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Supplementary Figure 1

Behavior across the two experiments
a-b) Average beta estimates from a logistic regression for (A) Stage 1 of the task (Foraging Phase),
predicting choices to forage and (b) Stage 2 of the task (Engage Phase), predicting choices of a leftward
response (error bars, s.e.m.). Upper insets reproduce the regression estimates from KBMR'’s experiment.
From Kolling, N., Behrens, T.E.]., Mars, R.B. & Rushworth, M.F.S. Neural mechanisms of foraging. Science
336, 95-98 (2012). Reprinted with permission from AAAS. c) Histogram of forage choice proportions
across participants. Blue bars show distributions of actual choice averages; green bars show the
simulated histograms if participants had chosen exclusively based on RVforage. The two histograms are
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shown overlapping rather than stacked. While one participant in Exp 2 showed a strong bias toward
foraging, we chose not to exclude this individual for two reasons. First, unlike insufficient foraging
(KBMR’s exclusion criterion; see Online Methods), a bias to forage posed no risk of under-powering our
analyses. Second, in their original paper as well as a more recent one2%, KBMR’s analyses assume that the
default status of an option (in this case, the Engage option) is fixed across participants, including those
who evince no bias or a reversed bias (which they term greater “foraging readiness”). Moreover, the
participants at this extreme (least biased toward the default) are predicted to have the strongest dACC
responses to foraging value. We address the logic of this prediction in the legend to Supplementary Fig. 7
but for this reason felt it important not to exclude this participant based on over-foraging. Instead, we
simply note that all of the qualitative results hold when excluding this participant, and include
scatterplots in Supplementary Figs. 3, 4, and 8 to emphasize that none of our key findings were driven by
potential outliers. d) Averages and ranges of RTs (log-transformed) across subjects for each phase of the
two experiments. * Signed-rank P < 0.05, ** Signed-rank P < 0.01.
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Supplementary Figure 2

Modeling of choice behavior for the foraging task

The DDM was fit to choice and RT data from each stage of the task for the two experiments, with drift rate
defined by the relative value (based on the explicit values shown for a given trial) plus an additional
offset term that was allowed to vary during the fitting procedure. While each participant’s data were fit
individually, for visualization purposes solid black curves show the means and s.e.m. for a fixed-effects
analysis across the group (binning relative values) and solid red curves show the predicted choice
probability and RT based on the best-fit DDM parameters to the group data. Histograms show the
frequency of trials within each forage value bin. Black vertical dashed lines show the indifference point
predicted by explicit reward values alone and red vertical dashed lines show the indifference point
defined by the best-fit offset point. In Stage 2, these two overlap because participants are not significantly
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biased toward one option. Conversely, in Stage 1 the offset term diverges from the point of greatest value
similarity due to an engage-favoring bias. The relative value range sampled most densely in Exp 1

correlated with increasing choice difficulty (left), consistent with the linear relationship also observed
with RT (right).
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Supplementary Figure 3

Experiment 2 shows that the dACC foraging value effect is highly sensitive to the range of foraging
values tested

a) We tested our dACC ROI for a linear effect of foraging value across a sliding window of foraging value
bins (spanning 70% of trials at a time). We found significant effects in the earliest windows (most
comparable to Exp 1 and KBMR’s original study) but not the later ones. b) A closer examination (using
windows of 50% of trials at a time) shows the reversal of the foraging value effect from a significant
positive effect (20-70% window) to a significant negative effect (50-100% window). See also Fig. 5c and
Supplementary Fig. 8d,f. ¢) Scatterplots of data from key windows in panels a and b show that both the
positive and negative effects of foraging value appear in almost all our participants. Error bars reflect
s.e.m. * P < 0.05, ** P < 0.005.
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Supplementary Figure 4

Results from experiment 2, showing that choice difficulty provides a better model of dACC
responses than foraging value

a) Scatter plot showing all beta estimates for foraging value and choice difficulty in Exp 2. Each pair of
colored dots represents a single participant (green: foraging value; red: choice difficulty). Beta estimates
are taken from a simultaneous regression (GLM 4) that also included a regressor for foraging costs. b)
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Whole-brain t-statistic map for the contrast between the difficulty and foraging value regressors in the
same GLM, thresholded at voxelwise P < 0.01, extent threshold of 200 voxels. c-d) Bayesian model
comparisons shows that choice difficulty is a more likely model than foraging value for Exp 2 data within
dACC, as indicated by relative exceedance probabilities (c) across the whole brain, using a comparison
only of foraging value and difficulty models (unthresholded; activations in red show regions where the
choice difficulty model has an exceedance probability greater than the foraging value model) and (d)
averaged across voxels within our a priori defined ROI, comparing foraging value, choice difficulty, and a
“baseline” model that simply omits any parametric modulation of foraging trials.



a  Corrected value similarity b Likelihood of indifference C Likelihood of indifference
(IR Viorage-cl; based on DDM) (from DDM) (from logistic regression)

Supplementary Figure 5

Different measures show dACC engagement reflecting foraging choice difficulty

a) Choice difficulty is estimated by the similarity of foraging values, corrected for individual engage
biases (same as in Figs. 3¢, top and 5b,d). b) Choice difficulty is estimated by the difference between
DDM-projected choice probabilities for a given trial and indifference (50%; see “Behavioral analysis”
section of Online Methods). ¢) Choice difficulty is estimated by the difference between logistic regression
estimated choice probabilities and indifference. Aside from being based on a simpler model, note that
these estimates differ in a few ways from those generated by the DDM in panel c. First, they are based on
regression fits to all possible relevant choice values on a trial rather than a single relative value measure.
Second, they are based only on fits to choice data rather than both choice and RT data.

Nature Neuroscience: doi:10.1038/nn.3771



Q

(o)
=
|

aer - Default 1 0.9 1 = Default
c osl *Non-default 0.8 = Non-default
0,) [ ]
8 07 I % 0.7 4
5 08} I S 06 -
S o £ 05
= o)
T s © 0.4
3 I g
8 03} E 0.3 ™
o o I B 0.2 -
o1t l : 0.1 - -
1 . 1 0 5 - ;
Best Mid Worst Best Mid Worst
—Be;au=E 33 2 085 = Default V1
— Defau
o1} — Default V3 g 04 m Default V2
=2 ) m Default V3
2 = > o2 =
8 0.05 > %
) SR
S8 Ex5 O
< E S E
© ‘én')' 0 - = 8 ® 0.2 1
5 g g o g
88 q 58041
C -005} ™ C
E o 06
E e ——
01 g -0.8
_— . . £
0 2 2 6 B 0 12 -1.0
Time (s)

Supplementary Figure 6

Choice difficulty accounts for other findings that have been argued to reflect evaluation of the
non-default option in dACC: example 1

Boorman and colleagues!® had participants choose among three items based on the magnitude of
potential reward and the probability of winning that reward (see their Fig. 1). a) Top: The authors found
that choices were sensitive to the overall expected value (EV), but that participants treated the item with
the highest probability as the default (i.e., EVs being equal, participants were biased to select the highest-
probability item). Bottom: Boorman and colleagues also found that dACC activity decreased as the EV of
the default (highest-probability) item increased (Default V1), and increased as the EV of the other two
options increased (Default V2-V3). Both panels adapted, with permission, from Boorman, E.D.,
Rushworth, M.F. & Behrens, T.E. Ventromedial prefrontal and anterior cingulate cortex adopt choice and
default reference frames during sequential multi-alternative choice. J. Neurosci. 33, 2242-2253 (2013). b)
Top: We simulated decision-makers who chose based on the relevant decision variables (reward,
probability, EV), but with an additional bias toward the highest-probability item, and obtain comparable
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behavior (see Online Methods). Bottom: Consistent with the observed patterns of dACC activity, we also
show that these decision-makers will experience less choice difficulty (i.e., entropy) as the value of their

default increases, but that difficulty will increase with the value of either alternative (right). Error bars
reflect s.e.m.
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Supplementary Figure 7

Choice difficulty accounts for other findings that have been argued to reflect evaluation of the
non-default option in dACC: example 2

a) Kolling and colleagues?? had participants make risky choices (reward shown numerically, probabilities
by height of blue bar) in order to reach a cumulative reward target for a given block of trials (the
cumulative reward, target, and number of trials remaining are all shown). One of these options was
always riskier (lower probability gamble) than the other. b) Participants were sensitive to a measure of
the relative expected values between the two options (RViisky) and to a measure of the distance between
their current reward level and the current target (risk pressure). They also displayed a clear bias toward
the safer option (seen in the logistic regression values and in the overall displacement of the choice curve
to below the 50% line), suggesting that both RViisky and risk pressure marked the value of the non-default
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(risky) option. We simulate this scenario, producing qualitatively similar behavioral effects (blue points;
error bars, s.e.m.; means for original data reproduced in black). ¢) The authors report that dACC activity
was greater when choosing risky relative to safe choices [left], increased with RV.isky (across trials)
[middle], and increased with risk pressure, moreso when choosing the safe option than when choosing
the risky option [right]. Panels a, ¢, and black markers in b adapted from Kolling, N., Wittmann, M. &
Rushworth, M.F.S. Multiple neural mechanisms of decision making and their competition under changing
risk pressure. Neuron 81, 1190-1202 (2014), which is licensed under CC BY 3.0
(http://creativecommons.org/licenses/by/3.0/). d) We show that similar effects are obtained when
using simulated choice difficulty (absolute choice probability, relative to 100% certainty of one option or
another) instead of dACC activity as the dependent variable of interest. The authors report additional
findings in dACC (not shown), including one that is not predicted by our simulations. While the authors
show an increasing effect of RVyisky in dACC across all trials (Panel ¢, middle), a subsequent ROI analysis
attempts to show that this effect was greater when subjects chose the risky rather than the safe option
(the opposite of the results predicted and obtained for risk pressure [Panel c, right]). The RVisky result
runs counter to those predicted by our simulations. However, it should be noted that, unlike the whole-
brain analyses (and unlike the ROI analyses reported by Boorman and colleagues?), the analysis that
produced the result suffers from, and may be partially explained by, selection bias (see Supplementary
Fig. 8). More generally, it remains unclear why a foraging account would at the same time predict
similarl?, greater?9, and smaller2? dACC foraging value effects when choosing the non-default versus the
default. Similar ambiguity exists with respect to predicted individual differences within this and KBMR’s
original study, and whether they are limited to only certain parameters of the foraging decision and/or a
subset of choices, and whether individual differences in foraging bias should be taken as a measure of
“default”-ness or whether one option can be labeled a default irrespective of behavior (interpretations in
both papers strongly suggest the latter, given the expectation that some of these participants revealed no
behavioral bias or a reversed bias and yet they were predicted to show the strongest neural
representation of foraging value). These considerations all bear on the dispositive value of a given finding
as additional unique support for a foraging account, relative to a more context-general account.
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Supplementary Figure 8

Correlations between dACC activity and forage value, by forage choice

One of KBMR's results that do not fit intuitively with a choice difficulty account is the finding of a foraging
value effect in a dACC ROI on trials where participants chose to ‘forage’ rather than ‘engage.” In order to
scrutinize the effect more closely, we tested for it in our own data. a-d) Whole-brain analyses identify a
large cluster of voxels in dACC positively correlated with foraging value (RVforage) on Choose Engage trials
in Exp 1-2 (a,c), as in the original study. On Choose Forage trials we find no such correlation in Exp 1(b),
and instead see that the correlation reverses in Exp 2 (panel d, regions in blue-green). All maps are
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shown at p<0.01, no extent threshold. e) Focusing on our main dACC ROI (left panel), we found a strong
foraging value effect on Choose Engage trials (t14 = 6.0, P = 3.3 x 10-3, signed-rank P = 2.0 x 10-%), and on
Choose Forage trials identified a marginally significant effect in the same direction (t14 = 1.8, P = 0.10,
signed-rank P = 0.07). This may suggest that we were simply under-powered to identify the latter effect,
but further analyses suggest a deeper issue. Note first that the effects just described were identified
within voxels selected on the basis of showing the strongest group foraging value effect within the same
study (an ROI which we otherwise only use to make inferences regarding Exp 2 data). While mirroring
KBMR’s analytic approach (see also Figs. 4Di and 5A in Ref. 20), this non-independent selection approach
biases the analysis toward identifying a positive correlation in any subset of trials based in part on
noise3®. We therefore performed the equivalent analysis using a cross-validation approach - selecting an
ROI based on the peak (linear) foraging value effect in Exp 2 (right panel; see Supplementary Fig. 3b). We
were able to again show a robust foraging value effect on Choose Engage trials (ti4 =4.9, P=2.3x 104,
signed-rank P = 8.5 x 10-4), but the effect is now eliminated for Choose Forage trials (ti4= 0.23, P = 0.82,
signed-rank P = 0.60; Supplementary Fig. 7E). f) In Exp 2 we tested a wide enough range of foraging
values such that a positive foraging value effect on Choose Forage trials would indeed be difficult to
explain on the basis of difficulty alone. For this experiment, using a foraging value dACC ROI defined in
Exp 1 (as elsewhere in the main text), we again see a significant positive effect of foraging value on dACC
activity on Choose Engage trials (ti13= 5.1, P= 2.0 x 10-4, signed-rank P = 1.2 x 10-4) but instead see a
significant negative effect of foraging value on Choose Forage trials (t13 =-5.0, P = 2.6 x 104, signed-rank
P =8.5x10-4), as a choice difficulty account predicts (see also Fig. 2E and Supplementary Fig. 3). This
reversal was present for almost every participant (colored lines).



Foraging value surprise
(unsigned prediction error)

Supplementary Figure 9

A region of rostral dACC tracked the level of surprise participants might have experienced for the
foraging value on a given trial

Maps show regions that positively correlated with foraging value surprise, or the degree to which a given
RVrorage value differed (positively or negatively) from the average observed RVorage value up to that point.
In both Exp 1 (top) and Exp 2 (bottom), we found that a region of rostral dACC was among the regions
that tracked this measure. Maps are thresholded at P < 0.01, extent threshold of 200 voxels.
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