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Abstract 

Habitat quality in riparian zones used by Neotropical migrants, important for migration, 

will vary with changes in water level, an important management consideration for 

operation of hydroelectric facilities. I conducted a three-year study monitoring 

physiological condition of Fall migrants in relation to variation in water levels in four 

passerine species in Revelstoke, BC. Birds were blood-sampled during migration and I 

measured plasma metabolites (triglyceride, glycerol, & β-hydroxybutyrate) and 

corticosterone (CORT) as indicators of fattening rate and environmental stress, 

respectively. Migrants had low baseline CORT and showed a robust stress response 

following capture, contradicting the Migration-Modulation Hypothesis. Estimated 

fattening rate (triglyceride) increased with time of day and date, reflecting diurnal and 

seasonal variation in fattening, and among species. However, fattening rate did not vary 

among-years despite marked annual variation in water levels. Plasma glycerol and β-

hydroxybutyrate varied among years, but this was not consistently associated with high 

or low water levels. 

Keywords:  plasma metabolites; migration physiology; corticosterone; hydroelectric 
operation; stopover ecology; passerines 
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1. Introduction 

Migratory Neotropical passerine species have been the target of a variety of 

conservation efforts in recent years (Donovan et al. 2002, Norris et al. 2006, Martin et al. 2007, 

Sheehy et al. 2010).  Bird populations are often quite sensitive to changes in their environment, 

as shown by well known studies of DDT in avian reproduction which revealed broader 

environmental effects (Askins 1995).  Several North American bird species have been in decline 

recently, yet many migrant populations have declined at a faster rate than resident species 

(Askins et al. 1990, Castelletta et al. 2005, Jones and Cresswell 2010).  The addition of a 

migratory life-history stage makes studying these species more challenging.  Compared with 

knowledge of breeding and over-wintering habitats, relatively little is known about how the 

stopover sites of these migrants influence overall migratory success or annual survival (Moore 

2000, Webster et al. 2002, Norris 2005, Keller and Yahner 2006, Faaborg et al. 2010b, a). 

Many North American passerine species migrate along riparian corridors, which make 

riparian habitats critical migratory stopover sites (Knopf et al. 1988, DeLong et al. 2005, Carlisle 

et al. 2009).  This has naturally led to increased interest in understanding how riparian systems 

are affected by natural and anthropogenic factors (Hennings and Edge 2003, Packett and 

Dunning 2009, Quinlan and Green 2012).  Hydroelectric dam operations represent one of the 

main anthropogenic impacts on riparian systems (Moody et al. 2007, Green and Quinlan 2008, 

Mallik and Richardson 2009, Green et al. 2011).  Variable annual precipitation and power 

generation needs cause there to be inconsistent yearly flow rates from most hydroelectric dams, 

which have an effect on water levels in downstream riparian habitat, and potentially affect 

availability or quality of this habitat for Neotropical migrants.  In this thesis I examined how 

annual variation in water levels in the Arrow Lakes Reservoir Drawdown Zone, Revelstoke, 

British Columbia, affected stress and fattening rate in Neotropical migrant species, assessed 

use hormone and plasma metabolite analysis.  This project therefore utilized a variety of 

physiological approaches in order to gain insight into the ecology of migrating passerines at a 

stopover site given the site’s potential for dynamic intra- and inter-year changes in habitat 

quality and availability, which has been shown to have negative effects on mass gain in 

European migratory passerines (Ktitorov et al. 2008). 
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Previous work on Neotropical migrants has been conducted in the Arrow Lakes 

Reservoir Drawdown Zone system, in the context of variation in water levels (Green et al. 2011).  

This study estimated that the daily mass gain of five warbler species (using a regression of body 

mass and time of capture) was between 0.32-0.98% of lean body mass/hour.  However, this 

study was unable to detect any variation in mass gain associated with the stage of migration or 

reservoir water levels.  For example, Guglielmo et al. (2005) were unable to detect differences 

in site-specific estimates of daily mass gain using a regression of body mass of first-capture 

birds and time of capture, but were able to detect significant differences in estimated fattening 

rate with the use of plasma metabolite analysis (Guglielmo et al. 2005).  A physiological 

approach to habitat monitoring at stopover sites allows for a more direct estimation of fattening 

rate without the need to make the same assumption required of a “first capture” mass gain 

analysis (Winker et al. 1992, Winker 1995, Dunn 2000, 2002).  Using two different physiological 

approaches to assess migrants in this study (stress hormones and plasma metabolites), our aim 

was to evaluate how an individuals’ physiology may be affected by changing water levels at a 

critical migratory stopover site. 

One physiological approach will be the use of corticosterone (CORT), the primary 

glucocorticoid (or stress hormone), in birds.  It is thought to be informative of general 

environmental stress at baseline levels (Marra and Holberton 1998, Walker et al. 2005, Wikelski 

and Cooke 2006, Jenni-Eiermann et al. 2008, Bonier et al. 2009).  Given the changing water 

level at the stopover site, this may have had some detectable effect on baseline CORT or on the 

stress-response.  However, previous work has hypothesized that actively migrating passerines 

maintain high baseline levels of CORT, as well as having small or non-significant increases in 

CORT 30 minutes after a stressor (Holberton et al. 1996, Long and Holberton 2004, Holberton 

et al. 2007).  Therefore in Article 1, we evaluated whether changing water levels at the stopover 

site were correlated with baseline and stress-induced levels of CORT, and we directly tested the 

Migration-Modulation hypothesis. 

In Article 2, we also were interested in applying plasma metabolite analysis (Anteau and 

Afton 2008, Smith and McWilliams 2010) to obtain an estimate of fattening rate. Most studies 

assessing stopover sites characterize a “good” stopover site as one where individuals can 

maximize mass gain or lipid deposition before moving on to the next stage of their migration 

(Moore and Simons 1992, Moore 2000, Petit 2000, Norris 2005).  Plasma metabolite analyses 

are able to give a more precise estimate of the refuelling rate of an individual than “static” 

morphological measures (mass, wing chord, tarsus, fat score, etc.), which often require very 
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large datasets to detect significant patterns, and are then only able to make population level 

predictions.  Plasma triglyceride concentration has been shown to be positively associated with 

mass gain, and is therefore a good estimate of fattening rate in free-living birds captured only 

once (Guglielmo et al. 2005, Cerasale and Guglielmo 2006, Lyons et al. 2007, Smith and 

McWilliams 2010).  Furthermore, glycerol and β-hydroxybutyrate, measures of fat catabolism 

(Jenni-Eiermann et al. 2002), were analyzed for evidence of an association with water level. We 

predicted that combining these metabolic measures would create a clearer picture of how the 

refuelling rate of migrants is impacted by changes in habitat. 

By simultaneously looking at both stress and fattening rate we hope to synthesize a 

more complete picture of avian stopover physiology.  Baseline CORT has been shown to be 

affected by extreme changes in the environment (Romero and Wikelski 2002), yet may not be 

able to detect small or subtler effects on the environment, which may be evident when 

comparing refuelling rates of migrants (Smith and McWilliams 2010).  Furthermore, there are 

clear differences in effort required for sampling with these two techniques.  CORT requires 

active monitoring of mist-nets, while sampling of plasma metabolites can occur simultaneous to 

banding and other traditional monitoring techniques.  CORT has been shown to be valuable in 

assessing environmental stressors in a broad range of species (Romero and Wikelski 2002, 

Wikelski et al. 2002, Romero 2004, Carey 2005, Walker et al. 2005, Wikelski and Cooke 2006), 

whereas the plasma metabolites have been used extensively in monitoring of avian migration 

(Jenni-Eiermann and Jenni 1991, 1994, Jenni and Jenni-Eiermann 1996, Guglielmo et al. 2005, 

Seaman et al. 2006, Anteau and Afton 2008, Smith and McWilliams 2010).  Both CORT and 

plasma metabolite can provide critical information to investigators and managers depending on 

the goals or concerns of a study. 
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2. Article 1 – Variation in Plasma Corticosterone in 
Migratory Songbirds:  A test of the Migration-
Modulation Hypothesis 

2.1. Introduction 

The concept of “conservation physiology” has led to many new avenues of research and 

exploration into the application of novel techniques and approaches to conservation and wildlife 

management (Wikelski and Cooke 2006, Cooke and O'Connor 2010, Homyack 2010). The 

classical observational-demographic approach to assessment of habitat (measuring population 

densities, composition, etc.) can be limited in its ability to provide timely and unambiguous 

determinations about changing environmental conditions (Romero 2004). For example, some 

life-history events, such as pregnancy, can be difficult to detect and assess early in a term 

without using potentially very invasive techniques; Berger et al. (1999) overcame this problem 

by looking for pregnancy hormone indicators in the fecal matter of female moose (Berger et al. 

1999).  Demographic approaches are similarly limited in instances where a rapidly changing 

environment is concerned, such as a catastrophic environmental change due to either natural or 

anthropogenic causes (Lande 1993).  It has been suggested that the measurement of an 

individual’s condition through physiological markers can allow for rapid assessment of current or 

changing environmental conditions, which may be important for gauging the impact of a 

particular conservation or management effort, or the impact of a unique environmental event 

(Cooke and Suski 2008). 

Migration between breeding and non-breeding/wintering areas is a critically important 

event during the lifecycle of many species (Ramenofsky and Wingfield 2007).  However, the 

biological mechanisms that trigger, maintain, and help transition between behaviours (e.g. from 

reproduction to migration, or vice versa) are only now beginning to be understood.  Although 

migration takes a relatively short time in an individual’s life, it can potentially have important 

carry-over effects which can be almost impossible to quantify at the migratory endpoints 

(Sheehy et al. 2010).  For example, red knots, and other species of long distance migratory 
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shorebird, are very reliant on specific stopover sites for refuelling along their migration routes, 

and a change at these stopover sites can have significant impacts on the overall migratory 

success (Baker et al. 2004, Kraan et al. 2010). Since many migratory species cover vast 

distances and will encounter several habitats of varying type and quality at different stopover 

sites during their migration it has been difficult to assess how each habitat, or stopover site, may 

impact the physiology of the organism and ultimately the success of that individual’s overall 

migration (Faaborg et al. 2010b, a).   Since the population of a migrant at a particular stopover 

site may change significantly from day-to-day during the course of a migration season 

(Seewagen et al. 2010), a physiological approach to assessment of individual birds using 

specific stopover sites, might be able to provide additional insights beyond those usually derived 

from demographic methodologies. 

The physiological mechanisms underlying migration remain poorly understood, 

especially in birds; however, attention has focused on the role of the glucocorticoid hormone 

corticosterone (CORT), both as a key endocrine regulator (Ramenofsky and Wingfield 2007) 

and as a potential tool for physiological assessment of animal condition in relation to 

environmental “stress” (Walker et al. 2005). CORT is the main glucocorticoid responsible for 

regulation of metabolic homeostasis, fuel use, immune function, and the generalized stress 

response in amphibians, reptiles, and avian species (Harvey et al. 1984, Romero 2004).  It is 

this capacity for CORT levels to change rapidly in response to a stressful event or environment 

that is of particular interest to conservation physiologists (Romero et al. 1997).  It has been 

suggested that variation in how plasma CORT concentration changes over time in response to a 

stressful event (e.g., being caught in a mist net, predator attack, or being flushed from cover), as 

well as variation in baseline levels, might provide reliable indicators of environmental stress 

(Wingfield et al. 1982, Marra and Holberton 1998).  For example, this technique has been used 

successfully in oil-exposed iguanas to assess how even trace amounts of pollution might affect 

survivorship (Romero and Wikelski 2002, Wikelski et al. 2002), and in Spotted-Owl conservation 

work where fecal corticosterone concentration is measured as a metric of general environmental 

stress (for example, proximity of forestry activity; (Wasser and Hunt 2005)) without having to 

actively disturb the study species.  Here we investigate the potential for CORT to provide 

information on modulation of environmental "stress" in migratory birds. Romero (2002) 

suggested that both baseline and stress-induced plasma CORT levels might actually be 

relatively low during migration compared to other phases of the annual cycle (Romero 2002).  

Holberton et al. (1996) went further in suggesting that migratory neo-tropical passerines do not 
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show a typical stress response to capture and handling, in part because they have elevated 

baseline CORT levels. Holberton et al. (1996) proposed the “Migration-Modulation Hypothesis” 

whereby, 1) baseline CORT is elevated throughout the migratory period to facilitate hyperphagia 

and lipogenesis, independent of short-term changes in energetics, and 2) further elevation of 

corticosterone in response to acute stress is suppressed during migration to protect skeletal 

muscle needed for flight (Holberton et al. 1996, Long and Holberton 2004, Holberton et al. 2007, 

Holberton et al. 2008).  Clearly, such modulation of CORT, and suppression of the stress 

response, will influence whether plasma CORT can be used to assess effects of specific 

stressors or environmental factors in migratory birds. 

In this study we investigated variation in plasma CORT levels in two neo-tropical 

migrants, the Common Yellowthroat (Geothlypis trichas) and Yellow Warbler (Dendroica 

petechia), during Fall migration in the drawdown zone of Revelstoke Dam (BC Hydro) near 

Revelstoke, British Columbia, Canada.  The aims of this study were, 1) to measure variation in 

baseline levels of CORT in migrating passerines in relation to body mass and date or timing of 

migration, 2) to develop a “stress response” curve for these neo-tropical migrants using a 

standard capture and handling protocol and, 3) to test the “Migration-Modulation Hypothesis” in 

the context of whether or not plasma CORT concentrations can provide a useful measure for 

assessing the physiological condition of migrating passerines in response to variation in 

environments. This study was part of a larger project applying novel physiological techniques to 

monitor the physiology of neo-tropical migrants in relation to variation in water levels associated 

with BC Hydro management decisions (Cooper 2009, Wagner et al. 2011). 

2.2. Methods 

2.2.1. Model species and study site 

Field work for this study was conducted at Columbia River-Revelstoke Migration 

Monitoring Station on Machete Island, ~2km south of Revelstoke, British Columbia, Canada 

(50°58'13.29"N; 118°11'56.14"W) from July 30 to September 27 in 2008 and 2009 (Fig. 2.1).  

Machete Island is a semi-wooded riparian habitat of about 30 ha, located in the drawdown zone 

of Arrow Lakes Reservoir.  Machete Island is composed of deciduous forest, dominated by 

cottonwood (Populus sp.) with a diverse understory surrounded by willow scrub (Green et al. 

2011).  The drawdown zone of Arrow Lakes Reservoir undergoes annual fluctuation in water 
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level due to dam operations at BC Hydro’s upstream Revelstoke and Mica Dams and 

downstream Keenleyside Dam (Fig. 2.2 & 2.3).  The site is partially above peak water level, or 

full pool (440.1m asl), but does experience flooding in riparian habitat when water levels rise 

above ~438.5m asl, as it did in 2008 (Fig. 2.3).  Lowest water levels tend to occur in late 

winter/early spring, and then water levels rise with snowmelt in May.  Full pool, if reached, 

usually occurs in early summer followed by a gradual decline in water level throughout the late 

summer and fall.  Common Yellowthroat (Geothlypis trichas) and Yellow Warbler (Setophaga 

petechia) are small Neotropical migratory passerines that breed in western Canada and Alaska 

and overwinter in Mexico and Central America.  Fall migration for these species begins around 

mid-July.   

2.2.2. Capture and blood sampling method 

We captured and blood sampled 13 Common Yellowthroats in 2008, and 37 Common 

Yellowthroats, and 2 Yellow Warblers in 2009, to measure baseline and elevated (stress-

induced) levels of corticosterone during Fall migration. Captured birds were released at the 

banding station after blood sampling. 

Common Yellowthroats and Yellow Warblers were captured using constantly monitored 

passive mist netting (Angelier et al. 2010).  Two mist nets were used for 4-5 hours a day, 

starting 30 minutes after dawn.  The mist nets used for CORT sampling were well away from the 

rest of the “migration monitoring” mist nets (~150m) and were not part of the Migration Station 

net check route, so as to avoid any disturbance.  Nets were opened at least 2 days per week, 

with a total of 18 days between August 1st and September 30th in 2008, and 34 days for the 

same period in 2009.  Upon capture, the bird was immediately extracted from the mist net and 

bled within 2-3 minutes (3 minute maximum) in order to ensure a baseline measure of CORT 

(Wingfield et al. 1982, Romero and Reed 2005). All birds were blood sampled from the left 

brachial artery with a 26.5 gauge needle and blood (50-100µL) was collected into heparinized 

micro-capillary tubes.  Standard procedures for measuring stress-induced or maximum plasma 

CORT levels typically involve blood sampling birds at <3 minutes and then after 30 minutes 

following capture and handling. However, we wanted to validate the time-course of stress-

induced changes in plasma CORT in these small-bodied migrants. Therefore, after the initial 

bleed, birds were placed in a cloth bag to stimulate a standardized stress response (Wingfield et 

al. 1992, Holberton et al. 1996) and then bled a second time at either 10, 20, or 30 minutes 

(allocated sequentially by capture), from the right brachial artery.  After bleeding was complete, 
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birds were identified to age and sex (Pyle 1997), morphometrics recorded (body mass, tarsus 

length, wing cord length, fat score, moult), banded with aluminum USFW bands, and released.  

These methods were the same for both sexes and species, and were repeated over both years 

of the study. 

Preliminary data were obtained in 2008 for 13 COYE, four of which were sampled twice, 

once within the first three minutes (time 0) and then at 30 minutes after capture.  The remaining 

9/13 COYE were bled once either at time 0, 10, or 20 minutes after capture.  Plasma samples 

for corticosterone analysis were obtained from 37 COYE and 2 YWAR in 2009; 30/37 COYE 

and one (1) YWAR were sampled twice, once within the first three minutes and then at 10, 20, 

or 30 minutes after capture.  The single remaining YWAR and 7 COYE and were bled once 

either at time 0, 10, 20, or 30 minutes after capture. 

2.2.3. Hormone assay 

Blood samples were stored at 4ºC for up to 4 hours before being centrifuged for 6 

minutes at 10,000g.  Plasma was collected and stored at -20ºC until assayed.  A corticosterone 

Enzyme-linked-Immunosorbent Assay (EIA — Assay Designs Inc., Michigan USA, catalogue # 

901-097) was used to determine concentration of corticosterone hormone (Breuner and 

Orchinik 2002, Love et al. 2004, Love et al. 2005, Love and Williams 2008). Assays were run at 

a total volume of 100 µl with a 1:30, 1:40, or 1:80 dilution (depending on available plasma 

volume), and a 1.5% steroid displacement buffer.  Following kit instructions, samples were 

incubated at 26ºC under shaking at 5000 rpm for 2 hours, and then incubated at 26ºC a further 

1 hour without shaking.  Samples were run in triplicate across 2 plates in 2008 with intra- and 

inter-assay coefficient of variation being 4.9% and 5.4%, respectfully, and 5 plates in 2009 with 

intra- and inter-assay coefficient of variation being 2.3% and 9.6%, respectively.   

2.2.4. Statistical analyses 

 Statistical analyses were all performed in SAS statistical software (v. 9.2; SAS 

Institute).  Using ANOVA, we tested for a difference in average corticosterone concentration at 

each time interval.  We also tested for variation in baseline CORT, as well as for the period of 

greatest change in CORT over the capture period.  We also tested for a difference in baseline 

CORT relative to date of capture, time of capture, and body size. 
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2.3. Results 

2.3.1. Baseline corticosterone 

We obtained baseline CORT values for n = 42 individual COYE over 2008 and 2009.  In 

2009, three birds had high levels of baseline CORT (> 18 ng/ml) compared with all other birds (≤ 

9 ng/ml).  However, two of these three individuals showed robust stress-induced increases in 

plasma CORT (> 49 ng/ml; see below), therefore we analyzed data including and excluding 

these birds. 

There was no difference in baseline CORT levels among years, including all birds:  

2008, 4.32 ± 2.00 ng/ml vs. 2009, 4.30 ± 0.97 ng/ml; F1,37 = 0.02, P > 0.80).  Excluding the three 

high baseline birds, baseline CORT was lower in 2009 (2.36 ± 0.50 ng/ml), but this difference 

was not significant (F1,34 = 3.75, P = 0.065).  We therefore pooled data across years for 

subsequent analysis.  Including the 3 high baseline individuals, baseline CORT was 

independent of body mass (r32 = -0.002, P > 0.90; Fig. 2.4a).  Similarly, baseline CORT was 

independent of Julian date (F1,37 = 0.24, P > 0.60; Fig. 2.4b) and time of day (F1,37 = 2.88, P > 

0.09; Fig. 2.4c). Baseline CORT did not differ with sex (F1,24= 0.43, P > 0.50; n = 9 females, 16 

males) or age (F1,39 = 0.22, P > 0.60; although we only caught and aged n = 3 AHY birds, and n 

= 36 HY birds).   

Excluding the two sexed high-baseline birds did not change these results for mass or 

age.  However, there was a significant effect of sex, with females having lower baseline CORT 

(0.77 ± 1.05 ng/ml) than male birds (3.62 ± 0.70 ng/ml; F1,22= 5.06, P = 0.035). 

2.3.2. Stress-induced corticosterone 

The three individuals with high baseline CORT levels (22.2, 23.5 and 18.2 ng/ml) had 

stress-induced CORT levels after 10 or 30 minutes of 23.6, 49.4, and 84.1 ng/ml. We therefore 

decided to include all birds in analysis of stress-induced CORT levels.  

In 2008 there was a highly significant change in average plasma CORT levels with time 

after capture (F3,18 = 12.70, P < 0.001; Fig. 2.5).  Plasma CORT levels at 10, 20 and 30 minutes 

were all significantly higher than baseline levels (P < 0.01 in all cases) but there was no 

significant difference among 10, 20 or 30 minute samples (P > 0.20).  Similarly, in 2009 there 

was a highly significant change in average plasma CORT levels with time after capture (F3,49.7 = 
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89.2, P < 0.001; Fig. 2.5).  Plasma CORT levels increased from 0 to 10 minutes (P < 0.001) and 

from 10 to 20 minutes (P < 0.01) but then decreased between 20 and 30 minutes (P < 0.001) 

post-stress.  Including all data in a single model revealed that there was a significant year*time 

interaction (F3,64.7 = 3.10, P = 0.033), and paired contrasts by time interval showed that plasma 

CORT levels were higher in 2008 at 10 (P < 0.05) and 30 minutes (P < 0.05) compared with 

2009 (Fig. 2.5).  The two YWAR that were sampled had similar low baseline CORT and 

elevated 30 minute plasma CORT levels comparable to those in COYE in 2009 (Fig. 2.5). 

There was marked individual variation in plasma CORT at all time intervals (Fig. 2.6). 

We therefore calculated the change in plasma CORT between baseline and 10 minutes (n = 12) 

and between baseline and 30 minutes (n = 19) in COYE and investigated sources of variation in 

these rapid and more prolonged ‘acute stress responses’. Both stress-induced CORT and 

change in plasma CORT was independent of body mass at both 10 and 30 minutes (P > 0.70 in 

all cases). However, change in CORT between 0 and 10, and 0 and 30 minutes, was positively 

correlated with Julian date (r12 = 0.65,P < 0.05, and r18 = 0.48, P < 0.05, respectively; Fig. 

2.7a,b). Similarly, stress-induced plasma CORT levels were positively correlated with Julian 

date at 10 minutes (r12 = 0.72, P < 0.01) and 30 minutes (r18 = 0.50, P < 0.05; Fig. 2.7c,d). 

2.4. Discussion 

One of the main aims of this study was to test the “Migration-Modulation Hypothesis” 

which suggested that baseline CORT is elevated in migratory birds, to facilitate hyperphagia 

and lipogenesis, and that further elevation of CORT in response to an acute stressor is 

suppressed, perhaps to protect skeletal muscle (Holberton et al. 1996). Our data clearly 

contradict this hypothesis: Common yellowthroats and Yellow warblers both showed low 

baseline plasma CORT levels at initial capture, and then showed a robust stress response with 

a standardized handling stress protocol. We found that maximum stress induced levels occurred 

only 20 minutes after capture, and declined by 30 minutes post-capture. In addition, there was 

some evidence for annual variation in the pattern of stress responses, and for an effect of Julian 

date. In contrast, we found no strong evidence for annual variation in baseline CORT, and this 

was independent of body mass, date or time of day. However, baseline CORT was lower in 

females compared to males. 
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2.4.1. Stress response during Fall migration 

The results of this latest study into patterns of CORT expression during Fall migration 

suggest that there is indeed a “normal” stress response in actively migrating passerines, and 

does not support the Migration-Modulation Hypothesis.  Individuals were found to have low 

baseline levels of CORT, similar to those of non-migratory passerines described by Romero and 

Wingfield (1999) and Angelier et al. (2010); this is consistent with the annual modulation pattern 

for Fall migrants suggested by Romero (2002) which theoretically contradicts the Migration-

Modulation Hypothesis (Romero and Wingfield 1999, Romero 2002, Angelier et al. 2010).  Long 

and Holberton (2004), however, contend that the Migration Modulation Hypothesis is supported 

by their data (Long and Holberton 2004).  There have clearly been several contradictory 

conclusions regarding the stress response of Fall-migrating passerines in the past, which we 

hoped to clarify with this study. 

We used migratory passerines with a similar life-history to those used in Holberton et al. 

(1996).  Individuals were sampled during their active migration period (August 1-September 30).  

However, since both species are also locally occurring, we may have sampled a few local, pre-

migratory individuals.  Despite this, we found a consistently significant stress response 

throughout the sampling period, that is to say we were able to detect a change in CORT 

between baseline and subsequent sampling periods in all individuals that were sampled twice 

(Fig. 2.4 & 2.5).  Pre-migratory individuals would presumably be at the end of their pre-basic 

moult; previous research, however, suggests that individuals undergoing pre-basic moult have a 

suppressed stress response and low baseline CORT level (Breuner et al. 1999).  Therefore 

since we documented robust stress responses it is unlikely that moult status of sampled birds 

was a significant confound in our study. 

Our data also showed that there was a significant difference between CORT levels at 

baseline and at subsequent sampling periods (Fig. 2.5).  Data reported by Holberton et al. 

(1996) showed that baseline CORT levels were elevated in response to a standard capture 

stress protocol and did not change significantly over the entire 60-minute sampling period.  

Migration may not have been the reason for high baseline values of CORT in Holberton et al. 

(1996).  We can note that the baseline levels for pre-migratory gray cat bird reported in 

Holberton et al. (1996) are already much higher than baseline plasma CORT level reported by 

other studies of similar species, such as American Robin (Holberton et al. 1996, Falsone et al. 

2009, Raja-aho et al. 2010).  The high “baseline” CORT concentrations reported in Holberton et 
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al. (1996) and Long and Holberton (2004) could be due to methodological inconsistences or 

annual variation in CORT due to sampling in two separate years, in the later study (Holberton et 

al. 1996, Long and Holberton 2004).  Long and Holberton (2004) describe their baseline 

sampling as being within 5 minutes of capture, however Angelier et al. (2010) state that baseline 

must be collected within 3 minutes of capture (Long and Holberton 2004, Angelier et al. 2010).  

As we know plasma CORT concentration can change rapidly, so this 2-minute delay could be 

critical.  This conclusion is also supported by the large variation in “baseline” CORT 

concentration observed, up to an order of magnitude.  Also, data for Long and Holberton (2004) 

were collected over several years and pooled for analysis and as we have seen in the current 

study, annual variation in stress-induced CORT concentration is possible (Long and Holberton 

2004).  However, given that individual variation in circulating baseline hormones is possible and 

these observations were made in different species, this explanation is not conclusive. 

2.4.2. Timing of stress-induced CORT sampling 

Our results also suggest that peak plasma CORT concentration occurs closer to 10 or 

20 minutes after initial onset of a stressor in small-bodied migratory passerines, rather than at 

30 minute post-stress as has been historically assumed and has been used as the standard 

when comparing patterns of annual variation in species (Wingfield et al. 1995, Romero et al. 

1997, Holberton 1999, Landys et al. 2004) or variation of individuals during a single sampling 

period (Holberton and Able 2000, Cockrem et al. 2009, Done et al. 2011).  Indeed, our data 

suggest that plasma CORT levels are already declining after 30 minutes of handling for these 

small passerines.  Many studies may therefore be underestimating or missing the peak of the 

stress response.  Many studies investigating CORT seem to come to strong but ostensibly 

contradictory conclusions, such as Holberton et al. (1996), which put forward the Migration-

Modulation Hypothesis, compared to Romero (2002), which predicted very different annual 

patterns of variation in CORT concentration (Holberton et al. 1996, Romero 2002).  It seems 

that there is indeed potential for using plasma CORT concentration as a method of quantifying a 

response to a stressor, but it seems easily confounded by other variables if not measured 

carefully. 

2.4.3. Sex differences in CORT 

Baseline corticosterone levels and response to stress in migratory passerines has 

previously been reported not to vary between sexes during non-breeding periods (Marra and 
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Holberton 1998), we also did not detect a difference between sexes, therefore data from both 

sexes was pooled.  Some studies have previously reported differences between male and 

female baseline CORT level (Meddle et al. 2003), as well as differences in “stress response” 

(O'Reilly and Wingfield 2003, Jenni-Eiermann et al. 2008).  However, these studies focus 

primarily on the breeding season, where the sexual differences are thought to be a factor of 

differential parental investment, such as number of feeding trips or time incubating.  Most 

studies of Fall migration do not detect a difference between males and females in baseline 

CORT or “stress response.”  Indeed, O’Reilly and Wingfield (2003) found that the sex difference 

in CORT they detected during the breeding or “incubation” period was no longer there during 

the “pre-migratory” period (O'Reilly and Wingfield 2003).  In almost all cases data from males 

and females are not significantly different, therefore they are pooled to increase statistical power 

(Holberton and Able 2000, Raja-aho et al. 2010, Verboven et al. 2010). 

2.4.4. CORT as a measure of condition 

Given that we have seen some consistent effects on stress-induced CORT 

concentration, we may be able to use CORT and the pattern of “stress response” as a good 

indicator of overall condition.  That is to say, can we use CORT to interpret the affect another 

variable may have on an individual, such as a traumatic natural event or exposure to pollutants, 

i.e. “environmental stress”?  Many previous studies have attempted to establish this link, such 

as Raja-aho et al. (2010), who correlated body size and fat score to “stress response” in 

migrating barn swallows; or Holberton and Able (2000), who correlated higher CORT levels 30 

minutes after stressor to over-wintering latitude, attempting to show a relationship between 

“stress response” and environmental condition (Holberton and Able 2000, Long and Holberton 

2004, Raja-aho et al. 2010).  However, these studies fail to establish a relationship between 

baseline CORT and stress-induced levels.  Furthermore, it has been shown by Cockrem and 

Silverin (2002) and others that the relationship between baseline CORT and stress-induced 

levels can be highly variable between individuals, but is repeatable within the same individual 

(Cockrem and Silverin 2002, Cockrem et al. 2009).  Our data fail to detect any relationship 

between baseline CORT and stress-induced levels as well, therefore without considering 

additional variables, we currently suggest that plasma CORT concentration at a single time 

period, either at baseline or stress-induced, cannot adequately describe individual or 

environmental condition. 
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2.4.5. Annual variation in CORT 

We did detect an effect of year and Julian Day on stress-induced CORT levels in our 

study.  Especially at the 10-minute interval, we saw a significant increase in CORT 

concentration with respect to Julian Day.  This pattern of annual variation is consistent with 

previous studies, including Holberton et al. (1996) and Raja-aho et al. (2010), as well as 

patterns in plasma metabolites in our own work (Holberton et al. 1996, Raja-aho et al. 2010, 

Wagner et al. 2011).  This result is thought to be due to the changing environment throughout 

the migration season (Holberton and Able 2000, Heise and Moore 2003).  The difference in 

average stress-induced CORT levels between years is supportive of its use as an 

environmental monitoring tool, given that there is potentially great annual variability in habitat 

quality in anthropogenically impacted sites such as Revelstoke Reach.  However, CORT has 

most effectively been used in situations of “extreme” environmental change, which we do not 

think is the case with the annual variation in water levels in Arrow Lakes Reservoir (Romero and 

Wikelski 2002, Wikelski et al. 2002, Romero 2004). 

If a pattern of migratory passerine CORT concentration or stress response can be 

developed and shown to be consistent among passerine species, then plasma CORT sampling 

could be a viable and potentially powerful technique for assessing various conservation or 

environmental assessment efforts (Romero and Wikelski 2002, Wikelski et al. 2002, Walker et 

al. 2005, Cooke and O'Connor 2010).  The ability to evaluate restoration programs immediately 

upon completion, or while underway is an area where demographic sampling is limited could be 

a particularly useful venue for using physiology to evaluate project success.  Conservation 

physiology using CORT is a very attractive concept, and has been shown to be useful in a 

number of different studies (Wikelski and Cooke 2006).  However, focusing so much effort on 

CORT may lead to other potentially useful physiological measures being neglected, such as 

plasma metabolites (triglyceride, glycerol, B-OH).  
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2.6. Figures 

Figure 2.1  Study site 
Machete Island, Revelstoke Reach, Arrow Lakes Reservoir. 
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Figure 2.2  Annual water level 
Water level (m) of Revelstoke Reach drawdown zone over the year (2008-2010).  Sampling period for Fall migration 

indicated. 

 

Julian Day

0 100 200 300

W
at

er
 L

ev
el

 (m
)

428

430

432

434

436

438

440

442
2008
2009
2010

Sampling Period

!



 

 23 

Figure 2.3  Sampling period water level 
Water level (m) of Revelstoke Reach drawdown zone during the sampling period (2008-2010).  Elevation of nets in 

sampling area indicated. 
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Figure 2.4  Baseline CORT 
Baseline (<3 minute) corticosterone concentration is not significantly related to body mass (A), julian day (B), or time 

of day (C).
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Figure 2.5  Stress response curve 
Variation in baseline (<3 minute) and stress-induced (10, 20 and 30 minute) plasma corticosterone in Common 

Yellowthroat (2008 and 2009) and Yellow warbler in relation to time after capture. 
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Figure 2.6  Variation in stress-induced CORT 
Individual variation in baseline (<3 minute) and stress-induced (10, 20 and 30 minute) plasma corticosterone.
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Figure 2.7  Annual change and max CORT 
Change in corticosterone concentration (A,B) and stress-induced corticosterone concentration (C,D) increased 

significantly after both 10 minutes (P < 0.01) and 30 minutes (P < 0.05) throughout the Fall migration season. 
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3. Article 2 – The Effect of Changing Water Levels at 
a Migratory Stopover Site on the Plasma 
Metabolites of Neotropical Passerines 

3.1. Introduction 

The conservation of Neotropical migratory songbird species has been an issue of 

growing interest for several years because of the acknowledgement of the connection between 

environmental quality and bird populations.  Tropical overwintering habitat of Neotropical 

migrants in Central America has been deforested at a rate of 0.5-1.5% per year (Ball 2006), and 

has been associated with a decline in several avian species that breed in North American 

(Robbins et al. 1989).  In many cases, non-migratory resident species maintain more stable 

populations, while migrants that use the same habitat for over-wintering or breeding are in 

decline (Askins et al. 1990).  Migratory species have been of particular interest, because while 

migration takes a relatively short amount of time, it requires the individuals to cope with a wide 

variety of environments, and can have significant carry-over effects to other life-history stages 

(Alerstam and Hedenström 1998, Norris 2005).  Due to their long-distance travel during 

migration, some passerines face unique challenges during this life-history stage stemming from 

high energetic requirements that lead individuals to stop frequently for refuelling (Wikelski et al. 

2003, McWilliams et al. 2004).  The same challenges faced by these migratory species make 

their study difficult, including variation in timing of migration and differential use of resources 

(Yong et al. 1998, Petit 2000, Faaborg et al. 2010a, b). 

Additional literature on the conservation of migratory species suggests that while much 

has been done to protect wintering and breeding habitats of migratory bird species, 

comparatively little has been done to maintain habitat used during migration, that is to say, 

stopover sites (Martin et al. 2007).  Several recent reviews have suggested that conservation or 

management plans for migratory species require a greater understanding of how these species 

use stopover habitats, as well as how the properties of these habitats affect the day-to-day 

condition of the individual and thereby the overall chances of completing migration (Martin et al. 
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2007, Carlisle et al. 2009, Faaborg et al. 2010a, b).  Each stopover habitat has a unique 

assemblage of resident species and potential food resources that are likely different from those 

found in over-wintering or breeding habitats.  Indeed, some passerine species have been shown 

to use a wider variety of habitats and food sources during migration than at either over-wintering 

or breeding grounds (Rodewald et al. 2007). 

While migratory passerines can travel huge distances between over-wintering and 

breeding grounds, they primarily travel along rivers and lake edges, mostly using the various 

riparian habitats as stopover sites (Finch and Yong 2000, Buler et al. 2007, Rodewald et al. 

2007).  The conservation of riparian habitat has been of interest for some time due to its relative 

rarity and highly productive environment, and has often focused on diverse resident avifauna 

(Knopf et al. 1988, Knopf and Samson 1994, Dickson et al. 2009).  Despite various conservation 

efforts riparian habitat continues to decline due to agricultural and commercial development 

(Poff et al. 1997, Dobkin et al. 1998).  This decline in riparian habitat abundance is presumed to 

negatively influence migratory bird populations that use these habitats as critical stopover sites 

(Moore and Simons 1992, Moore 2000).  Indeed, it has been proposed that preservation of 

stopover riparian habitat is crucial to the conservation of migratory songbirds (Hedenström and 

Alerstam 1998, Petit 2000, Skagen et al. 2005, Martin et al. 2007, Carlisle et al. 2009). 

Major contributors to changes and declines in riparian habitat, particularly in North 

America’s Pacific Northwest, are hydroelectric instillations.  The Columbia River Basin in British 

Columbia, Canada in particular has lost more than 87% of its original riparian habitat due to 

hydroelectric operations (Moody et al. 2007, Utzig and Schmidt 2011).  Several recent studies 

have attempted to investigate the impact these dams have on local and migrant avifauna using 

the riparian habitats in the drawdown zones (Cooper 2009, Green et al. 2011, Quinlan and 

Green 2012).  Specifically, investigators have been interested in how fluctuating water levels 

may impact riparian habitats. Dams impact stopover sites indirectly through their operation, that 

is to say, by the raising and lowing of water level in the reservoir and drawdown zone.  Partial 

flooding or desiccation of a single stopover site in these areas is common, and water levels can 

vary throughout the migration season, as well as from year to year (Utzig and Schmidt 2011). 

The quality of habitats as migratory stopover sites is important because migration has 

potential carry-over effects into later life-history stages that can be very difficult to quantify once 

an individual has left for the next leg of the migration (Sheehy et al. 2010).  Habitat selection by 

migrant bird species was recently investigated by Packett and Dunning (2009); where the 
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authors suggested that the most important local characteristic for migrants was food availability 

(Packett and Dunning 2009).  Food quality and abundance are thought to be reflected in 

resident species, which can be easily assessed using physiological measures (Smith et al. 

2007, Smith and McWilliams 2009).  Indeed, Ktitorov et al. (2008) have suggested that the 

availability of suitable riparian habitat significantly impacts the mass gained at a stopover for 

some European passerines, where a reduction in habitat cover below 10% in riparian stopover 

habitat correlates negatively to change in mass (Ktitorov et al. 2008).  The refuelling rates at 

various migratory stopover sites are therefore thought to be one of the key factors associated 

with migratory success.  Since a variety of different food resources are used by different 

migratory bird species, several different habitat types need to be available.  That is to say, 

individual migrant species tend to favour habitats and resources common to their breeding and 

overwintering sites rather than the resources that might be most abundant at a given stopover 

site (Petit 2000), with riparian and wetland habitats being especially important for Neotropical 

migrants (MacDade et al. 2011). 

A common method for assessing “condition” of migratory birds has been a measure of 

mass gain over time.  One method involves catching individuals on two separate occasions to 

measure any change in mass (Moore and Kerlinger 1987, Winker et al. 1992).  Additionally, 

investigators have used an estimate of daily mass change, calculated using a regression of 

body mass of first-capture birds and time of day, attempting to assess stopover site quality 

(Dunn 2000, 2002, Ktitorov et al. 2008, Seewagen and Slayton 2008, Green et al. 2011).  It is 

suggested that animal physiology is a reflection of habitat quality (Williams et al. 2007, Homyack 

2010).  However, given the potential confounding behavioural effects of capturing an animal 

twice and the fact that the population of a migrant at a particular stopover site may change 

significantly from day-to-day during the course of a migration season (Jenni-Eiermann and Jenni 

1994, Seewagen et al. 2010), understanding the physiology of individuals using specific 

stopover sites, might be able to provide additional insights beyond those usually derived from 

morphometric or demographic methodologies used previously (Sillett and Holmes 2002).  

Indeed, measurements of mass gain may not be a sensitive enough reflection of condition to 

detect biological effects of interest, e.g. Green et al. (2011) was unable to detect an effect of 

water level on migratory birds using estimated mass change (Green et al. 2011).  Several 

different physiological methodologies for assessing “condition” have been investigated over the 

past few decades (Jenni-Eiermann and Jenni 1994, Williams et al. 1999, Faaborg et al. 2010b), 

including the relationship between energetics and immune function (Owen and Moore 2008). 
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Another physiological approach that has been useful in studying migratory species is the 

measurement of plasma metabolites, such as triglyceride, glycerol, and β-OH butyrate.  

Triglyceride is a measure of fat deposition, and has been used in a number of studies as a 

measure of fattening rate in migratory passerines (Guglielmo et al. 2005, Seaman et al. 2005, 

Cerasale and Guglielmo 2006).  Significant differences in several plasma metabolites, including 

triglyceride, glycerol, and β-OH butyrate, were detected in several species of small songbirds 

when they were subjected to different energetic conditions (Jenni-Eiermann and Jenni 1991).  

Furthermore, these plasma metabolites have been shown to be sensitive to the different life-

history stages of avian species when feeding and fasting, such as during post-breeding, 

moulting, and migration (Jenni and Jenni-Eiermann 1996, Jenni-Eiermann and Jenni 1996).  

Furthermore, the pattern of plasma metabolite concentrations, specifically triglyceride, has been 

shown to change with changing latitude in Western Sandpiper, Calidris mauri, a migratory 

shorebird (Williams et al. 2007). 

Residual plasma triglyceride (controlling for mass and other covariates) has been 

especially useful for studies of migratory birds, as it has been correlated to mass change in 

birds, as well as differences in sampling site (Jenni-Eiermann and Jenni 1994, Seaman et al. 

2006).  For example, Anteau and Afton (2008) demonstrated a clear connection between 

decreasing mass and β-OH butyrate concentration, and increasing mass and triglyceride 

concentration in the blood of the small-bodied water bird, Lesser Scaup, Aythya affinis (Anteau 

and Afton 2008).  Additionally, Guglielmo et al. (2005) find significant differences in plasma 

triglyceride concentration in three different species when sampled at two different sites that 

were independently assessed for habitat quality using previous regression analyses of mass 

change (Guglielmo et al. 2005). 

Here we use plasma metabolite analysis to estimate variation in fattening rate in relation 

to variable water levels in Neotropical migratory songbirds at a dam-impacted stopover site in 

Revelstoke, BC.  Four different species of migratory passerine were sampled (Yellow Warblers, 

Setophaga petechia; Common Yellowthroat, Geothlypis trichas; Wilson's Warbler, Wilsonia 

pusilla; Orange-crowned Warbler, Vermivora celata).  The goals of this study were; 1) to 

determine if there is inter-annual variation in estimated fattening rate and if this variation is 

correlated to water level, 2) to investigate any potential species differences in estimated 

fattening rate at a dam-impacted stopover site; 3) to investigate any intra-species differences, 

for example, a difference in physiology between the sexes; 4) to quantify the change in 

refuelling rate, reflected by estimated fattening rate, as it related to time of day and time of year; 
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5) and finally, to determine if and how water level in the dam drawdown zone impacted the 

estimated fattening rate of migrants. 

The relationship between water levels and fattening rate around the Arrow Lakes 

Reservoir is likely complex.  For example, higher water levels could cause there to be less 

riparian habitat available to migrants, concentrating them in a smaller area.  A decrease in 

available habitat could have an associated decrease in food availability, which may further 

increase competition between individuals, lowering individual fattening rate, or rate of mass gain 

as predicted by Green et al. (2011) (Green et al. 2011).  Alternatively, high water levels, 

particularly early or just prior to the migration season, may increase plant growth and insect 

productivity in riparian habitat, which would increase the fattening rate of migrants.  By 

investigating multiple metabolic measures we hope to gain a more complete understanding of 

the migratory ecology of passerines and how they may be affected by hydroelectric operations 

at stopover sites. 

3.2. Methods 

3.2.1. Model species and study site 

Field work for this study was conducted at Columbia River-Revelstoke Migration 

Monitoring Station on Machete Island, ~2km south of Revelstoke, British Columbia, Canada 

(50°58'13.29"N; 118°11'56.14"W) from July 15 to September 30 in 2008, 2009, and 2010 (Fig. 

2.1).  Machete Island is a semi-wooded riparian habitat of about 30 ha, located in the drawdown 

zone of Arrow Lakes Reservoir. Machete Island is composed of deciduous forest, dominated by 

cottonwood (Populus sp.) with a diverse understory surrounded by willow scrub (Green et al. 

2011).  The drawdown zone of Arrow Lakes Reservoir undergoes annual fluctuation in water 

level due to dam operations at BC Hydro’s upstream Revelstoke and Mica Dams and 

downstream Keenleyside Dam.  The site is partially above peak water level, or full pool (440.1m 

asl), but does experience flooding in riparian habitat when water levels rise above ~438.5m asl, 

as it did in 2008 (Fig. 2.2 & 2.3).  Lowest water levels tend to occur in late winter/early spring, 

and then rise with snowmelt in May.  Full pool, if reached, usually occurs in early summer 

followed by a gradual decline in water level throughout the late summer and fall (Fig. 2.2).  

Common Yellowthroat (Geothlypis trichas), Yellow Warbler  (Setophaga petechia), Orange-

crowned Warbler (Vermivora celata), and Wilson’s Warbler (Wilsonia pusilla) are small neo-
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tropical migratory passerines that breed in western Canada and Alaska and over-winter in 

Mexico and Central America.  These species forage primarily in shrubs and understory trees 

and may be impacted most by changing water levels (Green et al. 2011).  Fall migration for 

these species begins around mid-July. 

3.2.2. Capture and bleeding method 

We captured and blood sampled 107 Common Yellowthroat (COYE), 76 Yellow Warbler 

(YWAR), 62 Orange-crowned Warbler (OCWA), and 51 Wilson’s Warbler (WIWA) in 2008; 165 

COYE, 87 YWAR, 102 OCWA, and 43 WIWA in 2009; and 74 COYE, 56 YWAR, 50 OCWA, 

and 71 WIWA in 2010 to measure the concentration of the plasma metabolites glycerol, 

triglyceride, and β–OH butyrate.  Captured birds were released at the banding station. 

All birds were captured using passive mist netting (Angelier et al. 2010).  Fourteen mist 

nets were used for 6 hours a day, starting 30 minutes before dawn.  The mist nets used for 

plasma metabolite sampling were the same as the “migration monitoring” mist nets and were 

part of the Migration Station net check route.  Nets were opened every day, weather permitting, 

with a total of 56 days between July 15th and September 30th in 2008, and 60 & 39 days for the 

same period in 2009 and 2010, respectively.  Mist nets were checked every 30 minutes, and all 

birds were extracted.  All birds were placed in cloth bags and returned to the banding station for 

processing. Target birds were separated from other captures and blood sampled from the left 

brachial artery with a 26.5 gauge needle and blood was collected into heparinized micro-

capillary tubes (50-100µL) using established techniques (Walker et al. 2005, Arnold et al. 2008, 

Sheldon et al. 2008, Voss et al. 2010). All birds were sampled within 30 minutes of extraction.  

After bleeding was complete, birds were banded with aluminum USFW bands, age and sex 

identified (Pyle 1997), morphometrics recorded (body mass, tarsus length, wing cord length, fat 

score, moult), then released at the banding station.  Blood sampled birds were given priority in 

banding queue in order to minimize handling time.  Collected blood was immediately placed into 

a cooler with ice.  These methods were the same for both sexes and all species, and were 

repeated over all years of the study. 

3.2.3. Plasma metabolite assays 

Blood samples were stored at 4ºC for up to 2 hours before being centrifuged for 6 

minutes at 10,000g.  Plasma was collected and stored at -20ºC until assayed.  Plasma samples 

were diluted 1:2 with ddH2O in order to increase plasma volume available for assay 
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(concentrations of assayed metabolites diluted linearly).  Serum Triglyceride Determination Kit 

(TR0100) from Sigma-Aldrich was used to determine the concentration of free glycerol and 

triglyceride in plasma (Williams et al. 1999, Guglielmo et al. 2002, Anteau and Afton 2008).  

Following the kit protocol, 5µL of diluted plasma was pipetted into each well of a 96-well plate, 

followed by 240µL of the Free Glycerol Reagent.  Plates were then shaken for 30 seconds and 

incubated for 10 minutes at 37°C.  After reading the plate in the plate reader (Bio-Tek® 

PowerWave 340) to determine Free Glycerol, 60µL of the Triglyceride Reagent was added, 

followed by an additional 30-second shake and 10 minute incubation at 37°C.  This yielded an 

absorbance value for Total Glycerol.  Triglyceride was estimated as (total glycerol – free 

glycerol).  All assays were run in triplicate across all three years.  Intra-year coefficient of 

variation for 2008 was 4.1% (n=13), 2009 was 6.8% (n=15), and 2010 was 5.2% (n=7).  Inter-

year coefficient of variation for triglyceride assays was 6.7% across all three years.  In order to 

compare triglyceride values across years for analysis, we used blanked absorbance values 

standardized to the slope of the 2010 standard curve relating absorbance to concentration. 

A D-3-Hydroxybutyric Acid kit (K-HDBA), a β-OH butyrate assay kit, from Megazyme 

was used to determine the concentration of β-OH butyrate in plasma (Williams et al. 1999, 

Anteau and Afton 2008).  Following the kit protocol, 10µL of diluted plasma was pipetted into a 

96-well plate with 272µL working solution (ddH2O, TEA buffer, NAD+/INT, Diaphorase 

suspension) read for 2 minutes, and a baseline reading was acquired.  After adding 2µL of the 

active reagent (3-Hydroxybutyrate dehydrogenase suspension), subsequent readings were 

taken every 30 seconds for 30 minutes.  The second value used to determine rate of change in 

β-OH butyrate was taken at 15 minutes after addition of reagent for all samples.  All assays 

were run in triplicate.  Intra-year coefficient of variation for 2008 was 12.2% (n=9), 2009 was 

15.8% (n=4), and 2010 was 5.2% (n=11).  Inter-year coefficient of variation for β-OH butyrate 

assays was 5.8% across all three years (there was no evidence of systematic bias among years 

for glycerol and β-OH butyrate so we analyzed uncorrected values). 

3.2.4. Statistical analyses 

Statistical analyses were all performed in SAS statistical software (v. 9.2; SAS Institute).   

In general, we analyzed species separately treating each species as an independent test of 

each hypothesis, due to concerns about comparing among species (Smith and McWilliams 

2010).  We first tested for differences in residual triglyceride concentration between age and sex 

classes within each species, controlling for year as a main effect and mass, bleed time, and 
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Julian date as covariates (that were known to be significant from previous studies (Guglielmo et 

al. 2005, Seaman et al. 2006, Williams et al. 2007)).  Based on these analyses (see Results) we 

pooled all age and sex classes for subsequent analysis.  Secondly, we conducted a series of 

univariate analyses to investigate, or confirm, relationships between plasma triglyceride, i.e. 

estimated fattening rate, and body mass, handling time, time of day and Julian date for each 

species and year separately.  Thirdly, we conducted a multivariate analysis (proc GLM) with 

plasma triglyceride as the dependent variable year as a main effect and body mass, handling 

time, time of day and Julian date as covariates, for each species separately.  Since glycerol and 

β-OH butyrate are measures of fasting, not fattening, we did not expect these metabolites to 

provide signals of fattening rate in migratory birds (Guglielmo et al. 2002, Guglielmo et al. 2005, 

Landys et al. 2005, Seaman et al. 2006, Williams et al. 2007).  Consequently, we did not 

conduct separate univariate analyses for these metabolites; we only conducted multivariate 

analysis (proc GLM) with plasma glycerol or β-OH butyrate as the dependent variable year as a 

main effect and body mass, handling time, time of day and Julian date as covariates (again for 

each species separately).  Values are expressed as (x LSMEAN ± 2se) unless otherwise noted.  

Given values for triglyceride, glycerol, and β-OH butyrate concentration are residual log values 

(+1) corrected for mass unless otherwise noted. 

3.3. Results 

3.3.1. Annual variation in water levels 

Water levels were highest early in the migration/banding period in all three years (Fig. 

2.2).  Water levels were highest, most similar, and above net-elevation early in the season in 

2008 and 2010, and were lowest early in the season, and below net level in 2009.  In contrast, 

towards the end of the migratory period water levels were lowest and most similar in 2009 and 

2010, and were highest late in the season in 2008 (Fig. 2.2). 

3.3.2. Effect of age and sex on plasma metabolite levels 

There was no significant effect of age, sex, or age*sex interaction for plasma triglyceride 

(P > 0.09 in all cases) or glycerol (P > 0.06 in all cases) in any species (including year as a main 

effect and body mass and handling time as covariates).  Similarly, β-OH butyrate was 

independent of age, sex and age*sex in OCWA, WIWA and YWAR (P > 0.30 in all cases).  

There was an age*sex interaction for plasma β-OH butyrate in COYE (F 1,157 = 4.42, P = 0.037; 
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Table 2.1) but no pair-wise contrasts of age and sex were significant with Bonferroni correction 

(P > 0.07 in all cases).  We therefore pooled data by age and sex, and included all individuals of 

unknown age and sex, in all subsequent analyses. 

3.3.3. Variation in body mass 

We knew a priori that there were species differences in body mass so we analyzed 

annual variation in body mass for each species separately.  There was a significant effect of 

year on body mass in WIWA (F 2,148 = 3.78, P = 0.025) and YWAR (F 2,189 = 3.81, P = 0.024), 

although the patterns differed in the two species. In WIWA birds were heavier (P < 0.01) in 2008 

(7.82 ± 0.14 g) compared to 2009 (7.55 ± 0.16 g) and 2010 (7.65 ± 0.11 g).  In YWAR birds 

were lighter in 2010 (9.08 ± 0.14 g) compared to 2008 (9.36 ± 0.13 g) and 2009 (9.25 ± 0.12 g).  

In contrast, mean body mass did not differ among years in COYE (F 2, 273 = 1.28, P > 0.25; mean 

10.11 ± 0.13 g) or OCWA (F 2, 189 = 0.27, P > 0.70; mean, 8.93 ± 0.14 g). 

Body mass increased with time of day in OCWA, WIWA and YWAR (P < 0.025 in all 

cases) but not in COYE (P > 0.05; controlling for handling time). Body mass increased with 

Julian date in OCWA (F 1, 187 = 15.70, P < 0.0001) and WIWA (F 1, 147 = 8.02, P < 0.01), but not 

in COYE or YWAR (P > 0.05 in both cases).  Additionally, there was no effect of year or a 

time*year interaction for any species (P > 0.14 in all cases) and time of day only explained 

5.0%, 15% and 5% of the total variation in body mass in OCWA, WIWA and YWAR 

respectively.  There was no effect of year or a Julian date*year interaction for OCWA, WIWA 

and YWAR (P > 0.20). In COYE there was a significant Julian date*year interaction (F 1, 269 = 

4.49, P < 0.05): mass varied with date in 2008 (F 1, 94 = 8.02, P < 0.01) but not 2009 or 2010 (P 

> 0.20). 

3.3.4. Variation in handling time after extraction from mist nets 

Mean handling time, between extraction from the nest and blood sampling was 21.6 ± 

10.7 minutes (n = 838, 5% and 95% quantiles, 7.0 – 41.0 minutes).  We compared all species in 

a single model as there was no a priori reason to predict species or year differences in handling 

time give our standardized mist-netting protocol.  There was no significant year*species 

interaction for handling time after extraction (F 6,837 = 1.82, P = 0.09), but there was an effect of 

year (F 2,837 = 22.40, P < 0.0001) and species (F 3,837 = 4.16, P < 0.01).  We therefore analyzed 

each species separately and handling time varied among years for COYE (F 2,288 = 10.00, P < 
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0.0001), WIWA (F 2,153 = 11.80, P < 0.0001), and YWAR (F 2,196 = 11.61, P < 0.0001), but not 

OCWA (F 2,197 = 0.72, P > 0.49). 

Given this significant variation in handling time among years in 3 of 4 species, we tested 

for an effect of handling time after extraction on triglyceride concentration for each species 

separately.  There is a significant handling time*year interaction for triglyceride concentration in 

COYE (F 2,269 = 3.12, P = 0.046), but not for OCWA (F 2,187 = 0.76, P > 0.47), WIWA (F 2,147 = 

0.91, P > 0.40), or YWAR (F 2,186 = 0.23, P > 0.79).  Further exploring the interaction for COYE 

by year, there was a marginally significant effect of handling time on plasma triglyceride levels in 

2010 (F 1,69 = 3.69, P = 0.059) but not in 2008 or 2009 (P > 0.15 in both cases). 

3.3.5. Variation in time of day of capture 

Time of day of capture was estimated relative to time after sunrise: on average, birds 

were caught 2.32 ± 1.61 hours after sunrise (n = 838, 5% and 95% quantiles, 0 – 5.0 hours).  

There was no significant year*species interaction with respect to time of capture (F 6,846 = 0.29, 

P > 0.94), but there was a significant effect of year (F 2,846 = 7.94, P < 0.001) and species (F 2,846 

= 2.93, P < 0.05).  Birds were caught slightly earlier in 2009 (2.05 ± 0.09 hours after sunrise) 

compared to 2008 (2.61 ± 0.10 hours, P < 0.001) and 2010 (2.30 ± 0.10 hours, P < 0.05).  

Comparing among species OCWA and WIWA were caught earlier in the day, on average, than 

COYE and YWAR (P < 0.05).  Considering annual variation in time of day of capture separately 

for each species, there was a significant effect of year for COYE (F 2,292 = 3.03, P < 0.05) and 

OCWA (F 2,199 = 3.57, P < 0.05), with a significant decrease from 2008 to 2009 (P < 0.05) in 

both species; but not for WIWA (F 2,154 = 1.34, P > 0.26) and YWAR (F 2,198 = 1.65, P > 0.19). 

The effect of time of day on plasma triglyceride was analyzed for each species 

separately, correcting for mass and handling time.  The time of capture*year interaction was 

significant for COYE (F 2,269 = 3.25, P < 0.05) and YWAR (F 2,186 = 4.52, P < 0.05), but not for 

OCWA (F 2,187 = 0.16, P > 0.85) or WIWA (F 2,147 = 0.63, P > 0.53).  I.e. the relationship between 

plasma triglyceride levels and time of day varied among years for COYE and YWAR but not for 

OCWA or WIWA.  For COYE, plasma triglyceride levels increased with time of day in each year 

(P < 0.01 in all cases) and the slope of this relationship was highest in 2009 (b = 0.069 ± 0.012), 

lowest in 2008 (b = 0.032 ±0.009) and intermediate in 2010 (b = 0.045 ± 0.016; Fig. 3.1a).  For 

YWAR plasma triglyceride levels increased with time of day in each year (P < 0.05 in all cases) 

and the slope of this relationship was also highest in 2009 (b = 0.091 ± 0.014), but was lowest in 
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2010 (b = 0.032 ± 0.014) and intermediate in 2008 (b = 0.059 ± 0.012; Fig. 3.1b).  Plasma 

triglyceride levels increased with time of day, pooling data for all years, in OCWA (b = 0.088 ± 

0.008, P < 0.001; Fig. 3.1c) and WIWA (b = 0.054 ± 0.007, P < 0.001, Fig. 3.1d). 

3.3.6. Variation in capture date 

Not surprisingly, given the differences in migration schedule among species, there was a 

significant year*species interaction for capture date (F 6,847 = 4.09, P < 0.001) as well as effects 

of year (F 2,847 = 3.32, P < 0.05) and species (F 3,847 = 133.24, P < 0.0001).  On average birds of 

all species were caught slightly earlier in 2008 and 2009 compared with 2010 (P < 0.05 in both 

cases) but only by 3.6 days and 2.8 days, respectively (Table 2.3).  Mean capture date, overall 

years, was 7 August for YWAR, 23 August for COYE and 6 September for both OCWA and 

WIWA.  

Considering each species separately, capture date varied by year for COYE (F 2,292 = 

6.09, P < 0.01) being earliest in 2008 and latest in 2010. In both YWAR (F 2,199 = 4.39, P < 0.05) 

and WIWA  (F 2,154 = 6.30, P < 0.01) capture date also varied with year but was later on average 

in 2009 in YWAR and earlier in 2009 in WIWA (Table 2.3). Finally, in OCWA there was no 

difference in mean capture data among years (F 2,199 = 1.25, P > 0.28). 

Given the significant variation in capture date by year and species, the analysis for 

variation in estimated fattening rate with respect to capture date was done for each species 

separately, correcting for mass and handling time.  The capture date*year interaction for plasma 

triglyceride was not significant for any species (P > 0.37 in all cases), however, residual plasma 

triglyceride increased with capture date in COYE (F 1,269 = 29.66, P < 0.001; Fig. 3.2a), OCWA 

(F 1,187 = 17.68, P < 0.001; Fig. 3.2c) and WIWA (F 1,147 = 8.33, P < 0.01; Fig. 3.2d).  The effect 

of date on plasma triglyceride was only marginally significant in YWAR (F 1,186 = 3.76, P = 0.054; 

Fig. 3.2b). 

3.3.7. Annual variation in estimated fattening rate (residual plasma 
triglyceride), plasma glycerol and plasma β-OH butyrate 

Estimated fattening rate (residual plasma triglyceride) was independent of year in COYE 

(F 2,269 = 2.17, P > 0.10), OCWA (F 2,187 = 0.42, P > 0.60) and WIWA (F 2,147 = 1.78, P > 0.15; 

controlling for mass, handling time, time of day and Julian date).  In YWAR there was a 

marginally significant effect of year (F 2,186 = 2.86, P = 0.06; Table 2.2):  residual plasma 
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triglyceride was lower in 2008 compared with 2009 (P = 0.038) and 2010 (P = 0.051; Fig. 3.3).  

Estimated fattening rate did vary among species: in a full model there was a highly significant 

effect of species  (F 3,792 = 16.61, P < 0.001) but no effect of year (P > 0.08) or year*species 

interaction (P > 0.20).  WIWA had higher fattening rates than all other species in each of the 

three years (P < 0.026 in all cases) with no significant differences among the other three 

species (Fig. 3.3).  Results for covariates in these full models confirmed those from the 

univariate analyses of plasma triglyceride levels (Table 2.3). 

Plasma glycerol levels varied significantly among years in all four species: COYE (F 2,264 

= 102.5, P < 0.001), OCWA (F 2,181 = 70.03, P < 0.001), WIWA (F 2,145 = 54.53, P < 0.001) and 

YWAR (F 2,183 = 103.4, P < 0.001; Table 2.2; Fig. 3.4).  In COYE, OCWA and WIWA plasma 

glycerol levels were lower in 2008 compared with both 2009 and 2010 (P < 0.001) with no 

difference between 2009 and 2010 (P > 0.30).  In YWAR, plasma glycerol was lowest in 2008 

intermediate in 2009 and highest in 2010 (all pair-wise contrasts, P < 0.05).  Handling time, time 

of day and Julian date were the only significant covariates in the full models, and only for YWAR 

(Table 2.2).  Plasma glycerol varied among species: in a full model there was a highly significant 

effect of species  (F 3,792 = 16.61, P < 0.001) and year (P > 0.08) but no year*species interaction 

(P > 0.20).  COYE had higher plasma glycerol than all other species (P < 0.026 in all cases) 

with no significant differences among the other three species (Fig. 3.4). 

Plasma β-OH butyrate levels varied significantly among years in all four species:  COYE 

(F 2,183 = 27.9, P < 0.001), OCWA (F 2,135 = 25.7, P < 0.001), WIWA (F 2,115 = 12. 9, P < 0.001) 

and YWAR (F 2,146 = 34.5, P < 0.001; Table 2.2; Fig. 3.5, few covariates were significant for any 

species in the full model, see Table 2.2).  In all species β-OH butyrate was highest in 2009 

compared to 2008 and 2010 (P < 0.01 in all cases) but did not differ between 2008 and 2010 (P 

> 0.05 in all cases).  Plasma β-OH butyrate did not vary among species (P > 0.30) and there 

was no species*year interaction in the full model (P > 0.15). 

3.4. Discussion 

In this study we used plasma metabolite analysis to estimate fattening rate in four 

species of migratory passerines to investigate whether annual variation in fattening rate (a 

putative measure of stopover habitat quality (Seaman et al. 2006)), was associated with annual 

variation in water levels due to dam operations at the Arrow Lakes Reservoir, Revelstoke, BC.  
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Previous studies have shown that residual plasma triglyceride (controlling for mass and other 

covariates) is more informative for estimation of fattening rate and for detecting site differences 

in fattening rate (whereas glycerol and β-OH butyrate are generally indices of fasting; e.g. 

(Jenni-Eiermann and Jenni 1996, Guglielmo et al. 2002, Seaman et al. 2006)), so we focused 

our detailed analysis on this metabolite.  Within years we documented systematic patterns of 

variation in plasma triglyceride, which support the hypothesis that this does provide information 

on fattening rates:  plasma triglyceride levels increased with time of day and with Julian date.  In 

addition, residual plasma triglyceride levels were consistently higher in Wilson’s Warbler 

compared to the other three species, in all three years.  However, controlling for these effects 

we found no difference in mean estimated fattening rate among years, in any species, despite 

marked inter-annual variation in water levels (see Fig. 2.2 & 2.3).  This suggests that 

hydroelectric dam operations do not cause major changes in fattening rates of migratory 

passerines (see also (Green et al. 2011)).  In contrast to plasma triglyceride, we found no 

consistent daily or seasonal variation, no consistent species differences, and no consistent 

effects of mass and handling time on plasma glycerol and β-OH butyrate levels. There was no 

inter-annual variation in residual plasma triglyceride, but residual β-OH butyrate did differ among 

years being higher in 2009 compared with 2008 and 2010 in all four species. However, this 

pattern of variation in β-OH butyrate was also not consistent with annual variation in water 

levels: water levels were most similar in 2009 and 2010, especially during the later period of 

migration, and were highest in 2008. 

3.4.1. Variation in sex, age, and body mass 

While the absolute fattening rates of the study species were significantly different, the 

pattern of variation was consistent within species.  Indeed, there was also no detectable effect 

of age or sex on fattening rate during Fall migration; which, is consistent with Yong et al. (1998) 

that found no significant difference in fat score related to age or sex of Fall-migrating Wilson’s 

Warblers, as well as Guglielmo et al. (2002) and Seaman et al. (2006) that found no age or sex 

differences when measuring triglyceride, glycerol, and β-OH butyrate (Yong et al. 1998, 

Guglielmo et al. 2002, Seaman et al. 2006).  However, the pattern of variation in body mass was 

not consistent between or within species.  Individuals tended to be heavier in 2008 than in 

subsequent years in WIWA and YWAR, but this did not hold for other species, suggesting that 

body mass and other “static” measures (such as fat score) may not be as sensitive or 

conclusively informative as plasma metabolites to the condition of migratory passerines (Moore 

and Kerlinger 1987, Guglielmo et al. 2002, Jenni-Eiermann et al. 2002), as well as having a 
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number of methodological issues when studying migratory species (Jenni-Eiermann and Jenni 

1994, Guglielmo et al. 2005). 

3.4.2. Variation in glycerol and β-OH butyrate 

The significant annual variation in glycerol and β-OH butyrate that was seen across all 

species may not be as informative as an estimate of fattening rate.  We do not see the 

consistent time of day or date patterns in either glycerol or β-OH butyrate that we do with 

triglyceride.  They are measures of fasting and fat catabolism (Jenni-Eiermann and Jenni 1991, 

Jenni-Eiermann et al. 2002), and have previously been found to be the most variable and are 

considered the least reliable and least informative of the plasma metabolites used to assess 

Fall-migrating passerines, because at this stage most are extensively adding fat for migration 

(Guglielmo et al. 2002, Guglielmo et al. 2005, Landys et al. 2005, Seaman et al. 2006, Williams 

et al. 2007, Smith and McWilliams 2010). 

2008 and 2010 have similarly high water levels preceding the migration season (Fig. 2.2) 

and correspondingly low β-OH butyrate concentrations during the migration season (Fig. 3.5), 

which suggests that there may be some lasting effect of high water levels earlier in the year on 

refuelling rate potential that then lasts throughout the migration season.  This trend is somewhat 

underscored by the fact that glycerol concentration is significantly higher in 2009 than 2008 in all 

species, as well. 

Since, glycerol and β-OH butyrate are both measures of fat catabolism, higher relative 

levels suggest a poorer refuelling rate during migration stopover (Guglielmo et al. 2005, 

Seaman et al. 2006).  In this case, a higher water level before the migration season predicts a 

lower average β-OH butyrate concentration for refuelling migratory passerines.  Desiccation of 

riparian habitat due to low water level before the migration season may have effects that carry-

over to migrant refuelling.  That being said, Smith et al. (2007) also explain that a high protein 

diet from insects during stopover, the primary diet of all four species studied here, can increase 

β-OH butyrate concentration in migrants (Smith et al. 2007); furthermore, Guglielmo et al. 

(2005) reveal a U-shaped association between glycerol and mass change, meaning that that 

glycerol may be high during both mass gain and mass loss, and therefore only have a linear 

relationship at a given rate of mass change (Guglielmo et al. 2005, Cerasale and Guglielmo 

2006). 
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3.4.3. Species variation in estimated fattening rate 

The same overall daily and annual pattern of triglyceride concentration was repeated in 

all species, which is consistent with previous studies of plasma triglyceride (Guglielmo et al. 

2005, Seaman et al. 2006, Smith and McWilliams 2010).  WIWA had the highest mean 

estimated fattening rate in every year, which is consistent with studies of changes in mass and 

fat score which indicate Wilson’s Warbler having one of the highest refuelling rates of any Fall-

migrating passerine in N. America (Yong et al. 1998, Green et al. 2011).  Smith and McWilliams 

(2010) urge caution when making comparisons between species’ estimated fattening rate, as 

site variation in habitat and diet difference can be easily confounding (Smith and McWilliams 

2010).  However, since our study investigated a single site over multiple years, and considering 

that all target species have similar insectivorous diets, as well as seeing repeated trends in 

estimated fattening rate throughout the day and season for each species, we can draw two 

possible explanations for the observed species difference in mean estimated fattening rate. 

One possible explanation might be that total body mass is negatively correlated to 

fattening rate, i.e. smaller-bodied species (WIWA) can gain mass at a higher rate than larger-

bodied species (YWAR) (see Results).  Observed differences in mean plasma triglyceride 

concentration between species could be attributed to differences in mass-specific fattening rates 

between species, which suggests different physiological strategies for migration.  Many previous 

studies find a strong positive correlation between body mass or fat mass and plasma triglyceride 

concentration (Guglielmo et al. 2005, Cerasale and Guglielmo 2006, Smith and McWilliams 

2009, Smith and McWilliams 2010), as we have.  With the notable exception of Smith & 

McWilliams (2010), few studies have directly compared species using plasma triglyceride 

concentration (Smith and McWilliams 2010).  However, considering the timing of migration for 

WIWA and their arrival date at Revelstoke Reach (Table 2.4), a potentially confounding 

explanation might be that the difference in mean estimated fattening rate is due to the stopover 

habitat becoming more productive for migrants later in the migration season.  We have shown 

that estimated fattening rate increases linearly throughout the migration season (Fig. 3.2); but 

we also see that most WIWA arrived late in the migration season, when potential fattening rates 

were highest (for migrants).  That being said, when WIWA and OCWA were both captured late 

in the season WIWA had consistently higher estimated fattening rates, and was indeed highest 

across the entire season.   
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3.4.4. Estimated fattening rate as an indicator of habitat quality 

Stopover habitat quality in the context of migrant passerines is defined by food 

availability and ultimately fuel deposition rate.  Habitat quality can affect many critical aspects of 

migration including stopover duration, rate of migration, and ultimately the successful 

completion of migration (Alerstam and Hedenström 1998, Hedenström and Alerstam 1998).  

Previous studies have shown that plasma triglyceride concentration is a valid estimate of body 

mass change, fat mass change, and fattening rate in captive and wild birds (Williams et al. 

1999, Anteau and Afton 2008, Smith and McWilliams 2009).  Furthermore, Seaman et al. 

(2006), in addition to others, have shown that there is variation in triglyceride concentration 

between different habitats, including migratory stopover sites (Seaman et al. 2006, Williams et 

al. 2007, Cerasale and Guglielmo 2010, Smith and McWilliams 2010).  Yet, Guglielmo et al. 

(2005) is one of the only studies to compare independently assessed stopover habitat quality 

(measured by mass gain) of wild birds (Dunn 2000) to expected values of plasma triglyceride, 

and indeed they found a significant correlation between triglyceride concentration and habitat 

quality (Guglielmo et al. 2005).  While this supports the use of physiological measures to assess 

stopover site habitat quality, more study is required in order to clearly correlate physiology to 

habitat quality in a broader context.  

3.4.5. Annual variation in estimated fattening rates 

This is one of the first studies to investigate a dam-impacted stopover habitat over 

multiple years attempting to assess how migrant physiology may be impacted by annual 

differences in water level.  The fact that the target species did not display significant variation in 

plasma triglyceride levels across years while we did see large variation in water level suggests 

that differing water levels at Revelstoke Reach do not impact the stopover site with respect to 

estimated fattening rate of migratory passerine.  Our data show a similar increase in estimated 

fattening rate throughout the day and Julian date for all species as reported by numerous 

previous studies (Guglielmo et al. 2005, Seaman et al. 2006, Williams et al. 2007, Cerasale and 

Guglielmo 2010, Smith and McWilliams 2010), all of which found significant differences in 

estimated fattening rate between different locations.  This suggests that if annual variation in 

water level has an impact on the quality of riparian habitat at Revelstoke Reach, as a stopover 

site, there would be a corresponding annual variation in estimated fattening rate.  However, our 

data did not show a significant effect of year on estimated fattening rate in any species.  Even 

though riparian stopover habitat at Revelstoke Reach constitutes a relatively small portion of the 
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available environment, which is potentially flooded by high water levels or desiccated by low 

water levels, it seems that migratory passerines are able to use the available riparian habitat 

efficiently enough to meet their stopover refuelling needs. 

These findings are seemingly in contradiction to data collected in Europe by Ktitorov et 

al. (2008), that suggest that a large loss of riparian stopover habitat is correlated to lower mass 

gain, but this may be because water levels are not high long enough to destroy the critical 

riparian vegetation that passerines require for successful migratory refuelling (Ktitorov et al. 

2008).  Our conclusions are consistent with Green et al. (2011), which did not find any 

differences in mass change in years with different water levels at the same Revelstoke Reach 

site (Green et al. 2011).  These results may change if water levels at Revelstoke Reach remain 

low for longer periods of time and desiccate more of the current riparian habitat to a point where 

it cannot recover. 
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3.6. Tables & Figures 

Table 3.1  Age & sex effects on plasma metabolites 
Summary of results for main effects and covariates in a full model (proc GLM) with plasma metabolites as the 

dependent variable; SEX and AGE as a main effects, and body mass, handling time, and year as covariates. 

Species Metabolite Covariate 

Sex Age Sex*Age Mass Handling 
Time 

Year 

COYE Triglyceride NS NS NS NS NS NS 

YWAR  NS NS NS < 0.01 NS NS 

OCWA  NS NS NS < 0.025 NS NS 

WIWA  NS NS NS < 0.001 NS NS 

COYE Glycerol NS NS NS < 0.025 NS < 0.001 

YWAR  NS NS NS NS NS < 0.001 

OCWA  NS NS NS < 0.01 NS < 0.001 

WIWA  NS NS NS NS NS < 0.01 

COYE β -OH NS NS < 0.05 NS NS < 0.001 

YWAR  NS NS NS NS NS < 0.001 

OCWA  NS NS NS NS NS < 0.001 

WIWA  NS NS NS NS NS < 0.001 
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Table 3.2  Mean plasma metabolite concentration 
Variation in residual plasma metabolite concentrations (log+1 ± 2se) for each species of migratory warbler by year. 

Values within rows with the same superscript letter are not significantly different (P < 0.05). 

Species Metabolite Residual plasma metabolite concentration  

2008 2009 2010 

COYE Triglyceride 1.008a ± 0.042 0.978a ± 0.040 1.057a ± 0.050 

YWAR  0.907a ± 0.052 0.969a ± 0.050 0.958a ± 0.056 

OCWA  1.028a ± 0.058 1.006a ± 0.046 1.035a ± 0.062 

WIWA  1.134a ± 0.042 1.155a ± 0.050 1.147a ± 0.034 

COYE Glycerol 0.786a ± 0.034 0.894c ± 0.032 0.843b ± 0.038 

YWAR  0.724a ± 0.038 0.835b ± 0.036 0.849b ± 0.040 

OCWA  0.729a ± 0.042 0.852b ± 0.034 0.801b ± 0.046 

WIWA  0.756a ± 0.046 0.859b ± 0.054 0.842b ± 0.038 

COYE β-OH 1.018a ± 0.042 1.211b ± 0.046 0.995a ± 0.042 

YWAR  1.029b ± 0.050 1.250c ± 0.050 0.949a ± 0.046 

OCWA  0.985a ± 0.058 1.264b ± 0.060 1.024a ± 0.056 

WIWA  1.018a ± 0.072 1.255b ± 0.102 0.946a ± 0.048 
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Table 3.3  Covariates of plasma metabolites 
Summary of results for covariates in a full model (proc GLM) with plasma metabolites as the dependent variable; 

YEAR as a main effect, and Julian day, time of day, body mass and handling time as covariates 

Species Metabolite Covariate 

Julian Day Time of Capture Mass Handling Time 

COYE Triglyceride < 0.001 < 0.001 NS NS 

YWAR  < 0.025 < 0.001 NS NS 

OCWA  < 0.001 < 0.001 NS NS 

WIWA  < 0.001 < 0.001 < 0.025 NS 

COYE Glycerol NS NS NS NS 

YWAR  < 0.05 < 0.01 NS < 0.05 

OCWA  NS NS NS NS 

WIWA  NS NS NS NS 

COYE β -OH NS NS NS NS 

YWAR  NS NS NS NS 

OCWA  < 0.05 NS NS NS 

WIWA  NS < 0.01 NS NS 
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Table 3.4  Mean capture date 
Variation in mean capture date (Julian day ± 2se) for each species of migratory warbler by year. Values within rows 

with the same superscript letter are not significantly different (P < 0.05). 

Species Mean Capture Date (Julian Day) 

2008 2009 2010 

COYE 229.52 ± 4.26a 233.99 ± 3.86a 241.07 ± 5.06b 

YWAR 217.16 ± 3.48a 223.85 ± 3.22b 218.76 ± 3.84a 

OCWA 247.96 ± 3.36a 247.97 ± 2.58a 251.22 ± 3.58a 

WIWA 252.28 ± 3.24b 244.13 ± 3.52a 250.27 ± 2.62b 
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Figure 3.1  Variation in daily estimated fattening rate 
log (+1) residual triglyceride concentration in relation to Time after Sunrise for each species.  All four species 

demonstrate a significant increase in estimated fattening rate after Sunrise.  COYE and YWAR had a significantly 
higher increase in estimated fattening rate in 2009 than in 2008 or 2010. 
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Figure 3.2  Variation in seasonal estimated fattening rate 
log (+1) residual triglyceride concentration in relation to Julian Day for each species.  All species demonstrated a 

significant increase in estimated fattening rate throughout the migration season. 
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Figure 3.3  Annual variation in estimated fattening rate 
Comparison of mean log (+1) residual triglyceride concentration, estimated fattening rate, of species in each 

sampling year.  Mean estimated fattening rate was not significantly different (P > 0.05) between years for any 
individual species.  Mean estimated fattening rate was highest for WIWA (P < 0.05). 
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Figure 3.4  Annual variation in glycerol 
Comparison of mean log (+1) residual glycerol concentration (GLYC) of species in each sampling year.  Mean GLYC 

was higher in 2009 (P < 0.05) than 2008 for all species.  Mean GLYC was highest for COYE in each year (P < 
0.05). 
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Figure 3.5  Annual variation in β-OH butyrate 
Comparison of mean log (+1) β-OH butyrate concentration (BOH) of species in each sampling year.  Mean BOH was 

significantly higher in 2009 (P < 0.01) than in 2008 or 2010 for all species. 
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4. Conclusion 

The ability to monitor species and their habitats is critical for management and 

conservation concerns.  Additionally, different monitoring tools give us insight into the ecology of 

various systems.  A main aim of this study was to test the utility of two physiological approaches 

to aid in monitoring habitat changes, and how those changes may affect migratory passerines 

using the habitat as a stopover site.  The nature of migration makes the use of single-capture 

physiological monitoring tools very appealing from a practical point of view, as well as providing 

a less ambiguous parameter of current condition, which is often not as accurately reflected by 

demographic and morphometric assessments (Guglielmo et al. 2005). 

The two physiological approaches utilized in this study, CORT and plasma metabolites, 

allowed us to characterize how changes in habitat could affect individuals in different ways.  

CORT is modulated in response to environmental stressors and was utilized in this study to try 

to determine if changes in water level caused a “chronic stress” in migrants.  As CORT plays a 

role in lipogenesis and stimulating hyperphagia (Holberton et al. 1996, Long and Holberton 

2004), any changes in baseline or stress-induced levels of plasma CORT could affect fattening 

rates of migrants.  Secondly, in order to have a more direct estimate of actual fattening rate at 

this stopover site we measured several plasma metabolites, focusing on triglyceride.  Fattening 

rate is one of the key parameters that determine the quality of a habitat as a stopover site 

(Guglielmo et al. 2005, Williams et al. 2007, Ktitorov et al. 2008, Smith and McWilliams 2010).  

Yet, a change in fattening rate can be caused by many factors, not just variation in water level.  

While this study did not detect any significant difference in annual estimated fattening rate, we 

were able to detect a pattern of significant increase in estimated fattening rate throughout the 

migration season, illustrating the usefulness of physiological approaches, especially plasma 

metabolite analysis, as a migration-monitoring tool. 

 These physiological techniques have been used by several other studies to 

investigate avian species, especially during migration.  They allow for more rapid assessments 

with fewer individuals than many demographic techniques (Guglielmo et al. 2005, Williams et al. 

2007).  Furthermore, they give investigators and managers the power to quickly assess various 
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parameters of condition at any stage of a project.  Indeed, these techniques have the potential 

to be applied to a wide variety of systems and taxa beyond those demonstrated here.  However, 

the time and effort required to measure CORT, given the need to actively monitor mist-nets, 

make it less ideal for purely management applications.  Whereas, plasma metabolite measures 

are logistically much easier to incorporate with passive mist-netting associated with banding and 

other monitoring operations.  Indeed, the extensive literature on plasma metabolites being used 

to assess individuals during the breeding (Jenni-Eiermann and Jenni 1997, Kern et al. 2005, 

Bauch et al. 2010, Done et al. 2011), over-wintering (Jenni-Eiermann et al. 2002, Sarasola et al. 

2004), and migration (Guglielmo et al. 2005, Seaman et al. 2006, MacDade et al. 2011) stages 

of avian life-history suggest it is an excellent tool for addressing both biological and 

management questions.  It is critical; nonetheless, that we consider the biological context that 

frames the individual physiological responses of species in different systems.  Physiological 

approaches can be very effective tools for scientists trying to answer a wide variety of questions 

when applied in a thoughtful and appropriate manner. 
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