegetation as they move to more 

northerly latitudes (Laursen 1978, Busby and Sealy 1979).  Large swarms of emergent 

aquatic insects occur in near-shore areas of the Great Lakes region in spring and summer, 

and have been postulated to be a valuable food resource for migrating and breeding 

landbirds (Smith et al. 1998, Smith et al. 2004, Ewert et al. 2005, Smith et al. 2007a).  In 

the Great Lakes region, migrant landbirds are concentrated in shoreline areas, likely due 

to spatial variation in vegetation and prey composition with distance from the lakeshore 

(Ewert et al. 2005).   

Foraging observations suggest that midges are a heavily utilized food resource for 

various small landbirds.  For example, passerines, such as the Black-throated Green 

Warbler (Dendroica virens), American Redstart (Setophaga ruticilla), Yellow-rumped 

Warbler, Common Yellowthroat (Geothlypis trichas), Chestnut-sided Warbler (D. 

pensylvanica), and Palm Warbler (D. palmarum), foraged extensively on midges in 

shoreline habitat along Lake Huron (Dallman and Smith 1995, Smith et al. 1998, Smith et 

al. 2004, Smith et al. 2007a).  Tree Swallows (Tachycineta bicolor) also exploit local 

abundances of emergent aquatic insects (McCarty 1997). Since swallows are early season 

migrants and are more likely to encounter low prey availability, emergent aquatic insects 
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are likely critical to their ability to refuel and return to the breeding grounds (McCarty 

1997). In addition to migrating birds, midges are an important food source for resident 

breeding birds.  More than half of the diet of breeding Yellow Warblers (D. petechia) 

was comprised of adult midges in Manitoba (Busby and Sealy 1979).  Similarly, peak 

feeding of various species of breeding dabbling and diving ducks coincides with midge 

emergence (Sjöberg and Danell 1982).  For juvenile ducks, which do not feed below the 

water surface during the early part of their life, emergent midges clinging to surface 

vegetation are an important resource (Sjöberg and Danell 1982).   

Along northern Lake Huron in Michigan, Smith et al. (1998, 2004) found that 

foraging behaviors of Black-throated Green Warblers and American Redstarts differed 

between shoreline and inland habitat, with migrants gleaning more along the lakeshore 

and using fewer energetically expensive (i.e., wing-powered) foraging to capture their 

prey.  These spatial differences in foraging behavior are likely in response to the 

increased availability of midges in shoreline habitat (Smith et al. 1998, Smith et al. 2004, 

Smith et al. 2007a).  In the early mornings when midges are inactive (Armitage 1995), 

migrant songbirds forage intensively on this relatively sedentary food resource (Smith et 

al. 1998, Smith et al. 2004).    

There is recent evidence that spiders may also be a valuable food resource for 

migrant landbirds along the northern Lake Huron shoreline (Smith et al. 2007a).  Spiders 

have higher caloric value and provide more energy per food item than do midges (Smith 

et al. 2007a), and can be especially abundant in areas where midges are present (Smith 

2003).  Midges and other aquatic insects are food resources for spiders (Collier et al. 

2002), and therefore indirectly contribute emergent aquatic insects to a migrant’s diet 
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(Smith et al. 2007a).  As midges increase their aerial activity over the course of the day, 

more sedentary spiders may be a more efficient food item for migrants to consume 

(Smith et al. 2007a).     

 

STUDY SYSTEM 

 
Study area 

 
 My research was conducted at the Ottawa National Wildlife Refuge (NWR), 

located in the western basin of Lake Erie in northwestern Ohio (41° 37´ N, -83° 12´ W).  

The Ottawa NWR was part of the former Great Black Swamp, a 121,410 ha region 

formed during the Wisconsin glaciation period (Black Swamp Bird Observatory 2003).  

The historical range of the swamp extended from northwestern Ohio into northeastern 

Indiana.  Oak (Quercus spp.), sycamore (Plantanus occidentalis), elm (Ulmus spp.), and 

hickory (Carya spp.) dominated this extensive swamp forest.  The region was perceived 

as undesirable by many early European settlers for fear that settlements would sink into 

the marsh.  As a result, the Great Black Swamp remained largely intact until around 

1860, when settlers began to drain and clear the region for agriculture, settlement, and 

transportation. Today, only 10% of the original Black Swamp habitat remains, with the 

majority of habitat located within Ottawa NWR, Cedar Point NWR, and Magee Marsh 

Wildlife Area (Black Swamp Bird Observatory 2003). This region is characterized by 

scattered forest patches in a highly fragmented landscape dominated by agriculture and 

shoreline development. 
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The Ottawa NWR is a matrix of wetlands, beach ridge forests, and patches of 

mature hardwood forest, with hedgerows that connect many of the forest patches.  

Remnant forest patches are interspersed between moist soil units and marshes managed 

for waterfowl and shorebirds.  Beach ridge forests occur in isolated patches along the 

lake shore and are dominated by Eastern cottonwood (Populus deltoides), willow (Salix 

spp.), and dogwood shrubs (Cornus spp.), often accompanied by a dense understory of 

grape vines (Vitis spp.).  They have relatively sandy soils and an open canopy.   Mature 

inland forest patches are comprised of maple (Acer spp.), ash (Fraxinus spp.), oak, 

hickory, hackberry (Celtis occidentalis), hawthorns (Crataegus spp.), and willows and 

have a closed canopy and relatively open understory.  Six study sites were selected for 

this research, three beach ridge forest patches adjacent to the shoreline (shoreline forests), 

and three mature inland forest patches 2-3 km from the shoreline (inland forests).    

 

Focal species 

 
Yellow-rumped Warblers and Magnolia Warblers (D. magnolia) were selected as 

focal species for this research because both are locally abundant spring migrants in the 

study system.  Additionally, since Yellow-rumped Warblers are early spring migrants 

(mean passage date: 1 May) and Magnolia Warblers migrate through later in the spring 

(mean passage date: 15 May), I was able to sample throughout the spring migratory 

season.  White-throated Sparrows (mean passage date: 1 May), another common spring 

migrant in the study system, were added as a focal species in 2008 to examine potential 



 24

differences in the use of emergent aquatic insects by migrant landbirds with different 

foraging strategies. 

 The Yellow-rumped Warbler is a temperate migrant landbird.  The Myrtle 

subspecies (D. c. coronata), used in this study, is geographically widespread across North 

America, while the Audubon’s subspecies (D. c. auduboni) occurs only in the western 

United States and Canada.  Yellow-rumped Warblers breed in mature coniferous and 

mixed coniferous-deciduous woodlands from Alaska through eastern Canada, and in the 

northern United States, from Minnesota to New York, and extending south in the 

Appalachian mountains through West Virginia.  Wintering habitat includes open areas 

along woodland edges, second growth forest, dune scrub, marshes, and residential areas. 

Yellow-rumped Warblers are a common winter resident along the Atlantic and Gulf 

coasts, extending northward to Massachusetts, and south to the West Indies and Mexico 

(Hunt and Flaspohler 1998).    Yellow-rumped Warblers forage on insects, including 

caterpillars (Lepidoptera spp.), saw-flies (Symphyta spp.) leaf-beatles (Chrysomelidae 

spp.), bark-beetles (Scolytidae spp.), weevils (Curulionidae spp.), spiders (Araneida 

spp.), bugs (Hemiptera), and other flies (Diptera).  Their fall and winter diet is largely 

comprised of fruit including bayberry and wax myrtles (Myrica spp.); Yellow-rumped 

Warblers are the only warbler known to be able to digest the waxes found in these fruits.  

This may be important in allowing them to winter farther north than all other wood 

warbler species, and is the origin of their subspecies name (Hunt and Flaspohler 1998).  

Yellow-rumped Warblers utilize a variety of foraging strategies, including gleaning, 

hovering, and flycatching, and typically forage in mixed-species flocks during non-

breeding periods. 
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The Magnolia Warbler is a Nearctic-Neotropical migratory landbird that winters 

in southern Mexico, Central America, the Greater Antilles, and other Caribbean islands 

(Hall 1994).  Their breeding range encompasses coniferous and mixed forests from the 

Northwest Territories east to Newfoundland, southward to central Alberta, Wisconsin, 

and the Appalachians of West Virginia.  During migration, Magnolia Warblers are most 

often found in shrubs and low trees in dense forest edges, woodlots, and parks.  Magnolia 

Warblers are almost entirely insectivorous, feeding upon arthropods, especially 

lepidopteran caterpillars, and spruce budworms (Choristonerura), Coleoptera (weevils, 

leaf beetles, click beetles), Homoptera (leafhoppers, aphids, and scale insects), and 

spiders (Hall 1994), but have been observed to forage upon fruits of Lonicera during 

times of inclement weather during migration (Tramer and Tramer 1977).  Magnolia 

Warblers usually glean their prey from the undersides of coniferous and broad-leafed 

vegetation and forage alone. 

The White-throated Sparrow is a temperate migrant that winters in forest edge 

habitats with dense cover throughout much of the southern, Midwestern, and eastern 

United States (Falls and Kopachena 1994).  White-throated Sparrows breed in coniferous 

and mixed forests from southeastern Yukon Territory, eastward through Newfoundland 

and into the northeastern United States.  White-throated Sparrows are usually found in 

areas of thick cover during migration where they primarily forage on the ground, kicking 

away leaf litter with both legs.  Early spring diet is often comprised of vegetative sources 

such as oak buds and young seeds of elms and maples, with insects, including Odonata, 

Hymenoptera, Heteroptera, Coleoptera, Diptera, and Lepidoptera species, accounting for 
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up to 90% of the diet as these resources become more available (Falls and Kopachena 

1994).  

 

SIGNIFICANCE & RATIONALE 
 

The Great Lakes region is an important migratory pathway for landbirds and 

particularly the southwestern shores of Lake Erie (Black Swamp Bird Observatory 2003).  

The greatest concentrations of spring migrant landbirds appear to coincide with peak 

midge emergence in the western Lake Erie basin (Ewert et al. 2005).  Nonetheless, little 

research has quantified the importance of midges in the diet of migrant songbirds, the 

relative contributions of terrestrial and aquatic foodwebs to the diets of migrants, or the 

energetic consequences of consuming midges for migrants.  

I used stable isotope analysis to evaluate the relative contribution of aquatic food 

resources, primarily midges, to songbird diets within the western basin of Lake Erie.  I 

assessed refueling performance using plasma lipid metabolite analysis, which reflects the 

physiological state of an individual migrant, and should be more informative than static 

measures of energetic condition, such as fat reserves (Williams et al. 1999).  By 

examining relationships between dietary composition and refueling performance, I 

evaluated the importance of aquatic food resources to migratory landbirds and identified 

quality stopover habitat in the Lake Erie region.  Relatively few studies have combined 

the techniques of stable isotopes and plasma lipid metabolites to evaluate diet and 

refueling in migratory birds.   
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A better understanding of how migrants use different stopover habitats and the 

fitness consequences of using these habitats is imperative for their conservation (Moore 

et al. 1995).  In northwestern Ohio, where the landscape is highly fragmented and the 

shoreline has undergone rapid development, it is necessary to identify the habitats and 

food resources that promote successful refueling for migrants.  This study will contribute 

to the development of conservation planning for stopover migrant landbirds by 

examining the value of terrestrial and aquatic habitats, their associated food resources, 

and the link between aquatic and terrestrial systems.  Such information is needed because 

landbird conservation plans typically include little about the habitat requirements of 

landbirds during the migratory period (e.g., Rich et al. 2004).  This study will produce 

information for land managers in the Great Lakes region because detailed information on 

habitat suitability and habitat management for stopover migrants is limited (Ewert et al. 

2005).  
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CHAPTER 2 
 
 

CONTRIBUTION OF EMERGENT AQUATIC INSECTS TO DIET AND 
 

REFUELING PERFORMANCE IN SPRING MIGRANT SONGBIRDS 
 
 
 

INTRODUCTION 

 

Migrating landbirds have high energetic demands and must use stopover sites en 

route to rest and replenish energy stores.  These migrants often encounter adverse 

conditions in early spring, including low prey availability (Moore et al. 2005).  The 

availability of high quality food resources and habitats can strongly influence refueling 

performance (i.e., ability to gain mass) (Schaub and Jenni 2001).  Refueling rate of 

migrant landbirds is an important determinant of arrival timing on the breeding grounds 

in spring, which can affect acquisition of high quality territories and mates (Alerstam and 

Lindstrom 1990, Schaub and Jenni 2000, Smith and Moore 2005).   

The ability of migratory birds to refuel is greatly influenced by dietary choice and 

can be assessed by using plasma lipid metabolite profiling, which evaluates the 

physiological condition of an individual (Schaub and Jenni 2001).  Circulating levels of 

triglyceride metabolites are elevated during times of fat deposition, while others, such as 

glycerol and β-hydroxybutyrate, are elevated during fasting and lipolysis.   

Concentrations of these metabolites are directly linked to daily changes in body mass 
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(Jenni-Eiermann and Jenni 1994, Jenni and Schwilch 2001) and can be used to 

distinguish songbirds that are fattening from those that are fasting (Jenni-Eiermann and 

Jenni 1996, 1997), and to assess refueling performance (Ydenberg et al. 2002, Guglielmo 

et al. 2002, 2005). Since the ability of a migrant to gain mass is an index of habitat 

quality (Dunn 2000, 2001), circulating levels of triglycerides can identify the diets and 

habitats that promote successful refueling for migrant songbirds (Guglielmo et al. 2005). 

Stable-carbon isotope analysis measures the ratio of 13C to 12C (δ13C) and can 

assess habitat and resource use by animals because δ13C signatures vary among habitats 

due to differences in photosynthetic carbon fixation (Hobson 2005).  For example, stable-

carbon isotope signatures are enriched in aquatic ecosystems relative to terrestrial 

habitats (Fry and Sherr 1984) due to differences in photosynthetic carbon fixation by C3 

and C4 plants (Hobson 2005). Stable isotope analysis has increasingly been applied to 

avian dietary studies, since isotopic signatures in the tissues of consumers reflect dietary 

choices (Pearson et al. 2003, Evans Ogden et al. 2005, Podlesak et al. 2005). Because 

tissues differ in their metabolic rates, stable isotope analysis can provide time-integrated 

information on diet based on the tissue of interest (Hobson and Clark 1992). For instance, 

stable-isotope analysis of whole blood was used to infer winter habitat use of Dunlin 

(Calidris alpina) for the previous 2-4 weeks (Evans Ogden et al. 2005). In contrast, 

stable-carbon isotopes of exhaled CO2 can indicate the dietary choices of migratory 

songbirds during the previous 4.4 ± 2.1 hours (Podelsak et al. 2005).  

Large expanses of water, such as the Great Lakes, can present obstacles for small 

migratory landbirds, which accumulate along shorelines because they are reluctant to 

cross open waters during daylight (Weir 1972, Moore and Simons 1992, Diehl et al. 
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2003).  Migrant density is further concentrated along the shoreline of the southern Great 

Lakes because agriculture and shoreline development have resulted in small, isolated 

forest patches.   These landscape conditions occur on the southwestern shores of Lake 

Erie, where spring migrant landbirds accumulate in numbers unparalleled with other 

areas in the Midwestern United States (Ewert et al. 2005). 

Near-shore habitat can be greatly influenced by the Great Lakes in spring because 

cool lake winds lower ambient temperatures and often delay phenological development 

of vegetation (lake effects) (Eichenlaub 1979).  As a result, shoreline habitats often have 

delayed emergence and availability of lepidopteran larvae, an important food resource for 

small landbirds.  However, large swarms of emergent aquatic insects can occur at 

shoreline forest patches in spring, with midges (Diptera: Chironomidae) being the most 

abundant (Smith et al. 2007).  Recent evidence suggests that midges provide an important 

food resource for spring migrant songbirds, which can outpace phenological development 

of vegetation and encounter low availability of terrestrial prey at northerly stopover sites 

(Smith et al. 2007).  For example, migrating Black-throated Green Warblers (Dendroica 

virens) and American Redstarts (Setophaga ruticilla) were concentrated in forest along 

the shoreline of Lake Huron in northern Michigan, where there was high abundance of 

midges (Ewert and Hamas 1995). Foraging behaviors of these migrants differed between 

shoreline and inland forest patches, and was attributed to high abundance of midges along 

the lakeshore and their near absence farther inland (> 0.4 km from shoreline; Smith et al. 

1998, 2004).   

Refueling performance and dietary composition are particularly important to 

consider for early spring migrants in the Great Lakes Region, as migrants are likely to 
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encounter lower prey availability as they approach northern breeding grounds.  Little 

research has quantified the contribution of emergent aquatic insects to the diet of 

migratory landbirds or the energetic consequences associated with the use of these 

resources.  I investigated the importance of emergent aquatic insects as a food resource 

for spring migrant Yellow-rumped Warblers (Dendroica coronata), Magnolia Warblers 

(D. magnolia), and White-throated Sparrows (Zonotrichia albicollis) in the Western 

Basin of Lake Erie in northwestern Ohio.  My specific objectives were to (1) determine 

the contribution of emergent aquatic insects to migrant songbird diets, (2) assess the 

relationship between refueling performance and dietary composition, and (3) assess 

whether dietary composition and refueling performance differed between shoreline and 

inland sites.  I predicted that midge abundance would be higher along the shoreline and 

that migrant landbirds at these sites would have diets reflecting greater use of emergent 

aquatic insects than migrants at inland forest patches.  Additionally, I expected to see 

migrant diets having a more aquatically derived dietary signature later in the spring, as 

midge emergences become more frequent.  Finally, since foraging on midges generally 

involves less energetically expensive maneuvers (i.e., gleans), I predicted that migrants 

consuming more emergent aquatic insects would experience greater refueling 

performance than migrants with terrestrially based diets. 
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METHODS 

 

Study sites and sample collection 

 

I sampled migrant Yellow-rumped Warblers, Magnolia Warblers, and White-

throated Sparrows (2008 only) at Ottawa National Wildlife Refuge (41° 36’ 56” N, - 83° 

12’ 58” W), Ottawa County, Ohio from 11 April to 31 May 2007-08.  Sampling occurred 

at three mature beach ridge forest sites adjacent to the lakeshore (hereafter, shoreline 

sites) and three mature forest patches located 2-3 km from the shoreline (hereafter, inland 

sites).  Shoreline sites were 0.22-0.28 ha in area and included Lamb’s Woods, Crane 

Creek, and Darby West; inland sites were 0.69-1.74 ha in area and included Butternut 

Woods, Shop Woods, and Kurdy House (Table 1; Figure 1).   

Migrants were captured daily using 2.6 x 12 m mist nets (30 mm mesh) over a 7 

hour period.  Sampling was delayed until one hour after sunrise to minimize effects of 

overnight fasting or migratory flight on plasma lipid metabolites and to allow migrants to 

forage and assimilate food items from the stopover site (K. Hatch, pers. comm.).  Nets 

were monitored with a timer to accurately determine the time (minutes) from initial 

capture to blood collection (hereafter, bleed time).  I recorded bleed time for all 

individuals since circulating levels of plasma metabolites are affected by capture stress 

and short-term fasting (Jenni-Eiermann and Jenni 1991, Guglielmo et al. 2002, 2005). 

Blood samples (40-60 µL) were collected by brachial venipuncture with a sterilized 26-

gauge needle into a heparizined microhematocrit capillary tube and stored above ice.  

Blood samples were centrifuged within 6 hours of collection at 6,000 rpm for 5 minutes 
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and plasma was transferred to screw-top cryogenic tubes and stored at -20ºC in a liquid 

nitrogen dry shipper until later analysis.   

Each individual was banded with a U.S. Geological Survey aluminum leg band, 

then aged and sexed according to Pyle (1997).  Location, date, and time of capture were 

recorded as were unflattened wing chord (± 0.5 mm), tarsus length (± 0.01 mm), and 

body mass (± 0.01 g).   Subcutaneous fat scores were visually scored for each migrant 

using a 6-point scale (Helms and Drury 1960). 

Exhaled CO2 was collected for stable-carbon isotope analysis to assess dietary 

composition during migratory stopover in the study sites,.  Previous studies of Yellow-

rumped Warblers have determined that stable-carbon isotopes in exhaled CO2 reflect diet 

over the previous 4.4 ± 2.1 hours (Podlesak et al. 2005).  Breath samples were collected 

using a small facemask connected to a latex balloon with a three-way valve, as described 

in Hatch et al. (2002; Figure 2).  The balloon was flushed 5-6 times with pure oxygen and 

then filled with oxygen until just past taut.  The edge of the mask was lined with a small 

bead of KY® Jelly (Johnson & Johnson, Inc.) to prevent leakage, and placed over the 

bird’s bill and face.  Birds were allowed to breathe the oxygen for approximately 20 

seconds while the exhaled CO2 was collected in the balloon (K. Hatch, pers. comm.).  

Breath samples were immediately transferred to an evacuated Exetainer tube after 

collection (Labco Ltd., Buckinghamshire, UK) using an 18-gauge syringe needle and 

then stored at room temperature. 

Arthropods and vegetation were surveyed on the same days that migrants were 

sampled at sites.  Invertebrates were sampled by leaf clippings and sweep nets at 10 

locations at each study site on mornings when birds were sampled.  Midge abundance 
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from leaf clippings was determined by weighing clipped branches to account for variation 

in the amount of vegetation between samples, and reported as biomass (mg) per 100 g 

foliage.  Captured invertebrates were preserved in alcohol for baseline stable-carbon 

isotope analysis.  Visual estimates of midge abundance were made within a 5-m radius 

surrounding 15 predetermined locations at each study site to determine if migrant dietary 

composition varies with changes in midge density.  Abundance of aerial midges was 

visually estimated using the following categories: (0) no midges, (1) 1-10 midges, (2) 11-

100 midges, (3) 101-500 midges, (4) 501-1000 midges,  (5) 1001-5000 midges, and (6) > 

5000 midges (Smith et al. 2007).  Phenological development of leaves on 15 randomly 

assigned, predetermined trees and shrubs was scored using the following categories: (1) 

leaves in bud, (2) leaves emerging from bud (bud scales shed), (3) leaves unfurled but not 

fully expanded, and (4) leaves fully expanded (Rodewald and Brittingham 2007).  

 

Laboratory analysis 

 

Breath samples were analyzed at the Department of Geological Sciences stable 

isotope laboratory at Brigham Young University.  I used a Gasbench II on-line gas 

preparation and introduction system in line with a Delta Plus isotope ratio mass 

spectrometer (Thermo Finnigan, Inc., San Jose, Calif.).  He2 and CO2 were isolated in the 

on-line gas preparation device and then carried to the mass spectrometer for isotopic 

analysis.  The external precision for CO2 in air was approximately ± 0.2 ‰.  Standards of 

lithium carbonate (LSVEC) and calcium carbonate (UCLA) were run with breath 

samples to assess the calibration of the mass spectrophotometer.  Invertebrate samples 
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were weighed to 1.0 ± 0.2 mg, packaged into pressed tin capsules, and sent to the 

University of California-Davis Stable Isotope Facility for isotopic analysis.  Samples 

were combusted using a PDZ Europa ANCA-GSL elemental analyzer linked to a PDZ 

Europa 20-20 mass spectrometer (Sercon Ltd., Cheshire, UK).  Results are reported in 

per mil (‰) deviation from the standard according to the equation:  

δ13C = [(13C/12Csample)/(13C/12Cstandard) – 1] x 1000. 

Free glycerol and triglycerides were assayed via sequential color endpoint assay 

(Trinder reagent A and B, Sigma-Aldrich) in a microplate spectrophotometer 

(Labsystems Multiskan MCC/340) as described in Guglielmo et al. (2002).  Assays were 

run in triplicate in 400-µL flat-bottom, 96-well polystyrene microplates.  Free glycerol 

was measured using 5 µL of plasma with 240 µL of reagent A, with a reading taken at 

540 and 750 nm after 10 minutes of incubation at 37°C. Total triglyceride was measured 

after adding 60 µL of reagent B to all wells, with a reading taken at 540 and 750 nm after 

10 minutes of incubation at 37°C.  Triglyceride (TRIG) concentration (mmol L-1) was 

calculated by subtracting free glycerol from total triglyceride (Guglielmo et al. 2002).  

Each plate was run with a standard curve based on a serial dilution of 2.54 mmol/L 

glycerol (Sigma-Aldrich), and a sample standard (chicken plasma) pool to calculate 

interassay coefficients of variation.   

 

Statistical analysis 

 

Triglyceride concentrations were log10 + 1 transformed to normalize data.  I 

created an index of energetic condition (hereafter, condition) using a principal 



 49

components analysis (PCA) of wing chord and tarsus length.  Scores from the first 

principal component were then regressed against body mass and the residuals were used 

as an index of energetic condition (Green 2001).  Individuals with positive condition 

scores (residuals) were considered to be in better than average energetic condition 

relative to all other migrants sampled. 

Dietary composition and refueling performance were compared between shoreline 

and inland sites, among sites, and between years for each species using analysis of 

variance (ANOVA).  Tukey’s post hoc test was used to control error rate for multiple 

pairwise comparisons among study sites.  Simple linear regression was used to test the 

relationship between dietary composition (breath δC13) and refueling performance (TRIG 

concentration) for each species.  Midge abundance (based on leaf clippings) was 

compared between site types using ANOVA.  Tests were considered significant at α = 

0.05. 

Refueling performance was analyzed using a linear mixed-effects model, with 

maximum likelihood estimation.  Capture (Julian) date was set as the random effect, to 

account for unbalanced sample sizes among days due to random day-to-day variability in 

migrant abundance.  This allowed the population inference to be independent of daily 

sample size.  Individual migrants were treated as the experimental unit.  If a bird was 

recaptured, then only data from initial capture were used in the analysis.  The response 

variable was TRIG concentration and fixed effects included midge abundance from the 

day the bird was captured, dietary composition (δC13), condition, capture time, site type 

(shoreline or inland), year, age-sex class (second-year male, after-second-year male, 

second-year female, after-second-year female), and bleed time. Year and age-sex class 
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were excluded from the White-throated Sparrow analysis since they were sampled only 

during 2008 and were not reliably aged and sexed in the field.  A set of 22 a priori 

candidate models were tested for Myrtle and Magnolia warblers, and 17 a priori 

candidate models for White-throated Sparrows.  I used Akaike’s Information Criterion 

with a correction factor for small sample sizes (AICc) to rank candidate models (Burnham 

and Anderson 2002).   When the difference in AICc (∆ AICc) between the top-ranked 

model and the model in question was < 2.0, the model was considered to have substantial 

empirical support for explaining variation in migrant refueling performance (Burnham 

and Anderson 2002).  All statistical analyses were performed using R version 2.6.2 (R 

Statistical Development Core Team 2008).   

 

RESULTS 

 

A total of 116 Yellow-rumped Warblers, 58 Magnolia Warblers, and 64 White-

throated Sparrows were sampled for breath stable-carbon isotope analysis and for plasma 

lipid metabolite profiling in April-May 2007 and 2008 (Table 2).  Mean passage date 

(based on captures) was 1 May for Yellow-rumped Warblers and White-throated 

Sparrows and was 15 May for Magnolia Warblers. Midges were not detected by any of 

the survey methods until late April and early May, but small numbers were occasionally 

observed.  Midge emergences were synchronous among habitat types throughout the 

study area, and on a given day midge abundance (both visual observations and leaf 

clippings) was similar between shoreline and inland forest patches (Figure 3).  Mean  

abundance of midges at shoreline sites was 3.78 ± 2.90 mg/100 g vegetation (2007) and 
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5.34 ± 2.96 mg/100 g vegetation (2008), while midge abundance at inland sites was 5.12 

± 2.77 mg/100 g vegetation (2007) and 5.65 ± 2.47 mg/100 g vegetation (2008) (Figure 

4; Table 3).  There was no difference in overall midge abundance between shoreline and 

inland sites in either 2007 (F1,32 = 2.98, p = 0.094) or 2008 (F1,48 = 0.02, p = 0.895).  The 

mean stable-carbon isotopic signature was -24.3 ± 1.7‰ for midges (suggesting a 

marshland origin) and -29.0 ± 2.1‰ for terrestrial invertebrates.  By late April, 

vegetation at inland sites had leaves that had unfurled, by not fully expanded, while at 

shoreline sites most vegetation had leaves emerging from buds; however, during early-

mid May, the phenology of shoreline and inland vegetation did not differ greatly (Figure 

3).  Mean date of leaf-out (i.e., all trees for a particular habitat completely expanded) for 

shoreline sites was on 11 May 2007 and 15 May 2008, while mean leaf-out of inland sites 

was on 10 May 2007 and 13 May 2008. 

 

Dietary composition 

 

Breath stable-carbon isotope ratios became more enriched as spring progressed 

for Yellow-rumped Warblers (β = 0.10, F1,114 = 11.72, p < 0.001) and Magnolia Warblers 

(β = 0.11, F1,56 = 5.17, p = 0.027; Figure 5).  However, no association between dietary 

composition and capture date was detected for White-throated Sparrows (β = -0.02, F1,62 

= 0.15, p = 0.699). 

Dietary composition of Yellow-rumped Warblers differed between shoreline and 

inland sites (F1,109 = 15.07, p < 0.001) and among sites (F4,109 = 6.12, p < 0.001), but not 

between years (F1,109 = 0.01, p = 0.913).  Yellow-rumped Warblers at shoreline sites had 
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diets that were more terrestrially derived compared to inland forest sites (mean inland 

δC13 = - 26.9 ± 2.8‰, mean shoreline δC13 = -28.8 ± 2.3‰, Figure 6). Dietary 

composition of Yellow-rumped Warblers differed among shoreline sites (F2,85 = 12.2, p < 

0.001).  Yellow-rumped Warblers at Lamb’s Woods and Crane Creek had more 

terrestrially derived diets than at Darby West (p = 0.009, p < 0.001 respectively), but 

migrants at Lamb’s Woods were similar to Crane Creek (p = 0.095; Figure 7).  There 

were no differences in dietary composition among inland sites for Yellow-rumped 

Warblers (F2,25 = 1.31, p = 0.288). 

I found that dietary composition for Magnolia Warblers did not differ between 

shoreline and inland sites (F1,51 = 1.91, p = 0.173; Figure 6), among sites (F4,51 = 0.95, p = 

0.446), or between years (F1,51 = 2.12, p = 0.152).  Dietary composition for White-

throated Sparrows did not differ between shoreline and inland sites (F1,58 = 2.63, p = 

0.110) or among sites (F4,58 = 1.04, p = 0.397; Figure 6). 

 

Refueling performance 

 

Mean bleed time was 7 min 16 sec (± 3 min 39 sec) for Yellow-rumped Warblers, 

6 min (± 3 min 13 sec) for Magnolia Warblers, and 7 min 51 sec (± 3 min 51 sec) for 

White-throated Sparrows.  Plasma TRIG concentration was negatively associated with 

bleed time for Magnolia Warblers (β = -0.02, F1,56 = 4.92, p = 0.031, R2 = 0.08), but there 

was no relationship for Yellow-rumped Warblers (β = 0.003, F1,114 = 0.26  p = 0.609, R2 

= 0.002) or White-throated Sparrows (β = -0.009, F1,62  = 1.87, p = 0.176, R2 = 0.03).   
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Refueling performance of Yellow-rumped Warblers differed among sites (F4,109 = 

3.45, p = 0.011), but not between shoreline and inland sites (F1,109 = 0.08, p = 0.783; 

Figure 8) or years (F1,109 = 0.07, p = 0.790).  Refueling performance of Yellow-rumped 

Warblers differed among shoreline sites (F2,85 = 5.21, p = 0.007; Figure 9), with birds at 

Crane Creek having lower refueling performance than at either Darby West (p = 0.027) 

or Lamb’s Woods (p = 0.012).  Refueling performance of Yellow-rumped Warblers was 

similar among inland sites (F2,25 = 1.80, p = 0.186).   I found no difference in refueling 

performance of Magnolia Warblers between shoreline and inland sites (F1,51 = 0.02, p = 

0.887), among sites (F4,51 = 1.12, p = 0.356), or between years (F1,51 = 2.95, p = 0.092; 

Figure 8).  Refueling performance of White-throated Sparrows was similar between 

shoreline and inland sites (F1,58 = 0.70, p = 0.410) and among sites (F4,58 = 1.68, p = 

0.168; Figure 8).  I found no relationship between dietary composition and refueling 

performance for Yellow-rumped Warblers (F1,114 = 0.09 , p = 0.767), Magnolia Warblers 

(F1,56 = 1.10, p = 0.299), or White-throated Sparrows (F1,62 = 0.44, p = 0.508; Figure 10), 

suggesting that migrants refueled equally well when utilizing both aquatically and 

terrestrially derived food resources. 

The model that best described refueling performance of Yellow-rumped Warblers 

included midge abundance and an interaction between condition and capture time (ωi = 

0.446; Table 4).  Yellow-rumped Warblers experienced greater refueling performance on 

days with higher midge abundance (F3,112 = 8.41, p < 0.001) and over the course of the 

day (F1,114 = 9.57, p = 0.002).  Yellow-rumped Warblers in lower energetic condition 

refueled at significantly greater rates than birds in better than average condition (F1,114 = 

9.46, p = 0.003).  The interaction between condition and capture time (F1,114 = 8.41, p = 
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0.004) suggested that refueling performance was associated with condition, but was 

dependent on the time of day.  There was a negative but non-significant association 

between capture time and condition (F1,114 = 2.84, p = 0.095). 

Refueling performance for Magnolia Warblers was best described by the model 

including only capture time (ωi = 0.339; Table 5), with refueling performance increasing 

over the course of the day (F1,56 = 15.6, p < 0.001).  Refueling performance of White-

throated Sparrows was best explained by the model including midge abundance and bleed 

time (ωi = 0.248; Table 6), and was greatest on days with higher than average midge 

abundance (F2,61 = 6.57, p = 0.003), and negatively associated with bleed time (F1,62 = 

1.87, p = 0.176). 

 

DISCUSSION 

 

My study found that the majority of migrant songbirds had diets comprised of 

both aquatic and terrestrial arthropods, rather than specializing on one group.  Contrary to 

my predictions, stable-carbon isotope analysis of breath indicated that dietary 

composition did not differ between shoreline and inland forest sites for migrant Magnolia 

Warblers and White-throated Sparrows, indicating that these species consumed similar 

proportions of aquatic arthropods in both habitats.  In the northern Great Lakes, cool lake 

winds depress shoreline ambient temperatures, often delaying leaf-out and emergence of 

terrestrial invertebrates, and suppress activity of emergent aquatic insects, including 

midges (Ewert and Hamas 1995), with a greater abundance of midges along the lakeshore 

compared to similar habitat greater than 0.4 km from the shoreline (Smith et al. 2007).    
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Lake effects on insect abundance appeared less pronounced in the western Lake Erie 

study system, where I found no difference in midge abundance or leaf development 

between shoreline habitat and inland sites, possibly due to warmer temperatures and 

extensive marshland and mature forest patches (often with standing water) in the near 

vicinity of both shoreline and inland forest sites.    

 In contrast, diets of migrant Yellow-rumped Warblers did differ between 

habitats, but surprisingly, breath isotopes had a stronger terrestrial signature in shoreline 

sites as compared to inland forest sites, a pattern which is difficult to explain.  I detected 

variation in dietary composition for Yellow-rumped Warblers among shoreline sites, 

despite similarities in midge abundance among sites.  Dietary composition of both 

Yellow-rumped and Magnolia warblers became more enriched over the spring, indicating 

increasing seasonal use of aquatically derived food resources.  Midge emergences are 

temperature-sensitive and increase in occurrence as spring weather conditions become 

more favorable.  This timing suggests that migrant warblers opportunistically 

supplemented their diets with midges as swarms became more frequent. 

Migrant utilization of emergent aquatic insects in the Lake Erie region could be 

difficult to discern using stable-carbon isotopes.   Aquatic insects emerge from the lake in 

more northerly regions of the Great Lakes (e.g., Lake Huron), and have stable-carbon 

isotopic signatures between -19 to -14‰ (R. Smith, pers. comm.).  In contrast, midges 

emerging from marshland (predominantly C3 vegetation) in my study area had stable-

carbon isotopic signatures between -24 to -21‰, which is more similar to those of 

terrestrial invertebrates (δC13 range: -30 to -27‰).  In addition, tissue stable-carbon 

isotopes are enriched compared to dietary components (Tieszen 1983), and breath δC13 
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values could differ from dietary sources by > 2‰ (Podlesak et al. 2005).  This would be 

further complicated if migrants have catabolized energy stores from other stopover areas, 

rather than recently deposited stores comprised of recent dietary components (Hatch et al. 

2002).  Future work should consider assessing isotopes from multiple tissues to facilitate 

detection of recent dietary shifts of migrants (Podelsak et al. 2005). 

Analysis of plasma lipid metabolites indicated similar refueling performance 

between shoreline and inland forest sites for the three migrant songbirds.  However, 

similar to dietary composition, I detected high variation in refueling among shoreline 

sites for Yellow-rumped Warblers.  These results are consistent with previous studies that 

found site-to-site variation in refueling performance at both local (< 40 km apart; 

Ydenberg et al. 2002, Guglielmo et al. 2005) and broad (> 40 km; Schaub and Jenni 

2001, Seaman et al. 2006) spatial scales.  During spring migration at Long Point, Ontario, 

three species of passerine migrants (i.e., Hermit Thrush (Catharus guttatus), White-

throated Sparrow, and American Robin (Turdus migratorius)) had higher levels of 

triglycerides at a known high-quality site compared to a site of lower quality, and 

differences in refueling conditions between sites was greatest early in spring when 

feeding at the low quality site was more affected by cold lake effects (Guglielmo et al. 

2005).  This relationship between refueling conditions and site quality suggests that 

Lamb’s Woods and Darby West were higher quality stopover sites, and that emergent 

aquatic insects were an important part of the diets of some spring migrant songbirds. 

Yellow-rumped Warblers (an early spring migrant), experienced greater refueling 

performance and had a slightly higher aquatic dietary signature at these sites. 
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Although dietary composition varied among shoreline sites for Yellow-rumped 

Warblers, midge abundance in the environment was more important to migrant refueling 

performance in Yellow-rumped Warblers and White-throated Sparrows.  This result is 

similar to a study of spring migrant Western Sandpipers (Calidris mauri), which showed 

positive associations between plasma triglycerides and both macrofaunal prey abundance 

and mudflat exposure (Seaman et al. 2006); similarly, migratory Sedge Warblers 

(Acrocephalus schoenobaenus) in Europe experienced lower refueling performance when 

insects were scarce compared to times when mayflies (Ephemeroptera) and aphids 

(Aphididae) were locally abundant (Schaub and Jenni 2001).  The relationship between 

midge abundance and refueling performance was most pronounced for early season (mid 

April to early May) migrants, Yellow-rumped Warblers and White-throated Sparrows, 

which are likely to experience greater variability in food resources during migration.  In 

contrast, Magnolia Warblers, which have a narrow migratory window later in the spring 

(early to late May), are present when resources are more predictable.   

 Migrants refueled at higher rates over the course of the day.  Migrant Yellow-

rumped Warblers in lower energetic condition had higher triglyceride concentrations than 

migrants in better energetic condition, implying that migrants gained mass during 

stopover at both shoreline and inland forest sites.  If sites were meeting the energetic 

demand of migrants, it might be expected that refueling performance would level out 

once energetic needs had been satisfied.  However, migrants were only captured until 

early afternoon (1300-1400 EST), which may not have been late enough to detect a 

change in refueling.   
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Migrant landbirds accumulate in high concentrations along the shores of Lake 

Erie, where abundance is significantly greater at forest patches adjacent to the lakeshore 

compared to inland forest patches (Rodewald 2007).  In the absence of other information, 

such high use suggests that shoreline forest in this region is of higher quality than 

surrounding forest patches for migrant landbirds.  However, I found no difference in 

midge abundance or refueling performance between shoreline and inland forest habitats, 

suggesting that these patches were of comparable habitat quality.  A recent investigation 

of movement behavior in the study area reported that migrant Yellow-rumped Warblers 

and Red-eyed Vireos (Vireo olivaceus) spent more time in mature inland forest compared 

to other forest habitats (Buchannan 2008).  These patterns of habitat use and refueling 

performance provide additional support for the contention that mature inland forest 

habitat offered quality stopover habitat for migrants. 

In the face of global climate change, warming temperatures have been associated 

with advancement in the timing of spring migration for some songbird species; e.g., 

Ruby-crowned Kinglet (Regulus calendula), Tree Swallow (Tachycineta bicolor), Red-

eyed Vireo, Nashville Warbler (Vermivora ruficapilla), Black-throated Blue Warbler (D. 

caerulescens), and Yellow-rumped Warbler (Butler 2003, Mills 2005, Miller-Rushing et 

al. 2008, Van Buskirk et al. 2009).  This advancement may adversely affect migrant birds 

if their arrival timing does not match the phenology of food resource availability at more 

northerly stopover locations (Sparks and Crick 1999, Sparks et al. 2001, Crick 2004).  

This could be particularly pronounced for migrants that supplement their diets with 

periodic and temperature sensitive food resources, such as emergent aquatic insects. 
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Assessing refueling performance, and the dietary choices that lead to successful 

refueling, can help to identify high quality stopover sites for bird conservation.  This 

should be most important in fragmented landscapes with lower habitat availability for 

migrating landbirds.  Refueling performance of migrants at small shoreline forest sites 

(0.22 to 0.28 ha) was comparable to large inland forest sites (1.74 ha), despite shoreline 

forest sites often having very high concentrations of migrant landbirds (e.g., 120.0 

birds/100.0 net hours; Ewert et al. 2005), and greater potential for resource competition.  

Stable-carbon signatures of emergent aquatic midges were consistent with marshland 

origins, suggesting that nearby wetlands may provide important food resources for spring 

migrant songbirds.  Wetlands in the southwestern Lake Erie region are primarily 

managed for shorebirds and waterfowl, but my study suggests that spring migrant 

landbirds benefit from small remaining habitat patches.  These findings indicate that 

conservation and restoration of shoreline and inland forest patches with nearby wetlands 

is warranted given the high concentrations of migrants in these habitats, the limited 

availability of forest habitat in the landscape, and the ability of migrant landbirds to 

successfully refuel. 

 



 60

LITERATURE CITED 

 
Alerstam, T., and Å. Lindström.  1990.  Optimal bird migration: the relative importance  

of time, energy and safety.  Pages 331-351 in Bird Migration: Physiology and 
Ecophysiology (E. Gwinner, Ed.).  Springer-Verlag, Berlin. 

 
Buchannan, A. A.  2008. Movements, habitat use, and stopover duration of migratory  

songbirds in the western Lake Erie Basin of northern Ohio.  M.S. Thesis.  The Ohio 
State University, Columbus, Ohio. 

 
Burnham, K. P., and D. R. Anderson. 2002. Model selection and multimodel inference: 

a practical information theoretic approach, 2nd Ed. Springer-Verlag, New York. 
 
Butler, C. J.  2003.  The disproportionate effect of global warming on the arrival dates of  

short-distance migratory birds in North America.  Ibis 145:484-495. 
 
Crick. H. Q. P.  2004.  The impact of climate change on birds.  Ibis 146:48-56. 
 
Diehl, R. H., R. P. Larkin, and J. E. Black.  2003.  Radar observations of bird migration  

over the Great Lakes.  Auk 120:278-290. 
 
Dunn, E. H.  2000.  Temporal and spatial patterns in daily mass gain of Magnolia  

Warblers during migratory stopover.  Auk 117:12-21. 
 
Dunn, E. H.  2001.  Mass change during migration stopover: a comparison of species  

groups and sites.  Journal of Field Ornithology 72:419-432. 
 
Eichenlaub, V.L. 1979.  Weather and climate of the Great Lakes region.  Notre  

Dame Press, Notre Dame, Indiana. 
 
Evans Ogden, L. J., K. A. Hobson, D. B. Lank, and S. Bittman.  2005.  Stable isotope  

analysis reveals that agricultural habitat provides an important dietary component 
for nonbreeding dunlin.  Avian Conservation and Ecology 1:3.  [online] URL: 
http://www.aceeco.org/vol1/iss1/art3/ 

 
Ewert, D. N., and M. J. Hamas 1995. Ecology of migratory landbirds during migration in  

the Midwest. Pages 200-208 in Management of Midwestern Landscapes for the 
Conservation of Neotropical Migratory Birds, General Technical Report NC-187 
(F. R. I. Thompson, ed). Detroit: North Central Forest Experiment Station, Forest 
Service, U.S. Department of Agriculture. 
 

Ewert, D. N., G. J. Soulliere, R. D. Macleod, M. C. Shieldcastle, P. G. Rodewald, E.  
Fujimura, J. Shieldcastle, and R. J. Gates. 2005. Migratory bird stopover site 
attributes in the western Lake Erie basin. Final report to The George Gund 
Foundation. 



 61

 
Fry, B. and E. B. Sherr. 1984. δ13C Measurements as indicators of carbon flow in marine  

and freshwater ecosystems. Contributions in Marine Science 27:13-47. 
 
Green, A. J. 2001. Mass/length residuals: measures of body condition or generators of 

spurious results? Ecology 82:1473-1483. 
 

Guglielmo, C. G., D. J. Cerasale, and C. Eldermire. 2005.  A field validation of plasma  
metabolite profiling to assess refueling performance of migratory birds.   
Physiological and Biochemical Zoology 78:16-125. 

 
Guglielmo, C. G., P. D. O’Hara, and T. D. Williams.  2002.  Extrinsic and intrinsic  

sources of variation in plasma lipid metabolites of free-living Western Sandpipers 
(Calidris mauri).  Auk 119:437-445. 

 
Hatch, K. A., B. Pinshow, and J. R. Speakman.  2002.  Carbon isotope ratios can be  

used to determine not just present, but also past diet in birds.  Journal of 
Comparative Physiology, B 172:263-268. 

 
Helms, C. W., and W. H. Drury. 1960. Winter and migratory weight and fat field studies  

on some North American buntings. Bird Banding 31:1-40. 
 
Hobson, K. A.  2005.  Flying Fingerprints: making connections with stable isotopes and  

trace elements.  Pages 235-246 in Birds of Two Worlds: The Ecology and 
Evolution of Migration (R. Greenberg and P. P. Marra, Eds.).  Johns Hopkins 
University Press, Maryland. 

 
Hobson, K. A., and R. G. Clark.  1992. Assessing avian diets using stable isotopes I:  

turnover of 13C in tissues.  Condor 94:181-188. 
 
Jenni, L., and R. Schwilch. 2001.  Plasma metabolite levels indicate change in body mass  

in Reed Warblers Acrocephalus scirpaceus.  Avian Science 1:55-65. 
 
Jenni-Eiermann, S., and L. Jenni. 1991.  Metabolic responses to flight and fasting in  

night-migrating passerines.  Journal of comparative physiology B 161:465-474. 
 
Jenni-Eiermann, S., and L. Jenni.  1994.  Plasma metabolite levels predict individual  

body-mass changes in a small long-distance migrant, the Garden Warbler.  Auk 
111:888-899. 

 
Jenni-Eiermann, S., and L. Jenni.  1996. Metabolic differences between the postbreeding,  

moulting, and migratory periods in feeding and fasting passerine birds.  
Functional Ecology 10:62-72. 

 
 



 62

Jenni-Eiermann, S., and L. Jenni.  1997.  Diurnal variation of metabolic responses to  
short-term fasting in passerine birds during the postbreeding, molting and 
migratory period.  Condor: 113-122. 

 
Miller-Rushing, A. J., T. L. Lloyd-Evans, R. B. Primack, and P. Satzinger.  2008.  Bird  

migration times, climate change, and changing population sizes.  Global Change 
Biology 14:1959-1972. 

 
Mills, A. M.  2005.  Changes in the timing of spring and autumn migration in North  

American migrant passerines during a period of global warming.  Ibis 147:259-
269. 

 
Moore, F. R., and T. R. Simons.  1992.  Habitat suitability and stopover ecology of  

neotropical landbird migrants.  Pages 345-355 in Ecology and conservation of 
neotropical migrant landbirds (J. M. Hagan III and D. W. Johnston, Eds.).  
Smithsonian Institution Press, Washington, D. C. 

 
Moore, F.R., R. J. Smith, and R. Sandberg.  2005.  Stopover ecology of intercontinental  

migrants: en route problems and consequences  for reproductive performance.  
Pages 251-261 in Birds of two worlds: the ecology and evolution of migration (R. 
Greenberg and P. P. Marra, Eds.). Johns Hopkins University Press, Maryland. 

 
Pearson, S. F., D. J. Levey, C. H. Greenberg, C. Martínez del Rio.  2003.  Effects of  

elemental composition on the incorporation of dietary nitrogen and carbon 
isotopic signatures in an omnivorous songbird.  Oecologia 135:516-523. 

 
Podlesak, D. W., S. R. McWilliams, and K. A. Hatch.  2005.  Stable isotopes in breath,  

blood, feces and feathers can indicate intra-individual changes in the diet of 
migratory songbirds.  Oecologia 142:501-510. 

 
Pyle, P. 1997. Identification Guide to North American Birds.  Slate Creek Press, Bolinas, 

California. 
 
R Development Core Team.  2008.  R: A language and environment for statistical  

computing.  in. R Foundation for Statistical Computing, Vienna, Austria. 
 

Rodewald, P. G. 2007.  Forest habitats near Lake Erie in Ohio: Defining quality stopover  
sites for migrating landbirds.  A Final Research Report Submitted to the U. S. 
Fish and Wildlife Service. 

 
Rodewald, P. G., and M. C. Brittingham. 2002. Habitat use and behavior of mixed-

species songbird flocks during fall migration. Wilson Bulletin 114:87-98. 
 
 
 



 63

Russell, R. W., F. L. Carpenter, M. A. Hixon, and D. C. Paton.  1994.  The impact of  
variation in stopover habitat quality on migrant rufous hummingbirds.  
Conservation Biology 8:483-490. 
 

Schaub, M., and L. Jenni.  2000.  Fuel deposition of three passerine bird species along the 
migration route.  Oecologia 122:306-317. 

 
Schaub, M., and L. Jenni.  2001.  Variation of fuelling rates among sites, days and 

individuals in migrating passerine birds.  Functional Ecology 15:584-594. 
 
Seaman, D. A. A., C. G. Guglielmo, R. W. Elner, and T. D. Williams. 2006.  Landscape- 

scale physiology: site differences in refueling rates indicated by plasma 
metabolite analysis in free-living migratory sandpipers.  Auk 123:563-574. 

 
Smith, R. J., and F. R. Moore.  2005.  Arrival timing and seasonal reproductive 

performance in a long-distance migratory landbird.  Behavioral Ecology and 
Sociobiology 57:231-239. 

 
Smith, R. J., F. R. Moore, and C. May. 2007. Stopover habitat along the shoreline of 

Lake Huron, Michigan: Emergent aquatic insects as a food resource for spring 
migrating landbirds. Auk 124:1-15. 

 
Smith, R., M. Hamas, M. Dallman, and D. Ewert. 1998. Spatial variation in foraging of 

the Black-throated Green Warbler along the shoreline of northern Lake Huron. 
Condor 100:474-484. 

 
Smith, R.J., M. J. Hamas, D. N. Ewert, and M. E. Dallman. 2004. Spatial foraging 

differences in American Redstarts along the shoreline of northern Lake Huron 
during spring migration. Wilson Bulletin 116:48-55. 

 
Sparks, T. H. & H. Q. P. Crick. 1999. The times they are a-changing? Bird Conservation  

International 9:1–7. 
 
Sparks, T. H., D. R. Roberts, & H. Q. P. Crick. 2001. What is the value of first arrival  

dates of spring migrants in phenology? Avian Ecology and Behavior 7:75–85. 
 
Tieszen, L. L., T. W. Boutton, K. G. Tesdahl, and N. A. Slade.  1983.  Fractionation and  

turnover of stable carbon isotopes in animal tissues: implications for δ13C analysis 
of diet.  Oecologia 57:32-37. 
 

Van Buskirk, J., R. S. Mulvihill, and R. C. Leberman.  2009.  Variable shifts in spring  
and autumn migration phenology in North American songbirds associated with 
climate change.  Global Change Biology 15:760-771. 

 
Weir, R. D.  1972.  Spring migration at Prince Edward Point, Ontario.  Canadian Field- 

Naturalist 86:3-16. 



 64

 
Ydenberg, R. C., R. W. Butler, D. B. Lank, C. G. Guglielmo, M. Lemon, and N. Wolf.   

2002.  Trade-offs, condition dependence and stopover site selection by migrating 
sandpipers.  Journal of Avian Biology 33:47-55. 



 65

 

Site Type Site Latitude-N Longitude-W Area 
(ha) 

Distance to 
lakeshore 

(km) 

Shoreline 
 

Lamb’s Woods 
 

41.6978 -83.3253 0.28 0.07 

 
 

Crane Creek 
 

41.6317 -83.1971 0.23 0.04 

 
 

Darby West 
 

41.5374 -82.9997 0.22 0.10 

Inland 
 

Butternut Woods 
 

41.6153 -83.2269 1.74 2.67 

 
 

Shop Woods 
 

41.6114 -83.1994 0.69 2.06 

 
 

Kurdy House 
 

41.5891 -83.1106 1.43 2.65 

 
 
Table 1.  Location, area, and distance to lakeshore for study sites where Yellow-rumped 
Warblers, Magnolia Warblers, and White-throated Sparrows were sampled in 
northwestern Ohio during spring 2007 and 2008.
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Species Site Year N Mean δC13 isotope Mean TRIG 

Yellow-rumped 
Warbler Crane Creek 2007 14 -29.1 (± 1.6) 1.11 (± 0.25) 

 2008 16 -30.8 (± 1.9) 1.41 (± 0.18) 

 Darby West 2007 8 -27.3 (± 1.6) 1.57 (± 0.10) 

 2008 17 -27.3 (± 2.0) 1.33 (± 0.14) 

 Lamb's Woods 2007 16 -29.9 (± 1.8) 1.48 (± 0.17) 

 2008 17 -28.0 (± 2.2) 1.36 (± 0.12) 

 Kurdy House 2007 2 -24.1 (± 5.7) 1.13 (± 0.04) 

 2008 0 - - 

 Butternut Woods 2007 2 -26.7 (± 0.6) 1.40 (± 0.24) 

 2008 2 -26.5 (± 1.4) 1.36 (± 0.14) 

 Shop Woods 2007 13 -26.9 (± 2.8) 1.38 (± 0.16) 

    2008 9 -27.8 (± 2.5) 1.35 (± 0.20) 

     Continued

Table 2.  Mean (± SD) breath δC13 isotope signature, plasma triglyceride concentration 
(TRIG) and sample sizes for migrant songbirds at six stopover sites in the Western 
Basin of Lake Erie in northwestern Ohio, April-May, 2007-2008.  Crane Creek, Darby 
West, and Lamb’s Woods are shoreline forest sites; Kurdy House, Butternut Woods, 
and Shop Woods are inland forest sites 
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Table 2 continued 
 
 

    

Magnolia Warbler Crane Creek 2007 14 -25.9 (± 1.9) 1.35 (± 0.23) 

 2008 4 -26.1 (± 1.9) 1.44 (± 0.17) 

 Darby West 2007 5 -26.4 (± 3.2) 1.25 (± 0.24) 

 2008 2 -25.6 (± 0.7) 1.66 (± 0.16) 

 Lamb's Woods 2007 14 -26.7 (± 1.5) 1.45 (± 0.19) 

 2008 4 -26.0 (± 1.2) 1.42 (± 0.13) 

 Kurdy House 2007 2 -26.9 (± 0.7) 1.19 (± 0.07) 

 2008 1 -25.2 (NA) 1.41 (NA) 

 Butternut Woods 2007 2 -27.8 (± 0.2) 1.24 (± 0.28) 

 2008 2 -24.7 (± 1.0) 1.47 (± 0.18) 

 Shop Woods 2007 3 -25.5 (± 1.4) 1.49 (± 0.13) 

   2008 5 -24.2 (± 3.1) 1.49 (± 0.20) 
White-throated 

Sparrow Crane Creek 2008 22 -25.8 (± 2.4) 1.15 (± 0.21) 

 Darby West 2008 7 -24.1 (± 2.4) 1.36 (± 0.20) 

 Lamb's Woods 2008 13 -25.2 (± 1.3) 1.14 (± 0.22) 

 Kurdy House 2008 1 -25.3 (NA) 1.16 (NA) 

 Butternut Woods 2008 16 -24.0 (± 3.1) 1.21 (± 0.20) 

  Shop Woods 2008 5 -25.3 (± 1.0) 1.29 (± 0.22) 
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Site type Site Year N Midge Abundance 

Shoreline Crane Creek 2007 20 3.63 (± 2.36) 

 2008 20 5.20 (± 2.83) 

 Darby West 2007 20 4.01 (± 2.12) 

 2008 20 5.56 (± 2.33) 

 Lamb’s Woods 2007 20 3.71 (± 2.78) 

 2008 20 5.27 (± 2.65) 

Inland Butternut Woods 2007 20 5.09 (± 2.22) 

 2008 25 5.53 (± 2.14) 

 Kurdy House 2007 20 4.93 (± 2.45) 

 2008 25 5.01 (± 2.73) 

 Shop Woods 2007 20 5.34 (± 2.72) 

  2008 25 6.42 (± 2.54) 

 
 
Table 3.  Mean (± SD) midge abundance (mg/ 100 g vegetation) as measured via grab 
sampling at shoreline and inland forest sites in the Western Basin of Lake Erie in 
northwestern Ohio in April-May, 2007-2008.
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Rank Model k AICC ∆ AICC ωi 

1 Midge + Condition|Capture Time 7 -82.2 0 0.446 
2 Midge 4 -80.4 1.8 0.183 
3 Midge + δ C 13 5 -79.6 2.6 0.122 
4 Midge + Site 5 -79.0 3.1 0.094 
5 Midge + Bleed Time 5 -78.4 3.8 0.068 
6 Midge + Site + Year 6 -77.1 5.0 0.036 
7 Condition|Capture Time 4 -75.1 7.1 0.013 
8 Condition|Capture Time + δ C 13 5 -74.7 7.4 0.011 
9 Condition 2 -74.3 7.9 0.009 

10 Condition|Capture Time + Year 5 -73.9 8.3 0.007 
11 δ C 13 + Condition 3 -72.9 9.3 0.004 

12 
Midge + δ C 13 + Condition|Capture Time + Site + Bleed 
Time + Year + Age*Sex 13 -72.5 9.7 0.003 

13 Age*Sex + Condition 4 -70.2 11.9 0.001 
14 Capture Time 2 -69.7 12.5 0.001 
15 Null 1 -69.1 13.1 0.001 
16 Year 2 -67.4 14.7 0 
17 Site 2 -67.2 14.9 0 
18 δ C 13 2 -67.2 15.0 0 
19 Bleed Time 2 -67.0 15.1 0 
20 Age*Sex 3 -66.4 15.8 0 
21 δ C 13 + Site 3 -65.4 16.7 0 
22 δ C 13 + Site + Year 4 -63.8 18.3 0 

 
 
Table 4. Rankings of linear mixed-effects models1 describing refueling performance (TRIG 
concentration) of migrant Yellow-rumped Warblers in the Western Basin of Lake Erie in 
northwestern Ohio in April-May, 2007 and 2008.  Models ranked by Akaike Information 
Criterion (AICc), where k = number of parameters in model, ∆ AICc is the difference in AICC 
between the top-ranked model and the model in question, and ωi = Akaike weight reflecting 
the relative likelihood of the model.  Models with ∆ AICc scores < 2.0 are shown in bold text 

                                                
1 Explanation of variables: δ C 13  = breath stable-carbon isotopic signature, Site = site type (inland or 
shoreline), Age*Sex = age and sex class (second-year male, after-second-year male, second-year female, after-
second-year female), Year = 2007 or 2008, Capture Time = number of minutes after sunrise, Condition = index 
of energetic condition, Condition|Capture Time = condition + capture time + condition*capture time, Midge = 
midge abundance.   
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Rank Model k AICC ∆ AICC ωi 

1 Capture Time 2 -33.8 0 0.339 
2 Condition|Capture Time 4 -33.1 0.7 0.241 
3 Condition|Capture Time + Year 5 -32.4 1.4 0.171 
4 Condition|Capture Time + Midge 7 -31.3 2.5 0.096 
5 Condition|Capture Time + δ C 13 5 -30.7 3.1 0.073 
6 Bleed Time 2 -30.0 3.8 0.051 
7 Midge + Bleed Time 5 -26.1 7.7 0.007 

8 
Midge + δ C 13 + Condition|Capture Time + Site + Bleed 
Time + Year + Age*Sex 13 -25.8 8.0 0.006 

9 Year 2 -24.9 8.9 0.004 
10 Null 1 -24.8 9.0 0.004 
11 Condition 2 -23.0 10.8 0.002 
12 Site 2 -22.8 11.0 0.001 
13 δ C 13 2 -22.7 11.1 0.001 
14 Midge 4 -22.0 11.8 0.001 
15 δ C 13 + Condition 3 -20.8 13.0 0.001 
16 Age*Sex 3 -20.7 13.1 0 
17 δ C 13 + Site 3 -20.7 13.2 0 
18 δ C 13 + Site + Year 4 -20.4 13.4 0 
19 Midge + Site 5 -20.1 13.7 0 
20 Midge + δ C 13 5 -20.0 13.8 0 
21 Midge + Site + Year 6 -19.3 14.5 0 
22 Age*Sex + Condition 4 -19.1 14.8 0 

 
 
Table 5. Rankings of linear mixed-effects models2 describing refueling performance (TRIG 
concentration) of migrant Magnolia Warblers in the Western Basin of Lake Erie in 
northwestern Ohio during May, 2007 and 2008.  Models ranked by Akaike Information 
Criterion (AICc), where k = number of parameters in model, ∆ AICC is the difference in AICc 
between the top-ranked model and the model in question, and ωi = Akaike weight reflecting 
the relative likelihood of the model.  Models with ∆ AICc scores < 2.0 are shown in bold text.

                                                
2 Explanation of variables: δ C 13  = breath stable-carbon isotopic signature, Site = site type (inland or 
shoreline), Age*Sex = age and sex class (second-year male, after-second-year male, second-year female, after-
second-year female), Year = 2007 or 2008, Capture Time = number of minutes after sunrise, Condition = index 
of energetic condition, Condition|Capture Time = condition + capture time + condition*capture time, Midge = 
midge abundance.   
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Rank Model k AICC ∆ AICC ωi 

1 Midge + Bleed Time 4 -32.7 0.0 0.248 
2 Midge 3 -31.8 0.8 0.163 
3 Midge + δ C 13 4 -31.7 1.0 0.153 
4 Midge + Condition 4 -31.3 1.4 0.125 
5 Midge + Site 4 -29.7 3.0 0.055 
6 Condition|Capture Time + Midge 6 -29.6 3.1 0.052 
7 Bleed Time 2 -28.6 4.1 0.032 
8 Null 1 -28.5 4.2 0.030 
9 δ C 13 2 -28.2 4.4 0.027 
10 Condition 2 -27.7 5.0 0.020 
11 δ C 13 + Condition 3 -27.3 5.4 0.017 
12 Site 2 -27.3 5.4 0.017 
13 Capture Time 2 -27.0 5.7 0.014 

14 
Midge + δ C 13 + Condition|Capture Time + Site + 
Bleed Time 9 -26.9 5.7 0.014 

15 δ C 13 + Site 3 -26.7 5.9 0.013 
16 Condition|Capture Time 4 -26.4 6.2 0.011 
17 Condition|Capture Time + δ C 13 5 -26.1 6.6 0.009 

 
 
Table 6. Rankings of linear mixed-effects models3 describing refueling performance 
(TRIG concentration) of migrant White-throated Sparrows in the Western Basin of Lake 
Erie in northwestern Ohio in April-May, 2008.  Models ranked by Akaike Information 
Criterion (AICc), where k = number of parameters in model, ∆ AICC is the difference in 
AICc between the top-ranked model and the model in question, and ωi = Akaike weight 
reflecting the relative likelihood of the model.  Models with ∆ AICc scores < 2.0 are 
shown in bold text.

                                                
3Explanation of variables:  δ C 13  = breath stable-carbon isotopic signature, Site = site type (inland or 
shoreline), Capture Time = number of minutes after sunrise, Condition = index of energetic condition, 
Condition|Capture Time = condition + capture time + condition*capture time, Midge = midge abundance.   
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Figure 1.  LANDSAT™ image depicting capture locations of Yellow-rumped Warblers, 
Magnolia Warblers, and White-throated Sparrows at Ottawa National Wildlife Refuge in 
the western Lake Erie Basin in northwestern Ohio in spring 2007 and 2008.  Shoreline 
forest istes were Lamb’s Woods (1), Crane Creek (2), and Darby West (3), and inland 
forest sites were Butternut Woods (4), Shop Woods (5), and Kurdy House (6).   
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Figure 2. Sampling unit used to collect breath samples from migrant landbirds.  The 
breathalyzer is comprised of a three-way stopcock valve, face mask, and balloon 
collection chamber.  The balloon is flushed and filled with oxygen, which the bird is 
allowed to breathe for 20 seconds.  The collected CO2 sample is immediately transferred 
to an evacuated Exetainer tube for subsequent stable-carbon isotope analysis. 
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Figure 3.  Leaf out of vegetation and midge abundance (both visual observations) 
phenology at shoreline and inland sites in the Western Basin of Lake Erie in northwestern 
Ohio in April-May, 2007 (a) and 2008 (b).  Black squares represent shoreline leaf out and 
black circles represent inland leaf out. Blue triangles represent shoreline midge 
abundance and red circles represent inland midge abundance.  
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Figure 4. Midge abundance as measured via grab sampling at shoreline and inland forest 
sites in the Western Basin of Lake Erie in northwestern Ohio in April-May, 2007-2008.   
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Figure 5.  Dietary composition (breath δC13) of Yellow-rumped Warblers (YRWA), 
Magnolia Warblers (MAWA), and White-throated Sparrows (WTSP) in the Western 
Basin of Lake Erie in northwestern Ohio in April-May, 2007-2008. 
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Figure 6.  Dietary composition (δC13) of Magnolia Warblers, White-throated Sparrows 
(2008 only), and Yellow-rumped Warblers at shoreline and inland forest patches in the 
Western Basin of Lake Erie in northwestern Ohio in April-May, 2007-2008.  The upper 
dashed line represents mean stable-carbon isotopic signature of midges (δC13 = 24‰), 
while the lower dashed line represents mean stable-carbon isotopic signature of terrestrial 
invertebrates (δC13 = 29‰).
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Figure. 7.  Yellow-rumped Warbler dietary composition (breath δC13) at each of the three 
shoreline sites in the Western Lake Erie Basin during 2007 and 2008.  The upper dashed 
line represents mean stable-carbon isotopic signature of midges (δC13 = 24‰), while the 
lower dashed line represents mean stable-carbon isotopic signature of terrestrial 
invertebrates (δC13 = 29‰).
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Figure 8.  Comparison of refueling performance (plasma triglyceride concentration) at 
shoreline and inland sites in the Western Lake Erie Basin for spring migrant songbirds in 
April-May, 2007 and 2008.  
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Figure 9. Refueling performance (plasma triglyceride concentration) of Yellow-rumped 
Warblers at shoreline sites in the Western Lake Erie Basin in April-May, 2007-08. 
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Figure 10.  Refueling performance (plasma triglyceride concentration) in relationship to 
dietary composition (breath δC13) of (a) Yellow-rumped Warblers, (b) Magnolia 
Warblers, and (c) White-throated Sparrows in the western Lake Erie basin in 
northwestern Ohio, April-May 2007-08. 
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