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ABSTRACT. Relationships between egg volume and an array of life-history traits have been identified for
many bird species. Despite the importance of egg volume and the need for precise and accurate measurements,
egg volume is usually estimated using a mathematical model that incorporates length and width measurements
along with a shape variable. We developed an instrument that provides precise estimates of egg volume and can
be easily used in the field. Using Clapper Rail (Rallus longirostris) eggs, we compared egg volumes measured using
our instrument with estimates based on linear measurements. We g)und our instrument to be both precise and
accurate. Compared with a method based on linear measurements of eggs, use of our instrument reduced variation
in egg volume estimates by 1.6 cm?®, approximately 8% of the volume of a Clapper Rail’s egg. Further advantages
of our technique include ease of use, increased accuracy of field-based volume estimates, and increased resolution of
variation in egg volume estimates. In addition, our technique does not require postdata collection processing time
and did not influence hatching success. Also, for Clapper Rails and similar species, our technique can be combined
with other techniques (e.g., egg flotation) so that both egg volume and embryonic stage can be estimated at the
same time.

SINOPSIS.
huevo

Las relaciones entre el volumen del huevo y una gran cantidad de caracteres en las historias de vida han sido
identificadas para muchas especies de aves. A pesar de la importancia del volumen del huevo y la necesidad de medidas
mis precisas, el volumen del huevo es comtinmente estimado usando modelos mateméticos que incorporan medidas
del largo, ancho y forma del huevo. Nosotros creamos un instrumento que proporciona estimativos precisos del
volumen del huevo y puede ser ficilmente usado en el campo. Usando huevos de Rallus longirostris comparamos
las medidas de los volimenes de los huevos usando nuestro instrumento con estimados obtenidos mediante
mediadas lineales. Encontramos que nuestro instrumento fue preciso. Comparado con métodos que se basan en
medidas lineales de los huevos, el uso de nuestro instrumento reduce la variacién de los estimativos del volumen de
los huevos en 1.6 cm?, aproximadamente 8% del volumen de los huevos de Rallus longirostris. Ventajas adicionales de
nuestra técnica incluye facilidades de uso, incremento en la precisién en los estimativos de volumen realizados en el
campo y un incremento en la disminucién de la variacion de los estimativos del volumen del huevo. Adicionalmente,
nuestra técnica no requiere tiempo de manejo después de la coleccién de los datos, y no afecta el éxito de eclosion.
También, para Rallus longirostris y especies similares, nuestra técnica puede ser combinada con otras técnicas (e. g.,
flotacién é}e los huevos) de tal forma que simultdneamente se puedan estimar el volumen del huevo y el estadio
embrionario.

Key words: ~ Clapper Rail, egg length, egg width, Hoyt’s formula, Rallus longirostris

Un método preciso de desplazamiento de agua para estimar el volumen del

The size and volume of bird eggs are
known to be related to many important life-
history traits, including female mass (Nol et al.
1997), egg composition (Ricklefs 1984, Arnold
1989, Reynolds et al. 2003), hatching success

(’Corresponding author. Email: rushs@warnell.
uga.edu

(Williams 1994, Potti 2008), nest success (Roper
1992), hatchling size (Blomgvist et al. 1997),
and nesting survival (Galbraith 1988, Grant
1991). Egg volume has been estimated in several
different ways, including mathematical mod-
els that use mass and various morphological
measurements (Anderson et al. 1970, Hoyt
1979, Bridge et al. 2007). However, each of
these methods has limitations. For example,

©2009 The Author(s). Journal compilation ©2009 Association of Field Ornithologists
193

This content downloaded from 137.207.71.12 on Tue, 21 Apr 2020 16:28:54 UTC
All use subject to https://about.jstor.org/terms



194

measurements of length and width are prone to
intra- and interobserver measurement error and
fail to address variation in egg shape (Christians
2002). Although photographic techniques have
been developed to account for intraspecific vari-
ation in egg shape (Mind et al. 1986, Bridge
et al. 2007), the most widely used method for
estimating egg size uses measurements of length
and width along with a shape variable gener-
alized among species (Hoyt 1979, Amundsen
et al. 1996, Catry and Furness 1997, Bridge
et al. 2007).

Here we describe a method for measuring
egg volume using water displacement. Although
other investigators have used water displacement
to measure egg volume (Loftin and Bowman
1978, Morris and Chardine 1986, Székely et al.
1994, Flint and Grand 1996), we believe that
our instrument is more accurate, easier to con-
struct, and simpler to use than any described pre-
viously. We tested our instrument using Clapper
Rail (Rallus longirostris) eggs and compared our
results to those obtained using an alternative
method (Hoyt 1979).

METHODS

Our instrument consisted of a main cylinder
(a 15-cm-long Pyrex cylinder) with an enclosed
spout on the side, about 5 cm from the top,
to accommodate a standard filtration flask-type
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nipple that was fused in place (Fig. 1). We used a
modified Pyrex graduated cylinder for the main
body of the instrument because this material is
shock and stress resistant and can be produced
in most glass shops. The size of our device was
based on the dimensions of Clapper Rail eggs,
but dimensions can be altered to accommodate
different-sized eggs.

Before use in the field, we cut approximately
2 cm from the bulb-end of a 1.5 cm?® disposable
transfer pipette (VWR Labshop, Batavia, Illi-
nois) and approximately 3 cm from the transfer
tip, leaving an internal diameter of 4 mm at the
transfer tip. We then used Parafilm (Structure
Probe, West Chester, Pennsylvania) to create an
air-tight bond between the nipple and pipette
tip.

To use our instrument, we placed it on a flat,
level surface and filled the cylinder with fresh
water. We allowed the water in the cylinder to
equilibrate to air pressure and create surface
tension at the end of the pipette tip. Once
equilibrated, a small scale and catch basin was
placed under the pipette tip (Fig. 1). An egg
placed into the cylinder forced a volume of water
equal to the egg’s volume through the pipette tip
and into the catch pan. The mass of the displaced
water was equal to the volume of the egg because
1 cm’ of water weighs 1 g.

To measure precision and accuracy, we used
our instrument to measure the water displaced

(=

Fig. 1.
and scale.

|
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The instrument we designed to measure the volume of Clapper Rail eggs along with a catch basin
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by a steel cylinder of known volume (10.37 cm?).
The mass of water displaced by the cylinder
was measured using a balance (£0.01 g; TS400
Precision Standard, Ohaus, Pine Brook, New
Jersey), and this process was repeated 10 times.
We defined precision as the statistical variabil-
ity present in the sample, attributed to the
sampling device. We defined accuracy as the
overall distance between the observed volume
measurements and their true value (Walther and
Moore 2005). We estimated the precision of our
instrument as the variance of the 10 volume
measurements. The accuracy of our instrument
was calculated as the mean departure of the 10
repeated measurements from the known volume
of the cylinder.

Field testing. From April 2007 to August
2007, we located 24 active Clapper Rail nests
in the Pascagoula River Marsh Coastal Preserve
(30° 25N, 88> 34'W) and the Grand Bay
National Estuarine Research Reserve (30° 20'N,
88° 24'W), both located in Jackson County,
Mississippi. Nests contained clutches of eggs
with embryos at all stages of development, as
identified using methods described by Rush etal.
(2007). We used 18 nests to test our instrument
and six nests served as controls to assess possible
negative effects of our technique. In the field,
we measured the mass of water displaced by
eggs with a smaller, more compact, battery-
operated scale (£0.1 g; Acculab Pocket Pro 250-
B, Acculab, Edgewood, New York).

The volume of eggs (N = 150) from the
18 nests (mean clutch size = 7.7 £ 1.2 [SE]
eggs) was measured (mean volume = 19.25 +
0.18 cm’). Eggs with more developed embryos
broke the surface of the water (Rush et al. 2007).
In such cases, we gently pushed the egg below
the surface using a small wire or piece of grass.
The volume of the portion of the wire or grass
below the water’s surface was then measured
and subtracted from the estimated volume of
the egg.

In addition to egg volume, one author (SAR)
measured egg length (L) and breadth (B) at
the widest point of each egg using dial calipers
(£0.1 mm). These measurements were used to
estimate egg volume based on Hoyt’s formula
(Volume = K, % LB’), using 0.51 as the volume
coefficient K,. We used 0.51 as the volume
coefficient because Hoyt (1979) indicated that
this value could be used to obtain relatively
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precise estimates of egg volume for most species
of birds (within 2% of actual).

We removed eggs from the instrument by
slowly inverting the instrument, allowing eggs
to slide into our hands. Measuring an egg and
removing it from the device took about 30-
45 5. After measurement, eggs were dried and
returned to nests. Nests were monitored every 2
to 5 d until all eggs hatched or the nest failed.

To compare volume estimates obtained using
Hoyt’s (1979) method with estimates derived
using our technique, we developed a linear
mixed-effects model, based on a normal distri-
bution, and analyzed in the statistical package R
(Bates and Sarkar 2007, R Development Core
Team 2008). Application of linear mixed effects
models allowed us to simultaneously control for
alack of independence among samples (i.c., eggs
within clutches). In addition, we used measure-
ments obtained with our instrument to calibrate
the volume coefhicient (X,) from Hoyt’s formula
to obtain an estimate specific for the Clapper

Rail eggs in our study. We report all values as
means £ SE.

RESULTS

Repeated measurements of the steel cylinder
indicated that our instrument was precise (preci-
sion = 0.004) and accurate (accuracy = 0.05 £
0.01 cm?). The accuracy of our instrument was
equivalent to less than 0.3% of the mean volume
of a Clapper Rail’s egg (19.72 cm’). In addition,
measurements of the volume of Clapper Rail
eggs determined using Hoyt’s (1979) equation
were greater (mean differences = 1.6 = 0.28
cm’; t = 6.2, P < 0.001), a difference of
approximately 8 + 1.4% from measurements
obtained using our method.

Using the measurements of Clapper Rail eggs
obtained using our instrument and calibrated
against Hoyts formula (1979), our data in-
dicated that volume could be more precisely
predicted when a volume coefhicient of X, =
0.49 was used. However, application of this
refined coefficient still resulted in a measurement
error of 1.31 & 0.26 cm’ or 7 £ 1.3% of
the average volume of a Clapper Rail egg as
measured in our study. Hatching success was
100% for both experimental and control nests,
indicating that our technique did not influence
hatching success.
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DISCUSSION

The accuracy and precision of our instrument
exceeded those of other water displacement
techniques (Hanson 1954, Loftin and Bowman
1978, Thomas and Lumsden 1981, Székely etal.
1994). Error associated with the accuracy of our
instrument was equivalent to less than 0.3%
of the volume of a Clapper Rail’s egg. Our
results also indicate that, for Clapper Rails, the
precision of egg volume estimates derived using
Hoyt’s (1979) technique can be increased using
a volume coefficient of 0.49 (rather than 0.51).
Therefore, we believe that the accuracy of the
results obtained using Hoyt’s formula can be
improved when a species-specific volume index
is used. However, for our study, application of
this new volume coefficient still resulted in a
measurement error of 7% of the mean volume
of Clapper Rail eggs. We attribute this differ-
ence to the considerable variation in egg shape
(roundness of the eggs) within and between
clutches of Clapper Rail eggs (S.A.R., unpubl.
data). This variation may not be accounted for
when estimating egg volume based on linear
measurements. However, we believe that by
incorporating water displacement, our method
accounts for this variation and will prove useful
for estimating the volume of the eggs of most
other species of bird. In particular, we believe
investigators will find our method useful for
estimating the volume of eggs of most waterbirds
and other species of birds where embryos can
survive short periods of submersion (Kozicky
and Schmidt 1949, Oney 1954, van Paassen
et al. 1984, Alberico 1995).

Despite the improved accuracy of our tech-
nique over methods based on linear measure-
ments, our technique does have several limi-
tations. For example, immersion in water may
be impractical under certain field settings, such
as in a boat, and is not possible for eggs that
are cracked or near hatching. In addition, our
water displacement method likely requires a
longer handling time than the method where
the length and width of eggs are measured
with calipers. Further, there may be accuracy
or precision problems associated with using
water displacement methods to measure the
volume of small eggs. For example, applying
our technique to measure the volume of an egg
similar to those of most warblers (e.g., about
2 cm’), the resolution of our balance (£0.1 g)
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results in a 5% measurement error. If a more
accurate balance was used, precision would still
be limited by the surface tension properties of
water and the minimum expected measurement
error would remain restricted to the volume of
the last drop of water displaced by the egg.
The precision of water displacement methods is,
therefore, inversely related to the volume of the
egg measured. This is an issue that may limit
the practical application of our technique to
larger eggs. However, investigators looking to
measure the volume of an egg must consider the
limitations and benefits of each of the techniques
available and select the method best suited to
their particular goals.

Finally, we believe our technique has several
advantages over those based on linear measure-
ments (Hoyt 1979) and photography (Mind
et al. 1980, Bridge et al. 2007). First, measure-
ments using our technique are more accurate
than the linear measurement approach of Hoyt
(1979). Second, our instrument can also be used
to estimate the stage of embryonic development
(Rush et al. 2007). Finally, our approach does
not require specialized software or postprocess-
ing efforts of any kind (Bridge et al. 2007).

ACKNOWLEDGMENTS

We thank J. A. Booth for assistance with this
project. This study was made possible through technical
support provided by the Mississippi Department
of Marine Resources and the Grand Bay National
Estuarine Research Reserve. Funding was provided by the
Southern Companies’ Power of Flight Bird Conservation
Program, the National Fish and Wildlife Foundation, the
Mississippi Department of Marine Resources—Coastal
Preserves Program, and the National Oceanic and Atmo-
spheric Administration—Estuarine Reserves Division.
SAR was supported by a Graduate Research Fellowship
awarded through the National Estuarine Research Reserve
Graduate Research Fellowship program administered
by the Estuarine Reserves Division of NOAA. We
also thank E. Bridge and three anonymous reviewers
for their valuable feedback on earlier drafts of this
manuscript.

LITERATURE CITED

ALBERICO, J. A. R. 1995. Floating eggs to estimate
incubation stage does not affect hatchability. Wildlife
Society Bulletin 23: 212-216.

AMUNDSEN, T., S. H. LORENTSEN, AND S. T. TVERAA.
1996. Effects of egg size and parental quality on
early nestling growth: an experiment with the Antarc-
tic Petrel. Journal of Animal Ecology 65: 545-
555.

This content downloaded from 137.207.71.12 on Tue, 21 Apr 2020 16:28:54 UTC
All use subject to https://about.jstor.org/terms



Vol. 80, No. 2

ANDERSON, D. W., H. G. LUMSDEN, AND J. J. HICKEY.
1970. Geographical variation in the eggshells of
Common Loons. Canadian Field-Naturalist 84:
351-356.

ARNOLD, T. W. 1989. Variation in size and composition
of Horned and Pied-billed grebe eggs. Condor 91:
987-989.

BATES, D. M., AND D. SARKAR [ONLINE]. 2007. Ime4:
Linear mixed-effects models using S4 classes. R pack-
age version 0.99875-6. Available at: htep://www.r-
project.org

Bromquist, D., O. C. JOHANSSON, AND E. GOTMARK.
1997. Parental quality and egg size affect chick
survival in a precocial bird, the Lapwing Vanellus
vanellus. Oecologia 110: 18-24.

BRIDGE, E. S, R. K. BOUGHTON, R. A. ALDREDGE, T. E.
HARRISON, R. BOWMAN, AND S. J. SCHOECH. 2007.
Measuring egg size using digital photography: testing
Hoyt’s method using Florida Scrub-Jay eggs. Journal
of Field Ornithology 78: 109-116.

CATRY, P, AND R. W. FURNESS. 1997. Egg volume and
within-clutch asymmetry in Great Skuas: Are they
related to adult quality? Colonial Waterbirds 20:
399-405.

CHRISTIANS, J. K. 2002. Avian egg size: variation within
species and inflexibility within individuals. Biological
Reviews 77: 1-26.

FLINT, P L., AND B. GRAND. 1996. Variation in egg size
of the Northern Pintail. Condor 98: 162-165.
GALBRAITH, H. 1988. Effects of egg size and composition
on the size, quality, and survival of Lapwing Vanellus
vanellus chicks. Journal of Zoology, London 214:

383-398.

GRANT, M. C. 1991. Relationships between egg size, chick
size at hatching, and chick survival in the Whimbrel
Numenius phaeopus. Ibis 133: 127-133.

Hanson, H. C. 1954. Apparatus for study of incubated
bird eggs. Journal of Wildlife Management 18: 191—
198

HovT, D. E 1979. Practical methods of estimating volume
and fresh weight of bird eggs. Auk 96: 73-77.

Kozicky, E. L., AND E V. SCHMIDT. 1949. Nesting habits
of the Clapper Rail in New Jersey. Auk 66: 355-364.

LOFTIN, R. W., AND R. D. BOWMAN. 1978. A device for
measuring egg volumes. Auk 95: 190-192.

MAND, R., A. NIGUL, AND E. SEIN. 1986. Oomorphology:
a new method. Auk 103: 613-617.

Measuring Egg Volume

197

MOoRRIs, R. D., AND J. W. CHARDINE. 1986. A device for
measuring the volume of eggs: description and field
evaluation. Ibis 128: 278-282.

Not, E., M. S. BLANKEN, AND L. FLYNN. 1997. Sources
of variation in clutch size, egg size and clutch com-
pletion dates of Semipalmated Plovers in Churchill,
Manitoba. Condor 99: 389-396.

ONEY, J. 1954. Final report: Clapper Rail survey and in-
vestigation study. Federal Aid Project W-9-R, Geor-
gia Game and Fish Commission, Game Management
Division, Atlanta, GA.

PorTl, J. 2008. Temperature during egg formation and
the effect of climate warming on egg size in a small
songbird. Acta Oecologica 33: 387-393.

R Development Core Team. 2008. R: a language and
environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria.

ReyNOLDS, S. ]., S. J. SCHOECH, AND R. BOWMAN. 2003.
Nutritional quality of prebreeding diet influences
breeding performance of the Florida Scrub-Jay. Oe-
cologia 134: 308-316.

RICKLEFS, R. E. 1984. Variation in the size and compo-
sition of eggs of the European Starling. Condor 86:

ROPER, J. J. 1992. Nest predation experiments with quail
eggs: too much to swallow? Oikos 65: 528-530.

RusH, S. A., M. S. WOODREY, AND R. J. COOPER. 2007.
A new technique for estimating the age of Clapper
Rail eggs. Journal of Field Ornithology 78: 407-410.

SzEkELy, T., J. Kozma, AND A. P71 1994. The volume
of Snowy Plover eggs. Journal of Field Ornithology
65: 60-64.

THoMAS, V. G., AND H. G. LUMSDEN. 1981. An apparatus
for determining the volume of eggs. Ibis 123: 333~
336.

VAN PaASSEN, A. G., D. H. VELDMAN, AND A. J.
BEINTEMA. 1984. A simple device for determination
of incubation stages in eggs. Wildfowl 35: 173—
178.

WALTHER, B. A., AND J. A. MOORE. 2005. The concepts
of bias, precision and accuracy, and their use in test-
ing the performance of species richness estimators,
with a literature review of estimator performance.
Ecography 28: 815-829.

WiLLiAMS, T. D. 1994. Intraspecific variation in egg size
and egg composition in birds: effects on offspring
fitness. Biological Reviews 69: 35-59.

This content downloaded from 137.207.71.12 on Tue, 21 Apr 2020 16:28:54 UTC
All use subject to https://about.jstor.org/terms



	Contents
	193
	194
	195
	196
	197

	Issue Table of Contents
	Journal of Field Ornithology, Vol. 80, No. 2 (Jun., 2009), pp. 115-213
	Front Matter
	Biology of Neotropical Birds
	Nest Predators of Lance-Tailed Manakins on Isla Boca Brava, Panamá [pp. 115-118]

	Avian Conservation and Management
	Distribution, Seasonal Use, and Predation of Incubation Mounds of Orange-Footed Scrubfowl on Komodo Island, Indonesia [pp. 119-126]

	Avian Behavior and Ecology
	Food Supplementation in Distinct Corsican Oak Habitats and the Timing of Egg Laying by Blue Tits [pp. 127-134]
	Reproduction and Survival of Glaucous Gulls Breeding in an Arctic Seabird Colony [pp. 135-145]
	Variation in the Extra-Pair Mating Systems of Acadian Flycatchers and Wood Thrushes in Forest Fragments in Southern Ontario [pp. 146-153]
	Wintering Hummingbirds in Alabama and Florida: Species Diversity, Sex and Age Ratios, and Site Fidelity [pp. 154-162]
	Tail Pumping by Eastern Phoebes: An Honest, Persistent Predator-Deterrent Signal? [pp. 163-170]

	Ornithological Methods
	Recording Raptor Behavior on the Wing via Accelerometry [pp. 171-177]
	Testing the Importance of Auditory Detections in Avian Point Counts [pp. 178-182]
	Molted Feathers from Clay Licks in Peru Provide DNA for Three Large Macaws (Ara ararauna, A. chloropterus, and A. macao) [pp. 183-192]
	A Precise Water Displacement Method for Estimating Egg Volume [pp. 193-197]
	Sexing Adult Northern Shrikes Using DNA, Morphometrics, and Plumage [pp. 198-205]

	Effect of Radio Transmitters on Return Rates of Swainson's Warblers [pp. 206-211]
	Recent Literature: Book Review
	Review: untitled [pp. 212-213]

	Back Matter



