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Abstract 
 
 
Gas exchange across avian eggshells results in loss of water from the egg; however, the egg must 

retain enough water to maintain proper hydration of the embryo. Therefore, environmental 

factors such as temperature and humidity may result in changes to eggshell architecture. 

Alternatively, behavioral adaptations such as onset of incubation can compensate for variation in 

environment, especially in species colonizing novel environments. Whereas it is widely known 

that changes in behaviors and maternal effects contribute to success of invasive bird species, the 

relative importance of eggshell architecture is poorly understood. House finches (Carpodacus 

mexicanus), originating in southwestern North America, have recently colonized much of the 

continent, encountering and thriving in a variety of novel environments. In this study we 

examined whether eggshell architecture differed among three widely diverged house finch 

populations representing hot-dry conditions, cold-dry conditions, and hot-wet conditions. We 

measured shell thickness and effective pore area from each population.  Eggshell architecture 

differed significantly across populations, with changes primarily seen in Alabama shells. These 

findings suggest that eggshell architecture undergoes selection decoupled from behavioral effects 

and that humidity may be a driving selective pressure.  We discuss our findings in terms of the 

adaptive significance of eggshell architecture and selective pressures on species colonizing novel 

environments. 

 
 
Introduction 
 
Environmental factors such as temperature and humidity may affect avian eggshell structure 

because gas exchange across the shell must allow a sufficient amount of water loss while 

preventing dehydration of the embryo (Ar et al. 1974, Rahn and Ar 1974, Board and Scott 1980, 
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Tullett 1984).  Alternatively, behavioral adaptations such as onset of incubation can compensate 

for variation in environmental factors, especially in species colonizing novel environments 

(Badyaev et al. 2003).  Because behavioral modifications can ameliorate the effects of 

environment, there is debate regarding whether changes in eggshell structure represent an 

adaptive evolutionary response; many experimental studies suggest the effect of pore density and 

water loss may be overemphasized in hatching success (Simkiss 1980, Board 1982).  However, 

the relative importance of behavioral adaptation in relation to eggshell structure remains poorly 

understood. 

Species nesting in different environments show differences in eggshell structure.  Nests 

in hot, wet environments show greater effective pore area than other eggs of similar mass, 

presumably allowing greater movement of water into and out of the egg (Davis et al. 1984, Davis 

and Ackerman 1985).  Members of the same species nesting in the low humidity environments of 

high altitudes show thickening of the shell, increasing pore length to decrease effective pore area 

(Ar et al. 1974), as well as reductions in overall pore concentrations, reducing water loss 

(Packard et al. 1977, Rahn et al. 1977, Carey 1994).  

While birds actively maintain the temperature of their eggs, many are unresponsive to 

changes in humidity (Kern and Cowie 2000, Deeming 2002).  While low humidity requires 

maintenance of enough water to keep the embryo from desiccation, high ambient humidity 

requires enough water loss to facilitate the initiation of pulmonary respiration (Simkiss 1979).  

Therefore, adaptive significance of eggshell architecture decoupled from parental behavior in 

species colonizing novel environments depends on the ability of the embryo to tolerate extreme 

water loss or retention.  Many studies of domestic chickens (Gallus gallus) show variation in 

tolerance to humidity.  Chickens were able to hatch even when shell porosity and water loss were 
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artificially increased (Simkiss 1980), while excess water loss resulted in overall reduced 

hatchability (Snyder and Birchard 1982).  Few studies have been conducted in wild populations 

regarding tolerance of humid conditions.  Red-winged Blackbirds (Agelaius phoeniceus) show 

substantial tolerance to artificially induced alteration in water loss rate (Carey 1986).  Mourning 

doves (Zenaida macroura), a desert species, are able to develop fully in high humidity, but 

encounter difficulties in pipping due to mechanical constraints of too much water in the egg 

(Walsberg and Schmidt 1992).  These findings suggest that while wild populations do show 

tolerance for variable humidity, survival rate is significantly higher when incubated in 

environments where ambient humidity most closely matches native breeding conditions. 

We studied the interaction between environment and shell architecture in populations of 

the house finch (Carpodacus mexicanus) that have recently undergone a rapid colonization 

event.  House finches originated in hot, dry deserts of western North America.  Since 1940, the 

species has spread across the continent, encountering and thriving in a variety of novel 

environments (Badyaev and Hill 2002).  While rapid behavioral adjustments and changes in 

maternal effects have been documented between these populations (Badyaev and Hill 2000, 

Badyaev et al. 2003), their relative importance in relation to eggshell structure is unknown.  We 

examined eggshell structure from populations in Arizona, the species’ historic range, Montana, 

the extreme northwest of the species’ range, and Alabama, at the southeastern range boundary.  

These ecologically distinct populations provide data on nesting in hot, dry environments (AZ), 

cold, dry environments (MT), and hot, wet environments (AL).  We examine changes in shell 

thickness, pore concentration, and effective pore area in response to these changes in temperature 

and humidity.  We predict that shell architecture should be similar between Arizona and 

Montana populations, with Alabama eggshells showing a decrease in shell thickness and increase 
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in pore concentration and effective pore area in conjunction with increasing humidity.  We 

discuss our results in relation to adaptive significance of eggshell architecture, importance of 

eggshell structure in relation to behavioral modifications, and selective pressures associated with 

colonizing novel environments. 

 

Materials and Methods 

Study Populations and Egg Collection 

We studied house finch eggshells from three ecologically distinct populations: Tucson, in 

southern Arizona, Missoula, in northwestern Montana, and Auburn in east-central Alabama.  The 

study site in Arizona has been maintained since 2002 and represents a population in its historic 

range.  The site in Montana has been maintained since 1995 when the population was 25 – 30 

years old and represents the extreme northwestern edge of the house finches’ range, and the site 

in Alabama has been maintained since 1993 when the population was 10 – 15 years old, 

representing the extreme southeastern edge of the range (for detailed descriptions of study sites 

see Hill et al. 1999, Badyaev and Martin 2000).  Fresh eggs were collected in 2004 (Montana) 

and 2005 (Alabama and Arizona), weighed, and measured on-site.  Yolks were extracted and 

crushed shells were packed in tubes and frozen. 

 

Pore Enlarging and Counting 

Our pore enlarging method was adapted from Tyler 1953 (for more detail see Appendix).  We 

selected two to three shell fragments at random from each egg.  Samples were placed flat on an 

absorbent surface and allowed to thaw at room temperature.  For each fragment, five thickness 

measurements were taken from random areas of the fragment before membrane removal using a 
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micrometer.  To remove membranes and other organic material, we placed each fragment in a 

plastic biopsy cage and submersed in 40 ml hot (85 – 90°C) 5% sodium hydroxide for four 

minutes.  Immediately after removal we submersed the biopsy cage in distilled water.  Any 

membrane retained on the inner shell surface was carefully removed with thin forceps.  

Fragments were then dried in an incubator (Brinsea Octagon 20 Max) at 37.6°C, and five 

thickness measurements were taken again once dry.  After measuring we placed the fragment in 

a new biopsy cage and submerged in 5% nitric acid solution for seven seconds, immediately 

submersing in distilled water once removed to stop the reaction.  The nitric acid serves to both 

enlarge the pores and remove any final organic material still remaining on the shell; submersion 

in distilled water must be done immediately after removal to neutralize the acid and stop the 

reaction.  

 To count the pores, we examined fragments under a dissecting microscope.  Fragments 

were placed convex side up and a light was shone from underneath.  Pores were visible as clear 

round pinpoints of light.  We did not include partially open pores or circles of light present along 

shell cracks in our count.  We took a digital image of each fragment with a ruler for 

measurements of pore concentration. 

 

Measurements of Pore Concentration and Effective Pore Area 

We used SigmaScan to determine the area of each shell fragment.  Pore concentration was 

calculated as pore number divided by fragment area.  Pore concentration over fragments, 

especially those from the acute and obtuse ends of the egg, is an effective metric of overall pore 

number for whole eggshells (Peebles and Brake 1987). 
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 Effective pore area (Ap) describes the total pore area that allows for diffusion of water 

across the shell.  Ap was calculated using egg weight (W) from equations derived by Ar et al. 

(1973): 

1. Ap = 9.2 * 10-5 * W 1.236 

It is unclear whether effective pore area would be modified via number of pores, diameter of 

pores, or both; therefore both pore concentration and effective pore area measurements were 

used in this study. 

 

Statistical Analysis 

Data were analyzed with SPSS (2008).  Shell thickness, pore concentration, and effective pore 

area were compared across populations using one-way ANOVA.  Pore concentration and 

effective pore area were transformed prior to analysis to assure normality – pore concentration 

was square root transformed and effective pore area was log transformed.  Statistical significance 

is assumed if P < 0.05.  Means are given ± standard deviation. 

 

Results 

Thickness of Arizona shells averaged 0.077 mm ± 0.018 (n = 20), while Montana shells averaged 

0.074 mm ± 0.010 (n = 19) and Alabama shells averaged 0.088 mm ± 0.011 (n = 19). Alabama 

shells were significantly thicker than either Arizona or Montana shells (F2,55 = 5.48, P = 0.007; 

Fig. 1).  Effective pore area was significantly greater (F2,54 = 9.37, P = 0.001; Fig. 2) in the 

Alabama population (mean = 4.13 * 10-4 cm2 ± 1.44 * 10-4), followed by Arizona shells (mean = 

3.12 * 10-4 cm2 ± 2.54 * 10-4 cm2) and Montana shells (mean = 2.59 * 10-4 cm2 ± 9.22 * 10-5).  

Pore concentration was similar in both Arizona (mean = 33.71 pores / cm2 ± 25.45) and Montana 
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(mean = 37.55 pores / cm2 ± 32.95) populations, with Alabama shells showing fewer pores per 

cm2 (mean = 19.92 pores / cm2 ± 14.21), but not significantly so (F2,32 = 1.597, P = 0.218; Fig. 

3). 

 

Discussion 

Eggshells are finely tuned structures that have significant effects on embryonic growth and 

development (Tullett and Deeming 1982, Ar and Rahn 1985, Davis and Ackerman 1987).  

Differences in eggshell architecture across environments have been well documented (Arad et al. 

1983, Davis et al. 1984).  In particular, birds show remarkable plasticity in adjusting shell 

architecture to low humidity and low oxygen concentrations along altitudinal gradients (Rahn et 

al. 1977, Carey 1994, LeonVelarde et al. 1997).  However, whether eggshell architecture rapidly 

responds to environmental variation in species colonizing novel environments is poorly 

understood.  While behaviors relating to incubation rapidly respond to such changes (Badyaev et 

al. 2003), it remains unclear whether this alone can compensate for environmental variation.  

Understanding whether eggshells are subject to selective pressures may shed light on the 

adaptive significance of eggshell structure, constraints on and relative importance of incubation 

behaviors, and pressures associated with colonizing novel environments. 

 Our study suggests that eggshell architecture undergoes selection in response to 

environment.  Shell structures varied in both thickness and effective pore area across 

populations, suggesting that behavioral effects alone cannot compensate for environmental 

variation.  Further, Alabama shells showed significant differences from both Montana and 

Arizona shells in thickness (Fig. 1) and effective pore area (Fig. 2), indicating humidity is the 

driving selective pressure resulting in these differences.  As birds are better at behaviorally 
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modifying temperature rather than humidity, it is likely that such selection is decoupled from 

behavioral effects. 

 Greater effective pore area in Alabama shells than in Montana or Arizona shells was 

expected.  This result is convergent with the higher effective pore area of eggs evolving under 

humid conditions (Davis et al. 1984, Davis and Ackerman 1985).  Greater effective pore area 

may allow more water to diffuse in and out of the egg, preventing high rates of water retention 

that could harm the developing embryo.  As pore concentration was unchanged between 

populations (Fig. 3), it is likely that effective pore area is increased in Alabama shells via 

increases in pore diameter rather than pore number. 

 It is unclear why Alabama shells are thicker than Montana and Arizona shells.  Thinner 

shells not only decrease pore length and increase conductance and effective pore area (Ar et al. 

1974), but may decrease chances of mechanical restriction of the embryo as well (Walsberg and 

Schmidt 1992).  However, trans-shell infection by bacteria poses a greater threat under high 

humid conditions (Cook et al. 2003); thickening of the shell may help offset the increased 

chances of infection.  Additionally, physiological constraints may result in a trade-off between 

adjusting shell thickness and effective pore area; the current mechanism by which these aspects 

of shell architecture are adjusted is unknown and warrants further study. 

 These results show that behavioral effects alone are not enough to compensate for 

environmental variation.  Eggshell architecture rapidly undergoes selection decoupled from 

parental behavior, primarily under conditions where behavior cannot readily modify the micro-

climate of the nest.  Birds colonizing novel environments, therefore, should be expected to 

demonstrate variation in eggshell architecture within or between clutches, resulting in selection 

on optimum structure depending on nesting environment.  Further work on the mechanisms 
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involved in changing eggshell structure, as well as variation within and between clutches, can 

provide a better understanding of how eggshell architecture is rapidly modified and the 

relationship between behavior and eggshell structure in successfully colonizing novel 

environments. 
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APPENDIX 
 

A METHOD FOR ENLARGING AND COUNTING PORES ON FRAGILE EGGSHELL 
FRAGMENTS 

 
Introduction 
 
Many different methods have been proposed for enlarging and counting pores in avian eggshells.  

Procedures have described projecting light through previously etched pore channels in order to 

count individual pores (Hoyt et al. 1979), using scanning electron microscopy (SEM) to identify 

uranium-stained pores (Silyn-Roberts 1983), and painting the outside surface of eggshells with 

acid fuchsin to highlight pore mouths (Tyler and Fowler 1979).  One of the earliest and most 

popular methods used for enlarging and counting pores was first described by Tyler (1953).  

Here, eggshell fragments are first boiled in a NaOH solution to weaken shell membranes and 

other organic matter, then submerged in acid in order to enlarge the pore channels.  The inner 

surface of the shell fragment is treated with dye, typically methylene blue, which renders the 

pores easily visible and able to be counted. 

 Tyler’s method was refined using 1 cm2 fragments collected from freshly laid whole hen 

eggs.  This method has most often been modified for use in studies on ratites, large waterfowl, 

and pelagic seabirds, all with relatively large and robust eggshells.  There is considerable 

difficulty applying this method to the eggshells of small passerines, which are susceptible to 

dissolving when placed in nitric acid for even a short amount of time.  Blankespoor (1987) 

proposed a procedure for counting pores using eggshells from the Red-winged Blackbird 

(Agelaius phoeniceus), submersing fresh whole eggshells in hot NaOH followed by a wash in 

acid fuchsin to reveal location and relative size of pores.  While useful for smaller passerine 

eggs, this procedure requires whole eggshells in order for there to be enough convex area for 

capillary action to move the acid fuchsin to the outer surface of the shell. 
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 The following describes a modified procedure for enlarging and counting eggshell pores 

in small (average area 12.87 mm2) fragments of passerine eggshells. This procedure allows for 

1) the use of shell fragments rather than whole eggs, 2) the use of thin or fragile eggs, 3) the use 

of previously collected and frozen shell samples, and 4) results in visible, identifiable pores for 

easy counting. 

 

Methods 

This procedure used fragments from frozen eggshells of the house finch, Carpodacus mexicanus.  

It may be easily modified (primarily regarding time needed in NaOH and nitric acid) for other 

species. 

 Shell fragments of equal size were placed flat on an absorbent surface and allowed to 

thaw at room temperature.  Once thawed, fragments were placed in a biopsy cassette (VWR); 

this allowed the NaOH to permeate the shell while preventing damage from bumping.  This cage 

was transferred to 40 ml of hot (85 – 90 °C) 5% (wt./vol.) NaOH solution for 2 minute intervals, 

at which time shells were removed and structural integrity and membrane loss were recorded to 

determine optimum time in NaOH. 

  Fresh fragments of equal size from the same egg were then measured for optimum time 

in nitric acid.  Fragments were transferred after thaw to hot 5% NaOH for four minutes, then 

immediately rinsed in distilled water and dried in an incubator (Brinsea Octagon 20 Advance) at 

37.6 °C.  When dry, the fragment was then placed in a separate plastic cage and transferred to 

5% (wt./vol.) nitric acid.  Pores were counted at one second intervals to find the optimum time in 

nitric acid.  Fragments were rinsed with distilled water between nitric acid trials.  Pore number 

was determined by shining a light through the fragment under a dissecting microscope (LEICA 
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MZ125) and counting the visible circles of light.  This procedure was repeated for three 

eggshells.  Random fragments were additionally painted with acid fuchsin or methylene blue to 

determine whether dye rendered pores more visible and to determine whether circular holes in 

shells seen without dye corresponded to actual pores and not other shell artefacts. 

 

Results and Discussion 

In order to obtain an optimum number of pores per fragment, fragments must be allowed to thaw, 

then be placed in a plastic cage and transferred to 85-90 °C 5% NaOH solution for four minutes 

to best remove organic material and inner shell membranes.  The fragment is then rinsed in 

distilled water and dried in an incubator or desiccator.  Once dry, the fragment is then transferred 

to a separate plastic cage and placed in 5% nitric acid for seven seconds, the optimal time for 

enlarging pores without destroying the fragment (Table 1).  The shell is immediately rinsed in 

distilled water and placed in an incubator or desiccator.  Once dry, pores can then be counted 

manually by shining a light through the bottom of the fragment and examining underneath a 

dissecting microscope.  Pores will appear as open circles in the shell.  Dye was unnecessary for 

pore visibility and often did not “take”, as the shell fragments were too flat or small.  However, 

when the dyes did work, the pores seen with dye corresponded to pores seen without dye.  This 

procedure is accurate and simple, and may be used when working with small, fragile samples. 
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FIGURES AND TABLES 
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Figure 1.  Shell thickness was significantly greater in the Alabama population than in either 
Arizona or Montana (F2,55 = 5.48, P = 0.007). 
 
 
 

EFFECTIVE PORE AREA
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Figure 2.  Effective pore area (Ap) was greatest in the Alabama population (F2,54 = 9.37, P = 
0.001).  Average effective pore area was log transformed to obtain normal distributions. 
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PORE CONCENTRATION
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Figure 3.  No significant difference was seen in pore concentration between populations (F2,32 = 
1.597, P = 0.218).  Average pore concentration was square root transformed to obtain normal 
distributions. 
 
 
 
Time of Immersion (s) Average Visible Pores 
0 0 
1 3 
2 1 
3 2.5 
4 4 
5 6 
6 4 
7 6.5 
8 1 
9 5 
10 4.5 
11 0 
12 0 
 
Table 1.  The majority of pores were seen after an average of 7 seconds of submersion in 5% 
nitric acid solution.  After 7 seconds, integrity of the shell was greatly compromised and many 
samples cracked or dissolved. 
 
 


