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4.1 MORPHOLOGICAL PRIMING 

David A. Neville, Hilde E. Smedinga, Jeroen G. W. Raaijmakers 
 

ABSTRACT 
 

Long-term repetition priming of words is a well-established phenomenon. In the present 

study we investigated the existence of long-term repetition priming for morphemes (i.e. the 

smallest units in natural language bearing semantic meaning) and letter strings without 

meaning. Participants were first primed with a list of words during a semantic judgement 

task and, after performing an unrelated filler task, were tested in lexical decision with 1) 

previously studied words, 2) words that were morphologically related to the previously 

studied words, 3) words that shared the first few letters with the previously studied words, 

4) novel words, 5) pseudo-words that were morphologically related to the previously 

studied words and 6) novel pseudo-words. Results indicated a clear positive priming effect 

with faster reaction times and higher proportion of correct responses for repeated words 

and repeated morphemes but not for repeated letters. Results also showed slower reaction 

times and lower proportion of correct responses for pseudo-words with repeated 

morphemes compared to pseudo-words with new morphemes. The present findings clearly 

indicate the existence of morphological priming and furthermore show evidence that the 

processing of morpheme constituents is sensitive to semantic information. The relevance of 

these results for current theories of semantic memory and visual word recognition is 

discussed in the concluding section of the present article.  

 

INTRODUCTION 

  

Long-term repetition priming is the finding that processing certain information 

(e.g. a word) a first time facilitates the processing of that same information the second 

time. In a typical repetition-priming paradigm, participants first study a list of words 

and later on are tested on their memory for the studied items. In tasks like perceptual 

identification, lexical decision and word-fragment completion the memory for 

previously studied materials is often measured implicitly, that is without the participant 

knowing (Neath & Surprenant, 2003). For example in the experiment of Tulving, 

Schacter and Stark (1982) participants were first presented with a list of low frequency 
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words to study (e.g., ARCHDUKE). One hour later their memory for the studied items 

was then tested with a word-fragment completion task in which participants had to 

complete word-fragments of previously studied words (e.g., AR_ _ _ _ KE) and of new 

words (e.g., _AR_VA_ _). Participants were tested implicitly since they were not informed 

beforehand that the word-fragments would consist of studied and novel words. Results 

showed that participants were better on fragments of previously studied words than on 

fragments of new words. Furthermore, when they were tested seven days later, this 

effect remained practically unchanged. 

Several studies in the psychology and psycholinguistic literatures have confirmed 

the existence of priming not only for words, but also for morphemes; the smallest 

linguistic structures bearing meaning in natural languages. In the study of Murrell and 

Morton (1974), the first to investigate the existence of long-term repetition priming for 

morphemes, participants were presented with an identification task in which they had 

to identify briefly presented words (e.g., mile). Prior to this task, participants were 

presented with a list of words to study with stimuli belonging to one of four possible 

conditions: the repeated condition (e.g., mile), the morphologically related condition 

(e.g., miles), the orthographically related condition (e.g., mild) and the unrelated 

condition (e.g., car). Participants were found to be better at identifying a word when the 

previously studied word was the same or a morphologically related word compared to 

when the previously studied word was either orthographically related or unrelated. The 

morpheme priming effect they observed was however significantly smaller than the 

word priming effect. 

More recently, Rueckl and colleagues investigated long-term repetition priming 

of morphemes using a procedure similar to Murrell and Morton but involving a fragment 

completion task at test (Rueckl et al., 1997). In this task participants had to complete 

word fragments (e.g., h_t) of target words (e.g., hat). Before the fragment completion 

task, participants studied a list of words with stimuli belonging to four possible 

conditions as in Murrell and Morton study: the repeated condition (e.g., hat), the 

morphologically related condition (e.g., hats), the orthographically related condition 

(e.g., hatch) and the unrelated condition (e.g., dog). Results of this experiment showed 

that participants completed significantly more word fragments with target words when 

they studied morphological related words than when they studied orthographically 
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related or unrelated words. Still, participants made significantly more target 

completions in the repeated condition than in the morphologically related condition.  

In the present study we focused on two aspects related to morphological 

priming: whether there is long-term priming for letters (pronounceable strings bearing 

no semantic meaning) and whether morphological processing is sensitive to semantic 

information. Answers to these questions can yield important insights regarding the 

structure of semantic memory, namely what is the locus of long-term priming and what 

is the nature of morphological representations. These two issues are currently the focus 

of on-going debates in the literature and we will now briefly introduce each of them in 

turn. 

Regarding the locus of long-term priming, it is still not entirely clear whether this 

property originates at the semantic level of analysis (i.e. semantic memory) or at a pre-

semantic level of analysis (i.e. orthography). Some have suggested that priming is rooted 

in the semantic memory system and as such can only be observed for words and 

morphemes (any linguistic unit bearing semantic meaning) but not for letters; in other 

words only structures possessing semantic meaning can support priming. Others 

instead have suggested that priming is a property of a system that is pre-semantic, 

possibly a system responsible for building representations from incoming perception 

(sometimes termed the perceptual representation system, (Tulving & Schacter, 1990). In 

this view long-term priming effects are expected for both semantic (i.e. word and 

morphemes) and perceptual (i.e. letter) units alike.  

In contrast to word and morpheme priming, the existence of letter priming is 

much less studied. In a study by Rueckl (1995) participants were first primed on a set of 

10 letters by naming them as they appeared on screen. After a 2-minute break, the 

identification task started in which participants were presented very shortly with 3-

letter pseudo-words. These pseudo-words consisted either of primed letters or of new 

letters. There was no difference in identification accuracy between the two types of 

pseudo-words and thus no repetition priming of letters. Taken altogether the above 

mentioned studies seem to suggest that priming is a property originating in the lexico-

semantic system and, more importantly, that only linguistic units bearing semantic 

content (i.e. word and morphemes) can yield long-term priming effects.  

A second debate in the literature that closely relates to the issue of the locus of 

priming is whether in visual word recognition the process responsible for the 
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decomposition and analysis of morphological units is sensitive to semantic information. 

The general approach to tackle this question has mainly relied on contrasting 

performance for complex words whose semantic meaning can be inferred from the 

meaning of its’ constituent morphemes (i.e. transparent) with performance for complex 

words whose semantic meaning cannot be inferred from that of its’ morphemic 

constituent (i.e. opaque). Previous studies from the literature however have produced 

mixed results. On the one hand, some studies have shown that the processing of 

transparent complex words induces the same amount of facilitation in a later 

recognition test of stems as the processing of opaque words (Rastle & Davis, 2003; 

Rastle, Davis, Marslen-Wilson & Tyler, 2000); a result which supports the view that 

morphological processing is insensitive to semantic information. On the other hand, it 

has been shown that already during early stages of visual word recognition (i.e. 

orthography) the processing of linguistic structures differentiates between form 

priming (i.e. brothel-BROTH) and morphological priming (i.e. cleaner-CLEAN) (Rastle, 

Davis & New, 2004); a result which instead supports the idea that the process of 

morphological decomposition and analysis is sensitive to semantic information.  

The main goal of the present experiment was to investigate two important 

aspects related to morphological priming.  First, we wanted to test the existence and the 

magnitudes of long-term repetition priming effects for words, morphemes and letter 

strings without any semantic meaning.  Second, we wanted to investigate if the process 

of morphological analysis would be affected by semantic information.  

To answer these questions participants were first presented during an unrelated 

familiarity judgement task with a list of words. After a short interval, they were tested 

with lexical decision on their implicit memory for new words (the semantic baseline 

condition), repeated words (i.e. word priming), words starting with a morpheme that 

had been shown earlier (i.e. morpheme priming in words), words starting with the first 

two or three letters of a word that had been shown earlier (i.e. letter priming), pseudo-

words starting with a morpheme that had been shown earlier (i.e. morpheme priming in 

pseudo-words) and new pseudo-words (i.e. the non-semantic baseline condition).  

 

Method 

Subjects. A total of 42 participants (mean age 21 years; 15 males) were recruited and 

tested at the University of Amsterdam. Subjects received either course credit or a 
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monetary reward for participation. All participants were non-dyslexic native Dutch 

speakers with normal or corrected-to-normal vision. 

 

Materials. In order to investigate the effects of morpheme priming without the potential 

confound due to the overlapping semantic meaning between items (i.e. car – cars), for 

the present experiment we created a stimulus set in which each pair of two 

morphologically related words had a different semantic meaning (i.e. huisarts- huis). 

This allowed us to separate the semantic meanings of different morphemes and possibly 

the related representations in the semantic system. For letter priming our approach 

involved priming the first three letters of a word that constituted a valid 

(pronounceable) letter string with no semantic meaning. To this end, all the stimuli used 

in the present experiment were compound Dutch words created by joining together two 

free morphemes (i.e., morphemes that can stand alone as words). Morphologically 

related words therefore began with the same morpheme but ended with two different 

morphemes. 

  In the semantic judgment task 90 nouns were used. All of the words only shared 

the first letter at the most (e.g. first and fifth letter but never the first two letters). Each 

word had a matching word in each of the six conditions and those words were used in 

the lexical decision task. In the repeat word condition this was the word itself, for 

example, bloemblad – bloemblad (flower leaf – flower leaf). In the repeat morpheme 

condition this was a word beginning with the same morpheme, for example, bloemblad – 

bloemknop (flower leaf – flower bud). In the repeat letter condition this was a word 

beginning with the first two or three letters of the morpheme, for example, bloemblad – 

bloeddonor (flower leaf – blood donor). In the new word condition this was a word 

beginning with a new morpheme, for example, bloemblad – dampkring (flower leaf – 

atmosphere). In the pseudo-word repeat morpheme condition this was a pseudo-word 

beginning with the same morpheme, for example, bloemblad – bloemteuk (flower leaf – 

bloemteuk). Finally, in the new pseudo-word condition this was a pseudo-word 

beginning with a new morpheme, for example, bloemblad – egelplaar (flower leaf – 

egelplaar). We included these latter two types of pseudo-words, to see if previous 

processing of a morpheme had an influence on the reaction time for pseudo-words in 

the lexical decision task.  
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  The final corpus consisted of 300 words. In both the new morpheme condition and 

in the pseudo-word new morpheme condition, all participants saw the same words. For 

counterbalancing purposes we created six stimuli lists. During both practice and testing 

phases participants never saw two or more words beginning with the same two letters. 

The forward masks for both tasks were 14 characters long and they were a random 

string containing the symbols #, $, %, &, and £. Each of the characters could appear more 

than once in this string. During the break interval, participants were given sudoku’s on 

paper.  

 

Apparatus. Stimuli were presented on a CRT monitor at a frequency of 100Hz and 

resolution of 1024x768 via Presentation® software (Version 0.70, www.neurobs.com). 

Font size was 25 points of the arial type. Participants were seated approximately 70cm 

from the screen and were tested individually. 

 

Design. The only variable manipulated within subjects was priming condition with four 

levels. Counterbalancing of the items across subjects in the lexical decision task resulted 

in six lists; list was treated as a between-subjects variable. 

 

Analysis.  Data from both tasks were analysed with linear mixed effect models (Baayen 

et al., 2008) using the lme4 package (Bates, 2005) and the lmerTest package 

(Kuznetsova et al., 2014) for R (R development core team, 2007) which perform 

standard linear mixed effect regression analyses with calculation of p-values and 

degrees of freedom for the denominator of the F-statistic based on Satterthwaite 

approximation method (Schaalje et al., 2002). The best fitting model was selected by 

means of pairwise comparisons test (see appendix).  

 

Procedure. The experiment consisted of three tasks: a semantic judgment task, a 

distractor task, and a lexical decision task. Participants were told that the main focus of 

the experiment was to investigate language processing. 

  In the semantic judgment task, participants received 90 trials in which they saw a 

word and had to rate how familiar the word was on a scale from 1 (very unfamiliar) to 7 

(very familiar). This task was meant to ensure that participants would process the 

words semantically. The trial structure was as follows: first a fixation (“+”) appeared on 
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the screen for 1000ms, then a forward mask consisting of 14 special characters (e.g., 

“&££%$&%£&&&$#£#”) appeared for 300ms, and finally a word was shown until a 

response was made. Participants indicated the degree of familiarity by pressing the 

corresponding number on the keyboard, after which the next trial began. Before the 

main task, there was a practice session. 

  After the semantic judgment task, participants received a distracter task for 5 

minutes, in which they worked on a Sudoku. This task was meant to clear working 

memory of any information related to the stimuli presented during the previous 

semantic judgment task. 

  In the final task, the lexical decision task, participants received 90 trials in which 

they had to determine as quickly as possible if the word they saw on screen was an 

existing word or a non-existing word. The trial structure was as follows: first a fixation 

(“+”) appeared on screen for 1000ms, then a forward mask consisting of 14 special 

characters (e.g., “&££%$&%£&&&$#£#”) appeared for 300ms, and finally a word 

appeared for a maximum of 1000ms. The (green-labelled) right shift key was used to 

indicate existing words; the (red-labelled) left shift key was used to indicate non-

existing words. If a response was given before 300ms, it was registered as an incorrect 

response. If no response was given for 1000ms the response was registered as a miss 

and the message ‘too late’ was presented on screen after which the next trial began. 

Originally we wanted to include the possibility of masked primes, for this reason we 

included masks in the semantic judgment and the lexical decision tasks. Later on we 

decided to keep these even thought we did not use masked primes in order to keep the 

designs with previous version of the experiment as similar as possible.  

  At the end of the experiment, participants received an exit interview in which, 

aside from the demographics, they were asked if they noticed something peculiar about 

the experiments or the words. They were also asked if they had any idea about the 

purpose of the experiment and only afterwards they were informed of the real purpose 

of the study. 

  The experiment was run on a Windows-based personal computer with a 100 Hz 

CRT monitor. Participants all sat approximately 70 cm from the screen and they were 

instructed to sit straight in their chair. Only the participant and the experimenter were 

present in the research room during the experiment. Responses were given using the 

keyboard of the computer. The buttons 1, 2, 3, 4, 5, 6, and 7 (not on the numerical pad) 
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were used to indicate familiarity in the semantic judgment task. In the lexical decision 

task the left shift and right shift keys were used to indicate a pseudo-word or a word 

respectively. In both tasks the spacebar was used to go through the instructions.  

 

 

Figure 1: Task structure for familiarity judgment task (A) and lexical 

decision task (B). 

 

Results 

Of all the participants tested, one subject was identified as an outlier due to extremely 

low performance in lexical decision (accuracy <10%) therefore he/she was excluded 

from all of the following analyses. For the LME analysis, the models fitted to the data 

from lexical decision task only did not include a random effect for item. This is due to the 

experimental design we used which makes problematic estimating the individual 

contribution of each item when some of the items are partially overlapping with each 

other (i.e. repeated part of morpheme).  For the semantic judgment task instead the 

models included a random effect for both items and subjects. 

 

Semantic Judgment Task. A model with fixed effects for priming condition and random 

effects for item and subject was found as the best fitting model for both ratings and 

reaction time data. For the ratings, results of the analysis showed no significant 

differences across conditions (all ps >0.3) indicating that across conditions participants 

rated the words as very familiar with a mean score of  (M = 6.2, SD = 0.7, Min = 3.2, Max = 

6.9) (see panel 1, left for details).  Similarly for the reaction times, results of the analysis 

indicated no significant differences across priming conditions (all ps >0.3) which means 

that words were rated equally fast across conditions (see panel 1, right for details).   
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Lexical Decision Task.  Accuracy and reaction time data for word and pseudo words 

conditions were analysed separately by fitting both accuracy and reaction time data 

with linear mixed-effect models (LMEs) of increasing complexity. Results for the best 

fitting models are reported in the main text and for a list of model comparison tests see 

appendix. For the pseudo-word conditions, repeated-morpheme (Ps_RM) and new-

morpheme (Ps_NM), the mean proportion of correct responses were, respectively, 0.84 

(SEM=0.02) and 0.89 (SEM=0.02) with mean reaction times of 740.85ms (SEM=9.07ms) 

and 714.27ms (SEM=9.23ms). For the word conditions, repeated word (RW), repeated 

morpheme (RM), repeated letters (RL) and new morpheme (NM), the mean proportion 

of correct responses were, respectively, 0.97 (SEM=0.01), 0.93 (SEM=0.01), 0.89 

(SEM=0.01), 0.90 (SEM=0.01) with mean reaction times of 587.70ms (SEM=8.69ms), 

620.41ms(SEM=9.6ms), 645.14ms(SEM=9.1ms), 633.24ms(SEM=9.2ms). For the 

accuracy data, a linear mixed model with fixed effect of priming condition and random 

effect of participant was found as the best fitting model. No effect of list was found 

(p>0.1) (see appendix, table 2.1). To test for priming effects in word trials, three 

contrasts were run as part of the analysis: (1) ‘repeated letters’ vs. ‘new word (i.e., letter 

priming), (2) ‘repeated morpheme’ vs. ‘new word (i.e., morpheme priming), (3) 

‘repeated word’ vs. ‘new word (i.e., word priming). To test instead for priming effects in 

pseudo word trials the analyses contrasted ‘repeated morpheme’ vs. ‘new morpheme’ 

conditions. Results of the analysis revealed for the word trials positive main effects of 

word priming (βword_priming =0.08, F(3, 2415)=6.88, p<0.05) and of morpheme priming 

(βmorph_priming =0.04, F(3, 2415)=6.88, p<0.001). No effect of letter priming was found 

(p>0.5). For the pseudo-word trials, results of the analysis indicated a negative main 

effect of morpheme priming (βmorph_priming =-0.06, F(1, 1230)=9.12, p<0.01). 

    For the analysis of reaction time data from all conditions we applied a lower and 

a higher cut-off of respectively 300 and 1000ms. For the word trials, results of model 

comparison tests indicated a model with fixed effects of priming condition and of list and 

random effect for participants as the best fitting model describing the data (see 

appendix, Table 2.2). ANOVA of the results showed a positive priming effect (faster 

reaction time) of word priming (βword_priming =-44.97, F(3, 2205)=34.41, p<0.001), of 

morpheme priming (βmorph_priming =-13.13, F(3, 2205)=34.41, p<0.05)  and a negative priming 

effect (slower reaction time) of letter priming (βletter_priming =14.35, F(3, 2205)=34.41, 



208263-L-bw-Neville208263-L-bw-Neville208263-L-bw-Neville208263-L-bw-Neville

146 REPRESENTATIONS IN SEMANTIC MEMORY 
 

 

p<0.05). A main effect of list was also observed (βlist =12.04, F(1, 39)=7.57, p<0.01) with no 

interactions. For the pseudo-word trials, no main effects were observed (p>0.1). 

  The present results show clearly that for the correct processing of words, word and 

morpheme repetitions led to a positive increase in performance with both more accurate 

and faster responses (see panel 2) whereas letter repetitions led to slower responses. 

Interestingly, a decrease in accuracy performance was also observed for morpheme 

priming in pseudo-words trials. Overall this pattern of findings supports the 

interpretation that morphological decomposition and analysis is sensitive to semantic 

information, which could explain the increase in performance observed during word 

processing for morpheme and word repetitions and the slower responses for letter 

repetitions.  This interpretation can also in principle account for the lower accuracy 

performance found in pseudo-word trials for the repeated morpheme condition. A more 

elaborate explanation of the present results will be given in the discussion section of the 

present article.  

 

 

Panel A. Mean scores and standard error of the mean 

(Loftus & Masson, 1994) for ratings (left) and reaction 

times (right) for the semantic judgement task. 
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Panel B. Mean scores and standard error of the mean 

(Loftus & Masson, 1994) for ratings (left) and reaction 

times (right) for the lexical decision task. 

 

DISCUSSION 

 

  In the current experiment we wanted to investigate two aspects of morphological 

priming. First, we wanted to test for differences between the relative magnitudes of 

long-term repetition priming effects for words, morpheme and letter strings without 

semantic meaning. Second, we wanted to test if morphological priming would be 

sensitive to semantic information. Results of the lexical decision task clearly indicate for 

word processing a positive priming effect for repeated words and repeated morphemes 

with the latter being significantly smaller; a finding that is in line with results from 

previous studies involving different tasks (Murrel & Morton, 1974; Rueckl et al., 1997). 

For the repeated letters condition we observed in the present experiment only a minor 

negative priming effect in reaction times. Furthermore we also observed a negative 

effect on accuracy for morpheme priming during pseudo-word processing. Overall this 

pattern of results shows that in lexical decision 1) long-term priming originates at the 

semantic level of analysis and 2) the process of morphological decomposition and 

analysis is sensitive to semantic information. Both interpretations provide supporting 

evidence for the view that long-term priming in lexical decision is based on the storage 

and retrieval of information from long-term semantic memory.  

  In the literature two alternative accounts have been proposed so far to explain the 

mechanisms underlying long-term priming in semantic tasks. A first account can be 
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formulated in the framework of connectionist networks. In this view semantic memory 

is defined as network of nodes  (each representing a concept) connected by a set of 

weighted links or edges. In such a system, long-term priming effects can be explained by 

assuming that the presentation of a word during encoding strengthens the connections 

between representational units in the semantic system thereby facilitating subsequent 

processing during testing of studied items. Under the assumption that morphological 

representations arise from the interplay of different representational formats such as 

phonology, syntax and semantics (Becker et al., 1997; Rueckl, 1990), this explanation 

would predict priming effects for both words and morphemes since both of them 

possess a representation in the semantic system. Conversely, since letters do not 

possess a representation in the semantic system, priming effects for repeated letters are 

expected to be absent (Rueckl et al., 1997). A second account instead proposes that 

priming originates in a pre-semantic system, termed the perceptual representation 

system (Schacter, 1992). In this view a repetition priming effect is predicted not only for 

words and morphemes but also for letters since this account assumes that the 

representations built during perception are already processed in memory (i.e. encoding, 

updating) therefore giving rise to priming effects regardless of the semantic content of 

the representation.  

Both theories predict word priming and morpheme priming, but only the latter 

predicts letter priming. The results of the current experiment clearly show the presence 

of a positive priming effect for semantically meaningful units (words and morpheme) in 

both accuracy and reaction time and the presence of a smaller negative priming effect in 

reaction times for units bearing no semantic meaning. We also found some evidence that 

the process of morphological decomposition and analysis is sensitive to semantic 

information, thus further supporting the interpretation that long-term priming effects in 

lexical decision originate in semantic memory. 

Overall the results of the present investigation replicate and extend previous 

findings by showing novel evidence for morphological priming and by showing that the 

process of morphological decomposition is sensitive to semantic information. The 

observed pattern of results is consistent with the view that priming (in semantic tasks) 

is a property originating at the semantic level of analysis and as such morphological 

processing is susceptible to semantic information. Further research however is needed 

to better disentangle, on the one hand, the mechanisms underlying the emergence of 
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long-term repetition priming effects in semantic memory and, on the other hand, the 

effects due to differences in semantic representations (concepts) across languages, 

cultures and individuals. 
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APPENDIX 
 

Model comparison tests for the linear regression analyses. Below are reported the 

model comparison tests for the regression analyses with crossed random effects (LMEs) 

for the familiarity judgement and lexical decision tasks of the morphology experiment. 

For all of the reported analyses the interpretation of the notation is as follows:  

 

Factor Code Description 

List  List Lists for counterbalancing across subjects 

Priming Condition PrCond Experimental priming condition (letter, word or morpheme) 

Stimulus Item Item Random effect for item  

Subject Subj Random effect for subject 

Reaction Time RT Reaction times  

Response Resp Correct / Incorrect response for lexical decision 

Response Rating RespR Rating for semantic judgement task  

Table 1.1 Coding of variables for LMs and LMEs analyses. 

 

Operators Description 

X1 * X2 Main effects and interaction of X1 and X2 factors 

X1 + X2 Main effects of X1 and X2 factors 

1|Z Crossed random effect for Z factor 

Table 1.2 Interpretation of operators for LMs and LMEs models. 

 

1. FAMILIARITY RATING 

 
TABLE 1.1 

Models of decreasing complexity were fitted to the rating data of the Semantic Judgement task. 
Multiple Chi-square tests were then run for each subsequent pair of models (i.e. mod1 vs. mod2) 

in order to select the best fitting model. 

Model 1 RespR ~ PrCond + (1 | Subj) 

Model 2 RespR ~ PrCond + (1 | Item) + (1 | Subj) 

 Df AIC BIC logLik Chisq Pr(>Chisq) p 

Model 1 8 11226 11276 -5605.1    

Model 2 9 10238 10294 -5109.8 990.5       < 2.2e-16  *** 

Significance Codes for p values: ‘***’ p=0.001; ‘**’ p=0.01; ’*’ p=0.05; ‘.’ p= 0.1 

 

TABLE 1.2 
Models of decreasing complexity were fitted to the reaction time data of the Semantic Judgement 

task. Multiple Chi-square tests were then run for each subsequent pair of models (i.e. mod1 vs. 
mod2) in order to select the best fitting model. 
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Model 1 RT ~ PrCond + (1 | Subj) 

Model 2 RT ~ PrCond + (1 | Item) + (1 | Subj) 

 Df AIC BIC logLik Chisq Pr(>Chisq) p 

Model 1 8 61054 61104 -30519    

Model 2 9 60814 60869 -30398 242.35 < 2.2e-16  *** 

Significance Codes for p values: ‘***’ p=0.001; ‘**’ p=0.01; ’*’ p=0.05; ‘.’ p= 0.1 

 

2. LEXICAL DECISION 
 

TABLE 2.1 
Models of decreasing complexity were fitted to the accuracy data of the lexical decision task. 

Multiple Chi-square tests were then run for each subsequent pair of models (i.e. mod1 vs. mod2) 
in order to select the best fitting model. 

Model 1 Resp ~ PrCond + (1 | Subj) 

Model 2 Resp ~ PrCond + list + (1 | Subj) 

Model 3 Resp ~ PrCond * list + (1 | Subj) 

 Df AIC BIC logLik Chisq Pr(>Chisq) p 

Model 1 6 2047 2081.8 -1017.5    

Model 2 7 2046.5 2087.2 -1016.3 2.4248 0.1194  

Model 3 10 2051.7 2109.7 -1015.8 0.8766       0.8311  

Significance Codes for p values: ‘***’ p=0.001; ‘**’ p=0.01; ’*’ p=0.05; ‘.’ p= 0.1 

 

TABLE 2.2 
Models of decreasing complexity were fitted to the reaction time data of the lexical decision task. 
Multiple Chi-square tests were then run for each subsequent pair of models (i.e. mod1 vs. mod2) 

in order to select the best fitting model. 

Model 1 RT ~ PrCond + (1 | Subj) 

Model 2 RT ~ PrCond + list + (1 | Subj) 

Model 3 RT ~ PrCond * list + (1 | Subj) 

 Df AIC BIC logLik Chisq Pr(>Chisq) p 

Model 1 6 27347 27382 -13668    

Model 2 7 27342 27382 -13664 7.2336       0.007155 ** 

Model 3 10 27346 27403 -13663 2.1933       0.533276     

Significance Codes for p values: ‘***’ p=0.001; ‘**’ p=0.01; ’*’ p=0.05; ‘.’ p= 0.1 

 

3. MATERIALS 

 
Table 3: Stimuli with repeated used in lexical decision. 

list word 
repeated 
morpheme word repeated letters 

repeated  
morpheme 
pseudowords 

1 bloemblad bloemknop bloeddonor bloemteuk 
1 proefdier proefrit protocol proefstelk 
1 kiespijn kiestoon kinkhoest kieslaas 
1 draaideur draaiorgel draagmuur draaiwans 
1 zelfportret zelftest zebrapad zelfkazoen 
1 hoofdstad hoofdzaak hooizolder hoofdpelm 
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1 ademnood adempauze adelstand ademvas 
1 hemelbed hemelpoort hemisfeer hemelwoek 
1 melkpak melkboer meetkunde melkdorf 
1 opperhuid oppervlak opening opperzuik 
1 rustpunt rustdag rundvlees rustblauk 
1 jeugdhonk jeugdvriend jeukpoeder jeugdgrak 
1 boekwinkel boekhouder boenwas boekvost 
1 veldfles veldmuis veerpont veldkluk 
1 raadgever raadslid raamkozijn raadplok 
2 kamerplant kamerjas kampvuur kamerdimp 
2 edelman edelsmid educatie edelhiek 
2 kruisboog kruisspin kruidnagel kruiskiet 
2 dichtbundel dichtvorm dictator dichtfoos 
2 zuurkool zuurpruim zuignap zuurbagaal 
2 evenwicht evenbeeld everzwijn evenlijt 
2 overhemd overbeet ovenwant overpeus 
2 theedoek theelepel themapark theecal 
2 huisbaas huismus huifkar huisdaars 
2 rookworst rookkaas roestplek rookdank 
2 brandnetel brandhout braambos brandzerm 
2 buurvrouw buurjongen bushalte buurdidan 
2 grondwet grondlaag groeispurt grondslep 
2 trekvogel trekhaak tramrails trekhuim 
2 landgoed landloper lachspiegel landroeg 
3 duikboot duikplank duimstok duikwaud 
3 beenmerg beenbreuk beerput beenmils 
3 noordpool noordzee nobelprijs noordwups 
3 fruitvlieg fruitboom frisdrank fruitaben 
3 nieuwbouw nieuwjaar nietsnut nieuwheutel 
3 leerstijl leercurve leesbril leerponk 
3 muilezel muilkorf muizenval muilgewuut 
3 goudvis goudkoorts goktent goudmek 
3 vloedgolf vloedlijn vloeipapier vloedzuk 
3 vierhoek vierkant viltstift viermog 
3 oliepijp olieverf olijftak olieknerk 
3 torenklok torenspits tortelduif torensmaf 
3 appelsap appeltaart apartheid appelaark 
3 doelpaal doelwit doorbraak doelbepel 
3 kunstgebit kunstmest kuipstoel kunstkag 
4 woonwagen woonwijk woordgrap woonsnal 
4 loopbaan looptijd loonslaaf loopspok 
4 samenspel samenhang sabeltand samenvoes 
4 zwerfhond zwerftocht zwemvest zwerfdaai 
4 knieholte knieschijf knipoog kniebriet 
4 snelweg sneltrein sneeuwpop snelraal 
4 avondjurk avondzon avontuur avondwap 
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4 tegengif tegenpartij tegelvloer tegenschuik 
4 tuinboon tuinhek tulband tuinkeip 
4 kerstkrans kerstlied kernafval kerstopel 
4 reisgids reiswekker rekenfout reismuk 
4 maatbeker maatstaf maagwand maatnucht 
4 naaldwoud naaldhak naaimachine naaldknep 
4 kookroom kookgerei koopakte kookhiem 
4 vraagteken vraagbaak vrachtauto vraagmeeks 
5 werkweek werkbank wereldbol werkraks 
5 zoutmijn zoutvat zomerhoed zoutvlom 
5 windmolen windstreek winterdip windklot 
5 jachthaven jachtgeweer jackpot jachtflet 
5 dwangbuis dwangsom dwarsbalk dwangslif 
5 voetzool voetveeg voertuig voetslong 
5 filmster filmcamera filosoof filmkood 
5 paraplu parasiet parelhoen parazil 
5 luchtdruk luchtbel luiertas luchtmip 
5 zandstorm zandkorrel zangstem zandgedei 
5 glasscherf glasplaat glimworm glaswots 
5 lichtbron lichtshow linzensoep lichtinder 
5 vuistregel vuistslag vuilnisbak vuistspaai 
5 steenbok steengrill steekvlam steenturp 
5 fotograaf fotomodel fokschaap fotoheeg 
6 slaapzak slaappil slipcursus slaapkortel 
6 aardbei aardkorst aartsengel aardiemp 
6 spierkracht spiermassa spatader spierkisp 
6 echtpaar echtgenoot ecoloog echtromp 
6 kleinzoon kleinkind klembord kleinteep 
6 antistof antisemiet angsthaas antifran 
6 haarkleur haargrens haaienvin haarmar 
6 postkoets postbode poloshirt postnuip 
6 motorfiets motorkap mondstuk motorvuit 
6 neushoorn neusgat neonlamp neuswilf 
6 eindstation eindcijfer eigendom eindkaner 
6 geldboete geldwolf gelukwens geldrind 
6 gangkast gangmaker ganzendons gangtoort 
6 deeltaxi deelstaat deegroller deeldwoos 
6 tafelkleed tafelpoot taakstraf tafelboeder 

 
 

Table 4: Stimuli used for the new morpheme conditions in 
lexical decision for all lists. 

pseudoword new 
morpheme 

word new 
morpheme 

algedeup ambtenaar 
baarammer bindmiddel 
eendspol dampkring 
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egelplaar feestzaal 
fasevroes jonkheer 
gildehemer kwelgeest 
jutefauw microfoon 
oberdup oefenduel 
okselvant onderzoek 
plaksurk pepermunt 
puintwijs rijstkom 
superfrimp schatkaart 
sjerpwog tweetal 
tirandiel vaargeul 
zijdevap watermerk 
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4.2 FREQUENCY EFFECTS ON SEMANTIC MEMORY  

David A. Neville, Lotje A. Riksen, Jeroen G. W. Raaijmakers 

 

ABSTRACT 
 

In this article we investigated the effect of manipulating normative frequencies for words and letters 

on semantic memory processing as measured in a standard lexical decision task. The task was administered 

in three consecutive blocks where in each block the same words were presented together with a novel set of 

non-words. We manipulated word and letter frequency in a full factorial design with four conditions: high 

frequency words composed of either high or low frequency letters and low frequency words composed of 

either high and low frequency letters. Results showed that normative word frequency led to faster and more 

accurate response for high frequency words in comparison with low frequency ones. Letter frequency instead 

showed only a marginal effect in reaction times and only for low frequency words. An overall repetition 

priming effect was also observed across conditions with participants getting faster and more accurate at 

correctly categorizing words and non-words over multiple blocks (repetitions). The relevance of the results is 

discussed in relation to previous studies focusing on frequency effects in recognition memory.  

 

INTRODUCTION 

 

 In psychological research memory performance is often measured by means of 

two-choice behavioral tasks such as recognition and lexical decision. In this type of task 

participants are asked to make a decision on a given stimulus between two alternatives. 

In recognition this corresponds to whether the given stimulus is part of a previously 

studied list (i.e. old) or not (i.e. new) and in lexical decision to whether the given 

stimulus is a grammatically correct word (i.e. word) or not (non-word).  The difference 

between performance levels across both tasks is often taken to reflect the distinctive 

contributions of two memory systems underlying behavioral performance, namely 

episodic memory in recognition and semantic memory in lexical decision.  

 Manipulations of normative frequencies, that is how often a given linguistic 

element such as a letter or word occurs in written texts, have been shown to yield very 

different results in lexical decision and recognition tasks (Coane & Balota, 2010; 

Grainger, 1990; Guttentag & Carroll, 1997; Malmberg et al., 2002; Scarborough et al., 

1977; Yonelinas, 2012). In recognition manipulations of normative word frequency have 

been shown to lead to an advantage in performance of low frequency words over high 

frequency ones (Malmberg et al., 2002). Compared to high-frequency (HF) words, low-
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frequency (LF) words have been found to lead to higher hit rates (correctly recognizing 

a word as being old) and lower false alarm rates (incorrectly recognizing a new word as 

being old) in recognition (Glanzer & Adams, 1985). In lexical decision instead this 

pattern reverses with high frequency words leading to better performance measured as 

higher accuracy and lower reaction times, in comparison to low frequency items 

(Grainger, 1990).  

Several accounts have been proposed to explain this effect with some suggesting 

an increase in the deployment of attentional resources during encoding (Glanzer & 

Adams, 1990; Maddox & Estes, 1997) due to the rarity of low frequency items. An 

alternative explanation however can be formulated in terms of matching and 

mismatching features between the target and the memory traces, for example in the 

framework of SAM-REM theory. In SAM-REM theory the process of deciding whether a 

stimulus has been previously encountered or not (i.e. old-new) is modeled as a Bayesian 

decision process that evaluates the matching and mismatching features between the 

target and each of the memory traces (Raaijmakers & Shiffrin, 2002). In this view, low 

frequency items are characterized by distinctive features which can facilitate their 

identification during recognition due to an increase or decrease of matching and 

mismatching features (Schooler et al., 2001). In other words since low frequency items 

are very uncommon (are associated with fewer contexts, see Steyvers & Malmberg, 

2003) some of their features are highly diagnostic for the decision process when 

discriminating between studied and novel items. Similarly for lexical decision, since high 

frequency words are characterized by a higher likelihood of feature matching compared 

to low frequency items, the extra matches favor the discrimination of words vs. 

nonwords (Wagenmakers et al., 2004).  

In this study we decided to focus on two types of frequency manipulations in 

lexical decision, word frequency and letter frequency. Our goal was twofold. First we 

wanted to test for possible differences between words composed of either high or low 

frequency letters (letter frequency) for both high and low frequency words (word 

frequency). In a previous study, Malmberg and colleagues (2002) have shown that the 

advantage in recognition memory of low frequency over high frequency words (word 

frequency effect) occurs even when orthographic frequency (letter frequency) is 

controlled. This result suggests that word and letter frequency effects are two distinct 

dimensions influencing repetition priming. Second we wanted to test the effects of how 
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frequency manipulations would change (or stay constant) over successive repetitions of 

the same stimuli.  The relevance of this question stems from the fact that it is not 

entirely clear how frequency effects at the word level relate to frequency effects at the 

letter level in lexical processing. The main goal of the present study was thus to assess 

whether word and letter frequency effects produce similar results as in recognition 

performance and whether repetition priming in lexical decision is affected by the 

normative frequency of words and/or letter. 

 

Method 

Subjects. 24 students participated in the experiment for course credit. They all had 

normal or corrected-to-normal vision.  

 

Materials. 192 words were selected from the CELEX database (Baayen et al., 1993). 

Words were considered as low frequency when the frequency of occurrence per million 

was smaller or equal to four occurrences per million (InlMln<4). Similarly for high 

frequency words we selected words with a frequency of occurrence bigger or equal to 

twenty occurrences per million (InlMln ≥ 20). Words length varied from four to six 

letters. To determine the frequency of letter given the corpus, we used the same method 

as proposed by Malmberg et al. (2002). This approach revolves on multiplying the 

number of times a letter occurs in the corpus for each letter position (1st, 2nd, etc.) by the 

sum of the normative frequencies of the words that contained a given letter in a given 

position (Malmberg et al., 2002). In total 192 words were selected, 96 low frequency 

words (LFW) and 96 high frequency words (HFW). For each of these groups two groups 

of 48 words each where then created by dividing words composed of high frequency 

letters (HFL) from words composed of low frequency letters (LFL). The resulting four 

conditions were HFWHFL, HFWHFL, LFWHFL, LFWHFL and each of them consisted of 48 

words containing 16 4-letter, 16 5-letter and 16 6-letter words (see appendix for a list of 

the materials). 

 

Apparatus. Participants were seated in a silent room either with a desktop computer or 

a laptop. Both computers presented the experiment via Presentation® software 

(Version 0.70, www.neurobs.com). The monitors were of equal size (11”) and the 

experiment was run using the same screen resolution (1024x786 pixels). Participants’ 
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responses were entered using the left and right Ctrl buttons on the keyboard. The 

refresh rate of the desktop monitor was set to 60 Hz to match the refresh rate of the 

laptop monitor. For the administration of the break task, the classic version of the Super 

Mario® Video Game was used presented in the Inquisit® software (3.0.6.0, [Computer 

Software] (2012). Seattle, WA: Millisecond Software). 

 

Design. In a 2 x 2 factorial design we manipulated two within-subject variables: 

normative word frequency (high vs. low) and normative letter frequency (high vs. low). 

For counterbalancing purposes 6 lists of item were generated.  The mapping of the 

responses was counterbalanced across subjects. 

 

Analysis.  Data from lexical decision were analysed with linear mixed effect models 

(Baayen et al., 2008) using the lme4 package (Bates, 2005) and the lmerTest package 

(Kuznetsova et al., 2014) for R (R development core team, 2007) which perform 

standard linear mixed effect regression analyses with calculation of p-values and 

degrees of freedom for the denominator of the F-statistic based on Satterthwaite 

approximation method (Schaalje et al., 2002). The best fitting model was selected by 

means of pairwise comparisons test (see appendix). 

 

Procedure. The participants first read the instructions for the experiment on paper and 

these were then rehearsed by the experimenter. After a practice round the experiment 

began. The experiment consisted of three blocks of 15 minutes and after each block the 

participants had a five-minute break in which they played either the classic version of 

Super Mario® (Nintendo, 1985) or Sudoku. Each block consisted of the same 192 words 

and 192 different non-words. Each trial consisted of the following events: First the 

participants saw a fixation cross for 1000ms followed by a mask for 300ms before the 

target word appeared for 1000ms. Subjects had to decide whether the presented 

stimulus was a word or a non-word using the left and right Ctrl button. If no response 

was given in 1000ms, the target disappeared and the message ‘too late’ was presented, 

before starting the following trial. After completing the task, the participants filled in an 

exit interview.  
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Results 

Analysis of both accuracy and reaction time data was conducted by means of linear 

mixed effect regression analyses (LMEs). Different models of increasing complexity 

were fitted to the data and results of the best fitting model are reported in the main text, 

for a list of model comparisons test see appendix. As part of the analysis, three contrasts 

were run for the frequency condition factor: 1) high frequency words vs. low frequency 

words, 2) within high frequency words, high frequency letters vs. low frequency letters 

and 3) within low frequency words, high frequency letters vs. low frequency letters. For 

the analysis of accuracy data, results of model comparisons tests indicated a model with 

fixed main and interaction effects for frequency condition (HFWHFL, HFWLFL, LFWHFL, 

LFWLFL) and block (one, two, three) and a random effect for subjects and items as the 

best fitting model (see table 1.1).  Results of the analysis indicated an effect of word 

frequency (βword_frequency =0.12, F(3, 797)=26.10, p<0.001), an effect of block (βblock =0.02, F(1, 

13024)=50.99, p<0.001) and their interactions (βword_freq*block =-0.03, F(3,13024)=12.67, 

pword_freq*block<0.001). Analogous to the analysis of accuracy data, for the analysis of 

reaction time data model comparison tests indicated a model with fixed and interaction 

effects for conditions (HFWHFL, HFWLFL, LFWHFL, LFWLFL) and block (one, two, three) and 

random effect for subject and items as the best fitting model (see table 1.2). Results of 

the analyses showed main effects of word frequency (βword_freq =-62.02, F(3, 1849)=33.72, 

p<0.001), of letter frequency for low frequency words (βletter_freq(low_freq_word)=9.40, F(3, 1849)= 

33.72, p<0.05), of block (βblock =-19.92, F(1, 13030)=230.67, p<0.001), and an interaction 

between word frequency and block (βword_freq*block =7.83, F(3,13030)=3.85, 

pword_freq*block<0.01). Overall results for both measures indicate an important and 

complex pattern of results between manipulations of word and letter frequency with a 

general advantage of word frequency and an advantage of letter frequency only for low 

frequency words and only for reaction times (see Figure 1 for details).  

The present results show three important aspects of how word and letter 

normative frequencies affect the accuracy and speed of processing in lexical decision. 

First, responses for high frequency words were more accurate and faster in comparison 

to low frequency words. Second, over multiple blocks (i.e. repetitions), participants 

became increasingly faster in processing high frequency words and faster and more 

accurate in processing low frequency words. Third, when the stimulus presented was a 

low frequency word, words composed of high frequency letters were processed faster in 
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comparison to words composed of low frequency letters. Moreover the effect of letter 

frequency for low frequency words was completely absent by the third block (three item 

repetitions). 

A more detailed discussion of this pattern of results and its relevance for the 

literature will be provided in the concluding section of this article. 

 

Figure 1: Mean scores and SEM (Loftus and Masson, 1994) 

for accuracy (A) and reaction time (B) measures. Legend: 

high frequency word (HFW), low frequency word (LFW), 

high frequency letter (HFL), low frequency letter (LFL). 

 

DISCUSSION 
 

The purpose of the present study was to assess the different contributions of 

word and letter frequencies to semantic memory performance as measured in lexical 

decision. Overall the results showed that HF words were processed more accurately and 

faster than LF words with a general overall improvement over blocks (i.e. repetitions). 

Words that were composed of HF letters were recognized correctly faster than words 

composed of LF letters but only for low frequency words. An attenuation of the letter 

frequency effect over repetitions was also observed with the effect completely 

disappearing in block 3.  

Currently there is no consensus on what mediates the WFE in recognition 

memory or how manipulations of frequency for letters and words combine in behavioral 

task performance. A principled explanation of the present results however can be 
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formulated in the framework of REM theory (Shiffrin & Steyvers, 1997). According to 

REM, when an item is studied, two memory traces are activated, an episodic memory 

trace containing information about that specific episode (i.e., font and current context), 

and a semantic memory trace containing generalized information regarding that item 

(i.e. semantic meaning). The episodic trace for each studied item is assumed to contain a 

vector of feature values that is incomplete and error prone (Shiffrin & Steyvers, 1997). 

In contrast the semantic trace associated with, for example, the meaning of a studied 

item is assumed to be more complete and not tied to a specific context. The process of 

discriminating between an old and a new stimulus (or between a word and a nonword) 

is then carried out by evaluating matching and mismatching features between the 

features extracted from the target being presented and the memory traces stored in 

long-term memory.  

A first crucial aspect for the present study is that the distinctiveness of a word 

(i.e. low frequency word) is captured by the diagnostic value of its features for the 

decision process at hand (i.e. word-nonword). In this view, LF letters are more 

diagnostic than HF letters. A match with an uncommon feature (i.e., LF letter) provides 

more diagnostic evidence that the item being presented is the target than a match with a 

common feature (i.e., HF letter) (Criss & Shiffrin, 2004), since it is less likely that the 

matching of an uncommon feature occurred by chance.   

A second crucial aspect for the present study is that the decision process (i.e. 

word-nonword) evaluates simultaneously the diagnosticity of the evidence for ‘word’ 

response and  ‘non-word’ responses (Wagenmakers et al., 2004). As a result of this, 

words with uncommon letters (low frequency) lead to better performance than words 

with common letters (high frequency) when word frequency is held constant (Criss & 

Shiffrin, 2004). Similarly when letter frequency is held constant, there is an advantage 

for the processing of high frequency words compared to low frequency items.  

Within the REM model for lexical decision (Wagenmakers et al., 2004) an 

explanation of the observed results could be as follows. In the REM theory semantic 

memory traces are assumed to consist of predominantly content-based features and to 

be quite complete. Since the process of deciding between a word or a nonword response 

proceeds by evaluating matching and mismatching features of the probe with each of the 

semantic traces (i.e. for a word-nonword decision), high frequency words are predicted 

to yield better performance compared to low frequency words due to the increased 
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number of matching and mismatching features. On the other hand, features that are 

infrequent yield a higher diagnostic value for the decision process since it is less likely to 

observe a match by chance for a low frequency feature compared to a high frequency 

feature. In other words it is more probable that an observed match of low frequency 

features is because the presented item is the target (i.e. old or word response) rather 

than being a match due to chance.  

In relation to the present results the number of matching and mismatching 

features, on the one hand, and the diagnostic value of the features, on the other hand, 

could explain in REM theory the observed advantage in performance for high vs. low 

frequency words (word frequency effect) as well as the advantage for low vs. high 

frequency letters (letter frequency effect) only for low frequency words.  

This explanation could also account for the observed repetition priming effect 

found with participants’ responses becoming more accurate and faster over successive 

blocks. The fact that in block three the advantage of high frequency letters over low 

frequency ones disappears could be reflective of the gradual accumulation of features 

extracted during previous blocks that ultimately compensates for differences in letter 

frequency (over repetitions infrequent letters become frequent). Similarly, since high 

frequency words are thought to represent in REM memory traces that are more 

complete and less error-prone, the diagnostic value of letter frequency would be minimal 

at best in this case therefore explaining an absence of letter frequency effects for high 

frequency words. 

In summary, we found in line with previous studies (Wagenmakers et al., 2004) 

that HF words were classified more accurately and correctly faster than LF words in a 

lexical decision task. When words were repeated across multiple blocks, a general 

improvement of performance was observed which is indicative of repetition priming 

effects for both high and low frequency words. Finally, we observed an advantage of 

high frequency letters over low frequency letters only for low frequency words.  

Overall these results indicate that manipulations of normative frequency for 

word and letters have distinct effects on semantic memory performance, as measured in 

lexical decision. Crucially, word frequency had a major impact on lexical processing 

whereas letter frequency was only marginal. We speculated that this pattern of results 

could be the reflection of different sources of variability for normative frequency, with 
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word frequency tapping more into the processing of the content and letter frequency 

more in the processing of the percept. 
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APPENDIX 
 

Model comparison tests for the linear regression analyses. Below are reported the 

model comparison tests for the regression analyses with crossed random effects (LMEs) 

for the lexical decision task of the frequency experiment. For all of the reported analyses 

the interpretation of the notation is as follows: 

  

Factor Code Description 

Frequency Condition FrCond Experimental frequency condition (HFWHFL, HFWLFL, LFWHFL, LFWLFL) 

Stimulus Item Item Random effect for item  

Subject Subj Random effect for subject 

Reaction Time RT Reaction times  

Response Resp Correct / Incorrect response for lexical decision 

     Table 1.1 Coding of variables for LMs and LMEs analyses. 

Operators Description 

X1 * X2 Main effects and interaction of X1 and X2 factors 

X1 + X2 Main effects of X1 and X2 factors 

1|Z Crossed random effect for Z factor 

         Table 1.2 Interpretation of operators for LMs and LMEs models. 

 

1.MODEL COMPARISON TESTS 
TABLE 1.1 

Models of decreasing complexity were fitted to the accuracy data of the lexical decision task. 
Multiple Chi-square tests were then run for each subsequent pair of models (i.e. mod1 vs. mod2) 

in order to select the best fitting model. 

Model 1 Resp ~ FrCond + (1 | Subj) 

Model 2 Resp ~ FrCond + Block + (1 | Subj) 

Model 3 Resp ~ FrCond * Block + (1 | Subj) 

 Df AIC BIC logLik Chisq Pr(>Chisq) p 

Model 1 6 -80.918 -35.969 46.459       

Model 2 7 -126.61 -74.170 70.306 47.693       4.98e-12 *** 

Model 3 10 -156.26 -81.350 88.133 35.655       8.86e-08 *** 

Significance Codes for p values: ‘***’ p=0.001; ‘**’ p=0.01; ’*’ p=0.05; ‘.’ p= 0.1 

 

TABLE 1.2 
Models of decreasing complexity were fitted to the reaction time data of the lexical decision task. 
Multiple Chi-square tests were then run for each subsequent pair of models (i.e. mod1 vs. mod2) 

in order to select the best fitting model. 

Model 1 RT ~ FrCond + (1 | Subj) 

Model 2 RT ~ FrCond + Block + (1 | Subj) 

Model 3 RT ~ FrCond * Block + (1 | Subj) 
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 Df AIC BIC logLik Chisq Pr(>Chisq) p 

Model 1 6 165151 165196 -82570     

Model 2 7 164931 164984 -82459 221.945 <2e-16 *** 

Model 3 10 164926 165001 -82453  11.101       0.01119 * 

Significance Codes for p values: ‘***’ p=0.001; ‘**’ p=0.01; ’*’ p=0.05; ‘.’ p= 0.1 

 

2. MATERIALS 
Table 1: Dutch words used in lexical decision. 

Word 
Frequency 

Word 
Length 

Letter Frequency Word 
Frequency 

Word 
Length 

Letter Frequency 
LFL HFL LFL HFL 

LFW 

4-
letters 

accu kers 

HFW 

4-letters 

film berg 
iris uier foto knie 
tulp mier huid kaas 

smog pier jurk boot 
erwt slee lamp thee 
drop lont ring maan 
kurk hiel trap voet 
rits nier tuin hart 

fohn geit vuur boek 
slak zeef klok deur 
krab ader bril hoed 
lama hoes duim keel 
luik lens gras kerk 

pomp rage stof soep 
rups roet taxi tent 
wilg zaag wijn zaal 

5-
letters 

sfinx gewei 

5-letters 

villa toren 
afrit roest vuist oever 

cobra tegel plant beest 
nylon veter kring haven 
kwark lelie sloot feest 
spits bezem brood wagen 
oksel zegel krant steen 
speld serre kunst leger 
klomp toets grond vlees 
krans weide vrouw aarde 
gebak buste bocht beeld 
havik fobie firma hemel 
plint holte kroon koers 

schap kweek lijst regen 
stift tombe plaat sfeer 

virus vezel schip tante 

6-
letters 

dynamo balpen 

6-letters 

object kelder 
stronk gieter terras heuvel 
fazant cortex woning toneel 

chroom poster museum jongen 
campus beugel strand geweer 
claxon meloen eiland kleren 
script panter gebouw handel 
lawine skelet bureau keuken 

kompas veulen koffie dokter 
hengst servet vriend meneer 
kajuit gondel studie bitter 

klimop karper koorts gebied 
pilaar kerker schema buiten 

prisma krater ingang moeder 
schans meubel stroom morgen 
siroop roedel natuur honger 

 


