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Whiskers aid anemotaxis in rats
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Observation of terrestrial mammals suggests that they can follow the wind (anemotaxis), but the sensory cues
underlying this ability have not been studied. We identify a significant contribution to anemotaxis mediated by
whiskers (vibrissae), amodality previously studied only in the context of direct tactile contact. Five rats trained on
a five-alternative forced-choice airflow localization task exhibited significant performance decrements after vibrissal
removal. In contrast, vibrissal removal did not disrupt the performance of control animals trained to localize a
light source. The performance decrement of individual rats was related to their airspeed threshold for successful
localization: animals that found the task more challenging relied more on the vibrissae for localization cues.
Following vibrissal removal, the rats deviated more from the straight-line path to the air source, choosing sources
farther from the correct location. Our results indicate that rats can perform anemotaxis and that whiskers greatly
facilitate this ability. Because air currents carry information about both odor content and location, these findings
are discussed in terms of the adaptive significance of the interaction between sniffing and whisking in rodents.
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The sensory cues that underlie anemotaxis in terrestrial mammals have
not been studied. However, studies in multiple other species implicate
hair and hair-like appendages in flow sensing behaviors. The antennae
of arthropods, the sensory hairs of insects and bats, and the whiskers
(vibrissae) of pinnipeds are all used as flow sensors, mediating flight
maneuvers (1–4), escape responses (1), wake tracking (5, 6) and contri-
buting anemotaxic or rheotaxic information during olfactory search
(7–12). Analogous to these systems, the vibrissae of terrestrialmammals
would be a prime candidate to serve as flow sensors.

Two additional lines of evidence suggest a role for vibrissae in flow
sensing. First, the mechanical response of a rat vibrissa to airflow con-
tains information about both flow direction and magnitude (13). A
vibrissa bends in the direction of airflow with an average bending am-
plitude that correlates with airspeed, and then vibrates around its new
deflected position (13). Second,whisking and sniffing behaviors are syn-
chronized by activity from the preBötzinger nucleus (14), conferring a
degree of temporal precision that could align anemotaxic information
from the vibrissae with odorant information during olfactory search.
Together, these findings suggest that anemotaxic information from
the vibrissaemay be of high behavioral salience even whenmultiple an-
emotaxic cues are available (for example, from glabrous skin or pelage
hairs). We therefore tested the hypothesis that the vibrissae contribute
significantly to the ability of rats to localize airflow.
RESULTS

Five rats (female, Long-Evans, ~3 months old) were trained to localize
airflow emanating from one of five fans placed around the circum-
ference of a circular arena, spaced ~30° apart as measured from the
arena center (Fig. 1A and figs. S1 and S2). Each day of training included
at least 45 trials; only one of the five fans was on during any given trial.
On each day, the sequence of fans was randomized while ensuring that
each fan was on nine times (see Materials and Methods for details). At
the start of each trial, a door opened to allow the rat to leave a holding
box, enter the arena, and localize the airflow source by running toward a
hole in front of the fan. The airspeed at the hole was 1.1 ± 0.3 m/s and
the airspeed at the door was 0.5 ± 0.2 m/s (Fig. 1B).

In a preliminary study, we found that rats could circumvent the
task by circling around the arena, exploring several fans in turn, and
making a decision only when extremely close to the correct fan. To pre-
vent this behavior, a correct choice required rats to first cross a virtual
checkpoint 21.6 cm (8.5 inches) in front of the hole (Fig. 1A). If the rat
both crossed the checkpoint and approached the hole, an audible click
would signal the delivery of awater reward froma fluid port beneath the
table. To obtain the reward, the rat had to go down a hole and follow a
tunnel beneath the table to the water port. If the rat performed the trial
correctly, it would receive a second reward for running up a ramp from
thewater port back to the holding box. Another trial began after a ~10-s
intertrial interval.

Because a trial was counted as correct only if both the boundary of
the hole and the checkpoint were crossed, all rats tended to follow a
nearly straight-line path to the hole in front of the airflow source (Fig. 1C).
Movie S1 shows examples of both correct and incorrect trials.

Upon performing the task for 10 consecutive days at a success rate
above 55% (where chance is 20%), with no single day lower than 40%,
a complete bilateral vibrissectomy was performed, and the rats were
then tested for an additional 10 days. A control group of three rats was
trained on the same task, except that the fans were replacedwith a white
light source. The control group underwent the same bilateral vibris-
sectomy. Careful acclimatization procedures (seeMaterials andMethods
for details) allowed us to cut off (trim) all vibrissae in both groups of
animals without anesthesia, using only gentlemanual restraint. All vibris-
sae were trimmed to a length less than 2mm; this trimming included
all macrovibrissae and the longer of themicrovibrissae (seeMaterials
andMethods for more detail). We observed no significant groupwise
change in locomotor speed or pausing of the rats after vibrissal trimming.
Descriptive statistics for this analysis are shown in table S1.
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Following vibrissal removal, all rats exhibited a notable decrement
(~20%) in their ability to localize the source of the airflow; this effect was
statistically significant in four of the five rats (Fig. 2A and table S2). In
contrast, none of the rats trained to localize the light source showed a
significant performance decrement. As expected, all rats could still per-
form the airflow localization task at levels well above chance (20%) re-
gardless of the presence of vibrissae, confirming that these sensors are
not the exclusive modality used for flow sensing.

To investigate the basis for inter-rat performance variability after
vibrissal removal, we performed a new experiment (see Materials and
Methods, “Localization threshold experiment” section) in which we
replicated the original experiment while manipulating airspeed. To de-
termine the localization thresholds of individual rats, we used a two-up/
two-down staircase paradigm. The vibrissae of three rats were allowed to
regrow for 1 month, and the rats were then retrained for 2 weeks on the
original experimental task (air speed, 1.1 ± 0.3 m/s at the hole). After
2 weeks, the threshold experiment started. Each day of training began with
Yu et al. Sci. Adv. 2016; 2 : e1600716 24 August 2016
the fans running at full speed (1.4 ± 0.3 m/s at the hole); note that the full
speed in this threshold experiment was higher than the speed used in
the original experiment. Fan speed was decreased by 10% if the rat com-
pleted two trials correctly and increased by 10% following two incorrect
trials. After the fan speed was reversed six times, the resolution of the
speed change was decreased to 2%. On each day, data collection stopped
either after a total of 12 reversals (6 reversals at 10% and 6 at 2%) or after
~1.5 hours of testing, when the rat had lost interest in the task (fig. S3).

Comparing the results of the localization threshold experiment
across rats (Fig. 2B) offers a compelling explanation for the variability
in performance decrement. The localization threshold for rat 1 was
lower than the airspeed used during the original experiment, both
before and after vibrissal removal. This rat was sufficiently sensitive
to airflow that, although vibrissal removal caused a performance dec-
rement, it was not large enough to reach statistical significance. In con-
trast, the localization thresholds for rats 2 and 3 more closely bracketed
the 1.1 ± 0.3–m/s airspeed used in the original experiment (87% of
Fig. 1. Rats were trained to localize airflow or light. (A) The arena’s entrance door is opposite five fans, placed around the arena circumference. A fence
confines the rat. Black solid lines indicate checkpoints. Five holes (black circles) allowed access to tunnels beneath the table (gray shadow) that led to a water
reward port (reward 1, black star), activated only for correct trials. A ramp led back to the holding boxwhere a second reward (reward 2, black star) was given
for correct trials. (B) Airspeed color map shows that the maximum speed lies approximately along the line connecting fans and the entry door. (C) Five rats’
trajectories (all correct trials before vibrissal removal) superposed on airspeed color map.
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max); these rats exhibited significant performance reductions with
vibrissal removal. Figure 2C illustrates the relationship between per-
formance decrement and localization threshold for these three rats.

Complementing the performance decrement, themagnitude of the
localization error was also found to increase after vibrissal removal. Al-
though the rats’ trajectories during correct trials were generally straight-
line paths (Fig. 1C), their trajectories on incorrect trials deviated from
these paths, and this deviation increased after vibrissal removal (Fig.
3A). Deviation was quantified as the shortest (that is, orthogonal) dis-
tance from the rat’s position to the straight-line trajectory. Average
deviation was calculated in a two-step process: we first computed the
area enclosed by three curves—the straight-line trajectory to the correct
fan, the boundary of the arena, and the rat’s actual trajectory (fig. S4)—and
then divided the area by the length of the straight-line trajectory. Aver-
age deviation thus captures the extent to which the rat’s trajectory di-
verges from the straight-line path to the correct fan (see Materials and
Methods for more details on this metric). Figure 3B shows that on av-
erage, the deviation from the straight-line path increased 20.4% for all
rats trained to localize the airflow source; this effect was significant for
all but rat 1. In contrast, no significant changes in path length devia-
tion were observed for any rat in the control group trained to localize
the light source (Fig. 3B, fig. S5, and table S2).

The changes in path length deviation shown in Fig. 3 (A and B) sug-
gest that rats were choosing fans farther away from the correct source of
airflow. We confirmed this possibility by computing the percentage of
incorrect trials in which rats chose either a neighboring (incorrect)
Yu et al. Sci. Adv. 2016; 2 : e1600716 24 August 2016
source or a nonneighboring (incorrect) source. This analysis effectively
measures the degree of spatial error in the rat’s localization choice (Fig.
3C). All rats trained to localize the airflow showed an increased ten-
dency to choose nonneighboring fans after vibrissal removal. When
pooled, the increase reached significance. In contrast, the rats trained
to localize the light source showed no consistent change.
DISCUSSION

Our results demonstrate that the rodent vibrissal-trigeminal system,
which has a well-established role in tactile detection and texture dis-
crimination (15, 16), also contributes significantly to the detection
and localization of airflow. Results show not only that rats can exploit
information from themacrovibrissae for anemotaxis but also that they
do exploit it, evenwhenmultiple cues are available. The task used here
did not require rats to use their macrovibrissae; the animals were free
to choose whichever cues were most helpful. Performance after mac-
rovibrissal removal decreased for all rats but remained above chance,
indicating that rats do not rely on the macrovibrissae alone for ane-
motaxis. Alternative cues could include thermal information from the
snout, pinnae, and corneas, as well asmechanical cues from other sen-
sory hairs, such as the pelage (fur), tylotrichs, the microvibrissae, and
the residual lengths (<2 mm) of the macrovibrissae. Further studies
are required to assess the relative contributions from each of these oth-
er submodalities.
Fig. 2. Vibrissal removal degrades performance in airflow but not light localization. (A) Average (10-day) performance before (blue) and after
(red) vibrissal removal for rats trained to localize either airflow or light. Error bars show means ± SEM. ***P < 0.001; *P < 0.05; n.s. (not significant), P ≥
0.05; Wilcoxon rank sum test; median values are reported in table S2. (B) Average (6-day) localization threshold before (blue) and after (red) vibrissal
removal on the two-up/two-down experiment. Data show means ± SD percent maximum airspeed. Dashed lines indicate the fixed airflow speed
used in Fig. 2A (87% maximum). (C) Average performance decrement (10-day average) with fixed airspeed is related to localization threshold
(12-day average). Data points show mean values; vertical lines indicate ±SEM performance decrement; horizontal lines indicate ±SEM threshold.
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Although the present work does not directly demonstrate that an-
emotaxic information obtained by the vibrissae is used for olfactory
localization, we suggest that during an animal’s natural exploration,
the most behaviorally relevant information to be obtained from air
currents is the location of distant odor sources.While local odor con-
centrations within an odor plume generally provide limited in-
formation about a source location (8, 17), the vibrissal system
offers a parallel stream of trigeminal-based tactile signals that con-
tain spatial cues. Receiving parallel olfactory and vibrissal cues could
greatly simplify olfactory search within the “patchy” odor plumes that
typically characterize natural environments (8, 17). Determining the
odor concentration gradient using olfaction alone is time-intensive, re-
quiring the animal to take time-averaged concentration measurements
of an odor plume at multiple locations (10, 17). In contrast, airflow
signals are inherently vector quantities that can be combined with ol-
factory cues at a single spatial location to provide the animal with a rapid
estimate of odor location. The direction of the airflow vector indicates
the azimuthal angle to the odor source (10); themagnitude of the airflow
vector (speed) and the scalar odorant concentration could jointly indi-
cate the distance to the odor source. The vector from the animal’s po-
sition to the odor source could thus be efficiently computed. Similar
chemoanemotaxic strategies are observed in other species (7–12).

Airflow sensing by the vibrissae offers a mechanical explanation
for the anemotaxic contribution to olfactory search observed in be-
havioral experiments (18). The cross-modal nature of this proposed
vibrissotactile-olfactory information stream underscores the need for
rodents to continuously adjust the relationship between whisking and
sniffing, as reflected in the dynamic relationship between the coupled
neural oscillators known to drive these rhythmic behaviors (14, 19, 20).
Yu et al. Sci. Adv. 2016; 2 : e1600716 24 August 2016
Passive displacements due to airflow will likely be easiest to sense if the
vibrissae are held relatively immobile to avoid contamination with a
peripheral reafferent signal (21–24). Thus, at times when anemotaxis is
paramount, the rat mayminimize whisking, whereas at other times, the
animalmay exploit bilateral nostril comparisons (25–27) and is likely to
generate synchronized ~8-Hz sniffing and whisking (14, 18–20, 28).
Future studies that directly assess involvement of the macrovibrissae in
olfactory search would help to elucidate characteristics of themechano-
tactile information that vibrissal-responsive regions of the nervous sys-
tem evolved to process.
MATERIALS AND METHODS

All procedures were approved in advance by Northwestern University’s
Animal Care and Use Committee.

Experimental setup
Five computer fans (Cooler Master, Blade Master 80) were placed
radially around the edge of a circular table 1.83 m (6 feet) in diameter.
Each fan was inserted into a 12.70 × 7.62 × 7.62–cm (5 × 3 × 3–inch)
enclosure that helped direct the airflow forward. Each fan and enclosure
was supported by a freestanding base that wasweighted to the floorwith
heavy iron plates. No part of the fan or the enclosure touched the table.
Fan vibrationswere barely detectablewhen the fan enclosurewas direct-
ly touched with a finger. Although we were not able to directly quantify
themagnitude of these tiny vibrations, it is unlikely that they influenced
the behavior of the rat because they would have had to have traveled
from the fan, through the heavy iron base, through the cement laboratory
Fig. 3. For incorrect trials, vibrissal removal causes rats localizing airflow to deviatemore from the straight-line path to an airflow source but not
a light source. (A) Trajectories of all incorrect trials of five rats trained to localize airflow 10 days before vibrissal removal (top row) diverge less than after
removal (bottom row). (B) For incorrect trials, deviation of each rat before vibrissal removal (blue) is smaller than after removal (red). Error bars showmeans±
SEM. ****P < 0.0001; **P < 0.01; *P < 0.05; n.s., P ≥ 0.05; Wilcoxon rank sum test; median values are reported in table S2. (C) The percentage of incorrect trials
for which a nonneighboring fan was chosen before (blue) and after (red) vibrissal removal. ***P < 0.001; n.s., P ≥ 0.05; Yates’s corrected c2 test.
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floor, and back up through the table. The distance between each fan and
the entrance door into the arena ranged from 1.41 to 1.56 m (55.5 to
61.25 inches), ensuring that airflow speeds at the entrance differed by no
more than 0.2 m/s. All airflow speeds were measured using a hot-wire
anemometer (Omega, model HHF42; resolution, 0.1m/s). The left and
right edges of the table, outside of the fence, were removed to ensure that
the entire area of the table was visible in the overhead camera frame.

Control stimuli consisted of white light-emitting diodes (LEDs)
mounted to the top of each of the fan enclosures and directed toward
the door. The light intensity of the bulbs was less than 0.1 lux in the
center of the table, as measured by a light meter (Digi-Sense, model
20250-00). To ensure against bias toward any particular location, each
of the five fans or lights was activated the same number of times per
training session, and the order of the fans was randomized using the
C++ random_shuffle algorithm (libstdc++, version 6.0.19). The ran-
domization was reseeded for each new training session.

We controlled for extraneous cues from audition and vision for all
rats. Ambient noise in the room due to building mechanicals was mea-
sured to be 50.5 dB (Casella CEL-63X soundmeter). Themanufacturer’s
specifications indicated that the sound emitted from each fan was be-
tween 13 and 28 dB; the soundmeter did not register a change when a
fan was turned on. Amasking stimulus was played continuously during
training. It consisted of audio recordings from all fans with additional
bandpass-limitedwhite noise superimposed. Themasking stimulus was
played back through two speakers beneath the arena (Juster AC-691N),
located between fans 1 and 2 and between fans 4 and 5. The amplitude
of themasking stimulus wasmeasured to be 67.8 dB. An ultrasound detec-
tor (PetterssonD 230) confirmed that the fans did not emit ultrasonic cues.

The experiments were run in a dark room where a computer moni-
tor behind a curtain was the only ambient visible spectrum light source.
Matte black cloth was mounted behind each fan to reduce the contrast
between the fan’s blades and the background.

Behavioral shaping
Rats were trained 5 days aweek, for 3 to 5months, starting at 3months of
age. All rats completed 45 to 50 trials per day (usually ~30 min per rat),
and the order in which the rats were trained changed each day. The rats
were deprived of water for 23 hours before training but received ad libi-
tum water 2 days per week.

Each day of training began with a 5-min gentling session in which
the rat was conditioned to tolerate being held firmly while its vibrissae
were brushed with a set of blunt-tipped scissors. This conditioning
allowed us to cut off the vibrissae without anesthesia during the orig-
inal experiment (stage 5b in fig. S1) and during the localization
threshold experiment.

Rats were trained to localize airflow emanating from one of five
fans. Training consisted of several stages of increasing difficulty, as
schematized in fig. S1. During training, a correction procedure was
used such that when a trial was completed incorrectly, the trial was
repeated with the identical stimulus until the rat gave a correct re-
sponse. In the final stage, the correction procedure was stopped. After
the rats achieved a success rate above 40% for 10 consecutive days
with an average above 55%, all vibrissae (both macrovibrissae and
microvibrissae) were trimmed to <2 mm in length. Macrovibrissae
included mystacial, supraorbital, genal, and mental vibrissae (whisker
trident).Microvibrissae shorter than 2mmwere not trimmed.Vibrissae
were retrimmed every other day to ensure that they never exceeded
2 mm in length.
Yu et al. Sci. Adv. 2016; 2 : e1600716 24 August 2016
Nineteen rats were initially trained. Of those, 10 were excluded from
the experiment during the first stage of training (stage 1a in fig. S1).
These 10 rats refused to ever traverse the open-field arena, choosing
instead to sit within the tunnel system and groom. One rat was ex-
cluded in the last stage of training (stage 4a in fig. S1). This rat gradually
became lethargic over a period of ~3 weeks, choosing to sit and groom
in the tunnel underneath the table. Although the rat’s overall perform-
ance on the task (both percent correct and locomotor speed during the
trial) resembled that of the other rats, training sessions gradually
extended to 1 or 2 hours because of these extended periods of groom-
ing, and the rat was therefore excluded from the study. Of the remain-
ing eight rats, five composed the experimental group (localized airflow)
and three composed the control group (localized light). A total of 7217
trials were recorded. Of these trials, 6.7%were removed from the data set
because the rats were grooming, climbing, following the arena’s edge, or
retreating back into the holding box before completing the trial. A total
of 0.6% of all trials were removed because of computer malfunction.

On the third day after trimming the vibrissae of rat 2, a fire alarmwent
off after it had performed 26 trials. Only 26 trials were used on that day.

Reward criteria
Reward criteria for training are shown in fig. S2. To receive rewards,
the rat was required to run toward the operating fan and cross two
trigger regions along the way. All triggers were implemented digitally
through images taken by an overhead camera and were not physically
observable. The first (checkpoint) set of triggers consisted of five
linear regions of interest, 15.24 cm (6 inches) wide, located 21.59 cm
(8.5 inches) in front of their corresponding holes. Each trigger line
was oriented to be orthogonal to the straight-line path connecting the
center of its hole to the entrance of the arena. The second (hole) set of
triggers consisted of 11.43-cm (4.5-inch) circles surrounding each hole.
During training stages 1a, 2a, and 3a, the checkpoint triggers were
turned off to promote a smoother transition between increasingly dif-
ficult training stages. The distances between the door and the holes
ranged between 93.98 cm (37 inches) and 106.68 cm (42 inches).

Upon reaching the hole trigger, the rat was required to go down
one of the holes 7.62 cm (3 inches) in diameter located in front of the
fans leading to a tunnel system beneath the table. The tunnels led to
the first reward and provided a path back to the holding box to receive a
second reward. To prevent the rat from looping in the opposite direc-
tion, one-way doors were installed in each of the five branches of the
tunnel system, as well as a one-way hatch at the top of the ramp.When
a rat did not return to the holding box within a ~1-min time span, the
rats were gently guided up the ramp by the trainer.

The first reward was a 0.09 ± 0.02–ml drop of fresh water and was
dispensed by a solenoid valve in the center of the chamber beneath the
table. The second reward was a 0.1 ± 0.07–ml drop of sucrose solution
(85.575 g/liter) and was dispensedmanually with a pipette at the rear of
the holding box (Fig. 1A). The purpose of the second rewardwas tomo-
tivate the rat to return to the holding box. Both rewardswere contingent
on the rat getting the trial correct. A new trial was started once the rat
returned to the holding box. The start of each trial was controlled man-
ually by the trainer.

Video recording and rat tracking
An infrared light source (15 W) illuminated the arena from above.
Videos were recorded at 20 fps at a resolution of 480 × 640 pixels by a sur-
veillance camera (Swann PRO-760) and a video capture card (Pinnacle,
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AV to USB2 Rev. 1.2A). Custom circuitry and software were developed
to monitor the checkpoints as well as to control the actions of the
camera, the vertical lift entry door to the arena, the fans, the LEDs,
and the reward solenoid. The triggerswere implemented bymonitoring
their respective regions of interest for changes in pixel intensity from
the white background.When the intensity within the trigger’s region of
interest fell below a threshold value, the trigger was activated. Upon
reaching a hole trigger, the arena door was automatically closed and
the fan was turned off. For correct trials, the solenoid was automatically
activated, producing a clicking sound and alerting the rat to the pres-
ence of a reward. The trial number, correct fan number, checkpoint
trigger number, hole trigger number, and full video for each trial were
automatically recorded.

Rat positions were automatically tracked in post-processing using
MATLAB. The tracking algorithm exploited the contrast between the
rat (brown) and the arena (white) tomeasure the position of the rat. An
image of the empty arena was used to find and mask out persistently
dark regions. Any remaining dark regions greater than a size threshold
represented the rat. The position of the rat was defined as the centroid of
the dark region.

Average deviation
The straight-line trajectory is defined as the line that connects the
door with the correct hole. The rat’s deviation at each point in time
is defined as the orthogonal distance between the rat’s position and
the straight-line trajectory. Intuitively, the average deviation can be
thought of by imagining that the rat has taken a trajectory in which
its deviation is constant throughout its entire path. The rectangular
area enclosed by this hypothetical trajectory is defined by the straight-
line trajectory and the average deviation value. It follows that the av-
erage deviation is equal to the enclosed area divided by the length of
the straight-line path. The average deviation values plotted in Fig. 3B
were therefore calculated by measuring the enclosed area shown in
fig. S4 and dividing the area by the length of the straight-line path.

Airflow maps
To monitor for changes in airspeed between training days, airspeed
measurements were taken at 11 points throughout the arena for each
fan, for a total of 55 measurements each day. For each fan, the first
measurement point was taken at the door, the next five points were
taken halfway between the door and each hole, and the final five
points were taken in front of each hole. Typical fan speeds along
the lines connecting the fans to the door were 1.1 ± 0.3, 0.8 ± 0.2,
and 0.5 ± 0.2 m/s (mean ± maximum difference), as measured from
the hole to the door. We also recorded 3 days of higher spatial reso-
lution measurements taken at 162 points for each fan, spaced evenly
throughout the arena. To produce the color map images for Figs. 1
(B and C) and 3A, fig. S4, and movie S1, small markers were placed at
the 162 measurement locations, and the overhead camera was used to
take a picture of the arena. The positions of themarkers were thenman-
ually extracted from the image and used to linearly interpolate the
airspeed for every pixel location within the arena.

Localization threshold experiment
For three of the five rats trained to localize airflow (rats 1, 2, and 3), a
follow-up experiment was performed to investigate the threshold at
which the rats were able to localize airflow. In this experiment, we
used a two-up/two-down paradigm to alter the magnitude of the air-
Yu et al. Sci. Adv. 2016; 2 : e1600716 24 August 2016
speed on the basis of the rat’s performance. After the rat performed two
correct trials, the airspeed was lowered, increasing difficulty. Con-
versely, after the rat performed two incorrect trials, the airspeed was
raised, decreasing difficulty. For the first six reversals, the airspeed
was changed by 10% increments. For the next six reversals, the air-
speed was changed by 2% increments (Fig. 2B and fig. S3). Each day,
this process was continued until the airspeed was reversed 12 times
(12 reversals) or after ~1.5 hours of testing. The speed of each fan was
adjusted via a pulse-width modulation (PWM) signal. On average, a
1% change in the duty cycle of the PWM signal resulted in a 0.015-m/s
change in airflow speed at the hole. The duty cycle could be adjusted
within the range of 1 to 99%.

Rats 1 and 3 performed the staircase procedure for 6 days with
vibrissae and 6 days without vibrissae. For several days, rat 2 did not
achieve an adequate number of reversals. Therefore, it was tested for
10 days before trimming and for 10 days after trimming. The subset
of 6 dayswith the highest number of reversals before and after trimming
was used in the threshold analysis. Table S3 shows the number of re-
versals achieved for each rat on each day. To normalize for the variable
number of trials that each rat took to achieve convergence, we analyzed
percent complete as opposed to trial number. The percentage of max-
imum fan speed was then resampled using linear interpolation at in-
teger values of percent complete. Means and SDs were computed at
these integer values.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/8/e1600716/DC1

fig. S1. Rats learned to perform the task through a series of behavioral shaping stages.

fig. S2. Reward delivery was contingent on performance.

fig. S3. Fan speed was adjusted to determine rat localization thresholds.

fig. S4. Path length deviation was quantified on the basis of the rat’s trajectory.

fig. S5. Vibrissal removal does not affect the rats’ ability to find a light source.

table S1. Descriptive statistics for locomotion.
table S2. Median values of the performance and deviation data.
table S3. Completion criteria for the localization threshold experiment vary by rat.
data file S1. Data for Fig. 2 (A and C).
data file S2. Data for Fig. 3 (B and C).
movie S1. The video shows 13 trials in which a rat localizes airflow emanating from one of five
fans, arranged around the circumference of a table.
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