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a  b  s  t  r  a  c  t

A widely  studied  morphological  phenomenon  in psycholinguistic  research  is  the  plurals-
inside-compounds  effect  in  English,  which  is  the  avoidance  of regular  plural  modifiers  within
compounds  (e.g.,  *rats  hunter).  The  current  study  employs  event-related  brain  potentials
(ERPs)  to investigate  the  production  of plurals-inside-compounds  in children  and  adults.
We specifically  examined  the  ERP  correlates  of  producing  morphologically  complex  words
in 8-year-olds,  12-year-olds  and  adults,  by  recording  ERPs  during  the  silent  production  of
compounds  with  plural  or singular  modifiers.  Results  for both  children  and  adults  revealed
a negativity  in  response  to compounds  produced  from  regular  plural  forms  when  compared
to compounds  formed  from  irregular  plurals,  indicating  a highly  specific  brain  response  to
roduction

a subtle  linguistic  contrast.  Although  children  performed  behaviourally  with  an adult-like
pattern  in  the  task,  we  found  a  broader  distribution  and  a considerably  later  latency  in
children’s  brain  potentials  than  in  adults’,  indicating  that  even  in  late  childhood  the  brain
networks  involved  in language  processing  are  subject  to subtle  developmental  changes.
©  2014  The  Authors.  Published  by Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC

BY-NC-ND license  (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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 language production in adult speakers has been
xtensively, relatively little is known about the

 involved in children’s production of words and
s. Models of the adult speaker posit a sequence
during production, from conceptual encoding
a  selection, morphological and phonological

, and finally motor execution and articulation
efrey and Levelt, 2004). The temporal sequenc-
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 (175–250 ms)  but earlier than phonological
 ms)  encoding (see e.g., Strijkers and Costa, 2011;
t al., 2011). Neurophysiological studies of the

rse underlying language production processes in
are particularly rare (Budd et al., 2013), and the
of whether the temporal sequencing of language
n processes posited for adults also holds for

remains largely unanswered. A number of previ-
-imaging studies have reported developmental

of the brain networks involved in language pro-
For instance, it has been proposed that focused
alized networks controlling, for example, silent
have emerged from bilateral networks during
hood and adolescence (e.g., Lidzba et al., 2011;
al., 2009), leading to speculations about how these
n brain development can impact on language (and
her cognitive) processes. Against this background,
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ble mechanisms for language production becomes
re relevant. The present study contributes new
to this under-researched issue by investigating

 involved in children’s (in comparison to adults’)
n of morphologically complex words using

ecific phenomenon we studied is the distribu-
ingular and plural modifiers inside compounds.
h, for example, compounds with singular modi-
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mber of previous experimental studies have
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ponent parts. The speeded production task has
 used to study morphological encoding in children
sen et al., 2004; Fleischhauer and Clahsen, 2012).
- to 12-year-old children in different age groups
ed verb forms of German, an advantage for high-
-frequency irregular forms was  found in all par-
roups, parallel to the findings on the English past
us, a behavioural measure, namely speeded pro-
atencies, yielded adult-like performance patterns
2-year-old children.
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3; van der Lely and Christian, 2000; Clahsen and
, 2001; Zukowski, 2005). A consistent finding from
dies was  that children as young as three avoided
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y willing to produce irregular plurals inside com-
e.g., mice eater). Despite the replicability of the
-compounds effect, the interpretation of these
ral experiments has remained controversial; see,
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ophysiological markers of language production

 review above illustrates, the majority of stud-
ining children’s production of morphologically
words have made use of behavioural tasks (e.g.,
roduction, production latencies). While these are
ive  in their own right, they do not provide insight
precise temporal unfolding of processes during

 production. Thus, to get a better understand-
e temporal sequencing of processes underlying

 production, some studies have started to apply
e-sensitive measuring techniques to investigate
cesses; see Ganushchak et al. (2011) for a recent
owever, morphological encoding has (to our

ge) only been examined in three previous stud-
sing ERPs (Koester and Schiller, 2008; Budd et al.,
d one intracranial recording (Sahin et al., 2009),
parison between children and adults with respect

ological encoding is only available from one study
 al., 2013). Budd et al. (2013) used a silent-

n-plus-delayed-vocalization-task to investigate

uction of regular and irregular past-tense forms
h verbs by recording ERPs in 8- to 12-year-old
and in adults. Participants read infinitive forms
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s statement

rticipants gave informed written consent before
ng the study, which was ethically approved by the
y  of Essex Ethical Review Board. In the case of the

 the parents of the children who  participated gave
 consent.

cipants

ty-three right-handed native speakers of British
ere tested, all with normal or corrected-to-

ision, 20 adults (7 men, mean age 23.6 years,
31 years) and 53 children. Thirteen children were

; two  children could not perform the task, and
igh artefact rates (>70% trials lost) during EEG
. Following Budd et al. (2013), the remaining 40
were divided into two age groups, 11- to 12-
children ‘Ch-12′ (n = 18, 12 boys, mean age: 11;07,
;01–12;08) and ‘8- to 9-year-old children ‘Ch-8′

0 boys, mean age: 9;02, range: 8;08–9;07).

rials

perimental conditions and the critical nouns to be
on-heads of compounds were the same as in Silva
13). Eight nouns that take irregular plural inflec-
re matched for frequency, length and meaning
t nouns that take the regular plural. These items
n/men vs. boy/boys, woman/women vs. girl/girls,
ren vs. baby/babies, foot/feet vs. hand/hands,
h vs. eye/eyes, goose/geese vs. duck/ducks, louse/lice
/beetles, mouse/mice vs. rat/rats. Participants were

 with these word forms as potential non-heads
noun compounds; this yielded four conditions,
plural non-heads (‘Pl-I’), regular plural non-heads
d the corresponding uninflected ‘singular’ non-

g-I’, ‘Sg-R’). Each non-head noun was presented
 different verbs (e.g., bite, chase) from which com-
ontaining deverbal -er agentive head nouns could
d (e.g. boy(s)/man(men) biter and boy(s)/man(men)
his yielded 160 experimental items (40 per con-
he 100 filler items consisted of head nouns that
upations’ (e.g., vet, teacher, dentist) paired with
s that were either adjectives (e.g., red, green, wet,
uralia tantum nouns (e.g., maths, measles).

edure

ticipants were tested in quiet rooms either at the
y of Essex (adult, older children) or at different
younger children) in the same area. Participants

 introduced to the task with six practice trials not
e experiment. Each trial began with the presenta-
entred fixation-cross for 200 ms,  followed by the

sentation of two words placed one on top of the

he centre of the screen for 1000 ms.  The top word
ys the unmarked verbal stem of the deverbal head
e produced (e.g., feed ->FEEDER) and the bottom
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andomized and distributed over ten blocks (26
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ingular) or plural form in any one block. Blocks
ided by a short break and were counterbalanced
participants. Participants were asked to minimize

uscle movements during silent production. The
 of the experiment was  approximately 35 min.
rimental session (including EEG setup) lasted for
ately 105 min.

recording and data analysis

ult participants’ EEGs were recorded using Neu-
ersion 4.5) acquisition software, from 64 electrode

 Fig. 1) according to the international 10–20
sing Ag/AgCl sintered electrodes embedded in
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t below 5 K�. Recordings were re-referenced off-
e average of the left and right mastoid electrodes,

 shows ROIs used in the statistical analysis.
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pound-internal modifier was an irregular plural
was still mostly maintained inside compounds,
so than bare singular forms (adults: 91.1%; Ch-
; Ch-8: 82.3%). A clear contrast was found for

esented as regular plural forms which were rarely
ed in compounds but instead mostly reduced to
ulars (adults: 12.5%; Ch-12: 4.3%; Ch-8: 5.7%).
ine these data statistically, we performed an
on the compound responses with the factors

 (Singular, Irregular Plural, Regular Plural) and
dults, Ch-12, Ch-8), which revealed main effects

 (F(2, 57) = 15.3, p < .001) and Condition (F(2,
4.6, p < .001), but no reliable interaction of Con-

 Group (F(4,114) = 1.649, p = .167). Subsequent
contrasts showed that irregular plural forms
ificantly less often maintained inside compounds

 singular forms in both the adult and the child
dults:  ̌ = 4.55, SE = 1.05, z = 4.34; Ch-12:  ̌ = 1.26,

 z = 5.98; Ch-8:  ̌ = 2.69, SE = 0.31, z = 8.72). Fur-
, regular plural forms were significantly less
intained in compounds than irregular plural
ults:  ̌ = 5.75, SE = 0.26, z = 21.44; Ch-12:  ̌ = 4.99,

 z = 22.38; Ch-8:  ̌ = 4.44, SE = 0.18, z = 24.70).
sults suggest the same pattern of behavioural
s for adults and children, with irregular plu-
likely to be used than uninflected (singular)

side compounds, and regular –s plurals rarely
 as a compound’s non-head. It should be noted
e behavioural data should be interpreted with
iven the ceiling effects observed in the adult

data

 amplitudes were extracted for each participant
lectrode site. After data cleaning, 81% of trials
uded in the statistical analysis. On average, simi-
ers of trials were included for the different types
ead, bare singulars (adults: 84%, ch-12: 85%, ch-
regular plurals (adults: 73%, ch-12: 76%, ch-8:

 irregular plurals (adults: 85%, ch-12: 84%, ch-
he grand-average ERP waveforms can be seen in
d 2.
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 ANOVA for Number (Plural vs. Singular), Reg-
egular vs. Irregular), and ‘Regions of Interest’

 within-subjects factors. For the frontal electrode
s analysis revealed a significant main effect of
y (F(1,19) = 7.26, MSE  = 1.56, p < .05) and a Num-
ularity interaction (F(1,19) = 4.19, MSE  = 3.17,
ollow-up analyses by Number revealed a signif-
ularity effect within the plurals (F(1,19) = 7.06,
8, p < .05), but not for the singulars (F(1,19) = 0.03,
5, p = .86). These results show that the source of
ber × Regularity interaction in the frontal elec-
es is due to more negative-going amplitudes
ounds produced from regular plural forms (as

 compound-internal modifiers) relative to those
 from irregular plural forms, without any corre-

 contrast in the singular condition. No significant
ere found at ML  electrode-sites. These results
t adults show a bilateral, frontally distributed

y when a regular (relative to an irregular) plu-
was presented as a candidate non-head element
silent) production of a compound. This effect

ly illustrated in the left hand panel of Fig. 1.
t-hand panel of Fig. 1 compares the wave-
r the singular conditions, for nouns (e.g. rat)

 regular plurals (‘singular-R’) versus nouns (e.g.
at have irregular plurals (‘singular-I’), illustrat-

this comparison indeed shows little difference
the two waveforms, in line with the statistical

ildren
ding the child data, consider first the left side of
ich shows that between 800 and 900 ms  after

nset, ERPs for compounds produced from regular
ms (as candidate compound-internal modifiers)

broadly distributed more negative-going ampli-
n ERPs to compounds produced from irregular
ms. The right side of Fig. 2 compares waveforms
se to the singular-R and singular-I conditions;
pection does not indicate any clear contrast for

parison. An ANOVA including Number, Regular-
ROI as within-subjects factors and Age Group
h-12′) as a between-participants factor was  car-
for mean amplitudes extracted between 800

 ms  after cue onset. This analysis revealed an
n of Number x Regularity that was  approaching
ce (F(1,38) = 3.68, MSE  = 24.35, p = .06) and which

qualified by ROI. Follow-up analyses by Number
 significant Regularity effect within the plurals

 6.32, MSE  = 29.59, p < .05) but not within the sin-
(1,38) = 0.0, MSE  = 33.66, p = .9). This contrast is
ore negative-going amplitudes for compounds

 from regular plural forms relative to those pro-
m irregular plural forms, and no corresponding

for the singular forms of the nouns tested (e.g.
ouse). The effect of Regularity within the plural
s was also not modulated by Age, which means
pplies to both age groups of children. Further-
is late negativity for compounds produced from
lural non-head candidates was also seen in an
l analysis that only included trials in which the
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s overt compound responses, both in the regular
rregular plural condition, had an uninflected (i.e.

 non-head. No other effects were found significant.
ults show a late globally distributed negativity
age groups of children when a regular (relative
gular) plural form was presented as a candidate

 element for the (silent) production of a com-

ssion

lurals-in-compounds effect has received consid-
tention in the psycholinguistic literature and
ed a crucial role in more general debates in

 science concerning the role of grammar in lan-
ocessing and development (e.g., McClelland and
, 2002; Pinker and Ullman, 2002). The cur-
y reports the first ERP production study of the
-compounds effect in 8- to 12-year-old chil-
omparison to adults. We  found that the brains
hildren and adults appear to honour the sub-
stic constraints that govern the distribution of
d-internal modifiers. Specifically, the constraint
gular plurals inside lexical compounds was sig-

 an enhanced negativity for the (silent) production
unds from regular (compared to irregular) plu-

 as non-heads. This negativity was found for
lts and for children across the age range tested.
vioural results also seemed parallel for the two
dicating that 8- to 12-year-olds are sensitive to

raint in the same way as adults, though interaction
ight have been masked by ceiling effects observed
s. We also observed a number of developmen-
es, particularly in the EEG data. Firstly, children’s
ysiological markers were considerably delayed

 ms  relative to adults). Secondly, the negativity
to-centrally distributed (and slightly more right-
d) for adults, but had a much broader distribution
en.

oral sequencing of morphological encoding

ult ERP findings are broadly consistent with the
 sequencing proposed in models of speech pro-
e.g., Indefrey and Levelt, 2004). Specifically, it is
ized that (in picture naming tasks) morpholog-
ding occurs around 250–330 ms  after stimulus
ion with an assumed average naming latency of
he nature of our silent production task is dif-
m a standard word-naming experiment in that

nted participants with written word prompts for
g  compounds, rather than with pictures. Further-

 compounds to be produced were relatively long
d thus likely to yield longer latencies. The tim-
r adult ERP data is also in line with Koester
ler (2008), who reported morphological encod-
ur at around 350 ms  after the start of conceptual
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g, and with Budd et al. (2013), who reported mor-
l encoding effects in adults between 350 and

fter the production cue. Moreover, intra-cranial
rdings (Sahin et al., 2009) also obtained neural

have  been
adults  (e.
lation  an
ERP com
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dulation at around 320 ms  after cue onset. Cru-
ctrophysiological signals during (silent) language
n appear to be reproducible for different mor-
l phenomena and across a variety of tasks and

respect to its functional significance, Budd et al.
terpreted the negativity as signalling combina-
cessing required by regular (but not irregular)
e forms. We  propose the same account for the
ompounds examined in the current study. Con-

 two  kinds of plural form presented as non-head
, for example, (feed) ducks/geese. The morpholog-
raint bans regular plurals from appearing inside
ds. Consequently, the –s affix of a regular plural
h as ducks needs to be stripped off before being
s a non-head into the formation of a compound.
ess of affix stripping engages the same combi-

echanism as–ed past-tense formation, namely
x (de)composition, hence eliciting similar brain

s.
rrent ERP results are in line with findings from

ension and offline judgment studies on plurals-
mpounds in adult native speakers of English.
s of the constraint against compound-internal
lurals disrupt both written and spoken lan-

mprehension. Compounds with regular plurals
he longest first fixation and gaze durations in
ovement during reading experiment (Cunnings
sen, 2007), indicating that the –s plural con-
fects early stages of processing. Early effects of
traint were also found in an eye-movement dur-
ing experiment (Silva et al., 2013). Furthermore,
from acceptability judgment tasks (Berent and
007; Jaensch et al., 2014) revealed that morpho-
urals are disfavoured inside compounds, but not

 elements with/s/or/z/sibilant-final codas that
ound like regular plurals, indicating that the
-compounds effect is morphological in nature
ot be accounted for by superficial phonolog-
erties of the non-head nouns (contra Haskell
003; Ramscar and Dye, 2010). The proposed
l interpretation of the enhanced negativity as

 morphological structure is consistent with these

lopmental changes from child to adult

 the current ERP results for compounds from
e in line with the assumed sequencing of lan-
duction (e.g., Indefrey and Levelt, 2004; Strijkers

a, 2011), our ERP results for children indicate
able temporal delay. Specifically, the negativ-
ponse to producing compounds from regular (as
to irregular) plural non-heads was  found between
900 ms  after cue onset in children. What could
nderlying reason for this temporal delay? First,
n latencies in paradigms using picture naming
 shown to be 300–500 ms  longer in children than
g., Jerger et al., 2002). Secondly, ERP studies of vio-
d discrimination have also shown that children’s
ponents are sometimes delayed as compared to
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ännel and Friederici, 2008). Thirdly, a study of
gical processing in language comprehension has

rted delayed ERP effects for children when com-
dults (Clahsen et al., 2007). If we assume a similar

 our silent production task as for picture naming,
al adjustment of the observed ERPs for children is

 the result of which puts the negativity obtained
roduction of compounds into roughly the same
e as for adults. That the ERPs have a delayed

children suggests that the compound encoding
s fairly established albeit slower in children. This
ation is supported by the current behavioural
ich showed that 8- to 12-year-olds produced

 compound forms. While a delayed vocalisation
 offers many advantages when working with chil-

 for example, minimizing muscle movements and
ing children to perform the task in their time),
m the delayed vocalisation task concerning time-
lated information need to be interpreted with
hus, future studies applying different paradigms

g immediate production) are required to fur-
the time-course of morphological processing in

ver,  the enhanced negativity we obtained was not
yed, but also had a broader distribution in chil-

 in adults. It was observed at both fronto-central
tal electrode-sites bilaterally, whereas in adults

tivity was more localized, with the largest effect
 fronto-central electrode sites. Clearly, ERPs have
w spatial resolution; however, topographical dif-

of ERP signatures are generally accepted to reflect
urce differences (c.f. Luck, 2014). In other words, if
rns differ with regard to both temporal and spatial
s, it is likely that the neural source(s) underlying
s are at least partially different. The latter inter-

 goes well with reports in the literature which
hat the brain systems underlying higher cognitive

 including language are still fine-tuned even dur-
scence (see Casey et al., 2005; Blakemore, 2012
s). Specifically, both cross-sectional and longitu-

ctional imaging studies have highlighted that the
g brain undergoes significant structural and func-
nges of fronto-temporal cortices in children aged
rs (i.e., the age groups investigated here) gener-

 combination of neuron pruning, myelination, as
scular, neuronal and glial density changes. These
ental neuroanatomical changes are argued to be

rly  important for growing and enhancing efficient
 communication (Casey et al., 2005). Hence, the

 delayed and differently distributed ERP effects
ct slower and less efficient abilities in produc-
hologically complex words in children than in

oteworthy that despite the observed ERP dif-
 children seemed to produce the same overt
ral responses as adults in our experiment. It is pos-

 group differences might not have been observed
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ractions). It could also be argued that this discrep-

ue to children sometimes self-correcting initially
s responses. This is unlikely, however, firstly

(silent) p
to  singula
though  th
rals  (or s
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he experimenter encouraged participants not to
heir initial response and secondly because the
tern obtained in the current study, viz. adult-like
rformance paired with distinct ERP responses for

 has been reported in ERP comprehension studies
orpho-syntactic and morphological phenomena

t al., 2004; Clahsen et al., 2007). The latter results
n taken to indicate that despite similar offline per-

 adult-like comprehension mechanisms take time
p. Our results indicate that this also applies to

 involved in the production of morphologically
words.
,  a similar pattern of ERP results to the one

 here was obtained by Budd et al. (2013), a study
g the silent production paradigm to examine past
mation in children and adults. In both studies,
and adults responded with an enhanced negativ-
ular (when compared to irregular) inflection, but
ter onset latency and a more broadly distributed

 children than for adults. Taken together, these
lend support to the assumption that the brain
ms underlying the production of morphologically
words may  not yet be fully adult-like in 8- to
ld children. Specifically, it seems as if processing

 and less efficient (delayed negativity) as well
ly more resource-demanding in children than in

 priming in the silent production task?

expected result from the current study warrants
ting. Several previous behavioural studies of plu-
mpounds have found that irregular plurals are
s-preferred as compound-internal modifiers rel-
bare (singular) forms; see Jaensch et al. (2014)
ent review. It is true that in the current study,
modifiers were significantly more common than

 plural ones in participants’ overt productions, for
dren and adults, but still irregular plural modi-
e most often not reduced to singular forms inside
ds. This admittedly unexpected finding could,

, be due to a form-priming effect (Ramscar and
0). In our experiment, participants were con-
ith a singular or plural form of a noun as a

 compound modifier immediately prior to the
d-production task. This recent presentation of a

 modifier form could have biased participants to
 the presented noun form inside the compound,

 possible. This form-priming effect explains why
nts commonly included not only singular but also
tically permissible) irregular plural forms into
pounds. Crucially, however, form priming only

a partial account of the current findings, as form
hould have induced repetition of the primed form
e compound across the board. This was not the
ever. Instead regular plural modifiers (compared

lar ones) yielded an enhanced negativity during

roduction in the EEG record and were reduced
r forms in participants’ spoken compounds, even
ey were primed in the same way as irregular plu-
ingulars). This contrast strengthens the case for
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logical constraint against compound-internal –s
 the source for the reported ERP and behavioural
s.

usion

tudy illuminates the brain mechanisms involved
en’s (as well adults’) language production, by
ing the brain responses obtained from the (silent)
n of morphologically complex word forms.

 plurals in compounds have featured prominently
s of child language development, the present
the first to report results from children’s brain

 for this phenomenon. Our main finding is an
 negativity for compounds produced from reg-

al non-heads in 8- to 12-year-old children and
, which had a later onset latency and a broader
ribution for children than for adults. We  interpret
Ps effects as reflecting the combinatorial mech-

volved in producing morphologically complex
s. We  conclude that the silent-production-plus-

ocalization technique used here is a viable ERP
 to study brain processes involved in morpholog-
ssing in both children and adults.
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