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Abstract 

Individual variation in the timing of breeding in birds has been strongly linked to the 

fecundity, and by extension fitness of the individual. Despite this important relationship, 

our understanding of the determinants of timing of breeding is unclear. Photoperiod 

determines a window of opportunity for breeding, but small-scale variation within this 

window still has major fitness consequences. This thesis explores potential cues that 

might account for variation in individual timing decisions, and possible consequences of 

timing on offspring and future broods. First we assess how pre-breeding male social 

cues and the development of tipulid larva (prey) might determine the female’s timing of 

egg-laying. While many lab studies have demonstrated that the presence of a male 

partner is necessary for female gonadal development, our 3-year field studies found no 

effect of male behaviour on female breeding phenology or performance. This suggests 

that male song may not be an important supplemental timing cue. Next we explore 

potential consequences of timing on chick quality and multiple brooding behaviour. We 

demonstrate that somatic and physiological traits are more developed in chicks from 

earlier nests (first broods). We also document that physiological maturity, in the form of 

hemoglobin concentration, is related to fledgling flight ability. Although we show that 

second brood chicks maintain the same trajectory of development just prior to fledging, 

they may pay a higher cost in the form of oxidative stress. Finally we document that 

multiple brooding behaviour is unrelated to timing in our highly synchronous population, 

and instead relates to individual quality. Comprehensively, this thesis suggests that male 

social cues may not be important cues determining timing of breeding, and that the 

consequences of timing on offspring include maturity at fledging and oxidative stress, but 

not multiple brooding in our system. 

Keywords:  Phenology; physiological ecology; behavioural ecology; life history 
transitions; fledging; fecundity 
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Chapter 1.  
 
Introduction 

1.1. Breeding Phenology in Birds 

Many taxa show clear seasonal patterns in energetically expensive behaviours, 

such as breeding and migration, regulated by environmental cues. Recent shifts in the 

phenology of plants and animals have been well documented (Hughes 2000; Walther et 

al. 2002; Winkler et al. 2002; Parmesan & Yohe 2003; Root et al. 2003), but not all 

populations and species are shifting together (reviewed in Durant et al. 2007). Major 

changes in an environmental cue, or combination of environmental cues, can make it 

difficult to predict future population-, species-, and ecosystem-level effects such as 

potential mismatches between predator and prey (Walther et al. 2002; Visser & Both 

2005). To further complicate this potential problem, the cues regulating behaviours of 

some taxonomic groups are not well understood. In breeding birds, photoperiod is a 

primary environmental cue that provides a window of time for breeding, even in tropical 

systems (Hau et al. 1998), but within this window even slight variation in the timing of 

egg laying can have major fitness consequences (Daan et al. 1990; Verboven & Visser 

1998; Dawson & Clark 2000; Lepage et al. 2000). In addition, the consequences of 

timing are not fully understood. Some studies have shown that recruitment from late 

nests is lower than early nests (Verboven & Visser 1998; Naef-Daenzer, Widmer & 

Nuber 2001; Lambrechts et al. 2007; Gruebler & Naef-Daenzer 2010) but without an 

understanding of a mechanism for this relationship. The effects of timing appear to relate 

to number of broods in many systems (Geupel & DeSante 1990; Verboven et al. 2001; 

Brinkhof et al. 2002; Parejo & Danchin 2006; Husby et al. 2009), but others suggest 

number of broods is instead determined by individual quality (Hoffmann et al. 2015) 

including an experimental study that delayed high quality females (O’Brien & Dawson 

2013).  
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This thesis was developed in the context developed by Visser et al. (2004), which 

states that breeding birds determine their timing of reproduction based on, “the 

environment at the time of decision making,” (egg-laying) and the fitness consequences 

of the decision are determined by “the environment at the time of selection” (chick 

rearing). Chapter 2 focuses on pre-breeding male social behaviour as a potential cue at 

the time of decision-making using an experimental approach in the field. Chapters 3 and 

4 consider how decisions about initial lay date relate to development, maturity and 

potential post-fledging survival of chicks at fledging. Chapter 5 considers the 

consequences of timing of laying decisions on the number of broods a female produces, 

i.e. the potential for double brooding. 

1.2. Objectives and Content of Thesis 

1.2.1. Pre-breeding Social Cues and Timing 

The cues that “fine tune” lay date within the photoperiod window of reproductive 

opportunity remain unclear (Williams 2012). In addition, although male gonads develop 

reliably with changes in photoperiod, egg-laying females show almost no follicular 

growth until 6-7 days before laying (Challenger et al. 2001; Vezina & Williams 2003). 

Correlational studies between possible cues and reproductive behaviour have shown 

links to temperature (Dunn 2004), food availability (Van Noordwijk et al. 1995, Hau et al. 

2000), leafing of plants (Bourgault et al. 2010), and social interactions (Wright & Cuthill 

1991), but experimental studies have largely been unsuccessful in confirming which of 

these cues is the main determinant of individual variation in egg-laying date. These 

supplemental cues are likely even more important for tropical species (see Hau 2001 for 

discussion). Many studies have investigated the effects of female social interaction on 

the males’ reproductive development and song control system (Moore 1983; Dufty & 

Wingfield 1986; Tramontin et al. 1999). However, fewer studies have examined effects 

of male behaviour on female reproductive development, especially in free-living birds in 

the context of variation in egg-laying date. In lab studies male presence can increase 

female body mass and follicle size under appropriate photoperiod conditions (Stevenson 

et al. 2008), and in the field, artificially increased song caused an increase in female nest 

building behaviour (Mota & Depraz 2004). Wright and Cuthill (1992) showed a 
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correlation between lay date and male song frequency in the European starling, but this 

relationship has not been tested experimentally in the field. Chapter 2 tests how 

artificially increasing male song during the pre-breeding period (time of decision making) 

affects a) female pre-breeding behaviour (presence at the nest box, nest building), b) 

female breeding phenology (egg-laying date), and c) female reproductive performance 

(egg and clutch size, number of chicks hatched and fledged, number of broods).  

1.2.2. Chick Development and Maturity: Potential Consequence of 
Timing 

Body condition at life history transitions, or developmental milestones, is known 

to affect individual fitness across a wide range of taxa (Clutton-Brock 1988; Green & 

Cockburn 2001; Altwegg & Reyer 2003). In passerine birds, the developmental 

milestone from nestling to fledgling is a critical life history transition. Timing of breeding 

may be a major factor controlling chick quality, due to the strong relationship between 

lay date and post-fledgling survival (Naef-Daenzer et al. 2001; Gruebler & Naef-Daenzer 

2010; Lambrechts et al. 2008; Verboven & Visser 1998). It has been suggested that high 

fledgling mortality is caused by failed predation escape (Anders et al. 1997; Sullivan 

1989; Naef-Daenzer et al. 2001). Many studies have shown positive relationships 

between nestling mass or body size at fledgling and post-fledgling survival (Magrath 

1991; Naef-Daenzer et al. 2001; Schwagmeyer & Mock 2008; but see Kersten & 

Brenninkmeijer 1995). However, other than simple metrics of body mass and size, 

relatively few studies have considered other physiological components of chick 

phenotype at fledging that might contribute to individual variation in chick quality and 

post-fledging success (c.f. Vezina et al. 2009; Lill et al. 2013; Bowers et al. 2014).  

Chapters 3 and 4 examine individual variation in a range of key physiological 

components of ‘condition’ or quality at fledging that might determine post-fledging 

survival in starling chicks just prior to, and at the fledging stage (day 17 and day 21, 

post-hatch) and the relationship between fledgling maturity and take-off flight ability. 

Quality components include hematocrit, hemoglobin concentration, oxidative stress, 

feather length, and body mass, as indices of oxygen carrying capacity, oxidative 

imbalance, feather growth rate, and overall functional maturation, respectively. This 

allows for comparison of physiological ‘quality’ of chicks from varying lay dates (including 



 

 
4 

1st versus 2nd broods). Chapter 4 also includes an experimental manipulation of growth 

using supplemental feeding during the nestling period. Collectively these chapters 

elucidate how the environment at the time of selection affects offspring quality and 

development.   

1.2.3. Multiple Brooding Behaviour: Potential Consequence of 
Timing 

Sixty-four avian families show multiple brooding behaviour, potentially doubling 

or tripling fecundity (Bennett & Owens 2002). However, many commonly studied species 

(i.e. Parus caeruleus, Tachycineta bicolor) are only single brooded, and even studies of 

multiple brooded species often do not report productivity of multiple broods due to the 

methodological challenges in the field (but see: Holmes et al. 1992; Ogden & Stutchbury 

1996; Weggler 2006). During the time of selection ~40% of the individuals in our study 

population of European starlings (Sturnus vulgaris) pursue a 2nd brood after the initial 

clutch has fledged, which may represent a downstream consequence of the initial pre-

breeding reproductive decision. Production of multiple broods of offspring in a year can 

have significant fitness consequences, and does result in higher annual reproductive 

success in our system (Weggler 2006; Ogden & Stutchbury 1996; Holmes et al. 1992). 

Some studies have shown a link between lay date of the first clutch and probability of 

attempting a 2nd brood in European starlings (Anderson 1961; Kessel 1953). Double 

brooding therefore acts as a direct link connecting the environment at the time of 

decision making to individual fitness determined by the environment at the time of 

selection. Chapter 5 discusses how timing versus individual quality relates to the 

probability of a 2nd brood and how this affects fecundity and survival of individuals. 
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Chapter 2.  
 
Experimentally-increased pre-breeding male social 
behaviour has no effect on female breeding 
phenology and performance1 

2.1. Abstract 

In the context of breeding phenology, social behaviour (especially song) has long 

been considered an important ‘supplemental cue’ that females integrate with other 

environmental information to determine timing of egg laying. However, to our knowledge, 

no studies have experimentally manipulated song in the wild in the context of female 

breeding phenology and performance. We studied natural variation in, and response to 

experimental manipulation of, pre-breeding song and social behaviour in European 

starlings, Sturnus vulgaris, to determine whether male behaviour acts as a phenological 

cue determining female timing of egg laying and subsequent, post-laying breeding 

performance. In our highly synchronous system, natural variation in pre-breeding male 

song quality and singing effort was surprisingly high, and singing increased slightly 

closer to egg-laying date. There was a strong pre-breeding response of both males and 

females to the playback treatment, but no effect on female breeding phenology (egg-

laying date) or performance (nestbox occupancy, egg size, clutch size, total chicks 

hatched, total chicks fledged or double-brooding behaviour). Our three year study finds 

no evidence that male pre-breeding song is a cue determining female breeding 

phenology or performance in starlings.  

 
1 Originally published as Cornell, A., Hou, J. J., & Williams, T. D. (2017). Experimentally 

increased male pre-breeding behaviour has no effect of female breeding phenology or 
performance. Animal Behaviour 
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2.2. Introduction 

Males use vocalizations, such as songs or calls (Catchpole & Slater 2003; 

Davidson & Wilkinson 2004; Searcy & Andersson 1986; Rand & Ryan 1981; Vannoni & 

McElligott 2008), and behavioural displays (Andersson & Iwasa 1996; Clark & Morjan 

2001) to communicate with conspecifics during the breeding season. These male signals 

can be important for attracting a mate, defending a breeding territory and protecting 

female mates and offspring from other males (Adkins-Regan 2005; Catchpole & Slater 

2003; Davidson & Wilkinson 2004; de Kort, Eldermire, Cramer, & Vehrencamp 2009; 

Rand & Ryan 1981). While females have been shown to prefer males that exhibit 

exaggerated traits, such as more complex song (Eens 1997; Gentner & Hulse 2000; 

Lauay, Gerlach, Adkins-Regan, & DeVoogd 2004; but see Byers & Kroodsma 2009; 

Rand & Ryan 1981) or more time spent singing (Houtman 1992), less is known about 

the role of male social behaviours after mate selection occurs. However, the production 

of sexually selected traits such as song can be costly (Walther & Calyton 2005) and 

therefore should inform female breeding decisions (Harris & Uller 2009). In birds, male 

pre-breeding song has been studied extensively, but rarely in the context of natural 

variation in breeding phenology in free-living birds, which is a primary determinant of 

lifetime reproductive success (Daan, Dijkstra, & Tinbergen 1990; Dawson & Clark 2000; 

Lepage, Gauthier, & Menu 2000; Verboven & Visser 1998). Instead, birdsong has 

primarily been investigated in the context of mate choice (Byers & Kroodsma 2009; 

Houtman 1992; Lauay et al. 2004; Searcy & Yasukawa 1996), territory defence (de Kort 

et al. 2009; Illes, Hall & Vehrencamp 2006) and neural development (reviewed in: 

Beecher & Brenowitz 2005; Brenowitz & Beecher 2005). Furthermore, when social cues 

are examined in the context of breeding phenology, the emphasis is often on the effects 

on conspecific males rather than egg-laying females (Dufty & Wingfield 1986; Moore 

1983; Tramontin, Wingfield, & Brenowitz 1999; but see Cheng, Desiderio, Havens, & 

Johnson 1988), and few studies extend beyond the pre-breeding period and examine 

effects of male social behaviour and song on female breeding phenology or 

performance, especially in the field. 
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In the context of breeding phenology, social behaviour (especially song) has long 

been considered an important ‘supplemental cue’ that females integrate with other 

environmental information to determine their timing of egg laying. In breeding birds, 

photoperiod is the primary environmental cue that predicts a window of time for 

reproduction, but within this window even slight variation in the timing of egg laying can 

have major fitness consequences (Daan et al. 1990; Dawson & Clark 2000; Lepage et 

al. 2000; Verboven & Visser 1998). The supplemental cues that then ‘fine-tune’ laying 

date within the wider photoperiodic window, have long been assumed to include 

temperature (e.g. in ‘cold’ versus ‘warm’ springs), food availability and social cues 

(Wingfield 1983; Wingfield & Farner 1993). However, although correlational studies 

between timing cues and reproductive behaviour have shown links to temperature (Dunn 

2004; Schaper et al. 2012), food availability (Van Noordwijk, McCleery, & Perrins 1995), 

leafing of plants (Bourgault, Thomas, Perret, & Blondel 2010) and social interactions 

(Wright & Cuthill 1992), experimental studies have largely been unsuccessful in 

confirming which of these cues is the main determinant of individual variation in egg-

laying date, especially in females (Caro, Schaper, Hut, Ball, & Visser 2013; Williams 

2012). In relation to social cues, laboratory studies have shown that male presence can 

increase female body mass and ovarian follicle development under appropriate 

photoperiod conditions (e.g. Cheng et al. 1988; Stevenson et al. 2008). However, most 

studies that have reported effects of song on female reproductive physiology and 

behaviour have been conducted in the laboratory, so they did not measure egg-laying 

date or subsequent female reproduction (Hinde & Steel 1976, 1978; Kroodsma 1976; 

MacDougall-Shackleton, MacDougall-Shackleton, & Hahn 2000; Morton, Pereya, & 

Baptista 1985). In outdoor aviaries female European starlings, Sturnus vulgaris, will 

undergo full vitellogenesis and follicle maturation, and Perfito, Guardado, Williams, and 

Bentley (2014) showed that final maturation of the female reproductive system is 

sensitive to social interactions: restricting male access completely inhibited final follicle 

maturation, whereas 7-day male access stimulated full vitellogenesis and follicle 

maturation in females. In one of the few relevant field studies, Wright and Cuthill (1992) 

found a positive correlation between earlier laying dates and male singing time in 

European starlings, but this study was nonexperimental. To our knowledge, the only 

experimental field study that used song playback treatment during pre-breeding and that 

considered any effects on female reproduction showed an increase in nest-building 
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behaviour, but it only examined pre-laying effects (i.e. not effects of egg-laying dates or 

subsequent female breeding performance; Mota & Depraz 2004).  

Here we studied natural variation in male pre-breeding song and social behaviour 

in European starlings and then experimentally manipulated the level of social stimulation 

using song playback. Our specific focus was to determine whether male behaviour 

during the pre-breeding period acts as a phenological cue determining female timing of 

egg laying and subsequent post-laying female breeding performance. This study took 

place in a free-living population with highly synchronous egg laying (see Williams et al. 

2015) where social cues are potentially more likely to regulate breeding (Smith 2004). 

Our objectives were specifically to (1) identify how natural variation in singing effort and 

song quality change throughout the pre-breeding period (1 month prior to egg laying, cf. 

Wright & Cuthill, 1992), (2) determine whether natural variation in these metrics of 

singing effort and song quality relate to nestbox occupancy, egg-laying date, clutch size, 

egg mass, number of chicks hatched, number of chicks fledged and double-brooding 

behaviour, (3) measure male and female behavioural responses to an experimental 

increase of song during pre-breeding, and (4) most importantly, to determine whether 

experimentally elevated levels of male song and social behaviour affect breeding 

phenology (egg-laying date) and reproduction (nestbox occupancy, clutch size, egg 

mass, number of chicks hatched, number of chicks fledged and double-brooding 

behaviour) in females. 

2.3. Methods 

2.3.1. Natural Variation in Pre-breeding Song and Behaviour 

We collected 350 song recordings during pre-breeding nestbox activity beginning 

approximately 30 min after dawn, during 4 March – 10 April 2014 at Davistead Farm, 

Langley, British Columbia, Canada (49°1012N, 122°4948W). Birds at each of the 75 

nestboxes studied were recorded approximately once per week, four to six times in total. 

Voice recorders (Olympus VN-722PC and Olympus VN-702PC) were placed underneath 

the nestboxes in plastic bags attached with thumbtacks. Recording response frequency 

range was 70 Hz to 16 kHz and playback range was 20 Hz to 20 kHz. Bags were left 
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under the boxes on nonrecording days to accustom starlings to their presence. Each 

recording was analysed for the level of singing effort (percentage of time spent singing, 

number of bouts/h) as well as song quality (mean bout length, mean number of 

motifs/bout). We used the definitions of song bouts (a period of singing for at least 5 s 

with pauses no more than 1.5 s) and song motifs (distinct repeated song phrases) from 

Eens (1997). Bout length and number of motifs are strongly correlated, and bout length 

has been linked to attractiveness to females in starlings (Gentner & Hulse 2000). We 

analysed 55/350 recordings for the entire recording length (2+ h), and for the remaining 

recordings, we analysed 10 singing bouts, starting with the first 30 min of the recording 

(there was no significant difference between the subsample of 10 bouts and the entire 

recording sample; paired t test: mean bout length: t1,54 = -1.5, P = 0.15; mean motifs: t1,54 

= -1.6, P = 0.11). The same observer analysed all 350 recordings using Raven Lite 

(Bioacoustics Research Program 2016). We calculated the percentage of time spent 

singing by taking the sum of all bout lengths and dividing by the recording time (either 

whole recording or total subset length analysed)  100. Song rate, or number of bouts 

per hour, was the number of singing bouts (regardless of length) observed per hour of 

total observation time. We calculated mean bout length by averaging bout length in 

seconds for each nestbox and averaging the mean number of motifs per bout. Because 

visual surveys (see below) were not conducted during the entire +2 h recording period, 

we cannot verify with certainty that all songs on each recording were always of the same 

male; only that recordings were made in the same territory (i.e. at the nestbox). 

Therefore, we refer to these results by discussing male song in the territory or at a 

nestbox. 

Simultaneous visual observations of both male and female pre-breeding 

behaviour were made 4 days/week for all nests (N = 75 nests) during the song recording 

period. We followed the 10 min survey methods described in Wright and Cuthill (1992), 

although in our study each observer only covered one to two boxes per observation 

period. Boxes were observed in random order, and thus any time of day or rainfall 

effects were randomized in the data set. The data collected from these surveys included 

the percentage of time males were present at the nestbox, percentage of time males 

were singing at the nestbox, number of male and female entries to the nestbox (which 

we use as a proxy for nest-building activity) and other social interactions (e.g. 
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aggression, copulation). Rainfall was recorded during surveys categorically as ‘heavy 

rain’, ‘medium rain’, ‘light rain’, or ‘clear’ (since we knew a priori that rainfall could 

influence singing behaviour). 

2.3.2. Experimental Manipulation of Pre-breeding Song  

In 2015 and 2016 we experimentally manipulated pre-breeding social cues using 

daily playbacks of ‘high-quality’ European starling song starting on 14 March (13 days 

prior to egg laying in 2015, 19 days prior to egg laying in 2016) until 1–2 days after the 

first egg was laid in each year. These playbacks acted as a two-fold stimulus: they 

directly increased the amount of song in the area and also stimulated an increase in 

song from the female’s social mate in treatment areas (see Results, Table 2-1, Figure 2-

2). Playbacks used the same voice recorders (set to speaker function) attached to fence 

posts and barn walls between nestboxes (between territories; N = 32 nests 2015, 34 

nests 2016) attached with plastic bags and thumbtacks. Playbacks were specifically 

placed between territories to prevent any effect of a simulated territorial intrusion 

(territories of starlings usually consist only of a nesting cavity and the area 50 cm around 

the entrance; Cabe 1993). We observed no attack flights or approaches to the recorders 

during any of the 1433 visual observation surveys over the two experimental years. 

Control areas (N = 31 nests in 2015, 38 nests in 2016) had the same plastic bags 

attached between boxes but without recorders. Playback could not be heard (by 

humans) in the control areas, and any boxes with faint song playback were considered 

buffer areas (N = 6 nests) and were not included in the analysis. Playback song 

recording was made up of 14 of the longest and most complex (highest number of 

motifs) song bouts recorded in 2014 from 10 different birds sectioned using Raven Lite 

(Bioacoustics Research Program 2011) and merged using Audio-Joiner (audio-

joiner.com) in a random order. We chose the most complex songs because they are 

preferred by female starlings (Eens 1997; Gentner & Hulse 2000; Lauay, Gerlach, 

Adkins-Regan, & DeVoogd 2004; but see Byers & Kroodsma 2009). These bouts were 

sequenced in a random order, with 7 s of silence in between each bout, as in Gentner et 

al. (2001), and were repeated on a loop for 2.5–3 h daily, beginning at dawn. Song and 

control areas on the site were randomly and differently assigned between 2015 and 

2016. The same behavioural surveys described above were carried out during the 
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playback period daily, with each nestbox observed four to five times per week. In 2016 

we collected more detailed data on the percentage of time that the female was present 

at the nestbox, identifying females based on colour bands. 

2.3.3. Breeding Data 

We used 3 years of breeding data (2014–2016) from our free-living European 

starling study population at Davistead Farm, Langley, British Columbia, which comprised 

~150 nestboxes mounted on posts around pastures and on farm buildings. All nestboxes 

were surrounded by similar high-quality foraging areas (pasture). In each year we 

followed the same basic field protocol: nestboxes were checked daily starting in late 

March to determine laying date and clutch size, all newly laid eggs were measured (± 

0.001g) and nests were monitored until either failure or fledging to quantify productivity. 

Our population is highly synchronous, therefore we restricted analysis to clutches 

initiated during the first peak of egg laying in each year, defined as a 12-day period from 

the earliest nest initiation date (based on a mean five-egg clutch) plus 2 days for 

determination of clutch completion (see Williams et al. 2015). This ensured that we 

restricted analysis to ‘true’ first nests only, excluding any potential replacement clutches. 

We checked all nestboxes regularly during the second brood window, beginning ~21 

days after the first brood hatched (95% of our chicks take 21 days to fledge). During mid-

incubation of the first and second broods, we trapped and identified females with U.S. 

Fish and Wildlife metal bands and colour bands. We also fitted some of these females 

with radio transmitters at the time of capture and clipped their third, sixth and ninth 

primary flight feathers, as part of other experimental work. We controlled for these 

treatments only for the reproductive metrics where they might have had an influence 

(number of chicks hatched and fledged, double-brooding behaviour) because pre-

breeding behavioural surveys and assessment of laying date, clutch size and egg size 

were made before feather clipping and radio transmitter attachment. Sample sizes were 

as follows: pretreatment data in 2014 (51 nests), 2015 (34 nests), 2016 (48 nests) and 

post-treatment data in 2014 (12 nests), 2015 (21 nests), 2016 (21 nests). Mean values 

and figures using these metrics include birds that were wing-clipped and had radio 

transmitters attached. 
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2.3.4. Statistical Methods 

All analyses were completed in R Studio v.0.98.1028 (RStudio Team 2015) using 

‘nlme’ (Pinheiro, Bates, DebRoy, Sarkar, & R Core Team 2013) and ‘stats’ (R Core 

Team 2008) packages. For all linear models, behavioural data was normalized using 

(value + 1) as in Wright and Cuthill (1992), except for nestbox entry data, which was best 

normalized using a square-root transformation. No models were simplified or reduced. 

Mean values are presented as ± SE of the mean. 

Since we knew a priori, from anecdotal observations, that rainfall might confound 

singing effort, we first used the nonmanipulated data set collected in 2014 to examine 

how rainfall influenced pre-breeding song quality (mean bout length, mean number of 

motifs per bout), singing effort (percentage of time spent singing, number of bouts per 

hour) and behaviour (percentage of time male present, percentage of time singing, 

percentage of time female present, total nestbox entries). For this analysis we used 

linear mixed effects models controlling for nestbox as a random factor. We subsequently 

examined seasonal/date effects on pre-breeding song and behaviour using a linear 

mixed effects model controlling for nestbox as a random factor. In this and subsequent 

analyses we omitted data collected during ‘heavy rainfall’ (see Results). Finally, we 

examined how pre-breeding song and behaviour averaged across all observations 

influenced female reproductive phenology (egg-laying date) and performance (nestbox 

occupancy, clutch size, egg mass, chicks hatched, chicks fledged, double brooding) in a 

linear mixed effects model controlling for nestbox as a random factor and mean 

observation date as a covariate. We examined the influence of each variable alone, but 

also examined the influence of overall song by combining the four song metrics in a 

principal components analysis. The first principal component weighted all four song 

metrics equally and explained 59% of the total variation in song.  

Using 2 years of experimental data we examined how the playback treatment 

influenced pre-breeding behaviour (percentage of time male present, percentage of time 

singing, percentage of time female present, total nestbox entries) and female 

reproductive behaviour (nestbox occupancy, egg-laying date, clutch size, egg mass, 

chicks hatched, chicks fledged, double brooding) using linear mixed effects models. We 

used mean values per nestbox for each year, controlling for mean observation date for 
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pre-breeding behaviour metrics, included nestbox as a random factor, and year as a 

covariate when data were collected over 2 years (all data except percentage of time 

female present). Year was a significant covariate for total male and female entries to the 

nestbox (F1,59 = 10.7, P = 0.002, higher in 2015) and male presence (F1,59 = 9.2, P = 

0.004, higher in 2015). Relative egg-laying date was calculated by subtracting the mean 

ordinal laying date for each year by the individual ordinal laying date (negative numbers 

represent earlier laying dates). Wing-clipping treatment administered during incubation 

(as described above) was run as a covariate for analyses on chicks hatched, chicks 

fledged and double brooding. To address the potential habituation effects of the 

playback treatment, we conducted additional analyses using linear mixed effects models 

for pre-breeding metrics on the independent effect of observation date and the 

interaction between observation date and treatment to understand potential habituation 

effects on individual surveys (rather than averages for each nestbox) controlling for year 

as a covariate and nestbox as a random factor.  

2.3.5. Ethical Note 

The research methods described here were approved by the Canadian 

Committee on Animal Care (CCAC) under Simon Fraser University’s Animal Care 

Committee permit #1018B-96. The banding permit to capture and band birds was 

granted by Environment and Climate Change Canada under permit number 10646 

(TDW, master permittee) and 10646 N (sub-permit to AC). For playback, we follow 

suggestions in the Ornithological Councils Guidelines for the Use of Wild Birds Research 

by minimizing playback time and keeping the speakers away from the nest boxes (in 

between territories). In addition we document that our playback has no effect on 

reproductive success that we could detect (see Results section).  

2.4. Results 

2.4.1. Natural Variation in Male Pre-breeding Behaviour 

In 2014, males were recorded singing 4.8 ± 0.26% of the total time based on 

song recordings, and 3.4 ± 0.57% of the total time based on behavioural surveys (zero 
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values omitted). Time spent singing was positively correlated among nestboxes using 

these two methods (song recordings versus behavioural surveys: Pearson’s product 

moment correlation: r 123 = 0.41, P < 0.01), even though data collection for each method 

did not usually overlap on the same date and/or rainfall conditions (due to randomizing 

data collection). Several behavioural measures were negatively related to rainfall (song 

bouts/h: F3,220 = 34.0, P < 0.001; percentage of time singing (song recording): F3,220= 6.7, 

P = 0.003; activity during behavioural surveys on control nestboxes across all years: 

male presence: F4,510 = 4.2, P = 0.002; total nestbox entries: F4,510 = 3.5, P = 0.007, 

controlling for date and nestbox as a random factor). However ‘heavy rain’ observations 

were a relatively small proportion of total observations (4%), and when these were 

omitted from the analysis there was no effect of light or medium rainfall (male presence: 

F3,438 = 1.9, P < 0.12; total nestbox entries: F3,438 = 2.1, P = 0.09; song bouts/h: F2,197 = 

2.6, P = 0.07; percentage of time singing: F2,197 = 3.1, P = 0.05). Furthermore, song 

quality was independent of even heavy rainfall conditions (mean bout length: F3,296 = 1.0, 

P = 0.39).  

Birds at unmanipulated nestboxes showed marked individual variation in both 

song quality (mean bout length: 6–28 s; mean motifs/bout: 2–9) and singing effort from 

song recordings (mean percentage of time singing per nestbox: 3–39%; mean song 

bouts per hour per nestbox: 5–32). Furthermore, variation in singing effort at individual 

nestboxes was positively related to variation in activity from behavioural observations: 

total male and female nestbox entries (i.e. nest-building activity) were higher at 

nestboxes where males sang more song bouts per hour (F1,73 = 5.4, P = 0.02) and spent 

a greater percentage of time singing (F1,73 = 14.8, P < 0.01). Variation in song quality and 

singing effort was positively related to date across the pre-breeding period: song bouts 

per hour (F1,295 = 13.8, P = 0.002, controlling for rainfall), percentage of time spent 

singing (F1,295 = 16.4, P = 0.001, controlling for rainfall) and mean number of motifs also 

increased during the pre-breeding period (F1,295 = 5.5, P = 0.020; Figure 2-1). However, 

the slope of these relationships was low for each variable: song bouts per hour (estimate 

= 0.02); percentage of time singing (estimate = 0.02); mean motifs (estimate = 0.002). 

This effect was not significant for mean bout length (F1,295 = 1.2, P = 0.272). Despite this 

population-wide increase in singing effort with date, there was still a high level of 

individual variation even 1 day before egg laying: males at individual nestboxes sang 
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15–47 song bouts/h and spent 4–17% of their time singing based on song recording 

data. Natural variation in all breeding metrics (nestbox occupancy, laying date, clutch 

size, total chicks hatched, total chicks fledged, double-brooding behaviour) was 

independent of pre-breeding song or behaviour (mean bout length, mean motifs, 

percentage of time singing, song bouts per hour: P > 0.07 in all cases). The first principal 

component using all four song quality and singing effort traits was marginally related to 

nestbox occupancy (F1,73 = 3.9, P = 0.052), but unrelated to all other traits (P > 0.10 in all 

cases). 

2.4.2. Response to Experimental Increase in Pre-breeding Song 

There was a highly significant effect of song playback treatment on all measures 

of pre-breeding activity (total nestbox entries, male presence, female presence, 

percentage of time singing: P < 0.05 in all cases). Across both years, male and female 

birds at playback-treated nestboxes had nearly double the pre-breeding activity as birds 

at control nestboxes, and focal males at the nestbox had 38% higher singing effort 

(Table 2-1, Figure 2-2; date and date*treatment interactions were nonsignificant for all 

behaviours: P > 0.40). Mean values of all breeding traits were marginally higher in 

playback-treated females (Table 2-2), but treatment had no significant effect on any 

measures of female reproductive phenology (relative laying date) or subsequent 

breeding performance of first nests or broods (egg mass, clutch size, total chicks 

hatched, total chicks fledged; Table 2-2, Figure 2-3). Nestbox occupancy was also 

unrelated to playback treatment: birds initiated first clutches at 42/66 (63.6%) playback 

boxes compared to 40/69 (58.0%) control boxes, pooling both years (Table 2-2). The 

proportion of nests in which birds went on to initiate a second clutch also did not differ in 

relation to song playback treatment: birds initiated second clutches at 17/42 (40.5%) 

playback boxes compared to 13/39 (33.3%) control boxes, pooling both years (Table 2-

2). 

2.5. Discussion 

We investigated natural and experimentally increased variation in pre-breeding 

male song to determine its effects on female breeding phenology and performance, in a 
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highly synchronous free-living songbird species in which social cues are likely to 

regulate synchronous breeding (Smith 2004) and for which pre-breeding song has 

previously been correlated with timing of egg laying (Wright & Cuthill 1992). Although it 

is widely assumed that male social behaviour and song during the pre-breeding period is 

an important ‘supplemental’ environmental cue regulating female phenology (reviewed in 

Visser, Caro, van Oers, Schaper, & Helm 2010), to our knowledge, our study is the first 

experimental manipulation of these cues in the wild where female breeding phenology 

and subsequent reproductive performance were also measured. We found that natural 

variation in pre-breeding song quality and singing effort was high, with five-fold variation 

in mean number of motifs per bout and mean song bouts per hour ranging from 5–32 per 

male, which gradually increased closer to egg laying. In contrast to past studies, this 

natural variation had no correlation with female breeding behaviour (cf. Wright & Cuthill 

1992). Playback treatment of high-quality song doubled the level of pre-breeding 

behaviour of both males and females (nestbox entries, time spent time at the nestbox) 

and increased the amount of male song by >30% compared to controls. However, there 

was no effect of playback treatment on female breeding phenology or any measure of 

breeding performance, suggesting that experimentally increased male song on its own, 

perhaps in isolation of other supplementary cues, is insufficient to accelerate female 

reproductive phenology. 

We documented high levels of natural variation in both singing effort and song 

quality during the pre-breeding period among nestboxes and therefore, presumably, 

among individual males. Singing effort (bouts/h and percentage of time singing) 

increased with date, consistent with the idea that males increase the amount of time 

singing during the female’s fertile period coincident with egg laying. This could be to 

increase territorial defence against rival males or to solicit copulations either from their 

mate or from extrapair females (Ballentine, Hyman, & Nowicki 2004; ten Cate, 

Slabbekoorn, & Ballintijn 2002; Kempenaers, Verheyen, & Dhondt 1997). Song quality 

was less strongly related to date, with the mean number of motifs per bout increasing 

closer to egg laying, but mean bout length remaining the same. In addition, song quality 

remained constant regardless of rainfall, while song effort decreased with heavy rains, 

suggesting that while singing effort is flexible, song quality is a more static individual 

trait. This result is consistent with other studies demonstrating that song quality is 
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individually consistent (Todt & Geberzahn 2003), although starlings are considered 

open-ended song learners (reviewed in Beecher & Brenowitz 2005). We expected to find 

a relationship between female breeding phenology and performance and male pre-

breeding behaviour, given the relationship already demonstrated in a similar system 

(Wright & Cuthill 1992), and the documented evidence of male behaviour influencing 

female behaviour and physiology in other contexts (reviewed in: Searcy 1992; Wingfield 

& Farner 1993). However, we did not find any relationship between natural variation in 

male pre-breeding singing effort or song quality and female breeding phenology and 

performance based on correlational analysis.  

Our playback manipulation did significantly increase the focal male’s song rate 

(Table 2-1) as well as elevating the level of social stimulation in the colony generally 

(from the playback recordings themselves), which is reflected in increases in male and 

female presence at nestboxes and entries to the nestbox. Females might obtain social 

information directly from their social mate (e.g. indicators of their partner’s quality) but 

also from song or behaviour of conspecifics, or the number of neighbouring active nests, 

leading to social synchrony of laying date (Smith 2004; Evans, Ardia, & Flux 2009); our 

manipulation increased both these stimuli. We placed recorders between nests to avoid 

playbacks being interpreted as a direct territorial intrusion, and we did not observe any 

attacks by males on recorders. It is possible that our playbacks simulated the ‘arrival’ of 

new, high-quality neighbouring males, but if focal males increased song rate as a 

response, this would still have increased the song stimulus of their female partners. 

Perfito et al. (2014) also showed increased individual female nestbox use when females 

were paired with males versus all-female colonies. 

Despite the strong pre-breeding behavioural response of both males and females 

to the playback treatment, there was no effect on female breeding phenology or 

subsequent reproductive performance when compared to controls. It is possible that 

females showed only a short-term behavioural response because they became 

habituated to the playback treatment, given that we did not modify the playback songs 

throughout the experiment. However, we found no evidence of habituation in the birds’ 

immediate pre-breeding response given that the date term and the date*treatment 

interaction term were nonsignificant in the 2-year treatment model. In addition, some of 

the female responses (laying date, egg size) would have been determined before the 
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end of our playback treatment period (given it takes 4–5 days to form an egg before 

laying), yet still we saw no effect of elevated male social behaviour. Our results 

challenge the widely assumed role of male social influence as an environmental cue 

regulating female breeding phenology and performance, even in a highly synchronous 

population where social cues are likely to facilitate synchrony (Evans et al. 2009; Smith 

2004). Other studies conducted in captivity have shown that the complete absence of 

males does affect female reproduction: in Perfito et al. (2014), just 7 days of exposure to 

males stimulated vitellogenesis, and in Stevenson et al. (2008), female house sparrows 

housed with males had higher body mass and ovarian follicle size than control females 

housed alone. However, the complete absence of males in a natural setting is 

unrealistic, and our results suggest that within the natural range of male pre-breeding 

behaviour, increased male song in isolation of other cues is not powerful enough to 

advance female breeding phenology and performance. This does not undermine the 

critical importance of male song for mate choice (MacDougall-Shackleton 1997; Searcy 

& Andersson 1986), or in altering some metrics of female investment based on the 

theory developed in Burley (1988) and de Lope and Møller (1993).  

Given the highly synchronous nature of our study population across 15 years 

(see Williams et al. 2015), we suggest that it is possible that social cues from 

neighbouring females, rather than neighbouring males, might act as a phenological cue. 

Studies in ring doves, Streptopelia risoria, have shown that female vocalizations promote 

greater ovarian development than male vocalizations, suggesting that the role of song in 

determining female reproduction is more complex than just the amount or quality of male 

song (Cheng 1986, 1992). More recently, Perfito et al. (2014) demonstrated that 

although male presence facilitates physiological changes to the female reproductive 

tract, more than just male exposure is needed for complete follicle maturation. It has 

been suggested that the primary adaptive value for breeding synchrony is a ‘dilution 

effect’: when many offspring are produced at the same time, a relatively small fraction 

will be killed by predators due to predator ‘swamping’ (Hernandez-Matias, Jover, & Ruiz 

2003; Ims & Steen 1990; Smith 2004; Westneat 1992). Given that songbirds often face 

high postfledging mortality rates of >50% (Berkeley, McCarty, & Wolfenbarger 2007; 

Krementz, Nichols, & Hines 1989; Rush & Stutchbury 2008), the dilution effect may have 

an important adaptive function in our system. If females derive adaptive value from 
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synchronous breeding, it would be more practical for an egg-laying female to time her 

own reproduction to cues from her female neighbour than to cues from the male’s 

singing behaviour. In summary, on its own, experimentally increased male pre-breeding 

social behaviour is not enough to advance female breeding phenology, however, we 

suggest it is possible that females utilize the social cues not just from males, but from 

other females to time egg laying.  
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2.7. Tables and Figures 

Table 2-1. Results of linear mixed effects models of treatment effects on pre-
breeding behaviour. Each pre-breeding behaviour is based on the 
mean trait value per box over the pre-breeding period. Total entries 
to the nest box includes male and female entries summed per 10 
minute observation period. 

 Control Mean ± SE Treatment Mean ± SE df F P value 

Total Entries to Nest 
Box 

0.51 ± 0.05 1.00 ± 0.07 1, 57 18.2 <0.01 

Male Presence at 
Nest Box (%) 

6.59 ± 0.58 12.79 ± 0.77 1, 57 27.8 <0.01 

Female Presence at 
Nest Box (%) 

4.20 ± 0.60 7.62 ± 0.67 1, 69 4.6 <0.01 

Song at Nest Box (%) 0.95 ± 0.17 1.31 ± 0.17 1, 58 4.2 <0.05 

 

Table 2-2. Results of chi square tests (nest box occupancy and double 
brooding) and linear mixed effects models (all other traits) of 
treatment effects on breeding behaviour. Nest box occupancy and 
double brooding “means” are ratio of birds that occupied a box or 
laid a second brood to total boxes in the treatment group. 

 Control Mean ± SE Treatment Mean ± SE df F or 2 P Value 

Nest Box 
Occupancy 

40 : 69 42 : 66 1 0.2 0.62 

Relative Lay Date 0.14 ± 0.32 -0.14 ± 0.34 1, 27 0.4 0.56 

Clutch Size 5.15 ± 0.15 5.47 ± 0.18 1, 25 2.0 0.17 

Egg Mass (g) 7.10 ± 0.10 7.21 ± 0.09 1, 15 0.5 0.51 

Chicks Hatched 3.84 ± 0.32 4.05 ± 0.34 1, 21 0.2 0.67 

Chicks Fledged 2.45 ± 0.35 3.02 ± 0.35 1, 17 0.8 0.40 

Double Brood 13 : 39 17 : 42 1 0.2 0.66 
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Figure 2-1. Mean normalized values of singing effort and song quality traits for 
each song recording, with each box represented 5 times on average. 
Days until egg-laying represents the lay date of each box minus the 
date of the song recording. 

 



 

 
32 

 

 

Figure 2-2. Effects of playback treatment on pre-breeding behaviour in males 
(A, B), females (C), and combined (D) per 10 minute observations. 
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Figure 2-3. Effects of playback treatment on female breeding phenology and 
performance. Birds that were wing clipped during incubation for 
another study were excluded from chicks fledged portion of the 
figure (C), as described in Methods. 
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Chapter 3.  
 
Variation in developmental trajectories of 
physiological and somatic traits in a common 
songbird approaching fledging 

3.1. Abstract 

In avian species, little is known about the development of physiological traits in 

the days preceding fledging, a critical life history transition marked by a high mortality 

rate. Developmental trajectory during this period may be flexible based on ecological 

context or hardwired, with potential costs for variation in growth in the form of oxidative 

stress. Patterns in development are likely to relate to variation in life history, for which 

seabirds and aerial insectivores have been well studied, while our focal species is a 

grassland ground forager. We show that changes in hematocrit, body mass, and wing 

length are independent of year and brood quality, while changes in hemoglobin 

concentration are higher in low quality broods. However, we also identify higher 

oxidative stress in low quality year and second broods, a potential cost for maintaining a 

hardwired developmental trajectory in a lower quality environment. Finally we 

experimentally test the effects of food supplementation on development and maturity of 

chicks at fledging to show that although food increases body mass early in development, 

it does not change the trajectory or final maturity of chicks at fledging. Collectively this 

study demonstrates that some developmental changes prior to fledging may be 

hardwired, but may have long-term oxidative costs in low quality environments. 
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3.2. Introduction 

Variation in developmental trajectories in avian chicks has been widely studied, 

especially across broad taxonomic divisions, e.g. in relation to major patterns of 

developmental mode such as the altricial-precocial spectrum (Ricklefs 1979; Starck 

1998; Blom & Lija 2005). Much of this work has focused on embryonic development and 

maturity at hatching (Ricklefs & Starck 1998; Tazawa 2005) or transitions associated 

with hatching itself, e.g. the change from respiration via diffusion to convection in the 

perinatal period (Vleck & Bucher 1998). In general there has been less work on 

developmental trajectories approaching another major ‘developmental milestone’, the 

transition at fledging from a sedentary nestling to the fully volant, active lifestyle of post-

fledging juveniles. Furthermore, much work on intraspecific variation in patterns of 

offspring development has focused on growth measured as mass (Ricklefs & Starck 

1998) or functional maturity of major tissues (e.g. Vezina et al. 2009; but see Vleck & 

Bucher 1998). Less work has focused on intraspecific variation in development of 

physiological traits, in particular traits that might have significant fitness effects in the 

immediate post-fledging period, e.g. oxygen carrying capacity (Gebhardt-Henrich & 

Richner 1998; Bowers et al 2014; Cornell et al. 2016). 

Variation in developmental trajectories has been related to developmental mode, 

life-history variation of different taxa (e.g. oceanic seabirds), and in particular 

requirements for locomotion and flight ability immediately post-fledging (Ricklefs 1973; 

Murton & Westwood 1977). Consistent with this, we predict that our ground foraging 

study species will show a different pattern of development than previously studied aerial 

insectivore species (Simmons and Lill 2006) based on their differing life history patterns. 

Starck & Ricklefs (1989) proposed that variation in developmental trajectories of chicks, 

such as the timing and magnitude of asymptotic mass, might be explained by three, non-

mutually exclusive, levels of constraint: 1) availability of food resources to chicks which 

poses an ecological limit to growth rate; 2) limitations in the individual chick’s capacity to 

utilize available resources, e.g. the capacity of the gut to assimilate food; or 3) limitations 

arising from “a basic antagonism at the tissue or cell level between chick and adult 

function”. In the latter case, for example, before fledging sedentary chicks do not have a 

requirement for high levels of aerobic capacity, or metabolic rate, but these are needed 
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at the point of fledging. While it has been suggested that these constraints might have 

differential effects on growth in size of chicks (i.e. somatic components) versus 

physiological maturation (i.e. changes in tissues and organs that approach “adult level of 

function”; Ricklefs & Starck 1998) few experimental studies have directly compared 

development rate of different traits to attempt to determine the relative importance of 

external (i.e. ecological) or internal constraints., We hypothesize that there will be 

variation in the developmental trajectories of somatic and physiological traits across 

seasonally and annually varying ecological conditions. 

 Here we investigate intraspecific variation in developmental trajectories just 

before fledging for somatic (mass, wing length) and physiological traits (hematocrit, 

hemoglobin concentration) in European starling (Sturnus vulgaris) chicks, to test how 

somatic and physiological development may be affected by predicted variation in 

resources. Specifically, we compare variation in rates of development in different 

ecological contexts: a) among years of different reproductive productivity (in 2013 on 

average 2.4 chicks survived per nest versus 3.7 in 2014), and b) in chicks from 1st and 

2nd broods, since generally 2nd brood chicks develop during periods of lower seasonal 

food availability, breeding success is lower, and 2nd brood chicks fledge at lighter mass 

(Cornell et al. 2016) and have lower post-fledging survival (Verboven & Visser 1998; 

Naef-Daenzer et al. 2001). Since there can be costs of higher growth rates we also 

measured reactive oxygen metabolites and antioxidant capacity to test if annual, brood, 

or individual variation in developmental trajectories prior to fledging were correlated with 

levels of oxidative stress at fledging. Finally, we experimentally-manipulated growth 

conditions with supplemental feeding and test for differential responses in terms of 

changes in developmental trajectories for somatic and physiological traits, and 

associated effects on oxidative stress. 

3.3. Methods 

3.3.1. Field and Laboratory Methods 

We measured variation in chick physiological and somatic development just 

before (day 17) and at fledging (day 21) in European starlings at Davistead Farm, 
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Langley, British Columbia, Canada (49.17°N, 122.83°W). Our dataset includes 2 years 

of differing productivity (2013: 2.4 ± 1.8 chicks fledged per nest vs. 2014: 3.7 ± 1.7 

chicks fledged, long-term average 3.01 chicks, n = 15 years) and one experimental year 

(2015, see below). This field site includes c.150 nest boxes mounted on posts around 

pastures and on farm buildings, and houses ~70 breeding pairs annually. Nest boxes 

were checked daily beginning in late March to determine the lay date of the first egg and 

clutch size. Nests were monitored until either failure or fledgling to quantify productivity. 

On the 17th day after hatching, all chicks were removed from each nest and measured 

for mass using a digital scale to 0.01 gram, tarsus using digital callipers, and wing 

length, and blood samples were taken from the left wing’s brachial vein for measurement 

of hematocrit and hemoglobin concentration. At the typical fledging date, 4 days later 

(day 21 day post-hatching), two random chicks (excluding runt chicks) were removed 

from each nest-box for second, repeated measurements of mass and wing length, and a 

blood sample was taken from the right wing’s brachial vein for physiological 

measurement (repeated measurement of hematocrit and hemoglobin concentration, and 

one-time measurements of oxidative stress; see below Methods section). In 2014 we 

obtained detailed information on age of fledging: the majority of chicks (106/111, 95%) 

fledged on day 21 post-hatching with only 5/111 chicks fledging on day 20, i.e. before we 

removed birds for sampling. Birds with only day 17 measurements were not included in 

analyses. After the fledging of 1st broods, full data collection was repeated, as described 

above, for 2nd broods.  

Hematocrit was measured with digital calipers (± 0.01 mm) following 

centrifugation of whole blood for 3 min at 13,000 g (Microspin 24; Vulcon Technologies, 

Grandview, MO, USA). Hemoglobin concentration (g⁄dL whole blood) was measured 

using the cyanomethemoglobin method (Drabkin and Austin 1932) modified for use with 

a microplate spectrophotometer (BioTek Powerwave 340; BioTek Instruments, Winooski, 

VT, USA), using 5 uL whole blood diluted in 1.25 mL Drabkin’s reagent (Sigma-Aldrich 

Canada, Oakville, Ontario, D5941) with absorbance measured at 540 nm. We ran all 

hemoglobin samples in duplicate to calculate coefficient of variation (0.7%) as a 

measure of intra-assay variation, and a single pooled sample each year across all plates 

to calculate average inter-assay coefficient of variation (1.6%). An aliquot of these 

samples were sent to Viaguard Accu-Metrics (Toronto, Ontario) for sexing by PCR, 
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along with known samples (from adults) for quality control. We measured oxidative 

stress following methods described in Tissier et al. (2014) using d-ROMs and OXY tests 

(Diacron International, Grosseto Italy) to test reactive oxygen metabolites and total 

antioxidant capacity of the plasma respectively. We examine these metrics 

independently and as a ratio, following Costantini et al (2007). We ran all samples in 

duplicate to calculate coefficient of variation (OXY: 5.1%; d-ROMs: 6.4%) as a measure 

of intra-assay variation. To determine inter-assay variation we used a single pooled 

sample each year across all plates to calculate average inter-assay coefficient of 

variation (OXY: 5.9%; d-ROMs: 11.6%). 

3.3.2. Supplemental Feeding Experiment 

During 2015 we conducted a supplemental feeding experiment with both 1st and 

2nd broods. In each nest we evenly distributed chicks between experimental and control 

groups (i.e. n = 2 fed chicks and n = 2 control chicks in brood size of 4) to control for 

nest or common parental effects. Initially, due to concerns about potential negative 

effects of disturbance on young chicks we started supplemental feeding at day 10 post-

hatching for 1st broods. However, we were subsequently able to start feeding chicks at 

day 4 post-hatching for most 1st broods and all 2nd broods. We therefore had the 

following treatments: a) chicks fed since day 4 (n = 20 chicks, 12 nests) and their 

respective controls (n = 20 chicks, 12 nests) in 1st broods, b) chicks fed since day 10 (n 

= 16 chicks, 8 nests) and their respective controls (n = 16 chicks, 8 nests) in 1st broods, 

c) chicks fed since day 4 (n = 23 chicks, 15 nests) and their respective controls (n = 25 

chicks, 16 nests) in 2nd broods. Chicks were weighed daily to monitor body mass and fed 

chicks received supplemental food twice a day with the daily total amount of food per 

day (summing both meals) equivalent to 10% of predicted daily mass gain in European 

starling chicks as reported in Westerterp et al. (1982). We stopped daily supplemental 

feeding and mass measurements on day 18 to prevent force-fledging, but did collect 

measurements at fledging (day 21) as described above. The supplemental food diet was 

the same as reported in Eng et al. (2014) which is similar in protein content (11.9%) to 

the most common starling prey item (12.8%), Tipulid larvae (Brodmann & Reyer 1999). 

Begging behavior during feeding visits was stimulated by the researcher making high-

pitched vocalizations. Control chicks were weighed and handled equally to fed chicks, 
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but without supplemental feeding. We evenly distributed hatching order across fed and 

control groups, though any runt chicks defined as hatching >24 hours after first-hatched 

chicks within nests (8% of all chicks) were excluded from the analysis. 

 

3.3.3. Statistical Analysis 

All analyses were completed in RStudio version 0.99.902 (RStudio Team 2015) 

using lsmeans (Lenth 2016), nlme (Pinheiro et al. 2016), and stats (RStudio Team 2015) 

packages. In the text portion of the results, means are presented as ± standard 

deviation.  

To compare the slopes of developmental trajectories just prior to fledging we 

calculated development expressed as a percentage change between day 17 and 21 by 

subtracting the day 17 measurement from the day 21 value, and dividing by the original 

day 17 value to control for differences in starting maturity of the chicks. We ran linear 

mixed effects models on the percent change values, controlling for parent ID as a 

random factor, and with brood, sex, and year as main effects with their interactions.  

In order to determine the effects of year and brood on the developmental change 

between day 17 and 21, we ran linear mixed effects models with age (day 17 or day 21), 

brood, year, and sex as a main effects, and all possible interactions. Parent ID was 

included as a random factor. Using this model, interactions between age and year, or 

age and brood represent effects of year or brood on the rate of developmental change 

(slope) between day 17 and 21. For each oxidative stress metric (antioxidant capacity, 

reactive oxygen metabolites, ratio of reactive oxygen metabolites to antioxidants) we 

used the same linear mixed effects model, but without the age term (these 

measurements were only made once). For experimental data, we used the same original 

model (including the age term) with treatment group included as a main effect and in 

interactions, and year removed (since experimental data was only collected in one year).  

In order to determine how oxidative stress relates to developmental change, we 

used the percent change value described above in a linear mixed effects model with 
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each oxidative stress metric as an explanatory factor in a model of oxidative stress (each 

metric in its own model). The model controlled for year, brood, sex, and interactions as 

covariates and parent ID as a random factor. 

3.4. Results 

3.4.1. Developmental Trajectories Prior to Fledging 

All somatic and physiological traits changed significantly over the four days prior 

to fledging, between 17 and 21 days post-hatching (Age effect, Table 2-1). However, 

whereas wing length, hematocrit and hemoglobin increased, by 16.8%, 11.3% and 

10.8% respectively, body mass decreased (by 5.2%) over the same time period (Figure 

3-1). The rate of development (% change) differed for wing, hematocrit and hemoglobin 

(F2,275 = 280.9, P < 0.01) with wing length changing more than either physiological trait 

(F1,283 = 455.5, P < 0.01). Individual variation in the decrease in mass was not 

significantly related to variation in the change in any of the other three traits (P > 0.05 in 

all cases). 

Body mass was unrelated to sex and all other possible combinations of 

interactions in the full model (Table 2-1). Furthermore, age*brood and age*year 

interactions were not significant for body mass (P > 0.3; Table 2-1), i.e. developmental 

trajectories did not vary among broods or years. Chicks from 2013 (75.59 ± 7.01 g) had 

0.9 % higher day 17 mass than 2014 (74.91 ± 4.59 g) in 1st broods (P = 0.04, F1, 75= 4.2, 

controlling for sex and interactions) but this difference was not significant when 1st brood 

chicks were 21 days old (P = 0.10, F1,68= 2.8). There was no difference in mass at 17 or 

21 days across years in 2nd broods (day 17: P = 0.21, F1, 12= 1.8; day 21: P = 0.11, F1, 12 

= 3.1). First brood chicks at day 17 had 5.6% higher mass than 2nd broods, and 4.6% 

higher than 2nd broods at day 21 (Table 2-1).  

Wing length showed no significant age*brood or age*year interactions (P > 0.2; 

Table 2-1). However, there was a significant effect of sex (Table 2-1), sex*brood (P = 

0.02, F1, 189 = 5.7) and sex*year interactions (P = 0.04, F1, 183 = 4.2). In 2nd broods, day 21 

females had 3.6% shorter wings than males (98.2 mm ± 4.0 vs. 101.9 mm ± 5.5; P = 
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0.04, F1, 17 = 5.1, controlling for year and interactions) but not in 1st broods (P = 0.41, F1, 

63 = 0.7) or on day 17 (P = 0.17, F1, 20 = 2.1). In 2014, male chicks had longer wings (89.7 

mm ± 6.0) than females (85.2 mm ± 6.0) on day 17 (P = 0.03, F1, 30 = 5.0 controlling for 

brood and interactions), but not on day 21 (P = 0.07, F1, 29 = 3.6) or in 2013 (day 17: P = 

0.88, F1, 45 < 0.1; day 21: P = 0.94, F1, 44 < 0.1) No other terms or interactions were 

significant for wing length (Table 3-1).  

Hematocrit showed no significant age*brood or age*year interactions (P > 0.3; 

Table 3-1). First brood chicks had 14.9% higher hematocrit than 2nd broods on day 17 

(42.9 ± 5.1 % vs. 36.5 ± 5.0 %), and 10.5% higher than 2nd broods on day 21 (46.6 ± 4.5 

% vs. 41.7 ± 5.0 %; Table 3-1). Brood also interacted with year (P < 0.01, F1, 171= 8.8) 

and sex (P = 0.03, F1, 383= 4.6): 1st broods had higher hematocrit in 2014 (P < 0.05, F1, 

113= 5.3, controlling for sex and interactions), but 2nd broods were equally low across 

years (P = 0.32, F1, 12= 1.1). Sex was not significant once age classes were separated 

between 1st broods (day 17: P = 0.67, F1, 61 = 0.2; day 21: P = 0.86, F1, 66 > 0.1, 

controlling for year and year*sex) and 2nd broods (day 17: P = 0.34, F1,16 = 1.0; day 21: P 

= 0.13, F1, 14 = 2.5). 

For hemoglobin concentration there was a significant brood*age interaction in the 

model: in chicks from 1st broods hemoglobin increased by +6.9% between day 17 and 

day 21, but at a much higher rate (+25.4%) from a lower initial value in 2nd broods 

(Figure 3-1). First broods had higher day 17 (12.7 g/dL ± 2.9 vs. 2nd brood 10.1 g/dL ± 

2.0) and day 21 (13.3 g/dL ± 1.9 vs. 2nd brood 12.1 g/dL ± 2.0) hemoglobin 

concentrations (Table 3-1; Figure 3-1) Year and sex were both unrelated to hemoglobin 

as main effects and in all possible combinations of interactions (P > 0.05). 

3.4.2. Oxidative Stress and Development 

Reactive oxygen metabolites (d-ROMs) at day 21 were higher in 2nd broods and 

in 2013: d-ROMs averaged 2.23 ± 0.83 mg H2O2 dL-1 (1st broods) and 2.59 ± 0.97 mg 

H2O2 dL-1 (2nd broods) in 2013, compared to 1.30 ± 0.44 mg H2O2 dL-1 (1st broods) in 

2014 and 1.26 ± 0.37 mg H2O2 dL-1 (2nd broods; Figure 3-2). Antioxidant capacity (OXY) 

was also higher in 2013 than 2014, however the ratio of d-ROMs to OXY was still higher 

overall in 2013 than 2014 (Table 3-2). This ratio also showed a significant relationship to 
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brood, with 2nd broods showing 18% higher oxidative stress values than 1st broods. Sex 

was unrelated to all oxidative stress metrics, as were all interactions between year, 

brood, and sex (P > 0.05). All metrics of oxidative stress (OXY, d-ROMs, ratio of d-

ROMs to OXY) were independent of individual variation in the percent change in somatic 

or physiological traits (P > 0.05; Figure 3-3). 

3.4.3. Supplemental-feeding Experiment 

Supplemental feeding had a significant, and immediate, positive effect on mass 

gain during the nestling period (Figure 3-4). Seven days after hatching, and three days 

after receiving supplementary meals, chicks in the day 4 treatment group were 

significantly heavier than controls (P < 0.01, F1,54 = 20.9, controlling for brood, sex, and 

interactions). Chicks in the day 4 treatment group maintained higher mass at days 10 

and 16 (day 10: P < 0.01, F1, 54 = 14.7; day 16: P < 0.01, F1, 54 = 10.0 controlling for 

brood, sex, and interactions), but this difference was not found on fledging date (day 21: 

P = 0.45, F1,55 = 0.6, controlling for brood, sex, and interactions; Figure 3-4). In day 16 

and day 21 mass models, brood was a significant main effect (P < 0.05), but there was 

no significant effect of treatment*brood interaction in any of the models 

(brood*treatment: P > 0.52). Chicks that experienced supplemental feeding starting on 

day 10 (1st brood chicks only) had increased mass after 4 days of feeding compared to 

controls (P = 0.04, F1, 28 = 4.6, controlling for sex), but no difference was found later in 

the nestling period (day 17: P = 0.63, F1,27 = 0.2) or after the period of mass loss on day 

21 (day 21: P = 0.52, F1, 27 = 0.4; Figure 3-4).  

First brood chicks fed beginning on day 4 were not significantly different from 

chicks fed beginning on day 10 (all 1st broods) for change in mass, wing, hematocrit, or 

hemoglobin from day 17 to day 21 (P > 0.40, controlling for sex, sex*treatment, and 

parent ID as a random factor) and the same was true for corresponding control groups 

(P > 0.16). Therefore we combined day 4 and day 10 groups for analyses on these 

metrics. Supplemental feeding had no effect on the developmental trajectory (% change) 

for any somatic or physiological traits from day 17 to day 21 (all P > 0.16, controlling for 

brood, sex, and interactions and parent ID as a random factor). 
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 There was no significant difference in d-ROMs, OXY, or the ratio of d-ROMs to 

OXY at day 21 comparing day 4- and day 10-fed chicks (P > 0.08 in all cases), or among 

control chicks in the nests of these different food treatment (P > 0.17 in all cases). 

Therefore we combined day 4 and day 10 chicks for analyses of oxidative state. 

Supplemental feeding had no effect on d-ROMs or the ratio of d-ROMs to OXY (P > 

0.05, controlling for brood, sex, and interaction terms). However, there was an effect of 

supplemental feeding for OXY (P = 0.02, F1,73 = 6.0) and an interaction with brood (P < 

0.01, F1,75 = 7.3). First brood chicks had no difference between treatment and control 

groups (P = 0.10, F1,36 = 2.8), but food treated 2nd brood chicks had higher antioxidant 

capacity (1.98 ± 0.35 umol HOCl mL-1) than control chicks (1.75 ± 0.31 umol HOCl mL-1; 

P < 0.05, F1,30 = 4.3).  

3.5. Discussion 

Here we tested, both correlationally and experimentally, whether variation in 

developmental trajectories prior to fledging varied for somatic versus physiological traits, 

and in relation to ecological context or food resources. Not surprisingly, we observed 

changes in somatic (mass, wing length) and physiological (hemoglobin concentration, 

hematocrit) traits just prior to fledging in chicks across years, broods, and experimental 

treatments. Wing length, hematocrit and hemoglobin all increased prior to fledging 

whereas body mass decreased (-5.2%), and the developmental trajectory (slope) for 

body mass, wing length and hematocrit was unrelated to ecological context; potentially 

consistent with Ricklefs and Starck’s (1998) third level of physiological constraint. In 

contrast, the developmental trajectories for hemoglobin did vary with one aspect of 

ecological context (brood number): chicks in 2nd broods had lower hemoglobin at day 17 

(more physiologically immature) but a greater rate of increase between day 17 and 21, 

though again this pattern was consistent among years. Despite the relative inflexibility of 

developmental trajectories for most somatic/physiological traits we did observe variation 

in a potential physiological cost of development: chicks in both the lower productivity 

year (2013) and lower quality brood (2nd) showed higher oxidative stress at fledging. This 

suggests that although chicks appear to have ‘hardwired’ developmental trajectories, 

they might pay a greater cost for maintaining this rate of development in low quality 

ecological conditions. Results from our experimental manipulation were consistent with 
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our correlational data: although supplemental feeding increased body mass up to day 17 

this did not affect developmental trajectories just prior to fledging, or developmental 

maturity at fledging, for somatic or physiological traits.  

In European starlings wing length, hematocrit and hemoglobin all showed a 

significant increase towards adult values whereas body mass decreased prior to fledging 

(see Cornell et al. 2016 for adult values in this species). In other species chicks have 

been shown to maintain or even decrease hematocrit and hemoglobin concentration just 

prior to fledging (Simmons & Lill 2006). However few have studied development during 

this period in a ground foraging songbird. Adaptive pre-fledging mass loss has been 

documented previously, though mostly in seabirds and aerial insectivores (Ricklefs 

1968; Martins 1997; Morbey et al. 1999; Mauck & Ricklefs 2005; Wright et al. 2006). 

Some suggest that this decrease in mass optimizes wing loading (ratio of wing area to 

body mass), especially important for species that use flight for foraging. This hypothesis 

has been shown to be true experimentally for swifts (Wright et al. 2006), a species 

dependent on foraging flights. As one would expect, the mass recession we show in 

ground foraging starlings (-5%) is less than that of seabirds (-35% of peak chick mass, 

Oceanodroma castro; Allan 1962) and swallows (-22%, Tachycineta thallassina; Edson 

1943), which depend on foraging flights. Because the mass loss in starlings was not 

proportional to increases of other traits during this period, we have no evidence to 

suggest that starlings lose mass as a byproduct of development of other traits.  

Developmental changes in the traits we measured prior to fledging were largely 

unrelated to ecological context as indicated by year differences in productivity and brood 

number (typically reflecting a seasonal decline in rearing environment). We predicted 

that the slope of development, or interactions with age in our model, might be affected 

by year quality (2013: 2.4 ± 1.8 chicks fledged per nest vs. 2014: 3.7 ± 1.7 chicks 

fledged, long-term average 3.01 chicks, n = 15 years; Winkler et al. 2013; Mainwaring & 

Hartley 2016; Pérez et al. 2016) and brood quality (2nd broods have lower survival: 

Verboven & Visser 1998; Naef-Daenzer et al. 2001; Lambrechts et al. 2007; Gruebler & 

Naef-Daenzer 2010). However hemoglobin concentration, a trait linked to both pre- and 

post-fledging survival (Nadolski et al. 2006; Bowers et al. 2014; Kalinski et al. 2015), was 

the only trait for which brood affected slope of development. In this relationship, 2nd 

brood birds showed a significantly higher increase in hemoglobin concentration over the 
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4 days prior to fledging, +25.4%, compared to 1st broods’ +6.9%. Despite the higher 

increase, 2nd brood chicks still fledged with lower hemoglobin concentrations than 1st 

broods (Cornell et al. 2016), suggesting that they have reduced development prior to our 

first day 17 measurement. Wing length, body mass, and hematocrit developmental 

changes had no relationship to year or brood, suggesting that the ecological context 

does not influence developmental trajectory of these traits just prior to fledging. Given 

the considerable risk of mortality (55-80%) immediately post fledging (Adams et al. 2001; 

Anders et al. 2002; Kershner et al. 2004; Moore et al. 2010) it is possible that hardwired 

developmental patterns just prior to this high-risk period may be adaptive to ensure 

fledging at a minimum maturity level. Our data therefore supports Ricklef’s hypothesis 

that developmental trajectory may be determined, at least somewhat, by “internal 

physiological constraints” (Ricklefs 1968, 1973).  

Reactive oxygen metabolites concentration was highest in the low productivity 

year and brood, suggesting higher oxidative damage (Murphy et al. 2011). Although 

antioxidant capacity was also higher in the low productivity year, this was not enough to 

compensate for the high levels of reactive oxygen metabolites, as the ratio of reactive 

oxygen metabolites to antioxidant capacity was still higher overall in the low productivity 

year. The date effects are in contrast to previous findings in Eurasian kestrel nestlings 

(Falco tinnunculus), which found no relationship between hatching date and oxidative 

damage (Costantini et al. 2006). Our results suggest that although chicks maintain a 

similar developmental trajectory despite varying ecological context, there may be 

oxidative costs for maintaining this potentially hardwired development in lower quality 

environments. Other studies have already demonstrated that rapid growth can have 

costs in the form of oxidative stress (reviewed in Metcalfe & Alonso-Alvarez 2010). It is 

possible that in low quality environments, our chicks incur the additional long-term cost 

of oxidative stress (Hulbert et al. 2007) by maintaining the same developmental 

trajectory as a high quality year or brood. Because of the high predation rate at fledging, 

this long-term oxidative cost may be adaptive over the potential short-term cost of 

fledging at immaturity in a high mortality period. However, higher oxidative damage has 

been linked to lower post-fledging survival (Noguera et al. 2011). At the individual level, 

we found no relationship to the slope of developmental change and reactive oxygen 

metabolites, antioxidant capacity, or ratio of these measures, when controlling for 
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significant year and brood effects. This may be due to other factors regulating the 

individual level of cost that we did not measure.  

Our feeding experiment was an attempt to manipulate the ecological context for 

development directly by providing extra resources to half of the chicks in each nest. It is 

unlikely that parental provisioning compensated for the within nest variation in treatment 

groups given that chicks initially did show higher masses as a result of supplemental 

feeding, and the evidence that hunger of chicks does not necessarily correlate with 

parental feeding in a straightforward way (Ostreiher 1997, Krebs 2000, Roulin 2001. 

Chicks fed since day 4 initially responded with an increase in mass from days 7 to 17, 

however during the period of mass recession prior to fledging, chicks receded to masses 

equivalent of control chicks. This is consistent with other studies that have found food 

quantity may not be directly related to growth (Harris 1978; Hodum & Weathers 2003). It 

is worth noting that the food treatment was not administered during the mass recession 

period from day 17 to day 21, nor were treated or control chicks weighed daily during 

this period in order to prevent accidental early fledging. In contrast to the chicks fed 

beginning on day 4, day 10 treated chicks did not have sustained mass gains, and were 

equal to controls in mass by day 17 even though they were fed until and on this date. In 

addition, there were no effects of food treatment on chicks’ wing length, hematocrit, or 

hemoglobin concentration on day 17, day 21, or developmental change between these 

days. Thus our experimental evidence is similar to data on natural variation: ecological 

context and increased food did not affect maturity at fledging or developmental change 

just prior to fledging, suggesting that developmental trajectories may be hardwired for 

the traits we measured. However, food treated birds did show 12% higher antioxidant 

capacity in the lower quality brood (2nd), a trait that has been linked to post-fledging 

survival (Noguera et al. 2011). This suggests that food treated birds may have had 

reduced oxidative costs of maintaining a potentially hardwired growth pattern. This is 

consistent with other experimental studies demonstrating that nutrition affects 

antioxidant levels in developing chicks (Blount et al. 2003). Collectively, our natural and 

experimental data show that developmental trajectories of the traits we measured may 

be hardwired since there was little variation in trajectory of development prior to fledging 

based on ecological context or treatment group, however we do present evidence of a 
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potential cost for maintaining these developmental trajectories in lower quality 

environments or control groups in the form of higher oxidative stress. 
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3.7. Figures and Tables 

Table 3-1. Results from linear mixed effects models of physiological 
(hemoglobin concentration, hematocrit) and somatic (body mass, 
wing length) traits. Age represents whether the measurement was 
taken 17 or 21 days after hatching, and interactions with age 
represent an effect on the developmental change (or slope) between 
day 17 and 21. Models included age, brood, year, and sex as 
independent main effects and all possible interactions, and parent 
ID as a random effect. Interactions between age, year, and sex are 
only reported in text where significant. 

Metric  Hematocrit Hemoglobin Body Mass Wing Length 

 

Age 
P value <0.01 <0.01 <0.01 <0.01 

F stat 51.0 14.8 34.0 444.3 
 

Brood 
P value  <0.01 <0.01 <0.01 0.23 

F stat 176 24.3 8.6 1.4 
 

Age*Brood  
P value  0.37 0.03 0.43 0.23 

F stat 1.1 4.8 0.6 1.4 
 

Year 
P value 0.71 0.22 <0.01 0.81 

F stat 0.1 1.5 19.7 <0.1 
 

Age*Year 
P value  0.89 0.93 0.36 0.60 

F stat 0.2 <0.1 0.8 0.3 
 

Sex 
P value <0.01 0.32 0.33 0.03 

F stat 18.3 1.0 0.9 4.7 
 

Age*Sex 
P value  0.99 0.46 0.72 0.37 

F stat <0.1 0.5 0.1 0.8 
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Table 3-2. Results from linear mixed effects model of oxidative stress metrics 
(OXY: antioxidants; d-ROMs: reactive oxygen metabolites) and 
ecological context (year, brood) and sex, controlling for parent ID as 
a random factor. Model included all metrics independently and as 
interactions, though no interactions were found to be significant (P 
> 0.05). 

Metric Year Brood Sex 

P value F stat P value F stat P value F stat 

d-ROMs <0.01 13.5 <0.01 7.5 0.54 0.3 

OXY <0.01 32.5 0.15 2.1 0.99 <0.1 

OXY/d-ROMs <0.05 4.6 <0.01 7.2 0.86 <0.1 

 

 

 

Figure 3-1. Natural variation in change of somatic and physiological traits just 
prior to and at fledging across high and low quality years and 
broods. Error bars represent 95% confidence intervals. See table 3-2 
for significance.  
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Figure 3-2. Antioxidant capacity (OXY; umol HOCl mL-1) and reactive oxygen 
metabolites (d-ROMs; mg H2O2 dL-1) in a low productivity (2013) and 
high productivity (2014) year, and across broods of high (brood 1) 
and low (brood 2) productivity. Error bars show first and third 
quartiles. 
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Figure 3-3. Antioxidant capacity (OXY; umol HOCl mL-1), reactive oxygen 
metabolites (d-ROMs; mg H2O2 dL-1), and ratio of reactive oxygen 
metabolites to antioxidant capacity and change in hemoglobin 
concentration (g/dL) from day 17 to day 21. Each data point 
represents one individual chick. 
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Figure 3-4. Mass change throughout the nestling period in food treatment and food control chicks. Chicks were not 
measured days 18, 19, 20. Mass change during the treatment period in the fed and control chicks that began 
treatment on day 10. This day 10 treatment was only conducted in 1st broods 
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Chapter 4.  
 
Physiological maturity at a critical life-history 
transition and flight ability at fledging1 

4.1. Abstract 

Developmental maturity (e.g. body condition, body mass) at major life history transitions 

is known to affect fitness across a wide range of taxa. Fledging (leaving the nest), a 

major life-history transition in birds, is associated with high post-fledging mortality and is 

widely assumed to be related to poor initial flight ability of fledglings which, in turn, might 

be related to developmental maturity at fledging. We investigated individual variation in 

developmental maturity of both somatic and physiological traits at this critical life history 

transition in different ecological contexts (year, 1st or 2nd broods) to determine the 

importance of physiological traits related to oxygen-carrying capacity (hematocrit, 

hemoglobin) for individual variation in takeoff flight ability at fledging. Hemoglobin 

concentration and hematocrit at fledging had much higher variance than somatic traits 

and were more variable across ecological contexts. Furthermore, fledgling hemoglobin 

concentration was the least developmentally mature of all traits (on average only 78% of 

adult concentration). Fledglings from 2nd broods, which have lower post-fledging survival, 

were less developmentally mature than fledglings from 1st broods for all traits (except 

tarsus), with hematocrit and hemoglobin concentration being the most developmentally 

immature traits (in 1st vs. 2nd broods, hematocrit: 47.1% vs. 40.9%; hemoglobin: 13.3 

g/dL vs. 11.6 g/dL). Models predicting individual variation in two aspects of takeoff flight 

ability (total energy gain, takeoff angle) were significantly improved when physiological 

traits (in particular hemoglobin) were incorporated into models based on somatic traits. 

 
1 Originally published as Cornell, A., Gibson, K. F., & Williams, T. D. Physiological maturity at a 

critical life‐history transition and flight ability at fledging. Functional Ecology, 31(3): 662-670. 
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4.2. Introduction 

Developmental maturity (e.g. body condition, mass) at major life history 

transitions is known to affect individual fitness across a wide range of taxa (Clutton-

Brock 1988; Green & Cockburn 2001; Altwegg & Reyer 2003) and conversely, selection 

on individuals can influence population-level changes via directional selection on overall 

size and developmental times (Kingsolver & Pfennig 2004). For example, pupal weight in 

insects correlates with higher fecundity later in life (Tammaru 1998), and experimental 

manipulation of larval environmental conditions explains variation in survival to 

reproductive maturity and adult mating success (De Block & Stoks 2005). In fish, 

hatching size and larval growth rate impact post-settlement survival (Shima & Findlay 

2002; Vigliola & Meekan 2002), and larval size in marine invertebrates positively 

correlates with post-metamorphic survival and fecundity (Dias & Marshall 2010). In 

passerine birds, the “developmental milestone” when offspring progress from sedentary 

nestlings to active, free-flying fledgling is a critical life history transition. Furthermore, the 

immediate period following fledging is marked by high mortality, with 50% of fledglings 

surviving in many species in the first 3-4 weeks after fledging (e.g. Anders et al. 1997; 

Adams, Skagen & Adams 2001; Rush & Stutchbury 2008). Predation is by far the most 

common cause of death in this post-fledging period, accounting for 55-80% of mortality 

(Kersten & Brenninkmeijer 1995; Anders et al. 1997; Adams, Skagen & Adams 2001), 

and in some studies predation is the only cause of death recorded in the post-fledging 

period (Schmidt, Rush & Ostfeld 2008; Eng et al. 2011). 

Poor flight performance of juveniles, and thus an inability to evade predators, is 

suggested as the reason for high mortality in the immediate post-fledging period 

(Sullivan 1989; Anders et al. 1997). However, few studies have directly measured flight 

performance at fledging, and little is known about the causes of individual variation in 

flight ability at this life-history transition or whether this relates to developmental maturity. 

Most studies have simply measured nestling mass or body size at fledging, without any 

assessment of flight metrics, and correlate these somatic traits with survival. Although a 

significant positive relationship between late-stage nestling size and recruitment has 

been shown for many avian species, no relationship has been demonstrated in 

numerous other species (reviewed in Schwagmeyer & Mock 2008), even in species with 
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high variability in fledgling mass (e.g. 200-400g, Kersten & Brenninkmeijer 1995). 

Moreover, the majority of avian species fledge at or near adult body mass (Ricklefs 

1968, 1979; Ricklefs & Peters 1979), but still have much higher juvenile mortality rates 

than adults. This suggests that other aspects of individual phenotype at fledging, such as 

physiological developmental maturity, might determine flight ability. Initial flight ability of 

fledglings has been linked to variation in wing area and wing loading (Verspoor et al. 

2007; Chin et al. 2009), pectoral muscle mass (Veasey, Houston & Metcalfe 2000; Chin 

et al. 2009), and body mass:muscle ratio (Verspoor et al. 2007). However, few studies 

have considered physiological maturity at fledging (but see Vezina et al. 2009; Lill et al. 

2013) especially as potential determinants of initial post-fledging flight ability.  

Here we focus on developmental maturity of two physiological traits, hematocrit 

and hemoglobin which can determine variation in aerobic capacity and VO2max 

(Campbell 1995), oxygen off-loading and transfer from capillaries to mitochondria in 

muscle tissue (Wagner 1996), and matching of tissue oxygen delivery with local oxygen 

demand (Jensen 2009). Several studies have assumed that lower hematocrit negatively 

influences aerobic capacity and endurance flight performance (Saino et al. 1997; 

Hammond et al. 2000) although above-optimal increases in hematocrit can cause earlier 

exhaustion during physical activity and increased cardiopulmonary hypertension 

(Birchard 1997, Schuler et al. 2010). Although the few studies to date only link 

hematological metrics to endurance flight, we suggest that this might apply more 

generally to initial flight ability of fledglings given the rapid transition from sedentary 

nestlings to active, free-flying fledgling (see Discussion). Extensive individual variation in 

hematocrit has been documented in nestlings or chicks (Morrison et al. 2009; Lill et al. 

2013), and variation in hemoglobin concentration and hematocrit is correlated with pre-

fledging survival (Nadolski et al. 2006; Kalinski et al. 2015) and post-fledging recruitment 

(Bowers et al. 2014), but no studies have related variation in these traits to individual 

variation in initial flight performance of fledglings. Finally, in free-living birds, heritability 

of hematocrit is low or zero (Potti 2007; Morrison et al. 2009; but see Aakaluk et al. 

2014; Christe et al. 2000). This suggests that this is a phenotypically plastic trait with 

variation explained by the rearing environment (nest) during the developmentally-

sensitive growth phase (Potti 2007), independent of fledging mass or condition (Morrison 
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et al. 2009). Thus, we predicted that physiological development of hematocrit and 

haemoglobin, and fledging ‘state’ should depend on ecological context during rearing. 

We measured hematocrit and hemoglobin concentration in chicks at fledging 

(day 21) in European starling (Sturnus vulgaris) chicks across two broods and years of 

differing productivity (ecological context), as well as measures of somatic development 

(wing length and wing area, body size and mass), and compared this to individual 

variation in the chick’s initial flight performance. Specifically, we analyzed individual 

variation in flight velocity, take-off angle, and average mechanical energy produced in 

flight (measured following Verspoor et al. 2007) in relation to physiological versus 

somatic (mass/size) developmental maturity at fledging, with comparisons to adult 

values. We predicted 1) that physiological and somatic maturity at fledging are less than 

adult values, and this would vary among years (i.e. for ‘good’ vs. ‘bad’ years), and 

potentially in a sex-specific manner, since males and females partition resources to 

physiological and somatic traits differently (Rowland et al. 2007; Verspoor et al. 2009; 

Schmidt, MacDougall-Shackleton & MacDougall-Shackleton 2012), 2) that physiological 

and somatic trait values at fledging would be lower in 2nd brood chicks vs. 1st brood 

chicks, given the former have higher immediate post-fledging mortality (Verboven & 

Visser 1998; Naef-Daenzer, Widmer & Nuber 2001), and 3) that individual variation in 

initial flight performance (take-off angle, velocity, energy gain) would relate to not just 

somatic traits, but to the individual’s maturity in physiological traits underlying oxygen 

carrying capacity (hemoglobin, hematocrit).  

4.3. Methods 

4.3.1. Field and Lab Methods 

We measured variation in chick physiological and somatic development at 

fledging in the European starling at Davistead Farm, Langley, British Columbia, Canada 

(49.17°N, 122.83°W) over 2 years of differing productivity (2013: 2.4 ± 1.8 chicks fledged 

vs. 2014: 3.7 ± 1.7 chicks fledged, long-term average 3.01 chicks, n = 15 years). This 

field site includes 150 nest boxes mounted on posts around pastures and on farm 

buildings, and houses ~70 breeding pairs annually. Nest boxes were checked daily 
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beginning in early April to determine the lay date of the first egg and clutch size. Nests 

were monitored until either failure or fledgling to quantify productivity. After the fledging 

of 1st broods, data collection was repeated for 2nd broods. At fledging (day 21 day post-

hatching) two chicks were removed from each nest-box and placed in cloth bags until 

the flight performance trials (5-20 minutes). In 2014 we obtained detailed information on 

age of fledging: the majority of chicks (106/111, 95%) fledged on day 21 post-hatching 

with only 5/111 chicks fledging on day 20. Furthermore, only 8% of chicks hatched >24 

hours later than the first-hatched chicks within-broods so there was little intra-brood 

variation in age of fledging. 

The flight performance chamber consisted of a wooden frame 2.5×1×1 m covered 

with fine plastic netting (top, front, and far end), plywood (bottom), and a white plastic 

back with a 10×10 cm grid. To ensure that take-off was independent of any handling 

effects at the time of release, birds were introduced into the chamber via a short (approx. 

40 cm long) tube, 10 cm in diameter and aligned at a 30° incline. Upon release, over 90 

per cent of fledglings would launch into flight (after emerging from the tube) and would 

fly straight into the mesh at the end of the chamber (as though it was unseen). To 

prevent habituation to the process, fledglings were subjected to only two flight trials. 

Flight was videotaped with a digital video camera (JVC GZR10A Quad Proof Everio Full 

HD Camcorder; 30 frames/second) placed ~3 m from the front of the chamber. Following 

each flight, we immediately blood sampled chicks and measured tarsus, mass, and wing 

length (mean time between first flight and blood sampling < 3 minutes). Time between 

flight trial and blood sampling (handling time) did not affect hemoglobin concentration 

(t195 = 0.01, P = 0.930) or mass (t203 = -0.5, P = 0.596), but was related to hematocrit (t1, 

203 = -4.2, P < 0.001). Time of day had no effect on mass (t203 = 1.0, P = 0.336), 

hematocrit (t202 = 1.3, P = 0.186), hemoglobin (t196 = 1.6, P = 0.121), or flight take-off 

angle (t203 = 1.5, P = 0.124), but did affect flight velocity (t203 = 2.0, P = 0.048) and total 

energy gain in flight (t203 = 2.0, P = 0.047). Where significant, minutes between flight and 

blood sampling (hematocrit) and time of day (total energy gain and flight velocity) were 

run as covariates in subsequent analyses. A digital photograph of the left wing, 

standardized in bent wing position against a scaled board, was taken to calculate wing 

area (using ImageJ, Image Processing and Analysis in Java), which was used to 

calculate wing loading, that is, the ratio of an individual's body weight to wing area. No 
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wing area data was collected for 2nd brood chicks in 2013 (n = 31) due to equipment 

malfunction, but wing length data was collected, which is positively correlated with wing 

area (R177 = 0.49). Blood samples were analyzed for hematocrit and hemoglobin 

concentration as in Williams et al. (2012). An aliquot of these samples were sent to 

Viaguard Accu-Metrics (Toronto, Ontario) for sexing by PCR. Adult values were 

determined by catching female parents of chicks during both 2013 and 2014 between 10 

and 12 days after hatch via nest box traps, and blood sampling within 3 minutes of 

capture. These adult values were obtained just 9-11 days prior to chick fledging dates, 

and thus represent adult values in the same environmental conditions (temperature, 

weather, prey availability, etc.) fledglings will encounter post-fledging. Female values 

were used for consistency, and due to low availability of male samples. 

4.3.2. Flight Analysis 

Flight trials were analyzed on a computer using Loilo Fit Software (San 

Francisco, CA, Dolby Laboratories). Vertical displacements (to the nearest 2.5 cm) and 

associated times (to the nearest quarter frame) were measured relative to the 10 cm grid 

at 0.5 m horizontal intervals, with the center of the head used as reference. Flight time 

taken per interval was thus calculated as the number of frames ×1/30 s frame−1. Take-off 

velocity and angle were measured for the first horizontal 0.5m “take-off” component of 

the flight, however the total energy gain metric included the energy produced during 

flight for the entire 2.5m length of the chamber (see Discussion). We calculated average 

mechanical energy, E ( J ) for flight according to the equation from Williams & Swaddle 

(2003), E = ½ (V2
x + Vz

2) + gz where Vx and Vz are the horizontal and vertical 

components of flight velocity, respectively; g is the acceleration due to gravity; and z is 

the height (Williams & Swaddle 2003). This measure was chosen since it describes both 

the height and velocity gain components of flight performance in a single variable 

(Williams & Swaddle 2003). In all cases, the best performance from the two trials was 

taken. 
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4.3.3. Statistical Analysis 

All analyses were completed in R Studio version 0.98.1028 (R Core Team 2013) 

using lsmeans (Lenth 2016), multcomp (Hothorn, Bretz & Westfall 2008), nlme (Pinheiro 

et al. 2013), AICcmodavg (Mazerolle 2016), and stats (R Core Team 2013) packages. In 

the text portion of the results, means are presented as ± standard error of the mean. 

First, generalized linear models were used to compare female (due to availability) adult 

values with fledgling values for somatic and physiological traits, controlling for sex, 

brood, and year as covariates unless stated otherwise. Variance was calculated on the 

percent difference of the trait values from the mean trait value. Levene’s test was used 

to compare variances between physiological traits (grouped) versus somatic traits 

(grouped). Next, linear mixed-effects models were used to evaluate the relationships 

between the somatic and physiological traits, and ecological context (year, brood) and 

sex. We used parent ID as random factor, and controlled for handling time where 

significant (hematocrit). We repeated this analysis for flight metrics (controlling for time 

of day where significant). 

Finally, we examined how somatic and physiological traits relate to flight 

performance in two steps. First we determined the best model using somatic traits for 

each flight metric (take-off angle, flight velocity, total energy) controlling for time of day 

flown where significant (energy and velocity models). We included all possible 

combinations of somatic traits (tarsus, wing length, wing loading) in the candidate model 

set of linear mixed-effects models (n = 8 models, Table 4-3). Models were assessed 

using Akaike’s Information Criterion corrected for small sample sizes and ranked with 

ΔAIC values, with models ΔAIC < 2 considered strongly supported (Anderson & 

Burnham 2002). After we selected the best-supported somatic model for each flight 

metric, we subsequently asked whether the two physiological variables (together or 

individually) improved the best somatic model from earlier analysis (n = 7 models, Table 

4-4).  
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4.4. Results 

4.4.1. Physiological and somatic maturation of fledglings 
compared with adults 

Physiological traits (hematocrit, hemoglobin concentration) of fledglings were 

significantly below adult values, whereas not all somatic traits (mass, tarsus, wing 

loading, and wing length) were different from adults. Fledgling body size measured as 

tarsus length was equal or relatively close to adult tarsus (93.3 to 100.5% of adult size; 

Table 4-1), though fledglings had 4.2% shorter tarsus lengths than female adults in 2014 

(F1,126 = 6.7, P = 0.011) but not in 2013 (F1,122 = 2.2, P = 0.145). Though male fledglings 

were heavier than female fledglings (Table 4-2), mass was consistently less than adults 

(F1,233 = 68.9, P < 0.001), but averaged 86.0% to 90.1% of adult mass (Table 4-1). 

Fledgling wing length was the most developmentally immature of the somatic traits 

(Table 4-1) and significantly different from adults (F1,214 = 220.4, P < 0.001), but had 

relatively small individual variation in relative size (75% - 82% adult wing length). In 

contrast, the physiological traits had much higher variation in the level of developmental 

maturity among years, broods, and sexes: fledgling hematocrit averaged 73.2% - 93.4% 

of adult hematocrit and fledgling hemoglobin concentration averaged 66.5% - 84.4% of 

adult concentrations. Fledgling hemoglobin concentration (F1,225 = 78.8, P < 0.001) and 

hematocrit (F1,233 = 51.8, P < 0.001) were significantly below adult levels. The two 

physiological traits also had much higher variance (hematocrit: σ2 = 137; hemoglobin: σ2 

= 234) than somatic traits (tarsus: σ2 = 39; mass: σ2 = 71; wing length: σ2 = 29: contrast 

of grouped variance, F1,1021 = 147.42; P < 0.001).  

4.4.2. Year, brood, and sex as sources of variation in physiological 
and somatic maturation  

Year was the only significant source of variation for some metrics, and almost 

exclusively in 1st brood chicks. For wing length there was a year*brood interaction (F1, 156 

= 4.5; P = 0.003). Wing length was greater in 2014 compared with 2013 for 1st broods 

(F1, 148 = 6.7; P = 0.011) but not for 2nd broods (F1, 25 = 4.4; P = 0.057). Consistent with 

the results for wing length, wing area was larger in 2014 (60.5 ± 0.8 mm2) compared with 

2013 (49.9 ± 0.7 mm2) for 1st brood chicks (F1, 123 = 82.0; P < 0.001). For tarsus there 
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was a main effect of year (F1, 193 = 14.6; P < 0.001), tarsus length was greater (+3.9%) in 

2013 (33.8 ± 0.2 mm) compared to 2014 (32.5 ± 0.2 mm). However, both of these values 

were very similar to adult levels as described above (100.5% to 93.3% similarity to 

adults). Body mass was unrelated to year (P > 0.05). Among physiological traits, there 

was a year*brood interaction for fledgling hematocrit (F1, 209 = 14.7; P < 0.001), 

controlling for minutes between flight and blood sampling for all analyses. Hematocrit 

was higher in 1st brood chicks in 2014 compared to 2013 (F1, 146 = 20.6; P < 0.001), but 

with no difference in 2nd brood chicks among years (F1, 34 = 1.0; P = 0.321). Hemoglobin 

was not directly related to year (P > 0.05), however there was a year*sex interaction (F1, 

123 = 4.6; P = 0.035). The only significant pair-wise contrast was males with lower 

hemoglobin in 2014 compared to 2013 (P < 0.010) 

Brood effects were significant for almost all traits, with 1st broods consistently 

more somatically and physiologically mature than 2nd broods. Chicks from 1st broods 

were heavier (71.6 ± 0.5 g, +3.9%) than 2nd brood chicks (68.7 ± 0.9 g; F1, 187 = 6.9; P = 

0.009). Wing length was greater in 1st broods compared to 2nd broods in 2014 (F1, 99 = 

41.0; P < 0.001), but not in 2013 (F1, 64 = 2.4; P = 0.125).  Wing area was also larger in 

1st brood chicks (60.5 ± 0.8 mm2) compared to 2nd brood chicks (52.1 ± 1.1 mm2) in 2014 

(F1, 91 = 18.8; P < 0.001). Tarsus was the same for 1st and 2nd broods (P > 0.05). 

Hematocrit was significantly higher in 1st brood (47.1 ± 0.4%) compared with 2nd brood 

(40.9 ± 0.7%) in both years (2013: F1, 68 = 10.5; P = 0.002; 2014: F1, 75  = 65.4; P < 

0.001). For hemoglobin concentration there was a significant effect of brood number (F1, 

186 = 28.8; P < 0.001) and a marginally significant year*brood interaction (F1, 172 = 2.1, P = 

0.050), with higher concentration in 1st brood chicks (13.3 ± 0.1 g/dL) than 2nd brood 

chicks (11.7 ± 0.3 g/dL).  

Similar to year, sex effects were significant in few traits, with some interaction 

with brood number. Body mass was higher in males (F1, 159 = 7.3; P = 0.008), males on 

average were +2.4% heavier (71.8 ± 0.6 g males vs. 69.9 ± 0.6 g females). For wing 

length there was a significant brood*sex interaction (F1, 160 = 9.5; P = 0.002), females 

had shorter wings than males in 2nd broods (F1, 34 = 10.0; P = 0.003) but not in 1st broods 

(F1, 132 = 0.75; P = 0.389). Wing area was unrelated to sex (P > 0.05). Tarsus was not 

directly related to sex, but there was a significant brood*sex interaction (F1, 158 = 4.8; P = 

0.029) although no pairwise contrasts between brood 1 and 2 and male and female were 
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significant (Bonferroni corrected P > 0.20). Hematocrit was also higher on average in 

males (46.7 ± 0.4%) compared to females (44.6 ± 0.6%; F1, 167 = 9.8; P = 0.002) but 

hemoglobin was not related to sex (P > 0.05). 

4.4.3. Individual variation in physiological and somatic maturity 
and takeoff flight ability 

Take-off angle, velocity, and energy gain were all unrelated to sex (P >0.05 for 

full model). Take-off velocity was related to brood, with 1st broods flying faster (1.86 ± 

0.03 m/s) than 2nd broods (1.68 ± 0.04 m/s; F1, 190 = 12.2, P < 0.001). Brood was 

marginally related to total energy gain during flight, with 1st broods producing more 

energy in flight (2.9 ± 0.2 J) than 2nd broods (2.3 ± 0.3 J; F1, 195= 2.7, P = 0.054). Velocity 

was also related to year, with 2014 birds (1.95 ± 0.03 m/s) flying faster than 2013 birds 

(1.68 ± 0.03 m/s; F1, 190 = 12.2, P < 0.001). However, birds in 2013 produced more 

energy in flight (3.6 ± 0.2 J) than 2014 (2.1 ± 0.7 J; F1, 153 = 22.4, P < 0.001). Take-off 

angle was not related to year or brood (P >0.05 for full model).  

Two of the three flight models were significantly improved by the addition of 

physiological traits to the basic somatic models. The best basic somatic model for total 

energy gain included wing length and wing loading, but the addition of hemoglobin 

concentration to the model increased support by >100 times (wi : wi = <0.01 : 0.93) 

compared to the basic somatic model (Table 4-4). Similarly, the best-supported model 

for take-off angle included wing length, wing loading, and hemoglobin, receiving 78% 

model support, with the model of wing length, wing loading, hemoglobin and hematocrit 

receiving 22% model support (Table 4-4). While the parameter estimate for 

concentration was low in the energy gain model (0.03 ± 0.07), the estimate was larger in 

the take-off angle model (1.06 ± 0.58). Unlike the other two flight metrics, the strongest 

velocity model included only the somatic traits wing loading and wing length, with models 

including physiological traits were ranked second and third (Table 4-4).  
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4.5. Discussion 

Fledging (leaving the nest), a major life-history transition in birds, is associated 

with high post-fledging mortality and is widely assumed to be related to poor initial flight 

ability of fledglings which, in turn, might be related to developmental maturity at fledging. 

We investigated individual variation in developmental maturity of both somatic and 

physiological traits at this critical life history transition across different ecological contexts 

(years of below- and above-average productivity, 1st and 2nd broods) to determine the 

importance of physiological traits related to oxygen-carrying capacity (hematocrit, 

hemoglobin) for individual variation in three measures of initial flight ability, a relevant 

trait for post-fledging survival. Chicks were developmentally immature at fledging for 

most somatic and physiological traits (though not body size measured as tarsus) with 

trait values significantly lower than adults. However, physiological traits were much more 

variable among individual chicks than somatic traits, were more variable across 

ecological contexts (year, brood), and hemoglobin concentration was the least 

developmentally mature of all traits (on average only 78% of adult concentration). As 

predicted, 2nd brood chicks, which have been shown to have lower post-fledging survival, 

were less developmentally mature than 1st brood chicks for all traits (except tarsus 

length), with hematocrit and hemoglobin concentration being the most developmentally 

immature traits in 2nd brood chicks (on average in 1st vs. 2nd broods, hematocrit: 47.1% 

vs. 40.9%; hemoglobin: 13.3 g/dL vs. 11.6 g/dL). Models predicting individual variation in 

two aspects of initial flight ability (total energy gain, take-off angle) were significantly 

improved when physiological traits (in particular hemoglobin) were incorporated into the 

models in addition to somatic traits (Table 4-4). 

Numerous studies have shown that most birds fledge at, or very near adult body 

mass (Ricklefs 1968, 1979; Ricklefs & Peters 1979) and our data are consistent with this 

finding for body size, measured as mass and tarsus, both of which were relatively close 

to adult values in fledgling European starlings: average 88% adult mass, 97% adult 

tarsus length. However, fledglings showed marked developmental immaturity in wing 

length, with wings as low as 62% of adult length, though still more mature than 

physiological traits. This developmental immaturity is entirely consistent with the high 

mortality rate reported for fledglings (Krementz, Nichols & Hines 1989; Anders et al. 
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1997; Adams, Skagen & Adams 2001; Rush & Stutchbury 2008). Interestingly, while 

wing length was the most developmentally immature somatic trait (average 20% lower 

than adult lengths) this trait had the lowest individual variation of all traits. One possible 

explanation for this may be the optimization of wing loading (body mass/wing area). 

Wing loading has been shown to play an important role in escape flight in adult birds 

(Burns & Ydenberg 2002; McFarlane, Altringham & Askew 2016), and relates to flight 

performance in fledglings (Verspoor et al. 2007; Chin et al. 2009). Experimental 

manipulations using mass weights and feather clipping have already demonstrated that 

nestlings modify their somatic development in order to maintain targeted wing loading 

values at fledging (Wright, Markman & Denney, 2006). In fact, European starling chicks 

lose mass prior to fledging (so lower body mass at fledging does not reflect lack of 

development per se and peak chick mass is closer to adult mass) and this decrease in 

mass, combined with smaller wing size would actually maintain wing loading closer to 

the adult ratio. In addition, given that fledgling starlings undergo a complete pre-basic 

molt replacing all their flight feathers just 5-6 weeks after fledging, it may be 

disadvantageous to invest in feather growth over other development (Feare 1984). 

Simmons and Lill (2006) showed that pre-fledging mass recession was paralleled by a 

decrease in oxygen carrying capacity of blood, measured as hemoglobin concentration, 

in the welcome swallow (Hirundo neoxena) which they suggested might reflect a drop in 

metabolic rate associated with lower growth rates of older chicks. However, there is no 

pre-fledging decrease in hemoglobin or hematocrit in European starlings (A. Cornell in 

prep.) suggesting that there might be species-specific variation in the timing and 

trajectory of physiological developmental maturity approaching fledging, 

We predicted a strong negative relationship between brood number and maturity 

at fledging, given that many other studies have documented lower survival and 

recruitment of 2nd brood offspring (Verboven & Visser 1998; Naef-Daenzer, Widmer & 

Nuber 2001). This relationship was true for all somatic traits except tarsus length, which 

was already similar to adult levels, consistent with other studies comparing chick quality 

declining with date (Krementz, Nichols & Hines 1989; Naef-Daenzer, Widmer & Nuber 

2001). We also found some sexual dimorphism in fledglings, similar to prior studies 

(Verspoor et al. 2007), which may suggest differential investment strategies on the part 

of provisioning parent birds (Stamps 1990; Magrath et al. 2004; Mainwaring, Lucy & 
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Hartley 2011), or sex-specific developmental trajectories of the chicks themselves 

(Riedstra, Dijkstra & Daan 1998; Vedder et al. 2005). However, sex differences were 

relatively minor compared to variation in relation to brood number and year. We found 

annual variation in developmental maturity for wing length, wing area, tarsus and 

hematocrit, but these effects were influenced by interactions with brood. In general, 

these effects were in the direction we would have predicted: chicks were more 

developmentally immature at fledging in 2013, a “poor” year based on overall breeding 

productivity. Year effects may have been weaker than brood effects if parents adjust 

their investment to optimize chick quality in low quality years, i.e. fewer chicks raised in 

2013 (mean 2.4 chicks fledged vs. 3.7 in 2014) but chicks still fledged at similar mass. 

In contrast to the somatic traits, the values of physiological traits (hemoglobin, 

hematocrit) were both substantially lower than adults (only 78% of adult values for 

hemoglobin) and had significantly higher individual variation. However, we found that 

developmental maturity in physiology is context dependent (Table 4-2). 1st brood 

fledglings had higher hematocrit and hemoglobin concentration, and fledglings from the 

high productivity year also had higher hematocrit, although not hemoglobin. In contrast 

to our results, other studies have found significant year effects on chick hemoglobin. 

However, these studies measured hemoglobin concentration earlier in development: 6-7 

days before fledging (Bańbura et al. 2007), 5 days prior to fledging (Gladalski et al. 

2015) and 4-7 days prior to fledging (Kalinski et al. 2015), whereas our study measured 

chicks on the day of fledging when chicks from different quality years may have 

converged. Other studies have also found ecological context to influence hematocrit and 

hemoglobin concentration in the form of habitat quality (Bańbura et al. 2007; Kalinski et 

al. 2015), parasite load (Słomczyński et al. 2006), elevation (Fair, Whitaker & Pearson 

2007), and season (Fair, Whitaker & Pearson 2007). Furthermore, there is accumulating 

evidence for fitness effects of hemoglobin concentration in adults. For example, within 

individuals, migrating birds have been shown to adjust their hemoglobin levels at 

stopover sites in preparation for long distance flights (Minias et al. 2014) and among 

species longer distance migrants have higher concentrations of hemoglobin than short 

distance migrants (Minias et al. 2013). During the breeding season, hemoglobin 

concentration has been positively correlated with number of chicks fledged in female 

European starlings, and experimental decrease in hemoglobin decreased chick mass at 
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fledging (Fronstin, Christians & Williams 2015). Given that fledglings are transitioning to 

a high activity, volant lifestyle, the development of physiological traits underlying aerobic 

capacity may be critical to surviving this transition.  

The somatic traits we measured produced models of flight performance similar to 

Verspoor et al. (2007), and Chin et al. (2009), but when we incorporate physiology into 

the best somatic models for take-off angle and total energy gain in flight, physiological 

traits significantly improved the models (energy gain: wi : wi = <0.01 : 0.93; take-off angle: 

wi : wi = <0.01 : 0.78, Table 4-4). The best models for take-off angle and energy gain 

included hemoglobin concentration, which was our most developmentally immature and 

most individually variable trait. Hemoglobin concentration has been proposed as a 

robust indicator of physiological condition in birds (reviewed in Minias 2015) and unlike 

the somatic traits, hemoglobin concentration can indicate high oxygen carrying capacity 

of blood necessary for high levels of aerobic activity (Campbell 1995). Thus our study 

identifies a potential physiological mechanism linking developmental maturity at fledging, 

post-fledging flight ability, and survival that has been documented in other studies 

(Nadolski et al. 2006, Bowers et al. 2014, Kalinski et al. 2015). We acknowledge that we 

only measured the first two flights each fledgling made, and that our measurement of 

flight ability is limited by the dimensions of the flight chamber (2.5 meters long). 

However, we used three measures of initial flight ability and one of these (total energy 

gain) is somewhat more ‘sustained’ (at least over 2.5 m) than the immediate vertical 

take-off escape component. In fact, most previous studies (e.g. Williams & Swaddle 

2003, Veasey, Houston & Metcalfe 1998, Kullberg, Houston & Metcalfe 2002) measured 

true “take-off ability” in adult birds as an acute, upward take-off angle in a vertically-

orientated flight chamber. Verspoor et al. (2007) showed that fledgling starlings were 

incapable of sustained vertical take-off, hence the use of a horizontal flight chamber in 

theirs, and our, study. In addition we did not use a ‘startle stimulus’ (e.g. a loud bang) to 

initiate flight, as is the case in most other studies of adult escape flights (see Verspoor et 

al. 2007). Clearly initial take-off ability is important for evading predators, but it is not the 

only key component of flight. For example, the ability to sustain power after initial take off 

(measured as total energy gain over 2.5 m in our study) could be important, and we think 

it is plausible that this might correlate with, or predict, initial post-fledging flight ability 

even over longer duration flights in the days after fledging (and which might affect non-



 

 
71 

predator mediated components of fitness, e.g. foraging ability). We suggest that 

sustained flights, i.e. endurance flight, may depend even more on determinants of 

aerobic capacity such as hemoglobin and hematocrit in the immediate post-fledging 

period. Future studies should therefore assess different measures of post-fledging flight 

ability (though this will be complicated as the time required to train birds for endurance 

flights, e.g. in a wind tunnel, might mean that physiology at the time of testing could be 

very different from fledging physiology). 
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4.7. Figures and Tables 

Table 4-1. Percentage of fledgling value that corresponds to value of adult female during chick rearing, mean ± standard 
deviation, with %CV (coefficient of variation) given below in brackets. All year, brood, and sex groups were 
significantly below adult value except for tarsus length. 

 2013 2014 

Brood 1 Brood 2 Brood 1 Brood 2 

Female  

(n = 32) 

Male  

(n = 43) 

Female  

(n = 13) 

Male  

(n = 7) 

Female  

(n = 37) 

Male  

(n = 50) 

Female  

(n = 12) 

Male  

(n = 12) 

Body Mass 

(%CV) 

-10.7% ± 8.0 

(9.0%) 

-11.2% ± 8.1 

(9.1%) 

-14.4% ± 5.7 

(6.7%) 

-10.8% ± 2.4 

(2.7%) 

12.1% ± 5.6 

(6.4%) 

-10.0% ± 7.3 

(8.1%) 

-19.5% ± 9.8 

(12.2%) 

-11.6% ± 5.5 

(6.2%) 

Tarsus 

(%CV) 

<0.0% ± 5.3 

(5.3%) 

-0.9% ± 4.9 

(5.0%) 

-0.8% ± 3.0 

(3.0%) 

0.7% ± 3.8 

(3.8%) 

-3.9% ± 5.2 

(5.4) 

-4.8% ± 7.6 

(8.0%) 

-6.7% ± 6.6 

(7.0%) 

0.6% ± 3.5 

(3.5%) 

Wing Length 

(%CV) 

-19.8% ± 4.7 

(5.8%) 

-20.8% ± 5.1 

(6.4%) 

-22.2% ± 3.2 

(4.1%) 

-19.6% ± 3.1 

(3.9%) 

-17.8% ± 3.5 

(4.3%) 

-18.6% ± 3.1 

(3.8%) 

-25.2% ± 2.8 

(3.8%) 

-21.4% ± 4.2 

(5.3%) 

Hematocrit 

(%CV) 

-17.3% ± 9.1 

(11.0%) 

-13.3% ± 7.9 

(9.1%) 

-23.1% ± 8.9 

(11.5%) 

-18.9 ± 4.9 

(6.0%) 

-7.1% ± 7.4 

(8.0%) 

-6.6% ± 7.4 

(7.9%) 

-26.8% ± 13.3 

(18.2%) 

-19.2% ± 4.8 

(5.9%) 

Hemoglobin 

(%CV) 

-22.3% ± 14.5 

(18.6%) 

-15.6% ± 10.9 

(12.9%) 

-25.5% ± 13.1 

(17.6%) 

-25.4 ± 9.5 

(12.8%) 

-19.3% ± 9.2 

(11.5%) 

-20.3% ± 8.8 

(11.0%) 

-31.5% ± 17.1 

(24.9%) 

-33.5% ± 9.2 

(13.8%) 
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Table 4-2. Summary of effects of year, brood, and sex on somatic and 
physiological traits. 

Trait Year Brood Sex 

Body Mass NS Brood 1 > Brood 2 M > F 

Tarsus 2013 > 2014 NS NS 

Wing Length 2014 > 2013 (Brood 1) Brood 1 > Brood 2 M > F (Brood 2) 

Wing Area 2014 > 2013 Brood 1 > Brood 2 NS 

Hematocrit 2014 > 2013 (Brood 1) Brood 1 > Brood 2 M > F 

Hemoglobin NS Brood 1 > Brood 2 NS 
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Table 4-3. Summary of AIC model outputs on somatic traits, includes number 
of parameters: (k), AICc, ΔAICc, AICc weight (wi), and log-likelihood. 
Year, brood, and time of flight are controlled for according to 
Methods. Competing models (< 2.0 ∆AICc ) have wi values with an 
asterisk (*). 

Trait Model k AICc ΔAIC wi Log likelihood 

 

 

 

 

Total Energy Gain 

Wing Length + Wing Loading 7 684.25 0.00* 0.94 -334.79 

Wing Length + Wing Loading + 
Tarsus 

8 689.69 5.44 0.06 -336.41 

Wing Loading + Tarsus 7 728.95 44.69 0.00 -357.14 

Wing Loading 6 736.01 51.76 0.00 -361.76 

Wing Length 6 800.34 116.09 0.00 -393.96 

Wing Length + Tarsus 7 805.66 121.41 0.00 -395.55 

Tarsus 6 859.13 174.88 0.00 -423.35 

Null 5 866.82 182.57 0.00 -428.26 

 

 

 

 

Flight Velocity 

Wing Length 7 106.46 0.00* 0.46 -45.94 

Tarsus 7 107.92 1.46* 0.22 -46.67 

Wing Loading + Tarsus 8 108.82 2.37 0.14 -45.98 

Wing Loading 7 109.97 3.52 0.08 -47.65 

Null 6 111.37 4.92 0.04 -49.47 

Wing Length + Wing Loading 8 111.89 5.44 0.03 -47.51 

Wing Length + Tarsus 8 112.79 6.33 0.02 -48.03 

Wing Length + Wing Loading + 
Tarsus 

9 117.41 10.96 0.00 -49.16 

 

 

 

 

Takeoff Angle 

Wing Length + Wing Loading 5 1404.06 0.00* 0.56 -696.85 

Wing Length + Wing Loading + 
Tarsus 

6 1405.05 0.99* 0.34 -696.28 

Wing Loading + Tarsus 5 1408.14 4.09 0.07 -698.90 

Wing Loading 4 1410.92 6.86 0.02 -701.34 

Wing Length + Tarsus 5 1647.04 242.98 0.00 -818.37 

Wing Length 4 1647.50 243.44 0.00 -819.65 

Tarsus 4 1663.07 259.01 0.00 -827.44 

Null 5 1663.07 259.01 0.00 -827.44 
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Table 4-3. Summary of AIC model outputs for models incorporating 
physiology, number of parameters: (k), AICc, ΔAICc, AICc weight 
(wi), and log-likelihood. “Somatic” refers to the best model for each 
trait described in Table 4-3. “Hb” refers to hemoglobin 
concentration, and “Hct” refers to hematocrit. 

Trait Model k AICc ΔAIC wi Log likelihood 

 

 

 

Total Energy 
Gain 

Somatic + Hb  8 669.08 0.00 0.93* -326.09 

Somatic + Hb + Hct 9 674.16 5.08 0.07 -327.51 

Somatic Model 7 684.25 15.17 0.00 -334.79 

Somatic + Hct 8 689.88 20.80 0.00 -336.50 

Hb + Hct 7 816.49 147.41 0.00 -400.95 

 Hemoglobin (Hb) 6 828.26 159.18 0.00 -407.91 

Hematocrit (Hct) 6 837.21 168.13 0.00 -412.39 

 

 

 

Flight Velocity 

Somatic Model 7 106.46 0.00 0.74* -45.94 

 Hemoglobin (Hb) 7 109.24 2.79 0.18 -47.33 

Somatic + Hb  8 112.28 5.82 0.04 -47.76 

Hematocrit (Hct) 7 112.86 6.40 0.03 -49.14 

Somatic + Hct 8 116.02 9.57 0.01 -49.65 

Hb + Hct 8 117.77 11.31 0.00 -50.50 

Somatic + Hb + Hct 9 122.58 16.13 0.00 -51.81 

 

 

 

Take-off Angle 

Somatic + Hb  6 1354.89 0.00 0.78* -671.19 

Somatic + Hb + Hct 7 1357.43 2.55 0.22 -671.37 

Somatic Model 5 1404.06 49.17 0.00 -696.85 

Somatic + Hct 6 1405.32 50.43 0.00 -696.41 

Hb + Hct 5 1590.20 235.31 0.00 -787.81 

 Hemoglobin (Hb) 4 1590.69 235.80 0.00 -791.24 

Hematocrit (Hct) 4 1648.17 293.28 0.00 -819.98 
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Figure 4-1. Physiological and somatic trait values in fledglings from 2013 and 2014 of both broods and sexes. Horizontal 
line represents average value for adult female during chick rearing.
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Chapter 5.  
 
Individual quality and double brooding in a highly 
synchronous songbird population1 

5.1. Abstract 

Multiple brooding, the production of more than one set of offspring per breeding 

season, is a life history trait potentially doubling or tripling fecundity, but the factors 

responsible for variation in occurrence of multiple brooding within species remain poorly 

understood. We investigated the potential causes and consequences of double-brooding 

in the highly-synchronously breeding European starlings (Sturnus vulgaris), where we 

predicted that ‘date’ (clutch initiation) would have little effect on double-brooding 

propensity compared to individual ‘quality’. Double-brooding effectively doubled annual 

fecundity in European starlings (based on annual number of chicks fledged), but on 

average only 38% of individual females were double-brooded. Furthermore, 39% of 

females that initiated a second clutch experienced total failure of their second brood, i.e. 

they accrued no fecundity advantage from their decision to double-brood. As we 

predicted variation in propensity for, and success of double-brooding was independent of 

laying date, but also of other putative measures of individual ‘quality’ (clutch size, egg 

mass, relative age, and provisioning rate). However, we found no evidence of a cost of 

double-brooding; double-brooded females had significantly higher survival (return rate), 

and similar breeding productivity in the year after double-brooding compared with single-

brooding females. Thus, a small proportion (~20%) of “high quality” female European 

 
1 Originally published as Cornell, A., & Williams, T.D. (2016). Individual quality and double-

brooding in a highly synchronous songbird population. The Auk, 133(2): 251-260. 
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starlings effectively double their potential breeding productivity through double-brooding 

without apparently paying a direct cost in return rate. 

5.2. Introduction 

Birds have evolved a variety of strategies for maximizing fecundity despite the 

constraints of clutch size per brood, and one such mechanism is to produce multiple 

broods of offspring in a single breeding season, which can potentially double or triple 

fecundity (Lack 1947; Rockwell et al. 1987; Martin 1995; McCleery et al. 2004; Weggler 

2006). At least 64 avian families are known to pursue multiple broods in some species’ 

populations (Bennett & Owens 2002) and in some species the number of broods has 

been used to predict reproductive success with better accuracy than the success of one 

brood (Sæther & Bakke 2000). Nevertheless, although double-brooding can have 

seemingly obvious and significant consequences for individual fecundity, second brood 

success is often not quantified in avian breeding studies (Holmes et al. 1992; Ogden & 

Stutchbury 1996; Nagy & Holmes 2004; Weggler 2006). In addition, fitness 

consequences of double-brooding in adults (survival, future fecundity) as a result of 

increased reproductive effort are relatively poorly studied (but see Geupel & Desante 

1990; Morton et al. 2004; Nagy & Holmes 2005b; Husby et al. 2009). Previous studies 

have suggested that double-brooding can be associated with lower survival (Bryant 

1979; Brinkhof et al. 2002) or no survival cost (Geupel & Desante 1990; Morton et al. 

2004; Nagy and Holmes 2005; Husby et al. 2009) but few studies have considered 

effects on future fecundity, likely due to a combination of low return rates and the 

difficulty of repeatedly finding nests for the same individuals. 

Numerous studies have suggested that timing of breeding, i.e. laying date of the 

first clutch, is the most important factor determining propensity for double-brooding: the 

incidence of second clutches generally declines the later the first clutch is initiated 

(Geupel & DeSante 1990; Verboven et al. 2001; Brinkhof et al. 2002; Parejo & Danchin 

2006; Husby et al. 2009; O’Brien & Dawson 2013; Hoffmann et al. 2015). A higher 

frequency of double-brooding among early-laying females could occur simply because 

these females then have more time to rear a second brood, or because their initially 

early lay date makes them less affected by seasonal declines in quality of the rearing 
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environment, e.g. feeding of earlier second broods can still be relatively synchronous 

with the seasonal peak in food supply (date hypothesis; Verboven & Verhulst 1996; 

Husby et al. 2009). Alternatively, early laying females might be “high quality” individuals 

(the quality hypothesis) such that females differ in their intrinsic ability to produce and 

raise a second brood. For example, Hoffmann et al. (2015) suggested that high-quality, 

early laying females might be better able to sustain the energetic investment costs of 

producing both first and second clutches. Similarly, O’Brien and Dawson (2013) showed 

that the highest quality female mountain bluebirds (Sialia currucoides), which were 

naturally early breeders, were better able to compensate for the effects of 

experimentally-delayed breeding, whereas lower quality females were much less likely to 

double-brood when their first attempt was delayed. 

Here we investigate the potential causes and consequences of double-brooding 

in free-living European starlings (Sturnus vulgaris) in the context of the individual quality 

versus date hypotheses. In our study population females are facultatively double-

brooded (~40% of females produce a second clutch; see Results) even though egg-

laying is highly synchronous for first broods: mean egg-laying date varies by ± 4 days 

among years, and 80% of nests are initiated within a 5-day period within years (Williams 

et al. 2015). We therefore predicted that “date” would not be a strong driver of propensity 

to double-brood in this population, such that we could identify phenotypic components of 

individual “quality” (sensu Wilson & Nussey 2010) that were associated with a double-

brooding strategy. Our specific objectives were a) to quantify how much more successful 

double-brooding females are compared to females that produce only a single brood, in 

terms of total breeding productivity, and where this increased productivity comes from, 

i.e. how important is additive productivity from the second brood, versus higher first 

brood productivity; b) to determine if propensity for, and/or success of, double-brooding 

is associated with putative measures of individual quality (lay date, egg and clutch size, 

relative age, chick provisioning rate, size-corrected body mass); c) to test whether 

success of second broods is explained by within-season nest-site fidelity or nest 

switching between first and second broods; and d) to determine if there is a ‘cost’ of 

double-brooding in European starlings in the form of reduced local return rate of 

individual females between years or breeding productivity the following year.  
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5.3. Methods 

We used 10 years of breeding data (2004-2014) from our long-term European 

starling study at Davistead Farm, Langley, British Columbia, Canada (49.17°N, 

122.83°W), which comprises c.150 nest boxes mounted on posts around pastures and 

on farm buildings. All nest boxes are surrounded by, and potentially equidistant from 

similar high quality foraging areas (pasture), predation of the nest is low, and many 

boxes where birds do not return are occupied in subsequent years.  In each year we 

followed the same basic field protocol: nest boxes were checked daily from April 1 to 

determine laying date and clutch size, all newly-laid eggs were measured (± 0.001g), 

and nests were monitored until either failure or fledging to quantify productivity. In 

several years we conducted experiments which involved catching females at clutch 

completion and removing eggs to stimulate laying of replacement clutches (e.g. Love & 

Williams 2008). Therefore, we restricted analysis to clutches initiated during the first 

peak of egg-laying in each year, defined as a 12-day period from the earliest first nest 

initiation date (based on a mean 5-egg clutch, two further days for determination of 

clutch completion and a minimum re-nesting interval after egg removal of 5 days), so 

that we excluded any potential replacement clutches in experimental years where first 

clutches were removed. Only known control birds were used from experimental years, 

and experimental birds were excluded from analysis in the subsequent year of treatment 

to minimize potential carry-over effects. No egg-removal (and experimentally-delayed 

laying) occurred in 2012-2014 so we restrict some analyses to these years, where 

indicated, to understand population level annual trends (see Results). During first broods 

we were successful in banding 398/419 (95%) of all females with nests that survived 

until hatching across years. Individuals that we missed were largely due to early nest 

failure or abandonment, hence our restriction of first broods to the ‘peak’ laying period to 

exclude replacement nests of birds of unknown status (unbanded). Single-brooders that 

failed in fledging offspring from their first clutch laid replacement clutches in only 19 

instances, 12 of which were successful in fledging young. Productivity resulting from 

replacement clutches are included in the total annual productivity analyses but not in the 

calculation of first brood productivity. None of the individuals laying replacement clutches 

laid a double-brood.  We checked all nest boxes regularly during the second brood 

window, beginning ~31 days (10 days of incubation, 21 days to fledge) after clutch 
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completion of the earliest first brood and trapped and identified 160/198 (81%) of 

females with nests that survived to hatch across years. Only known individuals 

(numbered Federal metal bands) that laid clutches during both first and second brood 

windows were classified as “double-brooders”, unbanded birds (single or double-

brooded) were not included in any analysis. 

Local return rate and relative age (age = 1 in the first year birds were 

encountered and banded as adults) were determined by the recapture of banded 

individuals in subsequent years. Our detection probability was high, as only 5/125 

individuals or 4% “skipped” years in our records. Due to the multiple years included in 

this dataset, lay date was calculated as a residual based on the annual mean laying 

date. In order to assess parental provisioning (nest visit) rates we conducted 30-min 

surveys from 09:00-14:00 on days 6, 7, and 8 post-hatching, three times (75% of nests) 

or twice (25% of nests). Therefore, we obtained either 1-hour or 1.5-hours of data per 

nest, and we standardized the timing of observations. Days 6-8 were chosen as they 

represent the period of most rapid chick growth, and we used the mean nest visit rate 

over 3 days. Fowler and Williams (2015) conducted a detailed analysis of these data and 

showed that nest visit rate was highly correlated among successive days (hence the 

decision to use the mean), i.e. nest visit rate was repeatable. Nest visit rate was also 

repeatable within-years between first- and second-broods confirming it does capture 

individual variation in provisioning. We have used this standardized approach in our 

previous studies and it does have the power to detect treatment effects in provisioning 

rate in experimental studies (e.g. Rowland et al. 2007; Verspoor et al. 2007; Love & 

Williams 2008). For some analyses, individuals that pursued second broods but failed to 

fledge offspring from the second nest were grouped as “failed” double-brooders. 

Individuals that fledged >1 offspring from the second clutch were grouped as 

“successful”. Because many single-brooding individuals fledged zero young (“failed” 

single-brooders, see Results section), we excluded these birds where indicated to avoid 

favorable bias of double-brooders. Values in the tables and Results sections are 

presented as means ± standard deviation. 

All analyses were completed in R Studio version 0.98.1028 (R Core Team 2013) 

using pscl (Zeileis et al. 2008), lme4 (Bates et al. 2014), lmtest (Zeileis & Hothorn 2002), 

nlme (Pinheiro et al. 2013), and stats (R Core Team 2013) packages. Linear mixed-
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effects models were used to compare single and double-brooders’ and failed and 

successful double-brooders’ breeding productivities, individual quality metrics, nest visit 

rate, and subsequent year’s lay date with band number (individual) as a random factor. 

Clutch size was only incorporated in the models where noted. Analysis of return rates 

was done using fit generalized linear mixed-effects models with binomial distribution 

controlling for individual (band number) and year as random factors. Significance was 

determined by comparing the fit of the models with and without the terms of interest 

using likelihood ratio tests (as in Jones et al. 2014). Subsequent year productivity was 

analyzed using zero-adjusted Poisson (ZAP) or hurdle model similar to Jones et al. 

(2014) due to the high distribution of zeros and few repeat measures (no random effect 

of individual). These models are suitable for data with a high proportion of “true” zero 

values  (c.f. Martin et al. 2005) because they treat zeros simultaneously as a count 

metric and as negative binomial, which cannot be simply modeled with a normal, 

binomial, or Poisson distribution. The significance of the terms of interest was 

determined by comparing the fit of the models with and without the terms of interest 

using likelihood ratio tests.  

5.4. Results 

5.4.1. Productivity and Double-brooding 

In 2012-2014 (years when we did no manipulation of laying date), 43% of 65 

(2012), 36% of 89(2013), and 44% of 43 (2014) of individual females double-brooded, 

but for these double-brooding females 42% of 27 (2012), 29% of 28 (2013), and 42% of 

19 (2014) of birds experienced total brood failure during their second brood (hereafter 

“failed double-brooders” compared to “successful double-brooders” who fledge young 

from both broods). Neither the proportions of single to double-brooders, or successful to 

failed double-brooders varied among years (number of broods: χ2
2 = 1.17, P = 0.56; 

success of the second brood: χ2
2 = 1.79, P = 0.41). When the single-brooders that failed 

to rear any chicks (hereafter “failed single-brooders” compared to “successful single-

brooders” who do fledge chicks) are excluded, the frequency of double-brooding did not 

vary among years: 49% of 46 (2012), 52% of 46 (2013), and 60% of 27 (2014; χ2
2 = 

0.94, P = 0.63). 
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Mean annual productivity estimated as brood size at fledging from all breeding 

attempts was almost twice as high in double-brooding females compared with all single-

brooding females (F1,61 = 108.02, P < 0.001; Table 5-2; Figure 5-1). Furthermore, brood 

size at fledging for first broods alone was significantly higher in double-brooding females 

compared with all single-brooding females (F1,56 = 18.80, P = 0.001, controlling for clutch 

size; Table 5-2). If we restrict analysis to successful single-brooders then breeding 

productivity in first broods was similar for single- and double-brooding females (F1,47 = 

2.25 P  = 0.14; Table 5-2), however overall double-brooders still produce more total 

annual offspring than successful single-brooders (F1,47 = 24.31, P < 0.001, controlling for 

clutch size; Table 5-2). Among double-brooders who were successful in fledging 

offspring from the second brood, brood size at fledging for the second clutch was 

reduced compared to the first clutch (paired t-test, t52 = 3.82, P < 0.001).   

Productivity of first broods for all single-brooding females had a bimodal 

distribution with 73/157 (46%) of females failing to fledge any offspring. Similarly, in 

double-brooding females, brood size at fledging for second broods had a bimodal 

distribution, with 34/87 (39%) second-brooding females failing to fledge any offspring 

from their second brood. Females that fledged no offspring from their second brood (n = 

34) were just as successful in their first broods as individuals who did fledge second 

brood chicks (n = 53, respectively; F1,16 = 0.03, P = 0.87; controlling for clutch size; Table 

5-2). 

5.4.2. Double-brooding and Individual Quality 

Mean relative laying date for first clutches was not significantly different between 

single- and double-brooding females either including all single-brooders (F1,73 = 1.17, P = 

0.28) or excluding the failed single-brooders (F1,55 = 0.43, P = 0.51). Furthermore, single-

brooders did not differ from double-brooders in the clutch size of their first brood (F1,63 = 

0.26, P = 0.61), mean egg size (controlling for clutch size, F1,65 = 1.72, P = 0.19), or 

relative age (F1,62 = 3.44, P > 0.05; Table 5-1; excluding failed single-brooders all P > 

0.09). Size-corrected body mass for 3 years (2012-2014, n = 88) also showed no 

differences between all single-brooders and double-brooders (F1,84 = 2.62, P = 0.19) or 

between successful single-brooders and double-brooders (F1,15 = 1.89, P = 0.19). 
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Among double-brooding females, comparing failed double-brooders with 

successful double-brooders (fledge > 1 chick) there was no difference in relative laying 

date of the first clutch (F1,22 = 2.36, P = 0.14), clutch size of the first clutch (F1,18 = 1.35, P 

= 0.26), mean egg size (controlling for clutch size, F1,13= 1.36, P = 0.22), or relative age 

(F1,18 = 0.55, P = 0.47; Table 5-1). Overall, 48% (n = 54) of successful double-brooding 

females retained the same nest box between breeding attempts compared with 62% of 

failed double-brooding females (χ2
1 = 1.06, P = 0.30). Lay date of the second brood was 

related to nest box fidelity, with birds retaining their box laying earlier (-0.26 ± 4.77 days 

relative to mean laying date for year) than birds switching their box (1.49 ± 3.23 days) 

(Welch’s two-sample t-test, t81 = -2.03, P < 0.05). However, among successful double-

brooding females, mean number of offspring fledged from the second brood did not differ 

between birds that switched boxes (2.82 ± 1.28 chicks) and birds that retained first brood 

boxes (2.93 ± 1.26 chicks; Welch’s two-sample t-test, t51 = 0.29, P = 0.77).  

Provisioning rate (nest visits/chick/30 min) of first broods did not differ for double-

brooding females compared to single-brooding females (F1,27 = 3.06, P = 0.09; Table 5-

1). Similarly, neither male visit rate or total visit rate (sum of male and female visits) per 

chick differed at nests of single- and double-brooders (P > 0.35 in both cases).  When 

these analyses were conducted as per nest visit, rather than per chick, there was also 

no relationship (female: F1,12 = 1.19, P = 0.30; male:  F1,12 = 0.49, P = 0.50; total: F1,12 = 

0.01, P = 0.91, controlling for brood size and individual as random factors). There was 

no difference in mean female provisioning rate of the first brood among successful and 

failed double-brooders (F1,11 = 0.01, P = 0.91; Table 5-1), nor for male or total nest visit 

rate (P > 0.80 in both cases). No significant difference was found when these groups 

were analyzed per nest rather than per chick (female: F1,6 = 0.19, P = 0.68; male:  F1,6 = 

0.02, P = 0.90; total: F1,6 = 0.09, P = 0.77, controlling for brood size and individual as 

random factors). 

5.4.3. Potential Costs of Double-brooding 

Double-brooding females had higher local return rates (72%) than all single-

brooding females (56%), and successful single-brooders (57%) (χ2
4,5 = 5.17, P = 0.02, 

χ2
4,5 = 3.07, P = 0.08, with relative age as a covariate, and individual and year as random 
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effects; Table 5-2, Figure 5-3). However, the local return rate of double-brooders was 

independent of the success of the second brood (failed double-brooders, 81% vs. 

successful double-brooders, 67%; χ2
4,5 = 0.22, P = 0.64, with relative age as a covariate, 

and individual and year as random effects; Table 5-2, Figure 5-3).  

Laying date in the subsequent year was independent of whether the female was 

single- or double-brooded in the previous year (F 1,24 = 0.30, P = 0.59, all single-

brooders; F 1,16 = 0.43, P = 0.43, excluding failed single-brooders) and was also 

independent or whether the previous year’s second brood was a success or failure (F 1,1 

= 6.56, P = 0.23). Total annual productivity of birds in the following year did not relate to 

whether the female was single- or double-brooded in the preceding year (hurdle model, 

count portion, χ2
29, 28 = 2.00, P = 0.16; 0/1 portion, χ2

29, 28 = 0.41, P = 0.52; Table 5-2), 

even with failed single-brooders excluded (hurdle model, count portion, χ2
19, 18 = 1.19, P 

= 0.28; 0/1 portion, χ2
19, 18 = 0.46, P = 0.50; Table 5-2). Because the average number of 

breeding seasons for a bird on our site is 1.42 ± 1.31 years, this represented lifetime 

reproductive success for 64% of our birds. Similarly, successful and failed second 

brooders did not differ in their subsequent year’s total breeding productivity (hurdle 

model, count portion χ2
15,14 = 0.59, P = 0.44; 0/1 portion, χ2

15,14 < 0.01, P = 0.96; Table 5-

2).   

5.5. Discussion 

We investigated the potential causes and consequences of double-brooding in 

the highly-synchronously breeding European starlings, where we predicted that ‘date’ 

would have little effect on propensity to double-brooding compared to individual quality. 

Double-brooding effectively doubled annual fecundity in European starlings (based on 

number of chicks fledged); and given that 25% of our birds only breed on site once, this 

is a powerful representation of lifetime fecundity. However, on average only 38% of 

individual females were double-brooded. Furthermore, 39% of females that initiated a 

second clutch experienced total failure of their second brood, i.e. they accrued no 

fecundity advantage from their decision to double-brood. So on average, only 23% of 

females in our study population obtained higher breeding productivity through double-

brooding. As we predicted this variation in propensity for, and success of, double-
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brooding was independent of laying date, but was also independent of clutch size, egg 

mass, and relative age (putative measures of individual ‘quality’). However, double-

brooding females had higher breeding productivity in their first broods, compared to all 

single-brooded females. Furthermore, double-brooded females had higher survival (local 

return rate), and similar breeding productivity in the year after double-brooding 

compared with single-brooding females (even when failed single-brooders were 

excluded), i.e. there was no evidence of a cost of double-brooding. 

Most studies have reported annual variation in frequency of double-brooding with 

an increase in incidence of double-broods during years with earlier lay dates (Geupel & 

DeSante 1990; Verboven et al. 2001; Brinkhof et al. 2002; Parejo & Danchin 2006; 

Husby et al. 2009; O’Brien & Dawson 2013; Hoffmann et al. 2015). In some species this 

variation can be quite marked, e.g. in black redstarts (Phoenicurus ochruros) the 

proportion of females initiating more than one clutch per season varied from 84% to 42% 

over 10 years (Weggler 2006). In contrast, we found no annual variation in the 

proportion of double-broods over three years, which is likely due to the small inter-

annual variation in laying dates in European starlings (± 4 days; Williams et al. 2015). 

Similarly, neither frequency of double-brooding nor success of double-broods were 

related to relative laying date which is also consistent with the high level of breeding 

synchrony within-years in European starlings (Feare 1984); even though other life-

history traits are related to date in this species (e.g. clutch size, Williams et al. 2015, and 

recruitment, Smith 2004). In other species, where an effect of date on double-brooding 

has been reported, the range of first egg dates is relatively large e.g. in the well-studied 

great tit (Parus major) the range of the first egg dates within years averages 27 days 

(n=59 years; M. Visser personal communication), compared with only 12 days in our 

study population. Therefore as we predicted egg-laying date, within the typical breeding 

window for first breeding attempts, is not a major determinant of double-brooding in 

European starlings. 

In our study population females that double-brooded fledged almost twice as 

many chicks as single-brooded females, consistent with other studies showing that 

multiple brooding significantly increases total reproductive output (e.g. Holmes et al. 

1992; Poirior et al. 2004; Carro et al. 2014; Hoffmann et al. 2015; Weggler 2006). 

However, we show that part of this increased productivity is due to a higher brood size at 
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fledging in these female’s first broods, not simply due to the additive effect of second 

brood productivity. One cause of this difference in first brood productivity was that single-

brooded females had nearly a 41% total brood failure rate. Re-nesting after first brood 

failure does occasionally occur on our site. However, for over 157 records of single-

brooders we have only 19 records of birds relaying after failing during the first brood 

(12%). Only 12 of these 19 nests (7.6%) were successful in fledging offspring, and none 

of these females attempted a second brood. This is likely due to the limited time window 

for breeding in our system; typically all second brood nests fledge by July 1st.This 

supports the idea that either a) these are low-quality females, and b) that date is a main 

driver of breeding success at least for low-quality birds (although females which second 

brood can clearly still be successful later in the season). Almost all breeding failures 

observed are due to nest abandonment and/or starvation of the chicks; predation is rare 

and in some years does not occur at all. It is likely that adults either make a decision to 

abandon in order to invest in personal maintenance, or perhaps are predated 

themselves. We suspect, but cannot confirm, that most breeding failure at this stage is 

caused by predation of adults away from the nest. Some adults probably ‘choose’ to 

abandon, investing in self-maintenance, rather than continued reproduction. This would 

be consistent with failed single-brooders being potentially lower quality individuals than 

successful single- or double-brooders because they are unable to maintain investment of 

resources necessary for successful reproduction. However our putative measures of 

individual quality (lay date, egg mass, and clutch size), relative age, and parental care 

(nest visit rate) were not related to the propensity to double-brood (cf. Geupel & Desante 

1990; Holmes et al. 1992), which suggests that “quality” was related to other 

components of parental quality, e.g. genetic or physiological traits associated with 

parental care and rearing of offspring or, simply, that higher quality parents produce 

higher quality offspring which then have better nestling or fledgling survival. 

Interestingly, the pattern of high total brood failure rate (41%) initially found 

among single-brooders reemerges in second broods: with 39% of females that initiated a 

second clutch failing to rear any second brood chicks. However these double-brooding 

females that failed in rearing their second clutch showed similarly high first brood 

productivity when compared with successful double-brooders. Thus, regardless of the 

success of the second brood, all of the double-brooding females were equally high 
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quality based on success of their first broods. Instead, perhaps a date-dependent 

decrease in environmental quality during the second brooding window, makes double-

broods a “risky” investment (in doubling reproductive effort) with high failure rate, despite 

the proven ability of parents to successfully rear offspring during first broods. Consistent 

with this idea, even successful double-brooding females had lower brood size at fledging 

for their second breeding attempt compared to their first breeding attempt. There is 

existing evidence suggesting that the seasonal window for second brooding may be 

more challenging due to difficult environmental conditions or lower food availability 

(Rodenhouse & Holmes 1992; Silkamaki 1998, Nagy & Holmes 2005a). Regardless of 

the low probability of success, this strategy clearly has a high potential payoff in doubling 

fecundity within the year if individuals can manage potential costs to survival and/or 

future fecundity. 

Although there is clearly additional reproductive effort involved in doubling egg 

production, incubation, and chick provisioning for a second brood, we were not able to 

identify a lower return rate or future fecundity for double-brooders. Double-brooding had 

no negative correlation with timing of breeding or breeding productivity in the year 

following double-brooding (future fecundity) and double-brooding females actually had 

higher local return rates (survival). In other words, double-brooding females did not show 

the predicted tradeoff between current reproductive effort and our indices of survival and 

future reproduction predicted by life-history theory (Stearns 1992). Several other studies 

also show this lack of tradeoff between double-brooding and various indices of survival 

(Geupel & Desante 1990; Morton et al. 2004; Nagy & Holmes 2005b; Husby et al. 2009) 

although double-brooded birds had lower survival in house martins (Delichon urbica, 

Bryant 1979) and European coots (Fulica atra, Brinkhof et al. 2002). In our population 

regardless of the success of first the brood, single-brooders had significantly lower return 

rate than double-brooders, suggesting that not all females in our study system are 

equally able to face the same survival and reproductive challenges (Figure 5-3). It is 

possible that successful single-brooders, that decided not to pursue a second brood, 

may require additional self-maintenance to support their return the following year. Thus 

these single-brooders chose not to invest in a second brood unlikely to pay off.  On the 

other hand, double-brooders do increase their reproductive effort by rearing a second 

clutch, but may do so because they can manage the consequences of the additional 
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effort without compromising return rate and subsequent year reproductive success. This 

ability may be due to a combination of unmeasured components of quality such as 

genetic or physiological traits, or pairing with high quality mates. As suggested by 

Reznick (1985), more studies are needed, such as consider genetic correlations, to 

better understand potential tradeoffs of additional reproductive effort in double brooding. 

So, in conclusion, a small proportion (~20%) of high quality female European starlings 

effectively double their potential breeding productivity through double-brooding without 

apparently paying any of the costs we measured or experiencing simple trade-offs on 

our indices of survival and future fecundity the way that life history theory predicts (as 

has been reported elsewhere, Ardia 2005; Weladji et al. 2008; Hamel et al. 2009).  
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5.7. Figures and Tables 

Table 5-1. Averages ± standard deviation and significance of individual quality metrics between all single-brooders (n = 
157) versus double-brooders (n = 95; P value1), successful single-brooders (n = 84) versus double-brooders 
(P value2), and successful (n = 53) versus failed double-brooders (n = 34; P value3). Clutch size refers to the 
first brood only. Female provisioning rate is per chick every 30 minutes. 

 All Single 
Brooders 

P value1 Successful Single-
brooders 

P value2 Double-
brooders 

Successful Double-
brooders 

Failed Double-
brooders 

P value3 

Relative Lay Date 0.00 ± 1.80 0.28 -0.06 ± 1.69 0.51 -0.25 ± 2.05 0.17 ± 1.48 -0.31 ± 1.81 0.14 

Clutch Size 5.28 ± 0.86 0.61 5.30 ± 0.79 0.67 5.32 ± 0.70 5.22 ± 0.77 5.44 ± 0.61 0.26 

Egg Size 7.08 ± 0.51 0.19 7.10 ± 0.49 0.34 7.13 ± 0.49 7.23 ± 0.48 6.98 ± 0.44 0.22 

Relative Age 2.59 ± 1.28 0.07 2.63 ± 1.29 0.09 2.22 ± 1.33 2.28 ± 1.49 2.17 ± 1.15 0.47 

Female Provisioning 
Rate 

0.84 ± 0.55 0.09 0.85 ± 0.55 0.11 1.03 ± 0.66 1.10 ± 0.72 1.00 ± 0.53 0.92 
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Table 5-2. Mean values and 95% confidence intervals of productivities and “cost” metrics. P value1 corresponds the 
comparison between all single and all double-brooders, P value2 to the comparison between successful single 
and all double-brooders, and P value3 to the comparison between successful and failed double-brooders. 

 All Single 
Brooders 

P Value1 Successful 
Single-brooders 

P Value2 Double-brooders Successful 
Double-brooders 

Failed Double-
brooders 

P Value3 

 Mean 95% CI  Mean 95% CI  Mean 95% CI Mean 95% CI Mean 95% CI  

First Brood 
Productivity 

2.84 2.51-
3.17 

<0.05 4.19 3.93-
4.44 

0.14 3.97 3.52-
4.25 

3.77 3.40-4.14 3.79 3.33-
4.26 

0.71 

Total Annual 
Productivity 

2.92 2.58-
3.26 

<0.0001 4.19 3.82-
4.56 

<0.0001 5.59 4.95-
5.82 

6.79 6.06-7.09 3.79 3.14-
4.44 

<0.0001 

Local Return 
Rate 

56% - <0.05 57% - 0.08 71% - 67% - 81% - 0.69 

Subsequent 
Year 

Productivity 

3.88 3.19-
4.56 

0.16 4.21 3.15-
5.27 

0.28 4.58 3.85-
5.32 

4.45 3.23-5.38 4.42 3.20-
5.94 

0.44 

Subsequent 
Year Lay Date 

0.19 -0.27-
0.64 

0.59 0.30 -0.31- 
0.91 

0.43 -0.05 -0.48- 
0.39 

-0.20 -0.43-
1.11 

0.44 -0.85-
0.45 

0.25 
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Figure 5-1. Total annual productivity, sum of offspring fledged from first and 
second, for the successful single-brooders and all double-brooders. 
Frequency reflects percent of successful single-brooders and all 
double-brooders respectively. 
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Figure 5-2. Productivity data for all double-brooders’ 2nd brood; 1st brood 
productivity of successful double-brooders (>0 chicks fledged from 
second brood), and failed double-brooders (0 chicks fledged from 
second brood). 
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Figure 5-3. Total percent local return rates among all single-brooders and all 
double-brooders, successful single-brooders and successful 
double-brooders.   
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Chapter 6.  
 
Conclusions and future directions 

6.1. General Conclusions 

We successfully conducted experimental and correlational studies to understand 

potential cues determining timing of breeding (Chapter 2) and possible consequences of 

timing decisions (Chapters 3-5) in a highly synchronous, free-living population of 

European starlings. Surprisingly, increasing male song from the social mate during pre-

breeding had no effect on female breeding phenology or performance. The brief 

Appendix chapter (see below) describes a correlational relationship between prey 

development and starling laydate. Therefore prey size and potentially nutrition may be 

important supplemental phenological cues in our system. We found that maturity at 

fledging was lower for chicks in lower quality environments, but this did not affect 

developmental trajectory just prior to fledging, though these lower quality chicks did have 

higher oxidative stress. Hemoglobin concentration the only trait that showed a steeper 

trajectory of development prior to fledging in lower quality broods, and was also 

associated with higher take-off flight ability at fledging. Finally, contrary to most other 

studies, we found that double brooding behaviour was not related to lay date in our 

highly synchronous population, but was instead associated with higher quality 

individuals. Collectively these studies examine how individuals are affected by both the 

environment at the time of decision-making and at the time of selection. 

The null results of our experimental manipulation of male pre-breeding social 

cues in the field are surprising given the existing experimental lab studies (Hinde & Steel 

1976; Kroodsma 1976; Morton, Pereya & Baptista 1985; Stevenson et al. 2008; Perfito 

et al. 2014) and correlational field studies (Wright & Cuthill 1992) that suggest male 

social behaviour is an important supplemental cue for female breeding phenology. 

However no other studies, to our knowledge, have manipulated male social cues in the 
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field to test their role in female breeding phenology. In addition, the experimental studies 

that have been conducted in the lab often use “exposure to male” or “no exposure to 

male” as treatment groups, which is an unlikely dichotomy in the wild. We argue that 

social cues may be important supplemental phenological cues, especially in 

synchronous breeding populations, but that male song is not an informative cue the in 

our system. Instead we suggest that perhaps female to female interactions are important 

for synchronizing breeding, which could lead to advantageous synchrony of fledging of 

the offspring via predator swamping (Ims & Steen 1990; Westneat 1992; Hernandez-

Matias, Jover & Ruiz 2003; Smith 2004).  

Chick quality at fledging does appear to be a consequence of timing given that 1st 

broods are more functionally mature than 2nd broods. However our study of 

developmental trajectory prior to fledging shows that the slope of development for most 

traits does not change regardless of seasonal date (brood) or year. Our work suggests 

that development just prior to fledging may be hardwired, with a potential cost in the form 

of oxidative stress, which was higher in low quality years and 2nd broods. The correlation 

we found between hemoglobin concentration and take-off flight ability is a potential 

mechanistic explanation for the relationship between survival and hemoglobin found in 

Bowers et al. (2014). Hemoglobin concentration’s developmental trajectory prior to 

fledging was the only trait affected by ecological context. More studies on the 

development of hemoglobin concentration in chicks and the consequences of variation in 

hemoglobin concentration are necessary to better understand this phenotypically plastic 

trait.  

Our work has shown that only high quality individuals are likely to double brood: 

double brooders had higher 1st brood productivity and higher local return rates. The lack 

of trade-off between return rate and double brooding in our system suggests that simple 

trade-offs between survival and reproduction may be more complex than previously 

thought. Future work could examine potential trade-offs by conducting experimental 

manipulations such as O’Brien and Dawson’s (2013) manipulation of high quality 

females. It would also be worthwhile to pursue genetic studies to examine individual 

qualities that might allow double brooders to succeed without a return rate or future 

reproduction cost. Multiple brooding should continue to be studied, specifically in nest 

box breeding systems where data on the productivity of successive broods can be easily 
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monitored. Because our population is highly synchronous, it is important that work is 

done in other systems to test the individual quality and date hypotheses in other 

contexts.  

6.2. Future Studies 

In order to move the field forward, future studies should consider the possibility of 

female-female social interactions as a cue determining egg-laying date. We plan to 

explore this hypothesis further in our long-term dataset by analyzing how the laying date 

of individuals correlates with spatial relationships between neighbouring females. 

Experimental field studies should be used to test this relationship, as some lab-based 

evidence already exists showing that ovarian development responds more strongly to 

female vocalizations than that of males (Cheng 1986; Cheng 1992). We have planned 

future studies to monitor hemoglobin concentration throughout the nestling period (rather 

than just prior to fledging) and will continue to examine how ecological context affects 

the developmental trajectory over the entire nestling period. It would be valuable to 

continue studies on the relationship between hemoglobin concentration, fledgling flight 

performance, and post-fledging survival. However, high dispersal rates of our fledglings 

(n < 5 returned offspring over 15 years of study) make our system less than ideal for 

further study on this question. Worth noting, in the summer of 2014 we attempted an 

experimental manipulation of hematocrit and hemoglobin concentration using 

phenylhydrazine hydrochloride (PHZ), which has been validated in free-living adult 

starlings and captive zebra finches (Williams et al. 2012). However, administration of the 

PHZ in fledglings at day 17 did not result in changes in hematocrit and hemoglobin 

concentration at day 21 compared to controls. Therefore more work is needed to identify 

other methods for manipulating hemoglobin concentration in the field to further test the 

mechanistic link between hemoglobin, flight, and post fledging survival. Although we do 

not have future work planned on the topic of double brooding, we would encourage 

studies in other systems testing whether results hole true in less synchronous 

populations. 
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Appendix  
 
Starling Phenology in Relation to Tipulid Development  

Objective 

Determine if tipulid (Tipula paludosa, Tipula oleraea) development as measured by mass 
and length predicts starling breeding phenology (lay date) or performance (clutch size, 
brood size at fledge), given that this is a key prey item of provisioning starlings (Rhymer 
et al. 2012). 

Methods 

Starling Breeding Data 

We used 4 years of breeding data (2013-2016) from one long-term European starling 
study site at Davistead Farm in Langley, British Columbia, Canada (49.17°N, 122.83°W). 
We used 3 years of breeding data (2013-2015) from another European starling 
population at Wind’s Reach Farm in Glen Valley, British Columbia (49o15’N, 122o47’W). 
These sites have c.250 nest boxes in total (c. 150 at Davistead, c.100 at Wind’s Reach) 
mounted on posts around pastures and on farm buildings. All nest boxes are surrounded 
by, and potentially equidistant from pasture foraging areas where we sampled the soil for 
tipulids.  In each year we followed the same basic field protocol: nest boxes were 
checked daily from April 1 to determine laying date and clutch size, and nests were 
monitored until either failure or fledging to quantify productivity. In some years we carried 
out experimental manipulations on the sites, such as wing clipping of the female parent 
during incubation. In these years we exclude treated birds for any metrics taken post-
treatment (brood size at fledging). We checked all nest boxes regularly during the 2nd 
brood window, beginning ~31 days (10 days of incubation, 21 days to fledge) after clutch 
completion of the earliest 1st brood. These nests were also followed to completion to 
quantify productivity. In 2015 we only collected data on lay date, clutch, and brood size 
at fledge of 1st brood at Wind’s Reach Farm. 

Prey Sampling: 

Sampling fields for collecting tipulids were chosen based on visual observations of 
starling foraging, and verified in subsequent years using radio telemetry methods to 
track foraging behavior of starlings. Four field were monitored at the Glen Valley site and 
six field were monitored at the Davistead site. In 2013-2016, during midwinter (late 
January, early February), pre-breeding (late March), starling’s first broods (late April, 
early May), and starling’s second broods (June) we sampled the soil for tipulids using 
salt flotation and lab sorting methods. The salt flotation method is based on Stewart and 
Kozicki (1987): five standard plumbing pipes (10 cm diameter cut to 15 cm in length) 
were randomly scattered in a sampling field, hammered into the ground, and filled with 
salt water (specific gravity 1.17). Tipulids floated to the top of the pipes within 10 minutes 
and were collected and transported back to the lab. In the lab sorting method we used a 
lever golf hole cutter with a scalloped blade (Bayco Golf) in the field to obtain a 10 cm 
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diameter by 15 cm length core of soil next to each of the 5 plumbing pipes in the field. 
These soil cores were sorted by hand in the field, by breaking up the dirt and searching 
by hand, and later putting them in a tub with the same saline solution used in the salt 
flotation method to find additional tipulids. During the starling’s first and second broods 
we obtained additional samples by chick collaring. Briefly, when chicks were 6-10 days 
old, a pipe cleaner was placed around the chicks’ necks tight enough to impede 
swallowing while still allowing air to pass through. When parents came to provision 
chicks we checked the chicks throats immediately after feeding to remove prey items 
with tweezers. After one successful meal was taken, the same nest was not collared 
again.  

In all sampling methods, tipulids were transported back to the lab and weighed in using a 
digital scale to the nearest 0.000 g and measured in length using digital calipers to the 
nearest 0.00 mm. The salt flotation method only causes tipulids to float (not other 
insects), so non-tipulid prey items were only obtained using the meal sampling and lab 
sorting methods. 

Statistical Methods 

All analyses were completed in R Studio version 0.98.1028 (R Core Team 2013). In the 
text portion of the results, means are presented as ± standard deviation. Principal 
component analysis was used to combine mass and length measurements of tipulids. 
We use the term ‘size’ to indicate the first principal component, which explained 91% of 
the total variation. Linear models were used to analyze the correlation of mean tipulid 
metrics (size, mass, length) in a given stage and mean starling population breeding 
metrics (lay date, clutch size, number of chicks fledged). Each year of data at each site 
was considered a population average, correlated with the mean tipulid metrics from 
tipulids found using the salt flotation and lab sorting methods. 

Results 

From 2013-2016 we collected 348 tipulids using the salt flotation method, 318 using the 
lab sorting method, and 83 tipulids in starling meals to chicks. During mid-winter 
sampling 297 were found, 160 in pre-breeding, 209 during first broods, and 77 during 
second broods using all sampling methods. Tipulids were the most common prey item 
found in meals provisioned to chicks (Figure A1). Among tipulids collected during first 
broods, soil collected tipulids (combining lab sorting and salt flotation methods) were the 
same mass as those collected in meals to chicks (27.0 mg ± 14.0 in soil vs. 30.0 mg ± 
13.1 in meals; t128 = 1.5, P = 0.15). However soil collected tipulids were longer compared 
to those collected in meals (28.5 mm ± 7.2 soil vs. 23.8 mm ± 4.9 in meals; t169 = -5.5, P 
< 0.01). 

The starling populations laid eggs significantly earlier during years where mean tipulid 
size was larger during pre-breeding (Figure A2; F1, 5 = 6.9, P = 0.04). Pre-breeding mass 
and length as independent metrics were only marginally related to starling population lay 
date (length: F1, 5 = 6.5, P = 0.05; mass: F1, 5 = 6.0, P = 0.06; Table A1). There was a 
marginally significant relationship between tipulid mass during mid-winter and starling lay 
date, with larger tipulids during earlier breeding years (F1, 5 = 4.0, P = 0.10; Table A1). 
No metrics of tipulid size were related to average starling population clutch size or brood 
size at fledging.  
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Table A1. Results of linear models of tipulid development (mass, length, or 
size) and starling breeding phenology (lay date) or performance 
(clutch size, brood size at fledge). 

 Lay Date Clutch Size  Brood Size at Fledge 

 Tipulid Metric Adjusted R2 P value Adjusted R2 P value Adjusted R2 P value 

Mid- 

winter 

Mass 0.45 0.06 -0.16 0.69 -0.16 0.70 

Length 0.28 0.13 -0.18 0.77 -0.17 0.75 

PCA Size 0.33 0.10 -0.17 0.75 -0.17 0.74 

Pre- 

Breeding 

Mass 0.46 0.06 -0.20 0.92 -0.20 0.90 

Length 0.48 0.05 -0.15 0.66 -0.18 0.77 

PCA Size 0.50 0.04 -0.18 0.79 -0.19 0.87 
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Figure A1. Proportion of invertebrates collected by sampling starling meals to 
chicks. Percentages included are invertebrates found at least twice. 
“Other” category includes millipede, wasp, adult cranefly, sow bug, 
pupae, and unknown. Years, sites, and broods are combined in the 
figure. 
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Figure A2. Mean tipulid size during pre-breeding (March) and population lay 
date (treating each site and each year as a separate data point). 
Davistead site labeled “DS”, Glen Valley site labeled “GV”.  
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