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Abstract

Variations in egg size and egg composition between females of the same species, as
well as among eggs in the same clutch, have been studied in many avian species. The
eggshell serves crucial functions in avian reproduction such as protection of the
embryo from mechanical damage and from the invasion of micro-organisms, source
of calcium to the embryo, control of gas exchange with the environment and
conservation of water. But little attention has been paid to variation in eggshell,
especially within-clutch variation. This thesis focuses on variations in eggshell
characteristics in relation to laying order in a single species, the lesser black-backed

gull (Larus fuscus).

In order to evaluate a proper method for measurement of eggshell characteristics, this
thesis used more than one technique to measure shell thickness, shell porosity and
shell coloration. For the measurement of shell porosity, two techniques for counting

pores were validated for the first time in this thesis.

This study found within-clutch variations in shell porosity, mammillary layer contact
area and shell coloration but not in shell thickness. The last-laid egg had a larger
mammillary layer contact area and often had paler shell colour and streaks on the
shell. This study found some relationships between shell structures and shell
coloration. A calcium-supplementation experiment was used to investigate whether
the shell formation is limited by calcium-availability. This thesis found effect of

calcium-limitation on shell thickness, but no effect on shell background colour.



Chapter 1: General Introduction

All birds use eggs to develop their embryo outside the mother’s body. The survival
of their embryo means that their genes have more chance to be passed to the next
generation. So bird eggs have to allow optimal conditions for embryo development,
such as to store sufficient resources for the developing embryo, have sufficient space
to be able to manage the waste produced by the embryo, control the interior physical
environment, and to be an effective shelter for the developing embryo. The eggshell
serves many functions. Birds have different forms of eggshell that may serve some
different functions according to the necessity of each species. Even within a
population, we can find variation in some traits of the eggshell that may influence
some functions of the eggshell. I studied the variation in the characteristics of the
eggshell of the lesser black-backed gull (Larus fuscus), to try to understand the

causes and consequences of the observed variation in eggshell characteristics.

In this introduction I will firstly describe the basic structure of bird eggshells,
secondly I review the function of the eggshell and finally I explain the research

undertaken on the shells of the lesser black-backed gulls.

Structure of the eggshell

For my study I will assume that the true shell consists of five regions; the
mammillary layer, the cone layer, the palisade layer, the surface crystal layer and the
shell accessory materials (Solomon et al., 1994). Romanoff and Romanoff (1949)
showed that the eggshell of the domestic chicken (without shell membrane) consists

of about 98.4 % solids and 1.6% water. The solid part contains about 95.1% of



inorganicmatter and 3.3% of organic matter (protein and some traces of lipid).
Inorganic matter consists of 97.37 — 98.84 % of calcium hydroxyapatite, 0.44 — 1.88
% of magnesium carbonate, and 0.52 — 0.75 % of tricalcium phosphate. I will
describe the different parts of the shell starting from inside towards the outer surface

of the shell (Fig. 1.1).

The shell membrane

The shell membrane has two parts, an inner and an outer membrane. They adhere to
each other except at the blunt end of the egg, where they separate to form the
airspace. These membranes look like a mat of fibres, the inner membrane is in
general finer and smaller meshed than the outer membrane. The surface of fibres
may be smooth or have buds of variable size (Becking, 1975). The outer membrane
has three distinct layers (Romanoff and Romanoff, 1949), whereas the inner
membrane has only two layers (Molan and Hale, 1936 cited in Romanoff and
Romanoff, 1949). The inner membrane envelopes the albumen. The outer membrane

is attached to the true shell (Romanoff and Romanoff, 1949).

The basal cap and cone layer

Mammillary cores are distributed uniformly over the outer surface of the outer shell
membrane (Becking, 1975). The mammillary cores consist of organic matter
(Simkiss, 1958 cited in Becking, 1975). Abnormalities of mammillary cores can
decrease the thickness of the true shell (Solomon, 1991). At the mammillary cores,
crystals of calcite attach and grow radially in all directions. Calcite crystals which
grow inward and sideways produce the basal caps, and those which grow outward to

meet crystals from other centres of crystallization form the cones. The shape of the



cones is irregular and they fit together like a jig-saw pattern which is continued in the
columns forming the palisade layer (Becking, 1975). In the domestic chicken egg,

the basal cap and cone look like a conical knob (Romanoff and Romanoff, 1949).

The palisade layer

The palisade layer is a thick calcium carbonate layer that is crystallized from the top
of the cone layer (Beking, 1975). The palisade layer makes up about two-thirds of
the thickness of the calcified eggshell, and is responsible for the main strength of the
shell. The thickness of the palisade layer is affected by the density of the mammillary
cores. If they are wider apart, neighbouring cones take longer to meet and therefore
the palisade layer is thinner (Solomon, 1991). The upper part of the palisade is
compact but there are many randomly distributed pits, like swiss cheese, in the lower
part (Fig. 1.1). These are larger and more numerous in the eggshells of tropical birds
than in the eggshells of temperate birds. The function of these pits is not yet
understood (Becking, 1975). Within the palisade layer, there are vertical canals, the

pores that connect the inside with the outside environment.

The pore canals originate between the cones, extend radially across the palisade layer
and terminate at the outer surface of the true shell. Board et al. (1977) and Board and
Scott (1980) classified pores according to two criteria: (A) The covering of the pore
at the outer surface and (B) the shape of pores:

(A) Covering of pores

1. Simple pore system — a tube opens at both ends



1.1 Unbranched pore canals can be found in the eggshell of the wood
pigeon (Columba palumbus) and the collared dove (Strepropelia
decaocto).

1.2 Branched and unbranched pore canals can be found in the eggshell of
ostrich (Struthio camelus).

2. Occluded pore systems — the outer surface of the shell is coated with unidentified
material. Fissures in the material traverse the outer pore orifice.

2.1 Unbranched pore canals can be found in the eggshells of the common

gull (Larus canus) and the herring gull (Larus argentatus).

2.2 Branched and unbranched pore canals — no example

3. Plugged pore systems — the outer orifice contains a plug of organic or inorganic
material.
3.1 Unbranched pore canals — no example

3.2 Branched and unbranched pore canals can be found in the eggshells of

the greater rhea (Rhea americana).
4. Capped pore systems — the outer orifice is covered with a stratum of spheres
formed from organic or inorganic material.
4.1 Unbranched pore canals can be found in the eggshells of the gannet
(Sula bassana) and the king penguin (dptenodytes patagonica).
42  Branched and unbranched pore canals can be found in the eggshell of

the emperor penguin (Aptenodytes fosteri).

5. Reticulate pores — the outer portion of the palisade layer is modified to have

small holes in the shell surface.



5.1  Unbranched pore canals can be found in the eggshell of the osprey
(Pandion haliartus) and the open-billed stork (4nastomus oscitans).
5.2 Branched and unbranched pore canals can be found in the eggshell of

the cassowary (Casuarius casuarius).

(B) Shape of pores

1. The simplest pore shape is a funnel. The channel of the pore is often narrower than
the opening at the shell surface outside the shell.

2. Branching. The pore canals of eggs of birds, such as ducks, rheas, cassowary,
penguins, ostrich, extinct moas, and Aepyornis can have more than one branch (Tyler
and Simkiss, 1959; Tyler, 1964 cited in Carey, 1983). The pore canals in the eggshell
of most other birds are unbranched. Primitive birds generally have branched pores
and modern birds mostly have unbranched pores.

The materials that occlude, plug, cap, or reteculate the pores can be termed generally

as “shell accessory materials” (Board and Scott, 1980).

The shell accessory materials

Where the shell accessory material is predominately inorganic or organic, the terms
“cover” or “cuticle” are used respectively (Sparks, 1994). Vaterite (one of polymorph
of calcium crabonate) is found in most covers (Sparks, 1994). The tranformation of
calcite into vaterite during the formation of shell covering is possibly the result of the
addition of phosphate to the oviducal fluid during the terminal stage of shell
formation (Tullett et al., 1976 cited in Carey, 1983). Board et al. (1977 cited in
Sparks, 1994) reported that all the eggshells examined from seabirds, except gulls,

have a vaterite cover. In domestic chickens, the main chemical components of the



cuticle are glycoproteins (Wedral et al., 1974 cited in Sparks, 1994). Solomon (1991)
proposed that the thickness of cuticle varies with age, breed and environment. Ball
et al. (1975 cited in Sparks,1994) proposed that cuticle quality may be heritable. In
the layer of shell accessory material, we can find the pigments that create the colour

of the eggshell.

The pigments

Brown eggshells usually have porphyrins whereas blue eggshells usually have
biliverdin (a blue-green pigment formed as a by product of hemoglobin breakdown)
and maculation is always produced by protoporphyrin (a brown pigment that is a
natural metabolite intermediate in the biosynthesis of haem) (Kennedy and Vevers,
1976). But porphyrins are also found in white shells, but in lower concentrations
(Solomon, 1991). Eggshells of the herring guil (Larus argentatus) and the black-
headed gull (Larus ridibundus) have protoporphyrin and biliverdin but zinc
biliverdin chelate has also been found in the herring gull eggshells (Kennedy and
Vevers, 1976). Whether the pigments are derived directly from the blood or are
synthesized in the shell gland pouch is still under debate (Solomon, 1991), but is

more likely bio-synthesized in the oviduct (With, 1973).

Eggshell colour can vary between eggs laid by the same individual. Miksik ez
al.(1994) found that in clutches of the red-backed shrike (Lanius collurio) the
amount of porphyrin decreased through the laying sequence, decreasing towards the
last egg. Solomon (1991) reported that in domestic chickens shell colour changed
with age, but did not state the direction of change. Stress during egg laying, with its

associated hormonal disturbances, is a likely cause of the paleness (Solomon, 1991).



Gosler et al (2000) reported that the pigmentation pattern of great tit (Parus major)

eggs is heritable.

It is generally believed that pigmentation has functions as camouflage (Solomon,
1991). But many hole nesting birds (eg. great tit and treecreeper) still produce
maculated eggs. Probably, there may be another function of spots on the eggshell.
Nowadays, some researchers have found more functions of shell coloration. Bakken
et al. (1978) found protoporphyrin in shell colour could reflect light in the near-
infrared very well. Moreno et al., (2004) found that the eggshell colours influence
paternal care in species with biparental care. Higham and Gosler (2006) reported that
eggshell pigment also had a significant effect on water loss in small passerines.
Gosler et al (2005) found that the pigment on the shell of great tit eggs may not work
for camouflage but served a structural function in Ca-limited areas. Solomon (1991)
suggested that the structure of porphyrins was similar to phthalocyanine lubricants
that are used in solid-state engineering. The porphyrins may act like a cushion
between the calcite crystals making the shell more resistant to cracking. Biliverdin is
the pigment causes blue-green coloration in eggshells. Moreno et al. (2006) found a
positive correlation between the intensity of biliverdin and the condition of the laying

female in the pied flycatcher (Ficedula hypoleuca).

The evolution and origin of avian eggshells

Most reptiles, like all birds, lay eggs, but some characteristics of their eggshells
differ from those of birds. Eggshells of reptiles are not coloured and most of them are
not hard. A well preserved fossil eggshell of the theropod dinosaur Troodon

formosus shares some traits with the eggshell of both fossil and recent birds, such as



fibres associated with eisospherites (organic membrane at the innermost of the
mammillary layer) attached to the bases of the mammillae (the innermost of the
calcified portion of the eggshell); and fine radiating crystals emanating from a central
core that forms the spherulite (an ubiquitousform of calcium crystal is characterized
by radial growth leading to spherical symmetry) and grades into the coarse, blocky
wedge of the mammillae (Zelenitsky et al., 2002). Packard and Packard (1980)
suggested that among early reptiles ancestral to birds, more calcified shell
membranes improved hatching success because they protected the embryo against
attacks from insects and microorganisms in the soil. The eggs of ancestral reptiles,
without the calcareous material on the surface of the shell membrane, also needed
water from the environment to sustain embryonic development (Gray, 1928;
Needham, 1931 cited in Packard and Packard, 1980). Eggs that evolved to collect
larger quantities of water and increased the thickness of the shell at oviposition led to
reductions in transpirational water loss, and in predation by soil invertebrates and
infection by microbes during incubation. This may have pre-adapted avian eggs for
incubation in dry environments, independent of a moist environment (Packard and
Packard, 1980). As a consequence, birds could colonize new habitats where reptiles

were unable to breed.

Formation of the eggshell

Figure 1.2 shows a diagram of the oviduct during egg formation. The process of
eggshell formation begins in the isthmus, after the egg receives their albumin from
the magnum. The isthmus produces the paired inner and outer shell membrane.
These membranes are composed of interlacing protein fibres of variable diameter.

The fibres are the product of the gland cells located in the isthmus (Solomon, 1991).



The relatively finer, more compact inner shell membrane, and the loosely woven
outer shell membrane, can be easily distinguished (Romanoff and Romanoff, 1949).
In the isthmus, carbohydrate and water are added to the albumen to make the
membrane taut. The mammillary cores, which are organic matter, are attached to the
surface of the outer shell membrane in the distal end of the isthmus (Erben, 1970;
Wyburn et al., 1973 cited in Carey, 1983). The first calcium and other mineral
crystals deposit onto the mammillary cores, which act as specific nucleation sites in
the tubular shell gland. This establishes the mammillary layer of the shell. Before
being laid, the egg will spend about 20 hours further shell formation in the shell
gland pouch (Solomon, 1991). Calcium crystals continue to be deposited onto the
mammillary layer, and rise to form the cone and palisade layers respectively. As a
consequence of some calcium crystals not fusing during the stage of palisade

formation, numerous pores are generated in the palisade layer (Solomon, 1991).

Different patterns of calcite deposition can be found in eggshell. Simkiss (1964)
(cited in Carey,1983) hypothesized that secretion of phosphate into the oviducal fluid
could affect further crystal growth. Variation in the chemical composition of the
oviducal fluid might also result in the different pattern of calcite deposition that
occurs as the palisade layer becomes overlaid by the surface crystalline layer. The
shell accessory materials are added onto the surface crystalline layer as the final step
prior to laying (Simons, 1971 cited in Carey, 1983). Within this layer the bulk of the
pigment is deposited (Solomon, 1991). Solomon (1991) also hypothesized that the
variable pH of oviducal fluid between the oviduct epithelium and the calcified shell

causes the streaks and patches of pigments on the eggshell.



The functions of eggshell

Eggshell serves 5 crucial functions:

1. Strength: The eggshell must be strong enough to support the mass of the egg
contents and to avoid damage from the incubating parents or from predation to some
extent. At the same time it must be weak enough to allow hatching (Board, 1982;
Carey, 1983). Bain (1991) reported that the removal of each layer of the cuticle,
vertical crystal layer, and palisade layer significantly decreased the stiffness of the
remaining shell of domestic chicken, but the removal of the mammillary layer had no

effect on the stiffness.

2. Mineral source: Blom and Lilja (2004) reported that the eggshell mainly
supplied minerals for the skeletal development of the embryo. Johnston and Comar
(1955) found the developing embryo utilized the eggshell as a major calcium source.
The mammillary layer which is in contact with the shell membrane functions as a

provider of minerals (mainly calcium and magnesium) (Bond et al., 1988; Blom and

Lilja, 2004).

3. Protection against infection: Pores in the shell can be used by micro-organisms
as entrances to the egg content (Cook et al., 2003). Without cuticle, the egg appears

to be susceptible to the invasion of micro-organisms (Board and Fuller, 1974).

4. Shape of the egg : Egg shape may be an adaptation to packing eggs most
effectively into the nest or to the nest location. The pear-shaped egg of the guillemot
rolls like a top, so it is unlikely to roll off the narrow nest cliff edge where they nest.

The pear-shaped eggs of waders can easily pack together in nest and are easy to

10



incubate (Board, 1982). Barta and Székely (1997) reported that egg shapes seemed to

be adapted to meet the efficient use of the brood patch area of the incubating birds.

5. Gas transport : Normally, the egg loses weight by releasing H,O and CO,
through respiration, but in the same process the egg gains O, from the outside. The
contribution of CO; and O, cancel each other out, so that overall the egg loses mass
through the loss of water (Rahn and Ar, 1974). So, the shell may be adapted to trade-
off between water conservation and gas exchange. Baker and Baker (1992) reported
that abnormal porosity affected water vapour and may have affected hatchability of

budgerigar eggs.

The effect of the environment on eggshells

Organochlorine residues from pesticides caused the decrease of eggshell thickness in
some species of raptors (e.g. Cade et al., 1971; Olsen et al., 1993) some seabirds
(e.g. Burger et al., 1995) and four species of thrushes (Turdus spp.) in Britain
(Green, 1998). Organochlorine residues also affected the eggshell thickness of the
herring gull (Larus argentatus) at Lake Erie, and eggs with thinner shells were more
likely to be crushed during incubation (Wesloh et al., 1990). Lundholm (1997)
suggested that DDE may interrupt the process of calcium transportation across the
eggshell gland mucosa. Apart from the effect of organochlorine residues,
anthropogenic acidification of soil also is an effective cause of decreasing eggshell
thickness. Graveland (1996) reported that acid rain caused a decline in snail
populations. As snailshells are the main source of calcium for great tits during egg-
formation and resulted in an increase of eggshell defects, abnormal pigmentation,

and hatching failures in these birds breeding in calcium poor soils in the Netherlands.

11



The gull eggshell

There have been a few studies on gull eggshell. Board et al. (1977) reported that the
common gull (Larus canus) and the herring gull (Larus argentatus) had eggshells
with unbranched pore canals and occluded outer pores. Kennedy and Vevers (1976)
reported that protoporphyrin and biliverdin were the pigments responsible for the
eggshell colour of the herring gull and the black-headed gull (L.ridibundus). Ar et al.
(1979) reported that the shell thickness of the black-headed gull (L.ridibundus) was
about 231 micrometer. Mind (1996) found that in eggshells of the black-headed gull
(L.ridibundus), the pore density of the replacement clutches was higher than that of
the initial clutches. Mind (1996) also found that the number of pores increased

during the first seven days of incubation.

The lesser black-backed gull normally lays a three-egg clutch (Royle and Hamer,
1998; Nager et al. 2000; Verboven et al., 2003; Muck and Nager, 2006). Earlier
studies showed that the third egg is the smallest egg and had the lowest amount of
yolk and albumen in the clutch (Bolton et al. 1992; Nager et al. 2000; Verboven et
al. 2005), and many other difference in egg composition, such as levels of
carotenoids (Blount ef al., 2002) and androgen (Verboven et al., 2003). The third or
the last-laid eggs hatch later and the chicks have a higher rate of post-hatching
mortality than the chicks hatching from the first two eggs in the clutch (Royle and
Hamer, 1998). However, the intraclutch variation of egg composition may not be the
only causation for the “third-chick disadvantage”. Possibly, the within clutch
variation of eggshell quality may also be the causation. Muck and Nager (2006)
suggested that there may also be strategic changes in egg contents in that the

composition of the egg contents may necessitate changes in the structure of the shell

12



(Massaro and Davis, 2004 and 2005). However, we know little about intraclutch

variation in eggshell quality, which is the subject of this thesis.

As well as the structural feature of the shell, the pigmentation may also play a role in
shell quality. The lesser black-backed gull is a ground nester having maculated eggs.
Blanco and Bertellotti (2002) found that the eggshell colouration may serve as
camouflage of the eggs in the South American tern (Sterna hirundinacea). But
camouflage may not be the only function of the eggshell colour. I have unpublished
data from an egg-swapping experiment suggesting that background colour of the
lesser black-backed gull eggs were not related to egg survival. Gosler et al. (2005)
proposed that the pigmentation may be used to strengthen the eggshell in the
situation of calcium deficiency. Heaney et al. (1998) suggested that, even ina
seabird, calcium supply may be limiting and calcium limitation may cause
intraclutch variation of eggshell thickness in the common tern (Sterna hirundo).
However, we lack knowledge of variation of eggshell colour within laying order, and
the effect of calcium limitation on eggshell quality in the lesser black-backed gull,

and these aspects will also be discussed in this thesis.

Outline of the thesis

In order to evaluate different methods of counting pores in the eggshell of the lesser
black-backed gull, chapter 2 compares two techniques for counting pores, counting
pores directly through a light microscope and counting dyed pores through a light
microscope. I then compared pore densities to water conductance. The first technique
was selected to count pores in this thesis. Earlier studies already found clear

differences in composition of egg contents in relation to laying order in this species.

13



So, here I try to answer whether there were also changes in the eggshell associated
with these changes in egg contents. Chapter 3 investigates whether there is any
variation of eggshell structures with laying order by looking at the variation in shell
thickness, porosity, and mammillary layer contact area between egg order? Chapter
4 considers variation of eggshell coloration in relation to laying order. I used two
techniques to measure background colour; using digital image and spectral analyses.

I also investigated the spot characteristics of the eggshells.

After obtaining some knowledge of eggshell structures and eggshell colorations from
the two previous chapters, I tried to relate eggshell colour with eggshell structure as
predicted by Gosler et al. (2005) in structure-function hypothesis in Chapter S.
Chapter 6 looks at the effects of calcium availability on eggshell characteristics and
colour. So, this chapter investigates whether shell formation in lesser black-backed
gulls is limited by calcium availability by using a calcium supplementation
experiment? Chapter 7 discusses what has been learned on the within-clutch

variation in eggshell characteristics of the lesser black-backed gull.

14



~CUTICLE

7" :~VERTICAL CRYSTAL
LAYER

+ PALISADE

| MAMMILLARY
KNOB LAYER

r SHELL. MEMBRANE

Figure 1.1. Line—drawing of the ultrastructure of the general eggshell. (from Parsons,

1982).

15



o €—— Ovary
(Days)

—— Infundibulum
(0.5 h)

<«——— Magnum
2.5h)

——— Isthmus
{(1h)

<€ Tubular shell gland
(0.5 h)

—————  Shell gland pouch
(19.5h)

f——— \Vagina
(0.2 h)
~€—— Ciloaca

(transient)

———— Egg - no air cell,
immature cuticle

<3 Air cell (ac)
<€—— Egg - mature cuticle

Figure 1.2. A diagram of egg formation in the oviduct (adapted from Board and

Fuller, 1994)

16



Bibliography

Ar, A., Rahn, H. and Paganelli, C. V. 1979. "The avian egg : mass and strength."
Condor 81: 331-337.

Bain, M. M. 1991. "A reinterpretation of eggshell strength." in Solomon, S.(ed), Egg and
eggshell Quality (ed.), 131-142. London: Wolf Publishing Ltd.

Baker, J. R. and Baker, R. 1992. "Eggshell thickness and porosity in budgerigars and their
relationship to hatchability." Journal of Small Animal Practice. 33: 317-319.

Bakken, G. S., Vanderblit, V.C., Buttemer, W. A. and Dawson, W. R. 1978, "Avian
Egg: Thermoregulatory value of very high near-infrared reflectance." Science 200: 321-
323.

Ball, R. F., Logan, V. and Hill, J. F. 1975. "Factor affecting the cuticle of the egg as
Measured by the intensity of staining." Poult. Sci. 54: 1479-1484.

Barta, Z. and Székely, T. 1997. "The optimal shape of avian eggs." Functional
Ecology 11: 656-662.

Becking, J. H. 1975. "The ultrastructure of the avian eggshell." Ibis 117(2): 143-151.

Blanco, G. and Bertellotti, M. 2002. "Differential predation by mammals and birds:
implications for egg-colour polymorphism in a nomadic breeding seabird." Biological
Journal of the Linnean Society 75: 137-146.

Blom, J. and Lilja, C. 2004. "A comparative study of growth, skeletal development
and eggshell composition in some species of birds." Journal of Zoology, London
262:361-369.

Blount, J. D., Surai, F. P., Nager, R. G., Houston, D. C., Mgller, A. P., Trewby, M.
L. and Kennedy, M. W. 2002. "Carotenoids and egg quality in the lesser black-
backed gull Larus fuscus: a supplemental feeding study of matenal effects.”
Proceedings of the Royal Society of London B 269: 29-36.

Board, R. G. 1982. "Properties of avian eggshells and their adaptive value." Bio.
Rev. 57: 1-28.

Board, R. G. and Fuller, R. 1994. Microbiology of the avian egg. London: Chapman
& Hall.

Board, R. G. and Fuller, R. 1974. "Non-specific antimicrobial defences of the avian
egg, embryo and neonate." Biol. Rev. 49: 15-49.

Board, R. G. and Scott, V. D. 1980. "Porosity of the avian eggshell." Amer. Zool.
20: 339-349.

17



Board, R. G., Tullett, S. G. and Perrott, H. R. 1977. "An arbitrary classification of
the pore systems in avian eggshells." J. Zool., Lond. 182: 251-265.

Bolton, M., Houston, D. C. and Monaghan, P. 1992. "Nutritional constraints on egg
fornation in the lesser black-backed gull: an experimental study." Journal of Animal
Ecology 61: 521-532.

Bond, G. M., Board, R. G. and Scott, V. D. 1988. "A comparative study of changes
in the fine structure of avian eggshells during incubation." Zoological Journal of the
Linnean Society 92: 105-113.

Burger, J., Viscido, K. and Gochfeld, M. 1995. "Eggshell thickness in marine birds
in New York Bight — 1970s to 1990s." Archive of Environmental Contamination and
Toxicology. 29: 187-191.

Cade, T. J., Lincer, J. L. and White, C. M. 1971. "DDE residues and eggshell changes in
Alascan Falcons and Hawks." Science. 172: 955-957.

Carey, C. 1983. "Structure and function of avian eggs." in Johnston, R. (ed.), Current
Ornithology Volume 1, 69-103. New York: Plenum Press,.

Cook, M. 1, Beissinger, S. R., Toranzos, G. A., Rodriguez, R. A. and Arendt, W. J.
2003. "Trans-shell infection by pathogenic micro-organisms reduces the shelf life of
non-incubated bird's eggs: a constraint on the onset of incubation?" Proceedings of
the Royal Society of London B 270: 2233-2240.

Erben, H. K. 1970. "Ultrastrukturen und Mineralisation rezenter und fossiler
Eischalen bei Voglen and Reptilien." Biomineralis. 1: 1-66.

Gosler, A. G., Barnett, P. R. and Reynolds, S. J. 2000. "Inheritance and variation in
Eggshell patterning in the great tit Parus major." Proc. R. Soc. Lond. 267B: 2469-2473.

Gosler, A. G., Higham, J. P. and Reynolds, S. J. 200S. "Why are birds' eggs
speckled?" Ecology Letters 8: 1105-1113.

Graveland, J. and vaderWal, R. 1996. "Decline in snail abundance due to soil
Acidification causes eggshell defects in forest passerines."” Oecologia. 105(3): 351-360.

Gray, J. 1928. "The role of water in the evolution of the terrestrial vertebrates." Brit. J. Exp.
Biol. 6: 26-31.

Green, R. E. 1998. "Long-term decline in the thickness of eggshells of thrushes, Turdus
spp., in Britain." Proc. R. Soc. Lond. 265B: 679-684.

Heaney, V., Nager, R. N. and Monaghan, P. 1998. "Effect of increased egg production on
egg composition in the common tern Sterna hirundo." Ibis. 140: 693-696.

Higham, J. P. and Gosler, A. G. 2006. "Speckled eggs: water loss and incubation behaviour
in the great tit Parus major." Oecologia 149: 561-570.

18



Johnston, P. M. and Comar, C. L. 1955. "Distribution and contribution of calcium
from the albumen, yolk and shell to the developing chick embryo." American Journal
of Physiology 183: 365-370.

Kennedy, G. Y. and Vevers, H. G. 1976. "A survey of avian eggshell pigments." Comp.
Biochem. Physiol. 55B: 117-123,

Lundholm, C. E. 1997. "DDE- Induced eggshell thinning in birds: effects of p,p-
DDE on the calcium and prostaglandin metabolism of the eggshell gland." Comp.
Biol. Physiol. 118C: 113-128.

Mind, R. 1996. "Increased eggshell porosity in replacement clutches of the black-
headed gull Larus ridibundus." Ornis Fennica. 73: 131-136.

Massaro, M. and Davis, L. S. 2004. "The influence of laying date and maternal age
on eggshell thickness and pore density in yellow-eyed penguins." Condor 106: 496-
505.

Massaro, M. and Davis, L. S. 2005. "Differences in egg size, shell thickness, pore
density, pore diameter and water vapour conductance between first and second eggs
of Snares penguins Eudyptes robustus and their influence on hatching asynchrony."
Ibis 147:251-258.

Mik3ik, 1., Holan, V. and Deyl, Z. 1994. "Quantification and variability of eggshell
Pigment content." Comp. Biochem. Physiol. 109A(3): 769-772.

Molan, T. and Hale, H. P. 1936. "Physics of the hen’s egg. 1. Membranes in the egg." J.
Exptl. Biol. 13: 35-40.

Moreno, J., Osorno, J. L., Morales, J., Merino, S. and Tomas, G. 2004, "Egg
colouration and male parental effort in the pied flycatcher Ficedula hypoleuca."
Journal of Avian Biology 35: 300-304.

Muck, C. and Nager, R. G. 2006. "The effect of laying and hatching order on the
timing and asynchrony of hatching."” Animal Behaviour 71: 885-892.

Nager, R. G., Monaghan, P. and Houston, D. C. 2000. "Within-clutch trade-offs
between the number and quality of eggs: experimental manipulations in gulls."
Ecology 81: 1339-1350.

Needham, J. 1931. "Chemical embryology." Cambridge Univ. Press. Reprinted
and replublished 1963 by Hafner Publ. Co., New York.

Olsen, P., Fuller, P. & Marples, T. G. 1993. "Pesticide-related eggshell thinning
in Australian raptors." Emu. 93: 1-11.

Packard, G.C. & Packard, M.J. 1980. "Evolution of the Cleidoic Egg Among
Repterian Antecedents of Birds." Amer. Zool. 20: 351-362.

19



Parsons, A. H. 1982. "Structure of the eggshell.” Poultry Science 61: 2013-2021.

Rahn, H. and Ar, A. 1974. "The avian egg: incubation time and water loss." The
Condor 76: 147-152.

Romanoff, A. L. and Romanoff, A. J. 1949. The avian egg. New York: John Wiley &
Sons, Inc.

Royle, N. J. and Hamer, K. C. 1998. "Hatching asynchrony and sibling size hierarchies in
gulls: effects on parental investment decisions, brood reduction and reproductive success."
Journal of Avian Biology 29: 266-272.

Simkiss, K. 1958. "The structure of the eggshell with particular reference of the
Hen." Ph. D. Thesis. University of Reading, England.

Simkiss, K. 1964. "Phosphates as crystal poisons of calcification." Biol. Rev. 39: 487-505.

Simons, P. C. M. 1971. "Ultrastructure of the hen eggshell and its physiological
Interpretation.”" Centre for Agricultural Publishing and Documentation, Wageningen, The
Netherlands.

Solomon, S. E. 1991. "Egg & eggshell quality." London: Wolf Publishing Ltd.

Solomon, S. E., Bain, M. M., Cranstoun, S. and Nascimento, V. 1994. "Hen’s eggshell
structure and function." in Board, R. G. & Fuller, R. (eds.), Microbiology of the avian egg,
1-24. London: Chapman & Hall.

Sparks, N. H. C. 1994. "Shell accessory materials : structure and function.” in Board, R. G.
& Fuller, R. (eds.), Microbiology of the avian egg, 25-42. London: Chapman & Hall.

Tullett, S. G., Board, R. G., Love, G., Perrott, H. R. and Scott, V. D. 1976. "Vaterite
deposition during eggshell formation in the cormorant, gannet, and shag, and in “shell-less”
eggs of the domestic fowl." Acta Zool. (Stock.) 57: 79-87.

Tyler, C. 1964. "A study of the eggshells of the Anatidae." Proc. Zool. Soc. Lond. 142:
547-583.

Tyler, C. and Simkiss, K. 1959. "A study of the eggshells of ratite birds." Proc.
Zool. Soc. Lond. 133: 201-243.

Verboven, N., Evans, N. P., D' Alba, L., Nager, R. G., Blount, J. D., Surai, F. P. and
Monaghan, P. 2005. "Intra-specific interactions influence egg composition in the
lesser black-backed gull (Larus fuscus)." Behavioural Ecology and Sociobiology 57:

357-365.

Verboven, N., Monaghan, P., Evans, D. M., Schwabl, H., Evans, N., Whitelaw, C.
and Nager, R. G. 2003. "Maternal condition, yolk androgen and offspring
performance: a supplemental feeding experiment in the lesser black-backed gull
(Larus fuscus)." Proceedings Of The Royal Society Of London Series B 270: 2223-

2232.

20



Wedral, E. M., Vaderha, D.U. and Baker, R.C. 1974. "Chemical composition of the
Cuticle and inner and outer membranes from eggs of Gullus gullus." Comp. Biochem.
Physiol. 47B: 231-240.

Weseloh, D. V., Mineau, P. and Struger, J. 1990. "Geographical distribution of

Contaminants and productivity measures of herring gulls in the great lake Lake
Erie and connecting channels 1978-79." Science of the Total Environment. 91: 141-160.

With, T. K. 1973. "Porphyrins in eggshells." Biochem. J. 137: 597-598.
Wyburn, G. M., Johnston, H. S., Draper, M. H. and Davidson, M. F. 1973. "The
ultrastructure of shell forming region of the oviduct and the development of the shell of

Gallus domesticus." Quart. J. Exp. Physiol. 58: 143-151.

Zelenitsky, D.K., Modesto, S.P. and Currie, P.J. 2002. "Bird-like Characteristics of
troodontid theropod eggshell." Cretaceous Research 23: 297-305.

21



Chapter 2: A validation study of shell porosity measurements

Abstract

During incubation, the egg normally loses weight through loss of water. The rate of
water loss should correlate positively with shell porosity. This study uses this
relationship to validate two different techniques for counting pores; (A) counting
pores directly through a light microscope and (B) counting dyed pores through a light
microscope. Technique B seemed to have a problem with counting high pore
densities. However, even pore counts from technique A showed only a weak

relationship with water loss. Possible reasons for this are discussed.

Introduction

The egg has a tightly controlled water budget during embryonic development. Water
is deposited in the albumen and yolk, and during incubation the embryo also
produces water as a by-product of its metabolism (Ar and Rahn, 1980). On the other
hand, water normally diffuses out of the egg along a water vapour gradient between
the inside and the outside of the egg. The water loss may help to expand an air cell
for pulmonary respiration of the embryo (Carey et al., 1983) and controls the optimal
level of water inside the egg (Ar and Rahn, 1980). When there is a lack of water, the
embryo may face difficulties in using some essential soluble substances such as
proteins and carbohydrates for development (Romanoff and Romanoff, 1949). The
suboptimal rates of water loss can cause embryo mortality, but the mechanisms are

not clearly known (Carey, 1986).
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The water evaporation from the egg is determined by the shell’s water conductance.
Conductance is the permeability of the shell to water vapour and depends on
functional pore area and the length of pore as shown in the equation of Ar ez al.
(1974);
Mu,0=¢ * Duyo * Ap/L * AP0
My, 0 = the rate of weight loss (mg. day!)
APy,0 = water vapour pressure difference across the shell (torr)

Du,o = diffusion coefficient of water vapour in air (cm?. sec™)

Ap = total functional pore area (cm?)
L = length of pores (cm)
¢ = conversion constant, 155.52 * 10’/ (R * T) where the numerator has
the units of sec.mg .day”. mole!, R = gas constant (6.24 * 10*
cm’.torr.mole”’. °K™") and T = absolute temperature (°K).
Normally, the egg loses weight by releasing H,O and CO, through respiration but in
the same process the egg replaces the lost weight of CO; with O; from the outside.
The contribution of CO; and O, cancel each other out, so that overall the egg loses
mass through the loss of water (Rahn and Ar, 1974). If controlled for the water
vapour gradient, the water loss from the egg should have a positive relationship with
shell conductance, but a negative relationship with the length of pores. The
measurement of the mass loss of the egg (controlled for the water vapour gradient)
can be used as an indicator of the resistance of the shell to water loss (Ar et al. 1974).
The pore is a vital part of the gas exchange and the variation in number and structure
of pores can affect embryo development.Two techniques are currently available for
counting pores in different species of birds; directly counting pores (Ménd, 1996;

Massaro & Davis, 2005) and counting dyed pores (Monge et al., 2000; Massaro and
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Davis, 2004).Tyler (1953) reported that the merging of dye between closely adjacent
pores and possible blocking of pores could result in an underestimation of porosity
when using dyes to count pores. We have little knowledge of how the counts of the

two techniques relate to each other.

The aim of this study was to validate the two techniques to measure shell porosity of
eggshells of the lesser black-backed gull (Larus fuscus). For the same eggs, |
measured water loss from the egg under controlled conditions and then counted the
number of pores by using the two methods. I then validated the pore counts by using
the predicted relationship between shell porosity, shell thickness and water loss from
the egg. Water loss from the egg should be positively related to pore count and

negatively related to shell thickness.

Materials and methods

I collected 30 fresh eggs, 10 A-eggs, 10 B-eggs and 10 C-eggs from 30 different 3
egg clutches at Walney Island during the breeding season of 2004 (under a license
from English Nature). I measured their egg weight to the nearest 0.01g using an
electronic balance and measured length and width with a calliper to the nearest 0.1
mm on the day the clutch was completed. In order to measure egg weight loss in a
standardized way, I put all eggs into the same environmental conditions. [ put each
egg individually into a home-made desiccator (8 cm x 10 cm x 10 cm) that was
filled with 40 g of silica gel at the bottom (according to Rahn and Dawson, 1979). 1
put the desiccator in an incubator set at a constant temperature of 25°C on the day
the clutch was completed. I weighed the eggs after 5§ hours in the incubator, and then

I weighed the eggs again after 6 days (the silica gel at the bottom of the desiccator
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still had the capacity to take up water). I calculated the daily rate of water loss by
dividing the weight loss by 6. Ar et al. (1974) suggested that using permeability
should be more suitable than weight loss to compare the rate of water loss within a
species. I therefore calculated the permeability by dividing the daily water loss by
surface area of the egg (Carey et al., 1983). The surface area was calculated by using

V088 (V = egg volume in cm®) (Paganelli et al., 1974); egg

the equation A =4.951 x
volume was calculated by using the equation V=KyxL xB*(L = lengthincm, B =
width in cm, Ky (volume coefficient) = 0.4965, as the average from Larus species
(Hoyt, 1979). | then separated the egg content from the eggshell and left the
eggshells to dry at room temperature for a few days. Later, the shells were dried
again in an oven at 50°C until they reached a constant weight. I also measured the

water content of the egg. The difference between the fresh egg mass and the sum of

the dry weights of yolk, albumen and eggshell gave the amount of water in the egg.

Shell thickness

Due to the difficulty of measuring actual pore length, I assumed that shell thickness
can provide a convenient index for pore length (following Ar et al., 1974). In order
to avoid problems with heterogeneity of the eggshell (Romanoff & Romanoff, 1949;
Tyler, 1961; Gosler et al., 2005; Massaro & Davis, 2005), I selected shell pieces
from the equatorial zone (figure 3.1) as this is the largest area of the eggshell. Shell
thickness was measured by using a Scanning Electron Microscope (Hitachi S-570, E.
M. Systems Support, High Peak, UK). A piece of shell (= lcmz) was cut from the
eggshell at the equatorial zone by using a diamond tipped circular saw (Quayle
Dental, Worthing, Sussex, UK). This method ensured that the structural integrity of

the specimen was retained (M. Bain, pers.comm.). In order to avoid any distortion
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effect from the cutting process on shell thickness, the sample was snapped in two and
one piece was mounted vertically on a grooved aluminium stub with Plastic
Conductive Carbon Cement (Leit C Plast, Gisbourne Microscopy Services, Brocton,
Stafford, UK) by placing the snapped size uppermost. The mounted shells were
coated with a gold/palladium mixture for 4 minutes in an Emscope sputter coater
(SC500, Emitech, Ashford, Kent, UK) and viewed with the scanning electron
microscope at 15 kV. The specimen was viewed at a magnification of 200X at a
constant working distance of 30 mm. The scanning electron micrograph was saved
on a computer and I measured the distance from the tips of the mammillary layer to
the bottom end of the cuticle as shell thickness by using the High Resolution Digital
Imaging System Version 2.05 software (E. M. Systems Support, High Peak, UK) to

the nearest 0.001 pm.

Shell porosity

I measured shell porosity by using 2 techniques, counting pores directly through a
light microscope (named technique A) and counting dyed pores through a light
microscope (named technique B). I used two samples from each shell, two pieces of
lem? of shell were cut from the equatorial zone of each egg by using a diamond
tipped circular saw. For technique A, the piece of eggshell was flooded with
Decalcifier II (Surgipath, Bretton, Peterborough, UK.) for 2 minutes and then put
into water for a few seconds to stop the reaction in order to peel off the shell
membranes. To make the pores visible, the eggshell was flooded again with
Decalcifier II for 5 minutes and then put into water for a few seconds and the

remaining shell membrane was cleared using point-tip forceps. The pores in a known
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area of a dry eggshell (23.768 mm?), on the outer side of shell, were counted under a

dissection microscope.

After counting the shells were kept in a small plastic bag for using in the second
technique. For technique B, the shell was flooded with methylyne blue (100 ml of
concentrate methylene blue solution / 1000 ml of distilled water) on the outer side.
The methylene blue ran through the pores to the inner side of shell and stained the
area around the pores in the forms of tiny dark blue dots. After the dye dried on the
outer shell, the tiny dark blue dots in a known area of the inner shell surface (23.768
mm?) were counted under a dissection microscope. Both techniques were applied on
two pieces of shell for each egg. The correlations of the porosity count from the same

egg were ry3 = 0.712, P < 0.001 (technique A) and ra3 = 0.193, P = 0.306 (technique

B).

Statistical analysis

I used a broken stick model (Huizingh, 1994) to relate the data from the two pore
counting techniques. I carefully selected the threshold point from the model with the
lowest residual square value. All tests were two-tailed and P < 0.05 was considered

significant. Mean values + S.E. were reported.

Results

There was a weak, but significant positive correlation between the pore counts from
the two techniques (Spearman, rs = 0.379, df = 28, P = 0.039) (Fig. 2.1). Technique
A gave a higher pore density (45.30 + 3.93 pores / cm?, n = 30) than using the
technique B (36.46 + 3.38 pores / cm?, n = 30; pair t-test: 1,0 = 2.08, P = 0.047).

Figure 2.1 suggested that possibly, the two techniques may not relate linearly to each
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other. It might be that technique B underestimated the pore count at high pore
densities, because at high pore density the chance that the dye of two adjacent pores
to merge increased. So, I checked if [ could improve the relationship between the two
techniques by allowing for a threshold value above which counts for technique B no
longer increased despite higher pore counts by technique A. To do so [ used a broken
stick model with different thresholds and selected the model with the lowest residual
square value (table 2.1 & figure 2.1). Without the three extreme values, pore counts
from technique A were not significantly different from technique B (paired r-test: #,3

=1.05, P=0.303).

In order to avoid the merging effect in technique B at high pore density, I used the
result from technique A for the analysis of relationships with permeability, water
content and shell thickness. Permeability tended to have a positive relationship with
pore density (Spearman, rs = 0.339, df =28, P = 0.066), but had no relationships
with water content (Spearman, rs = 0.093, df = 28, P = 0.624) and shell thickness
(Spearman, rs = -0.147, df = 28, P =0.677). Shell thickness had no significant

relationship with pore density (Spearman, r; = -0.201, df = 28, P =0.286),

I compared the pore density between A, B and C-eggs using the results of the two
techniques. Using data from technique A, there was no significant difference in pore
density within the laying order (F227 = 2.42, P = 0.108) (Fig. 2.2), but when using
data from technique B, A-eggs had the lowest pore density within the laying order
(F227=1.01, P=0.004) (Fig. 2.2). There was no significant difference in

permeability within the laying order (F27 = 1.10, P = 0.349).
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Table 2.1

Model No. of deleted extremes Sum of residual squares
1 0 (full model) 8851.62
2 2 (extremes > 80) 8815.24
3 3(extremes > 70) 8583.94°
4 4(extremes > 66) 8692.56
5 6(extremes > 65) 9488.92
6 7(extremes > 61) 9058.51

The results of the “broken stick” model describing the relationship between the two
pore count techniques. 2-7 values for highest pore counts from technique A were
assumed to show no relationship between technique A & B. Model with the least
sum of square (‘) was selected (Fj 28 = 21.48, P <0.01).
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Figure 2.1. Relationship between shell porosity from technique A and technique B.
All are shown, ¢ increase linearly (B = 18.607 + (0.424 x A) (Fi28=21.48, P <0.01)

whereas the relationship seems to level off for data above 70 pores / cm? (technique

A) (o).
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Figure 2.2. Shell porosity from technique A (white bars) and technique B (black bars)

of A, B and C-eggs
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Discussion

The aim of this study was to compare two different techniques to count the number
of pores in the eggshells of lesser black-backed gulls. I further looked for
relationships between pore count and permeability based on the predicted
relationship between shell porosity, shell thickness and water loss. Technique B
seemed not to allow accurate pore counting in the shell with high pore densities.
Merging of dye between closely adjacent pores may be the cause (Tyler, 1953).
There was a weak relationship between permeability and pore counts from technique
A suggesting this to be the most appropriate technique for counting pores in lesser

black-backed gulls’ eggs.

According to technique A, A, B and C-eggs seemed to have similar pore density at
the equatorial zone, but the A-egg had a lower pore count than the B- or C-eggs in
technique B. The fact that technique B gave a lower pore density for A-eggs than for
B- or C-eggs may give a clue to the pattern of pore distribution. A-eggs may have a
different pattern of pore distribution from B and C-eggs. Possibly, pores of A-eggs
were distributed in a more clumped pattern, so that the merging effect could happen
more easily. Further study of pore distribution may clarify the clump pattern in A-
egg. Rahn & Dawson (1979) reported pore densities (derived from water vapour con-
ductance and shell thickness) of two species of gulls, Heermann’s gull (Larus
heermanni) (134 pores / cm?) and western gull (Larus occidentalis livens) (233 pores
/ cm?), both species had higher pore densities than the lesser black-backed gull.
However, Rahn & Dawson (1979) did not directly count the pores. In his study
Mind (1996) showed that black-headed gull (Larus ridibundus) eggs had higher pore

counts (151226.4 pores / cm?) than lesser black-backed gull eggs in this study. But,
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Mind (1996) found that pore count changed with increasing duration of incubation.
Possibly, incubation activity may reveal non-functional pores. So, the number of
pore counts in this study may include non-functional pores that were later revealed
by decalcifying the shell. Interestingly, Massaro & Davis (2004 & 2005) found
differences in pore densities between eggs of the same clutch in yellow-eyed penguin
(Megadyptes antipodes) and snares penguin (Eudyptes robustus). Both species lay
two eggs, the first species had a lower pore density in second-laid eggs but vice versa
in the latter species. Snares penguins seemed to have a higher pore density than
yellow-eyed penguins. Even two relatively closely related species seemed to differ in
their patterns of pore density with laying order and in pore density itself. These

differences may reflect difference in the species’ life history.

There was a weak relationship between pore density and permeability. So far, we still
know little about the ultra structure of the pores in the lesser black-backed gull’s egg.
Probably, the size of pore may also affect permeability. More information from

further study about the dimension of pores could clarify this weak relationship.

Interestingly, great northern divers (Gavia immer) normally nest in damp areas and
produced eggs with very high pore densities (307 pores / cm?) (Tullett & Board,
1977). The lesser black-backed gulls which nest in dry areas and produce eggs with
far lower pore densities (45.30 pores / cm?). Pores in the shell normally serve as
channels for gas exchange (Board, 1982), but at the same time they may allow entry
by micro-organisms to the egg (Cook et al., 2003). Great northern divers may not
need to conserve water in the damp environment, so they may use this advantage to

produce eggs with a high capacity for gas exchange, but they have to trade-off this
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with the increased risk of micro-organism invasion. This scenario may be the reverse
for the lesser black-backed gull that bred in a colony where there is probably a higher
abundance of potential microbes, and eggs may lose water more easily (windy

climate at the sea coast).
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Chapter 3: Variation of eggshell structures with laying order

Abstract

Variations in egg size and egg composition between females of the same species, as
well as among eggs in the same clutch, have been found in many avian species.
Some researchers found variation in egg composition can affect offspring fitness.
Variation in egg size and egg content has received most attention and little attention
has been paid to the eggshell, particularly variation within the clutch. Eggshell serves
some crucial functions in avian reproduction such as protecting of the embryo from
mechanical damage, as a calcium provider to the embryo, gas exchange with the
environment and conservation of water. In this study, I investigated variations in
three eggshell characteristics, shell thickness, shell porosity and mammillary layer
contact area, in relation to laying order. This study found within-clutch variations in

shell porosity and mammillary layer contact area but not in shell thickness.

Introduction

There is a large variation in egg size and egg composition between females of the
same species as well as between eggs of the same clutch (Carey, 1996; Christians,
2002; Williams, 2005). At laying, all the nutrients required for successful
development of the embryo must be deposited into the egg in sufficient quantity
(Carey, 1996) and variation in egg composition can influence offspring fitness
(Williams, 1994; Nager et al., 2000). Although variation in egg size, and the content
of albumen and yolk, have received much attention, little attention has been paid to
variation in the eggshell. Egg production in birds is generally recognized as a

demanding process (Monaghan and Nager, 1997; Williams, 2005; Nager in press).
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Egg formation is generally believed to be costly because of the biosynthesis and
deposition of resources into the yolk (Williams, 2005). Recently, however,Williams
and Ames (2004) have suggested that functioning of the oviduct may also have
significant energetic costs and the female’s ability to deposit non-yolk components of

the egg (albumen and / or shell) may also affect egg quality.

The functions of the eggshell include protection of the embryo from mechanical
damage, calcium provision to the growing embryo, gas exchange with the
environment, conservation of water (Board, 1982; Carey, 1996) and concealment of
the egg from predators (Underwood and Sealy, 2002). The eggshell must be strong
enough to support the mass of the egg contents and to avoid damage from the
incubating parents. At the same time it must be weak enough to allow the embryo to
hatch from the egg (Board, 1982; Carey, 1983). Generally, the structure of the avian
eggshell is composed of four layers; cuticle layer (outer surface of an eggshell),
vertical crystal layer (below the cuticle), palisade layer (below the vertical crystal
layer) and mammillary layer (the innermost of the calcified part below the palisade
layer) (Parsons, 1982). Bain (1991) reported that the removal of the cuticle, vertical
crystal layer, and palisade layer each significantly decreased the stiffness of the
remaining shell of the domestic chicken, but that the removal of the mammillary
layer had no effect on shell stiffness. So, the effective shell thickness (excluding shell
membranes and mammillary layer) is the best indicator of eggshell strength (Bain,
1991). Johnston and Comar (1955) found that the developing embryo utilized the
eggshell as a major calcium source. Blom and Lilja (2004) reported that the eggshell
mainly supplied minerals for the skeletal development of the embryo. The

mammillary layer, which is in contact with the shell membrane, functions as a

38



provider of minerals (mainly calcium and magnesium) (Bond et al., 1988; Blom and
Lilja, 2004). So, the contact area between the tips of the mammillary layer and the
shell membrane is of interest as it affects the potential for the embryo to take up
minerals from the eggshell. Shell porosity also affects the development of the
embryo. Baker and Baker (1992) reported that abnormally low or high shell porosity
affected water loss, which affected the hatchability of budgerigar (Melopsittacus
undulatus) eggs. Birds breeding at high altitude, where the water vapour diffusion
gradient is strong, lay eggs with shells that have a lower pore density than do
members of the same species breeding at lower altitude. This is presumed to be an
adaptation to reduce water loss from the eggs (Carey er al., 1983; Monge et al.,
2000). Pollution can also affect eggshell quality. Birds breeding in areas of high acid
rain or organochlorine residues have been found to lay eggs with thinner shells and
to have lower reproductive success compared to the same species in unpolluted areas
(e.g. Drent and Woldendorp, 1989; Findholt, 1984). Drent and Woldendorp (1989)
suggested that the embryo in thin-shelled eggs dried out during incubation because of
excessive evaporation. However, we know little about the variation in eggshell

structure within a clutch.

In this study, I investigated whether there was any variation in eggshell
characteristics in relation to laying order in the lesser black-backed gull (Larus
Sfuscus), a species that normally lays three eggs in a clutch. In this study, I refer to the
first egg as A-egg, the second egg as B-egg and the last egg as C-egg. Earlier studies
have shown clear differences in egg composition in relation to laying order in this
species (Bolton et al., 1992; Royle et al., 1999; Nager et al., 2000; Blount et al.,

2002; Verboven er al., 2003 & 2005). I measured three characteristics of the eggshell,
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which relate to three of the main functions of the eggshell; shell thickness (for
protection of the embryo), shell porosity (for gas and water exchange services) and
the mammillary layer contact area (calcium provider). In order to find whether there
was variation in the eggshell characteristics among different areas of the same
eggshell, | measured the eggshell characteristics at three different areas on the shell;
the blunt end, equatorial zone and pointed end (Fig. 3.1). In order to investigate
whether females laying at different times differed in eggshell characteristics, the
laying date (the date that the female laid the first egg) was included as a covariate in

the statistical analyses.

Materials and methods

Fresh eggs from 32 three-egg clutches of lesser black-backed gulls were collected
from the central part of the colony at South Walney Nature Reserve, Walney Island,
northwest England, UK, during the breeding season in 2002. The collected clutches
were initiated between late April and late May 2002. The eggs were collected on the
day of laying and replaced by dummy eggs in order not to disturb normal laying
behaviour. Eggs were collected under a licence from English Nature. On the day of
laying, fresh eggs were weighed to the nearest 0.01g using an electronic balance and
maximum length and width measured with a calliper to the nearest 0.1 mm. Eggs
were then frozen until analysis. The frozen eggs were cut longitudinally in half by
using a scalpel. The two-half shells (with shell membrane) were separated from the
egg content. The eggshell was dried in an oven at 50°C until it reached a constant dry
weight. The dry weight of the eggshell was measured by using an electronic balance

and weighed to the nearest 0.001 g.
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The eggshells were investigated for three characteristics; shell thickness, shell
porosity and mammillary layer contact area. To avoid the effect of heterogeneity of
eggshell characteristics across different areas of the eggshell (Romanoff and
Romanoff, 1949; Tyler, 1961; Gosler et al., 2005), I measured eggshell
characteristics at three areas of the egg: at the blunt end, equatorial zone and pointed
end. 1 took specimen pieces as close as possible to the broad and narrow apices
(blunt and pointed end, respectively). Specimens of the equatorial zone were taken

from the area where the egg was widest (figure 3.1).

Shell thickness

In this study I also took the opportunity to compare three different methods of
measuring shell thickness. Firstly I measured the eggshell thickness index (ETI). For
this egg volume V was calculated by using the equation V =Ky x L x B2 (L = length
in cm, B = width in cm, Ky (volume coefficient) = 0.4965, as the average from Larus
species (Hoyt, 1979). The surface area A was calculated by using the equation A =
4.951 x V°%° (V = egg volume in cm’) (Paganelli et al., 1974). I calculated ETI by
dividing shell dry weight by the surface area of the egg (Green, 1998). Secondly, |
measured shell thickness at five different places within the equatorial zone and three
different places at the blunt end and pointed end to the nearest 0.005 mm using a
micrometer (Draper PM 025). The micrometer was modified with rounded tips to fit
to the curvature of the eggshell. The repeatabilities (calculation of the repeatability
after Lessells and Boag (1987)) of the thickness measures were, r = 0.822 (Fos 192 =
14.82, P < 0.001) for the blunt end, r = 0.842 (F9s 384 = 27.68, P < 0.001) for the
equatorial zone and r = 0.847 (Fgs 192 = 17.66, P <0.001) for the pointed end.

Measurements from the same shell area were averaged for use in subsequent

41



analyses. Thirdly, I measured the eggshell thickness using a scanning electron
microscope (Hitashi S-570 supported by E. M. Systems Support, High Peak, UK).
Two pieces of shell (= lem?) were carefully cut out from the eggshell at the target
area by using a diamond tipped circular saw (Quayle Dental, Worthing, Sussex, UK),
which ensured that the structural integrity of the shell was retained. In order to get
the precise measurement of shell thickness, the samples were snapped in two and one
piece was mounted vertically on a grooved aluminium stub with Plastic Conductive
Carbon Cement (Leit C Plast, Gisbourne Microscopy Services, Brocton, Stafford,
UK) by placing the snapped size uppermost. The mounted shells were coated with
gold / palladium for 4 minutes in an Emscope sputter coater SC500 (Emitech Limited,
Ashford, Kent, UK). These specimens were viewed in the scanning electron
microscope at 15 kV with a magnification of 200X at a constant working distance of
30 mm. The pictures were stored and then later measured. In order to use the SEM to
measure shell thickness as an indicator of the strength of the eggshell, the measured
area should not include the mammillary layer and the shell membranes (Bain, 1991).
But, from the scanning electron micrographs, the mammillary layer of the lesser
black-backed gull’s eggs were in confluent forms and the thickness of cuticle layer
was not even (Fig. 3.2). So, I chose to measure the distance from the tips of
mamillary layer to the inner surface of the cuticle as shell thickness, hence not
including shell membranes and cuticle (Fig 3.2). The measurements were made from
the recorded pictures to the nearest 0.001 pm using High Resolution Digital Imaging
System software, version 2.05 (E. M. Systems Support, High Peak, UK). Two
specimens were used per area. One measurement was taken from each specimen. The
correlations between the two thickness measurements were ros = 0.77 at the blunt end,

0.70 at the equatorial zone and 0.80 at the pointed end (all N = 96, P < 0.001).
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Measurements from the same shell area were averaged for use in subsequent

analyses.

Shell pore density

Due to a shortage of shell material, I only used 31, 27 and 27 complete clutches for
measuring shell pore density at the blunt end, equatorial zone and pointed end,
respectively. The pore density of eggshells was measured once or twice for each of
the three different shell areas for each egg. A piece of eggshell (= | cm?) cut as
above was flooded with Decalcifier II (Surgipath, Bretton, Peterborough, UK.) for 2
minutes and then put into water for a few seconds to stop the reaction in order to peel
off the shell membranes. To make the pores visible, the eggshell was flooded again
with Decalcifier Il for 5 minutes and then again put into water for a few seconds to
stop the reaction. The remaining shell membrane was cleared by using point-tip
forceps. Under a dissection microscope, the pores were clearly visible and from a
known surface area of shell (23.768 mm?) I counted the number of pores. The
correlations of the porosity count from the same egg were rgg = 0.47 (P < 0.001) at
the blunt end, rss = 0.25 (P = 0.04) at the equatorial zone and r¢s = 0.51 (P < 0.001) at
the pointed end. 1 did not have two measurements for every specimen.

Measurements from the same shell and area were averaged for use in subsequent

analyses.

Mammillary layer contact area

The contact area between the tips of the mammillary layer and shell membranes is of
interest as it affects the potential for the embryo to take up minerals from the

eggshell. I chose a random subsample of 16 three-egg clutches for measuring the
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mammillary layer contact area (Fig. 3.3). The laying date, egg size and shell
thickness of the eggs included did not differ from the rest of the sample (laying date:
130 = 0.93, P = 0.360; fresh mass of A-egg: 130 = 0.17, P = 0.864; fresh mass of B-egg:
30 = 0.98, P = 0.335; fresh mass of C-egg: 13 =0.19, P = 0.849; ETI of A-egg: 130 =
0.77, P =0.447; ETI of B-egg: t30 = 0.13, P = 0.899; ETI of C-egg: 30 = 1.26, P =
0.217). I measured the mammillary layer contact area for three shell areas (blunt end,
equatorial zone and pointed end). One piece of 1 cm? from each shell area was cut as
above and was soaked in distilled water for 2 — 3 days in order to soften the shell
membrane. As much shellmembrane as possible was removed manually by using
point-tip forceps. The remaining shell membrane was removed using plasma etching,
a non-destructive technique of removing organic material. The Nanotech 100 Plasma
Chemistry Unit used low temperature activated plasma to remove the rest of the
tightly attached membrane from the inner surface without damaging the underlying
mineral structure (Reid, 1983). The specimen was placed with the inner surface
uppermost in an atmosphere of oxygen gas at 133.3 Pascals that was made reactive
by applying a radio frequency of 100 ohms. The organic eggshell membrane was
volatilised and any residual ash was dusted off with a jet pressure duster. The
membrane-free shell was prepared as above for scanning electron microscopy at
250X magnification at a constant working distance of 30 mm. Two different places
on each piece of eggshell were scanned. | measured the mammillary layer contact
area instead of counting the mammillary tips per area. In order to avoid the distortion
part on the left side on the print of the scanning electron micrograph, I selected an
area of 0.2215 mm? on the top right corner of the micrograph by tracing the tips of
the mammillary layer on an acetate sheet and measured the area from those traces in

the following way. The drawings on the acetate sheets were scanned into a digital file
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and the mammillary layer contact area was determined using Leica Q-Win software
(Leica Microsystems Limited, Milton Keynes, UK). In order to get highly accurate of
the measurements, I highlighted the outline of the traced area as thinly as possible by
selecting white value at 150 and black value at 0 in “Grey detect” and the width
value of line at | in “Binary edit” within the software. Two areas from the same
specimen were scanned, the correlations of the two independent measurements of
mammillary layer contact area from the same area and shell was r = 0.662 (df = 139,
P <0.001) (due to damage occurring during the preparation process, eggshells at the
pointed end from three eggs were not included in the measurement). Then, |
calculated the percentage of mammillary layer contact area within the selected
measurement area. Measurements from the same shell and area were averaged and

used in subsequent analyses.

Statistical analysis

All the data were normally distributed, except the data on the density of mammillary
layer contact area (data from the blunt end of A and C-eggs and data from the
equatorial zone of B-egg), which I corrected using arcsine transformation. If I found
a significant interaction between laying date (the date that the female laid the first
egg of the clutch) and the laying order or shell area, | would carry out separate
analyses for early laying and late laying birds. | used the mean laying date to separate
the two laying groups. In order to investigate the difference of the measurements of
the eggshell characteristics between A, B and C-eggs of the same clutch and
measures from different areas within an eggshell, I used repeated-measures analyses

with egg number and shell area as the repeated measures in SPSS (Version 13). If the
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assumption of the sphericity test was violated, I used the Greenhouse-Geisser
correction. For interactions, I reported only the significant ones in the results. All
tests are two-tailed and P < 0.05 was considered significant. Mean values + S.E. are

reported.

Results

Firstly, I analysed the data of fresh egg mass, shell dry mass and shell surface area
(Table 3.1). Only shell dry mass showed a significant difference within the laying
order, the post hoc test suggested that shell dry mass of A- and B-eggs did not differ,

but C-eggs had lower shell dry mass.

Secondly, I analysed the data for the shell thickness. There were three methods of
measurements for shell thickness in this study; ETI, using the micrometer and using
the SEM. None of these methods showed a significant difference in shell thickness
with laying order (Table 3.2). However, there was variation in shell thickness
between the different shell areas, and the post hoc test suggested that the shell at the
blunt end was thinner than at the other areas (Table 3.2). Eggs laid later in the
season had thinner eggshells, but this effect was only significant when using the

SEM measurement (Table 3.2).

Overall, the two measurements of shell thickness from the modified micrometer and
SEM were positively correlated, but the SEM gave a consistently lower average shell
thickness than the micrometer measurement (table 3.3). The difference between the

two techniques was largest at the pointed end for all laying orders and for the blunt
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end of C-eggs. Both measurements of shell thickness at three different areas of A, B

and C-eggs positively correlated with ETI (r > 0.528, P < 0.002).

Thirdly, I analysed the data of the shell pore density. There was a significant
interaction between laying order and laying date on shell pore density (Table 3.2). So,
I separated the data into two groups (the mean of the laying date = 40.90 + 1.34,
range of the early laying date: 26-39; range of the late laying date: 41-54) and I then
analysed them separately. In the early laying group, there was no significant
interaction between laying order and shell area on pore density (F46=0.71, P =
0.612). There was no significant difference in pore density across the laying orders
and between the three different shell areas (laying order: Fp3 =1.13, P = 0.369; shell
area: Fhg = 2.55, P = 0.139) (Fig. 3.4a). In the late laying group, there was no
significant interaction between laying order and shell area on the pore density (Fy9 =
2.33, P =0.134). The laying order had a significant effect on pore density (F2,; =
8.14, P = 0.007). The post hoc-tests suggested that there was no significant
difference in pore density between A-and B-eggs (F) 12 = 3.87, P = 0.073) and
between A-and C-eggs (F1,12 = 0.37, P = 0.557), but the B-egg had a higher pore
density than the C-egg in the late laying group(Fy,12 = 17.69, P = 0.001), but from
Figure 3.4b the B-egg seemed to have higher pore density than the A- or C-egg.

There was no significant difference in pore density between the three shell areas of

A-, B- and C-eggs in the late laying group (F21 = 1.61, P = 0.244).
Finally, I analysed the data of the density of mammillary layer contact area.

Generally, from the scanning electron micrographs, the mammillary layer of the

lesser black-backed gull’s eggs were in confluent forms. There was a significant
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interaction between laying order and laying date on the density of mammillary layer
contact area (Table 3.2). So, I separated the data into two groups (the mean laying
date = 39.50 + 1.85, range of the early laying date: 27-39; range of the late laying
date: 41-54) and I then analysed them separately. In the early laying group, there was
no significant interaction between laying order and shell area on density of
mammillary layer contact area (F43 = 2.83, P = 0.210). There was a tendency
towards a difference in the density of mammillary layer contact area within the
laying order (F25 = 5.14, P = 0.061) and between the three different shell areas (F3 5
= 18.14, P = 0.005) (Fig. 3.5a). The post- hoc tests suggested that C-eggs had a
higher density of mammillary layer contact area than A-and B-eggs. The pointed end
had lowest density of mammillary layer contact area than the other two areas.
Among the eggs of late laying birds, laying order had no significant effect on the
density of mammillary layer contact area (/35 = 0.86, P = 0.477) but there was the
same change across shell areas as among eggs of early laying birds (Fys =24.12, P =

0.003) (Fig. 3.5b).

Shell thickness (SEM), pore density and the density of mammillary layer contact area
were generally unrelated to each other. I found statistically significant relationships
only between shell thickness and pore density at the pointed end of B- and C-eggs
and at the blunt end of the C-egg (Table 3.4), but with this number of correlations |

would expect 1 or 2 to appear significant by chance.
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Table 3.3

Micrometer vs.

SEM

A-egg B-egg C-egg
Shell thickness at t31=19.00, t31=11.49, 131 = 16.88
blunt end 0.041 +0.002 0.041 + 0.004 0.050 + 0.003

r=0.80 r=10.55 r=0.63
Shell thickness at 131 =14.71, 3 = 20.25, 3 =22.27,
equatorial zone 0.040 + 0.003 0.042 £ 0.002 0.041 £ 0.002

r=0.75 r=0.79 r=0.82
Shell thickness at 31 =16.20, t3; = 15.25, 13 = 17.48,
pointed end 0.052 + 0.003 0.056 + 0.004 0.055 + 0.003

r=0.75 r=0.72 r=0.74

The relationship of shell thickness between measurements using a micrometer and
SEM. Differences between techniques were tested using a paired ¢-test, the
micrometer technique gave higher values for shell thickness; means paired
differences (+ S.E.) given in mm are shown underneath the paired t-test values. The
correlation coefficients () between the two techniques are also shown in this table.
All tests had significant values at P < 0.001.
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Table 3.4

Pore density

Mammillary layer
contact area

A-egg
Blunt end

Equatorial zone

Pointed end

B-egg
Blunt end

Equatorial zone

Pointed end

C-egg
Blunt end

Equatorial zone

Pointed end

Thickness
Pore density
Thickness
Pore density
Thickness

Pore density

Thickness
Pore density
Thickness
Pore density
Thickness

Pore density

Thickness
Pore density
Thickness
Pore density
Thickness

Pore density

r=-0.201, df =27,
P=0.277

r=-0.244, df =27,
P=0.203

r=-0.168, df = 29,
P=0.365

r=-0.012, df = 29,
P=0948

r=-0.307, df = 26,
P=0.113

r=-0.533, df = 26,
P=0.003

r=-0.388, df = 29,
P=0.031

r=-0.235, df = 28,
P=0212

r=-0.447, df = 28,
P=0013

r=0.039, df = 14,
P=0.887
r=-0.208, df = 14,
P=0.384
r=-0.208, df = 14,
P=0438
r=0.139, df = 14,
P =0.608
r=-0.324, df = 14,
P=0.141
r=-0.036, df = 14,
P=0.894

r=-0.052, df = 14,

P=0.848
r=20.103, df = 14,
P=10.704
r=-0.150, df = 14,
P=0.580
r=0.309, df = 14,
P=0.245
r=0.257,df =13,
P =0.356
r=10.009, df = 13,
P=0.975

r=-0.374, df = 14,

P=0.154
r=0.114, df = 14,
P=0.675
r=-0.324, df = 14,
P=0.222
r=-0.357, df = 14,
P=0.174
r=-0.008, df = 12,
P=0.978
r=10.305, df =12,
P =0.298

Relationships (Pearson) between shell thickness (SEM), pore density and mammillary

layer contact area.

52



/ blunt end

-

equatorial zone

pointed end

Figure 3.1. The three areas of the eggshell where eggshell characteristics were
measured. The blunt end was the area as close as possible to the broad apex. The
equatorial zone was the widest part of the egg. The pointed end was the area as close

as possible to the narrow apex.
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cuticle

shell thickness

tip of mammillary layer

Figure 3.2. Scanning electron micrograph (200X) of the cross-section of an eggshell
to measure shell thickness. The outer surface of the eggshell lays at the top of the
photograph. This figure shows cuticle (the top layer of the outer shell), an
unbranched pore forming a vertical tube through the eggshell and tips of the

mammillary layer where shell membranes form a strong bond with the shell.



Figure 3.3. Scanning electron micrograph (250X) of the inner eggshell without
shellmembranes. A white bar shows the length of 100 um and dark lines tracing

around the mammillary layer contact areas.
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Figure 3.4. Pore density (+ SE) of A, B and C-eggs from early laying birds (a) and

late laying birds (b).
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Figure 3.5. Density of mammillary layer contact area (+ SE) of A, B and C-eggs at

the blunt end (#), equatorial zone (o) and pointed end (A) from early laying birds (a)

and late laying birds (b).
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Discussion

There was within-clutch variation of shell pore density in late laying birds. There
was a tendency for variation in density of the mammillary layer through the laying
order in early laying birds. There was a difference in shell thickness between shell

areas, but this pattern did not depend on egg order or laying date.

The measurements using a modified micrometer gave greater shell thickness than the
measurement using the SEM, but there was a strong positive relationship between
these two measurements. The eggshells still contained shell membranes and cuticle
when they were measured using a modified micrometer, whereas in the SEM, |
measured only the distance from the inside of the cuticle to the tip of mammillary
layer. Therefore, the higher value of the shell thickness as measured by the
micrometer compared to the SEM may be because it included shell membrane and
cuticle. Both techniques showed the same within-shell pattern of shell thickness with
the blunt end being thinner than the other two areas. Interestingly, the difference in
these two types of measurements was quite high at the pointed end, possibly because
of the effect of the high curvature at the pointed end. So, to save the cost and time,
measuring shell thickness at the equatorial zone using the micrometer technique may

be the better method for the measurement of shell thickness.

The space beneath the blunt end is occupied by the air cell (Romanoff and Romanoff,
1949). So, the thin shell at the blunt end may shorten the distance for gas diffusion to
support gas exchange for the metabolic processes of the embryo. But the egg may
have to trade off increased O, intake with increased water loss. During the hatching

period, the embryo generally starts cracking the shell in the area around the blunt end
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or shoulder of the egg (Gosler et al., 2005), so it may not be too difficult for the

lesser black-backed gull’s chick to start breaking out through the thin shell.

We know very little about variation in sheli thickness within eggs of wild birds. The
pattern of shell thickness within eggs of the lesser black-backed gull was opposite to
that in great tits, Parus major (Gosler et al., 2005) and snare penguins, Eudyptes
robustus (Massaro and Davis, 2005) that had the thickest part of the shell at the blunt
end. In the domestic chicken, the shell thickness was more variable, but thicker at the
blunt end and pointed end than at the equatorial zone (Romanoff and Romanoff,
1949; Tyler, 1961). So, the pattern of shell thickness within eggs may not be the

same for all species.

B-eggs tended to have higher pore densities than A- or C-eggs in the late laying
group. It was quite difficult to explain this within-clutch variation. Further study of
the dimension of pores may clarify this variation. In this study, the pore density was
33.10 + 1.81 pores / cm’ (at equatorial zone). Ménd (1996) studied the shell
porosity of the black-headed gull and counted 151 + 26.4 pores/cm? by using a
different technique and his eggs were partially incubated, which increases the
number of pores. For further study, the variation in the size of pores may help to get
a clearer explanation of gas exchange and water conservation of the eggs in this
species. In order to know the actual size of pore, the researcher should avoid any
technique, especially the decalcifying technique,that could change the integrity of
pores. Recently, researchers have found variation in shell porosity through the laying
order in two species of penguins. Massaro and Davis (2004) found that A-eggs had a

higher pore density than B-eggs in the same clutch of yellow-eyed penguins
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(Megadyptes antipodes). The opposite result was found for snares penguins
(Eudyptes robustus) which produced second-laid eggs with higher pore counts than
first-laid eggs in the same clutch (Massaro and Davis, 2005). In domestic chickens,
the shell porosity is fairly constant between the eggs of individual hens (Almquist
and Holst, 1931; Romanoff, 1943 cited in Romanoff and Romanoft, 1949). This
study found no difference in pore density between different areas of the shell as it

was also found for snares penguins in the study of Massaro and Davis (2005).

From the scanning electron micrographs, the mammillary layer of the lesser black-
backed gulls’ eggs were generally in confluent forms, not in isolated tip forms like
domestic chickens’ eggs (Romanoff and Romanoff, 1949).The results showed that C-
eggs in the early-laying group tended to have the highest density of mammillary
layer contact area within the clutch. The mammillary layer contact area is where the
embryo obtains some of the minerals (mainly Ca & Mg) that it requires for
successful development (Blom and Lilja, 2004). Usually C-eggs have a smaller
overall shell surface, and so C-egg may obtain compensation by increased
mammillary layer contact area to maintain similar mineral uptake from the shell.
Having a lower density of mammillary layer contact area than the equatorial zone,

the pointed end may be less important in providing calcium for the embryo.

So far, variation in eggshell structure within a clutch in relation to the laying order
has been found in some species of wild birds (Heaney er al., 1998; Massaro and
Davis, 2004 & 2005). Heaney et al., (1998) found that the experimentally induced
fourth-laid egg from manipulated clutches of common terns (Sterna hirundo) had

thinner shell than the last-laid eggs (third egg) from unmanipulated control clutches
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and suggested that a nutritional constraint may have caused the reduced thickness in
the additional egg. Massaro and Davis (2005) found that second-laid eggs had a
higher pore density and shorter incubating period than the first-laid eggs in Snares
penguins. This study also found within-clutch variation in shell porosity, but only in
the late-laying group. This study did not find the effect of laying order on shell
thickness in the lesser black-backed gull, and in this respect it was similar to black-

headed gull (Larus ridibundus) in the study of Miénd (1996).
For the future, it will be interesting to discover whether the eggshell variation in the

lesser black-backed gull is generated by manipulation by the females or by

nutritional constraint.
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