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Compound Reading in German:

Effects of Constituent Frequency and

Whole-Word Frequency in Children and Adults

Jana Hasenidcker and Sascha Schroeder
Max Planck Institute for Human Development, Berlin, Germany

Current models of morphological processing differ in their assumptions about the recognition of
compound words. The relative contribution of the first and second constituent and the whole-word
remains unsolved. Particularly for beginning readers, the first constituent might have a privileged role
attributable to more sequential decoding strategies. In a series of lexical decision experiments, the
influence of constituent and whole-word frequencies on compound recognition was examined in German
developing readers as well as adults. Results showed that whole-word and first constituent frequency
interactively influenced response times in children. For adults, an effect of whole-word frequency only
was obtained for the children’s stimuli set, and noninteracting effects of whole-word frequency and first
constituent frequency were found when using adult frequency measures. Together, the results suggest
that developing readers already decompose compounds and that hybrid interactive models of morpho-
logical processing are most suitable to explain compound recognition across development. The appli-

cability of amorphous models is also discussed.

Keywords: compounds, morphological processing, reading development, visual word recognition

In learning to read, each language comes with its own character-
istics that pose particular challenges. One of these special challenges
in German reading acquisition is the prevalence of long morpholog-
ically complex words. Many words that are encountered by children
for the first time during the elementary school years in this language
are, in fact, compounds (Segbers & Schroeder, 2016). Thus, the
youngest readers are already regularly faced with the task of decoding
those long and complex words on a regular basis. Despite this omni-
presence of compounds, investigations of morphological effects in
reading development have focused on derivations, while research on
children’s compound reading is limited and a direct comparison of the
mechanisms in children and adults is absent. However, such a com-
parison of beginning and skilled readers can ultimately provide new
insights to advance theories of compound processing.

In contrast to the sparse compound word processing research with
children, research with skilled adult readers has sparked a lively
debate in the past decades, centering on the question whether com-
pound words are processed as wholes or decomposed into their
constituent morphemes. Different models of complex word process-
ing have emerged that vary in their assumptions concerning decom-
position (for a more comprehensive overview of models see also
Milin, Smolka, & Feldman, 2017). Full-listing accounts claim that all
known complex words are stored as full forms in the mental lexicon
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and thus retrieved as such (e.g., Butterworth, 1983). In contrast,
full-parsing hypotheses assume obligatory decomposition prior to
lexical access (e.g., Taft & Forster, 1976), with access to the first
constituent initiating activation of compound candidates depending on
their whole-word frequency (Taft, 1994). In addition, there are several
hybrid accounts that combine the two former hypotheses, assuming
that access is possible both via the whole-word and the constituents.
Hybrid accounts vary in their assumptions about whether one route is
chosen, depending on factors such as length, lexicality, or familiarity
(e.g., Caramazza, Laudanna, & Romani, 1988), or whether the routes
operate in parallel, either with the faster route “winning” in a race-like
fashion (e.g., Schreuder & Baayen, 1995) or with the activation of the
constituents and whole-word adding to each other (Andrews, Miller,
& Rayner, 2004; Kuperman, Schreuder, Bertram, & Baayen, 2009).
Another important class of models are amorphous approaches that
deny the use of constituents and whole-words as discrete representa-
tional units. Distributed-connectionist theories assume distributed pat-
terns of activation across processing units instead of discrete lexical
representations. In these accounts, morphological effects arise as a
consequence of activation overlap over hidden units when form and
meaning converge (e.g., Plaut & Gonnerman, 2000; Rueckl & Raveh,
1999; Seidenberg & Gonnerman, 2000). The Naive Discriminative
Learning (NDL) framework hinges on dynamically learned associa-
tions between co-occurrence of orthographic cues (i.e., letter bigrams
or trigrams) and semantic outcomes (Baayen, Milin, Purdevi¢, Hen-
drix, & Marelli, 2011). No explicit decomposition processes and no
discrete representations of constituents are assumed in this frame-
work, nevertheless, “morphological” effects in this amorphous model
arise on the basis of the probability of the outcome given the co-
occurrence probabilities of the input bi/trigrams.

One typical paradigm to investigate morphological processing
in skilled readers involves the systematic manipulation of constit-
uent frequencies and whole-word frequencies of compounds. Re-
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sults from such studies are mixed with regard to the contribution of
constituent and whole-word frequency. Some studies point solely
to a role for whole-word frequency, at least for lexicalized and/or
short compounds (e.g., Bertram & Hyond, 2003; van Jaarsveld &
Rattink, 1988). Evidence from other studies accumulates in favor
of parallel influences of whole-word and constituent frequencies
(e.g., Bertram & Hyo6nid, 2003; Kuperman et al., 2009), which
operate either in a horse race fashion (e.g., Schreuder & Baayen,
1995) or interactively (e.g., Libben, 2006; Taft, 1994). Evidence
from both lexical decision (van Jaarsveld & Rattink, 1988) and
eye-tracking (Hyond & Pollatsek, 1998) suggests a privileged role
for the first constituent over the second constituent. In contrast,
several other studies found evidence for the second constituent as
the primary processing unit (e.g., Dufiabeitia, Perea, & Carreiras,
2007; Juhasz, Starr, Inhoff, & Placke, 2003). Finally, Kuperman et
al. (2009) even provided evidence for relevance of both constitu-
ents. Without assuming decomposition processes and constituent
representations, a computational implementation of the NDL also
predicted facilitation effects based on lexical characteristics of the
constituents and this prediction was supported by behavioral data
(Baayen et al., 2011). The NDL also correctly predicted inhibitory
effects of constituent frequency in a non-European language,
namely Vietnamese, which were especially pronounced when con-
stituents had higher frequencies in relation to the whole-word
(Pham & Baayen, 2015). This is interpreted as a conflict between
the constituents as words of their own and the whole-word. The
relative role of whole-word frequency and first and second con-
stituent frequency has thus not been ultimately resolved and it
remains to be decided which model of compound word recognition
is most suitable.

Importantly, models of compound recognition have aimed to
explain the processes in skilled adult readers and have largely
neglected how these processes might develop. An exception to this
is the NDL perspective, because learning is at the core of this
model. The connections between cues and outcomes are constantly
adjusted, driven by both positive and negative evidence (cf. Milin
et al., 2017). For example, encountering the letter string “honey-
bee” would strengthen the connection between the letters con-
tained in “honey” and the semantic outcome of something related
to the edible substance produced by bees, whereas encountering
the letter string “honeymoon” would weaken that connection.
Thus, it is the repeated encounter with letter combination in certain
contexts that impact the processing of complex words. In light of
this, the neglect of a developmental perspective on compound
reading is surprising. But also in the framework of the more
classical decompositional theories, the lack of data on children’s
compound reading is astonishing, because especially for beginning
readers decomposing long compounds into their smaller constitu-
ents seems like a helpful operation. Not only are the smaller
constituents less demanding with regard to visual processes, but
they also can be used to determine a compound’s meaning. In
contrast to the much more intensively studied derivations that are
often assumed to be segmented via affix-stripping (Taft & Forster,
1976), compound decomposition needs to rely on a different
mechanism. Stem recognition, which has recently also been sug-
gested for derivations (Grainger & Beyersmann, 2017), is a sen-
sible operation, because it directly activates meaning-carrying
parts. Word explanation tasks have shown that already preschool
children use the constituents to derive the meaning of a compound

(e.g., Krott & Nicoladis, 2005). In written texts, children encounter
many compounds for the first time, whereas they might have
previous experience with the single constituents from different
contexts. Word knowledge seems to generally help the processing
of morphologically complex words (Carlisle & Fleming, 2003;
Carlisle & Katz, 2006; Goodwin, Gilbert, Cho, & Kearns, 2014).
Hasenécker, Schroter, and Schroeder (2017) found that German
children benefit from compound structure in reading as early as in
second grade and that the development and size of this benefit is
related to vocabulary knowledge. In a cross-sectional analysis
from Grade 2 to 6, the authors compared the recognition of mono-
and multimorphemic word recognition data. The results suggest
that there might be a privileged role for the first constituent, as
reading still proceeds rather sequentially from left to right in
beginning readers. Hiikio, Bertram, and Hyond (2011) used eye-
tracking of sentences to explore the role of hyphenation in com-
pound processing. Although it was not the aim of the study to
examine decomposition of concatenated compounds, the results
nevertheless imply that both decomposition and whole-word pro-
cessing are at play in compound reading in Finnish children: slow
beginning readers profit from a decomposition strategy and more
advanced child readers prefer to use a whole-word strategy, sug-
gesting development toward more holistic processing. However,
neither the study design by Héikio et al. (2011) nor by Hasenécker
et al. (2017) allows to make conclusions about the relative contri-
bution of whole-word, first and second constituent frequencies.
Despite the vast, although inconsistent evidence on frequency
effects in compound processing in skilled adult readers, there are
few corresponding studies using a similar design with children. De
Zeeuw, Schreuder, and Verhoeven (2015) used a lexical-decision
task to investigate children’s use of whole-word and constituent
frequencies in compound reading focusing on differences between
Dutch monolinguals and Turkish-Dutch bilinguals. They used a set
of 80 compounds and included whole-word and first and second
constituent frequencies as continuous predictors in a regression
analysis. Albeit the emphasis of this study were processing differ-
ences between L1- and L2-learners, the study provides some hints
for the effect pattern that we might expect in our study. The results
of de Zeeuw et al. (2015) overall indicate a clear role of whole-
word frequency for second- to sixth-graders. The effects of the
constituent frequencies were less decisive: the influence of the first
constituent and its interaction with whole-word frequency differed
by grade and the influence of the second constituent and its
interaction with whole-word frequency differed by home language.
As a consequence, it is still unclear which constituent—the first or
the second—plays a stronger role in children’s compound process-
ing (in L1). Recall that the authors used a regression design with
frequencies as continuous predictors. Although this approach can
have several advantages (cf. Baayen, 2004), it is less controlled
with regard to other possible factors, which then need to be
controlled for statistically, requiring more data points to reach the
same level of power. Moreover, the between-item comparison
design might have introduced high across-item variance. Also, the
compounds and their frequency measures were taken from an adult
corpus (Celex: Baayen, Piepenbrock, & Gulikers, 1995), which
might not ideally represent children’s experience with written
language. All this might have resulted in the inconsistent effects of
constituent frequencies. Overall, we can learn form the de Zeeuw
et al. (2015) study that (a) whole-word frequency is the most
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important factor and needs to be taken into account when inves-
tigating compound processing, (b) interindividual differences in
language skills might additionally influence compound processing,
and (c) a more controlled manipulation of constituent frequencies
might be useful to gain a clearer picture of the influence of first
and second constituent.

In studies with adults, the most convincing experimental design
to tackle the question of the role of constituent frequencies is their
orthogonal manipulation in a set of compounds that are matched
on other lexical characteristics, such as length (e.g., Andrews et al.,
2004; Dunabeitia et al., 2007; Juhasz et al., 2003) and, ideally, uses
the same constituents in different constituent-frequency combina-
tions (i.e., Papierhut vs. Zauberhut as in Bronk, Zwitserlood, &
Bolte, 2013) to make the comparison stronger. Employing such an
experimental design with children not only presents a more
straightforward test of constituent frequency, but also allows re-
lating the results for children more directly to the findings for
adults.

Therefore, the present study aims at disentangling the relative
contribution of first and second constituent frequencies and their
possible interaction with whole-word frequency in children’s and
adults processing of compound words. To this end, we manipu-
lated the constituent frequencies of compounds in an orthogonal
design (frequency/constituent). For the experiments with children,
we used a stimuli set chosen from a written child language corpus
(childLex: Schroeder, Wiirzner, Heister, Geyken, & Kliegl, 2015)
as those frequency measures can be expected to more precisely
approximate the experience with written words that children have.
With adults, we used the child stimuli set in one experiment to
evaluate how adults process the same words that children were
tested on. In a second experiment with adults, we used a stimuli set
chosen from an adult written language corpus (DWDS: Geyken,
2007) that might present adults’ experience more precisely. To
minimize across-item variance within each stimuli set, we used
pairs of compounds that shared one constituent, while the other
constituent differed in frequency (see also Bronk et al., 2013).
Given the evidence for the impact of whole-word frequency as a
continuous predictor for both adults (Kuperman et al., 2009) and
children (de Zeeuw et al., 2015), we also included this measure.

If responses are influenced by whole-word frequency only, this
would indicate whole-word processing. If responses are influenced
by constituent frequencies, this would support decomposition ac-
counts; a first constituent frequency effect would point to recog-
nition via the first constituent, a second constituent frequency
effect would suggest a privileged role for the second constituent. If
first and second constituent frequencies interact, this would be
evidence for parallel processing of the constituents. Finally, inter-
action effects with whole-word frequency would support the com-
bined use of any information that is available to maximize oppor-
tunity for accomplishing the demanding task of reading a complex
word (Libben, 2006). If lexicalized compounds are recognized as
a whole and decomposition is mainly important for compounds
that are not (yet) lexicalized (Caramazza et al., 1988; van Jaarsveld
& Rattink, 1988), the processing of the same words should change
with time. Under decompositional accounts, a stronger effect of
the first constituent for children would indicate more sequential
processing in beginning readers. Under the assumption that whole-
word processing takes place for all lexicalized compounds, we
would expect to see a development from decompositional toward

holistic processing from childhood to adulthood for the child
material as the compounds become more and more lexicalized.
Deriving hypotheses from the amorphous accounts is less straight-
forward without a computational simulation of compound process-
ing in German. Based on the available evidence, one would expect
a facilitatory effect of whole-word frequency and effects of con-
stituent frequencies that are dependent on the degree of conflict
between constituents and whole-words: this could lead to facilita-
tion, as found in English (Baayen et al., 2011), or inhibition from
the constituents, as found for Vietnamese (Pham & Baayen, 2015).

The structure of the experiments is as follows: Experiment 1
provides a first investigation of frequency effects in compound
reading in a group of elementary schoolchildren from different
grades (2nd to 4th) to test the validity of such a frequency manip-
ulation in children. However, reading develops considerably
throughout the elementary school years and morphological pro-
cessing undergoes important changes during this time (de Zeeuw
et al., 2015; Haikio et al., 2011; Hasenicker et al., 2017). Exper-
iment 2 therefore presents a replication of Experiment 1 with a
much larger group of children, all attending Grade 4. This allows
also taking into account interindividual differences in vocabulary,
which have been shown to modulate the benefit of morphological
structure in word recognition (Hasenicker et al., 2017). Experi-
ment 3 then examines adult’s compound reading with the child
stimuli set to directly compare how adults process the same words
that children were tested on. Experiment 4 presents adult data from
a similar experiment to test whether those words are processed
differently than the highly familiar “child words.” This structure of
experiments provides key evidence to understand how the process-
ing of compound words develops with increasing experience with
compound words and allows us to gain more insight into the
underlying representational mechanisms.

Experiment 1

Method
Participants. Twenty-two elementary schoolchildren (13 girls,
M, = 7.8 years, SD,,. = 0.9, age range: 7-9 years) attending

Grades 2—4 in the Berlin area were recruited to participate in the
study. The study was approved by the ethics committee of the Max
Planck Institute for Human Development and testing took place at the
institute’s test center. Written consent was obtained from the parents
and oral consent was asked from the children prior to participation.
One child had to be excluded from the analysis as this child was not
capable of carrying out the full experimental session.

Materials. Thirty-two pairs of compounds were selected from
the childLex corpus (Schroeder et al., 2015). All compounds
consisted of exactly two concatenated stems, written without in-
terword space according to German orthographic rules, and were
7-11 letters in length. A compound pair always shared one con-
stituent (see Appendix A for a full list of all pairs); for half of the
pairs the first constituent was shared (e.g., Handschuh and Hand-
tuch), for the other half the second constituent was shared (Auto-
bahn and Eisenbahn). Constituent frequency was manipulated in a
2 X 2-design (first/second constituent, higher/lower). Thus, four
combinations emerged with 16 compounds in each group: higher-
higher (h-h), higher-lower (h-I), lower-higher (/-h), lower-lower
(I-1). Higher frequency constituents had a normalized lemma fre-



publishers.

and is not to be disseminated broadly.

gical Association or one of its allied

This document is copyrighted by the American Psycholo,
This article is intended solely for the personal use of the individual user

4 HASENACKER AND SCHROEDER

quency (per million tokens) above 100 and lower frequency con-
stituents below 100 (higher: M = 287.82, SD = 228.26, min =
105.37, max = 1069.97; lower: M = 43.73, SD = 29.91, min =
2.54, max = 99.48). Note that the cut-offs deviate from the typical
cut-offs used for “low” frequency in lexical decision experiments
with monomorphemic words. This is because the constituent fre-
quency categories in this experiment represent the higher and
lower parts of the distribution of constituent frequencies of typical
German compounds. They can thus be regarded as “higher” and
“lower” relative to the distribution found for constituents in Ger-
man compounds. A lower cut-off as typically used for monomor-
phemic lexical decision would have resulted in the necessity to
choose extremely uncommon compounds. Instead, we chose to
ensure (a) a good representation of typical compounds in German
and (b) children’s knowledge of the words. Hence, the chosen
whole-word frequency range adequately represents the distribution of
the frequencies for the majority of noun-noun compounds in German,
being lower than the constituent frequencies, as is usually the case for
German compounds, where very common stems are used to create
specialized compound meanings. The normalized lemma frequency
of the whole compounds used in our experiment thus ranged
between 0.71 and 38.68 (M = 5.66, SD = 6.18). Across the four
groups (h-h, h-1, 1-h, I-1), compounds were matched on whole-word
frequency, bigram frequency, neighbors (OLD20), number of let-
ters, and number of syllables, all + < 1, p > .05. Item character-
istics are summarized in Table 1.

A list design was used, such that each participant saw a given
constituent only in one combination and saw 32 compounds in
total.

In addition to the compound words, 32 pseudowords were
created by selecting 64 stems, changing one letter in each stem and
then combining two resulting pseudostems into a pseudocom-
pound (e.g., Stock “stick” and Wolf “wolf” were made into Stack-
walf). Pseudowords and words were also matched on bigram
frequency, number of letters, and number of syllables, all ¢+ < 1,
p > .05.

Procedure. Testing took place individually in a quiet room on
a laptop with a 15* monitor and a refresh rate of 60 Hz. The stimuli
were presented in white 20-point Courier New font on black
background. Each trial started with a 500-ms fixation cross in the
center of the screen, followed directly by a stimulus, which re-
mained on screen until a response was made by the participant.
Participants were instructed to decide as quickly and as accurately
as possible whether the presented stimulus was an existing German
word or not and indicate their decision by pressing the D or the K
key on a standard keyboard, marked red and green. Prior to the

Table 1

experimental trials, four practice trials with feedback (right or
wrong answer) were given. For the children, a short break timed by
the experimenter was included after half of the experimental trials.
Accuracy and RTs were recorded.

Results

Main data analyses for words were performed using (general-
ized) linear mixed-effects models as implemented in the Ime4
package (Bates, Michler, Bolker, & Walker, 2015) in the statisti-
cal software R. For the response time analysis, incorrect responses
(12.65%) and response times below 200 ms or above 8000 ms
(1.70%) were removed first and the remaining response times were
logarithmically transformed. Next, model criticism based on a
simple model including random effects for subject and item was
used for further outlier trimming, excluding all data points with
residuals exceeding 2.5 standard deviations for the main analyses
(2.25%). Then, a model was fitted to the data including first
constituent frequency and second constituent frequency as cate-
gorical predictors (higher vs. lower) and whole-word frequency as
a continuous centered predictor (logarithmically transformed to the
base 10). Their interactions were also entered as fixed effects.
Random intercepts were included for participants and items. A
parallel model was fitted to the error data. Post hoc comparisons
were carried out using cell means coding and single df contrasts
with the glht function of the multcomp package (Hothorn, Bretz, &
Westfall, 2008) and were evaluated using a normal distribution.
Mean response times are shown in Table 2. Results for the overall
effects tests using contrast coding and Type III sum of squares
(using the Anova function in the car package) are summarized in
Table 3.

The response time analysis revealed a main effect of whole-
word frequency, indicating that compounds with a higher whole-
word frequency were responded to faster. There were no main
effects of first and second constituent frequency. However, first
constituent frequency and whole-word frequency interacted. Post
hoc contrasts showed that whole-word frequency affected response
times when the first constituent frequency was high, b = 0.18, ¢ =
4.26, p < .001, but not when it was low, b = 0.009, t = 0.14, p =
.89. The interaction is depicted in Figure 1.

Parallel analyses were conducted on the accuracy data. A sig-
nificant interaction of first constituent frequency and whole-word
frequency was observed. Post hoc contrasts showed that whole-
word frequency affected error rates, leading to fewer errors, when
the first constituent frequency was high, b = 1.10, r = 3.04, p =
.002, but not when it was low, b = 0.05, r = 0.12, p = .90.

Overview of Lexical Characteristics in the Four Frequency Groups and in the Entire Set of Words

Characteristic h-h h-1 I-h 1-1 All
Whole-word frequency 8.41 (9.80) 6.03 (5.71) 4.55 (3.68) 3.66 (2.10) 5.66 (6.18)
First constituent frequency 279.4 (226.73) 279.4 (226.73) 44,90 (31.13) 44.90 (31.13) 162.20 (199.36)
Second constituent frequency 296.20 (233.10) 42.56 (29.09) 296.20 (233.10) 42.56 (29.09) 169.40 (208.55)
Length in letters 9.25 (1.00) 9.25(1.13) 9.13 (1.20) 9.13 (.96) 9.19 (1.05)
Neighbors (OLD20) 2.91 (.36) 2.98 (.38) 2.91 (.45) 3.08 (.39) 2.97 (.39)
Summed Bigram frequency 82999 (46738) 85785 (36269) 98705 (42479) 90426 (43143) 89478 (41738)

Note. Means are shown with standard derivations in parentheses.
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Table 2
Overview of Mean Response Times for All Conditions in
Experiment 1 (Standard Deviations in Parentheses)

Measure h-h h-1 I-h 1-1
Mean RT in ms 2100 (288) 2142 (293) 2087 (285) 2210 (303)
Discussion

Experiment 1 investigated whole-word frequency and first and
second constituent frequencies in the processing of compound
words in a group of second- to fourth-graders. The results indicate
that the whole-word frequency of the compound plays a major role
in word recognition. The effect of whole-word frequency addition-
ally interacted with first constituent frequency: whole-word fre-
quency affected processing when the first constituent was of high
frequency, but not when it was of low frequency. One way to think
of this process is that upon presentation with a compound (e.g.,
toothbrush), the initial constituent (footh) is activated and so are
morphologically related words (toothless, toothache, toothpaste),
among them the target word. In the case that both the first con-
stituent and the whole-word are of high frequency, then activation
of the presented compound is fast and strong. If the first constit-
uent is of high frequency, but whole-word frequency is low, then
there might arise inhibition from the constituent and/or higher
frequent morphological relatives. If the first constituent is of low
frequency, its activation is weak and slow and feeding forward of
activation to morphologically related words is limited. Indeed, this
fits perfectly with Kuperman et al.’s (2009) suggestion that “The
higher the frequency of a complex word in language, the stronger
the association between that word and its morphemes, and the
more experience the reader has with integrating a given morpheme
into that embedding word. If so, a high-frequency compound may
benefit more from identification of one of its constituents than a
low-frequency compound” (p. 885).

Table 3

8.1
g 1st Constituent
> Frequency
:o, — Higher
[ - - Lower
14

7.2

T T T T
-0.5 0.0 0.5 1.0

Whole-word frequency (log10, centered)

Figure 1. Mean response times (and standard errors) as a function of

whole-word and first constituent frequency in Experiment 1.

Overall, the results from Experiment 1 converge with previous
evidence on the special role of the first constituent (Hyond &
Pollatsek, 1998; Taft & Forster, 1976; van Jaarsveld & Rattink,
1988) and are in favor of the view that compound processing is
decompositional from left to right at the beginning of reading
development (Hiikio et al., 2011). Furthermore, de Zeeuw et al.
(2015) in their study with L1 and L2 Dutch children also found an
interaction of whole-word and first constituent frequency. How-
ever, in their study, the direction of the interaction was opposed to
that in our experiment: the first constituent exerted more influence
on compound recognition when the whole-word frequency was
low. Moreover, this interaction only emerged in second, but not in
fourth and sixth grade. The differences in results between de
Zeeuw et al.’s (2015) and our study are surprising. They might be
attributable to the different design and focus. Major differences in
the experimental set up are that de Zeeuw et al. (2015) used an
unmatched item set with a wide frequency range and statistically

Results From Mixed-Effect Models for Experiment 1 With First Constituent Frequency, Second
Constituent Frequency, and Whole-Word Frequency as Fixed Effects, and Participant and Item as

Random Intercepts

Measure

RTs Errors

2 2

X P X p

Fixed effects (all df = 1)
Intercept
First constituent freq
Second constituent freq
Whole-word freq

3792.25 <.001" 95.86 <.001"
<1 733 310 .078
1.13 287 256  .109
513 023" 354 .060

First Constituent Freq X Second Constituent Freq <1 .606 2.09 .148

First Constituent Freq X Whole-word Freq 6.25 .012° 427 .039"

Second Constituent Freq X Whole-word Freq <1 606 <1 .641

First Constituent Freq X Second Constituent Freq X Whole-word Freq <1 .699 290 .089
Random effects

Participants 7379 <.001" 17.83 <.001"

Items 162 <.001" O 1
Note. Tests are based on Type III sum of squares and x* values with Kenward-Roger df.

*p < .05.
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accounted for item differences, whereas we used a tightly matched
item set. Furthermore, de Zeeuw et al. (2015) focused on L2
readers and compared them between grades (Grade 2 vs. 4. vs. 6),
whereas we investigated L1 readers from a grade range spanning
from Grade 2 to 4.

Children’s reading skills and strategies develop considerably
throughout the elementary school years. Especially the use of
morphemes in complex word reading has been shown to undergo
important changes in those years. Furthermore, vocabulary size
has been shown to influence the extent to which morphological
structure is utilized (Hasenicker et al., 2017). A larger number of
participants and at the same time restricted to a smaller range of
years of reading instruction would allow to take into account
interindividual differences in vocabulary size and present a very
powerful test of the stability and reliability of the results of
Experiment 1. In Experiment 2, we therefore examine a four-
times-larger group of children who all attend fourth grade, and thus
all have experienced the same number of years of reading instruc-
tion but differ in their vocabulary size.

Experiment 2

Method

Participants. One hundred five children (55 girls, M,,, =
8.83 years, SD,,. = 0.49, age range: 810 years) from the Berlin
area participated in Experiment 2. The lexical-decision task was
administered to each child in a single session in the middle
(November/December) of fourth grade. The single sessions took
place in a separate room in the children’s schools as part of a larger
longitudinal project. The longitudinal project was approved by the
ethics committee of the Max Planck Institute for Human Devel-
opment. Written consent for the children’s participation was ob-
tained from the parents at the beginning of the project, and oral
consent was asked from the children at the start of the experimen-
tal session. In addition, vocabulary size was assessed in a group
session using the standardized pen-and-paper vocabulary subtest
of the CFT-20R (WeiB}, 2006). Note that, because of the design of
the longitudinal project, different tasks were administered at dif-
ferent testing points, so that the vocabulary measure was obtained
six months prior to the lexical decision data. The vocabulary test
consisted of 30 words for each of which a synonym had to be
selected from five alternatives with increasing item difficulty.
Correct answers were summed up and the resulting scores in our
sample were normally distributed (M = 14.68, SD = 5.22, min =
1, max = 27) and were comparable with the age-appropriate
percentile norm values (M = 49.49, SD = 10.41).

Materials and procedure. Materials and procedure of the
lexical-decision task were the same as in Experiment 1.

Results

Analyses of the response time and accuracy data paralleled
those of Experiment 1, and z-transformed vocabulary size was
additionally included as a fixed main effect and in interaction with
all frequency measures and interactions. Prior to the analysis,
9.26% of response times were removed because they were incor-
rect and response times below 200ms or above 5000ms (1.18%)
were also removed, as were another 1.96% that were identified as

outliers by the model criticism procedure (see Experiment 1).
Mean response times are shown in Table 4. Model results are
summarized in Table 5.

The response time analysis revealed a main effect of whole-
word frequency, indicating that compounds with a higher whole-
word frequency were responded to faster. There were no main
effects of first and second constituent frequency, but an interaction
of first constituent frequency and whole-word frequency. Post hoc
contrasts showed that whole-word frequency affected response
times when the first constituent frequency was high, b = 0.19, ¢ =
5.71, p < .001, but not when it was low, b = 0.02, t = 0.50, p =
.62. This interaction is shown in Figure 2. There was also a main
effect of vocabulary size, indicating that larger vocabulary size
resulted in faster response times. There were no interactions of
vocabulary size with any of the frequency measures.

Analysis of the accuracy data showed a significant main effect
of whole-word frequency with fewer errors when whole-word
frequency was high. There was also a main effect of vocabulary
size with larger vocabulary leading to fewer errors. There were no
significant interactions.

Discussion

Experiment 2 replicated the findings of Experiment 1 with a
much larger group of readers, all attending Grade 4. The results
confirm a major role for whole-word frequency in children’s
compound reading and an interaction with first constituent fre-
quency in the way that whole-word frequency affected processing
times only when the first constituent was of high frequency.

In Experiment 2, interindividual differences in vocabulary size
were additionally examined, because they have been previously
found to help the processing of morphologically complex words.
In Experiment 2, larger vocabulary size indeed had a positive
effect on overall speed and accuracy of compound word recogni-
tion. However, it did not interact with any of the frequency
measures. This suggests that the relative importance of whole-
word frequency and first constituent frequency is independent of
vocabulary size: Regardless of vocabulary size all 4th graders use
information of the whole-word and the first constituent; children
with larger vocabularies are just faster and more accurate in doing
SO.

Taken together, the simultaneous importance of whole-word
frequency and first constituent frequency that was found in both
Experiment 1 and 2 presents compelling evidence against full-
parsing theories and for some form of decomposition. The results
fit best with an interactive activation framework, either a hybrid or
a purely decompositional one. In a hybrid interactive activation
account, representations of the constituents and the whole-word
are activated and used cooperatively (e.g., Baayen & Schreuder,
2000; Kuperman et al., 2009), and the first constituent has a greater
role in this than the second constituent because of the pronounced

Table 4
Overview of Mean Response Times for All Conditions in
Experiment 2 (Standard Deviations in Parentheses)

Measure h-h h-1 I-h 11

Mean RT in ms 1334 (54) 1249 (50) 1296 (52) 1342 (55)
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Table 5

Results From Mixed-Effect Models for Experiment 2 With First Constituent Frequency, Second Constituent Frequency, Whole-Word
Frequency, and Vocabulary as Fixed Effects, and Participant and Item as Random Intercepts

RTs Errors
Measure X’ P X’ P
Fixed effects (all df = 1)
Intercept 50615.42° <.001" 386.44 <.001"
Vocabulary 65.6" <.001" 7.32 .007*
First constituent freq <1 417 3.25 .072
First Constituent Freq X Vocabulary <1 321 <1 502
Second constituent freq <1 578 1.11 292
Second Constituent Freq X Vocabulary <1 918 <1 342
Whole-word freq 13.17° <.001" 9.10 .003"
Whole-word Freq X Vocabulary 2.33 127 <1 964
First Constituent Freq X Second Constituent Freq 3.52 .061 <1 .895
First Constituent Freq X Second Constituent Freq X Vocabulary <1 398 1.80 180
First Constituent Freq X Whole-word Freq 7.77" .005" 3.40 .065
First Constituent Freq X Whole-word Freq X Vocabulary <1 .625 <1 152
Second Constituent Freq X Whole-word Freq 1.93 165 1.38 240
Second Constituent Freq X Whole-word Freq X Vocabulary <1 965 1.80 180
First Constituent Freq X Second Constituent Freq X Whole-word Freq <1 495 1.43 232
First Constituent Freq X Second Constituent Freq X Whole-word Freq X Vocabulary <1 .639 1.14 285
Random effects
Participants 1771* <.001" 44~ <.001*
Items 190" <.001" 29" <.001"

Note. Tests are based on Type III sum of squares and x> values with Kenward-Roger df.

*p < 05

left-to-right bias in beginning readers. In the decompositional
interactivation account of Taft (1994), the first constituent feeds
forward activation to possible compound candidates starting with
this constituent. The activation strength and speed of the com-
pounds then depends on whole-word frequency such that the
compound with the highest whole-word frequency receives most
activation. The pattern of results can also be explained in the
framework of the NDL (Baayen et al., 2011): as reading proceeds
from left to right, the letters of the first constituent are read first,
leading to activation of the output of the first constituent as its own
word and this is faster and stronger based on the constituents
frequency. At the same time, parafoveal information allows the
reader to recognize that the first constituent is not followed by a

g 1st Constituent
> Frequency

3 — Higher

E - - Lower

I ! ! !
-0.5 0.0 0.5 1.0

Whole-word frequency (log10, centered)

Figure 2. Mean response times (and standard errors) as a function of
whole-word and first constituent frequency in Experiment 2.

space, but by a letter, thus whole-word frequency comes into play
(cf. Baayen et al., 2011, p. 62). Depending on how strong the
connections between the cues (letter input) and the different out-
comes (meaning of the constituent as words on its own vs. mean-
ing of the compound) are relative to each other, they either help or
hinder word recognition of the whole-word.

Although the influence of whole-word and first constituent
frequency in children is in line with some previous adult studies
(Bertram & Hyonid, 2003; Kuperman et al., 2009), some other
adult studies have found evidence in favor of an influence of the
second constituent frequency (Dufiabeitia et al., 2007; Juhasz et
al., 2003). It is thus not clear whether the pattern we found for
children would be the same for adult readers in German. Especially
the privileged role of the first constituent might be restricted to
children’s reading, which is still more sequential from left to right.
Adults recognize words more in parallel. Thus, they might not
show the same privileged role for the first constituent. Instead,
they might either rely on first and second constituent frequencies
equally or more on whole-word frequency alone. Moreover, the
words used in the experiments with children might be lexicalized
in adults, which might also lead to stronger reliance on whole-
word processing. To directly compare compound reading in chil-
dren and adults, we conducted the same experiment that we did
with children also with a group of adult readers in Experiment 3.

Experiment 3

Method

Participants. Twenty-two young adults (12 women, M,,, =
26.0 years, SD,,. = 2.6, age range: 21-32 years) from the Berlin
area were recruited to participate in the study. The study was
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approved by the ethics committee of the Max Planck Institute for
Human Development and testing took place at the test center of the
institute. All participants gave informed written consent prior to
participation.

Materials and procedure.
same as in Experiment 1 and 2.

Materials and procedure were the

Results

Analyses of the response time and accuracy data for the adults
paralleled the one for the children in Experiment 1 and 2. How-
ever, because overall accuracy was extremely high for adults
(98.86%), we only analyzed response times. Incorrect response
times to words were removed (1.42%), as were response times
below 200 ms or above 1200 ms, which amounted to 2.16%, and
further 0.74% were identified as outliers by model criticism (see
Experiment 1 and 2). Means response times are shown in Table 6.
The model results are summarized in Table 7 (Exp 3).

The response time analysis revealed only a main effect of
whole-word frequency, attributable to faster responses to com-
pounds with a higher whole-word frequency. There were no other
significant effects. The response times are depicted in Figure 3.

Discussion

The results for adults in Experiment 3 indicate only a role for whole
word-frequency. This suggests a more holistic and less left-to-right
processing in skilled readers and is generally in line with develop-
mental findings by Hiikio et al. (2011). The effect of whole-word
frequency independent of first constituent frequency in adults is
compatible with full-parsing and hybrid accounts. The lack of any
constituent frequency effects might seem surprising at first and seem-
ingly stands in contrast to findings by Bronk et al. (2013) with adult
readers in German (see also Andrews, 1986; Andrews et al., 2004;
Taft & Forster, 1976 for evidence from English). However, it needs to
be kept in mind that the stimulus set was designed with frequency
measured from a child corpus. For the experienced adult readers, the
words were likely highly lexicalized. Caramazza et al. (1988) and van
Jaarsveld and Rattink (1988) suggest that highly lexicalized com-
pounds do not require decomposition and Juhasz (2018) found that a
reader’s familiarity with compound words significantly influences
their recognition. Adults seem to process highly lexicalized words in
a more holistic fashion. Hence, it is likely that the same words that
children process via a combination of first constituent and whole-
word frequency can be processed by adults without resorting to first
constituent frequency.

Another possible explanation for the pattern of effects might be
that the frequency categories were just not adequate for the adult
readers. We hence extracted adult frequencies for the stimulus set
from the DWDS corpus (Geyken, 2007). The constituent frequen-
cies were rather highly correlated across corpora (1st Constituents:

Table 6
Overview of Mean Response Times for All Conditions in
Experiment 3 (Standard Deviations in Parentheses)

Measure h-h h-1 I-h 1-1

Mean RT in ms 629 (20) 604 (19) 631 (20) 637 (21)

r = .74; 2nd Constituents: r = .81), whereas whole-word frequen-
cies were only moderately correlated (r = .37). For example, the
compound Eisdiele (Engl. ice cream parlor) has a normalized
lemma frequency of around 8 in childLex, but smaller than 0.1 in
DWDS. Similarly, the constituent Hexe (Engl. witch) is highly
frequent in childLex (norm lemma freq: 128), but very rare in
DWDS (norm lemma freq: 8). Consequently, the matched catego-
ries of the original 2 X 2 manipulation did not hold up anymore
when considering adult measures. Therefore, we reran the analysis
with the adult frequencies as continuous predictors. Results are
presented in Table 7 (Exp 3b). None of the predictors reached
significance, but whole-word frequency clearly had the highest
chi-square value, in line with the results from the analysis using the
child frequency measures. This speaks against decomposition of
the child material by adults. It should, however, not be concluded
from this that adults do not use decomposition at all. Previous
studies with compounds chosen from adult corpora based on
adult-appropriate frequency measures do point to some form of
decomposition in skilled readers. Possibly, the material and its
frequency ranges in this experiment did not allow us to observe
any effects. Experiment 4 therefore tests the possibility that con-
stituent frequency effects arise in adults when words and their
frequencies are taken from an adult corpus more precisely reflect-
ing adult’s written word experience and are matched to the child
frequencies from Experiments 1 and 2.

Experiment 4

Method
Participants. Thirty young adults (16 women, M,,, = 23.93
years, SD,,, = 4.36, age range: 1834 years) from the Berlin area

were recruited to participate in the study. The study was approved by
the ethics committee of the Max Planck Institute for Human Devel-
opment, and testing took place at the test center of the institute. All
participants gave informed written consent prior to participation.
Materials. Thirty-two pairs of compounds were selected from
the DWDS corpus (Geyken, 2007). The words were chosen such that
they resembled the word material from Experiment 1-3 as closely as
possible with regard to normalized lemma frequency, bigram fre-
quency, neighbors (OLD20), number of letters, and number of sylla-
bles. All compounds consisted of two concatenated stems without
interword spacing. Each compound pair shared one constituent (see
Appendix B for a full list of all pairs); for half of the pairs this was the
first constituent (e.g., Notlage and Notwehr), for the other half it was
the second constituent (Straffenbau and Ackerbau). Constituent fre-
quency was manipulated in a 2 X 2-design, yielding the four combi-
nations higher-higher (4-h), higher-lower (h-1), lower-higher (I-h),
lower-lower (I-]). Higher constituents had a normalized lemma fre-
quency above 100 and lower constituents below 100 (higher: M =
254.68, SD = 147.76, min = 114.43, max = 830.93; lower: M =
49.30, SD = 32.52, min = 3.07, max = 95.75). The normalized
lemma frequency of the whole compounds ranged between 0.99 and
945 (M = 345, SD = 1.71). Compounds were matched across
conditions on whole-word frequency, bigram frequency, neighbors
(OLD20), number of letters, and number of syllables, all r < 1, p >
.05. As a result of using a list design, each participant saw a given
constituent only in one combination and saw 32 compounds in total.
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Table 7

Results From Mixed-Effect Models for Experiment 3 and the Reanalysis 3b With First
Constituent Frequency, Second Constituent Frequency, and Whole-Word Frequency as Fixed
Effects, and Participant and Item as Random Intercepts

Measure

RTs
Exp 3 Exp 3b

Fixed effects (all df = 1)
Intercept
First constituent freq

53475.32 <.001" 57398.74 <.001*
1.83  .096 <l 433

Second constituent freq <1 376 <1 .646
Whole-word freq 7.64 002" 313 .077
First Constituent Freq X Second Constituent Freq 2,62 .152 <1 989
First Constituent Freq X Whole-word Freq 142 227 <1 .646
Second Constituent Freq X Whole-word Freq <1 537 <1 431
First Constituent Freq X Second Constituent Freq X Whole-word Freq =~ <1 732 <1 949
Random effects
Participants 221  <.001" 208 <.001"
Items 18 <001 32 <.001"

Note. Tests are based on Type IIT sum of squares and x> values with Kenward-Roger df.

*p < 05.

In addition to the compound words, the 32 pseudowords from
Experiment 1-3 were used.

Procedure. The procedure was the same as in Experiments
1-3.

Results

Analyses of the response time and accuracy data paralleled the
one in Experiment 3. Again, because accuracy was extremely high,
no analysis on the accuracy data was conducted. For the response
time analysis, incorrect response times that were removed (1.98%),
as were response times below 200 ms or above 1000 ms (2.34%),
model criticism was used to exclude outliers (2.07%). Mean re-
sponse times are shown in Table 8. The model results are sum-
marized in Table 9.

The response time analysis revealed a main effect of whole-
word frequency, attributable to faster responses to compounds with

6.55
6.50
g 6.45 1st Constituent
= Frequency
L2 6.40 — Higher
[ - - Lower
o 6.35
6.30

I T ! T
-0.5 0.0 0.5 1.0

Whole-word frequency (log10, centered)

Figure 3. Mean response times (and standard errors) as a function of
whole-word and first constituent frequency in Experiment 3.

a higher whole-word frequency. There was also a main effect of
first constituent frequency and a main effect of second constituent
frequency, both indicating that responses were faster when the
respective constituent was of high frequency. No interactions
reached significance. The response times are depicted in Figure 4.

Discussion

The results of Experiment 4 suggest that experienced readers of
German in fact do use decomposition when processing compound
words. Using a stimuli set matched on adult frequency measures
yielded effects of whole-word and both first and second constitu-
ent frequencies. Thus, when compounds are not highly lexicalized
adults, too, attend to first constituent frequency in addition to
whole-word frequency. In contrast to the children, they also take
into account second constituent frequency. Thus, adults do not
show a privileged role of the first over the second frequency,
presumably because their reading is more holistic than the chil-
dren’s reading, enabling them to activate both constituents quickly
upon presentation. The pattern of results observed in Experiment 4
is most compatible with hybrid models (e.g., Andrews et al., 2004;
Kuperman et al., 2009; Schreuder & Baayen, 1995). In contrast to
the pattern for children, whole-word and first constituent fre-
quency did not interact, which does not fit with access via the first
constituent as proposed by Taft (1994) and is also difficult to
reconcile in the NDL framework (Baayen et al., 2011). The con-
sequences that the findings of our four experiments have when
considered together will be discussed in detail below.

Table 8
Overview of Mean Response Times for All Conditions in
Experiment 4 (Standard Deviations in Parentheses)

Measure h-h h-1 I-h 1-1

Mean RT in ms 612 (20) 593 (19) 639 (21) 617 (20)
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Table 9

Results From Mixed-Effect Models for Experiment 4 With First Constituent Frequency, Second
Constituent Frequency, and Whole-Word Frequency as Fixed Effects, and Participant and Item

as Random Intercepts

RTs
Measure X2 4

Fixed effects (all df = 1)

Intercept 49809.29 <.001"

First constituent freq 7.82 .005™

Second constituent freq 5.01 .025™

Whole-word freq 4.66 .031"

First Constituent Freq X Second Constituent Freq <1 928

First Constituent Freq X Whole-word Freq <1 .861

Second Constituent Freq X Whole-word Freq <1 738

First Constituent Freq X Second Constituent Freq X Whole-word Freq <1 720
Random effects

Participants 557 <.001"

Items 28 <.001"

Note. Tests are based on Type III sum of squares and x* values with Kenward-Roger df.

*p < .05.

General Discussion

The present research investigated the role of whole-word fre-
quency and first and second constituent frequencies in the process-
ing of compound words in beginning and experienced readers in
German. Despite the extremely rich and productive compounding
system and the resulting omnipresence of compounds in reading
German, previous research on morphology in reading development
has targeted derivations and largely neglected compounds. Models
on compound processing, reversely, have focused on skilled read-
ing and disregarded development, albeit this can be utterly infor-
mative in deciding between different models.

To address this research gap, we conducted a series of experiments,
in which readers were presented with a lexical-decision task on
compound words with varying constituent and whole-word frequen-
cies. Overall, the findings point to an influence of whole-word fre-
quency and constituent frequency in compound recognition that un-
dergoes some subtle changes with increasing reading experience. The
experiments together allow new insights into compound processing in

6.55-]
6.50—
qu? 6.45 1st Constituent
8 640~ Teé?;&?"y
E 6,35 - - Lower
6.30—
6.25 . T T T

0.5 0.0 0.5 1.0
Whole-word frequency (log10, centered)

Figure 4. Mean response times (and standard errors) as a function of
whole-word and first constituent frequency in Experiment 4.

inexperienced and experienced readers. The results and their conse-
quences for models of morphological processing are discussed below.

First, a smaller group of children from Grade 2—4 performed a
lexical-decision task on compounds taken from a child written lan-
guage corpus (childLex: Schroeder et al., 2015). The experiment was
then replicated with a much larger group of children all from Grade 4,
additionally including interindividual differences in vocabulary size.
In both experiments, we found an interaction effect of first constituent
and whole-word frequency. Vocabulary size did influence overall
speed and accuracy of compound word recognition, but did not
influence the relative contribution of whole-word and constituent
frequencies in Grade 4. The observed interaction of first constituent
and whole-word frequency can be explained in an interactive hybrid
framework with a left to right preference that is attributable to chil-
dren’s more sequential reading. The first constituent and the whole-
word would both be activated and strengthen activation of each other
interactively, making compound recognition especially fast when they
are both of high frequency. Alternatively, compound word processing
via the first constituent as suggested by Taft’s (1994) interactive
decomposition model could also explain the pattern of effects. Upon
presentation with a compound, children activate all compounds that
they know starting with this same constituent. The strength of the
resulting compound activation then depends on whole-word fre-
quency. If the first constituent is of high frequency, activation is
quickly fed forward and compounds with high whole-word frequency
are activated easily, whereas compounds with low whole-word fre-
quency take longer to be activated. If the first constituent is of low
frequency, it takes already longer to activate the constituent itself and
the activation to be fed forward is slower, such that no differences
arise at the whole-word level. It is also possible that low constituent
frequency is correlated with low productivity, so that there are less
compound candidates to receive activation—maybe only one candi-
date in many cases—and hence whole-word frequency is not pivotal.

Indeed, morphological family size, measuring constituent produc-
tivity, has been reported to influence response times to compounds
(e.g., Juhasz & Berkowitz, 2011; Kuperman et al., 2009). Family size
tends to correlate with constituent frequency, especially in German
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with its highly productive compounding system. For the stimuli used
in the present study, the correlation was very high: for the child
stimuli set (Experiments 1-3) it was 0.56 for first constituents and
0.78 for second constituents, and for the adult stimuli set (Experiment
4) it was 0.69 for first and 0.77 for second constituents (means and
standard deviations of morphological family sizes of the stimuli are
summarized in Table C1). This makes it difficult to disentangle the
influence from frequency and family size post hoc, as it is problematic
to examine these highly correlated variables within the same analysis.
To nevertheless examine this issue, we reanalyzed the data from all
four experiments with family size (as a continuous variable) instead of
constituent frequency. Results of the models are summarized in Table
C2. For the data of Experiment 1, a main effect of whole-word
frequency and an interaction of first constituent family size emerged,
mirroring the pattern obtained with constituent frequency. This inter-
action was modulated further by second constituent family size, as
indicated by a three-way interaction. Responses were fastest when
first constituents family size, second constituent family size, and
whole-word frequency were all higher, whereas they were slowest
when the constituent family sizes were higher but the whole-word
frequency was lower. For the data of Experiment 2, again a main
effect of whole-word frequency was present, the interaction of whole-
word frequency and first constituent family size failed to reach sig-
nificance, but the three-way interaction of whole-word frequency, first
constituent family size, and second constituent family size was rep-
licated.

Although it needs to be kept in mind that these analyses were post
hoc and were not considered in our experimental manipulation, the
main result, namely the interactive use of whole-word and first con-
stituent, corresponds to the findings with frequency in Experiment 1
and 2. They support the assumption that children activate the initial
constituent (e.g., footh) and morphologically related words (e.g.,
toothbrush, toothless, toothache . . .). The speed and ease of com-
pound recognition then depends on how often the constituent appears
on its own or as a constituent in complex words and whether the target
compound is a frequent candidate among them. If the constituents and
the whole-word are of high frequency, then activation of the presented
compound is especially fast and strong. However, if the constituents
are of high frequency, but the whole-word is not, a conflict can arise
such that there is a “tug of war* between the whole-word and its
constituents (see also Smolka & Libben, 2017). Indeed, this can also
be explained in the framework of Naive Discriminative Learning
(NDL: Baayen et al., 2011): the letters in the first part of foothbrush
might be a good cue for the meaning of tooth as a single word,
because of its high frequency as such, but maybe a less good cue for
the meaning of foothbrush, which is more low frequent (see also
Pham & Baayen, 2015). The interactive pattern of whole-word and
first constituent frequency that we observed in children is, however,
not compatible with full-listing accounts (Butterworth, 1983) nor with
horse-race accounts (Schreuder & Baayen, 1995).

To compare the developing readers’ performance with that of
skilled readers, adults were tested on the same words as the children.
With the child material, we found only an effect of whole-word
frequency. Another group of adults conducted a similar lexical-
decision task, but with words and their frequencies taken from an
adult corpus (DWDS: Geyken, 2007) and matched to the child stim-
ulus set. With the adult material, we found effects of first constituent
frequency, second constituent frequency, and whole-word frequency,
but no interaction effects. As for the children, we reanalyzed the data

from the adult experiments with family size instead of constituent
frequency. Results of the models are summarized in Table C2. For the
data of Experiment 3, there was only an effect of whole-word fre-
quency, mirroring the analysis with constituent frequencies. In addi-
tion, we also calculated the constituent family sizes for the words in
Experiment 3 (child stimulus set) using the adult corpus (DWDS:
Geyken, 2007) and reanalyzed the data using the adult measures.
Again, this yielded only a significant effect of whole-word frequency.
For Experiment 4, the adult stimulus set, there was only a main effect
for first constituent family size. This deviates slightly from the pattern
of results obtained with constituent frequencies, but recall that the
family size analysis was post hoc and just intended as an additional
check. Despite the high correlation between frequency and family
size, they might be used slightly differently in processing. Neverthe-
less, our results suggests that adults access compounds as whole-
words if they are highly lexicalized and/or familiar, whereas they also
use information from the constituents if the compounds are not
lexicalized, in line with Caramazza et al. (1988; see also van Jaarsveld
& Rattink, 1988). One problem with this idea is that it is unclear how
one route—decomposition or whole-word—can be chosen based on
characteristics such as lexicality, familiarity, or frequency before
either the entire word or its parts are recognized. Bertram and Hyond
(2003) propose that visual features such as length determine the route.
However, compound length was matched across the child material
and adult material in our study.

Taken together, over all four experiments, hybrid interactive mod-
els (Kuperman et al., 2009; Libben, 2006) are best able to explain the
pattern of results. Whole-word and constituent information is both
taken into account in compound recognition. Interestingly, the reli-
ance on first constituent frequency and the resulting interaction of this
measure with whole-word frequency is what changes the most with
increasing reading experience. For children, lower first constituent
frequencies seem to not boost compound recognition, whereas they do
in adults. Moreover, the compound recognition process seems to be
more sequential from left-to-right with a privileged use of the first
over the second constituent in children and more parallel in adults
with use of both first and second constituents. Amorphous models
might be a suitable alternative to explain our pattern of results.
Because of their learning mechanism and the continuous update of
connections between letter cues and outcomes, they might also ex-
plain the absence of interaction effects in the adults. To explore the
changing dynamics of processing across development, simulations for
the NDL with German could prove very insightful. Although this was
beyond the scope of the present study, it would be a promising
enterprise for the future.

One possible criticism of our study concerns the use of pseudo-
words with no real word constituent. This would have made it suffi-
cient for participants to decode only the first part, that is the first
pseudoconstituent, to make a lexical decision, thus artificially ampli-
fying the role of the first constituent. Some of the previous studies
with similar designs to ours used pseudocompounds made of a new
combination of two real stems, such as Pianotasse (Engl. Pianocup;
Bronk et al., 2013). Owing to the high productivity of compounding
in German, which makes any new combination more or less possible,
the rejection of such pseudowords is really hard for children and
would have resulted in extremely prolonged RTs and high false alarm
rates. Therefore, these kinds of pseudowords were not used here.
However, the omnipresent effect of whole-word frequency in all four



n or one of its allied publishers.

ghted by the American Psychological Associa

This document is copyri
This article is intended solely for the personal use of the individual user

is not to be disseminated broadly.

12 HASENACKER AND SCHROEDER

experiments is a strong indicator that participants did not make
decisions based on the lexicality of the first constituent only.
Overall, our series of experiments contributes to disentangling the
relative contribution of first constituent, second constituent, and
whole-word frequency in children’s and adults’ processing of com-
pound words in German. The reading of long morphologically com-
plex words is a challenge particularly central to German reading
acquisition because of the extremely high compound productivity.
Despite this, investigations of compound processing in developing
readers have been sparse. The experiments presented here therefore
are an important step forward in understanding the use of word
morphology in written language acquisition. The results show that
developing readers already use information from the first constituent
for compound recognition. The changes we observed with increasing
reading expertise offer new impulses for investigations to improve
models of morphological processing and its development. In partic-
ular, the present study demonstrates that single- or dual-route models
are too simplistic to capture the processes of compound recognition
and that accounts based on the continuous learning of probabilities
and maximization of opportunity are more suitable. Whether models
denying morphological representations are superior to those explicitly
assuming them is an important issue for future investigations.
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Appendix A

Words Used in Experiments 1-3

Higher-higher— higher-lower pairs: Baumhaus-Baumstamm, Handschuh-Handtuch, Hundehaar-Hundefutter, LandstrafSe-Landkarte, Steinboden-
Steinbruch, Traummann-Traumfee, Wasserfall-Wasserhahn, Weltmeer-Weltmeister. Higher-higher—lower-higher pairs: Brieftasche-Aktentasche,
Grundstiick-Goldstiick, Herzblatt-Kleeblatt, Hexenbuch-Zauberbuch, Konigshof-Pausenhof, Seitenwand-Kellerwand, Spielplatz-Markiplatz, Walsweg-
Kiesweg. Lower-higher—lower-lower pairs: Eisberg-Eisdiele, Glasauge-Glaskugel, Holzbein-Holzkiste, Lagerraum-Lagerhalle, Milchzahn-Milchreis,
Mondstein-Mondschein, Schneemann-Schneesturm, Tanzschritt-Tanzsaal. Higher-lower—Lower-lower pairs: Angsthase-Osterhase, Autobahn-
Eisenbahn, Fingerhut-Federhut, Gliickspilz-Gifipilz, Halsband-Gummiband, Pferdestall-Hiihnerstall, Seereise-Heimreise, Schulheft-Matheheft

Appendix B
Words Used in Experiment 4

Higher-higher—higher-lower pairs: Abendkleid-Abendbrot, Erdboden-Erdball, Grundrecht-Grundstein, Haustiir-Hauswand, Kraftwerk-Kraftwagen,
Landkreis-Landkarte, Lebensgefahr-Lebenslauf, Weltraum-Weltmeer. Higher-higher—lower-higher pairs: Arbeitszimmer-Hotelzimmer, Lufizug-
Kreuzzug, Musikstiick-Beweisstiick, Sachgebiet-Fachgebiet, Sinnbild-Sternbild, Stadtteil-Bruchteil, Tierart-Tonart, Wasserfall-Schneefall. Lower-
higher—lower-lower pairs: Blickpunkt-Blickfeld, Dienstzeit-Dienstbote, Ehrenwort-Ehrengast, Festschrifi-Festsaal, Heimweg-Heimweh, Notlage-
Notwehr, Sonnenlicht-Sonnenschein, —Titelseite-Titelblatt. Higher-lower—lower-lower pairs: Bildschirm-Regenschirm, Brieftasche-Aktentasche,
Fufnote-Banknote, Herzschlag-Ratschlag, Kopfhaut-Netzhaut, Liebespaar-Brautpaar, Strafsenbau-Ackerbau, Tischplatte-Glasplatte

(Appendices continue)
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Appendix C

Table C1
Means (Standard Deviations in Parentheses) of Family Size for First and Second Constituents

Experiment h-h h-1 I-h -1 all
Experiment 1-3: First constituent family size 42.25 (23.16) 44.52 (28.89) 32.18 (26.17) 29.07 (21.32) 37.01 (25.87)
Experiment 1-3: Second constituent family size 47.89 (24.52) 20.29 (9.46) 45.24 (18.49) 17.93 (8.91) 32.84 (21.63)
Experiment 4: First constituent family size 546.85 (270.18) 478.21 (258.16) 172.63 (121.10) 138.41 (191.75) 347.36 (266.79)
Experiment 4: Second constituent family size 383.18 (196.98) 226.98 (163.04) 381.96 (179.68) 196.18 (166.64) 297.08 (196.71)

Note. For Experiment 1-3 (child stimulus set) the counts are based on ChildLex (Schroeder et al., 2015). For Experiment 4 (adult stimulus set) the counts
are based on DWDS (Geyken, 2007).

Table C2
Results From Mixed-Effect Models for Experiment 1 With First Constituent Family Size, Second Constituent Family Size, and Whole-
Word Frequency as Fixed Effects, and Participant and Item as Random Intercepts

2

X
Measure Exp 1 Exp 2 Exp 3 Exp 3b Exp 4

Fixed effects (all df = 1)

Intercept 3806" 33311" 55458" 56649* 49727*

First constituent family size 1.51 2.80 1.25 1.16 10.42*

Second constituent family size <1 3.09 1.44 <1 2.86

Whole-word freq 6.71" 17.53* 11.85" 4.45" 2.27

First Const Fam Size X Second Const Fam Size <1 <1 <1 1.44 <1

First Const Fam Size X Whole-word Freq 5.13" 3.14 2.62 <1 <1

Second Const Fam Size X Whole-word Freq 1.36 3.56 1.65 <1 <1

First Const Fam Size X Second Const Fam Size X Whole-word Freq 4.95" 5.99* <1 1.03 <1
Random effects

Participants 740" 2537* 261" 207" 557"

Items 13* 166™ 19" 28" 23"

Note. Experiment 3b refers to the data of Experiment 3 (child stimulus set) with frequency and family size measures based on an adult corpus (DWDS:
Geyken, 2007). Tests are based on Type III sum of squares and x> values with Kenward-Roger df.
p < .05.
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