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Abstract

Parsing strategies in temporarily ambiguous sentences were investigated in readers with
different sentence memory capacities using event-related brain potentials (ERPs). Readers
with a high memory span as well as readers with a low memory span were required to read
subject and object relative sentences which were either ambiguous until the last word (late
disambiguation) or were disambiguated by case marking either the clause initial pronoun
(immediate disambiguation) or the noun phrase following it (early disambiguation). ERPs
registered during sentence reading elicited the following effects: In the late disambiguation
condition, high span readers, but not low span readers, displayed a more positive going wave
at the disambiguating number marked auxiliary for the object relative sentences than for the
subject relative sentences. This positivity is taken to reflect processes of revision that become
necessary at the disambiguating element if the initial structure considered is a subject relative
clause. When case marking was available in the clause initial at the relative pronoun, both
high and low span readers showed a positivity at the disambiguating element for the object
relative sentences, suggesting the immediate use of case marking information for revision.
When case marking was available in the noun phrase following an ambiguous pronoun both
groups showed no clear effect of revision at the disambiguating element, but only at the
sentence final number marked auxiliary. This non-immediate use of the case marking
information seems to be due to an inherent ambiguity in the German case marking system
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which interacts with the disambiguating element’s position in the sentence. The combined
data indicate that morphological information can be used immediately by high and low span
readers to resolve syntactic ambiguity during sentence processing whenever the information
given is clearly unambiguous. In addition they suggest that possible processing differences in
ambiguity resolution between high and low span readers may only appear when the
ambiguous regions are long. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

One of the issues widely discussed in different models of language comprehension
is the type of process involved when resolving temporary linguistic ambiguity. In an
early model of language parsing called the Garden-path Model, Frazier (Frazier,
1978; Frazier and Fodor, 1978) assumed that when confronted with a syntactically
ambiguous structure the parser generally computes only the simplest structure
justified by the input, considering alternative structures only after the subsequent
input fails to support the structure initially built. The model is called garden-path
model because it predicts that when processing structurally ambiguous sentences
(e.g. the horse raced passed the barn fell) readers only consider one, namely the
simplest interpretation. That means that the reader is ‘led down the garden-path’ in
those cases in which the alternative interpretation is required. More recent studies
discussed the possibility that the parser might process all possible structures in
parallel (e.g., Gorrell, 1987; Hickok, 1993).

Parallel to this discussion of whether one or all possible structures are considered
by the parser on-line, Just and Carpenter (1992) introduced a model in which
parsing strategies depend on individual differences in working-memory capacity. In
particular, the Capacity Constrained Parsing Model (MacDonald et al., 1992) holds
that the individual’s working-memory capacity constrains the processing of syntac-
tic ambiguity. When presented with a syntactic ambiguity the reader initially
constructs multiple representations. During subsequent processing, however, read-
ers with a low memory capacity (low span readers) are likely to abandon represen-
tations that initially received a lower activation level, as a result of either being of
low frequency, pragmatically implausible or syntactically highly complex, whereas
readers with a high memory capacity (high span readers) in contrast, are more
likely to maintain multiple representations for longer periods. This result was
particularly seen for short sentences (10—12 words) but not for longer sentences
(13—15 words). This was taken to indicate that high span readers do not maintain
multiple interpretations indefinitely. Results from an earlier eye fixation study
(Carpenter and Daneman, 1981), however, suggested that an unselected group of
readers immediately selected and retained only a single representation when en-
countering an ambiguity. MacDonald et al. (1992) suggested that this result may be
due to the amount of high span readers in this earlier experiment.
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Recently, Waters and Caplan (1996a,b) questioned the capacity theory of com-
prehension as formulated by Just and Carpenter (1992) on empirical and theoretical
grounds. In exploring the relationship between working memory capacity and the
processing of temporarily ambiguous sentences, they found no differences between
subjects with different working memory spans for the processing of garden-path
sentences in an off-line sentence acceptability task.

Thus, it seems that the issue of whether or not readers compute multiple
representations for a given syntactically ambiguous input, and to what extent these
two different possible processing strategies depend upon the reader’s working
memory capacity is unresolved. The various studies investigating this issue in
unselected or selected groups have used different experimental paradigms and
stimulus materials (for an early overview see Garrett, 1970; for a more recent
critical review see Frazier, 1995). Several factors may contribute to the variation
across studies. First, it could be relevant whether effects are measured off-line or
on-line. Off-line measurements may capture a processing phase for which both the
Garden-Path and the Capacity Constrained Model predict, for different reasons,
the immediate availability of non-preferred structures for high and low span
readers. According to the Garden-Path Model clear effects of preferential structure
building and reanalysis should be observed only during the initial parsing stage that
is most likely to be captured by on-line measures (Frazier, 1995). Second, the actual
length of the ambiguous region may be an important factor. The Capacity
Constrained Model as well as parallel models maintain that readers may keep
multiple structures active over short ambiguous regions, but may abandon less
preferred structures when ambiguous regions are long. The length of the ambiguous
region, moreover, may also interact with the reader’s individual working memory
capacity.

The present paper investigates the processes of syntactic ambiguity resolution
and, thereby, the models of language parsing discussed above, using an on-line
measure, namely event-related brain potentials (ERPs), as well as a clearly off-line
measure, namely question answering performance with accuracy as the dependent
variable. To evaluate the influence of working-memory capacity on ambiguity
resolution, readers were assigned to a high span and a low span group. In addition,
the influence of working memory on the length of the ambiguous region was
investigated with material constructed to allow disambiguation either early or late
in the sentence. Syntactic ambiguity was realized in German subject and object
relative clauses. These are temporarily ambiguous when noun phrases and relative
pronouns are ambiguously case marked (feminine) compared to when they are not
(masculine). Table 1 displays the German article system which is identical to the
relative pronoun system.

As can be gathered from Table 1 the form die carries an ambiguity for case
(nominative vs accusative for feminine singular and for all plural forms) and at the
same time for number (singular vs plural for feminine) as well as for syntactic
gender (feminine plural vs masculine plural vs neuter plural). A clear case disam-
biguation, however, is present for singular masculine. This difference between
ambiguous case (nominative/accusative) in the article/relative pronoun system for
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feminine (die) and unambiguous case marking for singular masculine (der/den) in
German is used to examine the processing of subject-object ambiguous and
unambiguous structures. In sentences (1) and (2) of Table 2 the relative pronoun
form (die) is ambiguous as it marks feminine nominative and feminine accusative
case in both singular (1a, 2a) and plural (1b, 2b). The same holds true for the article
form (die) in the noun phrase following the relative pronoun (compare Table 1).
Since both German subject and object relative clauses display a verb-final (NNV)
word order, the correct structure in sentences (1) and (2) can only be disambiguated
by the number marking information of the auxiliary in sentence final position, thus
creating a long ambiguous region (hereafter: late disambiguation). The ambiguous
region is reduced in sentences (3) and (4) where the article in the masculine noun
phrase following the pronoun was morphologically marked either for nominative
case (in (3): der) or for accusative case (in (4): den) (hereafter: early disambigua-
tion). Ambiguity is absent in the relative clause sentences (5) and (6) due to
immediate disambiguation by the clause initial case marked relative pronoun
(nominative: der, accusative: den) (hereafter: immediate disambiguation).

Previous studies investigating the processing of subject-object ambiguous struc-
tures have shown a strong tendency to interpret ambiguous phrases within a
subject-first structure in Dutch (Frazier, 1987; Frazier and Flores d’Arcais, 1989), in
Italian (De Vincenzi, 1991) and in German (e.g., Konieczny et al., 1994; Schriefers
et al., 1995; Schlesewsky et al., 1996; Meng and Bader, 1997). These studies,
however, were carried out with unselected groups. Predictions for groups selected
for their working memory capacity are different for the Garden-Path model
(Frazier, 1978, 1995) and the Capacity Constrained Model (MacDonald et al.,
1992). According to Frazier (1995) possible differences between high span and low
span readers are attributable to the individual subject’s motivation and thus are of
no principled interest for the Garden-Path Model. Valid predictions for the present
experiment can, therefore, be formulated only for high span readers. The prediction
with respect to the sentence material in the present study is that high span
(motivated) readers, should show an initial preference for the subject relative

Table 1
The German article (in italics) and relative pronoun system

Feminine Masculine Neuter
Singular
Nominative die Direktorin der Direktor das Direktorium
Genitive der Direktorin des Direktors des Direktoriums
Dative der Direktorin dem Direktor dem Direktorium
Accusative die Direktorin den Direktor das Direktorium
Plural
Nominative die Direktorinnen die Direktoren die Direktorien
Genitive der Direktorinnen der Direktoren der Direktorien
Dative den Direktorinnen den Direktoren den Direktorien
Accusative die Direktorinnen die Direktoren die Direktorien




A.D. Friederici et al. / Biological Psychology 47 (1998) 193-221 197

Table 2
Examples of sentence types used in the experiment with literal English translation (the italic type
indicates the point of disambiguation)

Case ambiguous

Late disambiguation (by number marking in auxiliary)

Subject first relative clause (SR)

(la) Das ist die Direktorin, die die Sekretdrinnen gesucht /hat.
This is the director that the secretaries sought has.

(1b) Das sind die Sekretdrinnen, die die Direktorin gesucht haben.
These are the secretaries that the director sought have.

Object first relative clause (OR)

(2a) Das ist die Direktorin, die die Sekretdrinnen gesucht haben.
This is the director that the secretaries sought have.

(2b) Das sind die Sekretdrinnen, die die Direktorin gesucht /at.
These are the secretaries that the director sought has.

Case unambiguous

Early disambiguation (by case marking in noun phrase)

Subject first relative clause (SR)

(3) Das sind die Sekretire, die den Direktor gesucht haben.

These are the secretaries that the (ACC sg) director sought have.
Object first relative clause (OR)

(4) Das sind die Sekretdre, die der Direktor gesucht hat.

These are the secretaries that the (NOM sg) director sought has.
Immediate disambiguation (by case marking in pronoun)

Subject first relative clause (SR)

(5) Das ist der Direktor, der die Sekretidre gesucht hat.

This is the (NOM sg) director that (NOM sg) the secretaries sought has.
Object first, relative clause (OR)

(6) Das ist der Direktor, den die Sekretidre gesucht haben.

This is the (NOM sg) director that (ACC sg) the secretaries sought have.

structure and processes of reanalysis should be visible in on-line measures when
encountering information disambiguating the sentence within an object relative
structure. According to Frazier such a preference may not necessarily be visible in
off-line measures. For the Capacity Constrained Model (MacDonald et al., 1992)
the predictions for high and low span readers are as follows: In the behavioral
off-line measures high and low span readers should display no performance
differences for the processing of subject relative clause sentences irrespective of the
point of disambiguation. However, for the processing of non-preferred object
relative clause sentences low span readers should show more errors in question
answering performance when the ambiguity region is long than when it is short
because only one reading may be available late in the ambiguous region for these
readers. If this is the case, then we would expect effects of reanalysis to appear
on-line when disambiguation is sentence final. For the high span readers no such
difference should be observable as both interpretations should be available through-
out the sentence for these readers. If this is the case no effects of reanalysis should
be found for high span readers.
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The particular predictions for the ERP components registered in the present
study are based on earlier ERP studies investigating the processing of garden-path
sentences. Osterhout and colleagues (Osterhout and Holcomb, 1992, 1993; Oster-
hout et al., 1994) found higher processing costs in recovery from garden-path
sentences in English to be correlated with a positive component around 600 ms. A
study investigating the processing of subject (1) and object relative (2) clause
sentences in German found higher cost in processing object versus subject relative
clause sentences to correlate with the amplitude of a positivity present around 350
ms (Mecklinger et al., 1995).

1. Das ist die Professorin, die die Studentinnen gesucht sat — This is the professor
that the students sought /as.

2. Das ist die Professorin, die die Studentinnen gesucht haben — This is the
professor that the students sought have.

The positivity was interpreted to be correlated with processes of reanalysis that
become necessary if the initial structure constructed during processing is a subject-
first structure. This interpretation was based on the strong behavioral evidence of a
subject-first preference in subject-object ambiguous structures (e.g., Frazier and
Flores d’Arcais, 1989; De Vincenzi, 1991; Schriefers et al., 1995). This positive ERP
component was only found for good comprehenders grouped post-hoc on the basis
of the participant’s performance on comprehension questions asked after each
sentence. These performance measures correlated with the subjects’ reading span.
Thus, only good comprehenders, i.e. high span readers, showed a positivity in the
ERPs at the disambiguating element indicating reanalysis. These data seem to
suggest that only high span readers were led down the garden-path, that is, initially
constructed only a subject-first structure. This pattern is clearly not compatible with
the view that high span readers keep multiple representations active throughout the
ambiguous part of the sentence. The processes underlying comprehension in the
poor comprehenders (i.e. low span readers) were less easy to infer from this ERP
study as they showed no effect at the disambiguating element. A possible interpre-
tation of the absence of such an effect at the point of disambiguation could be that
both representations were available to these subjects throughout the sentence. This
interpretation, however, is weakened by the fact that low span readers’ accuracy in
the question answering task was below that of the high span readers.

An alternative interpretation proposed here for the ERP difference observed
between the high span and the low span readers (Mecklinger et al., 1995) might be
called the Early Commitment Model. This model makes assumptions contrary to
the Capacity Constrained Model. In the Early Commitment Model so-called high
span readers are assumed to be effective in parsing because they commit themselves
to only one, namely the simplest syntactic structure compatible with the input, even

! This study, in contrast to the present study, only included temporarily ambiguous sentences
disambiguated at the sentence final auxiliary. Recall that German, unlike English, is a verb-final
language with respect to subordinate clauses.
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though they risk being led down the garden-path. Low span readers, in con-
trast, try to hold multiple representations active and consequently show no on-
line effect of disambiguation. Given the memory load required for holding
multiple representations active, less capacity may be available for the final selec-
tion of the ultimate structure which in turn may lead to poorer comprehension
performance. The assumption that high span readers but not low span readers
take the risk of a reanalysis also explains why high span readers show longer
reading times (reanalysis) than low span readers (no reanalysis) at the point of
disambiguation. This view provides an alternative explanation to the one pro-
posed by MacDonald et al. (1992). It allows one to turn ‘the counterintuitive
prediction that high span readers will show more effect of ambiguity than low
span readers’ (MacDonald et al., 1992, p. 59) into an intuitive prediction. High
span readers show longer reading times because they have to recover from the
initially built simple structure. It should be noted that the predictions formu-
lated on the basis of the Capacity Constrained Model differ for syntactic and
lexical ambiguities. Increased reading times for the ambiguity are taken to
reflect the maintainance of multiple representations in the case of syntactic am-
biguity (MacDonald et al., 1992), but are taken to reflect the commitment to
only one, namely the subordinate word meaning in case of lexical ambiguity
(Miyake et al., 1994).

Daneman and Carpenter (1980) consider the difference between high and low
span readers to be due to the use of different chunking processes. Chunking of
the incoming input and representation might be more ‘efficient’ in good readers
who usually show a high memory span. We propose that the efficiency of
syntactic processing may depend on a different aspect, namely the way in
which readers make early commitments when processing ambiguous structures.
Given the available evidence from previous behavioral and ERP studies on the
processing of temporarily ambiguous structures and our assumptions about
Early Commitment, we predict the following differences for high and low span
readers in processing ambiguities: When ambiguous regions are long, high span
readers should perform better than low span readers (cf. Mecklinger et al.,
1995). If the hypothesis of early structural commitment in the case of high
span readers is valid we should observe disambiguation effects on-line, that is
at the earliest point of disambiguation and not later in the sentence. If struc-
tural commitments are not made early, as assumed in the case of low span
readers, effects of disambiguation may not be present at the point of disam-
biguation.

The sentence material of the present study used case ambiguous and unam-
biguous sentences. As the case marked disambiguating element in the unam-
biguous sentences appeared in different positions (immediate and early
disambiguation), it will be of interest to see whether this information will func-
tion as an equally efficient cue for structural reanalysis in these different sen-
tence positions. Based on earlier ERP findings discussed above we consider the
predicted processes of disambiguation and reanalysis to be reflected by a posi-
tive ERP component.
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2. The present study

We chose to test the possible differential strategies in an experiment in which
readers were presented with sentences of preferred subject-first (sentence type (1),
(3), and (5) in Table 2) and non-preferred object-first clause structures (sentence
type (2), (4), and (6) in Table 2). We varied the point at which unambiguous
structural assignment was possible. Unambiguous assignment was either possible
immediately, i.e. at the beginning of the clause due to unambiguous case marking
of the pronoun (sentence type (5) and (6) in Table 2), early in the clause due to
unambiguous case marking in the noun phrase following the case ambiguous
pronoun (sentence type (3) and (4)) or late in the clause (sentence type (1) and (2)
in Table 2) due to number marking in the sentence final auxiliary that agreed in
number with the subject.

3. Methods
3.1. Participants

Twenty students (12 females) of the Free University of Berlin participated as paid
volunteers. Their mean age was 25.9 years (range 21-30 years). All were right-
handed according to the Edinburgh Handedness Inventory (Oldfield, 1971). They
were all native German speakers with normal or corrected-to-normal vision. Prior
to the ERP experiment, participants were tested for their sentence memory span
with a German version of the Daneman and Carpenter (1980) Reading Span test.
On the basis of their performance in this test, ten participants (7 female) with a
mean age of 24.9 years (range 21-30) were assigned to a low span group ( < 3.5;
mean span 3.25, range 2.5-3.5) and ten participants (5 female) with a mean age of
26.4 years (range 23-30) were assigned to a High Span group (> 4; mean span
4.65, range 4.0-6.0). Each subject participated in two experimental sessions which
were separated by an interval of about one week.

3.2. Materials

A total of 256 sentences were constructed. Half of the sentences contained an
ambiguously case marked relative pronoun (feminine) and were disambiguated by
number marking the sentence final verb (late disambiguation). The remaining
sentences were unambiguously case marked cither by a marked relative pronoun
(masculine) in clause initial position (immediate disambiguation) or by case mark-
ing the noun phrase following the relative pronoun (early disambiguation). In each
of these sets, sentences belonged to 2 different structural categories: Subject relative
clause sentences and object relative clause sentences (for examples see Table 2).
There were 32 NP-NP-Verb combinations that were used to construct the experi-
mental sentences (see Appendix A). Note that all verbs were transitive verbs
requiring a direct accusative object. Nouns were chosen in such a way that neither
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of the two nouns within one sentence was more likely to be the agent of the action,
given the verb. Each noun appeared equally often in subject and object position. In
half of the sentences the first noun was marked plural and the second singular, and
in half of the sentences vice versa. From each of the 32 NP-NP-Verb combinations
eight relative clause sentences were derived, four of which were disambiguated at
the sentence final auxiliary and four prior to it either by case marking the pronoun
or the noun phrase.

Prior to the experiment the sentence material was tested for grammatical accept-
ability. In this test, ambiguously and unambiguously case marked sentences were
presented in a mixed order. The unambiguously case marked sentences contained
two case marked noun phrases each. Twenty-one native German speakers, students
of the Free University of Berlin, participated in the test. For the subject first relative
clause sentence the percentage of grammatical acceptability was 88% for the case
ambiguous and 92% for the case unambiguous sentences; for the object first relative
clause sentences it was 70% for the case ambiguous and 93% for the case
unambiguous sentences. An ANOVA with factors case marking (ambiguous vs
unambiguous) and sentence structure (subject vs object relative) revealed main
effects of both case marking (F(1,20) = 25.86; P < 0.0001) and structure (F(1,20) =
10.80; P < 0.005) as well as a significant interaction (F(1,20) =15.37; P <0.001).
The difference in acceptability between subject and object relative clauses was
significant for case ambiguous (F(1,20) = 15.76; P < 0.001) but not for morpholog-
ically case marked sentences (F < 1).

3.3. Procedure

The participants were seated comfortably in a dimly lit room in front of a VGA
monitor. The sentences were displayed in six chunks of either one or two words.

Relative Clause Sentences:

* Das ist NP1, die NP2 ge-verb-t hat.

* This is NP1, that NP2 verb-ed has.
Presentation: ~ 300— — 400= — — -550— = -300= = =550~ = -550— — — -400 msec
ISI: = =500— — = 300— — — 550— — - 300= = ‘550= = = 550 — = = 2000 msec

Fig. 1. Temporal scheme of sentence presentation. Presentation chunks and interstimulus interval (ISI)
between chunks are displayed in milliseconds.

2 The high constraints on the material, i.e. (a) semantically neutral verbs with respect to a possible
interpretation of the relation between the two noun phrases (director, secretary, to see vs director
secretary, to fire) and (b) unprefixed verbs as in German the past participle marker ge- appears in word
initial position for unprefixed verbs (ge-sehen/seen) but not for prefixed verbs (an-ge-sehen/looked at)
reduced the number of possible sentences usuable as stimulus material. Due to these constraints
sentences were repeated across the different conditions. Potential repetition effects, however, are
constant for all conditions as these were carefully counterbalanced across the experiment.
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Each trial started with the presentation of a fixation cross in the center of the screen
for 300 ms. After this, the stimulus sentences were presented according to the
presentation scheme displayed in Fig. 1.

Two seconds after sentence offset, a question concerning the content of the
preceding sentence was presented until the participant responded with a button
press (‘yes’ vs ‘no’) or until 2 s had elapsed. This question always had the form
‘Was NP1/NP2 verb-ed?’. Each response was immediately followed by a feedback
stimulus (600 ms) that informed the subjects about the accuracy of the response
(correct/incorrect). The next trial began 1700 ms later, with the presentation of the
fixation cross. A 2-s interval between the offset of the auxiliary and the onset of the
question was selected to give the subject enough time to prepare for the comprehen-
sion question.

The words were presented in black letters against a light gray background in the
center of a 17°-computer screen. Proportional fonts were used, with a letter height
of 1 cm. The use of lower- and uppercase letters conformed to the rules of German
orthography. The participants sat at a distance of 70—80 cm from the screen. They
used the two mouse keys to respond either ‘yes’ or ‘no’ to the question. Response
key assignments were counterbalanced across participants. The participants were
instructed to respond as quickly and as accurately as possible and were informed of
the importance of avoiding large body movements. They were told that they could
blink their eyes during the time interval between the response and the onset of the
fixation cross of the next trial. Each participant performed a practice sequence of 24
trials. The 256 experimental sentences were presented together with 256 sentences
containing subject-first and object-first complement clauses used as filler items>. All
512 sentences were distributed over 8 blocks. Each block contained 64 sentences
randomized according to a Latin square. Thus, each block contained four sentences
from each of the 8 conditions. Blocks 1 to 4 were assigned to the first and blocks
5 to 8 to the second experimental session. Those sentences that appeared in their
ambiguous case marked form in session one appeared in their unambiguous case
marked form in session two and vice versa. The blocks lasted about 12 min and
were separated by a short break. Each session, including electrode application and
removal, lasted about 2 h.

3.4. EEG recording

The EEG activity was recorded by means of 11 tin electrodes mounted in an
elastic cap (Electro-Cap International). The scalp sites included seven locations
based on the International 10-20 System: (Fz, Cz, Pz, F3, F4, O1, O2). Recordings
were also taken from four nonstandard locations, including the Wernicke area
(hereafter, WL), and its right hemisphere homologue (hereafter, WR). WL was
defined as the crossing point between T5-C3 and T3-P3 (WR, between T6-C4 and

3 See Friederici, 1997. In this paper only high span participants’ results for relative and complement
clauses are discussed as low span participants’ error rate for complement clauses was too high to allow
an adequate ERP analysis.
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T4-P4). Two electrodes were positioned over the Broca area (hereafter, BL) and its
right hemisphere homologue (hereafter, BR). BL was defined as the crossing point
between T3-Fz and F7-Cz (BR, between T4-Fz and F8-Cz). All electrodes were
referenced to left mastoid. The ground electrode was positioned 10% of the
nasion-inion distance posterior to Fz. The vertical EOG was monitored with two
electrodes located above and below the participant’s right eye. The horizontal EOG
was recorded from electrodes placed at the outer canthus of each eye. Electrode
impedances were kept below 5 kQ. The EEG and EOG electrodes were amplified by
Neuroscan amplifiers (DC to 30 Hz). The EEG and EOG were recorded continu-
ously for each block of trials and were A/D converted with 16-bit resolution at a
rate of 250 Hz. Data collection was controlled by an IBM-compatible 486 com-
puter.

3.5. Data analysis

3.5.1. Behavioral data
Answers to the questions following each sentence were scored with respect to
their accuracy.

3.5.2. ERP data

ERPs were calculated for each subject at various sentence positions in each of the
experimental conditions: First, ERPs were computed for the sentence final auxiliary
from 200 ms prior to the auxiliary until 900 ms thereafter. Second, ERPs were also
examined for the clause initial relative pronoun. Third, ERPs were computed for the
noun phrase following the pronoun. For the within sentence ERPs the time epoch
for ERP averaging extended from 200 ms prior to the relative pronoun until 900 ms
(relative pronoun) or 1200 ms (noun phrase) thereafter.

Only sentences for which the question was answered correctly were included in
the ERP averages. Epochs containing ocular artifacts (criterion + 50 puV) or other
movement artifacts were excluded from further analyses. On the basis of this
procedure, approximately 13% of all trials had to be rejected. The proportion of
rejected trials did not differ between the experimental conditions within each group.
Prior to the estimation of the ERP components, the subject averages were digitally
filtered with a phase-true digital low-pass filter (— 3 dB at 10 Hz, —45 dB at 23
Hz). ERP components were quantified as the mean voltage within particular time
periods following either the auxiliary, the relative pronoun, or the first noun phrase
in the embedded clauses. The latency windows used to quantify the ERP responses
to the auxiliary were 300 to 400 ms and 600 to 900 ms. These windows were
selected on the basis of previous studies demonstrating early and late positivities to
syntactic anomalies (Osterhout and Holcomb, 1992, 1993; Mecklinger et al., 1995).
Similar time windows were chosen for the disambiguating pronouns as we expected
positivities as a reflection of the revision process for these elements as well. For the
noun phrase a different time window was chosen due to the fact that the critical
condition (object relative) showed a more negative going wave form compared to
the subject relative condition. For this comparison we chose the time window
between 400 and 600 ms in order to test for a possible N400 effect.
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Table 3
Accuracy of question answering performance (% correct) as a function of point of disambiguation and
clause structure in both the high and the low span groups

Clause structure High span Low span
% Correct (SD) % Correct (SD)

Case ambiguous: Late disambiguation by number marking

Subject first 90.8 (7.2) 82.2 (9.3)

Object first 91.6 (4.3) 83.9 (5.4)

Case unambiguous: Early disambiguation by case marking

Subject first 96.2 (2.9) 94.4 (4.4

Object first 95.6 (4.2) 92.8 (67.3)

Case unambiguous: Immediate disambiguation by case marking

Subject first 95.6 (5.5) 90.6 (6.7)

Object first 92.5 (8.2) 91.6 (7.4)

An overall ANOVA design with factors structure (subject-first vs object-first),
time window (2 levels, see above) and electrode (11 sites) was performed for the
ERPs to the clause initial relative pronoun, the noun phrase following the pronoun
and the sentence final auxiliary for the high and low span group. In cases of
significant interactions involving clause type or time window ANOVAs were
performed separately for each clause type and time window. All within-subjects
main effects or interactions with two or more degrees of freedom in the numerator
were adjusted with the procedure suggested by Huynh and Feldt (1970).

4. Results

4.1. Behavioral data

Table 3 presents mean performance accuracy in each of the experimental
conditions.

As apparent from Table 3 high span readers responded more accurately to the
question following the sentence than low span readers. There was no advantage for
the preferred subject-first over the object-first sentences in either group.

An overall ANOVA for the error data with the factors group x structure x case
marking revealed a main effect of group (£(1,18) =7.00, P < 0.05) with more errors
for the low span readers than for the high span readers, a main effect of case
marking (F(1,18) =31.14, P <0.001) with more errors for the sentences with case
ambiguous NPs, and a main effect of number (F(1,18) = 7.22, P < 0.05) indicating
more errors for the sentences in which singular NPs preceded the plural NP
compared to those sentences with the reverse NP order. There was also a group x
case marking interaction (F(1,18)=5.41, P <0.05) due to the case marking effect
being stronger for the low span readers than for the high span readers.
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When calculating separate ANOVAs for case marked and case ambiguous
sentences we found no main effect of group for the case marked sentences (P > 0.1),
but a main effect of group was found for the case ambiguous sentences (F(1,18) =
8.64, P <0.01), reflecting more errors for the low span readers than for the high
span readers. In the analysis for case marked sentences there was also a main effect
of number (F(1,18)=7.67, P <0.05) indicating more errors for the immediate
disambiguation condition (unambiguous singular pronoun preceding ambiguous
plural NP) than for the early disambiguation condition (ambiguous plural pronoun
preceding unambiguous singular NP). Thus high and low span readers appear to
have more difficulties processing the case ambiguous sentences (late disambigua-
tion) than those containing case marked elements (immediate and early disambigua-
tion). Error scores suggest that low span readers, in particular, are impaired in
processing sentences which are disambiguated by number in the sentence final
position, i.e. sentences with long ambiguous regions (late disambiguation).

In addition to these ANOVAs, correlational analyses between the performance
data and the individual reading span scores were carried out. Significant correla-
tions were found between the reading span and the error scores, however, only for
the ambiguous sentences and, in particular, for the object relative sentences (object
relative: r = — 0.687, P <0.001; subject relative: r = — 0.457, P <0.05).

4.2. Event-related potentials

Separate ANOVAs were carried out for the case ambiguous (late disambiguation)
and the two case marked constructions either disambiguated at the relative pronoun
(immediate disambiguation) or the noun phrase following the relative pronoun
(early disambiguation). Separate ANOVAs for each disambiguation condition were
carried out because targets in the early, immediate, and late conditions are members
of different word categories (auxiliary, pronoun and noun phrase) and because the
immediate but not the early and late disambiguation condition includes the factor
‘number’. We will first consider case ambiguous sentences which were disam-
biguated at the sentence final auxiliary.

5. Case ambiguous sentences: late disambiguation
5.1. Sentence final auxiliary

For the sentence final auxiliary in the case ambiguous condition we observed a
centro-parietal positivity for the object compared to the subject relative sentences in
the high span group, but not in the low span group. Fig. 2A shows the grand
average ERPs in the interval from the onset of the sentence final auxiliary for the
case ambiguous relative clause sentences for the high span group and Fig. 2B for
the low span group. In this and the following figures the ERPs from subject-first
(solid lines) and object-first sentences (dotted lines) are superimposed. For the high
span group the ERPs at all electrodes were similar for the first 200 ms. Between 300
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and 400 ms after the onset of the auxiliary we observed an early positivity most
pronounced at the three midline electrodes Fz, Cz and Pz and a second less
pronounced positivity between 600 and 900 ms. Both components were larger for
the object relative clauses than for the subject relative clauses.

For the low span group we observed no such positivity at the sentence final
auxiliary. An ANOVA for this sentence final auxiliary in the case ambiguous
sentences with the factors group (high vs low) x structure (subject relative vs object
relative) x time window (early = 300—-400 ms vs late = 600—900 ms) x electrode (11)
revealed a main effect of structure (F(1,18) = 6.99, P < 0.02), a main effect of time
window (F(1,18) = 6.92, P < 0.02), a group x structure interaction (£(1,18) = 10.74,
P < 0.005) and a structure x time window X electrode interaction (£(10,180) = 3.06,
P < 0.04). Separate ANOVAs for each group were calculated to evaluate the group

— SR: Das ist die Direktorin, die die Sekretirinnen gesucht HAT.
A e OR: Das ist die Direktorin, die die Sekretéirinnen gesucht HABEN.

Fig. 2. Grand average ERPs elicited by the sentence final auxiliary for high span (A) and low span
readers (B) in the case ambiguous — late disambiguation condition. The wave forms are superimposed
for subject and object relative sentences. The vertical lines indicate the onset of the auxiliary.
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F3 FZ F4

—— SR: Das ist die Direktorin, die die Sekretirinnen gesucht HAT.
B e OR: Das ist die Direktorin, die die Sekretirinnen gesucht HABEN.

Fig. 2. (Continued)

by structure interaction. High span readers showed a main effect of structure
(F(1,9) =22.58, P <0.002) with larger positive amplitudes for the object relative
than for the subject relative sentences, and a main effect of time window (£(1,9) =
5.17, P <0.05). Separate analyses for the different time windows showed a signifi-
cant effect of structure for the early time window (£(1,9) = 11.55, P < 0.01) and for
the late time window (F(1,9)=11.72, P<0.01) with larger amplitudes for the
object relative than for the subject relative clause sentences. For the low span
readers no significant effect of structure was found in an ANOVA with the factors
structure x time window x electrode. It could also be argued that, rather than
reflecting two distinctive positivities evoked by OR-sentences, there is one large
positivity that is interrupted by an N400 in the object-relative condition for the high
span readers (cf Fig. 2A). To examine this issue we conducted a peak-to-peak
analysis. The peak-to-peak distance between the early positivity and the assumed
subsequent negativity at the CZ recording was 3.1 ¢V in the SR condition and 3.6
#V in the OR condition. As revealed by a z-test for dependent variables, this
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difference was not significant, P> 0.16. This result makes the view that the OR
relative sentences generate an N400 rather unlikely.

The view that two distinct positivities were elicited by the object relative clauses
at the sentence final position for the high span group was confirmed by additional
statistical analyses performed for successive time intervals of 50 ms duration. More
positive going wave forms for object relative than for subject relative clauses were
obtained between 300 ms and 400 ms (P’s < 0.05) and between 650 ms and 900 ms
(P’s <0.01) whereas no such differences were obtained in the time intervals from
400 to 650 ms (P’s > 0.25).

For the low span group only a significant three-way interaction (£(10,90) = 5.7,
P < 0.01) was obtained. Additional separate analyses for each time window showed
that this interaction was due to an electrode x structure interaction in the late time
window (F£(10,90) =3.77, P <0.01). To further analyze this interaction two addi-
tional analyses were computed:

1. the effect of structure was tested for each electrode and
2. the effect of electrode was tested separately for subject relative and object
relative clauses.

The effect of structure did not reach significance at any of the eleven electrodes.
The effect of electrode was significant for the object relative clauses (F(10,90) =
3.08, P<0.05), but not for the subject relative clauses (P >0.1). Thus, the
interaction does not reflect a local effect of structure, but rather a larger variability
across electrodes in the object relative clause condition.

The positive component which shows a larger amplitude for the non-preferred
object relative clauses than for the preferred subject relative clauses observed for the
high span readers can be interpreted with respect to earlier findings. Mecklinger et
al. (1995), using similar sentences, found a positivity around 350 ms for the
sentence final disambiguating auxiliary in case ambiguous relative clause sentences
for good comprehenders, i.e. subjects with fast question answering times to
questions concerning the thematic relations of the relative clauses. This positivity
was taken to reflect the assumed reanalysis which becomes necessary with an initial
preference for a subject-first structure at the point where unambiguous number
marking indicates an object-first structure. The positivity observed in the present
study showed two peaks, one around 350 ms and a second one between 600 and
900 ms. We consider the difference between these two studies to be due to the fact
that the earlier study only included case ambiguous subject-object relative clause
sentences which were always disambiguated at the sentence final auxiliary whereas
in the present study case ambiguous sentences only made up half of the experimen-
tal material. The first positivity may therefore reflect a fast detection of a structure
which is deviant from the initial structure and requires reanalysis, present in both
studies, whereas the second positivity may reflect a secondary check for structural
adequacy more likely to occur under an experimental setting including not only
case ambiguous subject relative and object relative sentences but also other sentence
types only.

The absence of a similar difference between the two conditions in the low span
group seems to suggest that low span readers are not engaged in revision processes
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when reading clause final disambiguating information. If the difference between
subject and object relative clauses reflects processes of reanalysis the most straight-
forward interpretation of its absence would be that low span readers keep the two
possible structures active. Another possible interpretation of the finding that low
span readers do not show any differences between the preferred and the non-pre-
ferred structure, however, would be that both types of structures are equally hard
to process for low span readers. These possible interpretations are discussed in
more detail in Section 7 — Discussion.

6. Case unambiguous sentences: immediate and early disambiguation

In the case marked sentences disambiguation is possible either at the pronoun,
i.e. immediately or at the NP following the pronoun, i.e. early in the sentences. As
disambiguation in these sentences is possible prior to the auxiliary no effect should
be found in these sentences for this element.

6.1. Sentence final auxiliary

In the immediate disambiguation condition, we did not find effects of sentence
structure at the sentence final auxiliary for high span or low span subjects.
However, both groups showed a larger centro-parietal positivity for object relative
clauses in the early disambiguation condition. An ANOVA for the auxiliary
condition included the factors group x structure x number x time window x elec-
trode. The factor number was included in this analysis to separate immediate
disambiguation (singular pronoun in sentence type (5) and (6)) and early disam-
biguation (plural pronoun in sentence type (3) and (4); cf. Table 2). This analysis
did not reveal significant main effects of either group or structure. There were
significant main effects of time window (F(1,18) =60.0, P < 0.0001) and electrode
(F(10,180) =7.62, P <0.0001). Interestingly, significant structure x number
(F(1,18) = 6.08, P <0.03) and structure x number x time window interactions
(F(1,18) =7.67, P <0.02) were obtained.

In order to evaluate these interactions separate analyses were carried out for the
immediate disambiguation (singular pronoun) and the early disambiguation (plural
pronoun) conditions with the factors group x structure x time window x electrode.
As expected, sentences which were disambiguated immediately, i.e. at the relative
pronoun, did not show a significant main effect of structure at the auxiliary
(P >0.1). There was only a significant main effect of time window (F(1,18) = 40.68,
P <0.0001). Sentences which were disambiguated early, i.e. at the noun phrase
following the pronoun similarly revealed a main effect of time window (F(1,18) =
58.14, P <0.0001). Moreover, there was also a main effect of structure (F(1,18) =
6.33, P <0.03), indicating a more positive going wave at the sentence final auxiliary
for the object relative than for the subject relative clause sentences. The structure x
time window interaction was significant (F(1,19) = 8.05, P < 0.02) and reflected that
the positivity for the object relatives was present in the early time window but not
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in the late time window. This pattern was observed for both the high span

(F(1,9) =4.92, P <0.053) and low span readers (F(1,9) = 5.49, P <0.044).

—— SR: der Direktor, der die Sekretire gesucht HAT.

A
OR: der Direktor, den die Sekretiire gesucht HABEN.

t t ms

-200 0 200 400 600 800
B SR: der Direktor, der die Sekretire gesucht HAT.

OR: der Direktor, den die Sekretire gesucht HABEN.

} t t t t t ms
-200 0 200 400 600 800

|

Fig. 3. Grand average ERPs elicited by the sentence final auxiliary for high span (A) and low span
readers (B) in the case marked — immediate disambiguation condition. The wave forms are superim-
posed for subject and object relative sentences. The vertical lines indicate the onset of the auxiliary.
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The ERPs for the sentence final auxiliary in the immediate disambiguation
condition are shown in Fig. 3. Fig. 3A displays the ERPs evoked by subject and
object relative clause for the high span group. The corresponding effects for the low
span group are shown in Fig. 3B. As apparent from the figure, no systematic
differences between the two relative clause conditions were obtained in either
group.

The effect found for the early disambiguation condition is shown in Fig. 4. Fig.
4A displays the grand average ERPs evoked by the clause final auxiliary in the early
disambiguation condition for the high span group and Fig. 4B for the low span
group.

This effect at the auxiliary in the early disambiguation condition was unexpected
because the correct structure could have been assigned before the auxiliary on the
basis of the case marking information carried by the article in the noun phrase
following the clause initial relative pronoun. Thus, although both the immediate
and the early disambiguation allow structural disambiguation prior to the auxiliary,
readers showed a positivity at the auxiliary in the early disambiguation condition,
but not in the immediate disambiguation condition. This seems to suggest that
readers use the case marking information for immediate structural assignment when
carried by the clause initial relative pronoun, but not when carried by the noun
phrase in clause medial position. We will discuss this difference in more detail in
Section 7 — Discussion.

6.2. Case marked elements

Contrary to the finding for the sentence final auxiliary, the a priori prediction for
the case marked sentences was that particular effects should only be present at the
disambiguating element, namely the case marked relative pronoun and the case
marked noun phrase. In the following section we will first present the data on the
clause initial case marked relative pronoun (immediate disambiguation) and then
on the case marked noun phrase (early disambiguation).

6.2.1. Case marked relative pronoun: immediate disambiguation

Fig. 5A displays the grand averages of the ERPs in the interval from the onset
of the disambiguating clause initial pronoun for the high span group and Fig. 5B
for the low span group. For both groups, the ERPs for both sentence types are of
a similar form during the first 250 ms. ERPs after 300 ms with the unambiguously
case marked object relative clause sentence displayed a larger positive component
most pronounced between 500 and 900 ms for the high span group and between
500 and 700 ms for the low span group.

An ANOVA for the relative pronoun with the factors group x structure x num-
ber x time window x electrode revealed no main effect of group (P> 0.1), but a
group x number interaction (F(1,18)=5.85, P <0.03), a number x time window
interaction (F(1,18)=5.89, P <0.03), a structure x time window interaction
(F(1,18) = 14.3, P <0.002), a marginally significant number x structure interaction
(F(1,18) =3.78, P <0.07) and a structure x electrode interaction (#(10,180) = 2.43,
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A — SR: die Direktoren, die den Sekretéir gesucht HABEN.
""" OR: die Direktoren, die der Sekretir gesucht HAT.

4__pv
! t t —+ + t ms
-200 0 200 400 600 800
B — SR: die Direktoren, die den Sekretiir gesucht HABEN.

------ OR: die Direktoren, die der Sekretdr gesucht HAT.

k t t t } t ms
-200 0 200 400 600 800

Fig. 4. Grand average ERPs elicited by the sentence final auxiliary for high span (A) and low span
readers (B) in the case marked — early disambiguation condition. The wave forms are superimposed for
subject and object relative sentences. The vertical lines indicate the onset of the auxiliary.

P < 0.04). These interactions were examined in further analyses. Separate ANOVAs
for high and low span subjects revealed a main effect of number for high span
readers (F(1,9) = 7.60, P < 0.02), but not for low span readers. An ANOVA for the
singular forms with the factors group X structure x time window x electrode
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showed a main effect of structure (F(1,18) =5.01, P <0.04) and a structure x time
window interaction (F(1,18) =15.8, P < 0.001) reflecting the finding that there was
a late positivity, but no early positivity. This interaction was significant in both the

A — SR: Das ist der Direktor, DER ...
"""" OR: Das ist der Direktor, DEN ...

I ! ! ! i

F T T T T T ms
-200 0 200 400 600 800
B —— SR: Das ist der Direktor, DER ...
------ OR: Das ist der Direktor, DEN ...

-4 __uVv

F T T T T T ms
-200 0 200 400 600 800

Fig. 5. Grand average ERPs elicited by the case marked relative pronoun for high span (A) and low span
(B) readers in the immediate disambiguation condition. The wave forms are superimposed for subject
and object relative sentences. The vertical lines indicate the onset of the relative pronoun.
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—— SR: die Direktoren, die DEN SEKRET.{R
""" OR: die Direktoren, die DER SEKRETAR ...

I ! I } —_— I ms

| T T T T T T

-200 0 200 400 600 800 1000

Fig. 6. Grand average ERPs, averaged across high span and low span readers, elicited by the case
marked noun phrase (der NOUN) following the ambiguous pronoun. The wave forms are superimposed
for subject and object relative sentences. The vertical lines indicate the onset of the noun phrase.

high span (P <0.02) and the low span group (P < 0.02). Thus, as expected we
observed a positivity, i.e. a more positive going wave for the non-preferred
compared to the preferred structure, at the element disambiguating the clause
immediately.

6.2.2. Case marked noun phrase: early disambiguation

For the disambiguating noun phrase, ANOVAs were only carried out for the
singular NPs (masculine versus feminine) as the plural NPs were preceded by
the disambiguating relative pronoun eliciting a P600 effect which fell into the
baseline for the plural relative pronoun.

Visual inspection of the wave forms (see Fig. 6) suggested a more negative
going wave between 400 and 600 ms for the object relative sentences than for
the subject relative sentences for both groups. An ANOVA for the time win-
dow 400-600 ms with the factors group x structure x electrode was carried out.
This analysis showed a main effect of structure (F(1,18)=5.28, P <0.04). This
finding was not predicted, but we will provide a post hoc interpretation for it
in Section 7, which considers the interaction for the form ambiguity of the case
marking element (der) and its position in the sentence.
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7. Discussion

Parsing strategies for temporarily ambiguous and unambiguous sentences were
explored in high and low span readers using off-line behavioral as well as on-line
ERP measurements. The off-line measures and the ERP data showed a number of
similarities between the two groups, but also interesting differences.

7.1. Off-line behavioral data

Both groups answered the questions equally well when the preceding sentence
was disambiguated immediately or early by case marking information. When the
preceding sentence included a long lasting ambiguity, low span readers made more
errors than high span readers. The behavioral measures gave no indication that
subject relative clause senten