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Stroop effect in words that differ
from color words in one letter only
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In two experiments, participants named the color of a colored word, which was a Hebrew color word
or a word in Hebrew that was different from a color word in one letter only. The magnitude of the
Stroop effect increased with the location of the changed letter. It was smallest when the first letter of
the color word was replaced, resulting in a noncolor word, and it was largest when the last letter was
replaced. These results challenge the assumption that automatic reading, as indicated by the Stroop ef
fect, can be explained exclusively by memory retrieval accounts of automaticity. The results also have
implications for the sources of facilitation and inhibition in the Stroop effect.

There is an agreement among researchers that in the
early stages of skill acquisition, performance is based on
algorithmic processing-that is, mental computation.
Yet, when it comes to performance that is based on ad
vanced training, and specifically to automaticity, re
searchers disagree on the involved mechanism. There are
two main approaches concerning the mechanism of au
tomatic processing. One, exemplified by MacKay (1982;
see also Anderson, 1982, 1992), is process-based and
claims that training results in improving the processing
algorithm applied by novices or in the evolvement ofnew,
more efficient processing routines. Therefore, automatic
processing means applying mental computations faster
and more efficiently.

Another approach, proposed by Schneider (1985),
Schneider and Detweiler (1987), and Logan (1988) in his
instance theory, is memory based. This approach claims
that automatization result in a single-step retrieval from
memory. The results of Kramer, Strayer, and Buckley
(1990) and, in particular, those ofTzelgov, Henik, Sneg,
and Baruch (1996) imply that automatic reading cannot
be explained exclusively by memory retrieval. In concur
rence with their work, this report provides additional ev
idence that automatic processing can reflect mental com
putation, rather than mental retrieval.

Reading is a cognitive skill frequently assumed to be
automatic, at least when performed by skilled adults. The
dual-route approach to reading (e.g., Davelaar, Coltheart,
Besner, & Jonasson, 1978; Forster & Chambers, 1973) as
sumes that skilled readers employ two routes: the direct
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or lexical route, which enables mapping from the visual
pattern corresponding to a word directly into the lexicon
(and thereby, to speech and semantics), and the nonlexi
cal route, in which the access to the lexicon speech is me
diated by grapheme-to-phoneme conversion. One possi
bility is that automatic reading is based exclusively on the
direct route. This corresponds to the single-step retrieval
from-memory explanations of automaticity, in the sense
of single-step mapping from a familiar visual pattern to
the lexicon. Alternatively, it may be that automatic read
ing also reflects the algorithmic (i.e., nonlexical) route
that is based on grapheme-to-phoneme conversion. This is
implied by Coltheart and his colleagues' (e.g., Coltheart,
Curtis, Atkins, & Haller, 1993; Coltheart & Rastle, 1994)
implementation ofthe dual-route framework in their dual
route cascade (DRC) model. In DRC, the outputs of both
the lexical (memory retrieval) and the nonlexical (algo
rithmic) routes contribute to skilled reading.

The Stroop effect is usualIy taken as an indication of
automatic reading (see Macl.eod, 1991, for a review). In
the Stroop task (Stroop, 1935), the participant is asked to
report the color of the ink ofa written stimulus while ig
noring its meaning. The Stroop effect is reflected by
longer reaction times (RTs) for the incongruent trials
(e.g., the word RED written in blue) than for the congru
ent trials (e.g., RED written in red ink). Recently, several
authors (e.g., Algom, Dekel, & Pansky, 1996; Besner,
Stolz, & Boutilier, 1997) challenged the idea that the
Stroop effect indicates processing that cannot be avoided.
We wish to point out that even if their critique is correct,
we believe that the Stroop effect reveals automatic read
ing by showing that the participant reads despite the in
structions. In other words, the Stroop effect shows that
reading has the central feature common to alI automatic
processes (Bargh, 1992): It can run without intentional
monitoring (see Tzelgov, 1997, for a further discussion
of this issue).

Consider what would happen if words orthographi
cally similar to color names were to be used in a Stroop
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task. What if, instead of the (color) word RED, we used
the words BED or RET?l Note that these two words differ
from the color word RED by one letter only-the first let
ter in BED and the last letter in RET. According to the
memory-based approach to automaticity, no Stroop effect
should occur for either of them.

Palmeri (1997) proposed an extension ofLogan's (1988)
instance theory, according to which a presented stimulus
activates not only instances ofthe specific stimulus stored
in memory, but also other stimuli similar to the target
presented. If similarity between words is computed as an
increasing function of the overlap in the letters between
two words and as a decreasing function of their differ
ence (see Tverskys, 1977, contrast model), one should ex
pect that the Stroop effect would not differ as a function
of the replaced letter location. If one assumes that the
mental algorithm (that computes the meaning of the
word by processing the letters sequentially from left to
right) is automatically applied, one should expect a larger
Stroop effect for RET than for BED. Such an effect could
also be explained by Palmeri's exemplar-based random
walk model, by assuming that the similarity is computed
after the letters have been weighted (in a decreasing order)
according to their left-to-right location. In our view, how
ever, this would still mean that automatic reading is based
on a (minimal two-step) computational process. In the first
step, the word is decomposed into the component letters,
which are assigned differential weights. In the second step,
similarity to exemplars stored in memory is computed.

There are several indications that a single letter can bias
processing in the Stroop task. Regan (1978) has shown
that even a single letter ofa color word could facilitate (or
inhibit) color naming. In her study (Experiment 2), par
ticipants named the color of compatible, incompatible,
or control letters. Both facilitation and inhibition were ob
tained. Unfortunately, this Experiment employed only the
first letter of the color word, and therefore, no conclusion
could be made concerning the importance of the letter's
location in the word.

Singer, Lappin, and Moore (1975) employed stimuli
in which the first, middle, or last two letters of the color
word were presented. Although interference produced by
the first two letters was the largest, there was no signifi
cant difference between the interference produced by the
two middle or the two last letters. These results must be
evaluated carefully, because the experiment employed a
continuous Stroop paradigm in which RTs were recorded
for a whole page of stimuli.

EXPERIMENT 1

Algorithmic models usually assume that there are se
quential components in the processing of information
while performing a given task. Coltheart et al.s (1993)
ORC model ofreading has an algorithmic component op
erationalized as the nonlexical route that operates seri
ally, letter by letter. Recently, Coltheart, WooIIams, Ki
noshita, and Perry (1999) ran an experiment in which

participants were presented with words that were seman
tically unrelated to colors but shared with color words the
first, the last, or no phoneme (e.g., for RED: RAT, POD,

KIT). The words appeared in the color that had the shared
phoneme-that is, in the case of the example provided,
the words appeared in red. According to the DRC model,
the response red should be faster for RAT than for POD,

because even if the activation of the phoneme R from the
lexical route was equal to that of 0, the activation from
the nonlexical route would be available earlier for R than
for D. Moreover, the color naming of POD should be faster
than that of KIT, because in the case of POD, the nonlexi
cal route would activate the third letter of RED. The pre
dictions were supported by the data and therefore are con
sistent with the claim that automatic processing can
reflect algorithmic letter-by-letter computations.

In the present experiment, we tested another prediction
following from the assumption of automatic reading
based on algorithmic processing. If automatic reading
can be based on the nonlexical route, as was suggested
by Coltheart et a!.'s (1999) findings, then since English
is read from left to right, one can predict that when we
see the first letter B in the word BED, all words beginning
with B are activated, whereas all other words are inhibited.
Therefore, the possibility ofselecting RED at the end ofthe
processing is limited. Following the same logic, when the
word RET is presented, while processing the letters RE,

all words beginning with RE would be facilitated, as well
as the word RED, but then when processing the letter T, we
would claim that the word RED is inhibited. Since the
word RED was facilitated in most ofthe processing stages,
we would claim that the possibility ofchoosing RED in the
present case is higher than the possibility ofchoosing RED

in the previous example. Given such a model ofprocess
based automaticity, one would expect a larger Stroop ef
fect for words in which a later consonant was changed,
owing to the stronger activation of the irrelevant color
word. Keeping in mind this process-based scheme for
automatic processing, we ran two experiments in which
participants performed a Stroop task that included stimuli
that were words orthographically related to color names.

Berent and Perfetti ( 1995) presented a two-cycle model
of phonology assembly, in which they claim that word
processing involves two different mechanisms, one for
vowels and one for consonants. They argue that vowel
processing is controlled, whereas consonant processing
is automatic. Although the aim of their theory was to de
scribe the process ofreading English, on the basis oftheir
theory, we used Hebrew words (color words and words or
thographically similar to color words) composed of four
letters, of which a vowel was in the third location. In all
the color words included in our experiment, the same
vowel (0) appeared in the same (third) location. Thus, we
held the vowels phase constant while manipulating the
consonants phase. To be more specific, in our experiment,
we used four-letter color words and noncolor words dif
ferent from color words in one letter-in the first, the
second, or the fourth location.
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Table I
The Stimuli in Hebrew and their Translations Into English

Color Word Red Blue Green

In Hebrew D11N 'ImJ Pll'
Change in the first letter D110 'Imn PllW
Translation Sodom* dance whistle
Change in the second letter O1tlN 'InJ pl]'
Translation nuclear tied sucked
Change in the fourth letter llTN pmJ Dll'
Translation gentleman accordingto the law will get higher

*0110 is the Hebrewname for the biblical city of Sodom.

Yellow

Jlil~

JlilN
love
Jl'l~

crossed
'Ilil~

be happy

Method
Participants. Twelve undergraduate students at Ben-Gurion

University of the Negev participated in the experiment for course
credit. All the participants were Hebrew native speakers, and all had
normal or corrected-to-normal color vision.

Stimuli. The different types of word stimuli appear in Table I.
As can be seen in the first row ofTable I, we used the color words

(in Hebrew) RED, BLUE, GREEN, and YELLOW. The Hebrew names of
the colors appear in the second row. In the third row appear Hebrew
words differing in their first letter from the corresponding color
words. The English translations of these words appear in the fourth
row. In the fifth row appear Hebrew words differing in their second
letter from the corresponding color words, with their English trans
lations appearing in the sixth row. In the seventh row appear He
brew words differing in their fourth letter from the relevant color
words, and their translations appear in the eighth row.

To summarize, we used four color words and noncolor words dif
ferent from each of the color words in the first, the second, and the
fourth letter. In addition, a string of four identical Hebrew letters
(Shin) was used as a neutral stimulus for all groups. Each stimulus,
including the neutral, appeared in each of the four colors.

Procedure and Apparatus. The experiment consisted of 288
trials. For each type of word (color word and the three sets of non
color words with a different location of the replacing letter), there
were 72 trials, 24 in each of the three congruency conditions (con
gruent, neutral, and incongruent) of the experiment.

The participants sat in front ofan Olivetti screen, which was con
nected to an IBM compatible Olivetti M290-30 computer. The par
ticipants were told to ignore the meaning of the word and to name
the color of the stimulus. Responses were collected via an L.P.S.
700 clock card within the computer.

The experiment started with 24 practice trials, in which errors
were corrected. Each trial (practice or experimental) consisted of a

fixation point that appeared for 300 msec and was immediately fol
lowed by 300 msec of a black screen. The stimulus appeared at the
center of the screen and stayed on until the onset of the response.
The experimenter coded the participant's response. The next trial
began after an additional 300 msec.

Results
A two-way analysis of variance (ANOVA) was con

ducted, with type of word and congruency as within
subjects factors. Since there was no indication ofa speed
accuracy tradeoff and the percentage of errors was low,
averaging 2.3%, we focused our analysis on RTs. Table 2
presents the mean RTs and mean percentage of errors in
the various experimental conditions.

As can be seen in Table 2, the Stroop effect increased
with the location of the changed consonant. This visual
impression was supported by the interaction between stim
ulus type and congruency [F(6,66) = 14.34, MSe = 615.58,
P < .001]. Thus, although the main effects ofcongruency
and type of stimulus were significant [F(2,22) = 70.44,
MSe = 799.8,p < .001, andF(3,33) = 3.38, MSe = 875.77,
p < .02, respectively], we focused our analysis on the
interaction. Further analysis showed that the RT differ
ence between the congruent and the incongruent condi
tions increased linearly with the location of the changed
consonant [F(l,II) = 42.18, MSe = 1,140.82,p < .001].
This linear increase of the Stroop effect with the location
of the changed consonant explained 90.8% ofthe sum of
squares of the interaction.?

0.6
1.7 2
1.4
2.5 50
3.2
2.8 81
2.4
2.4 125
4.4

Table 2
Mean Reaction Times (RTs, in Milliseconds) and Percentage

of Errors for the Various Conditions of Experiment I

Locationof the Replaced Letter
Condition Type (From Right to Left) RT %Error Stroop Effect

Neutral 672
Congruent 672
Incongruent 674
Congruent 2 663
Incongruent 713
Congruent 4 660
Incongruent 741
Congruent 0* 640
Incongruent 765

*Congruent and incongruent stimuli using color words.
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Table 3
Mean Reaction Times (RTs, in Milliseconds) and Percentage

of Errors for the Various Conditions of Experiment 2

Condition Type
Location of the Replaced Letter

(From Right to Left) RT %Error Stroop Effect

2

4

Neutral

Congruent
Incongruent

Congruent
Incongruent

Congruent
Incongruent

Incongruent 0*

*Incongruent stimuli using color words.

EXPERIMENT 2

613

624
668

598
675

590
685

715

1.7

0.8 44
1.0

0.8 77
2.8

1.0 95
2.9

4.2

GENERAL DISCUSSION

One could argue that the participants in Experiment I
tended to read the words presented because of the pres
ence ofcongruent color stimuli (i.e., RED written in red).
Under the assumption that word reading is faster than
color naming, reading the word would speed up the re
sponse for such stimuli and, therefore, might result in a
tendency to read the words presented. In order to show
that the results obtained do not depend on this strategy,
we ran Experiment 2, which was similar to Experiment I
in all features but did not include congruent color words.

Method
Twenty-four undergraduate students at Ben-Gurion University of

the Negev participated in the experiment. The experiment was sim
ilar to Experiment I in all features, except for the exclusion ofcon
gruent stimuli. Thus, the experiment consisted of 264 trials. For
each type of noncolor word. there were 48 trials, 24 in each of the
two congruency conditions (congruent and incongruent). Color
words were presented only in the incongruent condition (24 trials).
Ninety-six nonword neutral trials were also included.

Results
Table 3 presents the mean RTs and mean error per

centages in the various experimental conditions.
Since there was no indication of a speed-accuracy

tradeoff and the percentage of errors was low, averaging
1.9%, only RTs were analyzed. A two-way ANOVA, with
type of word and congruency as within-subjects factors,
was performed on RTs and verified the picture emerging
from Table 3: A significant Stroop effect [F(l,23) =

10.90, MSe = 14,320.11, p < .003] moderated by the lo
cation of the changed consonant [F(2,46) = 9.43, MSe =
820.80, p < .001] was found. Further analysis indicated
that the difference in RTs between the congruent and the
incongruent conditions increased linearly with the loca
tion of the changed consonant [F(I,23) = 24.68, MSe =

15,050.04, p < .00 I]. This linear increase of the Stroop
effect with the location of the changed consonant ex
plained 91.8% of the sum of squares of the interaction.

In both experiments, we found that the magnitude ofthe
Stroop effect increased linearly with the locations of the
changed consonant-the later the location ofthe changed
consonant, the larger the Stroop effect. These results
suggest that some kind ofa serial mechanism is involved
in automatic reading as indicated by the Stroop effect.

Andrews (1997) reported that when a word has many
orthographic neighbors, its RT for lexical decision and
naming tasks is facilitated. Hence, this effect could ex
plain our findings, if the number of neighbors of color
words were to be negatively correlated with the position
of the word in which a color word and its neighbor dif
fer, because the neighbors might cause activation of the
color words. Overall, we found that the color words used
in our experiments have 20 orthographic neighbors dif
fering in the first letter position, 15 neighbors differing
in the second letter position, and only 12 neighbors dif
fering in the third letter position when replacing the last
letter. It follows that the correlation between the magni
tude of the Stroop effect and the location distinguishing
between a color word and its neighbor is positive rather
than negative, contrary to what would be predicted on the
basis of the neighbors effect (Andrews, 1997).

From the viewpoint of models of reading, our results
support the notion that automatic reading may be based
on the nonlexical route. Coltheart et al. (1999) have re
cently run an experiment in which they asked the partic
ipants what the color of the ink was for stimuli that were
color-unrelated words but shared the first, the last, or no
letter with the color name they had to pronounce. It was
found that the color was identified faster when it shared
a phoneme with the printed word. This effect was stronger
when the first phoneme was the shared one. These find
ings correspond to those ofthe congruent condition in our
experiments, which show that reading via the nonlexical
route can facilitate color naming and that facilitation in
creases when the consonant in which a given word differs
from the color to be named appears later in this word.
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Coltheart et al. (1999) also simulated these effects in their
DRC model by setting to zero the connections from the
letter level to the orthographic lexicon. This shuts offthe
lexical route, leaving the nonlexical route unaffected, or
in other words, it allows for automatic reading via the
nonlexical route only.

Our experiments also show that automatic reading via
the nonlexical route can also inhibit color naming and that
this inhibition is sensitive to the location of the replaced
letter. The simple main effect of the location of the
changed consonant was significant in the incongruent
condition of both experiments [F(3,33) = 12.00, MSe =
18,537.36, p < .001, and F(3,69) = 8.09, MSe =
10,206.08, p < .001, for Experiments I and 2, respec
tively]. This might also be due to the print-to-speech
(phonological) conversion process: The later the location
of the changed consonant (as in the case of RET and BED

for the color word RED), the more similar the resulting
sequence of phonemes to the corresponding color word
(RED). Therefore, such a word will be more strongly ac
tivated in the case of RET than in the case of BED and will
inhibit RED more, owing to the semantic relation between
the two color words. According to this interpretation, the
inhibitory component of the effect found reflects seman
tic activity, which was caused by input from the nonlex
ical route. Coltheart et al. (1999) pointed out that there are
two different components of the Stroop effect-a phono
logical component that causes a larger effect in pro
nounceable letter strings than in nonpronounceable ones
(Bakan & Alperson, 1967) and a semantic component
that results in a larger effect when the presented word is
more similar to a color word (Klein, 1964). It follows from
our analysis that the nonlexical route contributes to the
phonological component via facilitation and to the se
mantic component via inhibition.

The serial characteristic ofthe nonlexical route is con
sistent with our view that it may be seen as applying al
gorithmic processing. Memory retrieval views of auto
maticity do not predict the different magnitude of the
Stroop effect as a function of(the changed) letter location.
Therefore, we can rule out the possibility that the auto
matic processing of the words was caused by retrieval
from memory. Palmeri's (1997) extension ofthe instance
theory could explain the present results by assuming that
the computation of similarity between words is based on
differential weighting of the letters according to their lo
cation in the word. Such computation of similarity would
imply algorithmic (i.e., multistep) processing of informa
tion stored in memory, rather than single-step retrieval.
Thus, we believe that the results are hard to reconcile with
single-step retrieval accounts ofautomaticity. Therefore,
we propose that these results support the notion that the
Stroop effect can indicate automatic processing based on
mental computation.

To sum up, our results point in the direction ofprocess 
based automaticity. That does not mean that automatic

processing is always or exclusively based on multistep
algorithmic processing. Webelieve, however, that our re
sults do show that automatic processing is not constrained
to single-step memory retrieval.
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NOTES

I. Let us assume, just for the sake of argument, that RET is a word in
English of equal frequency as BED.

2. A similar analysis was run for both facilitation and inhibition, and
the results were similar to those of the Stroop effect. We did not report
those results, owing to the dependence of the two components.

3. In the DRe model, this is mediated by the phonological lexicon.
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