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ABSTRACT 

Heiss, Rebecca S., Ph.D. The University of Memphis, August, 2012. 
Oxidative Status and Life History Trade-offs in the Cooperatively Breeding 
Florida Scrub-jay. Major Professor: Stephan J. Schoech, Ph.D. 

Oxidative damage has been linked to several degenerative diseases and, 

as such, the oxidative status of an organism has been widely used as a proxy for 

health state.  Organisms able to resist attack by reactive oxygen species, or 

those with high levels of antioxidants, are typically assumed to be those in better 

condition (i.e., better able to withstand oxidative damage to biomolecules). Little 

work, however, has focused on whether the oxidative status of an organism 

(particularly oxidative damage in free-living species) influences life history 

decisions. My research examined the interplay between oxidative status and life 

history characteristics in a free-living bird, the Florida Scrub-jay (Aphelocoma 

coerulescens). I addressed the following questions: 1) Does reproductive effort 

covary with oxidative status?  2) Does supplementation of carotenoids 

(potentially important antioxidants) alleviate oxidative stress during reproduction?  

3) Does supplementation of carotenoids alleviate oxidative stress during 

development?  4) Is oxidative status predictive of survival during early 

developmental stages? I found: 1) The oxidative cost of reproduction was sex 

specific with pre-breeding oxidative damage levels negatively correlated with 

reproductive effort, however, only in males. Similarly, in males, post-breeding 

levels of oxidative damage were significantly greater than pre-breeding levels.2) 

Supplementation with antioxidants did not significantly change reproductive 

effort, or affect post-breeding oxidative damage levels. However, there was a 

relationship between change in oxidative damage levels with reproductive effort 
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and treatment group (i. e., supplemented with antioxidants or not).  Interestingly, 

we found no correlation between two measures of oxidative damage and a third 

measure of oxidative state (total antioxidant capacity). We emphasize the 

importance of the assessment of multiple measures of oxidative status in future 

studies. 3) Supplementation of nestlings did not significantly affect growth or 

oxidative damage measures.  4) Oxidative damage to proteins was significantly 

lower in older individuals, whereas TAC was significantly higher in older 

individuals; however, damage to DNA did not significantly differ across ages. 

Oxidized proteins increased significantly from the nestling to nutritional 

independence stages (~2 months of age) and then subsequently declined as 

birds reached ~9 months of age.  There were no relationships between oxidized 

proteins and survival at these early life stages.  

 

  



vii 
 

PREFACE 

Oxidative damage to biomolecules has long been at the center of one of 

the most widely accepted models for aging; the free-radical theory of aging. 

Additionally, oxidative damage has been implicated in numerous debilitating 

diseases among vertebrates and in recent years has become a focus for 

ecologists interested in its potential to influence life histories. As an emerging 

field in ecology, very little work has yet been done on the impact of oxidative 

damage on free- living birds. The goal of my research was to determine whether 

oxidative damage has impacts upon reproductive decisions in adults or growth 

and survival of young birds in a free-living population of Florida Scrub-jays 

(Aphelocoma coerulescens). Additionally, I explored whether supplementation 

with antioxidants (specifically carotenoids) could alleviate the accrual of oxidative 

damage during both reproduction in adult birds, and growth of young. Chapter 2 

(“Oxidative cost of reproduction is sex specific and correlated with reproductive 

effort in a cooperatively breeding bird, the Florida scrub-jay,”) has been published 

in the journal Physiological and Biochemical Zoology (Heiss and Schoech, 2012). 

Chapter 3 (“Carotenoid supplementation, reproductive effort and oxidative 

damage in Florida scrub-jays,”) is in review in the same journal. Chapter 4 

(“Experimental supplementation of nestling Florida Scrub-jays (Aphelocoma 

coerulescens) with carotenoids has no effect on growth or oxidative state,”) is 

formatted for submission to Journal of Experimental Biology to which it will be 

submitted in the near future.  Chapter 5 (“An exploration of oxidative damage, 

age, and survival in the Florida scrub-jay (Aphelocoma coerulescens),”) is in 
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preparation to be submitted to The Auk.  The introduction and conclusion are 

formatted in the style of Physiological and Biochemical Zoology. 

Literature Cited 

Heiss, R.S., and S. J. Schoech. In Press. Oxidative cost of reproduction is sex 

specific and correlated with reproductive effort in a cooperatively breeding bird, 

the Florida scrub-jay. Physiol Biochem Zool. 
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CHAPTER 1: INTRODUCTION 

The accrual of oxidative damage and the resultant negative impacts upon 

an individual is at the crux of the most widely accepted theory of aging (Sohal 

and Weindruch 1996; Harman 1998; Finkel and Holbrook 2000; Melov et al. 

2000). Differences in both the rates at which organisms accrue damage, and the 

mechanisms to combat such damage throughout an organisms’ lifespan almost 

certainly contribute to among individual variations in life history decisions.  In my 

research, I specifically addressed two major life history stages (development and 

reproduction) to better understand if oxidative state impacts the outcome of these 

major life history events.  

In birds, multiple lines of evidence suggest that oxidative stress (or the 

resistance to it) can either predict (Bize et al. 2008), or result from reproductive 

effort (Alonso-Alvarez et al. 2004, 2010; Wiersma et al. 2004; Bertrand et al. 

2006) and growth (Alonzo-Alvarez et al. 2007; Kim et al. 2010). However, most 

work on oxidative status has focused on captive individuals and has assessed 

limited measures of oxidative status. The goal of the dissertation research 

presented here was to expand this body of knowledge by assessing multiple 

measure of oxidative state in a free living species; as has been called for in a 

recent review (Metcalfe and Alonso-Alvarez 2010).  

 The population of Florida scrub-jays (Aphelocoma coerulescens) used in 

this study resides at Archbold Biological Station and has been intensely studied 

for over 20 years (e.g., Schoech et al. 1991).  Florida scrub-jays provide a unique 

opportunity to study oxidative damage in a long-lived organism in their natural 

habitat. Their sedentary nature and our continuous monitoring of this marked 
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population has allowed us to track individuals throughout their lifetimes to assess 

both immediate and longer-term impacts of oxidative damage  

In the first two studies presented (Chapters 2 and 3), I sought to uncover 

whether oxidative damage interacted with reproductive effort in adult Florida 

scrub-jays. Specifically, I examined the impacts of oxidative damage on 

reproductive effort (and reproductive effort on oxidative damage), including an 

antioxidant supplementation experiment designed to reduce oxidative stress in 

selected birds during the breeding season.  I then proceeded to explore the 

relationship between oxidative status and growth during early developmental 

stages (Chapter 4). Finally, I assessed if age and oxidative status were related 

and whether oxidative status during early development was predictive of survival 

(Chapter 5).  
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CHAPTER 2: OXIDATIVE COST OF REPRODUCTION IS SEX-SPECIFIC AND 

CORRELATED WITH REPRODUCTIVE EFFORT IN A COOPERATIVELY 

BREEDING BIRD, THE FLORIDA SCRUB-JAY 

Introduction 

A number of factors have been assessed to further our understanding of 

how organisms balance self-maintenance and investment in offspring. 

Increasingly, oxidative balance has been viewed as an important regulator of life 

history decisions (Monaghan et al. 2009). Reactive Oxygen Species (ROS), 

which are continuously formed as byproducts of cellular metabolism, must be 

balanced by antioxidant defenses (e.g., dietary antioxidants and endogenously 

produced antioxidant enzymes) that prevent damage to biomolecules (Davies 

2000; Halliwell and Gutteridge 2007).  Increased energetic demands and the 

associated increase in metabolism during a breeding season (Verhulst and 

Tinbergen 1997; Nilsson 2002; although see Williams and Vézina 2001), have 

the potential to shift the oxidative balance of an organism in favor of ROS and, 

thereby result in substantial oxidative damage (Halliwell and Gutteridge 2007).  

The hypothesis that individuals face a trade-off between investment in 

reproduction and oxidative self-maintenance has been tested in captive birds 

(Wiersma et al. 2004; Alonso-Alvarez et al. 2004, 2010); however, to the best of 

our knowledge only two other studies have explored this relationship in free-living 

birds (Losdat et al. 2011; van de Crommenacker et al. in press).   

Whereas the aforementioned studies of Losdat et al. (2011) and van de 

Crommenacker et al. (in press) elegantly showed that increased reproductive 

effort resulted in reduced antioxidant capacity and increased oxidative stress, 
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respectively, we focused on the resulting damage to a specific class of 

biomolecule (protein). Such damage could be the result of either a reduction in 

antioxidant capacity, an increased production of ROS, or a combination of the 

preceding. Further, by measuring oxidative damage levels pre- and post-

reproduction, we were able to assess both whether oxidative state: 1) predicted 

or 2) varied as a result of subsequent reproductive effort. 

Materials and Methods 

Study Species: the Florida scrub-jay 

The study population of Florida scrub-jays is located at Archbold Biological 

Station, Highlands County, Florida (27°10’N, 81°21’W, elevation 38–68 m).  All 

individuals are uniquely marked with colored plastic leg bands, and an aluminum 

numbered U.S. Geological Survey band that allow us to track individuals 

throughout their lifetime. Only female breeders incubate eggs and brood 

nestlings. True double-brooding occurs infrequently (less than 4% of the time), 

and no data from double broods were included in these analyses (Woolfenden 

and Fitzpatrick 1996; Schoech 2010). 

Trapping and Blood Sample Collection  

In 2010, adult birds (both helpers and breeders, although only breeders were of 

interest to this study) were trapped in monitored Potter traps from late January to 

late February to obtain, pre-breeding plasma samples and from mid-April through 

mid-June, after fledging young for post-breeding samples. Each morning 

between 700-1100h, traps were baited with peanuts and watched continuously 

until capture of an individual. Traps were removed after capture.  Following 
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brachial venipuncture with a 25-gauge needle, blood samples were collected 

(~150 µL) in microhematocrit tubes within 2 min of capture.  Samples were 

placed on ice and, upon return to the lab (within 1 – 3 h), were centrifuged to 

remove the plasma portion, that was then frozen and stored at -20o C until 

analysis for levels of oxidative damage to proteins. All trapping and bleeding 

procedures were done under federal and state permits to SJS (TE117769-3 and 

WX08091A, respectively) and followed University of Memphis IACUC approval to 

RSH (#0667). 

Protein Carbonyl Assay 

Direct or indirect formation of protein carbonyl groups result from bond cleavage 

by ROS or the attachment of lipid peroxidation byproducts, respectively (Mateos 

and Bravo 2007).  Because protein carbonyls form relatively early in an individual 

experiencing oxidative stress and are stable, they are a widely used, tractable 

biomarker of oxidative damage (Monaghan et al. 2009).  

Additionally, oxidative damage to proteins may be of particular relevance to 

biological systems given that the only true enzymatic repair system known for 

oxidized proteins is specific to the restoration of Met from Met sulfoxide, and Cys 

sulfhydryls from disulfides (Shacter 2000). While oxidized proteins can be 

removed from tissues via proteolysis, they can also evade detection and go 

unrecognized (Sahakian et al. 1995), and this may lead to the accumulation of 

oxidized proteins, which is often associated with disease and ageing (Oliver et al. 

1987; Davies 1990). 
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 Nine protein carbonyl assay kits (Cayman Chemical Company 

#10005020) were used to assay all samples (intra-assay CVs based on 

standards: 1.3–4.3%). Briefly, a reaction between protein carbonyls and 2,4-

dinitrophenylhydrazine (DNPH) produces a protein–hydrazone that is quantified 

spectrophotometrically (at 360nm) and standardized to the samples’ specific 

protein concentration. Sample protein concentration was quantified 

spectrophotometrically at 280nm from a bovine serum albumin standard curve.   

Statistical Analysis 

We estimated paternal effort by summing the total number of days that a breeder 

cared for offspring prior to fledging, adjusted for the number of offspring that were 

present (e.g. 4 offspring for 18 days = 4*18 = 72).  Reproductive effort also 

included a sum of the days for which males provided food to the incubating 

female, or for females, a sum of the days during which she incubated (given that 

this was only a single additional mouth to feed, this number was not corrected for 

the number of eggs present; Wilcoxen et al. 2010).  Nests are monitored 

regularly throughout the breeding season. We check completed nests every 

other day until the first egg is laid, and every 3-4 days during incubation to assure 

continuance and collect incubation day data. After hatching, nests are checked at 

least every three days to confirm that the nest is still active and, if so, to 

determine the number of nestlings present.  Given that Florida scrub-jays are 

cooperative breeders, the presence of helpers might also require consideration 

when quantifying reproductive effort of male breeders. However, Mumme (1992) 

found that the presence of helpers in the Florida scrub-jay system did not 
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significantly change the feeding rates of the breeding pair. As such, we felt 

confident in our exclusion of helpers from our measure of the reproductive effort 

of breeder males.  While we are confident that our index of “offspring days” is an 

appropriate measure of reproductive effort, we also assessed other measures of 

reproduction including clutch size and number of nestlings produced. Analyses 

that used these alternative measures yielded qualitatively similar findings to 

those produced using the above described index of reproductive effort. 

 A Repeated Measures General Linear Model was used to assess protein 

carbonyl damage prior to, and post-reproduction, controlling for sex and 

reproductive effort.  The model initially included age and days between samples 

(i.e., elapsed days between the pre- and post-breeding samples), however, these 

non-significant variables were removed using a backward removal method based 

on non-significant P-values. A General Linear Model was used to assess whether 

pre-breeding oxidative damage levels were related to subsequent reproductive 

effort with sex as a fixed factor. As above, age and days between samples were 

included but subsequently removed based on non-significant P-values. 

Results 

The examination of pre- and post-breeding oxidative damage levels revealed a 

significant sex*time (from pre- to post-breeding) interaction (see Table 1) 

. 
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Table 1: Final model describing differences in pre- and post- breeding oxidative 
damage levels to protein (Time) in breeder Florida scrub-jays (df = 25). From this 
model, the significant interaction between Time and Sex was explored through 
post-hoc analysis. 
Variable     F  P-value 

Time      175.29  < 0.001 

Sex      8.47  0.007 

Time* Sex     8.47  0.007 

 

Post-hoc exploration by sex revealed that post-breeding oxidative damage levels 

of males were markedly greater than pre-breeding levels (F1,18 = 6.65,  P = 0.02), 

whereas females exhibited no change ( F1,10= 0.12, P = 0.73; see Fig 1).  
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Figure 1: Protein oxidative damage levels pre- and post- breeding by sex of 
breeder Florida scrub-jays. White bars show pre-breeding, black bars represent 

post-breeding. Error bars show X̄ ± SE. 

 

 

Examination of whether pre-breeding levels of oxidative damage predicted 

reproductive effort noted a significant interaction between sex and reproductive 

effort (see Table 2).  
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Table 2: Final model describing relationship between pre-breeding oxidative 
damage levels to proteins and reproductive effort in breeder Florida scrub-jays 
(df = 31).  The significant interaction between sex and pre-breeding oxidative 
damage to proteins was explored through post-hoc analysis. 

Variable     F  P-value 

Sex      10.22  < 0.01 

Pre-breeding Oxidative Damage  4.21  0.05 

Sex* Pre-breeding Oxidative Damage 9.24  0.01 

 

 

Post-hoc tests (GLMs restricted by sex) revealed a significant relationship 

between pre-breeding levels of oxidative damage and reproductive effort in 

males (F1,18 = 5.52,  P = 0.03, r2 = 0.25), but not in females (F1,16 =1.09, P = 0.31, 

r2 = 0.07; see Fig 2). 
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Figure 2: Pre-breeding protein oxidative damage levels of male Florida scrub-jay 
breeders (black circles, solid line) were significantly related to reproductive effort 
(“offspring days,” number of days offspring were cared for multiplied by the 
number of offspring present), whereas there was no relationship for female 
breeders.  

 

 

Discussion 

The hypothesis that oxidative stress is a major cost of reproduction is not new 

(Salmon et al. 2001); however, little research has investigated this in free-living 

populations (Metcalfe and Alonso-Alvarez 2010). Here we show that not only 

does oxidative damage apparently result from reproduction in a sex dependent 

manner, but that an accumulation of oxidative damage may predict subsequent 

male reproductive effort.  
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 Captive studies have demonstrated that experimentally increased 

reproductive effort, via clutch- or brood-size manipulation, resulted in reduced 

oxidative protection in birds (Alonso-Alvarez et al. 2004; Wiersma et al. 2004). 

Our finding that oxidative damage was significantly increased in males after the 

breeding period is consistent with previous work in which free-living male, but not 

female, Eurasian kestrels (Falco tinnunculus tinnunculus) exhibited increased 

levels of oxidative stress during the nestling rearing stage (Casagrande et al. 

2011). Similar to the patterns of paternal behavior observed in the Eurasian 

kestrel, male Florida scrub-jays provide food to the female during incubation and 

provision both the female and young during the first week or more of the nestling 

stage when females extensively brood nestlings. For example, video monitoring 

of nests when nestlings were from 3 – 5 days of age in 2010 found a significant 

difference in the mean number of feeding visits made by males (6.7/hr) 

compared with females (2.3/hr, Small and Schoech, unpublished data).  We 

suggest that in species in which males provision their mates and are largely 

responsible for provisioning young, such as the Florida scrub-jay, such sex 

specific patterns of reproductive associated oxidative damage will be the norm.  It 

would be of interest to conduct studies across species from across the spectrum 

of parental care ranging from solely paternal care to exclusively maternal care. 

Further, altering the reproductive effort required by males or females at the 

extremes of this spectrum through manipulations of clutch size or resource 

availability would allow us to more conclusively determine whether sex-specific 
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oxidative damage resulted from differences in reproductive effort as opposed to 

other factors.  

Because they produce far larger gametes than males, females have long 

been considered to be the sex that invests the most in reproduction; however, 

most estimates of the energetic costs for egg production in passerines are 

relatively low (13-41% of basal metabolic rate [BMR]) (Monaghan and Nager 

1997) when compared to the costs of nestling rearing (e. g., 380% of BMR in 

barn swallows, Hirundo rustica, (Ward 1996). Given these data, it may be that 

the energy expended by a female Florida scrub-jay is less than that of her mate. 

Alternatively, there may be a sex-based difference in either the capability to 

combat ROS or the ability to repair damaged biomolecules. 

 Given that the increased provisioning effort by males is in addition to what 

is required for self-maintenance, the combined energetic expenditure may be 

responsible for the observed increased oxidative damage levels incurred during 

the breeding season. In general, increased energetic demands and metabolism 

during reproduction result in increased ROS production, which may in turn lead 

to an oxidative imbalance (Alonso-Alvarez et al. 2004, 2010; Wiersma et al. 

2004). Specifically, the greater amount of flight time needed to meet increased 

provisioning demands may be responsible for this imbalance, as flight has been 

shown to increase oxidative damage in adult budgerigars (Melopsittacus 

undulatus) (Larcombe et al. 2008).  

 Our finding that oxidative damage levels of males prior to breeding are 

‘predictive’ of subsequent reproductive effort supports the hypothesis that 
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oxidative stress plays a role in trade-offs that shape life histories (Costantini 

2008; Monaghan et al. 2009). Individual male scrub-jays in better oxidative 

condition entering the breeding season invested more in reproductive effort. 

Numerous factors, including but not limited to age and reproductive history 

(Alonso-Alvarez et al. 2010), food availability (Giroud et al. 2009), and stressful 

environmental conditions (Berglund et al. 2007; Costantini et al. 2011) all can 

affect the accumulation of oxidative damage in an individual. Further studies in 

which some of these factors are manipulated prior to and during the breeding 

season would greatly enhance our understanding of the role of oxidative stress in 

mediating reproductive decisions.  
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CHAPTER 3: CAROTENOID SUPPLEMENTATION, REPRODUCTIVE 

EFFORT, AND OXIDATIVE DAMAGE IN FLORIDA SCRUB-JAYS 

INTRODUCTION 

The oxidative balance of an organism has been proposed to be a major 

determinant of decisions (Monahan et al., 2009). During times of increased 

energetic demand, such as reproduction, increased rates of metabolism result in 

greater production of reactive oxygen species (ROS) that can cause damage to 

biomolecules if not countered by antioxidant defenses (Halliwell and Gutteridge, 

‘99; Davies, 2000; Nilsson, 2002).  The potential damage caused by ROS can be 

extensive, as oxidative damage has been implicated in senescence, as well as 

numerous diseases among vertebrates (Beckman and Ames, ‘98; Finkel and 

Holbrook, 2000; Golden et al., 2002; Dalle-Donne et al., 2006). Therefore, one 

would expect an organism to adjust its investments in self-maintenance and 

reproduction and, thereby maximize fitness.  

Florida scrub-jays (Aphelocoma coerulescens) are relatively long-lived 

(with a maximum lifespan of 15.5 years), cooperatively breeding birds, individuals 

of which typically spend their entire lives within a kilometer of their natal territory 

(Woolfenden and Fitzpatick, ‘96). While females and non-breeding helpers 

(typically yearling offspring, that are present in approximately half of the 

territories) help to feed nestlings beginning when the young are approximately a 

week old, the provisioning until then, including provisioning of the incubating and 

brooding female, is done by the male breeder (Schoech et al., ’96; Woolfenden 

and Fitzpatick, ‘96; Wilcoxen et al., 2010). Oxidative damage to proteins in male, 
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but not female, breeders was significantly increased after reproduction in Florida 

scrub-jays (Heiss and Schoech, in review). For birds rearing nestlings, increases 

in basal metabolic rate (BMR) range from 3.2 - 4.0 x BMR (Drent and Daan, ‘80; 

Peterson et al., ‘90; Nilsson and Råberg, 2001). Given the high energetic cost to 

raise offspring, it is of little surprise to find that during this time, males trade-off 

oxidative balance in favor of investment in reproduction. 

Although a number of studies have demonstrated that breeding effort 

results in increased oxidative stress in birds (e. g., Alonso-Alvarez et al., 2004, 

2006, 2010; Wiersma et al., 2004), the role of antioxidants in prevention of 

damage is unclear. Specifically, carotenoids, non-synthesizable pigments with 

antioxidant properties, have gained attention for their role in oxidative balance. 

Despite a recent review, in which  Costantini and Møller (2008) state that 

carotenoids are of minor importance as antioxidants in birds, Betrand et al. 

(2006), demonstrated that supplemental carotenoids were able to reverse the 

negative correlation of reproductive effort and resistance to oxidative stress in 

zebra finches (Taeniopygia guttata). It is important to point out that, nearly all of 

the research on carotenoids as antioxidants have focused on species that 

depend upon carotenoids for plumage coloration, thereby confounding 

interpretation of the results (Mougeot et al., 2009; Casagrande et al., 2011; 

Losdot et al., 2011). To the best of our knowledge, ours is the first research to 

address the effects of carotenoids on oxidative balance during reproduction in a 

species in which plumage coloration is based largely on structure, rather than 

carotenoid-based pigments. We suspect that carotenoids may function distinctly 
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differently in birds that are not reliant on them for plumage coloration, given that 

the tradeoff between coloration (used for example in honest signaling) and 

oxidative balance is irrelevant in this study species (see Alonzo-Alvarez et al., 

2008).  

There are scores of methods for assessing various aspects of oxidative 

balance (for reviews see Mateos and Bravo, 2007; Somogyi et al., 2007), 

however, most physiological ecologists have focused on measures of ROS, and 

some measure of antioxidants, to estimate levels of oxidative stress experienced 

by an individual. Most studies that have assessed whether reproduction affects 

oxidative balance have failed to specifically measure oxidative damage (for 

review see Metcalf and Alonso-Alvarez, 2010). While several recent studies have 

measured derivatives of reactive oxygen metabolites (dROMS), which are 

indicative of free radical formation and the magnitude of these radicals within a 

biological sample (Costantini et al. 2010; Casagrande et al. 2011; van de 

Crommenaker et al. 2011), to our knowledge, our previous work on Florida 

scrub-jays is the only other study to have measured actual markers of oxidative 

damage in association with reproduction in a free-living bird (Heiss and Schoech, 

in review).   

For this study we assess multiple measures of oxidative state, including  

damage to proteins and DNA, as well as non-enzymatic Total Antioxidant 

Capacity (TAC) of plasma. In this way, we consider the understudied links 

between oxidative damage and reproduction in free-living birds. Further, our 

assessment of TAC as a third measure of oxidative state allows for comparison 
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among other studies that have used, or will use, this as a proxy for estimating the 

resistance of an individual to oxidative damage.  

Specifically, our goals were twofold. First, to determine whether 

supplemental antioxidants provided to male Florida scrub-jays could negate the 

resulting reproduction-related, oxidative damage.  Second, as stated above, to 

determine whether measures of oxidative damage and TAC are correlated in a 

free-living bird.  

MATERIALS AND METHODS 

Study species and site 

Research was conducted at Archbold Biological Station (ABS), Highlands 

County, Florida, USA 27°10’N, 81°21’W, elevation 38–68 m; for further detail see 

Schoech (‘96) and Schoech and Bowman (2003). Because Florida scrub-jays are 

a non-migratory, highly sedentary species, virtually all individuals in our study 

spend their entire lives at ABS. Each scrub-jay in this population is uniquely 

marked with coloured plastic leg rings, and a numbered aluminum U.S. 

Geological Survey ring which allow us to track individuals throughout their 

lifetimes. In addition, an NSF-funded collaborative grant to Schoech and Bridge 

(IOS-0919899 and -0919528) has allowed our study population to be tagged with 

Passive Integrated Transponders (PIT tags) that permit specific birds to be 

supplemented by Radio Frequency Identification-enabled (RFID) SmartFeeders. 

All male breeders for this study were fitted with PIT tags.  

Experimental design and antioxidant manipulation 
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Male breeders were randomly assigned to one of three treatment groups: 1) 

males supplemented with high protein/high fat food (N=10); 2) males 

supplemented with high protein/high fat food enhanced with antioxidants (N=8); 

or 3) control males, not supplemented (N=10).  Sample size in the antioxidant 

group was unfortunately lower due to differences in the willingness of certain 

birds to approach and use feeders.  Lutein and zeaxanthin were chosen as the 

supplemental carotenoids because these antioxidants have been commonly 

used in experiments to reduce oxidative stress (Bertrand et al., 2006; Costantini 

et al., 2007; Larcombe et al., 2008; Helfenstein et al., 2010). Additionally, Heiss 

et al. (2011) found these to be the most abundant carotenoids in Florida scrub-

jay plasma. Eukanuba© Chicken Formula Kitten Food (that also served as 

treatment #1 above) was coated in a mixture of lutein and zeaxanthin (Kemin 

Foods, L.C., FloraGLO Lutein, Des Moines, Iowa, USA), to approximate an 

appropriate dose of each carotenoid based upon calculations in Biard et al. 

(2006) and SmartFeeder usage by the jays in 2010. Each food pellet was coated 

with approximately 3.5 µg of lutein and 0.02 µg zeaxanthin.  Confirmation of 

estimated antioxidant content per pellet was tested in an outside lab (D. Kopsell, 

University of Tennessee) to confirm both the estimated dosage and stability of 

the carotenoids over the course of the maximal two week period from application 

of the carotenoid until consumption by the jays. 

Feeders were deployed at each territory between the 14-16th of January 

2011.  Regular (non-antioxidant enhanced) kitten food was provided in each of 

the feeders and all birds were allowed to feed ad libitum for an average of one 
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week to allow birds to become familiar with, and learn to use, the feeders. 

Territories were assigned to a treatment group (kitten food or antioxidant 

enhanced kitten food) from 1-18th of February, and the SmartFeeders were 

programmed to allow only access by breeder males for the remainder of the 

breeding season. All birds received supplemental diets until hatching of their 

clutch was completed, at which point all feeders were switched to dispense 

untreated mealworms, an appropriate food for nestlings. Mealworms were 

dispensed from feeders to selected males until the brood had fledged. In the 

case of nest failures, feeders were switched back to dispense kitten food (either 

regular or antioxidant enhanced) until hatching of the replacement clutch (both 

the incubation and nestling periods are approximately 18 days; Woolfenden and 

Fitpatrick, 1984) . Any visit to a SmartFeeder by a RFID-permitted bird in either of 

the two supplemented groups resulted in the dispensing of a single pellet of 

kitten food. The identity and mass of birds are electronically recorded at each 

visit. There were no differences in the average number of visits made to the 

feeders between the two supplemented groups ( t1,16 = 1.35, P = 0.20).  

Trapping and blood sample collection  

Adult birds were trapped in continually monitored Potter or drop traps from late 

January through mid-February 2011 (before territories were assigned to 

treatment group) to obtain, pre-breeding blood samples. Jays were recaptured 

using the same methods, from mid-April through mid-June 2011, after they had 

fledged young. Following brachial venipuncture with a 25-gauge needle, blood 

samples were collected (~150 µL) in heparinized microhematocrit tubes within 
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120 seconds of capture, thus minimizing the likelihood that blood chemistry 

values would be altered due to the stress of capture. Blood samples were kept 

chilled with 'cool-packs' (also known as 'Blue-IceTM') in an insulated bag until 

return to the laboratory (within1-3 h). Samples were immediately centrifuged 

allowing separation of the cellular and plasma portions. Plasma was drawn off 

and stored at -80o C until analysis for TAC and measures of oxidative damage.  

Morphometric data (body mass, head breadth, distance from the nares to 

bill tip, and lengths of the wing-cord, head-plus-bill, culmen, and tail) were taken 

following blood sampling (see Schoech et al., ‘96 for further details). To control 

for diel fluctuations in physiologic measures, all blood samples were collected 

between 0700 and 1100.  

Measures of oxidative state 

Because protein carbonyls form relatively early in an individual experiencing 

oxidative stress and are stable, they are a widely used, tractable biomarker of 

oxidative damage (Monaghan et al., 2009).  Nine protein carbonyl assay kits 

(Cayman Chemical Company #10005020) were used to assay all samples run in 

duplicate (intra-assay CVs based on standards: 1.3-4.3%, Cayman notes that 

inter-assay CV is 8.5%). Briefly, 40µL of plasma were diluted into 410µL of a 

phosphate buffered saline solution. Diluted plasma and controls were reacted 

with a 2,4-dinitrophenylhydrazine (DNPH) to produce a protein-hydrazone that 

was then quantified spectrophotometrically (at 360nm) and standardized to the 

samples’ specific protein concentration. Sample protein concentration was 
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quantified spectrophotometrically at 280nm from a bovine serum albumin 

standard curve.   

Oxidative damage to DNA was estimated via the concentration of the 

oxidized derivative of guanine, 8-hydroxy-2'-deoxyguanosine (8-OHdG).  Briefly, 

50µL of plasma (or standard) were added to an 8-OHdG conjugate-coated plate, 

and incubated at room temperature for 10 minutes. An anti-8-OHdG monoclonal 

antibody was added, followed by addition of diluted secondary antibody-enzyme 

conjugate. Following an hour incubation and triple wash, the absorbance of each 

micro-well was determined at 450 nm (Cell BioLabs, Inc; OxiSelect™ Oxidative 

DNA Damage ELISA Kit [8-OHdG Quantitation] STA-320: [Shen et al., 2007]). A 

total of three assay kits were used (intra-assay CVs based on standards: 3.5-

6.9%, inter-assay CV = 9.0%). 

  Finally, the Oxy-Adsorbent test (Diacron International, Grosseto, Italy), 

provided a quantitative measure of total antioxidant capacity by evaluating the 

ability of plasma to withstand a controlled free radical attack by hypochlorous 

acid (HClO; a relevant biological oxidant (Costantini and Dell’Omo, 2006a,b; 

Costantini et al., 2006).  Briefly, 10µL of plasma were diluted 1:100 with distilled 

water. The diluted plasma was incubated for 10 minutes at 37oC with 200µL of a 

HClO solution before 5µL of N, N-diethyl-p-phenylenediamine (a chromogen) 

were added. Immediately thereafter, absorbance was read at 505 nm and 

compared with standards. The antioxidant capacity is expressed as micromoles 

of neutralized HClO per mL of sample. It is important to note that while other 

methods of measuring plasma antioxidant capacity have been criticized for their 
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overemphasis of the contributions of uric acid, the contribution of uric acid to TAC 

as measured by this assay is low (Costantini, 2010). A total of six assay kits were 

used (intra-assay CVs based on standards: 7.1-10.6%, inter-assay CV = 13.0%). 

Statistical analyses 

Initial variability among birds in different treatment groups at the beginning of the 

study was assessed in multiple ANOVAs to compare all measures of oxidative 

state and initial pre-breeding mass. 

To assess correlations among measures of oxidative state, we ran two, 

two-tailed Pearson’s correlations. The first correlation was analysed with pre-

breeding measures of damage to DNA, damage to proteins, and TAC, whereas 

the second assessed post-breeding measures of these same parameters. To 

assure treatment group did not influence these correlations, we used the 

standardized residuals from ANOVA models that controlled for treatment in a 

second set of two-tailed Pearson’s correlations. Because treatment did not have 

any effect on these measures, only the initial two-tailed Pearson’s correlations 

are presented below.   

Reproductive effort was estimated by summing the total days that a 

breeder cared for offspring prior to fledging, corrected for the number of offspring 

present on each day (see Wilcoxen et al., 2010; Heiss and Schoech, in review). 

As a second measure of reproductive effort we also measured male mass prior 

to and post-breeding. We used ANOVA to compare reproductive effort among 

groups.  
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We used backwards removal General Linear Models (GLMs) to assess 

differences between post-breeding oxidative damage levels and post-breeding 

TAC among treatment groups. In each model we entered pre-breeding levels of 

the respective oxidative state measure, change in mass, and reproductive effort 

as covariates, with treatment as a fixed factor. A factor analysis was used to 

combine the changes in oxidative damage to proteins and DNA from pre- to post-

breeding. We used the first component from this analysis  (Eigenvalue = 1.03, 

explained 51.6% of the variance) in a GLM to determine any differences in 

overall pre- to post-breeding oxidative damage levels among treatment groups. 

Reproductive effort and change in mass were included as covariates. We used 

repeated measures GLMs to determine whether the three measures of oxidative 

state differed from pre- to post-breeding.  In each analysis, mass change and 

reproductive effort were included as covariates, with treatment as a fixed factor. 

Day-of-year was initially included in all of the above models but later removed as 

a non-significant factor in each model based upon its non-significant P-value (i.e., 

P > 0.05). 

RESULTS 

No initial differences existed between treatment groups in pre-breeding 

mass (F2,13 = 0.67, P = 0.53), oxidative damage to proteins (F2,13  = 0.33, P = 

0.72) or DNA (F2,12 = 0.21, P = 0.82), or in TAC (F2,12  = 0.52, P = 0.61).  

 There were no correlations between any measures of oxidative state in 

either pre- or post-breeding measures (Table 1). 
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Table 1. Measures of oxidative stress in male Florida scrub-jays were not 

correlated with one another at either pre-breeding or post-breeding. 

 Pre-Breeding Post-Breeding 

Pearson’s r P-value N Pearson’s r P-value N 

Protein/TAC 0.15 0.66 11 0.18 0.50 16 

DNA/Protein -0.04 0.91 11 0.01 0.97 18 

TAC/DNA -0.26 0.46 10 0.23 0.38 17 

 

 

 

Reproductive effort was not statistically different among the three 

treatment groups (F2,23 = 0.45, P = 0.64), nor was change in mass from pre- to 

post-breeding  (F2,10 = 0.84, P = 0.46).   

The model of the change in oxidative damage (protein and DNA 

combined, PC1 as describe above) from pre- to post-breeding was significant, 

driven by the additive effects of reproductive effort and treatment group (F3,6 = 

5.27, P = 0.04, r2 = 0.73; Fig. 1a, b). 

 

 



35 
 

a)  

 

b)  

 

 

Figure 1: The change in oxidative damage to DNA and proteins (combined with 
PCA) from pre- to post-breeding in male Florida scrub-jays varied significantly in 

a model with reproductive effort (a) and treatment (b): X̄ ± SE).  
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 However, neither reproductive effort nor treatment group was significant 

within the model when considered independently. When analysing only post-

breeding measures, there were no treatment effects on oxidative damage to DNA 

or protein, or in TAC (F2,14 = 0.021, P = 0.979; F2,12  = 0.523, P = 0.672; and F2,9 

= 2.925, P = 0.130; respectively; Fig. 2a,b,c). 
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a)        

 

 

 

 

b)  

 

 

 

  

c) 

 

Figure 2: Male Florida scrub-jays demonstrate no effect of treatment on oxidative 

damage to a) DNA or b) protein, or in c) TAC. Error bars are X̄ ± SE.  
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There were no significant differences between pre- and post- breeding 

TAC (F1,5 = 0.45, P = 0.53) or levels of oxidative damage to DNA (F1,8 = 2.43, P = 

0.158) in the same model accounting for reproductive effort, change in mass, and 

treatment.  There was however, a significant interaction between change in mass 

and pre- and post-breeding levels of oxidative damage to proteins (see Table 2). 

 

 

Table 2. A significant interaction exists between change in protein carbonyl levels 
from pre- to post- breeding (Time) and change in mass from pre- to post-
breeding in male Florida scrub-jays. 
 
Variable     F  P-value 

Time      0.15  0.72 

Time* Change in Mass   9.34  0.04 

Time* Reproductive Effort   0.06  0.82 

Time* Treatment    0.66  0.57  
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 Post-hoc exploration of change in carbonyl and change in mass revealed 

a strong significant relationship (F1,8 = 15.77, P = 0.004; Fig. 3). 

 

 

 

Figure 3: Change in protein carbonyl levels and mass from pre- to post-breeding 
were significantly related in male Florida scrub-jays. 

 

 

DISCUSSION 

In their review, Metcalfe and Alonso-Alvarez (2010) called attention to the lack of 

research that had examined the relationship between oxidative state and 

reproductive effort in free-living birds. They further called for consideration of 

actual measures of damage, (as opposed to proxy measures of oxidative state), 
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to better document the potential trade-offs between reproductive effort and 

oxidative balance. Our study addresses both of these concerns and begins to 

untangle the convoluted relationship between oxidative balance and reproduction 

in a free-living bird.  

One of the most debated topics of avian oxidative stress physiology is the 

role of carotenoids (Pérez-Rodríguez, 2009). Our results demonstrate that the 

change in oxidative damage during reproduction varied significantly with both 

treatment and reproductive effort. Overall damage appears to increase with 

reproductive effort while controlling for treatment. Further, while firm conclusions 

are problematic due to low sample sizes, the lower overall oxidative damage of 

the antioxidant-treated jays is suggestive that these antioxidants confer some 

degree of protection from damage during reproduction.  

 Several captive studies of zebra finch have demonstrated a decreased 

resistance to an oxidative attack after experimental manipulation to increase 

brood size (Alonso-Alvarez et al., 2004, 2006; Wiersma et al., 2004). A separate 

study on captive zebra finches found no relationship between resistance to ROS-

induced hemolysis (one measure of oxidative stress) and reproductive effort, but 

treatment with carotenoids significantly reduced the oxidative stress incurred by 

breeding birds (Bertrand et al., 2006). Our study of a free-living bird 

demonstrates that both reproductive effort and treatment with antioxidants affect 

oxidative state. Of particular note is that our combined protein and DNA oxidative 

damage measure did not increase across the reproductive season in birds 
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supplemented with antioxidants as it did in the other two treatment groups (see 

Fig. 1b).  

While numerous studies have examined the importance of carotenoids to 

oxidative balance (for review see Costantini and Møller, 2008), they are 

characterized by their disparate findings and, to the best of our knowledge, only 

Hõrak et al. (2010) specifically assessed oxidative damage. Further, all were 

conducted on species that depend on carotenoids for plumage coloration. Here, 

we suggest that the research on carotenoids as antioxidants needs to be 

expanded to birds that are not reliant on carotenoid-based secondary sexual 

traits. The use of model systems, like Florida scrub-jays, in which carotenoids are 

not used for plumage coloration, allows the elimination of one variable from the 

complex web of functions that carotenoids may serve. We suggest that 

carotenoids serve an important antioxidant function in some instances. 

We found that changes in mass across the breeding season were 

positively associated with changes in carbonyl levels. Birds that increased mass 

during reproduction also suffered the highest levels of oxidative damage to 

proteins. This may reflect the well-established positive relationship between 

caloric intake and the accompanying increased metabolism and oxidative stress; 

in contrast, caloric restriction decreases these indicators (e. g., Sohal and 

Weindruch, ‘96; Masoro, 2002; Holmes and Ottinger, 2003). Therefore, birds that 

gained mass during the breeding season may also have paid an oxidative 

balance cost. 
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Unexpectedly, we did not find that protein oxidative damage levels of 

males increased from pre- to post-breeding as they did in the same population of 

jays the previous year (Heiss and Schoech, in review). We suggest that these 

opposing findings are due to year-effects that resulted from a particularly good 

overwinter crop of acorns (jays cache acorns extensively and their retrieval is a 

major source of food for Florida scrub-jays through the winter and early spring 

months when insect abundance is low; Woolfenden and Fitzpatrick, ‘96). The 

2010 crop of acorns appeared to be among the largest in 20 years of study in this 

tract (SJS personal observation). It may be that this abundance and the resultant 

ease with which males could find food, ameliorated the efforts of the 2011 

breeding season, such that males avoided the increase in oxidative damage 

associated with reproduction that was observed in 2010. Our findings highlight 

the need for studies that encompass measures of oxidative status and 

environmental conditions across multiple years to better elucidate the 

relationship between oxidative status and reproductive effort. Clearly, costs 

associated with reproduction that are readily apparent in a resource poor year 

may be obscured under conditions in which resources are abundant.  

Somewhat surprisingly, there were no correlations between any measures 

of oxidative stress, during either pre- or post-breeding. This highlights the 

importance of assessing multiple markers of oxidative state as noted in several 

studies and reviews (Halliwell, ‘96, ‘99; England et al., 2000; Halliwell and 

Whiteman, 2004; Monaghan et al., 2009). Single measures are insufficient to 

understand the complexities of the oxidative balance system and oxidative 
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damage to different biomolecules may not necessarily occur in synchrony. For 

example, Radák et al. (1997) physically trained rats at high altitudes and found 

no effect on lipid peroxidation, but oxidation of proteins in the same skeletal 

muscles increased.  

Even if damage to several different types of biomolecules occurs, as might 

be expected during periods of severe oxidative stress, the extent of the damage 

and time courses of the removal and repair may be very different among tissue 

or biomolecule types (Halliwell and Whiteman, 2004). While protein carbonyls 

and 8-OHdG are more stable than other commonly used measures of oxidative 

stress (e. g., lipid peroxidation products; see Monaghan et al., 2009 for review),  

their levels are in flux as DNA breakages are repaired and damaged proteins are 

broken down and removed by the proteasome system (Davies, 2000). Clearly, 

such a disassociation between production and repair could lead to a lack of 

correlation among biomarkers, as has been found in our and one other study 

(England et al., 2000).  

Furthermore, in our study, oxidative damage to both DNA and protein 

were assessed only in plasma. The underlying assumption, that damage to other 

tissues would correspond with plasma values, is likely erroneous (see Halliwell, 

‘98) and different tissues have been shown to vary in their antioxidant capacity, 

as well as their susceptibility to oxidative damage (Surai et al., ‘96).  

The lack of correlation between oxidative damage measures and TAC is 

another important finding. Several studies have assessed TAC, without 

corresponding data on measures of oxidative damage to biomolecules (Bertrand 
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et al., 2006; Cohen et al., 2008; Bourgeon et al., 2011). While at some level, TAC 

provides a snapshot of the oxidative state of an individual, there are several 

factors that remain unaccounted for in any measure of TAC. For instance, as 

Monaghan et al. (2009) noted, the enzymatic antioxidants that comprise the 

primary ROS defense within most tissues do not correlate with the circulating 

antioxidants that contribute to the TAC.  

While assessment of multiple measures of oxidative state may reveal 

seeming disconnects among measures, we believe that it is only by assessing 

multiple biomarkers that full understanding of the dynamic interplay between 

ROS, antioxidants, ROS-damaged molecules, and repair mechanisms can be 

achieved. We hope that future research, almost certainly with captive 

populations, will elucidate the time course over which oxidative damage occurs to 

various types of biomolecules. Such research will provide an invaluable 

framework that might ultimately allow researchers to better select biomarkers that 

best fit their research questions. We eagerly await developments in the field that 

will reveal the relationships between oxidative state and the function of 

carotenoids, particularly in free-living species that do not use carotenoids for 

plumage coloration. Further, we would hope that future research on free-living 

species would emphasize the collection of long term data (i. e., measures of 

oxidative state across multiple years). Clearly, oxidative state might markedly 

differ with variable environmental conditions within and among years and such 

variance in oxidative state may well have profound fitness implications.   
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CHAPTER 4: EXPERIMENTAL SUPPLEMENTATION OF NESTLING FLORIDA 

SCRUB-JAYS (APHELOCOMA COERULESCENS) WITH CAROTENOIDS HAS 

NO EFFECT ON GROWTH OR OXIDATIVE STATE 

Introduction 

Recently, there has been considerable interest in how early life conditions, 

particularly stress, can exert effects throughout the life of an organism (for 

reviews see Metcalfe and Monaghan, 2001; Schoech et al., 2011). In spite of 

this, our understanding of the consequences of these early experiences in free-

living animals is still limited (Noguera et al., 2011). The developmental period, 

accompanied by rapid growth, is a demanding and vulnerable time for any 

organism, and perturbations during this period can result in large effects on 

survival and reproductive fitness (Lindström, 1999).  While Metcalfe and 

Monaghan (2003) have suggested the that rapid growth of nestling birds may 

help individuals escape this vulnerable stage earlier and ultimately permit 

increased survival, a number of studies have found negative impacts of fast 

growth. These include reduced lifespan, reduced immune capacity, and 

increased predation risk (reviewed in Arendt, 1997; Blanckenhorn, 2000; 

Gotthard, 2001; Metcalfe and Monaghan, 2003; Dmitriew, 2010).  

Oxidative damage is an additional negative consequence of rapid growth 

that has gained recent attention (Kim et al., 2011). During events that are 

energetically demanding, such as growth or reproduction, increased metabolism 

results in greater production of reactive oxygen species (ROS) that can cause 

damage to biomolecules if not countered by antioxidant defenses (Davies, 2000; 
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Nilsson, 2002; Halliwell and Gutteridge, 2007). Recent work in captive zebra 

finches (Taeniopygia guttata) demonstrated this cost. Nestlings that grew faster 

exhibited lowered red blood cell resistance to free radicals than slower-growing 

nestlings (Alonzo-Alvarez et al., 2007). As demonstrated by these studies, early 

growth and development can significantly alter the oxidative balance of an 

organism. Given that oxidative balance has been proposed to be a major 

determinant of life history decisions (Monaghan et al., 2009), such alterations at 

early life stages can have potential long term consequences. 

Carotenoids, non-synthesizable pigments with antioxidant properties, have 

gained attention for their role in mediating oxidative balance (Catoni et al., 2008; 

Costantini and Møller, 2008). Carotenoids are immune-stimulatory as they 

increase the cytotoxic, phagocytic, and bacterial-killing abilities of various 

leukocytes, among other roles (Chew, 1993; Hughes, 2001; Saino et al., 2003; 

McGraw and Ardia, 2005). Further, carotenoids have been linked to reductions in 

brain malformation in both mammals and birds (for review see Ramakrishna, 

1999). The effects of carotenoids on growth, however, are not as clear. Some 

studies report that carotenoids have little influence on growth rates (Haq et al., 

1995; Royle et al., 1999; Fenoglio et al., 2002), while others have found a 

positive association between carotenoid supplementation and growth (Tanvez, 

2004; Cucco et al., 2006). If there is a trade-off between growth and maintenance 

of oxidative balance, we anticipate that supplementation with carotenoids would 

help alleviate the cost of rapid growth by reducing oxidative damage.  



53 
 

This key life-history trade-off between growth and oxidative balance was 

recently examined in red-winged blackbird (Agelaius phoeniceus) nestlings that 

were supplemented with a mixture of vitamins and minerals (Hall et al., 2010). 

Nestlings supplemented with antioxidants (not carotenoid specific) exhibited 

increased growth, but did not differ from controls in levels of lipid peroxidation 

(one marker of oxidative damage). Another recent study of nestling Eurasian 

kestrels (Falco tinnunculus) found no effect of carotenoid supplementation upon 

growth or measures of oxidative stress (reactive oxygen metabolites and serum 

antioxidant capacity; Costantini et al., 2007). While both studies assessed growth 

and oxidative status, the results are difficult to compare as both studies followed 

different supplementation regimes and measured different biomarkers of 

oxidative status.  

In the current study, we supplemented free-living Florida Scrub-jay 

(Aphelocoma coerulescens) nestlings with carotenoids and assessed multiple 

markers of oxidative status. This enabled us to: 1) specifically address the role of 

carotenoids in the relationship between growth and oxidative balance, and 2) 

assess correlations among measures of oxidative status in a developing 

passerine.  

Methods 

STUDY SPECIES AND SITE 

 

All research was conducted at Archbold Biological Station (ABS), 

Highlands County, Florida, USA (27°10’N, 81°21’W, elevation 38–68 m; for 

further details see Schoech, 1996; Schoech and Bowman, 2003). 
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Florida Scrub-jays are cooperative breeders that live in groups that consist 

of a pair of socially and genetically monogamous (Quinn et al., 1999; Townsend 

et al., 2011) breeders and from none to six non-breeding “helpers,” (typically the 

young of the breeding pair from previous years). These relatively long-lived birds 

have an extended developmental period during which they are largely reliant 

upon their parents for provisioning. It is not until approximately 70 days post-

hatch that fledglings become nutritionally independent (Woolfenden and 

Fitzpatrick, 1996).  

Nests of breeding pairs in this population are found during the building or 

laying stages. The average clutch size ranges from 2.9 to 3.7 eggs (Woolfenden 

and Fitzpatrick, 1996). Nests are continuously monitored and toenails of 

nestlings are marked at hatching with nail polish to identify hatch order and 

establish a unique identity.  As part of our routine monitoring, at day 11 post-

hatch all nestlings are banded with a unique combination of colored plastic leg 

bands, and a numbered aluminum U.S. Geological Survey band that allow us to 

track individuals throughout their lifetimes.  

SUPPLEMENTATION, GROWTH RATE, AND BLOOD SAMPLING 

Beginning at day 3 post-hatch, through day 10 post-hatch, nestlings from seven 

nests were supplemented once a day between 11-13h with either an oral dose of 

antioxidants (N = 11 individuals: DSM, FloraGlo 20% #80447, containing 20% 

lutein and 0.86% zeaxanthin) diluted in 100 µl of water or distilled water (N = 6 

individuals). Treatment group was assigned to control for hatch order, such that 

an equal number of first- and last-hatched nestlings from each nest were in 
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control or antioxidant-supplemented groups. All nestlings were removed from the 

nest and supplemented according to their treatment using a micro-pipette. 

Following the calculations of Biard et al. (2006), carotenoid dosage in the 

experimental group increased to account for mass changes with growth. For 

days 3-6, nestlings were supplemented with 24 µg of carotenoids and from days 

7-10 the dosage increased to 45 µg. Dosages were based on blood volume 

estimates based on body mass, efficiency of carotenoid absorption (in birds, 

generally accepted at 20%; Surai, 2002), and circulating levels of carotenoids 

present in Florida Scrub-jays (Heiss et al., 2011).  Confirmation of effective 

carotenoid dosage was established in an outside lab (D. Kopsell, Univer. Tenn.) 

via carotenoid extraction followed by a High Performance Liquid Chromatography 

(HPLC) assay. Plasma was run in duplicate to assess levels of lutein and 

zeaxanthin in control and supplemented groups (for detailed extraction and High 

Performance Liquid Chromatography assay protocol see Wensel et al., 2007; 

Kopsell et al., 2009). Both lutein and zeaxanthin were higher in carotenoid-

supplemented than in control birds (0.88 µl/mL and 0.29 µl/mL, versus 0.48 µl/mL 

and 0.26 µg/mL, respectively) although likely zeaxanthin was not significantly 

increased in antioxidant supplemented birds. Unfortunately these changes 

cannot be explored statistically as plasma for both control and treatment groups 

had to be pooled in order to secure enough plasma to run the HPLC assay.   

Mass of nestlings was measured on days 3-10 prior to supplementation, 

and tarsus was measured on days 3, 5, and 8. For each individual, daily mass 

and the mass to tarsus ratios were separately plotted against day with the 
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resultant slopes retained as measures of growth rate. The slope of the plotted 

mass against day data will be referred to as “mass accumulation rate” while the 

mass by tarsus growth rate will be referred to as “body size corrected mass 

accumulation rate.” 

 On day 11 post-hatch, all nestlings were removed from their nest and 

immediately blood sampled. By employing several people for sampling, we 

assured that each individual was sampled within 120 seconds of nest 

disturbance, thereby minimizing the possible alteration of blood chemistry values 

due to the stress of handling. Following brachial venipuncture with a 25-gauge 

needle, blood samples were collected (~150 µL) in heparinized microhematocrit 

tubes. Samples were kept chilled with 'cool-packs' (also known as 'Blue-IceTM') in 

an insulated bag until return to the laboratory (within 1h) where they were 

immediately centrifuged to separate the cellular and plasma portions. Plasma 

was drawn off and stored in sealed vials at -80o C until analyses for oxidative 

status.  

Morphometric data (body mass, length of 7th primary, tarsus, and head-

plus-bill) of all nestlings were taken following blood sampling (see Reynolds et 

al., 2003 for further details). To control for diel fluctuations in physiologic 

measures, all blood samples were collected between 1100 and 1300.  

MEASURES OF OXIDATIVE STATUS 

Protein Carbonyl Assay 

Protein carbonyls form relatively rapidly in an individual experiencing 

oxidative stress and, as they are stable, they are a widely used tractable 
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biomarker of oxidative damage (Monaghan et al., 2009 for review). A single 

protein carbonyl assay kit (Cayman Chemical Company #10005020) was used 

for analysis of all samples (intra-assay CV = 7.81%). Briefly, a reaction between 

protein carbonyls and 2,4-dinitrophenylhydrazine (DNPH) produces a protein-

hydrazone that can then be quantified spectrophotometrically (at 360 nm). 

Because samples likely vary in initial protein concentration and proteins may be 

lost during the washing steps of the assay, each sample was standardized to the 

specific protein concentration of the final pellet. These concentrations were 

quantified spectrophotometrically at 280 nm from a bovine serum albumin 

standard curve (see Resnick and Packer, 1994, for a detailed protocol). 

Total Antioxidant Capacity 

  The Oxy-Adsorbent test (Diacron International, Grosseto, Italy) provided a 

quantitative measure of total antioxidant capacity (TAC) by evaluating the ability 

of plasma to withstand a controlled free radical attack by hypochlorous acid 

(HClO, a biologically relevant oxidant: Costantini et al., 2006; Costantini and 

Dell’Omo, 2006a,b). Briefly, 10 µL of plasma were diluted 1:100 with dH2O, and 

the diluted plasma was incubated for 10 minutes at 37oC with 200 µL of a HClO 

solution, following which 5 µL of N, N-diethyl-p-phenylenediamine (a chromogen) 

were added. Immediately thereafter, absorbance was read at 505 nm and 

compared with standards. The antioxidant capacity is expressed as micromoles 

of neutralized HClO per mL of sample. It is important to note that while other 

methods of measuring plasma antioxidant capacity have been criticized for their 

overemphasis of the contributions of uric acid, the contribution of uric acid to TAC 
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as measured by this assay is low (Costantini, 2010). A single kit was used for this 

analysis (intra-assay CV = 3.90%). 

Reactive Oxygen Metabolites (ROMs) 

Hydroperoxides, compounds that signal oxidative tissue damage to lipids 

and proteins, were measured via a d-ROMs assay kit (Diacron International, 

Grosseto, Italy). We diluted 4 µl of plasma, calibrator, or distilled water (blank) in 

202 µl of the provided acidic buffer solution in duplicate, onto a 96-well plate.  

The plate was mixed gently and incubated for 75 min at 37oC. Immediately 

following incubation, absorbance was measured at 505 nm and ROM 

concentration was calculated in millimolar of H2O2 equivalents (as per 

Haussmann et al., 2012).  All samples were run in a single assay with an intra-

assay CV of 14.6%.  The ratio of ROMs: TAC * 1000 was calculated to represent 

plasma oxidative status, with high values reflective of high oxidative stress levels 

(Casagrande et al., 2011). 

STATISTICAL ANALYSES 

 Differences in growth rate between supplemented and nonsupplemented 

nestlings were assessed in a series of General Linear Models. Day 11 mass, 

mass accumulation rate, and body size corrected mass accumulation rate were 

assessed individually (i. e., were dependent variables in separate models), with 

hatch order and treatment group as factors.  

We then assessed correlations among the measures of oxidative state in 

a Pearson’s correlation matrix which included all measures of oxidative status 

(protein carbonyl, TAC, ROMs, and plasma oxidative status). 
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 Finally, we explored differences in oxidative status between supplemented 

and nonsupplemented nestlings, and interactions between growth rate and 

antioxidant status in a second series of General Linear Models. Protein carbonyl, 

TAC, ROMs, and plasma oxidative status were investigated separately, with 

hatch order and treatment group included in the model as factors and growth rate 

measures as covariates.  

Results 

None of the measures of oxidative state were correlated (see Table 1). 

 

 

 

 

Table 1. Measures of oxidative state in nestling Florida Scrub-jays are not 
correlated with one another (N =17).Please note that  Plasma Oxidative Status is 
not analyzed with measures of dROMs or TAC as it is derived from these 
measures.  

 

 Pearson’s r P-value 

Protein carbonyl/TAC 0.02 0.94 

Protein carbonyl/dROMs - 0.21 0.43 

TAC/dROMs 0.25 0.34 

Plasma Oxidative Status/ Protein 

Carbonyl 

- 0.21 0.42 
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We found no differences in day 11 mass, nor either measure of growth rate 

between carotenoid supplemented and control nestlings. Day 11 mass, mass 

accumulation rate, and body size corrected mass accumulation rate, were all 

statistically indistinguishable among birds in the different treatment groups (F5,11 

= 2.70, P = 0.08; F5,11 = 1.88, P = 0.18; F5,11 = 2.98, P = 0.06, respectively). Post-

hoc exploration of the trend for differences between treatment groups using day 

11 mass was further explored by taking the residuals of day 11 mass for hatch 

order with treatment removed from the GLM. When controlling for hatch order in 

this manner, the trend was for antioxidant supplemented birds to be larger than 

their control counterparts (X̄  ± SE: N = 11, 1.14 ± 5.13 versus N = 6, -2.09 ± 

6.20, respectively). Similarly, post-hoc exploration of the trend for differences 

between treatment groups using body size corrected mass accumulation rate 

was explored as above by taking the residuals for hatch order with treatment 

removed from the GLM. When controlling for hatch order in this matter, the trend 

was for antioxidant supplemented birds to be smaller than their control 

counterparts (X̄  ± SE: N = 11, -0.029 ± 0.098 versus N = 6, 0.053 ± 0.084, 

respectively).  The post-hoc explorations of these trend is indicative that 

antioxidant supplemented birds may have been able to increase overall mass, 

but did not appear to be increasing relative body size any faster than their control 

counterparts.  

 We also found no relationships among treatment, measures of growth, 

and any measure of oxidative state (protein carbonyl: F8,17 = 1.92, P = 0.13; TAC: 
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F8,17 = 1.50, P = 0.23; ROMs: F8,17 = 1.93, P = 0.13; plasma oxidative status: F8,17 

= 1.82, P = 0.14). 

Discussion 

We found no relationships between growth and oxidative status in Florida 

Scrub-jay nestlings. Further, despite our treatment which increased nestling 

plasma levels of carotenoids (at least in levels of lutein), our supplementation 

had no effect on their rates of growth, overall mass, or any measure of oxidative 

state.  

Evidence for the role of carotenoids in facilitating rapid early growth is 

inconclusive. While some studies note a positive effect on nestling growth (e. g., 

Tanvez, 2004; Cucco et al., 2006; Hall et al., 2010), others found no link between 

carotenoid supplementation and early life growth patterns (Haq et al., 1995; 

Royle et al., 1999; Fenoglio et al., 2002; Saino et al., 2003).  

Despite our treatment which delivered increased lutein antioxidants to 

selected nestlings, we found no effect on overall oxidative status. To our 

knowledge, this and one other (Costantini et al., 2007), are the only studies that 

have addressed the oxidative response of nestling birds to carotenoid-

supplementation. Because carotenoid levels in Florida Scrub-jays are naturally 

lower than those of Eurasian kestrels (Constantini et al., 2007) and because 

carotenoid pigments are not used for coloration in scrub-jays, we expected that 

carotenoids would be more dedicated to their roles as antioxidants in scrub-jays.  

However, our results paralleled those of Costantini et al. (2007) in that 

supplemental carotenoids did not affect measures of growth or oxidative state.   
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The specific finding that TAC was not increased by supplementation was 

particularly surprising, given the increased levels of circulating carotenoids in the 

plasma of supplemented nestlings. While it is possible that carotenoids do not 

make large contributions to TAC (see Costantini and Møller, 2008), it has been 

widely demonstrated that HOCl reacts with carotenoids (Handelman et al., 1991; 

Siems et al., 2000) and therefore we do not expect that our lack of significant 

differences between treatment groups is method based.  

While the immediate post-hatching period is a crucial time for birds in the 

maintenance of oxidative balance (Freeman and Vince, 1974; Vleck and Bucher, 

1998), it is possible that maternally transferred carotenoids are more important 

for protection against damage during this time period (see Blount et al., 2002a, 

b), than those carotenoids that are acquired via diet, (e. g. our supplemental 

source). Further, a wide range of factors may influence the absorption of 

carotenoids; from the lipid content of recently consumed food to physiological 

constraints in the gut (see Casagrande et al., 2007). Differences among 

individuals may have limited the availability and effectiveness of our 

supplemental carotenoids to protect against oxidative damage. 

Another possibility to explain the apparent lack of antioxidant activity by 

the supplemental carotenoids is that there may have been an absence (or very 

low levels) of other antioxidants (e.g., vitamin E or C), thus preventing synergistic 

antioxidant activity (Pérez-Rodríguez, 2009). Finally, our finding that measures of 

oxidative state were not correlated highlights the importance of the use of 

multiple indices for oxidative status; a recommendation we have stressed in 
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previous work that reports a similar lack of correlation between measures of 

oxidative state (Heiss and Schoech, in review).  
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CHAPTER 5: AN EXPLORATION OF OXIDATIVE DAMAGE, AGE, AND 

SURVIVAL IN THE FLORIDA SCRUB-JAY (APHELOCOMA 

COERULESCENS) 

INTRODUCTION 

 Oxidative damage to biomolecules results from the inability of an organism 

to cope with the actions of reactive oxygen species (ROS), chemically reactive 

molecules that are formed as byproducts of metabolism. The accrual of damage 

by ROS has long been at the center of one of the most widely accepted models 

for aging; the free-radical theory of aging (see Beckman and Ames 1998). Briefly, 

this theory states that the accumulation of damage to various types of 

biomolecules with age leads to degradation of function that ultimately results in 

death (Harman 1956). Over the past decade, the oxidative stress theory of aging 

has been supported with mounting evidence linking oxidative damage to the 

aging process (for review see Kregel and Zhang 2007). Several studies on a 

variety of organisms have documented an accumulation of oxidative damage to 

biomolecules (e. g., protein, lipid, and DNA) in multiple tissues as organisms age 

(Sohal et al. 1993, Forster et al. 1996, Yan and Sohal 1998, Yasuda et al. 1999, 

Hamilton et al. 2001, Stadtman 2001, Takabayashi 2004). However, relatively 

little research has addressed mechanisms by which organisms repair or 

eliminate oxidized biomolecules; thereby ameliorating associated disease and 

aging effects attributable to the damaged molecules (Sohal et al. 2002). Most of 

the research that has examined repair has focused on DNA repair and the 



70 
 

associated extension of lifespan (Newton et al. 1989 a,b, Starke-Reed and Oliver 

1989, Whitehead and Grigliatti 1993, Gredilla et al. 2010, Park et al. 2011). Such 

repair mechanisms may be of particular importance to longer-lived species.  

 Oxidized protein accumulation is a particularly good hallmark of aging as 

protein carbonylation is both irreversible and correlated with oxidative stress-

induced cell death (Berlett and Stadtmand 1997, Friguet et al. 2000, Stadtman 

and Levine 2000, Friguet 2002, Costa et al. 2007). The buildup of oxidized 

proteins with age has been hypothesized to result from increased protein 

oxidative damage, decreased oxidized protein degradation, decreased oxidized 

protein re-building, or a combination of these processes (Frigeuet 2006). The 

detrimental effects of oxidized proteins include mitochondrial damage leading to 

enhanced production of ROS, an effect that has been shown to have short-term 

effects on survival (Herbert 1994, Herbert et al. 1994). Further, oxidative damage 

to proteasomes, intracellular protein complexes that degrade damaged proteins, 

can result in increased cellular damage perpetuating a cycle of increasing 

damage (Sohal et al. 2002). Regardless of the mechanism, the accumulation of 

toxic carbonyls has been linked to both the commencement and continuation of a 

variety of diseases, as well as the general aging process (Petropoulos and 

Friguet 2005).  

 Antioxidants provide one mechanism for protection against oxidative 

damage (Mayo et al. 2003). As such, the total antioxidant capacity (TAC) assay 

has become a popular measure of an organism's ability to resist attack by ROS. 

Two recent studies in relatively short-lived passerines (the Collared Flycatcher, 
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Ficedula albicollis, and the Barn Swallow, Hirundo rustica) found no variation in 

TAC with age (Marko et al. 2011, Saino et al. 2011). However, in a long-lived 

species, the Greater Flamingo (Phoenicopterus ruber roseus), resistance to 

oxidative stress was highest at intermediate ages (Devevey et al. 2009), 

suggesting that TAC is important in longer-lived species.   

 Our study population of Florida Scrub-jays (Aphelocoma coerulescens) 

has been studied extensively for 25 years. This is a relatively long-lived species 

with a maximum lifespan of 15.5 years (Woolfenden and Fitzpatrick 1996), and at 

any one time, 10–20% of breeding individuals in our population are 

approximately 10 years of age or older. Recent evidence indicates that older 

birds in this population do not undergo actuarial senescence (Wilcoxen et al. 

2010a, but see McDonald et al. 1996). Instead, Wilcoxen et al. (2010 a,b) 

suggest that those individuals that survive to older ages are high quality birds, 

whereas those of lower quality have been culled from the population.  

 The goals of the current study were threefold - to determine whether: 1) 

oxidized damage to proteins and DNA accumulate with age as predicted by the 

free radical theory of aging; 2) there was a relationship between age and TAC; 

and 3) accumulation of oxidative damage or TAC status at an early age, was 

predictive of survival over the short-term (i. e., the first year of life).  

METHODS 

Study species and site 

 

Research was conducted at Archbold Biological Station (ABS), Highlands 

County, Florida, USA (27°10’N, 81°21’W, elevation 38–68 m; for further details 
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see Schoech 1996, Schoech and Bowman 2003). Because Florida Scrub-jays 

are a non-migratory, highly sedentary species, virtually all individuals spend their 

entire lives at ABS. Each scrub-jay in this population is uniquely marked with 

colored plastic leg bands and a numbered aluminum U.S. Geological Survey 

band that allow us to track all individuals throughout their lifetimes.  

 We wished to address any differences in oxidative damage levels during 

early life stages (nestling, ~70 days old, and 9 months of age), as these are times 

of high mortality for this species. Woolfenden and Fitzpatrick (1996) note that the 

mortality rates of Florida Scrub-jays from fledging to ~70 days-of-age, (when they 

become nutritionally independent from their parents) is 41%. From nutritional 

independence to 1 year-of-age,  mortality is 45%, whereas for each year after 

year one, annual mortality rates decrease to ~25  ± 5% (depending on sex and 

breeding status).  It may be that the ability to regulate oxidative balance during 

these early vulnerable stages is of particular importance to survival. 

Trapping and blood sample collection  

To obtain blood samples, birds were trapped in continually monitored Potter or 

drop traps from late January through late February of 2010 and 2011. 

Nutritionally independent young (~70 days post hatch) from both 2010 and 2011 

were trapped in early August of their hatch year. Nestlings from 2010 and 2011 

were removed from their nest at day 11 post-hatch for blood sampling. Following 

brachial venipuncture with a 25-gauge needle, blood samples were collected 

(~150 µL) in microhematocrit tubes within 2 min of capture or removal from the 

nest, thereby minimizing the alteration of blood chemistry values due to the 
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stress of capture and handling. Blood samples were kept chilled with 'cool-packs' 

(also known as 'Blue-IceTM') in an insulated bag until return to the laboratory 

(within 1-3 h) where samples were centrifuged to separate the cellular and 

plasma portions. Plasma was drawn off and stored in sealed vials at -80o C until 

analysis for TAC and oxidative damage levels.  

Morphometric data (body mass, head breadth, distance from the nares-to-

bill-tip, and lengths of the wing-cord, head-plus-bill, culmen, and tail) were taken 

following blood sample collection (see Schoech 1996 for further details). To 

control for diel fluctuations in physiologic measures, all blood samples were 

collected between 0700 and 1100.  

Measures of oxidative status 

Protein carbonyl data were collected for all nestlings, independent young, 9 

month old, and adult birds in this study. Because of blood volume limitations, 

damage to DNA was only measured in adult birds (1 year and older). TAC was 

measured in adult birds, and 2011 nestlings.  

Protein Carbonyl Assay 

Protein carbonyls form relatively rapidly in an individual experiencing 

oxidative stress and, as they are stable, they are a widely used, tractable 

biomarker of oxidative damage (Monaghan et al. 2009 for review). Nine protein 

carbonyl assay kits (Cayman Chemical Company #10005020) were used to 

assay all of the 2010 samples (intra-assay CVs 1.3-4.3%) and ten kits were used 

to assay samples collected in 2011 (intra-assay CVs 3.5-6.7%; Cayman notes 

that inter-assay CV is 8.5%). Briefly, a reaction between protein carbonyls and 
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2,4-dinitrophenylhydrazine (DNPH) produces a protein-hydrazone that can then 

be quantified spectrophotometrically (at 360 nm). Because samples likely vary in 

initial protein concentration and proteins may be lost during the washing steps of 

the assay, each sample was standardized to the specific protein concentration of 

the final pellet. These concentrations were quantified spectrophotometrically at 

280 nm from a bovine serum albumin standard curve (see Resnick and Packer 

1994, for a detailed protocol). 

Oxidative Damage to DNA  

We used Cell BioLabs, Inc; OxiSelect™ Oxidative DNA Damage ELISA 

Kit (8-OHdG Quantitation) STA-320, (Shen et al. 2007), to measure the oxidative 

damage to DNA via the concentration of the oxidative derivative of guanine (8-

hydroxy-2'-deoxyguanosine [8-OHdG]) present in plasma. Briefly, 50 µL of 

plasma (or standard) were added to an 8-OHdG conjugate-coated plate, and 

incubated at room temperature for 10 minutes. An anti-8-OHdG monoclonal 

antibody was added, followed by addition of a diluted secondary antibody-

enzyme conjugate. The plate was incubated for one hour and triple washed.  The 

absorbance of each micro-well was then determined at 450 nm. A total of three 

assay kits were used (intra-assay CVs based on standards: 3.5-6.9%, inter-

assay CV = 9.0%). 

Total Antioxidant Capacity 

  The Oxy-Adsorbent test (Diacron International, Grosseto, Italy) provided a 

quantitative measure of total antioxidant defense by evaluating the ability of 

plasma to withstand a controlled free radical attack by hypochlorous acid (HClO; 
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a biologically relevant oxidant; Costantini and Dell’Omo 2006a,b, Costantini et al. 

2006).  Briefly, 10 µL of plasma were diluted 1:100 with dH2O, and the diluted 

plasma was incubated for 10 minutes at 37oC with 200µL of a HClO solution, 

following which 5 µL of N, N-diethyl-p-phenylenediamine (a chromogen) were 

added. Immediately thereafter, absorbance was read at 505 nm and compared 

with standards. The antioxidant capacity is expressed as micromoles of 

neutralized HClO per mL of sample. It is important to note that while other 

methods of measuring plasma antioxidant capacity have been criticized for their 

overemphasis of the contributions of uric acid, the contribution of uric acid to TAC 

as measured by this assay is low (Costantini 2010). A total of six assay kits were 

used (intra-assay CVs based on standards: 7.1-10.6%, inter-assay CV = 13.0%). 

Statistical analyses  

 To determine that there were no year differences, oxidative damage levels 

for adult birds in 2010 and 2011 were first analyzed with age as an independent 

variable, and year as a random factor in a General Linear Model (GLM) to 

determine if slopes between years were significantly different. Additionally, day of 

year that individual birds were trapped in 2010 and 2011 was also analyzed in a 

regression to ensure that the trap date was not influential given that birds were 

trapped over a period of two months.  Because neither day of year, nor year were 

significant factors in any model (P = 0.14 – 0.58), 2010 and 2011 protein 

carbonyl data were combined for further analysis of samples from adult birds. A 

curve estimation regression was used to assess whether age was predictive of 

carbonyl level. Protein carbonyl data from 2010 and 2011 included twelve birds 
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that were sampled twice, once in each year. Only the 2010 samples from these 

birds were incorporated into the analysis to avoid violation of the assumption of 

independence. A single outlier was removed from the analysis. Although this 

older bird was characterized by relatively high levels of oxidative damage for its 

age, we believe this to be a case in which the bird was experiencing distress 

(possibly disease) given that despite having been a breeder for some years, 

during the 2011 season he was usurped from his territory and is now missing and 

presumed dead. Because displacement of breeders occurs rarely, we felt 

justified that there was a biological basis which justified the removal of this 

outlier, however, we report results with this bird both included and removed.  

Curve estimation regressions were also used to assess the relationships 

between age and both oxidative damage to DNA and TAC.  

Prior to conducting analyses on protein oxidative damage levels for 2010 

and 2011 nestlings and independent young, these data were first analyzed in 

separate GLMs with year as a random factor to determine if slopes between 

years were significantly different. Because year was a significant factor in both 

the models for nestlings and independent young (P < 0.001), data from 2010 and 

2011 were analyzed separately. Nestling and independent young carbonyl 

content were significantly higher in 2011 relative to 2010 (X̄  ± SE: 2010; 

nestlings 0.04 ± 0.00, independent young 2.36 ± 0.53 and in 2011; nestlings, 

0.96 ± 0.22, independent young 37.9 ± 7.21).  

We used a Linear Mixed Model to determine whether protein carbonyl 

levels differed among developmental stages (nestling, independent young, and 9 
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months of age), controlling for repeated sampling and nest of origin. Data are 

presented as X̄  ± SE. 

To determine whether carbonyl levels or TAC were predictive of survival, 

we used a binomial logistic regression with nestling carbonyl level or TAC as the 

covariate, and survival to nutritional independence (binary) as the dependent 

variable. Similarly, we assessed survival to 9 months, and one year for both 2010 

and 2011, using carbonyl levels of nutritionally independent birds as the 

covariate. In a final series of binomial logistic regressions, we analyzed the 

change in carbonyl level (from nestling to nutritional independence, and from 

independence to 9 months) as predictors of survival to independence and to 9 

months, respectively. Unfortunately, survivorship of 2011 birds was too low to 

assess beyond nutritional independence.  All statistical analyses were performed 

using PASW® Statistics 18.  

RESULTS 

Age and oxidative state 

Oxidative damage to proteins was negatively correlated with age (logarithmic 

model, outlier removed: F = 5.04, df = 1 and 99, r2 = 0.05, P = 0.03, outlier 

included: F  = 3.79, df = 1 and 100,  r2 = 0.03, P = 0.05: Fig 1a). 
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Figure 1: Florida scrub-jays demonstrate a) a negative relationship between age 
and oxidative damage to proteins, b) a positive relationship between TAC and 
age and c) do not differ significantly in damage to DNA. Outlier point in 1a is 
shown as (     ). 
 

 

 

c 

b 
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 We found a positive relationship between age and TAC (linear model: F = 4.61, 

df = 1 and 65,  r2 = 0.07, P = 0.04: Fig 1b). Age and damage to DNA were not 

statistically related (linear model: F = 0.04, df = 1 and 30, r2 =0.001, P = 0.84: Fig 

1c). 

Developmental stage and oxidative state 

Protein carbonyl levels differed significantly among developmental stages in 

2010 (F = 10.17, df = 2 and 18, P = 0.001: Fig. 2a) and 2011 (F = 56.79, df = 1 

and 12, P < 0.0001: Fig. 2b). 
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Figure 2: Absolute protein carbonyl levels during early developmental stages 
varied markedly between years. Panel A shows the means and standard errors 
of protein carbonyl levels in nestling, independent young, and 9 month old scrub-
jays in 2010. Panel B shows the means and standard errors of protein carbonyl 
levels in nestling and independent young scrub-jays in 2011. Note difference in 
scale. 
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Post-hoc Tukey tests of the 2010 data revealed that protein carbonyl levels of 

nestlings (N = 65, 0.04 ± 0.003 nmol/mL/mg) were significantly lower than 

nutritionally independent young (N = 34, 2.36 ± 0.53 nmol/mL/mg; P < 0.0001) 

which were significantly higher than carbonyl levels of 9 month old birds (N=27, 

0.86 ± 0.31 nmol/mL/mg; P = 0.007). However, there was no statistical difference 

between nestling and 9 month old birds (P = 0.07). 

Survival and oxidative state 

Neither TAC nor protein carbonyl levels at any stage of development were 

predictive of survival to the subsequent developmental stage. Further, changes in 

protein carbonyl levels between developmental stages were not related to 

subsequent survival (Table 1).    
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Table 1: Oxidative state of Florida scrub-jays at early developmental stages was 

not predictive of survival in either 2010(a) or 2011(b). 

a) 

 

 

 

 

 

 

 

 

b) 
 

 

 

 

 

 

 Nestling to Nutritional  

Independence 

Nutritional Independence to 9 

months of age 

Nutritional Independence to 

12 months of age 

Oxidative 

Measures 

Survived Died χ
2
 P Survived Died χ

2
 P Survived Died χ

2
 P 

Protein 

carbonyl 

43 22 0.04 0.84 29 5 3.59 0.06 22 12 0.37 0.52 

Change in 

carbonyl 

17 1 2.43 0.12 11 1 0.87 0.35     

 Nestling to Nutritional  
Independence 

Nutritional Independence to 9 
months of age 

Nutritional Independence to  
12 months of age 

Oxidative 
Measures 

Survived Died χ
2
 P Survived Died χ

2
 P Survived Died χ

2
 P 

TAC 10 34 0.06 0.80         

Protein 
carbonyl 

27 13 0.04 0.84 2 17 1.70 0.19 3 16 2.30 0.13 

Change 
in 

carbonyl 

1 7 0.68 0.41 - - - -     
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DISCUSSION 

In our consideration of adult jays, we found that oxidative damage to proteins 

was negatively correlated with age, whereas TAC was positively correlated with 

age. This corresponds with Wilcoxen et al. (2010b) who found that the population 

of scrub-jays used in this study, appeared to be culled of individuals with weaker 

immunocompetence, as older birds were characterized by almost uniformly high 

bacteria killing ability, whereas younger birds exhibited marked variance in this 

ability. However, our analysis of survival shows no indication that individuals with 

relatively high oxidative damage are being eliminated from the population. 

Instead, we found that oxidative damage levels of individuals change significantly 

between developmental stages, and we suggest that the ability to both reduce 

(via replacement of damaged proteins) and maintain low levels of oxidative 

damage may be responsible for the pattern of low oxidative damage associated 

with older birds in this population.  Alternatively, without data on carbonyl levels 

in adult birds during these time periods (June-Jan), it is impossible to rule out that 

the patterns of oxidative damage in our data are reflective of a seasonal stress. 

Further work in adult birds during these summer and fall months is necessary to 

eliminate this possibility.  

 Elevated levels of plasma antioxidants in older birds were reported in a 

similar study of a cross-section of captive red-legged partridges (Alectoris rufa; 

Alonso-Alvarez et al. 2010). The authors suggested that their results reflected a 

compensatory mechanism for the “challenges of aging.” An increase in plasma 

TAC as the result of an inflammatory or stress response has been well 

documented in other bird species (Lin et al. 2004a,b, Hõrak et al. 2007, Maurice 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Alonso-Alvarez%20C%22%5BAuthor%5D
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et al. 2007).  Given these findings, we suggest that the increased ability to resist 

an oxidative attack in older scrub-jays may be a response to the “challenge of 

aging.” Specifically, this may reflect a mechanism to mitigate the age-related 

increases in ROS that have been characterized in most major organ systems 

across taxa (Gomi et al. 1993, Bejma and Ji 1999, Bejma et al. 2000, Driver et al. 

2000, Zhang et al. 2003), rather than an indication of higher quality individuals. 

To our knowledge, ours is the first study to show a significant change in 

oxidative damage levels across early developmental stages in a free living 

species of bird. Of importance is both the dramatic increase of protein carbonyls 

between the nestling and nutritional independence stages, as well as their 

subsequent decrease when measured again at 9 months of age. Under stressful 

conditions, ROS production and resultant damages increase (Herbert 1994, 

Heise et al. 2003, Costantini and Møller 2009, Costantini et al. 2011). During the 

life stage characterized by the highest levels of oxidative damage, the young jays 

are in the process of becoming self-sufficient and learning to forage and survive 

independent of their parents; a time that is undoubtedly challenging. Thus, 

perhaps it is not surprising that oxidative damage levels of these birds are 

elevated. However, the significant decrease in protein carbonyl levels at 9 

months of age suggests an improved competency in self-maintenance. The fact 

that we did not detect any survival differences in birds that differed in their 

abilities to reduce their oxidative damage levels suggests an alternative 

interpretation of our results (see below).  
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While increased levels of oxidative damage to tissues have been 

positively associated with age across a wide range of vertebrates (e.g., Hamilton 

et al. 2001, Gianni et al. 2004, Valls 2005), it is possible that these age-related 

damages are not reflected in plasma, as damage has been shown to vary widely 

among tissue types (Sohal et al. 1995, Gaál et al. 1996, Costantini 2008). Given 

the high turnover rate of constituents within plasma, the plasma oxidative 

damage levels may reflect instantaneous condition rather than a cumulative 

measure, such as might be measured in tissues that experience relatively slower 

turnover (Mayo et al. 2003, Nussey et al. 2009). This interpretation was applied 

to results of a human-based study whose findings paralleled our own, as older 

subjects had lower levels of oxidative damage to proteins in plasma, and higher 

concentrations of plasma antioxidants (Garibaldi et al. 2001). This alternative 

interpretation may further explain why we failed to find increased oxidative 

damage to DNA with age given that the assay used assesses a marker of 

damage to DNA within blood plasma. 

Finally, the between-year difference in oxidative damage was surprising. 

Birds in 2010 had markedly lower levels of protein carbonyls at both the nestling 

and nutritional independence stages, relative to birds in 2011. This is particularly 

interesting when considered in light of the pronounced differences in 

environmental conditions between these years. Whereas 2010 was an excellent 

year in terms of nestling production and survival of fledglings, 2011 was a 

considerably poorer year (see Schoech 2009 for discussion of good versus bad 

years in this population). The masses of 2010 nestlings at day 11 were 
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significantly greater than nestlings in six of the previous nine years (2001-2009) 

and the average nestling tarsus length was greater than that of nestlings in all of 

the previous seven years (2003-2009), suggesting that environmental conditions, 

including resource availability, were favorable during the breeding season in 

2010. In comparison, 2011 nestling mass was lower and tarsi were smaller or 

equal to 9 of the 11 previous years. 

It will be of interest to determine whether adult birds (older than 2) hatched 

in either 2010 or 2011 show similar patterns of oxidative health state over the 

years or if lifelong patterns and coping strategies for both production and 

alleviation of oxidative damage were established by their very different 

developmental conditions. Experimental manipulation of oxidative damage levels 

of individuals during early developmental stages might reveal whether 

differences in oxidative state (such as those noted above) have long-term 

impacts on individuals (e.g., body condition, survival, and the ability to combat 

ROS).  
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CHAPTER 6: CONCLUSIONS 

The results of the studies presented in this dissertation characterize relationships 

between oxidative status and several key components of life history stages in 

Florida Scrub-jays. This work represents a significant contribution to the field as 

many of the measures were assessed for the first time in free-living birds.  

The goal of the first studies, presented in chapters 2 and 3, was to assess 

the relationship between reproductive effort and oxidative status. In chapter 2, I 

discussed the ways in which oxidative damage could be both predictive of, and 

result from, reproductive effort. I found both of these predictions to be supported 

by my data but only in males. In chapter 3, I followed up on these findings and 

attempted to attenuate the oxidative cost of reproduction by supplementing a 

subset of breeder males with antioxidants, specifically carotenoids. Additionally, I 

expanded my assessment of oxidative status to include three measures of 

oxidative state (oxidative damage to protein and DNA, as well as total plasma 

antioxidant capacity). Birds supplemented with carotenoids did not have lower 

oxidative damage levels post-breeding relative to their non-supplemented 

counterparts. However, I did uncover a relationship between change in oxidative 

damage levels from pre- to post-breeding with reproductive effort and treatment, 

such that supplemented birds had lower overall levels of oxidative damage 

(combined DNA and protein) than nonsupplemented birds. Unfortunately, these 

findings must be interpreted with caution as sample sizes for this analysis were 

small. Arguably one of the most important findings presented in this chapter was 

the lack of correlations among measures of oxidative status. This stresses the 
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importance of assessing multiple measures of oxidative status and undermines 

assumptions made based upon a single measure.  

In chapter 4 I move to another important life history stage to assess the 

impacts of oxidative status on development. In this study I supplemented a 

subset of nestlings with carotenoids to assess whether these antioxidants would 

affect the growth and oxidative balance relationship in a developing passerine. I 

also further pursued multiple measures of oxidative status to determine whether 

any were correlated. I found no effect of treatment upon growth or oxidative 

status. Further, similar to findings from adult birds, no measures of oxidative 

status were correlated. Thus, my data suggest that carotenoids are of little 

importance to growth and the maintenance of oxidative stress in developing 

scrub-jay nestlings.  

Finally, in chapter 5 I assessed whether oxidative status varied with age 

across individuals. The accumulation of oxidative damage across time has been 

associated with numerous disease states, as well as aging. While working on my 

previous chapters I observed a wide range of variation in oxidative status among 

individuals across age classes; particularly among individuals at early 

developmental stages. In this chapter I explored this variation using both a cross-

sectional approach to include known age individuals across the adult spectrum of 

ages, and a repeated measures design to explore how variation of oxidative 

status at early developmental stages might affect survivorship. Interestingly, my 

data do not agree with the free-radical theory of aging as oxidative damage to 

proteins was negatively correlated with age, oxidative damage to DNA was 
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independent of age, and total antioxidant capacity was positively correlated with 

age.  I also found that jays suffered a significant increase in oxidized proteins as 

they transitioned from nestling to a nutritionally independent stage. However, 

these levels of oxidative damage had returned to near nestling level again half a 

year later, suggesting that the replacement of oxidized proteins is an essential 

function during this time period. I found no relationship between survival and 

oxidative status during the early developmental period which suggests that birds 

experiencing high levels of oxidative stress are not being eliminated from the 

population as the above noted age-based correlations appear to suggest.  

The integral combination of laboratory and fieldwork required for this 

dissertation work has allowed me to address a large gap of knowledge in this 

field and to assess the implications of oxidative damage in a free-living bird. The 

results of this dissertation provide a strong framework for the continued 

monitoring of long-term effects of oxidative status in a free-living population of 

birds. 
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