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Foraging theory prescribes when optimal foragers should leave the current option for
more rewarding alternatives. Actual foragers often exploit options longer than prescribed
by the theory, but it is unclear how this foraging suboptimality arises. We investigated
whether the upregulation of cholinergic, noradrenergic, and dopaminergic systems
increases foraging optimality. In a double-blind, between-subject design, participants
(N = 160) received placebo, the nicotinic acetylcholine receptor agonist nicotine, a
noradrenaline reuptake inhibitor reboxetine, or a preferential dopamine reuptake inhib-
itor methylphenidate, and played the role of a farmer who collected milk from patches
with different yield. Across all groups, participants on average overharvested. While
methylphenidate had no effects on this bias, nicotine, and to some extent also reboxe-
tine, significantly reduced deviation from foraging optimality, which resulted in better
performance compared to placebo. Concurring with amplified goal-directedness and
excluding heuristic explanations, nicotine independently also improved trial initiation
and time perception. Our findings elucidate the neurochemical basis of behavioral flex-
ibility and decision optimality and open unique perspectives on psychiatric disorders
affecting these functions.

exploration | marginal value theorem | value-based decision-making | stay-or-switch |
cognitive enhancers

Decisions whether to continue consuming the currently available option or switch to a
better alternative are paramount for adaptive behavior and mental health. Staying in toxic
social environments, unrewarding jobs, or abusive relationships is detrimental for
well-being but pervasive in today’s societies (1, 2). In decision neuroscience, stay-or-leave
dilemmas have been described using the foraging framework (3). In this framework, the
decision-maker (or agent) sequentially samples spatially separated options, which gradually
deplete when harvested (e.g., fulfilment from the current job or emotional satisfaction
from the current relationship). For each option (commonly referred to as a parch), the
agent must decide how long to exploit its depleting resources, before moving on to another
patch in order to maximize gains and minimize search costs (4). Staying in the patch for
too long reflects overexploitation of its resources and leads to slower-than-optimal reward
accumulation. Conversely, systematically leaving patches too early (over-exploration) is
ineflicient because it incurs high travel costs without collecting much reward. The theo-
retically optimal solution for switch—stay dilemmas is provided by the marginal value
theorem (MVT) (5). According to the theorem, the agent should search for a better option
when the reward rate of the current option no longer exceeds the average reward rate of
all alternative options. This theory has been used to successfully describe the foraging
behavior of insects, fish, birds, nonhuman primates, and humans (6). However, deviations
from optimality (particularly overstaying/overharvesting) are common as being optimal
may be costly (i.e., require increased attention and cognitive effort, goal-directedness,
working memory, or self-control) (7). It is crucial to recognize that these deviations can
have significant ecological consequences, because overharvesting exacerbates the depletion
of natural resources, leaving a negative impact on biodiversity and ecosystem function (8)
and ultimately reducing social welfare (9). In light of the importance of these issues, it is
surprising that it remains largely unknown how optimality and deviations from it are
implemented biologically (6).

Various neurotransmitters underpin cognitive functions needed to implement
stay-or-leave decisions (10). Particularly, one may expect dopamine, noradrenaline, and
acetylcholine to play a role in enhancing foraging optimality. Earlier findings have linked
these neurotransmitters to motivation- and attention-related processes, working memory,
exertion of cognitive control, and behavioral flexibility (11-17), which makes them plau-
sible candidates for underpinning the (sub)optimality of stay-or-leave decisions. As these
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neurotransmitters also play a role in attention-deficit/hyperactivity
disorder (ADHD), anxiety disorder, depression, and schizophre-
nia, deciphering their relationship to foraging behavior has the
potential to advance clinical research (10, 18). Indeed, the men-
tioned disorders, as well as pathological gambling (19), have been
associated with impaired balancing of exploration and exploitation
(20-24).

We designed a between-group, double-blind, placebo-controlled
study to causally assess the role of upregulated dopaminergic,
noradrenergic, and cholinergic systems on foraging optimality.
Based on the role of dopamine in reward processing (11, 25, 26),
effort exertion (27), and response vigour (28), and the putative
requirement of these functions for calculating the optimal policy,
dopamine has been hypothesized to be involved in foraging. First
developed as a theoretical concept (29), this hypothesis has been
so far empirically supported by two human studies (30, 31), which
converged in causally linking increased levels of tonic dopamine
to better estimation of the average reward rate. Consequently, we
hypothesized that dopamine transporter blocker methylphenidate
(20 mg) would increase sensitivity to the average reward rate
(29, 31, 32) and thereby enhance foraging optimality. The tonic
levels of noradrenaline in its primary source, the locus coeruleus,
have been proposed to mediate the balance between focus and
disengagement. According to adaptive gain theory, an increase from
low to moderate noradrenaline levels should shift behavior from
idleness to focused task engagement, accompanied by a reduction
in decision noise, whereas a further increase to high levels should
lead to distractibility and performance deterioration (33). Hence,
we hypothesized that a moderate increase in noradrenaline induced
by alow dose (4 mg) of the selective noradrenaline reuptake inhib-
itor reboxetine (34) should boost optimality and decrease noise in
stay-or-leave decisions. Furthermore, multiple cross-species reports
demonstrate cholinergic enhancement of attention, cognitive con-
trol, and sensitivity to reward (14, 15, 35-39). Accordingly, we
hypothesized increased task engagement coupled with improved
reward processing, which would manifest as increased optimality
in stay-or-leave decisions, under a low dose (2 mg) of the nicotinic
acetylcholine receptor agonist nicotine.

Results

Demographic and Psychometric Data. Drug groups did not
differ from the placebo group in demographics (SI Appendix,
section S5). There were also no differences in ADHD-like
symptoms as measured by the Adult ADHD Self-Report Scale
[ASRS (40)] and anxiety disposition as measured by the trait part
of the State-Trait Anxiety Inventory [STAI-Y2 (41)].

Participants Adhered to MVT Principles but Overstayed. In our
foraging task, participants (N = 160, 80 females, all drug groups
combined) took on the role of a farmer and visited patches with
cows to collect milk from. For each patch, participants had to
decide for how long to reside based on three task components.
These components were 1) current patch reward rate [i.e., amount
of reward (low, medium, or high) harvested within a patch at
any time point], 2) average farm/environment reward rate (poor
environments had low average reward rate, i.e., many low-yield,
few high-yield patches, whereas in rich environments the ratio
was reversed), and 3) time cost for traveling between patches
(Fig. 1 A-C). By optimizing the residency time within each patch,
participants could maximize their overall gain. Participants were
instructed about the environment-specific patch distributions
prior to starting the task and could easily infer the environment
richness from visual cues (see Methods). This reduced uncertainty
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and minimized the need to learn during the task (in contrast to
explore-exploit dilemmas studied in multiarmed bandit tasks).
Consequently, participants could optimize their strategy from the
beginning of the task (S7 Appendix, section S10).

According to the MVT, optimal residency times should vary
as a function of both current and average reward rates and be
specific for each patch—environment combination (Fig. 1D). To
test whether this prescription was reflected in the behavior of our
participants, we constructed a Bayesian hierarchical mixed-effects
model that explained residency times with patch and environ-
ment types (Methods, Model M1). To account for previously
reported effects of age and sex on foraging (3, 42, 43), we entered
these covariates into the model. We also included the time par-
ticipants took to enter a new patch (referred to as “initiation
time”; below, we analyze initiation time separately; a model with-
out the covariates fitted the data less well than a model with
covariates: Methods) to account for potential trial- and
participant-specific variation in response speed. As the travel time
between patches was fixed (6 s), we did not consider it in any of
our models. In line with the MVT, we observed that residency
times were longer in higher-yield patches [, . ,, = 1.25, 95%CI
= (1.199, 1.304); Bes - edium = 0-63, 959%C1 = (0.576, 0.684)].
Also in line with the MVT, participants left patches in the poor
environment later than in the rich environment [8,,,, . i, = 0.322,
95%CI = (0.245, 0.397); Fig. 2A]. Thus, participants learned
that the next patch was more likely to be of low quality in the
poor than the rich environment.

Another implication of MVT-optimal foraging is that the
current reward rate at the moment of patch-leaving should be
the same for all patch types within environments and differ only
between environments. In agreement with this prescription, we
found that current reward rates upon leaving were significantly
higher in the rich compared to the poor environment [£,,, . ,,,,
=0.344, 95%CI = (0.263, 0.421), Fig. 2B]. Moreover, there was
no difference in current reward rate upon leaving between medi-
um- and low-yield patches [, - 1w = 0.0453, 95%CI =
(-0.0341, 0.126)]. However, reward rates upon leaving were
lower in the high-yield patches compared to both medium-

Brigh - medinm = —0.224, 95%CI = (-0.303, -0.1549)] and

low-yield patches [, . 4w = -0.179, 95%CI = (-0.252,
-0.1031)]. The patch- éependent difference was also present in
the poor environment but only between high- and medium-rate
patches (B0, . yedium = =0.0976, 95%CI = (-0.178, -0.0185); f,.,
i = -0.0476, 95%CI = (~0.125, 0.0275); Byrotium » i = ~0.0502,
95%CI = (-0.0214, 0.121)]. These results converge with earlier
findings (31) and indicate that human foragers comply with some
aspects of the optimal policy prescribed by the MVT.

To interrogate the discrepancies between observed and
MVT-prescribed foraging behavior, we calculated optimal resi-
dency times for each patch type conditioned on the environment
(81 Appendiix, section S8). We found that on average, participants
showed absolute deviations from optimal foraging (|AFO| = 6.09s;
P<0.001, £ test against 0, Fig. 2C), while signed analysis revealed
that participants overstayed (S/ Appendix, section S11). As one
would expect, the degree of foraging suboptimality |AFO| nega-
tively correlated with task earnings (Pearson’s r=-0.82, P < 0.001,
Fig. 2D). These findings confirm the well-established bias to sub-
optimally overstay in foraging tasks (31, 44).

Collectively, our results indicate that participants adjusted their
residency times to the key task manipulations of patch and envi-
ronment type (i.e., variations in current and average reward rates),
tallying with the MV'T principles. Moreover, participants showed
an overstaying bias and thus deviated from the MVT-optimal
policy, for all patch and environment types.
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Fig. 1. Foraging task and optimality. (A) Example trial. Participants entered a patch full of cows and started collecting milk. They could stay in the patch for 120 s
but were free to leave at any moment. Thus, they made stay-or-leave decisions with the aim of maximizing long-term reward. Upon leaving, they incurred a fixed
travel cost of 6 s, during which no milk collection was possible, before initiating collection in the next patch. (B) Patch types (current reward rate). Each patch had
one of three filling rates: low, medium, or high. These filling rates exponentially decreased with time. (C) Environment types (average reward rate). The rich and
poor environments (indicated by frame color) differed in the proportion of the three patch types. (D) Optimal residency time as function of current and average
reward rates. The horizontal lines illustrate the average reward rate for the two environments; the curves represent the current reward rates of the different
patches. According to the MVT, the agent should leave the patch when the current reward rate equals or drops below the average reward rate. Accordingly, the
optimal leaving time for each patch-environment pair is the intersection between patch curves and environment lines.

Cholinergic (and to Some Extent Noradrenergic) Stimulation
Increases Optimality of Stay-or-Leave Decisions. After showing
that foraging behavior was suboptimal, we asked whether our
pharmacological interventions reduced the extent of suboptimality.
First, we confirmed that drug administration was successful
(SI Appendix, section S6). Next, we augmented our Bayesian
hierarchical mixed-effects model (Model M1) by adding drug group
as a fixed-effect factor and interactions (Model M2). The model again
controlled for age, sex, and initiation times. Of note, all the results
reported below remained significant when including weight, height,
BMI, education, and delay between drug administration and task
start as covariates (8] Appendix, section S13). The three dependent
variables again were actual residency times, current reward rate upon
leaving, and absolute deviation from foraging optimality.

First, we examined drug effects on residency times, i.e., stay
duration within patches (Fig. 34). Our mixed-effects model
revealed significantly reduced residency times in the nicotine and
reboxetine groups compared to the placebo group [B,,cpine » piacetn =
-0.503, 95%CI = (-0.829, ~0.1833); B,ujresine » piaceto = ~0-342,
95%CI = (-0.682, -0.0187)], with no effect of methylphenidate
(B etmyipheniaate » piacebo = =0-199, 95%CI = (-0.543, 0.11)]. The drug
effect was similarly present in all patch and environment types
(95%ClI of all interactions contained 0), providing no evidence
that pharmacological interventions selectively affected particular
patch- or environment-related reward rates. Thus, nicotine and
reboxetine improved foraging (reduced residency times).

Second, we investigated drug effects on current reward rate upon
leaving (Fig. 3B). Compared to the placebo group, participants in
the nicotine and reboxetine groups left patches at significantly higher

reward rates (closer to optimal) in both environments [, » pluceto
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=0.537, 95%CI = (0.2073, 0.857); Bruposetine » placeto = 0-397, 95%CI
= (0.0749, 0.716)]. In contrast, there was no difference between
placebo and methylphenidate groups (8, psmidate » placeso = 0-198,
95%CI = (-0.1349, 0.518)]. These findings suggest that nicotine
and reboxetine enhanced sensitivity to the average reward rate. As
the current reward rate decreased exponentially over time (Fig. 1D),
it approached zero at longer residency times, potentially preventing
detection of between-group differences. In contrast, we found clear
differences of the nicotine and reboxetine groups to the placebo
group, compatible with increased optimality.

Next, we directly examined whether the pharmacological inter-
ventions indeed brought participants closer to optimality (Fig. 3C).
The nicotine group showed significantly reduced |AFO| compared
to the placebo group 8, - piacess = ~0-449, 95%CI = (-0.803,
-0.1008)], whereas no effect was found for reboxetine and methyl-
phenidate [Bppeine » piucete = —0-301, 95%CI = (-0.633, 0.0603);
Bruethyiphenidate » placebo = ~0-153, 959%CI = (-0.497, 0.1894)]. Thus, nic-
otine improved foraging optimality according to all three dependent
variables, while reboxetine was associated only with reduced residency
times and higher current reward rates at leaving.

Finally, we asked whether the pharmacological interventions
reduced decision noise by assessing trial-by-trial variability in abso-
lute deviation from foraging optimality. To this end, for each par-
ticipant, we calculated the standard deviation of |AFO| over the first
seven trials (the smallest number of trials per environment in the
whole cohort) and used this metric as a dependent variable in a linear
model with drug group, age, and sex as covariates. As predicted by
adaptive gain theory, we found a significant reduction in intraindi-
vidual |AFO| variability for the reboxetine compared to the placebo
Q10UP (g -yt = ~0-807, 95%CT = (-1.23, -0.381)].
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Fig. 2. Participants adhered partially to the prescriptions of the MVT. (A) Residency times varied as function of patch types and environments. As prescribed
by the MVT, participants (N = 160, all drug groups combined) on average stayed longer in high-yield patches compared to low-yield patches and left patches in
the rich environment earlier than in the poor environment. (B) Current reward rate upon leaving varied as function of environment. On average, participants
(N =160, all drug groups combined) left patches in the rich environment at a higher reward rate compared to the poor environment as prescribed by the
MVT. (C) Absolute deviation from foraging optimality | AFO|. To optimize foraging, the MVT requires the agent to leave at | AFO| = 0s. On average, participants
(N =160, all drug groups combined) deviated from optimal leaving times prescribed by the MVT in all patches in both environments. In A and B, dashed lines
denote optimal behavior. In A-C, solid lines depict observed behavior, with dots corresponding to the mean error bars indicating + SEM; density plots represent
the distribution of individual mean values. (D) Collected reward as function of degree of foraging suboptimality. Participants with higher deviation from the

optimum collected less milk.

However, the nicotine and methylphenidate groups showed similar
CH:CCtS [ﬂni[otine > placebo = _0656’ 95%C[: (—107, —0232)> ﬂmethyévhe-
idate » placebo = ~0-561, 959 CI = (-1, =0.162)]. Thus, all three drugs

decreased decision noise as measured by trial-by-trial variability in
deviation from foraging optimality.

Little Evidence for Relation between Working Memory and
Foraging Optimality. After showing that cholinergic and
noradrenergic interventions reduced at least some aspects of
foraging suboptimality, we assessed potential explanations for the
effects. First, we checked whether intervention-induced changes
in working-memory capacity explain differences in foraging
optimality. In line with the well-established enhancing effect of
methylphenidate on working memory (45), we found a within-
subject improvement in working memory capacity measured
with the Wechsler Digit Span task in the methylphenidate group
but not in other drug groups. There were also no between-group
differences after drug administration. Crucially, both levels of
working memory capacity and changes in that capacity were
unrelated to foraging optimality (S] Appendix, section S7). Thus,
with our measures, we find little evidence for a relation between
working memory and foraging optimality.

Nicotine and Methylphenidate Differentially Mediate the
Focus of Attention during Foraging. To investigate whether
drug administration modulated how attentive participants were

40f12 https://doi.org/10.1073/pnas.2305596120

during milk collection, we analyzed gaze data from the Foraging
task (87 Appendix, section S15). We constructed several Bayesian
hierarchical mixed-effects models to explain the effect of drugs on
fixations of task-related stimuli while controlling for the effects
of patch, environment, age, sex, and trial-specific residency times
(as longer residency times allow for more and longer fixations).
We found an increase in the number of fixations within the
bucket under nicotine compared to placebo, with no effect for
methylphenidate and reboxetine (8, s » pizceso = 0-323, 95%CI =
(0.0632, 0.606); By iphenidate » placetrn = 0255, 95%C1 = (-0.0196,
0.518); B upinctine » placeto = 0164, 95%CI = (-0.1016, 0.447)], sug-
gesting a more attentive investigation of the current reward collec-
tion. Interestingly, the percentage of the bucket fixations relative
to the total number of trial-specific fixations was unaffected in
participants with nicotine (and reboxetine) compared to placebo
[ﬁnitozine > placebo = 0.157, 95%CI = (_00408’ 0344)’ ﬂreboxezine > placebo
=0.165, 95%CI = (-0.0251, 0.363)], suggesting that participants
with nicotine also investigated other elements of the task layout
(e.g., the frame symbolizing the environment). By contrast, this
percentage was significantly increased (compared to placebo) in
the methylphenidate group (8, phenidate » placeso = 0-262, 95%CI =
(0.0729, 0.457)]. Relatedly, the methylphenidate group fixated
the frame significantly less than the placebo group [f
slacebo = —0:499, 95%CT = (-0.977, -0.0358); B.icosine > placeto =
-0.206, 95%CI = (-0.681, 0.2604); B .poctine > placebo = -0.335,
95%CI = (-0.816, 0.1291)]. Thus, under methylphenidate,

methylphenidate >

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2305596120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305596120#supplementary-materials

A Placebo Methylphenidate Nicotine Reboxetine

40 *% *
.
= -
g 30 < o
= ©5 N
1
3 20 g : :
c 3 2 2 o
S %
ke . 1 ] -z
g 10 ' “ 3!
7 i
=== rich environment °
0 === pOOr environment
B N *k
30 . . .
s g . . .
o > o\ — —o— |t — - o | N
® = 20 Tie . ¥ A - ol
= C0 |l|= ro= | - ~® - @=_|= .0 =
T = £ 3 S @ g AR P
© g) § [ % P°§ : f’_ g
A N 8 s S aE L s N 1=t
€ Z 10— & T e T T80 T T
= a3 LR : HE;
N : % ’ H
L} %

* . \
157 ° S . ,
€ ° ° °
@, o &3 ; 3 . ' 5
o0 5 < <l i °Z
< . 8 o 13
1 -4 e e e R 1 oot
5 34 " ST 3 A P .
3 s R € ? & . ¥ . p &
33 s 33 ) BN - 3 ! .
0%, : i AR ; 3 RL B
low medium high low medium high low medium high low medium high
Patch Patch Patch Patch
D x E &
%
Q.
2 o
>, G
o <
£ E
c el
S 1 ©
© > 09 o %
E % - -c
8 g
o | q ] é
° o) e S 8 E
?\aoeb W “\00\\“3 \oo"‘é{\(\ 0 0.5 1 15 2
e Initiation time [s]
Drug
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sustained focus on the trial-specific milk collection was accompa-
nied by reduced attention to the information about the average
reward rate of the environment.

Nicotine Increases Readiness to Initiate Trials. Rapidly entering
a patch is essential for optimal foraging. By extension, earlier
entries increase harvesting time, while later entries may prompt
foragers to compensate by overstaying. In our task, participants
could initiate milk collection any time after the message “Please
press and hold the space bar” (Fig. 14). On average, initiation
times were short (0.5 s). Moreover, as one would expect, shorter
initiation times increased task earnings (Pearsons r = -0.28,
P <0.001, Fig. 3E). A Bayesian linear model that accounted for
drug group, age, and sex revealed significantly shorter initiation
times in the nicotine group compared to the placebo group [5,,;.,,:
+ placebo = —0-509, 95%CI = (-0.941, -0.0591), Fig. 3D]. The
other two drugs had no effect on initiation time [ﬂreboxm, + placebo
= -0.33, 95%C1 = (-0.762, 0.1212)3 B,y s = ~0-235,
95%CI = (-0.690, 0.1976)]. Combined with the nicotine- related
reduction in deviation from the optimal foraging policy, this
finding reinforces the role of acetylcholine in optimizing rewards
obtained through foraging.

As the initiation time prolongs travel time, it shifts the opti-
mal point of leaving and could thereby contribute to overstay-
ing suboptimality. To assess this possibility, we recalculated the
optimal residency times separately for each participant, by
adding the average individual initiation time to the 6 s of travel
time fixed by the task design and refitted Model M2. This
analysis confirmed the reduction in |AFO| under nicotine
(Bricotine » placeso = =0-521, 95%CI = (-0.853, ~0.1803)], revealed
asignificant effect also for reboxetine (5, esine » pluceso = =0.-373,
95%CI = (-0.704, -0.0122)], and no effect for methylpheni-
date (B, phenidate » placero = =0-191, 95%C1 = (-0.530, 0.1474)].

Thus, compared to placebo, participants under nicotine and

reboxetine dynamically adapted their reward-earning strategy
not only with respect to the inferred or externally provided task
elements (i.e., environment and patch types) but also with
respect to their own behavior.

Drug-Enhanced Optimality Is Unlikely to Result from Increased
Impulsivity of Motor Responses. Could the accelerating effect
of nicotine on residency and initiation times be explained by
a simple increase in impulsive motor responses (46)? To test
this possibility, we leveraged the data from a separate Time
Perception task, which investigated how participants perceived
the passage of time. Specifically, participants estimated how long
it would take to fill a glass with juice up to an indicated level
(Methods and SI Appendix, section S14). We designed the task
such that its main features resembled those of the Foraging task:
to start time estimation, participants pressed the space bar and
then kept it pressed until they estimated the target level to be
reached. Participants performed this task twice: once during
screening (i.e., without any drug) and once in the main session
(i.e., ON-drug).

To determine whether drug administration affected time esti-
mation, we constructed a Bayesian hierarchical mixed-effects
model that explained the numerical difference between the target
time and participants’ actual estimate by trial-specific filling rate,
session (screening or main session), and drug group, while con-
trolling for age, sex, and trial initiation time (Methods, Model
M3). First, we found no difference between drug groups in the
screening session as well as in the main session (all 95%C/ included
0, Fig. 44). However, the model uncovered within-subject drug
effects. Participants who received methylphenidate (B, - servening
=0.2333, 95%CI = (0.093, 0.371)] or nicotine [Byin » seening =
0.2287, 95%CI = (0.095; 0.363)] in the main session underesti-
mated target time significantly less when compared to themselves
in the screening session whereas changes in the placebo and
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Fig. 4. Drug effects on time perception provide no
explanation for drug effects on foraging optimality.
(A) Methylphenidate and nicotine improve time
perception within-subject. Compared to the screening
session, participants who received methylphenidate
or nicotine significantly improved their performance
in the main session. There were no drug-related
differences at the between-group level. (B) Nicotine

e

Wl

Drug x Session

N4

N\

Drug x Sesswn

does not affect trial-initiation time in Time Perception
task. All groups except methylphenidate reduced their
initiation times in the main session compared to the
screening session, probably due to a learning effect.
Unlike in the Foraging task, there were no significant

ﬁ\GoK\“

[}

6 == High rate
== Medium rate
== L ow rate

w
(]

-3

]
w

-6

|
]

differences associated with initiation times between
the nicotine and placebo groups (and neither for
reboxetine). In contrast to the Foraging Task, faster
initiation provided no strategic advantage. (C) Foraging
suboptimality unrelated to time perception. There
was no correlation between individual deviations
from foraging optimality and individual errors in time
estimation. (D) Foraging suboptimality unrelated
to perceived filling rates. There was no correlation
between individual deviations from foraging optimality
and individual differences in how participants
perceived different filling rates in the Time Perception
task. In (A-D), dots represent means of individual
participants. In A and B, gray and blue colors indicate
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reboxetine groups did not reach significance (both 95%C7
included 0; Fig. 44). Controlling for the magnitude of the target
time did not affect these results (S/ Appendix, section S14).
Moreover, there were no significant effects of nicotine on initiation
times for estimation, both within-subject and when compared to
the placebo group (Fig. 4B; see also SI Appendix, section S14).
Together, our data show that nicotine improved performance in
both Foraging and Time Perception tasks. However, the two effects
differed in directionality. In foraging, better performance was due
to shorter residency and initiation times. By contrast, the improve-
ment in the Time Perception task arose from longer response times.
Thus, the findings from the Time Perception task rule out an
impulsivity-based explanation of nicotine-induced improvement
of performance in the Foraging task.

Drug-Enhanced Optimality Unlikely due to Effects on Time or
Rate Perception. Next, we used the Time Perception task to
test whether the nicotine effect on foraging reflects changes in
the perception of time or filling rates. The filling rates in the
Time Perception task matched those of the Foraging task. For
each participant, we first assessed changes in time estimation
accuracy by calculating between-session differences in average
deviations from target time. We calculated differences separately
for each filling rate and then entered them into the model (Model
M3) to explain the variation in |AFO|. The effect of estimation
accuracy on |AFO| was not significant, and the two variables were
uncorrelated (Pearson’s 7= -0.12, P = 0.13, Fig. 4C). Moreover, a
leave-one-out (LOO) procedure revealed that including estimation
accuracy worsened the model fit compared to a model without
it [ALOO = 1.5 + 0.6; larger LOO-metrics (positive differences
from initial model) indicate worse model fits]. We also assessed
individual differences in rate perception by estimating the
contrasts “low/medium/high filling rate >constant filling rate” for
deviation from target time and then calculated the between-session
difference in this metric. The measure was not correlated with the
absolute deviation from foraging optimality (Pearson’s 7 = 0.001,
P =0.98, Fig. 4D), did not explain |AFO| within the model, and
worsened model fit (ALOO = 0.8 + 0.7). These findings provide
litcle evidence for a relation between foraging performance and
accuracy in time estimation or rate perception. Moreover, drug
effects on foraging optimality are unlikely to be explained by drug
effects on these factors.

Discussion

Humans must frequently make foraging-like decisions: Stay with
the status quo or switch to a better alternative. Optimizing such
decisions balances costs (time and effort) with benefits. We show
that cholinergic and noradrenergic systems causally contribute to
optimizing stay-or-leave decisions in a dynamic foraging task.
The MVT (5) outlines a strategy for optimal resource manage-
ment and provides a powerful framework to elucidate dynamics
of individual and collective sustainable decision-making (47).
Efficiency of resource consumption is thought to be one of the
evolutionary drivers that shaped our brain, suggesting that forag-
ing constitutes a default behavioral pattern (48). We find that our
participants qualitatively followed prescriptions of the MVT in
the lab, although they were not given any instructions to do so.
Namely, they adapted their residency times to current patch and
environment quality and often left different patch types within a
given environment at the same reward rate. And yet, our partic-
ipants overharvested their patches and thereby failed to quantita-
tively fulfil the core prescription of the theorem (49). Thus, our
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findings indicate that the pervasiveness of overharvesting is not
limited to everyday life but arises also in tightly controlled lab
conditions (1, 2, 30, 50, 51).

Our data provide unique insights into the neuromolecular basis of
stay—leave dilemmas by showing that activation of the cholinergic
system facilitates the optimal solution of such dilemmas. Most previ-
ous human studies used multiarmed bandit tasks (37, 52—54), which
are conceptually different from foraging paradigms (55). The foraging
framework complements the multiarmed bandit tasks by providing
an ecologically valid framework, which closely mimics the structure
of many real-life situations, where choice options (e.g., patches; low-
ers) with known rather than uncertain properties are encountered
sequentially (e.g., mating partners; job positions) (56) rather than
simultaneously. Furthermore, the rewards earned from these patches
are not fluctuating randomly but diminish over time, similar to a finite
resource in real life (57). This feature reflects real-world consequences
of overharvesting such as deterioration of biodiversity and depletion
of agricultural patches. Our data are compatible with the notion that
the cholinergic system evolutionarily contributed to optimally solving
naturalistic stay-or-leave dilemmas.

Previous pharmacological research on foraging in humans
focused primarily on the role of dopamine (31, 32). Capitalizing
on theoretical and empirical work, we hypothesized that also the
cholinergic and the noradrenergic systems should contribute to
task performance. Our hypotheses were largely confirmed. Both
nicotine and reboxetine boosted foraging optimality by decreasing
residency times and thus reducing the propensity of human agents
to leave patches at suboptimally low reward rates. Thus, we estab-
lish unique causal links of acetylcholine and noradrenaline to
solving stay-or-leave dilemmas. We next discuss these two findings
in turn.

Participants in the nicotine group showed reduced overharvest-
ing and left patches at higher current reward rates. These findings
are compatible with a better integration of current and average
reward rates into behavioral policy and thereby advance the existing
knowledge on the cholinergic system. Nicotine has previously been
shown to modulate reward sensitivity in multiple species (36, 37,
39, 58-60). We inform this body of research by suggesting that
this effect may constitute the cholinergic contribution to optimiz-
ing foraging behavior. We note, however, that attribution of effects
in complex behavioral tasks such as the present one is challenging
and that an increase in reward sensitivity is only one possible expla-
nation. Indeed, our drugs have effects also on other functions, such
as sustained attention, effort sensitivity, or exertion of self-control
(61), and some of these may also play roles in foraging (10). In line
with this notion, additional gaze data revealed a more attentive
examination of the current reward accumulation in the nicotine
group compared to the placebo group, indicating a sustained focus
on the task. Additionally, the finding that nicotine also accelerated
trial initiation (but not general motor function) suggests that it
facilitated the integration of multiple optimality-relevant task com-
ponents to increase overall goal-directedness. This interpretation
informs and extends research suggesting that cholinergic transmis-
sion in the prefrontal cortex underpins goal-directed behavior
(17, 62). Moreover, as the arbitration between staying and leaving
during foraging has been mainly associated with activity in the
dorsal anterior cingulate cortex (63, 64), it is tempting to speculate
that nicotine-induced increase in foraging optimality was at least
partially due to its stimulating action on this brain region (65, 66).
Finally, we note that increasing a neurotransmitter level may indi-
rectly affect multiple neural circuits besides its primary target sys-
tem (67) and future research is needed to decipher neuromodulatory

effects in their full complexity.
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In addition to increased goal directedness, several other expla-
nations for the observed effects of nicotine are conceivable. First,
nicotine-related decreases in residency and trial initiation times
could be due to an increase in impulsive motor responses (68, 69).
Contrary to this possibility, nicotine improved time estimation
accuracy (70) in the Time Perception task by increasing response
times. Moreover, between-session changes in time estimation accu-
racy were not associated with foraging behavior, excluding
improvements in chronoception as a driver of foraging success in
the nicotine group. We note that the task was designed specifically
for this study and further investigation is needed to refine the
interpretation of faster/slower response times arising here. For
example, future studies may employ sequential sampling models
to capture response times in this task (71).

Our tasks by design depended on basic motor abilities, as par-
ticipants had to actively use their fingers to respond. Hence, pre-
viously reported nicotine-related facilitation of motor responding
could in principle explain a decrease in residency and especially
trial-initiation times (72, 73). The absence of nicotine-related
motor facilitation in the Time Perception task also excluded this
possibility. Nicotine could have affected visual perception of
patch-specific filling rates (74). Again, the lack of an association
with foraging performance in the Time Perception task provided
little support for this suggestion. Finally, as the main stimulus in
our task was food-related (albeit implemented with an abstract
representation of milk), our results could have been related to
nicotine-induced reductions of appetite (75). This explanation
seems unlikely because compared to placebo, the nicotine group
collected more rather than less milk (i.e., spent relatively more
time at high milk collection rates). Collectively, our control tasks
and analyses rule out heuristic explanations of the observed effects
of nicotine and reinforce the interpretation of an interplay with
higher-level cognitive processes, extending the notion of nicotine
as cognitive enhancer (76) to foraging contexts.

Nicotinic acetylcholine receptors are densely expressed (77) in
midbrain dopamine neurons (which may enhance the addictive
potential of nicotine (78)). The absence of methylphenidate effects
in our study appears to favor a direct over a dopamine-mediated
explanation of the nicotine effects. However, it is worth keeping
in mind that nicotinic receptors up-regulate dopamine release
predominantly in the ventral striacum (79, 80), while methylphe-
nidate affects also prefrontal functions (81) and dopamine release,
particularly in the dorsal striacum (82). Thus, it is conceivable that
in our study nicotine affected behavior through local actions on
dopamine. In agreement with this possibility, a recent human
study showed a negative association between neuromelanin levels
in the ventral tegmental area and the degree of overharvesting
(83). As foraging-like decisions are frequent in our daily routines,
experiencing the beneficial effects of nicotine on decision opti-
mality may increase vulnerability to addiction (78). By extension,
our findings provide a new perspective on the initiation and main-
tenance of smoking (37, 78).

Our findings also associated the noradrenergic system with
foraging optimality. One influential account proposed that the
noradrenergic system mediates exploration-exploitation trade-offs
(33). Direct manipulation of noradrenaline tone with pharmaco-
logical interventions in humans, however, provided inconsistent
results: some in favor (84), some against (53), and some finding
no effect (52). The presently observed reboxetine-induced reduc-
tion in residency times and increase in current reward rate upon
leaving provide a causal link to the optimal resolution of
stay-or-leave dilemmas, which resemble exploitation—exploration
dilemmas, thereby corroborating a role of noradrenaline in behav-
ioral shifts as portrayed by adaptive gain theory.
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Our reboxetine findings also inform reports of noradrenaline
facilitating behavioral flexibility (85, 86) and of stimulation of rat
locus coeruleus with designer receptor ligands causing rats to
explore, i.e., leave all patches earlier than the control group (87).
Note that the rats in the stimulation study disengaged from the
task (worse performance), whereas our participants benefitted
from noradrenergic stimulation. It is plausible to assume that
direct stimulation of the locus coeruleus leads to high tonic
noradrenaline levels, whereas our low dose of reboxetine (4 mg)
elevates noradrenaline tone more moderately. Under this assump-
tion, the previous animal and our human findings are both com-
patible with the inverted-U-shaped pattern of flexibility (moderate
noradrenergic stimulation) and disengagement (strong noradren-
ergic stimulation) proposed by adaptive gain theory (33). We also
found decreased decision noise under reboxetine, again in line
with adaptive gain theory. Interestingly, this effect occurred in all
drug groups [Levin et al. (88) and Nandam et al. (89) provide
earlier reports of reduced responses variability under nicotine and
methylphenidate in nonforaging situations, suggesting a more
general mechanism of moderate increases in neurotransmitter
levels]. Finally, we note that in our task, participants had full
information about foraging-relevant parameters (e.g., environ-
mental quality or travel time). Future studies could employ task
designs, where environmental features must be inferred and
learned (90) and thereby assess whether the foraging
optimality-enhancing effects of cholinergic and noradrenergic
stimulation extend to conditions of epistemic uncertainty (91).

Unlike nicotine and reboxetine, methylphenidate had little
effect on foraging metrics. We note that methylphenidate may also
increase noradrenaline, albeit to a lesser extent than reboxetine. As
our data showed differential effects resulting from the independent
upregulation of both systems, we discuss methylphenidate only
with respect to its primary target. The absence of methylphenidate
effects may seem surprising at first given prior reports of
dopamine-related changes in foraging behavior (31). However, it
is worth noting that the study of Le Heron et al. investigated
elderly people (mean age 69, range 60 to 78 y), whereas our cohort
was much younger (mean age 23, range 18 to 35 y). Age is asso-
ciated with both increased overharvesting (42) and reduced dopa-
mine activity (92). Thus, it is conceivable that the suboptimality
in our methylphenidate group was too low or the dopamine activ-
ity too high for upregulation of the dopamine system to have an
effect. Moreover, Le Heron et al. used the dopamine D2 receptor
agonist cabergoline, which is more likely to affect striatal rather
than prefrontal dopamine, due to imbalance in D1-D2 receptor
expression between the striatum and the prefrontal cortex (93). In
contrast, the dopamine transporter blocker methylphenidate
results in increased stimulation of both D1 and D2 receptors (94,
95) and has been associated with increased dopamine levels in both
the striatum and prefrontal cortex (96, 97). Thus, it is tempting
to speculate that increased foraging optimality is underpinned
primarily by the striacum (or the balance between prefrontal and
striatal dopamine). Future recordings of neural data may address
this issue.

We note that methylphenidate affected some aspects of behav-
ior. Not only did it reduce decision noise and increase working
memory capacity, but it also facilitated the viewing of information
about current reward rate. Thus, methylphenidate appears to
enhance attention to the most salient foreground stimulus (i.c.,
bucket filling up with milk), leaving fewer cognitive resources to
process background task components (i.e., average reward rate
and travel time) (96, 98, 99). Neglect of the average reward rate
would explain why, contrary to our initial hypothesis, methylphe-
nidate had little effect on foraging optimality. By extension, our
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data enrich the existing literature (81, 100) with a foraging-related
instance of methylphenidate concomitantly enhancing one cog-
nitive function and worsening another.

Odur study has limitations worth noting. First, we investigated
behavioral and physiological effects but not neural mechanisms.
Second, although we causally linked noradrenaline and acetyl-
choline to foraging optimality, we did so by upregulation only.
Adding downregulation would provide a more complete picture
of how the three neurotransmitters implement foraging. Moreover,
while in our study low doses of reboxetine and nicotine led to
cognitive and behavioral enhancement, inverted U-shaped effects
have been reported for both drugs. Hence, future studies may
want to investigate dose-dependent effects on foraging optimality.
Finally, we note that we did not test for the effect of serotonin—a
neuromodulator that has been associated with cognitive control
and reward-guided behavior (101, 102). A practical limitation is
that drugs commonly used in single-shot studies to increase the
level of serotonin (e.g., the antidepressant citalopram) have a
longer half-life (t;,,) and a later peak (t,,) (103) compared to
nicotine, reboxetine, and methylphenidate. This would have cre-
ated a mismatch with the administration times of other drugs
and further increased the duration of an already involved study.
Moreover, the serotonin system is particularly complex (104),
making it hard to interpret the effects of single-substance inter-
ventions. Future studies may therefore want to focus specifically
on the role of serotonin in foraging behavior and combine sero-
tonin reuptake inhibitors with specific serotonin receptor
antagonists.

In conclusion, even though foraging-like decisions pervade
our lives, our participants overharvested in a standard foraging
paradigm. This bias was counteracted by nicotine and to some
extent reboxetine. Our findings provide unique causal evidence
for cholinergic and noradrenergic contributions to human for-
aging and suggest a set of putative molecular targets for enhanc-
ing optimality of decision-making in stay-or-leave dilemmas.
Converging evidence from control analyses and control tasks
suggests that nicotine increases goal-directedness. Our findings
empower the research agenda on therapeutic approaches for
psychiatric disorders such as depression, schizophrenia, anxiety,
gambling, and obsessive-compulsive disorders, as well as ADHD,
in which stay-or-leave decisions are known to be impaired (19—
24). Moreover, they reveal that overharvesting and its reduction
are under neuropharmacological control.

Methods

Participants. One hundred and sixty neurologically and psychiatrically healthy
volunteers with normal or corrected-to-normal vision were recruited by the
recruitment team of the Department of Economics at the University of Zurich. All
participants provided written informed consent, both at screening and, if invited,
at the main session in accordance with the Declaration of Helsinki. An initial
sample of 302 volunteers took part in the screening session. Implementing a
predefined set of inclusion and exclusion criteria (S/ Appendix, sections S3 and
S4), the sample participating in the main session had the following characteristics:
mean age = SD = 23.63 = 3.65y; 80 women, mean body mass index (BMI)
+ SD = 22.61 + 2.56 kg/m”. Participants were randomly and double-blindly
assigned to either the placebo or one of the three pharmacological intervention
groups with 40 participants per group. During the main session, no participant
experienced moderate or strong adverse drug effects, and none was excluded
due to noncompliance with study rules.

Screening Session (OFF-Drug). First, participants performed a Time Perception
task and subsequently filled out a set of questionnaires. Then, an electrocardio-
gram was acquired, and physiological parameters (blood pressure and heart rate)
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were measured for examination by a medical doctor. Finally, participants provided
a urine test to ensure absence of traces of drugs of abuse, including cotinine.
Participants were remunerated with a flat fee of 45 CHF for this 1-h session.

Main Session (ON-Drug). Participants fasted for 6 h and abstained from sub-
stances containing alcohol or caffeine for 12 h preceding the experiment. Upon
their arrival to the lab, participants received a controlled breakfast. To monitor
participant well-being, blood pressure and heart rate were measured three times
during the 5-h session. Blood samples were taken twice to determine plasma
levels of drugs and their metabolites. Saliva samples were collected three times
to measure cortisol, which served as an index of arousal and stress (S/ Appendix,
section S1 for exact timing).

We used 20 mg methylphenidate, 4 mg reboxetine, and 2 mg nicotine to
increase levels of dopamine, noradrenaline, and nicotine, respectively. For meth-
ylphenidate and reboxetine, they represent the lower end of the daily dosage
range for achieving dopamine and noradrenaline transporter blockade and 2
mg nicotine is associated with minimal adverse effects (105-107). Each drug
was administered orally-methylphenidate and reboxetine as a pill and nicotine
as a chewing gum. Due to differences in pharmacokinetics of methylphenidate/
reboxetine versus nicotine, and to ensure double-blinded conditions, all partic-
ipants received two substances—first a pill and 1 h later a gum-but only one or
neither was active. To minimize the chance that participants would guess which
drug they received, gums in all four groups were covered with a few drops of
tabasco sauce to mask their taste; all pills were tasteless and looked the same.

Foraging Task. The task was run in Psychtoolbox (108) and adopted from Le
Heron etal.(31). In this task, participants took the role of a foraging farmer who
collected milk from patches with cows. Each patch was visualized by a bucket,
which was continuously filled with milk as long as the participant stayed in the
patch.

The task manipulated two key variables of the MVT: currentand average reward
rates. The average reward rate of the environment was given by the proportion of
patches with low, medium, and high current reward rate. The current reward rate is
the reward provided by the current patch at any given time point t and followed:

g, (t) = Ax e—0.075*t , [1 ]

where A is the scaling factor of the reward function, set to 32.5 in low, 45 in
medium, and 57.5 in high-yield patches. The difference in the scaling factor
ensured that the current milk collection rate differed between patches, so that
for the same duration of stay, the amount of milk collected in the high-yield
patch was clearly larger compared to the low-yield patch. The current reward rate
decreased exponentially with time and reflected resource depletion.

Atthe beginning of the experiment, participants were presented with computer-
based instructions, which familiarized them with different environmentand patch
types and introduced the travel cost. The instructions specified that in the rich envi-
ronment (visualized by a golden frame around the bucket), 50% patches were high-
yield, 30% medium-yield, and 20% low-yield. Conversely, the poor environment
(framed in green) consisted of 20% high-yield patches, 30% medium-yield patches,
and 50% low-yield patches. Giving participants full information eliminated the need
to explore the environment to infer and leam its composition and allowed optimal
foraging from the very first trial (109). Furthermore, the instructions mentioned
that participants would forage in both environments for an equal amount of time
(5min)and never run out of patches. Finally, the instructions set the goal to collect
as much milk as possible from both farms, as the total amount of collected milk
would be converted into Swiss Francs at the end of the task. Crucially, participants
were not given any information about the optimal behavior.

Comprehension of the task was assessed by three questions. In case of at
least one wrong answer, the message "Please call the study investigator” was
displayed. Participants then reviewed task instructions together with the study
investigator. After correctly answering all comprehension questions, participants
performed three practice trials, during which they familiarized themselves with
the different patch types.

During the actual experiment, participants entered a new patch by pressing
the space bar. As soon as they pressed, an empty bucket appeared in the middle
of the screen and milk collection started. During milk collection, a colored frame
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around the bucket indicated the quality of the environment participants were in.
Conversely, participants had to infer the patch quality themselves by observing
the rate of milk accumulation for every new patch. The bucket continued to fill as
long as participants kept pressing the space bar, or 2 min elapsed (however, no
participant reached the time limit). Upon key release, participants automatically
left the patch and entered the travel phase, during which a clock ticked down
the seconds and the total amount of milk collected so far was displayed on the
screen. No milk collection was possible during travel time, which reflected the
cost of exploration. After 6 s had elapsed, the message "Please press and hold
the space bar" invited participants to enter a new patch and collect more milk.
Participants were free to press the space bar at any moment after this cue, and
the period between cue appearance and key press constituted the trial-specific
initiation time. Participants spent 5 min in the first environment and were then
informed by a 6-s message that “Now you will go to the other farm". In the new
environment, the bucket was framed in a different color. Environment and patch
orders were kept the same for all participants (S/ Appendix, section S9).

Time Perception Task. Each trial comprised two phases. During the first phase,
participants viewed a glass filling with juice at a trial-specific rate for ten seconds.
During the second phase, an empty glass appeared, crossed by a horizontal line
at a trial-specific height. Participants were instructed to press the space bar to
fill the glass at the rate of the first phase. They released the space bar when they
estimated the juice to have reached the horizontal line. Importantly, during the
second phase participants did not see the juice filling the glass and had to rely
only on their own estimation of elapsed time. Juice filling rates corresponded to
the low, medium, and high milk filling rates from the Foraging task. Moreover,
trials with a fourth, constant rather than decreasing, filling rate were included to
provide a baseline for subsequent analysis.

Statistical Analysis. All statistical analyses were performed in R4.0. Bayesian
hierarchical linear mixed-effects models were constructed using the package brms
(110). To account for all possible effects, we first interrogated comprehensive
models that included interactions between task-related within-subject factors,
drug group, and session, when appropriate. For each model, all continuous
variables were z-scored relative to the mean and SD of the whole cohort, and
default uniform brms-priors were used. We fitted models with four chains of
3,000 iterations each (1,000 warm-up) and then inspected for convergence [all
R-hat metrics should be smaller than 1.01 (111)]. Predictors were considered
statistically significant if their 95% posterior credible intervals did not include
zero. Model comparison was performed with a leave-one-out (LOO) procedure,
with smaller LOO-metrics indicating better model fits (1171).

Foraging Task. To determine whether participants conformed to core MVT pre-
scriptions, i.e., whether their stay-or-leave decisions varied as function of both
current and average reward rates, we constructed a Bayesian hierarchical linear
mixed-effects model (Model M1). Patch and environment entered the model as
categorical variables. The model also included regressors accounting for age and
sex. Moreover, we controlled for initiation times with a square-root-transformed
continuous regressor. Model comparison showed that the model with age, sex,
and initiation times outperformed a model without these regressors (ALOO zeng,
iimes = —92.1 £12.9 and ALOO et renard rate = —64.8 = 16.0 in favor of the
covariates-included-model). We also accounted for random effects by allowing
the intercept to vary across participants with respect to patches and environments
(ALOOresidencytimes = —470.6 = 34.9 and ALOOcurremrewardrate =—448.6 +395
in favor of extended-random-effects-model when compared to subject-intercept-
only-model). The full model assessed the effects of patch and environment on
actual residency times and current patch reward rates at the moment of leave
(together denoted with "dependent variable” in Model M1).

Dependent variable = B+ B, Patch + p,Environment + B, Patch
: Environment + ,Age+ BsSex + By Initiation time + (1Participant )
+ (1Participant: Patch) + (1Participant: Environment)

+ (1Participant: Patch: Environment).
(M 1]
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To assess the effects of the pharmacological interventions on foraging behavior, we
first calculated deviation from foraging optimality (Eq. 2). Actual residency time, was

the residency time on trial n in patch p of environment e. Optimal residency time,,

corresponds to the optimal time atwhich the agent should leave patch pin environment
eto maximize long-term net gain according to the MVT.

|AFO| =

(Actual residency time, . — Optimal residency timep,e)

(2]
Negative deviations from optimality mean that, on average, the agent leaves
patches earlier than prescribed by the MVT, i.e., a tendency to underharvest.
Conversely, positive deviations from optimality indicate that the agent stays in
patches longer than prescribed by the MVT,i.e., a tendency to overharvest. While
the sign indicates differences in bias directionality, both tendencies lead to sub-
optimal reward collection. Consequently, in cases where an average decrease in
signed deviation is driven by suboptimally short residency times, the interpreta-
tion of a putative drug effect is unclear: Should it be seen as reduced deviation
or worsened performance? To prevent this unclarity, we focused on deviations
from foraging optimality in absolute terms (| AFO]), which allowed us to interpret
lower |AFO] values as reflecting behavior closer to optimal and thereby qualify
drug effects unambiguously. Specifically, we augmented Model M1 by adding
fixed-effect factors for drug group (Model M2). Applying the model on our three
dependent variables (actual residency times, current reward rate upon leaving,
and absolute deviation from optimal residency times) allowed us to test the pri-
mary hypotheses concerning drug effects:

Dependent variable = B+ f,Patch+ B, Environment + B;Drug +

B, Patch: Environment + s Patch: Drug + B Environment: Drug+

B, Patch: Environment: Drug + BgAge + BoSex + Byqlnitiation time +
(1Participant) + (1Participant: Patch)+

(1Participant: Environment ) + (1Participant: Patch: Environment).
(M 2]

Initiation time and absolute deviation from foraging optimality were square-root-
transformed, and all continuous variables were z-scored. High-yield patch, poor
environment, female sex, and placebo group were set as baseline levels for corre-
sponding factors. Post hoc contrasts were performed with functions hypothesis()
and emmeans() from R-packages brms and emmeans, respectively (110, 112).

Time Perception Task. T0 assess the within- and between-subjects drug-induced
changes in time estimation accuracy, we constructed a Bayesian hierarchical lin-
ear mixed-effects model (Model M3) where difference from the target time was
explained by trial filling rate (corresponding to patch types from the Foraging
task), session (Main or Screening), and drug group (placebo, methylphenidate,
nicotine or reboxetine). Age, sex, and square-root-transformed initiation times
were again used as control variables. We accounted for random effects by allowing
the intercept to vary across participants with respect to the within-subject factors
(filling rate and session).

Difference from target time = B, + B, Patch + B, Session + p;Drug +
By Patch: Session + B Patch: Drug + B, Session: Drug

+ p; Patch: Session: Drug + BgAge + BoSex—+ (M 3]

Brolnitiation time+ (1Participant) + (1Participant: Patch) +

(1Participant: Session) + (1Participant: Patch: Session).

Gaze Data Acquisition. Gaze data were acquired using an EyeLink 1000 Plus
eyetracker (SR Research). Before the task, a calibration routine was performed
on nine screen locations and repeated until the maximum deviation from any
location was less than 2°. Due to a technical issue, the sampling rates varied
between 500, 1,000, and 2,000 Hz, although most participants in each group
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were recorded at 1,000 Hz.To ensure consistency, the data were down- or upsam-
pled to a rate of 1,000 Hz. Crucially, controlling for the acquisition frequency in
our models did not change significance of the results.

After removing blinks, we extracted fixations identified with the EyeLink algo-
rithm. Next, we identified the center of the screen for each individual by using
the time periods when the fixation cross was displayed. We assessed the accuracy
of the identification by manually checking the alignment between gaze position
and key task features (bucket, milk, frame, collected reward, and clock). Twelve
participants were excluded from the analyses due to insufficient data quality.
Finally, we quantified the number of fixations within specific target zones (e.g.,
milkin the bucket or environment frame) and then assessed drug effects on these
metrics by running a series of Bayesian hierarchical mixed-effect and general
linear models. Detailed description of acquisition, preprocessing, and analysis
of the gaze data is provided in S/ Appendix, section $15.

Clinical Trial Registration

The study was registered on Clinical Trials.gov (identifier: NCT
04384562).

Human Subjects

Participants gave informed written consent before participation.
The study was approved by the Ethics Committee of the Canton
of Zurich (study ID: 2020-00044).
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