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Abstract

Leading models of visual word recognition assume that the process of word identification is driven by abstract, case-invariant
units (e.g., table and TABLE activate the same abstract representation). But do these models need to be modified to meet
nuances of orthography as in German, where the first letter of common nouns is capitalized (e.g., Buch [book] and Hund
[dog], but blau [blue])? To examine the role of initial capitalization of German words in lexical access, we chose a semantic
categorization task (“is the word an animal name?”’). In Experiment 1, we compared German words in all-lowercase vs.
initial capitalization (hund, buch, blau vs. Hund, Buch, Blau). Results showed faster responses for animal nouns with initial
capitalization (Hund < hund) and faster responses for lowercase non-nouns (blau < Blau). Surprisingly, we found faster
responses for lowercase non-animal nouns (buch < Buch). As the latter difference could derive from task demands (i.e., buch
does not follow German orthographic rules and requires a “no” response), we replaced the all-lowercase format with an
orthographically legal all-uppercase format in Experiment 2. Results showed an advantage for all nouns with initial capitaliza-
tion (Hund < HUND and Buch < BUCH). These findings clearly show that initial capitalization in German words constitutes
an essential part of the words’ representations and is used during lexical access. Thus, models of visual word recognition,
primarily focused on English orthography, should be expanded to the idiosyncrasies of other Latin-based orthographies.

Introduction

In Latin-based orthographies, the capitalized initial letter of
a word has a specific linguistic function. Words are capital-
ized at the beginning of a text or sentence, after a period,
or if the word is a proper name. While there are some dif-
ferences across languages concerning the capitalization of
some common nouns (e.g., months: February [English] vs.
febrero [Spanish]), German orthography is unique because
all nouns start with a capitalized letter.

It has been suggested that the capitalization of com-
mon nouns in German helps readers because it indicates
the grammatical class of a word even before accessing its
meaning (e.g., Bock, 1989; Hohenstein & Kliegl, 2013;
Miisseler et al., 2005). However, whether German capital-
ized common nouns actually facilitate word identification
and reading speed has been a matter of debate (Bock, 1986;
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Hohenstein and Kliegl, 2013; Jacobs et al., 2008; Wimmer
et al., 2016). Whereas research by Bock et al., (1989) and by
Pauly and Nottbusch (2020) found that capitalization ben-
efits reading rates in German (though to varying degrees),
Hohenstein and Kliegl (2013) did not find such an advantage
in sentences. Furthermore, when typing, German capitalized
common nouns may complicate the writing process (i.e.,
additional use of the shift key of the keyboard when typing
common nouns). Indeed, other Germanic languages such as
Danish and Norwegian ceased to capitalize common nouns
during the first half of the twentieth century (see Bandle
etal., 2005)."

Further insight into why capitalization of German nouns
benefits word identification is not only critical for educa-
tional and practical reasons, but is also theoretically impor-
tant. As noted by Davis (2010), an assumption of interactive
activation models (interactive activation model, McClel-
land & Rumelhart, 1981; multiple read-out [MRO] model,
Grainger & Jacobs, 1996; dual-route cascaded [DRC] model,
Coltheart et al., 2001; connectionist dual-process [CDP+]
model, Perry et al., 2007; spatial coding [SC] model, Davis,

! In Danish and Norwegian, the capitalization of common nouns was
suppressed because it was considered unnecessary—this decision was
also politically motivated to separate these languages from German
(see Bandle et al., 2005).
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2010) is that there is an abstract level of case-invariant letter
identities that drives visual word recognition: lexical acti-
vation spreads from letter features to abstract letter units
and then to an orthographic lexicon (e.g., time, Time, or
TIME would activate the same lexical entry). However, the
letter level in the current implementation of these models
only includes uppercase letters—i.e., Rumelhart and Siple’s
(1974) font—between the level of letter features and the
level of the orthographic lexicon. That is, interactive-acti-
vation models can encode the word TIME but not Time or
time. More explicit assumptions on how letter features are
mapped onto abstract letter units are made by contemporary
neurally-inspired models of visual word recognition such as
the local combinations detector (LCD) model (see Dehaene
et al., 2005; see also Grainger et al., 2008). These models
posit that visual input is mapped onto case-invariant abstract
letter units at a prelexical stage (i.e., case-invariant detectors
would respond similar to e and E). These abstract units guide
the process of lexical access (i.e., the orthographic represen-
tations of time and TIME are the same). Results of masked
priming studies that manipulated the letter case support this
view. Responses to target words such as TIME are simi-
lar when briefly primed with the word TIME (same letter
case) or time (different letter case) (see Jacobs et al., 1995,
for French; see Perea et al., 2015a, 2015b, for English and
Spanish). These results suggest that a matched/mismatch-
ing letter case does not affect response times to target words
(see Grainger, 2018, for review). A similar pattern was
reported in neuroimaging studies, where activation of the
left fusiform gyrus (in the so-called visual word form area
[VWFA]) was found to be independent of the letter case of
the masked prime (see Dehaene et al., 2001). Furthermore,
event-related potential (ERP) masked priming experiments
have shown that the N250 component (i.e., a component
associated to orthographic processing) is similar for time-
TIME and TIME-TIME (Vergara-Martinez et al., 2015;
see also Gutiérrez-Sigut et al., 2019). Taken together, these
findings favor the view that in languages such as English,
French, or Spanish, both lowercase and uppercase words
activate the same orthographic representations (see Lu et al.,
2021, for recent fMRI evidence; see also Vergara-Martinez
et al., 2020, for ERP evidence, with unprimed paradigms).
Notwithstanding, there is empirical evidence that shows
that letter-case information may not always be lost at a
prelexical processing stage. In a series of lexical decision
experiments with proper and common nouns in Italian, Per-
essotti et al. (2003) found that the form of the initial let-
ter of a word influences lexical access. For proper nouns
in Italian, response times were faster when the items con-
tained a capitalized first letter (e.g., Anna faster than anna;
see also Sulpizio & Job, 2018, for electrophysiological
evidence). However, this effect did not occur in common
nouns, which are usually written in lowercase (e.g., carne
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[flesh]). To account for these findings, Peressotti and col-
leagues proposed the so-called “Orthographic Cue” hypoth-
esis (henceforth, OC hypothesis). This hypothesis postulates
that letter-case is not a superfluous visual element—as typi-
cally assumed in models of visual word recognition (e.g.,
Dehaene et al., 2005); rather, it may serve as an orthographic
cue at an abstract information level when processing proper
nouns. For a given word, an orthographic cue would mark
the first grapheme in a binary way: “yes, initial capital letter”
or “no initial capital letter”. As this abstract marker would be
used to pre-activate lexical units that are written in the same
letter-case of the initial letter, the OC hypothesis can easily
accommodate the advantage of the initial capitalization in
proper nouns (e.g., the proper noun Mary would be stored
in the orthographic lexicon with a marker of initial capital
letter). Peressotti et al. (2003) stressed that the OC hypoth-
esis is compatible with the idea of abstract letter identities
driving lexical access: it is not that letter units themselves
contain letter-case information, but rather it is an abstract
marker of letter-case in the initial letter. As Peressotti et al.
(2003) indicated, this hypothesis could be implemented in
interactive activation models by assuming that the capitali-
zation advantage for proper nouns occurs between the letter
level and the orthographic lexicon—note that none of the
current implementations of these models take letter-case
information into account. It is unclear, however, whether
an abstract marker for the capitalization of the initial let-
ter could be compatible with neurally inspired models of
word recognition such as Dehaene et al.’s LCD model (see
Sulpizio & Job, 2018, for discussion). One goal of the pre-
sent experiments was to evaluate whether it is necessary for
these models, as a general principle, to consider the process-
ing of letter-case information in future implementations.

Converging evidence for the importance of letter-case
information during word recognition has been found with
two special types of words that are usually presented in the
same letter-case: brand names and acronyms (e.g., IKEA,
FBI). In single presentation brand decision tasks, IKEA is
identified as a brand name faster than ikea (Gontijo et al.,
2002; Perea et al., 2015a, 2015b). Similarly, acronyms are
identified faster when presented in their characteristic letter-
case configuration (e.g., FBI) than when presented in an
unfamiliar letter-case configuration (e.g., fbi) (Henderson
& Chard, 1976).”

Notably, proper nouns, brand names, and acronyms
represent specific categories of words and their mental

2 We acknowledge that empirical evidence of case-sensitive masked
priming effects is not conclusive with brand names (e.g., ikea-IKEA
vs. IKEA-IKEA; Martin & Davis, 2019; Perea et al., 2015a, 2015b)
or acronyms (e.g., btw-BTW vs. BTW-BTW; Brysbaert et al., 2009;
Kinoshita et al., 2021).
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representations can be different from common words (see
Brysbaert et al., 2009; Gontijo & Zhang, 2007, for discus-
sion). To examine whether the encoding of letter-case infor-
mation is a general principle of visual word recognition, it
is necessary to test the role of letter-case using common
words. As proposed by Jacobs et al. (2008) and Wimmer
et al. (2016), an ideal scenario for that purpose is German
because all common nouns (but not verbs, adjectives, ...) are
written with initial capitalization. Jacobs et al. (2008) used a
tachistoscopic identification task in which participants per-
ceived German nouns and non-nouns with or without an
initial capitalized letter. In Experiment 1, Jacobs et al. (2008)
found that German nouns were identified more accurately
when the first letter was capitalized (e.g., Beruf [job]) than
when presented in all lowercase (e.g., beruf)—the accuracy
of uppercase words (e.g., BERUF) was in between these
other conditions. In Experiment 2, they found that German
non-nouns (i.e., adjectives, verbs, adverbs) were identified
more accurately when written in all lowercase letters (e.g.
eilen [to hurry]) or with the first letter capitalized (e.g. Eilen)
than when presented in all uppercase letters (EILEN). Wim-
mer et al. (2016) further investigated the impact of familiar-
ity on capitalized initial letters of German words in a lexical
decision task. The stimuli were either nouns or non-nouns
(e.g., adjectives, verbs), and were presented in all-lowercase
format or with an initial capitalized letter. Wimmer et al.
(2016) found that readers responded faster and more accu-
rately to German nouns that were presented with a capital-
ized first letter than to all-lowercase nouns (e.g., Ball [ball]
faster and more accurate than ball). Conversely, responses
to German non-nouns presented in all lowercase letters
were responded to faster and more accurately than capital-
ized non-nouns (e.g., blau [blue] faster and more accurate
than Blau). Further, they reported higher neural activity for
ball and Blau (all-lowercase noun and capitalized non-noun)
than for Ball and blau (capitalized noun and all-lowercase
non-noun) in the VWFA. They interpreted these findings
as supporting the idea that orthographic representations in
German contain case-specific information.

Taken together, the experiments conducted by Jacobs
et al. (2008) and Wimmer et al. (2016) showed that letter-
case information does play a role in identifying German
common words: the initial capitalized letter facilitates
response times to nouns but not to non-nouns in word
identification and lexical decision tasks. However, a short-
coming of these studies is that neither of these tasks neces-
sarily requires unique access to semantic information (see
Forster & Shen, 1996, for discussion). First, it is possible
to identify a letter string independent of lexical access.
Second, identifying a combination of letters as a word in a
lexical decision task can be done in the absence of unique
word identification (see Grainger & Jacobs, 1996); fur-
thermore, the obtained effects can be modulated by visual

familiarity (see Perea et al., 2020; Perea et al., 2018, for
discussion). For instance, Perea et al. (2020) found that,
in lexical decision, responses to words are faster when the
items were presented in a familiar letter-case configuration
(e.g., HOUSE) than in an unfamiliar letter-case configura-
tion (e.g., hOuSe), whereas the opposite occurs for pseu-
dowords (e.g., TEBADA yields slower and less accurate
responses than TeBaDa). Then, one might argue that the
advantage of Buch [book, noun] and blau [blue, adjective]
over buch and Blau could have been due to their higher
visual familiarity. To circumvent these limitations in the
present experiments, we used a semantic categorization
task. This task requires the reader to retrieve the mean-
ing of the presented words (Forster & Shen, 1996) and,
furthermore, the effects in this task are not modulated by
the words’ visual familiarity (e.g., hOuSe produces similar
response times as HOUSE; see Perea et al., 2020).

In sum, we designed two experiments to directly exam-
ine the impact of initial letter capitalization in words on
lexical access using a semantic categorization task (“Is the
word an animal name?”). In Experiment 1, we compared
word identification times of German words (animal names,
common nouns, adjectives/verbs) presented with the initial
capital letter (e.g., Hund, Buch, Blau) or in all-lowercase
form (hund, buch, blau). Experiment 2 was conducted to
replicate and extend Experiment 1 using an orthographi-
cally legal all-uppercase condition instead of the all-low-
ercase condition (e.g., HUND, BUCH, BLAU)—note that
hund or buch would not follow the German orthographic
rules for nouns.

The predictions for the two experiments were as fol-
lows: If initial capitalization of German words facilitates
lexical access in common nouns, we would expect faster
responses to capitalized common nouns (both animal and
non-animal nouns) and a disadvantage for capitalized
non-nouns (e.g., adjectives/verbs). This outcome would
strongly suggest that future implementations of models of
visual word recognition should consider how letter-case
information may affect lexical access, as first suggested by
Peressotti et al. (2003) with proper nouns. Alternatively, if
initial capitalization of words in German does not play a
role during lexical access, word identification times should
be similar regardless of the format. This outcome would
favor the view that the identification of common words is
driven by abstract case-invariant letter units (see Coltheart
et al., 2001; Davis, 2010; Dehaene et al., 2005; Grainger
et al., 2008; Perry et al., 2007).

@ Springer
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Table 1 Comparison of the mean characteristics of the word items

Words Common nouns Vvs.
non-nouns
Animal nouns Common nouns Non-nouns t (198) p
Word length 5.59 (1.30) 5.60 (1.30) 5.64 (1.35) 0.997 0.319
Word frequency (per million) 7.686 (16.69) 135.45 (57.52) 131.05 (70.70) 0.529 0.598
Bigram frequency (per million) 52,342.1 (22,290) 55,708.2 (23,315) 60,490.4 (24,121) 1.332 0.184
OLD-20 2.018 (0.5853) 1.802 (0.3674) 1.757 (0.3216) 1.086 0.279

Standard deviations are given in parentheses

Experiment 1
Methods
Participants

We tested 42 participants (30 women, 12 men)—the number
of observations in the initial capital condition and the all-
lowercase condition were 6300 and 6300, respectively. All
individuals were native German speakers with no reading
problems and with normal or corrected-to-normal vision.
Their mean age was 31.12 years (SD=10.67). Participants
received a small monetary incentive for their participation
(2 vouchers of 20€). All participants signed an informed
consent form before the experiment. Ethical approval of this
research was obtained from the Research Ethics Committee
of the University of Valencia, and the study followed the
requirements of the Helsinki convention.

Materials

We selected a set of 300 German words from the SUBTLEX-
DE word database (Brysbaert et al., 2011), of which 100
were animal nouns (e.g., Hund [dog]), 100 were other com-
mon nouns (e.g., Buch [book]), and 100 were verbs or adjec-
tives (e.g., klein [small]). As shown in Table 1, non-nouns
and common nouns were matched in the number of letters,
word frequency, bigram frequency, and OLD20 (Oganian
et al., 2016); all three groups of items were matched for
number of letters.® The list of stimuli can be found in Appen-
dix A. Each word was presented with all letters in lowercase
or with an initial capital letter (e.g., common nouns: Buch
vs. buch; non-nouns: Klein vs. klein; animal nouns: Hund vs.
hund). We created two lists to counterbalance the materials
in a Latin Square manner (e.g., Buch was presented in List

3 We matched the animal names and the non-animal common nouns
in terms of length and bigram frequency. However, this was not pos-
sible for word frequency (most animal nouns are of medium/low fre-
quency).
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1, whereas buch was presented in List 2). Each list contained
100 animal nouns (50 with the initial capital), 100 com-
mon nouns (50 with the initial capital), and 100 non-nouns
(50 with the initial capital). Each participant was presented
with only one of the lists and the assignment to the lists was
counterbalanced.

Procedure

The experiment was conducted in an online setting, using
PsychoPy 3 (Peirce & MacAskill, 2018), and its correspond-
ing online server Pavlovia (www.pavlovia.org). Participants
were instructed to do the experiment in a quiet room without
any distractions and to perform a semantic categorization
task (“Does this word refer to an animal?”’) by pressing the
button “M” on their keyboard for answering “yes” and the
button “X” on their keyboard for answering “no” as fast and
accurately as possible. Before starting the actual experiment,
all participants went through ten practice trials to get famil-
iarized with the task. Within one trial, a fixation point was
presented initially in the center of the screen for 500 mil-
liseconds (ms). Then, the target item was presented until
the response was made (or until a deadline of 2000 ms).
The order of presentation of trials was randomized for each
participant. Altogether, the experiment took about 8—12 min,
including a short break after 150 trials.

Data analysis

For the statistical analyses, we employed Bayesian lin-
ear mixed-effects models using the rstan and brms pack-
ages (Biirkner, 2017) in the R environment. We chose this
approach over the more traditional one (i.e., linear mixed-
effects models using the Ime4 package) because the Bayes-
ian models normally converge with the maximal random
effect structure of the design. In contrast, non-Bayesian
models often fail to converge. Of note is that reducing the
random effect structure in a model to achieve convergence
may increase the risk of Type-I errors (Barr et al., 2013).
For the analyses of the non-animal items (“no” responses),
the two fixed factors of the models were Form (all lowercase
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Table2 Mean response times (in ms) and accuracy of the answers
(proportion) for non-nouns (i.e. verbs and adjectives), common
nouns, and animal nouns, written with an initial capital letter or in all
lowercase letters in Experiment 1

Initial capital All lowercase

Response Accuracy Response Accuracy
time time
Non-nouns 615 0.988 567 0.994
Common 622 0.986 608 0.989
nouns
Animal nouns 633 0.955 657 0.893

vs. initial capital) and Grammatical category (nouns vs. non-
nouns). The levels of each fixed factor were centered in zero
(i.e., —0.5 vs. 0.5). As response time (RT) data typically
shows a positive skew, we used the ex-Gaussian distribution
(family =exgaussian (identity =link)) for the analysis of the
latency data, whereas we applied the Bernoulli distribution
(family =bernoulli) for the analysis of the accuracy data.
We fit the maximal model in terms of random factor struc-
ture (i.e., Dependent_Variable ~ word_format X grammati-
cal_category + (1 + word_format X grammatical_category |
subject) + (1 + word_format X grammatical_category | item).
For the analyses of the animal nouns (“yes”) responses, the
strategy was the same as explained above except that the
only factor was Form. We ran each model with four chains
of 5000 Markov chain Monte Carlo iterations with a warmup
of 1000 iterations for each chain. The priors were the default
values for the parameters (i.e., inits = “random”).

Bayesian linear mixed-effects models provide not only an
estimate of each parameter but also its Bayesian 95% cred-
ible interval. An effect was considered significant when its
95% credible interval did not include zero.

Results and discussion

We conducted separate analyses for the correct reaction
times and the accuracy of the participants’ responses. To
minimize the influence of fast guesses on the latency data,
response times shorter than 250 ms were removed from the
RT analyses. Due to the 2000 ms deadline, there were no
response times above 2000 ms. We excluded two partici-
pants from further analyses because they made more than
15% of errors across all words. Two common nouns (Mensch
[human] and Fleisch [flesh]) also yielded more than 15% of
errors and were excluded from further analysis. Of note, the
pattern of significant effects was exactly the same if we kept
all the participants and items in the analyses.

We conducted separate analyses for non-animal and ani-
mal words as they required different responses (“no” vs.
“yes”). The mean response times and the accuracy rates
for each condition are presented in Table 2. The fits of the

Bayesian models with the maximal structure factor model
were very good for both latency and accuracy data: the val-
ues of R'(i.e., a measure of the convergence of the estimates
across the four chains) were 1.00 for all coefficients.

Analysis of the RT data

Animal nouns Response times were faster when the animal
nouns were presented with an initial capital letter than when
presented in all lowercase letters (b=24.24, SE=2.89, 95%
Crl [18.55, 29.92)).

Non-animal words On average, participants responded
faster to words in all lowercase than to words with an initial
capital letter (main effect of Form: b=—18.46, SE=3.93,
95% Crl [—26.22, —10.75]), whereas there was no main
effect of Grammatical class (b=—1.26, SE=4.03, 95% Crl
[—9.18, 6.59]). Critically, we found an interaction between
Form and Grammatical class (b=—14.49, SE=4.66, 95%
Crl [—23.52, —5.35]). This interaction revealed an all low-
ercase advantage that was greater for non-nouns (95% Crl
[25.6, 40.9]) than for common nouns (95% CrI [10.6, 26.0]).
For a graphical representation of the effects, see Fig. 1A.

Analysis of the accuracy data

Animal nouns Accuracy was higher when the animal nouns
were presented with an initial capital letter than in all lower-
case letters (b=—-0.61, SE=0.27,95% Crl [— 1.14, — 0.07]).

Non-animal words We did not find any significant
effects—note that accuracy was at ceiling in all condi-
tions (above 0.985; see Table 2 and Fig. 1B for a graphical
representation).

The present semantic categorization experiment exam-
ined lexical access of German common nouns and non-
nouns (verbs and adjectives) written with an initial capital
letter or with all lowercase letters. We found that participants
responded faster when the word was presented in its most
common form for animal nouns (Hund faster than hund) and
non-nouns (blau faster than Blau). These findings favor the
idea that the presence/absence of the initial capitalization
helps lexical access.

However, we found an unexpected outcome for non-
animal common nouns: participants responded faster when
the word was written in lowercase than when written with
an initial capital letter (buch faster than Buch). To explain
this paradoxical advantage of buch over Buch, it may be
important to consider the characteristics of the task: one-
third of the trials were animal nouns (i.e., “yes” responses),
whereas two-thirds of the trials were either non-animal
nouns or adjectives/verbs (i.e., “no” responses). This implies
that if an item was presented in lowercase (e.g., hund [“yes”
response], blau [“no” response], buch [“no” response]), it
would be more likely to be a “no” response than a “yes”

@ Springer
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Grammatical Class x Format
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Possible parameter values

Fig. 1 Highest density intervals for the Bayesian linear mixed-effects
models of the response times (A) and the accuracy (B) of the non-
animal words. Boundaries of the 95% credible intervals are marked

response, and this may have sped up responding “no” to
buch when compared to Buch.

To examine this possibility, we conducted a pilot experi-
ment with 12 participants. The experiment was identical
to the present experiment except that we did not include
verbs/adjectives (i.e., all words were common nouns). This
way, the proportion of “yes” and “no” responses was the
same, and thereby form was not diagnostic of the response.
The mean RTs and accuracy per condition are presented in
Table 3. As can be seen in Table 3, the findings of the pilot
experiment mirrored those of Experiment 1 (i.e., hund was
faster than Hund, but Buch was slower than buch), thus rul-
ing out the above explanation.

Another reason for the puzzling advantage of lowercase
common nouns over initial capitalized common nouns for
non-animals in the semantic categorization task could be
as follows: lowercase common nouns (buch) do not follow
German orthographic rules for nouns—German common
nouns must be written with an initial uppercase letter. Thus,
in terms of word recognition models that include a decision
mechanism as accumulation of evidence (e.g., the Leaky-
Competing Accumulator model; Dufau et al., 2012), one
might expect that the combination of a “no” response with
an item that is orthographically illegal in German may have
sped up the responses to words such as buch.

Consequently, we designed Experiment 2, in which
we replaced the (orthographically illegal) full lowercase
format with a full uppercase format (i.e., BUCH)—note
that uppercase words are the typical choice in most word
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00 25
Possible parameter values

in purple. An effect was considered significant when the 95% credible
interval of its possible parameter values did not include zero. (A) Sig-
nificant effects were obtained for the fixed factor Format

recognition experiments. Hence, unlike buch, both Buch
and BUCH would follow the German orthographic rules.
To keep a 50% ratio of yes/no responses, the materials
were composed of animal and non-animal nouns, either
with the initial capitalized letter or in all uppercase let-
ters (e.g., Hund vs. HUND; Buch vs. BUCH). Thus, if
the initially capitalized nouns facilitate lexical access, one
would expect a processing advantage for Hund and Buch
over HUND and BUCH, respectively.

Table 3 Mean response times (in ms) and accuracy of the answers
(proportion) for common nouns (e.g. Buch) and animal nouns (e.g.
Hund), written with an initial capital letter or in all lowercase letters
in a pilot experiment (N=12)

Initial capital All lowercase
Response Accuracy Response Accuracy
time time
Common 658 0.983 648 0.980
nouns
Animal nouns 662 0.958 670 0.967
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Experiment 2
Methods
Participants

We tested 46 participants (16 women, 27 men, 3 diverse),
using Prolific Academic, a UK-based online crowdwork-
ing platform (http://prolific.ac)—this corresponds to 4600
items in each format. Prolific Academic’s recruitment filter
was used such that only native German speakers with no
reading problems and with normal-or-corrected-to-normal
vision could participate. Their mean age was 25.54 years
(SD=5.09) and on average, they took less than 10 min to
complete the task. As in Experiment 1, all participants gave
informed consent before the experiment.

Materials

We used the same words as in Experiment 1, except the
100 verbs/adjectives. Further, we replaced the two com-
mon nouns Mensch [human] and Fleisch [Flesh], which
had yielded a high error rate in Experiment 1 with two
other common non-animal nouns (Anfang [Beginning] and
Zeichen [Sign]) with similar word length, word frequency,
bigram frequency, and OLD-20. Each word was presented
with all letters in uppercase or with an initial capital letter
(e.g., common nouns: Buch vs. BUCH; animal nouns: Hund
vs. HUND). The counterbalanced lists of stimuli were cre-
ated in the same way as in Experiment 1.

Procedure

The procedure was the same as in Experiment 1.

Data analysis

As in Experiment 1, we employed Bayesian linear mixed-
effects models for the statistical analyses. We chose the same
strategy of analyses as in Experiment 1, except that we ana-
lyzed animal nouns and common nouns together. Conse-
quently, the two fixed factors of the model were Form (all
uppercase vs. initial uppercase) and Word category (com-
mon nouns vs. animal nouns).

Results and discussion

As in Experiment 1, we conducted separate analyses for
correct response times (250-2000 ms range) and the accu-
racy of the participants’ responses. Four participants were
excluded due to inaccurate measurements of the response

Table 4 Mean response times (in ms) and accuracy of the answers
(proportion) for common nouns and animal nouns, written with an
initial capital letter or in all uppercase letters in Experiment 2

Initial capital All uppercase

Response time accuracy Response time Accuracy

Common 607
nouns

0.976 616 0.960

Animal nouns 594 0.946 603 0.945

times on their computers (e.g., RTs were always 400, 500,
600 ms). The mean response times and the accuracy rates
for each condition are presented in Table 4.

Analysis of the RT data

Importantly, response times for animal nouns and common
nouns did not differ significantly (b=—0.55, SE=4.08,
95% CrlI [—8.57, 7.33]). For both, animal nouns and com-
mon nouns, participants responded faster to words with an
initial capital letter than to words written in all uppercase
letters (main effect of Form: b=7.74, SE=2.43, 95% Crl
[3.01, 12.51]). No interaction was found between Word
category and Form (b=2.58, SE=3.41,95% Crl [—4.19,
9.32]). For a graphical representation, see Fig. 2A.

Analysis of the accuracy data

On average, participants responded more accurately to
common nouns than animal nouns (main effect of Word
category: b=—0.89, SE=0.24, 95% Crl [— 1.34, —0.42])
and when words were presented with an initial capital
letter than in all lowercase letters (main effect of Form:
b=-0.64, SE=0.23, 95% Crl [-1.09, —0.20]). There
was an interaction of Form and Word category (b =0.54,
SE=0.26, 95% CrI [0.03, 1.07]; see Fig. 2, panel B for
a graphical representation), indicating an effect of Form
primarily of common nouns (see Table 4).

The present semantic categorization experiment com-
pared common nouns and animal nouns written with an
initial capital letter (Buch, Hund) or with all uppercase
letters (BUCH, HUND). We found that, regardless of
whether the nouns corresponded to animals or not, partici-
pants responded faster when nouns started with a capital
letter than when nouns were written in uppercase (e.g.,
Buch faster than BUCH; Hund faster than HUND). Thus,
using two orthographically correct forms and an equal
ratio of yes/no responses, we found a consistent advantage
for capitalized non-animal nouns in German.
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Fig.2 Highest density intervals for the Bayesian linear mixed-effects models of the response times (A) and accuracy (B). Boundaries of the 95%

credible intervals are marked in purple

General discussion

We designed two semantic categorization experiments that
investigated the role of initial letter capitalization for Ger-
man words on lexical access. Each word was presented with
an initial capital letter or with the same case form (lowercase
in Experiment 1; uppercase in Experiment 2). In both exper-
iments, we found faster responses to animal nouns with ini-
tial letter capitalization (Hund faster than hund [Experiment
1]; Hund faster than HUND [Experiment 2]). In Experiment
1, we also found a sizeable advantage for lowercase than
for initially capitalized non-nouns (blau faster than Blau).
Experiment 1 also revealed a puzzling benefit for lower-
case over initially capitalized non-animal nouns (buch faster
than Buch). This paradoxical finding was likely due to the
conflation of a “no” response for orthographically illegal
word forms (i.e., buch should be written as Buch or BUCH).
Indeed, in Experiment 2, when comparing word identifi-
cation times of German common nouns and animal nouns
with an orthographically legal uppercase format, we found
an advantage of German common nouns with initial capi-
talization (Buch faster than BUCH). Thus, our experiments
confirm, using a task that requires access to meaning (“is
the word an animal name?”), that initial letter capitalization
for nouns influences the speed of lexical access in German:
it helps the word identification of nouns (Hund faster than
hund or HUND) and hinders word identification of non-
nouns (blau faster than Blau) (see Jacobs et al., 2008, for
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converging evidence with an identification task; see Wim-
mer et al., 2016, for evidence with the lexical decision task).

The present results have clear theoretical implications: the
characteristics of an orthography can shape the process of
word recognition (see Frost, 2012). As stated in the Introduc-
tion, current neurally inspired models of visual word recog-
nition assume that lexical access is guided by case-invariant
representations. For instance, Dehaene et al.’s (2005) LCD
model assumes that letter-case only plays a role in the earli-
est stages of word processing, before visual input is mapped
onto case-invariant abstract letter units (e.g., the words time,
Time, and TIME would activate exactly the same arrays of
case-invariant units). That is, letter-case information would
not play a role during lexical access of common words
(Dehaene et al., 2005). Similarly, computational models
based on the classical McClelland and Rumelhart (1981)
interactive activation model do not take letter-case informa-
tion into account either—further, their current implementa-
tion only includes a letter feature level for uppercase letters.
However, the present semantic categorization experiments
showed that the capitalization of the initial letter influences
lexical access of German words (see also Jacobs et al., 2008;
Wimmer et al., 2016, for evidence with other word recogni-
tion tasks). Thus, neither the current version of the LCD
model (Dehaene et al., 2005) nor the current implementa-
tion of the interactive activation model and its successors
(for instance, DRC model, multiple read-out (MRO) model,
CDP + model, SC model) can accommodate these findings
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with common words in German, as they assume that lexical
access is guided by case-invariant representations.

As indicated by Sulpizio and Job (2018) in the context of
the effects of initial capitalization of Italian proper nouns,
“the recognition process is more complex than a simple
mapping between letters and abstract letter/word repre-
sentation” (p. 115). They suggested that the orthographic
lexicon could contain information about letter case when
identifying printed words in the spirit of the OC hypothesis,
which was initially proposed for Italian proper nouns (Peres-
sotti et al., 2003). The present results with German common
words align well with the OC hypothesis: the capitaliza-
tion of the initial letter in German nouns should not be seen
as a superfluous visual feature to be mapped onto a case-
invariant abstract representation, but rather as an element
that forms part of the orthographic lexicon. Using the logic
of the OC hypothesis, the first letter of the German com-
mon noun Hund could be marked with an abstract marker in
the orthographic lexicon, indicating an initial capital letter.
As a result, the visually presented word Hund would lead
to a faster word identification than hund—note that hund
shares all the abstract letter units (and their positions) with
the orthographic representation of Hund but not the marker
of the initial capitalization (Experiment 1).

Experiment 2 showed a faster processing for Hund than
for HUND. If we take the OC hypothesis literally, it would
predict similar word identification times for Hund and
HUND: both words would be marked with an initial capital
marker and share all the abstract letters with the abstract
word unit Hund. Nonetheless, it is obvious that the initial
capital H in Hund serves as an orthographic cue, but the
initial capital H in HUND does not serve as an orthographic
cue. Thus, our findings require further refinement of the
OC hypothesis: this hypothesis should consider an abstract
marker of letter-case not only for the initial letter, but also
for the other letter positions. A drawback of this argument,
however, is that assuming the existence of letter-case mark-
ers for each single letter of an orthographic representation
may not seem parsimonious (or biologically plausible).

Another option to capture the advantage of the initial
capitalization of German nouns is by assuming that the units
in the orthographic lexicon in interactive activation models
(e.g., DRC model, SC model, MRO model, CDP + model)
are stored in their most frequent letter-case format (e.g.,
Buch, blau)—instead of abstract case-invariant units—and
that the letter level preserves the letter-case of the visual
input.* Note that the idea of an orthographic lexicon keep-
ing not only the word’s abstract letter units but also some
indexical properties of the word such as letter-case is not
new (see Goldinger, 1998, for an episodic theory of lexical

4 We thank an anonymous reviewer for suggesting this explanation.

access). In this scenario, the visually presented stimuli
Buch and blau (i.e., consistent with the most familiar form)
would produce a greater level of activation in the ortho-
graphic lexicon than words than buch and Blau (see Jacobs
et al., 2008, for a similar observation). The above explana-
tion may also explain why all-uppercase words like BUCH
produce (if anything) a smaller cost relative to Buch than
all-lowercase words like buch. While we do not encounter
all-lowercase nouns (e.g., buch) in German (i.e., they would
not follow the orthographic rules), all uppercase words are
often encountered in titles, advertisements, etc., and they
can also be stored in the orthographic lexicon. It is just
that their level of activation would be lower than those of
Buch as they occur less frequently in this format. A simi-
lar argument applies to neurally inspired word recognition
models. As first suggested by Wimmer et al. (2016), the
neural representations of written words, at least in German,
would contain information about the initial letter-case of a
word—note that this assumption is in contrast to the view
of case-invariant abstract representations of the LCD model
by Dehaene et al. (2005). As a result, in this revised model,
the most frequent letter-case format of a word (e.g., Buch,
blau) would lead to the highest level of neural activation (see
Wimmer et al., 2016, for fMRI evidence with German nouns
vs. non-nouns). Notably, the idea of an orthographic lexicon
that keeps indexical information besides the identity and
order of each word’s abstract letter units fits well with the
advantage of words when presented in their more common
format, let be proper nouns (Anna faster than anna; Peres-
sotti et al., 2003), acronyms (FBI faster than fbi; Henderson
& Chard, 1976), brand names (IKEA faster than ikea; Gon-
tijo et al., 2002), or common words (molecule faster than
MOLECULE, but restaurant [which occurs frequently both
in lowercase and uppercase] is not responded faster than
RESTAURANT; Perea et al., 2018).

Thus, at a general level of theorizing, the present find-
ings can be employed in future implementations of compu-
tational and neurally inspired models of word recognition.
We have shown, using German common words in a task that
requires lexical access (semantic categorization task), that
letter-case information does not get lost early in process-
ing. Converging evidence has also been found in sentence
reading. Hohenstein and Kliegl (2013) found that initially
capitalized German nouns are processed faster when read-
ing a sentence. This finding has been interpreted in such a
way that the capitalization of German nouns helps readers
to quickly detect the word class, thus helping lexical access
(Hohenstein and Kliegl, 2013). Future research could fur-
ther explore the influence of reading skills on the processing
advantage of initial capitalized German nouns. Developing
readers and those speakers learning German, as well as indi-
viduals with a reading-related disorder may process capitali-
zation in German differently (see Bock, 1986) and, hence,
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they may provide some clues on the origins and the devel-
opment of the processing advantage of capitalized nouns.
Further research is also needed to determine the neural rep-
resentation of the initial letter capitalization using fMRI with
orthographically legal formats of German nouns (e.g., Buch
vs. BUCH) or examining the time-course of the processing
advantage of capitalized German nouns by measuring their
ERP correlates.

To sum up, we conducted two semantic categorization
experiments to compare word identification times of Ger-
man words that were presented in their standard format
(Hund, Buch, blau) or not (hund, buch, Blau [Experiment
1]; HUND, BUCH [Experiment 2]). We found a process-
ing advantage of capitalized nouns in comparison to other
orthographically legal forms of writing (e.g., Hund is iden-
tified faster than HUND and Buch is identified faster than
BUCH). Thus, letter-case information of the initial letter
in German nouns is both preserved and used during lexi-
cal access. These results pose some problems for the case-
invariance assumption shared by most current computational
and neurally inspired models of visual word recognition.
Additional research should focus on the processing advan-
tage of capitalized German nouns while reading sentences,
as well as in its developmental progression in individuals
learning German (e.g., developing readers and individuals
with reading-related disorders).

Appendix

List of words that were used in Experiments 1 and 2. In
Experiment 1, each word was presented with initial capi-
talization or in all lowercase letters and in Experiment 2,
each word was presented with initial capitalization or in all
uppercase letters.

Non-animal nouns: Antwort; Arger; Arzt; Aufgabe;
Auge; Beispiel; Bett; Bewegung; Blut; Boden; Buch;
Biiro; Eltern; Erde; Fehler; Fenster; Feuer; Firma; Fleisch
(Anfang in Experiment 2); Flugzeug; Frage; Freunde; Fre-
undin; Frieden; Gebdude; Gefahr; Gefiihl; Geist; Geschift;
Geschenk; Gesicht; Gliick; Grund; Hals; Haut; Herz; Him-
mel; Hochzeit; Holle; Idee; Insel; Jahr; Kaffee; Kampf;
Konig; Kraft; Krieg; Laden; Licht; Liebling; Liste; Luft;
Meinung; Meister; Menge; Mensch (Zeichen in Experiment
2); Monat; Mund; Musik; Nummer; Onkel; Ort; Polizei;
Richtung; Rolle; Ruhe; Schatz; Schiff; Schluss; Schritt;
Schuld; Schule; Schwert; Seite; Sekunde; Sinn; Spal3; Spiel;
Stimme; Stral3e; Stiick; Stunde; Szene; Tasche; Teil; Tisch;
Tochter; Traum; Versuch; Waffe; Wagen; Wahl; Wahrheit;
Wasser; Witz; Woche; Wohnung; Wort; Zeug; Zimmer.

Non-nouns: absolut; alleine; alte; dndern; anrufen;
bekannt; bekommen; bereit; bezahlen; bose; direkt; dre-
hen; dumm; diirfen; echt; egal; ehrlich; erinnern; erkliren;
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erledigt; ewig; falsch; fangen; fertig; fest; folgen; frei; froh;
friih; fithren; gehoren; gelassen; grof3; hart; heiraten; heil3;
hoch; holen; hiibsch; jung; kalt; kimpfen; kaputt; kaufen;
kaum; kennen; klein; komisch; krank; kiimmern; kurz;
lang; langsam; laut; legen; lernen; lesen; lieb; liigen; lustig;
mogen; moglich; miide; nennen; nervos; nett; notig; offen;
offnen; perfekt; rechts; reich; rufen; ruhig; sauber; sauer;
schlimm; schwer; spit; stindig; stark; stehen; siil3; tief;
toten; tragen; traurig; treffen; trinken; iibel; verletzt; ver-
riickt; wach; weit; wichtig; witzig; wohnen; wiitend; zerstort;
ziehen.

Animal nouns: Adler; Affe; Ameise; Auster; Biber;
Biene; Biiffel; Delfin; Drache; Eidechse; Einhorn; Elch;
Elefant; Elster; Ente; Esel; Eule; Falke; Ferkel; Fink; Fisch;
Flamingo; Frosch; Fuchs; Gans; Gazelle; Geier; Giraffe;
Gorilla; Hamster; Hase; Hengst; Hering; Hirsch; Huhn;
Hummel; Hummer; Hund; Kalb; Kamel; Kénguru; Karpfen;
Kater; Katze; Krabbe; Krihe; Krokodil; Krote; Kuckuck;
Kiiken; Lachs; Lama; Lamm; Laus; Leopard; Lowe; Luchs;
Maultier; Maulwurf; Maus; Motte; Mowe; Miicke; Muschel;
Nashorn; Nilpferd; Ochse; Otter; Panda; Panther; Papagei;
Pavian; Pfau; Pferd; Pinguin; Pony; Pudel; Rabe; Ratte; Reh;
Rentier; Schaf; Schnecke; Schwalbe; Schwan; Schwein;
Skorpion; Spatz; Stute; Tiger; Vogel; Walross; Waschbiir;
Welpe; Wespe; Widder; Wolf; Wurm; Zebra; Ziege.
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