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The heritability o f  performance on a digit span memory test was estimated 
by means o f  the twin method, using the correlations o f  teenage monozygotic 
and dizygotic twins. The broad heritability is estimated as h 2 = 0.44, which 
when corrected for attenuation is increased to 0.52. The values o f  h 2 
determined by the same method for  height and weight are 0.96 and 0.73, 
respectively. The M Z  data show no evidence o f  a first-order genotype • 
environment interaction. 
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INTRODUCTION 

By means of the twin method, we have attempted to estimate the broad 
heritability of scores on a memory span test which has been frequently used 
as a measure of level I ability in Jensen's research on the level I-level II 
theory of mental abilities (e.g., Jensen, 1973, 1974). Level I ability is 
essentially the capacity to receive or register stimuli, to store them, and to 
later recognize or recall the material with high fidelity. It is characterized 
by the lack of any need of elaboration, transformation, or manipulation of 
the input in order to arrive at the output, as contrasted with level II ability, 
which is characterized by transformation and mental manipulation of the 
stimulus input prior to making the response. Digit span memory, particu- 
larly forward digit span, exemplifies level I ability (Jensen and Figueroa, 
1975). To provide a more reliable measure of digit memory than is provided 
by the very brief digit span subtests of the Stanford-Binet and Wechsler 
intelligence tests, Jensen and Rohwer (1970) devised the Memory for Num- 
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bers test. It is an auditory forward digit span test (administered by tape 
recorder) which has high reliability and broader factorial validity in the level 
I-level II system than the traditional memory span test. The Memory for 
Numbers test gains this advantage by means of repeated measurements and 
by varying procedural factors in order to reduce task-specific variance in the 
total scores. 

Previous estimates of the heritability of digit span and short-term 
memory have been summarized by Pezzullo et  al. (1972). In general, the 
outcomes of these older studies are virtually uninterpretable, because of the 
meager or unknown reliabilities of the memory tests, the small samples of 
twins used, and the theoretically inadequate methods of heritability estima- 
tion from measurements on monozygotic (MZ) and dizygotic (DZ) twins. 
Pezzullo et al. (1972) devised a tape-recorded memory span test with a split- 
half reliability above 0.90 and administered it to 37 pairs of MZ and 28 
pairs of DZ twins, of ages 10-15 years. (Pezzullo et al. mistakenly reported 
their N's as 28 MZ pairs and 37 DZ pairs.) They unfortunately estimated 
the heritability by means of Holzinger's (1929) formula, which has been 
shown to be conceptually incorrect (Jensen, 1967, 1976) since it does not 
correspond theoretically to what is meant by heritability in quantitative 
genetics (Jensen, 1975). Moreover, Pezullo et al. used twins ranging in age 
from 10 to 15 years and did not partial out the effect of age on the twin cor- 
relations. Since memory span is age dependent, the correlation between 
twins could therefore be significantly inflated by the common variable of 
age. Since the article by Pezzullo et  al. does not contain the information 
required to obtain a proper estimate of heritability, Dr. Pezzullo has kindly 
provided us with the original data of their study so that we could apply the 
very same analysis that was used in our study, thereby permitting a direct 
comparison of their results with ours. 

METHOD 

Subjects 
A questionnaire was sent to a number of junior and senior high schools 

in the San Francisco area to identify all the like-sexed twins enrolled and to 
request that they volunteer as subjects in this study. A total of 35 MZ twin 
pairs and 35 like-sexed DZ twin pairs volunteered. Their ages ranged from 
11 to 18 years (MZ mean 14 years 7 months, SD 1 year 6 months; DZ 
mean 15 years 5 months, SD 1 year 6 months). 

Zygosity Diagnosis 

Twins were classified as MZ or DZ on the basis of the specially devised 
questionnaire and zygosity diagnosis procedure described by Nichols and 
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Bilbro (1966), which takes account of blood type and various physical 
characteristics. In addition, all twins were given the phenylthiocarbamide 
(PTC) taste test. About 40% of the population cannot taste PTC in the 
concentration used in this study, and any taste discrepancy between twins 
quite definitely rules out monozygosity. Errors in zygosity classification, of 
course, will diminish the estimated heritability. 

Memory for Numbers Test 

The Memory for Numbers test takes about 30 min to administer. 
Series of from four to nine simple random numbers (exclusing zero, repeti- 
tions, and normal numerical order) are presented by a tape-recorded male 
voice at the rate of one digit per second. The sound of a "bong" indicates 
the start and the termination of each series. Subjects are allowed 13 sec 
between series to write as many of the digits as they can recall in the correct 
order on a specially prepared answer sheet. There is one series at each 
length of from four to nine digits, in each of three experimental conditions: 
(1) immediate recall, in which subjects write their recall immediately after 
the "bong" which comes 1 sec after the last digit of each series; (2) repeated 
series, in which subjects hear the same series repeated three times (separated 
by a "click") before writing the digits; and (3) delayed recall, in which sub- 
jects must delay their recall until 10 sec have elapsed after the last digit in 
the series, the end of the 10-see interval being signaled by a "bong." To 
ensure that all subjects understand the instructions and procedure, each 
experimental procedure is preceded by a short practice test consisting of 
three different digit series each of three digits. In each case the procedure 
for the practice test is identical to the particular experimental condition that 
follows it. The subject's score on the Memory for Numbers test is the total 
number of digits recalled in the correct position, with a maximum possible 
score of 117. 

All subjects were tested by the second author as part of a larger study 
(Marisi, 1972). 

Heritability Estimation 

Broad heritability was estimated by using the simplest heritability for- 
mula which is commonly used in quantitative genetics (e.g., Falconer, 1960). 
It is h 2 = 2(rMz - rDz), where h 2 is the estimated broad heritability, and rMz 
and rDz are the intraclass correlations for MZ and DZ twins. The rationale, 
assumptions, and limitations of this method of estimating heritability have 
been explicated in detail elsewhere (Jensen, 1976). It is a conservative esti- 
mate of heritability in that it assumes random mating for the trait in ques- 
tion, so the formula underestimates the broad heritability when there is in 
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fact assortative mating for the trait. However, since we have no precise 
information on assortative mating for memory span, it seems preferable to 
assume random mating and obtain a lower-bound estimate of the broad 
heritability. If  there is dominance deviation for the trait, the above formula 
will slightly overestimate the broad heritability. There is no knowledge of 
dominance deviation for memory span. Thus the broad heritability will be 
underestimated by the above formula to the extent that there is assortative 
mating and slightly overestimated to the extent that there is dominance. 
These biases, if both exist, tend to cancel each other to some extent. 

An estimate of the standard error of h 2, derived from the formula given 
by Loehlin et al. (1975, p. 288). 

SEh2 = 2{[(1 - r~z)2/NMz] + [(1 -- r~z)~/NDz]} 1/2 

Since the raw memory span scores are age dependent, it is essential to 
statistically control the effect of age in calculating the intraclass correlation 
between twins. This can be done by analysis of covariance, in which the 
total variance is partitioned into four components associated with (1) the 
regression of differences between twin pairs on age, (2) the regression of dif- 
ferences within twin pairs on age, (3) the residual differences between pairs, 
and (4) the residual differences within pairs. 

The rationale of this analysis by means of which age is partialed out of 
the twin intraclass correlation is as follows. The aim is (1) to remove from 
the variance among twin pair means (i.e., the variance between pairs) that 
portion that is attributable to the correlation between (a) age and (b) the 
twin pair means, and (2) to remove from the variance within twin pairs that 
portion attributable to the correlation between (a) age and (c) the twin dif- 
ferences. Following a simple one-way analysis of variance, the between- 
pairs sum of squares (SSB) can be analyzed into two parts: a part due to 
regression of pair means on age (which is rma 2 )< SSB, where rma is the 
Pearson correlation between pair means and age) and the residual, i.e., 
SSB(I - rmaZ). Similarly, following a simple one-way analysis of variance, 
the within-pairs sum of squares (SSw) can be analyzed into two parts: a part 
due to regression of twin differences on age (which is rda 2 • SSw, where raa 
is the Pearson correlation between twin absolute differences and age) and 
the residual, i.e., SSw(I - rd~). In each instance the regression uses up 1 df. 
In no case, with the present sample sizes, did a nonlinear component of the 
regression of between-pairs and within-pairs effects on age even approach 
statistical significance; so only the linear regression of effects on age is par- 
titioned in the analysis of covariance, from which the twin intraclass cor- 
relations are derived. 

The age-corrected twin intraclass correlation (r~) is calculated from the 
residual mean squares for between pairs (MSs) and within pairs (MSw), as 
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follows: r, = (MSB - MSw)/(MSB + MSw). The correlation is significantly 
greater than zero if (MS~/MSw) = F is significant for the given degrees of 
freedom. The ri thus obtained for a sample of twin pairs of  differing ages 
approximates the expected values of  r, for a sample of  twin pairs all of the 
same age. 

When a particular method of heritability analysis is applied for the first 
t ime to a variable about whose genetics little or nothing is known, it seems 
wise to apply exactly the same analysis to physica! variables measured in 
the same twin samples, because we already have considerable knowledge 
about the heritability of these measures. Heritability estimates of the 
physical measurements,  as R. A. Fisher (1918) was the first to suggest, can 
serve as a "sheet anchor" for comparison of the results of applying the same 
method of analysis to a little known t ra i t - - in  the present case, memory  
span. Therefore, height and weight measurements were secured (which, like 
memory  span, are age dependent) on all the twins, and we have applied 
parallel analyses to these physical measurements. 

R E S U L T S  AND D I S C U S S I O N  

M e m o r y  for Numbers Test 

The results of the analysis of r of the Memory  for Numbers  
scores are shown in Table I. 

The MS of 13.33 for the regression of M Z  twin pair means on age is 
anomalously very much smaller than the corresponding MS of 274.65 for 
DZ twins, because (1) the total variance of the DZ twin scores is 11/2 times 
larger than the total variance of M Z  twin scores and (2) the correlation 
between age and twin pair means is greater in the DZ sample than in the 
M Z  sample (+0.16 vs. -0.04).  These differences between the M Z  and DZ 
twins have no obvious explanation and are most likely sampling fluctua- 
tions. 

Table I. Analysis of Covariance of Memory for Numbers Test 

MZ twins DZ twins 

Source of variance df MS F df MS F 

Between pairs (residual) 
Within pairs (residual) 
Regression on age (between) 
Regression on age (within) 

33 231.94 6.04 a 33 303.78 2.98 a 
34 38.40 34 101.99 

1 13.33 < 1 1 274.65 2.69 
1 337.86 8.80 a 1 244.41 2.40 

=p < 0,01. 
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The age-cor rec ted  twin in t rac lass  cor re la t ions  are  rMz = 0.716 and rDz 
= 0.497. A convent iona l  test  of  the  s ignif icance o f  a genet ic  effect is F = 

MSwDz/MSwMz, i.e., the  ra t io  of  the  wi th in-pa i rs  var iance  for D Z  and M Z  
twins. In  this case, F = 2.65, which with 33 and 34 df  is s ignif icant  beyond 
the 0.01 level. The  h 2 is 0.437, S E  = 0.303 (t = 1.44, one- ta i led  p < 0.10). 

Since the  in ternal  consis tency re l iabi l i ty  of  the test scores can be 
de te rmined  using the H o y t  (1941) method ,  we can correc t  the  ob ta ined  h ~ 

for a t tenuat ion .  The  re l iabi l i ty  of  the  m e m o r y  scores is 0.84. The  cor rec ted  
h 2 is 0 .437/0.84 = 0.52. 

Comparison with Results of Pezzullo et aL 

I t  is in teres t ing to c o m p a r e  these results  with those  ob ta ined  f rom a 
para l le l  analysis  of  the twin da t a  on a test  of  m e m o r y  span used in the  s tudy 
by Pezzul lo  et al. (1972), shown in Tab le  I I .  The  twin cor re la t ions  a re  rMz = 
0.764 and rDz = 0.414. The  ra t io  of  wi th in-pa i rs  var iance  for D Z  and M Z  
twins is F = 2.37, p < 0.02. The  h 2 = 0.700, S E  = 0.342 (t = 2.05, one- 

ta i led  p < 0.03). This  value of  h 2 is not  s ignif icant ly  different  (t < 1) from 

the h 2 = 0.437 obta ined  in our  study.  

Raven's Progressive Matrices 

Pezzul lo et al. admin i s t e red  Raven ' s  S t a n d a r d  Progress ive  Mat r ices  
test,  a highly g - loaded  test  of  abs t rac t  reasoning  or level I I  abi l i ty,  to the 
s ame  twin samples .  Since they fai led to  t ake  account  of  age in their  
analysis ,  their  da t a  were reana lyzed  by the me thod  tha t  was appl ied  to the  

m e m o r y  scores. The  results  are  shown in Table  I I I .  The  twin cor re la t ions  
a re  rMz = 0.817 and rDz = 0.369. The  F ra t io  for the  D Z / M Z  wi th in-pa i r  
var iances  is 5.91, p < 0.01. The  h 2 = 0.897, S E  = 0.344 (t = 2.60, one- 

Table II. Analysis of Covariance of Memory Span Scores from Study by Pezzutlo et al. 
(1972) 

MZ twins DZ twins 

Source of variance df MS F df MS F 

Between pairs (residual) 35 1451.63 7.47 a 26 1110.85 2.41 b 
Within pairs (residual) 36 194.43 27 460.58 
Regression on age (between) 1 26835.14 138.02 a 1 5904.86 12.82 ~ 
Regression on age (within) 1 818.68 4.21 ~ 1 22.43 < 1 

~p < 0.01. 
~p < 0.05. 
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Table III. Analysis of  Covariance of Raven 's  Progressive Matrices Scores from Study by 
Pezzullo et al. (1972) 

M Z  twins DZ  twims 

Source of variance df  MS F df MS  F 

Between pairs (residual) 35 71.55 9.92 a 26 92.29 2.17 b 
Within pairs (residual) 36 7.21 27 42.58 
Regression on age (between) 1 916.48 127.11 ~ 1 i520.51 35.71 a 
Regression on age (within) 1 0.57 < 1 1 199.93 4.69 b 

~p < 0.01. 
p < 0,05. 

tailed p < 0.01). This is surely one of the highest heritabilities for a mental 
test ever reported in the literature. 

Height and Weight 

Tables IV and V show the same analysis applied to the height and 
weight measurements obtained in the present twin samples. 

For height the twin correlations are r i z  = 0.973 and rDz = 0.494. The 
F ratio for the D Z / M Z  within-pair variance is 32.39, p < 0.01. The h 2 = 
0.958, SE = 0.256 (t = 3.74, one-tailedp < 0.01). 

For weight the twin correlations are rMz = 0.976 and rDz = 0.611. The 
F ratio for the D Z / M Z  within-pair variances is 22.96, p < 0.01. The h 2 = 
0.730, SE = 0.212 (t = 3.44, one-tailedp < 0.01). 

Thus the broad heritabilities of height and weight, as estimated by the 
present method, are quite in accord with expectations (cf. Fisher, 1918; 
Bulmer, 1970). 

Table IV. Analysis of  Covariance for Height (Inches) 

M Z  twins DZ twins 

Source of variation df MS F df  MS  F 

Between pairs (residual) 
Within pairs (residual) 
Regression on age (between) 
Regression on age (within) 

33 20.65 73.75 a 33 26,81 2.95 a 
34 0.28 34 9.07 

1 136.50 487.50 * 1 802.05 88.43 ~ 
1 1,46 5.21 b 1 6.73 < 1 

~p < 0.01. 
p < 0.05. 
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Table V. Analysis of Covariance of Weight (Pounds) 

MZ twins DZ twins 

Source of variance df MS F df MS F 

Between pairs (residual) 
Within pairs (residual) 
Regression on age (between) 
Regression on age (within) 

33 678.51 83.46 ~ 33 773.67 
34 8.13 34 186.68 

1 18720.10 2303.59~ 1 16190.41 
1 64.44 7.93 a 1 1087.46 

4.14 ~ 

ap < 0.01. 

Genotype • Environment Interaction 

Jinks and Fulker (1970) have proposed a method, based on MZ twins, 
for determining one kind of genotype • environment interaction, that is, the 
extent to which environmental effects depend on genotypes. The method 
detects only first-order interaction, that is, interaction which arises from 
linear regression of environmental effects on genotypic values. The method 
is more ideally applied to MZ twins who are reared apart in uncorrelated 
environments. When applied to MZ twins who are reared together, as in the 
present twin data, the method detects only the linear regression of within- 
family microenvironmental effects on the composite of genotype plus 
between-families environmental effects. Specifically, the method consists of 
computing the correlation tab between two sets of variables: a, the sum of 
the scores for each pair of MZ twins, and b, the absolute difference in 
scores for each pair of MZ twins. This correlation (with the effect of age 
partialed out) was obtained for each of the sets of MZ twins shown in 
Tables I-IV. None of the correlations is larger than its standard error, 
except for the Pezzullo et al. memory scores, for which the correlation (with 
age partialed out) between MZ sums and differences is -0 .35,  p < 0.05. 

DISCUSSION 

The estimated broad heritability of 0.437 of the memory test scores in 
the present study is significantly (p < 0.10, one-tailed) greater than zero but 
is smaller than the h 2 of 0.700 obtained for a similar memory test by Pez- 
zullo et al. The difference between these heritabilities, however, does not 
even approach significance (t < I) in view of the large standard errors of 
these heritability coefficients. The small sample sizes of these two studies 
are hardly ideal for making comparisons among heritability coefficients that 
are all greater than 0.40. In fact, although the several values of h 2 obtained 
here range from 0.437 for our memory test to 0.956 for height, none of the 
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heritabilities differs significantly from any of the others even at the 10% 
level of confidence. Although it seems safe to conclude that the abilities 
measured by the present tests involve heritable factors, it is obvious that 
much larger samples, including other kinships besides twins, are required 
for the investigation of more highly specified genetic models. 
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