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he classical twin design (CTD) circumvents para-

meter indeterminacy by assuming (1) negligible
higher-order epistasis; and (2) either nonadditive
genetic or common environmental effects are nonexis-
tent, creating two potential sources of bias (Eaves
et al., 1978; Grayson, 1989). Because the extended
twin-family design (ETFD) uses many more unique
covariance observations to estimate parameters,
common environmental and nonadditive genetic para-
meters can be simultaneously estimated. The ETFD
thereby corrects for what is likely to be the largest of
the two sources of bias in CTD parameter estimates
(Keller & Coventry, 2005). In the current paper, we
assess the extent of this and other potential sources
of bias in the CTD by comparing all published ETFD
parameter estimates to CTD parameter estimates
derived from the same data. CTD estimates of the
common environment were lower than ETFD esti-
mates of the common environment for some
phenotypes, but for other phenotypes (e.g., stature in
females and certain social attitudes), what appeared as
the common environment was resolved to be assorta-
tive mating in the ETFD. On average, CTD estimates
of nonadditive genetic factors were 43% lower, and
additive genetic factors 63% higher, than ETFD esti-
mates. However, broad-sense heritability estimates
from the CTD were only 18% higher than ETFD esti-
mates, highlighting that the CTD is useful for
estimating broad-sense but not narrow-sense heri-
tability. These results suggest that CTD estimates
can be misleading when interpreted literally, but
useful, albeit coarse, when interpreted properly.

. _______________________________________________________________________|
The classical twin design (CTD) is the most commonly
used technique to infer genetic and environmental
causes of phenotypic variance. It compares the similarity
of MZ (monozygotic) twins to DZ (dizygotic) twins in
order to estimate parameters of additive genetic (V,),
nonadditive genetic (V,,), common environmental (V,),
and unique environmental (V) variation. In addition to
these four parameters, the correlation between DZ

twins due to genetic nonadditivity, 7, is also unknown,
although it must range between ¥4 (when all genetic
nonadditivity is due to additive-by-additive epistasis or
dominance) to a theoretical lower limit of 0 (when
genetic nonadditivity is due to extreme epistasis).
However, there are possibly good reasons, based on the
principles of biometrical genetics, to believe that 7 is typ-
ically closer to V4 than to 0 (Eaves et al., 1978; Keller &
Coventry, 2005).

Despite its popularity and convenience, it has long
been understood that the CTD is limited in its ability to
distinguish many potential causes of phenotypic varia-
tion (Eaves et al., 1978; Jinks & Fulker, 1970; Martin et
al., 1978). A primary limitation of the CTD stems from
the fact that it offers only three observations, the total
phenotypic variance (V,,), the covariance between MZ
twins (CVMZ), and the covariance between DZ twins
(CVDZ), from which to estimate five unknown parame-
ters'. Algebraically, five unknowns cannot be estimated
from only three knowns. This limitation is circumvented
in the CTD by fixing two of the unknown parameters at
assumed values (7 to V4 and either V_ or V,, to 0),
enabling the other three parameters to be estimated.

In a companion report (Keller & Coventry, 2005),
we derive the biases in the three estimated parameters
that result from fixing (a) # to ¥4 and (b) either Vc or
V., to 0 (see also Grayson, 1989). When V., is set to 0
(often called ‘ACE’ models), V, tends to be overesti-
mated while V,, (because it is set to 0) and V. tend to
be underestimated. While when V.. is set to 0 (often
called ‘ADE’ models), depending on the value of 7, V,
is usually (but not always) overestimated, V, is
usually (but not always) underestimated, and V.
(because it is set to 0) tends to be underestimated (cf.
Grayson, 1989). Of the two sources of bias, we found
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that the inability to simultaneously estimate both V,,
and V., as opposed to the fixing of 7 to V4, generally
has greater potential to bias parameter estimates (Keller
& Coventry, 2005).

Fortunately, V,, and V. can be simultaneously
estimated using another type of twin design, the
extended twin-family design (ETFD; Truett et al.,
1994). By including not only MZ and DZ twins, but
also their parents, nontwin siblings, spouses, and chil-
dren, the ETFD increases the number of unique
covariance observations to 80. For example, one such
covariance observation is between the children of two
MZ co-twins, who are genetically related by 50% but
socially are cousins. The drastic increase in informa-
tion in the ETFD allows not only for the simul-
taneous estimation of both V,, and V., but also
allows V. to be disaggregated into a component due
to parental influence (‘vertical transmission’), a com-
ponent due to living with a co-twin, and a component
that is shared between any two siblings (the residual
common environment).

The ETFED has two additional important advantages:
effects of genotype—environment covariation (CV,,) and
assortative mating (‘like marrying like’; V,,,) are not
confounded with estimates of V, as they are in the CTD.
Genotype—environment covariation occurs when
parental phenotypes, which are partly genetic in origin,
modify their offsprings’ environment. For example, intel-
ligent parents providing not only more ‘intelligence
genes’ to their offspring, but also enriched home envi-
ronments. The CTD assumes no genotype—environment
covariation and as a consequence, such effects mimic V..
in the CTD (Eaves et al., 1989; Purcell, 2002; Tambs et
al., 1992).2 Assortative mating tends to increase the
genetic covariance between DZ twins as well as other
siblings on a trait given that a) the trait is genetically
influenced; and b) the correlation is due to initial assort-
ment rather than convergence between spouses over time
(Eaves et al., 1978). Because an increase in genetic
covariation cannot occur between MZ twins, the genetic
effects of assortative mating inflate DZ similarity relative
to MZ similarity and thus mimic V_ in the CTD.3

In our companion report, we noted that assortative
mating mimics V., which is generally the case,’ and we
did not address effects of genotype—environment covari-
ation, which also tend to mimic V.. Because both
assortative mating and gene—environment covariation,
as measured by the ETFD, are factors that increase DZ
similarity relative to MZ similarity, then the treatment
of biases in our companion report are essentially
correct, so long as the parameter V.’ in our companion
report is interpreted as including the effects of the
common environment, assortative mating, and
gene—environment covariation. However, we can disag-
gregate these three components to more accurately
illustrate how each effect unfolds to bias CTD parame-
ters. In summary, assuming that r = ¥4, in ADE models,
V, is overestimated by 3V, and V,, is underestimated
by 2V, (Keller & Coventry, 2005), with both biases
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exaggerated by assortative mating and genotype—envi-
ronment covariation. In ACE models, V, is
overestimated by 112V, (Keller & Coventry, 2005),
but this bias is attenuated by assortative mating.
Similarly, in ACE models, V. is underestimated by
12V, (Keller & Coventry, 2005), but because assorta-
tive mating and genotype—environment covariation
mimic V. in the CTD, these factors serve to bias V,
back upwards, such that on balance, it is difficult to
know whether V. is underestimated or overestimated in
the CTD. Particularly in the presence of high assorta-
tive mating, V. may actually be overestimated in the
CTD (worked from the CV,, and CV,, equations pre-
sented in Eaves et al., 1989; Tambs et al., 1992).

The purpose of the present paper is to empirically
assess the degree of bias in CTD parameter estimates
caused by 1) its inability to simultaneously estimate
both V,, and V_; 2) assuming that mating is randomy;
and 3) ignoring genotype—environment covariation.
Because ETFD parameter estimates are not biased by
these three factors, comparing CTD and ETFD parame-
ter estimates offers one way to isolate the effects of
these biases on CTD estimates.

We do not argue, in our comparison against the
ETFD, that this design is infallible or that this method
of estimating the bias in CTD estimates is perfect.
Cohort effects, for example, can decrease correlations
between nontwins and thus might inflate nonadditive
genetic effects in the ETFD. Moreover, like the CTD,
the ETFD does not allow a way to estimate r (both
designs traditionally fix # = V4), and thus we cannot
gauge the effects of this source of bias by comparing
estimates from the two designs.* Nevertheless, the
present method allows a way to gauge what are likely
to be major sources of bias in the CTD (Keller &
Coventry, 2005).

Method

Sample of ETFD Phenotypes and Parameter Estimates

We include seven ETFD studies that report on a total
of 17 phenotypes, representing nearly all ETFD papers
published,’ (see Table 1). Most of the seven studies
presented different solutions for males versus females
(Eaves, Heath, Martin, Maes, et al., 1999; Eaves,
Heath, Martin, Neale, et al., 1999; Lake et al., 2000;
Maes et al., 1997; Truett et al., 1994) and two pre-
sented different solutions for different data sets
(Kendler et al., 1994; 1995), leading to a total of 38
phenotypes available for comparing ETFD and CTD
parameter estimates.

Derivation of CTD Parameter Estimates

We derived the CTD estimates by fitting sex-limited
ACE and ADE models in Mx (Neale, 2004) to the five
distinct standardized covariances (i.e., correlations)
of MZ and DZ twin pairs reported in the ETFD
papers. Following convention, we fit ACE models
when CV,,/CV,, = /2 and ADE models when
CV,,/ICV,, = V2. We fitted the common effects sex
limitation model, which constrains the male—female

Twin Research and Human Genetics June 2005

215



William L. Coventry and Matthew C. Keller

mv, wmvy, @v, 8y B, 0V

Eaves, Heath, Martin, Maes,

o — , Psychoticism et al. 1999
\
M :
""" Lake et al. 2000
] ‘ Neuroticism
M
Eaves, Heath, Martin, Neale,
' Stature et al. 1999
M ]
Maes et al. 1997
F BMI
M _ Kendler et al. 1995
F : Somatization: Virginia data
L \
[V — :
E - Somatization: AARP data
L \
M  —— T
o Cm— . Panic-Phobia: Virginia data
L \
M  —
‘ Panic-Phobia: AARP data
\
- ,

- Kendler et al. 1994
MaF e I : Depressive symptoms: Virginia
M&F - --------------------- I : Depressive symptoms: AARP

- Truett et al. 1994

P Church attend

— urch attendance

" L |
-20% 0% 20% 40% 60% 80% 100%

216 Twin Research and Human Genetics June 2005



Assessing Bias in the Classical Twin Design

Eaves, Heath, Martin, Maes,

Conservatism etal. 1999
F 00—
]
M R T H‘ ]
F - Religious
o ———eeerere ; |
............................. Political
F O s
M e,
[ Military
F
L]
—
F Taxes
L]
M A —
F o — ]  Sexual
M s R
F _ -] ‘ ‘ ] Lle
]
Mo [P ]
. S : : ] Neuroticism
I B
v TR
F e Extraversion
L]
M e ——
- Average (n = 38)

-20% 0% 20% 40% 60% 80% 100%

Figure 1

Comparison of the proportion of total variance (%) for published extended twin-family design (ETFD) estimates (higher of the paired bars) versus
classical twin design (CTD) estimates (lower of the paired bars). On occasion, the G-E covariance estimates were negative (bars to the left of 0%).
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]
Table 1

Standardized Estimates for Published Extended Twin-Family Designs (ETFD) Relative to ACE or ADE Models of the Classical Twin Design (CTD)

Authors (data) Sex  Model v, V.o v, v, cv, Vi v,
Phenotype

Truett et al. 1994 (AARP & Virginia data)

Church attendance M ETFD 165 .039 .204 228 .087 .048 434
ACE .230 .230 272 498

F ETFD 148 127 275 218 .096 043 .367

ACE .396 .396 .204 400

Kendler et al. 1994 (AARP & Virginia data)'

Depressive symptoms M&F ETFD 140 A77 316 138 546
(AARP data) ADE .280 .080 .360 .640
Depressive symptoms M&F ETFD 183 .066 249 .160 591
(Virginia data) ACE .260 .260 .040 .700

Kendler et al. 1995 (AARP & Virginia data)'

Panic-Phobia M ETFD 013 .365 378 012 .004 .001 .606
(AARP data) ADE .061 333 .394 .606
F ETFD .097 .063 .160 .165 .006 .000 .668

ACE 191 191 140 .669

Panic-Phobia M ETFD AN 147 .258 .001 .000 .001 743
(Virginia data) ADE 117 A4 .259 Ny
F ETFD 016 137 153 .060 .000 .000 187

ADE .196 017 213 187

Somatization M ETFD 154 334 488 .000 .001 5N
(AARP data) ADE .158 329 488 512
F ETFD 154 .204 .358 .000 .000 .642

ADE .158 .200 .358 .642

Somatization M ETFD 125 154 278 .000 .002 120
(Virginia data) ADE 130 148 278 122
F ETFD 125 125 .250 .000 .000 749

ADE 131 119 .250 750

Maes et al. 1997 (AARP & Virginia data)’

BMI M ETFD .390 270 .660 .030 .010 010 270
ADE 400 293 .693 .307

F ETFD .280 320 .600 .080 .030 010 270

ADE 130 .000 130 270

Eaves, Heath, Martin, Maes, et al. 1999
(AARP & Virginia data)

Stature M ETFD .558 .094 .652 .047 -012 161 153
ACE 827 827 .024 149

F ETFD .596 .069 .665 .096 -.079 172 149

ACE 703 .703 152 145

Lake et al. 2000 (ATR, AARP & Virginia data)'

Neuroticism M ETFD .236 .094 .330 .057 613
ADE 132 221 .360 .640

F ETFD .264 123 .387 .057 .547

ADE 414 .000 414 .586
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Table 1 (continued)

Standardized Estimates for Published Extended Twin-Family Designs (ETFD) Relative to ACE or ADE Models of the Classical Twin Design (CTD)

Assessing Bias in the Classical Twin Design

Authors (data) Sex  Model v, V. v, v, cv,, Vs A
Phenotype
Eaves, Heath, Martin, Neale, et al. 1999
(AARP & Virginia data)
Psychoticism? M ETFD 010 072 .082 140 .001 .000 776
ACE 170 170 .063 767
F ETFD .006 270 276 .030 .002 .000 679
ADE .165 .153 318 .682
Extraversion? M ETFD .169 .258 427 .019 .019 .001 534
ADE A31 .349 480 .520
F ETFD 274 228 502 .000 .006 .002 490
ADE .000 519 519 481
Neuroticism? M ETFD 149 113 .262 .065 .015 .003 .654
ACE .362 .352 .001 .647
F ETFD 313 044 357 .054 -.005 .007 .588
ACE 372 372 .038 .590
Lie? M ETFD .188 .087 275 .162 —.005 010 .557
ACE .267 267 .164 .569
F ETFD .362 .035 397 .070 -019 .020 .531
ACE 475 A75 .000 525
Sexual® M ETFD .226 105 331 .067 .012 129 455
ACE .307 307 224 469
F ETFD 297 .000 297 134 —-.004 .169 404
ACE .334 334 .268 .398
Taxes® M ETFD .070 187 .257 123 .063 .015 582
ACE 485 485 .000 515
F ETFD .180 .088 194 .106 .057 .038 .532
ACE .334 334 150 516
Military® M ETFD 110 .202 312 .080 .056 015 .537
ACE 464 464 014 522
F ETFD .047 135 182 145 .040 .006 .627
ACE 274 274 110 616
Political® M ETFD .006 195 201 .231 0n .000 557
ACE .307 307 137 .556
F ETFD .062 .099 161 .258 .032 .002 549
ACE .230 230 224 546
Religious? M ETFD .307 .056 .363 017 -139 .254 .506
ADE AT13 .000 473 527
F ETFD 148 .099 247 .078 .033 123 519
ACE 404 404 .099 498
Conservatism M ETFD .355 .067 422 016 -.062 222 401
ACE A28 428 .165 407
F ETFD 198 125 323 .106 .081 124 .366
ACE 410 410 229 .363

Note: Values omitted were fixed to zero; AARP = American Association of Retired Persons (referred to as ‘Virginia 30,000' when combined with the Virginia data); ATR = Australian

NHMRC Twin Register.

'These ETFD estimates differ from those presented in the original papers because VAM was not included in the total phenotypic variation in these papers. The parameters

presented here have been corrected to include VAM in the total phenotypic variation.

2Subscales of the Eysenck Personality Questionnaire-Short.

? Subscales within conservatism.
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additive genetic correlation to Y2, for all phenotypes
except four, church attendance, neuroticism (from
Eaves, Heath, Martin, Maes, et al., 1999) and attitudes
towards sex and conservatism, where we fitted the
general sex limitation model with the male-female
additive genetic correlation free (Neale & Cardon,
1992). For eight phenotypes (from Kendler et al.,
1995), CV,,, and CV,, were not reported separately for
males and females. Parameter estimates differed signifi-
cantly between the sexes on these phenotypes, so we
could not use the combined CV,,, and CV,, to accu-
rately estimate the CTD parameters. Rather than
excluding these eight phenotypes from the analysis, we
treated the ETFD parameter estimates as ‘population
parameters’, substituting them into the equations for
CV,, and CV, presented in Eaves et al. (1989) and
Tambs et al. (1992). These algebraically derived CV,,
and CV,, parameters were computed separately for
males and females and then modeled in Mx to find the
CTD parameters, as described above. To double check
our method, we also algebraically derived CV,,, and
CV,, for several other phenotypes and compared these
derivations to the CV,, and CV,, parameters reported
in the ETFD papers. The algebraically derived estimates
were similar and, importantly, did not appear to differ
in any systematic way.

Results and Discussion

For each of the 17 phenotypes, Figure 1 presents the
ETED parameters V,, Vi, V., V., V,,,, and CV_, on the
higher of the paired bars and the CTD parameters V,,
V. V., and V., derived from model fitting on the lower
of the paired bars. The exact values of these parameter
estimates are also presented in Table 1. The combined
genetic parameters in the CTD, V, + V;, = V. (M = .39
standard units), were higher than in the ETFD
(M = .33), although by only 18%. The most striking
differences between the ETFD and CTD parameters
were for V, and V,,, which is not surprising given the
high correlation between these two genetic parameters
(Martin et al., 1978). As shown in Table 2, on average,
V, in the CTD (M = .31) was 63% larger than V, in
the ETFD (M = .19). Similarly, V,, in the CTD
(M = .08) was on average 43% smaller than V,, in the
ETFD (M = .14). There were three unusual cases, on
male and female extraversion and male neuroticism
(from the Lake et al., 2000 paper), where CTD esti-
mates of V, were smaller and V,,, were larger than
equivalent ETFD estimates. These situations might
reflect sampling error or some type of contrast effect
unique to DZ twins. Our algebraic estimates for these
three cases were also more reasonable, further sup-
porting this conclusion.

On average, V. was only slightly smaller in the
CTD (M = .071) compared to the ETFD (M = .075).
However, this small average difference conceals vari-
ability between phenotypes. While the presence of
V,,, deflates V_in ACE CTD models, the presence of
V,, and CV,, will serve to inflate V, in ACE CTD

models. For the traits that showed negligible effects of
V., and/or CV,, (political attitudes in males and
females, attitudes towards lying and the military in
females, and psychotocism and attitudes towards
taxes in males), \A/C was smaller in the CTD (M = .09)
compared to the ETFD (M = .16). Similarly, for traits
that were apparently influenced by V,,, and/or CV,,
(conservatism in males and females, church attendance
and attitudes towards the military in males, and
stature, attitudes towards sex and attitudes towards
taxes in females), VC (M = .18) was larger in the CTD
relative to the ETFD (M = .11). In these cases, what
initially would have appeared to be a strong effect of
the common environment with the CTD was resolved
to be due to either assortative mating or (to a smaller
degree) genotype—environment covariance. This effect
was also apparent from a significant correlation
(r = .77, p = .001) between ETFD V,,, and the differ-
ence scores between ETFD V. and CTD V,
parameters; higher V,, was associated with upward
biases in V, in the CTD. In conclusion, while V. from
the CTD appears to sometimes underestimate VC, par-
ticularly in the presence of V,,, it may also
overestimate V. depending upon the degree to which
assortative mating and genotype—environment covari-
ation affect the trait.

We observed similar biases in V,, Vi, and V., CTD
parameters when we separately compared parameters
estimated using ADE CTD models against those esti-
mated using ACE CTD models (Table 2). However,
the effects appeared to be less pronounced in the ADE
models. This was because, for phenotypes modeled
using the ADE method, where estimates of V, and V,
will be biased upwards and downwards respectively
by V., CV,,, and V,,,, the average ETFD estimates for
V. (M = .02), V,, (M = .03) and CV,, (M = -.01)

were very low.

Limitations

Our study has four primary limitations. First, unfor-
tunately, some studies (Kendler et al., 1994; 1995;
Lake et al., 2000) only reported parameter estimates
from the final, reduced models (where nonsignificant
parameter estimates for V. and CV,, had been fixed
to zero; see Table 1). In such cases, we used values of
‘zero’, even though these ETFD parameters may
have potentially had a positive (albeit small and
nonsignificant) value. This introduces a bias in the
ETFD means and parameter estimates that we
present. Nonsignificant parameters may not be sig-
nificantly different from zero, but their values are
nevertheless unbiased estimates of the true popula-
tion parameters. Thus, the means reported here for
V.. from the ETFD could be slightly underestimated.
However, based on the large statistical power in
ETFED studies and the likely low true values of ETFD
parameters, these effects are unlikely to substan-
tively alter our conclusions.
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Table 2

Comparison of Standardized Parameters from the Classical Twin Design (CTD) and Extended Twin-Family Design (ETFD)

Parameter CTD ETFD CTD-ETFD Bias in CTD as
% of ETFD'
M SD M SD M SD
All traits (n = 38)
/, 31 18 19 14 12 14 63
- .08 13 14 .09 -.06 10 -43
/, 07 .09 07 .08 .00 .06 .00
v, 39 15 33 14 .06 .06 18
Traits in which CV,,/CV,,> V2 (n=22)
v, 37 16 20 16 a7 10 85
/2 .00 .00 10 .05 -10 .05
A 12 .09 12 07 -01 .08 .00
v, 37 16 30 14 .08 .07 23
Traits in which CV,,/CV,,,< 2 (n=16)
v, 23 19 a7 n .06 16 28
a 18 15 20 .09 -02 13 -10
V3 .00 .02 .00 .02 -02 02
v, M 15 38 13 04 04 .08

Note: 'When CTD > ETFD, ®™/ero -1; when CTD < ETFD, 1- “erro. 2Parameter is fixed to 0 in the CTD (ACE models). *Parameter is fixed to 0 in the CTD (ADE models). See text for expla-

nation of parameters.

Second, there have only been a limited number of
ETFD studies conducted, and because of this, our
analysis was based on only 17 traits. It would be
unwise to extrapolate these findings too widely
because these 17 traits are almost certainly not a rep-
resentative sample of traits studied using the CTD.
Many of the traits (e.g., subscales of attitudes)
reported here are highly correlated with one another.
Moreover, some traits appear to have been selected
specifically as test cases for whether assortative mating
could explain apparent common environmental
effects. We expect that a random sample of traits
studied by behavior geneticists might show less effects
of V,,, and thus less downward bias in V, and greater
downward bias in V_ from the CTD.

Third, our biases were estimated by comparing
CTD estimates derived only from MZ and DZ twin
correlations to ETFD estimates derived from 80 corre-
lations among twin-family kinships. Some of the
differences between CTD and ETFD parameters were
therefore not only due to parameter bias, but also to
differences between the samples and sampling errors.
This effect adds ‘noise’ to our results; it should not have
presented systematic bias.

A final limitation to the present study is that the
degree to which genetic nonadditivity is due to higher-
order epistasis (parameterized by the value 7) could not
be reliably estimated in either the CTD or the ETFD.
To the degree that » < V4 (that higher-order epistasis is
involved in trait variation), V. and V,,, parameters will
be biased downwards while V,, parameters will be
biased upwards in both CTD and ETFD studies.
Therefore, our findings probably underestimate the

degree of bias in V. and V,,, and overestimate the
degree of bias in V,, from CTD studies. For similar
reasons, the broad-sense heritability parameters from
both the ETFD and (especially) the CTD should gener-
ally be regarded as overestimates. However, in a
companion report (Keller & Coventry, 2005), it is
shown that the source of bias in the CTD that stems
from fixing 7 = V4 tends to have much less potential to
bias CTD parameter estimates than the bias that stems
from fixing either V. or V,, to 0. Therefore, although
the CTD biases derived in this report are probably
smaller than their true values for the reasons spelled out
above, our method has probably captured the majority
of the bias that exists in CTD parameter estimates.

Conclusion

These comparisons between CTD and ETFD parameter
estimates are consistent with the biases predicted to
exist in CTD parameters (Eaves et al., 1978; Grayson,
1989; Keller & Coventry, 2005). While V,, parameters
from CTD studies tend to be only moderately overesti-
mated, the estimates for V, and V,, from CTD studies
appear to be substantially biased. Neither ACE nor
ADE models of the CTD were able to accurately assess
the genetic architectures of traits. When both V, and
V., are estimated (ADE models), their combined value
would be better considered an estimate of broad-sense
heritability. Similarly, when V, is not included in CTD
studies (ACE or AE models), VA estimates would be
more appropriately considered estimates of broad-sense
rather than narrow-sense heritability.

Our results also show that V,, conceals factors that
increase DZ similarity, such as the effects of the
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common environment, assortative mating, and to a
lesser degree, genotype—environment covariation. In
general, therefore, V.. from the CTD should be consid-
ered an underestimate of the combined effects of V,,
V., and CV,. For certain phenotypes, assortative
mating or genotype—environment covariation accounts
for most of what would otherwise appear to be effects
of the common environment in CTD studies. For other
phenotypes, effects of the common environment are
indeed underestimated by the CTD, although the mag-
nitudes of this bias do not seem to be large enough to
call into question the general finding from CTD studies
that the common environment plays surprisingly little
role in the variation of most traits.

For both the CTD and the ETFD, rather than the
normal practice of reporting only those estimates that
result from fixing parameters at assumed and ultimately
arbitrary values, it seems preferable to report the full
range of estimated parameter values that are possible
given different values of the fixed parameters (Keller &
Coventry, 2005). In doing so, a clear sense of possible
parameter values is conveyed to readers. In our com-
panion report, we demonstrate a graphical approach
for presenting parameter indeterminacy in the CTD.
Such a presentation is more easily accomplished using
the ETFD because only a single value, 7, needs to be
varied. Along these lines, we suggest that researchers,
who use the ETFD, report parameter estimates from
the full model in addition, perhaps, to those from
reduced models. Parameter estimates from full models
may have wider confidence intervals, but they are also
expected to be less biased (Keller & Coventry, 2005).
Presenting both types of estimates seems preferable.

The ETFD is an enormously useful, although under-
utilized, method for understanding the causes of
variation in a trait. The CTD is more limited in its
ability to resolve various aspects of phenotypic varia-
tion. Nevertheless, researchers using the CTD should be
heartened by the present results which suggest that pre-
vious CTD estimates of overall genetic and common
environmental effects are unlikely to be very inaccurate.
This conclusion must be tempered, of course, by the
fact that these results may not generalize to all pheno-
types, and by the fact that a potentially important
source of bias, the makeup of genetic nonadditivity in
phenotypes, remains poorly understood.

Endnotes

1 We use the convention that V, and # are the esti-
mates (via observation of a sample or deduction)
of the unknown population parameters V, and 7.

2 The presence of genotype—environment correla-
tions also serve to attenuate, but to a lesser extent,
the effects that assortative mating have when they
mimic V. in biasing CTD estimates (Eaves et al.,
1989; Tambs et al., 1992).

3 The effects of assortment can also act in a way that
does not mimic V., but, essentially, this is only to

serve as a subtle downward bias on V, in ACE
models of the CTD. In virtually all other instances,
the effects of assortment mirror the effects of V.
(Eaves et al., 1989; Tambs et al., 1992).

4 While it is possible to differentiate additive-by-
additive epistasis from dominance by comparing
parent-offspring to sibling—sibling correlations
(Heath et al., 1984), this still does not enable an
estimation of 7 (Keller & Coventry, 2005).

5 We omitted the Tambs et al. (1992) paper (and
others by the same first author) as they did not
report variance components. Two studies (Eaves,
Heath, Martin, Maes, et al., 1999; Eaves, Heath,
Martin, Neale, et al., 1999) estimated parameters
for conservatism from the Virginia data, so we
only consider the estimates from one (Eaves,
Heath, Martin, Neale, et al., 1999). Eaves, Heath,
Martin, Maes, et al. (1999) and Lake et al. (2000)
both derive estimates for neuroticism but from dif-
ferent data sets so we include both.
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