Causal Inferences Are Driven by Noun Concept Specificity:
Evidence from Self-Paced Reading and Large Language Model
Surprisal

Fabian Schlotterbeck*, Raphael Barth*
University of Tlbingen, Independent Researcher
fabian.schlotterbeck@uni-tuebingen.de, raphael.barthe@web.de
*co-first authors

Abstract

Inferring causal coherence relations has been argued to affect incremental language comprehension, particularly the
integration of subsequent material. Building on prior psycholinguistic work, we investigated whether noun phrase
(NP) specificity modulates the integration of explicit causal explanations. In a German self-paced reading study, we
manipulated NP specificity in sentences containing implicit causality verbs, causally interpretable relative clauses,
and explicitly causal subordinate clauses introduced by because. NP specificity systematically affected reading
times in the because-clause, supporting the view that discourse-level causal expectations are derived incrementally.
Within a frame-semantic account, more specific NPs activate more tightly constrained scenario structures, thereby
strengthening causal expectations. Surprisal values from GPT-2 models replicated the critical interaction, though
discrepancies with human reading times emerged. Overall, the findings support interactive, multi-component models
of language processing and also speak to the relation between abstract psycholinguistic models and surprisal-based
models of predictive processing affecting reading behavior.
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1. Introduction

Natural language involves drawing inferences at
multiple levels. On the level of discourse compre-
hension one of the more elusive kinds of inferences
are so called conversational elicitures (Cohen and
Kehler, 2021). These inferences have been dis-
tinguished from entailments, presuppositions and
implicatures. Two of their defining features are that
they cannot be linked to a specific trigger and that
they involve general cognitive biases, such as a ten-
dency to draw causal connections between events.
One classical case are causal inferences in dis-
course. In (1-a), for example, the relative clause
tends to be understood as a causal explanation of
the event described in the matrix clause although
no unequivocal triggers for this inference can be
identified. This is assumed to arise from the cog-
nitive bias to construct causal relations between
events, particularly when establishing coherence
relations between discourse contents.

(1) a. The boss fired the employee who was
always late for work.

b. The boss fired the employee because

he was always late for work.

Relative clauses in this type of structure are often
used restrictively to identify a referent. It is, how-
ever, assumed that the specific event described
in the sentence in (1-a) in combination with the
causality bias favor a causal coherence relation
between the contents of the matrix and the relative

clause. The resulting interpretation is similar to the
interpretation of (1-b) where the relative pronoun
who is replaced with because he.

Cases like these have not only attracted atten-
tion in theoretical linguistics but have also featured
in psycholinguistic studies (Hoek et al., 2021; Ro-
hde et al., 2011) where the interpretation of con-
structions like in (1-a) have been tested from the
perspective of modularity (Fodor, 1983). In modu-
lar, as compared to interactive, processing models
the processing of the phonological, morphologi-
cal, syntactic and sematic features of phrases and
sentences strictly precedes the assignment of co-
herence relations between them. In contrast to this
hypothesis and in support of interactive architec-
tures, empirical results discussed below showed
that causal interpretation affects the incremental
processing of the relative clause immediately.

Here we add to this line of work by taking a com-
bined psycholinguistic and computational modeling
perspective. Our contribution is twofold. Firstly,
we identify another factor affecting the incremental
processing of causal elicitures, besides the ones
that have already been identified in previous re-
search. In particular, we show that the specificity
of the noun concepts that are involved affects in-
cremental understanding of relative clauses as in
(1-a), at least in German where verb information of-
ten follows rather than precedes the relative clause
in comparable constructions. We discuss these re-
sults in relation to frame semantics (Fillmore, 1982)
and predictive processing of coherence relations.
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Secondly, we show that critical effects related to
the incremental assignment of coherence relations
can be captured using surprisal calculated from the
large language model (LLM) GPT-2, both in the
German item set manipulating noun specificity and
in an original item set manipulating the type of the
relative clause, as well as its German translation.
The second finding is partly inline with Surprisal
Theory (Levy, 2008; Hale, 2001), which assumes
that processing difficulty is determined by surprisal,
but we also observe substantial deviation between
surprisal and reading times. These findings are rel-
evant regarding the questions how surprisal from
LLMs is related to discourse processing architec-
tures assumed in psycholinguistics and whether
surprisal from LLMs suffices to capture sentence
processing difficulty.

2. Previous studies on incremental
processing of elicitures

In an ingenious design, Rohde et al. 2011 put in-
teractive processing models to a tough test. They
made use of known attachment preferences (for-
mulated, e.g., in the Garden Path model of Frazier,
1987) of relative clauses in constructions such as
(2) and tested whether these are modulated during
online processing by causal expectations, induced,
e.g, by certain types of verbs.

(2) a. John babysits the children of the mu-
sician who is generally arrogant and
rude.

b. John babysits the children of the mu-
sician who are generally arrogant and
rude.

c. John detests the children of the mu-
sician who is generally arrogant and
rude.

d. John detests the children of the musi-
cian who are generally arrogant and
rude.

According to the Garden Path model and supported
by substantial empirical data, the relative clauses
in (2) are preferably attached to the second, hi-
erarchically lower NP, the musician, because this
results in the simpler structure, as compared to
high attachement to the children. The Garden
Path model assumes modularity and, in particular,
syntax-first processing (cf. Fodor, 1983; Chomsky,
1965) where initial syntactic parsing preferences
are blind to other aspects of the sentence espe-
cially discourse-related effects. For these reasons,
the plural disambiguation towards the dispreferred
high attachment reading should cause process-
ing difficulty. In contrast, to this hypothesis Ro-
hde et al. 2011 adopted an interactive perspective
(e.g- McRae et al., 1998; Tyler and Marslen-Wilson,

1977) and predicted that expectations for causal
explanations, as induced, e.g., by the verb detest,
can modulate parsing preferences incrementally.
They contrasted implicit causality (IC) verbs like
detest, which trigger strong discourse expectations
for causal explanations involving the head NP, e.g.
the children, with non-IC verbs like babysit that do
not by themselves induce such explanations. The
key idea is that the low-attachment preference is
weakened to make room for a causal reading if an
explanation is expected and high attachment can
provide one. Rohde et al. 2011 thus predicted a
smaller Garden Path effect on the number disam-
biguation in (2-c/d) than (2-a/b). This prediction
was confirmed in a self-paced reading experiment
providing evidence that causal coherence relations
are inferred incrementally and may affect parsing
preferences during online processing. This sup-
ports interactive processing models and challenges
modular approaches like the Garden Path model.

Building on this design, Hoek et al. 2021 tested in
an eyetracking during reading study whether causal
inferences also modulate incremental processing
of subsequent explicit causal relations as would be
expected if they are drawn immediately, ruling out
an explanation of the results of Rohde et al. 2011
based simply on the next-mention bias associated
with IC-verbs (Bott and Solstad, 2023). They added
a causal subordinate clause introduced by because,
as in (3-a), in addition to the relative clause and ex-
amined whether causal expectations affect process-
ing of the because-clause. In their study, causal
expectations where modulated by the contents of
the relative clause, which either functioned well as
explanations as in (3-a/c) or not as in (3-b/d). If
the relative clause is interpreted causally, integrat-
ing a second explanation introduced by because
should be difficult because there arises a conflict
between two potential causes in the discourse struc-
ture. They manipulated relative clause type (causal
vs. neutral) and embedding connector (because
vs. so that). While because introduces a causal
explanation, so that introduces a consequential re-
lation and should therefore not be sensitive to prior
explanatory saturation.

(3) a. Diane fired the guy from the London

office who was embezzling money be-

cause astoundingly he hired a stripper
for the Christmas party.

b. Diane fired the guy from the London of-
fice who was here last month because
astoundingly he hired a stripper for the
Christmas party.

c. Diane fired the guy from the London
office who was embezzling money and
so astoundingly he hired a lawyer to
sue the company.

d. Diane fired the guy from the London
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office who was here last month and so
astoundingly he hired a lawyer to sue
the company.

The results revealed the critical interaction: with
causal, but not consequential, subordinate clauses,
causal relative clauses increased processing diffi-
culty in the second subordinate clause. This effect
was interpreted as evidence that an initial causal
inference saturates the expectation for an expla-
nation (in line with the Empty Slot Theory, Bott
and Solstad, 2023), making a second explanation
harder to integrate into the discourse model. Over-
all, these findings indicate that causal inferences,
and elicitures more generally, are derived incremen-
tally during online processing.

Hoek et al. 2021 found an early effect already
on the adverb, e.g. astoundingly, directly follow-
ing the connective. This effect was not particularly
large in the measures directly related to first pass
reading (they report 8 = 59.40,SE = 29.52,t =
2.01,p < .05 for regression path duration and a
non-significant effect in first pass durations). The
largest effect was found in total fixation durations
and this could be driven by regressions initiated in
the relative clause, which they did not analyze. That
material within the subordinate clause is driving the
effect is plausible since, when the connector is en-
countered, there are still ways to integrate another
explanation (e.g. one that targets another level in
the causal model). For example, the sentence in (4)
provides a secondary explanation at another level
without causing any conflict and this only becomes
evident towards the end of the second subordinate
clause. We will approach the question where in the
sentence effects of causal inferences manifest in
our surprisal-based simulations of the Hoek et al.
2021 data.

(4) Diane fired the guy from the London office
who was embezzling money because obvi-
ously she hates bad money-management.

3. Previous work on LLM surprisal as
a model of processing difficulty
during reading

Surprisal theory (see Hale, 2001; Levy, 2008,
for two different conceptions) equates process-
ing difficulty with the contextual probability of an
incoming linguistic unit, formally defined as the
negative logarithm of its conditional probability,
— log P(w;|context). Lower-probability words incur
higher processing costs, and difficulty is thought to
be driven by to the reallocation of probability mass
over competing structural analyses upon encoun-
tering new input. Empirically, surprisal correlates
robustly and approximately linearly with reading

times (e.g. Smith and Levy, 2013), capturing pre-
dictability effects and many aspects of syntactic
ambiguity resolution (e.g. Arehalli et al., 2022).

Recent work using transformer-based language
models (Vaswani et al., 2017) further refines this
picture. While larger models typically achieve lower
perplexity (i.e. better next-word prediction), their
surprisal estimates may fit human processing mea-
sures worse, leaving more variance unexplained
(Oh and Schuler, 2023). One explanation that has
been proposed is that larger models utilize an un-
realistic amount of knowledge in their next-word
predictions which surpasses human capacities em-
ployed during real time processing. In fact, medium-
sized models such as GPT-2 have been argued to
occupy a sweet spot: they capture broad distribu-
tional regularities relevant to human expectations
but not to an unrealistic degree, thus trading-off
complexity and predictive accuracy. As a result,
GPT-2-based surprisal seems to align more closely
with human reading times than surprisal derived
from substantially larger models. Human-like pre-
dictive behavior may depend not only on overall
predictive accuracy but also on aspects like capac-
ity constraints. For this reason we use GPT-2 in
our simulations below.

At the same time, surprisal-based models some-
times underestimate the magnitude of processing
disruption, especially in cases that have gained
substantial attention in psycholinguistic studies. An
important example are garden-path effects (e.g.
Arehalli et al., 2022) where comprehenders are as-
sumed to strongly commit to an initially preferred
parse (e.g. the low attachment preferenmce dis-
cussed above). The reason may simply be that
predicted difficulty at disambiguation points is at-
tenuated because expectation-based models dis-
tribute probability mass across a larger set of anal-
yses in parallel, relative to humans. Earlier com-
mitments to an interpretation in humans vs. LLMs
may be incentivized by the fact that, during conver-
sation, language is not only parsed but also used
in subsequent cognitive processes, involving, e.g.,
inference drawing or decision making. Another rea-
son why processing disruption may sometimes be
underestimated by surprisal estimates maybe that
aspects related to memory-based costs (involved,
e.g., in retrieval or reanalysis operations) contribute
to the relatively large disambiguation penalties in
humans (see, e.g., Oh and Schuler, 2022, for a
hybrid approach incorporating such aspects).

Against this background, it is interesting to see
whether the subtle coherence-related effects de-
scribed in the previous section and also the data
from our own self-paced reading study are cap-
tured well by LLM surprisal. This is for several
reasons. Firstly, causal inferences may be part
of the just-mentioned extra cognitive processes
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that may not be reflected in surprisal and may en-
courage early processing commitments in humans.
Causal elicitures are, moreover, thought to depend
on general cognitive biases related to causal world
and discourse models that need not be reflected
in LLM surprisal. Finally, memory processes may
be involved in coherence-related effects because
at least two propositional contents need to be re-
trieved from or held in memory in order to assign a
coherence relation. If this happens incrementally
while a sentence is parsed, the memory burden
may be especially large. Therefore, causal elic-
itures pose an interesting challenge to Surprisal
Theory.

4. NP specificity and the design of
the current study

In the present study, we carried out a self-paced
reading experiment combining central ingredients
from previous research with an additional crucial
manipulation, namely the specificity of the NP con-
cepts involved. The underlying idea is that more
specific NP concepts foster stronger activation of
scenarios linked to the causal expectations trig-
gered by IC verbs (in the broadest sense). Verbs
and their arguments are assumed to be associ-
ated with prototypical scenarios, called frames (Fill-
more, 1982), and causal relations often arise within
such frames. More specific NPs are linked to a
smaller set of frames and thus causal expectations
arising form within one of these frames may exert
a larger effect as compared to less specific NPs,
which are linked to a larger set of frames. Thus, just
as verb type, relative clause type and connector
type modulate effects related to causal inferences
(see previous research section), the specificity of
NP concepts may exert a comparable influence.

To test this, we adopted the items from Hoek et al.
2021 that contained because-clauses and added a
manipulation of the NP specificity, as in (5-a/c) vs.
(5-b/d) (all followed by (5-e)). The experiment was
conducted in German, which resulted in transla-
tions with a different word order: the verb followed
the NPs and the relative clause. Consequently, at
the point of processing the relative clause, it is pri-
marily the NP information that determines whether
a causal interpretation is established. Following
the verb, and parallel to the design of Hoek et al.
2021, a subordinate clause introduced by weil (be-
cause) was presented, and processing difficulty
was measured in this clause. Across all experimen-
tal items, three regions of interest for self-paced
reading were defined after the connector. These
were: a pronoun, e.g. er (he), an adverbial, e.g.
plétzlich (suddenly) and the rest of the clause.

(5) a. Die Vermieterin hat den Mieter, der
the landlady  has the tenant who
letztes Jahr ihre Wohnung

last. year her apartment
iiberschwemmt hat, verklagt

flooded has sued

‘The landlady sued the tenant who
flooded her apartment last year’

b. Die Frau hat den Mann, der
the woman has the man  who
letztes Jahr ihre Wohnung
last  year her apartment

iiberschwemmt hat, verklagt
flooded has sued

‘The woman sued the man who flooded
her apartment last year’

c. Die Vermieterin hat den Mieter, der
the landlady  has the tenant who
letztes Jahr eine Wohnung gesucht
last  year a  apartment sought
hat, verklagt
has sued
‘The landlady sued the tenant who was
looking for an apartment last year’

d. Die Frau hat den Mann, der
the woman has the man who
letztes Jahr eine Wohnung gesucht
last year a  apartment sought
hat, verklagt
has sued
‘The woman sued the man who was
looking for an apartment last year’

e. ..weil er plotzlich anfing im
...because he suddenly started in_the
Gebédude zu rauchen.
building to smoke.

‘...because he suddenly started smok-
ing in the building.’

In addition to the self-paced reading study, we com-
puted surprisal values from LLMs, in particular a
German version of GPT-2, for the connector and
the ROls inside the because-clause. We conducted
such a surprisal-based analysis of the English Hoek
et al. 2021 items, their German translation and our
German items with the NP specificity manipula-
tions. This served three purposes. First, we asked
whether the coherence-related effects under inves-
tigation are reflected in surprisal, which constitutes
an interesting question in its own right (see discus-
sion in the previous section). Second, we aimed to
assess whether the effects observed in the original
items from Hoek et al. 2021 would also emerge in
our translated German materials, potentially reflect-
ing the manipulation of NP specificity. Third, we
sought to further localize the source of the effects
by examining where within the relative clauses the

279



relevant differences arise. Since effects in the Hoek
et al. 2021 study were mainly driven by total fixation
duration, it is possible that effects in surprisal, which
have been linked to first pass reading (Smith and
Levy, 2013; Shain et al., 2024), only show up rela-
tively late within the relative clause. This would be
in line with the idea that integration is only possible
and difficulty of the integration process is only deter-
mined after sufficient information about the content
of the because clause has been processed, as in
example (4). Following the the chronological order
in the study, we report the surprisal-based analyses
first and then present the reading time experiment.

5. Methods

5.1. Surprisal Simulation

Surprisal was computed using the lim-surprisal
tool with the pretrained models gpt2-large® (774M
paramteres) and german-gpt2-larger® (137M pa-
rameters) with the default temperature setting.
For each item, token-level surprisal values (neg-
ative log-probabilities) were extracted and summed
within each predefined region of interest (ROI).
Thus, the reported values reflect cumulative sur-
prisal per region rather than mean per-token sur-
prisal. Under a surprisal-based account of incre-
mental processing, cumulative surprisal within an
ROl is predicted to be proportional to processing
difficulty.

5.2. Self-paced reading experiment

5.2.1. Participants and procedure

100 participants were recruited over prolific.co and
redirected to pavlovia.org, where the experi-
ment started automatically in full-screen mode. Par-
ticipants were distributed randomly to one of four
lists. They read sentences in a self-paced read-
ing paradigm using the moving-window technique
(Just and Carpenter, 1976). The latency between
key presses served as the reading time measure.
After the final word of a sentence, a comprehension
task followed. Responses were given using the left
arrow key (“yes”) or the right arrow key (“no”). The
next trial then commenced automatically. Partici-
pants gave informed consent.

The experiment began with a brief introduction
and detailed instructions. Participants were ex-
plicitly informed that the comprehension questions

1https://github.com/tmalsburg/llm_
surprisal

thtps://huggingface.co/
openai-community/gpt2-large

Shttps://huggingface.co/stefan-it/
german—-gpt2-larger

following each sentence had a single unambigu-
ous correct answer and that no ambiguity was in-
tended. They were further advised that previously
presented words could not be revisited. At the end
of the experiment, participants were debriefed and
provided with a completion link to confirm partici-
pation. The total duration of the experiment was
approximately 15-20 minutes. Participant received
5 € compensation.

5.2.2. Materials

We constructed 28 items by translating the condi-
tions with because-clauses from Hoek et al. 2021
into German. In doing so, several adjustments were
necessary. First, we modified the structure of the
embedded clause, as the succession of elements
differs between English and German due to word
order differences. We ensured that, following the
connective, each item contains (i) a pronoun (e.g.,
er), (i) an adverbial (e.g., offensichtlich), and (iii) a
longer phrase, which constitutes the third region of
interest (ROI). Second, the word order in the matrix
clause differs from the original English examples.
In our German materials, the structure is as follows:
first NP, second NP, relative clause, and finally the
verb. Third, we systematically adjusted the speci-
ficity of the noun phrases. Since specificity is not
fully consistent in the original items, we established
a constant level of specificity in our base versions
(role nouns as in (5)). Based on these translations,
we constructed an additional set of conditions in
which the noun phrases are less specific (either
generic nouns like man and woman in (5) or proper
names). If the specificity manipulation could not be
carried out in a satisfactory way in a given item, it
was removed from the list and replaced by an item
that was generated from scratch (7 in total). An
example item is provided above in (5). Overall, this
yielded a 2 x 2 factorial design (Relative Clause
Type x NP Specificity) with both factors manipu-
lated within items and within participants. The 28
experimental items were distributed over four lists
according to an Latin square. They were accompa-
nied in each list by 27 filler items. In addition, 32
items from a related experiment were added which
contained also causal inferences but of a different
kind, namely the causal interpretation of a adjec-
tival modification (The drunk/young driver had an
accident).

5.3. Statistical analyses

Surprisal values and reading times were both an-
alyzed using linear mixed-effects models.* These

“Data and analysis scripts will be made avail-
able at https://osf.io/rckpt/overview?view_
only=d99e4d5aedead0698790000efc52494¢£
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models were fit using the Ime4 package (Bates
et al., 2015) for the statistical computing software R.
Besides fixed effects for the experimental manipula-
tions and their interaction, they included random in-
tercepts for items and (if applicable) participants as
well as random slopes for the experimental manip-
ulations (without interaction) provided this allowed
for convergence and did not lead to overfitting. We
analyzed the four ROlIs in the causal (because) or
consequential (and so/woraufhin) clause (i.e. the
connector, pronoun, adverb and rest) and for the
simulation study we also analyzed the cumulative
surprisal in all four ROls if no effects in the individual
ROls were found. We computed one-tailed tests
(with « = .05), as we tested for a directed hypothe-
sis, i.e. a specific type of interaction consisting in
reduced processing disruption in because-clauses
after conditions with restrictive relative clauses as-
sumed to weaken causal inferences. In addition to
the model specifications, all summaries of statisti-
cal models in all ROIs with significant effects and
corresponding plots are provided in the accompa-
nying repositories.

For the self-paced reading experiment, the data
were cleaned in three steps. First, the entire distri-
bution of reading times for each participant were
inspected visually to spot unusual behavior. This
led to the exclusion of one data set which seemed
to be of non-human origin because it showed a
multimodal RT distribution with five modes almost
constantly across the experiment. Second, partic-
ipants were removed that answered more than 5
out of 20 designated control questions in filler trials
incorrectly. This affected not a single participant.
Second, trials with RT shorter than 200 ms or more
than 2.5 standard deviations above the mean in
each ROI were removed. This affected 9.2% of the
data.

6. Results

6.1. Surprisal simulation

Analyses of the surprisal values revealed the criti-
cal interaction in each of the three item sets. In
the original item set from Hoek et al. 2021 (cf.
example (3)), the critical interaction was found
immediately on the connector because / so that
(t = —1.905,p = .033). In that region, restrictive
relative clauses led to higher surprisal than causal
ones, but this difference was smaller for causal vs.
consequential continuations (see Figure 1). The
critical interaction was, furthermore, marginal in
the last ROI containing all the words after the pro-
noun (t = —1.487,p = .071). In that region, we
observed a cross-over pattern where causal rela-
tive clauses led to numerically higher surprisal in
causal continuations than restrictive ones, but the

281

-
w

connector

® and so
® because

-
a

Mean surprisal (bit) +95% Cls
[(e}

]

causal restrictive

relative

Figure 1: Surprisal in the connector ROI of the
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Figure 2: Cumulative surprisal over the entire sub-
ordinate continuation clause in the German transla-
tion of the Hoek et al. 2021 items. weil: ‘because’;
woraufhin: ‘and so’.

opposite pattern was observed for consequential
continuations.®

In the German translation of the item set from
Hoek et al. 2021, the critical interaction was not
significant in any of the individual ROIs. However,
when the connector and the three following regions
were analyzed together and cumulative surprisal
was computed across all four regions, the predicted
interaction emerged (t = —1.89, p = .034; see Fig-
ure 2). The interaction was due to a crossover
pattern where causal relative clauses led to lower
surprisal in consequential continuations but higher
values in causal ones.

The simulation of the NP Specificity manipulation

®A first surprisal analysis of these items was pre-
sented in the M.A.-thesis of the second author (Barth,
2025). This analysis was based on a smaller version of
gpt-2° (with 124M parameters) and it only revealed the
critical interaction in cumulative surprisal values over the
entire subordinate clauses. In that analysis causal rela-
tive clauses led to numerically lower surprisal in conse-
quential continuations but higher values in causal ones.
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Figure 3: Surprisal in the ROI containing the pro-
noun for the NP-specificity effect in German.

revealed the critical interaction in the ROI contain-
ing the pronoun (see Fig 3; ¢t = 2.603, p = .007). In
this region, specific NPs led to higher surprisal in
combination with causal as compared to restrictive
relative clauses whereas the opposite pattern was
observed for unspecific NPs. The same numeri-
cal pattern was already present on the connector
(because) preceding the pronoun, but it did not
lead to a significant interaction effect in that ROI
(t =1.583,p = .063).

6.2. Self-paced reading

Significant effects in the reading time analysis were
restricted on the second spillover region, i.e., the
adverbial, for example, plétzlich ('suddenly’). In this
region, the predicted interaction between NP Speci-
ficity and the Relative Clause Type, restrictive vs.
causal, was significant (¢t = 1.702, p = 0.045). For
the unspecific NPs, restrictive relative clauses led
to longer reading times than causal ones, whereas
the opposite was observed for the specific NPs
(see Figure 4). No other effects were significant
(all'|¢] < 1).

7. Discussion

In the present study, we built on previous research
on causal inferences (Rohde et al., 2011; Hoek
et al., 2021), which have been termed conversa-
tional elicitures in theoretical linguistics (Cohen and
Kehler, 2021) and identified as a central type of
inference in natural language. Psycholinguistic evi-
dence has shown that such causal inferences are
derived incrementally during online processing and
affect the interpretation of upcoming material. In
particular, once a causal explanation has been in-
ferred, additional explicit explanations introduced
by because-clauses become more difficult to inte-
grate, as reflected in increased reading times. Ex-
tending these findings, we manipulated the speci-
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Figure 4: The NP specificity effect in German.
Mean reading times and 95% Cls for the adver-
bial region in the because clause.

ficity of the noun concepts involved. We observed
in our self-paced reading study that NP specificity
modulated the difficulty of integrating an upcoming
because-clause.

We interpret this effect within a frame-semantic
perspective (Fillmore, 1982). On this view, verbs
and also the noun phrases filling their thematic
roles are associated with prototypical scenarios, or
frames. More specific noun phrases (e.g., landlord)
evoke a narrower and more strongly constrained set
of such scenarios than less specific noun phrases
(e.g., woman). Since causal inferences crucially
rely on these scenarios as an interface between
linguistic and world knowledge, stronger scenario
activation should amplify causal expectations. Ac-
cordingly, when a specific NP strongly activates
a limited set of frames, additional causal material
may lead to increased integration costs due to ex-
pectation saturation.

Our results show that NP specificity modulates
the difficulty of integrating further causal explana-
tions in a systematic way. What was, however,
unexpected in the reading-time data was the ob-
servation that, in combination with unspecific noun
phrases, the causal relative clause lead to faster
integration of the because-clause than did the re-
strictive relative clause. One explanation for this
observation could be that the cue provided by un-
specific noun phrases may be too weak to trigger
a strong causal inference. Given the general bias
toward establishing causal coherence relations, the
explicit because-clause may therefore enhance dis-
course felicity and be processed relatively easily,
as it satisfies an independently strong expectation
for causal coherence.

Turning to the surprisal-based modeling, we
would like to highlight and discuss two central obser-
vations. First, across all simulations we conducted,
i.e. the original dataset from Hoek et al. 2021, the
German translations of these items, and our newly

282



constructed materials manipulating NP specificity,
the critical interaction that has been taken as evi-
dence for causal inferences affecting incremental
processing was found. In this respect, LLM-based
surprisal provides a useful model of reading be-
havior in a theoretically important domain. Causal
inferences are particularly relevant here because,
unlike phenomena like core syntactic parsing, se-
mantic processing or certain pragmatic inferences,
they operate at the interface between linguistic and
world knowledge. The fact that LLM surprisal cap-
tures the relevant interaction suggests that predic-
tive language models are sensitive to discourse-
level regularities of this kind.

Second, despite the observed convergence,
systematic discrepancies between human read-
ing times and surprisal-based estimates were ob-
served. In particular, there was a cross-over pattern
in the reading time effects reported by (Hoek et al.,
2021) that was absent from our surprisal estimates.
In their data, the conditions with causal continu-
ations led to a slow down when they contained
causal as compared to restrictive relative clauses
whereas the opposite effect was observed in condi-
tions with consequential continuations. In addition,
the critical effects were observed one region earlier
in our suprisal estimates than in the reading time
data sets. This is not particularly surprising given
that surprisal has been shown empirically to affect
reading behavior in spillover regions (e.g. Smith and
Levy, 2013). One possible explanation for discrep-
ancies in the pattern of effects could thus be that
effects on reading behavior are determined by the
surprisal of the previous word as well as processes
directly related to the current region. In addition, the
phenomena under investigation may recruit cogni-
tive resources that go beyond predictive processing.
In particular, memory-related processes such as
maintaining previously processed sentence mate-
rial and linking it to scenarios retrieved from long-
term memory may contribute to integration costs in
ways that are not directly reflected in surprisal (e.g.
Oh and Schuler, 2022). Moreover, human read-
ing behavior may also be shaped by adaptation
effects arising within an experimental setting. Par-
ticipants are repeatedly exposed to structurally and
semantically similar sentences, which may lead to
adaptation over the course of the experiment, as
shown in previous research (Fine et al., 2010). By
contrast, surprisal is computed independently for
each item, without any possibility of adaptation.

Moreover, our surprisal estimates suggest that
some of the effects in the study of Hoek et al. 2021
may not be strictly local. While they reported rel-
atively early effects, the largest effects they found
were in total fixation duration. Surprisal estimates
provided some indication that part of this effect
may be driven by surprisal values of the final re-

gion of the sentence. This is also corroborated by
the results in our German translation of their items,
where no reliable effects emerged in the individ-
ual ROIs but the critical interaction only emerged
when surprisal was summed across the entire sub-
ordinate continuation clauses. In this case, the
system appears to accumulate information across
the clause before integration difficulty becomes fully
manifest. From a theoretical perspective, this grad-
ual accumulation is plausible, as the incompatibility
between competing cues may only become evident
once sufficient propositional content has been pro-
cessed (cf. the discussion of example (4) above).

Our data also provide some information regard-
ing discussions about the type of LLM-surprisal
that is best suited for capturing reading time ef-
fects. In analyses based on reading time corpora,
Oh and Schuler 2023 found that smaller models,
e.g. smaller GPT-2 models, provide the best fit for
reading time data. In our study, we used smaller
models for the German than for the English items.
In the second simulation, i.e. in the simulation of
our German translation of the items from Hoek et al.
2021, the smaller models only revealed the critical
interaction in cumulative surprisal across the en-
tire subordinate continuation clause. The same
general pattern was also found in previous anal-
yses conducted in the context of the M.A. thesis
of the second author (Barth, 2025), who used a
similar-sized model for the original English items
and also found the critical interaction only in cumu-
lative surprisal values (cf. the analyses provided
in the accompanying repository). In contrast, the
larger GPT-2 model revealed early effects already
on the connector, in line with the study of Hoek
etal. 2021. One possibility is that with regard to the
type of discourse-related effects we studied here
an increase in model size from the smaller GPT-2
variants may yield a closer match to reading time
data.

Besides model size, another dimension that has
been discussed in the literature is the layer from
which surprisal is extracted. All our analyses as well
as the systematic comparison by Oh and Schuler
2023 were based on surprisal from the final layer
of LLMs. In a recent study, Kuribayashi et al. 2025
showed, however, that surprisal extracted from in-
ternal layers of larger models captures data from
reading time corpora as well as surprisal from the
final layer of smaller variants or even better.” An
interesting question for future research would be
whether this also holds for the type of discourse-
related effects studied here.

With regard to the debate surrounding modular
vs. interactive psycholinguistic processing models,
our data are somewhat ambiguous. While they

"We would like to thank an anonymous reviewer for
pointing this out to us.
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show that effects related to discourse coherence
affect incremental language processing, in line with
interactive models, we also found some indication
of effects that emerge relatively late in the relevant
because-clauses, as would be expected from a
modular perspective. We would like to propose
though that our data are more compatible with a
nuanced interactive perspective where effects due
to the integration of causal relations into the dis-
course model show up immediately but are still
modulated by information later on, reflecting the
vast space of potential unfolding discourse struc-
tures and resulting in no immediate effects already
on the connective.
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