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ABSTRACT.—Repeatability is a useful tool for the population geneticist or genetical ecolo-
gist, but several papers have carried errors in its calculation. We outline the correct calcu-
lation of repeatability, point out the common mistake, show how the incorrectly calculated
value relates to repeatability, and provide a method for checking published values and
calculating approximate repeatability values from the F ratio (mean squares among groups/
mean squares within groups). Received 6 February 1986, accepted 25 August 1986.

REPEATABILITY is a measure used in quantita-
tive genetics to describe the proportion of vari-
ance in a character that occurs among rather
than within individuals. Repeatability, r, is giv-
en by:

r=(Vs+ VEg)/VP/ n

where V; is the genotypic variance, Vg, the
general environmental variance, and V, the
phenotypic variance (Falconer 1960, 1981).

In addition to its use in assessing the reli-
ability of multiple measurements on the same
individual, repeatability may be used to set an
upper limit to the value of heritability (Falcon-
er 1960, 1981) and to separate, for instance, the
effects of “self” and “mate” on a character such
as clutch size (van Noordwijk et al. 1980). Re-
peatability is therefore a useful statistic for
population geneticists and genetical ecologists.
Recently, we have noticed an increasing num-
ber of published papers and unpublished
manuscripts in which repeatability was miscal-
culated. Our purpose is fivefold: (1) to outline
the correct method of calculating repeatability;
(2) to point out a common mistake in calculat-
ing repeatability; (3) to show how much this
mistake affects values of repeatability; (4) to
provide a quick way of checking published es-
timates, and to calculate an approximate value
of repeatability from published F ratios and
degrees of freedom; and (5) to make recom-
mendations for authors, referees, editors, and
readers to prevent the promulgation and prop-
agation of incorrect repeatability values in the
literature.

CALCULATION OF REPEATABILITY

Repeatability is the intraclass correlation
coefficient (Sokal and Rohlf 1981), which is
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based on variance components derived from a
one-way analysis of variance (ANOVA). The
intraclass correlation coefficient is given by
some statistical packages; otherwise it can be
calculated from an ANOVA. ANOVA is de-
scribed in most statistics textbooks (e.g. Sokal
and Rohlf 1981; Kirk 1968 gives a detailed
treatment of more complex designs of ANO-
VA), so we will not repeat it here, but give the
general form of the results from such an anal-
ysis in Table 1.
Repeatability, r, is given by

r=35%/(s* + s%.), (2)

where s?, is the among-groups variance com-
ponent and s* is the within-group variance
component. These variance components are
calculated from the mean squares in the anal-
ysis of variance as:

s? = MS,, (3
and
§%5 = (MS, — MSy)/n, 4)

where n, is a coefficient related to the sample
size per group in the analysis of variance. If all
the sample sizes are equal (a balanced design),
then n, is equal to the group size, n. If group
sizes are not equal, then #n, is smaller than the
mean group size, i. The difference between the
two values increases with increasing spread in
group size. The value of n, is calculated as:

= [1/(a = 1)]'[2 "= (2 n2/ 2 n)]
()

where a is the number of groups and n, is the
sample size in the ith group. If sample sizes are
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TaBLE 1. Analysis of variance for the calculation of = TABLE 2. Analyses of variance of laying date in Eur-
repeatability. asian Sparrowhawks (Accipiter nisus).*
Source of Sum of Mean Source of Sums of Mean
variation df squares squares F ratio variation df  squares squares F ratio®
Among Males
groups df, SS, MS, F Among
Within males 20 7174 3587  4.907***
groups df, SSw MS,, Within
males 28 20.47 0.731
Total 48 92.20
equal, use of this formula will yield n, so Eq. 5 Females
. . . . Among
may be used in all cases, including those with females 135  433.0 3207  1.801%**
equal sample sizes per group. [Derivations of Within
Egs. 2-5 are given by Sokal and Rohlf (1981). females 231  411.3 1.780
Methods of calculating standard errors for re- Total 366  844.2

peatability estimates are given by Becker (1984).]

As an example, we calculated the repeatabil-
ity of laying date in male and female Eurasian
Sparrowhawks (Accipiter nisus; Newton and
Marquiss 1984, Newton pers. comm.). In Table
2 we give the analyses of variance for males and
females.

First we calculated n, (Eq. 5). There were 16
males with a sample size of 2 (i.e. for which
laying date was known in 2 yr), 4 with a sample
size of 3, and 1 with a sample size of 5. Thus,

Dm=(16 X 2) + (4 X 3) + (1 x 5)
=49
and

Donr=(16 x 23 + (4 x 3?) + (1 x 5?)
=1

= 125.

From Eq. 5,

no={1/[(16 + 4 + 1) — 1]}[49 — (125/49)]
=2.322.

From the analysis of variance (Table 2):
MS, = 3.587
and
MS,, = 0.731.
Hence, from Eqs. 3 and 4
s?2 = 0.731
and

s?, = (3.587 — 0.731)/2.322 = 1.230.

» Data from Newton (pers. comm.).
br*** = P < 0.001.

Substituting into Eq. 2,
r =1.230/(0.731 + 1.230) = 0.627.

Similarly, for females, there were 78 females
with a sample size of 2, 33 with a sample size
of 3, 13 with a sample size of 4, and 12 with a
sample size of 5. Hence,

n, = 2.696,
s? = 1.780,
s2, = 0.529,
and
r = 0.229.

Note that the calculated value of repeatabil-
ity will be negative when the F ratio is less
than unity (i.e. when MS, < MS,,). Cases in
which positive repeatabilities are reported in
association with F ratios of less than one are
thus a clear sign that something is amiss (e.g.
Smith 1981: table 2).

A COMMON MISTAKE

Falconer (1960, 1981) referred to Vg, Vy,, and
V» as “variances” (our italics). No example of the
calculation of repeatability from an analysis of
variance was given in either edition of his book,
although in the first edition he referred the
reader to a statistical text. Sokal and Rohlf (1981:
199) stated “. . . variances are not called such in
anova, but are generally called mean squares . ..”
(their italics). Thus, it is easy to see how the
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Fig. 1. The relationship between MS,/(MS, +
MS,) and repeatability. MS, /(MS,, + MS,) =[r(n, —
1) + 1)/{r(n, — 2) + 2] (Eq. Al1.3). The dashed line
indicates where MS,/(MS,, + MS,) equals repeat-
ability.

mistake of equating Falconer’s “variance” with
mean square has been made frequently. A
number of authors have made this error and
calculated

MS, /[ {MSy, + MS,) 6)

instead of repeatability (e.g. Smith 1981, Find-
lay and Cooke 1983, Newton and Marquiss
1984). Because

MS, = 5% + nys?, )]

(Sokal and Rohlf 1981), it is obvious that MS,
not only includes the within-groups variance
component (s?), but also depends on n,, the coef-
ficient representing the sample size per group.
In consequence, MS,/(MS,, + MS,) changes
systematically as the number of measurements
per group increases (Fig. 1).

We cannot emphasize too strongly that the
use of MS, /(MS,, + MS,) is not an alternative
to the calculation of repeatability using vari-
ance components; it is simply wrong.

LESSELLS AND BOAG
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How much difference does it make?—We plotted
the relationship between MS,/(MS, + MS,)
and repeatability (Fig. 1). This illustrated that
(1) MS,/(MSy + MS,) is always greater than re-
peatability, and in some cases considerably so (Ap-
pendix 1). For instance, when repeatability
equals zero, MS,/(MS,, + MS,) equals 0.5. As
repeatability increases to one, MS,/(MS, +
MS,) also increases to one, so the effect of a
mistake is generally worse when repeatability
is small. (2) When repeatability is between zero and
one, the amount by which MS,[{MS,, + MS,) ex-
ceeds repeatability increases with increasing n,. But
even when rn, equals 2 the discrepancy may be
considerable.

As an example, consider again the repeat-
ability of laying date in the Eurasian Sparrow-
hawk. Newton and Marquiss (1984) incorrectly
quoted MS,/(MS, + MS,) as “repeatability.”
Newton (pers. comm.) supplied the data to al-
low us to calculate repeatability (Table 3). Com-
parison of repeatability with MS, /(MS,, + MS,)
emphasizes by how much MS,/(MS,, + MS,)
exceeds repeatability.

Checking published repeatability estimates.—An
approximate value of repeatability, 7,,,.., can
be calculated from the F ratio for the analysis
of variance and its degrees of freedom:

A= (df, + df, + 1)/(df, + 1) (8)
and
Tapprox = (F = 1)/(F — 1 + 7), 9

where df, is the numerator degrees of freedom
and df, the denominator degrees of freedom
(see Appendix 2 for derivation). If r .., does
not agree with the published repeatability, a
check should be made whether the published
value is actually

TABLE 3. Repeatability of laying date in Eurasian Sparrowhawks (Accipiter nisus).* Repeatability was calcu-
lated using analyses of variance and Eqs. 2-5. For further details of the analysis for all males and all females

see Table 2.
MS,/
F ratio (df)® Repeatability (MS,, + MS,)

All males, irrespective of territory 4.907 (20,28)*** 0.627 0.83
All females, irrespective of territory 1.801 (135,231)*** 0.229 0.64
All territories, irrespective of bird 1.223 (115,210) 0.074 0.55
Same females on same territories 1.707 (107,108)** 0.261 0.64
Same females on different territories 1.441 (54,55) 0.181 0.59

2 Data from Newton (pers. comm.); cf. Newton and Marquiss 1984: tables 9 and 10.

b** =P < 0.01, *** =P < 0.001, ns = P > 0.05.
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TABLE 4. Repeatability of four measures of reproductive performance in female Song Sparrows (Melospiza

melodia).? 7,0

was calculated from the F ratios and degrees of freedom given by Smith (1981) using Egs.

8 and 9. MS,/(MS. + MS,) (quoted as “repeatability’”” by Smith) is given for comparison.

MS,/
F ratio (MS,, + Correct
Character (55,91 df) i Tapprox MS,) repeatability<

No. of nesting attempts per year 1.49% 2.625 0.157 0.60 0.13
Total no. of eggs laid per year 2.55%** 2.625 0.371 0.72 0.23
Total no. of young raised to

6 days of age 2.70%** 2.625 0.393 073 0.23
Total no. of young raised to

30 days of age 0.88 2.625 —0.048 0.47 —0.08

2 Data from Smith (1981: table 2).

b* =P <0.05*»=P<001*** =P <0.001, ns = P > 0.05.
< Calculated using original data supplied by Smith. For these data n, was 2.621. Several revisions to the
data resulted in new F,, values. These were 1.40~, 1.80*%, 1.79**, and 0.81™, respectively, giving MS,/

(MSy, + MS,) ratios of 0.58, 0.64, 0.64, and 0.45.

MS,/(MSy, + MS,)=F/(F+1). (10)

If the published value is MS, /(MSy + MS,), it
is incorrect. At this point there are two alter-
natives: (1) ask the author for sufficient infor-
mation to calculate repeatability correctly, or
(2) use the value of r,,,, calculated from Egs.
8 and 9, stating that this has been done.

As an example of this second method, we
reanalyzed Smith’s (1981) data on the repeat-
ability of reproductive performance in Song
Sparrows (Melospiza melodia) (Table 4). Smith
quoted the “repeatability” of the number of
nesting attempts per year as 0.60 with an as-
sociated F ratio of 1.49 (55,91 df). Substituting
into Eq. 10 gives

MS,/(MS,, + MS,) = 1.49/(1 + 1.49) = 0.598,

approximately equal to the quoted “repeatabil-
ity,” revealing that this has been miscalculated.
We calculated r,,,.. using Eqs. 8 and 9:

i=(55+91+ 1)/(55 + 1) = 2.625
and

g =(1.49 — 1)/(1.49 — 1 + 2.625) = 0.157.

approx

Values of r,,... calculated from the F ratios are
given in Table 4 for the four measures of re-
productive success examined by Smith. A com-
parison of the values of 7., and MS, /(MS,, +
MS,) shows how much repeatability was over-
estimated. Smith {pers. comm.) also supplied
an updated version of his original data. The
final column in Table 4 gives the correct values
of repeatability for table 2 in Smith (1981).

Findlay and Cooke (1983) published an AN-
OVA (their table 1) yielding an F ratio of 2.475
with 109, 369 degrees of freedom, and gave a
“repeatability” of 0.71 for an analysis of re-
peatability of clutch size in Lesser Snow Geese
(Anser c. caerulescens). Substituting into Eq. 10
gives

MS, [{(MSy, + MS,) = 2475/(1 + 2.475) = 0.712,

revealing that repeatability is miscalculated.
Using Eqgs. 8 and 9,

fi = (109 + 369 + 1)/(109 + 1) = 4.355

and

Fapproe = (2475 — 1)/(2.475 — 1 + 4.355)
=0.253,

one third the published value of 0.71. [Based
on a slightly amended data set of 132 mother-
daughter pairs, the repeatability was 0.248 =+
0.079 (Findlay pers. comm.). Unfortunately, the
heritability value given by Findlay and Cooke
was calculated using repeatability explicitly.
The correct value of heritability is 0.208 = 0.071,
P < 0.01 (Findlay pers. comm.), rather less than
the published value of 0.61.]

The reason r,,.., is only an approximate val-
ue is that 71 has been used in place of n,. If
sample sizes are equal in all groups, 7 = n,, and
hence 7,,,.. equals repeatability. Otherwise,
when sample sizes are unequal, 77 is greater than
n, (Sokal and Rohlf 1981: box 9.2). As a conse-
qUEeNCe, .. is always less than repeatability
(see Eq. 9); the approximation is always con-
servative. In our experience, the use of 7 in-
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TABLE5. A comparison of 7., and repeatability of laying date in Eurasian Sparrowhawks (Accipiter nisus).*
Repeatability was calculated using analyses of variance (Table 2) and Egs. 2-5. /i and r,,,,,, were calculated

using Eqgs. 8 and 9, respectively.

Repeat-
F ratio (df)® Ny ability n Y approx
All males 4.907 (20,28)*** 2.322 0.627 2.333 0.626
All females 1.801 (135,231)*** 2.696 0.229 2.699 0.229

* Data from Newton (pers. comm.).
b*** = P < 0.001.

stead of 1, usually does not make a large dif-
ference; as an example, we calculated 7., for
laying date in male and female Eurasian Spar-
rowhawks and compared it with repeatability
(Table 5). 7i is nearly equal to n, for both males
and females; in males 7, differs from re-
peatability only in the third significant figure,
and in females r, ., equals repeatability to three
significant figures. When sample sizes differ
extensively between groups, however, 7,
may seriously underestimate repeatability.

RECOMMENDATIONS

We have seen additional errors of the type
discussed here in theses and unpublished
manuscripts. It is ironic that this is the second
time that an error in repeatability calculations
has entered the ornithological literature and
later been detected. The first case involved a
systematic underestimation of the repeatability
of egg dimensions; it took 20 years for the mis-
take to be corrected (Preston 1974, Kendeigh
1975).

We feel that the mistake outlined above is
sufficiently common to justify the following
pedagogic prescriptions for authors, referees,
editors, and readers: ensure that repeatability
is calculated correctly, and never publish, or
use published, repeatability values unaccom-
panied by associated F ratios.
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APPENDIX 1. The relationship between MS,/(MS,, +

MS,) and repeatability.

By rearrangement of Eq. 2,

1-1
§? = g2, —— .

From Egs. 3 and 7,

MS,[(MSy, + MS,) = ;Z#Iﬁ

Substituting Al.1 into A1.2,
MS,/(MS,, + Ms,) = e =D * 1

Subtracting Eq. 2 from Al.2,

MS,/(MS,, + MS,) — r
$1s? + (o — 1)s%]

T (252 + myst)(st + 82,

e
52 + nys%,

r(in, —2) + 2°

(Al.1)

(A1.2)

(A1.3)

(Al.4)

When s, is positive, all terms on the right-hand
side of Eq. Al.4 are positive. Hence, when repeat-
ability is positive, MS,/(MS,, + MS,) is greater than
repeatability. Because MS,/(MS, + MS,) is always
positive, it is also greater than repeatability when
repeatability is negative. Thus, MS,/(MS,, + MS,) is

always greater than repeatability.

Calculating Repeatability

APPENDIX 2. Calculation of r,,,,.,.
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F = MS,/MSy.
Therefore,
MS,, = MS, /F.
Substituting A2.2 into Egs. 3 and 4 yields
s = MS,/F
and

5% = [MS, — (MS,/F)]/n,
= MS,[(F — 1)/n,F].
Substituting A2.3 and A2.4 into Eq. 2 yields
r=(F—-1/F -1+ ny).
From Eq. A2.2 it follows that
MS,/(MS,, + MS,) = F/(F + 1).

(A2.1)

(A2.2)

(A2.3)

(A2.4)

(A2.5)

(A2.6)




