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Recent studies have suggested that age of acquisition (AoA) has an impact on skilled reading independent of
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factors such as frequency. This result raises questions about previous studies in which AoA was not c
and about current theories in which it is not addressed. Analyses of the materials used in previous stu
gest that the observed AoA effects may have been due to other factors. We also found little evidence fo
effect in computational models of reading that used words that exhibit normal spelling–sound regulari
AoA effect was observed, however, in a model in which early and late learned words did not overlap in t
orthography or phonology. The results suggest that with other correlated properties of stimuli controle
effects occur when what is learned about early patterns does not carry over to later ones. This conditi
characteristic of learning spelling–sound mappings but may be relevant to tasks such as learning the n
objects. © 2002 Elsevier Science (USA)
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how stimulus properties such as frequen
length, spelling–sound consistency, and ima
ability affect performance (for reviews, se
Balota, 1994; Seidenberg, 1995). Over the p
several years, another factor, age of acquisi
(AoA), has drawn considerable attention (G
hand & Barry, 1998, 1999, a, b; Morrison 
Ellis, 1995). The basic idea is that the age
which a word is learned in acquiring spoken la
guage affects the performance of skilled re
ers. People learn words such as TOP 
SYRUP before words such as TAX an
SYRAH. As operationalized in recent studie
the AoA hypothesis is that there will be an effe
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when other factors such as frequency of usag
adult language are controlled.

The existence of an AoA effect on word rea
ing would be consistent with evidence concer
ing other types of age-dependent learni
(Doupe & Kuhl, 1999; Quartz & Sejnowski
1997). In many cognitive domains, early lear
ing results in a reduction in plasticity that limit
the ability to acquire new information. Phono
logical acquisition provides a classic examp
(Werker & Tees, 1984): Learning the phonolo
ical structure of one’s language limits the ab
ity to learn new phonetic contrasts (e.g., in
second language). Similarly, there is eviden
that the ability to learn the morphology an
syntax of a language drops monotonically af
approximately 7 years of age, although it 
controversial (see Flege, Yeni-Komshian,
Liu, 1999). Lexical acquisition is not thought t
be highly age dependent (Markson & Bloo
1997; McCandliss, Posner, & Givon, 1997
Still, it is possible that early learned words ha
an advantage over later learned words and t
this would carry over to how they are read.
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2 ZEVIN AND S

The ages at which people learned particu
words are unknown, of course, but they can
estimated from other measures. For exam
Gilhooly and Logie (1980) collected subjecti
ratings of AoA, familiarity, imageability, and
concreteness for nearly 2000 words. Th
norms have been widely used in studies of
fects of AoA on several tasks including tachis
scopic identification (Lyons, Teer, & Rube
stein, 1978), word naming (Brown & Watso
1987; Coltheart, Laxon, & Keating, 1988), a
object naming (Carrol & White, 1973; Ellis &
Morrison, 1998) and with neurologically im
paired patients (Hirsh & Ellis, 1994; Hodgson
Ellis, 1998; Lambon Ralph, Graham, Ellis 
Hodges, 1998). The Gilhooly and Logie (198
data were obtained from 36 adult subjects. 
AoA ratings also correlate significantly with i
dependent measures of AoA (Gilhooly 
Gilhooly, 1980; Lyons et al. 1978; Morriso
Ellis, & Chappell, 1997), suggesting that th
provide reliable information.

Given estimates of the frequencies w
which words occur in adult usage and wh
words were acquired, it seems natural to c
sider whether the two factors have independ
effects on skilled performance. Morrison a
Ellis (1995) orthogonally manipulated AoA an
frequency in naming and lexical decision ta
and found a strong AoA effect with frequen
controlled but no frequency effect with Ao
controlled. They also observed that AoA a
frequency had been confounded in previo
studies, raising the possibility that effects attr
uted to frequency might have been due to A
Subsequent studies (Gerhand & Barry, 19
1999a,b) replicated Morrison and Ellis’s Ao
effect with frequency controlled, but contrary
the earlier results, significant effects of fr
quency were observed with AoA controlle
Nonetheless, the finding that AoA affects p
formance independent of frequency seems
present a challenge for models of word read
(e.g., Coltheart, Curtis, Atkins, & Haller, 199
Plaut, McClelland, Seidenberg, & Patterso
1996; Seidenberg & McClelland, 1989) that 
not explicitly take this factor into account.

The research described below was motiva

by empirical and theoretical considerations th
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led us to examine more closely whether age
acquisition has an effect on skilled reading. 
the empirical side, the concern was that it mig
be difficult to isolate effects of age of acquis
tion because it is correlated with many stimu
properties including frequency. Below we pr
sent analyses of the materials used in previ
studies and other data suggesting that the 
dence for an effect of AoA on skilled reading
weak at best. On the theoretical side, we w
interested in developing a better account of w
age of acquisition could have an effect 
skilled reading or other tasks. Many previo
studies have employed a bottom-up strategy
which AoA is treated as a factor, like frequen
or length, that might account for independe
variance in adult performance. However, Ao
needs to be understood in terms of a theory 
addresses why some words are learned ea
than others and how early experience affe
later performance. Such a theory would clar
the relationship between the AoA measure a
other factors that affect word learning a
skilled performance and would provide 
stronger basis for generating predictions ab
the role of age of acquisition in reading a
other tasks.

After examining existing studies of AoA e
fects in reading, we describe investigations
these effects using a computational model of 
mapping from orthography to phonology (Har
& Seidenberg, 1999). Modeling was useful f
several reasons. First, it allows direct manipu
tions of the frequency and timing of exposur
to words using stimuli that are exactly co
trolled with respect to properties (such as f
quecy and length) that are normally highly co
founded. Second, such models embody 
explicit theory of reading acquisition and skille
processing in which the roles of frequency a
timing of exposure can be examined. Fina
previous analyses of the behavior of such m
els suggest a possible computational basis
age of acquisition effects. In some models,
“entrenchment” of early learned items has an
fect on later performance (Ellis & Lambo
Ralph, 2000; Munro, 1986). Thus, connection
models are consistent with the existence of 

atof acquisition effects. Our research addresses
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AGE OF AC

the conditions under which such effects oc
and how they relate to the conditions that gov
reading. We focused on the mapping betw
orthography and phonology because it plays
important role in the naming and lexical de
sion tasks that have been used to study AoA
fects in reading.

To foreshadow the results, the simulatio
yielded two complementary findings. Simul
tions using a large corpus of English wor
yielded no effects of AoA on skilled perform
ance. There was an initial advantage for wo
that were presented more often early in trainin
but there was no residual effect on skilled pe
formance. This occurred because the corre
tions between orthography and phonology th
exist across words in English reduce the effe
of early exposure to individual items. These r
sults, taken with the analyses of previous b
havioral studies, suggest that age of acquisit
effects in word reading are likely to be minim
with other properties that are correlated w
AoA controlled. However, a significant age o
acquisition effect was observed in a simulati
in which early and late learned words were ch
sen so that they overlapped little in terms of o
thographic or phonological structure. This ar
ficial condition, which is not characteristic o
reading acquisition, yielded an advantage
early learned words in skilled performance wi
other factors controlled.

The simulations suggest that the occurre
of age of acquisition effects depends on the 
ture of the learning task, specifically wheth
what is learned about one pattern carries ove
others with which it shares structure. Thus,
observed the effect in a simulation using mat
als that explicitly eliminated the overlap b
tween early and later learned patterns, but 
when the stimulus patterns exhibited the re
larities in the correspondences between spel
and sound that are characteristic of the Eng
writing system. This analysis also extends to 
simulations reported by Ellis and Lambo
Ralph (2000), Smith, Cottrell, and Anderso
(2001), and Monaghan and Ellis (2002), w
observed robust age of acquisition effects us
materials and tasks that differ from reading

important respects (discussed below). Thu
UISITION 3
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both the modeling and the analysis of existi
behavioral studies suggest that age of acqu
tion has little impact on skilled reading. At th
same time, the modeling also suggests that s
effects may occur for other tasks, such as lea
ing the names associated with objects or fac
for which the learning of one pattern carries 
tle information about others. The full range 
effects can be explained in terms of basic pr
erties of learning in connectionist networks e
ploying distributed representations. Such n
works provide deeper insight about how ea
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experience affects later performance.

PREVIOUS STUDIES

Two strategies have been used in previo
studies of AoA effects in word reading. One
to conduct experiments in which AoA and fr
quency are manipulated factorially. The other
to use multiple regression to show that AoA a
counts for unique variance in predicting repon
latencies or proportions of errors. We consid
these in turn. 

Morrison and Ellis (1995) conducted the fir
experiments factorially manipulating AoA an
frequency in word reading tasks. Their stim
were equated across conditions in terms 
mean Kuc˘era and Francis (1967) frequency a
other variables (e.g., imageability, length in le
ters, the N measure [Coltheart, Davelaar, Jona
son, & Besner, 1977]) but varied significantly 
terms of rated AoA. This study and subsequ
ones using similar methods (Gerhand & Bar
1998, 1999a,b; Monaghan & Ellis, in pres
Turner, Valentine, & Ellis, 1998) yielded effec
of AoA with such stimuli.

These studies raise concerns about whe
stimulus frequencies were equated across co
tions as the designs of these experiments
quired. Properties of words such as length in 
ters are objective and, therefore, easy 
manipulate or control across conditions. In co
trast, the frequency counts derived from corp
such as Kuc˘era and Francis (1967) are stat
tics—estimates of a variable (how often a wo
is used) whose actual values are unknown. L
other statistics, frequency counts are associa
with measurement error arising from facto

s,such as the size of the corpus, the sample of
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4 ZEVIN AND 

texts used in generating the corpus, and indi
ual differences in language experience. Th
sources of error can complicate the interpr
tion of frequency effects in behavioral stud
(Gernsbacher, 1984).

One problem is that the widely used Brow
corpus (from which the Kuc˘era & Francis, 1967
norms are derived) is relatively small, which i
troduces considerable error in the estimates
individual words, particulary in the lower fre
quency range. Table 1 provides frequency d
for the stimuli used in previous age of acqui
tion studies derived from Kuc˘era and Franci
(1967) and two other sources: theEducator’s
Word Frequency Guide(WFG [Zeno,1995]) and
CELEX (Baayen, Piepenbrock, & van Rij
1993) databases. Whereas the Brown corpu
about 1 million words, the WFG and CELE
corpora both are more than 16 million word
The data also include a measure of rated fam
iarity (Gilhooly & Logie, 1980), which Gerns
bacher (1984) showed provides a more sens
available for most inconsistent items in Monaghan and El
†p , .10, *p , .05, **p , .01, *** p , .001.
IDENBERG
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frequency words. Morrison and Ellis (1995
equated their early and late AoA stimuli in term
of Kuc̆era and Francis (1967) frequency, but
Table 1 indicates, the items differ significant
on the other measures in the expected directi
Early acquired words are also more frequent a
familiar. The early and late stimuli in the Ge
hand and Barry (1998, 1999a,b) studies exhib
similar pattern; there are numerical differenc
between the early and late stimuli on all mea
ures, and they are significant using log WFG fr
quency and familiarity. The materials in th
Turner et al. (1998) study also differ such th
early words were higher in frequency (lo
CELEX, log WFG) and rated familiarity than
were late words. In a recent study, Monagh
and Ellis (2002) examined age of acquisition e
fects for words with consistent or inconsiste
spelling–sound correspondences. They equa
the stimuli with respect to frequency estimat
derived from both the Brown and CELEX co
pora. The stimuli in the inconsistent conditio
ly

s on
h

measure of frequency differences among lowerexhibit small differences in the direction of ear

TABLE 1

Properties of the Stimuli Used in Previous Studies of Effects of Age of Acquisition and Frequency

Study Condition KF log(KF) CELEX log(CELEX) WFG log(WFG) FAM

Morrison & Ellis (1995) Early 23 2.63 512 5.78 477 5.62 5.62
Late 24 2.63 301 4.82 107 3.32 4.10
Difference 21 0.00 211 0.96** 370** 2.30*** 1.52***

Gerhand & Barry Early 105 3.01 1986 5.91 2164 5.41 5.35
(1998,1999a,b) Late 75 3.15 881 5.50 306 3.61 4.62

Difference 30 20.14 1105 0.41 1858† 1.80* 0.73**

Turner et al. (1998) Early 52 3.24 555 5.51 2184 6.90 5.69
Late 50 2.86 309 4.63 1274 6.13 4.97
Difference 2 0.38 246 0.88** 910 0.77* 0.72***

Monaghan Ellis (in press): Early 35 2.63 654 5.56 411 5.20 NA
Inconsistent words Late 25 2.30 420 4.88 141 3.36 NA

Difference 10 0.33 234 0.68 270* 1.84** NA

Monaghan Ellis (in press): Early 33 2.14 672 4.97 469 4.31 4.97
Consistent words Late 29 2.07 496 4.93 199 3.76 4.55

Difference 4 0.07 176 0.03 270 0.65 0.42

Note. In all cases, stimuli were matched using Kuc˘era and Francis (1967). Turner et al. (1998) also matched their item
spoken frequencies from Baayen et al. (1993). WFG, Zeno (1995); KF, Kuc˘era & Francis (1967); CELEX, written Englis
frequencies from Baayen et al. (1993); FAM, familiarity from Gilhooly and Logie (1980); NA,5 familiarity ratings not
lis (2002).
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words being higher in frequency on all thr
measures; using the WFG norms, the differen
are statistically reliable. For the consistent ite
the differences between the conditions
smaller and nonsignificant on all three me
ures.The consistent condition is the only one
Table 1 in which an age of acquisition effect w
not obtained.

These cases are similar to the ones studie
Gernsbacher (1984), who showed that sev
apparently conflicting findings in the conte
porary word recognition literature could 
traced to the relative insensitivity of the Kuc˘era
and Francis (1967) frequency norms; stim
that apparently were equated on this mea
differed in terms of rated familiarity. In th
studies in Table 1, stimuli that were equated
the Kuc̆era and Francis norms differed in ra
familiarity and/or another measure of f
quency based on a larger corpus. The incon
tent word condition in the Monaghan and E
(2002) study is the least clear case insofar a
stimuli did not differ reliably on two frequenc
measures but did on a third. It should be no
however, that the WFG norms appear to prov

a sensitive measure of frequency. Table 2 pre  a
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ents the correlations among several measure
frequency and the naming and lexical decis
latencies in three large-scale studies. The S
denberg and Waters (1989) data set consist
mean-naming latencies for 3000 words from 
undergraduate subjects; the Spieler and Ba
(1997) data are naming latencies for 29
words from 31 subjects; and the Balota, Pilo
and Cortese (2001) data are lexical decision
tencies for 2905 words from 60 subjects (
young adults and 30 older adults). The corre
tions between estimated frequencies and 
sponse latencies are highest for the W
norms, which also account for unique varian
when entered into a simultaneous multiple 
gression with the other norms. Below we retu
to methodological issues about the use of d
ferent frequency norms. Here the main poin
that the early and late acquired stimuli in pre
ous studies were not closely matched in f
quency and, thus, did not provide strong tests
the role of age of acquisition independent 
this factor.1

Some of the studies in Table 1 also includ
conditions in which age of acquisition was co
trolled and frequency varied, which yielded
mixed pattern of results. Morrison and Ell
(1995) found a frequency effect in lexical de
sion but not in naming; age of acquisition e
fects, in contrast, were found in both tasks. T
fact that there was an AoA effect but not a f
quency effect in the naming task suggested 
the AoA effect could not be due wholly to a fr
quency confound. However, this pattern of r
sults did not replicate in a study by Gerhand a
Barry (1998) using the same stimuli; they o
served both frequency and age of acquisition
fects in naming. The Morrison and Ellis (199
data also exhibited an atypical pattern in wh
lexical decision latencies were faster than na
ing latencies for the same words (cf. Balota

d

Chumbley, 1984; Forster & Chambers, 1973).

1 Another bit of evidence that the age of acquisition effect
reported by Monaghan and Ellis (2002) was due to differ-
ences in frequency was reported by Strain, Patterson, and
Seidenberg (2002), who found that using frequency counts
derived from either the CELEX or WFG database as a co-
variate in the analyses of variance eliminated the age of ac-
TABLE 2

Various Frequency Measures as Predictors of Naming 
Lexical Decision Latency in Large-Scale Studies

Study Measure r Unique variance

Spieler & Balota WFG 2.35 2.39***
(1997) FAM 2.32 0.82*

NAMING CELEX 2.29 0.12
KF 2.27 0.03

Seidenberg & WFG 2.23 0.72*
Waters (1989) FAM 2.21 0.22

NAMING CELEX 2.21 0.11
KF 2.18 0.27

Balota et al. WFG 2.63 3.97***
(2001) FAM 2.62 3.86***

LEXICAL CELEX 2.58 0.22
DECISION KF 2.51 0.80**

Note. WFG, word frequency from Zeno (1995); FAM, fa
miliarity from Gilhooly & Logie (1980); CELEX, fre-
quency from Baayan et al. (1993); KF, frequency fro
Kuc̆era & Francis (1967).
quisition effect in the Monaghan and Ellis data.
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In summary, the factorial studies leave ope
window of uncertainty as to whether the o
served effects were due to differences in ag
acquisition or frequency.

The second methdology employed in th
area involves using multiple regression to is
late unique variance in response latencies a
ciated with AoA (Brown & Watson, 1987; Bu
ler & Hains, 1979; Lyons et al., 1978; Morriso
& Ellis, 2000). These studies reported effects
AoA independent of other stimulus properti
including imageability, familiarity, and fre
quency. We conducted a similar analysis us
the data from the three large-scale studies
word naming and lexical decision mention
above (Balota et al., 2001, Seidenberg & W
ters, 1989; Spieler & Balota, 1997) and fou
similar results. For 528 of the words in the
studies, there are data concerning both
quency (Zeno, 1995) and AoA (Gilhooly
Logie, 1980). For all three data sets, AoA a
frequency were significantly correlated with r
sponse latencies (Table 3). For the Spieler
Balota (1997) and Balota et al. (2001) da
both factors account for unique variance.

It is important to avoid making a “correlatio
is causation” error in interpreting these da
however, because both AoA and frequency
correlated with other stimulus properties.
illustrate, Table 4 provides the correlatio
among AoA, frequency, Coltheart’sN, length in
letters, familiarity, imageability, and concret
ness also from the (Gilhooly & Logie, 198

norms) for the 528 words. These intercorrela abil-

for
om
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†p , .10, **p , .01, *** p , .001.
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tions make it difficult to isolate effects due
age of acquisition per se. Some additional inf
mation is provided by assessing the amoun
unique variance associated with frequency
age of acquisition after the other measures
Table 4 have been partialed out (Table 5). Th
results indicate that whereas frequency acco
for a small but significant amount of varianc
the age of acquisition measure does not.2 These
data suggest that, rather than there being an
fect of age of acquisition on skilled performan
independent of other stimulus factors, the a
at which words are learned are determined
factors such as frequency, length, and ima
ability. Thus, after these factors are taken i
account, there is no residual effect associa
with the age of acquisition measure.

The results in Table 5 differ from those r
ported by Brown and Watson (1987) and Mo
rison et al. (1997), who conducted simil
analyses using smaller sets of words and fo
significant effects of age of acquisition ind
pendent of frequency. The differing results a
pear to be related to differences between
WFG norms and the Brown and CELEX norm
used in earlier studies. The WFG norms
based on a larger sample of texts than
Brown norms and the sample is more dive
than either the Brown or CELEX samples. Li
the American Heritage norms (Carroll et a
1971), the WFG sample includes texts from
broad range of reading levels, including boo
for school-age children. Each text in the sam
was assigned a grade level based on a read
ity formula. Frequency data are provided
each word at each grade level, ranging fr

first grade to college. For the analyses pre-

s

2 The amount of unique variance attributed to either
variable is surprisingly small. One relevant factor may be
that effects of lexical frequency are reduced or eliminated
by exposure to neighboring words. Words that have many
neighbors (e.g. consistent ones) do not show strong fre-
quency effects in naming. Another is that naming is less
sensitive to frequency effects than are other tasks because
it only measures time to initiate the response; frequency
effects can also show up in things such as duration of the
whole utterance (Balota & Abrams, 1995) and duration of
onsets that contain continuants (Kawamoto, Kello, Jones,
TABLE 3

Frequency and AoA as Predictors of Response Latenc

Study Measure r Unique variance

Spieler & Balota WFG 2.28 2.59***
(1997) AoA .28 2.35***

Seidenberg & WFG 2.19 1.52**
Waters (1989) AoA .17 0.64†

Balota et al. WFG 2.49 9.20***
(2001) AoA .44 5.15***

Note. AoA, age of acquisition; WFG, word frequenc
from Zeno (1995).
& Bame, 1998).
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** p , .01.
*** p , .001.
sented above, we used the sum of these
quencies. The fact that the WFG frequenc
correlate more highly with response latenc
than the other norms (Table 2) and yield
residual effect of age of acquisition (Table
may be related to the inclusion of this broad
range of texts.

To examine this issue further, we conduc
regression analyses using different subset
the WFG corpus. Specifically, we examin
how much variance the WFG and AoA me
ures accounted for when the data from lo
grades were excluded (Table 6). The results
all three of the large-scale behavioral studies
hibit a consistent pattern: As more of the d
from lower grade levels are excluded,

amount of residual variance due to frequen ld

the
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decreases while the amount associated w
AoA increases. In two of the three studies, t
AoA effect reaches significance with data fro
the younger grades excluded, although 
amount of variance account for is very small.

One interpretation of these results is th
there is a small effect of age of acquisition 
skilled performance which the WFG norms (b
not Brown or CELEX) pick up because the co
pus included texts for younger readers. Wo
that are learned earlier may tend to be used m
often in texts that are appropriate for young
readers. Table 7 presents the correlations 
tween rated age of acquisition and grade-le
frequency for the 528 words used in previo
analyses; there are strong negative correlat
which decline gradually with age. Thus it cou
be argued that the WFG frequency data for 
lower grades covertly encode age of acquisiti
On this view, skilled performance is affected 
two independent factors, age of acquisition a
frequency of usage in adult language, both
which are captured by the cumulative WFG fr
quency measure.

There is a different explanation for these r
sults, however: Unlike the Brown or CELEX
corpora, the WFG norms provide estimates
the cumulative frequencies of words, that
how often they have been encountered ove
long period of time (e.g., since an individua
began to read). Cumulative frequency may b
better predictor of adult performance becau
AGE OF ACQUISITION 7

TABLE 4

Correlations among Six Standard Lexical Measures and AoA

Variable AoA WFG IM FAM CON LEN

WFG 2.5141***
IM 2.5861*** .1073*
FAM 2.6740*** .7203*** .2026***
CON 2.3840*** .0056 .8082*** 2.0099
LEN .1984*** 2.0666 2.1483*** 2.0605 2.1717***
N 2.1976*** .1417** .1195** .1245** .1215** 2.7142***

Note. AoA, age of acquisition; WFG, log Zeno (1995) frequency; IM, imageability; FAM, familiarity (Gilhooly & Lo
1980); CON, concreteness; LEN, number of letters; N, Coltheart’s N.

*p , .05.
TABLE 5

Unique Variance Accounted for by Frequency and AoA
Independent of Other Lexical Variables

Study Measure Unique varianc

Spieler & WFG 1.27**
Balota (1997) AoA 0.29

Seidenberg & WFG 0.69*
Waters (1989) AoA 0.01

Balota, et al. WFG 2.94***
(2001) AoA 0.34

Note. AoA, age of acquisition from Gilhooly and Logi
(1980); WFG, frequency from Zeno (1995).
it affects how lexical information is repre-
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†p , .10, *p , .05, **p , .01, *** p , .001.
sented in memory (as, for example, in the c
nectionist models discussed below). On t
view, age of acquisition norms account f
variance in skilled performance because th
index how frequently words were used
younger ages, information that the Brown a
CELEX norms do not include. Thus there is
effect of cumulative frequency on skilled pe
formance rather than separate effects of ag
acquisition and adult frequency of usage. T
WFG norms provide a reliable estimate of c
mulative frequency, leaving no residual effe
of age of acquisition.3

In summary, the data in Table 1 and the c
relational analyses suggest that the age of
quisition effects observed in previous stud
may have been due to confounds with “adu
frequency (measured by Kuc˘era & Francis and

CELEX) or cumulative frequency (assessed

3 It is important to recognize that the grade-level fr
quency data in the WFG norms are not literally data co
cerning the grades (or ages) at which the texts were r
Rather, they reflect the assignment of texts to grade le
using a formula that weighs factors such as number of wo
per sentence and number of syllables per word. On 
measure,Charlotte’s Weband The Old Man and the Seaare
both assigned to the 4th grade reading level, for exam
Thus, the data from the lower grade levels reflect texts t
are likely to be read by children at a given age but also te
of approxinmately similar structural complexity that a
read at older ages. On our view (supported by the mode
presented below), these norms are relevant because 
provide estimates of the cumulative frequency, rather th
the exact timing, of exposures to words.
n-
is
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t
d
n
-
of
e
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t

r-

WFG). One difficulty in developing a well-
controlled AoA experiment arises from th
strong correlations between AoA and oth
lexical variables presented in Table 4. The
correlations make it difficult to design facto
rial experiments in which AoA is varied for a
sufficient number of items with these an
other factors controlled. The regression ana
ses suggest that AoA may account for a sm
amount of variance in skilled performance b
cause it is correlated with how often words a
read at younger ages, data that are not inde
by “adult” norms such as Kuc˘era and Francis
8 ZEVIN AND SEIDENBERG

TABLE 6

Unique Variance Accounted for by AoA with Different Subsections of the WFG Norms Used as Predictors

WFG subsection

Study Predictor 2–131 3–131 4–131 5–131 6–131 7–131 8–131 9–131

SB AoA .36 .41 .44† .47† .50† .54† .56† .57†
Frequency 1.26** 1.17** 1.01** .85* .84* .86* .78* .67*

SW AoA .04 .04 .06 .07 .08 .10 .10 .12
Frequency .98* .97* .89* .83* .87* .95* .91* .91*

BCP AoA .39† .46† .52* .58* .63* .68* .72* .68*
Frequency 2.43*** 2.22*** 2.04*** 1.92*** 1.97*** 2.10*** 2.11*** 2.18**

Note. WFG 5 Zeno (1995) frequency counts 2–13 5 Grade levels 2 (2nd grade) to 131 (University) in the WFG norms;
SB 5 Spieler and Balota (1997); SW 5 Seidenberg and Waters (1989); BCP 5 Balota et al. (2001)
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THEORETICAL ISSUES

The above discussion addressed so
methodological issues that arise in attempting
isolate age of acquisition effects. The data in
cate a need to consider what statistics such
estimated age of acquisition and frequen
measure and how they relate to the mechani
that underlie lexical acquisition and processin
The concept “age at which a word is acquire
seems clear enough and intuitively differe
from “frequency of usage in adult language
However, whereas frequency norms reflec
property of words (namely, how often they a
used), age of acquisition norms reflect som
thing different, a behavioral event (learning
word by a certain age). This event is very simi
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to a task such as naming aloud: one behavior
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Note. All correlations significant,p , .001.
concerns how long it took to learn a word, t
other how long it takes to pronounce a wo
This point is particularly clear with respect 
“objective” measures of AoA (Morrison et a
1997) obtained by determining the ages 
which children can name pictured objects. J
as studies of word reading have examined 
factors that make some words easier to na
than others, age of acquisition can be conside
with respect to the factors that cause so
words to be learned earlier than others.

Among these factors is frequency. In ma
theories, the frequency with which a stimulus
practiced or experienced affects how early a
well it is learned as well as skilled performan
If the age at which a word is learned is affec
by how often it is experienced, then empiric
estimates of AoA may covertly encode fr
quency of occurrence during the acquisition 
riod. Moreover, we have also seen that age
acquisition ratings are correlated with grad
level frequency data from the WFG norms,
cluding data from higher grades well past 
ages at which the words were acquired. Th
age of acquisition norms appear to be relate
frequency of occurrence over a multiyear tim
span beginning with initial acquisition.

Seen in this light, word frequency, as sta
dardly operationalized using norms such 
Kuc̆era and Francis (1967), provides the 
maining chronological data concerning ho
often words are experienced in adulthoo
These observations suggest that both age o
quisition and “adult” frequency norms refle
how often words are encountered but at diff
ent points in a developmental continuum ran
ing from initial acquisition to adulthood. Th
WFG norms take matters one step further, p

viding estimates of how often words are en
e
d.
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countered at multiple points along this cont
uum, as well as cumulative frequency. Thu
age of acquisition and frequency seem more
trinsically related than recent discussions ha
suggested. In effect, studies like the ones su
marized in Table 1 attempted to dissociate 
effects of frequency of exposure during tw
widely spaced time spans.

Connectionist Modeling

Connectionist models of reading that empl
distributed representations and gradual learn
from experience provide a theoretical fram
work for examining effects of the frequenc
and timing of learning experiences on perfor
ance (e.g., Harm & Seidenberg, 1999; Plau
al., 1996; Seidenberg & McClelland, 1989
Such models illustrate three points relevant
the AoA hypothesis. First, frequency has per
sive effects on network performance, includi
how quickly a word is learned (“age of acquis
tion”) and level of skilled performance. Secon
these effects are intrinsically related. Mode
such as Seidenberg and McClelland’s (1989)
tempted to provide a unified account of read
acquisition and skilled performance in whic
the same computational principles app
throughout the developmental continuum. T
effects of frequency on learning a word and 
skilled performance are both realized 
changes to the weights governing network p
formance. Thus the behavior of the system 
flects the cumulative effects of exposure 
words over time. Finally, the magnitudes of t
effects of frequency of exposure differ depen
ing on the state of the network, which chang
over time as knowledge is acquired. As t
model picks up on the similarities that ho
AGE OF ACQUISITION 9

TABLE 7

Correlation between AoA and WFG Frequency at Different Grade Levels

Grade level

1 2 3 4 5 6 7 8 9 10 11 12 13 Tota

2.68 2.67 2.63 2.60 2.53 2.50 2.47 2.45 2.43 2.38 2.35 2.31 2.17 2.51
-across words, and as the weights assume values
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that allow output to be produced accurat
(i.e., minimize error), the effects of pattern fr
quency decline.

Some properties of these networks favor
idea that there will be an advantage for wor
that are learned earlier in training (Ellis & Lam
bon Ralph, 2000). (We assume for the rema
der of this discussion that stimuli are equa
along other dimensions.) Consider a netwo
such as Seidenberg and McClelland’s (1989
which weights are initially set to random valu
and output units take values of 1 or 0. The a
justments to the weights that occur using ba
propagation with a logistic activation functio
are proportional to the activation of the unit a
cording to the terma(1 2 a), wherea is the ac-
tivation value. The adjustments are therefo
largest when the activations are in the middle
the logistic function (around .5), as occurs wh
the network is initialized with small random
weights. The adjustments become smaller as
weights assume values that cause unit act
tions to approximate more closely the target v
ues of 1 or 0. Thus, there is a loss of plastic
associated with learning the early trained p
terns. In effect, early trained patterns beco
entrenched in the weights (for an early disc
sion of this phenomenon, see Munro, 198
Both Ellis and Lambon Ralph (2000) and Sm
et al. (2001) emphasized these aspects of
work behavior in explaining age of acquisitio
effects.

There is, however, another factor to consid
the effects of similarities across training pa
terns. The mapping between spelling and so
in English exhibits considerable systematici
Reading models such as Seidenberg and
Clelland’s (1989) employed representations t
allowed the weights to encode these regul
ties. Thus, what is learned about one word c
ries over to other words with which it shar
structure. This property modulates the effects
exposure to a given word. Until the model b
gins to encode the systematic aspects of
mapping, performance on a pattern is highly d
pendent on how often it is trained. By later
training, the weights reflect the structure of t
entire training set, changing its behavior. On

a word is learned, additional repetitions hav
IDENBERG
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little impact, creating a discrepancy betwe
frequency of training and network performanc
Furthermore, new words can be learned w
little training if they share structure with know
words. In the limit, a new word can be pro
nounced correctly with no training, as in non
word generalization. Thus, there is an initial a
vantage for words that are trained with hig
frequency, but as the model learns, there is l
and less of a disadvantage for later train
items. In effect, the entrenchment of ear
learned words is reduced as the model picks
on patterns that hold across words (see a
Marchman & Bates, 1994).

In summary, the entrenchment phenomen
in connectionist networks provides a basis 
age of acquisition effects, but other properties
the task and materials to be learned will aff
whether there is the long-lasting effect on p
formance suggested by the age of acquisit
hypothesis.

Using this theoretical framework, the issu
of AoA effects in reading can be clarified b
considering two factors,cumulative frequency
and frequency trajectory. Cumulative fre-
quency refers to how often a word is present
to the network from the beginning to the end
training. This is a simplified analog of how
often people have encountered a word to t
point at which performance is assessed. F
quency trajectory refers to how experien
with a word is distributed over time. Thus,
given cumulative frequency can be associa
with different trajectories.

The AoA hypothesis, then, is the predictio
that frequency trajectory has an effect on ad
performance independent of cumulative fr
quency. Specifically, if the cumulative freque
cies of words (as well as other stimulus prop
ties) are equated, then words for which most
the training occurs early should show an adv
tage over words with other trajectories. Wor
that are trained more often early in developm
will, in general, be learned earlier than w
words that are mainly trained later; thus, fr
quency has an effect on age of acquisiti
However, the age of acquisition hypothesis
that there will be a further effect of this early e

eperience on skilled peformance.
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A measure such as Kuc˘era and Francis (1967
frequency provides a poor estimate of cumu
tive frequency. Given the nature of the te
used to generate the corpus, it tends to unde
timate the frequencies of many low-frequen
words including ones that are experienc
mainly during childhood. The WFG norm
probably provide better information about c
mulative frequency, but this is difficult to inde
pendently assess. Age of acquisition norms
contrast, provide imperfect information abo
frequency trajectory because some words 
are learned early (e.g., BOTTLE, CUP) are a
used frequently later in life, whereas othe
(e.g., TEDDY, BOOTIE) are not.

Because the actual cumulative frequenc
and frequency trajectories of different words a
not known, and because frequency norms 
rated AoA provide imperfect estimates, we to
the approach of using simulation modeling 
explore the phenomena. Simulation also 
lowed control over stimulus properties that a
normally confounded. Thus, we could crea
conditions in which it was certain that cumu
tive frequency and stimulus properties we
closely matched while manipulating frequen
trajectory, providing a strong test of the age
o
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acquisition hypothesis.

SIMULATION 1

In the first simulation, a model was trained 
a large corpus of words using the standard te
nique of probabilistically presenting words du
ing training as a function of their estimated fr
quencies of occurrence (Seidenberg 
McClelland, 1989). The critical data concern
subset of items for which we manipulated f
quency trajectory while keeping cumulative fr
quency constant. Some of these words w
more frequent early in training compared 
later (Early condition), whereas other words f
lowed the complementary trajectory (Late co
dition). By the end of training, however, cum
lative frequencies of words in the two conditio
were the same. In addition, the same words
peared in both the Early and Late conditio
across different runs of the model.

This model differs from previous models 

age of acquisition effects in an important wa
QUISITION 11
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The task was closely related to the problem
learning the spelling–sound correspondence
English, information that plays an importa
role in the naming and lexical decision tas
used in the behavioral studies discussed ab
The input and output representations were ba
on English orthography and phonology, and 
training corpus, a large set of monosyllab
words, instantiated the quasiregular mappin
between the two (Seidenberg & McClellan
1989). Previous simulations have used more
tificial tasks and stimuli that did not capture th
rich structure (discussed further below). Simu
tion 1, therefore, provides more direct eviden
concerning the occurrence of age of acquisit
effects in reading.

Methods

Architecture. The basic architecture shown 
Fig. 1 was used in all simulations. For Simu
tions 1 and 2, models with 100 orthograph
(input) units, 250 phonological (output) unit
and 100 hidden units were used. In addition,
phonological layer had 20 hidden units that m
diated connections between this layer and its
(cleanup units [Hinton & Shallice, 1991]). Th
cleanup units differentiate this model from
simple feed-forward net such as the one stud
by Seidenberg and McClelland (1989). The n
work is given an input pattern, and activatio
spreads through the network over a series
time steps. Each unit propagates activation
the other units to which it is connected. T
feedback connections between the phonolog
and cleanup units create a type of dynami
system called an attractor network that set
into a stable pattern over time (for additional d
tails, see Harm & Seidenberg, 1999). A furth
feature of the model was that each time step 
discretized into a series of moments, which 
lows a unit’s activation to ramp up gradual
Thus, the learning algorithm (continuous recu
rent back-propagation) changes the weights
ways that improve accuracy but also ho
quickly the network produces the correct outp
(for discussions, see Harm, 1998; Bisho
1995).

Corpus and training. The training corpus con

y:sisted of 2,891 monosyllabic, monomorphemic
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FIG. 1. Model architecture used in all simulations.
words. Of these words, 108 were critical item
whose frequencies were manipulated, as
tailed below. The remaining 2,783 words (bac
ground items) were assigned frequencies ta
from the Marcus, Santorini, and Marcinkiewic
(1993) norms, which are based on 43 million t
kens from theWall Street Journal.4

The critical items were divided into two lis
of 54. Sets of 4 items were created by excha
ing onsets and rimes. The lists were counter
anced such that, for example, FOIST and MI
occurred on one list and FIST and MOIST 
the other. Thus, each list contained each on
and rime in the quadruple, but in different co
binations. The model was run 10 times with d
ferent initial random weights (between 0.1 a
20.1), analogous to replications with differe
subjects. Each list occurred five times in ea
trajectory. Thus, the same items occurred
both the Early and Late conditions across sim
lations. The data presented below are avera
across the 10 runs of the model.
The Early and Late trajectories were d
signed to provide a strong test of the effects

te
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te
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m

4 The Wall Street Journalcorpus has been used exte
sively in sentence processing research, and at the tim
began this research it was the largest available corpu
English. The lexical sample is somewhat skewed insofa
words such as STOCK, MARGIN, and INFLATION ar
overrepresented compared to other corpora. In our sim
tions, the norms were used only to ensure that the b
ground items in the training set were presented with a di
bution of frequencies similar to that seen in natu
language. When the goal is to examine the effects of 
quency on individual words, other norms such as the W
(Zeno, 1995) are preferable.
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early exposure on later performance; they we
not intended to capture the observed trajec
ries for individual words, which are more var
able. The frequencies of the words in the Ea
and Late conditions were manipulated as f
lows. Training consisted of 10 epochs
100,000 trials each. Early items were assign
a frequency of 1000 for the first 3 epochs
100,000 training trials. For the next 4 epoch
the frequency was adjusted to 500, 100, 50, a
10 in succession. Finally, for the last 3 epoch
the frequency was set to 1. The trajectory in t
Late condition was the complement of the o
in the Early condition. Late items started at
frequency of 1 for the first 3 epochs; frequen
was adjusted to 10, 50, 100 and 500 over
next 4 epochs; and the frequency final
reached 1000 for the last 3 epochs. These
quencies are within the range of the raw Ma
cus et al. (1993) frequencies used for the ba
ground items. As with the frequencies used f
the noncritical words, these assigned freque
cies were square root transformed, and ite
were sampled probabilistically. This method
compressing the frequency distribution allow
the model to learn very low-frequency item
after a relatively small number of trials (Plau
et al., 1996). The actual frequencies with whi
the critical items were presented to the mode
each epoch are given in Fig. 2. The mean f
quency for Early items in the first epoch wa
41, and the mean frequency for Late items
this same epoch was 4. Frequencies were
justed over time such that in the last epoch, t
Late items had a mean frequency of 40 and
Early items had a mean frequency of 4. Impo
tantly, by the end of training, the Early and La
words had been trained equally often; the c
mulative frequencies averaged across ite
were 198 for Early words and 196 for the La
words,t(107), 1.

On each training trial, a word was prob
bilistically selected for training and its ortho
graphic pattern was activated on the inp
units. Activation propagated forward for 1
time ticks. On the 12th time tick, error wa
computed and the weights of the model we
adjusted accordingly. The learning algorith
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FIG. 2. Frequency trajectories of critical items in Simula

-

between the desired and observed outputs 
given time tick as well as the state of the mo
at earlier time ticks. In this way, each adju
ment of the weights leads to incrementa
more accurate and faster computation of 
desired output.

Results and Discussion

The model’s performance was assess
using both accuracy and sum squared er
(SSE) measures. The model’s output for a wo
was scored as correct if the output for ea
phoneme was closer to the correct phone
than any other by Euclidean distance. TheSSE
measure was the sum of the squared differen
between the computed output and the targ
The two measures are highly related; corr
words produce lower error scores than do
correct words. However, among the corre
words, differences inSSEreflect the relative
difficulty of generating a response (see, e.
Seidenberg & McClelland, 1989). Thus, th
model’s performance can continue to impro
after it has learned to produce the correct
sponse, as in human performance.

At the end of training, the model produc
correct output for 98% of the training se
Nearly all errors were on low-frequency stran
words such as COUP, PLAID, and RHEUM
which are thought to require input from the o
thography → semantics → phonology pathway
that was not implemented here (Harm & Seid
berg, 2002, Plaut et al., 1996; Strain, Patters

tion 1.
& Seidenberg, 1995).
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For the smaller set of critical words, th
model learned to produce correct output for a
items within the first epoch. Mean sum
squared error for these items was calculat
after each epoch. As shown in Fig. 3, there w
a small effect of frequency early in training
that rapidly disappeared. This was confirme
by t tests on the difference between the mea
in the Early and Late conditions. Error score
were significantly lower for Early words com
pared to Late words after the first epoch
t(107) 5 4.24, p , .001, and this effect re-
mained significant after 5 epochs,t(107) 5
2.09,p , .05. By epoch 6, when the frequenc
trajectories began to cross, the effect was no
significant,t(107) 5 1.12,p . .10. At the end
of training, when the cumulative frequency o
the two groups was closely matched, there w
also no reliable difference between condition
in fact the means were identical at .50. At th
point, all critical items were still pronounced
correctly.

The first simulation indicates that with stim
ulus properties equated, there is an effect
frequency trajectory early in training, but th
effect rapidly recedes. By the end of trainin
when the cumulative frequencies are equat
there is no residual effect. Early in training, b
fore much learning has occurred, performan
is better on words that are trained more ofte
This is simply a frequency effect during th
early phase. As training continues, perform
ance in the two conditions converges to t

-
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n,FIG. 3. Performance over time for critical items in Simu

lation 1.
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SIMULATION 2

Simulation 2 was a replication of the fir
simulation that addressed two concerns. Fi
effects of the frequency trajectory manipu
tion might have been difficult to detect becau
the critical stimuli all contained spelling pa
terns with consistent spelling–sound cor
spondences. In addition, the stimuli were co
structed in quadruples such as FIST–MOIS
MIST–FOIST, ensuring that every word–bod
occurred at least twice with the same pronun
ation. In the type of network studied her
learning of one item with a given spelling
sound pattern (e.g., FIST) carries over to ot
items containing the same pattern (e.g., MIS
reducing the effects of exposure to the item
self (a neighborhood effect). The net result w
that all of the critical words were learned re
tively rapidly; there was an effect of frequen
of exposure early in training, but it was o
served on the sum squared error measure,
on how rapidly the model learned (i.e., age
acquisition). Therefore, we created a new 
of critical stimuli containing only “strange
words (Seidenberg, Waters, Barnes. & Tan
haus, 1984) that have atypical spellings a
spelling–sound correspondences. Because 
have few close neighbors, these words sh
larger effects of frequency both in behavio
studies (e.g. Seidenberg et al., 1984) and
connectionist models (e.g., Seidenberg 
McClelland, 1989). Therefore, we expected
see effects of frequency trajectory both on SSE
and on how quickly these words were learne

A second issue concerns the processes 
gave rise to the Fig. 3 data. One possibility
that these data reflect two complementary ag
acquisition effects. Thus far, we have follow
the behavioral research in emphasizing the p
sible effect of early high-frequency exposure 
skilled performance. However, there might a
be a complementary effect of high-frequen
exposure late in training. Thus, the similar lev
of performance in the Early and Late conditio
at the end of training might derive from tw
sources: an AoA effect and a recency effec
(Lewis, 1999, found evidence for both in a fa
naming task). Therefore, we added a con

condition using a relatively flat frequency tra
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jectory. For this condition, a subset of the cri
cal items from Simulation 1 were assigned th
normal frequencies and included among 
background stimuli. After running the simula
tion, we isolated a large subset of these wo
meeting the conditions that (a) their frequen
trajectories were very flat and (b) their cumu
tive frequencies were similar to what they we
in Simulation 1. Thus, the Flat trajectory cond
tion acts as a baseline against which the d
from Simulation 1 can be compared. An effe
of either the Early or Late trajectory in Simul
tion 1 would be indicated by better performan
than in the Flat trajectory condition at the end
training. Finally, the flat trajectory conditio
was also used to assess whether cumulative
quency has an effect on network performan
independent of trajectory, by comparing the 
sults for two subsets of stimuli from the flat co
dition whose cumulative frequencies were co
siderably different.

Methods

The same model and corpus were used a
Simulation 1. The critical items from the earli
simulation were included among the bac
ground items and assigned their Marcus et
(1993) frequencies, and a different set of 48 c
ical items was selected. The main criterion 
the critical items was that their bodies not be 
signed the same pronunciation in other words
the training list; thus, they included words su
as BEIGE, PHLEGM, and SCOURGE. Th
stimuli were divided into two lists, with the as
signment of lists to training condition counte
balanced across two simulations. The mean 
mulative number of presentations for both Ea
and Late words was 183.

Stimuli in the Flat trajectory condition con
sisted of 95 of the critical stimuli in Simulatio
1. These items were selected because, when
sented throughout training at their standa
Marcus et al. (1993) frequencies, they are w
matched to the critical items for cumulative fr
quency. The mean cumulative frequency 
these words was 200, comparable to the cum
lative frequencies for these words in the Ea
and Late conditions in Simulation 1 (198 a

-196, respectively).
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Results

After 10 epochs, the model generated corr
phonological codes for 98% of the training s
Performance on the critical items was asses
in terms of SSE,accuracy, and how quickly
words were learned (i.e., age of acquisition
model time). Because the models were initi
ized with different random weights, and becau
words were selected probabilistically durin
training, individual runs of the model diffe
slightly from one another in terms of perform
ance including when during training individua
words were learned. Analogous individual d
ferences are seen in children. For each item,
of acquisition was defined as the point at whi
75% of the models generated correct respon
This criterion is similar to one used in the Morr
son et al. (1997) study in which the age at whi
children acquired a word was defined as the a
at which 75% of the children could name a pi
tured object accurately. By this measure, the
erage “age” at which Early items were acquir
was approximately 2.09 epochs, whereas the
erage age for Late items was approximately 6
epochs. This difference is significant,t(34) 5
12.14. Note that epochs are defined with resp
to the total number of training trials on all item
including the 2843 background words, not t
number of exposures to individual words. T
mean numbers of trials to learn words in t
Early and Late conditions were 296 and 250,
spectively. These data indicate that the Ea
words were acquired more rapidly than were t
Late words, as expected. It took fewer exposu
to learn the Late words because they benefi
from prior learning of other words. Even fo
strange words, then, there is generalizat
based on exposure to other words.

Accuracy over the course of training is d
picted in Fig. 4A. As in the previous simulation
the advantage for the Early items dissipated
the cumulative frequency of the Late items co
verged on that for the Early items. Mean acc
racy for both conditions was 85% at the end
training. This level of accuracy is somewh
lower than that for the consistent words in Sim
ulation 1. This finding is consistent with th
view that performance on the most difficu

strange words normally requires input from or
UISITION 15
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thography→ semantics→ phonology. How-
ever, the error rate did not differ in the two fre
quency trajectory conditions,t(47) , 1. Thus,
although the frequency trajectory manipulatio
affected the “age” at which items were a
quired, it had no residual effect on accura
when the cumulative frequencies of Early a
Late items converged. Figure 4B shows t
change in sum squared error over time for Ea
and Late items, which is very similar to th
accuracy graph.

One further aspect of the data is worth no
ing. Toward the end of training, the mod
began to exhibit some unlearning of the Ea
words, as indicated by the slowly rising scor
in this condition for both measures. Protectin
early acquired words from unlearning requir
intermittent reexposure to these items over tim
(Hetherington & Seidenberg, 1989). The Ear
trajectory entailed a steep decline in frequen
toward the end of training. This property, take
with the probabilistic nature of sampling, re
sulted in too few exposures to maintain pe
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formance at the maximum level. We did n

FIG. 4. Performance over time for Simulation 2: (A) err

-rate and (B) sum squared error.
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16 ZEVIN AND S

systematically examine performance after
epochs because it was at this point that the
conditions converged on the same cumulat
frequencies. We do know, however, that a sm
number of additional training trials on the crit
cal items is sufficient to stop the slow erosion
performance seen in Fig. 4. This behavior of
model is broadly consistent with human pe
formance; knowledge acquired during chil
hood may degrade over time through lack
use but can be revived with modest additio
experience.

We now consider the results for the Flat t
jectory condition. This condition addresses 
concern that the results of Simulation 1 mig
have derived from two complementary AoA e
fects: one due to high frequency of expos
early in training and one due to high frequen
of exposure late in training. If this were corre
then performance at the end of training in b
the Early and Late conditions should be be
than that in the Flat condition in which freque
cies changed very little across epochs. This
sult was not observed. Figure 5 summarizes 
formance in the Flat condition and on the sa
items in the Early and Late conditions fro
Simulation 1.

Results in the Flat condition closely rese
bled those obtained in the Early condition. B
conditions exhibited a small advantage early
training compared to the Late condition, but 
the end of training all conditions converged 
the same level of performance. The mean SSEin
the Flat condition was .48, compared to .48 
.49 in the Early and Late conditions, resp
tively. No effect of frequency trajectory was o
served,F(1,93) , 1. The early advantage in th
Flat condition reflects the fact that the items h
a mean frequency of 20 presentations 
100,000, which was higher than that in the L
condition over these epochs. However, the 
mulative frequency of Flat items (200) was n
significantly different from those of Early an
Late items F(1,93) , 1.

Data concerning the role of cumulative fr
quency are presented in Figure 6, which sh
the sum squared errors for the highest and l
est frequency 25 items. The mean cumula

frequencies for the subsets of the items dif
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f-
re
cy
t,
th
ter
n-
re-
er-
e

-
th
 in
y
n

nd
c-
-

e
ad
er
te
u-

ot
d

-
ws
w-

ive

(544 for the highest frequency words and 60 f
the lowest). Cumulative frequency has the e
pected effect on performance which is better f
high-frequency words (.46) than for low-fre
quency words (.55),t(47) 5 3.22, p , .005.
Note that these means are substantially low
than the means for the critical items in Simul
tion 2. This suggests that the failures to obse
AoA effects were not due to floor effects on th
critical items.

Discussion

Results from the Early and Late condition
were consistent with Simulation 1. There was
larger difference between these conditions un
well into training, which reflects the fact that th
critical words have few neighbors and, ther
fore, performance does not benefit as mu
from training on other words. However, pe
formance in the two training conditions aga
converged as the cumulative frequencies even
out. Thus, the results of Simulation 1 generali
to stimuli that have less consistent spelling
sound mappings. Performance on words in t
Flat condition converged to the same level as
these same words in the Early and Late con
tions in Simulation 1, indicating that the resul
for the Early and Late conditions did not refle
two complementary types of facilitation. Fi
nally, there was an effect of cumulative fre
quency in the Flat condition: At the end of train
ing, performance was better on the words w
higher cumulative frequencies than on tho
EIDENBERG
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al FIG. 5. Performance in the Flat condition (Simulation 
compared to the same items in the Early and Late condit
ferwith lower ones.
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FIG. 6. Performance on high and low cumulative fre
quency items within the Flat condition.
These results suggest that whereas cum
tive frequency has an impact on performan
frequency trajectory does not. The age of ac
sition hypothesis tested in previous behavio
experiments was that there would be a resid
effect of early word learning on skilled adu
performance. However, although words in 
Early condition were learned more rapidly th
words in the Late condition, performances in 
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e
e
l

d
r

in
s
n
n
r
i-
d
c
o
d

d
te
g

li
it-
r
ge
 in
a
nt
rly
at
ls
s.

is
o
rial

 2
d

he
ly
ts
to
-
r-

d

of training.

SIMULATION 3

To this point, the results suggest that wh
cumulative frequencies and stimulus prop
ties are equated across conditions, there is
tle, if any, effect of frequency trajectory. Wha
matters is how often a word is encountere
not the pattern of encounters over time. He
we consider another factor that may have co
tributed to these results: the fact that the tra
ing corpus consisted of words that exhibit sy
tematic relationships between orthography a
phonology. What the model learns about o
word carries over to other words that sha
structure with it, reducing the effects of lex
cal frequency (Seidenberg & McClellan
1989) and, thus, the effects of any frequen
trajectory manipulation. These neighborho
effects were larger for the consistent wor
used in Simulation 1 than for the strange item
used in Simulation 2; the consistent wor
were learned more rapidly and yielded bet
asymptotic performance than the stran

words, even though the trajectories and cum
UISITION 17
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lative frequencies were very similar in the tw
cases. Although the strange words have few
close neighbors, their orthographic– phon
logical correspondences are not arbitrary;
word such as BEIGE is not pronounce
“glorp”; it overlaps with the more distant
neighbors BINGE, BARGE, WEIGH, and
many other words among the backgroun
stimuli. Thus, the systematic aspects of the o
thography→ phonology mapping might have
reduced trajectory effects even for the stran
words.

Suggestive evidence is provided by simul
tions of age of acquisition effects presented 
Ellis and Lambon Ralph (2000). Feed-forwa
models were trained to produce a transform
tion of arbitrary bit vectors. In their training se
output vectors were generated by random
changing 10% of the bits in the input vecto
Ellis and Lambon Ralph observed strong age
acquisition effects such that items that were 
troduced early had an advantage over late ite
even when the later items were much higher
cumulative frequency. The nature of the stimu
meant that learning on any given trial carried l
tle information relevant to other items. Unde
this condition, there was a residual advanta
for mappings that became entrenched early
training. Ellis and Lambon Ralph provided 
thorough discussion of why this entrenchme
occurs. In essence, learning that occurs for ea
trained items involves large weight changes th
reduce the model’s sensitivity to error signa
generated by the presentation of later item
Smith et al. (2001) provided a similar analys
of the results of their simulation, which was als
constructed so that what was learned on one t
did not carry over to other trials.

Together, the results of Simulations 1 and
and of the Ellis and Lambon Ralph (2000) an
Smith et al. (2001) simulations suggest that t
nature of the input–output mapping, specifical
whether what is learned on one trial predic
anything about other trials, may be crucial 
producing AoA effects. To investigate this hy
pothesis, we devised a training regime delibe
ately unlike the orthography → phonology
translation in English. Items for the Early an

-

u-Late trajectory conditions in Simulation 3 were
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constructed such that Early and Late items 
minimal orthographic or phonological overla
In addition, we did not include any backgrou
items; thus, what the model learned depen
solely on the properties of the critical stimu
These conditions are more comparable to 
ones studied by Ellis and Lambon Ralph (20
and Smith et al. (2001)5.

Methods

The training set consisted of 68 words. T
lists were created out of different inventories
letters and phonemes. One list included ite
such as COB, COG, COP, HOG, HOP, a
TOG, whereas the other contained items suc
BAD, BAN, BANE, PANE, PAN, and PAT.
Some phonemes occurred in both lists (e.g.,
but in different positions in different lists (e.g
onset and coda). The model’s phonological r
resentation (Harm & Seidenberg, 1999) tre
these as separate phonemes; thus, wha
learned about onset /p/ does not carry ove
coda /p/. The simulation was run twice, w
lists assigned once to each trajectory condi
(Early, Late). In contrast to Simulations 1 and
no other words were presented during traini
Thus, the model could learn regularities amo
the items within a training condition, but the
regularities did not extend to the items in 
other list, and performance was not modula
by exposure to any noncritical items.

Due to the smaller size of the training set,
models in Simulations 3 and 4 used a sca
down architecture with 29 orthographic uni
40 hidden units, and 10 cleanup units. T
phonological layer was kept the same. F
quency trajectories for items in Simulations
and 4 were similar to those in Simulations 1 a
2. However, because no “background” ite
were present, the range between lowest (9
10,000) and highest (290 per 10,000) freque
words is more dramatic. This is because h
frequently an item is presented depends on b

its log-compressed frequency and the number

as
at
in
n-

5 The simulations in this article were actually complete
before we were aware of the Ellis and Lambon Ralp
(2000), Smith et al. (2001), and Monaghan and Ellis (200
simulations.
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other items in the training set. In the previo
simulations, nearly 3000 words were bei
trained, so that even items with very high fr
quencies were seen only, on average, abou
times per 100,000 trials. In this simulation, on
68 items were trained, resulting in higher re
frequencies, although the log-compressed 
quencies used to select items were the sa
Also because of the smaller training set, few
training trials were required. The model w
trained for 10 epochs of 10,000 trials each,
sulting in 100,000 training trials, as opposed
1 million in Simulations 1 and 2. The mean c
mulative frequency of Early words (1474) w
not different from the cumulative frequency 
Late words (1467),t(67) , 1.

Results and Discussion

Figure 7 presents the accuracy and meanSSE
data over the course of training. By the end
training, the model had learned to produce c
rect output for all words. Whereas all of th
Early items were learned within the first
epochs, the Late items did not reach this le
until much later. The mean number of trials
learn the Early words was 1.3 epochs versus
for the Late items, a highly reliable differenc
t(67) 5 49.10. Again, these numbers reflect t
point in training as a function of all trials for al
items. Because so many of the Early items w
learned within the first epoch, the mean numb
of exposures before learning was computed
examining the model’s performance at 1000 tr
intervals. By this measure, the mean number
exposures to a given item before it was learn
was 242 for Early items and 270 for Late item
Note that this is different from Simulation 2, i
which feweractual exposures were required f
the learning of the Late items. In the present si
ulation, knowledge of the Early items seemed
impede rather than aid learning of the Late item
The contrast provides a reminder of the exten
which learning spelling–sound correspondenc
normally depend on exposure to neighbors.

In contrast to previous simulations, there w
a small but reliable advantage for words th
were presented frequently early in training 
Simulation 3, even after the cumulative freque

d
h
2)

cies in the Early and Late conditions converged.
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lation 3: (A) error rate and (B) sum squared error.
As shown in Fig. 7B, there was an advantage
Early words that was maintained through 
epochs of training. A t test on the mean SSEat
the end of training revealed that error was r
ably greater for Late words (1.13) than for Ea
words (0.74),t(67) 5 10.08,p , .001.

The critical difference between the simu
tions concerns the nature of the stimuli a
thus, the mapping between input and out
codes. Simulations 1 and 2 used a large co
of words that exhibit the correlations betwe
spelling and sound characteristic of English 
thography. These correlations modulate the
fects of frequency of exposure to a given wo
yielding no residual effect of frequency traje
tory on skilled performance. This result obta
when other stimulus properties and cumulat
frequencies are controlled.

In Simulation 3, the normal consistencies
the mapping between spelling and sound w
not maintained because we eliminated the ba
ground items and created nonoverlapping stim

lus sets. What the model learned about one w
QUISITION 19

in a training list carried over to other words o
the same list but not to words on the other l
Given this sharp dissociation between the stim
lus characteristics of Early and Late word
AGE OF AC

FIG. 7. Performance over time for critical items in Sim
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SIMULATION 4

Simulation 3 strongly suggests that the nat
of the mapping between input and output de
mines whether frequency trajectory affects p
formance. However, this simulation differe
from the earlier ones in a number of other wa
(e.g., number of units, size of training corpu
Therefore, we ran a final simulation using t
same procedures as in Simulation 3 but us
stimuli that, like the ones in Simulations 1 a
2, contain overlapping orthographic and phon
logical patterns.

Methods

The same items from Simulation 3 were us
but rather than segregate items such that no
ter or phoneme was repeated in the same p
tion between lists, we organized the lists so t
no letter or phoneme occurred on one list but 
on the other. For example, HUB, HUG, LUCK
PAT, and MAD were on List 1, whereas HUCK
LOG, LUG, MATE, and PAD were on List 2
Cumulative frequencies of Early (1474) an
Late (1467) words were matched,t(67) 5 1.12,
p . .20.

Results and Discussion

As in Simulations 2 and 3, Early items wer
learned quickly (1.7 epochs), whereas La
words required more training to be named acc
rately (3.7 epochs). This difference is reliabl
t(67) 5 9.80,p , .001. This is reflected in the
change in accuracy over time, shown in Fig. 8
Also note that accuracy on both the Early a
Late items reached 100% by the 6th epoch; th
although frequency trajectory had the expec
effect on AoA, it had no residual effect on acc
racy. The model’s ability to generalize from
Early items to Late items meant that even thou
it took muchlonger in terms of training epochs
for the Late items to be learned, they were p

-

rdduced correctly after many fewer trials per word;
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the mean number of exposures to produce c
rect output was 262 for Early items and 52 f
Late items. As shown in Fig. 8B, sum squar
error on the Late words decreased more slo
than that on the Early words, but performance
the two conditions eventually converged. T
SSEwas not different between Early (1.13) a
Late (1.13) items at the end of training,t(67) ,
1. As in Simulations 1 and 2, there was no res
ual effect of frequency trajectory when cumu
tive frequencies were matched. Error declin
much more rapidly for the Late words in th
simulation (Fig. 8A) than in Simulation 3 (Fig
7A). This is because learning on the Early ite
transferred to performance on Late item
whereas in Simulation 3 learning on Early a
Late items was independent.

Because this simulation was identical 
every other respect to Simulation 3, the res
indicate that the factor relevant to producing
frequency trajectory effect in Simulation 3 w

the lack of overlap between Early and La
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FIG. 8. Performance over time for critical items in Simu-
lation 4: (A) error rate and (B) sum squared error.
words.

GENERAL DISCUSSION

Studies of age of acquisition effects ha
raised important questions about the effects
early experience on later learning. An effect
age of acquisition on skilled reading would c
into question the results of many previous 
havioral studies and models in which this fac
was not investigated. The potential theoreti
importance of this phenomenon, as well 
methodological and theoretical concerns, led
to examine it further. Examination of the mate
als used in previous studies suggested that 
did not provide strong evidence for an effect
age of acquisition independent of other me
ures of frequency with which AoA was co
founded. The regression analyses provided 
dence that age of acquisition ratings m
account for a small amount of variance 
skilled performance with other factors statis
cally controlled, but via the fact that they a
correlated with how often words are used p
adulthood. Thus there was no effect of AoA 
dependent of cumulative frequency as inde

by the WFG norms.
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The results of Simulations 1 and 2 are cons
tent with these conclusions and provide eviden
concerning the computational mechanisms t
give rise to the behavioral phenomena. The s
ulations provide a strong test of the AoA hypot
esis because the cumulative frequencies and
quency trajectories were known, and propert
of early and late stimuli were equated exact
The training corpus was a large representat
sample of monosyllabic words, which exhib
the statistical regularities characteristic of the o
thography→ phonology mapping in English
There was an initial advantage for words pr
sented more frequently early in training but n
residual effect of early learning on skilled pe
formance. This was true for both words wit
highly consistent spelling–sound correspo
dences (Simulation 1) and words with atypic
spellings and pronunciations (Simulation 2). T
advantage for early trained words is washed
as the model picks up on the similarities th
hold across words. This occurs more rapidly f
EIDENBERG
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words such as LAST, whose component spelling
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patterns are pronounced consistently acr
many words, than for strange words such
BEIGE, which has fewer close neighbors.
both cases, however, early and late trained wo
converged to the same level of performance
the number of exposures evened out. This beh
ior can be traced to basic properties of conn
tionist models (Seidenberg & McClellan
1989). Knowledge in these models is encoded
weights on connections among units, which
flect the cumulative effects of exposure to
words. Changes to the weights that occur whe
word is trained also benefit words with which
overlaps. This leaves little room for early wor
to maintain an advantage because the weig
that support them also facilitate learning la
learned words.

Simulations 3 and 4 provide further ev
dence consistent with this analysis. In Simu
tion 3, we removed the overlap between ea
and late trained words and observed a relia
age of acquisition effect: There was an adva
tage for early trained words that was ma
tained throughout the course of training.
this case, learning of the late items was i
peded by the model’s knowledge of the ea
learned words. Finally, in Simulation 4, w
reintroduced the overlap between early a
late trained words, and the age of acquisit
effect was eliminated, further demonstrati
that the critical factor that gave rise to the Ao
effects in Simulation 3 was the lack of overla
among the early and late patterns.

In summary, both the behavioral data and 
simulations are consistent with the conclus
that, whereas there is an effect of cumula
frequency on reading performance, there is
independent effect of the age at which words
learned.

Conditions That Create Age of Acquisition
Effects

In the remainder of this article, we consid
other types of conditions and tasks for wh
age of acquisition effects are likely to be mo
prominent. Our Simulation 3 and the simu
tions previously reported by Ellis and Lamb
Ralph (2000), Smith et al. (2001), and Mo

aghan and Ellis (2002) all suggest that age of a
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quisition effects will occur under some circum
stances. Although these simulations differ in d
tail, they share an important property: Given t
nature of the stimuli and network architectu
what was learned about early trained patte
did not carry over to later trained patterns. Ea
trained patterns became entrenched, yieldin
persistent advantage over later trained patte
Our main point is that the conditions that gi
rise to these effects are not characteristic
reading an alphabetic orthography but are 
tentially relevant to other tasks. To see t
clearly, it is necessary to examine some det
of the simulations.

The Ellis and Lambon Ralph (2000) simul
tions involved a simple feed-forward networ
The input and output layers each consisted
100 units, and there were 50 hidden units. T
input stimuli consisted of random bit patter
created by activating a random 20% of the un
on the input layer. The model was trained 
copy the input onto the output, but with 10% 
the bit values changed (randomly determined
advance). Two aspects of the simulations und
lie the strong age of acquisition effects that w
observed. One has to do with the nature of 
patterns that were trained and the other with 
nature of the mapping between input and outp

The important property of the training pa
terns is that, unlike words in natural languag
they did not exhibit a rich internal structure. T
statistical structure of the lexicon reflects t
fact that there are constraints on the ordering
letters and phonemes and differences in the 
quencies with which these elements occur a
co-occur. Much of this structure ultimately d
rives from constraints imposed by speech p
ception and production; for example, certain 
quences of phonemes are ruled out because
cannot easily be articulated, and the relative f
quencies of patterns are determined in part
ease of articulation. These constraints are a
reflected in alphabetic writing systems becau
they are codes for representing speech. In c
trast, the stimuli in the Ellis and Lambon Ralp
(2000) simulation were constructed so that 
probability that any given unit was on was ind
pendent of the probabilities for all other uni

c-Under this condition, what is learned about one
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pattern does not carry information about ot
patterns. Using an architecture with a sma
number of hidden units than input or outp
units promotes the discovery of subregulari
that hold across patterns (as occurs, e.g.,
words). If these regularities do not exist, ho
ever, then the model can learn the task only
memorizing individual patterns, even though 
mapping is prima faciehighly consistent. Unde
these conditions, early trained patterns bec
entrenched; the large initial weight changes 
favor these patterns are difficult for later train
patterns to overcome.

The nature of the mapping between input 
output codes also promoted pattern memor
tion in these simulations. The fact that the m
ping between input and output involved rand
changes to 10% of the bits meant that the m
could not generalize from early trained patte
to later trained ones accurately. The mapp
between input and output codes contained a
tial regularity (90% of the input bits mapp
onto the corresponding output bit), but the 
consistent elements were random and, there
unlearnable except by memorization.

The Smith et al. (2001) simulation was sim
lar in that the stimuli were random bit patte
that were not internally structured. Their mo
was also trained to copy the input to the ou
through a smaller number of hidden units 
without the random changes to 10% of the b
Like Ellis and Lambon Ralph’s model, Smith
al.’s model performed the task by memoriz
the training patterns and again exhibited 
trenchment of early learned patterns.

The Monaghan and Ellis (2002) simulati
also conforms to this analysis, although it d
fers from the other simulations in interesti
ways. The simulation again involved a sim
feed-forward network. Unlike the simulatio
discussed above, the training patterns were
signed to capture some aspects of lexical st
ture. The input and output layers were divid
into three slots, analogous to a conson
vowel-consonant (CVC) syllablic structur
Within each slot, there were 10 bit patte
(phonemes) that were repeated across stimu

the training set. Thus, there were constraints o
which units could and could not be simultane

ui-
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ously activated; what was learned about one 
currence of a pattern over the whole set of in
units could carry over to other patterns wi
which it overlapped (i.e., those containing t
same phonemes).

Monaghan and Ellis (2002) also manipulat
the consistency of the mapping from input 
output. In a behavioral experiment, they fou
that whereas words with inconsistent spellin
sound correspondences produced an age of
quisition effect, words with consistent corre
spondences did not. The stimuli in this stu
were discussed earlier; there is some evide
that the effect was due to frequency rather th
age of acquisition. In the simulation of these 
fects, the consistency of the mapping from inp
layer to output was varied. On 80% of the tria
the model was trained to copy the input; on t
other 20%, the input of the consonants w
copied but the vowel was randomly assigned
one of the other 9 possible vowels. The cons
tent patterns did not produce an age of acqu
tion effect, whereas the inconsistent patterns d

The results for the consistent condition a
like those we observed in Simulation 1: no a
of acquisition effect when the stimuli overlap 
structure. The results for inconsistent patte
appear to conflict with the results of Simulatio
2, in which we did not observe an age of acq
sition effect for words with atypical (inconsis
tent) spelling–sound correspondences. Ho
ever, the differing results are traceable 
properties of the stimuli. Our model was train
on a large set of words; the critical stimuli we
a subset of “strange” words that contain atypi
spelling–sound correspondences. The mode
indicates that these words nonetheless ove
sufficiently with other words in the corpus t
wash out the initial advantage for early train
items.

Monaghan and Ellis’s (2002) inconsiste
stimuli were wordlike patterns in which th
vowel was randomly mapped onto other vo
els for 20% of the items. Given the arbitra
nature of these mappings, the model could p
form the task only by memorizing the pattern
As in other conditions in which patterns mu
be memorized, there was a strong age of acq

-sition effect. It is important to note that this de-
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gree of arbitrariness is not seen in Engl
words, even strange ones. Although vow
graphemes in English map onto multip
phonemes, the range of possibilities is co
strained. No vowel grapheme maps onto 
possible vowels (Venezky, 1970); typically th
irregular pronunciation is a small number 
phonetic features away from the regular p
nunciation. Thus, HAVE is irregular, but /ae
like /eI/, is a front unrounded vowel, not 
more distant vowel such as /oυ/. This general
pattern is also observed with other irregula
pronounced vowels; for example, EA may 
pronounced as in BEAD, BREAD, an
BREAK, all of which contain mid-to-high
front unrounded vowels (/i/, /«/, and /eI/, re-
spectively). A word such as BEIGE is stran
in the sense that it lacks immediate neighbo
but the EI → /eI/ mapping is supported b
other words in the lexicon (WEIGH, EIGHT
HEIR). Finally, although vowel grapheme
map onto multiple phonemes in English, t
pronunciations are typically cued by surroun
ing letters. The regularities that exist over t
units termed rimes (or word bodies) have be
studied extensively, but there are partial re
larities involving other parts of words as we
(Kessler & Treiman, 2001). In Monaghan a
Ellis’s (2002) stimuli, the alternative pronunc
ations of vowels were assigned independen
of context.

These examples illustrate only some aspe
of the statistical structure of words in Englis
The important point is that the characteristics
the stimuli in the Monaghan and Ellis (200
simulation were quite different, even though t
simulation was intended to be relevant to con
tency effects in English. Their stimuli produc
large age of acquisition effects because t
lacked the redundancy of English words.

In summary, all of the simulations of age
acquisition effects are consistent with the sa
conclusion: residual effects of age of acquisti
on skilled performance depend on the nature
the mapping between codes, specifically whet
what is learned about early learned patterns c
ries over to later patterns. When the stimuli a
task afford this type of learning, the netwo

does not have to memorize individual patterns;
UISITION 23
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encodes regularities across patterns that al
the model to generalize, washing out the init
advantage for early trained words. Simulations
and 2 provide the most direct evidence conce
ing such effects in reading insofar as the mod
was trained on a large corpus of words exhibiti
the spelling–sound mappings characteristic
English. When the stimuli and task do not affo
this type of learning (the Ellis and Lambo
Ralph [2000] and Smith et al. [2001] simulation
and Monaghan & Ellis’s [2002] inconsisten
condition), the network is forced to memoriz
patterns, yielding an advantage for early train
ones. In this light, it is interesting to consider o
Simulation 3 in which the Early and Late item
overlapped among themselves but not acr
lists. In this case, the model could generali
from one Early item to another and from on
Late item to another, but the orthogonal nature
the lists was such that the Late items as a gro
were learned suboptimally; the representatio
developed to support the Early items imped
acquisition of the Late items.

It should be noted that our simulations d
not address all aspects of lexical processing a
so cannot be taken as showing that AoA effe
cannot occur. The simulations involved know
edge of orthographic→ phonological corre-
spondences, and we have argued that they
consistent with behavioral studies of age of a
quisition effects that used tasks, such as nam
and lexical decision, in which this knowledg
plays an important role. The simulations su
gest that the age at which this knowledge is a
quired has little impact on skilled performanc
The original age of acquisition hypothes
(Brown & Watson, 1987; Morrison & Ellis,
1995), however, concerned the effect of the a
at which words are acquired in spoken la
guage, an aspect of lexical learning that o
simulations did not address. Acquiring a sp
ken word vocabulary involves learning ma
pings between phonology and semanti
Skilled reading often involves computation
from orthography to phonology to semanti
(for behavioral evidence, see Van Orden, Joh
ston, & Hale, 1988; for a computational mode
see Harm & Seidenberg, submitted). Hence,

itage at which children learned phonology to se-
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mantics mappings could have a residual imp
on the orthography→ phonology→ semantics
computation. None of the simulations of age
acquisition effects, including our own, addre
this possibility.

This issue needs to be examined in fut
research. However, two points should
noted. First, we have presented evidence
the results of existing behavioral studies c
be explained in terms of the impact of lexic
factors such as frequency, imageability, a
length on word reading. Thus, it is not cle
whether there is an age of acquisition effec
be explained further. Second, properties of
phonology→ semantics mapping make it u
likely to be the source of effects of age of a
quisition on reading. The mapping betwe
these codes is largely arbitrary for monom
phemic words; words that overlap with th
sound of the word CAT do not overlap with
in meaning. Thus, what is learned about
phonology → semantics mapping for CA
does not carry information that facilitate
learning the mapping for SAT or FAT. Give
the computational analysis presented abo
this might seem like a condition that wou
promote a strong age of acquisition effect
spoken language acquisition, which in tu
could affect reading via the shared phonolo
→ semantics pathway. However, other char
teristics of the phonology→ semantics map
ping need to be taken into account. First,
mapping between phonology and semantic
not entirely arbitrary; there are partial regula
ities among many monomorphemic wor
(e.g., correlations between the phonologi
characteristics of words and their grammati
class [Kelly, 1992]). More important, inflec
tional and derivational morphemes make c
sistent (but quasiregular) contributions to t
meanings of many words (Seidenberg
Gonnerman, 2000). Second, both phonolo
and semantics are themselves highly str
tured; the words of a language occupy
stricted regions of the much larger space
possible phonological forms or meanings. A
of these properties will facilitate the learnin
of mappings between phonology and sem

tics in many types of connectionist networks
EIDENBERG
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reducing effects of the ages at which wor
are learned, as in the simulations presen
above.

Which Types of Knowledge Yield Age of
Acquisition Effects?

On our account, the key issue regarding 
of acquisition effects concerns the nature of 
stimuli and task being learned. The research 
cussed in this article, like the behavioral stud
discussed above, focused on the use of infor
tion concerning orthographic–phonological c
respondences in English. The analyses of pr
ous studies, the theoretical analysis of 
problem, and the results of the simulations
suggest that AoA effects are likely to be mi
mal in this domain. However, the modeling l
to the identification of other conditions that gi
rise to age of acquisition effects. The questi
then, is whether these conditions are charac
istic of other types of human learning. Th
issue needs to be considered further using 
behavioral and modeling approaches.

One obvious question is whether there a
age of acquisition effects in reading nonalph
betic writing systems such as Chinese. Writ
Chinese exhibits less consistency in the m
ping between written symbols (characters) a
their pronunciations. Chinese words are u
ally taught as arbitrary associations betwe
written words and meanings, a process req
ing several years for the mastery of a few tho
sand characters. There may be a lasting adv
tage for early learned words in Chine
because of the more arbitrary nature of t
mapping. This unresolved empirical questi
needs to be addressed carefully. Many of
early learned words are nonarbitrary in th
they contain characters that provide part
cues to pronunciation. The same need to c
trol for other correlated properties (e.g., fr
quency) will also arise. This is illustrated b
recent studies of AoA effects in reading Kan
the Chinese characters that are part of Jap
ese writing. Yamazaki, Ellis, Morrison, an
Lambon Ralph (1997) reported data indicati
an AoA effect on Kanji naming; however, fu
ther analyses by Yamada, Takashima, a

,Yamazaki (1998) suggested that other factors
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were at work. They found that the ease w
which naive students could learn the pronun
ations of the characters in question was als
strong predictor of naming latency. Thus, t
effect seems to be due to stimulus factors ot
than age of acquisition.

Age of acquisition effects have been obser
in several tasks other than reading. Many
these studies are also subject to the methodo
ical concerns we have raised, but the findi
are suggestive. One task that probably yie
genuine AoA effects is learning the names a
ciated with faces. Moore and Valentine (19
studied this using faces rated for both subjec
frequency and AoA. The earlier acquired fa
were named more quickly than the later 
quired faces, with subjective frequency co
trolled. Moore and Valentine (1999) also fou
that AoA effects in face naming were stron
than those in name reading. Lewis (1999) fo
similar effects with faces from long-runnin
soap operas, where more objective control
the time at which individuals came in and ou
public awareness were possible. Wher
Moore and Valentine attributed the effects to 
of acquisition, Lewis interpreted them as effe
of cumulative frequency. Although further r
search is needed, the effects are consistent
the theory presented here. Unlike words, fa
name pairs provide a strong test of the AoA 
pothesis because the earlier acquired item
not vary predictably along other dimensions t
make them easier to learn or recognize. As
from partial phonological regularities in nam
gender (Cassidy, Kelly, & Sharoni 1998) a
various national/ethnic regularities (e.g., o
rarely meets an Italian named Wong), match
names to faces is essentially an arbitrary m
ping in that what is learned early does not ca
over to later items.

Recent studies of Dutch by Brysbae
Lange, and Van Wijnendaele (2000) and Br
baert, Van Wijnendaele, and De Deyne (20
also yielded results consistent with our a
count. They found larger effects of AoA
Dutch on associate generation and sema
classification tasks than on word naming. Wo
associations have an arbitrary learned com

nent. The high association between pairs su
QUISITION 25
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as BREAD–BUTTER and HUSBAND–WIFE
cannot be due simply to overlap in meaning b
cause other pairs that overlap in meaning t
similar degree are not highly associated (e
BREAD–CAKE, HUSBAND–MAN). More-
over, both associate generation and sema
classification tasks involve using knowled
about word meanings, not merely orth
graphic–phonological correspondences. The
lationship between form (orthography
phonology) and meaning is much less syste
atic than the relationship between orthograp
and phonology; words that overlap in spelli
tend to overlap in sound but not in meanin
Thus, the age of acquisition effects observed
these tasks may be related to the use of this
formation. Further research is needed, howe
to determine more definitively whether age
acquisition has an effect on the orthography→
semantics or phonology→ semantics map
pings. Furthermore, any task that uses w
meanings is open to difficulties in establishi
the chain of causality: Are early AoA word
easy because they are early, or are they e
because they are easy? This problem will
quire some ingenious methodological innov
tions before it can be solved.

Finally, consider the problem of learning
second language. It is well known that some
pects of language learning are easier for c
dren than for adults (Flege et al., 1999; John
& Newport, 1989). The second language lea
ing situation is one in which what is learn
early in experience (the first language) is 
highly predictive of what is to be learned in t
later phase (the second language). Assum
that both languages make use of overlapp
neural structures (for an interesting discuss
see Perani et al., 1998), it follows that seco
language learning should be disadvantaged
this view, so-called “sensitive period” effects a
actually extreme cases of AoA effects—failur
to learn in later life that reflect the entrenchm
of early learned patterns—and not maturatio
changes in the neural substrate supporting 
guage acquisition, as has been classically 
sumed (Lenneberg, 1967; Neville & Baveli
2000). Further progress in understanding h

chearly experience interacts with learning later in
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life will be facilitated by examining tasks in
which such effects are likely to be most powe
ful and by further exploring the computation
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mechanisms underlying these tasks.

CONCLUSIONS

The purpose of our research was to exam
age of acquisition effects on skilled reading
topic with potentially broad theoretical impl
cations that has been the focus of consider
research. Ironically, the main conclusion to 
drawn from our research is that age of acqu
tion effects are likely to occur, but for tas
other than reading an alphabetic orthograp
Age of acquisition effects reflect a loss of pla
ticity associated with success in masterin
task, a phenomenon that occurs in many ty
of learning and species. The zebra finch’s s
cess in acquiring its characteristic song i
poses significant constraints on its ability 
acquire additional vocal behavior (Doupe 
Kuhl, 1999). Similarly, the child’s success 
acquiring the phonological inventory or synt
of a language may constrain the child’s abi
to learn other languages (Johnson & Newp
1989; Werker & Tees, 1984). Issues concern
the nature and limits of plasticity in differe
domains and their neural and computatio
bases are central ones in cognitive neu
science. Connectionist models provide a co
putational framework for understanding pla
ticity in terms of the nature of the material 
be learned and how what is to be learned is
fected by what has already been learned. 
entrenchment phenomenon discussed abov
one outcome that occurs in such networks,
we have taken a step toward specifying 
conditions that give rise to it. Under other co
ditions, other outcomes are observed. In 
reading case studied here, later learning is
cilitated by prior knowledge rather than r
stricted by it. In the catastrophic interferen
case (McCloskey & Cohen, 1989), later su
cess in learning results in forgetting of earl
material. Gaining a deeper understanding
the principles that govern the entire set of o
comes, and how they relate to the various ta
that humans perform, is an important goal 

future research.
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APPENDIX: STIMULI FOR ALL
SIMULATIONS

Simulation 1

List 1 List 2 List 1 List 2

bail beast hatch hoard
bay beet hound hunt
belt bill maze main
bench bin moist match
bent bit mope mist
blimp bleat pare par
board bound pinch pipe
broil brag pool purse
cap cab quit quench
car care seem sift
cheat cart serve sight
clip chimp skirt skit
cog clam slam slip
core coat street stand
crass cool stuck stick
curse crab stunt stray
face fail swift swerve
feast fat tab tag
fill felt tart tap
fine fin tight teem
fist flirt tin tent
flit flog toil tore
float foist train trope
grab grace trick truck

Simulation 2

List 1 List 2

ache aisle
beige bough
broad brooch
caste chaise
chic choir
clique coup
draught ewe
friend gaffe
gauge ghoul
hearth heir
hymn monk
month myrrh
pear phlegm
pint plaid
plaque psalm
queue realm
rheum rogue
scheme scourge
sew shoe
sieve ski
sponge sword
touch vague
valse veldt

womb young
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Simulation 3

List 1 List 2

bad cob
ban cog
bane cop
bat cub
bate flog
bid flop
bide hog
bin hop
bit hub
bite huck
fad hug
fade log
fan luck
fat lug
fate plop
fin pluck
fine plug
fit roll
mad rug
made slob
man slop
mane sop
mat stop
mate stub
mid stuck

Simulation 4

List 1 List 2

bad ban
bane bat
bate bid
bide bin
bit bite
cob cog
cop cub
fad fade
fan fat
fate fin
fine fit
flog flop
hog hop
hub huck
hug log
luck lug
mad made
man mane
mat mate
mid mit
mite pad
pan pane
pat pin
pine pit
plopy pluck
QUISITION 27
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