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RESEARCH ARTICLE

Facing Repeated Stressors in a Motor Task: Does it Enhance
or Diminish Resilience?
Yannick Hill, Nico W. Van Yperen, Ruud J. R. Den Hartigh
Department of Psychology, University of Groningen, Groningen, Netherlands

ABSTRACT. The aim of the present research is to test
whether resilience in a motor task enhances or diminishes
when encountering stressors. We conducted a lateral movement
task during which we induced stressors and tracked the move-
ment accuracy of each participant over time. Stressors corre-
sponded to organismic constraints (i.e., visual occlusion), task
constraints (i.e., movement sensitivity), or both types of con-
straints in an alternating pattern. In order to determine resili-
ence, we introduced a measure combining the strength of a
stressor and the relaxation time. Across the three conditions,
we found that resilience was enhanced rather than diminished
over time. This supports the notion that stressors in the form of
constraint alterations can be beneficial to human motor
performance.

Keywords: area under the curve (AUC), complexity, dynamical
systems, hormesis, time-series analysis

Introduction

In order to successfully complete a motor task, humans
constantly need to adapt to changing elements in their

environment. For example, when walking on a busy
street, a pedestrian constantly needs to stop or change
their movement direction to avoid collisions with others.
Thus, each oncoming obstacle disrupts the desired motor
pattern. Events to which an organism needs to adapt
either structurally or behaviorally are referred to as stres-
sors (Hill et al., 2020; Kiefer et al., 2018; Sato et al.,
2006). The process by which humans positively adapt to
stressors is called resilience (see for reviews, Galli &
Gonzalez, 2015; Hill et al., 2018a; Sarkar & Fletcher,
2014). Based on the consensus that resilience is a
dynamic process, which emerges from the dynamic inter-
actions between various factors (Carver, 1998; Egeland
et al., 1993; Fletcher, 2018), Hill and colleagues (2018b)
defined resilience as “the dynamic process by which a
biopsychosocial system returns to the previous level of
functioning following a perturbation caused by a
stressor” (p. 367). To date, however, few studies have
focused on the temporal process of resilience during
human performance. In the current study, we aim to take
a next step by mapping out how the resilience process
unfolds over time and exploring how it changes with
exposure to repeated stressors.

The Resilience Process

In order to study resilience in humans, two key ele-
ments are required. First, a stressor needs to occur and
second, the adaptation to the stressor has to be captured
(e.g., Galli & Gonzalez, 2015; Sarkar & Fletcher, 2013).
These stressors can be of different types. Individuals
need to adapt to ongoing changes in a dynamic environ-
ment as well as changing components within themselves,
such as physiological structures (e.g., muscles), and psy-
chological factors (e.g., self-efficacy, Balagu�e et al.,
2017; Davids et al., 2003; Den Hartigh et al., 2018;
Kelso et al., 1986; Newell, 1991, Seifert et al., 2013,
2016). Because alterations in constraints foster adapta-
tions in the motor system, they can be understood as
stressors (i.e., events that foster adaptations in an organ-
ism, Hill et al., 2020; Kiefer et al., 2018; Sato et al.,
2006). In line with the conceptualization of motor devel-
opment by Newell (1986), the changing components that
foster adaptation may include task (i.e., relative to task
goal) or organismic (i.e., within the movement system)
constraints. Although the structural adaptation may differ
across the stressors, the functional output (i.e., the return
to the previous level of functioning), observable in the
level of functioning over time, may be similar. This
means that an alteration of a task constraint may trigger
different structural changes in the performer-environment
interaction than an alteration of an organismic constraint.
However, the process of returning to the previous level
of functioning should be observable following both types
of constraint alterations.

Do Repeated Stressors Enhance or
Diminish Resilience?

A large body of literature has shown that constraint
alterations during a motor task can help an individual
learn how to effectively adapt to changes in the environ-
ment as well as increase the overall task performance
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(e.g., Davids et al., 2008; Renshaw et al., 2010;
Renshaw & Chow, 2019). Furthermore, because expert-
ise in movement may be conceptualized as the ability to
adapt to altered constraints, Sch€ollhorn and colleagues
(2006, 2009, 2010, 2012) have shown the benefits of
training this adaptability by introducing randomness to
various training programs. The randomness induced by
constraint changes may cause individuals to actively seek
out new motor solutions to adapt to the environment
(Latash, 2012). Therefore, stressors, such as constraint
alterations, may be necessary for humans to develop
adaptability in their motor patterns. Following this line
of reasoning, the adaptation process improves when a
system is exposed to changing constraints. This means
that a system returns more quickly to its previous level
of functioning when encountering a subsequent stressor,
thus enhancing its resilience (Hill et al., 2018b) or move
to a higher level of functioning.
On the other hand, a large body of literature on com-

plex biological systems has shown that repeated stressors
may have the opposite effect and diminish resilience,
rather than enhance it. Specifically, when exposed to
repeated stressors, systems may lose their resilience,
which causes (a) increasingly more time for a system to
return to the previous level of functioning, and (b)
increased sensitivity to perturbations caused by stressors
(Scheffer et al., 2009, 2012, 2018). For example, a par-
ticular period indicating resilience loss called critical
slowing down has been observed in eco-systems (Drake
& Griffen, 2010; Scheffer et al., 2009, 2012), population
density (Dai et al., 2012), psychopathology (Van de
Leemput et al., 2014), and motor systems (Bardy et al.,
2002). During this period a system requires increasingly
more time to return to its previous level of functioning
following a perturbation caused by a stressor (i.e., increas-
ing relaxation time) and becomes increasingly sensitive to
stressors. This means that during critical slowing, encoun-
tering a relatively minor stressor that would normally be
overcome may already be sufficient to cause a transition
to an undesired state (Kelso, 1984; Sch€oner & Kelso,
1988; Van de Leemput et al., 2014). Accordingly,
research on coordination dynamics has shown that altera-
tions to the amplitude of a movement (De Poel et al.,
2020) and restricting visual information (Bootsma et al.,
2002; Cuijpers et al., 2019; Richardson et al., 2007) dur-
ing a rhythmic motion task can severely disrupt the coor-
dinated motor performance. For example, Bootsma and
colleagues (2002) showed that repeated restriction of vis-
ual information forced individuals to adapt their move-
ment patterns and reduce their movement time, similar to
effects of increased task difficulty. Therefore, stressors
such as sensitivity changes (i.e., task constraint) and visual
information (i.e., organismic constraint) may undermine
the resilience of a movement system.

Analyzing Resilience in Time-series

In order to analyze resilience and how it changes
with repeated stressors, the level of functioning to
which the system returns to following the stressor first
needs to be defined. To capture how this level of func-
tioning changes over time in response to a stressor, a
time-series of a representative variable may be col-
lected (cf. Ara�ujo et al., 2015; Den Hartigh et al.,
2017). The frequency at which the level of functioning
is measured should contain a signal-to-noise ratio that
ensures that the process of interest is measured with
an adequate resolution (Dejonckheere et al., 2020). For
example, if a researcher is interested in how an indi-
vidual adapts their movement pattern to avoid a sud-
denly occurring obstacle while trying to grasp an
object, measuring the individual’s movement at a fre-
quency of one measurement per minute may capture
neither the occurrence of the stressor, nor the adapta-
tion process, which is likely to occur within millisec-
onds to seconds. Second, the time-point of the
stressor’s occurrence needs to be identified (Hill et al.,
2018a). In experimental settings, it is therefore helpful
to design studies during which stressors can be intro-
duced at specific moments in time. Tracking the time-
serial data following the occurrence of a stressor

FIGURE 1. Illustration for quantification of the
dynamic process of resilience. The black line represents
the level of functioning over time in response to the
exposure to a stressor (gray lightning bolt). The gray
dotted line represents the expected level of functioning
in the absence of a stressor with its confidence interval
(gray solid lines). “Perturbation” marks the strength of
the deviation from the level of functioning and “Dt”
represents the time the system needs to return to its
previous level of functioning (i.e., relaxation time). The
shaded area under the curve (AUC) determines the
resilience of the system in response to the stressor.
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allows to infer the system’s resilience in response to
the event.
Collecting time-serial data may indicate both the

strength of the deviation from the equilibrium following
the stressor (Holling, 1973) and the time it takes the sys-
tem to return to this level of functioning (Bardy et al.,
2002; Scheffer et al., 2009; Sch€oner et al., 1992).
Combining these indices yields the Area Under the
Curve (AUC, see Figure 1) which represents the devi-
ation from the level of functioning (Bruneau et al.,
2003). In case the perturbation strength increases when
repeatedly encountering stressors with the same or a
similar magnitude, the stress sensitivity would be said to
increase. Thus, if the stress sensitivity increases, while
the relaxation time stays stable or vice versa, the AUC
would indicate a larger deviation from the level of func-
tioning and thus lower resilience of the system.1 This is
in line with the observations of resilience losses in sys-
tems during critical slowing down: The systems become
more sensitive to minor stressors and/or require more
time to return to the previous level of functioning (e.g.,
Bardy et al., 2002; Scheffer et al., 2009, 2012). In con-
trast, a decrease in relaxation time or stress sensitivity
with repeated stressors, while the other parameter stays
stable, would indicate increased resilience.

The Current Study

In this study, we aim to test a how the resilience of a
motor system changes when exposed to repeated stres-
sors during a rhythmic movement task. To induce the
stressors, we manipulated organismic constraints (i.e.,

visual occlusion), task constraints (i.e., movement sensi-
tivity), or both types of constraints in an alternating pat-
tern. According to the literature on the effect of
constraints on motor learning, it may be hypothesized
that repeatedly altering constraints enhances the adapt-
ability of a motor system and consequently its resilience
(Davids et al., 2003, 2008; Renshaw & Chow, 2019;
Renshaw et al., 2010). However, in line with the obser-
vation that systems lose resilience following a series of
stressors (Dai et al., 2012; Drake & Griffen, 2010;
Scheffer et al., 2009, 2012; Van de Leemput et al.,
2014), a competing hypothesis is that the exposure to
repeated stressors in form of constraint alterations dimin-
ishes resilience. To detect changes in resilience in
response to the constraint alterations, we apply AUC cal-
culations that map out how strongly the level of func-
tioning (i.e., movement accuracy) is reduced and how
long the participant needs to return to the previous level
of functioning following any given stressor (Bruneau
et al., 2003).

Method

Participants

A total of 63 first-year psychology students signed up
to participate in the current study in exchange for course
credits. Because of technical problems during the data
collection four (6.35%) participants were removed from
the sample. The final sample consisted of 59 participants
(37 males, 22 females) with a mean age of 21.2 years
(SD¼ 2.6). An a priori power calculation with G�Power
3 (Faul et al., 2007) for a within-factor repeated meas-
ures design with medium effect size (d ¼ .3), an alpha
of .05, and a power of .80 yielded that a sample size of
14 participants per condition was necessary (given a
medium correlation between measurements, r ¼ .3, and
assumed sphericity) for 10 measurements.

Procedure

The study procedure was approved by the ethical com-
mittee of the university’s psychology department (and
assigned the code “18242-SO”). Upon entering the lab
room, the participants were asked to fill in the informed
consent sheet. Then, the participants were seated at a
table on which the setup for the Fitts task was placed. In
order to become familiar with the task, each participant
was provided with a practice trial of 120 seconds. The
participants were instructed that the goal of the task was
to oscillate the cursor on the screen as quickly and pre-
cisely as possible between the boxes by moving the joy-
stick in front of them with their preferred hand.
Following the short practice, the experimental manipula-
tion took place, which will be explained below. In total,
the data collection lasted 330 seconds in each condition.

FIGURE 2. Figure of the computerized motor task. The
gray boxes at the left-hand side and the right-hand side
of the screen (black rectangle) represent the targets. The
participant, facing the screen, controlled a circular
cursor by moving the joystick with their preferred hand
on the wooden track placed in front of them.

Facing Repeated Stressors in a Motor Task

2021, Vol. 53, No. 6 719



Finally, the participants were asked to fill out a final
questionnaire assessing their demographics.

Design
The task involved a joystick that could be moved on a

one-dimensional wooden track. A linear potentiometer
inside the joystick measured the position of the joystick
on the track and was connected to a computer, which ran
the software displaying the task on a (1080� 1920 pix-
els) screen (see Figure 2). The computer software meas-
ured the pixel coordinates of the cursor center on the
1920 pixels x-axis at a frequency of approximately
20Hz. The targets of the task were two static boxes (140
pixels in size; 1200 pixels distance between midpoints)
located at the sides of the screen. The participants moved
a rectangular cursor projected on the screen along the x-
axis using the joystick located on the wooden track. The
targets lit up green when the cursor reached the box, but
changed to red when the target was overshot. The index
of difficulty of the task could be computed based on
Fitts’ law (Fitts & Peterson, 1964):
ID ¼ log2

2D
W (1)where D corresponds to the distance

between targets and W to the targets’ widths, yield-
ing 4.1.

Experimental Manipulation
The participants were randomly allocated to one of the

three conditions (i.e., sensitivity alteration only, occlu-
sion only, or both) and informed about what stressors
would be induced during their task performance. The
stressors were induced by either repeatedly altering the
sensitivity of the cursor movements (i.e., task constraint),
occluding the vision of the participant for 5 seconds (i.e.,
organismic constraint) to provide sufficient time for the
movement pattern to be disrupted by the occlusion, or
both. The sensitivity alterations were achieved with the

software running the lateral movement task, which alters
the ratio of the distance that needed to be covered on the
potentiometer to move the cursor by 1 pixel. For
example, when the sensitivity was altered from 1
(default) to 2, twice the number of pixels was covered
by the cursor on the screen when the potentiometer was
moved by one unit. Thereby the feeling of control over
the cursor may change which raises the difficulty of
exerting accurate movements. In order to occlude the
vision of the participants, we asked them to wear a pair
of PLATO occlusion spectacles connected to the ToTal
control System (Version 5, Translucent Technologies
Inc., Toronto, ON, Canada) during the task performance.
All constraints were manipulated 10 times during the
task in an interval of 30 seconds (see Table 1) to ensure
that the observed effects are due to the repeated stressors
per se rather than the history-dependence of the stressors
(Hill et al., 2018a).

Measures

Resilience
In order to measure resilience, the level of functioning

to which the system seeks to return to needs to be
defined. Because the performance aim of the task is to
oscillate as quickly and precisely as possible between the
targets, we identified the time point and its according x-
axis position when the direction of the movement
changed from left to right or vice versa. These turning
points represent peaks in an oscillatory movement pro-
file, which approximates a sinusoid curve when mapped
over time. The peaks were chosen to represents the
movement accuracy and speed because they 1) indicate
the onset and endpoint of a movement cycle, and 2) rep-
resent the time point when the cursor was aimed to have

TABLE 1. Temporal structure of the constraint alterations by condition.

Constraint
alteration

Sensitivity only Occlusion only Mixed condition

Time Event Time Event Time Event

Baseline 5s–30s – 5s–25s – 5s–25s –

1 30s Sens. 1.5 25s–30s Occlusion 25s–30s Occlusion
2 60s Sens 1.2 55s–60s Occlusion 60s Sens. 1.7
3 90s Sens. 2 85s–90s Occlusion 85s–90s Occlusion
4 120s Sens. 1.7 115s–120s Occlusion 120s Sens. 1.2
5 150s Sens. 2.1 145s–150s Occlusion 145s–150s Occlusion
6 180s Sens. 1.25 175s–180s Occlusion 180s Sens. 2
7 210s Sens. 2.3 205s–210s Occlusion 205s–210s Occlusion
8 240s Sens. 1.4 235s–240s Occlusion 240s Sens. 1.4
9 270s Sens. 1.6 265s–270s Occlusion 265s–270s Occlusion
10 300s Sens. 1 295s–300s Occlusion 300s Sens. 1

The time represents the onset (and duration) of the constraint alteration seconds. The default sensitivity (Sens.) at the start is 1.
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been successfully moved into a target, before the partici-
pants starts aiming at the subsequent target.
Based on the movement peaks, we established the

baseline performance to determine the resilience of each
participant for each stressor. The baseline performance
represents the movement accuracy during the initial task
period before the first constraint alteration was applied
(see Table 1). Specifically, we calculated the mean and
the standard deviation of the absolute distance between
each peak’s x-axis position and the center point of the
target the movement was aimed at. Furthermore, we
determined the time distance between each peak.
However, we deleted the peaks for the first 5 seconds of
the period to allow the participants to find their desired
movement rhythm. This means that for the sensitivity
only condition the baseline lasted 25 seconds (5s–30s),
whereas the baseline for the occlusion only and mixed
condition lasted 20 seconds (5s–25s), because the onset
of the first visual occlusion took place after 25 seconds
and lasted for 5 seconds. Thus, the moment in time after
which the motor system needed to return to the previous
level of functioning was identical. Based on the mean
and the standard deviation, we then determined the 95%
confidence interval of the baseline movement accuracy,
representing the level of functioning to which the system
needs to return to following the exposure to a stressor.
Given the baseline level of functioning, resilience was

then determined by participant for each constraint alter-
ation. Specifically, we created a total of 10 time-series
including the peaks following a constraint alteration until
the occurrence of the next constraint alteration (or in the
case of the last constraint alteration until the end of
the experiment). For each time-series, we determined the
time-point at which at least 5 subsequent peaks’
(approximately 1/4 of the average amount of peaks pro-
duced in the baseline) absolute distance from the
intended target center fall within the 95% confidence
interval of the participant’s baseline movement accuracy.
This point reflects the onset of stable behavior that is
similar to the baseline functioning and thus marks the
moment when participants have returned to their previ-
ous level of functioning. Then, we calculated the area
under the curve from the deviation from the baseline
mean for the period prior to the return to the previous
level of functioning. Specifically, we calculated the dif-
ference between the peaks’ absolute distances and the
baseline value for each peak that was larger than the
baseline value (see Figure 3).
Because the peaks represent discrete rather than con-

tinuous values in time, we multiplied the distance by the
time difference from a certain peak to the next (at the
basis of seconds) to accurately approximate the area
under the curve (AUC, see Figure 3). For example, if a
peak’s absolute distance to a target center is 100 pixels
larger the baseline value and there is a distance of

1.2 seconds from this peak to the next, the area under the
curve would be equal to 120 (pixels�seconds; see Figure
3 for an example). If a peak shows a smaller absolute
distance to a target center than the baseline value, the
difference score would be set to zero. Thus, no matter
how long the temporal distance between this and the
subsequent peak is, the area under the curve for this
event would be equal to 0.
Given that the sensitivity changes were not equally

strong across the alterations (see Table 1), we divided
the area under the curve value for a given peak by abso-
lute change in sensitivity to control for the different
magnitudes of the perturbations. For example, if an area
under the curve of 120 (pixels�seconds) was followed by
a sensitivity change from 1.5 to 1.0 (or 2.0), the area
under the curve controlling for the perturbation magni-
tude would be equal to 240 (i.e., 120/.5). Finally, the
individual areas under the curve for each peak were
added to yield the area under the curve following each
stressor. In case the return to the previous level of func-
tioning is determined to have occurred at time-point 1,

FIGURE 3. Example for the area under the curve
(AUC) calculation for a specific peak (Peak15). The
black line with markers represents the absolute distance
from the target center for the peaks. The constraint
alteration (gray lightning bolt) occurs between Peak10
and Peak11. The solid gray line represents the mean
absolute distance to the target centers of the peaks
during the baseline. The horizontal gray dotted lines
represent the 95% confidence interval of the baseline
accuracy. Note that the lower bound of the confidence
interval is set to 0 because the mathematically
determined absolute distance cannot occur. The vertical
gray dotted lines mark the 15th and the 16th peak of the
time-series respectively. Dt represents the time distance
between Peak15 and Peak16 in seconds. The total AUC
(gray striped area) is determined by summing the
individual AUC values for all peaks (i.e., Peak11 to
Peak15) preceding the return to the previous level of
functioning (i.e., Peak16).
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no deviation from the baseline has occurred and the area
under the curve would yield 0.

Data Analysis

To test for resilience changes following the exposure
to repeated stressors, we applied linear mixed models.
Thereby, we first assessed the general pattern of resili-
ence change across the three conditions (i.e., sensitivity
only, occlusion only, and mixed combined). Then, each
condition was analyzed individually to test whether the
general pattern of resilience change is similar across the
different constraints, yielding a total of four different lin-
ear mixed models (i.e., all conditions combined, sensitiv-
ity only, occlusion only, and mixed). Specifically, the
models assessed whether the AUC values for the partici-
pants changed over time represented by the 10 successive
constraint alterations. To allow for individual differences
in the initial AUC scores, we included random intercepts
in the model. Furthermore, because of the opposite predic-
tions of resilience losses and resilience gains in response
to repeated constrain alterations, we included random
slopes uncorrelated to the intercepts. If resilience improves
with repeated constraint alterations (Davids et al., 2003,
2008), the relaxation time should decrease, which yields

smaller AUC values (i.e., a product of the perturbation
strength and return time). In contrast, resilience losses in
response to repeated perturbation are associated with
increasing recovery times and disruptions following a
similar stressor (cf. Bardy et al., 2002; Scheffer et al.,
2009, 2012, 2018), and therefore increasing AUC values.
Thus, the beneficial effect of repeated constraint altera-
tions is supported when the AUCs decrease significantly
over time, while the resilience losses with repeated stres-
sors are supported when the AUCs increase significantly
over time across conditions.

Results

Manipulation Check

To test whether the alterations of the constraints
reflect a stressor for performance to which the partici-
pants need to adapt, we tested whether the AUC of all
participants following the first constraint alteration in the
sensitivity only, occlusion only, and mixed condition sig-
nificantly differed from 0. If the distribution of AUC
scores is significantly larger than 0, the different con-
straint alterations indeed serve as a stressor, which foster
(structural and) behavioral adaptations. In line with this

FIGURE 4. Change of area under the curve (AUC) scores with repeated stressors across all conditions (A) and by condition:
sensitivity only (B), occlusion only (C), and mixed (D) condition. The gray bars show the average AUC score with the
standard deviation. The black solid line represents the predicted change based on the linear mixed model.
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assumption, the t-tests for the AUC values following the
first constraint alteration were significantly greater than 0
for the sensitivity only (t(18) ¼ 6.46, p< 0.001, 95% CI
[304.82, 598.58]), the occlusion only (t(19) ¼ 3.56,
p¼ 0.002, 95% CI [86.46, 332.95]), and the mixed con-
dition (t(19) ¼ 4.26, p< 0.001, 95% CI [89.22, 261.85]).
Therefore, the constraint alterations evoke a perturbation
in performance to which the participants need to adapt.

Hypothesis Testing

The linear mixed models show significant changes in
the AUCs for three conditions combined (t(585) ¼
�4.42, p < .001, 95% CI [-27.43, �10.55], R2

Adj ¼ .05).
This overall effect can be primarily ascribed to both the
occlusion only (t(198) ¼ �2.55, p ¼ .012, 95% CI
[-15.41, �1.96], R2

Adj¼ .39) and the mixed condition
(t(198) ¼ �3.56, p < .001, 95% CI [-50.95, �14.66],
R2
Adj ¼ .06). In the sensitivity only condition, we

observed a marginally significant change in the AUCs,
(t(185) ¼ �1.77, p ¼ .079, 95% CI [-31.36, 1.72],
R2
Adj¼ .02). For each condition, the coefficients indicate

that the changes are negative. This means that with
repeated stressors in form of constraint alterations, the
AUCs decreased on average (see Figure 4). This pro-
vides empirical support for the notion that constraint
alterations during a motor task enhances rather than
diminishes adaptability and thus resilience. Note, how-
ever, that we also found significant heterogeneity in the
slopes for the occlusion only (r¼ 6.64, 95% CI [1.63,
26.95]) and sensitivity only (r¼ 9.41, 95% CI [2.52,
35.10]) condition. This indicates that the slopes do not
necessarily follow a uniform decline across individuals.

Discussion

The aim of the current study was to assess how resili-
ence changes during a motor task when repeated con-
straint alterations are induced. On the one hand, research
has shown that constraint alterations can evoke beneficial
changes in a motor system by training it to adapt to
changes in the environment (Davids et al., 2003, 2008;
Sch€ollhorn et al., 2006, 2009, 2010, 2012). On the other
hand, research on resilience losses in biological and
motor systems points out that the exposure to repeated
(minor) stressors can undermine resilience leading to
negative changes in the system’s level of functioning
(Bootsma et al., 2002; Cuijpers et al., 2019; Dai et al.,
2012; De Poel et al., 2020; Richardson et al., 2007;
Scheffer et al., 2009, 2012; Van de Leemput et al.,
2014). These lines of research indicate opposite predic-
tions for the effect of repeated constraint alterations on a
motor system.
Our results support the notion that repeated constraint

alterations are beneficial for the resilience of a motor
system. That is, we found a significant decrease in the

AUC values for deviations from the equilibrium with
repeated stressors across the three conditions. This means
that, overall, the movement patterns were becoming dis-
rupted less strongly over time, the participants returned
to their previous level of functioning more quickly, or
both. A possible explanation for why the constraint alter-
ations elicit positive rather than negative changes in
resilience may be offered by the concept of hormesis
(Southam & Ehrlich, 1943). According to hormesis, the
direction of the impact of a stressor on the system
depends on the loading, or dosage, of the stressor.
Specifically, various organisms and their constitute sys-
tems have been found to improve their functioning under
small loadings, but decline in functioning when the load-
ing exceeds a critical threshold (Calabrese, 2005a;
2005b; Calabrese & Mattson, 2011; Cowin & Hegedus,
1976; Kiefer et al., 2018; Southam & Ehrlich, 1943). For
example, a muscle grows when a person engages weight
training that sufficiently challenges that capacity of
intended muscle. However, when the person attempts to
train with loadings that exceed the maximum capacity
injuries may occur. These findings have also recently
been extended to sports performance (Hill et al., 2020).
From this perspective, the induced stressors in this study
may have been small enough to elicit the beneficial
changes in the motor systems’ resilience without exceed-
ing the loading threshold.
An alternative explanation for the positive impact of

constraint alterations in this study are the fixed time
intervals between the stressors. Resilience losses from
relatively minor stressors may only develop when the
stressors occur in sufficient temporal proximity to each
other (Scheffer et al., 2009; Van de Leemput et al.,
2014). Specifically, if a stressor lasts longer or occurs in
closer temporal proximity to another, the system has less
time to return to the previous state (Den Hartigh et al.,
2016; Kelso, 1995). Consequently, future studies should
test whether relative to fixed time intervals, stressors that
last longer or occur in closer temporal proximity may
trigger resilience losses in human movement.

Limitations and Future Directions

In addition to exploring the possible explanations for
the current findings, two specific recommendations for
future research can be derived. First, this study utilized
stressors that are directly embedded in the movement
system in the form of constraints. Future studies may
assess the effect of stressors that are outside the motor
system. For example, in a competitive setting, research-
ers may manipulate the score of the match to indicate
that one performer is falling behind (i.e., negative psy-
chological momentum; Briki et al., 2013; Den Hartigh
et al., 2014, 2016; Hill et al., 2020; Perreault et al.,
1998). This feedback is not directly coupled to the motor
system, but indicates that behavioral adaptations are
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necessary to reach the performance goal (i.e., winning),
which should become visible when performance is meas-
ured over time.
Second, the current study consists of a rather small

sample that performs a rather artificial movement task.
Increasing ecological validity may change the influence
of the constraint alterations on the observed behavioral
responses (Ara�ujo et al., 2007). Therefore, future studies
should assess whether resilience losses might occur fol-
lowing repeated constraint alterations across a larger
group of individuals and in more natural performance
environments.

Conclusion

The current study investigated whether facing repeated
stressors in a motor task enhances or diminishes resili-
ence. Therefore, we designed a lateral movement task
that allowed us to collect a high frequency measurement
of the movement patterns in order to map the adaptations
to different constraint alterations. To measure resilience
changes, we applied a novel analysis tool that assesses
the strength of a given perturbation (i.e., constraint alter-
ation) and the time the system needs to return to its pre-
vious level of functioning in the collected time-series.
Our results suggest that repeated alterations of different
types of constraints enhance rather than diminish resili-
ence. Because both adaptability and resilience are hall-
marks of expert performance, future studies should
explore under what conditions resilience changes posi-
tively with stressors and when resilience may be lost.

Note

1. Note that the perturbation strength may also vary
with the magnitude of the perturbation. For example,
while walking on a street, evading a single
pedestrian may not disrupt the system as strongly as
having to evade a larger group of pedestrians. In this
case, a larger stress sensitivity may be due to the
perturbation per se and not due to resilience losses.
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