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Abstract
People seem to function and feel better in indoor natural environments, including spaces furnished with wood. When
restorative effects of indoor spaces are not detected, suboptimal methodological approaches may be responsible,
including stress-inducing activities and measures of affective states and cognitive performance. Our primary objectives were to test (1) whether the Mental Arithmetic Task (MAT) can reliably induce stress and measure cognitive performance, and (2) whether two single-item measures of pleasure and arousal can detect changes in affective states in
restoration research. Our secondary objective was to examine whether stress recovery and cognitive performance differ between indoor settings furnished with or without wood. Twenty-two participants, allocated to a space furnished
with either a wooden or a white desktop, completed MAT twice, while their electrodermal and cardiovascular activity
and affective states were monitored. Participants on average responded to MAT with increased subjective arousal but
unchanged subjective pleasure, and with increased physiological arousal on some but not all parameters, suggesting
that MAT was effortful but not necessarily stressful. Scores on MAT improved at the 2nd administration, suggesting
that MAT did not induce cognitive fatigue at the 1st administration and that its role as a cognitive task in restoration
research may be limited. The items assessing affective states performed well. The measured outcomes did not differ
between the wooden and non-wooden setting, suggesting that substantial restorative effects of a wooden desktop
are unlikely, and that higher wood coverage is needed to increase the chances of observing restorative effects.
Keywords: Restorative environments, Indoor nature, Human stress, Cognitive performance
Introduction
A large body of evidence suggests that people feel and
perform better after spending time in natural, restorative environments [1–4]. These observations are usually explained with the stress reduction theory (SRT)
[5], attention restoration theory (ART) [6, 7], or both.
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SRT claims that the positive outcomes following contact
with nature result from the connections humans have
developed with nature during the evolution of the species. According to SRT, pleasant, non-threatening natural environments elicit pleasant feelings, hold interest
of people and reduce stressful thoughts, and decrease
physiological arousal if the initial level is high [5]. ART
focuses on the ability of nature to hold human interest:
it claims that nature possess qualities that attract effortless attention of people, allowing their directed (effortful) attention to rest and replenish, as fatigued directed
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attention supposedly leads to stress and decreased cognitive performance [6].
In line with predictions of SRT and ART, several recent
reviews observed that participants who spend time in a
natural environment generally report improved affective states, exhibit lower physiological arousal [1–4],
and perform better on cognitive tasks [8, 9]. However,
not all studies observe positive effects following exposure to nature. In those cases, it is challenging to discern
whether the tested environment does not lead to restoration or whether the restorative effects do exist but
are not observed due to the particular study design and
outcomes.
This is especially problematic in studies that test for
presumably smaller effects of exposure to nature in
indoor spaces, where nature is present only indirectly or
in smaller quantities, such as in spaces furnished with
natural materials, like wood [10–12]. Indeed, while some
studies observed promising effects of wooden indoor
environments on occupants [13, 14], others detected no
positive effects [15], or reported inconclusive results [16].
Future research should clarify whether (and in what contexts) wood impacts people positively, as bringing nature
indoors can be a valuable intervention [17] because most
people spend most of their time indoors [18].
Future studies examining effects of indoor nature exposure would benefit from clearer guidelines that would
minimize the possibility to miss differences in restorative effects between tested environments due to the study
protocol and outcomes, and thus maximize the chances
to distinguish restorative from non-restorative environments. A typical study in the field measures some combination of affective states, physiological arousal, and
cognitive performance before and after exposure to environments [17]. Researchers must select specific affective,
physiological, and cognitive measures from numerous
options and then decide when in the study protocol to
administer those measures. If the selected measures and
the timings of their implementation are inappropriate,
results can be misleading. Researchers may incorrectly
conclude that tested environments do not differ in terms
of restorativeness, when, in fact, the particular study
protocol and outcomes are responsible for the lack of
observed differences.
One issue can arise from the selection of tools that capture affective states in restoration research. Some assessment tools seem to show higher effect sizes than others,
in part presumably because natural environments likely
elicit specific affective states that different tools capture
to different extents [1]. Currently, however, we do not
know which affective states are most reliably influenced
by the natural environment [1]. Even tools such as Positive and Negative Affect Schedule (PANAS) [19], which
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show relatively high effect sizes [1], could be far from
optimal in restoration research, as they capture specific
affective states (such as “guilty” and “proud”) that may
not be reliably influenced by exposure to nature. PANAS
and other commonly used measures also tend to be long
(e.g., PANAS contains 20 items), which makes them less
suitable for frequent administration and thus more likely
to miss changes of affective states in longer exposures to
(restorative) environments. Assessment tools based on
dimensional approach—an approach describing all affective states on a set of selected dimensions (e.g., pleasure
and arousal) [20, 21]—have been underused in restoration research [1]. These assessment tools are recommended in conditions that often characterize restoration
studies: (1) when based on the current theory it cannot
be anticipated how manipulations will impact affect [22],
and (2) when subjects are required to report affective
states on several occasions of a study [21].
Another opportunity for misleading results occurs
when viewing lower physiological arousal as a positive
outcome without additional information [12]. According to SRT, pleasant natural environments can either not
influence, decrease, or increase arousal, depending on the
initial arousal level [5]. In addition, physiological arousal
can reflect states other than stress, including digestion,
effort, and attention [23]; and, importantly, both pleasant and unpleasant states can be reflected in either higher
or lower physiological arousal [24, 25]; for example, high
arousal can indicate vigor [26] and low arousal can signal
fatigue [27]. These observations suggest that measures of
physiological arousal should be corroborated by measures of affective states, and that a stress-inducing activity should be included so the higher physiological arousal
can be more easily attributed to an unpleasant state,
such as fear, instead of a pleasant state, such as excitement [28]. Despite the importance of assessing affective
states and inducing stress, a recent review of 43 studies
reported that only about two-thirds of the studies in the
field used a self-report measure and only one in ten studies experimentally induced stress in participants [2].
Including a stressful activity is important, but not all
stressors are equally effective. Some approaches, such as
exposing people to noise or inducing specific emotions
with videos, do not lead to reliable increases in stress
(as reflected in cortisol—a commonly used biomarker of
stress), while the greatest increases in stress occur with
the combination of a cognitive task and public speaking
[29]. This combination is present in the commonly used
Trier Social Stress Test (TSST) [30, 31], which induces
stress relatively reliably even with the variations in the
TSST protocol [32]. The downside of TSST is its requirement of three individuals acting as an evaluative audience (i.e., “judges”) and its duration: not counting the
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acclimatation and recovery periods, TSST typically lasts
20 min [30, 31]. Despite the advantages of TSST, at least
some restoration studies could benefit from a shorter
yet reliable stress-induction method that is simpler to
implement.
On top of challenges related to assessing affective states
and inducing stress, studies can encounter issues when
assessing attention restoration—how people perform
cognitively after spending time in nature [8, 9, 12, 33, 34].
Results can depend on the specific cognitive function
that is measured and on how fatigued participants are:
restoration may be more likely to occur in domains of
cognitive flexibility and working memory [8], and in participants who are fatigued, either because of a cognitively
fatiguing task within an experiment or because of fatiguing day-to-day occurrences, such as attending lectures
[8]. Experimentally inducing fatigue with cognitive tasks
can be problematic as it can be lengthy—up to 40 min in
studies identified by Stevenson et al. [8], while uncontrolled fatiguing day-to-day occurrences are less likely to
lead to uniform levels of fatigue among study participants
(e.g., during lectures, some students may exert more
mental effort and get more fatigued than others). An
approach that could sidestep these limitations is increasing cognitive fatigue by inducing stress—according to
ART, attentional resources can decline due to stress and
not only task demand [6]. This approach is currently used
in few studies [8], although it might provide a briefer
standardized method to increase participants’ need for
attention restoration. This opens an interesting possibility of using the mental arithmetic task (MAT)—a part of
the TSST stress-inducing protocol—as a stressor as well
as a fatiguing cognitive task and test of cognitive performance. MAT involves subtracting the number 13 or 17
from a 4-digit number and reporting answers aloud [30].
As a stressor, MAT can be effective because it involves
a social-evaluative threat—task performance could be
negatively judged by others [29]; and as a cognitive task,
MAT can be suitable because it taps the working memory
domain [35], which can be influenced by natural environments [8].
In summary, current research shows that people benefit from spending time in natural environments, but the
effects are less clear when people are exposed to some
indoor elements of nature, such as wood, possibly due to
suboptimal methodological approaches. It is unclear (1)
whether the changes of affective states in restorative environments are detected by the tools based on dimensional
approach (e.g., pleasure and arousal dimensions), and (2)
whether a cognitive task that acts as a stressor (i.e., MAT)
is a viable inducer of stress and cognitive fatigue and a
viable measure of cognitive performance in restorative
environments.

Page 3 of 17

Objectives
Our study primarily aimed to test the suitability of a
selected task and outcomes for restoration research,
specifically in the context of people’s exposure to
indoor wood. We aimed to test whether MAT reliably
induces stress, as reflected in cardiovascular and electrodermal activity, and affective states, as captured by
two items assessing pleasure and arousal (based on the
circumplex model of affect) [20]. We were additionally
interested in whether MAT can be a viable cognitive
task in restoration research. The secondary aim of our
study was to examine whether the inspected physiological, affective, and cognitive outcomes differ between
wooden and non-wooden indoor settings.
Methods
Participants

A convenience sample of 22 subjects (18 females) participated in the study, with 19 subjects between the
ages of 18 and 34, and three subjects between the ages
of 35 and 54. Subjects were eligible to participate in the
study if they had no health issues or characteristics that
would have interfered with the study tasks (e.g., very
poor computer skills). Before the experiment, subjects
signed an informed consent form that informed them
about the study purpose and procedure, rights of participants, and data management practices. The study
protocol was approved by the National Medical Ethics
Committee of Slovenia (No. 0120–298/2020/3) and the
research was carried out in compliance with the Oviedo
convention. As a compensation for participating in the
study, subjects received a report of their results (in reference to aggregated results of other participants).
Test setting

The experiment was conducted in spaces of University of Primorska in Koper, Slovenia. The test setting
included a preparation desk with a smaller top surface (100 cm × 70 cm) and a test desk with a larger top
surface (200 cm × 90 cm). The two desks were placed
at the opposite sides of the space. The top surface of
the smaller desk was covered with beige melamine,
while the top surface of the larger desk was made of
oak (Quercus robur) veneer—light colored wood with
darker streaks and with a clear lacquer finish applied by
the vendor. The oak veneer was exposed in the experimental condition and covered with a white tablecloth
in the control condition (Fig. 1). Windows in the test
setting were covered with white drapes to prevent participants from viewing the outdoor environment. The
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Fig. 1 The test desk in the control (left) and experimental condition (right)

experiment took place in August of 2020, and the testing was conducted throughout the entire day.
Measures
Affective states

Affective states were assessed with two single-item measures capturing the states of pleasure and arousal [21].
The scales, based on the circumplex model of affect [20],
capture the broad state of core affect—simplest consciously accessible feelings, rather than specific emotions or longer lasting moods [36]. Despite their brevity,
the scales have proven to be reliable and valid [21, 37].
The two administered items asked participants: “How
pleasant/activated do you feel at this moment?”. Participants responded on a 9-point rating scale (1 = especially unpleasant/inactivated, 5 = neutral, 9 = especially
pleasant/activated).
Cognitive performance

Cognitive performance was assessed with MAT—a part
of the TSST [30]. Participants were instructed to (mentally) sequentially subtract the number 13 from a 4-digit
number (1022 and 1059 in the 1st and 2nd task administration, respectively) as fast and as accurately as possible and report their results verbally, while the researcher
was monitoring the correctness of their responses. If participants made a subtraction error, they were instructed
to start subtracting again from the initial 4-digit number. The subtraction period lasted for 5 min at each task
administration.
Physiological arousal

Physiological arousal was examined with measures of
cardiovascular activity, which reflects the activity of
the heart and blood vessels, and electrodermal activity,
which reflects the activity of the sweat glands in the skin.

Different measures correspond to different branches
of the autonomic nervous system. Electrodermal activity predominantly reflects the sympathetic branch [38],
heart rate corresponds to both sympathetic and parasympathetic branches, and heart rate variability largely
relates to the parasympathetic branch [39]. As indicators
of stress, measures of cardiovascular and electrodermal
activity have been frequently used in psychophysiological research in general [38–40] and restoration research
in particular [17].
Participants were equipped with wireless sensors that
captured cardiovascular and electrodermal activity. Cardiovascular activity was monitored with a chest strap
(Equivital Life Monitor EQ02; Hidalgo, Cambridge,
UK), and electrodermal activity was assessed with a galvanic skin response sensor (EQ-ACC-34; Hidalgo, Cambridge, UK), which was attached to pre-gelled Ag/AgCl
electrodes placed on two fingers (index and middle finger) of participants’ left hand. Cardiovascular activity
was parametrized as heart rate (beats per minute) and
heart rate variability. The root mean square of successive beat-to-beat interval differences (RMSSD) was used
as a representative measure of heart rate variability [41].
Electrodermal activity was parametrized as skin conductance level (SCL; i.e., tonic level of electrical conductivity of skin), percentage of skin conductance responses
(SCR; i.e., brief increase in conductance following physiologically arousing external or internal stimuli), and SCR
amplitude (i.e., the extent of the increase in conductance
at the SCR [38]). The physiological arousal data were captured and processed in LabChart 8.1 [42]. Electrodermal
activity data were additionally processed with the Python
package NeuroKit2 [43]. Electrodermal activity data from
one subject were excluded from the analysis, due to unusually high SCL and odd SCL patterns, suggesting a systematic error in the measurement process.
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Experimental procedure

Participants were instructed ahead of the study to abstain
from caffeinated beverages on the day of the testing, as
these might interfere with measurements of physiological
arousal [44]. Before the experiment, participants received
an overview of the upcoming study protocol and instructions on completing the study tasks. They were then
equipped with physiological activity sensors and provided with the opportunity to ask questions related to the
study.
Participants were guided through the experimental
protocol by a web platform (developed with the R package psychTestR [45]), which delivered instructions,
captured self-reported data, and provided timers. The
experimental protocol (Fig. 2) started with the baseline
period (Baseline), to ensure participants acclimatized to
the test testing and that the baseline values of physiological activity were captured. Participants then responded
to a measure of affective states, completed MAT (Task
(1)), and responded to the measure of affective states
again immediately after. Afterwards, they started with
the recovery period (Recovery): they relocated to a larger
desk at the opposite side of the room, which had its
wooden surface either exposed (experimental condition)
or covered with a white tablecloth (control condition),
where they rested for 10 min (half of the participants
were randomly assigned to one of the two conditions).
Note that the duration of the resting period should suffice for cardiovascular [46] and electrodermal activity
[47, 48] to return to baseline levels after stress induction.
Finally, participants responded to a measure of affective
states for the third (and final) time and completed MAT
for the 2nd (and final) time (Task (2)).
Statistical analysis

The data were processed and analyzed with R 4.0.2
[49] and Python 3.9.2 [50] using RStudio 1.4.1106 [51]
with the packages janitor [52], NeuroKit2 [43], broom.
mixed [53], rstatix [54], reticulate [55], lme4 [56], lmerTest [57], emmeans [58], DHARMa [59], flextable [60],
and the collection of packages tidyverse [61]. Summary
statistics were reported as means (M) and confidence

Fig. 2 Experimental procedure

Page 5 of 17

intervals (CI), and visualized as boxplots. In the boxplots,
the box represents the interquartile range, which spans
from the first (lower) quartile at the bottom hinge to the
third (upper) quartile at the top hinge. The thicker line
passing through the box represents the median (second
quartile). The whiskers extend from the hinges to the
largest (for the upper whisker) or smallest value (for the
lower whisker) that is no further from the hinge than
1.5 × interquartile range—distance between the first
and third quartiles. The overlaid dots represent raw data
points.
Our data would commonly be analyzed with a mixed
analysis of variance (ANOVA), where the desktop condition (i.e., wooden or white desk) would be treated as a
between-subject factor and the study phase (i.e., baseline,
task, recovery) as a within-subject factor. Instead of using
the mixed ANOVA, we based our analysis on (generalized) linear mixed models, which are becoming increasingly more widespread and recommended approach to
analyze within-subject data due to their flexibility and
robustness [62].
We typically fitted a linear mixed model, where the
residual error term is expected to follow a normal distribution. In one instance, we fitted a binomial mixed
model, which can handle dependent variables whose
residual error does not follow a normal distribution (i.e.,
a binary dependent variable whose error distribution is
binomial) [63]. The (generalized) linear mixed models
were fitted with the R packages lme4 [56] and lmerTest [57]. In all models, subjects were treated as random
effects and desktop conditions, study phase, and/or task
administration were treated as fixed effects. All models
tested for interactions between fixed effects. Variables
representing electrodermal and cardiovascular activity
were included in the model as dependent variables after
the mean values were calculated for each participant at
each study phase. At Baseline and Recovery, only the
5 min of the lowest physiological activity (according to
skin conductance values) for each period were taken for
further analysis, to minimize the presence of physiological arousal resulting from the period before the experiment and from the anticipation of the upcoming task
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during the experiment. The variables representing affective states and cognitive performance were included as
dependent variables in their raw form.
If statistically significant main effects or interaction
effects were detected, post hoc comparisons were conducted with the R package emmeans [58], where p values were adjusted with the Tukey method and estimated
marginal means (EMM) were reported. In one instance
of the linear mixed model, the dependent variable (i.e.,
SCR peaks) underwent square root transformation
to improve model fit; however, reported EMMs were
back-transformed and presented in the original unit of
the dependent variable, while the corresponding contrasts (differences between the values of two dependent
variables) generally cannot be back-transformed and
were reported as differences between two square roots.
Model diagnostics were conducted with the R package
DHARMa [59], which uses a simulation-based approach
to analyze residuals of (generalized) linear mixed models.
None of the reported models exhibited issues with fit to
the data.
In some cases, we examined the data in more detail
after uncovering atypical response patterns in some participants (i.e., atypical responses on the affective state
of pleasure). Here, we split the participants into two
groups: if the participant’s score on the affective state of
pleasure increased or stayed the same from Baseline to
Task (1) and decreased or stayed the same from Task (1)
to Recovery, the participant was classified as an atypical
responder; otherwise, the participant was classified as a
typical responder. The results (i.e., physiological activity
and cognitive task scores) of these two groups were compared with Wilcoxon tests (the Wilcoxon signed-rank

test was used as a paired difference test and the Wilcoxon
rank-sum test was used as an unpaired two-sample test).
By splitting our sample, we created two smaller groups of
participants (with unequal sizes), which lowers the statistical power of significance tests [64]. For this reason,
the p values were not adjusted for multiple comparisons,
to decrease the possibility of the Type II error (i.e., false
negative).

Results
Affective states

Participants on average reported values around the
middle of the scale for the affective states of arousal
(M = 4.53, 95% CI [4.09, 4.97]) and pleasure (M = 5.15,
95% CI [4.70, 5.60]). The results of the linear mixed
model showed that the arousal scores significantly
changed throughout the study phases, while the pleasure
scores did not (Table 1, Fig. 3). The arousal and pleasure
scores did not differ between desktop conditions, and
there were no interaction effects between desktop conditions and study phases. Post hoc comparisons showed
that arousal scores were higher at Task (1) (EMM = 5.59,
95% CI [4.87, 6.31]) than at Baseline (EMM = 3.73, 95%
CI [3.01, 4.45]; Task (1)—Baseline = 1.86, 95% CI [1.08,
2.64], p < 0.001) and Recovery (EMM = 4.27, 95% CI
[3.55, 4.99]; Task (1)—Recovery = 1.32, 95% CI [0.54,—
2.10], p < 0.001), while the scores did not significantly
differ between Baseline and Recovery (Baseline–Recovery = − 0.55, 95% CI [− 1.33, 0.24], p = 0.217).
It should be noted that the pleasure scores, even
though they have not (on average) significantly changed
in any one direction between study phases, still varied
within participants (Fig. 4)—few participants reported

Table 1 Results of the linear mixed models with affective states as dependent variables
Outcome
Arousal

Predictor
Intercept

SE

95% CI

df

t

p

3.82

0.50

2.83 to 4.80

35.17

7.59

− 0.18

0.71

35.17

2.00

0.45

− 1.58 to 1.21
1.11 to 2.89

40.00

− 0.26

Phase: Recovery

0.73

0.45

Wood * Task (1)

− 0.27

0.64

− 0.16 to 1.62

− 1.62 to 0.89

40.00

Condition: Wood
Phase: Task (1)

Wood * Recovery
Pleasure

Estimate

Intercept
Condition: Wood
Phase: Task (1)
Phase: Recovery
Wood * Task (1)
Wood * Recovery

− 0.36

0.64

5.64

0.56

0.18

0.79

− 0.91

0.60

− 0.91

0.60

0.09

0.84

0.09

0.84

Significant predictors (p < 0.05) are shown in bold
SE: standard error; CI: confidence interval; df: degrees of freedom; t: test statistic t; p: p-value
*Interaction between predictors

< 0.001
0.800

4.41

< 0.001

40.00

1.60

0.117

− 1.53 to 0.98

40.00

− 0.43

0.673

4.55 to 6.73

44.06

10.12

< 0.001

− 1.36 to 1.72

− 2.08 to 0.26

40.00

− 1.56 to 1.75

40.00

− 0.57

0.574

44.06

0.23

0.818

− 2.08 to 0.26

40.00

− 1.52

0.136

− 1.56 to 1.75

40.00

− 1.52

0.136

0.11

0.915

0.11

0.915
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Fig. 3 Affective states throughout study phases

Fig. 4 Changes in pleasure scores within each participant from Baseline to Task (1) (left) and from Task (1) to Recovery (right)

no change in their pleasure scores between study phases,
while many reported either decreases or increases in
pleasure both from Baseline to Task (1) and from Task (1)
to Recovery.
Further examination identified six participants with
atypical responses, for whom pleasure seems to have
increased or stayed the same from Baseline to Task

(1) and decreased or stayed the same from Task (1) to
Recovery, in contrast with 16 participants with typical
responses, for whom pleasure appears to have decreased
from Baseline to Task (1) and increased from Task (1) to
Recovery (Fig. 5, Additional file 1: Table S1).
Atypical and typical responders had similar scores on
subjective arousal at Task (1) and Recovery (Additional
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Fig. 5 Pleasure scores across study phases for participants with atypical and typical responses

file 1: Figure S1, Tables S2, 3), but different scores at
Baseline, where atypical responders had somewhat lower
scores compared to typical responders (difference:—1.00,
95% CI [− 3.00, 0.00], p = 0.046).

differ between Baseline and Recovery (Baseline–Recovery (difference of square roots) = − 0.13, 95% CI [− 0.29,
0.04], p = 0.155).

Physiological arousal
Electrodermal activity

Throughout all study phases, the mean of (means of )
exhibited values were 79.95 beats per minute for heart
rate (95% CI [75.47, 84.43]) and 36.41 ms for heart rate
variability—RMSSD (95% CI [31.59, 41.23]). The linear
mixed models showed that heart rate (but not heart rate
variability) changed throughout study phases (Table 3,
Fig. 7). There were no main effects of desktop conditions or interaction effects between desktop conditions
and study phases. Post hoc comparisons for heart rate
showed a similar trend as electrodermal activity results:
heart rate values (beats per minute) were comparatively
low at Baseline (EMM = 74.24, 95% CI [67.13, 81.35]),
increased from Baseline to Task (1) (EMM = 91.92, 95%
CI [84.80, 99.03]; Task (1)–Baseline = 17.68, 95% CI
[10.55, 24.81], p < 0.001), and decreased from Task (1)
to Recovery (EMM = 73.69, 95% CI [66.58, 80.80]; Task
(1)—Recovery = 18.23, 95% CI [11.10, 25.36], p < 0.001),
with no significant differences between Baseline and
Recovery (Baseline–Recovery = 0.55, 95% CI [− 6.58,
7.68], p = 0.852).
Further analysis suggested that participants with
atypical pleasure scores (see “Affective states” section)
had similar patterns of electrodermal activity but different patterns of cardiovascular activity compared to
participants with typical pleasure scores (Fig. 8, Additional file 1: Tables S4, 5). The atypical responders had
a relatively stable heart rate across the study phases,
while the heart rate of the typical responders increased

Throughout all study phases, the mean of (means of )
exhibited values was 6.35 μS (95% CI [5.46, 7.24]) for
SCL, 0.51% (95% CI [0.31, 0.71]) for SCR, and 0.23 μS
(95% CI [0.17, 0.29]) for SCR amplitude. The linear mixed
models showed that the SCL and SCRs (but not SCR
amplitude) changed throughout study phases, while there
were no main effects of desktop condition or interactions
between desktop condition and study phases (Table 2,
Fig. 6).
Post hoc comparisons showed that SCL scores significantly increased from Baseline (EMM = 4.36 μS, 95% CI
[2.88, 5.84]) to Task (1) (EMM = 8.05 μS, 95% CI [6.57,
9.53]; Task (1)—Baseline = 3.69 μS, 95% CI [3.00, 4.38],
p < 0.001) and then decreased from Task (1) to Recovery
(EMM = 6.57 μS, 95% CI [5.09, 8.05]; Task (1)—Recovery = 1.48 μS, 95% CI [0.79, 2.18], p < 0.001), but remained
higher at Recovery than they were at Baseline (Recovery—Baseline = 2.21 μS, 95% CI [1.52, 2.90], p < 0.001).
A somewhat similar trend was seen in SCRs, which
increased from Baseline (EMM = 0.13%, 95% CI [0.04,
0.28]) to Task (1) (EMM = 0.76%, 95% CI [0.49, 1.10];
Task (1)–Baseline (difference of square roots) = 0.51,
95% CI [0.35, 0.68], p < 0.001), and decreased from Task
(1) to Recovery (EMM = 0.24%, 95% CI [0.10, 0.43]; Task
(1)—Recovery (difference of square roots) = 0.39, 95%
CI [0.22, 0.55], p < 0.001), while they did not significantly

Cardiovascular activity
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Table 2 Results of the linear mixed models with electrodermal activity parameters as dependent variables
Outcome

Predictor

SCL [μS]

Intercept
Condition: Wood
Phase: Recovery
Phase: Task (1)
Wood * Recovery
Wood * Task (1)

SCR [%] (square root)

Intercept

SE

2.72 to 6.59

22.2

4.72

22.2

2.60

0.47

− 3.40 to 2.20
1.67 to 3.52

38.0

− 0.42

3.85

0.47

2.93 to 4.78

− 0.78

0.68

− 2.12 to 0.56

− 0.32

0.68
0.17

Phase: Recovery

0.21

0.09

Phase: Task (1)

0.59

0.09

− 0.18

− 0.15

0.13
0.13

0.19

0.07

Condition: Wood

0.09

0.10

Phase: Recovery

0.00

0.07

Phase: Task (1)

0.07

0.07

− 0.09

0.10

Wood * Task (1)

− 0.06

0.10

Significant predictors (p < 0.05) are shown in bold
SE: standard error; CI: confidence interval; df: degrees of freedom; t: test statistic t; p: p-value
*Interaction between predictors

Fig. 6 Electrodermal activity throughout study phases

p

1.43

0.12

Wood * Recovery

t

0.99

0.06

Intercept

df

4.66

0.33

Wood * Recovery

95% CI

− 0.60

Condition: Wood

Wood * Task (1)
SCR amplitude [μS]

Estimate

< 0.001
0.680

5.51

< 0.001

38.0

8.17

< 0.001

38.0

− 1.14

− 1.66 to 1.02

38.0

0.10 to 0.55

29.55

− 0.26 to 0.39

0.262

− 0.47

0.638

2.82

0.008

29.55

0.38

0.704

0.03 to 0.40

38.00

2.32

0.026

0.41 to 0.77

38.00

6.37

< 0.001

− 0.44 to 0.09

38.00

− 0.41 to 0.11

38.00

0.06 to 0.33

39.97

− 0.11 to 0.28

− 1.31

0.197

− 1.12

0.270

2.79

0.008

39.97

0.87

0.388

− 0.14 to 0.14

38.00

0.03

0.978

− 0.07 to 0.21

38.00

0.98

0.332

− 0.3 to 0.11

38.00

0.374

− 0.27 to 0.14

38.00

− 0.90

− 0.62

0.540
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Table 3 Results of the linear mixed models with heart rate and heart rate variability (RMSSD) as dependent variables
Outcome

Predictor

Estimate

Heart rate [beats per
minute]

Intercept

95% CI

df

t

p

71.51

4.94

61.83 to 81.20

32.57

14.47

Condition: Wood

5.45

6.99

32.57

0.78

0.441

Phase: Recovery

16.40

4.14

− 8.25 to 19.15

40.00

3.96

< 0.001

− 0.75

4.14

− 0.18

0.856

5.86

− 8.87 to 7.36

40.00

2.55
0.41

5.86

43.47

5.82

− 11.07 to 11.89

− 12.23

8.23

− 28.36 to 3.90

Phase: Task (1)
Wood * Recovery
Wood * Task (1)
RMSSD [ms]

SE

Intercept
Condition: Wood
Phase: Recovery
Phase: Task (1)
Wood * Recovery
Wood * Task (1)

Significant predictors (p < 0.05) are shown in bold

− 6.20

5.03

1.90

5.03

2.98

7.12

− 0.08

7.12

8.28 to 24.52

− 8.93 to 14.03

40.00
40.00

0.07

0.945

32.07 to 54.88

33.65

7.47

< 0.001

33.65

− 1.49

0.146

− 16.07 to 3.67

40.00

− 10.97 to 16.94

0.44

< 0.001

0.666

− 1.23

0.225

0.38

0.708

− 7.97 to 11.76

40.00
40.00

0.42

0.677

− 14.03 to 13.88

40.00

− 0.01

0.992

SE: standard error; CI: confidence interval; df: degrees of freedom; t: test statistic t; p: p-value
*Interaction between predictors

Fig. 7 Cardiovascular activity throughout study phases

markedly at Task (1) (Task (1)—Baseline = 22.61 beats
per minute, 95% CI [11.56, 31.70], p < 0.001). Similarly, the atypical responders reacted to Task (1) with
slightly (but insignificantly) increased heart rate variability (Task (1)—Baseline = 7.62 ms, 95% CI [− 13.48,
28.21], p = 0.219), in contrast with the typical responders, for whom the heart rate variability slightly (but
insignificantly) decreased at Task (1) (Task (1)—Baseline = − 9.06 ms, 95% CI [− 19.20, 0.18], p = 0.058).

Mental arithmetic task

Participants on average generated more than 50 total
responses to MAT (M = 51.41, 95% CI [45.72, 57.10])
with a very high proportion of correct responses
(M = 0.94, 95% CI [0.93, 0.95]). The mixed models
showed that the proportion of correct responses (Table 4)
and the number of responses (Table 5) varied between
study phases but not between desktop conditions,
and there were no interactions between the desktop
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Fig. 8 Physiological activity across study phases, split by participants with atypical and typical pleasure score patterns

Table 4 Results of the binomial mixed model with MAT response correctness as the dependent variable
Outcome

Predictor

Estimate

Correct responses

Intercept

SE

CI

z

p

11.86

3.37

6.79 to 20.71

8.70

Condition: Wood

1.31

0.55

0.58 to 2.96

0.65

< 0.001
0.513

Phase: Task (2)

2.21

0.54

1.38 to 3.56

3.28

0.001

Wood * Task (2)

0.78

0.29

0.37 to 1.63

− 0.66

0.512

The estimates represent odds ratios. Significant predictors (p < 0.05) are shown in bold
SE: standard error; CI: confidence interval; z: test statistic z; p: p-value
*Interaction between predictors

Table 5 Results of the linear mixed model with MAT total number of responses as the dependent variable
Outcome

Predictor

Number of responses

Intercept
Condition: Wood
Phase: Task (2)
Wood * Task (2)

Estimate

SE

53.09

5.27

− 12.91

7.46

9.55

2.31

0.00

3.27

95% CI
42.76 to 63.42

df

t

p

22.01

10.07

− 27.52 to 1.7

22.01

− 1.73

− 6.4 to 6.4

20.00

5.02 to 14.07

20.00

< 0.001
0.097

4.13

< 0.001

0.00

1.000

Significant predictors (p < 0.05) are shown in bold
SE: standard error; CI: confidence interval; df: degrees of freedom; t: test statistic t; p: p-value
*Interaction between predictors

condition and task administration. Post hoc comparisons revealed that participants provided fewer responses
in Task (1) (EMM = 46.64, 95% CI [38.91, 54.37]) than at
Task (2) (EMM = 56.18, 95% CI [48.45, 63.91]; Task (1)–
Task (2) = − 9.55, 95% CI [− 13.00, − 6.14], p < 0.001), and
they were less likely to respond correctly to MAT at Task

(1) (EMM = 0.93, 95% CI [0.90, 0.95]) than at Task (2)
(EMM = 0.96, 95% CI [0.95, 0.98]; Task (1)/Task (2) (odds
ratio) = 0.51, 95% CI [0.35, 0.74], p < 0.001) (Fig. 9).
A closer examination of participants who responded
atypically on the affective state of pleasure (see “Affective
states” section) suggests they provided more responses in
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Fig. 9 MAT results on the first and second task administration

Task (1) than the typical responders (Atypical responders–typical responders = 17.00, 95% CI [2.00, 37.00],
p = 0.035). The difference in number of responses
between the two groups was similar in Task (2), although
the variability of scores was greater and the difference was not statistically significant (Atypical responders–typical responders = 16.87, 95% CI [− 4.00, 33.00],

p = 0.090) (Fig. 10, Additional file 1: Table S6). In addition, the atypical responders had a larger proportion of
correct responses than the typical responders in Task
(1) (Atypical responders–typical responders = 0.06, 95%
CI [0.03, 0.16], p = 0.004) but similar proportion of correct responses in Task (2) (Atypical responders–typical
responders = 0.02, 95% CI [− 0.01, 0.09], p = 0.376).

Fig. 10 MAT results on the first and second task administration, split by participants with atypical and typical pleasure score patterns
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Discussion
Affective states

Participants generally reacted to MAT with a state of
higher arousal accompanied with middle values of pleasure, indicating a highly aroused state close to neutral in
terms of valence, such as alertness or tension, but not
stress [20]. Had the participants on average experienced
a significant amount of stress, the experienced affective
states should have been characterized by high arousal
and low pleasure, such as anxiety [65]. In contrast, some
participants reported increased subjective pleasure following MAT, suggesting that MAT sometimes induced
more pleasurable states, such as excitement [20]. In
the absence of low subjective pleasure, high subjective
arousal following MAT likely primarily reflects the effort
required to accomplish task demands [66]. This suggests
that MAT does not lead to a reliable stress response in
at least a subgroup of people, and that different or additional stressors are needed. At Recovery, the subjective
arousal that MAT induced returned to levels similar
to those observed at Baseline, suggesting that a 10-min
recovery period is sufficiently long for affective states to
return to initial values. The results also suggest that the
deployed single-item measures assessing arousal and
pleasure are sensitive enough to detect changes in affective states, as evidenced by the variability in scores, indicating that these scales may prove useful in restoration
research.
Physiological activity

Electrodermal activity results generally followed the pattern observed in the self-reports of arousal—an increase
after MAT followed by a decrease at Recovery. This pattern, however, differed between electrodermal activity
parameters. SCL and SCR both increased from Baseline to Task (1), but SCL was higher at Recovery than at
Baseline, while SCR returned to levels similar to those
observed at Baseline. This indicates that MAT is capable
of inducing increases of electrodermal activity, but that
the period of 10 min may not be sufficient for the physiological arousal to return to baseline levels, suggesting
that a longer recovery period is warranted. Unlike SCL
and SCR, SCR amplitude did not significantly change
throughout study phases. High SCL usually co-occurs
with a high number of SCRs and large SCR amplitudes
[38]; however, different electrodermal activity parameters may represent partially independent sources of
information that are uniquely related to different psychophysiological processes. While all three electrodermal activity parameters are associated with strain, SCR
amplitude is thought to also reflect preparatory activation, signaling increased perceptual and motor readiness
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for an upcoming task [67, 68]. This suggests one possible
explanation of the observed results: participants might
have anticipated the upcoming task both at Baseline and
Recovery, leading to increased values of SCR amplitude
at these periods of rest to the point that these values did
not significantly differ from those observed at Task (1).
Alternatively, SCR amplitude may be less responsive to
the specific type of demands placed on participants by
MAT.
The patterns of cardiovascular activity resembled those
of electrodermal activity for heart rate but not for heart
rate variability. Heart rate increased from Baseline to
Task (1) and then decreased at Recovery, to the point of
being no different than at Baseline. Heart rate variability
showed no such variation and remained similar throughout the study phases. When the heart rate increases following a stressor or an effortful cognitive task, the heart
rate variability tends to decrease [69], making the cardiovascular responses observed in this study somewhat
atypical. However, heart rate and heart rate variability
are thought to provide partially independent information when it comes to stress and mental effort. Heart
rate variability seems to be somewhat more sensitive to
mental strain than heart rate [68], opening the possibility that participants were at least slightly tense at Baseline
and Recovery periods, as they might have been anticipating the upcoming task, which could have been reflected
in the heart rate variability not being significantly different than at Task (1). An alternative explanation is similar
to the above interpretation related to unchanging SCR
amplitudes: heart rate variability may be less responsive
to the type of demands that participants faced on MAT.
It should be noted, though, that the interaction between
cardiovascular responses and arousal following stressors
or cognitive tasks is complex, and a number of influences
could be responsible for the observed results [67, 68].
MAT

The results of MAT showed that participants generally
improved from the 1st to 2nd administration on both
MAT outcomes: number of provided responses and the
proportion of correct responses. This suggests that the
potential cognitive fatigue induced by the 1st administration of the task was offset by learning and practice gained
from completing the task. Alternatively, participants
might have been more distracted at the 1st task administration, before getting acclimatized to the experimental session ahead of the 2nd administration of the task.
Higher scores at the 2nd administration of the task could
still show positive effects of restorative environments;
indeed, many studies exploring attention restoration in
natural environments detect higher scores at the 2nd task
administration [8, 33]. However, the attention restoration
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theory claims that exposure to nature restores fatigued
cognitive capacities [6]. This suggests that the positive
effects of natural environments on cognitive performance
will be less likely present if participants are not cognitively fatigued and operate at their peak cognitive capacities, leaving the natural environment no maneuvering
space: cognitive capacities cannot be restored if they
have not been depleted. It is unclear, though, whether
the observed effect of natural environments on cognitive
performance is in fact the restoration of a depleted cognitive resource [8, 70, 71]. Still, inducing cognitive fatigue
seems more likely to lead to a more reliable restoration
effect, at least on some occasions [8], and the 5-min
instance of MAT may not be sufficient to induce significant levels of cognitive fatigue.
Atypical versus typical responders on the affective state
of pleasure

Some participants reacted to MAT with an increased
affective state of pleasure—the opposite of what would
be expected if they had experienced stress. In response to
MAT, these atypical responders appeared to have similar
electrodermal activity but lower cardiovascular activity
than the typical responders. Perhaps this discrepancy can
be explained by different properties of the two physiological systems: electrodermal activity is a relatively direct
measure of sympathetic activity of the autonomic nervous system, while heart rate provides a broader picture of
both sympathetic and parasympathetic activity [38]. The
atypical responders may have been sufficiently activated
for the increased sympathetic activity to be detected on
the measure of electrodermal activity but not activated
enough for the activation to be evident in heart rate,
which also involves parasympathetic activity. Increased
parasympathetic activity in the atypical responders could
also be indicated by their slight increase in heart rate variability in response to MAT [39].
Interestingly, even though physiological activity
was somewhat different between typical and atypical
responders in response to MAT, subjective arousal was
similar in both groups of participants. This suggests that
subjective arousal cannot be fully explained by measures of electrodermal and cardiovascular activity. It is
also possible that subjective assessment cannot capture
arousal as precisely as physiological measures, due to the
subjectivity involved. Based on the identified discrepancies between subjective and physiological arousal, it
appears that both types of arousal should be measured to
obtain a more complete understanding of arousal in the
studied situation.
The affective and physiological response of the
atypical responders—higher pleasure and lower
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physiological activity—might be explained in part by
their better performance on MAT. Perhaps these participants reacted to MAT atypically due to their higher
ability or affinity for cognitive tasks, suggesting that
MAT might not lead to stress especially in people who
are more capable or motivated to perform on cognitive
tasks.
Outcomes in wooden versus non‑wooden desktop
conditions

Affective states, electrodermal and cardiovascular activity, and cognitive performance did not differ between desktop conditions (i.e., wooden desktop
versus desktop covered with a white cloth). This can
be due to the low number of participants, making the
study underpowered to detect presumably small effects
of the exposure to a wooden setting. Another reason
for the lack of detected differences can stem from the
absence of a clear stress response and cognitive fatigue
in participants: if participants did not experience stress
or cognitive fatigue, it could have been more difficult
for the environment to provide restorative effects [8].
The lack of observed differences between environments could also have resulted from the specific wood
furnishings: the wooden desk may not have provided
sufficient stimulation to induce restorative effects.
The existing studies that observed the most promising
effects of wood exposure on people used rooms with
larger wood coverage [13, 14, 72], suggesting that even
a relatively large desk surface tested in our study might
not be sufficiently large to provide restorative effects.

Limitations
The most obvious limitations of the study are related
to the nature and size of the study sample. Most participants were at least loosely acquainted with the
study’s first author, who was leading the experimental
sessions. This might have urged participants to behave
and respond differently than they would have in a more
neutral context. In addition, the study sample was
imbalanced in terms of gender, with most of the participants being female, and we did not control for the
menstrual cycle phase, which could have impacted the
results. The age range of participants was somewhat
wide, and some variability in stress reactivity between
participants may have been a result of differences in
age. A relatively small sample size may have left the
study underpowered–not only unable to detect potential differences in outcomes between desktop conditions but also unable to identify some of the potential
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subtle changes in outcomes across all participants, such
as small differences in pleasure scores between study
phases.

Conclusions and recommendations for future
studies
On average, MAT may not lead to a reliable stress
response. The task generally increased self-reported
arousal and most measures of physiological arousal, indicating that it successfully activated participants to an
extent. However, MAT did not impact all measures of
physiological arousal, and it did not significantly affect
the self-reported affective state of pleasure, indicating that the average response of participants cannot be
straightforwardly interpreted as a stress response, but
instead as activation required to successfully meet task
demands. Clear stress response in the entire sample may
have not appeared mainly due to a subgroup of participants who reacted to MAT positively—with increased
affective state of pleasure. The role of MAT as a cognitive task in restoration research seems similarly limited,
at least when MAT lasts only 5 min and when the goal is
to reliably induce cognitive fatigue. However, MAT might
become more useful if it would be longer (to attempt
to induce cognitive fatigue) and if the testing condition
would be more threatening (to attempt to induce stress),
for example, by including a larger evaluative audience.
The single-item measures that examined affective states
seemed to be sufficiently sensitive to detect changing
states of pleasure and arousal for their use to be recommended in restoration research. The comparison of
outcomes between desktop conditions revealed that a
larger wooden desktop is unlikely to lead to considerable
restorative effects, but larger studies might detect potential (smaller) effects of the exposure to wooden desks,
especially if the wood coverage increases. Taken together,
the results of this study can inform and guide future studies, increasing their chances to recognize restorative
environments.
Future studies may benefit from piloting their experimental design and measures before engaging larger subject pools. Methodological investigations are needed to
identify how to induce an adequate degree of stress and
cognitive fatigue for restoration studies, which would
support more robust and comparable research in the
field. For example, testing a longer version of MAT
may reveal more about its capacity to reliably induce
cognitive fatigue and stress. The single-item measures
of affective states used in this study were robust, and
we encourage other researchers to use them. However, comparing them with more commonly used (and
longer) measures (e.g., PANAS) in the context of restoration research would be a useful contribution. The

Page 15 of 17

settings where the studies are deployed should be
assessed in detail to examine how people are affected
by characteristics such as indoor air quality, amount of
natural elements (e.g., plants, wood), light quality, and
other properties.
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