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Extreme climbing where participants perform while knowing that a simple mistake could
result in death requires a skill set normally acquired in non-extreme environments. In
the ecological dynamics approach to perception and action, skill acquisition involves
a process where the existing repertoire of behavioral capabilities (or coordination
repertoire) of a learner are destabilized and re-organized through practice—this process
can expand the individuals affordance boundaries allowing the individual to explore
new environments. Change in coordination repertoire has been observed in bi-manual
coordination and postural regulation tasks, where individuals begin practice using
one mode of coordination before transitioning to another, more effective, coordination
mode during practice. However, individuals may also improve through practice without
qualitatively reorganizing movement system components—they do not find a new mode
of coordination. To explain these individual differences during learning (i.e., whether or not
a new action is discovered), a key candidate is the existing coordination repertoire present
prior to practice. In this study, the learning dynamics of body configuration patterns
organized with respect to an indoor climbing surface were observed and the existing
repertoire of coordination evaluated prior to and after practice. Specifically, performance
outcomes and movement patterns of eight beginners were observed across 42 trials
of practice over a 7-week period. A pre- and post-test scanning procedure was used
to determine existing patterns of movement coordination and the emergence of new
movement patterns after the practice period. Data suggested the presence of different
learning dynamics by examining trial-to-trial performance in terms of jerk (an indicator
of climbing fluency), at the individual level of analysis. The different learning dynamics
(identified qualitatively) included: continuous improvement, sudden improvement, and
no improvement. Individuals showing sudden improvement appeared to develop a new
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movement pattern of coordination in terms of their capability to climb using new
body-wall orientations, whereas those showing continuous improvement did not, they
simply improved performance. The individual who did not improve in terms of jerk,
improved in terms of distance climbed. We discuss implications for determining and
predicting how individual differences can shape learning dynamics and interact with
metastable learning design.
Keywords: learning dynamics, scanning procedure, intrinsic dynamics, rock climbing, motor learning, system
degeneracy

INTRODUCTION

individual factors) gives rise to perceptual-motor couplings that
function to support the individual’s perception of affordances
(opportunities) for action (Davids et al., 2008). By learning new
ways of acting adaptive, or acting adaptive in new situations,
the individual enhances their movement system degeneracy (i.e.,
the capability to use structurally different elements for the same
functions: Kelso, 2012) which can extend the boundaries of what
their environment affords for action (Orth et al., 2017c).
The idea of affordances, first introduced by Gibson
(1979), suggests that successful behavior is predicated on
the information-based relationship between the individual and
their environment. The generation and pick-up of information
supports the perception of affordances (or invitations for action)
(Withagen et al., 2012). During practice, instability facilitates
exploration of alternative motor solutions, and, hence their
adaptability (Hristovski et al., 2011; Van Orden et al., 2011; Bril
et al., 2012). Practically speaking, a coach or experimentalist
might develop knowledge for affordances of other individuals
(i.e., affordances the coach can provide by establishing a
certain set of constraints). In doing so, the coach or researcher
can interact with constraints so as to shape learning without
prescribing or presupposing a solution in advance (Silva et al.,
2013). Assuming that the individual behaves in such a way
that takes into account the limits on their action capabilities
(an hypothesis associated with affordance-based control: Fajen,
2007; Croft et al., 2018), when the individual is positioned at
the limits of their affordance boundaries this can lead to an
increase in movement variability during practice (Prieske et al.,
2015; Orth et al., 2018), which may drive learning (Schöllhorn
et al., 2009; Chow et al., 2011). For example, in climbing, the
individual will control their actions in some respects based on
how long they perceive they can continue to remain in contact
with the wall, which can be influenced fatigue (Fryer et al.,
2012). In order to manage fatigue, participants need to learn
to use holds in different ways, such as with different grasping
actions or with body positions that are more mechanically
efficient. Through practice, as the individual becomes capable of
using more efficient actions they will climb increasingly difficult
routes or in more complex environments—reflecting their
action boundaries, separating their ability to climb possible and
impossible routes, have been expanded (Fajen, 2007). Figure 1
exemplifies these ideas, suggesting that constraints impinge
on affordances at both the individual and the sociocultural
frame of reference. Functional movement variability, including
exploration, enhanced degeneracy, and discovery of new and

In recent years participation rates in extreme sports such
as free solo climbing, where climbers perform in extreme
environments without the use of safety aides such as ropes, have
outstripped many traditional sports (Brymer and Schweitzer,
2013; Seifert et al., 2017). Performance in extreme climbing
environments, where a fall would most likely result in death,
places considerable physiological and psychological demands
on the climber (Llewellyn et al., 2008). Deaths in climbing
are most often attributed to climbing in extreme environments
and when climbing without ropes (Lack et al., 2012). While
the emotional and psychological requirements for climbing in
extreme environments are often different from those required
to climb in non-extreme environments, such as indoor climbing
walls, many of the underlying skills required to complete a
particular move when climbing a 3,000 m wall without ropes are
the same as those required to undertake the same move in an
indoor context (Brymer and Schweitzer, 2017).
Climbing in extreme environments not only requires a
profound environmental knowledge and the ability to effectively
assess environmental constraints such as weather conditions
and rock or ice quality but also requires effective adaptability
and highly tuned skills (Seifert et al., 2017). Understanding
how individual climbers effectively acquire the skills required
to perform at this level is important for the development of
the individual climber and ultimately supports safer and more
sustainable participation (Immonen et al., 2017).

How Environmental Design Can Support
Adaptability in Climbing
This study adopts the ecological dynamics approach to
perception and action. Ecological dynamics integrates ideas from
dynamical systems theory and ecological psychology toward
understand learning and behavioral change by the individual
toward becoming adapted to a particular environment (Rietveld
and Kiverstein, 2014; Davids et al., 2015; Immonen et al.,
2017). In this framework, behavioral change is underpinned
by principles of self-organization which overtime, enhance the
individual-environment fit (Schöner et al., 1992; Edelman and
Gally, 2001; Sumpter, 2006). Self-organizing systems can be
described as systems which are initially disordered and where
global order can emerge under the influence of the system’s own
dynamics (Bruineberg and Rietveld, 2014, p. 4). The effort to
satisfy current constraints (interacting environmental, task, and

Frontiers in Psychology | www.frontiersin.org

2

June 2018 | Volume 9 | Article 949

Orth et al.

Learning Dynamics and Prior Skill

FIGURE 1 | The individuals practice is nested within their learning and development. Constraints at both the individual and the sociocultural frame of reference,
interact to impinge on perceptual-motor couplings, supporting an expansion or contraction of affordance boundaries. Through functional movement variability,
including exploration, enhanced degeneracy, and discovery of new and functional actions the individual and social landscape of affordances can be enriched.

The Current Study

functional actions are a behavioral mechanisms that support the
expansion of affordance boundaries.
Operationalising these ideas, Orth et al. (2018) showed how a
route designed with holds that could be grasped either using an
overhand grip (like a ladder) or a side-grip (like grasping a cup
handle) invited participants to carry out more exploratory actions
during climbing (actions where individuals would touch a hold
only to subsequently withdraw their hand to reposition it). Due
to the route’s design, beginners learned to explore holds whilst at
the same time maintain climbing fluency when constraints were
modified in a transfer test. In doing so, the learners extended
their affordance boundaries (i.e., their ability to climb on new
routes), by learning how to explore whilst maintaining fluency.
According to Orth et al. (2018), the enhanced exploration
in the dual-grasping route was because it allowed a fall-back
option to an already stabilized movement pattern (grasping
using the over hand grip and with body orientated face-on
to the wall) thus, making exploration less risky. The study by
Orth et al. (2018) also suggests that beginners need to learn
how to use side-on body-wall orientations. Indeed, as shown
by Seifert et al. (2015) intermediate skilled climbers tend to
increase the amount of rolling motion at the hips when climbing
holds were designed to promote these actions (specifically, edges
running perpendicular to the ground plane were made available).
Thus, the individual’s current behavioral repertoire may have a
strong influence on the nature and rate of learning in climbing
tasks.

Frontiers in Psychology | www.frontiersin.org

The purpose of the current study was to determine to what
extent the individual’s current behavioral repertoire (i.e., the
extant perceptual-motor landscape of performance solutions
that can be adapted by the individual with respect to a
particular environment: Davids et al., 2015) affect the learning
dynamics and subsequent emergence of new skills. In order
to determine if a solution is new relative to the individual,
a scanning procedure can be used to assess an individual’s
current behavioral repertoire, allowing determination of how it
changes during and after practice (Zanone and Kelso, 1992). For
example, prior to learning a new skill, a scanning procedure
can uncover pre-existing stable and unstable coordination
solutions when performing under a given set of constraints. In
doing so, this can be used to determine how the perceptualmotor landscape is altered by practice (Zanone and Kelso,
1992). The main aim of this study was to evaluate, in
beginner climbers, possible relationships between learning
dynamics and the emergence of new patterns of movement
coordination during skills practice in a route climbing task.
We also aimed to evaluate, using a scanning procedure, any
mediating relationship between the learning dynamics and the
learners behavioral repertoire as assessed prior to and after
practice.
In order to assess learning, we used variables that quantify
climbing fluency (Orth et al., 2017b). Fluency in climbing
is globally captured as jerk (a measure sensitive to the
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number of sub-movements made while climbing: Seifert
et al., 2014), and can further be assessed separately along
temporal and spatial dimensions (Orth et al., 2017b). To
assess temporal performance, mobility is used and reflects
the time spent moving relative to remaining stationary
(Billat et al., 1995). To assess spatial performance, the
entropy of the hip trajectory is used, where more straight
forward trajectories are associated with behavioral certainty
(Cordier et al., 1994b).
Using these variables, performance was observed over an
extended time period (7 weeks of practice, 2 sessions per
week). During practice we encouraged exploration by designing
a climbing route where each hold had four good edges (top,
bottom, and sides). The route also encouraged exploration
of different pathways though the route. Following previous
results (Seifert et al., 2015; Orth et al., 2018), we anticipated
beginner climbers would be able to immediately climb the
route with a face-on orientation to the wall. However, in
order for beginners to substantially improve their climbing
fluency, they would need to also use side-on body wall
configurations. We predicted that the discovery of these new
movement patterns would support a sudden improvement
in performance. Additionally, we expected these movement
patterns to absent prior to practice and be present after
practice.

TABLE 1 | Participant details.
P12

P13

P14

P15

P17**

P18

P19

P21

Age (years)

18.0

18.0

19.0

21.0

20.0

21.0

22.0

24.0

Gender

F

M

F

M

F

F

M

F

On-sight ability
(Ewbank*)

17

17

17

18

17

17

18

16

Standing height
(cm)

162

182

186

171

176

156

165

163
166

Arm span (cm)

162

185

173

178

174

152

166

Body weight (kg)

54.6

68.4

83.0

58.5

64.2

53.0

72.5

59

Grip strength (kg)

26.2

54.6

52.0

26.0

28.3

23.8

58.0

22.5

Grip strength to
weight ratio

0.48

0.80

0.63

0.44

0.44

0.45

0.88

0.38

* For conversions from Ewbank across other systems see Draper et al. (2011a).
** Dropped out during intervention.

Experimental Design and Climbing Route
Design
The study involved two pre-test and two post-test sessions, and 14
learning sessions in total. The learning sessions were distributed
such that two learning sessions per week (e.g., Tuesday, Friday)
were carried out over a 7-week period. Within each session
participants were required to climb the same route three times,
equating to 42 trials of practice overall. The volume of practice
corresponded roughly to the typical length of a beginner level
climbing course and matched values in existing studies reporting
the acquisition dynamics of multi-articular skill (Delignières
et al., 1998; Chow et al., 2008a). Pre-testing was carried out 1 week
prior to commencing the learning sessions and post-testing was
carried out 1 week after the final learning session (see Figure 2).
Across all testing sessions, participants upon arrival were
fitted with climbing shoes and afforded a 10-min period to
warm up their hands, feet, and body. Aside from stretching and
mobility, during this time a very easy traverse was also carried
out to allow participants to safely use their fingers and were
prepared to support their body weight. They were then fitted
with a harness and instrumentation (detailed below). Prior to
undertaking each climb, the following global task instructions
were given: “climb the route as fluently as possible, minimizing
jerky movement, taking an efficient path through the route and
minimizing prolonged pauses.” Participants were then afforded a
3-min period to view the route from the ground, following which
the trial was commenced. Between each climb, a seated 5-min
rest was enforced to minimize effects of fatigue on performance.
Globally, all routes were designed at 5b F-RSD by agreement of
two qualified route-setters (Draper et al., 2011b). This difficulty
was chosen as it corresponds to a beginner level of difficulty
(Draper et al., 2011a).

METHODS
Participants
Eight participants without prior experience of outdoor rock
climbing were recruited to be involved in the learning study,
noting that one dropped out during the experiment (see Table 1).
Noting however, that participants had received a minimum
of 10h of practice in indoor climbing, because this amount
of practice was the minimum required to guarantee that
participants can correctly know to set harness, rope and know
belaying. Moreover, participants had roughly a 16–18 Ewbank
skill level and so were not completely inexperienced. Further
inclusion criteria required that participants be within the healthy
BMI range (<25) and have an arm span of no <140 cm. This was
done to ensure that climbers were able to reach holds as intended
by two professional route setters. Notably one participant (P14)
had a BMI of 26.8. However, because this result was because
the individual had a larger proportion of muscle mass, he was
permitted to participate. All participants were right handed.
Finally, testing occurred as part of a physical activity course
for students enrolled at local university (Rouen Normandy
University). In participating, they received a grade for their
participation for the climb course unit. The local ethics
committee of the Rouen Normandy University approved the
protocol, who verified that wearing data acquisition equipment
was compatible with climbing, which was validated. This study
was carried out in accordance with the recommendations of the
guidelines of the International Committee of Medical Journal
Editors. The protocol was explained to all participants who gave
written informed consent in accordance with the Declaration of
Helsinki.

Frontiers in Psychology | www.frontiersin.org

Learners

Pre- and Post-test Scanning Procedure
Session 1 and Session 16
The pre- and post-test sessions required participants to undergo
a scanning procedure modified to the climbing task and required
three performance trials carried out on the same day. In theory
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FIGURE 2 | Experimental design.

under the face-on condition, but, be unable to remain mobile
when in the side-on condition. The order for each condition was
counterbalanced to control for possible order of treatment effects.
Participants were not given time to preview the route for the
scanning procedure. Note also that the scanning procedure was
carried out on the same route as the learning route. Figure 3A
shows the position of each hold of the scanning and learning
route with respect to the climbing wall plane.

the approach involves scaling a parameter, in this case required
body position, and observing effects on overall movement
coordination and climbing fluency (including jerk, mobility, and
entropy).
In order to assess how beginners organized their body with
respect to the wall while climbing the orientation of the pelvis
with respect to the wall was gathered while mobile. Obtaining
the pelvis orientation during mobility was important as we
were interested in body-wall coordination modes during route
progression and not during resting (see the example given in
Figure 3). Thus, the scanning procedure was designed to assess
participants’ capacity to coordinate different body-wall positions
while mobile (when displacement at the hips was occurring).
The first climbing condition of the scanning procedure, acted
as a reference and required individuals to climb under global
task instructions (i.e., to get to the end of the route). The second
condition required participants to climb the same route under
instructions to maintain as much as possible the front of their
body facing the wall (i.e., the “face-on” condition). The third
condition required climbing with the side of the body facing the
wall for as much as possible (i.e., the “side-on” condition). It was
anticipated that the beginners would show better performance

Frontiers in Psychology | www.frontiersin.org

Learning Sessions: Route and Procedures
Session 2 to Session 15
Learning sessions were carried out twice weekly with at least
2 days in between (e.g., Tuesday, Friday) and over a 7week period. Within each learning session participants carried
out three trials of practice per session on the same route.
Between trials, participants were required to sit for no less
than 5 min between trials without viewing the route. Before
each trial they were allowed to preview the route for a
maximum of 3 min if desired. Before participants climbed
for the first time they were informed that they would be
given feedback about their performance in terms of jerk,
entropy and immobility. These data were also explained to
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FIGURE 3 | Route design. (A) Circles indicate the location of the holds of the route used for the scanning and learning procedure. (B) Shows an example of the hip
tracked and mapped over a photo of the route. The redline indicates the hip tracked from the beginning the end of the climb.

Instrumentation

participants in terms of how movements at the hips affects
these values. Jerk was explained to increase the more they
fluctuated between increasing and decreasing their speed while
climbing. Entropy was explained to increase with the more
movements they used to get to the top. Immobility was explained
to increase the longer they stayed still. Finally, participants were
informed lower values of jerk, entropy, and immobility were
indications of better performance. All instructions, belaying,
and feedback were given by the same researcher across all
sessions.
At the beginning of each learning session (not including
the first session) feedback of climbing fluency was provided
regarding the previous learning session. In addition to this,
participants were emailed their feedback 48 h after each learning
session. Specifically, the feedback given included three values,
jerk, entropy, and immobility and also the adopted trajectory
through the route for each trial. The climbed trajectory was
conveyed in the form of photo overlay of their climbed
trajectory onto a photo of the climbing wall. Figure 3B is an
example image given to participants that exemplifies the data
given.

Frontiers in Psychology | www.frontiersin.org

Data on directions of the trunk (3D unit vectors in Earth
reference) were collected from small, wearable, inertial
measurement units (IMU: Figure 4A). These IMUs contain
three sensor components: a tri-axial accelerometer (±8G);
tri-axial gyroscope (1,600◦ /s); and a tri-axial magnetometer
(MotionPod, Movea©, Grenoble, France). Data collected from
the IMUs were recorded with North magnetic reference at
100 Hz and transmitted by wireless connection with a control
unit run off a desktop operating system. IMUs were attached to
the hip to estimate the movement at the climber’s center of mass
without interfering with movement (Figures 4B–D). Finally,
in order to orientate the sensor with respect to the vertical and
wall references, participants were required to adopt a calibration
position prior to each climb. This position was recorded for 10 s
prior to each attempt (Figure 4E) and the average value was used
to zero the angular positions relative to the wall reference. The
same sensor and relative placement location, orientation, and
procedure were used throughout the entire experiment.
Raw sensor recordings were then prepared. Specifically,
gyroscope, accelerometer, and magnetometer information were
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FIGURE 4 | Instrumentation. (A–E) show the inertial measurement unit placement and initial calibration posture (see embedded table, bottom right, for details). (F,G)
show the instrumentation and positioning of the camera used to record each climb.

Computations

converted into a 3 × 3 rotation matrix that describes each
sensor in an Earth frame (North, West and vertical). Specifically,
as described in, Boulanger et al. (2016) two of the sensor
components (accelerometer and gyroscope) in a rotation signal
provides a better signal/noise ratio and the third sensor,
the magnetometer, is used to obtain the Earth reference. A
transformation is then performed through a complementary
filter based algorithm (as described in, Madgwick et al., 2011).
Each trial was also captured with a frontal camera (GoPro©
Hero 3) fixed 9.5 m away from the climbing wall and at
a distance of 5.4 m from the ground and operated via
remote wi-fi, with recordings directly captured to a SD card
(Figures 4F,G). A red light was equipped to the back of the
harness midpoint. Post processing involved automatic tracking
of the red light position on a frame by frame basis (Boulanger
et al., 2016). In order to synchronize the signals, we used
the obtained trajectory data from the video to compute a
time series estimating the acceleration of the pelvis. Then,
using a maximum correlation measure between the sensorrecorded accelerations of the pelvis (the norm of the lateral
and vertical components), the delay between each signal, video
and sensor, was estimated (Boulanger et al., 2016). Finally, the
start (first discernible reaching action made from quadrupedal
support) and end (first discernible contact made with the
final hold with both hands) were then manually determined
from the video and the two signals extracted over the same
time period accounting for the delay obtained in the previous
step.

Frontiers in Psychology | www.frontiersin.org

From the raw signals recorded during each climb, three forms
of data were computed to assess performance and learning
dynamics:
• jerk coefficient of translation–jerk reflects the spatial-temporal
indicator of performance;
• geometric index of entropy–entropy reflects the spatial
indicator of performance, and;
• the threshold based immobility to mobility ratio–immobility
is the temporal indicator of performance.
Finally, in order to assess the body state dynamics, we took the
orientation of the hip-wall angle when the individual was mobile.

Jerk
Jerk (the derivative of acceleration) is correlated with the number
of sub-movements that compose gross actions (Seifert et al.,
2014). The fewer sub movements made, the lower the jerk value.
When the trajectory is known, such as when the hip position
is tracked relative to the wall surface, allowing that for a given
trajectory x :[O, T] → R3 , the dimensionless jerk coefficient of
translation is defined as:

Jerk =

T5
(1x)2

Z

T
0

d3 x
(s)
dt 3

2

ds

(1)

Noting that 1x is the length of the climbed trajectory.
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toward ±90◦ in the post-test. Thus, the probability distributions
of the hip-wall angle segmented above threshold were used to
assess the initial coordination and changes after practice revealed
when undergoing the scanning procedure.
Indeed, it was found in pilot work that adopting a sidewall orientation could be achieved by experts while using
holds for route progression. This is shown in Figures 5D–F.
In contrast, beginners were less capable of using the side-on
position when mobile. However, during periods of immobility
it was anticipated that beginners might rest in the sideon position (as shown in Figures 5D, 4E). As described in
Fuss et al. (2013), skill effects related to more advanced
movement patterns can require that the climber achieve a
threshold of mobility in conjunction to the relative positioning
of the COM with respect to wall. Thus, it was important
to segment the hip-wall orientation according to states of
more or less mobility. To separate between states of mobility
and immobility, we chose to set a threshold of movement at
the hip of 20 cm/s which allowed a feasible and objective
quantification of mobility. Whilst previous work has classified
an individual as immobile using frame-by-frame analysis of
an operator, this is extremely time consuming and open to
operator bias. For example, criteria for mobility have included
statements like: “progress of the hips was observed” (Billat
et al., 1995) whereas, criteria for static climbing have included:
“no discernible movement in pelvic girdle” (White and Olsen,
2010). Figure 5, provides face validity of using 20 cm/s, shown
in the normalized density histograms comparing the hip-wall
angles segmented above and below the threshold used to
determine mobility (for additional discussion see: Orth et al.,
2017b).

Geometric Index of Entropy
The geometric index of entropy is a ratio of the path length of a
trajectory to the perimeter of its convex hull and is a uniquely
spatial indicator of performance (Cordier et al., 1994b). For a
given trajectory x :[O, T] → R3 , letting 1x as the distance of the
path covered by the hips, and 1c the perimeter of the convex hull,
we find:

log 2∗1x) − log(1c(x)
Entropyx =
(2)
log (2)
Note that the division by log(2) places the geometric index of
entropy in dimensionless terms (bits). Thus, the greater amount
of displacement that occurs within a given convex hull, the
higher this value and more complex (or chaotic) the movement
trajectory.

Threshold Based Immobility to Mobility Ratio
The relationship between periods of mobility to immobility is
estimated by determining how long, with respect to the total
climb time, an individual’s COM remains in a stationary state,
relative to a moving state. It is a uniquely temporal indicator of
performance (Orth et al., 2017b). Time spent “immobile” reflects
time under isometric contraction, incurring an energy cost (Billat
et al., 1995). Since hip mobility is determined as a given level of
displacement over time, a solution to remove potential operator
bias is to directly use hip velocity, and apply a threshold. Thus,
for this study a threshold value was applied to the velocity of the
climber’s trajectory.
Specifically, for a trajectory x : [O, T] → R3 , we find the
threshold based immobility to mobility ratio as:
PN
Pi
Ratio of immobility to mobiltyx = i=1
N

1,



if vi < threshold
Pi =
0,



if vi ≥ threshold
q
vi = f xi2 + yi2

Statistical Procedures

(3)

The experimental design for addressing pre- and post-test
findings required a repeated measures ANOVA with three
levels of instruction (free, face, and side) and two levels of
time (pre and post). In cases where main or interaction
effects were significant, planned contrasts were carried out
assuming that variables indicating skilfulness (i.e., jerk, entropy,
and immobility) would improve due to practice. For effects
related to condition, it was anticipated that performance
in the side-on condition would be worse relative to the
face-on condition (i.e., revealed in higher levels of jerk,
entropy and degree of immobility relative to the face-on
condition).
To examine learning dynamics, a one-way repeated measures
ANOVA was used with planned contrasts to assess, at the group
level, at what point a plateau in performance was evident by
contrasting each trial with the final trial. It was anticipated, that
the level of mobility would plateau after entropy (Cordier et al.,
1994b, 1996; Orth et al., 2017a).
When the sphericity assumption was violated in the repeated
measures variables, Greenhouse-Geisser adjustments are made.
Finally, effect sizes, were reported in cases where a focused
effect is addressed (i.e., comparisons involving two groups) by
converting F-ratios to r-values following Field (2009, p. 501).
Noting that: r = 0.10 reflects small effect; r = 0.30 is a

(4)

(5)

Hence the larger the threshold based immobility to mobility ratio,
the longer the individual’s respective COM is considered to be in
a more immobile state.

Orientation of the Trunk When Mobile
The hip-wall orientation was taken as the angle formed between
the hip sensor and a sensor positioned on the climbing surface
(recall Figure 4E). Following Seifert et al. (2015), the time series
of rotation around the axis perpendicular to the transverse plane
was extracted using the wall reference such that 0◦ Corresponded
to a face-wall position (the sagittal plane perpendicular to the
climbing surface; and following the right hand rule, 90◦ rotation
right side of the body is parallel to the wall plane, and; −90◦ left
side of the body is parallel to the wall plane (Figure 5A). It was
anticipated that when participants were requested to climb sideon to the wall, the body-wall angle distributions during mobility
would be concentrated around 0◦ in the pre-test, and, more
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FIGURE 5 | The hip-to-wall angle data reduction. The mannequins (A,D,G) on the left show two general coordination patterns: face-on (middle mannequin), and;
side-on (top and bottom mannequins). The middle column of graphs (B,E,H) shows the angular position of the hip of an expert climber. The time series data of the hip
(B) shows the hip-wall angle when moving below 20 cm/s (black line) and above (gray line). When moving below 20 cm/s the climber is considered “immobile” (E
shows these data as a frequency histogram). When moving above 20 cm/s the climber is considered “mobile” (H). For contrast, a beginners data is shown (C,F,I).
When the beginner is immobile they may rest in a side-on position (F). However, beginners find it difficult to use a side-on body-wall position when mobile (I). Note
that density (y-axis) of the histograms is used in place of frequency as these data have been normalized so that the area under the curve is equal to one. dist. =
distribution. thresh. = threshold.

statistics were run using IBM R SPSS R Statistics version 21.
All effects are reported at a statistical significance level of
p < 0.05.

medium effect, and; r = 0.50 is a large effect. Additional
follow-up tests beyond planned contrasts were done using
pair-wise (dependent) t-tests with Bonferroni corrections. All
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RESULTS

DISCUSSION
Grouped Outcomes

In the following sections, group outcomes of the pre- and posttest on the scanning procedure are given. We then address
the learning dynamics, finally moving to individual analyses.
Note that since participant 17 did not complete the practice
intervention, she was removed from any statistical analysis.

At the group level, findings are generally in support of previous
literature in climbing. Jerk, entropy, and immobility have all been
implicated as indicators of skill in climbing (Cordier et al., 1994b;
Billat et al., 1995; Seifert et al., 2014), and is well corroborated
in these data, each showing clear tendencies to improve through
practice. This is the first study that examined jerk, entropy, and
immobility in combination and we anticipated that participants
would learn to co-vary movement complexity (entropy) with
climbing mobility (Orth et al., 2017b), but that, initially, these
two outcomes would improve at different rates through practice
(Cordier et al., 1994a, 1996; Orth et al., 2017a). The latter
expectation is supported, the former is not.
In this first instance, we expected that the learners would
increase movement complexity and level of mobility in the sideon condition. In doing so, this should help to maintain a stable
level of jerk (Orth et al., 2017b). The outcomes, when compared
across the pre- and post-test, did not support this prediction–in
so far that they did not reveal a significant interaction of route
and time (pre- vs. post-test) for any of the outcome variables.
A reason for this may be that the post-test scanning procedure
was carried out on the same route as was practiced. This probably
led to a tendency to climb faster compared to unfamiliar routes,
and without needing to adapt movement complexity alongside
mobility when using either the face-on or side-on body positions.
Additionally, at the group level, we did not find a clear
indication that prior to practice, the beginners needed to learn
how to climb, whilst mobile, in a side-on position. As shown in
the probability density plots in Figure 6, these findings suggest
that, as a group, the individuals had the capability to immediately
adapt this position–and that further practice was beneficial at
a level of general refinement or optimization of movement
parameters supporting fluent climbing (Chow et al., 2008b;
Hristovski et al., 2011).
These ideas are generally supported in the data on learning
dynamics at the group level (see Figure 7), where over practice,
improvement in terms of jerk, entropy, and immobility followed
a fairly linear progression (also generally corroborated with the
lack of significant session to session differences tested in the
follow-up). However, given the large standard deviations present
at the group level, additional individualized analyses were carried
out. Indeed, examining the grouped hip tracings in Figure 7
shows that a large range of climbed trajectories were used and
prompted us to carry out an exploratory analysis to examine any
important differences at the individual level (Liu et al., 2006).

Results at the Group Level
Grouped Pre- and Post-test Scanning Procedure
The outcomes, jerk, entropy, and degree of mobility of
the scanning procedure were assessed across three levels of
instruction (free, face, and side) and two levels of time (pre
and post). There was a significant main effect of practice
on: jerk, F (1, 6) = 11.56, p < 0.01, r = 0.81; entropy,
F (1, 6) = 72.96, p < 0.001, r = 0.96, and; level of mobility,
F (1, 6) = 59.53, p < 0.001, r = 0.95. The decreases in jerk,
entropy, and immobility after practice were all large effects.
There were no significant effects for instruction, nor was
there a significant interaction between practice and instruction.
Also shown in Figure 6 are the hip-wall angle distributions
(bottom row of histograms). These findings suggest that, at
the group level, participants were capable of being mobile and
oriented face-on and side-on to the wall both before and after
practice.

Grouped Learning Dynamics
The grouped outcomes showed that across each outcome (jerk,
entropy, and immobility), an improvement in performance was
observed through practice (see Figure 7 which summarizes the
session average for each variable). The main effect of trial was
significant for all outcomes: jerk, F (1, 13) = 5.15, p < 0.001;
entropy, F (1, 13) = 4.68, p < 0.001, and; level of mobility, F (1, 13)
= 11.62, p < 0.001.
Repeated contrasts were then performed to evaluate whether
performance on each outcome variable improved at the same or
different rates. Contrasts were, therefore, set up to compare each
session relative to the penultimate session of practice (session 14).
When contrasts were not statistically significant to the final trial
of practice, performance can be considered plateaued (Cordier
et al., 1994b). These outcomes are summarized in Table 2, which
shows that both jerk and entropy values plateaued at session 7
whilst participants continued to improve their level of mobility
until session 9.
We then performed a final follow-up test to address whether
any sudden improvements in performance could be identified
at the group level. That is, the purpose of the follow-up tests
were to examine whether from one session to the next if, at the
group level, performance could be shown to improve gradually
or abruptly. Pairwise (dependent) comparisons were performed
comparing each session of practice to the next session (e.g.,
session 1 vs. session 2, session 2 vs. session 3, and so on
until session 13 vs. session 14). These were performed (with
Bonferroni corrections) on jerk, entropy, and immobility values.
No statistically significant differences between sessions were
uncovered.
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Individual Analysis: Qualitative Assessment
of the Learning Curves
Individual Learning Dynamics and Their Relationship
to the Scanning Procedure
In the first step of the exploratory analysis, we examined each
of the individual’s learning curves. Here we present the values
on jerk for each trial of practice (jerk is presented since is a
spatial-temporal indicator of fluency and provides a more global
indication of change than immobility and entropy; Orth et al.,
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FIGURE 6 | Grouped outcomes from the scanning procedure for the pre-test (left) and post-test (right). Only the main effect of practice was found to be statistically
significant. Note that free refers to the condition where climbers climbed as they liked. Face refers to the condition where climbers were asked to try to climb the route
while maintaining as much as possible facing the wall with the front of their body. Side refers to when climbers were asked to climb the route as much as possible with
the side of their body facing the wall. * = y-axis of histograms represent the normalized density of the hip-wall angle during mobility.

Progressive Improvement

2017b). In doing so, three types of curves were qualitatively
identified (see Figure 8):

Participants who appeared to improve progressively during
practice, in the pre-test when asked to climb as much as possible
with the side of their body relative to the wall, this hip-wall
angle reflects a flatter, more spread distribution (see also the pretest post-test histograms for each individual in Figure 10). By
examining the time normalized raw data of the hip roll (see the
primary axis of the line plots for each individual in Figure 10), it
appears these individuals were able to transition multiple times
from around 0◦ (indicating a face-on position) to more oblique
angles toward positive or negative 90◦ .

• progressive (continuous) improvement (participants 12, 13,
15, and 19);
• sudden improvement (participants 14 and 18 and possibly 17);
• no improvement (participant 21).
After identifying these differences using the individual learning
curves, we re-examined the pre- and post-test hip-wall angle
data grouped as progressive; sudden improvement, and; no
improvement. These data, presented in Figure 9, suggest that the
initial capability to climb side-on to the wall while mobile affected
the learning dynamics. Specifically, the most compelling findings
as shown in Figure 9, which suggests that for participants where
the hip wall angle was well spread from −90 to 90 degrees in the
pre-test showed a progressive improvement during learning. For
participants who showed a concentration of the hip-wall angle
around 0 degrees in the pre-test showed a sudden improvement
during learning.

Frontiers in Psychology | www.frontiersin.org

Sudden Improvement
In Figure 11 the individual results for participants 14 and 18
(along with participant 17) are presented. In contrast to the
progressive improvement group, the nature of the histograms for
this group are qualitatively different. For these individuals, in the
pre-test, the histograms are less spread out and they are more
concentrated toward a 0◦ value suggesting that while climbing,
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FIGURE 7 | Grouped outcomes through practice. The graphs on the left show the session average and standard deviations of jerk (top), entropy (middle), and
immobility (bottom) for the seven climbers followed through practice. The graph on the right indicates the design characteristics of the route. Dotted circles indicate
the position of the holds. The hip position of all trials of practice across all participants onto the wall plane. The different shades of the hip data are a function of the
section of the route (see the legend).

they were more face-on to the wall. The time-normalized data
of the hip (primary axis of the line plots) provide support
for this interpretation. Additionally, in clear contrast to the
progressive improvement subgroup, the time series data of the
hip reflect a general inability of these individuals to switch
from a facing (∼0◦ ) and remain for any extended period of
time in an oblique (around ±50◦ ) or side-on (around ±90◦ )
position relative to the wall. Also notable is that in the pre-test,
participant 14 fell about halfway up the route (see the secondary

Frontiers in Psychology | www.frontiersin.org

red axis of the time-series data) and, that participant 18 took
much longer to finish the route (355 s) than the participants
in the progressive improvement subgroup (where the longest
time for the progressive improvement group was 190 s). Finally,
participant 17 was also included with this subgroup, because
after examining her pre-test data, her hip-wall orientation was
also concentrated around 0◦ . This leads us to speculate that if
participant 17 had continued to practice, a sudden transition
would have occurred in her performance dynamics.
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TABLE 2 | Group level (n = 7) contrasts of each trial against the final trial for each outcome variable.
Contrast

Jerk
(plateau at Session 7)

Entropy
(plateau at Session 7)

Immobility
(plateau at Session 9)

Session 1 vs. Session 14

F (1, 6) = 148.26, p < 0.001,
r = 0.98

F (1, 6) = 48.43, p < 0.001,
r = 0.94

F (1, 6) = 34.23, p = 0.001,
r = 0.92

Session 2 vs. Session 14

F (1, 6) = 2.10, p > 0.05,
r = 0.51

F (1, 6) = 4.47, p > 0.05,
r = 0.65

F (1, 6) = 18.66, p < 0.05,
r = 0.87

Session 3 vs. Session 14

F (1, 6) = 9.28, p < 0.05,
r = 0.78

F (1, 6) = 9.91, p < 0.05,
r = 0.79

F (1, 6) = 16.90, p < 0.05,
r = 0.86

Session 4 vs. Session 14

F (1, 6) = 9.29, p < 0.05,
r = 0.78

F (1, 6) = 21.21, p < 0.05,
r = 0.88

F (1, 6) = 12.81, p < 0.05,
r = 0.83

Session 5 vs. Session 14

F (1, 6) = 6.28, p < 0.05,
r = 0.72

F (1, 6) =7.88, p < 0.05,
r = 0.75

F (1, 6) = 39.14, p < 0.05,
r = 0.93

Session 6 vs. Session 14

F (1, 6) = 10.60, p < 0.05,
r = 0.80

F (1, 6) = 5.16, p > 0.05,
r = 0.68

F (1, 6) = 11.77, p < 0.05,
r = 0.81

Session 7 vs. Session 14

F (1, 6) = 9.35, p < 0.05,
r = 0.78

F (1, 6) = 6.98, p < 0.05,
r = 0.73

F (1, 6) = 7.72, p < 0.05,
r = 0.75

Session 8 vs. Session 14

F (1, 6) = 5.59, p > 0.05,
r = 0.69

F (1, 6) = 3.41, p > 0.05,
r = 0.60

F (1, 6) = 7.21, p < 0.05,
r = 0.74

Session 9 vs. Session 14

F (1, 6) = 4.90, p > 0.05,
r = 0.67

F (1, 6) = 2.43, p > 0.05,
r = 0.54

F (1, 6) =7.14, p < 0.05,
r = 0.74

Session 10 vs. Session 14

F (1, 6) = 0.41, p > 0.05,
r = 0.25

F (1, 6) = 1.47, p > 0.05,
r = 0.44

F (1, 6) = 4.69, p > 0.05,
r = 0.66

Session 11 vs. Session 14

F (1, 6) = 3.16, p > 0.05,
r = 0.59

F (1, 6) = 0.66, p > 0.05,
r = 0.31

F (1, 6) = 3.36, p > 0.05,
r = 0.60

Session 12 vs. Session 14

F (1, 6) = 43.67, p < 0.05,
r = 0.94

F (1, 6) = 8.73 p < 0.05,
r = 0.77

F (1, 6) = 1.14, p > 0.05,
r = 0.38

Session 13 vs. Session 14

F (1, 6) = 0.00, p > 0.05,
r=0

F (1, 6) = 0.06, p > 0.05,
r = 0.10

F (1, 6) = 0.03, p > 0.05,
r = 0.07

For mean differences and directions of effects see Figure 7.
Note that diagonal lines indicate that the differences in the outcome variable during climbing between the final session of practice and the first session of practice were not statistically
significant (alpha set at p < 0.05).

No Improvement

amount of practice was required for her to successfully ascend the
route. Interestingly, her learning curve in terms of jerk (Figure 8)
shows a tendency to increase before finally, at around trial 27, it
started to improve.

Figure 12 shows the data for participant 21 (the individual
showing “no improvement” in terms of jerk). Figure 12 shows all
data from the pre- and post-test scanning procedure (free, faceon, and side-on). In the pre-test, across all conditions, participant
21 fell very early in the route. In the free and side-on condition
she fell during the traverse (the first horizontal portion of the
route). In the face-on condition, she was able to climb with a total
vertical displacement of roughly 300 m (falling at about 400 m
up the route). to be in a These findings indicate that the key
difference between this individual in the pre-test and those in the
progressive improvement and sudden improvement groups, was
the ability to move vertically. Participant 21 appeared in a stage of
learning where only postural stability was possible (i.e., traversing
left and right, or standing stationary). Further examination her
hip position data through practice also indicated that a significant
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Discussion of the Individual Analysis
In sum, the idea that some participants exhibited a specific
learning dynamic as a function of their initial capabilities to
ascend the route in a side-on position and move vertically,
is a possible interpretation of these data (summarized in
Figures 7, 8).
That is, it might be predicted that:
1. Individuals with a flat distribution of body wall orientation
when required to be mobile whilst side-on will exhibit a
progressive improvement in learning dynamics.
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FIGURE 8 | Individual learning curves. Three types of learning curves are apparent. Continuous improvement (participants 12, 13, 15, and 19); sudden improvement
(participants 14 and 18), and; no improvement (participants 21). imp. = improvement. Note that here different scales are used in the y-axis in order to accentuate the
nature of the learning curve for each individual. Different color schemes are used to highlight subgroupings.

GENERAL DISCUSSION

2. Individuals who exhibit a concentration toward
a face-on position and show a limited capability
to use a side-on coordination pattern will exhibit
learning dynamics where an initial period of little
improvement gives way to a sudden jump in
performance.
3. Individuals unable to move vertically whilst face-on to the wall
will exhibit very slow learning dynamics.

Frontiers in Psychology | www.frontiersin.org

The aim of this study was to determine if through practice,
individuals would acquire a new, more advanced pattern of
coordination. However, this seemed only to occur for some
participants and not others. Our exploratory findings revealed
the nature of each individual’s learning is not dependent on
whether he/she can be classified prior to practice as a beginner
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FIGURE 9 | Histograms of each individual’s hip to wall angle, expressed as a percentage of time spent climbing under the side-on condition during the pre-test. The
left graph shows the data for the participants 12, 13, 15, and 19. Note the spread out nature of the hip-wall angle data. The middle graph shows the data for the
participants 14, 17, and 18. Note the concentrated nature of the hip-wall angle. The right graph shows participant 21. The sub groups were formed according to the
nature of the learning curves discussed and shown in Figure 8. Note that, based on the histogram data here, participant 17 was included with the sudden
improvement group as her data is highly concentrated around 0 degrees.

(e.g., such as based on their amount of prior specific task
experience or categorical ability level; Draper et al., 2011b).
Rather, the nature of learning dynamics was likely dependent on
each individual’s behavioral repertoire prior to practice.
These findings lend support to previous work showing that
individuals display different responses during learning to a given
set of constraints, in terms of the nature and/or rate of learning
(Liu et al., 2006, 2012). In Liu et al. (2006) participants were
required to practice a hand held ball roller task over 7 days, where
the aim was to achieve and maintain a certain rotation speed of
the ball. In their study 3 out of 11 participants were not able to
succeed in achieving a set criterion level of performance over the
time given to practice. Additionally the successful participants
had two subgroups of response: one subgroup improved in terms
of both a qualitative and quantitative change and; the other
subgroup did not undergo a transition (qualitative change) but
still improved performance with practice. Other studies have
also shown similar results, such that some individuals do not
improve, others improve suddenly, and others improve gradually
if at all (Vereijken et al., 1992, 1997; Delignières et al., 1998,
1999; Nourrit et al., 2000, 2003; Teulier et al., 2006; Teulier
and Delignières, 2007). Although these studies have successfully
identified different coordination regimes, they have largely failed
to provide an understanding for why individuals differ in terms
of their learning dynamics.
By identifying prior to practice current coordinative
capabilities, our findings provide support for the idea that
individual differences present prior to practice manifest
themselves during practice in the rate and nature of learning.
In doing so, differences in learning dynamics are explained as
a function of the individuals prior repertoire of coordination
(Kostrubiec et al., 2006, 2012). Indeed, in bi-manual coordination
tasks (learning to finger waggle at specific frequencies and relative
phase) where scanning procedures were initially operationalized
(Zanone and Kelso, 1992), it has been proposed that there are
two basic mechanisms or routes for learning a new required
movement pattern–smooth shift or abrupt qualitative change
(Kostrubiec et al., 2006, 2012). In cases where prior to learning,
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individuals who were initially bi-stable (able to produce in-phase
and antiphase regimes), the tendency is for abrupt qualitative
change in overall movement behavior. In individuals with
initially multi-stable [able to produce in-phase, antiphase and
some other regime(s)] solutions, the tendency is for a smooth
shift in overall behavior.
Seifert et al. (2015) showed that experienced climbers tend
to use more oblique positions of the hip relative to the
wall when using climbing holds that encourage a side-on
pattern of coordination. Similarly, in Orth et al. (2018), it
was found that inexperienced climbers used more complex
climbing trajectories on routes where holds encourage the use
of side-on body positions. Furthermore, the beginners used less
complex climbing trajectories when holds encouraged a face-on
position. In contrast, a group of experienced climbers showed
no significant differences in movement complexity across routes
encouraging either face on and side-on climbing actions (Orth
et al., 2018). In explaining the results of these studies (Seifert
et al., 2015; Orth et al., 2018), the experienced climbers were
deemed to have a larger repertoire of movement patterns that
they could adapt as constraints (climbing hold orientation)
changed. Beginners on the other hand, still needed to “find”
these stable regimes of coordination. To explain the emergence
of new movement patterns, it has been previously argued that
exploration of different ways of grasping or using holds is a key
mechanism (Seifert et al., 2013).
This study uncovered a more nuanced explanation, that
the individuals behavioral repertoire is a key candidate for
determining how exploration is functional, such as for either
finding an efficient pathway through the route or finding new
movement patterns of coordination (Orth et al., 2017a). This is
an important distinction, since previous research in climbing has
quantified exploration where the hand or foot comes into contact
with a hold and is subsequently withdrawn without using that
hold for progression or support (Pijpers et al., 2006; Orth et al.,
2018). A key question in understanding the role of movement
variability that accompanies the learning process is to determine
the specific intentions that underlies exploratory behaviors (Orth
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FIGURE 10 | Progressive improvement subgroup made up of participants 12 (top–left), 13 (top–right), 15 (bottom left), and 19 (bottom right). For each
participant, all practice trials are projected onto the wall plane (the black trace represents trail 1, the white trace is trial 42). The time-series graphs show the pre-test
and post-test of the side-on condition. Shown are the time-normalized hip-wall angle (primary y-axis, blue line) and the time-series of the height of the hip position
(secondary y-axis, red line). The histogram graphs show the pre- and post-test of the side-on condition. Shown is the relative time spent in different body-wall angles
while mobile (black bins) or immobile (white bins) angle in degrees. Imm, Immobile; Mob, Mobile; t, total time.
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FIGURE 11 | Sudden improvement subgroup made up of participants 14 (left), 18 (middle), and 17 (right). Note participant 17 (the participant who dropped out
after practicing 27 trials) was also added to this subgroup after examining the participant’s histogram results relative to participants 14 and 18 (recall Figure 9). For
each participant, all practice trials are projected onto the wall plane (the black trace represents trail 1, the white trace is trial 42). The time-series graphs show the preand post-test of the side-on condition. Shown are the time-normalized hip-wall angle (primary y-axis, blue line) and the time-series of the height of the hip position
(secondary y-axis, red line). The histogram graphs show the pre- and post-test of the side-on condition. Shown is the relative time spent in different body-wall angles
while mobile (black bins) or immobile (white bins) angle in degrees. Imm, Immobile; Mob, Mobile; t, total time.

when preparing individuals to learn in new contexts (for
example, using the climbing wall environment to learn skills
potentially required for extreme climbing environments), by
understanding an individual’s capabilities prior to practice,
practitioners can more effectively plan the design of learning
problems so that the individual is invited to seek out and
potentially discover new motor solutions.

et al., 2017b). According to the results in this study, we predict
that a learners intentions will be in some way determined by their
pre-existing repertoire of coordination. The way an individual
will explore and learn in a given task is influenced by the number
of movement solutions that they can already exhibit under that
set of constraints (Kostrubiec et al., 2012). The implications
for climbing in extreme environments is that climbing walls
can be used as effective learning contexts for the development
of movement skills in extreme environments, if accompanied
by opportunities that enhance environmental knowledge and
personal judgment skills.
More broadly, these findings suggest that, if the individual
is able to safely explore (e.g., explore without failing the task),
new movement patterns of coordination may be learned more
rapidly (Seifert et al., 2015; Orth et al., 2018). Alternatively,
in cases where a continuous improvement in performance
occurs through practice, it is possible that these individuals
do not need to qualitatively reorganize their overall movement
patterning (Newell, 1985). Continuous improvement could
reflect a refinement of a stable performance solution to achieve
an outcome (Chow et al., 2007, 2008a). In this case, individuals
may be able to effectively improve performance through making
minor movement adaptations. In sum, these findings suggest
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CONCLUSION
In sum, personal (behavioral repertoire) and task/environmental
(equipment, surfaces, edges, etc.) constraints that can influence
effective exploration of a learning environment are an important
consideration since they may influence whether or when a
transition to a new movement solution eventuates (Delignières
et al., 1998; Pacheco et al., 2017). In experimental designs
where the search for new and functional solutions are allowed
to emerge spontaneously (a solution is not proscribed),
learners can display different trajectory dynamics (or learning
curves). For example, different learning curves can include
continuous improvement, sudden improvement; and, no
improvement (Liu et al., 2006; Pacheco et al., 2017). One
explanation for different routes to learning is the level
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FIGURE 12 | The individual (participant 21) who showed no improvement in terms of jerk, however, it should be clear that she did improve in other ways with practice.
The graph on the top-left shows all practice trials projected onto the wall plane (the black trace represents trail 1, the white trace is trial 42). The pre-test data for the
scanning procedure is shown in the top two rows of graphs and the bottom two rows show the post test data. The free condition (where the climber climbed as they
liked) is given in the left column. The face condition (where the climber is asked to climb as much as possible while facing the wall) is given in the middle column. The
side condition (where the climber is asked to climb as much as possible with the side of their body facing the wall) is given in the right column. Time series data are the
time-normalized hip-wall angle (primary y-axis, blue line) and the time-series of the height of the hip position (secondary y-axis, red line). Histogram graphs show the
pre- and post-test of the side-on condition. Shown is the relative time spent in different body-wall angles while mobile (black bins) or immobile (white bins) angle in
degrees. Imm, Immobile; Mob, Mobile; t, total time.

of competition of a to-be-learned pattern with an already
established behavioral repertoire (Nourrit et al., 2003; Kostrubiec
et al., 2012).
A continuous-improvement in performance through practice
may be more likely in individuals who do not need to
dramatically modify their overall movement patterning and
could reflect a refining of the current movement pattern to
achieve the outcome. These individuals, may be able to effectively
improve performance through making minor adjustments in
control processes because their current behavioral repertoire
is sufficient (Newell, 1985; Chow et al., 2008a). Alternately,
individuals who exhibit sudden improvement can show higher
levels of behavioral variability surrounding transitional periods
which suggests the to-be-learned behavior is initially unstable
(Teulier et al., 2006; Delignières et al., 2011). Finally, in situations
where an individual does not improve through practice, the task
dynamics may be too complex relative to the individual’s current

Frontiers in Psychology | www.frontiersin.org

performance capabilities. A transitional (new) behavior may
not surface, possibly preventing the individual from achieving
the task goal even after extensive practice (Delignières et al.,
1998; Liu et al., 2006; Pacheco et al., 2017). One reason
individuals may show no improvement is that they do not
have sufficient capability to explore effectively. The ability
to explore, or exploration itself, has been identified as a
candidate cause of sudden improvement as it may uncover
“transitional information” needed to support a new mode
of coordination (Newell, 1991; Teulier et al., 2006; Pacheco
et al., 2017). In climbing, because of the added element of
height from the ground and risk of injury due to falling,
facilitating safe exploration is particularly relevant (Seifert et al.,
2015). Indeed, if an individual feels unsafe to climb they can
become more restricted in their movements (Pijpers et al.,
2006), perhaps leading to ineffective exploration of the task
dynamics.
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capacities not only supports effective skill acquisition in
climbing but also broader preparation for climbing in extreme
environments.

One of the key challenges to the practitioner is to
appropriately scale task difficulty relative to the learner over time.
The data presented in this study suggests that task difficulty can
be understood in terms of the extent to which the individual’s
current capabilities will compete or cooperate with the task.
The level of competition may be better understood through
operationalizing scanning procedures as exemplified in this
study. Subsequently, the learner or coach can identify constraints
that influence the individual’s stability in the search of ways
for achieving a fluent and successful climb on new routes.
Performing in extreme environments requires effective decision
making skills as well as climbing skills paying attention to
individual differences in skill acquisition is important to ensure
that learners undertake climbing in extreme environments
at an appropriate time. Recognizing that individuals develop
at different rates and in different ways depending on prior
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