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The avian eggshell is a bio-ceramic structure that protects the embryo. It is
composed almost entirely of calcium carbonate and a small amount of
organic material. An optimal amount of calcium carbonate in the eggshell
is essential for the embryo’s development, yet how the ratio of calcium car-
bonate to organic matter varies between species has not been investigated.
Calcium is a limiting resource for most birds, so its investment in their
eggs should be optimized for a bird’s life history. We measured the relative
calcium carbonate content of eggshells in 222 bird species and tested
hypotheses for how this trait has evolved with the life-history strategies of
these species and other traits of their respective egg physiologies. We
found that (i) eggshell calcium carbonate content was positively correlated
with species having thinner eggshells and smaller than expected eggs rela-
tive to incubating parental mass, (ii) species with small mean clutch sizes
had lower calcium carbonate content in their eggshells, and (iii) for species
with larger clutch sizes, eggshell calcium carbonate content was negatively
correlated with their mean lifespan. The pattern of lower eggshell calcium
carbonate in longer lived, larger clutched birds suggests that calcium
provision to the eggshell has long-term costs for the individual.
1. Introduction
Life-history theory explains what determines when, how and to what extent
reproduction should occur for an organism to optimize its individual fitness [1].
A key aspect of these reproductive strategies is an investment in individual repro-
ductive bouts versus self-maintenance, and the spreading of investment over
multiple reproduction attempts [1,2]. The avian eggshell, as an extension of both
a bird’s phenotype and its life history, is under the influence of strong selective
factors, since embryonic development and reproductive success are highly depen-
dent on theoptimal functionalityof the eggshell [3,4]. Birds’ eggshellshave evolved
many specific adaptations in their composition and structure for ensuring success-
ful embryonic development across different life histories, nest environments and
climatic conditions [5,6]. Egg production provides a critical example of life-history
theory in action as the investment into an egg and/or clutch will greatly influence
the quality of that offspring, but, conversely, will reduce the parent’s resources for
both immediate self-maintenance and future reproductive investment [7]. This
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trade-off has been explored in the context of egg contents [8],
such as androgen deposition in the yolk [9,10] and pigment
deposition in the shellmatrix [11], yet the production of the egg-
shell itself and its composition have not been considered within
the same framework.

The avian eggshell performs multiple functions to enable
and facilitate embryonic development. The eggshell provides
a rigid armour to protect the developing embryo from mech-
anical damage and acts as a physical barrier to microbial
infection [12]. Moreover, the eggshell controls the appropriate
exchange of heat, water and respiratory gases with the
immediate nest environment [13], while also providing a
reservoir of calcium and other trace minerals for absorption
by the developing embryo [14]. Simultaneously, pigment
deposited on the outer surface can play an important role
in varied behaviours, such as crypsis, thermoregulation and
sexual signalling [15–18]. The evolution and adaptations of
the eggshell have allowed birds to breed in almost all terres-
trial environments and habitats globally [19]. A key
component of this success has been the presence of calcium
carbonate in the eggshell in the form of calcite [4,20]. How
calcite crystals form to produce the structure of the eggshell
has been rigorously studied [21,22], and the detrimental
impacts of calcium deficiency on reproduction are well estab-
lished [23,24]. Despite this, the quantity of calcium carbonate
in the shell has rarely been considered as an evolved trait in
bird species (but see [25]), even though broad-scale macro-
ecological studies have found global patterns in egg shape
[26], egg size [27,28] and shell pigmentation [29–31].

Eggshells are sophisticated bio-ceramic structures consist-
ing of a calcium-based mineral structure interwoven with an
organic protein matrix [12,32,33]. Calcium carbonate is
believed to make up approximately 98% of the eggshell for
most bird species [16,34], though the variation across species
has not been previously explored. An appropriate amount of
calcium carbonate deposited in the eggshell is essential for
the embryo to develop correctly, as incomplete calcification
of the shell can lead to overly large pores and desiccation,
while excess calcium can lead to severely reduced gas
exchange [34,35]. Insufficient calcium in the shell can also
cause the embryo to become hypocalcaemic, resulting in
retarded growth or, in extreme cases, death [36,37].

Here, we investigate the macro-phylogenetic patterns pre-
sent in eggshell calcium carbonate content across a large
numberof diverse avian species and investigate the relationship
between eggshell calcium carbonate to organic component ratio
and a species’ life-history traits. Many life-history traits can be
expected to impose constraints or trade-offs in the amount of
calcium allocated to the eggshell. Calcite or its isoforms
cannot be stored to any significant amounts in most avian
bodies [34,38], though cyclic osteoporosis can provide a portion
of the calcium for egg formation in some species [39]. As such,
this mineral must be obtained from the mother’s diet during
egg formation [34]. Acquiring sufficient calcium for egg pro-
duction for many species requires behavioural adaptations
such as diet switching and/or strenuous foraging beyond
their normal requirements and outside their normal ranges,
potentially increasing inter-territorial disputes [40,41]. It is
assumed that the greater the number of eggs produced, the
less calcium available to be provisioned to each [42].

The structure of the shell is under differing selective
pressures to optimize strength, gas exchange and hatchability
[3,5], among other factors, each of which might cause
contradicting directional selection on the eggshell calcium
carbonate content. We considered a number of pertinent
life-history traits where there is evidence of selection on
other aspects of egg physiology and formulated 10 key
hypotheses and predictions with respect to the eggshell cal-
cium content in 222 species (table 1). These hypotheses
were subdivided based on the framework of Tinbergen’s
four questions to address variation in eggshell calcium
carbonate content between species from a mechanistic, prox-
imate perspective (mechanism and ontogeny) and from a
broader adaptive, evolutionary perspective (adaptation and
phylogeny) [43,44]. The goal of our novel investigation into
macro-evolutionary patterns of a key eggshell trait was to
explore new associations between eggshell content and
avian life history, phylogeny and physiology.
2. Methods
2.1. Calcium carbonate content (ash) of eggs
All eggshells were obtained from the Destructible Collection at
the Natural History Museum, Tring, UK, a unique resource con-
taining blown eggs mainly of European breeding birds,
identified to species levels but otherwise too data-poor to allow
admission to the museum’s main collection [5,30]. Owing to
limitations of the information available for this (destructible)
subset of the collection, we did not have specific details about
where eggs were collected or the clutch size they were taken
from. Eggs were assumed to be freshly laid at collection because
of the small size of blow holes. A small blow hole suggests no
substantial embryo was present, as the liquid egg content
could be extruded through this narrow opening. All eggshells
were cut in half vertically (from sharp to blunt pole) using a dia-
mond-tipped dentist drill (Milnes Bros., Croydon, UK). One half
of each egg was weighed on a precision electronic balance
(Sartorius, Göttingen, Germany), before being put in an oven at
60°C to dry to a constant mass. To assess this, all shell halves
were weighed individually twice daily, between 09.00–10.00
and 16.00–17.00, until no change in mass was detected for four
consecutive weighing sessions, at which point they were con-
sidered ‘dry’. Following this, each shell half was placed in a
small ceramic crucible and weighed with this container. The cru-
cibles with the dry shell were then placed into a muffle furnace
(AAF 1100; Carbolite, Hope, UK) for 30 h at 650°C to burn off
the organic component of the shell. Immediately after removal
from the furnace, each crucible with the shell ash was placed in
a desiccator to cool down without absorbing moisture from the
air before being weighed again. Calcium carbonate content was
calculated as the ash mass of the shell half, as a percentage of
the dry mass of the shell half. Other inorganic minerals that
occur in trace amounts alongside calcium carbonate in the egg-
shell (e.g. phosphorus and magnesium) were not considered
separately as they occur in extremely small quantities (less than
0.1% of the eggshell) [60,61]

2.2. Life-history and physical egg traits
Life-history and ecological data were gathered primarily from the
Handbook of the Birds of the World, volumes 1–13 [62], and cross-
referenced with birds of the Western Palaearctic [63]. Body
mass of adult birds was taken as a mean of the mass of both
sexes, primarily from the Handbook of Avian Body Masses [64].
The residual variation in egg size was calculated as the residual
variance of each species from the predicted values of a linear cor-
relation between log10 corrected body mass and log10 corrected
fresh egg mass. Lifespan was extracted from [65], and mean
breeding latitude was calculated from [66]. Clutch size data



Table 1. Hypotheses and predictions with supporting rationale of how eggshell calcium carbonate content in birds relates to life-history strategies and eggshell
characteristics. Hypotheses are divided based on Tinbergen’s four-question structure [43,44].

level of
question/
prediction hypothesis prediction rationale and/or proposed mechanism

mechanism 1) Thicker eggshells are achieved

through greater deposition of calcite

but not matrix during layer

formation, resulting in higher relative

calcium carbonate content of thicker

eggshells.

Species with eggs that have thicker

shells also produce shells with

higher calcium carbonate content

than species with thin-shelled

eggs.

The crystalline structure of the shell is

believed to be controlled primarily by

the organic matrix, which modulates the

deposition of calcium from the uterine

fluid [45,46]. Selection for thicker

eggshell could increase the binding of

calcite crystals to the organic matrix

during shell formation.

2) Calcium carbonate content of

eggshells is influenced by diet.

Species with diets that are normally

higher in calcium invest more

calcium in their eggshells.

The majority of calcium needed for egg

production must be obtained from their

diet during egg formation [34].

3) Eggshell pigmentation has evolved to

compensate for lower calcium

carbonate content.

Pigmented eggshells contain less

calcium carbonate than

immaculate eggshells.

In great tits (Parus major) and Eurasian

sparrowhawks (Accipiter nisus) calcium

stress and eggshell thinning have been

correlated with more pigmented

eggshells, suggesting protoporphyrin

pigment might be used to strengthen

eggs in compensation for lacking calcium

[47,48].

However, in another species (black-headed

gulls; Larus ridibundus) the correlation

between pigmentation and shell

thinning was found to be weak [49].

4) Species eggshell calcium carbonate

content is adjusted to their breeding

latitude as a result of calcium

availability and selection for thicker

shells in colder climates.

Species breeding at higher latitudes

(further from the Equator) will

have a higher calcium carbonate

content in their eggs.

Multiple egg traits are known to vary

latitudinally at both an inter- and

intraspecies level, believed to be a

response to variation in temperature and

solar radiation [31,50,51]. There is

evidence that thicker eggshell can retain

heat longer, which may benefit species

breeding at colder latitudes [52], which

led to greater calcium carbonate content

in these eggs. Additionally, calcium

availability in the environment is known

to increase in higher latitudes [42].

ontogeny/

proximate

5) Precocial species deposit more

calcium overall into their eggshell in

order to supply the higher demand

for embryonic growth without

compromising the integrity of the

eggshell through excessive thinning.

Eggshell calcium carbonate content is

higher in species with precocial

modes of development.

Nestlings of precocial species hatch in a

more developed state than those of

altricial species, in particular they have a

more ossified skeleton and muscles and

larger brains [53]. This requires greater

sequestration of calcium during

development, which is supplied by a

greater number of mammillary tips of

the eggshell [15,53].

(Continued.)
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Table 1. (Continued.)

level of
question/
prediction hypothesis prediction rationale and/or proposed mechanism

6) Incubation period influences calcium

carbonate content.

Species with longer incubation

periods will have more calcium

carbonate in their eggshell.

Longer incubation period requires less

porous eggshells to prevent excessive

water loss, and as a result may have

denser eggshell produced through

greater calcite crystal deposition [54,55],

showing an evolutionary relationship

between eggshell porosity and

incubation length in Alcidae species.

adaptation/

ultimate

7) Calcium carbonate content is

influenced by reproductive investment

(clutch size).

Calcium carbonate content decreases

with increasing clutch size

Patten [42] suggested that the evolution of

clutch size is influenced by the

availability of calcium in the breeding

habitat. This would suggest a strong

correlation between clutch size and

eggshell calcium content.

8) A species lifespan influences calcium

carbonate content per egg.

Lifespan is negatively correlated with

calcium carbonate content.

If calcium foraging is an expensive activity,

longer lived species might invest less

calcium in eggs per clutch in order to

conserve energy for future reproductive

attempts compared with species which

only have the opportunity to breed a

few times over their short lifespan.

There is evidence that lifespan influences

egg size and clutch size in birds [56].

9) Eggshell calcium carbonate content is

higher in species with eggs that are

smaller than predicted for the mass

of the incubating parents.

Calcium carbonate content will be

predicted by the residual

difference between fresh egg

weight (as a proxy for egg size)

and adult body mass.

Egg traits such as the size, shape and

thickness of eggs have evolved in tight

concert with adult body mass, as the

egg needs to be able to support the

weight of the parent during incubation

yet remain thin enough to allow the

chick to hatch [3,57]. Smaller eggs

experience a greater force per unit area

of the shell from the mass of the

incubating parent and as such could

require a higher calcium carbonate

content to compensate.

phylogeny/

ultimate

10) A large component of variation in

eggshell calcium carbonate content

is correlated with the species’

phylogenetic position.

Calcium carbonate content has a

phylogenetic signal close to, but

less than, 1 (Pagel’s λ) [58].

Many eggshell characteristics have been

shown to strongly covary with

phylogenetic relatedness in birds

[5,30,59]; as such we expect eggshell

calcium carbonate content to be

similarly correlated to phylogeny.
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were collected as a mean number of eggs but subsequently
divided into two categories, with species producing either a
single egg or two eggs per clutch categorized as ‘small’ and all
other species categorized as ‘large’. This is because of an unequal
distribution of clutch sizes in the data (electronic supplementary
material, figure S1) and preliminary results supporting a
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categorical rather than a continuous effect of clutch size. Species
mean eggshell thickness values were extracted from [17].

2.3. Statistical analyses
All statistical analyses were conducted in R statistical software (R
v. 3.3.2 [67]) through the Integrated Development Environment
‘R Studio’ [68]. A phylogenetic tree was constructed for the 222
species included in this study from the Open Tree of Life project,
using the R package ‘rotl’ [69], which constructs a tree using multiple
taxonomies as a backbone. The strength of the phylogenetic signal
(Pagel’s λ) in the calcium percentage of the eggshells was estimated
on the mean values for each species, using the ‘phylosig’ function in
the R package ‘phytools’ [70,71]. The R package ‘caper’ [72] was
used to construct phylogenetically informed least-squares (PGLS)
models using the constructed phylogenetic tree. In these models,
we were able to include phylogeny and Pagel’s λ as a covariance
matrix, thereby accounting for phylogenetic non-independence of
the residual error in the response variable (calcium content).
Pagel’s λ was assigned by maximum likelihood in all models [73].

Calcium carbonate percentage was first arcsine transformed
to account for the proportional nature of the data and then
log10 transformed to account for a non-normal distribution (elec-
tronic supplementary material, figure S2). The resulting metric
was our response value in the subsequent models and was
tested against life-history and physiological traits as predictors.
PGLS models require a single response value per species; as
such mean calcium carbonate content was determined for each
species. To test our hypotheses, candidate PGLS models [71]
were constructed with combinations of the following predictors:
log eggshell thickness (mm), residual egg size variance relative to
adult body mass (g), precociality—assigned categorically by
whether or not eyes are open at hatching (precocial/altricial),
mean clutch size (small (not more than 2) or large (2.5–16)),
mean incubation period (days), species mean breeding latitude
(degrees), species diet (omnivore or carnivore; no herbivores
were available in the dataset), mean lifespan (years) and whether
eggs are pigmented or immaculate (yes/no). Several two-way
interactions were also included in PGLS models, listed here
(*denotes interaction): log eggshell thickness*calcium diet, log
eggshell thickness*precociality, log eggshell thickness*clutch
size, lifespan*clutch size, clutch size*precociality, mean incu-
bation period*clutch size, mean incubation period*precociality
and lifespan*precociality.

These candidate models were ranked based on Akaike infor-
mation criterion values corrected for small sample sizes (AICc),
and model averaging was applied to all models (n = 3), which
could not be rejected based on having an AICc score within
two points of the lowest AICc-valued model [74]. The R software
package ‘MuMIn’ was used for model selection and averaging
[75]. The averaged model produced contained only the predic-
tors: log eggshell thickness, residual egg mass, lifespan, clutch
size, latitude, and the interaction between lifespan and clutch
size (electronic supplementary material, table S1).

PGLSmodels canonlycomparemeancalciumcontentvalue [76]
anddonotaccount for intraspecies variability; to account for this,we
further constructed a phylogenetically informedmultivariatemixed
model (PMM) [77], which included all measurements per species
(samples per species varied between N = 1 and 5; see electronic
supplementary material, table S3), tested against the predictors of
the averaged PGLS model listed above. The PMM was fitted with
the package ‘sommer’ R v. 4.0 [78], using the same phylogenetic
tree described above. Thephylogenetic tree (figure 1)wasvisualized
using the ‘ggtree’ package [79].

3. Results
Our final PMM(containing predictors identified bymodel aver-
aging of PGLS candidate models; electronic supplementary
material, table S1) contained the predictors log shell thickness
and residual egg size variance, as well as key life-history traits
of clutch size, lifespan, the interaction between clutch size
and lifespan, and mean breeding latitude. All other predictors
and interactions were not retained in the averaged model
set of PGLS models, indicating that these variables neither
improved the fit of the model nor were significant predictors
of eggshell calcium content, and as such were not included in
the PMM. There was an effect of phylogeny on mean eggshell
calcium carbonate content with an intermediate Pagel’s λ
value of 0.82, which was significantly different from both zero
and 1 (p > 0.005, 95%CI: 0.686, 0.906), suggesting close relatives
were correlated in the values of eggshell calcium content,
though less than would be seen under a strict Brownian
motion model of evolution.

Calcium carbonate content was negatively correlated with
an eggshell thickness (estimate =−0.04, s.e. ± 0.006, t = 6.86,
p < 0.005), after accounting for phylogeny, with thicker egg-
shells having a lower calcium carbonate content (as a
percentage of dried shell mass) than thinner eggshells
(figure 1). There was a significant effect of the residual vari-
ation in adult body mass relative to egg mass on eggshell
calcium carbonate content (estimate =−0.01, s.e. ± 0.005,
t = 2.46, p = 0.01), indicating that species with eggs that were
larger than expected for their adult body mass had a higher
eggshell calcium carbonate content. Calcium carbonate con-
tent was also predicted by clutch size, with species with
smaller clutches having lower eggshell calcium carbonate
content (estimate =−0.02, s.e. ± 0.007, t =−2.85, p = 0.004).
Additionally, there was an interaction between clutch size
and lifespan on calcium carbonate content (figure 2):
among species with a clutch size over two eggs, calcium car-
bonate content of eggs decreased with increased lifespan;
however, this effect was not evident in species with less
than an average of 2.5 eggs per clutch (interaction, estimate =
0.0007, s.e. ± 0.0002, t = 3.13, p = 0.002). There was also a
pattern of lower eggshell calcium carbonate content at
higher breeding latitudes (estimate = 0.0001, s.e. ± 0.00005,
t = 2.63, p = 0.012). Lifespan alone was not a significant
predictor of eggshell calcium carbonate content (p = 0.99)
outside of the interaction with clutch size. The high value
of phylogenetic signal (H2 = 0.80 ± 0.04) of the PMM
(accounting for intraspecific variation) was consistent
with the high Pagel’s λ value found for mean calcium
carbonate content.
4. Discussion
Our results support several of the proposed hypotheses, such
as a species lifespan and clutch size dictating its eggshell cal-
cium investment, while also showing an interesting negative
correlation with eggshell thickness, which was opposite to
our predictions (electronic supplementary material, table
S2). We found that differences observed in eggshell calcium
carbonate content covary with a combination of physiological
traits (eggshell thickness and egg mass) and life-history traits
(lifespan, clutch size and breeding latitude). We found a phy-
logenetic signal in the variation in eggshell calcium carbonate
content between species that was stronger than would be
expected if this trait was evolving neutrally (Brownian
motion model of evolution) [58], meaning that closely related
species were more similar to one another than distantly
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Figure 1. Phylogenetic tree of mean eggshell calcium carbonate content (ash % of dry eggshell mass) of species’ eggs. Phylogenetic tree of all included species
(n = 222) generated from the Open Tree of Life [69]. Branch colour represents an ancestral reconstruction of eggshell calcium content (log arcsine of eggshell
calcium %) with green representing higher calcium carbonate content and orange representing a lower content. Purple bars display log eggshell thickness
(mm) of each species. Inset graph: calcium carbonate content (ash % of dry eggshell mass) predicted by (log) eggshell thickness.
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related species, as a result of shared ancestry [73]. This
would suggest that calcium carbonate content is under
strong genetic control, as is the case for other known cal-
cium-related eggshell properties such as calcite crystal size
and organization [80].

Some of our results—lower eggshell calcium carbonate
content in longer lived, large clutched species—indicate that
the allocation of calcium in avian eggshell production
is likely to be a feature of life-history evolution to maximize
lifetime fitness. These findings complement current under-
standings of life-history evolution [1], assuming calcium
deposition in eggshells is costly to the female [34,81]. Species
with shorter lifespans are likely to have fewer opportunities
to reproduce and, as such, are more likely to invest heavily
in the few broods that they do produce [1]. By contrast,
long-lived species may reserve energy and resources for
future reproduction at the expense of their current reproduc-
tive effort [7]. Excess calcium is not known to be stored in the
body long-term in most birds, meaning that the current
investment of calcium into a brood is unlikely to significantly
impact future calcium availability [34]. However, the invest-
ment of calcium into a clutch of eggs may have other costs
to future reproduction. The calcium needed for egg pro-
duction must be acquired from the environment within a
brief window prior to egg laying, in order to increase circulat-
ing calcium [34,38,81]. This requires strenuous foraging, often
for food sources that differ from the usual diet or requiring
extraterritorial excursions, which increases energy expendi-
ture and predation risk for the female [40,41,82]. The extent
of calcium-targeted foraging can have an impact on body
condition and, therefore, probability of survival to the next
breeding season [83]. Females of many bird species are
believed to be osteoporotic during egg laying as a result of
calcium sequestration from medullary bones [34], especially
where dietary calcium is limited [39], resulting in higher sus-
ceptibility to skeletal fractures [84]. Reducing the calcium
carbonate content of eggshells might, therefore, present a
trade-off between producing eggs with a strong shell and
bountiful calcium supplies for the embryo, or optimizing life-
time reproductive output by producing many clutches of
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increasing lifespan in species with large-sized clutches, but not species
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eggs with sufficient but less than ideal eggshell calcium
carbonate content.

For bird species with small clutches (one or two eggs),
there was no statistical effect of lifespan on eggshell calcium
carbonate content. Overall, species with small clutch sizes
had lower calcium carbonate content per eggshell than
other birds. Investment strategies of species producing such
‘micro-clutches’ might differ from the investment strategies
predicted in larger clutched birds [85,86]. One theory of
clutch size evolution is that a greater risk of predation selects
for smaller clutches [28,87]. As small clutches are associated
with species under high predation risk [28,88], it would be
strategic to reduce the calcium carbonate content of these
eggs, in addition to reducing clutch size, in favour of survival
and conserving body condition for future reproductive
attempts by the female. This would especially be the case if
calcium foraging increases the risk of adult mortality by
increasing predation risk, as has been proposed but not
tested [41].

There is a global gradient of increasing environmental
calcium availability with higher latitude, which is thought
to have influenced the evolution of bigger clutches at
higher latitudes [42]. We expected to see higher calcium car-
bonate content in eggs of birds breeding at higher latitudes
owing to this greater availability, and potential selection for
denser shells in colder climates. However, contrary to this,
we found a decrease in proportional calcium carbonate con-
tent in eggshells of species breeding at higher latitudes. As
this study is composed primarily of species breeding in the
North Hemisphere, increasing latitude corresponded to a
greater distance from the Equator. Although this does not
correspond with global calcium availability patterns, or our
rationale regarding temperature, there are many other factors
that vary latitudinally, such as climate and food availability
[89,90], and as such it is difficult to identify the root cause
of latitudinal variation. Additionally, the present study
relied on mean breeding latitudes of these species, as detailed
information on collection location did not exist for these eggs.
As such, we were unable to account for intraspecific variation
in latitude. Future studies should consider intraspecific
variation and compare high-latitude, temperate species with
those endemic to the tropics where environmental calcium
availability is dramatically lower [42].

In addition to correlations with life-history traits, there
was a strong negative pattern between species’ eggshell thick-
ness and eggshell calcium carbonate content. This is likely to
be linked to the strength requirements of the eggshell, which
needs to be finely balanced between being strong enough to
support the body mass of the incubating parent while also
remaining breakable from the inside for the chick to hatch
[3,91]. Eggshell strength increases with eggshell thickness
[91], although other factors such as egg shape or calcite crys-
tal size and orientation also influence strength [57,92,93].
However, our results indicate that the increased strength
with increasing thickness may not be achieved through
greater calcium carbonate deposition, but rather a thicker
eggshell may achieve this greater strength via alternative
mechanisms. The eggshell is formed by the precipitation of
calcium carbonate from the uterine fluid to form calcite crys-
tals on the surface of the egg membrane [12]. The formation
of these crystals, particularly the unit size of each crystal
and how they orientate to and interlock with each other, is
controlled by the organic component of the eggshell [12,92].
Moreover, this is highly heritable [80] and largely determines
the strength of the shell [93,94]. An increase in osteopontin,
a major component of the organic portion of the shell,
leads to smaller crystal units in the nanostructure of the
shell, which increases the overall hardness of the material
[92,95]. Additionally, the binding of osteopontin to calcite
crystals during formation increases fracture resistance [96].
The observed lower calcium carbonate content in thicker
shelled eggs indicates a greater organic component, which
could strengthen the shell in such a manner [92]. Further
investigation into how calcium carbonate content directly
correlates with fracture resistance would be useful to eluci-
date this. Lower calcium carbonate in thicker eggshells may
be a constraint of other required properties of the shell,
such as flexibility and stiffness, which will vary with allo-
metric scaling and thickness [57]. Conversely, a thinner
eggshell might require more calcium carbonate to be
formed into denser calcite crystals to be strong enough to pro-
tect the egg. Eggshell thickness and egg size are strongly and
positively correlated [3,97]; as a result, it is feasible that, in
smaller eggs, an increase in thickness would increase the
required interior breaking force (difficulty for the chick to
hatch) to a greater extent than for larger eggs, owing to
shape and allometry [57,91,97]. As such, smaller eggs may
achieve strength through denser calcium carbonate depo-
sition while remaining thin enough for the developed chick
to hatch. Further investigation into the role of calcium car-
bonate content in the structural properties of eggshells
would be beneficial to our understanding of how this trait
has evolved. Potentially, this association between eggshell
thickness, calcium carbonate and size could explain the low
eggshell calcium carbonate content seen in small clutches,
since eggshells of single-egg clutches tend to be larger and
hence thicker shelled [3,13,91,97].

There is a consistent scaling relationship between egg size,
eggshell thickness and the body mass of the incubating
parents [3,91]. We found that eggshell calcium carbonate con-
tent decreases as species’ residual body mass (body mass
relative to egg mass) increases. As such, species with eggs
that are small relative to the size of the incubating parent
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have a lower calcium carbonate content in their eggshells,
which would suggest that the shell’s ability to support the
mass of the incubating parent is not increased with calcium
carbonate content. This agrees with the above discussion
that a greater organic component could imbue greater strength
to eggshells by regulating the organization of calcite crystals
[92,95]. Additionally, high calcium carbonate content in eggs
that are larger than predicted for a species’ body size would
probably represent a substantial investment. Body mass is
tightly positively correlated with skeletal mass in birds [98]
and will likewise affect the potential quantity of circulating
blood calcium that can be maintained during egg production,
thereby increasing the rate at which calciummust be obtained
during the period of shell formation [34,82,99]. This is relevant
to our understanding of the costs of egg production and how
they affect investment strategies across avian families.

Our findings change the understanding of how avian
species allocate mineral resources to their eggs and how
this connects with their life-history investment strategies. Cal-
cium in eggs has long been acknowledged as an important
factor for reproductive success; however, the association
with lifespan should make us reconsider the investment
costs involved. Along with the strong phylogenetic signal,
this suggests that species are under selection to optimize indi-
vidual per egg calcium allocation for maximum lifetime
reproductive success. This contradicts previous suggestions
that calcium allocation to eggshells does not apply a long-
term cost to breeding females [100]. These findings highlight
how little we know about the costs associated with calcium
acquisition, and what the benefits are to the eggshell’s
structural integrity of a higher or lower calcium carbonate
content. Additionally, it is not yet known what genetic factors
control calcium allocation during eggshell formation and
how flexible this trait is within a species under different con-
ditions. Eggshell thinning as a result of environmental
pollution [101,102], but also reduced environmental calcium
availability [103,104], has had severe detrimental effects on
bird populations. A greater understanding of the optimal
eggshell composition for a species’ reproductive biology
and life history would enable us to better assist breeding pro-
grammes for endangered birds. The specialization in shape
and microstructure of eggshells has evolved these vessels to
be highly optimized for embryo development given a species’
specificities [5,26], and these results show how eggshell
calcium content has likewise evolved to complement avian
life histories.

Data accessibility. Additional data are provided in the electronic sup-
plementary material [105] and at 10.6084/m9.figshare.16560003 and
10.6084/m9.figshare.16559985.

Competing interests. We declare we have no competing interests.
Funding. The work was funded by a Human Frontier Science Program
Young Investigator grant (to P.C. and M.E.H.), a NESTA project grant
(to P.C.), a Leverhulme Trust project grant (to P.C. and M.E.H.) and a
Leverhulme Trust project grant (to S.J.P (RPG-2018-332)). S.C.M. is
funded by an NERC studentship.
Acknowledgements. We are grateful to Judy White and Douglas Russell
at the Natural History Museum, Tring, for assistance with the
museum eggs. We also thank Kaat Brulez and Camille Duval for
their practical assistance. We appreciate the comments and input
of Marie Attard. We thank the Wissenschsaftskollege zu Berlin for
hosting M.E.H. during the preparation of this manuscript.
References
1. Stearns SC. 2000 Life history evolution: successes,
limitations, and prospects. Naturwissenschaften 87,
476–486. (doi:10.1007/s001140050763)

2. Williams GC. 1966 Natural selection, the costs
of reproduction, and a refinement of Lack’s
principle. Am. Nat. 100, 687–690. (doi:10.
1086/282461)

3. Birchard GF, Deeming DC. 2009 Avian eggshell
thickness: scaling and maximum body mass in
birds. J. Zool. 279, 95–101. (doi:10.1111/j.1469-
7998.2009.00596.x)

4. Carey C. 1983 Structure and function of avian eggs.
In Current ornithology, vol. 1 (ed. RF Johnston),
pp. 69–103. New York, NY: Springer.

5. Portugal SJ, Maurer G, Thomas GH, Hauber ME,
Grim T, Cassey P. 2014 Nesting behaviour
influences species-specific gas exchange across avian
eggshells. J. Exp. Biol. 217, 3326–3332. (doi:10.1242/
jeb.103291)

6. D’Alba L, Maia R, Hauber ME, Shawkey MD. 2016
The evolution of eggshell cuticle in relation to
nesting ecology. Proc. R. Soc. B 283, 20160687.
(doi:10.1098/rspb.2016.0687)

7. Erikstad KE, Fauchald P, Tveraa T, Steen H. 1998 On
the cost of reproduction in long-lived birds: the
influence of environmental variability. Ecology 79,
1781–1788. (doi:10.1890/0012-
9658(1998)079[1781:OTCORI]2.0.CO;2)
8. Williams TD. 1994 Intraspecific variation in egg size
and egg composition in birds: effects on offspring
fitness. Biol. Rev. Camb. Phil. Soc. 69, 35–59.
(doi:10.1111/j.1469-185X.1994.tb01485.x)

9. Tschirren B, Sendecka J, Groothuis TGG,
Gustafsson L, Doligez B. 2009 Heritable variation
in maternal yolk hormone transfer in a wild bird
population. Am. Nat. 174, 557–564. (doi:10.
1086/605379)

10. Merrill L, Chiavacci SJ, Paitz RT, Benson TJ. 2019
Quantification of 27 yolk steroid hormones in seven
shrubland bird species: interspecific patterns of
hormone deposition and links to life history,
development, and predation risk. Can. J. Zool. 97,
1–12. (doi:10.1139/cjz-2017-0351)

11. Hodges KE, Mortimer NT, Vrailas-Mortimer AD,
Sakaluk SK, Thompson CF. 2020 Connecting the
dots: avian eggshell pigmentation, female condition
and paternal provisioning effort. Biol. J. Linn. Soc.
130, 114–127. (doi:10.1093/biolinnean/blaa002)

12. Hincke MT, Nys Y, Gautron J, Mann K, Rodriguez-
Navarro AB, McKee MD. 2012 The eggshell:
structure, composition and mineralization. Front.
Biosci. 17, 1266–1280. (doi:10.2741/3985)

13. Ar A, Paganelli CV, Reeves RB, Greene DG, Rahn H.
1974 The avian egg: water vapor conductance, shell
thickness, and functional pore area. Condor 76, 153.
(doi:10.2307/1366725)
14. Igic B, Hauber ME, Moskát C, Grim T, Shawkey MD,
Procházka P, Honza M. 2017 Brood parasite and
host eggshells undergo similar levels of
decalcification during embryonic development.
J. Zool. 301, 165–173. (doi:10.1111/jzo.12408)

15. Österström O, Holm L, Lilja C. 2013 Calcium
mobilization from the avian eggshell during
embryonic development. Anim. Biol. 63, 33–46.
(doi:10.1163/15707563-00002392)

16. Romanoff A, Romanoff AL. 1949 The avian egg.
Bird-Banding 20, 121. (doi:10.2307/4510092)

17. Maurer G, Portugal SJ, Cassey P. 2012 A comparison
of indices and measured values of eggshell
thickness of different shell regions using museum
eggs of 230 European bird species. Ibis (Lond 1859)
154, 714–724. (doi:10.1111/j.1474-919X.2012.
01244.x)

18. Cassey P, Maurer G, Lovell PG, Hanley D. 2011
Conspicuous eggs and colourful hypotheses: testing
the role of multiple influences on avian eggshell
appearance. Avian Biol. Res. 4, 185–195. (doi:10.
3184/175815511X13207699868421)

19. Hauber ME. 2014 The book of eggs: a lifesize guide
to the eggs of six hundred of the world’s bird
species. Chicago, IL: University of Chicago Press.

20. Packard GC, Packard MJ. 1980 Evolution of the
cleidoic egg among reptilian antecedents of birds.
Integr. Comp. Biol. 20, 351–362.

http://dx.doi.org/10.6084/m9.figshare.16560003
http://dx.doi.org/10.6084/m9.figshare.16559985
http://dx.doi.org/10.1007/s001140050763
http://dx.doi.org/10.1086/282461
http://dx.doi.org/10.1086/282461
http://dx.doi.org/10.1111/j.1469-7998.2009.00596.x
http://dx.doi.org/10.1111/j.1469-7998.2009.00596.x
http://dx.doi.org/10.1242/jeb.103291
http://dx.doi.org/10.1242/jeb.103291
http://dx.doi.org/10.1098/rspb.2016.0687
http://dx.doi.org/10.1890/0012-9658(1998)079[1781:OTCORI]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(1998)079[1781:OTCORI]2.0.CO;2
http://dx.doi.org/10.1111/j.1469-185X.1994.tb01485.x
http://dx.doi.org/10.1086/605379
http://dx.doi.org/10.1086/605379
http://dx.doi.org/10.1139/cjz-2017-0351
http://dx.doi.org/10.1093/biolinnean/blaa002
http://dx.doi.org/10.2741/3985
http://dx.doi.org/10.2307/1366725
http://dx.doi.org/10.1111/jzo.12408
http://dx.doi.org/10.1163/15707563-00002392
http://dx.doi.org/10.2307/4510092
http://dx.doi.org/10.1111/j.1474-919X.2012.01244.x
http://dx.doi.org/10.1111/j.1474-919X.2012.01244.x
http://dx.doi.org/10.3184/175815511X13207699868421
http://dx.doi.org/10.3184/175815511X13207699868421


royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

18:20210502

9
21. Dauphin Y, Luquet G, Perez-Huerta A, Salomé M.
2018 Biomineralization in modern avian calcified
eggshells: similarity versus diversity. Connect. Tissue
Res. 59, 67–73. (doi:10.1080/03008207.2018.
1430144)

22. Nys Y et al. 2010 Eggshell ultrastructure, properties
and the process of mineralization: involvement of
organic matrix in the eggshell fabric. Prod. Anim.
23, 143–154.

23. Reynolds SJ. 2001 The effects of low dietary calcium
during egg-laying on eggshell formation and
skeletal calcium reserves in the zebra finch
Taeniopygia guttata. Ibis (Lond 1859) 143,
205–215. (doi:10.1111/j.1474-919X.2001.
tb04476.x)

24. Graveland J, Drent RH. 1997 Calcium availability
limits breeding success of passerines on poor soils.
J. Anim. Ecol. 66, 279. (doi:10.2307/6028)

25. Igic B et al. 2011 Alternative mechanisms of
increased eggshell hardness of avian brood parasites
relative to host species. J. R Soc. Interface 8,
1654–1664. (doi:10.1098/rsif.2011.0207)

26. Stoddard MC, Sheard C, Akkaynak D, Yong EH,
Mahadevan L, Tobias JA. 2019 Evolution of avian
egg shape: underlying mechanisms and the
importance of taxonomic scale. Ibis (Lond 1859)
161, 922–925. (doi:10.1111/ibi.12755)

27. Figuerola J, Green AJ. 2006 A comparative study of
egg mass and clutch size in the Anseriformes.
J. Ornithol. 147, 57–68. (doi:10.1007/s10336-005-
0017-5)

28. Martin TE, Bassar RD, Bassar SK, Fontaine JJ,
Lloyd P, Mathewson HA, Niklison AM, Chalfoun A.
2006 Life-history of ecological correlates of
geographic variation in egg and clutch
among passerine species. Evolution (NY) 60,
390–398.

29. Kilner RM. 2006 The evolution of egg colour and
patterning in birds. Biol. Rev. 81, 383. (doi:10.1017/
S1464793106007044)

30. Cassey P, Portugal SJ, Maurer G, Ewen JG, Boulton
RL, Hauber ME, Blackburn TM. 2010 Variability in
avian eggshell colour: a comparative study of
museum eggshells. PLoS ONE 5, e12054. (doi:10.
1371/journal.pone.0012054)

31. Wisocki PA, Kennelly P, Rojas Rivera I, Cassey P,
Burkey ML, Hanley D. 2020 The global distribution
of avian eggshell colours suggest a
thermoregulatory benefit of darker pigmentation.
Nat. Ecol. Evol. 4, 148–155. (doi:10.1038/s41559-
019-1003-2)

32. Hernández-Hernández A, Vidal ML, Gómez-Morales
J, Rodríguez-Navarro AB, Labas V, Gautron J, Nys Y,
Ruiz JG. 2008 Influence of eggshell matrix proteins
on the precipitation of calcium carbonate (CaCO3).
J. Cryst. Growth 310, 1754–1759. (doi:10.1016/j.
jcrysgro.2007.11.170)

33. Polat S, Sayan P. 2020 Ultrasonic-assisted eggshell
extract-mediated polymorphic transformation of
calcium carbonate. Ultrason. Sonochem. 66, 105093.
(doi:10.1016/j.ultsonch.2020.105093)

34. Reynolds SJ, Perrins CM. 2010 Dietary calcium
availability and reproduction in birds. In Current
ornithology, vol. 17 (ed. CF Thompson), pp. 31–74.
New York, NY: Springer.

35. Nyholm NEI, Myhrberg HE. 1977 Severe eggshell
defects and impaired reproductive capacity in small
passerines in Swedish Lapland. Oikos 29, 336.
(doi:10.2307/3543624)

36. Dunn BE, Boone MA. 1977 Growth and mineral
content of cultured chick embryos. Poult. Sci. 56,
662–672. (doi:10.3382/ps.0560662)

37. Dunn BE, Boone MA. 1976 Growth of the chick
embryo in vitro. Poult. Sci. 55, 1067–1071. (doi:10.
3382/ps.0551067)

38. Pahl R, Winkler DW, Graveland J, Batterman BW.
1997 Songbirds do not create long-term stores of
calcium in their legs prior to laying: results from
high-resolution radiography. Proc. R. Soc. Lond. B
264, 239–244. (doi:10.1098/rspb.1997.0034)

39. Larison JR, Crock JG, Snow CM. 2001 Timing of
mineral sequestration in leg bones of white-tailed
ptarmigan. Auk 118, 1057–1062. (doi:10.1093/auk/
118.4.1057)

40. Wilkin TA, Gosler AG, Garant D, Reynolds SJ,
Sheldon BC. 2009 Calcium effects on life-history
traits in a wild population of the great tit (Parus
major): analysis of long-term data at several spatial
scales. Oecologia 159, 463–472. (doi:10.1007/
s00442-008-1222-8)

41. Monaghan P, Nager RG. 1997 Why don’t birds lay
more eggs? Trends Ecol. Evol. 12, 270–274. (doi:10.
1016/S0169-5347(97)01094-X)

42. Patten MA. 2007 Geographic variation in calcium
and clutch size. J. Avian Biol. 38, 637–643. (doi:10.
1111/j.2007.0908-8857.04203.x)

43. Tinbergen N. 1963 On aims and methods of
ethology. Z. Tierpsychol. 20, 410–433. (doi:10.1111/
j.1439-0310.1963.tb01161.x)

44. Bateson P, Laland KN. 2013 Tinbergen’s four
questions: an appreciation and an update.
Trends Ecol. Evol. 28, 712–718. (doi:10.1016/j.tree.
2013.09.013)

45. Rodríguez-Navarro AB, Marie P, Nys Y, Hincke MT,
Gautron J. 2015 Amorphous calcium carbonate
controls avian eggshell mineralization: a new
paradigm for understanding rapid eggshell
calcification. J. Struct. Biol. 190, 291–303. (doi:10.
1016/j.jsb.2015.04.014)

46. Nys Y, Zawadzki J, Gautron J, Mills AD. 1991
Whitening of brown-shelled eggs: mineral
composition of uterine fluid and rate of
protoporphyrin deposition. Poult. Sci. 70,
1236–1245. (doi:10.3382/ps.0701236)

47. Cherry MI, Gosler AG. 2010 Avian eggshell
coloration: new perspectives on adaptive
explanations. Biol. J. Linn. Soc. 100, 753–762.
(doi:10.1111/j.1095-8312.2010.01457.x)

48. Gosler AG, Connor OR, Bonser RHC. 2011
Protoporphyrin and eggshell strength: preliminary
findings from a passerine bird. Avian Biol. Res. 4,
214–223. (doi:10.3184/175815511X1320
7833399666)

49. Maurer G, Portugal SJ, Mikšík I, Cassey P. 2011
Speckles of cryptic black-headed gull eggs show no
mechanical or conductance structural function.
J. Zool. 285, 194–204. (doi:10.1111/j.1469-7998.
2011.00830.x)

50. Boyer AG, Cartron JLE, Brown JH. 2010 Interspecific
pairwise relationships among body size, clutch size
and latitude: deconstructing a macroecological
triangle in birds. J. Biogeogr. 37, 47–56. (doi:10.
1111/j.1365-2699.2009.02175.x)

51. Gómez J, Ramo C, Stevens M, Liñán-Cembrano G,
Rendón MA, Troscianko JT, Amat JA. 2018
Latitudinal variation in biophysical characteristics of
avian eggshells to cope with differential effects of
solar radiation. Ecol. Evol. 16, 8019–8029. (doi:10.
1002/ece3.4335)

52. Yang C, Huang Q, Wang L, Du WG, Liang W, Møller
AP. 2018 Keeping eggs warm: thermal and
developmental advantages for parasitic cuckoos of
laying unusually thick-shelled eggs. Sci. Nat. 105,
10. (doi:10.1007/s00114-017-1532-y)

53. Karlsson O, Lilja C. 2008 Eggshell structure, mode of
development and growth rate in birds. Zoology 111,
494–502. (doi:10.1016/j.zool.2007.11.005)

54. Rahn H, Ar A. 1974 The avian egg: incubation time
and water loss. Condor 76, 147. (doi:10.2307/
1366724)

55. Zimmermann K, Hipfner JM, Burger AE. 2007 Egg
size, eggshell porosity, and incubation period in the
marine bird family Alcidae. Source Auk 124,
307–315. (doi:10.1093/auk/124.1.307)

56. Blackburn T. 1991 An interspecific relationship
between egg size and clutch size in birds. Auk 108,
973–977.

57. Juang JY, Chen PY, Yang DC, Wu SP, Yen A, Hsieh
HI. 2017 The avian egg exhibits general allometric
invariances in mechanical design. Sci. Rep. 7, 14205.
(doi:10.1038/s41598-017-14552-0)

58. Pagel M. 1999 Inferring the historical patterns of
biological evolution. Nature 401, 877–884. (doi:10.
1038/44766)

59. Brulez K et al. 2016 Eggshell pigment composition
covaries with phylogeny but not with life history
or with nesting ecology traits of British
passerines. Ecol. Evol. 6, 1637–1645. (doi:10.1002/
ece3.1960)

60. Clunies M, Parks D, Leeson S. 1992 Calcium and
phosphorus metabolism and eggshell formation of
hens fed different amounts of calcium. Poult. Sci.
71, 482–489. (doi:10.3382/ps.0710482)

61. Itoh H, Hatano T. 1964 Variation of magnesium and
phosphorus deposition rates during egg shell
formation. Poult. Sci. 43, 77–80. (doi:10.3382/ps.
0430077)

62. Del Hoyo J, Elliot SA, Sargatal J. 1992 Handbook of
the birds of the world. Barcelona, Spain: Lynx
Edicions/Birdlife Int.

63. Southern HN, Cramp S. 1978 Handbook of the birds
of Europe, the Middle East and North Africa; the
birds of the Western Palearctic. J. Anim. Ecol. 47,
1022. (doi:10.2307/3691)

64. Dunning JB. 2007 CRC handbook of avian body
masses, 2nd edn. Boca Raton, FL: CRC Press.

65. Storchová L, Hořák D. 2018 Life-history
characteristics of European birds. Glob. Ecol.
Biogeogr. 27, 400–406. (doi:10.1111/geb.12709)

http://dx.doi.org/10.1080/03008207.2018.1430144
http://dx.doi.org/10.1080/03008207.2018.1430144
http://dx.doi.org/10.1111/j.1474-919X.2001.tb04476.x
http://dx.doi.org/10.1111/j.1474-919X.2001.tb04476.x
http://dx.doi.org/10.2307/6028
http://dx.doi.org/10.1098/rsif.2011.0207
http://dx.doi.org/10.1111/ibi.12755
http://dx.doi.org/10.1007/s10336-005-0017-5
http://dx.doi.org/10.1007/s10336-005-0017-5
http://dx.doi.org/10.1017/S1464793106007044
http://dx.doi.org/10.1017/S1464793106007044
http://dx.doi.org/10.1371/journal.pone.0012054
http://dx.doi.org/10.1371/journal.pone.0012054
http://dx.doi.org/10.1038/s41559-019-1003-2
http://dx.doi.org/10.1038/s41559-019-1003-2
http://dx.doi.org/10.1016/j.jcrysgro.2007.11.170
http://dx.doi.org/10.1016/j.jcrysgro.2007.11.170
http://dx.doi.org/10.1016/j.ultsonch.2020.105093
http://dx.doi.org/10.2307/3543624
http://dx.doi.org/10.3382/ps.0560662
http://dx.doi.org/10.3382/ps.0551067
http://dx.doi.org/10.3382/ps.0551067
http://dx.doi.org/10.1098/rspb.1997.0034
http://dx.doi.org/10.1093/auk/118.4.1057
http://dx.doi.org/10.1093/auk/118.4.1057
http://dx.doi.org/10.1007/s00442-008-1222-8
http://dx.doi.org/10.1007/s00442-008-1222-8
http://dx.doi.org/10.1016/S0169-5347(97)01094-X
http://dx.doi.org/10.1016/S0169-5347(97)01094-X
http://dx.doi.org/10.1111/j.2007.0908-8857.04203.x
http://dx.doi.org/10.1111/j.2007.0908-8857.04203.x
http://dx.doi.org/10.1111/j.1439-0310.1963.tb01161.x
http://dx.doi.org/10.1111/j.1439-0310.1963.tb01161.x
http://dx.doi.org/10.1016/j.tree.2013.09.013
http://dx.doi.org/10.1016/j.tree.2013.09.013
http://dx.doi.org/10.1016/j.jsb.2015.04.014
http://dx.doi.org/10.1016/j.jsb.2015.04.014
http://dx.doi.org/10.3382/ps.0701236
http://dx.doi.org/10.1111/j.1095-8312.2010.01457.x
http://dx.doi.org/10.3184/175815511X13207833399666
http://dx.doi.org/10.3184/175815511X13207833399666
http://dx.doi.org/10.1111/j.1469-7998.2011.00830.x
http://dx.doi.org/10.1111/j.1469-7998.2011.00830.x
http://dx.doi.org/10.1111/j.1365-2699.2009.02175.x
http://dx.doi.org/10.1111/j.1365-2699.2009.02175.x
http://dx.doi.org/10.1002/ece3.4335
http://dx.doi.org/10.1002/ece3.4335
http://dx.doi.org/10.1007/s00114-017-1532-y
http://dx.doi.org/10.1016/j.zool.2007.11.005
http://dx.doi.org/10.2307/1366724
http://dx.doi.org/10.2307/1366724
http://dx.doi.org/10.1093/auk/124.1.307
http://dx.doi.org/10.1038/s41598-017-14552-0
http://dx.doi.org/10.1038/44766
http://dx.doi.org/10.1038/44766
http://dx.doi.org/10.1002/ece3.1960
http://dx.doi.org/10.1002/ece3.1960
http://dx.doi.org/10.3382/ps.0710482
http://dx.doi.org/10.3382/ps.0430077
http://dx.doi.org/10.3382/ps.0430077
http://dx.doi.org/10.2307/3691
http://dx.doi.org/10.1111/geb.12709


royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

18:20210502

10
66. Orme CDL et al. 2006 Global patterns of geographic
range size in birds. PLoS Biol. 4, 1276–1283.
(doi:10.1371/journal.pbio.0040208)

67. R Core Team. 2020 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. See https://
www.R-project.org/.

68. RStudio Team. 2020 RStudio: integrated
development for R. Boston, MA: RStudio, PBC. See
http://www.rstudio.com/.

69. Michonneau F, Brown JW, Winter DJ. 2016 ’rotl’ : an
R package to interact with the Open Tree of Life
data. Methods Ecol. Evol. 7, 1476–1481. (doi:10.
1111/2041-210X.12593)

70. Revell LJ. 2010 Phylogenetic signal and linear
regression on species data. Methods Ecol. Evol. 1,
319–329. (doi:10.1111/j.2041-210X.2010.00044.x)

71. Revell LJ. 2012 phytools: an R package for
phylogenetic comparative biology (and other
things). Methods Ecol. Evol. 3, 217–223. (doi:10.
1111/j.2041-210X.2011.00169.x)

72. Orme D. 2013 The caper package: comparative
analysis of phylogenetics and evolution in R.
See https://cran.r-project.org/web/packages/caper/
vignettes/caper.pdf.

73. Freckleton RP, Harvey PH, Pagel M. 2002
Phylogenetic analysis and comparative data: a test
and review of evidence. Am. Nat. 160, 712–726.
(doi:10.1086/343873)

74. Burnham KP, Anderson DR. 2004 Multimodel
inference: understanding AIC and BIC in model
selection. Sociol. Methods Res. 33, 261–304.
(doi:10.1177/0049124104268644)

75. Bartoń K. 2009 MuMIn: multi-model inference, R
package version 0.12.0.

76. Mundry R. 2014 Statistical issues and assumptions
of phylogenetic generalized least squares. In
Modern phylogenetic comparative methods and their
application in evolutionary biology (ed. LZ
Garamszegi), pp. 131–153. Berlin, Germany:
Springer.

77. Brommer J, Class B, Covarrubias-Pazaran G. 2019
Multivariate mixed models in ecology and
evolutionary biology: inferences and implementation
in R. (https://ecoevorxiv.org/hs38a/)

78. Covarrubias-Pazaran G. 2018 Software update:
moving the R package sommer to multivariate
mixed models for genome-assisted prediction.
bioRxiv. 354639. (doi:10.1101/354639)

79. Yu G. 2020 Using ggtree to visualize data
on tree-like structures. Curr. Protoc. Bioinforma
69, e96.

80. Dunn IC, Rodríguez-Navarro AB, McDade K, Schmutz
M, Preisinger R, Waddington D, Wilson PW, Bain
MM. 2012 Genetic variation in eggshell crystal size
and orientation is large and these traits are
correlated with shell thickness and are associated
with eggshell matrix protein markers. Anim.
Genet. 43, 410–418. (doi:10.1111/j.1365-2052.
2011.02280.x)

81. Monaghan P, Nager RG, Houston DC. 1998 The price
of eggs: increased investment in egg production
reduces the offspring rearing capacity of parents.
Proc. R. Soc. Lond. B 265, 1731–1735. (doi:10.1098/
rspb.1998.0495)

82. Reynolds SJ, Mänd R, Tilgar V. 2004 Calcium
supplementation of breeding birds: directions for
future research. Ibis (Lond 1859) 146, 601–614.
(doi:10.1111/j.1474-919x.2004.00298.x)

83. Mänd R, Tilgar V. 2003 Does supplementary calcium
reduce the cost of reproduction in the pied flycatcher
Ficedula hypoleuca? Ibis (Lond 1859) 145, 67–77.
(doi:10.1046/j.1474-919X.2003.00123.x)

84. Whitehead CC, Fleming RH. 2000 Osteoporosis in
cage layers. Poult. Sci. 79, 1033–1041. (doi:10.
1093/ps/79.7.1033)

85. Brockelman WY. 1975 Competition, the fitness of
offspring, and optimal clutch size. Am. Nat. 109,
677–699. (doi:10.1086/283037)

86. Jetz W, Sekercioglu CH, Böhning-Gaese K. 2008 The
worldwide variation in avian clutch size across
species and space. PLoS Biol. 6, e303. (doi:10.1371/
journal.pbio.0060303)

87. Slagsvold T. 1982 Clutch size variation in passerine
birds: the nest predation hypothesis. Oecologia 54,
159–169. (doi:10.1007/BF00378388)

88. Styrsky JN, Brawn JD, Robinson SK. 2005
Juvenile mortality increases with clutch size in a
neotropical bird. Ecology 86, 3238–3244. (doi:10.
1890/04-1613)

89. La Sorte FA, Butchart SHM, Jetz W, Böhning-Gaese
K. 2014 Range-wide latitudinal and elevational
temperature gradients for the world’s terrestrial
birds: implications under global climate change.
PLoS ONE 9, e98361. (doi:10.1371/journal.pone.
0098361)

90. Gaston KJ. 2000 Global patterns in biodiversity.
Nature 405, 220–227. (doi:10.1038/35012228)

91. Ar A, Rahn H, Paganelli CV, Paganelli C V. 1979 The
avian egg: mass and strength. Condor 81, 331–337.
(doi:10.2307/1366955)

92. Athanasiadou D et al. 2018 Nanostructure,
osteopontin, and mechanical properties of calcitic
avian eggshell. Sci. Adv. 4, eaar3219. (doi:10.1126/
sciadv.aar3219)

93. Soler M, Rodríguez-Navarro AB, Pérez-Contreras T,
García-Ruiz JM, Soler JJ. 2019 Great spotted cuckoo
eggshell microstructure characteristics can make
eggs stronger. J. Avian Biol. 50, jav.02252. (doi:10.
1111/jav.02252)
94. Panheleux M, Bain M, Fernandez M, Morales I,
Gautron J, Arias J, Solomon SE, Hincke M, Nys Y.
1999 Organic matrix composition and ultrastructure
of eggshell: a comparative study. Br. Poult. Sci. 40,
240–252. (doi:10.1080/00071669987665)

95. Chien YC, Hincke MT, Vali H, McKee MD. 2008
Ultrastructural matrix-mineral relationships in avian
eggshell, and effects of osteopontin on calcite
growth in vitro. J. Struct. Biol. 163, 84–99. (doi:10.
1016/j.jsb.2008.04.008)

96. Gautron J, Stapane L, Le Roy N, Nys Y, Rodriguez-
Navarro AB, Hincke MT. 2021 Avian eggshell
biomineralization: an update on its structure,
mineralogy and protein tool kit. BMC Mol. Cell Biol.
22, 1–17. (doi:10.1186/s12860-021-00350-0)

97. Hahn EN, Sherman VR, Pissarenko A, Rohrbach SD,
Fernandes DJ, Meyers MA. 2017 Nature’s technical
ceramic: the avian eggshell. J. R Soc. Interface 14,
20160804. (doi:10.1098/rsif.2016.0804)

98. Martin-Silverstone E, Vincze O, McCann R, Jonsson
CHW, Palmer C, Kaiser G, Dyke G. 2015 Exploring
the relationship between skeletal mass and total
body mass in birds. PLoS ONE 10, e0141794.
(doi:10.1371/journal.pone.0141794)

99. de Matos R. 2008 Calcium metabolism in birds. Vet.
Clin. North Am. 11, 59–82. (doi:10.1016/j.cvex.
2007.09.005)

100. Williams TD. 2005 Mechanisms underlying the costs
of egg production. BioScience 55, 39–48. (doi:10.
1641/0006-3568(2005)055[0039:MUTCOE]2.0.CO;2)

101. Lundholm CE. 1997 DDE-induced eggshell thinning
in birds: effects of p,p’-DDE on the calcium and
prostaglandin metabolism of the eggshell gland.
Comp. Biochem. Physiol. 118, 113–128. (doi:10.
1016/S0742-8413(97)00105-9)

102. Burnett LJ et al. 2013 Eggshell thinning and
depressed hatching success of California condors
reintroduced to Central California. Condor 115,
477–491. (doi:10.1525/cond.2013.110150)

103. Hernández M, Colomer M, Pizarro M, Margalida A.
2018 Changes in eggshell thickness and
ultrastructure in the bearded vulture (Gypaetus
barbatus) Pyrenean population: a long-term
analysis. Sci. Total Environ. 624, 713–721. (doi:10.
1016/j.scitotenv.2017.12.150)

104. Graveland J, Van Der Wal R, Van Balen JH, Van
Noordwijk AJ. 1994 Poor reproduction in forest
passerines from decline of snail abundance on
acidified soils. Nature 368, 446–448. (doi:10.1038/
368446a0)

105. McClelland SC, Cassey P, Maurer G, Hauber ME,
Portugal SJ. 2021 How much calcium to shell out?
Eggshell calcium carbonate content is greater in
birds with thinner shells, larger clutches and longer
lifespans. Figshare.

http://dx.doi.org/10.1371/journal.pbio.0040208
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
http://www.rstudio.com/
http://www.rstudio.com/
http://dx.doi.org/10.1111/2041-210X.12593
http://dx.doi.org/10.1111/2041-210X.12593
http://dx.doi.org/10.1111/j.2041-210X.2010.00044.x
http://dx.doi.org/10.1111/j.2041-210X.2011.00169.x
http://dx.doi.org/10.1111/j.2041-210X.2011.00169.x
https://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
https://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
http://dx.doi.org/10.1086/343873
http://dx.doi.org/10.1177/0049124104268644
https://ecoevorxiv.org/hs38a/
http://dx.doi.org/10.1101/354639
http://dx.doi.org/10.1111/j.1365-2052.2011.02280.x
http://dx.doi.org/10.1111/j.1365-2052.2011.02280.x
http://dx.doi.org/10.1098/rspb.1998.0495
http://dx.doi.org/10.1098/rspb.1998.0495
http://dx.doi.org/10.1111/j.1474-919x.2004.00298.x
http://dx.doi.org/10.1046/j.1474-919X.2003.00123.x
http://dx.doi.org/10.1093/ps/79.7.1033
http://dx.doi.org/10.1093/ps/79.7.1033
http://dx.doi.org/10.1086/283037
http://dx.doi.org/10.1371/journal.pbio.0060303
http://dx.doi.org/10.1371/journal.pbio.0060303
http://dx.doi.org/10.1007/BF00378388
http://dx.doi.org/10.1890/04-1613
http://dx.doi.org/10.1890/04-1613
http://dx.doi.org/10.1371/journal.pone.0098361
http://dx.doi.org/10.1371/journal.pone.0098361
http://dx.doi.org/10.1038/35012228
http://dx.doi.org/10.2307/1366955
http://dx.doi.org/10.1126/sciadv.aar3219
http://dx.doi.org/10.1126/sciadv.aar3219
http://dx.doi.org/10.1111/jav.02252
http://dx.doi.org/10.1111/jav.02252
http://dx.doi.org/10.1080/00071669987665
http://dx.doi.org/10.1016/j.jsb.2008.04.008
http://dx.doi.org/10.1016/j.jsb.2008.04.008
http://dx.doi.org/10.1186/s12860-021-00350-0
http://dx.doi.org/10.1098/rsif.2016.0804
http://dx.doi.org/10.1371/journal.pone.0141794
http://dx.doi.org/10.1016/j.cvex.2007.09.005
http://dx.doi.org/10.1016/j.cvex.2007.09.005
http://dx.doi.org/10.1641/0006-3568(2005)055[0039:MUTCOE]2.0.CO;2
http://dx.doi.org/10.1641/0006-3568(2005)055[0039:MUTCOE]2.0.CO;2
http://dx.doi.org/10.1016/S0742-8413(97)00105-9
http://dx.doi.org/10.1016/S0742-8413(97)00105-9
http://dx.doi.org/10.1525/cond.2013.110150
http://dx.doi.org/10.1016/j.scitotenv.2017.12.150
http://dx.doi.org/10.1016/j.scitotenv.2017.12.150
http://dx.doi.org/10.1038/368446a0
http://dx.doi.org/10.1038/368446a0

	How much calcium to shell out? Eggshell calcium carbonate content is greater in birds with thinner shells, larger clutches and longer lifespans
	Introduction
	Methods
	Calcium carbonate content (ash) of eggs
	Life-history and physical egg traits
	Statistical analyses

	Results
	Discussion
	Data accessibility
	Competing interests
	Funding
	Acknowledgements
	References


