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Abstract
In German, diacritical marks distinguish between vowel sounds in print (e.g., “0” pronounced
/o/ versus “6” pronounced /@/). Unlike in Spanish, where diacritics primarily indicate lexical
stress, omitting diacritics in German (e.g., Kréte [toad] - Krote) leads to longer word
identification times compared to intact words. This suggests separate letter representations
for diacritical and non-diacritical vowels in German. Current models of visual word
recognition assume distinct letter representations for diacritical and non-diacritical vowels in
German (Ziegler et al., 2000), but it remains unclear whether the reading cost differs when a
diacritic is added versus omitted. We conducted three semantic categorization experiments
to examine whether the presence of an added diacritic in a non-diacritical word (e.g.,
Schwan [swan] = Schwidin) incurs a greater lexical-semantic cost than its omission (e.g.,
Kréte = Krote) in German and Finnish, another language where diacritical vowels signal
distinct pronunciations. In noisy-channel models, adding a diacritic makes the percept less
similar to the base word than omitting one, thus predicting a larger cost. In contrast,
abstractionist models assume rapid activation of abstract letter representations, predicting a
negligible asymmetry. Results were similar in German and Finnish. First, both types of
misspellings showed a reading cost relative to the intact words. Second, the reading cost was
larger for the addition than for the omission of diacritics, placing new constraints on the
orthographic front-end of models of visual word recognition.
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Introduction

Models of visual word recognition typically assume a hierarchy of detectors, from
low-level visual features (e.g., lines, curves) to abstract letter identities and whole-word
forms (e.g., Coltheart et al., 2001; Davis, 2010; Dehaene et al., 2005; see Grainger, 2018, for
review). These models, often developed with English in mind, assume that each of the 26
Latin letters has a single case-invariant abstract representation (e.g., “a” and “A” would
correspond to the same unit). However, they rarely consider diacritical letters, which are
common in most Latin-based orthographies. This omission raises a fundamental question for
models of reading: what counts as a letter? (Grainger, 2024; Hofstadter, 1985). As
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Hofstadter (1985) asked in the Letter Spirit project when questioning what makes an “a” an

“a”, we might now ask: is “ad” simply another form of “a”, or a different letter altogether?
Diacritical marks serve different functions across Latin-based orthographies (see

Labusch et al., in press; Wells, 2000, for review). In Spanish, they indicate lexical stress
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without changing phoneme identity (e.g., “a” and are pronounced /a/) and are assumed
to share a single abstract letter representation (Chetail & Boursain, 2019; Perea et al., 2020;
see Conrad et al., 2010, for modeling). In contrast, in German, diacritics mark distinct
phonemes (e.g., a /a/vs.a /e/, 0/o/ vs. 6 /@8/, u/u/vs. U /y) and are modeled as separate
abstract letter units (Hutzler et al., 2004; Ziegler et al., 2000). The same logic plausibly
extends to other languages in which diacritics mark vowel contrasts (e.g., Finnish: a /a/ vs. a
/®/, 0/0/ vs. 6 /@/). Supporting this view, Perea et al. (2022b), using semantic categorization
tasks, found a sizeable reading cost when diacritics were omitted in German (Kréte [toad] >

Krote), but only a minimal cost in Spanish (raton [mouse] = raton). To our knowledge, no

previous study has directly compared the cost of adding versus omitting a diacritic in words,



nor examined whether these asymmetries generalize to another orthography in which
diacritics mark phonemic distinctions.

The present experiments address this issue by testing whether adding a diacritic
(Schwan [swan] = Schwidin) is more disruptive than omitting one (Kréte [toad] - Krote) in a
single-word recognition task requiring lexical-semantic access (i.e., semantic categorization:
“does the word refer to an animal?”). This manipulation addresses a key issue in visual word
recognition: how changes in letter features, instantiated here by the addition or omission of
diacritics, map onto abstract representations during lexical access. While current models of
visual word recognition assume that diacritical and non-diacritical vowels correspond to
distinct representations in languages like German and Finnish (see Labusch et al., in press), it
remains unclear whether the direction of the manipulation influences the reading cost.
Given the functional similarity between the two languages, the key question is whether
adding a diacritic incurs a larger cost than omitting one, or whether both manipulations yield
comparable disruption.

To interpret this potential asymmetry, we contrast two families of models.
Abstractionist models assume that perceptual variation is rapidly overridden by mappings
onto abstract letter representations that fuel lexical access (Dehaene et al., 2005; Grainger
et al., 2008). On this view, surface form is mapped onto identity-level codes, and variation
due to case or font is neutralized early in processing (e.g., chair, chair, CHAIR). Supporting
this, Chauncey et al. (2008) reported that masked repetition priming was equally strong
regardless of font or size. ERP studies have similarly found that identity priming effects from
the N250 onward are unaffected by letter case (Vergara-Martinez et al., 2015), and
behavioral responses are likewise invariant (Jacobs et al., 1995; Perea et al., 2015; see also

Laham & Leth-Steensen, 2023; Perea et al., 2020). Extending this logic to diacritics, if lexical



access is governed primarily by abstract letter codes, adding and omitting a diacritic should
incur comparable costs (e.g., Schwan vs. Schwdn; Kréte vs. Krote), because early perceptual
differences are rapidly regularized.

In contrast, noisy-channel models of word recognition (Norris & Kinoshita, 2012)
propose that visual word recognition involves inference over a noisy perceptual input:
features or letters may be lost, added, substituted, or transposed before abstract
representations are activated. This account explains why pseudowords like JUGDE or
TELEPHOME can be misread as JUDGE or TELEPHONE (O’Connor & Forster, 1981; Perea &
Lupker, 2004). In its original formulation, the Bayesian Reader model assumed comparable
costs for insertions and deletions of visual features of letters. [Footnote 1] However,
Kinoshita et al. (2021) revised this model by proposing that insertions are more disruptive
than deletions. The logic was that, during feature-matching in early letter perception,
deletions create partial matches (no discrepant features), while additions introduce
mismatches (Kinoshita et al., 2021). They justified this assumption by stating that “visual
features are more likely lost than inserted”, a characteristic they tied to the processes of
“early vision” (p. 821). Indeed, in masked priming experiments with isolated letters, deleting
a feature was less disruptive than adding one (e.g., in English letter pairs like E-F; Kinoshita et
al., 2021; see also a similar asymmetry in visual search experiments, Treisman, 1986).
Consequently, the revised noisy-channel model predicts greater disruption for diacritic
addition (Schwan = Schwdn) than omission (Kréte - Krote), reflecting the influence of
perceptual features during lexical access.

Notably, a number of recent experiments have examined this asymmetry during the
initial stages of word processing using the masked priming paradigm (Forster & Davis, 1984;

see Grainger, 2008, for a review). Perea et al. (2020) found that in Spanish, for a diacritical



target word like FACIL [easy], both fdcil and facil primes were equally effective. In contrast,
for a non-diacritical target like FELIZ [happy], the prime féliz was less effective than feliz,
even though both a/4 and e/é correspond to the same phonemes (/a/ and /e/, respectively;
see also Perea et al., 2021). This asymmetry also emerges in languages where diacritical and
non-diacritical vowels correspond to different phonemes. For instance, in Hungarian, the
prime néma was as effective as nema for the target NEMA [mute], but mése was less
effective than mese for the target MESE [tale] —note that “e” corresponds to /¢/ and “é” to
/e:/ (Benyhe et al., 2023; see also Perea et al., 2022a). A similar pattern is found for
consonants marking phonemic contrasts. In Spanish, for example, muneca—MUNECA [doll]
primes as effectively as mufieca-MUNECA, but mofieda—MONEDA [coin] primes less
effectively than moneda—MONEDA, where “n” and “fi” correspond to /n/ and /p/,
respectively (Marcet et al., 2020). [Footnote 2] While the masked priming technique
provides valuable insights into early processing, its reliance on prime—target coactivation
prevents a clear account of the dynamics that unfold upon presentation of a word (see
Andrews, 1997; Gomez et al., 2021, for discussion). To address this issue, we used a single-
presentation paradigm to examine the processing cost of omitting or adding diacritics in
lexical access.

Empirical evidence for perceptual asymmetries between diacritical and non-
diacritical vowels using single-presentation word recognition experiments remains scarce
and somewhat inconclusive. As noted earlier, in Spanish, where diacritics do not alter
phoneme identity, omitting a diacritical mark incurs only a minimal cost (approximately 4
ms; e.g., raton [mouse] vs. raton; Perea et al., 2022b), while adding a diacritic produces a
slightly larger cost (6—7 ms; e.g., perro [dog] vs. perrd; Labusch et al., 2022). This asymmetry

is consistent with the idea that prosodic diacritics carry limited perceptual weight during



lexical access. A simple letter-frequency account cannot explain the present pattern;
although diacritical characters are generally less frequent than their base forms (e.g., d vs a
in Spanish), Spanish shows only minimal costs for both omission and addition. In contrast,
French offers a more complex case: although some diacritical vowels do map onto distinct
phonemes (e.g., é /e/ vs. € /€/), the omission of diacritics still produces only a small cost (5-6
ms; e.g., chévre [goat] vs. chevre), while the addition of a diacritic leads to a more substantial
cost (19 ms; e.g., chéval vs. cheval [horse]; Labusch et al., 2023). However, the interpretation
of these findings is complicated by the frequent omission of diacritics in informal French
writing, meaning that readers are used to encountering words with omitted diacritics (e.g.,
chevre).

A stronger test of perceptual asymmetries in word recognition requires languages
such as German or Finnish, where diacritical and non-diacritical vowels map onto different
phonemes and are treated as distinct letters in both instruction and orthographic
conventions (e.g., reading acquisition, keyboard layouts). Crucially, diacritics in these
languages are spelled consistently, regardless of register (see Perea et al., 2022b, for a
sizeable reading cost of omitting diacritics in German; Footnote 3). An additional
methodological advance of the present experiments is the use of a within-subject design to
directly compare the effects of the omission and addition of diacritics. Unlike prior studies in
Spanish and French, which tested each manipulation in separate experiments, our approach
allowed the same participants to receive both manipulations (omission: Kréte = Krote;
addition: Schwan = Schwadn). Our design therefore provides a direct test of whether adding
diacritics incurs greater costs than omitting them.

In sum, we conducted three semantic categorization experiments to test whether

adding a diacritic to a non-diacritical word (e.g., Schwan = Schwdn) incurs greater reading



costs than omitting a diacritic from a diacritical word (e.g., Kréte - Krote) in languages
where diacritics encode phonemic contrasts. We focused on German and Finnish, two
orthographies in which diacritical marks correspond to distinct phonemes and are treated as
separate letters (Ziegler et al., 2000). Across all experiments, participants performed a
semantic categorization task (i.e., deciding whether a word denoted an animal), ensuring
comparability with prior work (e.g., Labusch et al., 2023; Perea et al., 2022b). Abstractionist
models, which map surface variation onto abstract letter identities, predict comparable
costs for addition and omission. In contrast, noisy-channel accounts predict larger costs for
addition, since added features introduce mismatches whereas deletions yield partial
matches. We first tested this prediction in German (Experiment 1) and then replicated it in

Finnish with blocked (Experiment 2) and randomized (Experiment 3) presentations.

Experiment 1 (Semantic Categorization in German)
Methods
Participants
We recruited a sample of 76 native German participants (22 self-identifying as women;
mean age = 29.7 years, SD = 11.5) through Prolific Academic (www.prolific.co). This sample
size allowed us to have more than 2,000 observations for each critical condition (76
participants x 30 items = 2,280), thus in line with the suggestions of Brysbaert and Stevens
(2018). We used Prolific's participant filter to ensure that the participants were native
German speakers, had normal or corrected-to-normal vision, and had no reading disorders.
Before the experiment, all participants provided informed consent and received monetary

compensation following Prolific's standard hourly rate. The experiments were approved by



the Research Ethics Committee of the University of Valencia and adhered to the guidelines
set forth by the Declaration of Helsinki.

Materials

We selected 120 German words from the German lexical database of Oganian et al. (2016),
of which 40 were animal names, and 80 did not refer to animals or concepts related to
animals or other living beings. Half of the words contained at least one letter with a diacritic,
and the other half contained none. For the words with diacritical letters, 20 were animal
names (mean word length = 7.65; mean word frequency per million = 2.9; mean
orthographic Levenshtein distance of the 20 closest neighbors [OLD20, see Yarkoni et al.,
2008] = 2.8) and 40 were non-animal words (mean word length = 7.55; mean word
frequency = 3.1; mean OLD20 = 2.9). For the words without diacritical letters, 20 were
animal words (mean word length = 7.6; mean word frequency = 3.1; mean OLD20 = 2.8), and
40 were non-animal words (mean word length = 7.5; mean word frequency = 2.7; mean
OLD20 = 2.7). The four groups were matched on word length, word frequency per million,
and OLD20 (all ps > .20). The materials are presented in Appendix 1.

Each word was presented either intact or with an added/removed diacritical mark. For
diacritical words, the diacritical mark was removed (e.g., Kréte [toad] = Krote). In contrast,
for the non-diacritical words, a diacritical mark was added to a vowel (e.g., Schwan [swan] =
Schwaén). None of the altered forms created an existing word in German (e.g., the word
schon [already] could not be selected because schén is a word [beautiful]). The words were
presented in two blocks: one block contained the non-diacritical base words (in which half of
them were presented with an additional diacritic), and the other block contained the
diacritical base words (in which half of the words were presented with an omitted diacritical

mark). The order of the blocks was counterbalanced across participants, and each



participant saw each word only once, resulting in four different lists of stimuli. Participants

were assigned randomly to a list. Each block contained a brief practice phase.

Please Insert Table 1 Around Here

Procedure

The experiment was programmed using PsychoPy 3 (Peirce & MacAskill, 2018) and hosted
on their online server Pavlovia (www.pavlovia.org). Participants were first required to fill out
a demographic questionnaire hosted on www.limesurvey.org. Participants were instructed

to do the experiment in a quiet environment with minimal distractions. They were asked to

III III

categorize German words as “animal” or “non-animal” while ignoring diacritics, pressing the
“m” key for animal names and “x” key otherwise, responding as quickly and accurately as
possible. Each block began with 16 practice trials.

On each trial, a fixation cross appeared for 500 ms, followed by the stimulus for 2,000
ms or until response. Trials were presented in a randomized order for each participant.
Reaction times (RTs) and accuracy were measured. The experiment lasted approximately 8-
10 minutes, with a short break after every 80 trials.

Data analysis

Statistical analyses were conducted using Bayesian linear mixed-effects models implemented
in brms (Birkner, 2017) in R (R Core Team, 2023), with Stan as backend (Stan Development
Team, 2023). [Footnote 4] Bayesian models provide full posterior estimation and robust
handling of mixed-effects models (Schad et al., 2021; Vasishth et al., 2018). We specified

maximal random-effects structures, as recommended by Barr et al. (2013). We modeled

three factors using effect coding: word type (diacritical = -0.5, non-diacritical = 0.5), spelling
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(correct =-0.5, misspelled = 0.5), and semantic category (animal [-2/3] vs. non-animal [1/3]);
centered to reflect the 1:3 ratio). Dependent variables (RT and accuracy) were analyzed
separately. For RTs, we used an exGaussian distribution, as it captures well the shape of RT
distributions (Balota & Yap, 2011; Ratcliff, 1979); for accuracy, a Bernoulli distribution. Each
model ran four chains for 10,000 iterations (2,000 iterations were employed as a warm-up).
The maximal random-effect structure allowed by the design (Barr et al., 2013) was the

following:

Dependent Variable = word type*spelling*category +
(1+word type*spelling*category|subject) +

(l+spelling|item)

We used the default weakly informative priors from brms (Biirkner, 2017; Scholz & Biirkner,
2023). Following a reviewer’s suggestion, we examined alternative priors for fixed effects
(i.e., N(0,50), N(0,100), N(0,150)). Posterior estimates were nearly identical. Given the large
dataset, prior choice had little influence on the posterior distributions (see OSF link for fits
with these other priors; see also Scholz & Birkner, 2023). Model outputs provide a
coefficient for each parameter (the mean of the posterior distribution) posterior SDs, and
95% Credible Intervals (Crls). We considered effects supported when the 95% Crl did not
intersect zero.

The experiment was not pre-registered. Data, scripts, and full output of this and the
following experiments are available at:

https://osf.io/jtda8

Results and Discussion
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We excluded very short trials (<250 ms; 0 cases) and incorrect responses (3.5%) from the RT
analyses. Trials with no response within the 2000-ms deadline were coded as errors. The
mean response times and error rates are displayed in Table 2. The RT and accuracy models
produced good fits. All chains converged (all R = 1.00), with bulk and tail effective sample
sizes exceeding 2,000. The posterior distributions for all parameters, including interactions,
are presented in Figure 1. The population-level estimates of the RT models for all

experiments are presented in Appendix 2.

Please Insert Table 2 Around Here

Response Time Analysis. As expected, response times were longer for incorrectly spelled
words than intact words (b = 16.93, Est.Error = 2.16, 95% Crl [12.67, 21.17]). Critically, this
reading cost was larger when a diacritical mark was added than when it was omitted (word
type x spelling interaction: b = 8.89, Est.Error = 3.96, 95% Crl [1.15, 16.71]). Finally, we
observed a three-way interaction among word type, spelling, and semantic category (b =
24.57, Est.Error = 9.31, 95% Crl [6.12, 42.63]). This interaction reflected that misspelling cost
for addition vs. omission of diacritics was larger for non-animal words (39 ms vs. 25 ms,
respectively) than for animal words (27 vs. 17 ms; see Figure 1, left panel, for the posterior
distributions).

Accuracy Analysis. Accuracy was lower for animal than non-animal words (b = 0.93, Est.Error
=0.24, 95% Crl [0.45, 1.40]). We also found evidence for a three-way interaction (b =-1.27,
Est.Error = 0.65, 95% Crl [-2.55, -0.02]), indicating that the lower accuracy for animal words

occurred mainly in the misspelled condition (see Figure 1, right panel).

Please Insert Figure 1 Around Here
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The present experiment demonstrated sizeable reading costs in RTs both when a
diacritic was omitted from a German word (e.g., Kréte - Krote) and when a diacritic was
added to a non-diacritical word (e.g., Schwan — Schwdin). This replicates the omission cost
reported by Perea et al. (2022b) with a different item set and further demonstrates that
addition also incurs a cost. These findings reinforce the proposal that diacritical and non-
diacritical vowels are represented as distinct abstract units in German (Ziegler et al., 2000).

More importantly, adding a diacritic was 10—14 ms more costly than omitting one,
revealing a clear asymmetry. This result is consistent with the prediction of noisy-channel
models (Kinoshita et al., 2021), which proposed that feature insertions are more disruptive
than deletions. In contrast, the abstractionist view, which predicts comparable costs for
addition and omission, was not supported. The asymmetry observed here parallels findings
in French for the letter “e” (Labusch et al., 2023) but extends them using a within-subject
design and a broader set of vowels.

Accuracy remained high, indicating that readers could readily recover base words
despite minimal costs for the omission and addition of diacritics. This is consistent with
earlier evidence that readers can reconstruct words from visually similar letter strings
(Rayner & Kaiser, 1975). In addition, the three-way interaction in RTs suggested that the
asymmetry was numerically larger for non-animal than animal words. However, given that
this effect was small and not consistently found in prior experiments (e.g., Labusch et al.,
2023), we prefer to interpret it cautiously.

Having established an asymmetry in German, where adding a diacritic was more
disruptive than omitting one, we next tested whether this pattern generalizes to Finnish,

another transparent orthography with distinct grapheme—phoneme mappings for diacritical
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vowels. Experiment 2 had two goals: (i) to assess whether Finnish also shows reading costs
for diacritic addition and omission, and (ii) to determine whether the asymmetry observed in
German generalizes to another language in which diacritics mark separate phonemes.
Importantly, Finnish differs from German in that diacritical vowels participate in
vowel harmony, a phonological constraint whereby front vowels (&, 6, y) and back vowels (a,
0, u) typically do not co-occur within a morpheme (except when mediated by neutral vowels
e and i). Vowel harmony plays a robust role in spoken word recognition (Suomi et al., 1997;
Tuomainen, 2001) and in morphological parsing during reading (Bertram et al., 2004). Its role
in visual word recognition, however, remains less clear. Although disharmony reduces
wordlikeness in pseudowords (Perea et al., 2022a), its effects on words are less
straightforward. Indeed, disharmonious misspellings may trigger two opposing mechanisms
during lexical access. On the one hand, their anomalous pattern (i.e., violating Finnish vowel
harmony) may slow down lexical processing due to the detection of an irregularity. On the
other hand, because disharmonious misspellings produce a phonotactically illegal
phonological representation, they may be more easily normalized to the base word (see
Rumelhart, 1985, for the dynamics underlying this normalization process with orthotactically
illegal strings). Notably, recent evidence from Turkish, another language with vowel
harmony, suggests that vowel harmony exerts only weak effects on word processing (Ozkan

et al., 2025).

Experiment 2 (Semantic Categorization in Finnish)

Methods

Participants

14



We recruited 56 native Finnish participants (26 women, mean age = 32 years, SD = 8.9 years)
through Prolific Academic with the same filters as in Experiment 1, restricted to native
Finnish speakers. This sample size was chosen to yield a comparable number of observations
as in Experiment 1 (i.e., 56 x 36 = 2,016 observations).

Materials

We selected 144 Finnish words from the Word-Mill database (Laine & Virtanen, 1999): 46
animal names and 98 words that did not denote animals or concepts related to living beings.
Half of the words contained at least one letter with a diacritic, and half did not. The four sets:
animal words with diacritics (mean length = 7.4; mean frequency = 4.8); animal words without
diacritics (mean length = 7.6; mean frequency = 4.8); non-animal words with diacritics (mean
length = 7.2; mean frequency = 4.7), and non-animal words without diacritics (mean length =
7.4; mean frequency = 4.7) were matched on length and frequency (all ps >.20). The complete
list is in Appendix 1. The manipulation paralleled Experiment 1: diacritics could be removed
from diacritical words (e.g., lehmd [cow] = lehma) or added to non-diacritical words (e.g.,
varis [crow] = vadiris).

Procedure

The procedure was the same as in Experiment 1, except that (i) all stimuli were in Finnish
and (ii) participants pressed the “m” key for animal names and the “z” key for non-animal
words.

Data Analysis

Data were analyzed as in Experiment 1 using Bayesian linear mixed-effects models in brms.

Results and Discussion

15



We excluded very short trials (<250 ms; 0 cases) and incorrect responses (5.0%) from RT
analyses. The mean RTs and error rates appear in Table 3. All chains converged (all R = 1.00),
with bulk and tail effective sample sizes exceeding 1,800.

Please Insert Table 3 Around Here

Response Time Analysis. Misspelled words yielded longer response times than intact words
(b =15.32, Est.Error = 2.20, 95% Crl [11.04, 19.68]). Response times were also longer for
non-diacritical than diacritical words (b = 14.59, Est.Error = 7.08, 95% Crl [0.75, 28.48]) and
for animal than non-animal words (b =-13.97, Est.Error = 7.07, 95% Crl [-27.62, -0.03]). More
importantly, as in Experiment 1, the misspelling cost was larger for the addition than for the
omission of diacritics (word type x spelling: b = 12.59, Est.Error = 4.17, 95% Crl [4.38, 20.64]).
This asymmetry was comparable for animal and non-animal words (three-way interaction: b
=7.98, Est.Error = 8.73, 95% Crl [-9.14, 25.15]).

Accuracy Analysis. Accuracy was lower for animal than non-animal words (b = 1.29, Est.Error

=0.27,95% Crl [0.76, 1.83]). No other reliable effects emerged (see Figure 2).

Please Insert Figure 2 Around Here

Experiment 2 replicated and extended the findings of Experiment 1 to Finnish. Both
addition and omission of diacritics produced reading costs, and the addition cost (e.g., varis
- vdris) exceeded the omission cost (e.g., lehmd = lehma) by approximately 13—16 ms. This
asymmetry supports noisy-channel accounts (Kinoshita et al., 2021), which predict insertions
to be more disruptive than deletions, and challenges the abstractionist prediction of

comparable costs.
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In an exploratory analysis, we also tested whether vowel harmony influenced
processing. Harmonious and disharmonious misspellings differed by less than 2 ms,
indicating negligible impact. Thus, vowel harmony appears secondary in semantic
categorization, consistent with findings from Turkish (Ozkan et al., 2025). While vowel
harmony may affect morphological parsing (Bertram et al., 2004), its contribution to single-
word semantic access appears limited.

In summary, the present experiment in Finnish replicated the asymmetry obtained in
the German experiment: adding diacritics was more disruptive than omitting them,
reinforcing the generality of this pattern across languages where diacritical vowels mark
phonemic contrasts.

One remaining issue is whether the asymmetry might be magnified in a randomized
design. In Experiments 1 and 2, words were blocked by base type (whether with or without
diacritics), which could have allowed participants to adapt their attention toward the
omission or addition of diacritics. A fully randomized design would prevent anticipation of
diacritic status and could amplify the asymmetry. Alternatively, if the asymmetry arises at
early visual encoding, as suggested by masked priming and visual search studies (Benyhe et
al., 2023; Kinoshita et al., 2021; Treisman, 1986), then blocking should not play a role, and a

similar pattern should emerge. Experiment 3 tested these alternatives.

Experiment 3 (Semantic Categorization in Finnish without blocks)
Methods
Participants
We recruited a new sample of 56 native Finnish participants (25 women, mean age = 31.5

years, SD = 7.8 years) through Prolific Academic, using the same selection criteria as in
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Experiment 2. This sample size was chosen to yield the same number of observations as in
the previous experiment (i.e., 56 x 36 = 2,016 observations).

Materials

The materials were identical to those in Experiment 2.

Procedure

The procedure was the same as in Experiment 2, except that the order of trials was fully
randomized rather than blocked by word type.

Data Analysis

Analyses were conducted as in Experiment 2.

Results and Discussion

As in the previous experiments, we excluded very short trials (<250 ms; 0 cases) and
incorrect responses (4.6%) from the RT analyses. Mean RTs and error rates are displayed in
Table 4. Model fits were very good (all Rs = 1.00; bulk and tail effective sample sizes

exceeding 1,750).

Please Insert Table 4 Around Here

Response time analyses. Misspelled words produced slower responses than intact words (b =
23.90, Est.Error = 2.85, 95% Crl [18.38, 29.56]). Response times were also slower for animal
than for non-animal words (b = -27.56, Est.Error = 8.87, 95% Crl [-44.93, -10.20]). As in
Experiments 1-2, the cost of adding a diacritic was larger than the cost of omitting one (43 vs.
25 ms). The two-way interaction supported this pattern (b = 9.72, Est.Error = 5.06, 95% Crl [-
0.16, 19.74]). Although this credible interval narrowly included zero, the vast majority of the

posterior distribution was positive (P(B > 0) = .97; see Footnote 5 for a complementary
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analysis). There was no clear evidence for a three-way interaction (b = 6.9, Est. Error = 10.8,

95% Crl [-14.2, 28.3]; see Figure 3, right panel).

Accuracy analyses. Accuracy was again lower for animal than non-animal words (b = —1.14,

Est. Error = 0.33, 95% Crl [-1.80, —0.51]). No other effects were supported.

Please Insert Figure 3 Around Here

With a fully randomized presentation, Experiment 3 replicated the asymmetry from
Experiments 1-2. Adding diacritics produced a larger reading cost than removing them
(approximately 16—17 ms), closely matching the asymmetry in Experiment 2 (approximately
13-16 ms; see Figures 2 and 3). Thus, the asymmetry is robust to experimental design,
occurring both in blocked and randomized presentations. This invariance suggests that the
effect is unlikely to reflect strategic adaptation to the structure of the blocks. Instead, the
pattern indicates that the asymmetry arises during early perceptual encoding, in line with
noisy-channel accounts where insertions are more disruptive than deletions (Kinoshita et al.,

2021).

General Discussion

We conducted three semantic categorization experiments to examine (i) whether the
addition or omission of diacritics incurs a reading cost relative to intact words in two
transparent orthographies from different families (German [Germanic] and Finnish [Uralic])
that use diacritics to mark phonemic contrasts, and (ii) whether this cost is asymmetrical.

Across both languages, misspellings slowed responses relative to intact words, and, crucially,
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adding a diacritic was consistently more disruptive than omitting one. (footnote 6) These
findings support the view that, in languages like German and Finnish, diacritical and non-
diacritical vowels are represented as distinct letter units, and that feature-level differences

at the orthographic front end continue to shape lexical access.

Cross-linguistic implications

At the language-specific level, our findings reinforce that diacritical vowels are represented
as distinct letter units in German and Finnish. This assumption has long been present in
models of visual word recognition in German (e.g., Hutzler et al., 2004; Ziegler et al., 2000),
and our results extend it to Finnish: vowels such as & and 6 must be treated as separate
graphemes from a and o, despite their visual similarity. In other words, they are encoded as
different letters, much like conventional pairs with high feature overlap (e.g., i—j, n—m). By
extension, the same principle likely applies to other orthographies where diacritics mark
phonemic contrasts, such as Hungarian (Benyhe et al., 2023).

In contrast, languages in which diacritics primarily mark prosodic features such as
stress (e.g., Spanish, Italian) show a different pattern: in Spanish, “4” and “a” correspond to
the same phoneme /a/, and evidence from masked priming and single-presentation studies
suggests they share a single abstract representation (Chetail & Boursain, 2019; Marcet &
Perea, 2022). Omission of the accent has only a minimal cost (approximately 4 ms), while
addition produces a slightly larger but still small cost (approximately 67 ms; Labusch et al.,
2022; Perea et al., 2022b). Thus, in stress-marking languages, diacritics carry relatively little
weight in visual word recognition.

French occupies an intermediate position. Some diacritical vowels correspond to

distinct phonemes (é vs. €), while others do not. Behavioral evidence shows small omission
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costs (5—-6 ms; chévre [goat] vs. chevre) but larger addition costs (up to 19 ms; chéval vs.
cheval [horse], Labusch et al., 2023). The larger addition costs may partly reflect
orthographic conventions, since readers frequently encounter omission of diacritics in
informal French writing (chevre), but rarely encounter additions of diacritics (chéval). Thus,
French illustrates how orthographic conventions (optional vs. obligatory diacritics) shape
perceptual processing.

Taken together, additions of diacritics are more disruptive than omissions across
orthographies. The magnitude varies with function: strongest when they mark phonemic
contrasts (German, Finnish), weaker when they mark prosody (Spanish), and intermediate
when omission of diacritics is frequent in informal writing (French). We next consider how

these findings inform models of visual word recognition

Theoretical implications

Our findings speak directly to competing theoretical accounts of visual word recognition. On
the one hand, abstractionist models such as the Local Combination Detectors model
(Dehaene et al., 2005; see also Grainger et al., 2008) propose that perceptual variations in
orthographic input (e.g., case, font, color, size) are rapidly normalized during early
processing stages. In German and Finnish, however, diacritics mark distinct phonemes and
therefore should correspond to different abstract letter units (see Ziegler et al., 2000). On
this view, addition and omission of diacritics should yield comparable costs, since “a” and “a”
activate different letter units. Our data contradict this: we found asymmetric costs in both
languages, with the addition of diacritics consistently producing greater disruption than their

omission. Thus, this asymmetry challenges the assumption of rapid normalization for letters

with diacritics in phoneme-marking orthographies.
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On the other hand, noisy-channel models provide a more natural fit. In the Bayesian
Reader model (Norris & Kinoshita, 2012), visual word recognition is treated as inference
from noisy input: the system combines the likelihood of the observed features with priors
about common error types (e.g., substitutions, transpositions, insertions, deletions). In the
original account, insertions and deletions were assumed to be equally probable, predicting
symmetric costs for diacritical versus non-diacritical letters. More recently, however,
Kinoshita et al. (2021) argued that features are generally more likely to be lost than
spuriously added, due to factors such as attentional filtering or peripheral degradation. On
this view, additions are more costly than omissions (e.g., Schwan = Schwdn vs. Kréte -
Krote), consistent with the 12—18 ms asymmetry observed in German and Finnish.
Importantly, this asymmetric pattern may depend on language-specific experience: in
orthographies where diacritics mark prosodic features and are often omitted in informal
writing (e.g., Spanish, French), the system may treat missing diacritics as more probable,
yielding very small differences between addition and omission. In contrast, in phoneme-
marking systems such as German and Finnish, added diacritics more strongly violate
expectations, increasing the reading cost. Current noisy-channel models underspecify how
visual features map onto letter representations (see Snell, 2025), an issue that remains to be
addressed in future work.

Finally, a third perspective is offered by interactive activation models (McClelland &
Rumelhart, 1981; see also Rey et al., 2009), which integrate bottom-up activation from letter
features, lateral inhibition at the letter level, and top-down feedback from lexical
representations. In these frameworks, diacritical and non-diacritical vowels in German and
Finnish are encoded as distinct letter representations (e.g., a vs &; see Ziegler et al., 2000).

The addition of a diacritic (e.g., Schwan - Schwdn) activates the wrong node (“a”),
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triggering inhibition of the correct letter unit (“a”). In contrast, omitting a diacritic (e.g.,
Krote - Krote) activates a visually similar node (“0”), while the intended target letter (“6”)
still receives partial bottom-up support from overlapping features, attenuating the cost. This
asymmetry follows naturally from feature-to-letter dynamics and aligns with the observed
reading cost. Cross-linguistic patterns fit as well: in stress-marking systems such as Spanish,
where accented and unaccented vowels correspond to the same phoneme and are
presumed to share the same abstract letter unit (Conrad et al., 2010; Labusch et al., in
press), the asymmetry is minimized, whereas in phoneme-marking systems, vowels with and
without diacritics map onto separate letter representations, thereby amplifying it. Although
compatible with our findings, interactive activation models may need parameter
adjustments (e.g., stronger inhibition for extra features) and, more fundamentally, a more
realistic letter layer than the Rumelhart and Siple (1974) font to capture diacritic-specific
processing (see Davis, 2010; Snell, 2025, for limitations of the orthographic front-end of
these models).

At a general level, most implemented models of visual word recognition focus on the
interplay between activated lexical units rather than on the orthographic front-end of the
models (McClelland & Rumelhart, 1981). In recent front-end models of orthographic
processing, the focus has been on letter position coding rather than letter identity (e.g.,
LTRS: Adelman, 2011; Spatial Coding: Davis, 2010; PONG: Snell, 2025; Uber-Reader: Reichle,
2020). Indeed, they underspecify how visual features become letter identities (see Davis,
2010; Snell, 2025, for discussion). Our findings show that this mapping is nontrivial: a
diacritic is not an optional stroke but a feature that changes letter identity and lexical access.
Furthermore, diacritic manipulations are particularly useful because they create clean,

categorical contrasts (a vs. &; nvs. ii; s vs. §) that are easier to formalize than confusable
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pairs like i—j or u—v (Marcet & Perea, 2017). They thus provide an ideal testing ground for
future computational models of visual word recognition to incorporate feature-level coding.
In addition, one important next step is to determine when in processing the
asymmetry emerges. Masked priming studies show early insensitivity to omission (fdcil—
FACIL [easy] produces similar response times as facil-FACIL) but reduced priming for
addition across languages (e.g., feliz—FELIZ [happy] yields faster responses than féliz—FELIZ;
Benyhe et al., 2023; Perea et al., 2020; see also Marcet et al., 2021, for diacritical
consonants), suggesting that the asymmetry arises during perceptual encoding. ERP studies
targeting components linked to orthographic processing (Holcomb & Grainger, 2002) could
test whether the extra cost of adding a diacritic emerges at the feature-to-letter mapping
stage. Eye-tracking during sentence reading could further assess whether the asymmetry
generalizes to natural reading, particularly via parafoveal preview effects (Rayner, 2009;

Marcet & Perea, 2022).

Conclusions

In sum, orthographies that use diacritics to encode phonemic distinctions (e.g.,
German, Finnish) are best described by models in which diacritical and non-diacritical vowels
are represented as distinct letter units. In both German and Finnish, adding a diacritical mark
led to greater reading costs than omitting one, demonstrating that low-level perceptual
features exert a persistent influence on lexical access. This challenges purely abstractionist
accounts and favors models incorporating perceptual noise or feature-level inhibition. Our
results also contribute to Hofstadter’s (1985) enduring question: what counts as a letter? In
German and Finnish, the answer is clear: the “a” in Handel is not the same as the “3” in

Héindel, and an added diacritic disrupts reading more than its omission. Future
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computational models must therefore incorporate feature-level coding to capture these

asymmetries.
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Footnotes

Footnote 1. Some noisy-channel models of reading predict greater reading costs for addition
than for deletion (e.g., Gibson et al., 2013), whereas others assume a symmetric cost

structure (e.g., Levy, 2008).

Footnote 2. A similar asymmetry has been reported in letter recognition tasks (e.g., a—A
yields similar response times to 4—A, but a—A produces faster responses than 4—A; Perea et
al., 2020; see also Kinoshita et al., 2021, for Japanese kana). However, this asymmetry
appears task-dependent (e.g., it is absent in alphabetic decision tasks; see Allassmi & Perea,

2024; Bae et al., 2024; Marcet et al., 2022).

Footnote 3. German and Finnish readers may occasionally encounter words with omitted
diacritics, especially in English media (e.g., Rdikkdnen - Raikkonen; Schréder - Schroeder).
By contrast, they rarely see words where diacritics are added to letters that do not normally
carry them, except for stylistic effect, as in certain heavy metal band names (e.g.,

Motorhead).

Footnote 4. We employed version 4.3.1 of R (R Core Team, 2023) with the packages brms
(version 2.19.0; Burkner, 2017, 2018, 2021), papaja (version 0.1.1; Aust & Barth, 2022),

sjPlot (version 2.8.14; Liidecke et al., 2021a), and see (version 0.8.0; Liidecke et al., 2021).

Footnote 5. A complementary analysis using a reciprocal transformation of RTs (—1000/RT)
produced a 95% credible interval that excluded zero, providing converging evidence for the

asymmetry (see OSF for the full model output).

Footnote 6. While word length was controlled across conditions, one might argue that the

relative impact of adding or omitting a diacritic could be smaller in shorter than in longer
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words (see Davis & Andrews, 2001, for mixed evidence on whether transposed-letter
similarity effects are modulated by length). To test this, we computed Bayesian Pearson
correlations between mean item RTs and number of letters in all three experiments. The
analyses showed weak negative associations (Experiment 1: r = -.182, 95% Crl [-.346, -.002];
Experiment 2: r = -.254, 95% Crl [-.397, -.093]; Experiment 3: r = -.278, 95% Crl [-.419,
-.118]), indicating that longer words tended to show slightly smaller misspelling costs.
Importantly, the pattern was similar when correlations were computed separately for
omission and addition misspellings (Experiment 2: r = -.317 for omission, r = -.212 for
addition; Experiment 3: r = -.284 for omission, r = —.292 for addition). While beyond the
scope of this paper, the interplay between word length and orthographic processing merits

further investigation.
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Table 1. Example stimuli of Experiment 1 (German). The critical comparisons were between

the correct and incorrect spellings of each condition. Two blocks were used to present the
items with diacritical and non-diacritical base words separately to each participant.

Diacritical base words

Non-diacritical base words

spelling Intact Misspelled Intact Misspelled

) Krote <—» Krote Schwan <«——» Schwan
Animal words [toad] [swan]

Non-Animal words

Higel <—» Hugel Korken <«—>» Korken
[hill]

[cork]
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Table 2. Mean response times (in ms) and error rates (in percentages) for non-animal and
animal names with (1) the intact format or the added diacritic and (2) the intact format or the

removed diacritic in German (Experiment 1).

Correct spelling

Incorrect spelling

Response time % Errors Response time % Errors
Non-diacritical base words
Non-Animal 631 1.8 670 2.6
Animal 634 4.6 650 4.3
Diacritical base words
Non-Animal 639 2.4 664 2.7
Animal 641 4.7 668 7.4
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Table 3. Mean response times (in ms) and error rates (in percentages) for non-animal and
animal names with (1) the intact format or the added diacritic and (2) the intact format or
the removed diacritic in Finnish (blocked presentations, Experiment 2).

Correct spelling Incorrect spelling

Response time % Errors Response time % Errors

Non-diacritical base words

Non-Animal 643 3.1 672 3.9

Animal 645 6.7 673 8.1

Diacritical base words

Non-Animal 630 2.2 643 3.9

Animal 636 8.8 651 10.7
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Table 4. Mean response times (in ms) and error rates (in percentages) for non-animal and
animal names with (1) the intact format or the added diacritic and (2) the intact format or
the removed diacritic in Finnish (unblocked presentations, Experiment 3).

Correct spelling Incorrect spelling

Response time % Errors Response time % Errors

Non-diacritical base words

Non-Animal 625 3.6 670 3.8

Animal 651 8.3 689 6.8

Diacritical base words

Non-Animal 628 1.9 655 2.3

Animal 649 7.1 670 8.9
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parameters

base word category -
(diacritical vs. non-diacritical base word)

spelling
(correct vs. incorrect)

task category -

(animal vs. non-animal word)

base word category x spelling -

base word category x task category -

spelling x task category

base word category x spelling x -

task category

acCcuracy

possible parameter values

Figure 1. Posterior distributions for each of the estimates of the Bayesian Linear Mixed-

Effects models on response time (left panel) and accuracy (right panel) for German words in

Experiment 1. The grey areas correspond to the 95% Credible Intervals.
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parameters

base word category -
(diacritical vs. non-diacritical base word)

spelling -

(correct vs. incorrect)

task category -
(animal vs. non-animal word)
base word category x spelling -
base word category x task category -

spelling x task category -

base word category x spelling x

task category

RT

y accuracy /\

A

T T T T T T
30 -2 -1 0 1 2

possible parameter values

Figure 2. Posterior distributions for each of the estimates of the Bayesian Linear Mixed-

Effects models on response time (left panel) and accuracy (right panel) for Finnish words in

Experiment 2. The grey areas correspond to the 95% Credible Intervals.
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base word category -
(diacritical vs. non-diacritical base word)

accuracy £\

spelling
(correct vs. incorrect)
task category :
(animal vs. non-animal word)

base word category x spelling

parameters

base word category x task category - J
base word category x spelling x - 4 _4/\\;

task category

spelling x task category -

T T T T T T
-40 0 40 -2

possible parameter values

Figure 3. Posterior distributions for each of the estimates of the Bayesian Linear Mixed-
Effects models on response time (left panel) and accuracy (right panel) for Finnish words in
Experiment 3 (fully randomized presentations). The grey areas correspond to the 95%

Credible Intervals.
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Appendix 1. Materials of the experiments
Experiment 1 (German)

Diacritical non-animals: Tépferei, Ahre, Geldnder, Jubilium, Tonhdhe, Gliihwein,
Kichenherd, Ungllick, Getrank, GefaR, Stidpol, Baularm, Portrat, Speisedl, Hérbuch,
Kostlichkeiten, Behorde, Hiigel, Ostkiste, Gewtirz, Sdigemehl, Hochzeitsplane, Fremdkorper,
Reisefiihrer, Loffel, Gemiise, HutgroRe, Miinze, Diit, Molekdil, Uberstunde, Bustiir,
Schiebetlir, Gemalde, Frisor, Knddel, Biicherei, Mobelhaus, StRigkeit, Fohn

Non-diacritical non-animals: Espresso, Altstadt, Mappe, Tuben, Herstellung, Kannen,
Lexikon, Putzfrau, Festival, Pirat, Gasthof, Waggon, Entspannung, Konsulat, Sprichwort, Topf,
Monument, Notsitz, Ratgeber, Sirup, Magnet, Andenken, Umwelt, Korken, Korruption,
Unterhose, Logo, Sanduhr, Kronleuchter, Badematte, Taschenlampe, Halstuch, Feuerwehr,
Rechtsanwalt, Nadelkopf, Haarkur, Marmor, Ohrring, Quiz, Waage

Diacritical animals: Krahe, Mause, Siebenschlafer, Schildkrote, Gurteltier, Krote,
Marienkafer, Eichhornchen, Moéwe, Maikafer, Blffel, Wihlmaus, Hydne, Kiiken, Kdnguru,
Hundin, Chamaleon, Lowe, Erdmannchen, Seeléwe

Non-diacritical animals: Faultier, Zebra, Skorpione, Fledermaus, Krokodil, Ameise, Schwan,
Otter, Bussard, Kaninchen, Maulesel, Flamingo, Giraffe, Kanarienvogel, Gans, Salamander,
Regenwurm, Truthahn, Ratte, Gazelle

Experiments 2 and 3 (Finnish)

Diacritical non-animals: jaatelo, karry, tahka, pare, poytaliina, jakala, kaaretorttu, hoyla,
kasipyyhe, [ahio, havittdja, sailio, sahkokiuas, manty, kasijarru, likoori, kapy, kadsine, koysi,
hakki, leva, kayttotili, jalkiruoka, kéynnos, lappa, nakotorni, tolkki, ponttd, paaryna, paakallo,
tyopovyta, latakko, vyolaukku, 1aani, pdytalamppu, ranni, kdvelykeppi, kavelysilta, sahkéliesi,
vehnad, héyry, mammi, polkky, kdsiohjelma, kypara, kylpyld, paahine, pyorateline

Non-diacritical non-animals: Karpalo, hamppu, rannekello, lossi, appelsiini, hauli, tulostin,
aprikoosi, urheiluhalli, sitruuna, uimapuku, kaulahuivi, harppu, laboratorio, lippahattu,
mustikka, sora, taateli, kirjahylly, hanuri, lusikka, puolukka, haarukka, kantarelli, haarniska,
lato, saavi, kauppakeskus, hiutale, vitamiini, laine, lipasto, nojatuoli, kaali, saniainen, katos,
raitiovaunu, kasarmi, motelli, solmio, holvi, kulho, komero, ohra, navetta, harppi, kaulus,
vesipullo

Diacritical animals: jadkarhu, karpanen, leppakerttu, sadksi, mehildinen, vastarakki, sarki,
lehma, paastdinen, karppa, kaki, janis, mayra, paaskynen, haisundata, myyra, kdarme, naata,
pollo, rakattirastas, pyoriainen, harka, telkka, heinadsirkka

Non-diacritical animals: muurahainen, kilpikonna, nahkiainen, itikka, antilooppi, hauki, varis,
sarvikuono, kuikka, ahma, korppikotka, kovakuoriainen, lisko, mustekala, lokki, lammas,
ahven, tikka, varpunen, krokotiili, ankerias, perhonen, karhu, siika
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Appendix 2. Population-level estimates of the response time (RT) models

Table Al. Population-level estimates for the RT model in Experiment 1

Predictor Estimate (b) SE 95% Crl LL  95% Crl UL
Intercept 650.96 8.04 635.35 666.83
Word type (targetl) 0.47 6.81 -13.01 13.81
Spelling (spelling1) 16.93 2.16 12.67 21.17
Category (category1) -9.97 7.10 -23.83 3.97

Word type x Spelling 8.89 3.96 1.15 16.71
Word type x Category 4.60 12.21 -19.28 28.78
Spelling x Category -0.83 4.23 -9.17 7.44

Word type x Spelling x Category 24.57 9.31 6.12 42.63

Note. Predictor coding: “Word type (targetl)” contrasts diacritical (—0.5) vs. non-diacritical
(+0.5) base words; “Spelling (spelling1)” contrasts correct (—0.5) vs. misspelled (+0.5) forms;
“Category (categoryl)” codes animal (—2/3) vs. non-animal (+1/3) items, reflecting the 1:3
ratio of animals to non-animals in the design. Estimates are posterior means from Bayesian
linear mixed-effects models. SE = posterior standard error; Crl = credible interval; LL = lower
limit; UL = upper limit.

Table A2. Population-level estimates for the RT model in Experiment 2

Predictor Estimate (b) SE 95% Crl LL  95% Crl UL
Intercept 649.63 8.13 633.69 665.75
Word type (targetl) 14.59 7.08 0.75 28.48
Spelling (spellingl) 15.32 2.20 11.04 19.68
Category (categoryl) -13.97 7.07 -27.62 -0.03
Word type x Spelling 12.59 417 4.38 20.64
Word type x Category 4.14 11.85 -18.91 27.50
Spelling x Category 2.88 4.54 -6.12 11.76
Word type x Spelling x Category 7.98 8.73 -9.14 25.15

Note. We used the same predictor coding and abbreviations as in Table A1l.

Table A3. Population-level estimates for the RT model in Experiment 3

Predictor Estimate (b) SE 95% Crl LL  95% Crl UL
Intercept 652.84 8.36 636.23 669.02
Word type (targetl) 5.28 6.70 -7.90 18.40
Spelling (spelling1) 23.90 2.85 18.38 29.56
Category (category1) -27.56 8.87 -44.93 -10.20
Word type x Spelling 9.72 5.06 -0.16 19.74
Word type x Category -4.18 1396 -31.67 23.36
Spelling x Category 0.98 5.57 -10.05 11.91
Word type x Spelling x Category 6.87 10.76 -14.21 28.30

Note. We used the same predictor coding and abbreviations as in Table A1l.
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