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The evolutionary drivers underlying marked variation in the

pigmentation of eggs within many avian species remains

unclear. The leading hypotheses proposed to explain such

variation advocate the roles of genetic differences, signalling

and/or structural integrity. One means of testing among

these hypotheses is to capitalize on museum collections of

eggs obtained throughout a broad geographical range of a

species to ensure sufficient variation in predictors pertaining to

each hypothesis. Here, we measured coloration and patterning

in eggs from 272 clutches of Australian magpies (Cracticus
tibicen) collected across most of their geographical range of

ca 7 million km2; encompassing eight subspecies, variation

in environmental parameters, and the presence/absence

of a brood parasite. We found considerable variation in

background colour, as well as in the extent and distribution of

patterning across eggs. There was little evidence that this

variation was explained by subspecies or the contemporary

presence of a brood parasite. However, measures of maximum

temperature, leaf area index and soil calcium all contributed to

variation in egg appearance, although their explanatory power

was relatively low. Our results suggest that multiple factors

combine to influence egg appearance in this species, and that

even in species with highly variable eggs, coloration is not

readily explained.
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1. Introduction

Avian eggs vary widely across species in the expression of colour and patterning (hereafter termed

maculation), arising from the deposition of varying concentrations of two pigments: protoporphyrin

(brown) and biliverdin (blue/green) [1]. Traditionally, the ancestral avian egg was thought to be white [2];

very recently, however, the same two pigments have been found in non-avian dinosaur ancestors [3],

suggesting that avian eggs evolved to be colourful millions of years ago. Variation in colour and

maculation, be it in birds or dinosaurs, are likely to have evolved in response to one or more selective

pressures [2,4]. Hypotheses that advocate such selective pressures broadly fall into signalling or structural

functions [2,5], with the additional observation that there are often fixed, and presumably genetic

differences across species and subspecies [6]. The suggested signalling functions include the use of colour

to camouflage eggs from predators [7,8], to signal female quality [9–11] and as a marker enabling parents

to distinguish their eggs from those laid by brood parasites [12]. By contrast, suggested structural

functions of pigmentation include protection against microbes, and/or against extremes in temperature and

solar radiation, as well as strengthening the eggshell [13–15]. There is significant support for each of these

hypotheses (summarized in table 1) [2,5,13–33], but these mostly originate from interspecific comparative

work [34–36], or local-scale studies within a single geographical location or population (e.g. [37–39]).

While such approaches provide insight, they also have drawbacks. For example, the interspecific

comparative approach typically condenses within-species variation into a single, species-specific value for

analyses, which will not provide any insight into those species that are highly variable. With respect to the

local-scale approach, many of the studies in the current literature have taken a largely univariate approach,

testing just one, or a few, of the range of suggested hypotheses at a time, presumably partly because of the

limited geographical scale available (table 1). Such studies are unable to deal with the potentially

confounding influences caused by the inter-relationships between the range of biotic and abiotic parameters,

and are therefore at risk of type two error, or a failure to correctly attribute the main determinant of

variation. An intra-species but broad-scale approach, using clutches sampled over an extensive geographical

range, provides enough variation in a variety of parameters to permit the simultaneous testing of each

hypothesis. We here provide the first comprehensive examination of how egg colour and maculation vary,

as well as their underlying predictors, over a continent-wide geographical range in a single species. We have

taken both a univariate, and multivariate approach to specifically illustrate the limitations of the univariate

approach in this field, even when examining quite clearly outlined hypotheses.

We capitalize on museum collections of eggs of the Australian magpie (Cracticus tibicen) that had been

collected throughout their ca 7 million km2 range encompassing most of the Australian continent

(figure 1). This range captures eight subspecies, with about half of those overlapping with their only

brood parasite, the channel-billed cuckoo (Scythrops novaehollandiae). While rates of parasitism, rather

than the presence/absence of the parasite would be more informative, these data are unfortunately

not available. Nevertheless, if the brood parasite does not exist in the range of a given subspecies, it

cannot be currently parasitized, and so cannot contribute to the current selection pressure on the egg

appearance of that subspecies. We recognize, however, that historic range expansions and contractions

of this parasite, or indeed the presence of an additional brood parasite at some point in the past, will

make these issues difficult to test.

The range we have sampled encompasses variation in temperature, humidity, vegetation and soil

compositions at a continent-wide scale. We expect temperature and humidity to have direct effects on

the survival of embryos, as well as indirect effects on microbial activity [13,16]. The habitat

throughout this range varies from tropical and temperate rainforest through woodland, grassland and

desert, and is expected to be captured by the leaf area index—defined as the average area of leaf

cover between the ground and the sky in a vertical transect from the ground up [40]. Given that

magpies are an arboreal nesting species, nests in areas with a lower leaf area index (open habitats) are

more likely to be exposed to sunlight (less shade). The variation in habitat, therefore, can provide

potential protection from harmful solar radiation exposure [1,13]. Finally, soil calcium levels, which

are known to influence the structural integrity of eggs [22,41], vary considerably throughout the

geographical range over which clutches were sampled. Thus, our sample encompasses variation in the

key predictors of the main hypotheses proposed to explain variation in eggshell characteristics.

We have three specific aims. First, we quantify the variation in colour and maculation of eggs collected

across the range of the Australian magpie, and the correlations among the traits measured. Second, we use a

series of univariate analyses to investigate support for each hypothesis in turn; with these analyses taking

the form of many of the other studies in the literature (e.g. [11,42], also for discussion see [23]). Specifically,

we test whether variation in background colour and maculation can be explained: (i) at the subspecies level
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tibicen
dorsalis
eylandtensis
hypoleuca
terraereginae
tyrannica
longirostris
leuconota
cuckoo

(b)(a)

Figure 1. (a) Australian magpie (Cracticus tibicen) subspecies and channel-billed cuckoo (Scythrops novaehollandiae) distribution.
Map digitized from the Directory of Australian birds [30]. (b) Example of variation in magpie eggs. Photographs were taken by
KLL. All samples were from preserved museum collections.
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(i.e. by fixed genetic differences as a result of phenotypic divergence) [2]; (ii) by the presence/absence of the

species’ brood parasite—the channel-billed cuckoo (i.e. the signalling hypothesis through brood parasitism)

[43]; and/or (iii) by temperature, relative humidity, leaf area index, soil calcium, all of which would be

expected if egg variation was explained by selection on structural integrity [31]. Finally, we conduct a

comprehensive multivariate analysis with all of the above biotic and abiotic parameters entered into a

single model to investigate the relative support for hypotheses based on genetic differences, signalling

and structural integrity (see table 1 for specific predictions). The comparison of the univariate approach

and the more comprehensive multivariate approach will provide insight into the limitations of the

simpler approach, when addressing a trait that is hypothesized to be affected by a range of different

selection pressures simultaneously [2].
2. Material and methods
2.1. Egg collections
We accessed historic egg specimens of Australian magpies at the Victoria Museum in Melbourne and the

Australian National Wildlife Collection (ANWC) in Canberra. Both collections were housed in the dry

vertebrates’ collections in dark storage cabinets. The collection dates of the egg specimens ranged from

1862 to 1999. We selected clutches with known collection locations (latitude and longitude) and dates,

giving a total sample size of 272 clutches. Museum accession numbers for each clutch, as well as the year

of collection, geographical and taxonomic data are reported in electronic supplementary material, table S1.

2.2. Egg colour and maculation measures
Clutches were photographed in a standardized 40 � 40 cm studio photography light cube tent, on an egg

holding surface. This surface was mounted with a colour reference card to process white balance and

colour reflectance in the photographs, using a Canon 7D with a Sigma 18–250 mm lens in Victoria

and a Canon E 7D with Canon Macro EfS 60 mm ultrasonic focal lens in Canberra (RAW format in

both locations). All pictures were taken using a tripod and remote control for stability.

To measure the colour of eggs, we used standard spectrometry methods, which encompass the

human visual and avian sensitivity in the UV part of the spectrum (300–700 nm). We used the UVS

system for our analysis; the Australian magpie is part of the Artamidae, a diverse family centred in the

Australian bioregion which also includes the Paradisaeidea (birds of paradise). While the magpie name

would suggest it is in the Corvidae family, it is not. This is worth noting as some corvids are known

only to have vision that is VS, rather than UVS sensitive [36]. Although we are unaware of studies of

the optical sensitivity of any species within this largely Australasian family, it seems prudent to

consider both a standard and UV model of vision in our analyses.

The use of spectrometry is both objective and repeatable [7]. We used a USB2000 þMiniature Fiber

Optic spectrophotometer (Ocean Optics Inc., Dunedin, FL, USA), a xenon light source PX-2 (Ocean

Optics Inc.) with a fibre-optic cable held at a 908 angle to the shells’ surface, and reflectance data were
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recorded using the AvaSoft 7 program (Avantes, Eerbeek, The Netherlands). Colour measurements were

taken from the pointed end of the egg, the median line of the egg (central part), and the base of the egg

avoiding heavily maculated areas. Spectral measurements were taken by a different single measurer in

each location—Victoria (LON), ANWC (SCG); no consistent differences were found between these two

collections in any analysis ( p ¼ 0.31).

Variation in background colour was assessed using the pavo package in R [45] which allows the

organization, visualization and analysis of spectral readings [46], as used in many colour analysis

studies (e.g. [47–49]). Using this package, the readings were aggregated into a single value per egg.

The processing functions within the package allowed the aggregated spectra to be loess-smoothed by

a factor of 0.05 (see [46] for further details). A model was created based on different quantum catches

at each photoreceptor for avian vision [50] (using avg.uv for ‘average avian UV system’, see pavo
package for further detail on visual options) using the D65 ‘standard daylight’ background illuminant

as Australian magpies are open cup nesters [6]. We chose the average avian UV system to

approximate Australian magpie vision; however, we acknowledge that visual abilities differ between

species [51] and the models embedded in pavo are intended only to approximate host perception.

The quantum catch outputs from this model were assessed through principal component analysis (PCA),

built into the robComposition package [52]. The first principal component (PC1), which explained 69% of the

variance in the quantum catch outputs, was used as our measure of egg colour. PC1 was negatively related to

the variation in wavelength, with higher PC1 values being associated with blue reflectance curves, and lower

values corresponding to brown reflectance curves (figure 3a). Biological pigments, especially biliverdin

(responsible for the blue-green colour) have been shown to fade from the time they are laid to when they

are later sampled in museum collections [53]. Recent research (e.g. [11]) has shown variation attributable

to collection date to be negligible. We do, however, acknowledge that collection dates may have an effect

on pigment fading, and we therefore included the year of collection in our models (as in [54]) to

determine whether the age of eggs had any influence on colour, and found no significant effect.

To provide an objective, quantitative estimate of maculation, photographs were processed using an

automated image-processing tool SpotEgg [55]. A number of digital image processors have been

developed to quantify egg maculation [56], many of which focus primarily on the extent of parasitic egg

mimicry [12,57,58]. We chose SpotEgg (run in Matlab v. 2012b) to measure maculation, as this program

allows one to define the characteristics of the maculation (i.e. spots, blotches, clear) and so increases the

precision with which the extent of maculation can be quantified in highly variable eggs (see electronic

supplementary material, table S2 for configuration details). The total area of maculation, as a percentage

of each egg’s surface area was the response variable retained for our analyses.
2.3. Predictor variables
The Australian magpie is made up of eight subspecies and we sampled clutches from all subspecies. Based on

the documentation provided with each clutch, these were: Cracticus tibicen tibicen (N ¼ 54 clutches); C. tibicen
dorsalis (N ¼ 33); C. tibicen eylandtensis (N ¼ 14); C. tibicen hypoleuca (N ¼ 27); C. tibicen terraereginae (N ¼ 58);

C. tibicen tyrannical (N ¼ 58); C. tibicen longirostris (N ¼ 10) and C. tibicen leuconota (N ¼ 18). A distribution

map was extracted from the Directory of Australian birds [59] and digitized using ArcGIS. The distribution

between magpie subspecies has considerable overlap, therefore a conservative contour map was created

for each subspecies (figure 1). Of these eight subspecies, four are known to overlap the contemporary

range of the channel-billed cuckoo [60] and were assigned to the ‘present’ category, while those that did

not overlap were assigned to the ‘absent’ category, shown in figure 1.

To investigate the relationship between ecological variables hypothesized to influence egg coloration

and maculation, we calculated average daily maximum temperatures (Tmax, 8C), relative humidity (%),

leaf area index and soil calcium content for the Australian continent, at a 100 � 100 km grid cell

resolution (figure 2). Tmax and relative humidity were downloaded from the Australian Water

Availability Project [61] via http://www.bom.gov.au. Tmax was extracted as the maximum daily

average for each grid cell from 1911 to 1940, while relative humidity was extracted as the maximum

daily average at 15.00 for each grid cell from 1976 to 2005. These time periods are the earliest data

available for the respective parameters [61] and the closest available to the time period when the eggs

were collected. Leaf area index measurements represented the average for 16-day intervals in each cell

during the period February 2000–2016 obtained via the TERN AusCover portal (http://www.

auscover.org.au/) and produced from tiles originally downloaded from USGS (https://lpdaac.usgs.

gov/). Soil calcium levels were extracted from the Soil and Landscape Grid of Australia via http://

http://www.bom.gov.au
http://www.bom.gov.au
http://www.auscover.org.au/
http://www.auscover.org.au/
http://www.auscover.org.au/
https://lpdaac.usgs.gov/
https://lpdaac.usgs.gov/
https://lpdaac.usgs.gov/
http://www.clw.csiro.au/aclep/soilandlandscapegrid
http://www.clw.csiro.au/aclep/soilandlandscapegrid
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www.clw.csiro.au/aclep/soilandlandscapegrid in the form of 0–5 cm deep pH tests (CaCl2), with values

averaged for each grid cell.

2.4. Statistical analyses
All analyses were carried out in R v. 3.3.2 [45]. In addition to R’s ‘base functions’, we used the packages

maptools [62], raster [63] and visreg [64] for data extraction, manipulation and visualization. Statistical

tests were considered significant at an alpha-level of 0.05. We first tested whether variation in egg

background colour and total area of maculation vary systematically among subspecies using an equality

of variance (Levenes Test, package car) and an analysis of variance (ANOVA) test [65]. A Tukey’s pair-

wise comparison, in the package multcomp [66], was then conducted to elucidate which subspecies

differed and which were comparable. We then conducted a series of eight mixed-effect model analyses

(four each for background colour and maculation) to test the independent support for each hypothesis in

turn (table 1). To test each hypothesis, the predictors (found in table 1) were fitted as explanatory terms,

the collection year was included as a continuous variable to determine whether the age of the egg had

any influence on colour, and unique grid number was fitted as a random term to account for repeated

measures of clutches within the same grid cell. In each case, analyses were conducted using the package

lme4 [67], with subsequent use of lmerTest [68] and MuMIn [69] to generate p-values and R2-values,

respectively. Moran’s I statistic in the spdep package [70,71] was used to detect spatial autocorrelation of

residuals. Where spatial autocorrelation was detected, a simultaneous autoregressive model (SAR) was

used to add an autocorrected error term of spatial weights [70–72]. Finally, we conducted a multivariate

analysis in which all explanatory terms outlined above were included in the same model. In this case, we

used model reduction to generate a final model based on the anova function in R, with terms having

non-significant explanatory power on the model being removed. Our aim here was to elucidate the

relative support for each hypothesis simultaneously.
3. Results
3.1. Variation among subspecies
We found extensive differences in the background colour of magpie clutches, with clutches varying from

white to a variety of tones of blue, grey, brown and red (figure 3a,b). This variation was captured by two

http://www.clw.csiro.au/aclep/soilandlandscapegrid
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prominent reflectance peaks in the visible spectrum at 500 and 630 nm, reflecting blue and brown

background colours, respectively (figure 3a,b). The eight subspecies showed comparable variation in

egg coloration, indicated by a Levene’s test of variance on PC1 (F7,237 ¼ 0.73, p ¼ 0.6). In addition,

although we found significant average differences in background colour (PC1) among subspecies

(one-way ANOVA F7,245 ¼ 4.9, p , 0.001, R2¼ 0.15), subsequent Tukey’s tests suggested that this

difference was driven entirely by C. tibicen hypoleuca (table 2). This Tasmanian subspecies had

significantly bluer eggs than four of the seven other subspecies, and there were no systematic

differences in the background colour among the other subspecies. Thus, population-wide consistent

subspecies level genetic differences do not obviously explain the marked variation in background

colour of Australian magpie eggs in the overall sample.

Maculation scores also varied in both extent and type of marking. Some eggs had almost no

markings, and others were so heavily maculated it was challenging to see the background colour

(figures 1 and 3b). Overall, the average area of maculation on Australian magpie eggs was 37% of the

total surface (ranging from 0 to 85%, s.d.+21.5%). The eight subspecies showed potential variation

in egg maculation, indicated by a Levene’s test of variance on PC1, but any differences were slight

(F7,237 ¼ 1.9, p ¼ 0.06). We did find more convincing evidence for significant mean differences in

maculation scores among subspecies (one-way ANOVA F7,272 ¼ 3.1, p , 0.001, R2¼ 0.13), but again
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Figure 4. Barchart highlighting the extent of maculation of eggs of each subspecies (as a % of total surface area) with standard
error. Cracticus tibicen dorsalis (mean ¼ 45+ 18%); C. tibicen eylandtensis (mean ¼ 17+ 16%); C. tibicen hypoleuca (mean ¼
40+ 22%); C. tibicen leuconota (mean ¼ 37+ 19.5%); C. tibicen longirostris (mean ¼ 26+13%); C. tibicen terraereginae
(mean¼ 49+ 22%); C. tibicen (mean ¼ 32+ 22%); C. tibicen tyrannica (mean ¼ 41+ 24.5%).

Table 2. Tukey multiple comparisons of means between principal component 1 (PC1) background colour values and subspecies
of Australian magpies (C. tibicen). Eight subspecies and 245 clutches were analysed from preserved museum samples. All outliers
from the specified distribution ranges were removed from the analysis (hence the reduced number of clutches in this specific
analysis). Names in bold are those that differed most frequently. p-values show 95% family-wise confidence level. Italicized rows
indicate a significant p-value. Direction of change indicates that C. tibicen hypoleuca has a higher PC1 value, thus bluer
background colour, than four out of the seven other subspecies.

subspecies estimate s.e. z p

hypoleuca — dorsalis 0.083 0.02 4.06 ,0.005

longirostris — hypoleuca 20.12 0.03 23.73 ,0.005

tyrannica — dorsalis 0.06 0.02 3.54 0.01

tyrannica — longirostris 0.1 0.03 3.29 0.02

leuconota — hypoleuca 20.1 0.03 23.21 0.03

tibicen — hypoleuca 20.055 0.019 22.94 0.057

terraereginae — Longirostris 0.09 0.03 2.76 0.09
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subsequent Tukey tests suggested this to be driven entirely by the maculation of a single subspecies, in

this case C. tibicen eylandtensis. Eggs of this subspecies of the Northern Territory were significantly more

maculated than three of the seven other subspecies with no systematic differences between the other

subspecies (figure 4 and table 3). Again therefore, marked variation in maculation appeared not to be

primarily driven by population-wide genetic differences that differ consistently across subspecies.

3.2. Independent univariate tests of ecology-based hypotheses
We found little support for any of the hypotheses tested in the independent analyses of background

colour (table 4). Eggs did not differ in colour between those subspecies living in the presence versus

absence of the brood-parasitic channel-billed cuckoo. In addition, background colour did not vary as a

function of the interaction between temperature and humidity, which might be expected given that

microbial activity is likely to be greater in hot and humid climates. Further, the average level of soil

calcium within each grid was not significantly associated with background colour, suggesting that



Table 3. Tukey multiple comparisons of means between the total area of maculation values (from SpotEgg) and subspecies of
Australian magpies (C. Tibicen). Eight subspecies and 245 clutches were analysed from preserved museum samples. All outliers
from the specified distribution ranges were removed from the analysis (table 2). Names in bold are those that differed most
frequently. p-values show 95% family-wise confidence level. Italicized rows indicate a significant p-value. Direction of change
indicates that C. tibicen eylandtensis has a lower total maculation value, thus spottier eggs than three of the seven other
subspecies.

subspecies estimate s.e. z p

terraereginae — eylandtensis 28.42 6.91 4.11 ,0.001

tyrannica — eylandtensis 24.73 6.91 3.58 0.007

eylandtensis — dorsalis 223.22 7.35 23.16 0.03

tibicen — terraereginae 211.9 4.27 22.79 0.08

hypoleuca — eylandtensis 20.68 7.46 2.77 0.09
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colour variation does not serve to compensate for reduced calcium levels. Finally, we found no evidence

of an effect of the interaction between temperature and leaf area index on background colour, as

predicted by the solar radiation hypothesis.

Similarly, we found little support for any of the hypotheses tested in the independent analyses of

maculation (table 5). Again, levels of maculation were not associated with the presence or absence of

channel-billed cuckoos. Nor were they associated with hot and humid climates or soil calcium levels,

suggesting that maculation does not offer protection against microbial activity or compensate for low

levels of soil calcium. Finally, although we found a significant relationship between the interaction

between temperature and leaf area index and maculation (F1.272 ¼ 6.8, p , 0.05), the direction of this

interaction ran counter to the prediction of the solar radiation hypothesis (figure 5a). In other words,

instead of eggs being more maculated in areas of high sun exposure, we found that they were more

maculated in areas of high temperature and high (not low) leaf area index.
3.3. Multivariate analysis
Our multivariate approach was more successful at explaining significant variation in background colour.

We found a positive relationship between background colour and Tmax, indicating that eggs are browner

in locations with higher average maximum temperatures (F1,272 ¼ 15.98, p , 0.001; table 6 and figure 5b).

A significant relationship was also found between background colour and calcium availability in the soil

(F1,272 ¼ 6.44, p , 0.01), with eggs in areas of increased soil calcium being bluer (table 6 and figure 5c).

Finally, we also detected a non-significant trend for the eggs of subspecies overlapping with channel-

billed cuckoos to be bluer. By contrast, we found no evidence to suggest that background colour is

influenced by relative humidity or leaf area index.

We also found significant ecological predictors of maculation scores with our multivariate analyses

(table 7). As was reported in the more targeted analyses above, the interaction between maximum

temperature and leaf area index was also significant in this analysis (F1,272 ¼ 4.3, p , 0.05). In

addition, however, we also detected a significant effect of calcium availability in the soil (F1,272 ¼ 4.61,

p , 0.05), although eggs were more, not less, maculated in areas of high calcium (figure 5d ). Finally,

we found no evidence for a role of cuckoo presence or relative humidity on egg maculation.
4. Discussion
The eggs of Australian magpies are highly variable in background colour and in extent of maculation.

Despite this, only the Tasmanian subspecies C. tibicen hypoleuca, differed in background colour, and

only the Northern Territory subspecies C. tibicen eylandtensis differed in the extent of maculation. We

found little compelling support for the hypotheses under investigation. Most notably, we did not find

that eggs varied significantly in their appearance as a function of the current range of brood parasites

or likely predictors of the microbial activity, calcium levels or solar radiation, at least as measured. We

conclude that despite the number of environmental and biological parameters that we considered in

our broad-scale analysis across the continent of Australia, most of the variation remains unexplained



Table 4. Results of hypothesis-based models investigating if principal component 1 (PC1) background colour values of Australian
magpie eggs (C. tibicen) can be explained by: (a) the parasite hypothesis; (b) the bacterial hypothesis; (c) the solar radiation
hypothesis or (d) the calcium hypothesis. Two hundred and seventy two clutches were analysed from museum samples. Where
spatial autocorrelation was detected, it was corrected using SAR. The random variable in remaining models is the unique grid
number (random UGN). The R2m reports the R2 of the model with just fixed effects while the R2c reports the R2 of the full
model including random variables.

(a) parasite hypothesis

Background PC1 � Presence/Absence; R2m ¼ 0.005, R2c ¼0.18

estimate s.e. d.f. t p

intercept 25.87 � 1023 2.16 � 1022 1.7 � 10þ2 20.3 0.79

parasite yes 1.15 � 1022 1.12 � 1022 1.17 � 10þ2 1.03 0.31

age 26.36 � 1025 2.21 � 1024 1.54 � 10þ2 20.29 0.77

variance s.d.

random UGN 0.001 0.03

residuals 0.004 0.07

(b) bacterial hypothesis

Background PC1 � Tmax� r. humidity; R2m ¼ 0.05, R2c ¼ 0.18

estimate s.e. d.f. t p

intercept 23.3 � 1022 1.3 � 1021 5.95 � 10þ1 20.26 0.8

Tmax : humid 4.84 � 1025 9.98 � 1025 7.24 � 10þ1 20.49 0.63

age 28.7 � 1025 2.13 � 1024 1.36 � 10þ2 20.41 0.68

variance s.d.

random UGN 0.0007 0.027

residuals 0.005 0.07

(c) solar radiation

Background PC1 � Tmax� LAI; R2m ¼ 0.06, R2c ¼ 0.2

estimate s.e. d.f. t p

intercept 1.24 � 1021 6.41 � 1022 5.36 � 10þ1 1.93 0.06

LAI : Tmax 5.05 � 1024 1.94 � 1023 6.3 � 10þ1 0.26 0.8

age 22.01 � 1025 2.15 � 1024 1.43 � 10þ2 20.1 0.9

variance s.d.

random UGN 0.001 0.03

residuals 0.004 0.07

(d) calcium

SAR Background PC1 � calcium

estimate s.e. p

intercept 7.92 � 1021 2.33 � 1021 0.001

calcium 4.54 � 1023 6.69 � 1023 0.5

age 24.32 � 1025 2.07 � 1024 0.84
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and multiple factors probably combine, perhaps to different extents in different areas, to influence egg

colour and maculation in this species. In tentative support, our univariate analyses appeared less able

to explain the observed variation than were our multivariate approaches. Despite this, many studies

employ this single hypothesis based approach, which our study shows can lead to misleading results.

The Australian magpies’ continent-wide distribution encompasses eight established subspecies

showing differences in plumage, morphology and behaviour [6,18], perhaps suggesting prolonged



Table 5. Results of hypothesis-based models investigating if the total area of maculation (generated by SpotEgg) of Australian
magpie eggs (C. tibicen) can be explained by (a) the parasite hypothesis; (b) the bacterial hypothesis; (c) the solar radiation
hypothesis and (d) the calcium hypothesis. Two hundred and seventy two clutches were analysed from museum samples. The
random variable included in all models is the unique grid number (random UGN). The R2m reports the R2 of the model with just
fixed effects while the R2c reports the R2 of the full model including random variables. Italicized rows indicate a significant p-value.

(a) parasite hypothesis

Maculation scores � Presence/Absence; R2m ¼ 0.004, R2c ¼ 0.14

estimate s.e. d.f. t p

intercept 32.5 6.12 175.7 5.3 ,0.0001

parasite yes 20.17 3.14 117.9 20.06 0.96

age 0.06 0.06 158.1 0.93 0.35

variance s.d.

random UGN 61.54 7.8

residuals 393.7 19.8

(b) bacterial hypothesis

Maculation scores � Tmax� r. humidity; R2m ¼ 0.02, R2c ¼ 0.11

estimate s.e. d.f. t p

intercept 80.57 36.0 53.7 2.2 0.03

Tmax : r. humid 0.05 0.028 65.17 1.76 0.08

age 0.05 0.06 133.57 0.87 0.38

variance s.d.

random UGN 39.9 6.32

residuals 407.6 20.2

(c) solar radiation

Maculation scores � Tmax� LAI; R2m ¼ 0.04, R2c ¼ 0.10

estimate s.e. d.f. t p

intercept 74.0 16.9 39.8 4.4 ,0.0001

LAI : Tmax 1.38 0.52 46.9 2.66 0.01

age 0.06 0.06 131.4 1.06 0.3

variance s.d.

random UGN 29.3 5.4

residuals 410.84 20.27

(d) calcium

Maculation scores � calcium; R2m ¼ ¼ 0.01, R2c ¼ 0.14

estimate s.e. d.f. t p

intercept 18.9 12.3 127 1.54 0.12

calcium 2.61 2.07 126.4 1.26 0.21

age 0.07 0.06 157.2 1.14 0.25

variance s.d.

random UGN 60.9 7.8

residuals 391.5 19.79
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periods of reproductive isolation. Such isolation might also expect to lead to divergence in egg

characteristics arising from random genetic drift or local adaptation. Remarkably, we found that

subspecies explained little of the marked variation in either egg coloration or extent of maculation
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Figure 5. Interaction plots of ecological factors against background colour PC1 (high PC1 ¼ blue, low PC1 ¼ brown) or extent of
maculation (%). Each point represents the average maculation % score or the average PC1 score of a clutch and the lines represent
the best fits. (a) Interaction plot between maculation, maximum temperatures (Tmax) and LAI. Direction of change shows that eggs
are more maculated in warmer and more shaded areas, and less so in cooler less shaded areas. (b) Relationship between PC1 and
maximum temperature (Tmax). The direction of change indicates a lower PC1 value with higher temperature. (c) Relationship
between PC1 and calcium availability. The direction of change indicates a higher PC1 value with higher calcium availability. (d )
Relationship between maculation and calcium availability. Direction of change shows that eggs are more maculated in areas of
higher calcium availability.

Table 6. Results of multivariate analysis whereby we investigate the explanatory power of environmental variables on
background colour using principal component 1 (PC1). The final model includes Tmax, calcium and unique grid number (random
UGN) as a random variable. The R2m reports the R2 of the model with just fixed effects while the R2c reports the R2 of the full
model including random variables. Results suggest that as temperature increases PC1 decreases (gets browner) and as calcium
increases PC1 increases (gets bluer). Italicized rows indicate a significant p-value. R2m ¼ 0.082, R2c ¼ 0.22.

estimate s.e. d.f. t p

intercept 0.0097 0.036 82.52 0.27

Tmax 20.0051 0.001 47.75 24.1 0.0001

calcium 0.021 0.008 92.54 2.6 0.01

parasite yes 0.02 0.011 82.00 1.69 0.096

relative humidity 0.001 0.001 85.4 1.25 0.22

LAI 0.016 0.014 47.03 1.15 0.26

variance s.d.

random UGN 0.001 0.03

residuals 0.005 0.07
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Table 7. Results of multivariate analysis whereby we investigate the explanatory power of environmental variables on
maculation scores from SpotEgg. The final model includes Tmax, LAI, Tmax * LAI (as an interaction) and unique grid number
(random UGN) as a random variable. The R2m reports the R2 of the model with just fixed effects while the R2c reports the R2

of the full model including random variables. Results show that independently, as temperature increases, the total area of
maculation decreases (gets less spotty) and as leaf area index increases (more leaf cover) total area of maculation decreases.
However, when temperature and LAI increase together, the total area of maculation increases. Italicized rows indicate a
significant p-value. R2m ¼ 0.05, R2c ¼ 0.13.

estimate s.e. d.f. t p

intercept 34.33 25.29 64.32 1.36 0.18

Tmax 21.42 0.65 37.11 22.19 0.03

Tmax * LAI 6.43 2.99 79.02 2.15 0.03

calcium 1.08 0.51 56.93 2.07 0.04

LAI 218.84 12.63 67.23 21.49 0.14

parasite yes 22.99 3.15 80.54 20.95 0.34

relative humidity 0.23 0.28 95.94 0.79 0.43

variance s.d.

random UGN 39.61 5.88

residuals 409.64 20.24
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across the species as a whole. Apart from the Tasmanian subspecies that produced eggs that were bluer

on average than those of other subspecies, and the Northern Territory subspecies which laid more

maculated eggs, all other subspecies showed comparable overlap in the extent of both background

colour and the level of maculation. These results arose despite high levels of intra-clutch similarity in

egg morphology (results not shown), perhaps suggesting high levels of heritability in eggshell colour

traits. These results suggest either more fine-scaled selection on egg pigmentation within each

subspecies (creating variance that breaks down any divergence between subspecies), or that any

genetic polymorphism present within the species as a whole is not structured along the same lines as

the subspecific variation.

Arguably, the most well-supported adaptive idea accounting for observed variation in egg

morphology is the brood parasitism hypothesis [2,5,30–33]. However, we found only a weak trend for

eggs to be bluer in areas where a parasite was present, which differs from the generally brown cuckoo

egg. At best, this result suggests little selection on the part of the cuckoo to match its host eggs or

little selection on the host to detect the cuckoo egg. In support of either, the Australian magpie is a

secondary host of the channel-billed cuckoo, and the young cuckoo does not eject the host eggs on

hatching [74]. As a consequence, we might expect reduced impacts of cuckoo parasitism on the egg

morphology of Australian magpies (relative to other cuckoo species in which host egg or nestling

rejection is absolute). Indeed, not only did background colour vary little between those subspecies

living in the presence versus absence of cuckoos, but there were no differences in their levels of egg

maculation. Thus, overall, we find little compelling support for the hypothesis that brood parasitism

has shaped the marked variation in current egg colour variation in the Australian magpie.

Research on the anti-bacterial properties of egg pigments has shown that brown pigments have the

most effective anti-bacterial properties when exposed to light (as most open nesting species’ eggs would

be). For instance, Ishikawa et al. [16] found that photodynamic microbial properties of natural pigments

reduced bacteria survival. Using domestic chicken eggs (Gallus gallus domesticus) and exposing them in

standardized conditions to a treatment of bacteria, they found that brown eggs were more effective at

bacterial defence when exposed to light than blue or white eggs [16]. Australia is characterized by

substantial variation in climatic conditions. We hypothesized that microbial activity is greatest in hot

and humid conditions—support for the antimicrobial function of egg pigmentation would thus be

provided if eggs laid in such conditions are browner and/or more maculated (making use of more

protoporphoryn). While we found that browner and more maculated eggs were more prevelant in

areas of high temperature, we found no evidence that these temperature effects were modified by

relative humidity levels. As a consequence, we found little firm evidence to suggest that the variation

in egg pigmentation observed can be explained by selection against bacterial activity [16].
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An alternative hypothesis that has been proposed to explain variation in maculation, but might also

help to explain variation in background colour is the calcium deficiency hypothesis [22]. Calcium

compounds are a key component of eggshells and are often limiting in the environment [41]. To

compensate for any such limitations, females have been suggested to deposit increased levels of

protoporphyrin primarily in the form of egg maculation. For example, Gosler et al. [15,22,27,41] found

that in areas of low calcium, great tit (Parus major) eggs were more maculated. Australia is calcium

poor compared with the environment in which this great tit study was conducted [22,75], leading to

the expectation that magpie eggs should be highly maculated. Although many Australian magpie

eggs were highly maculated, we found a positive, not negative, association between calcium levels in

the environment and the extent of maculation. On the other hand, the background colour of eggs was

more likely to be brown in areas with low calcium in the soil, which might confer greater structural

integrity of eggs in calcium-poor environments. We fully acknowledge that omnivorous magpies

might gain sufficient calcium from their diet, which might limit the utility of using measures of

calcium in the environment to predict variation in egg coloration. It is therefore conceivable that

variation in egg coloration reflects variation in the calcium levels found in the diet among different

females. These potential issues notwithstanding, we also find little support for the calcium availability

hypothesis in egg maculation, and the influence of background colour on the structural integrity of

eggs is yet to be investigated by other studies, although our results suggest that it is worth testing.

That eggs were browner and more maculated when laid in areas of high average maximum

temperatures provides some support for the solar radiation hypothesis. This hypothesis proposes that

in areas of higher risk of harmful radiation, which is likely to correlate with the average maximum

temperature, eggs should contain more protoporphyrin to protect them from this harmful UV

radiation [13]. For example, experiments in chicken eggs show that embryonic exposure to UV is

reduced when eggs have a higher intensity of brown pigmentation [13,76]. Given that magpies are

uniparental incubators, eggs will be periodically exposed to direct sunlight during female recess

bouts, leading to the potential for selection on increased protoporphyrin deposition in areas with

higher exposure to sunlight. Although the need to increase the protoporphyrin content of the

eggshells in areas of increased solar radiation might be expected to be modified by overall levels of

foliage in the environment, this probably depends on the location of magpie nests with respect to

foliage cover. Magpies typically position their nests high in a tree, usually only partly covered by any

foliage and are exposed accordingly to the sun during female recess periods from incubation duty

[73]. In addition, Australia has experienced significant aridification in the last 5 Myr and was more

wooded when magpies evolved ca 7 Ma than it is today [77,78]. As a consequence, current measures

of leaf area index might fail to capture variation in the amount of solar radiation experienced by

ancestral magpie eggs, accounting for the lack of the expected interaction between temperature and

leaf area index on background colour. Nevertheless, we found that eggs were more maculated when

laid in areas with higher temperatures and leaf area index which runs counter to the hypothesis that

increasing protoporphyrin content offers protection against solar radiation [5,21]. Together these

results provide ambiguous support for the solar radiation hypothesis and more tests of the adaptive

benefits of protoporphyrin use in background colour and patterning are required to understand the

role of this selection pressure in egg colour evolution, particularly in areas with higher solar radiation.

In conclusion, although the eggs of the Australian magpie show marked variation in background

colour and maculation, most of this variation remains unexplained, despite the number of

environmental and biological parameters that we considered in our broad-scale analysis across the

continent of Australia. In total, only 8% of the variation in background colour and 5% of the variation

in maculation was explained by the range of explanatory variables that we considered. This is a

disappointingly small amount of the variation that occurs in the highly variable eggs of this species,

and our findings suggest that understanding the colour and patterning of birds eggs is not easy, as

studies have previously suggested [2]. While selection driven by brood parasites has previously been

found to explain significant amounts of the variation in some species [21], we found no support for

this in the Australian magpie. A big caveat here is that our data and analyses were unable to account

for historical selection pressures, driven by either past climatic or environmental conditions, or

historical brood parasitism, either by the channel-billed cuckoo, or perhaps another unknown parasite.

It therefore certainly remains possible that significant variation may have arisen as a result of past

selection [68–70]. Finally, although the patterns were not very strong, and not always in the direction

predicted, we did find some evidence of covariation between both background coloration and

maculation with chemical and physical properties of the environment. The nature of these

relationships suggests that both calcium and maximum temperature may play some role in
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contemporary selection on avian egg pigmentation, but that these patterns might be more complicated

and less easy to predict than previous studies have indicated [41]. Our findings suggest that the

selective role of calcium and maximum temperature are worthy of further investigation.
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