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Acute stress impairs decision-making at
varying levels of decision complexity
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Karlo Doroc , Nitin Yadav & Carsten Murawski

Acute stress triggers a cascade of physiological and psychological changes, including heightened
perspiration, cortisol levels, and anxiety. Currently, little is known about the effects of acute stress on
the quality of higher-order decision-making, with existing studies unable to disentangle decision-
making capacity from subjective preferences. To address this gap, we conducted a within-
participants laboratory experiment in which university students (n = 42) made objective decisions of
varying complexity (computational hardness) under both acutely stressful and control conditions. We
find that higher cortisol levels, induced via the Trier Social Stress Test, leads to lower decision quality
and a higher incidence of experienced time pressure. Among cortisol responders, the deterioration in
decision quality was independent of the level of computational hardness, whilst among the full sample
it was concentrated among trials with higher levels of computational hardness. Post-hoc, we find that
themost substantial deficits in decision quality occurredwhen acute stresswas accompanied by time
pressure, with gaze-tracking analyses offering tentative evidence that changes in attention allocation
may be one mechanism for this effect. Our results demonstrate that acute stress impairs the capacity
to decide correctly, and highlights the importance of computational hardness and time pressure as
potential moderators of this effect.

Many critical decisions in life are complex andmadewhenunder high levels
of acute stress. Examples include whether to evacuate during a natural
disaster, whether to obtain a loan in a financial emergency, and whether to
proceedwith a riskymedical treatment in amedical emergency. At present,
little is known about how acute stress affects complex decisions.

Stress is a ubiquitous experience occurring when a situation’s
behavioural or physiological demands exceed an organism’s regulatory
capacity1. Acute, or ‘in the moment’, stress triggers substantial physio-
logical and psychological changes2. Physiologically, the sympathetic-
adrenal-medullary (SAM) axis activates the fight-or-flight response,
heart rate and perspiration increasing within seconds of stress onset and
returning to baseline within minutes post-stressor3. In parallel, the
hypothalamic-pituitary-adrenal (HPA) axis instigates a slower stress
response, releasing glucocorticoids, such as cortisol, to mobilise energy
stores and inhibit non-essential functions such as digestion4. Cortisol
levels increase within minutes of stress onset and remain elevated for
40–60min post-stressor3.

Several brain regions show significant changes in activation under
stress, leading to changes in behaviour which are adaptive in circumstances
offight-or-flight, butwhose effects are lessobvious inotherdecision-making
contexts. Three brain regions particularly affected by acute stress include the

amygdala, hippocampus, and prefrontal cortex5. The prefrontal cortex has
been implicated in impaired performance under stress on tasks requiring
complex and flexible thinking6. However, other studies have found shifts
from serial-to-parallel processing7 or a reallocation of cognitive resources
that leads to performance at least as good8, or better9, than that without
stress. Thus, it appears that, depending on the task and the decision context,
acute stress can lead to either impairments in functioning or amore efficient
use of cognitive resources that preserves good performance10.

Psychologically, acute stress can be accompanied by states such as
heightened alertness, fear or anxiety11,12. There is a growing consensus that
acute stress impairs working memory13,14, cognitive flexibility, and
planning15; while enhancing inhibition14, and learning from negative feed-
back or stress-relevant contexts16,17. However, moderators are critical, with
results varying with, for example, levels of chronic stress18, stressor per-
ception and timing19,20, or the type of flexibility or inhibition being
measured21,22. Furthermore, acute stress’ effect tends to be impairing in
probabilistic settings such as risky23, two-stage choice24, and explore/exploit
tasks25. Yet, there seem to be little or mixed effects with regard to choice
consistency26 and hypothetical real-world scenarios23. Thismakes it difficult
to generalise from these studies to decision-making, particularly to situa-
tions of higher complexity.
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Here, we investigate the effect of acute stress on decision time and the
quality of decisions of varying levels of complexity. Participants completed
the knapsack decision task (KDT; see Fig. 1 for details), a combinatorial
computational problem based on the decision variant of the 0–1 knapsack
problem27. It is closely related to the optimisation variant of the problem,
where the objective is to determine the set of items that maximise value
without exceeding the capacity constraint, and to the standard consumer
choice problem in decision theory28. It approximates complex decision-
making by recruiting several cognitive processes, including working
memory, attention, cognitive control, and cognitive flexibility, and can be
used to model any decision scenario involving costs and benefits: from
grocery shopping to investmentmanagement29. Furthermore, theKDT is an
objective task where we are free of potentially confounding subjective fac-
tors, such as individual preferences, andwhere randomsearch is particularly
ineffective.

It has been shown that individual instances of such computational
problemshavemathematical propertieswhichquantify their computational
resource requirements (computational hardness)30,31. These properties
predict human decision time and quality, both in the KDT and in other
computational problems requiring abilities as diverse as spatial navigation
andpropositional logic32. Thus, our use of computational problemsdoes not
simply apply stress research to a different setting. Rather, it is an altogether
more appropriate setting, relative to alternatives such as perceptual, execu-
tive functioning, or probabilistic tasks, for behavioural scientists interested
in measuring and manipulating a decision’s complexity in a generalisable,
theoretically sound, and empirically validated way.

Each participant (n = 42) completed two sessions. In one, they
underwent the trier social stress test (TSST; stress session) and in the other
the placebo-TSST (control session)33. We collected salivary cortisol, skin
conductance level (SCL), self-reported stress measures, and gaze tracking
data in addition to 72 decisions in the KDT (see Fig. 2 for session outline).
Our design allows us to quantify and manipulate both decision-makers’
stress levels, via the TSST, and the computational hardness of a decision.
Our main hypothesis was that acute stress would reduce decision quality,
and particularly so on harder instances of the task.

Methods
Participants
We recruited 42 participants (21 female, 21 male, 0 intersex, mean age 21.5
with SD = 3.6), predominantly university students, for an in-person
laboratory experiment. Sex was self-reported from three possible options
and data on ethnicity was not collected. Female participants were instructed
to book experimental days that fell within the same phase of theirmenstrual
cycle. 16 reported to be in the luteal phase, 3 in the follicular phase, and 2 in

the menstrual phase. Both sessions took place in the same menstrual phase
for all. To avoid anticipatory stress responses, the study was described as
assessing “physiological and emotional responses to performance and
decision-making tasks”34.

Each participant satisfied the following standard inclusion criteria22:
aged 18–35 years, a body mass index of between 19 and 26, not diagnosed
with a (acute or chronic) disease (psychiatric or somatic), not currently
going through a period of stress, not on any medication, not in psy-
chotherapy treatment, not taking oral contraceptives or with an irregular
menstrual cycle, not pregnant, no history of substance abuse, not working
night shifts, not to have slept in the two hours prior to a session, and not to
have exercised, eaten, smoked, brushed their teeth, or drunk anything other
than water within one hour of a session starting (no participants reported
doing these within two hours of the session). Participants were paid a A$10
show-up fee for each session andwere incentivised to give accurate answers
with a A$0.7 payment for each correct response in the KDT. The average
total payment was A$98.8 per participant. The experimental protocol was
approved by the University of Melbourne Human Research Ethics Com-
mittee (Ethics ID 23412).

Materials
Physiological and psychological measurements. We collected data
on several stress measures, namely five salivary cortisol samples (HPA
axis response), five samples of the Positive Affect Negative Affect Sche-
dule (PANAS; subjective response)35, and SCL sampled at 64 Hz (SAM
response). Additionally, every 9 trials, the participants rated how they
were feeling on a scale of 0 (relaxed) to 5 (stressed), which we denote
perceived stress (subjective response). Saliva samples were collected with
salivettes and stored at −20 °C until analysis. SCL data were recorded
using a Shimmer3 GSR+ and electrodes strapped around the base of the
digit and middle fingers of their non-dominant hand.

Eye-tracking data were collected using a TobiiPro eye tracker with a
sampling rate of 300Hz, and Tobii Pro Lab software version 1.116.1. There
were no head restrictions, participants were seated 60 cm from the screen,
and the eye tracker was calibrated using a 9-point calibration. Eye positions
were recorded for both eyes, and both horizontal and vertical gaze positions
were recorded,where (0,0)was the top left corner of the screen and (1,1)was
the bottom right corner. The task was done in a roomwith luminosity set to
40% and no natural light, at a 23.5-inch monitor at 1920 × 1080 resolution.

Experimental task: the 0–1 knapsackdecision task. TheKDT is based
on the decision variant of the 0–1 knapsack problem27. On each trial,
participants were presented with a set of items of different values and
weights, a capacity constraint, and a target profit (see Fig. 1). Participants
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Fig. 1 | Experimental task. Trial: A set of 8 items is shown, each with a value and
a weight. A capacity constraint, target profit, and timer are shown at the screen’s
centre. The goal is to decide whether there exists a subset of items for which (1) the
sum of weights is lower or equal to the capacity constraint; and (2) the sum of values

is at least the target profit. Nothing on the screen could be moved, selected or
highlighted. Response: Participants selected Yes or No as their answer. Perceived
difficulty: After each trial, participants rated its difficulty. Perceived stress: After
every ninth trial, participants rated their perceived level of stress.
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had to indicate whether there exists a combination of items whose
combined value is at least the target profit and whose combined weight is
at most the capacity constraint. Participants were instructed to solve the
task as accurately as possible. An instance in which there exists a com-
bination of items that satisfies both constraints is referred to as “satisfi-
able”; otherwise, it is called “unsatisfiable”.

Formally, an instance of this problem consists of a set of items
I = {1, …, N} with weights {w1, …, wN} and values {v1, …, vN}, and two
positive numbers c and p denoting the capacity and target profit (of the
knapsack). The problem is to decide, yes or no, whether there exists a set
S⊆ I (a witness) such that

P
i2Swi ≤ c and

P
i2Svi ≥ p (see Fig. 1 for more

details). An instance for which a witness exists (does not exist) is satisfiable
(unsatisfiable). All weights, values, capacities, and target profits used were
integers.

In each session, participants completed 72unique trials of the knapsack
decision task (Fig. 1). Trials were self-paced, with participants having up to
40 s, determined with pilot testing, to proceed to the response screen. The
response screen required them to select either Yes or No as their answer,
with a maximum time limit of 3 s. The order of instances, the locations of
items in an instance, and the sides of the Yes/No buttons on the response
screen were randomised for each participant.

Each trial had two measures of performance: accuracy and time on
task, operationalised as the proportion of themaximumavailable time used.
Following each answer, participants rated the trial’s difficulty on a discrete
scale from 0 (very easy) to 5 (very hard). Following every ninth trial parti-
cipants rated their perceived stress on a discrete scale from 0 (Relaxed) to 5
(Stressed). There were no time limits on these ratings. Once a trial was
completed, participants were shown a fixation cross for 10–13 s.

Instance sampling. Instances were evenly sampled from a 2 × 2 grid
built from two variables: satisfiability and instance complexity (IC),
our measure of computational hardness, as defined by Franco and
colleagues31. Intuitively, IC measures the amount of computational
resources an effective algorithm requires to solve an instance, where
harder instances require more computational resources to solve. For-
mally, IC is the normalised distance between the target profit, p, and the
maximum attainable profit, p*:

IC ¼ p� p�
P

vi

�
�
�
�

�
�
�
� ð1Þ

IC was used to measure computational hardness for three reasons.
Firstly, IC is highly correlated with typical case complexity (TCC), a theo-
retically grounded, task-independentmeasure of computational hardness36,
which has been shown to theoretically30 and empirically affect behaviour in

theKDTandother computationally hardproblems32. Secondly, IC is amore
precise measure for the computational hardness of an individual instance.
Whereas TCC is defined on average in relation to a random ensemble of
instances, IC is defined precisely for an individual instance31. Thirdly, IC
predicts performance equally well on satisfiable and unsatisfiable instances.

Thevalueof IC is inverselyproportional to thedifficulty of the instance,
and we randomly sampled 36 hard instances, IC∈ [∣0.0268∣, ∣0.0321∣], and
36 easy instances, IC∈ [∣0.0971∣, ∣0.105∣]. These parameters were chosen
followingpilot testing to target an average accuracyof 90% for easy instances
and 70% for hard instances. For both easy and hard instances, half of the
instances were satisfiable (unsatisfiable). Within the randomised order of
instances, we divided the 72 instances into 6 blocks of 12, where each block
had exactly 3 instances from each possible combination of hardness and
satisfiability. This ensured that participants were exposed to a range of
instances throughout the entire task. The task was programmed in Unity3d
(version 2020.3.28f1) and administered on a desktop computer.

Procedure
Participants completed a stress and a control session on separate days, on
average 4 days apart (SD = 5, range = [1, 23]), but at the same time of day.
Sessions began either at 1 p.m. or 4 p.m., as natural cortisol levels are rela-
tively stable in the afternoon37. The location, experimenter, equipment,
procedure, and tasks were identical across sessions, except for the stress
manipulation. In the stress session, participants underwent the TSST38,
which has been shown to be a highly effective and reliable way to induce
acute stress39. In the control session, participants underwent the placebo
TSST33. Session order was counterbalanced across participants and sex.

The timeline of a typical session is detailed in Fig. 2. Firstly, participants
gave informed consent and read through an outline of the experiment.
Participants were informed that the ‘performance task’ (the stress inter-
vention) would involve preparing a speech and speaking it aloud, and that
this task would be observed by two ‘experts’ (confederates) in one of their
two sessions. Secondly, they were introduced to the physiological mea-
surements. This included a video explaining the saliva sampling procedure,
eye tracker calibration, and being fitted with SCL sensors. Thirdly, partici-
pants went through instructions for the KDT, followed by eight practice
trials. Fourthly, they completed a 15min standing rest period to establish
baseline SCL measurements. To improve salivary cortisol data reliability,
participants were administered with 30 g of dextrose powder dissolved in
200ml of water immediately prior to the rest period40. Once consumed,
participantswere administeredwith 100mlof plainwater. Fifthly, theywent
through the 15min TSST or placebo intervention.Whilst participants were
blind to session order, following the first session’s intervention, it was
possible for them to deduce whether the following session’s intervention
would be observed. Finally, they solved 72 instances of theKDT,which took

-60 min -40 -30 -15 0 +15 +25 +45 +65 +80 +90 min 

Experiment
introduction^

Task instructions & 
practice*

Stress 
intervention

Salivaryy 
Cortisol

PANAS

SCL

Gazee 
Tracking

Rest Knapsack task^ Debrief

Fig. 2 | Timeline of a typical experimental session. Five salivary cortisol samples
and five iterations of the positive affect negative affect schedule (PANAS) were
collected. Skin conductance level (SCL) was analysed for the rest period and the
stress intervention, which was either the TSST (stress session) or placebo TSST

(control session). Gaze tracking was recorded during the knapsack task. All timings,
except where noted, were identical across all participants and sessions. ^Self-paced
with a fixed start time. *Self-paced with a fixed end time. Icons for Fig. 2 made by
Freepik from www.flaticon.com.
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~60min.TheKDTwaspaused inbetween trials at three timepoints to allow
for saliva and PANAS sampling (see Fig. 2). These pauses were typically
2–3min long, and the eye-tracker was recalibrated prior to resuming the
task. After the second session, participants were debriefed by the experi-
menter, including a pre-recorded video where the confederates in their
stress session explained the purpose of the TSST.

Stress manipulation
TheTSST procedure was primarily adapted from the canonical version41, as
well as from a recent guide40. The anticipatory, speech, and arithmetic
phases each lasted 5min. The speech topic was “imagine you are applying
for your dream job, persuade the hiring panel to hire you". The arithmetic
task involved counting down from 2047 in steps of 17. The speech topic for
the placebo TSST was “What are your hobbies?” and the arithmetic task
involved counting from 0 in steps of 15.

Data analysis pipeline
Salivary cortisol. Salivary cortisol was analysed by Royal Melbourne
Hospital Pathology using a Roche Cobas instrument and the Cobas e411
analyser42,43.We used themean of the two pre-intervention saliva samples
as the baseline for two reasons: firstly, to help reduce measurement error;
and secondly, to account for both participants who arrived with abnor-
mally high cortisol levels (t= 1) and thosewhomayhave become stressed
from aspects of the experiment which preceded the stress interven-
tion (t= 2).

Participants were excluded from analysis if their baseline salivary
cortisol levels were more than 3 SD from the mean44. Participants were
classed as cortisol responders if their cortisol level exceeded baseline by at
least 1.5 nmol/L43,45, and both their peak and average cortisol levels were
higher in the stress session than the control session.

Our primary stress measure was the area under the cortisol curve with
respect to increase (AUCi), which was computed with the standard trape-
zoidal method and then z-scored46.

Skin conductance. An 8-minute window from the middle of the rest
and stress intervention periods was used to compute SCL. The windows
were identical for each participant, namely from T−10 to T−2 minutes,
where T is the end of the period. Analysis was based on Taylor and
colleagues47 and the code they made available on GitHub. The raw signal
was passed through a 1 Hz, fifth-order, low-pass Butterworth filter, and
then down-sampled to 5.22 Hz. This frequency was chosen to match the,
on average, 11.5 s timewindowoverwhich pupil diameterwas computed.
The median SCL for the rest period was treated as a baseline and sub-
tracted from each point in the intervention period. Upon visual inspec-
tion of the data, 13 participants’ SCL data needed to be discarded: 12 due
to recording quality problems and one for abnormally high readings
during the stress intervention (more than 3 SD from the mean). This left
29 participants for analysis, of whom 21 were cortisol responders.

Eye tracking. Participants were instructed at time-of-recruitment that
wearing glasses would render them ineligible, but that contact lenseswere
permissible. No participants wore glasses, and information on contact
lenses, myopia, or astigmatism was not collected.

Gaze position data were down-sampled to 60 Hz. Each sample was
then allocated to the nearest area of interest (AOI), either one of the eight
items or the constraints of the knapsack. Samples automatically flagged as
invalid, for example, due to blinks, were removed. Trials with data loss of at
least 30%were discarded from further eye tracking analysis48. Samples were
classified as a visit or a saccade based on the I-VT velocity algorithm49 used
by Tobii Pro Lab, and here implemented using the CatEyes Python package
(version 0.0.3)50. Saccades with an amplitude less than 1° were deleted,
followed by visits of <100ms48. Resulting visits were merged if they were
<100ms apart48. Precision was computed as the sample-to-sample root
mean squared distance of the gaze data, averaged across participants. Pre-
cision was 0.20∘ and did not differ between conditions.

Following these standard methods, we applied two additional pre-
processing steps. Firstly, we only retained trials where the cumulative time
spent visiting AOIs was either at least 10 s or 60% of the time on task. This
was done to ensure that participantswere engagingwith the task. Second,we
only retained participants with a similar number of trials across easy vs.
hard, satisfiable vs. unsatisfiable, and stress vs. control instances. Similarity
wasdefinedashaving at least 6 surviving trials in eachgroup, and the smaller
group having at least 70% the number of surviving trials as the larger group.
In total, 3.0% of trials were missing, 16.7% were omitted due to data loss,
4.8% were omitted due to a lack of visit time, and 9.4% were omitted due to
imbalanced data. This left 3910 trials (66.2%) of trials across 30 participants
for eye tracking analysis, of whom 21 were cortisol responders (71.9% of
trials survived among responders).

To compute the average pupil diameter for a trial, we took the median
pupil diameter of the following inter-trial-interval to avoid the confounding
effects of the task on pupil diameter.We computed two pupil measures: the
average pupil diameter across all trials and across only the first 12 trials.We
expected the effect of the stress intervention on pupil diameter to be most
pronounced at the beginning of the task and to return to baseline quite
quickly.We used the first 12 trials as our cut-off for the beginning, as this is
the earliest time point at which each participant would have completed an
equal number of trials for every possible combination of easy, hard, satis-
fiable, and unsatisfiable instances.

Four main gaze tracking measures were analysed: the proportion of
time spent visiting items, the number of items visited, the mean dwell time
per visit, and thenumber of visits per second (visit rate).We computed these
measures at the inter-trial level.

Main analysis
Toaccount for individual differences in cortisol levels and taskperformance,
weusedhierarchicalmodellingwith randomeffects on the intercept for each
participant.We used three classes of regressionmodels. Linear, logistic, and
one-inflated beta regressions were used to predict unbounded continuous
variables, binary variables, and bounded continuous variables, respectively.
For the beta regressions, two participants were excluded as they took the
maximum available time on more than 99% of trials.

Effect sizesweremeasured asCohen’s d (d) for t-tests, odds ratios (OR)
for logistic regressions, and standardised coefficients (β*) for linear regres-
sions. For key analyses, effect sizes were additionally estimated as average
marginal effects (AME), via the marginaleffects R package (version 0.24.0).
Where relevant, we tested for interaction effects in nonlinearmodels via the
second difference in marginal effects51.

If multiple models were considered, the AIC was used for model
selection. Themain focus of the analysis was cortisol responders, but the full
sample (excluding cortisol outliers) was analysed in parallel and is reported
in the Supplementary Information (SI; Section 1). All behavioural analyses
included IC and satisfiability as binary variables, with 0 denoting easy
instances and unsatisfiable instances, respectively, and 1 denoting hard
instances and satisfiable instances, respectively. Furthermore, common
control variables included sex (binary variable with males coded as 1s),
session number (binary variable with the second session coded as 1s), and
z-scored trial number. The independent variable used to assess stress
was AUCi. Data distribution was assumed to be normal, but this was not
formally tested.

To verify the robustness of our results, we repeated our main analysis
with two alternative measures of stress: log cort Δ and the binary stress
condition variables. The results of these analyses are reported in Sec-
tions 3 and 4 of the SI, respectively.

After removingone cortisol outlier,wehad41participants, ofwhom27
were classed as cortisol responders. SCL and eye-tracking pre-processing
were performed in Python (version 3.9.12), and all statistical analyses were
performed in R (version 4.1.2) using RStudio. The study was not pre-
registered.

The analysis proceeded as follows. First, we verified whether the stress
manipulation was successful by comparing stressmeasures across the stress
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and control sessions. Second, we investigated the effect of stress on decision
time, decision quality, and on the nature of participant responses. In doing
so, we noticed a potential relationship between stress, whether participants
‘timed-out’ and used the maximum amount of time available to them in
a trial, and decision quality. This was investigated as an exploratory
analysis. Third, we performed an exploratory analysis on the effect of stress
on participant gaze and attention allocation. Finally, we examined whether
gaze affected the earlier analyses on decision quality and participant
responses.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
Efficacy of acute stress manipulation
To verify that the acute stress manipulation was successful, we performed
two-sided t-tests on each of the stress measures collected. Nearly all stress
measures were higher in the stress condition (Table S1), both for the full
sample and among cortisol responders.

To verify that AUCi, our primary stressmeasure, was representative of
a broader stress response, we correlated it with our other stress measures.
There were significant correlations between AUCi and the binary stress
condition variable (t(52) = 5.86, ρ = 0.63, CI95 = [0.44, 0.77], p < 0.001), area
under the cortisol curve with respect to ground (AUCg;
t(52) = 10.25, ρ = 0.82, CI95 = [0.70, 0.89], p < 0.001), and perceived stress
(t(484) = 2.32, ρ = 0.11, CI95 = [0.02, 0.19], p = 0.021). There were no sig-
nificant correlations with negative affect (NA; t(52) = 0.58, ρ = 0.08,
CI95 = [−0.19, 0.34], p = 0.564), pupil diameter (t(48) = 0.92, ρ = 0.13,

CI95 = [−0.15, 0.40], p = 0.361), or SCL (t(40) =−0.36, ρ =−0.06,
CI95 = [−0.36, 0.25], p = 0.718).

To verify that changes in cortisol,NA, andSCLoccurred after the stress
intervention, we plotted their time courses for the full sample. Cortisol and
NA levels were not significantly different across the two conditions at
baseline (Fig. 3A and B, Table S2). Both increased significantly after the
stress intervention in the stress, but not the control, session. For cortisol
levels, this group difference persisted for the remainder of the session, while
for NA, the difference only persisted for the first two samples post-
intervention. Further, pupil diameter was significantly higher for the stress
session during the first block of trials (Fig. 3C, Table S2), those nearest the
stress intervention, before dropping to a similar level for the remainder of
the session. The difference between SCL in the stress intervention and the
baseline rest period did not differ significantly between stress conditions
(Fig. 3D, Table S2). Taken together, these results suggest the stress inter-
vention drove the observed changes in cortisol, NA, and pupil diameter.

Next, we sought to confirm that the changes in cortisol persisted
throughout the session. We estimated a linear mixed-effects model
regressing cortisol levels onto cortisol sample number, session number,
session start time, sex, stress condition, a stress condition × cortisol sample
number interaction, and a random intercept for each participant. Among
cortisol responders (AIC: 1269.1, df: 239), we found a significant and
positive stress condition × sample number interaction
(β = 0.80, CI95 = [0.41, 1.18], β* = 0.19, p < 0.001), whilst the remaining
variables, including the main stress (β =−0.65, CI95 = [−1.93,
0.62], β* = 0.30, p = 0.314) and time (β =−0.10, CI95 = [−0.37,
0.17], β* = 0.15, p = 0.477) variables, all failed to reach significance. Thus,
cortisol levels increased over time in the stress session, over and above any
corresponding changes in the control session.

Fig. 3 | Efficacy of stress manipulation. Data are
from the full sample of participants.ACortisol levels
over time for the stress and control sessions
(ns = np = 41), where ns and np are the number of
samples and the number of participants at each time
point, respectively.BNegative affect levels over time
for the stress and control sessions. One observation
is not shown for visualisation purposes†

(ns = np = 41). C Pupil diameter by block for the
stress and control sessions. Each point shows the
median pupil diameter for a trial (ns ≈ 900, np = 38).
Each block of the KDT had 12 trials, with 3 of each
possible combination of {satisfiable vs. unsatisfiable}
and {low vs high computational hardness}. One
participant is excluded formissing at least half of the
trials in a block. D Skin conductance levels for the
stress and control sessions. Each point shows the
median SCL for an 11.5 s bin (ns ≈ 2, 500, np = 29).
The counterfactual samples the increase between
rest and intervention for the control condition with
replacement, and adds this to the stress SCL at rest.
Centre line, median; box limits, upper and lower
quartiles; whiskers, at most 1.5× interquartile range;
points, individual observations; error bars, standard
error of the mean. P-values are from two-sided t-
tests with full statistics reported in Table S2.
∧p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001, NS
p > 0.1. †Stress condition, 80 min since intervention
started, NA = 45.
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The remainder of the results focus on cortisol responders, with the
corresponding results for the full sample reported in the SI (Section 1).

Effect of higher cortisol levels on behaviour
KDTsummary statistics. All but one participant completed all 144 trials
of the KDT, instead completing 143 trials. Averaged across sessions, the
mean accuracy was 79.5% (standard deviation (SD) = 6.7%) for all trials,
89.7% (SD = 7.0%) for easy trials, 69.4% for hard trials (SD = 9.9%),
77.2% for satisfiable trials (SD = 8.6%), and 81.8% for unsatisfiable trials
(SD = 9.4%). The mean time on task was 32.1 s (SD = 4.4) for all trials,
30.3 s (SD = 4.8) for easy trials, 33.9 s (SD = 4.3) for hard trials, 30.9 s
(SD = 4.8) for satisfiable trials, and 34.4 s (SD = 4.6) for unsatisfiable
trials. As a benchmark, random performance would achieve an expected
accuracy of 50%, whilst the maximum available time on task was 40 s.

Effect of higher cortisol levels on decision time in the KDT. To
examine the effect of acute stress on decision time, we estimated amixed-
effects one-inflated beta regression, regressing time on task (measured as
a proportion of the maximum available time) onto AUCi, IC, an
AUCi × IC interaction, satisfiability, sex, session number, and z-scored
trial number (AIC: 1549.1, df: 3,580). There was no significant effect of
the interaction term (pcond. = 0.999, pinfl. = 0.554) or sex (pcond. = 0.221,
pinfl. = 0.424), and the AIC improved when these variables were removed
(AIC: 1543.5, df: 3,584). In the beta regression we observed significant
and positive effects of IC (β = 0.35, CI95 = [0.28, 0.42], p < 0.001),
and significant and negative effects of satisfiability (β =−0.27,
CI95 = [−0.34, −0.20], p < 0.001) and trial number (β =−0.05,
CI95 = [−0.08,−0.01], p = 0.007). Therewas no significant effect of AUCi
(β = 0.02, CI95 = [−0.02, 0.05], p = 0.329) or session number
(β = 0.01, CI95 = [−0.06, 0.08], p = 0.747). In the one-inflated logistic
regression we found significant negative effects of trial number
(β =−0.34, CI95 = [−0.42, −0.25], p < 0.001), session number
(β =−0.45, CI95 = [−0.62, −0.28], p < 0.001), and satisfiability
(β =−0.60, CI95 = [−0.77, −0.43], p < 0.001). There were significant
positive effects of AUCi (β = 0.11, CI95 = [0.01, 0.21], p = 0.032) and IC
(β = 1.00, CI95 = [0.83, 1.17], p < 0.001). Thus, higher cortisol levels were
associated with the log-odds of ‘timing out’ and using the maximum 40 s
available more often.

Themarginal effect of a one SD increase in AUCi was a 1.7 percentage
point increase (AME = 1.7%, CI95 = [0.2%, 3.3%], p = 0.031) in the prob-
ability of timingout.However, conditional onnot timingout, higher cortisol

levels had no significant effect on decision time (AME= 0.4%,
CI95 = [−0.4%, 1.1%], p = 0.329, see also Fig. 4). In total, participants timed
out on over a third of trials (1404 trials, 36.1% of the total).

Effect of higher cortisol levels on decision quality in the KDT. To test
the effect of acute stress on decision quality, we estimated a logistic
mixed-effects model regressing accuracy onto AUCi, IC, an AUCi × IC
interaction, satisfiability, sex, trial number, and session number (AIC:
3649.1, df: 3,878). Time on taskwas omitted due to confoundswith the IC
and stress measures. There was no significant effect of the interaction
term (p = 0.911), trial number (p = 0.482) or sex (p = 0.169), and the AIC
improved when these variables were removed (AIC: 3645.5, df: 3,881).
We observed a significant positive effect of session number
(β = 0.18, CI95 = [0.02, 0.34], OR = 1.20, p = 0.031) and negative effects of
IC (β =−1.37, CI95 = [−1.55, −1.20], OR = 0.25, p < 0.001), AUCi
(β =−0.11, CI95 = [−0.21, −0.02], OR = 0.90, p = 0.015), and satisfia-
bility (β =−0.31, CI95 = [−0.47, −0.14], OR = 0.73, p < 0.001) (see
Fig. 4). This result implies a marginal effect whereby a one SD increase in
AUCi is associated with a 1.7 percentage point (AME =−1.7%,
CI95 = [−3.1%, −0.3%], p = 0.015) reduction in accuracy.

Next, we examined accuracy separately for trials in which participants
timed out, as these were trials where participants were maximally time-
constrained. Thus, theymay represent trials where stress’ impairing effect is
largest, and in a post-hoc analysis, we explored whether there was an
interaction effect of acute stress and time pressure on accuracy.

Exploratory analysis of trials that timed out
As a starting point, we estimated a series of unpaired t-tests. Firstly, we

compared accuracy on trials that timed out with those that did not and
found that accuracy was significantly lower on trials that timed out
(t(2, 471.6) =−8.38, μdiff =−11.80%, CI95 = [−14.56%, −9.04%], d =
−0.30, p < 0.001). Secondly, we compared accuracy among trials that timed
out across stress conditions and found significantly lower accuracy under
stress (t(1, 400.1) =−2.38, μdiff =−5.69%, CI95 = [−10.39%, −1.00%], d =
−0.13, p = 0.017). Thirdly, we compared accuracy among trials that did not
time-out across stress conditions and found no significant difference
(t(2, 476.7) =−0.71, μdiff =−1.05%, CI95 = [−3.95%, 1.85%], d =
−0.03, p = 0.477). Fourthly, we found that the effect of time-out and stress
was related to the satisfiability of the trial (Fig. 5 and Table S2). Specifically,
the impairing effect of stress was largest for satisfiable trials that timed out.
Finally, we compared whether the type of trial participants timed out on
differed between stress conditions. For each possible combination of

Fig. 4 | Summary of regression results for decision
quality and decision time.Coefficients for the best-
fitting models for predicting accuracy and time on
task. The time on task model is a one-inflated beta
regression with two component parts visualised
separately, namely the conditional model (beta
regression) and the one-inflation model (logistic
regression). nt and np are the number of trials and
participants included in themodel, respectively. The
best-fitting model for accuracy did not include trial
number as a regressor. The coefficients for the
interaction between computational hardness and
AUCi are taken from separate models, as the inter-
action term was excluded from the best-fitting
models. Error bars represent standard errors.
*p < 0.05, ** p < 0.01, ***p < 0.001, NS p > 0.1.
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computational hardness and satisfiability, namely hard and satisfiable
(t(485) = 1.79, μdiff = 4.32%, CI95 = [−0.44%, 9.08%], d = 0.09, p = 0.075),
easy and satisfiable (t(968.85) =−0.36, μdiff = −0.98%,
CI95 = [−6.32%, 4.35%], d = −0.02, p = 0.718), hard and unsatisfiable
(t(485) =−0.24, μdiff =−0.62%, CI95 = [−5.62%, 4.39%], d =
−0.01, p = 0.809), and easy and unsatisfiable (t(485) = 0.43,
μdiff = 1.03%, CI95 = [−3.67%, 5.73%], d = 0.02, p = 0.667); we found no
significant difference in time-outs between the stress and control conditions
(see Table S6 in the SI for the full tests).

To verify the effects apparent in Fig. 5A and B, we estimated a mixed-
effects logistic regression. We regressed accuracy onto AUCi, time-out
status, IC, satisfiability, session number, anAUCi × satisfiability interaction,
a time-out status × satisfiability interaction, an AUCi × satisfiability × time-
out status interaction, and an AUCi × time-out status interaction (AIC:
3572.2, df: 3,876). The model fit improved when the AUCi × time-out
status interaction was removed (p = 0.261; AIC: 3571.5, df: 3,877).
We found significant negative effects of time-out status (β =−0.65,
CI95 = [−0.92, −0.37], OR = 0.52, p < 0.001), AUCi (β =−0.14,
CI95 = [−0.27, −0.01], OR = 0.87, p = 0.031), IC (β = −1.27, CI95 =
[−1.46, −1.10], OR = 0.28, p < 0.001), satisfiability (β =−0.26,
CI95 = [−0.50, −0.02], OR= 0.77, p = 0.033), and the AUCi ×
satisfiability × time-out status interaction (β =−0.36, CI95 = [−0.63,
−0.10], OR= 0.70, p = 0.008). The effects of the AUCi × satisfiability
interaction (β = 0.16, CI95 = [−0.03, 0.35], OR= 1.17, p = 0.102), the time-
out status × satisfiability interaction (β =−0.28, CI95 = [−0.63, 0.07],
OR = 0.76, p = 0.115), and session number (β = 0.15, CI95 = [−0.02,
0.31], OR = 1.16, p = 0.084) were not significant.

Themarginal effectof timingoutwas a 13.6 percentagepoint reduction
(AME =−13.6%, CI95 = [−17.0, −10.2], p < 0.001) in accuracy. The mar-
ginal effect of a one SD increase in AUCi was a 0.7 percentage point

reduction (AME=−0.7%, CI95 = [−2.0, 0.7], p = 0.317) in accuracy on
trials that did not time out, and a 4.5 percentage point reduction
(AME =−4.5%, CI95 = [−6.9, −2.0], p < 0.001) in accuracy on those that
did. The difference between these effects was itself significant
(AME =−3.8%, CI95 = [−6.1,−1.4], p = 0.002), suggesting that AUCi was
only associated with lower accuracy on trials that timed out.

Having established that the effect of cortisol on accuracy differed
between trials that timed out and those that did not, we next examined
whether a similar interaction affected whether participants selected Yes or
No as their solution.

Effect of higher cortisol levels and time-out status on response type.
To test whether the nature of responding changed when stress and time-
out status interacted, we regressed the submitted solution (Yes was coded
as 1s) onto AUCi, IC, satisfiability, trial number, session number, time-
out status, and a time-out status × AUCi interaction (AIC: 3866.5, df:
3,871). We found a significant negative main effect of time-out status
(β =−0.42, CI95 = [−0.64, −0.21], OR = 0.66, p < 0.001), the time-out
status × AUCi interaction (β =−0.26, CI95 = [−0.45, −0.06], OR =
0.77, p = 0.010), trial number (β =−0.11, CI95 = [−0.19, −0.03],
OR = 0.90, p = 0.009), and session number (β =−0.19, CI95 =
[−0.34, −0.03], OR = 0.83, p = 0.023). There was a positive effect of
satisfiability (β = 2.79, CI95 = [2.63, 2.95], OR = 16.28, p < 0.001). There
was no significant main effect of AUCi (β = 0.07, CI95 =
[−0.03, 0.17], OR = 1.07, p = 0.176) or IC (β =−0.14, CI95 =
[−0.31, 0.02], OR = 0.87, p = 0.078). These results indicate that, on trials
that did not time out, higher AUCi was not significantly associated with
the log-odds of submitting Yes as the solution. However, on trials that
timed out, AUCiwas associated with a relative decrease in the log-odds of
responding Yes.

D: Visit rate 

V
is

its
 p

/s
ec

on
d

1

3

2

C: Dwell times 

D
w

el
l t

im
e 

(m
s)

500

B: Unsatisfiable trialsA: Satisfiable trials

NS NS NS*** *
100%

D
ec

is
io

n 
ac

cu
ra

cy

No YesNo Yes

300

200

400

No Yes No Yes

25%

0%

50%

75%
82%

73%

84%
87%

76%

82%
79%

Participant used the maximum available time on a trial (40s)

57%

Control Stress

NS *** NS

Fig. 5 | Accuracy, dwell times, and visit rate split by stress condition, time-out
status, and trial satisfiability. For visualisation purposes, points in panels A and
B show the mean accuracy per participant, as all individual trials are at 0 or 1.
However, the box plot is made from all relevant trials, not participant means.
A Accuracy on satisfiable trials (solution is Yes), split by time-out status
(nt,N ≈ 650, nt,Y ≈ 300, np = 26) and stress condition, where nt,Y and nt,N is the
number of trials that did and did not time out in each condition, respectively, and
np is the number of participants. B Accuracy on unsatisfiable trials (solution is
No), split by time-out status (nt,N ≈ 600, nt,Y ≈ 400, np ∈ [25, 27]) and stress
condition. C Mean dwell time on an area of interest, split by time-out status

(nt,N ≈ 900, nt,Y ≈ 500, np ∈ [19, 20]) and stress condition. 7 outlier observations
(values 500–1250 ms) are not shown for visualisation purposes. They do not
influence the results, and their values are reported in the SI (Table S5). D Mean
visit rate (visits to areas of interest per second), split by time-out status
(nt,N ≈ 900, nt,Y ≈ 500, np ∈ [19, 20]) and stress condition. Each point in panels
C and D is a trial. Centre line, median; box limits, upper and lower quartiles;
whiskers, at most 1.5× interquartile range; error bars, standard error of the mean.
P-values are from two-sided t-tests with full statistics reported in Table S2.
***p < 0.001, *p < 0.05, NS p > 0.1.
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Having established the effects of cortisol on decision time, decision
quality, and response type, we next investigated whether cortisol affected
participants’ gaze and attention allocation.

Exploratory analysis of cortisol’s effects on gazeand attention. First,
we investigated whether there were significant differences in gaze
trackingmeasures between stress sessions. Via a series of unpaired t-tests,
we found that participants attended to significantly more items
(t(2, 531.8) = 3.47, μdiff = 0.1, CI95 = [0.04, 0.16], d = 0.13, p = 0.001) and
had a significantly shorter dwell time per visit (t(2, 588.3) =−2.25,
μdiff =−4.44, CI95 = [−8.30, −0.57], d = −0.09, p = 0.025) in the stress
session (Table S8 of the SI). However, there were no significant differ-
ences in the amount of time spent visiting items (t(2, 793.9) =−0.99,
μdiff =−0.34%, CI95 = [−1.01%, 0.33%], d = −0.04, p = 0.321) or in the
number of items visited per second (visit rate; t(2, 775.9) =
0.86, μdiff = 0.01, CI95 = [−0.01, 0.03], d = 0.03, p = 0.392) between
conditions.

Following our exploratory result that acute stress and time-out status
interacted to affect decision quality, we tested for such an interaction effect
on gaze and attention. Specifically, we tested whether our four gaze tracking
measures remained significantly different between stress and control ses-
sions among timed-out trials. In a series of unpaired t-tests,we observed that
the gaze tracking measures only significantly differed between conditions
among timed-out trials (Table S9 of the SI). In particular, under stress,
participants spent less time visiting items, attended to more items, and
dwelled on items for less time per visit (see also Fig. 5C and D).

To determine whether cortisol was driving these differences in eye
movements, we next correlated items attended to, dwell time per visit, and
visit rate with AUCi. AUCi was significantly correlated with items attended
to (t(2, 794) = 4.57, ρ = 0.09, CI05 = [0.05, 0.12], p < 0.001) and visit rate
(t(2, 794) =−4.81, ρ =−0.09, CI05 = [−0.13,−0.05], p < 0.001). Finally, we
estimated a mixed-effects linear regression for each eye tracking measure,
regressing it ontoAUCi, IC, satisfiability, trial number, session number, and
time on task. The best-fitting model for items attended to omitted trial (p =
0.432) and session (p = 0.263) number (initial AIC = 7235.1, df: 2,769). The
best-fitting models for visit rate (initial AIC = 6159.4, df: 2,769) omitted
IC (p= 0.172), satisfiability (p= 0.101), trial number (p=0.127), and session
number (p = 0.410), and for dwell time (initial AIC = 6966.7, df: 2,769)
omitted IC (p = 0.167) and satisfiability (p = 0.854).

The regression analysis showed a significant positive effect of
AUCi on items attended to (β = 0.05, CI95 = [0.02, 0.09],
β* = 0.05, p = 0.004, AIC = 7221.7, df: 2, 771), but no significant effect
on visit rate (β = 0.00, CI95 = [−0.03, 0.03], β* = 0.00,
p = 0.849, AIC = 6135.8, df: 2, 773) or dwell time
(β =−0.02,CI95 = [−0.06,0.01],β =−0.02,p = 0.216,AIC = 6954.5,df:2,771).
Thus, themixed-effects models could only corroborate the significant t-test
results for items attended to, but not for dwell time.

Turning to the role of decision time on gaze, the same regression
analyses showed a significant positive effect of time on task on items
attended to (β = 1.14, CI95 = [0.95, 1.33],β* = 0.23,p < 0.001) anddwell time
(β = 0.26, CI95 = [0.08, 0.43], β* = 0.05, p = 0.004), but a significant negative
effect on visit rate (β =−0.70, CI95 = [−0.85,−0.55], β* =−0.14, p < 0.001).
Thus, spending more time on a trial was associated with attending to more
items, dwelling on each item for longer, and switching between items less
frequently.

Having investigated the determinants of gaze behaviour, we next
looked to explore whether differences in gaze could predict differences in
behaviour.

Incorporating gaze tracking measures into the analysis of decision
quality. To test whether differences in gaze tracking measures could
explain accuracy, in an exploratory analysis we estimated the best-fitting
model from the initial accuracy analysis a further three times. Each new
model included either items attended to, visit rate, or dwell time as a new
regressor. Additionally, we included an interaction term between

satisfiability and the relevant gaze tracking measures. This is because the
pattern of search may differ when participants are searching for a com-
bination of items that does meet the constraints (a witness), which exists
only in satisfiable trials, as opposed to having to verify that no such
witness exists, which is the case for unsatisfiable trials.

For items attended to (AIC: 2602.3, df: 2,788), we found a significant
negative effect of satisfiability (β =−0.28, CI95 = [−0.48, −0.09],
OR= 0.76, p = 0.004) and the interaction between items attended to and
satisfiability (β =−0.55, CI95 = [−0.83, −0.29], OR= 0.58, p < 0.001). There
was no significant main effect of items attended to (β = 0.14, CI95 =
[−0.03, 0.30], OR= 1.15, p= 0.097).

For dwell time (AIC: 2606.8, df: 2,788), we found a significant negative
effect of satisfiability (β =−0.30, CI95 = [−0.50, −0.11], OR=
0.74, p = 0.002) and dwell time (β =−0.17, CI95 = [−0.30,
−0.05], OR= 0.84, p = 0.004), and a significant positive effect of the inter-
action between dwell time and satisfiability (β= 0.44,
CI95 = [0.24, 0.66], OR= 1.55, p < 0.001).

For visit rate (AIC: 2,606.8, df: 2,788), we found a significant negative
effect of satisfiability (β=−0.30, CI95 = [−0.50, −0.11],
OR= 0.74, p= 0.002) and the interaction between visit rate and satisfiability
(β=−0.43, CI95 = [−0.63, − 0.23], OR= 0.65, p < 0.001), and a significant
positive effect of visit rate (β= 0.18, CI95 = [0.02, 0.33], OR= 1.20, p= 0.024).

For all three regressions, there was no qualitative change in the
remaining fixed effects. These results indicate that the log-odds of accuracy
on satisfiable trials were positively associated with attending to fewer items,
dwelling longer on each item, and visiting fewer items per second. On
unsatisfiable trials, the log-odds of accuracy was positively associated with
dwelling shorter on each item and visiting more items per second. Having
established the role of gaze trackingmeasures in predicting decision quality,
we next examined whether they could also predict the type of solution
submitted.

Incorporating gaze tracking measures into the analysis of
response type. To verify whether our gaze trackingmeasures influenced
the solutions submitted, in an exploratory analysis we re-estimated the
earlier mixed-effects logistic regressions for solution submitted. For each
regression, we added two additional regressors: the gaze trackingmeasure
of interest and a three-way interaction between the gaze tracking mea-
sure, time-out status, and AUCi.

For items attended to (AIC: 2714.7, df: 2,780), the model fit improved
when the trial number was omitted (p = 0.531; AIC: 2713.1, df: 2,781). We
found significant negative effects of time-out status (β =−0.30,
CI95 = [−0.55,−0.04], OR = 0.74, p = 0.022), the interaction between time-
out status and AUCi (β =−0.23, CI95 = [−0.44, −0.01], OR = 0.79,
p = 0.040), items attended to (β =−0.33, CI95 = [−0.46, −0.22],
OR = 0.72, p < 0.001), and the interaction between time-out status, AUCi,
and items attended to (β =−0.27, CI95 = [−0.54, −0.03],
OR = 0.76, p = 0.035). There was no significant main effect of AUCi
(β = 0.10, CI95 = [−0.01, 0.22], OR= 1.11, p = 0.088) and session number
was no longer significant (β =−0.17, CI95 = [−0.36, 0.02], OR =
0.84, p = 0.088).

For dwell time (AIC: 2735.2, df: 2780) and visit rate (AIC: 2732.8, df:
2780), trial number (pdwell = 0.496, pvisit = 0.574) and the three-way inter-
action term (pdwell = 0.551, pvisit = 0.179)were not significant, and themodel
fit improved when these were removed. For dwell time, we found a sig-
nificant positive effect of dwell time (β = 0.20, CI95 = [0.09,
0.32], OR = 1.22, p = 0.001, AIC = 2732, df: 2, 782). Session number was no
longer significant (β =−0.18, CI95 = [ −0.37, 0.01], OR = 0.84, p = 0.066);
however, IC became significant (β =−0.22, CI95 = [−0.41,
− 0.03], OR = 0.80, p = 0.026).

For visit rate, we found a significant negative effect of visit rate
(β =−0.22, CI95 = [−0.33, −0.11], OR= 0.80, p < 0.001, AIC = 2730.9, df:
2782). Session number was no longer significant (β =−0.16,
CI95 = [−0.35, 0.03], OR = 0.85, p = 0.092); however, IC became significant
(β =−0.23, CI95 = [−0.42, −0.04], OR = 0.79, p = 0.019). Unless otherwise
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specified, therewere no qualitative changes among the other fixed effects for
eachof thesemodels.This suggests that the log-oddsof submittingYes as the
solution were positively associated with attending to fewer items, dwelling
on an item for longer, and visiting fewer items per second.

Summary of differences in results between cortisol responders
and the full sample
Only one key result was qualitatively different between analyses run on the
full sample of participants and those run only on cortisol responders.
Among the full sample, we observed a significant interaction effect between
cortisol and computational hardness on accuracy. Specifically, higher cor-
tisol levels only predicted significantly lower accuracy on harder trials. In
contrast, among cortisol responders, the effect of higher cortisol on accuracy
did not significantly differ between levels of computational hardness. Other
minor differences were observed and are reported in Section 1 of the SI.

Robustness checks
We conducted three series of robustness checks for our results, for both
cortisol responders and the full sample, which we report in the SI. In the
section “Using log cort Δ rather than AUCi”, we repeated the analysis
pipeline using another common measure of cortisol change, log cort Δ, as
our primary stress measure24,25,52. Similarly, in section “Using the binary
stress condition variable instead of AUCi”, we repeated the analysis pipeline
using stress condition as our primary stress variable, rather than a cortisol-
basedmeasure. Themajority of results were consistent across all three stress
measures, though someweremeasure-dependent. For instance, thenegative
interaction effect between stress and IC on accuracy among the full sample
only occurred with AUCi, but not with log cort Δ or stress condition.

Finally, in the section “Order effects”, we repeated the analysis pipeline
whilst looking to control for session order effects. Key results, such as the
behavioural effects of stress, were largely robust to the inclusion of order
effects, though in some cases the results became more nuanced. However,
some of the more exploratory results, particularly those that involved gaze
tracking, appeared sensitive to session order.

Other exploratory analyses
We additionally conducted three post-hoc analyses, which we report in the
SI. In the section “Using a trial-level cortisolmeasure”, we experimentwith a
trial-level estimate of cortisol levels, with mixed results. In the section
“Comparing above- and below-the-median participant performance”, we
find tentative evidence that the impairing effects of stress are concentrated
amongparticipantswhoperformed above themedian in the control session.
Finally, in the section “Perceived difficulty and performance”, we find that
perceived task difficulty is weakly related to computational hardness and
that it is associated with higher decision time and lower decision quality.

Discussion
Weused a controlled laboratory experiment to investigate the effect of acute
stress on decision-making in the knapsack decision task, an objective task
which models many everyday complex decisions29. Further, we measured
within-task complexity as instance complexity, a measure of computational
hardness inspired by computational complexity theory and capable of
precisely characterising the hardness of individual decisions31. Our design
allowed us to modulate both the computational resource requirements of
the decision environment, via instance complexity, and decision-makers’
stress levels, via the TSST. We expected acute stress to have a detrimental
effect on decision quality, and particularly so at higher levels of computa-
tional hardness, that is, in situations in which the computational resource
constraints are more binding.

Wefind that, in response to anacutepsychosocial stressor, higher levels
of cortisol impaired performance in the KDT. Among cortisol responders,
this effect was independent of the level of computational hardness. Among
the full sample of participants, this impairment was concentrated among
computationally harder trials, but only when stress was operationalised as
the increase in area under the cortisol curve.

While others have argued that acute stress has an increasingly
impairing effect on performance as the complexity of a decision or cognitive
task increases6,12,53, these arguments have been limited in three ways.
Firstly, prior studies tend to have a narrow focus on tasks that either isolate
specific cognitive functions (e.g., executive functioning tasks) or can
be difficult to disentangle from preferences (e.g., risk and uncertainty
tasks). Secondly, these studies lack a formal framework with which to
measure within-task complexity in a task-independent manner,
making their complexity measures appear ad hoc. Thirdly, there is mixed
evidence even among the tasks considered54,55. Having addressed those
issues in our study, we offer evidence that higher cortisol impairs decision
quality, even at low levels of computational hardness. Higher cortisol was
also associated with an increased incidence of experienced time pressure,
here defined as participants requiring the maximum time available to them
in a trial, and post-hoc analyses showed the observed differences in decision
quality and gaze occurred predominantly on trials with experienced time
pressure.

Decision-making research across different disciplines has increasingly
used a framework of ‘cognitive resources’ to describe the cognitive demands
on decision-makers56,57. In these frameworks, constructs like energy,
memory, and attention are cast as resources that are deployed in order to
solve a problem or make a decision, with good decisions coming when the
available cognitive resources meet or exceed those required by the task at
hand. Along similar lines, the lens of a decision-maker engaging in infor-
mation processing or computation has become widely adopted in cognitive
science58,59. To the extent that stress can be considered a tax on cognitive
resources60, our task provides an ideal way to investigate how reduced
cognitive resources—by stress—affect decision-making at different levels of
computational resource requirements.

Our ability to use precise, theory-driven, and widely generalisable
metrics of complexity at the trial level left us uniquely placed to test for an
interaction effect between acute stress and complexity on performance.
To our surprise, we found no conclusive evidence for such an interaction
among cortisol responders. Put differently, we cannot conclude that
the performance decrement associated with higher cortisol levels
differed between trials with high and low computational resource require-
ments. While we cannot rule out that a more precise measure of
complexitywould have captured an interaction effect, it would be surprising
if our measure of instance complexity could near perfectly capture
the expected effect of complexity, but not the dimension of complexity
relevant to acute stress. What is more plausible is that stress affects a
cognitive resource that is required independently of the computational
resource requirements of an individual decision, e.g., cognitive control57.
Among the full sample we do find the expected interaction effect, with the
deficit in performance concentrated among trials with higher computa-
tional hardness. Thus, an alternative explanation is that the smaller sample
size of cortisol responders and the relatively modest effect sizes we
observed left us underpowered to detect an interaction effect among the
smaller group.

Post-hoc exploratory analyses revealed a significant interaction
between elevated cortisol, experienced time pressure, and satisfiability on
performance. Under time pressure, higher levels of cortisol were associated
with responding No more frequently. This more pessimistic pattern of
responding is consistent with recent evidence that acute stress may lead to
more pessimistic beliefs61 and a computational model where time pressure
biases behaviour towards simpler response policies62, such as always
responding No when a witness has not been found. As Fig. 5 makes clear,
benchmarked against performance without time pressure, relative to the
control session, this pessimistic behaviour led to a 7 percentage point
increase in accuracy on unsatisfiable trials and an 18 percentage point
decline in accuracy on satisfiable trials among cortisol responders. In
absolute terms, accuracy fell by 25 percentage points on satisfiable trials,
reducing performance to near-chance levels. It was performance on these
trials that overwhelmingly drove the aggregate reduction in performance
under acute stress.
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We show that higher levels of cortisol affect performance on a non-
deterministic polynomial time complete (NP-complete) decision-making
task. For our purposes, NP-complete problems have four key features: they
are ubiquitous, computationally hard at the problem level, their computa-
tional hardness varies considerably at the individual instance level, andNP-
complete problems aremathematically related to eachother, which suggests
that findings in relation to one such problem are likely to generalise to all
other NP-complete problems63. Indeed, empirically, measures such as
instance complexity have been found to predict human performance
beyond the KDT, to a diverse set of NP-complete problems requiring skills
as varied as spatial navigation or propositional logic to solve32. Examples of
other NP-complete settings include scheduling, budgeting, route planning,
and event planning. Thus, the implications of understanding how stress
affects such complex cognitiveprocesses are vast, and furtherwork isneeded
to test whether the effects observed here can generalise to other NP-
complete problems.

We deployed gaze tracking analyses to investigate the potential
cognitive mechanisms underpinning our results. We found tentative
evidence that, among cortisol responders, the stress condition was asso-
ciated with differences in attention allocation. Specifically, t-tests suggested
that participants attended to more items and spent less time dwelling
on each item under the joint effect of stress and experienced time
pressure. However, these results could only be corroborated with
mixedmodels for items attended to, but not dwell time, andwereweaker for
the full sample. Furthermore, a number of participants and trials were
excluded during pre-processing, limiting our sample size and gen-
eralisability. Tentative as they may be, our data hint at a shallower atten-
tional deployment under stress and time pressure, in contrast to prior work
suggesting that the acute stress response can enhance attention, particularly
selective attention10,22. If our data are supported by future, confirmatory
work, this may be indicative of divided attention being more vulnerable to
the effects of elevated cortisol levels64, given that the KDT requires the
integration of two equally important attributes (weight and value). It would
also be consistent with acute stress exacerbating time pressure’s purported
effects of increased search across alternatives and less depth among
alternatives65.

The gaze tracking analysis could also predict behaviour in the KDT.
Specifically, we find that attending to more items, higher dwell times, and
lower visit rateswere associatedwith ahigher likelihoodof submittingYes as
a solution. Further, we find clear differences in how search affects perfor-
mance across different levels of satisfiability. For satisfiable trials, where
participants are searching for a witness, attending to fewer items, dwelling
on items for longer, and switching between items less frequently were
associated with higher accuracy. This is consistent with participants excel-
ling when they could find a candidate witness quickly, and adopt a more
targeted and focused search strategy. Conversely, on unsatisfiable trials,
where participants are looking to prove that no witness exists, higher
accuracy was associated with the inverse: attending to more items, dwelling
on items for less time, and switching between itemsmore frequently. This is
consistentwith a shallower and broader search strategy as participants try to
rule out different combinations of items.

Our findings are consistent with a pharmacological study that admi-
nistered dopamine agonists, namely methylphenidate and dex-
troamphetamine, to healthy participants solving the optimisation variant of
the knapsack problem66. Whilst both drugs primarily increase dopamine
levels, like acute stress, they also increase cortisol and noradrenaline
levels67,68. The study found that participants took more time to solve
instances of the task, showed lower performance, andmore scattered search
under drug66, consistentwith ourfindings andneurobiological evidence that
excess noradrenaline leads to less systematic search69,70.

Limitations
Our study has several limitations. Data recording issues with the skin
conductance and eye tracking data limited our effective sample sizes for

those analyses. Furthermore, despite a counterbalanced sample, we did
observenotable order effects in the gaze tracking analyses.Consequently, we
maybeunderpowered todetect relevant effectswith thosemeasures andany
observed effects may be less likely to generalise. For this reason, we view
those results as tentative in the absence of corroborating evidence from
future confirmatory work. Similarly, the largest behavioural effects were
observed in an exploratory analysis investigating the effects of timing out.
Thus, whilst experienced time pressure appears to be a key moderator of
behaviour in our task, the experimentwasnot designed to isolate and test for
such an effect.

While cortisol levels were correlated in the expected direction with our
other stress measures, many of these correlations did not reach statistical
significance. While this is not uncommon in the literature71,72, it limits our
interpretation of the results largely to changes in behaviour related to an
increase in cortisol levels, rather than the acute stress responsemorebroadly.
This is particularly for results pertaining to the full sample, as these were
more dependent on a cortisol-based measure of stress rather than stress
condition. Similarly, while our behavioural data are consistent with more
diverse samples that have solved the KDT29, we cannot be sure that our
stress-related results generalise beyond our primarily university student
sample.

Future work could test the generality of our findings with extensions
employing a between-subjects design, more refined computational com-
plexity measures, a more diverse participant pool, and other computa-
tionally hard tasks, such as the travelling salesperson problem. More
broadly, the framework employed here could be applied to other settings
whichmay affect the cognitive resources available to a decision-maker, such
as chronic stress, mental illness, and ageing. Our exploratory finding that
under the combined effects of elevated cortisol levels and time pressure
participants exhibit a more pessimistic pattern of responding, and that
performance is most impaired in this setting, should be directly tested in a
future confirmatory study.

In conclusion, our study looked at the intersection of two crucial areas
of decision-making research. Firstly, acute stress is highly prevalent in our
everyday lives and significantly affects performance on a variety of decision-
making tasks. However, the direction and size of these effects depends upon
numerous moderating factors. Secondly, many decisions we make,
including important decisions, are computationally hard and often have
severe impacts on our well-being in areas such as finance and health. It is
thus critical to understand how acute stress affects decision-making, not
only in easy cognitive tasks, but also in computationally hard decisions. Our
study addressed these gaps, providing empirical evidence that higher cor-
tisol levels impaireddecisionperformance in the knapsackdecision task. For
the full sample, this impairment only occurred on computationally harder
decisions, whilst for cortisol responders, performance was reduced for both
levels of hardness. An exploratory result showed that decision quality was
most impaired when stress was accompanied by time pressure, with the
magnitude of this effect warranting further study. Finally, our gaze tracking
analysis tentatively suggests that differences in attentionmaybeonepossible
mechanism for this effect, as attention appearedmore scatteredwhen jointly
under stress and time pressure in some analyses, but not others.While there
is much work to be done to understand the generality of this result and the
cognitive processes underpinning it, our study provides a step towards a
better understanding of how stress affects decision-making at varying levels
of complexity.

Data availability
All the data reported in this study are publicly available on OSF.

Code availability
All the analysis scripts for this study are publicly available on OSF.
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