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ABSTRACT.--Measures of repeatability have long 
been used to assess patterns of variation in egg size 
within and among females. We compared different 
analytical approaches for estimating repeatability of 
egg size of Black Brant. Separate estimates of re- 
peatability for eggs of each clutch size and laying se- 
quence number varied from 0.49 to 0.64. We suggest 
that using the averaging egg size within clutches re- 
sults in underestimation of variation within females 

and thereby overestimates repeatability. We recom- 
mend a nested design that partitions egg-size vari- 
ation within clutches, among clutches within fe- 
males, and among females. We demonstrate little 
variation in estimates of repeatability resulting from 
a nested model controlling for egg laying sequence 
and a nested model in which we assumed laying se- 
quence was unknown. 

Egg size represents the unit of investment in a re- 
productive attempt for birds. Accordingly, research- 
ers have long been interested in variation in egg size 
and its adaptive significance. Repeatability is a mea- 
sure of the proportion of variation in a trait that is 
due to differences among individuals. Therefore, es- 
timates of repeatability of egg size split the total phe- 
notypic variation in egg size into within-individual 
and among-individual components. Falconer (1989) 
describes that partitioning of the phenotypic vari- 
ance in terms of the origin of the different variance 
components. Variation in egg size among individuals 
is caused by a combination of genetic and environ- 
mental differences. Variation in egg size within an 
individual among years is caused by temporary en- 
vironmental differences between reproductive at- 
tempts. Falconer (1989) goes on to demonstrate that 
estimates of repeatability are useful in the context of 
quantitative genetics because they set upper limits to 
levels of heritable variation. 

Falconer (1989) states that estimates of repeatability 
can be based on measures of a characteristic that are 
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repeated in either time or space. Following Falconer's 
(1989) descriptions, egg size is repeated in both time 
and space-•where time refers to different nesting at- 
tempts and space refers to eggs within a specific nest- 
ing attempt (i.e. clutch). In many cases researchers es- 
timating repeatability of egg size use the average egg 
size within clutches (e.g. Lessells et al. 1989, Flint and 
Sedinger 1992, Flint and Grand 1996). However, that 
approach ignores some of the phenotypic variation in 
egg size within individuals (e.g. within clutches) and 
may have been used because researchers were uncer- 
tain how to deal with multiple measurements within 
clutches statistically. Other researchers have used a 
nested design to partition variance among females, 
within females among years, and within females with- 
in years (i.e. clutches) (LeBlanc 1987, Erikstad et al. 
1998, Flint and Grand 1999). 

In this paper, we compare those two approaches 
in terms of estimates of repeatability. We decompose 
each estimate into its variance components and dis- 
cuss each estimate in the context of quantitative ge- 
netics. We also discuss those estimates relative to the 

assumptions of repeatability analyses. Finally, we 
recommend approaches for estimating repeatability 
of egg size given specific data sets. 

Methods.--This study was conducted at the Tutakoke 
River Black Brant (Branta bernicla nigricans) colony 
along the outer coastal fringe of the Yukon-Kuskokwim 
Delta from 1987-1997. Breeding Black Brant have been 
banded at that site since 1986, providing a large sample 
of identifiable females on which to measure repeatabil- 
ity. Methods of nest searching, measuring of eggs, and 
estimation of egg volume have been described by Flint 
and Sedinger (1992). Estimation of repeatability re- 
quires multiple measurements of individuals among 
years, and that large data set allowed partitioning to 
many different levels (i.e. specific clutch size and egg 
sequence numbers). In each analyses, we deleted indi- 
viduals for which we did not have multiple measure- 
ments; therefore, sample sizes vary for each analyses. 
Further, we restricted our analyses to clutches of 3, 4, 
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TABLE 1. Estimated repeatability of egg size by clutch size and egg sequence number for Black Brant nesting 
on the Yukon-Kuskokwim Delta, Alaska. 

Clutch Egg-sequence number 
size i 2 3 4 5 

3 0.6394 0.5544 0.6069 

(96:209) a (95:204) (91:197) 
4 0.5482 0.5371 0.5505 0.5287 

(354:814) (346:804) (353:815) (349:805) 
5 0.5532 0.5021 0.5698 0.5308 

(280:674) (280:675) (271:655) (277:671) 
0.4929 

(267:642) 

Sample sizes for each estimate are given in parentheses as: (number of females:number of eggs). 

or 5 eggs because those are the most common clutch 
sizes. Clutches <3 and >5, are likely the result of par- 
tial nest predation and intraspecific nest parasitism, re- 
spectively. By excluding those clutches, we attempted 
to reduce the possibility that either partial predation or 
intraspecific nest parasitism influence our determina- 
tion of clutch size, egg sequence number, or both. 

Analyses.--We used SAS (PROC NESTED) to esti- 
mate the true variance components for each data set 
(SAS Institute 1990). Therefore, consistent with Les- 
sells and Boag (1987), our estimates of repeatability 
were based on variance components extracted from 
mean squares of the various models. We performed 
four main analyses. First, to control for egg-size var- 
iation among clutch sizes and due to egg-sequence 
number, and to avoid statistical problems associated 
with multiple measures within females, we parti- 
tioned the data set by clutch size and egg sequence 
number. We then estimated the repeatability for each 
egg-sequence number within clutch sizes using a se- 
ries of one-way ANOVA models. Second, we repli- 
cated previous studies and calculated the average 
egg size for each clutch and estimated the repeat- 
ability of average egg size from multiple samples 
across years using a one-way ANOVA. Third, we 
used the complete data set and partitioned the var- 
iance among females, within females among years, 
and within clutches using a nested ANOVA design. 
Finally, we controlled for the combination of clutch 
size and egg-sequence number, then partitioned the 
remaining variance within and among females using 
a nested ANOVA. 

To interpret the differences among those ap- 
proaches to estimating repeatability estimates, we 
must examine the contribution of the different vari- 

ance components. From Falconer (1989), we use the 
following: Vp = phenotypic variation at the popula- 
tion level, V• = variation in egg size due to genetic 
differences among individuals, Vex = general envi- 
ronmental variation among individuals arising from 
permanent or nonlocalized circumstances, and VEs = 
special environmental variation within individuals 
arising from annual variation in circumstances. As 
we noted above, egg size within individuals is re- 
peated on several scales (i.e. among years and within 

clutches). Thus, we add the following: Vc = variation 
within clutches. Based on those definitions, when us- 

ing the approach of averaging egg size within clutch- 
es or when restricting analyses to a specific egg-se- 
quence number from a specific clutch size: 

vp: v• + v•a + vLs (1) 

Alternatively, when using a nested design: 

Vp= V a+ V•a+ VEs+ Vc (2) 

Given these definitions, repeatability as defined by 
Falconer (1989) is: 

r = (V a + V•g)l Vp (3) 

Results and discussion.--Estimates of repeatability of 
egg size vary considerably depending on how they are 
calculated (Tables i and 2). Using Equations 1 and 2, it 
is clear that estimates of repeatability based on the nest- 
ed design will always be less than or equal to those 
based on average egg size within clutches because of 
the additional term (V•) in the denominator of Equation 
3. In cases where there is no variation in egg size within 
clutches (i.e. Vc = 0), estimates of repeatability based on 
average egg size and the nested design will be equal. 
Thus, ignoring within-clutch variation in egg size, if it 
exists, inflates estimates of repeatability. In addition, 
using the average of multiple measurements will inflate 
the estimated repeatability because the mean of two or 
more measures has a higher heritability than does a sin- 
gle measurement (Falconer 1989). Therefore, the use of 
average egg size to estimate repeatability will result in 
estimates that are biased high. Finally, estimates of re- 
peatability rely on the assumption that different mea- 
surements reflect what is genetically the same character 
(Falconer 1989). All eggs in a clutch originate from the 
same female, and in that sense there is no genetic var- 
iation in egg size within clutches. However, in Black 
Brant, egg size varies with the combination of clutch 
size and egg-laying sequence (Flint and Sedinger 1992) 
and a similar pattern of egg-size variation within 
clutches has been shown for other species of geese 
(Cooper 1978, Leblanc 1987, Owen and West 1988, Rob- 
ertson and Cooke 1993, Williams et al. 1993, Cooke et 

al. 1995). Additionally, intraclutch patterns of egg size 
have been shown for many species of birds with altrical 
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TABLE 2. Partitioning phenotypic variance in egg size of Black Brant nesting on the Yukon-Kuskokwim Del- 
ta, Alaska within and among females using ANOVA. 

Proportion of phenotypic variance 
Within 

Among females Within 
Method of analysis • females b among years clutches 

One-way ANOVA based on average egg size per clutch 0.7099 
Nested ANOVA--assuming egg sequence numbers unknown 0.5118 
Nested ANOVA--controlling for clutch size and egg sequence number 0.5584 

0.2901 
0.1180 0.3702 

Sample size equals 12,506 eggs from 1,246 females. 
Repeatability. 

young (Lack 1968, Slagsvoid et al. 1984). Those pat- 
terns, repeated across many species, raise the possibil- 
ity that intraclutch egg-size variation may be adaptive 
(Lack 1968, Slagsvoid et al. 1984, Williams et al. 1993, 
Flint et al. 1994, Williams 1994, Erikstad et al. 1998). If 
so, the level and pattern of variation in egg size within 
clutches may be genetically determined. Thus, estimat- 
ing the repeatability by averaging egg size within 
clutches and using a one-way ANOVA would result in 
averaging across characters that may not be the same 
genetic character. Under those conditions, Falconer 
(1989:141) states that "repeatability becomes a some- 
what vague concept, without precise meaning in rela- 
tion to the components of variance." The genetic basis 
and genetic influence on intraclutch egg-size variation 
deserves further study. Therefore, we caution research- 
ers to temper inferences drawn from estimates of re- 
peatability that are based on mean egg size within 
clutches because those estimates are likely biased. 

When we partitioned our data and estimated repeat- 
ability of egg size by sequence number, there was little 
difference in the estimated repeatability among clutch 
sizes or egg sequence numbers. Most of the variation 
among those partitioned estimates of repeatability was 
likely caused by sampling error. Clearly those estimates 
are free from bias associated with averaging multiple 
measurements. Further, those estimates would not be 
biased if all eggs within a clutch are not genetically the 
same character. Therefore, we conclude that the true 

value of egg size repeatability for Black Brant lies be- 
tween 0.49 and 0.64. However, for comparative pur- 
poses, it is difficult to have a separate estimate of re- 
peatability for each egg sequence number in each clutch 
size. Also, that approach can only be used if egg-laying 
sequence is known. For many species of birds, deter- 
mination of laying sequence in field studies is not prac- 
tical. The estimated repeatabilities from the two nested 
ANOVA (Table 2) fall within the range predicted from 
the individual estimates by clutch size and egg-se- 
quence number (Table 1). We believe either approach 
correctly models the multiple measurements within 
clutches and results in a good approximation of re- 
peatability. We suggest future studies should examine 
patterns of egg-size variation with egg sequence when 
possible. If consistent patterns of egg-size variation ex- 

ist, then estimates of egg size repeatability could con- 
trol for egg sequence and partition the remaining var- 
iance within and among females. If the pattern of 
variation with egg-sequence number varies among 
clutch sizes (e.g. as it does for Black Brant), then esti- 
mates of repeatability should control for the combina- 
tion of clutch size and egg sequence. In the absence of 
data on egg size by laying sequence, we suggest the 
nested design partitioning variance among females, 
within females among years, and within clutches is 
most appropriate for estimating repeatability. It is use- 
ful to note that the proportion of variance attributed to 
differences among females (i.e. repeatability) is similar 
in both models. Thus, the nested design without egg- 
sequence numbers could be used in all cases and gives 
the clearest picture regarding the distribution of the 
variance within females. 

Estimation of repeatability from large data sets can 
be computationally tedious (Lessells and Boag 1987), 
particularly if the design is unbalanced. Previous re- 
searchers have used program SAS (PROC NESTED; 
SAS Institute 1990) to partition the phenotypic varia- 
tion in egg size (Erikstad et al. 1998, Flint and Grand 
1999). That procedure is useful because it calculates the 
actual variance components in addition to the mean 
square errors (Lessells and Boag 1987). However, it is 
important to realize that nested ANOVA is a hierarchi- 
cal analysis and results will vary depending on the or- 
der in which variables are listed in the model (Sokal 
and Rohlf 1981). Erikstad et al. (1998) examined vari- 
ation in egg size with a nested model in the following 
order: year, females, clutch size, egg sequence, error. It 
is clear that variation within clutches (i.e. egg-sequence 
number) must be considered as nested within clutch 
sizes; however, clutch sizes should not be nested within 
females. Therefore, it is essential to consider the hier- 

archical structure of the variance when using a nested 
ANOVA. We recommend the following hierarchical or- 
ders (1) when egg sequence is known: clutch size, egg 
sequence number, female; (2) when egg sequence is un- 
known: female, nest attempt. 
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ABSTRACT.--Eurasian Oystercatchers (Haematopus 
ostralegus) breeding on the salt marsh of Schiermon- 
nikoog (Dutch Wadden Sea) lose many eggs to pred- 
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ators, mainly Herring (Larus argentatus) and Mew 
gulls (L. canus). We estimated that the probability for 
an egg to survive from laying until hatching was 69%. 
Daily egg mortality was higher during the laying pe- 
riod than during the incubation period. When re- 
searchers were present in the study area, oystercatch- 
ers spent more time at greater distances from the nest. 
We investigated whether human disturbance resulted 
in more eggs being lost to predators. Two experimen- 
tal areas were in turn visited at high and at low fre- 
quency. From a preliminary analysis, we estimated 
higher daily egg mortality rates when nests were 
checked three times per day instead of once every oth- 


