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Abstract 

 

In many birds, there is significant variation in egg size both across and within clutches that 

remains to be explained. Birds lay one egg per day and in hot climates, the first laid eggs may 

start to develop before the laying of the rest of the clutch is complete, through warming by 

the ambient air temperature. Here, we test the hypothesis that in hot conditions, skews in egg 

size across the laying sequence may be more pronounced, as females use egg size to 

compensate for hatching asynchrony, providing a higher level of provisioning to the later laid 

eggs that would hatch later due to ambient incubation. We have focused on the zebra finch 

(Taeniopygia guttata), a species that typically breeds over an extended period of the year, and 

therefore across a particularly wide range of ambient temperatures. We characterised the 

variation in egg size using data from over 700 clutches, including historical specimens, a wild 

population, and both domesticated and wild birds breeding in captivity, in addition to 

clutches produced experimentally in controlled-temperature rooms. Here, we document 

significant variation in egg size between and within clutches, with eggs increasing in size 

over the laying order, with both maternal identity and population differences playing an 

important role (domesticated birds laid eggs that were much larger than their wild 

counterparts). However, we found no support for the idea that variation in egg size either 

within a clutch, and across clutches and populations, is related to variation in ambient 

temperature, despite the large range of thermal environments experienced during laying. In 

conclusion, whilst egg size is clearly a labile characteristic there is no evidence this is flexibly 

adjusted to local ambient temperatures before and during laying.   



 

3 
 

Introduction   

Birds breed across an extensive range of climates, and because their nests are typically above 

ground, both adults and eggs are generally affected by ambient temperatures even though 

nests might provide some thermal buffering (Mainwaring et al 2014). There are a number of 

ecological and physiological reasons for anticipating that egg size may vary with the ambient 

temperature (Christians 2002). Within species, egg size has been found to relate to ambient 

temperature during the laying period in a number of observational studies, with the 

relationship found to be either positive (e.g. Magrath 1992; Saino et al 2004; Kvalnes, 

Ringsby et al. 2013; Schaper and Visser 2013), or negative (e.g. Williams and Cooch 1996; 

Schaper and Visser 2013). In one study, egg size was related to variation in ambient 

temperature during the pre-egg-laying period (Pendlebury and Bryant 2005), but this was not 

found in a second study of the same species (Schaper and Visser 2013). Two experimental 

studies have bred birds in controlled temperatures to compare egg production in different 

temperatures. In their study of the great tit Parus major, Nager and van Noordwijk (1992) 

created either ‘cool’ or ‘warm’ nest boxes at night (2.7°C and 5.6°C respectively), and found 

that females in cooler boxes produced smaller eggs. In the second study, on captive zebra 

finches (Taeniopygia guttata), Salvante et al (2007), again focused on cool conditions, and 

found that females took longer to initiate egg laying, and laid fewer eggs at the lower 

temperature (7°C vs 21°C), but that there was no change in mean egg mass. Most of the 

observational and experimental studies to date have focused either on species living in cool 

climates, or on the experimental effect of cool temperatures on egg size.  

However, in hot climates, there are reasons to believe that egg size may be constrained 

by hot ambient conditions. For example, a recent study has found that in the hottest parts of 

Australia, the most significant climatic constraint on avian reproduction is ambient 

temperature during the late spring and summer (Englert Duursma et al 2019). Furthermore, 
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nestlings reared in hot conditions were found to attain a smaller adult body size than those 

raised in more moderate ambient temperatures, both observationally and experimentally 

(Andrew et al 2017), and have a lower stress response at high temperatures (Crino et al 

2019). Adults, are likely to be physiologically challenged by temperatures that are close to, or 

exceed, around 35°C (e.g. Smit et al 2013; Funghi et al 2019), and so we might expect that 

egg size is negatively related to the ambient temperature during the laying period.  

A second important consideration for birds breeding in hot climates relates to the issue 

of ambient incubation. Female birds ubiquitously lay just a single egg each day, and therefore 

when multiple eggs are laid in a single clutch, the first laid egg will sit in the nest until clutch 

completion and be subjected to ambient climatic conditions, while the rest of the clutch is laid 

over successive days. Whilst in some species parental incubation will begin during the egg 

laying period, in other species incubation does not begin until after the clutch has been 

completed. Across much of the globe (Lewis et al 2019) maximum air temperatures are 

increasingly reaching the optimal temperatures at which eggs are incubated by parents (36–

40◦C for passerines; Webb 1987), and ‘ambient incubation’ will occur, whereby embryonic 

development occurs without any direct heat transfer by the parents (Stoleson and Beissinger 

1999). For example, accelerated hatching through ambient incubation was recently 

demonstrated in free-living zebra finches where eggs spent several hours daily at 

temperatures exceeding 36◦C, and started developing before the initiation of parental 

incubation, contributing to an increased level of hatching asynchrony (Griffith et al 2016). In 

the wild zebra finch, it has been shown that incubation does not begin until after the clutch 

has been completed (Gilby et al 2013). In the zebra finch, hatching asynchrony can adversely 

affect the competitive dynamics within the brood, and the phenotype of offspring produced 

(e.g. Mainwaring et al 2010; Gilby et al 2011). Zebra finch pairs may therefore be under 

selection to utilize mechanisms to reduce hatching asynchrony.  
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Many studies of the zebra finch have shown that reproductive investment can differ 

systematically across the laying order, for reasons that remain unclear, even though the 

species has been the focus of one of the most comprehensive examinations of these maternal 

effects in birds (reviewed in Griffith and Buchanan 2010). For example, several studies of 

domesticated zebra finches have found that egg size increases across the laying order 

(Williamson et al 2008; Rutstein et al 2004; Rutkowska and Cichón 2005; Gorman et al. 

2005). The average difference in egg mass between the first and fifth egg in these studies was 

found to be 12.5% (Griffith and Buchanan 2010), and laying order biases in investment are 

also seen with respect to the concentration of testosterone, carotenoids and vitamins 

(reviewed by Griffith and Buchanan 2010). Although most of the work on zebra finches 

(cited above), has focused on domesticated populations of zebra finches in the laboratory, 

similar patterns of investment have also been reported from wild birds (Griffith et al 2011).  

The differential allocation in resources and hormones across the laying order in the 

zebra finch affects developmental rate (Griffith and Gilby 2013) and nestling competitiveness 

(Boncoraglio et al. 2011; Gilby et al 2012). These findings are consistent with the proposal 

by Groothuis et al. (2005) that biased investment across the laying sequence in birds could be 

explained by the ‘hatching asynchrony adjustment hypothesis’, with patterns of biased 

resource allocation evening out the consequent competition between offspring developing 

from early and later laid eggs across the laying sequence. Although not explicitly discussed 

by Groothuis et al (2005), the effect of ambient incubation is potentially one of the likely 

environmental determinants of a greater need for adjustment of investment across the laying 

order (Griffith et al 2016; 2017). If females adjust egg size to counter the potential advantage 

that first laid eggs get through the effect of ambient incubation on hatching asynchrony, we 

predict that egg size variation across the laying sequence will be more pronounced at high 

ambient temperatures.  
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Here, we seek to quantify a general facultative response to local ambient temperature in 

ecologically relevant temperatures, in addition to testing the new hypothesis that differential 

egg size across the laying order of the clutch may be related to the impact of ambient 

incubation on asynchrony across the clutch. We examine evidence for these two ideas by 

taking advantage of data collected in different contexts, that enabled us to explore the 

generality of patterns and increase the overall power of our study.  To do so, we employed 

data gathered from museum collections, as well as data collected during contemporary 

fieldwork from free-living birds, and from both wild and domesticated birds breeding in 

laboratory studies. By integrating laying date and egg size with climate data, we produced 

four relatively large observational datasets. Finally, we took an experimental approach in 

breeding pairs of domesticated birds in controlled-temperature rooms to experimentally 

examine the same relationships between temperature and egg size.  

 

Methods 

1. Egg sampling 

Wild samples 

Museum - In total we sampled 116 zebra finch clutches from Australian museum collections: 

Australian Museum in Sydney (n = 35 clutches), Australian National Wildlife Collection in 

Canberra (n = 30), Queensland Museum in Brisbane (n = 6), South Australian Museum in 

Adelaide (n = 45). Collection dates for these clutches ranged from 1893 to 1984, and at least 

one clutch was collected in each month except May, with the greatest number of clutches (20) 

collected in October (also the peak lay date in the wild (Zann 1996; Griffith et al 2008).  

Fowlers Gap - Data were collected from 317 clutches in a wild population between August 

and December over four years (2007 to 2010) at Fowlers Gap Arid Zone Research Station, 
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western New South Wales, Australia (31°05’ S, 142°42’ E) (further details on study site in 

Griffith et al. 2008). Females were mostly captured at their nest using nest box traps, or were 

assigned using PITtags that were read by decoders fitted to the nest box (further details in 

Mariette & Griffith 2015).  

 

Captive samples (further details also in Supplementary Table S4) 

Deakin aviaries, outdoor wild-derived – 171 clutches were sampled from wild-derived 

breeding birds in outdoor aviaries exposed to ambient temperatures at Deakin University, 

Geelong, Victoria (38°12' S, 144°18’ E). These birds were recently derived from wild-caught 

birds (<10 generations from wild), and the birds bred between December 2013 and May 

2014, or December 2014 and May 2015. 

Macquarie aviaries, outdoor domestic – 47 clutches were sampled from birds breeding in 

outdoor aviaries at Macquarie University, Sydney, New South Wales (33°46' S, 151°7' E). 

These were domesticated birds that came to Macquarie from Australian avicultural stock, and 

were sampled between November 2014 and February 2015.  

Macquarie controlled temperature rooms, domestic – Clutches were sampled from 24 pairs 

of domesticated birds (although different individuals to those above) breeding in an indoor 

controlled-temperature experiment across two rounds. The first round was conducted 

between November 2014 and January 2015, and the second between April and May 2015. In 

this experiment, birds were allocated into pairs and were randomly allocated to a cage in one 

of four rooms: two rooms set at 18°C, and the other two at 30°C. After breeding at the initial 

temperature in which they were placed, all pairs were switched to the alternate temperature 

and allowed to breed again.  
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Clutch data 

Where possible we monitored egg laying order by marking each egg individually as they 

were laid. This was not possible for all clutches and hence some analyses have reduced 

sample sizes. Clutches were sets of eggs that were laid into nest boxes in a coherent fashion, 

and we excluded cases where just a single egg was laid with no subsequent eggs laid, due to 

the occasional incidence of egg dumping. Furthermore, while laying gaps do sometimes 

occur, coherent clutches were produced with no more than 2 days of laying gaps. We 

recorded clutch size, order that the eggs were laid (where known), location, parental identity, 

collection date or first egg date. Lay dates were back-calculated from collection dates for 

clutches where a precise lay date was unknown based on the typical time to lay and incubate 

a clutch (following Crick, Baillie et al. (2003). Using an incubation period of 14 days and an 

average clutch size of five, this method will result in an accuracy of about +/- 7 days for this 

species, with the error being relatively insignificant given that 90% of zebra finch first egg 

dates extend over a climatically variable period of more than six months (Englert Duursma et 

al 2017). We calculated the decimal latitude and longitude of the location of each clutch from 

Google Maps (Map data © 2015 Google).  

 

2. Egg measurements 

Egg size was measured by calculating volume from linear measures taken either directly 

using digital callipers (maximum length and maximum width to nearest 0.01mm) (clutches at 

Deakin and Fowlers Gap), or from photographs in which the eggs were laid on their side, 

held by small divots on a wooden board, with a ruler next to the eggs. Photographs were 

taken with either an iPhone 5S Model A1530 (Apple, California) (all Museum clutches) or 

Nikon CoolPix L29 on micro setting (Nikon Corporation, Inc., Japan; all clutches at 
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Macquarie University). From the photographs, egg dimensions (maximum width and length) 

were later calculated in ImageJ (Schneider, Rasband et al. 2012), using the Line Selection 

Tool and the ruler in the photograph to provide a standard scale. We used these linear 

measures to calculate egg volume using a standard equation: volume = 0.519 x length x 

width2 (Romanoff and Romanoff 1949). For a set of 489 eggs for which we had photographs, 

we estimated aerial egg area (maximal longitudinal cross section) by tracing a polygon (with 

at least 20 sides) around the edge of the egg in the photograph to compare volume estimates 

with those obtained from simple linear measures of length and width. There was a strong 

positive linear relationship between egg volume calculated from the linear measures of width 

and length (as above), and egg area measured directly from the aerial cross-sectional profile 

of eggs taken from the photographs (Estimate = 11.12, t488 = 82.39, P < 0.001, R2 = 0.93), 

validating the use of the simple linear measures in most of our sample.  

 

3. Ambient temperature data 

Ambient temperature records were obtained for all clutches based on collection location and 

date, from the Australian Water Availability Project (via  http://www.bom.gov.au/jsp/awap/; 

Raupach, Briggs et al. 2012), but were only available for clutches laid from 1911 onwards. 

We extracted the daily maximum temperature over 15 days, and calculated the mean 

maximum temperature during this period.  We chose a 15 day window because it provides a 

summary of the whole period during egg laying (five days for an average clutch [Griffith et al 

2008]), and the ten days prior to first egg date, as the female is preparing to lay. Importantly, 

there is a strong relationship between the mean temperature for each clutch as measured by 

either the longer (15 day window), or shorter window (5 days) (Estimate = 0.85, t748 = 26.40, 

P < 0.001, R2 = 0.48). 
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4. Statistical analyses 

All analyses and visualisations were carried out using R 3.3.3 (R Core Team 2017) using the 

base packages for linear models, ANOVA’s and Tukeys pair-wise tests. The package lme4 

was used for all Linear Mixed Models (LMMs, Bates, Maechler et al. 2015) and the package 

lmerTest (Kuznetsova et al 2016) was used with lme4 to calculate degrees of freedom and P 

values for the model outputs. For all LMMs, an Inter-class Correlation Coefficient (ICC) was 

calculated for random factors with independent intercepts using the method described in 

Nakagawa and Schielzeth (2010) and for LMMs with random factors with independent slopes 

and intercepts we used the method from Johnston (2014). The ICC describes the proportion 

of the total variance in the data that is explained by the random factor (Nakagawa and 

Schielzeth 2010). The variance explained by fixed effects, known as marginal R2, was also 

calculated for LMMs (Nakagawa and Schielzeth 2013). The variance explained by both fixed 

and random effects is reported as the conditional R2. All R code for our main analyses is 

reported in the supplementary material. Results of statistical analyses were considered 

significant at an alpha level of 0.05. 

To characterise changes in egg volume across the laying order, we conducted univariate 

linear regressions correlating egg volume with ordinal egg lay order for each clutch to 

calculate the beta coefficient or estimate (henceforth referred to as the “slope”). For each 

clutch the mean egg volume, and egg volume variability (defined as the natural logarithm of 

the s.d. plus its sample variance [1/(2(n-1))]) were calculated following Nakagawa, Poulin et 

al. (2015).  

To test the drivers of egg volume within and across clutches, the clutch values of slope, 

mean egg volume, and egg volume variability were used as dependent variables in linear 
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models with mean maximum temperature, and clutch size as fixed effects. To account for 

differences in clutch size these linear models were weighted (weights = 2(n -1)), to account 

for differences in clutch size (n) across the sample. When variability was used as the 

dependent variable the log of mean egg volume was also used as a fixed effect to test the 

relationship between mean volume and variability (variability is known to be linearly related 

to the log of the mean), to account for the possibility that variability increased with egg 

volume. For each dependent variable the four observational datasets were analysed together 

in LMMs with “Population” as a random factor for dataset, allowing the model to set 

independent intercepts for each population to account for differences between them. In 

addition, models were run for each of the four observational datasets and the experimental 

dataset (controlled temperature manipulation) individually.  

Clutch size was included as a covariate because it was a potential confounding factor 

that could impact egg volume and vary between populations and across time. This 

expectation was supported when we found that clutch size varied significantly across 

populations (ANOVA-LRT, df = 4, Deviance = 12.88, Residual df = 697, Residual Deviance 

= 185.67, P = 0.012), with the smallest clutches observed in the wild derived birds at Deakin 

University, (4.51 ± 1.19), and the largest clutch sizes in the domesticated aviary breeding 

birds at Macquarie University (5.28 ± 1.17). To check for differences in clutch size 

throughout the year we used the Fowlers Gap and Deakin data and analysed those months 

with more than 12 clutches (any fewer than this would have led to compromised monthly 

estimates). Clutch size was not a normally distributed variable and we therefore used a 

Generalized linear model with a Poisson distribution and a log link function. There was no 

significant difference in clutch size across the months for the population at either Fowlers 

Gap (ANOVA-LRT, df = 9, Deviance = 14.81, Residual df = 293, Residual Deviance = 

57.45, P = 0.096), or Deakin (ANOVA-LRT, df = 6, Deviance = 9.80, Residual df = 152, 
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Residual Deviance = 36.66, P = 0.134). This suggests that the time of year was not a major 

confounding factor. We were unable to include time of year in our main models examining 

the effects of temperature on egg volume, because daily ambient temperatures increase 

linearly across the main breeding season in the wild, and temperature and date are strongly 

colinear and shouldn’t be included in the same model. For example, for the data from 

Fowlers Gap Linear Model: temperature and day of year,  Estimate = 0.10, t315 = 19.23, P < 

0.0001, R2 = 0.54.   

The above linear models and LMM use a summary statistic for each clutch. To use all 

individual egg volume measurements, we also ran LMMs that used Clutch ID and Female ID 

as random factors. Lay order was used as a continuous fixed effect and was combined with 

the random effect of Clutch ID so independent slopes and intercepts could be assigned for 

each clutch. Mean maximum temperature was also a fixed effect in these models. Fitting 

independent slopes as well as intercepts generally provides a more robust result, and despite 

the large number of clutches in our models and the small clutch sizes (2 to 8 eggs), we 

experienced no problems with model convergence (Grueber, Nakagawa et al. 2011). As 

above, individual egg volume models were fitted for each of the five data sets. Lay order was 

not included for the analysis of the clutches sampled in museums because that data was not 

available. However, we assumed that each clutch in the museum data was laid by a unique 

female so Female ID was included in the analysis. For the remaining datasets, there were 

some clutches where temperature or lay order were not known so we fitted a second model 

with all the clutches and calculated the ICC for Clutch ID and Female ID again to compare 

the consistency in our results using two different models and slightly different datasets. For 

these models we would expect a lower ICC because we are not fitting independent slopes for 

each clutch, only independent intercepts. For the controlled-temperature experiment female 
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ID was always known and most pairs produced two clutches. The order effect of the first and 

second clutch was also included as a fixed effect.  

 

Results 

Variation within and between populations 

Across datasets, our analyses of 3,377 eggs from 702 clutches (including 461 clutches with 

known laying order) reveals a striking amount of variation in egg volume, with the mean 

volume of the eggs in the 80th percentile being 50.1% larger than the mean volume of the 

eggs in the 20th percentile. There were significant differences in egg volume between all 

population pairs except for between the wild population at Fowlers Gap and the wild derived 

population of birds at Deakin University (ANOVA F4,3374 = 695.10, P < 0.001, Tukeys test in 

Table S1a; Fig 1a). The largest average egg volume was found in the domesticated birds at 

Macquarie University and these were 33% larger than the average egg size produced by wild 

birds at Fowlers Gap (Table 1). The level of variability in egg volume within a clutch was 

also significantly different between some population pairs (ANOVA, F4,697 = 46.02, P < 

0.001, Tukeys test in Table S1b), and covaries with the average egg volume of the different 

populations (Figure 1a and b). The slope variable measuring the change in egg size across the 

laying order, was also significantly different between some pairs of populations (ANOVA 

F3,457 = 25.21, P < 0.001, Tukeys test in Table S1c; Fig 1c).  

 

Climatic influences on egg size 

The clutches sampled in our study were produced across a wide range of temperatures with 

the breeding occurring over climatic conditions with daily minimum temperatures of between 
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-3.27°C and 28.08°C and daily maximum temperatures of between 12.36°C and 43.59°C. 

The mean maximum daily temperature of all egg laying periods across the populations were: 

Museum data 23.72°C ± 0.28 s.e., Fowlers Gap 26.19°C ± 0.08 s.e., Deakin University 

aviaries 23.58°C ± 0.13 s.e., and Macquarie University aviaries 27.87°C ± 0.08 s.e. Despite 

this variation in temperature during egg laying across the sample, mean maximum 

temperature was not a significant predictor of mean egg volume per clutch across all 

populations (see LMM Table 2), whilst controlling for clutch size. The random effect of 

‘Population’ in this model explained a large portion of the variance in average egg volume 

per clutch (ICC = 0.24, Table 2). Likewise, when we analysed populations separately, there 

was no significant relationship between mean egg volume and mean maximum temperature 

(Table 3).   

The change in egg volume across a clutch (the slope for eggs ordered by laying order), 

was negatively related, but not significantly, to mean maximum temperature, in contrast to 

our prediction of a positive relationship (Table 2, see also Figure 2a). There was also no 

effect of maximum temperature on the slope of egg volume change in any of the populations 

individually (Table 3). Generally, there was no relationship between the slope (change in 

volume across the clutch) and clutch size in any of the populations, with the exception of the 

Macquarie aviary population in which there was a significant positive relationship between 

the slope and clutch size (t44 = 3.51, P = 0.001; full results in Table S2a).  

The variability of egg volume within a clutch was negatively correlated to mean 

maximum temperature (Figure 3b Table 2); and positively correlated with both clutch size, 

and mean egg volume (Table 2). Population (as a random effect) only explained a very small 

portion of the variation (ICC = 0.03). However, when we considered individual populations 

separately, the effect of temperature on egg variability was only detectable in the wild 

population at Fowlers Gap (see Table 3 and Table S2c). 
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For those clutches where the lay order was known, there was a non-significant positive 

relationship between mean maximum temperature and egg volume for all observational 

populations combined (Estimate = 1.79, t268.7 = 1.91, P = 0.058, Table S3). However, when 

populations were analysed separately, there was a significant positive relationship (between 

temperature and egg volume) in the Deakin wild-derived population, but in none of the others 

(Table 3 and Table S3). In addition, egg volume was positively related to the ordinal lay 

order (Estimate = 8.50, t345.3 = 6.39, P < 0.001 with all four observational populations 

combined). This relationship was also found in the Fowlers Gap population (Estimate = 

12.14, t165 = 8.00, P < 0.001, Figure 3a) and the wild-derived Deakin population (Estimate = 

11.81, t136.8 = 6.57, P < 0.001, Figure 3b) individually. By contrast, there was a significant 

negative relationship between egg volume and lay order in the Macquarie aviary population 

(Estimate = -15.75, t39.6 = -2.75, P = 0.009, Figure 3c). In the models with individual egg 

volume measurements the fixed effects had low marginal R2 values (less than 0.07, Table S3) 

but the random factors of Clutch ID and Female ID had relatively high ICC values (see Table 

4).  

 

Controlled-temperature experiment 

The repeated breeding experiment in the controlled-temperature rooms found that although 

egg volume was highly repeatable within females (ICC = 0.62 [Table 4; Figure 4]), egg 

volume was significantly lower during exposure to the 30°C Treatment (Estimate = -43.01, 

t22.8 = -2.72, P = 0.012, Table S3). In both treatments egg volume declined across the lay 

order of the clutch (Estimate = -25.0, t48.7 = -4.42, P < 0.001, Table S3; Figure 3d), but, 

contrary to expectation, the slopes for the change in egg volume across the clutch did not 

differ significantly between treatments (Table S2a). However, slopes were more positive in 
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larger clutches (Estimate = 20.01, t48 = 2.75, P = 0.008, Table S2a). There was no significant 

effect of temperature on clutch size in this experimental population (ANOVA-LRT, df = 1, 

Deviance = 1.87, residual df = 49, Residual Deviance = 6.63, P = 0.171 - 18°C treatment 

mean clutch size = 5.15 ± 0.88 s.d.; 30°C treatment mean clutch size = 4.32 ± 0.69 s.d.).  

 

Discussion 

We tested the idea that, in an opportunistically breeding species that breeds over a wide 

range of climatic conditions, intra-clutch variation in egg volume would increase in hotter 

conditions, to reduce the effects of ambient incubation on the asynchronous development of 

embryos in the eggs across the laying order. We found no support for this idea, at the climatic 

time scale that we considered (15 days prior to and during laying). In fact, counter to our 

hypothesis, there was a significant (albeit very weak) negative relationship between the 

ambient temperature during clutch completion and the variability in egg volume across the 

clutch. These results suggest that although ambient incubation during hot breeding conditions 

might affect the development time of eggs even before they receive parental incubation 

(Griffith et al 2016), females are not adaptively adjusting egg volume in the way we predicted 

to try and counter the potential head start thus provided to first laid eggs in a clutch by 

ambient incubation. As with previous studies of this species in captivity (reviewed by Griffith 

and Buchanan 2010), and the wild (Griffith et al 2011), we found intra-clutch variation in egg 

size, with eggs generally increasing in size by around 4% with each position in the laying 

order, and the average difference between the smallest and largest egg within a clutch being 

13-23%. In other species this magnitude of variation has been shown to affect offspring 

development and fitness (Williams 1996; Krist 2011), and the cause of this intra-clutch 

variation in the well-studied zebra finch remains to be explained. If parents start to incubate 
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the clutch as it is being laid, then this gradual increase, and the lack of a facultative response 

(with respect to egg volume) with ambient conditions may make sense. However, two 

previous studies have found that incubation only begins on the completion of the clutch in the 

zebra finch (Zann & Rossetto 1991; Gilby et al 2013).  

It therefore appears that the investment strategy resulting in intra-clutch variation which 

benefit eggs laid later in the sequence, when it is found, is applied generally, rather than as a 

facultative response to ambient temperature (and therefore to the likelihood that the first laid 

eggs will start developing earlier). Our sample of clutches certainly included a wide range of 

climatic conditions, and ecological variation. A good number of clutches were sampled 

across conditions in which ambient incubation is unlikely (<20°C) and many clutches were 

sampled in ambient conditions (>30°C), in which, given the relationship between 

atmospheric temperature and nest temperature in this species in both the wild and captivity 

(Griffith et al 2016; Mariette and Buchanan 2016), ambient incubation would have occurred 

to some degree. Given that temperature varies considerably over the period during which 

zebra finches breed, and that the advancing season leads to very predictable increases in 

temperature right across Australia, the cues should be sufficient for a facultative response to 

have evolved. Therefore, the lack of a facultative response probably suggests that egg size 

variation is not a plausible mechanism through which the zebra finch might respond to the 

incidence of ambient incubation at high atmospheric temperatures. Although we averaged 

ambient temperature over a period of 15 days to summarise the period just before and during 

egg laying, we found that this composite measure of climate is generally representative of the 

climate on shorter periods during laying (see methods). Furthermore, even if birds were not 

responding to temperature directly, but making an adjustment in line with the progressing 

season, the strong co-linearity between the advancing date and temperature would mean that 

we should have detected a response if it existed.  
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We do know that other maternal investment strategies are used in this species, and 

contribute to systematic variation across the clutch (reviewed in Griffith and Buchanan 2010; 

Griffith et al 2011). Perhaps differential investment in the contents of the egg (across a 

clutch) might be deployed as a better mechanism through which late-laid eggs can be 

favoured in hot ambient conditions. For example, differences in androgens across the egg 

laying sequence have been demonstrated (Rutstein et al 2004; Williams et al 2005; Griffith et 

al 2011), and also affect the competitive ability of developing offspring (von Engelhardt et al 

2006). It would be worth exploring variation in the allocation of such parameters in relation 

to the atmospheric temperature during breeding, using a similar approach to that which we 

have taken here. 

Although we were unable to explain the level of intra-clutch variation in egg size as a 

determinate of climatic variation, the data that we have compiled and analysed comprise one 

of the largest sets of such data in a single species, measured across different contexts (see 

also Gibson and Williams 2017; Schaper and Visser 2013). In line with previous studies in 

other birds (Williams 1994; Christians 2002; Krist 2011), and this species (Griffith and 

Buchanan 2010), we found variation in egg volume across populations, between individuals 

within a population, and also within a female, across a single clutch. The significantly greater 

egg volume of the domesticated birds at Macquarie (31% larger than those at Fowlers Gap), 

can partly be explained by the relatively larger body size of the domesticated birds compared 

to their wild counterparts, and they are approximately 25% larger (Tschirren et al 2009). 

However, in this earlier study (Tschirren et al 2009), it was found that domesticated females 

laid eggs that were significantly larger than wild derived birds in captivity, even once body 

size differences were accounted for, and therefore the residual amount of variation may be 

explained by many of the other possible differences that occur between populations (Griffith 

et al 2017).  
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We found that the difference across the populations in the level of intra-clutch volume 

variation positively covaried with mean egg volume. The difference between the largest and 

smallest eggs in a clutch being around 20% in the domestic population at Macquarie, in 

which the largest eggs were produced, and around 15% in both the wild population at 

Fowlers Gap and the captive population derived from wild birds at Deakin University. This is 

a significant level of variation in volume across a single clutch, and may reflect the fact that 

passerines are income breeders, investing about 40% of their daily resources in their eggs 

(Meijer and Drent 1999). Egg volume may therefore respond to daily variation in food intake, 

as has been shown experimentally in captive populations of this species (Williams 1996), and 

in other passerines in the wild (Ruuskanen et al 2016). The covariation between intra-clutch 

variation in egg volume, and average egg volume, could therefore reflect the fact there is a 

minimum size threshold that is maintained by viability selection (Smith, Ohlsson et al. 1995, 

Krist, Remeš et al. 2004, Parejo, Avilés et al. 2012). Particularly well-resourced females 

could afford to invest more than the minimum threshold level in some of their eggs, resulting 

in both a larger egg volume on average and clutches that have more variable egg volumes. 

Other females, by contrast would have to invest maximally, just to produce eggs that just 

meet the minimum threshold (and therefore show low variability). It is interesting that we 

also found that intra-clutch variation was greater for females laying larger clutches, perhaps 

consistent with the idea that females that are able to invest more overall, can also afford to 

produce some larger eggs in their clutches.  

Across the four populations for which we were able to accurately determine lay order, 

we found that egg volume increased significantly over the laying order in two of them (the 

wild population at Fowlers Gap and the captive population of wild derived birds at Deakin 

University), and decreased slightly in the population of domesticated birds in two contexts at 

Macquarie University (although these two populations had much smaller sample sizes). We 
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are unable to explain the reversed pattern with respect to laying order and egg volume that we 

observed in the domesticated population at Macquarie University, as this goes against 

patterns described for other domestic populations of zebra finches. Indeed, the reversed 

pattern of investment also goes against the interpretation above, to explain why the females in 

the Macquarie populations had greater variation within a clutch than the other populations. In 

a number of avian species it has been suggested that egg volume will decline across the 

laying order when females are nutritionally constrained (e.g. Ruuskanen et al. 2016), and it is 

possible that dietary differences may explain this inter-population difference. However, there 

are many other differences between captive populations and the environment in which they 

are maintained that can drive consistent differences between populations at different 

institutions (Griffith et al 2017; see also Supplementary Table S4).  

In their study, Schaper and Visser (2013) also reported that egg volume was twice as 

variable in captive birds, and that was driven by the production of particularly large eggs by 

some females. Again, this is partly consistent with our findings from the domesticated birds 

at Macquarie University, which were significantly more variable than those in the wild. 

However, the wild derived birds at Deakin, which had been in captivity for not much longer 

than the great tits in the study by Schaper and Visser (2013), had the same level of variability 

as the wild population at Fowlers Gap. Although they were sampled from the wild, the eggs 

sampled in the museum collections were far more variable, but perhaps this is because they 

were sampled from dozens of populations across multiple ecological conditions.  

Interestingly, we found that the historically sampled eggs (sampled between 1893 to 

1984 from across Australia), were significantly larger than those sampled from a single 

contemporary population in western New South Wales, which were 8% smaller. This size 

difference may reflect ecologically determined temporal or spatial variation (e.g. Barrett et al 

2012; Bennett et al 2017), and it would be interesting to explore differences across additional 
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contemporary populations. An intriguing alternative possibility is that egg volume may have 

recently declined with a changing climate (e.g. Skwarska et al 2015), in line with climate-

related plasticity in body size in this species (Andrew et al 2017), and changes over the past 

century observed in the body size of other species in Australia (Gardner et al 2014), and 

worldwide (Møller et al 2018). Although the average maximum daily temperature during egg 

laying was lower for the widely collected museum samples (mean±s.d. =23.77±4.86℃) than 

the contemporary clutches in the wild population at Fowlers Gap (mean±s.d. =26.40±3.09℃), 

the potential effect of climate change would certainly require a more intensive analysis, of a 

broader range of contemporary populations. 

Whilst we found no consistent effect of ambient temperature on egg volume in the wild, 

in our experimental work, egg volume was significantly smaller in the hotter rooms, 

compared to eggs laid by the same females in cooler rooms. These findings are consistent 

with those found by one of the two similar studies of a passerine (the great tit) breeding in 

controlled temperature experiments (Schaper and Visser 2013). The other similar study (of 

zebra finches breeding in cool and moderate temperatures) found no relationship between egg 

mass and ambient temperature (Salvante et al 2007), although the temperatures in our study 

are more ecologically relevant to the temperatures in which the species naturally breeds 

(Griffith et al 2017). It is also worth noting that the relationship seen in our experimental 

groups, is relatively weak, and indeed a review across avian species found that temperature 

likely only explains a small amount (at most 10-15%) of egg-size variation (Christians 2002).  

We consistently found relatively strong effects of female identity on egg volume, with 

females having relatively low intra-individual plasticity in egg volume compared with the 

level of variation in the wider population. This suggests a large portion of the variance in egg 

volume is due to either additive genetic effects, or maternal effects rather than extrinsic 

environmental factors such as climate. This is particularly apparent in the matched design 
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controlled-temperature experiments, where the egg volume across the two clutches produced 

by the same female across the two temperatures are strongly related (Figure 5). Overall, 

across the study, in all females that laid one than one clutch 40-60% of egg volume can be 

explained by female identity (Table 4). This is consistent with the earlier work by Williams 

(1994) that found that egg volume was a highly repeatable trait in the zebra finch (r = 0.742), 

only a relatively small percentage of which was explained by variation in body size within a 

population (8%) (and also consistent with the pattern seen across birds more generally, 

Christians 2002). 

In summary, we add to the studies that have failed to adequately explain the intra-clutch 

variation in egg volume in the zebra finch (reviewed in Griffith and Buchanan 2010), and 

indeed many other avian species in which egg volume changes across the laying sequence 

(Christians 2002). We acknowledge that our study is quite narrowly focused on the zebra 

finch, a species in which incubation doesn’t start until after the clutch is complete (Zann & 

Rossetto 1991; Gilby et al 2013), and in which hatching asynchrony is apparently not an 

adaptive strategy (Mainwaring et al 2010). There are certainly other avian species in which 

different incubation and allocation strategies across the clutch may favour different outcomes 

(e.g. Slagsvold et al 1994), and these might be affected differently by the problem of ambient 

incubation. Nonetheless, with this narrow focus on the zebra finch, we are quite unable to 

explain why eggs typically get larger over the laying sequence, although, with the different 

datasets that we have used, and the natural and experimental variation in ambient temperature 

examined, we can be confident that differences in egg volume over a clutch are not driven by 

climatic variation. It is possible that there is no single optimal value for egg volume (or intra-

clutch variation in egg volume) for a population or female, and that the variation that we have 

characterised is the result of complex patterns of viability selection on these traits (Garant et 

al 2007). Alternatively, assuming that there is an ideal egg volume, and optimal level of intra-
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clutch variation, then perhaps the data that we have presented can be best explained by a 

failure on the part of females to facultatively control the allocation of resources to the 

different eggs that are laid on successive days, in the context of different physiological, 

ecological and life history constraints.  
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Figure legends 

 

Figure 1. Means plots with 95% C.I. for volume, variability and slope: a) Mean egg 
volumes for each dataset (n = number of eggs), eggs have greater volume in the two 
domesticated populations at Macquarie. b) plots the means of values for clutch egg volume 
variability across the five datasets. c) shows differences between the studies in the range of 
slopes for the change in egg volume across the lay order of the clutches (for b and c n = 
number of clutches). The order of studies is: MU = Museum (wild), FG = Fowlers Gap 
(wild), DU = Deakin aviaries (wild-derived), MA = Macquarie aviaries (domestic), MR = 
Macquarie experiment (domestic). Some error bars for 95% C.I. were too small to be plotted.  

 

Figure 2. Temperature effects on clutch variation: a) Slope versus average maximum 
temperature of all clutches from three populations where lay order was recorded (Estimate = -
0.26, t406.0 = -0.63, P = 0.53; Slope model in Table 2). b) plots the relationship between egg 
volume variability within the clutch and maximum temperature for all clutches from three 
populations (Estimate = -0.02, t589.9 = -3.03, P = 0.003; variability model in Table 2). 

 

 

Figure 3: Mean egg volume across lay order. For a) Fowlers Gap (wild), b) Deakin aviaries 
(wild-derived), c) Macquarie aviaries (domestic), and d) Macquarie experiment (domestic). 
All means are plotted with 95% C. I. Numbers along the top margin are sample sizes for each 
position in the laying order. 

 

Figure 4. Repeatability in controlled-temperature experiment. Using a repeat breeding 
design, we compare the clutches laid by a female at 18°C and 30°C. We found the slope 
values of clutches is not highly consistent within females (a) and egg volume is highly 
repeatable within females across the treatments (b). The R2 value is very similar to the 
ICC/repeatability value for female ID in the LMM for individual egg volume measurements 
(ICC = 0.619, Table 4). Additionally, clutch variability in egg volume was not consistent 
within females across treatments (c).  
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Table 1. Summary statistics of populations. Clutch size and egg volume, length and width 
are reported as mean ± s.d. The % difference is the average difference between the smallest 
and largest egg in each clutch as a percentage of the clutches mean egg volume. 

Population Museum 
(wild) 

Fowlers 
Gap (wild) 

Deakin 
aviaries 
(wild 
derived) 

Macquarie 
aviaries 
(domestic) 

Macquarie 
experiment 
(domestic) 

Number of 
eggs 608 1528 751 248 242 

Number of 
clutches 116 317 171 47 51 

Clutch size 5.24±1.34 4.82±1.07 4.39±1.10 5.28±1.17 4.75±0.89 
Volume 
(mm3) 

995.41 
±145.03 

911.53 
±94.24 

903.87 
±82.53 

1179.48 
±136.85 

1214.65 
±158.29 

Length 
(mm) 15.39±0.89 14.80±0.68 14.63±0.66 15.98±0.87 15.78±0.84 

Width (mm) 11.13±0.56 10.88±0.41 10.90±0.35 11.90±0.43 12.15±0.54 
% difference 23.34±11.24 15.07±7.29 13.19±6.61 19.38±8.81 19.13±7.48 
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Table 2. Linear Mixed Models for mean clutch data. The four observational populations 
are included in these models with population set as a random factor. Lay order was unknown 
for all museum samples so these samples do not contribute to the slope model. See Table S2 
a-c for results when each population was analysed separately. Significant effects are in bold. 
The marginal R2 value represents the variance explained by fixed effects and the Conditional 
R2 is for the variance explained by the entire model. 

Slope  Estimate SE t df P 
Intercept 2.62 16.21 0.16 18.6 0.873 
Max temp -0.26 0.42 -0.63 406.0 0.528 
Clutch size 1.39 1.26 1.10 407.6 0.271 
  Variance SD n   ICC 
Marginal R2 3.32    <0.001 
Population 238 15.42 3  0.043 
Residual 5242 72.40 410 Conditional R2 0.044 
        
Mean egg volume 
per clutch Estimate SE t df P 
Intercept 929.91 69.98 13.29 4.7 < 0.001 
Max temp 1.56 1.00 1.55 589.1 0.12 
Clutch size 5.47 3.00 1.83 588.6 0.07 
  Variance SD n   ICC 
Marginal R2 71    0.001 
Population 15481 124.4 4  0.239 
Residual 49152 221.7 594 Conditional R2 0.240 
        
Variability in egg 
volume per 
clutch Estimate SE t df P 
Intercept 0.92 1.47 0.62 436.3 0.53 
Max temp -0.02 0.01 -3.03 589.9 0.003 
Clutch size 0.06 0.02 3.77 589.1 <0.001 
Log of mean egg 
volume 0.50 0.22 2.34 487.1 0.020 
  Variance SD n   ICC 
Marginal R2 0.013    0.008 
Population 0.049 0.222 4  0.032 
Residual 1.463 1.209 594 Conditional R2 0.041 
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Table 3. Summary of beta coefficients for the fixed effect of temperature in different 
models. Negative values indicate a negative relationship and positive values a positive 
relationship. Dependent variables are separated into columns in the matrix and models on 
different datasets are across different rows. Significant relationships are in bold. Comparisons 
can be made within each column to look at the direction of the relationship.  Full model 
summaries are in Table 2 for all populations, Table S2 for individual populations, except for 
the “Egg volume” models which are in table S3. 
 

Slope Mean egg 
volume 
per clutch  

Variability 
per clutch 

Egg 
volume 

All observational 
populations -0.26 1.56 -0.02 1.77 

Museum NA 5.24 -0.003 4.66 
Fowlers Gap 
(wild) -0.84 -0.29 -0.02 1.04 

Deakin aviaries 
(wild derived) -0.06 1.59 -0.02 2.89 

Macquarie 
aviaries 
(domesticated) 

4.87 -8.45 0.03 -2.96 

Macquarie 
experiment 
(domesticated) 

-6.29 -12.46 0.002 -43.01 
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Table 4: Repeatability of egg volume. This table takes the ICC values from the models in 
Table S3 for the random effects of Clutch ID and Female ID. The random factor of Clutch ID 
will account for variance between clutches nested within Female ID. Female ID will account 
for most of the variation between females including the additive genetic variation linked to 
the heritability of egg volume as well as other environmental factors. ICC and R2 values can 
be directly comparable between models when using the same model structure (the models 
within each column). The amount of variance in egg size that is explained by Clutch ID 
remained relatively constant for the four populations. When lay order was known and used as 
an interaction with the random factor of clutch to allow for independent slopes as well as 
intercepts for each random factor level, the ICC went up indicating that these models were 
better able to explain the data. The random effect of Female ID explained approximately 50% 
of the variance in egg volume suggesting the size of eggs is repeatable within females 
possible due to heritability of the trait. When we combine all observational populations and 
include Population as a random effect, the random effect of Population explains over half 
(ICC = 0.723) of the variance in egg size. This is possibly due to differences between 
populations caused by genetic differences or common environmental effects (Figure 2b 
visualises the differences between populations).   

Summary of ICC from Table S3 
  Random factor ICC with lay order ICC for all clutches 
All observational 
populations 

Clutch ID 0.085 0.046 
Female ID 0.118 0.184 
Population 0.723 0.570 

Museum (wild) Female ID 0.539 0.52 
Fowlers Gap (wild) Clutch ID 0.173 0.133 

Female ID 0.563 0.431 
Deakin aviaries 
(wild derived) 

Clutch ID 0.276 0.179 
Female ID 0.439 0.359 

Macquarie aviaries 
(domestic) 

Clutch ID 0.297 0.106 
Female ID 0.421 0.378 

Macquarie 
experiment 
(domestic) 

Clutch ID 0.163 0.034 
Female ID 0.619 0.58 
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Fig 1 
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Fig 2 
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Fig 3 
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Fig 4 
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