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Abstract 

Clutch size is a fundamental predictor of avian fitness, and has been widely-studied from 

evolutionary and ecological perspectives. However, surprisingly little is known about the 

physiological mechanisms that integrate environmental and state-dependant cues into 

individually-variable responses in clutch size. The only formal mechanistic hypothesis for 

avian clutch-size determination predicts an anti-gonadal effect of prolactin (PRL) via the 

inhibition of luteinizing hormone (LH), and has become widely-accepted despite little 

experimental support. I experimentally tested the PRL-based mechanistic model for 

clutch size determination in an avian model system, Taeniopygia guttata using two 

complementary approaches. The first involved the pharmacological manipulation of PRL, 

while the second entailed experimentally enlarging clutch size. Contrary to predictions 

based on the PRL-based mechanistic model, PRL, LH and clutch size were effectively 

uncoupled through experimental manipulation. These findings expose a serious gap in 

our understanding of the physiological mechanisms of clutch size, a key life history trait. 

Keywords:  life history; physiological mechanisms; avian reproduction; plasticity; 
prolactin; clutch size 
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Chapter 1.  
 
General Introduction 

1.1. Introduction 

Lifetime reproductive success, or fitness, is largely dependent on the frequency, 

timing, and magnitude of investment into growth, survival and reproduction (Stearns 

1992; Roff 1992). In turn, these three categories of investment compete with each other 

for finite time, energy, and resources, resulting in trade-offs that constrain their optimal 

expression (Stearns 1989). Similarly, allocation of time or resources to one component 

of reproduction often necessitates costs to another (e.g. offspring number versus size; 

Harshman and Zera 2007). The trade-offs between and within growth, survival, and 

reproduction are built upon their evolutionary legacies and are shaped by the ecological 

conditions in which they are expressed (Roff 1992). Over time, strategies for investment 

into these three broad categories combine to create trait complexes that tend towards 

maximizing fitness within a given ecological context or range of contexts (Flatt and 

Heyland 2011). These assemblages, or ‘life histories’, have become integral to the study 

of evolution, ecology, and behaviour (e.g. Partridge and Harvey 1988; Réale et al. 2000). 

Broad-scale ecological and phylogenetic patterns in life history traits are 

well-documented (Berven and Gill 1983; Böhning-Gaese and Oberrath 1999; Martin et 

al. 2006), but these patterns are also overlain by marked intra-specific variability in life 

histories (Cam et al. 2002; Tuljapurkar and Steiner 2010). For example, neighbouring 

populations of the same species may show distinct variability in life history traits (Caro et 

al. 2005; Garant et al. 2007), as may genetically similar individuals under controlled 

laboratory conditions (Barata and Baird 1998; Earley et al. 2012). In addition to inter-

individual variation in life history traits, considerable intra-individual plasticity and 

variability in life history traits is also common. A female bird, for example, may modify the 
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timing and magnitude of investment into reproduction (e.g. egg number or provisioning 

effort) between breeding seasons, decisions that can have significant individual fitness 

consequences (Boyce and Perrins 1987; McCleery et al. 2004; Maccoll and Hatchwell 

2004). Thus, individual variability in life history traits provides the raw material for 

selection, while intra-individual plasticity and variability in life history traits also allow 

individuals to fine-tune their investment strategically (McNamara and Houston 1996).  

At the scale of the individual, life history traits generally involve complex 

developmental, physiological, and behavioural components (Finch and Rose 1995). The 

nature, timing, and magnitude of these phenotypic traits must be tightly coordinated with 

each other and with both internal and external cues (Denver et al. 2009; Martin et al. 

2011). For example, a female bird is required to coordinate her physiological 

preparedness to reproduce with the seasonal availability of food and presence of a male, 

as well as with a behavioural readiness to incubate and care for young. Thus, in the 

short-term, individuals integrate ecological, social, and state-dependant physiological 

information and respond with alterations to numerous phenotypic traits (e.g. behavioural, 

physiological etc.) at biologically very different scales (e.g. cells, tissues, organs etc.; 

Zera et al. 2007).  

While life history theory has been widely-studied in evolutionary and ecological 

frameworks, the underlying physiological and neuroendocrinological mechanisms that 

integrate internal and external cues into coordinated, and potentially adaptive, life history 

responses are only rudimentarily understood (Finch and Rose 1995; Zera and 

Harshman 2001; Flatt and Heyland 2011). Even less is known about individual plasticity 

in neuroendocrine mechanisms and how they relate to individual plasticity in life history 

traits (Lessells 2008; Williams 2008). Nonetheless, understanding the mechanistic 

underpinnings of life history traits is crucial because physiological mechanisms can 

impose costs or constraints that can limit the evolution of those traits, or the capacity for 

species or individuals to respond to environmental change (Wingfield et al. 2008; Cohen 

et al. 2012).  

The study of avian systems has had a significant impact on our understanding of 

life history theory (Lack 1947; Martin 2004; Wingfield et al. 2008; Ricklefs 2010). Early 

empirical findings and theoretical predictions have been followed up by long-term 
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datasets measuring fitness correlates of avian life history traits (McCleery et al. 2004) 

and plasticity or ‘reaction norms’ in those traits (Brommer et al. 2005). While a 

staggering array of hypotheses about the ecological factors and trade-offs that drive life 

history traits and transitions in birds have been generated (e.g. see Figs. 2 and 3 in 

Martin 2004), the lack of experimental work adequately testing these hypotheses has 

been a source of criticism (Martin 2004). Notable exceptions include ‘phenotypic 

engineering’ studies in dark-eyed Juncos (Junco hyemalis), which have illuminated the 

role of testosterone (T) in trade-offs between survival and reproduction, and mating effort 

and parental investment (Ketterson et al. 1996). Thus, while studying physiological and 

endocrinological mechanisms can provide data essential for testing both evolutionary 

and ecological hypotheses about avian life history, examples of such approaches in the 

literature are still rare (Zera and Harshman 2001; Williams 2012b).  

One of the more obvious examples of such oversight is in the study of avian 

clutch size. Clutch size is one of the most important life history traits with respect to 

fitness in female birds (McCleery et al. 2004), and arguably has been studied from 

evolutionary and ecological perspectives more than any other avian life history trait (e.g. 

Lack 1947; Cody 1966; Rowe et al. 1994; Martin 2004). However, despite a long history 

of interest in the physiological mechanisms for clutch size determination (Klomp 1970), 

there has been surprisingly little serious investigation in this area (Williams 2012a). For 

some time, prolactin (PRL), a peptide hormone with important functions in incubation 

and parental care (Sharp et al. 1998), has been suggested to play a role in clutch size 

determination in birds (Murton and Westwood 1977; Haftorn 1981; Lea et al. 1981). 

Early speculations about a regulatory role of PRL in clutch size determination were 

subsequently supported by a growing body of circumstantial evidence that over time 

have evolved into a formal mechanistic hypothesis with explicit predictions (Meijer et al. 

1990), eventually incorporating the seasonal timing of breeding, hatching asynchrony, 

and maternal effects in the form of yolk androgen deposition (Sockman et al. 2006). 

Additional claims have been made based partly on the presumed validity of this 

hypothetical mechanism, such as a recent report that pre-breeding PRL in house 

sparrows (Passer domesticus) are predictive of fledging number and reproductive 

success (Ouyang et al. 2011). Yet even in its more basic forms (Meijer et al. 1990; 

Haywood 1993), the PRL-based mechanistic model for avian clutch size determination 
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has very little empirical support, especially from experimental studies. Equivocal results 

in the one experimental study to date addressing this problem directly (Sockman et al. 

2000) unfortunately left the chief question largely unanswered: Does circulating PRL 

play a mechanistic role in avian clutch size determination?  

The main goal of my thesis was to test experimentally the PRL-based 

mechanistic model in its simplest form, i.e. to test the hypothesis that circulating PRL 

during laying acts as a regulatory factor in avian clutch size determination, using captive 

breeding zebra finches (Taeniopygia guttata) as an avian model system. Because PRL 

has also been proposed to inhibit follicular recruitment or growth indirectly through the 

suppression of luteinizing hormone (LH; Lea et al. 1981), I also examined the 

relationship between PRL, LH, and clutch size. Two complementary approaches were 

employed to uncouple the trait, clutch size, from its putative regulatory factor, PRL. The 

first approach (Chapter 2) involved the pharmacological manipulation of PRL using the 

dopamine receptor-2 agonist, bromocriptine. Bromocriptine binds to the inhibitory D2 

receptor on PRL-secretory lactotroph cells in the pituitary, and has been widely used to 

lower PRL in mammals (e.g. Bridges and Ronsheim 1990; Roberts et al. 2001), and less 

commonly, in birds (Jouventin and Mauget 1996; Angelier et al. 2006). The main goal of 

this study was to reduce circulating PRL levels during laying and examine the effects of 

this manipulation on subsequent clutch size. We also looked at PRL and LH in pre-

breeding zebra finches, to test whether or not these hormones are predictive of clutch 

size in a subsequent breeding attempt. This study focused mainly on general hormonal 

patterns and changes in PRL and LH between pre-breeding and breeding states, as well 

as individual changes between the control breeding and bromocriptine breeding. The 

second approach (Chapter 3), complementary to the first, involved manipulating clutch 

size itself through the continual removal of eggs as they were laid. The main goal for this 

study was to increase clutch size, and subsequently examine changes in PRL and LH. 

This chapter explores the relationship between PRL and clutch size in greater detail, 

expanding on the concept of hormonal fluctuations and co-variation in PRL, LH, and 

clutch size through time. For both studies, condition-associated traits like body size and 

mass were examined alongside PRL and LH. We also measured egg size, laying 

interval, and mass loss during breeding along with clutch size, to quantify relative 

reproductive investment. Both of these studies were carried out in the same females, for 
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whom we possessed detailed information on age, growth, and reproductive history. By 

tracking individual females through pre-breeding, control and experimental breeding 

attempts, we were able to study individual plasticity in reproductive traits as well as 

individual response to treatment.  
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2.1. Introduction 

Avian clutch size sets the upper limit for the number of successfully fledged 

chicks and is a key predictor of reproductive investment and lifetime reproductive 

success (Rockwell et al. 1987; McCleery et al. 2004; Charmantier et al. 2006). 

Explaining the patterns and variability in clutch size within and among avian populations 

has long been a goal of both evolutionary biologists and ecologists (Lack 1947; Williams 

1966; Klomp 1970; Godfray et al. 1991; Ricklefs 2010). Much of the effort has gone into 

understanding the evolutionary forces and constraints that shape optimal clutch size 

(e.g. Rockwell et al. 1987; Pettifor et al. 1988; Lessells et al. 1989; Nager et al. 2000), or 

the ecological cues individuals employ to fine tune clutch size (e.g. Travers et al. 2010; 

Zanette et al. 2011; Sibly et al. 2012; Decker et al. 2012). However, understanding the 

physiological mechanisms that coordinate key life history traits and transitions is 

paramount to resolving their ecological limitations and evolutionary legacies (Ricklefs 

and Wikelski 2002; Williams 2012a). Nonetheless, the fundamental physiological and 

hormonal mechanisms that coordinate clutch size and other important life history traits 

remain poorly understood (Klomp 1970; Sockman et al. 2006; Williams 2012b). 

The only physiological or mechanistic hypothesis for avian clutch size 

determination involves an anti-gonadal effect of prolactin (PRL), a peptide hormone that 

stimulates, and is stimulated by, incubation behaviour (El Halawani et al. 1984; March et 

al. 1994; Delehanty et al. 1997) and chick rearing (O’Dwyer et al. 2006; Angelier and 

Chastel 2009; Miller et al. 2009). This hypothesis is built upon a number of well-

supported observations, namely: a) the close temporal association between the 

development of incubation behaviour and the cessation of laying (Lea et al. 1981; 

Haftorn 1981); b) a positive feedback loop between the development of incubation 

behaviour, tactile stimulation from the eggs, and plasma PRL levels (El Halawani et al. 

1984; Massaro et al. 2007), and; c) the seasonal increase in rate of incubation onset 

accompanied by a seasonal decline in clutch size (Meijer et al. 1990; Flint et al. 2006). 

Along with a putative anti-gonadal effect of PRL (discussed below), these observations 

provide support for a mechanistic model whereby PRL regulates clutch size, and is itself 

mediated through seasonal increases in PRL and the onset of incubation behaviour 

(Murton and Westwood 1977; Haftorn 1981; Meijer et al. 1990; Haywood 1993; 
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Sockman et al. 2006). Much of the data used to support the PRL-based mechanism for 

clutch size determination is based on broad temporal correlations rather than direct 

experimental evidence, and there remains little support for: a direct association between 

clutch size and plasma PRL 2-4 days after first laid egg, the temporal window when 

follicular inhibition of clutch size determination is thought to occur in several species, 

and; an anti-gonadal effect of PRL sufficient to cause follicular inhibition and the 

cessation of laying. Potential anti-gonadal effects of PRL via inhibition of gonadotropin 

releasing hormone (GnRH) I and II and luteinizing hormone (LH) have been 

demonstrated in localized in vitro assays in poultry (El Halawani et al. 1984; Rozenboim 

et al. 1993; You et al. 1995), and are supported by evidence for anti-gonadal effects of 

PRL in vivo in some species (Bailey 1950; Meier 1969; Reddy et al. 2007). However, an 

anti-gonadal effect of PRL has not been found in other species (Meier and Dusseau 

1968; Buntin et al. 1999; Small et al. 2007), and whether or not experimentally 

manipulated PRL levels, let alone natural individual variation in PRL, have the capacity 

to inhibit or disrupt follicle growth and directly affect clutch size has not yet been 

demonstrated.  

The only experimental work to examine circulating PRL and clutch size 

determination directly in a non-domesticated species laying discrete clutches (i.e. 

retaining cyclic reproduction characteristic of wild birds) was carried out by Sockman et 

al. (2000) in the American Kestrel, Falco sparverius. This study found weak support for a 

negative association between clutch size and PRL at the time when follicular inhibition 

putatively occurs. However, PRL manipulations using ovine-PRL osmotic minipumps 

were unsuccessful and were not associated with changes in clutch size (Sockman et al. 

2000). Based on these results, the authors themselves emphasized in a later review that 

“a role for prolactin in regulating clutch size in any species is not firmly established”, and 

that further work in this area is necessary (Sockman et al. 2006). Despite the prudent 

conclusions Sockman and his colleagues, the PRL-based model for clutch size 

determination has received little attention since, despite the importance of clutch size to 

avian reproductive success (McCleery et al. 2004; Williams 2012a). 

The PRL-based model of clutch size determination (Meijer et al. 1990; Haywood 

1993) focuses on variation in circulating PRL levels 2-4 days after the first egg is laid, 

when follicular inhibition and clutch size determination is thought to occur. However, 
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several recent studies have suggested that pre-breeding hormone levels might 

influence, or potentially predict, subsequent reproductive performance (Chastel et al. 

2003; Greives et al. 2012; Crossin et al. 2012). For example, in a study of free-living 

house sparrows (Passer domesticus), pre-laying PRL levels were correlated with 

fledging success, although this effect was highly dependant on the effect of lay date 

(Ouyang et al. 2011). Alternatively, Schaper et al. (2012) suggested that pre-breeding 

PRL levels may be a stronger indicator of seasonal reproductive readiness than an 

accurate proxy for breeding investment in the form of clutch size. Whether or not pre-

breeding PRL is predictive of subsequent reproductive performance (in particular, clutch 

size) under controlled environment and photoperiod has, to our knowledge, not been 

examined. 

Here we investigate individual variability in plasma PRL and LH in pre-breeding 

and breeding females in relation to individual variation in clutch size in the zebra finch, 

Taeniopygia guttata, to test predictions from the PRL-based mechanism of clutch size 

determination (Murton and Westwood 1977; Haftorn 1981; Meijer et al. 1990; Haywood 

1993). We used a repeated-measures design to follow individuals of known age and 

reproductive history through pre-breeding, breeding, and experimental breeding states 

under controlled environmental and photoperiodic conditions. Our specific objectives 

were to determine: 1) the relationship between measures of condition (e.g. mass, 

hematocrit) and changes in plasma PRL and LH between pre-breeding and breeding 

states in individual females; 2) the relationship between pre-breeding hormones and 

subsequent clutch size, and; 3) the relationship between plasma PRL and LH levels 

sampled at the putative time of clutch size determination in zebra finches (the day the 3rd 

egg was laid; Haywood 1993) and clutch size. We also attempted to experimentally 

decrease plasma PRL levels using the dopamine receptor agonist bromocriptine 

(Badyaev and Duckworth 2005; Angelier et al. 2006; Reddy et al. 2007), thereby 

disrupting the putative endogenous relationship between PRL and clutch size. Based on 

the PRL-based mechanism of clutch size determination, we predicted: a) a negative 

correlation between PRL and LH; b) a negative association between breeding plasma 

PRL levels and clutch size, and; c) an increase in clutch size associated with a decrease 

in PRL in bromocriptine-treated females. 
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2.2. Methods and Materials 

2.2.1. Animal care and breeding protocol 

Zebra finches were maintained in controlled environmental conditions 

(temperature 19–23°C; humidity 35–55%; constant light schedule, 14 L: 10 D, lights on 

at 07.00). All birds were provided with a mixed seed diet (Panicum and white millet, 1:3, 

11.7% protein, 0.6% lipid and 84.3% carbohydrate by dry mass), water, grit and 

cuttlefish bone (calcium) ad libitum, and received a multi-vitamin supplement in the 

drinking water once per week. Breeding pairs were also provided with 6 g/pair/day of 

egg food supplement (20.3% protein, 6.6% lipid) between pairing and clutch completion. 

Before the experiment, all birds were housed in same-sex cages (61cm x 46cm x 

41cm) but were not visually or acoustically isolated from the opposite sex. Individual 

females used in experiments were 4-8 months of age, had been successfully bred at 

least once, and were always paired with the same male to minimize variation in 

investment based on perceived mate quality. Breeding pairs were housed individually in 

single cages (61cm x 46 cm x 41 cm), each with an external nest-box (11.5cm x 11.5cm 

x 11.5cm). Females were weighed (± 0.1 g, initial mass) at the time of pairing, just prior 

to blood sampling, and at clutch completion. During breeding, nest-boxes were checked 

daily between 09.30 and 11.30 and all new eggs were weighed (to 0.001 g) and 

numbered, to obtain data on egg size, clutch size and laying interval (the time between 

pairing and laying of the first egg). A clutch was considered complete when no additional 

eggs were produced over two consecutive days. At clutch completion, eggs were 

removed and individuals were returned to same-sex holding cages for a recovery period 

of at least three weeks. Experiments and animal husbandry were carried out under a 

Simon Fraser University Animal Care Committee permit (no. 901B 94), in accordance 

with guidelines from the Canadian Committee on Animal Care (CCAC). 

2.2.2. Blood sampling and hormone analysis 

Females were blood sampled (≤200 µL, from the brachial vein) prior to breeding 

while in same-sex holding cages (‘pre-breeding’), and following pairing (females paired 

13-17 days later) on the day the third egg was laid (‘breeding’). Egg day three was 
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selected based the experimental work which links the physiological mechanism for 

clutch size determination in Zebra Finches with the timing of the third laid egg (Haywood 

1993). Blood samples for the bromocriptine experiment were also taken on the day the 

third egg was laid. Blood sampling was carried out between 1130 and 1330 to minimize 

circadian fluctuations in hormone levels, blood was centrifuged at 13,000 rpm for five 

minutes, and plasma was stored at –20°C until required for hormone assays. 

Plasma immunoreactive prolactin (PRL) was determined using a 

radioimmunoassay for recombinant-derived Starling (Sturnus vulgaris) PRL described by 

Bentley et al. (1997). Other than two blood samples for which there was insufficient 

plasma, all samples were measured in duplicate in a single assay, diluted 1 in 3. The 

sensitivity of the assay, determined to be the estimated concentration two standard 

deviations above the mean counts per minute of the lowest standard, was 7.779 ng·mL-1, 

after correcting for dilution. Samples with concentrations below this value were not 

included in analyses unless stated otherwise. The intra-assay coefficient of variation of 

this assay was 6.5%, and serial dilution of individual samples ran parallel along the 

standard curve within the range assayed. Luteinizing hormone (LH) was measured using 

a micro-modified version of a previously described radioimmunoassay (Sharp et al. 

1987). Samples were run in a single assay, in duplicate when sample volume permitted 

(>90% of all samples), diluted 1 in 2.3 in radioimmunoassay (RIA) buffer. Assay 

sensitivity was determined as described above, with a lower limit of 0.087ng·mL-1, after 

correcting for dilution. Samples with concentrations below this value were not included in 

analyses unless stated otherwise. The intra-assay coefficient of variation for this assay 

was 6.4% for a high value pool and 8.1% for a low value pool, and a curve generated by 

serial dilution of zebra finch plasma ran parallel to the standard curve within the range 

assayed. 

2.2.3. Bromocriptine treatment 

We used the dopamine (D2 and D3) receptor agonist, bromocriptine (2-bromo-α-

ergocriptine mesylate; Enzo, PA, USA) to manipulate plasma PRL levels.  Bromocriptine 

binds to the inhibitory D2 receptor on secretory lactotroph cells in the pituitary, and has 

been widely used to lower PRL in mammals and, less commonly, in birds (see 

references below). Females were randomly assigned to either one of two doses of 
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bromocriptine (low, 333µg/kg body weight or high, 3333µg/kg body weight w/v in DMSO 

(dimethylsulfoxide; Sigma-Aldrich, MO, USA), or vehicle only control. Doses were based 

on previous work in mammals (Bridges and Ronsheim 1990; Roberts et al. 2001; Bales 

et al. 2002) and birds (Jouventin and Mauget 1996; Angelier et al. 2006). Bromocriptine 

was administered by intra-muscular injection into the pectoral muscle, daily between 

1100 and 1300 hours beginning the day the first egg was laid and terminating at clutch 

completion (described above). On egg day three of the bromocriptine experiment, 

injections were carried out immediately after blood sampling. 

2.2.4. Data analyses 

Data were first examined for normality, outliers, collinearity and interactions 

between explanatory variables. Both hormones showed deviations from normality, which 

was improved with log transformation. Log transformed data are described using median 

and interquartile range, otherwise data are stated as mean ± standard error. 

Repeatability was calculated using previously described methods (Lessells and Boag 

1987). Since there were no statistical differences in the results found using mass alone 

or the residuals of a regression of mass by tarsus, mass alone was used as the measure 

of condition in all relevant analyses. Our breeding females exhibited a range of clutch 

sizes, including clutches outside the range observed in the wild (2-7 eggs; Zann 1996). 

We therefore considered clutches smaller than 2 eggs or larger than 7 ‘atypical’ under 

normal breeding conditions and ran all analyses with and without these clutch sizes. For 

the bromocriptine experiment, we predicted individual increases in clutch size in 

response to the treatment, specifically those greater than the range observed in the wild, 

and so clutches > 7 eggs clutch sizes were considered ‘normal’ in these analyses. 

Pre-breeding and simple breeding comparisons (excluding clutch size; see 

below) were conducted using ANOVA or ordinary least squares regression. To examine 

females through treatment and time (i.e. between pre-breeding and breeding; between 

control breeding and bromocriptine breeding), we used linear mixed effects models for 

repeated measures with individual female as a random factor, carried out in the 

statistical package ‘nlme’ in R 2.12.2 (R Core Development Team 2011; Pinheiro et al. 

2011). This experimental and statistical design allowed us to make intra-individual 

comparisons of the effects of treatment, so that treated females were compared to 
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themselves under the untreated breeding conditions (in addition to retaining a vehicle 

only control group for bromocriptine, see above). Starting sample sizes for each analysis 

were: pre-breeding (78); untreated breeding (44); bromocriptine breeding (38). Thirty-

three females sampled during the pre-breeding stage were reserved for other 

experiments (Ryan et al. in prep.), and were included in analyses only where applicable. 

For each stage, a small subset of females did not provide sufficient plasma for both 

hormone assays, had hormone values below the detection limit (described above), failed 

to breed, or laid less than 3 eggs (i.e. no hormone values for egg day three). As a result, 

model degrees of freedom vary, but are always based on the maximum number of 

available data points. 

Since clutch size is a discrete count variable, all analyses of this trait were 

conducted using generalized linear or generalized linear mixed effects models, with 

quasipoisson family to account for underdispersion (R package “glmmPQL”; Fox and 

Weisberg 2011). Analyses of egg mass was conducted on all eggs within a clutch, with 

individual female as a random factor to account for pseudo-replication. All analyses were 

followed with standard model validation procedures to test the assumptions of the test 

employed. Data points with high leverage and Cook’s distance (greater than 4/n) were 

considered influential, and outputs are presented for models including and excluding 

these points for transparency. Where multiple explanatory variables were found to affect 

a dependant variable, p-values are given for the full model including all significant 

variables (ANCOVA). 

2.3. Results 

2.3.1. Relationships between pre-breeding PRL, LH and measures 
of body condition 

Mean female body mass and hematocrit (i.e. measures of body condition) were 

14.9 ± 0.2g and 53.9 ± 0.5% at the time of pre-breeding blood sampling. Median pre-

breeding PRL was 21.0 ng/mL (14.3 to 35.5 ng/mL), and pre-breeding luteinizing 

hormone (LH) was 0.27 ng/mL (0.17 to 0.41 ng/mL). There were no significant 

relationships between pre-breeding mass or hematocrit and LH (F1,59 = 0.066, P = 0.798 
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and F1,59 = 1.125, P = 0.293, respectively), or pre-breeding mass and pre-breeding PRL 

(F1,72 = 0.590, P = 0.445). Pre-breeding PRL was significantly and positively correlated 

with both pre-breeding LH (Fig. 2.1) and hematocrit (F2,54 = 7.10, P = 0.010 and F2,54 = 

4.90, P = 0.031, respectively). 

2.3.2. Relationships between pre-breeding and breeding PRL and 
LH, and pre-breeding hormones and reproductive traits 

Forty-four of the 78 females sampled during pre-breeding were paired and nearly 

all females (42/44) laid at least one egg. Compared to pre-breeding levels (above), LH 

was significantly higher at the 3-egg stage in breeding females (0.49 ng/mL, 0.28-0.67 

ng/mL; F1,28 = 11.19, P = 0.024). LH between the pre-breeding and breeding stages was 

repeatable (R = 0.524; 95% CI = 0.27, 0.778; P = 0.001). Pre-breeding LH was also 

negatively correlated with laying interval, i.e. females with higher pre-breeding LH had 

shorter intervals between pairing and laying of the first egg (F2,24 = 6.67, P = 0.003; Fig. 

2.2; controlling for the time elapsed between pre-breeding blood sampling and 

subsequent pairing). In contrast, pre-breeding LH was not significantly correlated with 

either clutch size or egg mass of the subsequent breeding attempt (P > 0.25 for both). 

Breeding PRL levels at the 3-egg stage were markedly and significantly (F1,37 = 

667.7, P < 0.001) higher than pre-breeding levels (above), reaching a median of 201.6 

ng/mL (184.6-221.2 ng/mL). Individual PRL levels between pre-breeding and breeding 

stages were not repeatable (P > 0.90). Clutch-size (Fig. 2.3), egg mass, and log laying 

interval were also all independent of pre-breeding PRL (P > 0.13 in all cases). 

2.3.3. Relationships between breeding PRL, LH, and reproductive 
traits 

Neither clutch size or egg mass were significantly correlated with plasma LH on 

egg day three for either the normal range of clutch sizes (P > 0.30 for both) or all 

observed clutch sizes (P > 0.28 for both). Egg mass was significantly correlated with 

both laying order (P = 0.016) and mass at pairing (P = 0.038) for the normal range of 

clutch sizes, while clutch size was independent of mass at pairing for both normal and all 

observed sized clutches (P > 0.40 for both). 
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In an analysis of data for all observed clutch sizes, variation in plasma PRL at the 

3-egg stage was significantly related to variation in clutch size (P < 0.001; Fig. 2.4) and 

egg mass (P < 0.012). However, standard model validation procedures confirmed very 

high leverage and influence (Cook’s distance) of two of these data points (clutch sizes = 

10) on model outcome and accuracy. Including these two points entirely reversed the 

(non-significant) direction of association between PRL and either clutch size or egg 

mass observed when these two data points were deleted. Furthermore, the relationship 

between PRL and clutch size from the model including all observed clutch sizes was 

inconsistent with a linear negative relationship that we would predict for these traits 

based on the PRL-based mechanistic model, i.e. two females with ten egg clutches had 

significantly lower PRL than females laying smaller clutch sizes, but the one female 

laying a twelve egg clutch had higher PRL (Fig. 2.4). Analyses within the normal range 

of clutch sizes for this species satisfied all model assumptions, and showed no evidence 

of highly influential observations. Using these data, both clutch size and egg mass 

(controlling for laying order) were independent of breeding PRL on egg day three (P > 

0.75 for both; Fig. 2.4) and laying interval (P > 0.20 for both). 

2.3.4. PRL, LH and reproductive traits for bromocriptine 
experimental breeding 

Of the 38 females paired for the bromocriptine experiment, we had prior breeding 

data for 36 females. Two females did not reach the three-egg stage, leaving us with 34 

females available for comparisons between breeding attempts. LH and hematocrit both 

decreased significantly (F2,17 = 11.75 and F2,29 = 25.65, respectively, P < 0.01 for both) in 

individual females between the first, control and second, experimental breeding attempt. 

However, these effects were independent of treatment (P > 0.15), and changes in both 

traits were independent of changes in PRL (P  > 0.25), clutch size (P > 0.25), or egg 

mass (P > 0.85) between the two breeding attempts. Contrary to our expectations, there 

were no significant differences in plasma PRL in individual females sampled during their 

bromocriptine-treatment breeding attempt when compared to their control breeding 

attempt (F1,29 = 0.05, P = 0.821). In fact, PRL between the control and bromocriptine 

breeding were repeatable (R = 0.49; 95% CI = 0.222-0.757; P = 0.002). Furthermore, 

PRL levels during the experimental breeding attempt were independent of treatment 
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(F2,31 = 1.44, P = 0.531). Likewise, clutch size did not differ significantly in individual 

females between the first, control and second, experimental breeding attempt (F1,30 = 

3.99, P = 0.055), and there were no effects of bromocriptine treatment on the change in 

clutch size between the two breeding attempts (F2,30 = 2.40, P = 0.108). 

2.3.5. Changes in PRL, LH, and clutch size between control and 
experimental breeding attempts 

Since there was no effect of bromocriptine treatment we pooled all treatment 

groups for the experimental breeding attempt. Again, clutch size was independent of 

plasma PRL for all clutches as well as for those within the normal range only (P > 0.49 

for both; Fig. 2.5). However, individual changes in PRL levels between a females first, 

control and second, experimental breeding attempts were significantly negatively 

correlated with individual changes in clutch size, including (P = 0.031) or excluding two 

influential data points with only a single observation for a given change in clutch size (P 

= 0.041; Fig. 2.6). 

2.4. Discussion 

The objectives of this study were to determine: 1) the relationship between 

measures of condition (i.e. mass, hematocrit) and plasma PRL and LH for pre-breeding 

and breeding individual female zebra finches; 2) the relationship between pre-breeding 

hormones and subsequent clutch size, and; 3) the relationship between plasma PRL and 

LH and clutch size at the putative time of clutch size determination, for both control and 

experimental breeding attempts. We found no effect of pre-breeding PRL or LH on 

subsequent clutch size, however pre-breeding LH was negatively correlated with the 

time between pairing and the onset of laying. We also found no evidence for an inverse 

relationship between plasma PRL and plasma LH levels which would have been 

consistent with an inhibitory effect of PRL on LH. In contrast to previous studies 

(Badyaev and Duckworth 2005; Reddy et al. 2007) we observed no effect of 

bromocriptine on PRL. Nonetheless, and most importantly, we found no evidence to 

support a causal relationship between breeding plasma PRL levels and clutch size in 

two separate breeding attempts (the control breeding and the experimental, 
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bromocriptine breeding). Naturally occurring individual changes in plasma PRL between 

one breeding attempt and the next were however associated with individual changes in 

clutch size. These latter data support individually variable thresholds for an inhibitory 

effect of PRL on clutch size determination, though not via inhibitory effects on plasma 

LH. 

2.4.1. Relationships between pre-breeding PRL, LH and measures 
of body condition 

We first examined pre-breeding PRL and LH and condition-related traits (e.g. 

body mass, hematocrit) to test the hypothesis that individual variability in these 

characteristics could be predictive of subsequent reproductive performance (Chastel et 

al. 2003; Ouyang et al. 2011; Crossin et al. 2012). We did find a positive and significant 

relationship between pre-breeding hematocrit and PRL, however we observed no 

relationship between pre-breeding body mass and pre-breeding PRL or LH, nor any 

relationship between pre-breeding hematocrit and LH. We also found no effect of pre-

breeding mass, hematocrit, PRL or LH on subsequent clutch size. These results do not 

support the hypothesis that plasma PRL or LH prior to breeding provide an early 

‘window’ into subsequent reproductive performance, at least in the form of clutch size 

(but see “reproductive readiness”, below).   

Plasma PRL and LH were significantly, positively correlated in pre-breeding 

female zebra finches. This contrasts with results from some studies, mostly in breeding 

poultry, demonstrating an inhibitory effect of PRL on LH hormone titres or LH mRNA 

expression (Rozenboim et al. 1993; You et al. 1995). However, our results in pre-

breeding females, where PRL levels are relatively low, are consistent with growing 

evidence that PRL can have both inhibitory and stimulatory effects on gonadal function, 

depending on reproductive state and PRL concentration (Maney et al. 1999; Hrabia et al. 

2004; Small et al. 2007; Li et al. 2011). The origin of the positive correlation between 

PRL and LH is not obvious; LH activates the reproductive axis and steroidogenesis, and 

steroid hormones can stimulate PRL secretion (El Halawani et al. 1983; Mauro et al. 

1992). However, since non-photoperiodic cues (e.g. social stimuli) likely contribute to 

variation in pre-breeding LH levels in opportunistically breeding species like the zebra 

finch (e.g. Maney et al. 1999; Small et al. 2007; Perfito et al. 2007), pre-breeding LH and 
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PRL may reflect individual differences in the relative activation of the reproductive axis 

prior to actual onset of egg-laying, i.e. individual ‘reproductive readiness’. 

2.4.2. Relationships between pre-breeding PRL, LH, and 
reproductive traits 

Individual differences in reproductive readiness are supported in our study by the 

link between pre-breeding LH levels and the interval between pairing and laying. 

Females with relatively high pre-breeding LH were the quickest to initiate laying. 

Presumably, variability in pre-breeding LH is indicative of the differences in the 

developmental state of the ovary and nascent follicles, a suggestion supported by other 

work in captive pre-breeding zebra finches (see Fig. 4 in Perfito 2010). The finding that 

not all females are in a homogeneous pre-breeding state is of critical importance to 

laboratory studies of reproductive behaviour, particularly those involving the timing of 

breeding or response to mating stimuli (Perfito 2010). In contrast to LH, pre-breeding 

PRL was not predictive of the interval between pairing and laying, contrary to previous 

work in free-living House Sparrows (Passer domesticus), in which females with high PRL 

prior to breeding laid their first egg sooner (Ouyang et al. 2011). However, as in our 

study, Schaper et al. (2012) also failed to detect any relationship between pre-breeding 

PRL and readiness to lay under controlled laboratory conditions, suggesting an 

independent role for photoperiod on PRL and activation of the reproductive-axis, 

possibly via independent control of PRL and LH secretion.  

A key component of the PRL-based model for clutch size determination is that 

PRL exerts anti-gonadal effects indirectly via the inhibition of LH expression at the level 

of the pituitary (Lea et al. 1981; Sockman et al. 2006). This component of the model 

predicts an inverse relationship between these hormones, at least at the time of clutch 

size determination. We were able to examine the relationship between these two 

hormones, and how they changed over time, by tracking individual hormonal profiles 

through the transition between pre-breeding and breeding states. Breeding LH levels 

were moderately though significantly higher than pre-breeding levels, and were 

repeatable between pre-breeding and breeding LH. In contrast, PRL rose dramatically 

(as high as 27 fold) between pre-breeding and egg day 3, and PRL levels on egg day 3 

were independent of pre-breeding PRL. Although LH levels on day three were probably 
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beginning to decline (based on rapid decreases in estradiol around this time; Williams et 

al. 2005), our data still suggest an uncoupling of the positive correlation between PRL 

and LH that we observed in pre-breeding females. An uncoupling of these two hormones 

over time does not support the idea of an systemic inhibitory effect of PRL on LH, since 

in our study both hormones increase with breeding, yet vary independently between pre-

breeding and breeding states. Accordingly, we also found no significant relationship 

between breeding levels of PRL and LH. Furthermore, while experimental bromocriptine 

treatment had no effect on circulating PRL (discussed below), we also found no 

evidence for an inhibitory effect of PRL on LH in our experimental breeding. Though 

correlational, the lack of empirical support for an inhibitory effect of PRL on LH in this 

study, as well as in other passerines (Meier and Dusseau 1968; Buntin et al. 1999; Small 

et al. 2007), raises questions about the universality of the PRL-dependant control of LH 

in the current mechanistic hypothesis, and its applicability in this taxon.  

2.4.3. Effect of bromocriptine on PRL levels  

In contrast to previous studies on mammals (Palestine et al. 1987; Bridges and 

Ronsheim 1990) and birds (Jouventin and Mauget 1996; Angelier et al. 2006; Reddy et 

al. 2007) we found that bromocriptine treatment had no effect on circulating PRL levels 

in zebra finches for either the low or high dose groups, nor did we observe a treatment 

effect on clutch size between the control and experimental breeding. While a range of 

bromocriptine doses have been employed in birds, from as low as 14 µg·kg-1·day-1 

(Reddy et al. 2007) to as high as 10,000 µg·kg-1·day-1 (Badyaev and Duckworth 2005), 

our doses (low: 333 µg·kg-1·day-1; high: 3,333 µg·kg-1·day-1) are comparable to those 

successfully employed in other avian studies (Jouventin and Mauget 1996: 4,167 µg·kg-

1·day-1; Angelier et al. 2006: 1,500 µg·kg-1·day-1) and commonly used in mammals 

(Palestine et al. 1987: 1,800 µg·kg-1·day-1; Bridges and Ronsheim 1990: 4,000 µg·kg-

1·day-1). The reason for the failure of bromocriptine to effect PRL levels in our study is 

not clear, but is not restricted to T. guttata (e.g. bromocriptine had no effect on PRL in 

Rissa tridactyla; F. Angelier, pers. comm.). Nonetheless, several factors could explain 

differences in responsivity to bromocriptine among different avian species. PRL 

secretion from avian lactotrophs is predominantly under the stimulatory control of 

vasointestinal peptide (VIP; Sharp et al. 1998), with inhibitory type-2 dopamine (D2) 
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receptors (the target for bromocriptine) only identified on PRL-secreting lactotrophs in 

turkeys (Al Kahtane et al. 2003). Thus, the extent to which dopamine (DA) inhibits avian 

PRL secretion more generally is unknown. Indeed, intra-specific polymorphisms in the 

promoter region of the PRL gene suggest variability in the regulatory control of PRL 

gene expression (Zadworny et al. 2002; Cui et al. 2006; Hiyama et al. 2009b).  

Polymorphisms in the D2 receptor itself have been linked to variation in incubation 

behaviour, and could further alter the inhibitory capacity of the D2 receptor on PRL gene 

expression (Chaiseha et al. 2003; Xu et al. 2010). Inter-specific differences in VIP gene 

sequence with the capacity to affect the regulatory control of PRL have also been 

described (Hiyama et al. 2009a). Cumulatively, this genetic variability could underlie 

individual differences in the inhibitory role of the D2 receptor in PRL secretion, and could 

explain intra- or inter-specific variability in the efficacy of bromocriptine at suppressing 

PRL secretion in birds.  

2.4.4. PRL, LH and reproductive traits for control and 
bromocriptine breeding attempts 

The PRL-based mechanism for clutch size determination predicts a clear 

negative relationship between these two traits, i.e. females with higher circulating PRL 

early during laying should lay smaller clutches, due to the earlier and/or greater inhibitory 

effect of elevated plasma PRL (Sockman et al. 2000). We found that breeding PRL 

levels during what is believed to be a critical period in the clutch size determination in the 

zebra finch were not associated with differences in clutch size. These data suggest that 

absolute circulating PRL levels at the time when follicular inhibition is thought to occur in 

this species (Haywood 1993) are not by themselves sufficient to explain variation in 

clutch size. This conclusion is supported by the results of our bromocriptine experiment. 

Although there were no treatment effects of bromocriptine on PRL, results for this 

breeding mirrored those of the unmanipulated breeding; there was no significant 

relationship between experimental breeding PRL and clutch size. In the experimental 

(i.e. bromocriptine) breeding, the one female who laid an atypically large clutch (10 eggs, 

for the second time) displayed PRL levels that were no different from females laying 

other clutch sizes, again supporting the conclusion that absolute PRL levels themselves 

do not play a role in determining clutch size in this species.  
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2.4.5. Potential sources of individual variability in PRL-based 
regulation of clutch size 

The current model for clutch size determination has focused on an inhibitory role 

for circulating plasma PRL early on during laying (Haywood 1993; Sockman et al. 2000), 

yet our results suggest that individual variation in absolute plasma PRL is not involved 

clutch size determination. We found no relationship between clutch size and pre-

breeding or breeding PRL, nor any evidence for an inhibitory effect of PRL on LH. While 

we observed no effect of bromocriptine on PRL, the lack of support for the mechanistic 

model observed in our first study was corroborated in the experimental breeding attempt. 

Given our sample sizes and the range of clutch sizes, as well as the tightly controlled 

diet, photoperiod, age and reproductive history of the individuals included in the study, 

we believe our study provides a robust test of the PRL-based model for clutch size 

determination, whereby circulating PRL provides the regulatory control. Alternative 

mechanisms, still involving PRL, are still worth considering. Absolute hormone levels 

taken at a single time point may not adequately reflect the complexity of endocrine 

networks (Breuner and Orchinik 2002; Aderem 2005; Hau et al. 2011). Differential PRL 

receptor expression among individuals, polymorphisms in gene and receptor, tissue 

specific-receptor expression, binding proteins, and post-translational modifications (e.g. 

glycosylation and phosphorylation) could all affect the biological activity and effects of 

PRL at a given plasma concentration (Zadworny et al. 2002). Several of these sources 

of variability have been described in the PRL gene itself (Kansaku et al. 2008; Jiang et 

al. 2009; Hiyama et al. 2009b; Bhattacharya et al. 2011), its receptor (Ohkubo et al. 

1998; Leclerc et al. 2007), or its regulators (Chaiseha et al. 2003; Hiyama et al. 2009a; 

Xu et al. 2010). As yet, few studies in avian endocrinology, and none examining avian 

clutch size determination, account for these potential complexities in endocrinological 

systems (Aderem 2005). Yet we expect many differences, such as gene and receptor 

polymorphisms, to show greater variation between rather than within individuals.  

2.4.6. Individual changes in PRL, LH, and clutch size between 
control and experimental breeding attempts 

While the PRL-based mechanism for clutch size determination does not appear 

to involve a constant threshold at the scale of the population (i.e. that some absolute 
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PRL level terminates laying), individual differences in either the rate of increase (slope) 

or in the inhibitory threshold (relative PRL level for inhibition for a given breeding 

attempt) remain plausible alternatives to, or modifications of, the mechanistic model in its 

current form (Meijer et al. 1990; Williams 2012b, p. 186). Using data from our two 

breeding events, we were able to examine changes in PRL relative to changes in clutch 

size, giving us insights into individual co-variability in these two traits. We observed a 

significant association between changes in PRL and changes in clutch size. Females 

whose PRL levels rose from one breeding event to the next were likely to decrease the 

size of clutch they laid, in contrast to females whose PRL levels fell (who increased the 

size of clutch they laid). Since the changes in PRL between breeding attempts were not 

associated with changes in LH, nor were changes in LH associated changes in clutch 

size, neither PRL nor clutch size appear to be related through the upper levels of the 

HPG-axis. The broader implications of these results are not clear, but may imply 

downstream regulatory effects of PRL (e.g. at the level of the ovary). Although 

speculative, this hypothesis is supported by work demonstrating the presence of PRL 

receptors in ovarian follicles (Ohkubo et al. 1998), which can directly inhibit the effects of 

follicle-stimulating hormone (FSH) and LH on, as well as estrogen and progesterone 

secretion from, the avian ovary (Li and Yang 1995; Hrabia et al. 2004).  

2.4.7. Conclusions 

In conclusion, studying avian clutch size determination by looking at individual 

co-variation in PRL and egg number may suggest more biologically-relevant alternatives 

to the mechanistic hypothesis in its current form, a hypothesis we found no support for in 

this study. Further experimental work successfully uncoupling PRL from clutch size 

would help reinforce this conclusion. If the hormonal regulatory control of clutch size is 

superimposed upon individual variation in downstream effectors (e.g. receptor 

expression in the ovary), repeated measurements of individuals through time, as 

conducted in this study, have the benefit of eliminating at least a portion these potentially 

confounding effects.  
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2.6. Figures 

 

Figure 2.1. Relationship (and least squares line) between pre-breeding log 
prolactin (PRL) and pre-breeding log luteinizing hormone. 
Correlation between these two traits was significant (F2,54 = 7.10, P = 
0.010, ANCOVA model including hematocrit). 
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Figure 2.2. Relationship between pre-breeding luteinizing hormone (LH) and the 
interval between pairing and the first egg in subsequent pairing. 
Females were paired roughly two weeks following pre-breeding 
blood sampling, and the relationship between log LH and log laying 
interval was significant (F2,24 = 6.67, P = 0.003), controlling for the 
time between blood sampling and pairing.  
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Figure 2.3. Pre-breeding prolactin (PRL) in female zebra finches by the number 
of eggs laid when breeding (approximately two weeks later). Clutch 
sizes larger than those typically observed in the wild are noted as 
“atypical”, and the number of females laying a given clutch size are 
indicated in blue. There were no significant differences in pre-
breeding log PRL over all observed or normal clutch sizes only. 
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Figure 2.4. Breeding prolactin (PRL) in the plasma breeding zebra finch females 
on the day the third egg was laid. Clutch sizes larger than those 
typically observed in the wild are noted as “atypical”, and clutches 
sharing the same (red) letters were not significantly different in 
generalized linear regression (quasipoisson family, logit link). The 
number of females laying a given clutch size are indicated in blue. 
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Figure 2.5. Breeding prolactin (PRL) in the plasma breeding zebra finch females 
on the day the third egg was laid during experimental breeding. 
Females received one of two doses of bromocriptine, or vehicle 
only. Treatment had no effect on log PRL, nor were there any 
significant differences in log PRL associated with different clutch 
sizes. Clutch sizes larger than those typically observed in the wild 
are noted as “atypical” and the number of females laying a given 
clutch size are indicated in blue. 
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Figure 2.6. Change in breeding prolactin (PRL) and clutch size between control 
and experimental breeding attempts. The relationship between these 
two traits was significant including (P = 0.031) or excluding (P = 
0.041) the two clutches for which there were only one observation 
(decreases in four and two eggs). 
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3.1. Introduction 

Clutch size is among the most important contributors to avian lifetime 

reproductive success, and sets the upper limit on the number of young that can be 

successfully fledged in any given reproductive event (Rockwell et al. 1987; McCleery et 

al. 2004; Charmantier et al. 2006). Geographical, temporal, and phylogenetic patterns, 

as well as sources of individual variability in avian clutch size, have been of great 

interest to both evolutionary biologists and ecologists. Yet study has focused largely on 

the selective forces that constrain and shape optimal clutch size (e.g. Lack 1947; 

Williams 1966; Charnov and Krebs 1974; Pettifor et al. 1988; Rowe et al. 1994; Nager et 

al. 2000; Martin et al. 2006; Ricklefs 2010), and the social and ecological cues involved 

in individually fine-tuning that investment under varying conditions (e.g. Lack 1947; 

Bolton et al. 1993; Williams and Miller 2003; Travers et al. 2010; Zanette et al. 2011; 

Decker et al. 2012). While progress has been made in these other fields, the 

physiological and hormonal mechanisms underpinning clutch size determination remain 

poorly understood (Klomp 1970; Sockman et al. 2006; Williams 2012).  

The only physiological or mechanistic hypothesis for avian clutch size 

determination involves an anti-gonadal effect of prolactin (PRL), a peptide hormone that 

stimulates, and is stimulated by, incubation behaviour (El Halawani et al. 1984; March et 

al. 1994; Delehanty et al. 1997) and chick rearing (O’Dwyer et al. 2006; Angelier and 

Chastel 2009; Miller et al. 2009). This hypothesis is built around a number of well-

supported observations, namely: a) a close temporal association between the 

development of incubation behaviour and the cessation of laying (Lea et al. 1981; 

Haftorn 1981); b) a positive feedback loop between the development of incubation 

behaviour, tactile stimulation from the eggs, and plasma PRL levels (Lea et al. 1981; El 

Halawani et al. 1984), and; c) a seasonal increase in the rate of incubation onset and 

plasma PRL during laying, and a seasonal decline in clutch size (Meijer et al. 1990; Flint 

et al. 2006). Collectively, these observations provide support for a mechanistic model 

whereby PRL regulates clutch size, and is itself mediated through seasonal changes in 

PRL and the onset of incubation behaviour (Murton and Westwood 1977; Haftorn 1981; 

Meijer et al. 1990; Haywood 1993a; Sockman et al. 2006). Unfortunately, much of the 

data supporting a mechanistic role for PRL in clutch size determination has been derived 
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from correlational studies, which rely heavily on broad temporal associations between 

incubation, clutch size, and changes in circulating PRL rather than direct experimental 

support. The other component of the PRL-based mechanistic model for clutch size 

determination involves an anti-gonadal effect of PRL, potentially via inhibition of 

luteinizing hormone (LH), yet evidence for this effect in vivo is lacking. Potential indirect 

anti-gonadal effects of PRL via LH have been demonstrated in in vitro assays in poultry 

(El Halawani et al. 1984; Rozenboim et al. 1993; You et al. 1995), and are supported by 

evidence for anti-gonadal effects of PRL in vivo in some species (Bailey 1950; Meier 

1969; Reddy et al. 2007), but not others (Meier and Dusseau 1968; Lea et al. 1991; 

Buntin et al. 1999; Small et al. 2007; Ryan et al., In prep). Therefore, whether or not 

experimentally manipulated PRL levels, let alone natural individual variation in PRL, 

have the capacity to inhibit or disrupt follicle growth and directly affect clutch size has not 

yet been demonstrated. 

Experimental work directly examining the role of PRL in clutch size determination 

in non-domesticated species laying discrete clutches (i.e. retaining cyclic reproduction 

characteristic of wild birds) is limited to two studies (Sockman et al. 2000; Ryan et al. In 

prep). In one study, Sockman and colleagues (2000) found weak support for a negative 

association between clutch size and PRL at the time when follicular inhibition putatively 

occurs. However, PRL manipulations using ovine-PRL osmotic minipumps were 

unsuccessful and were not associated with changes in clutch size (Sockman et al. 

2000). A more recent study in captive-breeding zebra finches (Taeniopygia guttata) also 

found no support for a relationship between plasma PRL (measured at day 3 of egg-

laying) and clutch size, nor was there evidence for an inhibitory, anti-gonadal, effect of 

PRL on LH (Ryan et al. In prep). However, in the latter study, pharmacological 

suppression of PRL using bromocriptine was unsuccessful, so experimental evidence for 

or against the PRL-based mechanism for clutch size determination is still lacking.  

In this study we take a complimentary approach to that reported in Ryan et al. (In 

prep.). To experimentally test predictions of the PRL-based mechanism for clutch size 

determination in zebra finches (Taeniopygia guttata), we used egg-removal to increase 

clutch size and assessed whether circulating PRL and LH levels (i.e. the hormones 

putatively mediating clutch size) responded to this experimental manipulation. Based on 

the current mechanistic model for clutch size determination (reviewed in Sockman et al. 



 

44 

2006), we had a series of a priori predictions. We predicted: a) that egg-removal females 

would have lower plasma PRL and higher LH early in laying (the day the 3rd egg is laid), 

given that egg-removal increases clutch size and that the signal inhibiting follicle growth 

in T. guttata is postulated to occur invariably at this time (Haywood 1993c), and; b) a 

negative relationship between plasma PRL on egg day 3 and final clutch size, regardless 

of individual variation in response to egg removal (Williams & Miller 2003), again based 

on the temporally invariable inhibition of clutch size. If, contrary to Haywood (1993c) the 

inhibitory signal for clutch size determination in zebra finches varies temporally as in 

other species (e.g. Parus caeruleus; Haywood 1993b), we considered the possibility that 

egg removal could be delaying the timing of follicular inhibition. Under this scenario, we 

alternatively predicted: c) a negative relationship between plasma PRL at later time 

points (egg days 10 or 17) and clutch size, for females who responded to egg removal 

by laying very large clutches.  

These predictions are based on absolute PRL levels at a single time point (either 

egg day 3, or for females who continued laying, egg days 10 and 17). However, for 

females with multiple PRL measurements, we predicted that females with the most rapid 

increase in plasma PRL would reach a ‘threshold’ level for follicular inhibition sooner 

(Williams 2012) and so would lay fewer additional eggs compared to other females 

within the same range of clutch size. In other words, we predicted that a female with a 

rapid increase in PRL between the 3rd and 10th egg would lay fewer additional eggs 

compared to a female with a relatively gradual increase in PRL during this same time, 

even though clutches greater than 10 eggs exceed those normally observed in the wild 

(2-7 eggs; Zann 1996). Finally, since we had breeding data for all females for a pre-

treatment clutch before the egg removal experiment, we were able to test similar 

predictions about changes in PRL and clutch size within individual females across the 

two breeding attempts. Thus, our repeated-measures experimental design allowed us to 

analyze individual variability and plasticity in hormone-trait (i.e. PRL-clutch size) 

relationships across time or experimental conditions, i.e. to consider physiological data 

from the ‘reaction norm’ perspective more commonly employed in ecological studies 

(Nussey et al. 2007; Williams 2008). 
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3.2. Methods and Materials 

3.2.1. Animal care and breeding protocol 

Zebra finches were maintained in controlled environmental conditions 

(temperature 19–23C; humidity 35–55%; constant light schedule, 14 L:10 D, lights on at 

07.00). All birds were provided with a mixed seed diet (Panicum and white millet, 1:1, 

11.7% protein, 0.6% lipid and 84.3% carbohydrate by dry mass), water, grit and 

cuttlefish bone (calcium) ad libitum, and received a multi-vitamin supplement in the 

drinking water once per week. Breeding pairs were also provided with 6 g/pair per day of 

an egg food supplement (20.3% protein, 6.6% lipid) between pairing and clutch 

completion. Prior to the experiment, all birds were housed in same-sex cages (61cm x 

46cm x 41cm) but were not visually or acoustically isolated from the opposite sex. At the 

beginning of the experiment, all individuals were 4-10 months of age, had been 

successfully bred at least once, and were always paired with the same individual of the 

opposite sex to minimize variation in investment based on perceived mate quality. As far 

as possible, the same individuals were used for both breeding events, so that intra-

individual comparisons (i.e. reaction norms) could be made between the ‘Pre-treatment’ 

and ‘Treatment’ breeding events. Breeding pairs were housed individually in cages 

(61cm x 46 cm x 41 cm), each with an external nest-box (11.5cm x 11.5cm x 11.5cm). 

Females were weighed (± 0.1 g, initial mass) at the time of pairing, just prior to blood 

sampling, and at clutch completion. Nest-boxes were checked daily between 09.30 and 

11.30 and all new eggs were weighed (to 0.001 g) and numbered to obtain data on egg 

size, clutch size and laying interval (the time between pairing and laying of the first egg).  

3.2.2. Experimental Protocol 

During the ‘Pre-treatment’ breeding, eggs were immediately returned to the nest 

in which they were laid after measurement (i.e. there was no egg removal). For the 

subsequent ‘Treatment’ breeding, females were assigned either to ‘Egg-removal’ or 

‘Untreated control’ groups (Fig. 3.1). For egg removal females, eggs 1 through 14 were 

removed from the nest as they were laid and were not returned, to induce continued 

laying. To look at the effect of egg contact after continued laying, eggs 15 and onwards 

for Egg-removal females were no longer removed, but were allowed to accumulate 
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normally in the nest until clutch completion (Fig. 3.1). For untreated control females in 

the Treatment breeding, eggs were immediately returned to the nest in which they were 

laid after weighing (as for Pre-treatment clutches). For both treatment groups and 

breeding attempts, a clutch was considered complete when no additional eggs were 

produced over two consecutive days. At clutch completion, individuals were returned to 

same-sex holding cages for a recovery period of at least three weeks before repairing. 

Experiments and animal husbandry were carried out under a Simon Fraser University 

Animal Care Committee permit (no. 901B 94), in accordance with guidelines from the 

Canadian Committee on Animal Care (CCAC). 

3.2.3. Hormone assays 

For the Pre-treatment breeding, all females were blood sampled (≤200 µL, from 

the brachial vein) on the day the 3rd egg was laid. Egg day 3 was selected based the 

experimental work which links the physiological mechanism for clutch size determination 

in zebra finches invariably with the timing of the 3rd laid egg (Haywood 1993b; see 

Discussion). Blood samples were also taken on the day the 3rd egg was laid for both 

Egg-removal females and controls in the Treatment breeding. For the Treatment 

breeding, extending the laying period using egg removal allowed us to take additional 

blood samples from Egg-removal on the days the 10th and 17th eggs were laid or at 

clutch completion if this occurred within one day of the 10th or 17th egg. For Egg-removal 

females, all three blood samples were separated by roughly 7 day intervals, and allowed 

us to look at PRL and LH levels in the absence of eggs in the nest within normal (2-7 

eggs) and supra-normal clutch size (10 eggs). By leaving the 15th, 16th, and 17th eggs, 

and blood sampling on egg day 17, we were also able to look at PRL and LH well-

beyond the normal clutch size, but still with only 3 eggs physically present in the nest. 

Although our sample sizes were considerably reduced by this time, this last blood 

sample allowed us to make hormone comparisons with Pre-treatment breeding and 

control females (when three eggs had also accumulated in the nest). Blood sampling 

was carried out between 1130 and 1330, predicted to be the exact window of time where 

follicular inhibition occurs (Haywood 1993c), and to minimize circadian fluctuations in 

hormone levels. Blood was thereafter centrifuged at 13,000 rpm for 5 minutes, and 

plasma was stored at –20°C until required for hormone assays. 
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Plasma immunoreactive prolactin (PRL) was determined using a 

radioimmunoassay for recombinant-derived Starling (Sturnus vulgaris) PRL described by 

Bentley et al. (1997). Samples were measured in duplicate in a single assay, diluted 1 in 

3. The sensitivity of the assay, determined to be the estimated concentration two 

standard deviations above the mean counts per minute of the lowest standard, was 

7.779 ng·mL-1, after correcting for dilution. Samples with concentrations below this value 

were not included in analyses. The intra-assay coefficient of variation of this assay was 

6.5%, and serial dilution of individual samples ran parallel along the standard curve 

within the range assayed. Luteinizing hormone (LH) was measured using a micro-

modified version of a previously described radioimmunoassay (Sharp et al. 1987). 

Samples were run in a single assay, in duplicate when sample volume permitted (>90% 

of all samples), diluted 1 in 2.3 in radioimmunoassay (RIA) buffer. Assay sensitivity was 

determined as described above, with a lower limit of 0.087ng·mL-1, after correcting for 

dilution. Samples with concentrations below this value were not included in analyses. 

The intra-assay coefficient of variation for this assay was 6.4% for a high value pool and 

8.1% for a low value pool, and a curve generated by serial dilution of Zebra finch plasma 

ran parallel to the standard curve within the range assayed. 

3.2.4. Statistical analyses 

Data were first examined for normality, outliers, collinearity and interactions 

between explanatory variables (Zuur et al. 2010). Only LH showed deviations from 

normality, which was corrected by log transformation. Since there were no statistical 

differences in the results found using mass alone or the residuals of a regression of 

mass by tarsus, mass alone was used as a covariate in all relevant analyses. Simple 

comparisons (excluding clutch size; see below) were conducted using ANOVA or 

ordinary least squares regression. For repeated measures analysis we used linear 

mixed effects models with individual female as a random factor using the statistical 

package ‘nlme’ in R 2.12.2 (R Core Development Team 2011; Pinheiro et al. 2011). Pre-

treatment breeding sample size was 44 pairs, while Treatment breeding sample size 

was 39 pairs (27 egg removal pairs; 12 control pairs). In both the Pre-treatment and 

Treatment breeding attempts, a subset of females were not available or failed to breed, 

laid fewer than 3 eggs (i.e. no hormone values for egg day three), did not provide 
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sufficient plasma for both hormone assays, or had hormone values below the detection 

limit (described above). Also, since individual response to egg removal treatment 

differed, only a subset of females who laid more than 3 eggs were still laying for the egg 

10 blood sample, and only a subset who laid more than 10 eggs were still laying for the 

17 egg blood sample. As a result, model degrees of freedom vary, particularly for 

between treatment comparisons. 

Since clutch size is a discrete count variable, all analyses of this trait were 

conducted using generalized linear or generalized linear mixed effects models, with 

quasipoisson family to account for underdispersion (R package “glmmPQL”; Fox and 

Weisberg 2011). Analyses of egg mass were conducted on mean egg mass per clutch. 

Analyses were always followed with standard model validation procedures to test the 

assumptions of the test employed. Data points with high leverage and Cook’s distance 

(greater than 4/n) were considered influential, and outputs are presented for models 

including and excluding these points for transparency. Repeatability was calculated 

using methods previously described (Lessells and Boag 1987). 

3.3. Results 

Mass at pairing increased from 14.62 ± 0.20 g to 15.32 ± 0.16 g (P < 0.001) and 

laying interval decreased from 5.9 ± 1.1 days to 4.1 ± 1.1 days (P < 0.001) between Pre-

treatment and Treatment breeding attempts. However, there were no differences in 

these traits for females assigned to Egg-removal or Control treatments for either the Pre-

treatment or Treatment breeding attempts (P > 0.15). There was also no difference 

between Egg-removal and Control females in Pre-treatment clutch size (P > 0.50).  

3.3.1. Effect of egg removal on clutch size 

In the Treatment breeding, Egg-removal females laid significantly larger clutches 

than Control females (P < 0.001). Between the Pre-treatment breeding and Treatment 

breeding attempts, Egg-removal females increased their clutch size significantly from 5.3 

± 0.7 eggs to 13.2 ±1.9 eggs (F1,24 = 72.78, P < 0.001; Fig. 3.2), whereas Control 

females did not (5.9 ±0.6 eggs to 5.6 ± 0.7 eggs, respectively; F1,11 = 0.43, P > 0.5; Fig. 
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3.2). There was marked individual variation in changes in clutch size in response to egg 

removal: females laid from 3 fewer to 15 additional eggs during their Treatment clutch 

compared with their Pre-treatment clutch (Fig. 3.2). Change in clutch size in Control 

females varied from 3 fewer to 1 additional egg (Fig. 3.2). Variation in Treatment clutch 

size in Egg-removal females was dependent on Pre-treatment clutch size and egg mass. 

Females who laid the largest clutches (F1,23 = 4.80, P = 0.039) and who had largest 

mean egg mass (F1,23 = 8.96, P < 0.001) during the Pre-treatment breeding went on to 

lay the largest clutches in response to egg removal. To investigate potential effects of 

differences in ‘quality’ or efficiency in reproductive investment, we examined changes in 

mass between pairing and laying. Mass at pairing was significantly correlated with 

changes in mass between pairing and clutch completion for both Pre-treatment and 

Treatment breeding attempts, i.e. heavier females lost the most weight throughout laying 

(F1,39 = 21.88 and F1,34 = 18.62 , both P < 0.001). However, for both Pre-treatment and 

Treatment breeding attempts, mass loss was independent of treatment (F2,33 = 0.56 and 

F2,33 = 4.03; P > 0.05 for both) and final clutch size (F2,38 = 0.01 and F2,33 = 0.49; P > 0.4) 

after controlling for mass at pairing.  

3.3.2. Effect of egg removal on PRL and LH early in laying 

There were no significant differences in day 3 plasma PRL between Egg-removal 

and Control females for either the Pre-treatment (F1,32 < 0.01, P = 0.978) or the 

Treatment breeding attempts (F1,30 = 1.29, P = 0.265). Standard model validation 

procedures of the analysis examining treatment (egg-removal versus control), breeding 

attempt (Pre-treatment versus Treatment), and the interaction between them revealed 

one particularly low PRL value for a Control female in the Pre-treatment breeding to be 

highly influential on the outcome of the model (grey dashed-line; Fig. 3.3). PRL 

decreased significantly between Pre-treatment and Treatment breeding attempts (from 

204.5 ± 5.6 ng⋅mL-1 to 165.7 ± 8.2 ng⋅mL-1; F1,27 = 33.19, P < 0.001; Fig. 3.3), but there 

was no significant treatment by breeding attempt interaction after removing this high 

leverage data point (F1,27 = 0.70, P = 0.41). There were no significant differences in day 

3 plasma LH between Egg-removal and Control females for either the Pre-treatment 

(F1,21 = 1.97, P = 0.175) or the Treatment breeding attempts (F1,27 = 1.88, P = 0.181). LH 

did not significantly change between the Pre-treatment and Treatment breeding 
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attempts, nor was there a significant treatment by breeding attempt interaction (F1,21 = 

1.62, P = 0.217). 

3.3.3. Relationship between PRL, LH, and final clutch size with 
extended laying 

In the Treatment (egg removal) experiment, final clutch size was independent of 

day 3 PRL (controlling for treatment type; ANCOVA: F2,29 = 0.46; P = 0.50; Fig. 3.4) and 

LH (F2,26 = 0.17; P = 0.708). For Egg-removal females, final clutch size was also 

independent of plasma PRL on egg days 10 (F1,17 = 1.99; P = 0.18 ) and egg days 17 

(F1,7 = 3.27; P = 0.114). Final clutch size was also independent of LH on days 10 (F1,14 = 

1.31; P = 0.27) and 17 (F1,6 = 1.01; P = 0.353). During the Treatment breeding, 

circulating PRL increased in Egg-removal females between egg days 3 (158.5 

±9.0ng⋅mL-1) and 10 (183.2 ± 8.8 ng⋅mL-1; F1,16 = 5.50; P = 0.032), and egg days 10 and 

17 (213.7 ± 11.3 ng⋅mL-1; F1,8 = 16.40; P = 0.004; Fig. 3.5). Plasma PRL concentrations 

between days 3 and 10 of egg removal were positively correlated (F1,15 = 7.77; r2 = 0.30; 

P = 0.014; Fig. 3.5), but there was no intra-individual correlation in PRL levels between 

days 10 and 17 or between days 3 and 17 (F1,6 = 1.50  and F1,7 = 2.08; P > 0.10 for both; 

Fig. 3.5). In contrast to plasma PRL, plasma LH on egg day 17 (0.27 ± 0.08 ng⋅mL-1) 

was significantly lower than on egg days 3 (0.48 ± 0.07 ng⋅mL-1; F1,7 = 15.83; P = 0.005) 

and 10 (0.52 ± 0.08 ng⋅mL-1; F1,6 = 7.71; P = 0.032) for egg removal females. Plasma LH 

levels were not correlated between days 3 and 10 (F1,12 = 1.05, P = 0.326), or 10 and 17 

(F1,6 = 4.21, P = 0.086). There were no significant correlations between plasma PRL and 

plasma LH concentrations for day 3, 10 or 17 for either Egg-removal or Control females 

(P > 0.3 for all). 

3.3.4. Relationship between changes in PRL and LH during 
extended laying and final clutch size 

To investigate relationships between individual rate of change in plasma PRL 

within the Treatment breeding and its relationship to final clutch size, we calculated 

individual slopes from the difference in PRL between egg days 3 and 10 and egg days 

10 and 17 (see Fig. 3.5). Final clutch size was independent of the change in plasma PRL 

between the two time points nearest to clutch completion (days 3 to 10 or 10 to 17; F1,15 
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= 0.45; P > 0.5). Final treatment clutch size was also independent of the change in 

plasma LH between these same two time points (days 3 to 10 or 10 to 17; F1,14 = 0.346; 

P > 0.5). Furthermore, there were no significant correlations between the magnitude and 

direction of change in PRL and the magnitude and direction of change in LH between 

days 3 and 10 or 10 and 17 (using the value for the slope closest to clutch completion; 

F1,15 = 0.54, P = 0.472). 

3.3.5. Relationship between changes in PRL and LH and changes 
in clutch size between breeding attempts 

Between the Pre-treatment and Treatment breeding, individual variation in the 

magnitude and direction of changes in clutch size were not associated with the 

magnitude and direction in changes in PRL (F1,27 = 0.12; P = 0.730) or LH (F1,21 = 0.92; 

P = 0.348). In other words, changes in these hormones did not correspond to changes in 

clutch size between breeding attempts. There was also no relationship between changes 

in day 3 PRL between the Pre-treatment and Treatment breeding and changes in day 3 

LH during this same time period (F1,21 = 0.01; P = 0.914). While day 3 plasma PRL was 

significantly lower during the Treatment breeding than the Pre-treatment breeding, there 

were no significant differences in PRL on days 10 and 17 of the Treatment breeding 

compared to day 3 of the Pre-treatment breeding (F1,15 = 3.23; P = 0.093 and F1,8 = 3.40; 

P = 0.102). Similarly, LH on egg day 17 of the Treatment clutch was significantly lower 

than egg day 3 for the Pre-treatment clutch (0.51 ± 0.05 ng⋅mL-1; F1,6 = 7.34; P = 0.035). 

3.3.6. PRL and LH and time to clutch completion 

Finally, we analyzed plasma PRL concentration for the blood sample closest to 

the time of clutch completion in relation to subsequent duration of egg laying. There was 

a significant negative relationship between plasma PRL prior to clutch completion and 

the time in days to clutch completion for the Treatment breeding (F1,31 = 4.47, adjusted 

R2 = 0.10, P = 0.043). Looking at treatment groups separately, this relationship remained 

significant for egg removal females (F1,20 = 6.04, adjusted R2 = 0.194, P = 0.023; Fig. 

3.6) but not controls (F1,9 = 0.11, P = 0.746). The relationship between PRL and the time 

in days to clutch completion was also significant for the Pre-treatment breeding, but with 

no significant treatment effect (F2,31 = 5.91, P = 0.021 for days to completion, and F2,31 = 
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0.06, P = 0.81 for treatment). Several females naturally laying large (> 8 egg) clutches in 

the range of those observed in the Treatment breeding had a strong influence on the 

outcome of the Pre-treatment breeding analysis. Plasma LH levels closest to the time to 

clutch completion were not associated with the time in days to clutch completion for the 

Treatment breeding (F1,25 = 0.433, P = 0.516), including when examining each treatment 

group separately (P > 0.4 for both). There was also no relationship between LH and time 

to clutch completion for the Pre-treatment breeding, and no effect of treatment (F2,27 = 

0.077, P = 0.784 for days to completion, and F2,27 = 0.014, P = 0.906 for treatment). 

3.4. Discussion 

The objective of this study was to test experimentally the PRL-based mechanistic 

model for clutch size determination in captive-breeding zebra finches, using an approach 

complimentary to that reported in Ryan et al. (In prep.). Egg removal resulted in 

significantly larger clutch sizes, but with considerable individual variability in response to 

treatment. Despite this, the large variation in manipulated clutch size was not associated 

with significant differences in circulating levels of either PRL or LH, between the Egg-

removal and Control females, at the time when follicular inhibition in zebra finches is 

postulated to occur (day 3 of egg-laying; Haywood 1993c). Individual differences in 

plasma PRL on egg day 3 also did not predict final clutch size, nor did individual PRL on 

days 10 or 17. Plasma PRL concentrations increased, and LH decreased, through 

extended laying, but the individual rate of change in these hormones over time was not 

predictive of final clutch size. Similarly, although circulating PRL decreased in individual 

females between the Pre-treatment and Treatment breeding, this change was not 

associated with individual changes in clutch size. PRL levels at the time closest to clutch 

completion were, however, negatively correlated with the number of laying days 

remaining for all females in the Pre-treatment breeding, and Egg-removal females but 

not controls in the Treatment breeding. 
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3.4.1. Relationship between Treatment breeding PRL, LH and 
clutch size 

Clutch sizes for Egg-removal females were significantly larger than those of 

controls, consistent with previous studies in zebra finches (Haywood 1993c; Williams 

and Miller 2003), validating our experimental approach. In contrast, plasma PRL levels 

on day 3 of the Treatment breeding were not significantly different between Egg-removal 

females and controls, in contrast to predictions of the mechanistic model for clutch size 

determination. Similarly, there was no effect of egg removal on plasma LH at this time. 

Breeding PRL levels are highly variable (Maney et al. 1999; Schaper et al. 2012; Ryan et 

al. In prep; this study), but follicular inhibition controlling clutch size in zebra finches is 

postulated to occur invariably on the day the third egg is laid (Haywood 1993c). 

Nonetheless, in our study PRL on the day the third egg was laid did not explain clutch 

size significantly for egg removal females or controls during the Treatment breeding. 

Moreover, PRL on the days the 10th and 17th eggs were laid also were not associated 

with final clutch size, though the power of our ability to detect effects is reduced for these 

later time points. Similar results were found for LH. In contrast, Millam et al. (1996) 

reported a significant relationship between PRL 17 days into incubation and clutch size 

in canaries, but this time point included values for females who had already completed 

laying (Millam et al. 1996). Since PRL increases rapidly with incubation and clutch 

completion (Sharp et al. 1998), and the only period in which PRL could exert regulatory 

control over clutch size is between the recruitment and ovulation of the last follicle 

(Sockman et al. 2006), females that had already finished laying prior to the 17th day of 

incubation in that study (i.e. smaller clutch sizes) were unnecessarily included in their 

analysis (Millam et al. 1996). Accordingly, PRL during the 2nd, 7th, and 12th days of 

incubation in that study (when all females were still laying) showed no relationship with 

clutch size (Millam et al. 1996). In the current study, all samples were taken from 

females who were still laying, and we similarly found no relationship between PRL and 

clutch size.  
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3.4.2. Relationship between changes in PRL and LH during 
extended laying and final clutch size 

PRL at several time points (days 3, 10 and 17) through laying were not predictive 

of final clutch size. However, individuals can vary in rates of hormonal change in 

response to breeding stimuli. For example, different populations of White-Crowned 

sparrows (Zonotrichia leucophrys) exposed to long-day photoperiodic cues exhibit 

marked individual variation in the rate of development of the brood patch and ovaries 

(Lewis 1975) and the rate of increases in plasma LH (Wingfield et al. 1980). Similar 

individual variability in our captive-breeding zebra finches is supported by the variability 

in the interval between pairing and laying the first egg and its hormonal correlates (Ryan 

et al. In prep). Indeed, such ‘fluctuating signals’ could be informative in and of 

themselves (Williams 2008), particularly if they follow a predictable pattern. While all 

plasma samples were taken at the same time of day to minimize circadian fluctuations, 

we considered individual differences in the rate of change in PRL and LH between egg 

days 3 and 10 or 10 and 17 to study these potentially informative fluctuating signals. We 

predicted that the steepest increase in PRL would be associated with a rapid attainment 

of the critical inhibitory threshold value for PRL (Sockman et al. 2006), and the fewest 

additional eggs laid after that point. Nonetheless, we observed no significant association 

between rate of PRL increase and total clutch size, nor between rate of increase and the 

number of additional eggs laid. Consistent with the other findings of this study, these 

results fail to support for a role for PRL in clutch size determination. 

3.4.3. Changes in PRL, LH and clutch size between Pre-treatment 
and Treatment breeding attempts 

Using data from a previous breeding attempt, we were able to examine 

covariation in changes in PRL, LH and clutch size among breeding attempts. Between 

the Pre-treatment and Treatment breeding, the majority (84%) of females responded to 

egg removal by increasing clutch size, but we also observed marked individual variability 

in this response. This variability was not predicted by individual mass or condition at the 

time of breeding, and there were no differences in mass loss during laying by treatment 

group or clutch size. Additionally, our females all had access to ad libitum feed and a 

high-protein egg laying supplement, so our results probably do not reflect differences in 
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resource availability (Williams and Miller 2003; Gorman and Nager 2003). Rather, this 

variability in response suggests differences in individual ‘quality’ or allocation strategies 

(Charnov and Krebs 1974; Hamel et al. 2009; Lescroël et al. 2009). Consistent with 

individual differences in quality, we found that individual variation in total clutch size 

during the Treatment breeding was predicted by individual variation in Pre-treatment 

clutch size and egg mass. Variability in clutch size for Egg-removal females is therefore 

effectively an extension of the natural variability already present in un-manipulated laying 

zebra finches (Williams 1996), which is integral to our experimental approach to testing 

the PRL-based mechanism for clutch size determination.  

Between the Pre-treatment and Treatment breeding, plasma PRL levels on day 3 

of egg-laying decreased between the two breeding attempts, but in contrast to clutch 

size, the decrease did not differ significantly between Egg-removal and Control 

treatment groups. There was no change in LH between the Pre-treatment and Treatment 

breeding attempts for either egg removal or control groups. Decreases in PRL and 

increases in clutch size for the egg removal group agree broadly with predictions of the 

PRL-based mechanistic model for clutch size determination, but decreases in PRL in the 

absence of increases in clutch size for the control group do not. For egg removal 

females, we predicted decreases in PRL between the two breeding attempts similar to 

the ones we observed, due to the lack of tactile stimulation from the eggs during laying. 

Reductions in plasma PRL have been associated with anaesthetization (Hall and 

Goldsmith 1983) and denervation (Book et al. 1991) of the brood patch, and increases in 

PRL have been associated with the addition of artificial eggs prior to laying (Massaro et 

al. 2007). However, we also predicted significant differences in this change in PRL 

between Egg-removal and Control females, since the latter did receive tactile stimuli 

from eggs in the nest. Several factors may explain the lack of such differences. First, 

plasma PRL increases gradually with the onset of laying, followed by rapid increases 

late in laying as females approach clutch completion (Hall and Goldsmith 1983; Buntin et 

al. 1996). Our measurements relatively early relative to clutch completion may have 

captured the endogenous increase accompanying laying, but not the rapid increase 

stimulated by tactile stimulation from the eggs. In support of this idea, a previous study 

failed to detect differences in PRL between laying female cockatiels (Nymphicus 

hollandicus) who had some eggs removed compared to controls (Millam et al. 1996). 
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However, significant differences in PRL were observed between treatment groups in that 

study after the majority of females had finished laying (Millam et al. 1996). Furthermore, 

to stimulate larger than normal clutch sizes in Egg-removal females, we removed eggs 

but not the nest itself (cf. Buntin et al. 1996). Although speculative, time spent engaged 

in nesting behaviour even in the absence of eggs may have attenuated any effect of egg 

removal on plasma PRL in our study, since even the empty nest can contribute to 

broody behaviour and elevated PRL (Zadworny et al. 1988). Such an attenuated 

response to egg removal would manifest as reduced differences in PRL between Egg-

removal females and controls as observed in this study. There are also examples where 

tactile stimulation from the nest or eggs is not necessary to maintain elevated PRL levels 

(i.e. through extended foraging in seabirds, Hector and Goldsmith 1985; i.e. between 

broods in multiple-brood species, Hiatt et al. 1987). In addition, age-related declines in 

PRL accompanying the declining ability to successfully raise chicks have been 

suggested in other species (Angelier et al. 2006), and could explain the decrease we 

observed in PRL for both control and treatment groups; although our females were only 

3 months older, on average, during the Treatment breeding attempt. Regardless of the 

underlying causes, changes in clutch size were not associated with changes in PRL at 

the level of the treatment, contrary to the broad predictions of the PRL-based 

mechanistic model. 

3.4.4. Relationship between changes in PRL and LH and changes 
in clutch size between breeding attempts 

The marked individual variation in changes in clutch size and PRL between the 

two breeding attempts, particularly for females with eggs removed, could make looking 

at individual changes (i.e. plasticity) in PRL, LH and clutch size a useful compliment to 

group level comparisons. Considering physiological data as ‘reaction norms’ may better 

reflect hormone-trait relationships and individually-variable strategies (Vézina et al. 

2006; Williams 2008; Ryan et al. In prep). We therefore examined the relationship 

between the magnitude and direction of individual changes in clutch size, and their 

relationship to the magnitude and direction of changes in PRL and LH. Earlier work 

within the normal range of clutch sizes found that increasing PRL between breeding 

attempts correlated with decreases in clutch size (Ryan et al. In prep). In the current 
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study we exposed latent plasticity by extending the phenotypic range of both clutch size 

and PRL using egg removal. However, this uncoupled rather than exaggerated any 

relationship between these two traits, inconsistent with a direct role for PRL in clutch size 

determination. We also found no evidence that individual variation in the magnitude and 

direction of changes in LH were associated with changes in PRL, as would be predicted 

by a systemic inhibitory effect of PRL on LH. Other studies have also not found evidence 

supporting an inhibitory effect of PRL on LH (Buntin et al. 1999; Small et al. 2007), 

including in breeding female zebra finches (Ryan et al. In prep). If changes in LH 

precede changes in PRL, or if both hormones are regulated independently (Goldsmith et 

al. 1984; Sharp et al. 1988), the central role of PRL in clutch size determination via 

inhibition of LH could be unfounded. Ultimately, we did not observe the individual 

correlations between PRL, LH and clutch size we would expect if these traits are linked 

mechanistically.  

3.4.5. Coordination of incubation as an alternative hypothesis 

Carefully designing our experiments around the time postulated to be invariantly 

linked to the inhibitory signal for clutch size determination in zebra finches (Haywood 

1993c; Haywood 2013), we found no support for any relationship between circulating 

PRL and clutch size. This was true for Egg-removal females, as well as controls. 

Furthermore, individual changes in PRL were also not related to clutch size: PRL levels 

decreased between Pre-treatment and Treatment breeding attempts, but these changes 

were not associated with changes in clutch size, treatment or the response to treatment. 

If, contrary to the conclusions of Haywood (1993c), the inhibitory signal disrupting follicle 

growth varies temporally in zebra finches as it does in other species (Haywood 1993a), a 

relationship between PRL and clutch size might have been revealed in PRL on days 10 

or 17, or in the rate of change in PRL between these days. We found no evidence for 

such a relationship. However, the broad temporal associations between PRL, incubation, 

and the cessation of laying still warrant explanation (Haftorn 1981; Williams 2012, chap. 

5). In species like zebra finches, where hatching is more or less synchronous, incubation 

starts later for females laying larger clutches (Zann and Rossetto 1991). Though other 

factors play a role, females with eggs removed seem to initiate incubation later still 

(Gorman and Nager 2003). Since incubation can be delayed to the day the last or 
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second last egg is laid, and the time between follicle recruitment and laying is roughly 

four days (Haywood 1993c), females appear to be coordinating incubation with clutch 

completion, rather than clutch size. Under this scenario, females nearest to clutch 

completion irrespective of clutch size should show elevated PRL relative to those further 

away. Although not one of our original predictions, we examined PRL at the last 

measured time point prior to clutch completion to test this hypothesis. At the last 

measured time point prior to clutch completion for each female, PRL levels predicted the 

number of days to the cessation of laying, regardless of clutch size. Those females who 

were closest to completing their clutches had the highest PRL, whereas those who were 

relatively far from clutch completion had lower PRL. This was also true for the Pre-

treatment breeding attempt, but only when including three females that laid particularly 

large clutches, specifically clutches in the range of those laid by Egg-removal females in 

the Treatment breeding.    

3.4.6. Conclusions 

Although the aim of the current paper was not to study the relationship between 

PRL and the temporal proximity to clutch completion, a role for PRL in the coordination 

of incubation with clutch completion in the absence of any effect on clutch size could 

explain equivocal support for the PRL-based mechanistic model (Millam et al. 1996; 

Sockman et al. 2000; Ryan et al. In prep). Since PRL measurements are generally taken 

early on or midway through laying, when clutch completion and development of full 

incubation is invariably closer for females laying smaller clutches, higher PRL could 

appear to correspond to fewer total eggs laid. In our study, this relationship was only 

observed in females laying naturally large (Pre-treatment) or experimentally-enlarged 

(Treatment) clutches, and may be explained by the timing of our blood sample. This is 

not to say that the rate of incubation onset necessarily dictates clutch size (Meijer et al. 

1990), since the last follicle may have been ovulated at the time when PRL levels and 

time incubating begin their most rapid ascent. Rather, to the extent that variation in PRL 

levels reflect development of incubation behaviour, females could be coordinating two 

independently regulated processes, incubation and clutch completion, perhaps to 

minimize hatching asynchrony and sibling hierarchy (Sockman et al. 2006). Coordinating 

incubation and clutch completion to minimize sibling hierarchy would be most beneficial 
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to females laying the largest clutches, either naturally or ‘artificially’ through egg removal, 

as we observed in our study. Thus the link between incubation, PRL, egg laying, and 

clutch size appears complex. Tactile stimulation from the eggs is important in the 

cessation of laying, and has a stimulatory effect on PRL in many species, yet the 

variability in our responses to treatment demonstrate that it is not critical in the laying of 

a normal-sized clutch, nor in the rise in PRL during laying, i.e. some birds stopped laying 

even though eggs were removed, and these birds were not characterized by higher PRL 

levels than birds that continued laying.  As shown by our data, PRL and clutch size can 

be largely uncoupled but there is a consistent rise in PRL with proximity to clutch 

completion. Although unlikely to be associated with the cessation of laying per se, this 

increase in PRL may reflect individually-variable strategies in development of incubation 

behaviour and hatching synchrony. 
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Figure 3.1. Flowchart illustrating experimental design and analytical framework 
for testing the PRL-based mechanistic model for avian clutch size 
determination in captive zebra finches using egg removal. Intra-
individual comparisons for both control and egg removal females 
were made between Pre-treatment and Treatment clutch sizes and 
PRL at the putative time of follicular inhibition (egg day 3). 
Comparisons between day 3 PRL and final clutch size were also 
made both within and between treatment groups for the Treatment 
breeding. Finally, individual rate of change in PRL through the 
Treatment (days 3 to 10 and 10 to 17) and final clutch size were 
examined. 
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Figure 3.2. Individual changes in clutch size between Pre-treatment and 
Treatment breeding attempts for Egg-removal (solid blue lines) and 
Control (no egg removal; dashed red lines) female zebra finches. 
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Figure 3.3. Individual changes in PRL between the Pre-treatment and Treatment 
breeding attempts for Egg-removal (solid blue lines) and Control 
(dashed red lines) female zebra finches, taken on the day the third 
egg was laid. P-values are based on the exclusion of data point with 
high leverage in the original model (shown as dashed grey line). 
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Figure 3.4. Plasma PRL on the day the third egg was laid during the Treatment 
breeding, for Egg-removal (blue circles) and Control (red triangles) 
female zebra finches. There were no significant relationships 
between the two variables for either group.  
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Figure 3.5. Plasma PRL by egg day for laying female zebra finches during the 
Treatment breeding. PRL for Egg-removal females laying 10 or more 
eggs are described by blue lines, whereas Egg-removal females 
laying fewer than 10 eggs are shown as solid blue circles. Control 
females, all of which laid less than 10 eggs are described with red 
triangles.  
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Figure 3.6. Plasma PRL for the blood sample closest to clutch completion and 
the number of days until the last egg laid for Egg-removal female 
zebra finches. Females closest to clutch completion at the time of 
hormone measurement had significantly higher PRL than those 
further away. A significant relationship between these two traits was 
also found for the Pre-treatment breeding. 
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Chapter 4.  
 
General Synthesis and Future Directions 

4.1. Synthesis 

The primary goal of this thesis was to experimentally test the mechanistic 

hypothesis that circulating PRL levels during laying act as the predominant regulatory 

factor in avian clutch size determination. I found no evidence for such a relationship in 

breeding zebra finches, nor did I find evidence that pre-breeding PRL levels predict 

subsequent clutch size. I also ultimately rejected the hypothesis that changes in PRL 

levels (i.e. plasticity) both within and between breeding attempts are linked to clutch size 

determination. Cumulatively, these findings do not support the PRL-based mechanistic 

model whereby circulating PRL either directly inhibits laying, or acts indirectly effect via 

inhibition of LH at the level pituitary. Nonetheless, a complete rejection of any role for 

PRL in clutch size determination would be premature, and alternative explanations for 

our findings are worth considering. 

4.2. Other Considerations and Future Directions 

We specifically designed the timing of our blood sampling for PRL measurement 

around the time when follicular inhibition in zebra finches is hypothesized to occur 

(Haywood 1993b). Based on a series of egg addition and removal experiments, 

Haywood (1993b; 2013) explicitly states that the inhibition of follicle growth in zebra 

finches occurs six hours (± 1 hour) after dawn on the day the third egg is laid, regardless 

of the size of clutch ultimately laid. All of our egg day 3 PRL values were taken within 

one hour of this temporal window, yet we found no evidence for an effect of PRL on 

clutch size at this time. Haywood (1993b) proposed a regulatory mechanism for clutch 
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size which operates via the disruption of follicle growth rather than the inhibition of pre-

vitellogenic follicle recruitment. However, this hypothesis fails to explain how an 

invariably timed inhibitory signal might operate, e.g. how birds laying experimentally-

enlarged clutches in response to egg removal subsequently cease laying when eggs are 

left in the nest. Furthermore, Haywood’s conclusions are based on his exclusion of 

clutches outside the range of 4-6 eggs, despite the fact that zebra finches regularly lay 

2-7 eggs in the wild, not to mention supra-normal clutches laid in response to egg 

removal in this study and others (Williams and Miller 2003). Thus the hypothesis that the 

timing of follicular inhibition is temporally invariable (Haywood 1993b) in zebra finches 

could in part be an artefact of this studies’ data exclusion criteria. If this is true, the timing 

of follicular inhibition may vary in relation to timing of laying, as suggested for other 

species (Haywood 1993a). The possibility that the timing of follicular inhibition by PRL 

varies temporally was considered in chapter 3. Due to the size of zebra finches and the 

volume of plasma required for our assays, we were limited to sampling the same female 

no more often than once a week. However, if contrary to Haywood’s suggestion the 

timing of follicular inhibition does vary, it is reasonable to conclude that we would have 

captured this effect in our analysis of the rate of increase between days 3 and 10, or day 

10 and 17. For example, if follicular inhibition occurs on the day the 9th egg is laid for a 

female laying 11 eggs, but on the day the 12th egg is laid for a female laying 14 eggs, 

then presumably the female laying 11 eggs would exhibit a higher rate of PRL increase, 

or higher PRL on egg day 10, than the female who laid 14 eggs. We saw no evidence for 

such a relationship. As the time roughly corresponding to midway through laying, egg 

day 3 still represents a strategic time to look for an inhibitory effect of PRL, even if 

Haywood’s claims prove false. Nonetheless, it would still be worthwhile to examine PRL 

levels at other times in laying zebra finches. To address this issue, I carried out 

subsequent experiments looking at plasma PRL concentrations on the days the 2nd and 

4th eggs are laid in relation to clutch size. Circulating PRL during these times would 

bracket the time postulated by Haywood (1993b; 2013), and could provide additional 

confidence in our conclusions about the lack of a role for circulating PRL as the inhibitory 

signal in clutch size determination. The results of these assays were not available for 

inclusion in this thesis, but based on the findings I described above I predict there to be 

no relationship between plasma PRL on these days and clutch size. 
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While we were interested in testing the more general interpretation of the PRL-

based mechanistic model, whereby circulating PRL is the primary agent through which 

follicular recruitment or development is inhibited, it is possible that PRL exerts localized 

rather than systemic regulatory control. Given the many pleiotropic effects of PRL (Bole-

Feysot et al. 1998), a plausible alternative to systemic control of clutch size stems from 

local regulation of an inhibitory PRL signal, e.g. via differential PRL receptor expression 

in specific target tissues. Two sites where local regulation by differential regulation of the 

PRL receptor (PRL-R) could play a role in clutch size determination are in the brain and 

the ovary. In the brain, PRL-R is most highly expressed in the anterior pituitary and the 

hypothalamus, the latter thought to be the major target for the central regulation of PRL 

secretion (Zhou et al. 1996; Ohkubo et al. 1998a; Ohkubo et al. 1998b). Although PRL-R 

mRNA is more highly expressed in the pituitaries of incubating hens relative to laying 

hens (Ohkubo et al. 1998a), PRL-R expression in the hypothalamus does not differ 

between two strains of chicken with differing tendencies for broody behaviour, a 

behaviour itself associated with the cessation of laying (Ohkubo et al. 1998b). At least in 

some species, PRL-R expression in the pituitary and hypothalamus appear to be up- 

and down-regulated, respectively, by circulating PRL, as part of a self-regulatory 

feedback system (Zhou et al. 1996). If this is true in zebra finches, and PRL-R density in 

these regions somehow regulates clutch size determination, a relationship between 

PRL-R and clutch size should have been revealed indirectly with circulating PRL acting 

as a proxy for pituitary and hypothalamic PRL-R. We found no evidence for this in the 

form of circulating PRL, though the neuroendocrine mechanism for the regulation of 

plasma PRL could be more complex (Sharp and Blache 2003). Thus it is possible that 

pituitary and hypothalamic PRL-R expression plays a regulatory role in avian 

reproduction and possibly clutch size determination, though at present there is little 

evidence supporting this.  

Another candidate tissue for the localized control of the effects of PRL via 

differential PRL-R expression is the ovary. In the ovary, a cellular pathway that regulates 

the process of recruitment of small white follicles into the hierarchy of yolky follicles has 

been proposed (Johnson and Woods 2009). This pathway is thought to involve an 

‘extrinsic’ (i.e. endocrine) factor which regulates recruitment based on physiological and 

environmental signals (Johnson and Woods 2009). Whether or not this extrinsic signal 
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involves PRL is not clear, but several lines of evidence support some local regulation of 

follicular recruitment, and by extension, clutch size, by PRL at the level of the ovary. 

PRL-R is more highly expressed in the ovaries of laying compared to pre-laying birds 

(Kang et al. 2009; but see Zhou et al. 1996), and in higher concentrations in small white 

follicles compared to large yolky follicles (Zadworny et al. 2002). Furthermore, PRL 

inhibits growth of, and estrogen (E2) and progesterone (P4) production in, small white 

follicles (Zadworny et al. 1989; Hrabia et al. 2004). In contrast, PRL tends to stimulate 

E2 and P4 production in large yolky pre-ovulatory follicles (F1-F3), although this effect 

varies with dose and timing to ovulation (Hrabia et al. 2004). Indeed, steroidogenesis is 

an important component not only of follicular recruitment, but also of ovulation (Wilson 

and Sharp 1976; Johnson et al. 1985). This suggests that by feeding into the expression 

of follicle-stimulating hormone (FSH) and LH receptor pathways and steroidogenesis 

(see also Tabibzadeh et al. 1995), differential expression of PRL-R could overlay 

systemic changes in PRL, exerting control over clutch size locally in the ovary. One way 

to test this possibility would be to examine PRL-R expression differences in small white 

follicles that will or will not subsequently be recruited into the follicular hierarchy. While it 

can be difficult to determine which follicles will be recruited and later ovulated, removing 

eggs as we did in the second study could provide a way around this challenge. This 

approach would involve comparing small white follicles early in laying for control females 

and those whose eggs are removed, using previous breeding performance as a 

predictor of response and subsequent clutch size. PRL-R expression should be high for 

small white follicles belonging to females laying normal-sized clutches, but should 

remain low for egg removal females who will continue to lay. Large yolky follicles in the 

process of atresia would also be expected to exhibit higher PRL-R expression than yolky 

follicles proceeding to ovulation. Furthermore, PRL-R expression should be negatively 

correlated with E2 and P4 production by small white follicles, and positively correlated in 

large yellow follicles (Hrabia et al. 2004).  

4.3. Conclusion 

In conclusion, our experiments were designed to test a general interpretation of 

the PRL-based mechanistic hypothesis for clutch size determination, but our findings do 

not support the model in its current form. While alternatives hypotheses like those 
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described above may aid in the refinement of the PRL-based model, it remains possible 

that this proposed mechanism is based on little more than a series of broad temporal 

correlations between PRL, incubation, and the cessation of laying. If this is true, avian 

endocrinologists are currently left empty-handed as to a mechanism for clutch size 

determination. Because an understanding of the trade-offs and carry-over effects 

surrounding life history traits are built upon the understanding of those traits in isolation, 

progress in evolutionary endocrinology will be hindered without some appreciation of the 

mechanisms of fundamental traits like clutch size (Williams 2012). Given their fitness 

implications, understanding the mechanisms of major life history traits like clutch size are 

essential to predicting how organisms came to be adapted to their environments, and in 

turn, their capacity to respond to change.  
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