BRIGHT LIGHT BIASES EFFORT-BASED DECISIONS

Exposure to bright light biases effort-based decisions

Erik Bijleveld1* and Melanie Knufinke1
1

Radboud University, Behavioural Science Institute, Nijmegen, 6525HR, The Netherlands
*e.bijleveld@psych.ru.nl

1

BRIGHT LIGHT BIASES EFFORT-BASED DECISIONS

2

Abstract
Secreted in the evening and the night, melatonin suppresses activity of the
mesolimbic dopamine pathway, a brain pathway involved in reward processing. However,
exposure to bright light diminishes—or even prevents—melatonin secretion. Thus, we
hypothesized that reward processing, in the evening, is more pronounced in bright light (vs.
dim light). Healthy human participants carried out three tasks that tapped into various
aspects of reward processing (Effort Expenditure for Rewards Task [EEfRT]; Two-armed
Bandit Task [2ABT]; Balloon Analogue Risk Task [BART). Brightness was manipulated
within-subjects (bright vs. dim light), in separate evening sessions. During the EEfRT,
participants used reward-value information more strongly when they were exposed to bright
light (vs. dim light). This finding supported our hypothesis. However, exposure to bright light
did not significantly affect task behavior on the 2ABT and the BART. While future research is
necessary (e.g., to zoom in on working mechanisms), these findings have potential
implications for the design of physical work environments.
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Introduction
Due to societal change and technological progress, it is becoming more and more
common for people to do work during the evening and the night, rather than only during the
day (Madden & Jones, 2008; Purcell & Rainie, 2014). Against the background of this
transition, it is potentially worthwhile to study human decision-making processes as they
occur in the evening and the night. In this research, we will examine how different lighting
conditions (bright light vs. dim light), in the evening, impact people’s reward- and effortrelated decisions. As explained in greater detail below, our main line of reasoning draws from
research on melatonin–dopamine interactions and from research on the role of the
mesolimbic dopamine pathway in reward processing. Building on this prior work, we
hypothesize that reward processing in the evening is more pronounced in bright light (vs. dim
light).
In humans, melatonin secretion, which occurs from the pineal gland, is controlled by
the suprachiasmatic nucleus (SCN), an endogenous circadian oscillator (Bass, 2012;
Cajochen & Kräuchi, 2003). Melatonin’s main function is to maintain the body’s circadian
rhythm; for example, by helping to initiate and maintain sleep (Bass, 2012; Cajochen &
Kräuchi, 2003; Shochat, Luboshitzky, & Lavie, 1997). Under normal circumstances, the SCN
triggers melatonin secretion starting in the evening (Bass, 2012; Reppert, Perlow, Tamarkin,
& Klein, 1979). Importantly, however, melatonin secretion can be inhibited by exposure to
light. That is, the SCN receives input from light-sensitive cells in the retina (specifically, from
non-image forming [NIF] intrinsically photosensitive retinal ganglion cells [ipRGCs]; Lucas et
al., 2014). As a result of such input, even brief periods of exposure to bright light (e.g., 20
minutes), particularly short-wavelength light (e.g.,475 nm; Brainard et al., 2008; Thapan,
Arendt, & Skene, 2001), are sufficient to suppress melatonin secretion. So, it is commonly
assumed that melatonin release during the evening is suppressed (or even prevented) by
exposure to bright light.
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Over the past decades, evidence has accumulated for the idea that melatonin inhibits
functioning of the mesolimbic dopamine pathway, a collection of neurons projecting from the
ventral tegmental area to the striatum. Early support for this idea comes from in vivo studies
in rats, which showed diminished activity in striatal neurons after melatonin administration
(Castillo-Romero, Vives-Montero, Reiter, & Acuña-Castroviejo, 1993; Escames, AcuñaCastroviejo, & Vives, 1996). These findings are complemented by in vitro studies, which
showed diminished dopamine release from slices of cells (e.g., from the rat hypothalamus)
after melatonin infusion (Zisapel, 2001; Zisapel, Egozi, & Laudon, 1982; Zisapel & Laudon,
1982). Also, in rats, several reward-related behaviors (which depend on the mesolimbic
dopamine pathway) have been shown to be suppressed by melatonin (Takahashi,
Vengeliene, & Spanagel, 2017; Vengeliene, Noori, & Spanagel, 2015). In humans, melatonin
likely serves a similar inhibitory function. At least, melatonin M1 receptors have been found
to be expressed in the striatum, in a similar way as in mice (Uz et al., 2005). Also, in humans,
dopamine release follows both a circadian (Korshunov, Blakemore, & Trombley, 2017) and a
seasonal pattern (Eisenberg et al., 2010), suggesting a connection to melatonin. Thus, prior
research is consistent with the idea that melatonin inhibits functioning of the mesolimbic
dopamine pathway across species.
The mesolimbic dopamine pathway, in turn, supports various aspects of adaptive
reward processing. In particular, the striatum represents the value of outcomes that can be
earned (Delgado, 2007; Knutson, Adams, Fong, & Hommer, 2001; Knutson, Taylor,
Kaufman, Peterson, & Glover, 2005). As such, the mesolimbic dopamine pathway is involved
in effort-based decisions, i.e., decisions about whether a reward is worth expending effort
(Pardo, López-Cruz, Miguel, Salamone, & Correa, 2015; Pas, Custers, Bijleveld, & Vink,
2014; Phillips, Walton, & Jhou, 2007; Salamone, 1988; Salamone, Correa, Farrar, Nunes, &
Pardo, 2009). Also, it is involved in reinforcement learning, i.e., learning which actions, or
choices, reliably predict rewards (Hollerman & Schultz, 1998; Pessiglione, Seymour, Flandin,
Dolan, & Frith, 2006; Treadway et al., 2012; Vink, Pas, Bijleveld, Custers, & Gladwin, 2013).
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Furthermore, the mesolimbic dopamine pathway is involved in decision making under risk,
i.e., making choices between options with different reward probability/value combinations
(Kuhnen & Knutson, 2005; St Onge & Floresco, 2009).
To recap, prior work shows (a) that bright light inhibits melatonin release in the
evening, (b) that melatonin suppresses functioning of the mesolimbic dopamine pathway,
and (c) that the mesolimbic dopamine pathway is involved in reward processing. Based on
these lines of research, we expect that reward processing in the evening is more pronounced
in bright light (vs. dim light).
Here we present an experiment to test the latter hypothesis. Participants visited the
laboratory twice, both times in the evening (9:00 pm–11:00 pm). Both times, they carried out
three standard tasks to observe effort-based decision making, reinforcement learning, and
decision-making under risk. During one of the sessions, they were exposed to bright light;
during the other session, to dim light.
To examine effort-based decision making, we used the Effort Expenditure for
Rewards Task (EEfRT; Treadway, Buckholtz, Schwartzman, Lambert, & Zald, 2009). In the
EEfRT, participants repeatedly choose to exert effort to earn varying amounts of money, at
varying probabilities. We expect that participants use information about reward value
(absolute value and expected value) more strongly when they are exposed to bright light (vs.
dim light). To examine reinforcement learning, we used a Two-armed Bandit Task (2ABT;
Chowdhury et al., 2013). In the 2ABT, participants repeatedly choose between two options,
each of which led to reward with a varying probability. We expect that participants have a
higher learning rate when they are exposed to bright light (vs. dim light). To examine decision
making under risk, we used the Balloon Analogue Risk Task (BART; Lejuez et al., 2002;
Lejuez, Aklin, Zvolensky, & Pedulla, 2003). In the BART, participants repeatedly choose
between safe options (yielding little money) and risky options (potentially yielding more
money). We expect participants to be more inclined to choose risky options when they are
exposed to bright light (vs. dim light).
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Methods
Data availability
All materials, data and code can be downloaded from our project page at the Open
Science Framework: https://osf.io/nqdhf/
Participants and design
Thirty-six students (mean age = 24.0, SD = 7.2; 26 females, 13 males) were recruited
to participate in the experiment, which had a within-subjects design (brightness: bright vs.
dim). Participants visited the laboratory twice, with at least four days in between. During one
of their visits, participants carried out the three tasks in bright light. During their other visit,
they carried out the same three tasks in dim light. The order of the brightness treatments was
counterbalanced across subjects. A priori exclusion criteria were as follows: use of
photosensitizing medication, pregnancy, abnormal sensitivity to light, having a sleep
disorder. All participants gave written informed consent. Participants received either course
credits or a gift voucher, worth €15, for their participation. In addition, they could earn extra
gift vouchers during the task (for details, see below).
Procedure
When participants arrived at the laboratory, they were seated in a cubicle that
contained a desk and a computer. Lighting in this cubicle was adapted according to the
manipulation, as detailed below. All sessions took place between 9:00–10:00 pm or 10:00–
11:00 pm. All sessions were planned in March, before the start of daylight saving time. As a
result, all sessions started at least one hour after sundown.
Participants first filled out a brief questionnaire to measure their current mood state
(this took ±1 min). Specifically, they self-rated the extent to which they felt alertness,
sadness, tension, effort, happiness, fatigue, calmness, sleepiness, and anxiety, on a 7-point
scale ranging from “not at all” to “very much”. In addition, they filled out the Karolinska
Sleepiness Scale, a 9-point verbally-anchored rating scale, ranging from “extremely alert” to
“fighting sleep” (Åkerstedt & Gillberg, 1990).
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To adapt to the bright light (or the dim light, depending on condition), participants then
listened to a neutral music fragment for 10 min. Next, participants performed the three tasks:
the EEfRT (±2 min instructions + 20 min task performance), the Two-armed Bandit Task (±1
min instructions + ±19 min task performance), and the BART (±1 min instructions + ±6 min
task performance). These tasks are described in detail below. In all sessions, tasks were
presented in this fixed order. All computer tasks were scripted such that they had a black
background, to minimize the amount of light emitted by the monitor.
When participants were finished carrying out the three tasks, they again filled out the
same questionnaire as before (±1 min), so that we could explore whether their mood state
had changed during the session. Finally, they were debriefed (they learned the hypothesis
after the second session), paid, and thanked for their participation.
Light manipulation
In the bright light condition, fluorescent office lighting was switched on. In addition, the
room was lit with a 30W LED floodlight, which lit the white wall behind the computer monitor.
Measured near the eye, illuminance was 360–400 lux (depending on sitting posture). Peak
wavelength was 470–585 nm (depending on gaze direction and current screen content). In
the dim light condition, office lighting in the cubicle was switched off. In addition, the cubicle
window was covered with cardboard. Near the eye, illuminance was 0–1 lux.
We assume that our specific bright light vs. dim light manipulation (i.e., 360–400 lux,
between 9:00 pm and 11:00 pm, throughout the 1h-session) will impact melatonin secretion.
In our view, this is a safe assumption, given the following previous findings. First, several
studies showed that short light pulses are sufficient to impact melatonin secretion (e.g., 12
min, Chang et al., 2012; ≤2 min, Rahman et al., 2017). Second, several studies showed that
single pulses of bright light are sufficient to suppress melatonin (Figueiro & Overington, 2015;
West et al., 2011). Third, several studies showed that subtle light manipulations (e.g., ≤200
lux illuminance difference between conditions) are sufficient to suppress melatonin secretion.
These studies, for example, compared light-emitting e-readers against books (Chang,
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Aeschbach, Duffy, & Czeisler, 2015), or normal room light against dim light (Gooley et al.,
2011). Fourth, several studies showed that light pulses administered in the evening (between
9:00 pm and 11:00 pm) can suppress melatonin secretion (Cajochen et al., 2011; Santhi et
al., 2012). So, the key ingredients our light manipulation have previously been shown to be
effective.
We further note that all studies cited in the previous paragraph found effects of bright
light on melatonin concentrations in either blood plasma or saliva. However, there is no
compelling reason to assume that melatonin needs to be in blood (or saliva, for that matter)
in order to reach the mesolimbic dopamine system. In fact, to reach neurons involved in
reward processing (e.g., in the striatum), melatonin does not need to travel much: the pineal
gland directly releases melatonin into the cerebrospinal fluid of the third ventricle, from where
it disperses into the brain (Reiter, Tan, Kim, & Cruz, 2014). Indeed, animal studies suggest
that melatonin concentrations in the cerebrospinal fluid are much higher, and much more
sensitive to circadian processes, than melatonin concentrations in blood (Hedlund, Lischko,
Rollag, & Niswender, 1977; Skinner & Malpaux, 1999). Thus, we reasoned, as bright light
manipulations (much like ours) suppress melatonin concentrations in blood and saliva, it is
highly plausible that the same manipulations reach brain structures that are part of the
mesolimbic dopamine pathway. However, since we did not include melatonin measurements
in our design, we cannot test this assumption empirically (see Discussion, Limitations and
alternative explanations).
Tasks
Effort Expenditure for Rewards Task (EEfRT)
The EEfRT can be used to assess the extent to which people’s decisions to exert
effort are affected by reward value, reward probability, and their combination (i.e., expected
value). The task was closely based on the task described by Treadway et al. (2009), with the
main difference that our version was presented against a black background. For a schematic
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overview of a typical trial of this task, see Figure 1A. Participants worked on the EEfRT for 20
minutes in total; on average, they completed 52 trials during this time.
In the EEfRT, participants repeatedly chose between two activities that differ in their
difficulty and their potential payoff. Specifically, on each trial of the task, participants chose
between an easy task and a difficult task. When they chose the easy task, they had to tap a
key on the keyboard 30 times in 7 s, with the index finger of their dominant hand. When they
chose the difficult task, they had to tap a key on the keyboard 100 times in 30 s, with the pink
of their non-dominant hand. Right-handed participants had to use the Q key for the easy task
and the P key for the difficult task. For left-handed participants, this was the other way
around.
Before making their choice to do either the easy or the difficult task, participants were
informed of the potential payoff of both options. The easy task’s potential payoff was always
€1. The difficult task’s potential payoff was drawn from a uniform distribution, with range =
[€1.20, €3.75] and M = €2.48. To win money, participants needed to successfully complete
the task of their choice (easy or difficult) within the set time limit. However, even if they
completed the task in time, participants were not guaranteed to always win the money. That
is, some trials were so-called “win” trials, whereas other trials were “no win” trials. Before
making their choice, participants learned the probability of the present trial being a “win” trial.
This probability was either 12%, 50%, or 88%. Participants were informed that, at the end of
the task, two trials would be randomly drawn from all “win” trials. Participants received
additional gift vouchers representing the value of these two “win” trials. As such, in each
session, participants could earn an additional 7.50 in gift vouchers during the EEfRT,
depending on their choices and on chance.
In summary, on each trial participants learned (a) the amount of money that they
could potentially win by choosing the difficult task and (b) the probability of that trial being a
trial on which money could be won in the first place. After getting this information,
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participants decided whether or not to do the difficult task. These decisions served as the
main dependent variable.
Two-Armed Bandit Task (2ABT)
The two-armed bandit task can be used to assess how strongly people use reward
feedback to make decisions. In short, in this task, people repeatedly chose between either of
two pictures. Their choice led to reward feedback or not. This reward feedback was
probabilistic, with the probabilities changing during the session, which consisted of 200 trials.
Using a reinforcement learning algorithm, we estimated people’s learning rate α, which was
the main dependent variable. We modelled our task after Chowdhury et al. (2013). For a
schematic overview of a typical trial of this task, see Figure 1B.
More specifically, the task went as follows: Each trial began with a choice screen that
contained two fractal images (the same images were presented on each trial). On each trial,
participants had to select either of the two, based on their own free choice. They did so by
pressing either of the P and Q keys of the keyboard. When they made their choice, the
selected fractal image was framed with a red rectangle. The choice screen was always on
screen for 3000 ms. After their choice, participants received feedback. This feedback was
either win feedback (a green euro sign) or no -win feedback (a red cross), depicted in the
center of the screen for 1000 ms. Participants were told that the participant who attained the
most win feedback would receive a gift voucher, worth €50, in addition to their regular
payment. The probabilities of attaining win feedback after choosing each stimulus were
independent of each other, and varied on a trial-by-trial basis according to a Gaussian
random walk (Supplementary Figure S1). On both testing days, different pairs of fractal
images were used, as well as different random walks. The order of the random walks was
counterbalanced across subjects; this was done orthogonally to the order of the light
treatment.
To compute participants’ learning rate α from their choice behavior, we fitted a basic
reinforcement learning model on the data, using an algorithm developed by Ahn, Haines, and
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Zhang (2017). In addition to α, this algorithm computes an inverse temperature parameter τ,
which reflects participants’ general tendency to shift back and forth between choice options.
We had no specific predictions about how light exposure would affect τ.
To make parameter estimates based on participants’ choices, the Ahn et al. (2017)
algorithm uses hierarchical Bayesian modeling. This entails that individual- and group-level
parameters were estimated simultaneously, in a mutually constraining fashion, using a
Markov Chain Monte Carlo (MCMC) sampling procedure (1000 burn-in samples, 2000
iterations, 2 chains; the chains converged to stationary distributions). We used a RescorlaWagner updating equation to compute predicted values (e.g., Chowdhury et al., 2013), by
updating the predicted value of the chosen option with the prediction error:
VLt = VLt-1 + α(rt-1 – VLt-1)

(1)

or
VRt = VRt-1 + α(rt-1 – VRt-1)

(2)

where VL and VR are the predicted values for the left and the right option, respectively;
α is the learning rate; and r is the reward that was received.
To translate learned values for VL and VR into choices, we used a Softmax function:
exp(𝜏 ∙𝑉𝐿 )
𝐿 )+exp(𝜏 ∙𝑉𝑅 )

𝑝(𝐿) = exp(𝜏 ∙𝑉

(3)

where p(L) is the probability of choosing the left stimulus, and τ is the inverse
temperature.
Balloon Analogue Risk Task (BART)
The BART can be used to assess people’s tendency to take risks. As in our own prior
work (Bijleveld & Veling, 2014; Veling & Bijleveld, 2015), this task was modeled after Lejuez
et al (Lejuez, Aklin, Jones, et al., 2003).
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In the BART, participants were presented with a virtual balloon on the computer
screen (Figure 1C). Participants could pump air in this balloon by pressing the spacebar.
When they did so, the size of the balloon increased. By inflating the balloon, participants
could accumulate money: with each pump, they earned €0.05. However, pumping air in the
balloon also increased the probability of popping it. Specifically, with the first blow of air, the
probability of popping the balloon was 1/128; with the second, 1/127; with the third, 1/126;
and so on until the 128th blow, with which the balloon was certain to explode (1/1).
Importantly, when the balloon exploded, participants would lose all the money they had
accumulated until then. Instead of pumping air in the balloon, participants could also choose
to keep the money, and to start over with a new balloon. So, participants continuously chose
between a risky option (accumulating more money at the risk of losing everything; pumping
air in the balloon) and a safe option (keeping the money they accumulated; starting over with
a new balloon).
Before starting the task, participants learned that they would get 30 balloons to earn
money. Although they did not receive the money they accumulated, they were informed that
the participant with the best score received a gift voucher, worth €50, in addition to their
regular payment.
Following previous validation studies (Lejuez et al., 2002; White, Lejuez, & de Wit,
2008), the BART score was computed by averaging the number of times participants
pumped per balloon, across all balloons that did not pop. In previous work, this score is
usually referred to as the adjusted BART score. A higher score reflects a greater tendency to
pump air in the balloons, i.e., to choose the risky option. For more details about this task,
please see Lejuez, Aklin, Jones, et al. (2003).
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Results
Descriptive statistics
Table 1 presents means and standard deviations for the main dependent measures,
separately for the bright light and the dim light session. Also, Table 1 presents test-retest
correlations.
We highlight two observations from Table 1 here. First, at least on first sight, Table 1
suggests that participants’ behavior was not markedly different between the two sessions.
For example, overall, participants did not tend to choose more difficult tasks in the EEfRT
during either of the sessions (in both sessions, Ms ≈ 50% of decisions were for the difficult
task); also, they did not have a markedly different BART score (in both sessions, Ms ≈ 36)
and not a markedly different learning rate α (in both sessions, Ms ≈ .58). Thus, if we are to
find any effects of brightness condition, this should be expected only on a more detailed
level—e.g., specifically on participants’ responsivity to reward during the EEfRT, or on any of
the measures only after controlling for the order of the sessions. Second, when administering
the same task twice, even under different circumstances, one would expect to find at least a
moderate correlation between the two measurements. While such correlations were present
for the EEfRT and the BART, this correlation was less strong (r = .33) for the learning rate α
from the 2ABT. This statistic may indicate that measurements from the 2ABT were less
reliable than the other two tasks. Thus, findings from this task should be interpreted with
caution. Further descriptive statistics are presented in Supplementary Table S1 and
Supplementary Table S2.
Effort Expenditure for Rewards Task (EEfRT)
Following Treadway et al. (2009), we examined participants’ choices, treated as a
binary dependent variable, on a trial-by-trial basis. To analyze these choice data, we used a
series of generalized linear mixed models (Pinheiro & Bates, 2000), to closely mimic the
analytic strategy of this previous study. Results from our four models appear in Table 2 and
are discussed in more detail below. In all models, we included the session number (1 or 2) as
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a covariate, to take into account session order. In addition, in all models, we controlled for
sex and trial number (again, to closely mimic the previous study by Treadway et al., 2009). In
all models, following established guidelines (Barr, Levy, Scheepers, & Tily, 2013), we
included a per-participant adjustment to the intercept (i.e., a random intercept), to take into
account variation in participants’ general tendency to choose the difficult option in the model.
In line with the same guidelines (Barr et al., 2013), we also included random slopes for all
within-subjects predictors (e.g., trial number, reward probability), to take into account that the
strength of the effect of these within-subjects predictors may vary across participants.
Model 1 tested for main effects of reward probability, reward value, expected value,
and brightness condition. This analysis revealed a significant main effect of reward value, Est
= 1.01, z = 4.9, p < .001, indicating that participants were more likely to choose the hard task
more when a higher absolute amount of money was at stake. In addition, there was a
significant main effect of expected value, Est = 3.65, z = 7.9, p < .001. This effect indicated
that participants were more likely to choose the hard task, when a higher absolute amount
co-occurred with a high probability of winning. There was no significant main effect of
brightness, Est = -0.06, z = -0.2, p = .852. So, participants did not choose notably more
difficult trials in either bright or dim light conditions.
Model 2 tested the interaction between reward probability and brightness. This
interaction was not significant, Est = -0.35, z = -0.6, p = .536. Thus, we found no evidence for
the idea that exposure to bright light changes the extent to which people take into account
reward probability.
Model 3 tested the interaction between reward value and brightness. This interaction
was significant, Est = 0.55, z = 3.0, p = .003. In line with our hypothesis, this effect indicated
that the effect of absolute reward value was stronger when participants were exposed to
bright light (vs. dim light). We explored this interaction in greater detail, as reported in Figure
2. Importantly, inspection of Figure 2 suggested that most participants—with only few
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exceptions—relied more strongly on reward value when they were exposed to bright light (vs.
dim light).
To explore the robustness of this reward value × brightness interaction, we explored
whether this interaction depended on the inclusion of the other fixed effects in the model.
First, we re-ran Model 3, but now without including sex, trial number, and session number as
predictors. The reward value x brightness interaction was still present, Est = 0.48, z = 2.5, p
= .014. Second, we ran a model with reward value, brightness, and the reward value ×
brightness interaction as the only predictors. Also here, the reward value x brightness
interaction was still present, Est = 0.28, z = 2.12, p = .037. These exploratory analyses
suggest that the presence of the reward value × brightness interaction is not an artefact of
the particular combination of predictors that were included in the model.
Model 4 tested the interaction between expected value and brightness. This
interaction was not significant, Est = -0.07, z = -0.3, p = .790. Thus, there was no evidence
for the idea that brightness changes the extent to which people take into account the
expected value of their choice.
Two-Armed Bandit Task (2ABT)
As described in Methods, we derived participants’ learning rate α from their choice
behavior, separately for each session. We analyzed learning rate α using a linear mixed
model, again using sex and session number as covariates. Also, we controlled for which of
the two variants of the task was used in that session (i.e., which ‘walk’; see Methods). Like
before, we included a per-participant adjustment to the intercept (i.e., a random intercept) in
the model, to take into account variation in baseline learning rates. Results are presented in
Table 3. Against our expectations, brightness did not significantly predict learning rate α, Est
= -0.02, t(33.1) = -0.3, p = .772. So, we found no support for the prediction that brightness
impacts learning rate.

BRIGHT LIGHT BIASES EFFORT-BASED DECISIONS

16

We next explored whether brightness affected the other dependent variables derived
from the two-armed bandit task, i.e., inverse temperature τ and the proportion of “win”
feedback participants managed to get. We had no specific hypothesis. We used the same
analytic approach as for learning rate α, and results are presented in detail in Supplementary
Table S3. In summary, findings revealed no evidence that brightness affected τ, Est = 0.00,
t(33.0) = 0.0, p = .998, nor evidence that brightness affected participants’ capability to attain
“win” feedback, Est = -0.60, t(32.8) = 0.3, p = .773.
Balloon Analogue Risk Task (BART)
We analyzed participants’ adjusted BART score with a linear mixed model, again
using sex and session number as covariates. Like before, we included a per-participant
adjustment to the intercept (i.e., a random intercept) in the model, to take into account
variation in people’s general tendency to take risk. Results are presented in Table 4. Against
our hypothesis, brightness did not predict participants’ BART score, Est = -.39, t(34.0) = -0.2,
p = .815. Thus, we found no evidence for the idea that brightness affects decision making
under risk. Neither in support nor in contrast to our expectations, we did find that participants
had a higher BART score during the second session (M = 39.8, SD = 14.0), as compared to
the first (M = 32.2, SD = 16.2), Est = 7.55, t(34.0) = 4.6, p < .001. We report analyses of
session order effects in greater detail in the Supplementary Material. These analyses do not
challenge any of our conclusions.
Mood questionnaires
Finally, we explored participants’ responses on the mood questionnaire that we
administered at the beginning and at the end of each session. Descriptive statistics are
presented in Table 5. Descriptive statistics suggested that participants self-rated their state,
on average, as moderately alert, calm, and happy (Ms ≈ 5 on a 7-point scale), and neither
very sad, tense, nor anxious (Ms ≈ 3). Similarly, on average, participants’ scores on the
Karolinska Sleepiness Scale (Ms ≈ 4 on a 9-point scale) corresponded to the label “rather
alert”.
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Like before, we used general linear mixed models to explore whether brightness
affected how people self-rated their mood state, controlling for session number. First, we
explored mood scores at the start of sessions. These were not significantly different in the
bright light vs. dim light, ts < 1.8, ps > .076. Next, we explored whether brightness affected
the difference scores (i.e., end – start), to examine whether brightness changed people’s
participants’ mood, again controlling for session number. This test was significant only for
sadness, Est = -.75, t(67) = -2.9, p = .004, which decreased during bright light sessions (M =
-0.36), but increased during dim light sessions (M = .37).
The latter finding raises the possibility that bright light (vs. dim light) affected effortbased decision making through sadness. That is, it seems possible that that dim light
increased sadness, which in turn diminished people’s responsivity to reward value during the
EEfRT. If this possibility would be true, we reasoned, changes in sadness should be
associated with people’s responsivity to reward value during the EEfRT. To test this idea, we
re-ran the model in which we found the effect of brightness (i.e., Model 3, see Table 2), now
replacing brightness with (change in) sadness as a predictor. There was no significant main
effect of change in sadness, Est = 0.29, z = 0.7, p = .502, suggesting that change in sadness
was not associated with a general tendency to (not) choose the difficult option in the EEfRT.
Crucially, there was also no significant reward value × sadness interaction, Est = -0.18, z = 1.2, p = .242. Thus, we found no evidence that sadness was associated with a diminished
responsivity to reward value. Results from this analysis are presented in full in
Supplementary Table S4. We will return to the role of sadness in the Discussion.

Discussion
In our experiment, in line with our hypothesis, we found that exposure to bright light
affected effort-based decisions. Specifically, in the Effort Expenditure for Rewards Task
(EEfRT; Treadway et al., 2009), people used the value of potential rewards in their decisions
to expend effort—but more strongly so when they were exposed to bright light (vs. dim light).
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This finding is consistent with the idea that exposure to bright light (in the evening)
suppresses melatonin secretion, which in turn affects functioning of the mesolimbic
dopamine pathway. However, not in line with our hypothesis, we found no effects of
exposure to bright light on reinforcement learning (examined with the two-armed bandit task;
2ABT; Chowdhury et al., 2013) and on risky decision making (examined with the Balloon
Analogue Risk Task; BART; Lejuez et al., 2002).
Although they partially support our hypothesis, our findings raise an important
question: why did bright light (vs. dim light) only affect effort-based decision making, but not
reinforcement learning and risky decision making? We will now provide four post-hoc
explanations.
First, while all three behavioral phenomena are known to depend on the mesolimbic
dopamine pathway, their exact neural underpinnings are different. In particular, all three
behavioral phenomena depend on somewhat distinct targets of dopamine neurons. Very
generally, effort-based decision making depends on the ventral striatum (Assadi, Yücel, &
Pantelis, 2009; Croxson, Walton, O’Reilly, Behrens, & Rushworth, 2009; Salamone &
Correa, 2012; Treadway et al., 2012), perhaps particularly on the left side (Treadway et al.,
2012), the anterior cingulate cortex (ACC; Assadi et al., 2009; Croxson et al., 2009), and the
ventromedial prefrontal cortex (vmPFC; Treadway et al., 2012). Reinforcement learning
depends on the ventral and dorsal striatum; Balleine, Delgado, & Hikosaka, 2007;
Schönberg, Daw, Joel, & O’Doherty, 2007; Vink, Pas, Bijleveld, Custers, & Gladwin, 2013),
the orbitofrontal cortex (OFC; Schoenbaum, Chiba, & Gallagher, 1998), and the amygdala;
Schoenbaum et al., 1998). Risky decision making, at least during the BART, depends on the
ventral and dorsal striatum (Rao, Korczykowski, Pluta, Hoang, & Detre, 2008), ACC (Rao et
al., 2008; Schonberg et al., 2012), anterior insula (Rao et al., 2008; Schonberg et al., 2012),
and several parts of the PFC (Rao et al., 2008; Schonberg et al., 2012). Assuming that
melatonin receptors are distributed unevenly across all these structures, which is plausible
(Uz et al., 2005), it makes sense that some, but not all, reward-related behaviors are
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especially affected by bright light vs. dim light. Very speculatively, the present research
raises the possibility that the influence of melatonin may be particularly strong in the (left)
ventral striatum, the ACC, and/or the vmPFC.
Second, related to the previous, models of dopamine function usually make
distinctions between different psychological processes (e.g., wanting, liking, and learning;
e.g., Berridge, Robinson, & Aldridge, 2009) or between different aspects of dopamine
transmission (e.g., transmission via D1 vs. D2 receptors, e.g., Durstewitz & Seamans, 2008;
in the striatum vs. the prefrontal cortex, e.g., Cools & D’Esposito, 2011; via phasic vs. tonic
activity, e.g., Niv, Daw, Joel, & Dayan, 2007). With regard to the present study, the distinction
between phasic and tonic dopamine activity may help to interpret the pattern of findings.
Specifically, dopamine neurons show spiking bursts in activity (i.e., phasic activity), while
they also show a steady stream of background activity that is independent of current task
stimuli (i.e., tonic activity). Phasic activity signals unexpected outcomes (i.e., prediction
errors); this type of activity plays a key role in learning from experience (Schultz, Dayan, &
Montague, 1997). Tonic activity, by contrast, may reflect a more general motivational state of
the organism; this type of activity is thought to play a role in enabling and energizing behavior
(Niv et al., 2007; but see Hamid et al., 2016). Interestingly, one could reasonably argue that
the EEfRT mainly taps into functions of tonic dopamine activity, whereas the 2ABT and the
BART mainly tap into functions of phasic dopamine activity. So, very speculatively, the
pattern of findings we observed could stem from the fact that bright light—via melatonin—
mainly affects tonic, not phasic, dopaminergic transmission.
Third, it is possible that bright light impacts reinforcement learning and risky decision
making only in some people, making it difficult to find effects on the group level. In support of
this idea, it is worthwhile to consider a prior study on risky decision making (Macoveanu et
al., 2016). In this study, which was conducted during the winter season, healthy participants
were exposed to light every morning for three weeks. Brightness of the light varied between
subjects. Before and after the three-week light treatment, participants carried out a gambling
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task, which was conceptually similar to the BART. Consistent with the present study, findings
indicated no effect of brightness on change in risk taking on the group level. However,
among the subset of participants who were genetically predisposed to high serotonin
transmission (specifically, participants homozygous for the long allele of 5-HTTLPR), brighter
light exposure predicted increases in risk taking. Although there are several important
differences between this previous study (Macoveanu et al., 2016) and the present study
(e.g., morning vs. evening light exposure; repeated vs. single-dose light exposure; motivated
by serotonin vs. melatonin/dopamine literature), this previous study does highlight the
importance of individual differences in understanding the effects of light on reward-related
behavior.
Fourth, the order of the tasks in our test battery was not counterbalanced; the EEfRT
was the first task in all sessions. It could be the case that the effect of light exposure became
weaker throughout the session—and thus, that the tasks later in the session were unaffected
by exposure to bright light due to stimulus adaptation or response saturation. Though
speculative, this possibility is consistent with research that shows that suppression of
melatonin secretion is strongest during the beginning of a light pulse (Beersma et al., 2009;
Smith, Schoen, & Czeisler, 2004).
Limitations and alternative explanations
The most important limitation of our design was that we did not measure or
manipulate melatonin levels, which we suggested to be part of the working mechanism of the
hypothesized effect. Thus, at this point, we should clearly be very cautious in assuming that
the observed effect is due to melatonin-dopamine interactions. Future research is needed to
examine the assumed working mechanism in detail. In our view, such research could take
either of two approaches. First, future research could employ a similar design as the present
study, while adding measurements of melatonin (e.g., in blood plasma). Such a design would
allow for a direct test of the role of melatonin suppression, by bright light, in affecting effortbased decisions. Second, future research could test the effect of bright light at multiple time
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points during the day. After all, when melatonin levels are already low (e.g., in the afternoon),
bright light should have no effect on effort-based decisions. Regardless of the approach that
is chosen, future research should take into account individual differences in sleep habits
(e.g., by measuring bedtimes or, even better, by assessing dim light melatonin onset
[DLMO]). If the assumed working mechanism exists, these should moderate the effect of light
on effort-based decisions.
Especially given the absence of melatonin data, it is important to consider alternative
explanations for the effect that we observed. Notably, one could argue that dim light
increases anxiety, causing people to attend to threats rather than rewards (Mogg, Bradley,
De Bono, & Painter, 1997), in turn affecting effort-based decisions. Similarly, one could argue
that dim light boosts feelings of fatigue, diminishing people’s interest in task-related rewards
(Inzlicht & Schmeichel, 2012). Yet, exposure to dim light was neither associated with
changes in anxiety, nor with changes in fatigue—thus, results do not clearly support anxietyor fatigue-related explanations.
It is important to note, however, that feelings of sadness decreased in bright light, but
increased in dim light. So, one could speculate that dim light increases sadness, which would
in turn diminish people’s sensitivity to rewards. Interestingly, this explanation is consistent
with research on people with depression, who often have feeling of sadness and are less
sensitive to rewards (Treadway et al., 2009). However, exploratory analyses did not support
this alternative explanation. Also, from this perspective, it is still difficult to account for the null
findings with respect to the 2ABT and the BART.
Another limitation of this study was that we did not use a pre-registered analysis plan.
Using such a pre-registered plan would have enabled us to more clearly distinguish between
true effects and false positives (Munafò et al., 2017).
Conclusion
We found that bright light (vs. dim light) biases effort-based decision making. While
further research is needed, it is interesting to consider this finding against the background of
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recent and ongoing changes in working conditions. Generally, labor is getting less and less
tied to specific locations (e.g., the office) and timeslots (e.g., nine to five), whereas the use of
light-emitting devices (e.g., smartphones and notebooks) is getting more and more common
(Madden & Jones, 2008; Purcell & Rainie, 2014). We suggest that circadian models may
provide an interesting starting point to examine the behavioral consequences of spending
time in these modern working environments.

References
Ahn, W.-Y., Haines, N., & Zhang, L. (2017). Revealing neuro-computational mechanisms of
reinforcement learning and decision-making with the hBayesDM package.
Computational Psychiatry, 1, 24–57. doi: 10.1162/CPSY_a_00002
Åkerstedt, T., & Gillberg, M. (1990). Subjective and objective sleepiness in the active
individual. International Journal of Neuroscience, 52, 29–37. doi:
10.3109/00207459008994241
Assadi, S. M., Yücel, M., & Pantelis, C. (2009). Dopamine modulates neural networks
involved in effort-based decision-making. Neuroscience and Biobehavioral Reviews, 33,
383–393. doi: 10.1016/j.neubiorev.2008.10.010
Balleine, B. W., Delgado, M. R., & Hikosaka, O. (2007). The role of the dorsal striatum in
reward and decision-making. Journal of Neuroscience, 27, 8161–8165. doi:
10.1523/JNEUROSCI.1554-07.2007
Barr, D. J., Levy, R., Scheepers, C., & Tily, H. J. (2013). Random effects structure for
confirmatory hypothesis testing: Keep it maximal. Journal of Memory and Language, 68,
255–278. doi: 10.1016/j.jml.2012.11.001
Bass, J. (2012). Circadian topology of metabolism. Nature, 491, 348–356. doi:
10.1038/NATURE11704
Beersma, D. G. M., Comas, M., Hut, R. A., Gordijn, M. C. M., Rueger, M., & Daan, S. (2009).

BRIGHT LIGHT BIASES EFFORT-BASED DECISIONS

23

The progression of circadian phase during light exposure in animals and humans.
Journal of Biological Rhythms, 24, 153–160. doi: 10.1177/0748730408330196
Berridge, K. C., Robinson, T. E., & Aldridge, J. W. (2009). Dissecting components of reward:
“liking”, “wanting”, and learning. Current Opinion in Pharmacology, 9, 65–73. doi:
10.1016/J.COPH.2008.12.014
Bijleveld, E., & Veling, H. (2014). Separating chokers from non-chokers: Predicting real-life
tennis performance under pressure from behavioral tasks that tap into working memory
functioning. Journal of Sport and Exercise Psychology, 36, 347–356. doi:
10.1123/jsep.2013-0051
Brainard, G. C., Sliney, D., Hanifin, J. P., Glickman, G., Byrne, B., Greeson, J. M., … Rollag,
M. D. (2008). Sensitivity of the human circadian system to short-wavelength (420-nm)
light. Journal of Biological Rhythms, 23, 379–386. doi: 10.1177/0748730408323089
Cajochen, C., Frey, S., Anders, D., Späti, J., Bues, M., Pross, A., … Stefani, O. (2011).
Evening exposure to a light-emitting diodes (LED)-backlit computer screen affects
circadian physiology and cognitive performance. Journal of Applied Physiology, 110,
1432–1438. doi: 10.1152/japplphysiol.00165.2011
Cajochen, C., & Kräuchi, K. (2003). Role of melatonin in the regulation of human circadian
rhythms and sleep. Journal of Neuroendocrinology, 15, 432–437. doi: 10.1046/j.13652826.2003.00989.x
Castillo-Romero, J. L., Vives-Montero, F., Reiter, R. J., & Acuña-Castroviejo, D. (1993).
Pineal modulation of the rat caudate-putamen spontaneous neuronal activity: Roles of
melatonin and vasotocin. Journal of Pineal Research, 15, 147–152. doi: 10.1111/j.1600079X.1993.tb00522.x
Chang, A.-M., Aeschbach, D., Duffy, J. F., & Czeisler, C. A. (2015). Evening use of lightemitting eReaders negatively affects sleep, circadian timing, and next-morning

BRIGHT LIGHT BIASES EFFORT-BASED DECISIONS

24

alertness. Proceedings of the National Academy of Sciences of the United States of
America, 112, 1232–7. doi: 10.1073/pnas.1418490112
Chang, A.-M., Santhi, N., St Hilaire, M., Gronfier, C., Bradstreet, D. S., Duffy, J. F., …
Czeisler, C. A. (2012). Human responses to bright light of different durations. The
Journal of Physiology, 590, 3103–3112. doi: 10.1113/jphysiol.2011.226555
Chowdhury, R., Guitart-Masip, M., Lambert, C., Dayan, P., Huys, Q., Düzel, E., & Dolan, R.
J. (2013). Dopamine restores reward prediction errors in old age. Nature Neuroscience,
16, 648–653. doi: 10.1038/nn.3364
Cools, R., & D’Esposito, M. (2011). Inverted-U-shaped dopamine actions on human working
memory and cognitive control. Biological Psychiatry, 69, 113–125. doi:
10.1016/j.biopsych.2011.03.028
Croxson, P. L., Walton, M. E., O’Reilly, J. X., Behrens, T. E. J., & Rushworth, M. F. S. (2009).
Effort-based cost-benefit valuation and the human brain. Journal of Neuroscience, 29,
4531–4541. doi: 10.1523/jneurosci.4515-08.2009
Delgado, M. R. (2007). Reward-related responses in the human striatum. Annals of the New
York Academy of Sciences, 1104, 70–88. doi: 10.1196/annals.1390.002
Durstewitz, D., & Seamans, J. K. (2008). The dual-state theory of prefrontal cortex dopamine
function with relevance to Catechol-O-Methyltransferase genotypes and schizophrenia.
Biological Psychiatry, 64, 739–749. doi: 10.1016/j.biopsych.2008.05.015
Eisenberg, D. P., Kohn, P. D., Baller, E. B., Bronstein, J. A., Masdeu, J. C., & Berman, K. F.
(2010). Seasonal effects on human striatal presynaptic dopamine synthesis. Journal of
Neuroscience, 30. doi: 10.1523/JNEUROSCI.1953-10.2010
Escames, G., Acuña-Castroviejo, D., & Vives, F. (1996). Melatonin-dopamine interaction in
the striatal projection area of sensorimotor cortex in the rat. NeuroReport, 7, 597–600.
Figueiro, M., & Overington, D. (2015). Self-luminous devices and melatonin suppression in

BRIGHT LIGHT BIASES EFFORT-BASED DECISIONS

25

adolescents. Lighting Research and Technology, 48, 966–975. doi:
10.1177/1477153515584979
Gooley, J. J., Chamberlain, K., Smith, K. A., Khalsa, S. B. S., Rajaratnam, S. M. W., Van
Reen, E., … Lockley, S. W. (2011). Exposure to room light before bedtime suppresses
melatonin onset and shortens melatonin duration in humans. The Journal of Clinical
Endocrinology & Metabolism, 96, E463–E472. doi: 10.1210/jc.2010-2098
Hamid, A. A., Pettibone, J. R., Mabrouk, O. S., Hetrick, V. L., Schmidt, R., Vander Weele, C.
M., … Berke, J. D. (2016). Mesolimbic dopamine signals the value of work. Nature
Neuroscience, 19, 117–126. doi: 10.1038/nn.4173
Hedlund, L., Lischko, M. M., Rollag, M. D., & Niswender, G. D. (1977). Melatonin: daily cycle
in plasma and cerebrospinal fluid of calves. Science, 195, 686–687. doi:
10.1126/SCIENCE.841305
Hollerman, J. R., & Schultz, W. (1998). Dopamine neurons report an error in the temporal
prediction of reward during learning. Nature Neuroscience, 1, 304–309. doi:
10.1038/1124
Inzlicht, M., & Schmeichel, B. J. (2012). What is ego depletion? Toward a mechanistic
revision of the resource model of self-control. Perspectives on Psychological Science, 7,
450–463. doi: 10.1177/1745691612454134
Knutson, B., Adams, C., Fong, G., & Hommer, D. (2001). Anticipation of increasing monetary
reward selectively recruits nucleus accumbens. Journal of Neuroscience, 21.
Knutson, B., Taylor, J., Kaufman, M., Peterson, R., & Glover, G. (2005). Distributed neural
representation of expected value. Journal of Neuroscience, 25, 4806–4812. doi:
10.1523/jneurosci.0642-05.2005
Korshunov, K. S., Blakemore, L. J., & Trombley, P. Q. (2017). Dopamine: A modulator of
circadian rhythms in the central nervous system. Frontiers in Cellular Neuroscience, 11,

BRIGHT LIGHT BIASES EFFORT-BASED DECISIONS

26

91. doi: 10.3389/fncel.2017.00091
Kuhnen, C. M., & Knutson, B. (2005). The neural basis of financial risk taking. Neuron, 47,
763–770. doi: 10.1016/j.neuron.2005.08.008
Lejuez, C. W., Aklin, W. A., Jones, H. A., Richards, J. B., Strong, D. R., Kahler, C. W., &
Read, J. P. (2003). The Balloon Analogue Risk Task (BART) differentiates smokers and
nonsmokers. Experimental and Clinical Psychopharmacology, 11, 26–33. doi:
10.1016/S0140-1971(03)00036-8
Lejuez, C. W., Aklin, W. M., Zvolensky, M. J., & Pedulla, C. M. (2003). Evaluation of the
Balloon Analogue Risk Task (BART) as a predictor of adolescent real-world risk-taking
behaviours. Journal of Adolescence, 26, 475–479.
Lejuez, C. W., Read, J. P., Kahler, C. W., Richards, J. B., Ramsey, S. E., Stuart, G. L., …
Brown, R. A. (2002). Evaluation of a behavioral measure of risk taking: The Balloon
Analogue Risk Task (BART). Journal of Experimental Psychology: Applied, 8, 75–84.
doi: 10.1037/1076-898X.8.2.75
Lucas, R. J., Peirson, S. N., Berson, D. M., Brown, T. M., Cooper, H. M., Czeisler, C. A., …
Brainard, G. C. (2014). Measuring and using light in the melanopsin age. Trends in
Neurosciences, 37, 1–9. doi: 10.1016/j.tins.2013.10.004
Macoveanu, J., Fisher, P. M., Madsen, M. K., Mc Mahon, B., Knudsen, G. M., & Siebner, H.
R. (2016). Bright-light intervention induces a dose-dependent increase in striatal
response to risk in healthy volunteers. NeuroImage, 139, 37–43. doi:
10.1016/j.neuroimage.2016.06.024
Madden, M., Jones, S., & Pew Research Center. (2008). Networked workers. Retrieved from
http://www.pewinternet.org/2008/09/24/internet-and-email-use-for-work/
Mogg, K., Bradley, B. P., De Bono, J., & Painter, M. (1997). Time course of attentional bias
for threat information in non-clinical anxiety. Behaviour Research and Therapy, 35, 297–

BRIGHT LIGHT BIASES EFFORT-BASED DECISIONS

27

303. doi: 10.1016/S0005-7967(96)00109-X
Munafò, M. R., Nosek, B. A., Bishop, D. V. M., Button, K. S., Chambers, C. D., Percie du
Sert, N., … Ioannidis, J. P. A. (2017). A manifesto for reproducible science. Nature
Human Behaviour, 1, 21. doi: 10.1038/s41562-016-0021
Niv, Y., Daw, N. D., Joel, D., & Dayan, P. (2007). Tonic dopamine: opportunity costs and the
control of response vigor. Psychopharmacology, 191, 507–520. doi: 10.1007/s00213006-0502-4
Pardo, M., López-Cruz, L., Miguel, N. S., Salamone, J. D., & Correa, M. (2015). Selection of
sucrose concentration depends on the effort required to obtain it: studies using
tetrabenazine, D1, D2, and D3 receptor antagonists. Psychopharmacology, 232, 2377–
2391. doi: 10.1007/s00213-015-3872-7
Pas, P., Custers, R., Bijleveld, E., & Vink, M. (2014). Effort responses to suboptimal reward
cues are related to striatal dopaminergic functioning. Motivation and Emotion, 38, 759–
770. doi: 10.1007/s11031-014-9434-1
Pessiglione, M., Seymour, B., Flandin, G., Dolan, R. J., & Frith, C. D. (2006). Dopaminedependent prediction errors underpin reward-seeking behaviour in humans. Nature,
442, 1042–1045. doi: 10.1038/nature05051
Phillips, P. E. M., Walton, M., & Jhou, T. (2007). Calculating utility: Preclinical evidence for
cost–benefit analysis by mesolimbic dopamine. Psychopharmacology, 191, 483–495.
doi: 10.1007/s00213-006-0626-6
Pinheiro, J., & Bates, D. (2000). Mixed-effects models in S and S-PLUS. New York: Springer.
Purcell, K., Rainie, L., & Pew Research Center. (2014). Technology’s impact on workers.
Retrieved from http://www.pewinternet.org/2014/12/30/technologys-impact-on-workers/
Rahman, S. A., St Hilaire, M. A., Chang, A.-M., Santhi, N., Duffy, J. F., Kronauer, R. E., …
Klerman, E. B. (2017). Circadian phase resetting by a single short-duration light

BRIGHT LIGHT BIASES EFFORT-BASED DECISIONS

28

exposure. JCI Insight, 2, e89494. doi: 10.1172/jci.insight.89494
Rao, H., Korczykowski, M., Pluta, J., Hoang, A., & Detre, J. A. (2008). Neural correlates of
voluntary and involuntary risk taking in the human brain: An fMRI Study of the Balloon
Analog Risk Task (BART). NeuroImage, 42, 902–910. doi:
10.1016/j.neuroimage.2008.05.046
Reiter, R. J., Tan, D. X., Kim, S. J., & Cruz, M. H. C. (2014). Delivery of pineal melatonin to
the brain and SCN: role of canaliculi, cerebrospinal fluid, tanycytes and Virchow–Robin
perivascular spaces. Brain Structure and Function, 219, 1873–1887. doi:
10.1007/s00429-014-0719-7
Reppert, S. M., Perlow, M. J., Tamarkin, L., & Klein, D. C. (1979). A diurnal melatonin rhythm
in primate cerebrospinal fluid. Endocrinology, 104, 295–301. doi: 10.1210/endo-104-2295
Salamone, J. D. (1988). Dopaminergic involvement in activational aspects of motivation:
Effects of haloperidol on schedule-induced activity, feeding, and foraging in rats.
Psychobiology, 16, 196–206. doi: 10.3758/bf03327307
Salamone, J. D., & Correa, M. (2012). The mysterious motivational functions of mesolimbic
dopamine. Neuron, 76, 470–485. doi: 10.1016/J.NEURON.2012.10.021
Salamone, J. D., Correa, M., Farrar, A. M., Nunes, E. J., & Pardo, M. (2009). Dopamine,
behavioral economics, and effort. Frontiers in Behavioral Neuroscience, 3, 13. doi:
10.3389/neuro.08.013.2009
Santhi, N., Thorne, H. C., van der Veen, D. R., Johnsen, S., Mills, S. L., Hommes, V., … Dijk,
D.-J. (2012). The spectral composition of evening light and individual differences in the
suppression of melatonin and delay of sleep in humans. Journal of Pineal Research, 53,
47–59. doi: 10.1111/j.1600-079X.2011.00970.x
Schoenbaum, G., Chiba, A. A., & Gallagher, M. (1998). Orbitofrontal cortex and basolateral

BRIGHT LIGHT BIASES EFFORT-BASED DECISIONS

29

amygdala encode expected outcomes during learning. Nature Neuroscience, 1, 155–
159. doi: 10.1038/407
Schönberg, T., Daw, N. D., Joel, D., & O’Doherty, J. P. (2007). Reinforcement learning
signals in the human striatum distinguish learners from nonlearners during rewardbased decision making. Journal of Neuroscience, 27. doi: 10.1523/JNEUROSCI.249607.2007
Schonberg, T., Fox, C. R., Mumford, J. A., Congdon, E., Trepel, C., & Poldrack, R. A. (2012).
Decreasing ventromedial prefrontal cortex activity during sequential risk-taking: an FMRI
investigation of the balloon analog risk task. Frontiers in Neuroscience, 6, 80. doi:
10.3389/fnins.2012.00080
Schultz, W., Dayan, P., & Montague, P. R. (1997). A neural substrate of prediction and
reward. Science, 275, 1593–1599. doi: 10.1126/SCIENCE.275.5306.1593
Shochat, T., Luboshitzky, R., & Lavie, P. (1997). Nocturnal melatonin onset is phase locked
to the primary sleep gate. The American Journal of Physiology, 273, R364-70. doi:
10.1152/ajpregu.1997.273.1.R364
Skinner, D. C., & Malpaux, B. (1999). High melatonin concentrations in third ventricular
cerebrospinal fluid are not due to Galen vein blood recirculating through the choroid
plexus. Endocrinology, 140, 4399–4405. doi: 10.1210/endo.140.10.7074
Smith, K. A., Schoen, M. W., & Czeisler, C. A. (2004). Adaptation of human pineal melatonin
suppression by recent photic history. The Journal of Clinical Endocrinology &
Metabolism, 89, 3610–3614. doi: 10.1210/jc.2003-032100
St Onge, J. R., & Floresco, S. B. (2009). Dopaminergic modulation of risk-based decision
making. Neuropsychopharmacology, 34, 681–697. doi: 10.1038/npp.2008.121
Takahashi, T. T., Vengeliene, V., & Spanagel, R. (2017). Melatonin reduces motivation for
cocaine self-administration and prevents relapse-like behavior in rats.

BRIGHT LIGHT BIASES EFFORT-BASED DECISIONS

30

Psychopharmacology, 234, 1741–1748. doi: 10.1007/s00213-017-4576-y
Thapan, K., Arendt, J., & Skene, D. J. (2001). An action spectrum for melatonin suppression:
evidence for a novel non-rod, non-cone photoreceptor system in humans. The Journal
of Physiology, 535, 261–267. doi: 10.1111/j.1469-7793.2001.t01-1-00261.x
Treadway, M. T., Buckholtz, J. W., Cowan, R. L., Woodward, N. D., Li, R., Ansari, M. S., …
Zald, D. H. (2012). Dopaminergic mechanisms of individual differences in human effortbased decision-making. Journal of Neuroscience, 32. doi: 10.1523/JNEUROSCI.645911.2012
Treadway, M. T., Buckholtz, J. W., Schwartzman, A. N., Lambert, W. E., & Zald, D. H.
(2009). Worth the “EEfRT”? The effort expenditure for rewards task as an objective
measure of motivation and anhedonia. PLoS ONE, 4, e6598. doi:
10.1371/journal.pone.0006598
Uz, T., Arslan, A. D., Kurtuncu, M., Imbesi, M., Akhisaroglu, M., Dwivedi, Y., … Manev, H.
(2005). The regional and cellular expression profile of the melatonin receptor MT1 in the
central dopaminergic system. Molecular Brain Research, 136, 45–53. doi:
10.1016/j.molbrainres.2005.01.002
Veling, H., & Bijleveld, E. (2015). When performance and risk taking are related: Working for
rewards is related to risk taking when the value of rewards is presented briefly. Brain
and Cognition, 101. doi: 10.1016/j.bandc.2015.11.001
Vengeliene, V., Noori, H. R., & Spanagel, R. (2015). Activation of melatonin receptors
reduces relapse-like alcohol consumption. Neuropsychopharmacology, 40, 2897–2906.
doi: 10.1038/npp.2015.143
Vink, M., Pas, P., Bijleveld, E., Custers, R., & Gladwin, T. E. (2013). Ventral striatum is
related to within-subject learning performance. Neuroscience, 250. doi:
10.1016/j.neuroscience.2013.07.034

BRIGHT LIGHT BIASES EFFORT-BASED DECISIONS

31

West, K. E., Jablonski, M. R., Warfield, B., Cecil, K. S., James, M., Ayers, M. A., … Brainard,
G. C. (2011). Blue light from light-emitting diodes elicits a dose-dependent suppression
of melatonin in humans. Journal of Applied Physiology, 110, 619–626. doi:
10.1152/japplphysiol.01413.2009
White, T. L., Lejuez, C. W., & de Wit, H. (2008). Test-retest characteristics of the Balloon
Analogue Risk Task (BART). Experimental and Clinical Psychopharmacology, 16, 565–
570.
Zisapel, N. (2001). Melatonin–dopamine interactions: From basic neurochemistry to a clinical
setting. Cellular and Molecular Neurobiology, 21, 605–616. doi:
10.1023/A:1015187601628
Zisapel, N., Egozi, Y., & Laudon, M. (1982). Inhibition of dopamine release by melatonin:
regional distribution in the rat brain. Brain Research, 246, 161–163. doi: 10.1016/00068993(82)90157-3
Zisapel, N., & Laudon, M. (1982). Dopamine release induced by electrical field stimulation of
rat hypothalamus invitro: Inhibition by melatonin. Biochemical and Biophysical Research
Communications, 104, 1610–1616. doi: 10.1016/0006-291X(82)91437-1

BRIGHT LIGHT BIASES EFFORT-BASED DECISIONS

32

Acknowledgements
We thank E. van de Laar for data collection, P. de Water for technical support, and R.
Janssen for logistical support. During the analysis and writing stages of this paper, E.B. was
supported by grant 016-165-100 from the Netherlands Organisation for Scientific Research
(www.nwo.nl).

BRIGHT LIGHT BIASES EFFORT-BASED DECISIONS

33

Figure Legends
Figure 1. Schematic overview of task stimuli. A: Overview of one typical trial of the Effort
Expenditure for Rewards Task (EEfRT). B: Overview of one typical trial of the Two-armed
Bandit Task (2ABT). C: Overview of the main screen of the Balloon Analogue Risk Task
(BART).
Figure 2. We used Model 3 (see Table 2) to generate estimated probabilities of choosing the
difficult option, separately for the brightness conditions (bright vs. dim), separately for three
levels of reward (€2.00 vs. €3.00 vs. €3.75, which was the maximum value that appeared in
the task), and separately for each participant. All estimates are relative to €1.00—for
example, an estimate of .25 means that the estimated probability (for that reward value, for
that participant, for that brightness condition) of choosing the hard task is 25% higher
compared to a reward value of €1.00. The plot illustrates two findings. First, nearly all
estimates increase with value, indicating that nearly all participants were more likely to
choose the hard task when this could yield them more money. Second, more importantly, for
nearly all participants (exceptions: 8, 10, 13, 21), estimates are higher in the bright condition
vs. the dim condition, indicating that nearly all participants responded more strongly to
reward value when exposed to bright light.
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Tables

Bright–M(SD)

Dim–M(SD)

rbright–dim

Proportion of difficult choices – overall

0.49 (0.19)

0.51 (0.26)

.50**

Proportion of difficult choices – low probability trials

0.19 (0.23)

0.23 (0.29)

.18

Proportion of difficult choices – medium probability trials

0.54 (0.26)

0.55 (0.31)

.44**

Proportion of difficult choices – high probability trials

0.74 (0.22)

0.75 (0.28)

.78**

Learning rate α

0.57 (0.32)

0.59 (0.31)

.33*

Inverse temperature τ

2.51 (1.46)

2.51 (1.66)

.45**

Proportion of “win” feedback

0.57 (0.07)

0.57 (0.06)

-.27

35.4 (14.2)

36.6 (16.9)

.70**

EEfRT

2ABT

BART
Adjusted BART score

Table 1. Descriptive statistics for the main indices of task behavior, separately for bright vs.
dim sessions. * p < .05; ** p < .01.
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Model

Term

Estimate

SE

z

p

1

Sex = female

-0.3

0.7

-0.4

.665

Trial number

-1.3

0.6

-2.3

.022

Session number

0.8

0.3

2.4

.016

Reward probability

-1.3

1.0

-1.4

.170

Reward value

1.0

0.2

4.9

<.001

Expected value

3.7

0.5

7.9

<.001

Brightness = bright

-0.1

0.3

-0.2

.852

Sex = female

-0.3

0.7

-0.4

.683

Trial number

-1.3

0.6

-2.3

.024

Session number

0.9

0.4

2.4

.016

Reward probability

-1.3

1.1

-1.2

.213

Reward value

1.0

0.2

4.7

<.001

Expected value

3.8

0.5

7.9

<.001

Brightness = bright

0.1

0.4

0.3

.783

Reward Probability x Brightness

-0.4

0.6

-0.6

.536

Sex = female

-0.5

0.7

-0.6

.516

Trial number

-1.4

0.6

-2.5

.014

Session number

0.8

0.3

2.5

.012

Reward probability

-1.3

1.0

-1.3

.190

Reward value

0.8

0.2

3.5

<.001

Expected value

3.7

0.5

7.8

<.001

Brightness = bright

-1.4

0.5

-2.5

.011

Reward value x Brightness

0.6

0.2

3.0

.003

Sex = female

-0.2

0.8

-0.2

.828

Trial number

-1.3

0.6

-2.3

.021

Session number

0.8

0.3

2.3

.023

Reward probability

-1.4

1.0

-1.4

.152

Reward value

1.0

0.2

4.8

<.001

Expected value

3.7

0.5

7.3

<.001

Brightness = bright

-0.1

0.4

-0.1

.902

Expected value x Brightness

-0.1

0.3

-0.3

.790

2

3

4

Table 2. Results from four generalized linear mixed model analyses, which we used to
examine choices (to do the difficult task) during the Effort Expenditure for Rewards Task
(EEfRT).
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Estimate

SE

df

t

p

Sex = female

0.1

0.1

34.1

0.9

.386

Walk

-0.1

0.1

34.8

-1.6

.116

Session

0.0

0.1

33.1

0.0

.966

Brightness = bright

0.0

0.1

33.1

-0.3

.772
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Table 3. Results from a general linear mixed model analysis, which we used to examine
learning rate α from the two-armed bandit task (2ABT).

Estimate

SE

df

t

p

Sex = female

-3.4

5.0

34.0

-0.7

.503

Session

7.5

1.6

34.0

4.6

<.001

Brightness = bright

-0.4

1.6

34.0

-0.2

.815

Table 4. Results from a general linear mixed model analysis, which we used to examine the
adjusted BART score from the Balloon Analogue Risk Task (BART).
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Bright–t0

Bright–t1

Dim–t0

Dim–t1

Alert

5.2 (0.8)

5.5 (1.1)

5.4 (0.9)

5.5 (1.1)

Sad

2.3 (1.3)

1.9 (1.0)

2.1 (1.2)

2.4 (1.3)

Tense

2.6 (1.5)

3.3 (1.7)

2.6 (1.3)

3.3 (1.8)

Effort

2.6 (1.3)

2.6 (1.2)

2.6 (1.2)

3.1 (1.4)

Happy

4.6 (1.1)

4.5 (1.1)

4.9 (1.3)

4.7 (1.3)

Tired

3.3 (1.3)

3.0 (1.5)

3.3 (1.3)

3.5 (1.8)

Calm

4.8 (1.5)

4.0 (1.7)

4.7 (1.5)

3.9 (1.7)

Sleepy

2.9 (1.2)

2.8 (1.5)

2.7 (1.1)

3.2 (1.8)

Anxious

1.9 (1.3)

1.9 (1.2)

1.7 (1.0)

2.1 (1.4)

Karolinska Sleepiness

4.1 (1.5)

3.7 (1.5)

3.8 (1.3)

3.9 (1.8)
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Table 5. Means of self-rated feeling states (on a 1 to 7 scale) and the Karolinska Sleepiness
Scale (on a 1 to 9 scale; see Methods in main text). Means are presented separately for the
start (t0) vs. the end (t1) of the sessions, and separately for bright light vs. dim light sessions.
Numbers between brackets are standard deviations.

