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Abstract

We investigated the perception of affordances for walking along a narrow path. We asked
whether participants could perceive changes in affordances brought about by manipulation
of properties of the body, or of the environment, without direct practice of the to-be-per-
ceived affordance, and without external feedback about the accuracy of perception. In
Experiment 1, participants made a series of 8 judgments of how far they could walk along a
narrow path either, 1) without added weight, 2) while wearing a weighted vest, or 3) while
wearing weights on their ankles. Before walking, mean judgments were lower when wearing
weights than in the no-weight condition. In addition, in both weight conditions judgments
changed across the series of 8 judgments, in the direction of greater accuracy. Control of
the body in walking also can be influenced by motion of the ground surface, as commonly
happens in vehicles. In Experiment 2, on a ship at sea, we evaluated the effects of walking
with or without weight added to the body at the ankles. We again asked participants (experi-
enced maritime crewmembers) to judge how far they could walk along a narrow path, with
versus without ankle weights. As in Experiment 1, judgments made before walking mirrored
the observed differences in walking performance. In addition, we again found evidence that
judgment improved (without walking practice, or feedback) over the series of judgments.
We conclude that participants were sensitive to (and spontaneously learned about) how
affordances for walking were influenced by changes in the dynamics of body and the
environment.

Introduction

Affordances are possibilities for action that exist for a given animal in a given environment [1-
2]. For example, affordances for locomotion emerge from relations between properties of an
animal and properties of the environment that allow for movement from place to place [3-4].
One type of locomotion is walking.

Walking includes lateral oscillations of the body as weight shifts between the feet. Walking
along a narrow path (for example, a gap between buildings, or along a balance beam) will be
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constrained by the walker’s ability to control these lateral oscillations, so as to avoid bumping
into walls (when walking between buildings) or falling off the path (when walking on the
beam). The greater the person’s ability to control lateral oscillations, the farther they can walk
along a narrow path.

In the present study, we considered effects of lateral oscillations on affordances for walking
a maximum distance along a narrow path [5-6]. We know of no existing research on percep-
tion of affordances relating to how far a person on land can walk along a narrow path in a
given situation or under given circumstances. There is a considerable empirical literature on
step width, but this research typically has addressed clinical issues, in part because control of
lateral oscillation rarely is an issue for healthy adults [7-8]. However, environmental condi-
tions can challenge the control of lateral oscillations in walking. An example is walking on a
ship at sea.

Humans have been going to sea for many thousands of years [9]. Ocean swells and waves
generate oscillatory motion of ships, with motion excursions typically on the order of meters.
Ship motion varies with changes in wind, waves, ship speed and heading, among other factors,
but with rare exceptions (e.g., a calm) is present around the clock, day in and day out, for the
duration of a voyage [10]. This highly complex motion of the deck surface is associated with
broad changes in perceptual-motor control. For example, the rolling gait of fully adapted mari-
ners often is visible to casual observers [11]. Recent research on ships at sea has shown that
experienced mariners perceive how oscillatory ship motion alters the maximum distance that
they can walk along a narrow path. In such studies, independent variables were properties of
ship motion [5-6]. In the present study, we asked how affordances for walking along a narrow
path might be influenced by changes in properties of the body.

Added mass and affordances for walking

Changes in the body’s mass (and mass distribution) tend to influence perception and perfor-
mance of available actions [12]. For example, Regia-Corte and Wagman [13] asked partici-
pants to wear a backpack apparatus to which masses were attached in one of three
configurations—high-mass, low-mass, or no-mass. In each condition, participants adjusted
the angle of inclination of a surface until they felt that it was just barely possible for them to
stand on that surface. Perception of affordances for standing on the inclined surface reflected
the changes in center of mass brought on by the weighted backpack apparatus—the perceptual
boundary occurred at a smaller angle of inclination in the high-mass condition than in either
the low-mass condition or the no-mass condition.

Learning about changed affordances

In Walter et al. [5-6], participants were experienced mariners who were fully adapted to ship
motion. The impressive sensitivity of these participants raises questions about how people
learn about changes in affordances for walkable distances over both short and long time scales.
Mark [14] asked standing participants to judge their maximum sitting height, that is, the high-
est chair on which they could sit. Participants made a series of judgments. In one condition,
participants made these judgments while wearing 10 cm blocks on their feet, which increased
actual maximum sitting height. In the initial judgments while wearing the blocks, participants’
responses reflected their sitting ability without the blocks. That is, initial judgments were
underestimates. However, across the series of judgment trials, judgments gradually improved.
This gradual improvement was remarkable because participants received no feedback about
the accuracy of their judgments, and were not permitted to practice sitting while wearing the
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blocks. Mark et al. [15-17] showed that exploratory movement of the body (e.g., postural
sway) was both necessary and sufficient for this gradual retuning of judgments.

We asked whether spontaneous learning of affordances for walking (i.e., without feedback
about judgment accuracy) would occur in the context of dynamic changes (in terms of the
effect of mass distribution of the body on lateral oscillations) rather than geometric changes
(in terms of the effect of between leg length on stepping height). The walking task developed
by Walter et al. [5-6] focused on dynamically defined affordances for walking, with indepen-
dent variables in properties of the environment (aspects of ship motion). In Experiment 1 of
the present study, we used a similar walking task, with independent variables in properties of
the body; specifically, weights added to the body that were expected to influence walking ability
[13, 14-15]. In Experiment 2, we used a similar methodology on a ship at sea: Our aim was to
assess sensitivity to the simultaneous influence of dynamic properties of the body (added
weight) and dynamic properties of the environment (ship motion).

Experiment 1

In Experiment 1, our principal purposes were to 1) evaluate effects of added weight on partici-
pants’ ability to walk within a narrow path, and 2) to investigate whether actual differences in
performance were reflected in prior judgments of walking ability. We predicted that added
weight would reduce the distance that participants could walk within the narrow path. We also
predicted that effects of the weights would be reflected in judgments of maximum walkable
distance.

Mass can be added to the torso [18-21] or to the lower extremities (e.g., heavy ski boots,
medical walking boots, or fitness weights on the ankles). We reasoned that, in the context of
our path-following task, a greater challenge to lateral gait would arise from weight added to the
ankles than to the torso but that there would be greater changes to perceptual information dur-
ing postural sway from weights added to the torso than to the ankles. For this reason, in Exper-
iment 1 we separately evaluated effects on perception and performance of weights added at the
upper torso, and at the ankles.

Our method was based upon prior studies of both perception and performance on land
[14-15], and at sea [5-6]. However, we modified the method to take into account the nature of
our manipulations in the present study. Given that the addition of weights was sudden and dis-
crete, such that participants had little or no prior exposure to gait while wearing the weights
[18, 22], we expected that performance (actual walking ability, in terms of distance walked and
the speed of walking) might change across performance trials. In addition, following previous
studies [14-15], we expected that the accuracy of judgments might change over the course of a
series of judgments. For this reason, we asked participants to make a series of eight judgments
before engaging in any actual walking. We predicted that judgments would change, over trials,
in conditions with added weight, but that they would not change in the baseline condition (no
added weight). Following Mark et al. [15], we evaluated these predictions in terms of the slope
of the line across the series of eight judgments for each condition.

In both experiments, to account for our use of a within-participants design, for statistically
significant effects we estimated effect size using the F-value and its degrees of freedom [23].
Similarly, we computed effect sizes for post-hoc ¢-tests using Cohen’s d, [23].

Method
Participants

Our sample comprised 14 individuals (5 men and 9 women), ranging in age from 18 to 76
years (mean = 39.21 years), in height from 1.44 to 1.81 m (mean = 1.65 m) and in weight from
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49.90 kg to 103.41 kg (mean = 70.18 kg). We selected this age range of participants in Experi-
ment 1 to match those of the crewmembers on the ship who would serve as participants in
Experiment 2 [5-6, 24]. As part of the consent process, participants indicated that they suf-
fered from no history of balance disorders, vestibular dysfunction, seizures, or dizziness. The
experimental protocol was approved in advance by the University of Minnesota IRB. The indi-
vidual in Fig 1 has given written informed consent (as outlined in PLOS consent form) to pub-
lish their image alongside the manuscript.

To ensure a large enough sample size to provide sufficient power reliably to exclude false
rejection of the null hypothesis, we tested power (1-B) with the G*Power program [25], using
the a priori option and the effect size (.81) for affordance judgments from Walter et al. [5]

(n = 16). Power analysis revealed a test power of .967 and suggested that a sample size of n = 14
would be sufficient to achieve the desired effect size of 0.81.

Setting and apparatus

The study was conducted on an indoor basketball court. In some conditions, athletic weights
were applied to the body. We used a weighted vest (j/fit, Vancouver WA), in which 9.1 kg were
distributed symmetrically left to right, and front to back. We also used two soft, wrap-around
athletic weights (Synergee, Thunder Bay Ont) each 4.55 kg, that could be secured at the ankle
using Velcro.

Procedure

We created a pathway using matte tape on the court, parallel to the sidelines. Following previ-
ous studies [5-6], the pathway was 8.9 m long x 0.3 m wide. We used a within-participants
design. Participants were tested with their shoes on (at sea, in Experiment 2, this was required).
In the No-Weight condition, the participant wore No-Weights attached to the body. In the
Torso-Weight condition, the participant wore the weighted vest. In the Ankle-Weight condi-
tion, the participant wore one 4.55 kg weight attached at each ankle.

Stepping in place

To experience how the weights influenced movement in general, participants stepped in place.
To ensure that this experience could not provide direct information relating to visible distance,
participants did so while blindfolded. The blindfold was removed after stepping, thereby mak-
ing information about relations between the weights and the (visible) path available during
judgments.

Stepping in place was conducted with the participant standing at the beginning at one end
of the path, with their heels on a marked line. A blindfold (an opaque elastic head band) was
applied, after which (in the Torso-Weight and Ankle-Weight conditions) weights were
attached. With the blindfold in place, the participant engaged in stepping in place, that is,
sequentially raising each foot off the ground and returning it to its original position (Fig 1).
This took place in all conditions, even in the No-Weight condition. Five step cycles were exe-
cuted (i.e., the right and left feet each were raised 5 times for a total of 10 steps). After stepping
in place, the Experimenters assisted the participant in returning their feet to the starting posi-
tion. Then, the blindfold was removed.

Judgment task

The participant was asked to look at the designated path and estimate “if you were walking
comfortably, how far do you think you could walk along this path without stepping on or over
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Fig 1. Experiment 1. A participant stepping in place while blindfolded.

https://doi.org/10.1371/journal.pone.0221974.9001

the lines?” To report estimated distance, the participant instructed an experimenter where to
place a marker (a 0.25 m length of a wooden 4 x 4) along the path. At the beginning of the
trial, the experimenter stood near the participant, facing them, and slowly walked backward
along the path until instructed to stop by the participant. Each participant gave eight judg-
ments for each condition (No-Weight, Torso-Weight, Ankle-Weight), for a total of 24 judg-
ments. Across participants, we counterbalanced the order in which the three conditions were
presented. We repeated the six possible condition orders in a fixed sequence across successive
participants.
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Performance (walking) task

After completing the judgment task, participants were asked to walk comfortably along the
path: “Please do not look at your feet. Keep your eyes on the end of the path and walk so as to
avoid stepping on the lines.” For each condition, the participant completed a total of 12 trials,
comprising six laps (out and back). Stepping on or over the lines with any part of either foot
was classified as a “fault” and the walked distance was recorded from the spot of the fault. For
each trial, the participant indicated that they were ready, after which the Experimenter gave a
“go” signal and started a handheld stopwatch. Each of three experimenters watched for faults,
with one experimenter on each side, walking behind so as to be able to monitor footfalls while
remaining outside the participant’s field of view, while one experimenter remained at the start-
ing point. The stopwatch was stopped when the participant crossed the end line or when a
fault was verbally indicated, and the duration of the trial was recorded.

Data analysis

Data was deposited in DRUM (Data Repository for University of Minnesota), and can be
found online [26]. Our analysis was modeled after that of Mark et al. [15]. Mark et al., did not
directly investigate whether their principal manipulation (the wearing of 10 cm blocks on the
feet) influenced judgments, relative to a control condition in which the manipulation was
absent (the no block condition). In each condition, actual maximum sitting ability did not
change from trial to trial. By contrast, in our study actual walking ability could vary from trial
to trial [27], especially in Experiment 2 (due to dynamic variation in ship motion) and might
also change systematically across actual walking trials (i.e., with practice).

For these reasons, we focused on whether and how the weight manipulations influenced
perceived and actual walking ability (with separate ANOVA on means for judgments and for
performance) and on whether there were changes across the sequence of judgment trials.
Investigating whether the weight manipulations affected actual walking ability (performance),
and whether any changes in walking ability were reflected in changes in mean judgments
required that we use within-participants design. Consequently, there was an issue of possible
order effects in the presentation of the three experimental conditions. Following Mark et al.
[15], we evaluated effects of our manipulations in terms of main effects in analysis of variance
(ANOVA). For each condition, we calculated means for the eight judgments. We conducted a
3 x 6 ANOVA on these values with factors Condition (No-Weight, Torso-Weight, Ankle-
Weight) and Condition Order (1-6). To account for our use of a within-participants design,
for statistically significant effects we estimated effect size using the F-value and its degrees of
freedom [23]. Similarly, we computed effect sizes for post-hoc t-tests using Cohen’s d, [23].

Results
Mean judgments

Collapsed across trials, the judgment data are summarized in Fig 2. The main effect of Condi-
tions was significant, F(2,16) = 24.20, p < .001, partial n* = 0.75. The main effect of Condition
Order, and the Conditions x Condition Order interaction were not significant. None of the
participants gave the maximum judgment (890 cm) for each judgment in every condition; that
is, no participant exhibited a ceiling effect.

Changes across judgment trials

The data are presented in Fig 3. Following Mark et al. [15], we asked whether judged walkable
distance changed over the sequence of judgment trials. For each condition, we performed
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Fig 2. Mean judgments, across participants and judgment trials, of walkable distance. The error bars represent the
standard error of the mean.
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linear regression of judgments across trials. For the No-Weight condition, linear regression
yielded a slope of 3.79, which did not differ from 0, 7* = 0.26, p = .19. For the Torso-Weight
condition, the slope, 14.76, was greater than 0, * = 0.96, p < .001. Similarly, for the Ankle-
Weight condition, the slope, 12.02, was greater than 0, 7* = 0.54, p < .05.

Walking performance

Distance. The data are summarized in Fig 4. In analyzing the performance trials, we took
the mean of the 12 trials for each condition. Using these means, we conducted a 3 x 6 repeated
measures ANOVA with factors Conditions (No-Weight, Torso-Weight, Ankle-Weight) and
Condition Order (1-6). The main effect of Conditions was significant, F(2,16) = 4.64, p = .026,
partial n® = 0.367. The main effect of Condition Order, and the Conditions x Condition Order
interaction were not significant.

Speed. Using data on distance walked and duration, we computed walking speed for each
performance trial. These data are summarized in Fig 5. In analyzing walking speed, we took
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Fig 3. Mean judgments of walkable distance (across participants) as a function of conditions, and judgment trials.
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the mean of the 12 trials for each condition. Using these means, we conducted a 3 x 6 repeated
measures ANOVA with factors Conditions (No-Weight, Torso-Weight, Ankle-Weight) and
Condition Order (1-6). The main effect of Conditions was significant, F(2,16) = 17.90, p <
.001, partial n* = 0.691. The main effect of Condition Order, and the Conditions x Condition
Order interaction were not significant.

Discussion

In Experiment 1, standing participants made judgments about the distance they could walk
along a narrow path. In a within-participants design, each participant made a series of judg-
ments while wearing weights on their ankles, on their upper torso, and in a control condition
with no added weight. We predicted that added weight would reduce actual walking ability;
that is, we predicted that added weight would reduce both the distance that participants could
walk within the narrow lane, and the speed at which they walked. We also predicted that effects
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Fig 5. Walking speed (mean across participants) as a function of conditions. The error bars represent the standard
error of the mean.

https://doi.org/10.1371/journal.pone.0221974.9005
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of the weights would be reflected prospectively in judgments of maximum walkable distance.
Finally, following Mark [14-15], we predicted that, in the added weight conditions, initial
judgments would be relatively inaccurate, and that accuracy would improve across the series
of judgments, despite the absence of walking practice, or judgment feedback. Each of these
predictions was confirmed.

Experiment 2

Motion of a ship at sea tends to alter walking gait, a phenomenon that has been reported anec-
dotally for thousands of years [11]. Walter et al. [5-6] showed that oscillatory ship motion
altered the ability of experienced maritime crewmembers to walk along narrow paths laid out
on the open deck, and that these changes were reflected in prospective judgments of walking
ability. In these studies, affordances for walking were influenced by dynamic properties of ship
motion; principally, the multi-axis, aperiodic oscillations of the ship under the influence of
wind and waves. Because it is aperiodic, ship motion is unpredictable, in the sense that individ-
ual (i.e., moment-to-moment) motions cannot be predicted. Yet, important characteristics of
ship motion are highly predictable. The oscillation frequencies are reliably concentrated in the
0.1-0.4 Hz range [10-11], while oscillation magnitudes are stable (within a certain range) over
relatively long periods of time (e.g., hours). This constellation of characteristics is exactly what
must be accommodated in getting one’s sea legs. The fact that people get their sea legs, and
have been doing so for many millennia, suggests that perceptual-motor systems are robust to
the mix of predictability and unpredictability that is oscillatory ship motion.

In Experiment 1 of the present study, we found that participants were prospectively sensi-
tive to changes in walking affordances brought about by changes in the body (added weight)
that influenced dynamically the control of walking. In Experiment 2, we asked whether this
sensitivity would be preserved when dynamic changes in the body (the wearing of added
weights) were coupled with dynamic changes in the environment that also influence walking
ability; namely, the aperiodic motion of a ship at sea.

In Experiment 2, our participants were working crewmembers. In consideration of their
limited availability, we included only one of the weight conditions that had been used in
Experiment 1 (thereby shortening the experimental protocol by approximately one third). In
Experiment 1, the largest difference between conditions was between the No-Weight and
Ankle-Weight conditions (Fig 2). Accordingly, in Experiment 2 we used these two conditions
only. Except as indicated below, in all other respects, the procedure in Experiment 2 was iden-
tical to that of Experiment 1.

Method
Participants

Our sample comprised 9 individuals (8 men and 1 women), ranging in age from 22 to 62 years
(mean = 39.78 years), in height from 1.6 to 2.03 m (mean = 1.75 m) and in weight from 49.9 to
108.8 kg (mean = 81.13 kg), and with 1-37 years (mean = 15.1 years) experience working at
sea. Participants were working crew members who volunteered (with the Captain’s permis-
sion), taking time off from their regular duties. None of these individuals had participated in
our earlier studies [5-6]. The consent process and IRB approval were the same as for Experi-
ment 1. At sea, the number of participants is limited by a number of factors. Testing can be
conducted only under appropriate weather conditions; neither calm (such that ship motion
would be absent), nor so rough as to prohibit safe walking. For Experiment 2, only one day at
sea was suitable for testing. On that day, the number of participants was limited to individuals
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who choose to volunteer. For these reasons, we computed post-hoc power, which is reported
below.

Setting

The study was conducted during a 5-day cruise aboard the R/V Sally Ride, from San Diego CA
to Newport OR. The ship was 86.26 m long with a 15.24 m beam. It displaced 3043 tons, and
cruised at 10-12 knots.

Procedure

The ship departed San Diego CA on June 26 2018, and arrived in Newport OR on June 30
2018. The data were collected on June 29. Data were collected during full daylight, between
9:00 and 17:00.

Testing was conducted on the rear deck of the ship (the fantail), which was free from clutter
(Fig 6). One pathway (8.9 m long x 0.2 m wide) was created using clearly visible gaffer tape.
On the first day at sea, a preliminary assessment suggested that walking was not strongly con-
strained when the path width was 30 cm. For this reason, in Experiment 2, path width was set
at 20 cm. The pathway was parallel to the ship’s short (athwart) axis. Judgment data were col-
lected with the participant standing at one end of the pathway. At this starting location, partici-
pants stood with their feet on the taped lines. The purpose was to standardize foot position to
reduce variation in the walking distance. We used a within-participants design, in which each
individual participated in both conditions.

Results

During testing, the sea state declined from 7 to 4 on the Beaufort Scale [27]. Anecdotally, dur-
ing the familiarization phase participants’ gait appeared to be natural and comfortable. By

Fig 6. Aerial view of R/V Sally Ride, showing the open rear deck, or fantail. The black rectangle indicates the
pathway used in Experiment 2. In the photograph, the pathway is not drawn to scale.

https://doi.org/10.1371/journal.pone.0221974.9006
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contrast, during the walking performance trials (i.e., after completing judgments), participants
often made visible efforts to maximize their performance, such as waving their arms or short-
ening their stride. That is, in their actual walking performance they appear to have tried to
“walk as far as possible”, rather than to “walk comfortably”. We did not exclude these trials
from our analysis. Data was deposited in DRUM (Data Repository for University of Minne-
sota), and can be found online [26].

Mean judgments

One participant gave the maximum judgment (890 cm) on all trials in both conditions and, for
this reason, was deleted from our analysis, leaving a sample size of 9. For each condition, we
calculated means for the eight judgments. We conducted a 2 x 2 repeated measures ANOV As
on these values with factors Conditions (No-Weight vs. Ankle-Weight) and Condition Order
(No-Weight-Ankle-Weight vs. Ankle-Weight-No-Weight). The ANOVA revealed that the
main effect of Conditions was significant, F(1,7) = 8.06, p = .025, partial n* = 0.54. The
observed power for this effect was 0.684. Judged walkable distance in the No-Weight condition
(mean = 535.23 cm, SE = 48.17 cm) was greater than in the Ankle-Weight condition (mean =
429.44 cm, SE = 56.59 cm). In addition, the main effect of Condition Order was significant,
F(1,7) = 14.76, p = .006, partial n* = 0.68. Across conditions, mean judgments were greater
when the Ankle-Weight condition was presented first (mean = 671.07 cm, SE = 73.24 cm)
than when the No-Weight condition was presented first (mean = 293.59 cm, SE = 65.51 cm).
The Condition x Condition order interaction was not significant.

Changes across judgment trials

The data are summarized in Fig 7. Following Mark et al. [15], we asked whether judged walk-
able distance changed over the sequence of judgment trials. For each condition, we used linear
regression of judgments across trials. For the No-Weight condition, linear regression yielded a
slope of 21.93, which was significantly greater than 0, r* = 0.85, p < .001. For the Ankle-Weight
condition, the slope, 13.80, did not differ from 0, 7 =0.49, p > .05.

900 -

800 +

600 -
500 - = =
400

B No-Weight
200 +

Judged walkable distance (cm)

Ankle-Weight
100 -

0 T Ll T 1
0 2 N 6 8

Judgment Trials

Fig 7. Mean judgments of walkable distance for each condition as a function of judgment trials.

https://doi.org/10.1371/journal.pone.0221974.9007
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Distance. We took the mean of the 12 trials for each condition. We conducted a 2 x 2
repeated measures ANOVA with factors Conditions (No-Weight vs. Ankle-Weight) and Con-
dition Order (No-Weight-Ankle-Weight vs. Ankle-Weight-No-Weight). The ANOVA
revealed no significant effects.

Speed. We took the mean of the 12 trials for each condition. We conducted a 2 x 2
repeated measures ANOVA with factors Conditions (No-Weight vs. Ankle-Weight) and Con-
dition Order (No-Weight-Ankle-Weight vs. Ankle-Weight-No-Weight). The main effect of
Condition was significant, F(1,7) = 8.62, p = .022, partial n° = 0.552. Speed in the No-Weight
condition (mean = 91.86 cm/s, SE = 10.81 cm/s) was greater than in the Ankle-Weight condi-
tion (mean = 82.20 cm/s, SE = 9.70 cm/s). There were no other significant effects.

Discussion

On a ship at sea, we asked experienced maritime crewmembers to judge how far they could
walk while remaining within the boundaries of a marked path with no added weight, or while
wearing weights at the ankles. Participants judged that they could walk further with no added
weight than when wearing the Ankle-Weights. Over the series of eight judgment trials in each
condition, judgments changed in the No-Weight condition, more closely reflecting actual
walking ability over the course of the eight trials.

Actual distance walked did not differ between the conditions, but participants walked more
slowly when wearing the Ankle-Weights than with No-Weight. In the Torso-Weight condi-
tion, it might be that the weights, while making walking more effortful (due to the overall
increase in mass), also functioned to stabilize the body with respect to ship motion. A related
effect was reported by Malek and Wagman [28], who found that wearing a weighted pack on
the chest increased the maximum uphill slope on which participants could stand.

The fact that mean judgments were reduced in the Ankle-Weight condition suggests that
participants accurately detected the influence of added weight on their walking ability. Walter
et al. [5] demonstrated that maritime crewmembers were sensitive to variations in affordances
for walking that arose from direction-specific variations in ship motion (walking fore-aft vs.
walking athwartship). Walter et al. [6] showed that sensitivity to these direction-specific con-
straints was itself robust across qualitative changes in ship motion (i.e., in the relative magni-
tude of roll and pitch). These earlier results demonstrate that participants could detect effects
of ship motion on their own walking ability. In Experiment 2 of the present study, judgments
varied across conditions despite the fact that, between conditions, there was no systematic dif-
ference in the motion characteristics of the ship. Thus, the main effect of conditions in our
Experiment 2 suggests that participants differentiated the constraints on walking ability
imposed by added weight (which changed across conditions) from those simultaneously
imposed by ship motion (which did not). The present result thus extends the findings of Wal-
ter et al. [5-6], to the domain of variations in the dynamic properties of the body.

General discussion

In two experiments, we manipulated properties of the animal and of the environment that
would tend to influence the distance that could be walked along a narrow path. In Experiment
1, weights affixed to the body (at the torso, or at the ankles) altered participants’ judgments of
the distance that they could walk within a narrow path. Prior to actual walking, judged maxi-
mum walkable distance changed over the course of a series of judgment trials when wearing
weights, but did not change when no weight was worn. Overall mean judgments differed
between the weight conditions, and reflected actual differences in (subsequent) walking ability.
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In Experiment 2, we evaluated the “No-Weight” and “Ankle-Weight” conditions on a ship
at sea, such that affordances for walking along the narrow path were influenced simultaneously
by affixed mass and ship motion (oscillation in pitch). Judged maximum walkable distance
again differed between conditions, reflecting actual differences in (subsequent) walking. In the
“No-Weight” condition (but not in the “Ankle-Weight” condition), means changed over the
course of a series of judgments, suggesting that the task was novel for our participants (experi-
enced maritime crewmembers).

Adaptive perception of differing constraints

In each experiment, weights added to the body reduced actual walking ability, in terms of dis-
tance walked and/or walking speed, consistent with previous research [18-21]. In addition, in
each experiment, added weight reduced prospective judgments of walking ability. Previous
studies have demonstrated prospective sensitivity to affordances relating to the width of the
body (the shoulders, or the midriff) in walking through apertures [29-30]. Our results
extended these earlier studies by demonstrating prospective sensitivity to affordances relating
to the ability to control lateral placement of the feet in walking.

Learning across judgments

Mark [14-15] required participants to wear 10 cm blocks on their feet, which increased their
actual maximum sitting height. While wearing the blocks, initial judgments of maximum sit-
ting height were relatively inaccurate. However, over the series of judgments, accuracy
improved. In the present study, we adapted Mark’s method to judgments about maximum dis-
tance that participants could walk along a narrow path. Replicating Mark, in Experiment 1
judgments were stable (across judgment trials) in the absence of added weight, but improved
when participants wore added weights at the torso, or at the ankles [31]. That is, participants
learned about their changed affordance for walking despite having neither practice walking
with the weights, nor feedback about judgment accuracy. Thus, on land (Experiment 1), our
results resembled those reported by Mark [14-15], extending their method for studying per-
ception of the affordance for sitting to perception of affordances for walking. In Experiment 2,
on a ship at sea, we observed a similar effect when participants did not wear added weight, sug-
gesting that our nautical walking tasks was novel to our participants.

Mark et al. [15] showed that improvement in judgments over a series of judgment trials
depended upon the availability of ordinary body sway during judgments. That is, body sway
appeared to serve an exploratory function, generating information that was sufficient for per-
ception of affordances for sitting. Several studies have shown that learning of affordances was,
in fact, related to quantitative details of postural movement [16-17, 32], in particular the
degree of multifractality of sway [33-34]. Taken together with our results, these findings moti-
vate future research that includes measurements of postural activity during judgments of walk-
ing ability on land, and at sea.

Affordance categories?

Some researchers often have suggested that affordances naturally fall into separate categories
[35]. Affordances that are influenced by relatively static, or geometric properties of the body,
such as leg length [14, 36], and shoulder width [30] are often referred to as ‘body scaled affor-
dances.” Affordances that are influenced by dynamic properties of the body such force produc-
tion, energy efficiency [36], or running speed [37] are often referred to as action-scaled
affordances. However, this categorization has been empirical rather than theoretical, or a priori
[38]. In fact, in physical terms static and dynamic are not mutually exclusive; rather, static
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properties are a limiting case of dynamics [39]. Of equal importance, affordances can be influ-
enced by either (or both) static and dynamic properties of the environment, such as the width
of an aperture [40], or the trajectory of a ball in flight [37]. The formal vacuity of a body-scaled
versus action-scaled dichotomy is reflected in experimental research showing that affordances
that have been formalized in geometric terms (i.e., relatively static body properties, such as leg
length) also are constrained by dynamical properties (i.e., such as metabolic efficiency, muscle
strength, and joint flexibility [36, 41-42]. Similarly, properties of the body that are static (in
the sense of being relatively persistent), in and of themselves, exert influence over action capa-
bilities through their impact on body movement. The present study offers additional evidence
that the categorization is misleading, and may be entirely fictitious [29, 39]. More specifically,
the empirical distinction between body-scaled and action-scaled affordances is an artifact, or
reification of the a priori hypotheses and experimental methods that have been studied, and
the experimental methods that have been employed [30, 43].

Conclusion

In two experiments, weights added to the body at the torso, or at the ankles yielded dynamic
consequences for walking (lateral foot placement). Affordances related to the weights were
detected prospectively, in the absence of either walking practice, or feedback about the accu-
racy of judgments. On land, judgments were stable across trials in the baseline condition with
no added weight, reflecting participants’ typical walking ability. With added weight, initial
judgments underestimated actual walking ability but, over the series of eight judgment trials
judgments gradually increased in the direction of accuracy. At sea, initial judgments without
added weight were underestimates, but again gradually increased over the series of judgment
trials, suggesting that our task was novel even for experienced maritime crewmembers.

The results of the two experiments are consistent with the hypothesis that non-performatory
movements, made before participants provided judgments, generated information about how the
weights changed walking ability, and that participants’ prospective judgments were informed by
this self-generated information [14-15]. In Experiment 2, this was true despite the fact that both
judgments and actual walking occurred in the presence of complex, multidimensional oscillation
of the ground surface (a ship at sea). Overall, our results suggest the presence of robust, prospec-
tive sensitivity to the dynamic influence of added weight on affordances for walking.
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