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ENGLISH SUMMARY 

 

Modern childhoods are associated with high technology use and urbanisation. These trends may be 

associated with higher levels of cognitive fatigue due to the increasing amount of attention-grabbing 

stimuli present in a child’s life. Previous research has demonstrated that prolonged exposure to 

urban environments may be detrimental to mental health, while exposure to natural environments 

may promote mental health and support cognitive development.  

Attention Restoration Theory (ART) proposes that natural environments support cognitive 

functioning by inducing a period of restoration that is necessary for overcoming the effects of 

mental fatigue. ART proposes that the restoration process is fostered by the activation of an 

effortless form of attention that is evoked by the intrinsically fascinating stimuli found within 

natural environments. Environments may be particularly restorative when they also evoke a sense of 

being away or separated from cognitively fatiguing situations; are extensive enough to offer a rich 

experience; and are compatible with the individual’s desires and goals. The restoration effect seems 

to be well-supported by evidence involving primarily adult participants. However, studies of the 

effect in children are rare. Therefore, the current thesis aimed to investigate how natural 

environments influence the cognitive processes of children with and without attention 

deficit/hyperactivity disorder (ADHD).  

In Article I, a systematic review and meta-analysis is presented that revealed a sharp 

increase in the number of studies exploring the restoration effect in recent years. However, there 

was a marked absence of publications involving children. Random-effects meta-analyses were 

performed to calculate pooled mean effect size estimates for eight cognitive domains covered in the 

literature. Results showed that working memory (Hedges’ g = 0.162), cognitive flexibility (Hedges’ 

g = 0.317), and to a less-reliable degree, attentional control (Hedges’ g = 0.156) were improved 

after exposure to natural environments or natural stimuli. Moderator analyses found that effect sizes 

were significantly larger when participants were exposed to actual environments, rather than virtual 

environments; however, this may also be explained by the typical durations of the two exposure 

types. The moderating effect of restoration potential, such as fatigue induction, was less clear. A 

framework is proposed from which future researchers can consider the involvement of directed 

attention during cognitive tasks, in an attempt to move towards a more homogenous evidence base 

using relevant outcome measures. 
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To extend the limited research in children, a semi-randomised crossover trial is presented in 

Article II that explored the effect of exposure to a natural environment on the cognitive 

performance of Danish school children, using the Attention Network Task (ANT). 33 participants 

(m = 12.03 years) were recruited to perform the ANT before and after a 30-minute walk in a natural 

and built environment. Cognitive fatigue was induced prior to baseline measurements to compare 

the restoration effects associated with the two environments. Linear-mixed models (LMMs) 

revealed a significant improvement in stability of performance and response speed after exposure to 

the natural environment, but not directed attention ability. This pattern of results contradicts adult 

data derived from the same task that showed a restoration effect specific to directed attention. 

However, the results were in line with a recent natural experiment that suggested children may 

benefit from natural environments through different mechanisms than adults, based on divergent 

results on the ANT. Performance stability is more likely to be maintained by self-regulatory 

processes, such as effort allocation, rather than cognitive mechanisms such as directing attention. 

This suggests that cognitive resources related to self-regulation may be particularly sensitive to the 

restoration effect in children. Additionally, an explorative sub-study using mobile eye-tracking 

glasses revealed that children fixated more often while walking in the natural environment 

compared to the built environment. This finding may reflect greater visual exploration of the natural 

environment due to heightened fascination or an increased ease in shifting visual attention while 

perceiving the environment.     

To assess the clinical relevance of the restoration effect, a double-blinded, placebo-

controlled, randomised, two-by-two crossover trial is presented in Article III that compared the 

effects of 30-minute walks in a natural environment (natural versus built) with a dose of medication 

(medication versus placebo) on performance of the ANT in children with ADHD. LMMs revealed 

no significant improvements in performance due to exposure to the natural environment; however, 

there were significant main effects of medication on response speed, stability of performance, and 

accuracy. The interaction of environment and medication was significant for accuracy; however, 

contrary to the hypothesis, the treatment combination of medication and built environment was 

associated with higher accuracy. Post-hoc power analysis suggested that comparing the effects of 

medication and environment within the same study may be problematic. 

Finally, a theoretical extension of ART is presented in Article IV that was devised to align 

current accounts of the restoration effect with the existing evidence base that was described and 

contributed to in the thesis. The cognitive-energetic model of restoration (CEM-R) was inspired by 
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Sanders’ (1983) original cognitive-energetic model and was based on evidence that suggests both 

executive functioning and self-regulatory processes are sensitive to the restoration effect, while 

stress recovery is also likely to play a role. The CEM-R puts specific emphasis on energetic factors, 

effort and arousal, to explain the restoration effect, particularly for outcome measures that require 

self-regulation. It is proposed that the CEM-R may be particularly suitable for describing the 

restoration effect in children.     

In summary, the work presented in the current thesis contributes to the knowledge gap 

regarding the restorative effect natural environments have on children’s cognitive processes. 

Specifically, it appears that children can benefit from acute exposure to natural environments; 

however, they may do so through mechanisms distinct to their stage of cognitive development. 

Whether cognitive resources related to self-regulation play a more central in restoration effect in 

children remains tentative but presents a viable hypothesis for future studies comparing children 

and adults. The restoration effect was not demonstrated in children with ADHD; however, a better 

understanding of the effect, using the knowledge presented in this thesis, may lead to more reliable 

studies involving this participant group in the future. Based on the relatively few well-conducted 

studies investigating how natural environments affect children’s cognition, recommendations for 

practice and policy should await further verification. However, interventions involving lifestyle 

choices, such as the use of natural environments, present intriguing avenues for future initiatives in 

the fields of education and mental health. Such initiatives may serve as a buffer against the 

fatiguing effects of urbanisation and technology use associated with modern childhoods.         
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DANSK RESUMÈ 

 

Den moderne barndom er forbundet med en høj grad af højteknologisk kontakt og urbanisering. 

Disse tendenser kan være forbundet med højere niveauer af såkaldt kognitiv træthed på grund af 

øgede tilstedeværelse af opmærksomhedskrævende stimuli under børns opvækst. Tidligere 

undersøgelser har vist, at langvarig eksponering for bymiljøer kan være skadelig for mental 

sundhed, mens kontakt med naturlige miljøer kan fremme kognitiv udvikling. 

Attention Restoration Theory (ART) foreslår, at naturlige miljøer understøtter kognitiv 

funktion ved at fremkalde en genoprettelsesperiode, der er nødvendig for at overvinde virkningerne 

af kognitiv træthed. ART foreslår, at genoprettelsesprocessen fremmes ved aktivering af en 

ubesværet form for opmærksomhed, som fremkaldes af de iboende fascinerende stimuli, der findes i 

naturlige omgivelser. Miljøer kan være særligt genopbyggende, når de også fremkalder en følelse af 

at være væk eller adskilt fra kognitivt krævende situationer; er omfattende nok til at tilbyde en 

tilfredsende oplevelse; og er kompatible med individets ønsker og mål. Genoprettelseseffekten er 

underbygget af evidens, der primært involverer voksne deltagere. Undersøgelser af effekten hos 

børn er imidlertid sjældne. Derfor har den aktuelle afhandling til formål at undersøge, hvordan 

naturlige miljøer påvirker børns kognitive processer med og uden attention deficit/hyperactivity 

disorder (ADHD). 

I Artikel I præsenteres et systematisk litteraturstudie og meta-analyse, der afslørede en 

kraftig stigning i antallet af undersøgelser, der har udforsket restitutionseffekten i de seneste år. Der 

var dog en markant mangel på publikationer og studier, der involverede børn. Random-effects 

meta-analyser blev udført for at beregne gennemsnitlige effektstørrelsesestimater for otte kognitive 

domæner på tværs af de identificerede studier. Resultaterne viste, at arbejdshukommelse (Hedges’ g 

= 0.162), kognitiv fleksibilitet (Hedges’ g = 0.317) og i en mindre pålidelig grad 

opmærksomhedskontrol (Hedges’ g = 0.156) blev forbedret efter eksponering for naturlige miljøer 

eller naturlige stimuli. Moderatoranalyser viste, at effektstørrelser var signifikant større, når 

deltagerne blev eksponeret for egentlige, autentiske miljøer, snarere end virtuelle miljøer; dette kan 

dog også forklares ved de typiske varigheder af de to eksponeringstyper. Den modererende virkning 

af genoprettelsespotentialet, såsom fremkaldelse af kognitiv udtrætning inden eksponering, var 

mindre klar. Der foreslås også retningslinjer, hvorfra fremtidige forskere kan beskrive inddragelsen 
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af målrettet opmærksomhed under kognitive opgaver i et forsøg på at bevæge sig hen imod en mere 

homogen evidensbase ved hjælp af relevante udfaldsforanstaltninger. 

I Artikel II præsenteres et semi-randomiseret crossover-forsøg, der havde til formål at 

undersøge effekten af eksponering for et naturligt miljø på danske skolebørns kognitive ydeevne 

ved hjælp af Attention Network Task (ANT). Treogtredive deltagere (m = 12,03 år) blev rekrutteret 

og udførte ANT før og efter 30 minutters gang i et naturligt og bebygget miljø. Deltagerne blev 

kognitivt udtrættede forud for baselinemålingerne for at undersøge omfanget af kognitiv 

genoprettelse i de to miljøer. Linear-mixed models (LMM) afslørede en signifikant større 

forbedring i stabiliteten af præstationerne og reaktionshastighed, men ikke i kontrolleret 

opmærksomhed, efter eksponering for de naturlige miljøer. Fundene er i kontrast med eksisterende 

resultater afledt af voksnes præstation i den samme kognitive test, der viste en genoprettende effekt 

specifikt for kontrolleret opmærksomhed. Resultaterne var imidlertid i tråd med et nyligt naturligt 

eksperiment, der på baggrund af divergerende resultater fra ANT-målinger antydede, at børnene via 

forskellige mekanismer drog fordel af eksponering naturlige miljøer. Stabiliteten af præstationen er 

sandsynligvis kontrolleret af selvreguleringsprocesser, såsom effort allocation, snarere end 

kognitive mekanismer, såsom styring af opmærksomhed. Således kan ressourcer relateret til 

selvregulering kan være mere følsomme for restitutionseffekten hos børn. 

I Artikel III præsenteres et dobbeltblindet, placebokontrolleret, randomiseret, two-by-two-

crossover-forsøg, der sammenlignede virkningerne af 30-minutters eksponering for et naturligt 

miljø (naturlig kontra bebygget) med en dosis medicin (medicin kontra placebo) på præstationen i 

ANT-testen hos børn med ADHD (n = 28). LMM-analyser viste ingen væsentlige forbedringer i 

præstationer som følge af eksponering for det naturlige miljø; Der var imidlertid signifikante 

effekter af medicinering på reaktionshastighed, præstationsstabilitet og nøjagtighed. Samspillet 

mellem miljø og medicin var signifikant for nøjagtigheden; I modsætning til hypotesen var 

behandlingskombinationen af medicin og bebygget miljø forbundet med højere nøjagtighed. Post-

hoc power analyser foreslog, at sammenligning af virkningerne af medicin og miljø inden for 

samme undersøgelse kan være problematisk. 

I Artikel IV præsenteres en teoretisk udvidelse af ART for bedre at justere beskrivelser af 

restitutionseffekten med den nuværende evidensbase, som blev syntetiseret og bidraget til i den 

aktuelle afhandling. Den foreslåede cognitive-energetic model of restoration (CEM-R) blev 

inspireret af Sanders’(1983) originale cognitive-energetic model og var baseret på evidens, der 

tydede på, at eksekutiv funktion og selvregulering er relevant for den kognitive 
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genoprettelseseffekt, men hvor også genoprettelse efter stress også var tænkt at spille en rolle. 

CEM-R lægger særlig vægt på de energiske faktorer indsats og ophidselse i forklaringer på 

restitutionseffekten, især for udfaldsmål, der kræver selvregulering. Derfor kan CEM-R'en være 

særligt egnet til at beskrive effekten hos børn. 

Sammenfattende bidrager den aktuelle afhandling til den identificerede mangel i den 

eksisterende viden vedrørende den genoprettende effekt af naturlige miljøer på børns kognitive 

processer. Nærmere bestemt fremgår det, at børn kan drage fordel af akut eksponering for naturlige 

miljøer, om end det er muligt, at de mekanismer, hvormed effekterne fremkommer, er afhængige af 

børnenes individuelle kognitive udviklingstrin. Om selvregulering kan spille en mere central rolle 

for denne aldersgruppe skulle undersøges videre. Genoprettelseseffekten blev ikke påvist hos børn 

med ADHD; en bedre forståelse af effekten ved hjælp af den viden, der fremlægges i denne 

afhandling, kan imidlertid føre til mere pålidelige studier med denne gruppe i fremtiden. Da der er 

forholdsvis få veludførte undersøgelser, der undersøger, hvordan naturlige miljøer påvirker børns 

kognition, bør anbefalinger for praksis og politik afvente yderligere verifikation. Interventioner, der 

involverer livsstilsvalg, såsom brugen af naturlige miljøer, udgør imidlertid spændende veje til 

fremtidig forskning inden for uddannelse og mental sundhed. 
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LIST OF ABBREVIATIONS 

 

ACC   accuracy 

ADHD   Attention Deficit/Hyperactivity Disorder  

ANT   Attention Network Task 

ART   Attention Restoration Theory 

BE(s)   built environment(s) 

CEM-R   Cognitive-Energetic Model of Restoration 

EXE   executive attention 

LMM   linear mixed model 

mRT    mean reaction time 

NE(s)   natural environment(s) 

PRS-C II  Perceived Restorativeness Scale for Children II 

RCT(s)  randomised controlled trial(s) 

RML   restricted maximum likelihood 

SERT   standard error of reaction time 

SWAN   Strengths and Weaknesses of ADHD Symptoms and Normal Behavior scale 

VAMS   Visual Analogue Mood Scale 
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THESIS AT A GLANCE 

 

Figure 1. Thesis at a glance 
NE(s), natural environment(s); BE(s), build environment(s); ANT, Attention Network Task; ADHD, Attention 

Deficit/Hyperactivity Disorder; ART, Attention Restoration Theory. Black circles denote article numbers. 

*Full randomisation could not be achieved due to limitations in participant availability. 
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Chapter 1: INTRODUCTION 

1.1 The modern childhood 

“Where are your children right now?” Answering this question, or indeed any question, is far easier 

today than it was fifty, twenty, or even ten years ago. Technological advancement has connected us 

to information in unprecedented ways. The learning opportunities available during a modern 

childhood seem limitless. However, the inherent benefits of living in such a world should be 

considered against the limitations of the human brain. If any structure, biological or otherwise, is 

pushed beyond its limits, it has an increased risk of breaking.  

While there is conflicting evidence surrounding the rising prevalence of cognitive disorders 

in children (Polanczyk, Willcutt, Salum, Kieling, & Rohde, 2014; Visser et al., 2014), the 

suggestion that childhoods have changed in a way that seems detrimental to cognitive health seems 

hard to deny. The structure of childhoods have changed such that children now receive a more 

standardised, digitalised, and assessment-driven education (e.g. Birenbaum et al., 2015; Song, 

2014); are less physically fit than previous generations (Tremblay et al., 2010); are more likely to 

have disturbed sleeping rhythms (Hale & Guan, 2015); are more restricted in their ability to explore 

their own neighbourhood (Fyhri, Hjorthol, Mackett, Fotel, & Kyttä, 2011); and spend less time 

playing outdoors in natural environments, regardless of whether they live in rural or urban areas 

(Clements, 2004). With these trends, we seem to be moving further adrift from our biological past. 

We are rapidly separating our children from the evolutionary experiences that shaped the neural 

circuitry underlying the unique abilities they are capable of today. While some children may appear 

to thrive in a society where over half of the world’s population lives in urban areas (Dye, 2008), 

others may struggle with the increasing demand placed upon cognitive systems that, until recently, 

have only had to process sensory information from environments that contain benign, naturally 

occurring stimuli, devoid of any artificial attention-grabbing features. Today, children’s attention is 

understood as a limited cognitive resource (Diamond, 2013). Attention is a finite commodity that is 

targeted from seemingly endless directions in urban environments and modern childhoods. In a 

neoliberal society with competition at its core, success may indeed depend largely on capturing the 

attention of others, including children.  
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1.2 Attention economics: the fight for your child’s cognitive resources 

Attention has been conceptualised within diverse models over the history of modern psychology. 

However, the idea that attention can be distinguished as being either a voluntary, effortful process 

or an involuntary, effortless process can be traced back to William James and his classical works of 

the late 19
th

 century. In Psychology: The Briefer Course (James, 1892) he described voluntary 

attention as an active form of attention characterised by effort. He explains that it is a form of 

attention used to discriminate a sensation from the large array of information perceived through the 

senses by “resist(ing) the attractions of more potent stimuli” (James, 1892, p. 198). He also 

acknowledged that the same effortful attention process may be applied towards ideas and thoughts; 

that is, internal representations rather than sensory input. It is important in these definitions that 

once attention towards a target is diverted unintentionally towards a distraction, i.e. a potent 

external stimulus or internal representation, cognitive effort must be applied to bring the target back 

to focus. As soon as effort is required to perform a function or maintain a cognition state of arousal, 

limitations are a necessary consequence. James wrote, “no one can possibly attend continuously to a 

target that does not change” (1892, p. 198). By this, he means that a target can lose its potency or 

attraction over time and distractors can become harder to ignore. As effortful focus towards a target 

is maintained, the capacity to ignore distraction simultaneously is depleted.  

 The connection between the digital information age and its potential consequences on 

voluntary attention capacity has been recognised since the 1970s. Herbert A. Simon (1971, pp. 40-

41) wrote: “What information consumes is rather obvious: it consumes the attention of its 

recipients. Hence a wealth of information creates a poverty of attention and a need to allocate that 

attention efficiently among the overabundance.” Academics and strategists within marketing and 

business professions have adopted the term “attention economics” to describe the approach of 

competing for an individual’s attention. To the providers of information in the information age, 

such as advertisers, voluntary attention is seen as a commodity to be possessed over competitors 

(Calvert, 2008). It appears easy to propose then, that growing up with a lifestyle consisting of 

technology and urban environments, where attention economics is likely to be applied with 

considerable expertise, means fighting a constant battle to maintain optimal cognitive functioning. 

With more and more data being collected on how to beat the competition to capture children’s 

attention in a marketing sense (e.g. Spielvogel, Matthes, Naderer, & Karsay, 2018), more 

knowledge is needed about the detrimental effects of cognitive fatigue that arise from a depleted 

capacity to voluntarily control attention in an effortful way.    
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1.3 Attention Deficit/Hyperactivity Disorder: when attention limits become a 

problem 

Attention Deficit/Hyperactivity Disorder (ADHD) is the most prevalent neurodevelopmental 

condition diagnosed during childhood, with pooled estimates of around 5% across the world 

(Polanczyk, De Lima, Horta, Biederman, & Rohde, 2007; Polanczyk et al., 2014). While previously 

considered a childhood condition, the percentage of adults with a diagnosis is now estimated at 

around 2.5% (Simon, Czobor, Bálint, Mészáros, & Bitter, 2009). ADHD is characterised by 

persistent patterns of inattention and/or impulsivity and hyperactivity that exist in more than one 

context or setting (American Psychiatric Association, 2013). The symptoms become clinically 

relevant when they interfere with a child’s normal functioning, including learning and socialisation. 

A diagnosis of the disorder increases the likelihood of early school-dropout (Fried et al., 2016), 

social impairment (Hoza et al., 2005), substance abuse (Biederman et al., 1996), criminality (Mohr-

Jensen & Steinhausen, 2016), martial dissolution and household stress (Johnston & Mash, 2001), 

and comorbidity of internalising and externalising disorders (Jensen et al., 2001).    

 The disorder is recognised as having a substantial genetic component, with heritability rates 

estimated from twin studies of around 70-80% (Brikell, Kuja‐Halkola, & Larsson, 2015). Genetic 

factors also seem to play a role in the persistence of the disorder (Freitag, Rohde, Lempp, & 

Romanos, 2010). ADHD is considered polygenic, where numerous areas on the genome are 

implicated in its aetiology. This likely underlies the considerable heterogeneity in symptom 

expression within the disorder (Faraone & Khan, 2006). Many of the genes implicated code for 

components responsible for the regulation of catecholamines in the prefrontal cortex and striatal 

areas, particularly dopaminergic systems (Swanson et al., 2007). This is supported by repeated 

genetic studies implicating genes that encode dopamine receptors (e.g. DRD4, DRD5) and 

transporters (Faraone & Mick, 2010). However, genes that encode receptors (e.g. HTR1B) and 

transporters (e.g. SLC6A3) of serotonin are also reliably implicated (Faraone & Mick, 2010).    

 The catecholamine deficiencies associated with ADHD are corrected with pharmacological 

treatments that inhibit their reuptake through the blocking of transporters (Volkow, Fowler, Wang, 

Ding, & Gatley, 2002) and by increasing the availability of receptors within affected neural 

structures (Ilgin et al., 2001). Stimulant medications acting through this mechanism have shown to 

reduce cognitive and behavioural symptoms in the majority of patients (Durston et al., 2003). While 

generally effective in the short-term, treatment effects are rarely maintained beyond the active 

intervention period (Jensen et al., 2007). Therefore, patients would benefit from intervention 
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strategies that have lasting effects beyond the treatment period. Long-term medicating of ADHD 

symptoms is not only expensive on national healthcare systems, but is also associated with stigma, 

adverse side-effects, addiction to other drugs, and non-response in up to 22% of cases (Newcorn et 

al., 2008). 

  A recent meta-analysis seems to have debunked the notion that modern society is 

experiencing a rise in ADHD prevalence (Polanczyk et al., 2014). However, this may be irrelevant 

when we consider that there is no evidence for a decline in prevalence since treatment of the 

disorder began (Polanczyk et al., 2014). We should then, acknowledge that ADHD is a ubiquitous 

part of our society that inflicts hardship on a considerable proportion of children and their relatives. 

Management of the disorder will remain expensive and temporary unless other approaches are 

explored to promote the long-term health of children’s cognitive systems and their underlying 

structures.     

1.4 The potential role for natural environments in overcoming mental fatigue  

We cannot control our genetic makeup or the vulnerabilities we have inherited for developing 

certain phenotypes. What we can control, however, is how we choose, interact with, and respond to 

the physical environments in which we live. Since the early 1990s, a sub-field of environmental 

psychology has developed as an evidence base that suggests exposure to a natural environment can 

help overcome the cognitive fatigue experienced after overusing voluntary attention (Hartig, Mang, 

& Evans, 1991). Here, the natural environment can be defined as containing mostly natural features 

or stimuli, extending from urban parks to wilderness areas (Ohly et al., 2016). According to 

Attention Restoration Theory (ART; Kaplan & Kaplan, 1989; Kaplan, 1995), the framework 

driving the research field, natural environments and the stimuli contained within them are identified 

as being particularly suitable for engaging a conceptually opposite form of attentional processing, 

one that is involuntary and effortlessly driven. Involuntary attention is considered to always be 

immediate and independent in the sense that the topic or stimulus of the target is interesting in itself, 

without relation to anything else (James, 1892). For external stimuli, this may describe targets that 

are intense, sudden, or instinctive, where it “appeals to some one of our congenital impulses and 

has a directly exciting quality” (James, 1892, p. 195). In ART, this quality of non-threatening 

natural stimuli is known as soft fascination (Kaplan, 1995). This means that the majority of stimuli 

in natural environments do not contain elements that pull on the demands for voluntary attention, as 

fascination for these stimuli is an inherent part of our perceptual system. In this sense, it is easier to 
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move from one target of attentional focus to another in natural environments because the stimuli are 

not processed in a way that competes with other attentional processes. Therefore, the attention 

system activated when perceiving natural environments is considered to be involuntary, stimulus-

based, bottom-up, and effortless (Kaplan, 1995).  

Built environments, on the other hand, are largely devoid of stimuli that are interesting just 

in themselves. James (1892) would argue that when one perceives an object in the built 

environment that does not change or offer a sense of fascination, willing oneself to stay focused on 

it becomes effortful as other stimuli become more favourable to attend to. In this sense, the conflict 

arising between stimuli that act as distractors, or compete for effortful attention resources, becomes 

stronger over time. The necessary response is to control this conflict by applying cognitive effort 

(James, 1892). There is no instinctive quality about manmade stimuli that make them fascinating 

(Kaplan, 1995). Once they are perceived and processed, they lose salience; while other stimuli 

become more potent and actively pull on attention as a distractor. Therefore, switching effectively 

between sensory and psychological impressions of these mundane stimuli, without a soft fascination 

element, becomes more difficult. To control the navigation of inputs or impressions in such 

environments requires effortful voluntary attention, which drains this ability as a resource to be 

called upon for cognitive operations.        

   According to ART, it is the activation of bottom-up, involuntary, attention processes in 

natural environments that restores the depleted capacity to voluntarily control attention, an ability 

the theory and research field refers to as directed attention (Kaplan, 1995). However, natural 

environments are believed to be optimally restorative when they also evoke a sense of being away 

or separated from cognitively fatiguing situations; are extensive enough to offer a rich experience; 

and are compatible with the individual’s desires and goals so that it does not impede but supports 

their realisation (Kaplan 1995). The restoration of directed attention is a phenomenon thought to be 

captured by studies that show improvements on certain cognitive tasks after a period of exposure to 

a natural environment or digitally-presented natural stimuli. The literature base supporting the 

existence of such an effect is expanding rapidly. From a handful of studies in the early 1990s, grew 

an entire sub-field working towards optimal protocols for attention restoration in diverse groups. 

Ohly and colleagues (Ohly et al., 2016) conducted a systematic review and meta-analysis of 31 

separate studies that had been published up until July 2013 using objective outcome measures to 

test whether exposure to natural environments could lead to improvements in cognitive performance 

through a restorative mechanism involving directed attention. They noted diversity in the protocols 
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and outcome measures used, which caused limitations in their meta-analyses. However, they found 

that performance on the Digit Span Forwards Task, Digit Span Backwards Task, and Trail Making 

Task B was reliably improved after exposure to a natural environment or natural stimuli, as 

indicated by differences in pooled mean effect sizes between intervention and control groups.  

 Ohly and colleagues’ (2016) review and meta-analysis included all groups of participants, 

regardless of age and status of cognitive health. When their literature search was conducted, there 

were no studies addressing the attention restoration effect in typically-functioning children using 

objective outcome measures. In fact, the first study to objectively measure a natural environment’s 

effect on the brains and cognitive functions of typically-developing children appeared in 2015, 

when an early version of Schutte and colleagues’ (2017) randomised crossover trial became 

available. This is striking when considering the growth in nature-based education practices (e.g. 

Barfod, Ejbye-Ernst, Mygind, & Bentsen, 2016; Bentsen, Jensen, Mygind, & Randrup, 2010); the 

recent promotion of nature-based prescriptions to improve the health of child patients (Coffey & 

Gauderer, 2016; Seltenrich, 2015); and the public and professional outcry that invariably follows 

the reporting of trends showcasing the disconnect between the current generation of children and 

the natural world. Outside the academic world, the publication of the Last Child in the Woods by 

Richard Louv in 2005 has popularised the idea that children need nature for optimal development. 

In the years following its publication until the present, there has been an explosion of local and 

global networks established with the goal of reconnecting children with the natural world (e.g. the 

Children and Nature Network, www.childrenandnature.org/). However, a lack of evidence, and 

thereby understanding, of how natural environments affect the brain processes of children, 

including cognitive functioning and behaviour, seems problematic. There may indeed be well-

established arguments for why exposure to natural environments is necessary for optimal 

functioning in areas such as physical or somatic health (Kuo, 2015); however, a deeper 

understanding of the effects on neurocognitive development seems particularly important for the 

application of these environments in education and mental health practices. Without more elaborate 

models that pertain specifically to children there is little information to guide the use of natural 

environments in these contexts.     

1.5 Attention Restoration Theory and children 

Until Schutte and colleagues’ (2017) randomised crossover trial with typically-developing children, 

evidence for the restoration effect in children relied on extrapolation of adult data (e.g. Berman, 
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Jonides, & Kaplan, 2008), subjective outcome measures (e.g. Mårtensson et al., 2009), and natural 

experiments (e.g. Taylor, Kuo, & Sullivan, 2002). This meant that until recently, any report 

claiming that nature is beneficial to typically-developing children’s cognition, although intriguing, 

was based on evidence that was not comparable to the level considered the ‘gold-standard’ by 

practitioners and researchers within clinical psychology (Jenicek, 2003). Evidence derived from 

adult data, subjective outcomes, and natural experiments are useful, but may also deceive with ‘red 

herring’ evidence that distracts from a deeper understanding of how natural environments affect the 

cognitive functions of typically-developing children. Optimally, studies exploring this would 

include child participants, objective outcome measures, and methodology focusing on not only 

whether but also how natural environments improve cognitive function in children. Shortcomings of 

the prior lines of evidence are discussed in the following paragraphs.  

1.5.1 Extrapolation from adult data 

In Kaplan’s earlier works describing ART (e.g. Kaplan, 1995) there is no explicit mention of 

children as a target group for the restorative benefits of natural environments. Indeed, it seems 

generally acknowledged that the restoration effect as it is described in ART to apply most any group 

of individuals with intact attention systems, including children (Taylor et al., 2002). This seems to 

have resulted in the wider evidence base for the effect in adults to be applied directly to children. 

However, with so few studies exploring attention restoration in children, it is difficult to predict 

whether this extrapolation is problematic or is in fact valid and reliable. One potential consideration 

lies in the role of effortful directed attention, its associated processes, and the maturity of the neural 

structures that give rise to these abilities. Executive functions, including directed attention, are top-

order cognitive processes that mature throughout childhood and into adolescence (Diamond, 2013). 

It has been suggested that the maturation of executive function abilities corresponds with ongoing 

myelination during these developmental stages, which supports the speed of transmission of signals 

within relevant neural circuits (Anderson, Anderson, Northam, Jacobs, & Catroppa, 2001). It may 

be that exposure to natural environments support the functioning of neural circuits underlying 

effortful attention regardless of their maturational state; however, this is not yet known.   

Other factors that may complicate the direct extrapolation of adult evidence to the existence 

of the effect children is the differences between these groups in terms of their relationships and 

interactions with their environments, including natural ones. Collado and Staats (2016) neatly 

summarized current findings in restoration research with children and pointed out potential 
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influences on the restoration effect that may be unique to children. Among these, they identify the 

relational dynamics between the child and environment; potential under-stimulation; social 

contexts; pro-social and -environmental attitudes; and place attachments as being potentially 

relevant. It is worth noting that these factors are likely to change over the course of one’s life so that 

what is relevant to a child is not necessarily relevant to an adult. For example, responses to feeling 

mentally fatigued or stressed are likely to differ between children and adults, where children, 

particularly young children, are more likely to seek positive social contact from a family member, 

while adults may seek refuge alone, in the form of a relaxing hobby or physical activity (Hansmann, 

Hug, & Seeland, 2007).  

A period of psychological restoration is deemed necessary to obtain the benefits on brain 

activity associated with exposure to the natural environment. Therefore, it is common in the adult 

literature for participants to passively interact with their environments, for example, by walking 

(e.g. Rider & Bodner, 2016) or simply sitting and viewing natural environments (e.g. Sahlin et al., 

2016). This convention in attention restoration research may be problematic for research in 

children, whose behaviours around relaxing or being asked to perform a passive activity differ from 

those of adults. Indeed, children identify having nothing to do as being among the most stressful 

situations they can find themselves in (Lewis, Siegel, & Lewis, 1984).    

1.5.2 Subjective outcome measures 

Subjective measures of cognitive performance, such as parent- or teacher-rated scales offer rather 

tentative evidence of the natural environment’s influence on children’s cognition and behaviour, 

due to their potential for bias from those responding. The potential for reporter-bias is perhaps 

inflated in the field of attention restoration due to the general enculturated assumption in the 

societies that produce the research that nature is good for children and human health in general. 

Indeed, the nature-positive bias has been demonstrated empirically using a source misattribution 

procedure (Haga, Halin, Holmgren, & Sörqvist, 2016). Participants listened to a recording of pink 

and white noise signals through headphones during a period of restoration between performing 

cognitively demanding tasks. A third of the participants were told the recording was a waterfall; 

another third was told the recording was from an industrial site; while the final third was not told 

anything about the origin of the sound. Those who believed the recording was the sound of a 

waterfall reported feeling significantly more restored than those who believed the sound was from 

an industrial site. While this suggested a nature-positive attributions bias, the results actually also 
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suggested that certain man-made environments are perceived as being mentally fatiguing or non-

restorative, as there was no difference found between the waterfall group and the no-information 

control group, which would have been a better indication of nature-positive bias. The existence of 

such positive biases towards natural environments may be considered comparable to the placebo 

effect, where the anticipation of treatment and expected improvements is enough to induce them. 

Therefore, research should seek to supplement measures of subjective responses with objective 

indicators of cognitive processes and the overt behaviours they produce.        

1.5.3 Lack of randomised controlled trials 

Several natural experiments have linked the presence of natural features in everyday environments 

to better cognitive outcomes in children. One of the earliest studies of this kind was conducted by 

Faber Taylor, Kuo, and Sullivan (2002), who found that girls living in inner city apartments 

performed better on several cognitive tests when their local area contained more natural features or 

greenspace. Curiously, the same was not true for boys, for whom there was no effect of nearby 

greenspace on cognitive performance. Explanations discussed by the authors included different uses 

of outdoor areas between the two groups, where girls may be more likely to play nearby their own 

apartment buildings, from which the greenspace measure was quantified, while boys may be more 

likely to roam further afield, meaning they had less exposure to the measured greenspace, despite 

living in its vicinity (Taylor et al., 2002). The study identified a link between natural features of 

environments and children’s cognitive abilities which provided a seed of evidence from which to 

explore the mechanisms. Despite naming ART as the theoretical standpoint, the study could not 

empirically investigate a mechanism behind the effects without the randomisation and controlling of 

confounding variables that is applied in randomised-controlled trials (RCTs).  

Since Faber Taylor and colleagues’ (2002) investigation, several other natural experiments 

have found a relationship between exposure to greenspaces and cognitive development. In a large, 

well-designed natural experiment exploring the effect of greenspace on cognitive development in 

Spanish school children, Dadvand and colleagues (2015) found that development of working 

memory and control of performance on an attention task was positively related to the quality of 

greenspace surrounding residences, schools, and commuting routes between the two. This study 

extended Faber Taylor and colleagues’ (2002) results by measuring greenspace using a standardised 

index of light spectrum data obtained by satellite images of areas where it was likely the 

participants would use regularly, such as the commuting route. Moreover, the repeated-measures 



 
28 

 

design allowed the researchers to collect data longitudinally rather than by cross-section. By doing 

so, a measure of change in cognitive performance could be attributed to the greenspace index, 

allowing the authors to discuss the results in terms of development of the effect, rather than just the 

presence of the effect. Interestingly, they found the strongest increments of working memory 

performance related to greenspace occurred after the first three months of the study. To add 

additional weight to the results, a sub-study involving a subgroup of the original participants 

underwent 3D magnetic resonance imaging. It was found that higher greenspace index scores were 

related to greater volume changes of grey matter within bilateral prefrontal areas and white matter 

changes in right prefrontal areas (Dadvand et al., 2018). Importantly, there was a degree of overlap 

between the cortical areas with volume changes and those involved in the cognitive measures found 

to be associated with the greenspace index. The changes in white matter as response to exposure to 

natural environments also seems to align well with what is known about the role of myelination 

during the maturation of executive functions, as mentioned earlier in this chapter (Anderson et al., 

2001). Taken together, it seems that regular exposure to natural environments may positively 

influence the development of executive functions (e.g. working memory) by supporting myelination 

and the maturation of white matter, thereby improving neural transmission in the right prefrontal 

cortex.  

Even with this, the most striking evidence that exposure to natural environments is 

beneficial to children’s brain development (Dadvand et al., 2018), it is difficult to apply ART, and 

the process of restoration directly. While the research may use ART as a theoretical model to 

explain the effects on cognitive performance, it is simply not possible to test this mechanism using 

natural experimental designs. While natural experiments have the advantage of being large, long-

term investigations that identify factors that are either supportive or detrimental to cognitive 

development, only carefully-designed RCTs can test the hypothesis that it is a process of 

restoration, acting on directed attention resources, that leads to cognitive improvements after 

contact with nature.  Two RCTs that included a restoration period, where children were 

experimentally exposed to natural environments, have been published in the last few years that 

support the notion that such exposure positively influences cognitive performance in children under 

12 years old (Jenkin, Frampton, White, & Pahl, 2017; Schutte et al., 2017). Although this represents 

a very limited research base, the evidence suggests children and adolescents less than 15 years old 

show improvements after short exposure to natural environments or stimuli during periods that are 

intended to be restorative. Specifically, the improvements on performance include measures of self-
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regulation (Jenkin et al., 2017), and response speed (Schutte et al., 2017), but not attentional control 

(Jenkin et al., 2017), spatial working memory (Schutte et al., 2017), or response inhibition (Schutte 

et al., 2017). A further study investigated the effect that exposure to virtual nature (i.e. photographs) 

has on creative drawing performance in adolescents between 13-15 years old (van Rompay & Jol, 

2016). Unfortunately, two of these studies (Schutte et al., 2017; van Rompay & Jol, 2016) did not 

include pre-exposure (baseline) measurement of cognitive performance. This would have increased 

the likelihood that the improvements in cognitive performance could be attributed to the restorative 

period of exposure to the natural environment, rather than other unforeseen variables that may have 

differed between the testing sessions. 

1.6 Attention Restoration Theory and children with ADHD 

In addition to the few RCTs examining attention restoration in typically-developing children, two 

RCTs involving children with a diagnosis of ADHD have also been conducted (Faber Taylor & 

Kuo, 2009; Van den Berg & Van den Berg, 2011). From a theoretical standpoint, it makes sense 

that natural environments will have an even more pronounced effect on children with correctly-

diagnosed attention deficits. In these children, the capacity to directed attention towards a goal 

while ignoring distraction, that is, the locus of restoration from natural environments, is a 

characteristic deficit (Biederman et al., 2004). Therefore, it may be predicted that the need for 

restoration arises more often or more acutely in children with ADHD, as the relevant cognitive 

resources more readily depleted. A theoretical situation can be applied as an example whereby 

children with and without a diagnosis of ADHD are taught the same lesson in an indoor classroom 

environment. ART would predict that after a given period of time, the ability all children to 

concentrate on the lesson would decline due to the use of effortful attention resources and resulting 

depletion. We may also predict the relative length of time a given child can concentrate effectively 

in the classroom based on their diagnostic status. Children without a diagnosis of ADHD, and thus 

no clinically-relevant attention deficit, would be able to attend to the lesson for longer periods than 

the children with the ADHD diagnosis. This will be obvious to most, particularly parents and 

teachers. However, no child would be able to sustain their attention indefinitely. The simplistic 

hypothetical recommendation to optimise children’s cognitive capacities for learning would be to 

allow both groups of children short exposures to natural environments between lessons, but ensure 

those with ADHD are allowed more frequent access to such exposure.  



 
30 

 

The brains of children with and without ADHD are different. As mentioned earlier, this is 

due to dysfunction at a neuro-molecular level, which gives rise to unique cognitive profiles 

(Biederman et al., 2004). It is unclear whether this results in a qualitative or quantitative difference 

in nature-related attention restoration between the two groups. Indeed, further research is needed to 

determine whether natural environments do in fact offer particular benefits to children with 

diagnosed attention deficits. The two existing RCTs had methodological shortcomings such as 

limited sample size (Van den Berg & Van den Berg, 2011) and lack of baseline (Faber Taylor & 

Kuo, 2009); however, they do offer intriguing possibilities. Van den Berg and Van den Berg’s 

(2011) work suggested exposure to natural environments may improve processes related to the 

inhibition of pre-potent verbal responses in children with ADHD. However, response inhibition was 

not found to be influenced by the natural environment in typically-developing children (Schutte et 

al., 2017). This suggests there may be qualitative differences in the cognitive processes affected by 

natural environments between the two groups of children. A study by Faber Taylor and Kuo (2009) 

using a randomised crossover design suggested that exposure to a natural environment may improve 

working memory performance to a similar degree than is expected with pharmacological treatment, 

when comparing effect size estimates. This suggested the restoration effect may be more 

pronounced in children with ADHD, leading to a quantitative difference with typically-developing 

children. However, while intriguing, the speculative nature of these patterns should be stressed until 

further RCTs exploring the restoration effect in children with ADHD are conducted. It is certainly 

possible that erroneous features of the protocols may have inflated the effects. An ideal comparison 

of children with and without ADHD would include both groups tested under the same conditions 

within the same trial.      

Taken together with the existing natural experiments, the RCTs represent a rather limited 

base of objective evidence that exposure to natural environments improves cognitive performance 

in typically-developing children and children with ADHD. Even less is known about the period of 

restoration a child experiences during exposure to natural environments and how this process acts 

upon cognitive systems and associated structures within the brain. The relevance of using natural 

environments to overcome cognitive fatigue along with the potential applications in education and 

mental health practices depends on this information.  
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Chapter 2: AIMS, QUESTIONS, AND HYPOTHESES 

2.1 The structure of the thesis 

The body of work contained in this thesis was based on four separate articles (Article I, II, III, and 

IV), which are included as appendices. This chapter provides an overview of the four articles, 

including the specific aims, research questions, and hypotheses they sought to address. Following 

this, Chapter 3 describes the methodology applied for Articles I, II, and III. Article IV is a 

theoretical piece and so does not contain a Method section in the traditional sense. Chapter 4 

presents the results of Articles I, II, and III. Again, Article IV is theoretical and so does not contain 

a Results section in the traditional sense. Chapter 5 provides a general discussion where the results 

of Articles I, II, and III are considered in light of each other and previous studies. The discussion 

readdresses the general aim of the thesis to identify each article’s contributions while critically 

examining the methodologies applied. To expand the discussion, the theoretical framework 

described in Article IV is presented with specific consideration for research involving children, 

including Articles II and III. From this, a potentially new understanding of how natural 

environments affect cognitive processing in children with and without ADHD is proposed. The four 

articles are based on different approaches that depend on specific needs for the individual 

investigations. They may be viewed as linking together through a stepwise manner.  

Firstly, it was necessary to systematically review the existing literature exploring the process 

of attention restoration though exposure to natural environments across all participant groups. This 

helped to clarify the reliability of the effect and whether it is dependent on the outcome measures 

used or aspects of protocol. Therefore, this review provided an overall view of how natural 

environments affect cognitive processes, based on current evidence across all participant groups. 

The systematic review and meta-analysis is referred to as Article I throughout the thesis. 

Secondly, in order to compare the restoration process in children and adults by determining 

whether natural environments improve similar cognitive performance indicators, a RCT was 

conducted using outcome measures that were most relevant to ART’s predictions and also present 

in the adult literature. The RCT protocol structure applied in this study is commonly used in studies 

with adults. The study also utilised eye-tracking technology to explore visual information 

processing in natural and man-made environments. This study is referred to as Article II throughout 

the thesis.   
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 Thirdly, in order to explore the possibility that groups of children with diagnosed attention 

deficits are particularly sensitive to the restorative qualities of natural environments, a RCT 

involving children with ADHD was conducted. This study was largely inspired by Faber Taylor and 

Kuo’s (2009) suggestion that exposure to nature may improve cognitive performance to a degree 

similar to the improvements expected with medication. Therefore, the study involved a two-by-two 

factorial design, where environmental and pharmacological treatments were tested side-by-side 

within the same trial. This study is referred to as Article III throughout the thesis.   

 Finally, a theoretical framework is presented to extend the current understand of ART to 

include aspects of other relevant models in environment and cognitive psychology. Using examples 

from the adult and child literature, including the work contained in this thesis, the synthesis 

supports the notion that ART in its current form is not adequate to explain the pattern of evidence 

for cognitive performance gains found after exposure to natural environments. A new framework is 

discussed that puts emphasis on energetic resources that appear to be sensitive to the restoration 

effect, forming an amalgamation of attention restoration and stress recovery. Based on this 

discussion, it is proposed that a cognitive-energetic model of restoration appears useful in 

understanding the processes behind cognitive performance gains derived from exposure to natural 

environments. This theoretical article is referred to as Article IV throughout the thesis.   

2.2 The specific aims, research questions, and hypotheses 

The overall aim of the current thesis was to address the gap in knowledge wherein little is 

understood about how natural environments affect the cognitive processes of children with or 

without a diagnosis of ADHD. While each article contributes toward the overall aim, they are also 

independent works that contain information derived from studies that addressed separate problems. 

The specific aims, research questions, and hypotheses for the four articles contained in this thesis 

are as follows:  

2.2 Article I: systematic review and meta-analysis 

Existing studies suggest that exposure to a natural environment or natural stimuli can lead to 

enhancement of certain areas of cognition across a range of groups. However, not all areas of 

cognition are influenced. The cognitive tasks used to measure the attention restoration effect are 

diverse, which suggests a lack of clarity surrounding the direct attention construct of ART that is 
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thought to be driving the effect. Therefore, the aim of Article I was to clarify the areas of cognition 

that are sensitive to the restoration effect to better define directed attention based, on how it is 

recruited when performing the relevant tasks used in the literature. The article investigated the 

following detailed questions:  

What components of cognitive functioning are sensitive to the restoration effect seen after 

exposure to natural environments and/or natural stimuli? How is directed attention recruited 

during the cognitive tasks found to be most sensitive to the restoration effect? Do aspects of 

protocol, such as the restoration potential of participants and environmental exposure type 

influence pooled estimates of effect sizes?  

Based on the recent systematic review and meta-analysis (Ohly et al., 2016) that Article I builds 

upon, it was predicted that the objective outcome measures related to working memory and 

cognitive flexibility would be most sensitive to the restoration effect and exposure to natural 

environments. Due to an increased sensitivity to the restorative effect of the environment, studies 

where participants have higher restoration potential, for example through induced cognitive fatigue, 

should show larger effect sizes. Similarly, actual full-body exposures to natural environments 

should be more potent than virtual exposures that rely mainly on visual experiences, as reflected in 

larger effect sizes.     

2.3 Article II: attention restoration and eye-tracking in typically-developing 

children  

At the time the overall aim was formulated, there were no studies exploring the restoration effect in 

typically-developing children. Since then, a small group of studies involving children have provided 

a backdrop in which to consider the studies contained in this thesis. Two studies (Dadvand et al., 

2015; Taylor et al., 2002) suggested that the cognitive benefits children and adults receive from 

natural environment arise through different mechanisms. In Dadvand and colleagues’ study (2015), 

where an optimal measure of directed attention was used, children were found not to show 

improvements in directed attention, but rather in a measure related to stability of performance, 

potentially reflecting improvements in self-regulatory processes, such as self-monitoring of inner 

states and adjusting effort allocation to meet the task demands. Because of the longitudinal design 

used in this study, it was not possible to directly attribute these improvements in self-regulatory 

processes to attention restoration. Eye-tracking studies in adults using lab-based systems suggest 
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that adults view virtual natural scenes with fewer fixations, which was interpreted as reflecting an 

reduced processing load in comparison to viewing urban environments (Berto, Massaccesi, & 

Pasini, 2008). However, there is currently no evidence for this distinction in children and no studies 

using mobile eye-trackers while walking in actual environments. Therefore, the aim of Article II 

was to determine whether exposure to natural environments improves stability of performance in 

typically-developing children, and whether this can be attributed to a restoration process; as well as 

to investigate whether children view actual natural environments with fewer fixations, suggesting 

less demand on effortful attention processes.  The article investigated the following detailed 

questions:  

Does exposure to a natural environment improve stability of performance in the Attention 

Network Task, and can this be attributed to a process of attention restoration occurring during 

exposure? Do children view natural environments with fewer and shorter fixations than built 

environments? Is there a relationship between the restorative effects on cognitive performance 

and the processing of visual information in the natural environment?    

Based on the two epidemiological studies that investigated long-term exposure to natural 

environments on ANT performance, it was predicted that exposure to  a natural environment will be 

associated with a more stable performance over the duration of the task, as indexed by a reduction 

in standard error of reaction time. Because sensory components of visual information perception are 

intact in children from a young age, with only slight deviation from adults in visual processing 

speed under certain conditions (Liss & Haith, 1970), it was predicted that children will also view 

natural environments with fewer and shorter fixations. Further, it was predicted that the number of 

fixations will be related to cognitive performance, which would suggest that gains in cognitive 

performance can be attributed, at least in part, to how natural environments are visually processed. 

The likely explanation of such a relationship, according to ART, is due to a switch in attention 

processing, where the need for effortful attention is replaced by attention processes require less 

effortful control.      

2.4 Article III: natural environments versus medication in children with ADHD 

Among the evidence suggesting natural environments may be a particularly useful treatment 

strategy for cognitive symptoms in children with ADHD, Faber Taylor and Kuo (2009) reported 

improved working memory performance after a walk in an urban park, but not after walks in a quiet 
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neighbourhood or downtown area. They compared their effect size with the effect sizes typically 

reported in a similar task after administration of two types of methylphenidate. The implications of 

such a comparison were intriguing; however, exposure to a natural environment has never been 

tested directly against medication as a strategy for improving cognitive performance in ADHD. 

Without a well-controlled, pre-registered, treatment comparison trial, the efficacy of natural 

environments and their potential role in the management of the ADHD symptoms will remain 

unknown. Therefore, Article III aimed to compare the effects of an exposure to a natural 

environment and a dose of medication to improve cognitive performance in children with ADHD. 

The article investigated the following detailed questions:  

Does exposure to a natural environment improve performance on the Attention Network Task in 

children with ADHD? Does a treatment combination consisting of exposure to a natural 

environment and a dose of medication improve cognitive performance over and above either of 

the treatments alone? Does the treatment combination of a natural environment and placebo 

produce a comparable effect size to the treatment combination of a built environment and 

medication?  

Due to the unique mechanisms through which each active treatment (i.e. medication and natural 

environment) are proposed to influence cognitive processes, it was predicted that the combination 

of these two treatments would be associated with the highest gains in cognitive performance. 

Additionally, it was predicted performance gains in the two treatment conditions that contained only 

one active treatment (i.e. medication + built environment; placebo + natural environment), and that 

these performance gains could be attributed to the effect of the active treatment alone.  

2.5 Article IV: a cognitive-energetic model of restoration    

The results from the first three articles, along with rest of the literature base, suggested that ART 

needs to be elaborated in order to progress the field towards a deeper understanding of how natural 

environments influence cognition. This applied not only for adult groups, but also for children, for 

whom the theory should also be extended to better fit the evidence. The working hypothesis 

emerging from the work was that both age groups benefit from exposure to natural environments, 

but do so in ways that are unique to their developmental status. The intrigue surrounding such a 

suggestion was substantial enough to warrant further exploration using theoretical argumentation in 

order to generate new hypotheses to be tested by future researchers. Thus, while the first three 
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articles may be considered works of hypothesis testing, Article IV is considered a work of 

hypothesis generation. Therefore, the model contained in Article IV is presented in section 5.2 

Theoretical considerations. The theoretical analysis contained in Article IV is based on the 

following premises:  

1) Attention Restoration Theory, in its current form, is not sufficient to explain the existing 

patterns of evidence regarding how natural environments influence cognitive processes in 

adults and children.   

2) Directed attention and related processes of attentional control do seem to be influenced by 

natural environments, but not as reliably as other areas of executive functioning. Self-

regulatory processes seem important for understanding the relationship between natural 

environments and cognition, particularly in children.    

3) A cognitive-energetic model of restoration may be a useful extension to explain the effect 

natural environments have on the cognitive functioning in both groups. The inclusion of 

energetic mechanisms, arousal and effort, may help to better explain the current patterns of 

evidence, while also integrating findings that describe physiological responses related to 

stress recovery.    

The aim of Article IV was to consider the existing evidence for the restoration effect and patterns of 

physiological changes related to stress recovery after exposure to the natural environment to 

develop an extended framework where energetic resources contribute to the restoration effect. It 

was predicted that a cognitive-energetic framework would better predict the existing pattern of 

evidence for the restoration effect due to its inclusion of energetic resources, arousal and effort, 

alongside cognitive operations, such as directing attention. Further, the model includes components 

of self-regulation and stress response, tying together the previously disparate lines of evidence 

showing cognitive gains and reduced stress-response after exposure to natural environments.   
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Chapter 3: METHODS 

3.1 General Considerations  

Before describing the three empirical investigations (Article I, II, and III) in detail, it is important to 

address aspects of methodology that are common within the field of attention restoration research. It 

is within this area of environmental psychology where investigations into the cognitive benefits of 

contact with natural environments are found.  

3.1.1 Study designs in mental health intervention research 

Exposure to the natural environment has been shown to have diverse health benefits, across varying 

levels of evidence (Kuo, 2015). It is therefore clear, that to speak of exposure to natural 

environments in this context is to refer to a health intervention. Under the current aim, it may be 

considered a mental or cognitive health intervention targeting children. When one works under the 

definition of a mental health intervention, it is important to strive for the level of evidence that is 

expected within this evidence-based field. Under the hierarchy of evidence framework provided by 

Evans (2003), research designs have been ranked by the validity of the findings, based on potential 

sources of bias. This hierarchy of evidence ranks health interventions based on three dimensions: 

effectiveness, appropriateness, and feasibility. Evans (2003) does though acknowledge the strength 

of a diverse research base and stresses that the hierarchy be used as a guide. With this in mind, 

Figure 2 presents an adaptation of Evans’ hierarchy of evidence with the placement identified for 

Articles I, II, and III.  
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Figure 2. An adaptation of Evans' (2003) hierarchy of evidence 
Evans’ hierarchy of evidence (2003) highlights the importance of randomisation in single trials as well as the 

importance of evidence synthesis, such as systematic reviews and meta-analyses. These study designs are considered 

important parts of a strong and diverse evidence base.    

 

Although Evans’ definitions are broad, Figure 2 shows that these three investigations rank 

highly in terms of effectiveness, appropriateness, and feasibility. It is generally considered that 

well-conducted systematic reviews and meta-analyses provide the best evidence of an effect under 

investigation (Evans, 2003). These have the benefit of synthesizing and comparing results across 

diverse studies to achieve conglomerate effect sizes, while teasing out methodological factors that 

act as moderators. Meta-analyses and systematic reviews provide useful information for future 

researchers as well as accurate pooled estimates of effect sizes based on an entire base of evidence.  

RCTs provide the next highest level of evidence quality because of their inherent controlling 

of sources of bias. Appropriate randomisation ensures a better chance that samples contained in 

experimental groups are comparable to each other, while also representative of the target 

population. However, RCTs should ideally include statistical checks to ensure randomisation was 

successful in creating this representativeness. Although Evans (2003) includes RCTs along with 

observational and interpretative studies as “good” designs, it is generally considered that RCTs are 

the gold-standard in clinical research to assess standardised treatments as changes in outcome 

measures can be best attributed to the intervention applied (Slade & Priebe, 2001).       
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3.1.2 Randomised controlled trials in attention restoration research 

Since the earliest RCT examining the restorative process of natural environments was conducted by 

Hartig and colleagues (1991), a relatively standardised experimental protocol has been developed. 

This ART protocol includes features of standard health intervention study designs combined with 

features relevant for testing the hypotheses presented by ART. A well-designed study measuring the 

restorative effect of exposure to natural environments should include 1) a well-described natural 

environment to act as the ‘active’ treatment condition and a well-matched and well-described 

comparison environment (e.g. built, urban, man-made); 2) randomisation of treatment 

(environment) group (between-subjects design) or order of exposure (within-subjects designs); 3) a 

fatigue or stress induction period where cognitive resources believed to be restored by natural 

environments are targeted; 4) baseline outcome measures; and 5) post-test/follow-up outcome 

measures derived from performing one task only, as performance of additional post-test measures 

will likely cause ambiguity among treatment-related effects. Further details on optimal protocols 

can be found in Article I. 

To further highlight the benefits of RCTs in contrast to other designs, we will revisit the 

example of Faber Taylor and Kuo’s (2002) study, presented in Chapter 1, that found higher levels 

of nearby residential greenspace lead to improvements in cognitive performance in girls, but not 

boys. From the results alone, it may be tempting to conclude that girls benefit from residential 

greenspace, while boys do not. But as the authors argue, it is likely to be more complicated than 

that, with other factors determining the gender difference observed. This also the highlights the 

chance of capturing spurious results in terms of hypothesis testing when control of variables and 

randomisation is not applied. The figure below shows a hypothetical pathway of effect where the 

natural environment leads to improved cognitive performance through a moderating variable, 

exposure time.  
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Figure 3. Hypothetical example of how RCTs can support evidence from natural experiments 
Hypothetical pathway showing how the relationship between exposure to the natural environment and cognitive 

performance may be moderated by duration of exposure. The figure illustrates how RCTs might be employed to 

experimentally test a hypothesis related to a moderating variable (e.g. exposure time) to produce an expected effect. 

Conversely, manipulation of hypothesised moderator variables is not possible in natural experiments.     

 

In a natural experiment, it is not possible for researchers to control the amount of exposure 

to the natural environment children receive. Therefore, an observed effect, like a gender difference, 

might only be due to difference in exposure time, the moderating variable, rather than the quality or 

extent of the natural environment itself. On the other hand, a well-conducted RCT would ensure 

both gender groups were exposed to the same natural environment for the same amount of time, in 

comparison with a control environment. In this instance, any difference between girls and boys 

could not be attributed to the exposure time, disconfirming the “area of play” hypothesis proposed 

by Faber Taylor, Kuo, and Sullivan (2002). This is not to say however, that natural experiments are 

inferior, but instead, offer different insights from those achieved with RCTs. While RCTs offer 

controlled variable manipulation, they simply cannot achieve the scope of sample size that is 

possible with a natural experiment design, such as the one used by Faber Taylor, Kuo and Sullivan 

(2002). Therefore, an optimal evidence base would include both natural experiments and RCTs. 

Indeed, many authors argue a need for diversity within an evidence base (e.g. Slade & Priebe, 

2001).  

3.2 Study Designs 

The study designs varied between the three empirical investigations based on specific needs of the 

research aims. The ambition was to achieve the most rigorous level of evidence possible and to 

match the standards expected within the wider clinical psychology field.  
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3.2.1 Study design - Article I 

The systematic literature search and meta-analysis followed the Preferred Reporting Items for 

Systematic Review and Meta-Analysis (PRISMA) statement (Moher, Liberati, Tetzlaff, Altman, & 

Group, 2009) and was matched closely to the search strategy employed by Ohly and colleagues 

(2016). Therefore, the synthesis of evidence contained in Article I was based on a standardised 

design and reporting structure for reviews and meta-analyses. Within the literature search, inclusion 

criteria were purposefully left broad to capture a range of designs. However, for quantitative 

synthesis, only data from RCTs, where natural environments were tested against a suitable control, 

were considered relevant for calculating pooled estimates of effect sizes.      

3.2.2 Study design - Article II  

The initial study design for Article II was a within-subjects RCT, also known as a crossover trial, 

where each subject is randomly assigned to a treatment order rather than a treatment group. 

Therefore, each participant is included in each experimental group and acts as their own control. 

This limits the chance of confounders related to participant characteristics influencing the results. 

The within-subject treatment variable in this study was environment, with two levels, natural and 

built. Due to time limitations faced by the school involved in the study, randomisation of treatment 

order was only possible for 23 participants (69.7%). The remaining 10 participants received a 

treatment order of natural environment, followed by built environment. Therefore, the design 

utilised in Article II may only be considered a semi-randomised crossover trial. Similarly, the order 

in which eye-tracking data was collected could not be randomised due to time restraints imposed by 

the school’s schedule. Eye-tracking data was first collected in the natural environment, followed by 

the built environment.     

3.2.3 Study design - Article III 

The study design used in Article III allowed two treatment types, namely environment and 

medication, to be compared against each other within the same protocol. A two-by-two, double-

blinded, placebo-controlled randomised crossover trial was used. In a two-by-two factorial design, 

there are two treatments with two levels each. In Article III, the first treatment variable was 

environment, with two levels of natural and built. The second treatment variable was medication, 

with two levels of a standard individualised dose of medication and placebo. This resulted in each 

participant taking part in four experimental sessions corresponding to four treatment combinations 

(natural environment + medication; natural environment + placebo; built environment + 
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medication; and built environment + placebo). Such a design made it possible to examine the 

influence of each active treatment (i.e. natural environment, medication) alone, as well as their 

combination. The use of a two-by-two factorial within-subjects design was deemed to be a suitable 

way to address the suggestion by Faber Tayor and Kuo (2009) that the effects of natural 

environments and the effects of medication on cognitive performance are comparable.    

3.3 Participants 

3.3.1 Participants - Article I  

There were no explicit restraints imposed on inclusion criteria based on participant characteristics 

during the systematic literature search. During the quantitative synthesis of data, inclusion was also 

not based on participant characteristics. However, one moderator analysis addressed whether a 

heightened potential for attention restoration, due to a relevant diagnosis or fatigue induction, 

influenced the effect sizes found during the meta-analysis. No other participant characteristics were 

assessed during the quantitative synthesis. Sample sizes covered in the review varied depending on 

intervention type and study design from n = 16 in RCTs (Tanaka, Yamada, Nakamura, Ishii, & 

Watanabe, 2013) up to n = 2623 in natural experiments (Dadvand et al., 2015).    

3.3.2 Participants - Article II  

Thirty-three pupils from Næstved Friskole in Næsteved, Denmark were recruited for the experiment 

in Article II and took part in the cognitive data collection sessions. From this group, 14 participants 

were randomly selected to take part in the eye-tracking data collection sessions. The school 

expressed interest in participation after a teacher had heard a radio interview about the PhD project. 

Recruitment took place during an information session held at the school where pupils and their 

parents had to option to enrol into the study. The majority of the pupils enrolled were experienced 

in using natural environments for leisure and education through regular udeskole (education outside 

the classroom) lessons. The only exclusion criterion applied during recruitment was a current 

diagnosis of a behavioural or cognitive disorder. There were no exclusion criteria based on age or 

gender. Participants were excluded from selection for the eye-tracking sessions if they wore glasses 

or contact lenses. One participant did not complete both sessions due sickness, while data from two 

sessions from two difference participants was lost due to computer failure. Data from 5 participants 

was excluded from the analysis for eye-tracking data due to difficulties during data collection. Data 

were considered to be lost at random in both environments as signal loss was primarily associated 
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with sunny outdoor conditions that caused participants to squint. Final participant characteristics 

used in analysis are presented in Table 1. 

Table 1. Details of the typically-developing participants whose data was analysed and 

presented in Article II 
Despite using a within-subjects design, data was lost due to incompletion of protocol and computer failure. This 

resulted in imbalanced sample sizes in each condition; however, the differences between the groups of age and gender 

were negligible.  

 

 

 

 

 

3.3.3 Participants - Article III 

The study took place in Dunedin, New Zealand, where a total of 28 participants were enrolled from 

a database managed by the Department of Psychology at the University of Otago and from 

paediatric services at Dunedin Hospital. Participants were included in the study if they a) had a 

current diagnosis of ADHD-combined or ADHD-predominantly inattentive, which has been given 

by a registered health professional in accordance with national standards of diagnosis; b) were 

receiving daily doses of stimulant medication for symptoms of inattention; c) did not have a 

comorbid diagnosis; and d) were aged between 6-16 years. We endeavoured to recruit the most 

homogenous group of participants possible; however, it became apparent during enrolment that we 

may struggle to reach our desired sample size due to time constraints. Therefore, despite these 

initial criteria, one participant was enrolled with comorbid anxiety disorder and one participant was 

enrolled who took non-stimulant medication (atomoxetine).  

No exclusion criterion was included based on gender; however, we expected as little as a 

quarter of participants to be female due to differences in prevalence (Bauermeister et al., 2007). 

Parents and/or caregivers of the participants rated their symptoms using the Strengths and 

Weaknesses of Attention-Deficit/Hyperactivity Symptoms and Normal Behaviors (SWAN) scale to 

provide another measure to symptom expression and confirm the sub-type diagnosis. Despite the 

within-subjects design, lost data due to dropout, computer failure, and inappropriate task 

performance resulted in slight differences between treatment combinations. These differences were 

Participant characteristics Natural Environment Built Environment

  Sample size 33 30

  Age 12.03 (1.21) 12.00 (1.23)

  Gender (male/female) 13/20 12/18

  Perceived Restoration Scale 44.80 (8.69) 39.57 (10.84)
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not significantly significant. Table 2 presents the minor differences between participant 

characteristics across the four treatment combinations.          

 

Table 2. Details for the participants with ADHD whose data was used in the analysis for the 

study presented in Article III 
Despite using a within-subjects design, data was lost due to inappropriate task performance (n = 7), software failure (n 

= 2), and administrative error (n = 1). This resulted in imbalanced sample sizes in each condition; however, differences 

between the groups were negligible. MPH: methylphenidate; SR: slow release; LA: long activation; ATX: atomoxetine; 

ADHD-C: attention-deficit/hyperactivity disorder-combined; ADHD-I: attention deficit/hyperactivity disorder-

predominantly inattentive; ADHD-H: attention deficit/hyperactivity disorder-predominantly hyperactive; SWAN: 

Stengths and Weaknesses of ADHD and Normal Behaviour Rating Scale. 

 

3.4 Outcome measures and equipment 

3.4.1 The Attention Network Task (Articles II and III) 

The Attention Network Task (ANT) was designed to measure the activation of three distinct 

attentional networks described by Attention Network Theory (Posner & Petersen, 1990). The theory 

is grounded in Hebb’s (1949) neural networks approach and separates attentional processes into 

three neurally distinct networks. The ANT is particularly suitable for research on restorative 

environments because a) it includes a pure measure of directed attention, where the ability to focus 

attention and ignore distraction is not impede by other processes, and b) it includes non-executive 

attention measures that are hypothesized not to be affected by exposure to natural environments 

(Kaplan & Berman, 2010). Indeed, directed and executive attention may be considered synonymous 

(Diamond, 2013). Additional measures of performance of overall accuracy and reaction time may 

Participant characteristics Medication Placebo Medication Placebo

          Sample size 21 21 24 21

          Age (mean) 10.36 10.23 10.28 10.32

          Gender (male/female) 17/5 17/5 19/6 17/5

          Medication type - activation time 

                MPH - SR, dosage† (n ) 5 (1), 10 (3), 20, (2), 30 

(3)

5 (2), 10 (3), 20 (2), 30 

(3)

5 (1), 10 (3), 20 (2), 

30 (3)

5 (1), 10 (3), 20 (2), 

30 (3)

                MPH - LA , dosage† (n ) 18 (2), 27 (1), 36 (6), 

40 (1), 54 (1)

10 (1), 18 (1), 27 (1), 

36 (6), 40 (1)

10 (1), 18 (3), 27 (1), 

36 (6), 40 (1), 54 (2)

10 (1), 18 (1), 27 (1), 

36 (6), 40 (1), 54 (1)

                ATX - LA,  dosage† (n ) 80 (1) 80 (1) 80 (1) 80 (1)

                MPH+ATX - LA, dosage† (n ) unknown (1) unknown (1) unknown (1) unknown (1)

          SWAN ratings

                ADHD-C 11 11 12 11

                ADHD-I 7 7 7 7

                ADHD-H 1 2 2 2

                Did not meet criteria 2 1 2 1

                Not received 1 1 2 1

         Questionnaires

                Perceived Restoration Scale 

                Visual Analogue Mood Scale

38.91 (10.4)43.13 (10.8)

1.17 (1.7) 1.21 (1.8)

Natural environment Built environment
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also be useful. The executive attention score is reliant upon a relatively well-described neural 

pathway connecting the anterior cingulate cortex and the prefrontal cortex (Posner & Rothbart, 

2007). These two areas have been implicated in the pathology of ADHD (e.g. Seidman et al., 2006), 

suggesting a deficit of executive attention, as measured by the ANT, may be expected with this 

population. However, stability of performance and accuracy may be better measures to distinguish 

with and without a diagnosis (Adólfsdóttir, Sørensen, & Lundervold, 2008).  

 

 

 

Figure 4. Examples of Attention Network Task trial types 
a) A fixation cross is present at the centre of the screen between trials; b) during neutral trials, a fish facing to the left or 

right is presented at the centre of the screen. Participants must respond as quickly and as accurately as possible to the 

direction the fish is facing by clicking a left or right key; c) during an executive-congruent trial, the centre fish is 

flanked by four distractors facing the same way as the target fish in the centre.  Participants are reminded that it is 

always the direction of the target centre fish to which they must respond; d) during executive-incongruent trials, the 

centre fish is flanked by four distractors facing in the opposite direction as the target fish in the centre. During these 

trials the target-distractor conflict causes response speeds to be slower, which is believed to reflect greater difficulty in 

ignoring the distractors. The executive attention score is calculated by subtracting the response speeds of the congruent 

trials from the congruent speeds of the incongruent trials. A reduction in executive attention scores reflects an improved 

ability to direct attention towards the target while simultaneously ignoring the distractors.          
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A child version of the task (Rueda et al., 2004) was used in the studies reported in Articles II 

and III. The version had been adapted from the adult version with a reduction in total testing time 

and contains fish stimuli rather than arrows. The task begins with a 12-trial practice period, with no 

time limits on trials and continues with three blocks of 48 time-limited trials, with each 

experimental block lasting around five minutes. A rest period is offered between each block. For 

each trail, a fish is presented at or near the centre of the screen (Figure 4b). Participants must use 

two keys, right or left, to respond as quickly as possible to which way the fish is facing. The task 

contains three trial types, based on the three attention network scores, presented in a randomised 

order.  

For alerting attention trials, a cue is presented to alert participants a target fish is about to 

appear. For the alerting score, the response speeds of cued trials are contrasted with the response 

speeds of non-cued trials. For the orienting attention trials, a spatial cue is presented as to where the 

target fish will appear. For the orienting score, the response times for the spatial cue trials are 

contrasted with the response times for neutral cue trials. The orienting and altering scores were not 

of interested in the studies, as the natural environment was hypothesized to selectively influence 

executive attention performance. For the executive attention trials, the centre fish is presented along 

with two distractor fish on either side, as in the classic Eriksen Flanker Task (Eriksen & Eriksen, 

1974). The distracting flanker fish may be facing the same (congruent) or opposite (incongruent) 

directions.  

The executive score is calculated by contrasting the response times between these two trial 

types. The incongruent trials are associated with slower response times, which are thought to reflect 

greater difficulty in overcoming the conflict or distraction caused by incongruent target and 

distractor stimuli. The outcome measures of interest in both studies were the executive attention 

score (EXE), mean reaction time for correct trials (mRT), total accuracy (ACC), and standard error 

of reaction time for correct trials (SERT).    

3.4.2 Perceived Restorativeness Scale for Children II (Articles II and III) 

The Perceived Restorativeness Scale for Children (PRS-C II) is a 15-item questionnaire that 

measures subjective attitudes towards the restorative value of different environments, based on 

ART. The PRS-C II is a five-point Likert-style questionnaire where participants must rate the 

affordances an environment offers towards five aspects of attention restoration; specifically, 

extensiveness, being away – psychological, being away – physical, fascination, and compatibility. 
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The questionnaire was adapted for use with children using indoor and outdoor school environments 

(Bagot, 2004; Bagot, Allen, & Toukhsati, 2015); however, the wording has been slightly altered to 

reflect the environments used in Article II and III. The scale was found to have a Cronbach’s alpha 

level of ɑ = 0.70, which is deemed acceptable for scales consisting of few items (Tavakol & 

Dennick, 2011). The revised edition of the scale includes the additional of one question and 

removal of another to improve the reliability of the extent factor, which was also associated with 

low alpha ratings during administration of the adult PRS (Hartig, Korpela, Evans, & Gärling, 1997). 

It is for this reason that extent is broken into physical and psychological factors. Sub-scores may be 

calculated based on the five aspects of restoration. However, for Articles II and III, the total 

perceived restorativeness score was used.     

3.4.3 Tobii Pro II mobile eye-tracking glasses (Article II) 

Eye movement data were recorded during walking in the natural and built environments using Tobii 

Pro II mobile eye-tracking glasses. This allowed eye-movements to be recorded in the actual 

physical environments that participants were exposed to during cognitive data collection, making 

any association between the two datasets more genuine.  

 The glasses include a small camera placed between the eyes to record first-person video 

upon which coordinate data associated with eye gaze is overlaid. The glasses also contain four 

internal cameras that detect gaze location through corneal reflection tracking, a technique known as 

pupil-centred corneal reflection (Guestrin & Eizenman, 2006). Coordinate data is computed by 

tracking changes in a vector that represents the angle between light reflections from the pupil and 

on the cornea (Figure 5). The corneal reflections, or glints, result from multiple near-infrared lights 

being shone towards the eye. Characteristics of the glints and the direction of the vector provide 

information to compute the coordinate data.  
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Figure 5. The pupil centre corneal reflection eye-tracking technique 
A representation of the vector created between reflections from the centre of the pupil (solid line) and corneal (dashed 

line) reflections of near-infrared light, which are used for computation of gaze data coordinates.   

  

 

 Eye gaze data was sampled at rate of 50Hz and eye-movement types were registered and 

categorised based on algorithms or filters that were pre-set by the Tobii Pro Lab software used for 

data processing (Tobii Technology, 2012). The fixation filter applied was during data processing for 

Article II. This filter, like others used by the software, is based on the velocity-threshold 

identification gaze algorithm, where it is the velocity of directional shifts that determines an eye 

movement’s classification. Thus, if the velocity is below a threshold, the movement is classed as a 

fixation; whereas if it is above a threshold, it is classed as a saccade.     

Data recordings with over 70% complete gaze data were subjected to standardised 

procedures to ensure data segments were comparable across participants and environments. 

Specifically, the eye-movement data used for analysis were taken from an epoch beginning after 

two minutes into the walk, to allow for habituation of wearing the glasses, up until a specific feature 

in each environment near the end of the walking route. Because participants walked at slightly 

different speeds, the duration of the segments to be analysed varied. Therefore, instead of total 

fixation count, a rate of fixations per minute was calculated as a primary outcome measure, along 

with length of fixation.  
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3.4.4 Visual Analogue Mood Scale (Article III) 

 

A simple measure of mood, the Visual Analogue Mood Scale (VAMS), was completed by 

participants during the study presented in Article III directly after performing the pre-walk 

(baseline) ANT and the post-walk ANT. The scale consists of a single 10-point Likert-style rating 

where participants are asked how they feel at the present moment. The VAMS has been used 

previously to determine mood states of participants with ADHD before and after exposure to a 

natural environment as was deemed suitable for participants regardless of age and reading ability 

(Van den Berg & Van den Berg, 2011). Change in mood ratings were assessed as a covariate during 

follow-up linear mixed modelling.    

 

3.4.5 The Strengths and Weaknesses of ADHD Symptoms and Normal Behavior Scale (Article 

III) 

All participants in presented Article III met the criteria for a sub-diagnosis of ADHD-predominantly 

inattentive or ADHD-combined. All participants had been diagnosed by a professional clinician and 

were undergoing treatment at the time of recruitment. However, the parent-rated Strengths and 

Weaknesses of ADHD Symptoms and Normal Behavior Scale (SWAN; Swanson et al., 2012) was 

included to provide confirmation that the participants’ diagnoses included symptoms of inattention. 

The SWAN has an administration time of around five minutes, making it a useful screening tool. 

This allowed the parents or caregivers to complete the form while participants completed other 

questionnaires for the study. The 18 questions are based on the Diagnostic and Statistical Manual 

for Mental Disorders - Fifth Edition (American Psychological Association, 2013) criteria for 

ADHD symptoms, including inattention, hyperactivity, and impulsivity. A sub-type was assigned to 

the symptom patterns if the points from responses totalled above a given threshold for either 

ADHD-predominantly inattentive or ADHD-predominantly hyperactive. If the threshold for both 

sub-types were met, the symptom pattern was rated as the ADHD-combined subtype. The SWAN 

has been found to have good internal consistency with Cronbach’s alpha levels of around ɑ = 0.88 

(Arnett et al., 2013). The influence of SWAN sub-type ratings was assessed during follow-up linear 

mixed modelling. 
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3.5 Environmental treatments  

The environments used for Article II and III were selected for their suitability based on the amount 

of natural or man-made features. Attempts were made to match the environments on aspects that 

may affect the restorative qualities of the environments, such as noise, pedestrians, and gradients of 

the walking routes. Attempts were also made to ensure weather conditions were comparable 

between testing days. No sessions were undertaken during days with any level of rain.   

3.5.1 Environments - Article II  

Two locations were used as testing areas for this study. The testing area for the natural environment 

route was located at a rural property in Myrup, Næstved Municipality, Denmark. The natural 

environment route was a looped walking track with a small portion of backtracking in the final 

section. The route first followed a small walking track leading from the rural property towards 

several large paddocks. The route sidled along the edge of the paddocks to a quiet rural road. The 

road separated two large farms containing horses and cattle before connecting to a small track 

leading into a stand of birch trees. On the other side of the birch trees were rural properties 

surrounded by stands of large European tree species. Several buildings were visible on the 

properties, including thatched-roofed cottages and an enclosure and shelter for rabbits. Beyond the 

properties, the route linked to a walking track that zig-zagged through several medium-sized bushy 

trees species, such as hawthorn. The track then opened up into an area with large rocks and young 

conifers before meeting the edge of a small lake used for leisure fishing. The track then linked up to 

the first walking track leading back to the cognitive testing area.      

 The built environment route followed mostly quiet streets located in the Næstved township. 

The cognitive testing area was located in a youth centre located near the central shopping area. The 

beginning of the route followed a commercial street containing shops and cafes towards a large 

church. The route then led away from the main shopping streets towards quieter residential areas. 

Within the residential areas adjacent to the Næstved shopping area, the route past one set of traffic 

lights, circumnavigated a large cemetery, and passed a primary school. The route contained a 

slightly longer backtracking section than the natural environment route.  
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Figure 6. Route maps for the environmental exposure walks used in Article II 
Aerial maps of Næstved and Myrup, Denmark, where the routes for the natural (right) and built (left) environmental 

exposure walks (marked in red) were selected for the study presented in Article II. The JB10 Youth Centre on 

Jernbanegade was the location of the cognitive testing area and the start/end point for the built environment route. A 

rural property located in Myrup was the location fo the cognitive testing area and the start/end point for the natural 

environment route. Routes were created using MapMyRun (http://www.mapmyrun.com). 

3.5.2 Environments - Article III 

The location used for cognitive testing in this study was a quiet room located within the Abbey 

College residential building of the University of Otago in Dunedin, New Zealand. The walking 

route for the environmental exposures began and ended at Abbey College.  

The natural environment route began with a 30-second walk from Abbey College to the 

Dunedin Botanical Gardens. The route then crossed the lower section of the Botanical Gardens, via 

a bridged stream towards a gravel walking track leading up a small hill. The lower section of the 

Botanical Gardens consists of grassed areas with large specimens of exotic trees, walking paths, 

flower beds, and a large circular herb garden. The track leading up the hill connects to another track 

leading into an area of replanted New Zealand native forest called Lovelock Bush. The route 

followed a series of narrow but clearly visible forest tracks through Lovelock Bush to a wooden 

bridge. The track then looped back towards the Botanical Gardens and eventually followed the 

same route towards Abbey College.  

The built environment route was matched as much as possible to the natural environment 

route in terms of walking gradients, people present, and amount of back-tracking. The route began 

at the Cumberland Street entrance to Abbey College before crossing through to Castle Street and 

other residential streets that lie north of the main University of Otago campus. The streets of this 



 
52 

 

suburb, North Dunedin, consist mainly of wooden stand-alone villas used almost exclusively for 

student accommodation. Because testing sessions took place during weekend mornings or holidays, 

the streets surrounding the university campus were largely free from pedestrians and car traffic was 

limited. The route looped and backtracked at the half-way point in a similar fashion to the natural 

environment route.         

Figure 7. Route maps for the environmental exposure walks used in Article III 
Aerial views of North Dunedin, Dunedin, New Zealand where routes for the natural (right) and built (left) 

environmental exposure walks (marked in red) were selected for the study presented in Article III. Abbey College, 

Cumberland Street (red arrow), Dunedin, New Zealand was the location of the cognitive testing area and the start/end 

point for each route. Routes were created using MapMyRun (http://www.mapmyrun.com).  

3.6 Procedures 

3.6.1 Procedure - Article I  

A search strategy was created by following the Preferred Reporting Items for Systematic Review 

and Meta-Analysis (PRISMA) statement (Moher et al., 2009) and was matched closely to the search 

strategy employed by Ohly and colleagues (2016). The review was registered on the PROSPERO 

database (CRD42017057718) prior to beginning the final database searches which were conducted 

during November 2017.  

Six databases were searched for peer-reviewed articles written in English after July 2013 

that reported studies that were 1) original experiments; 2) involved exposure to either a natural 

environment or natural stimuli as a treatment or intervention; 3) compared the natural environment 

with a suitable control environment, such as an urban environment; and 4) included an objective 

measure of cognitive performance. These criteria primarily captured randomised controlled or 
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crossover trials and quasi-experiments; however, natural experiments where exposure to a natural 

environment acted as a predictive factor of cognitive performance over a longer time period were 

also deemed relevant. The studies were rated using the 20-item scale created by Ohly and 

colleagues (2016), which assessed the research quality based on study design, confounders, 

intervention integrity, data collection methods, analyses, and external validity.   

A series of random-effects meta-analyses were conducted using the data from a subset of 

studies from our own search as well as Ohly and colleagues’ (2016) search in order to capture the 

relevant data from the entire evidence base. Only data from RCT with baseline measures of 

performance were included in the analysis. Data from the included studies were grouped based on 

the cognitive domain under which the processes recruited by each outcome measures can be 

categorised. Previous research from the cognitive psychology literature was consulted to aid 

categorisation of outcome measures. The post-test means, standard deviations, and sample sizes 

were extracted from the articles and used to calculate standardised pooled effect size estimates 

(Hedge’s g) across the 8 cognitive domains. In some instances, authors were contacted directly to 

obtain the necessary data. The cognitive domains were: working memory, attentional control, 

vigilance, visual attention, cognitive flexibility, processing speed, impulse control, and emerging 

cognitive domains, which was added to cover recent investigations that involved outcome measures 

that did not fit into any of the other categories. Moderator analyses were conducted to assess 

whether baseline balance, restoration potential (e.g. fatigue induction), and exposure type 

influenced the effect sizes reported in each cognitive domain.   

3.6.2 Procedures - Article II  

Testing sessions were scheduled for days during which participants took part in education outside 

the classroom (udeskole). Groups of 3-4 participants were randomly assigned to begin data 

collection sessions at 8:30am, 10:00am, or 12:00 noon on either the Tuesdays or Thursdays of 

consecutive weeks. In this way, the time of day and day of the week were kept constant for the 23 

participants that could be fully randomised. First, participants completed the Digit Span Forwards 

and Digit Span Backwards Tasks to induce a state a cognitive fatigue. During these tasks, the 

experimenter read loud a list of numbers which participants had to recall and write down in the 

correct sequence (Forward Span) or the reverse sequence (Backwards Span). To ensure engagement 

in the task, participants were told it was a memory competition between their classmates. The two 

tasks lasted a total of around 15 minutes. These tasks may be considered especially suitable for 
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inducing cognitive fatigue in this context as they were found to be among the outcome measures  

most sensitive to the restoration effect (Ohly et al., 2016). Immediately after the fatigue induction 

participants performed the ANT, which lasted around 15 minutes. The data obtained from this 

administration of the ANT was used as measures of baseline cognitive performance. Participants 

then took part in a 30-minute walk with their groups and an experimenter in one of two 

environments, natural or built. To retain an element of consistency with adult studies, there were 

intermittent periods of walking where conversation was kept to a minimum. During these periods 

participants were told to relax and enjoy their surroundings. However, pilot studies revealed this 

situation was uncomfortable for many child participants. Therefore, a two-minute silent walking 

period was followed by a period of controlled conversation between the experimenter and the 

group. During these conversations, the participants were asked to discuss what they had seen, smelt, 

heard, and felt during the silent walking periods. The group alternated between silent periods and 

controlled conversations until the 30-minute walk was completed. When participants arrived back at 

the testing area, they performed the ANT a second time. Data from this second administration was 

used a post-test measures of cognitive performance. After the ANT was completed for a second 

time, participants filled out the PRS-C II questionnaire about how they perceived the environment 

they has walked in during the session. Participants were then thanked for their time, dismissed, and 

re-joined the other members of their class in their schooling activities.   

3.6.3 Procedures - Article III 

The timing of when participants received their regular doses of medication was an important factor 

in designing the procedure of the study. Therefore, all sessions began before 10:00am, with most 

beginning at 08:30am, during the weekend days or school holidays. Upon arrival, participants 

received their first masked capsule, which contained either a regular dose of their medication or a 

placebo. For the testing sessions and environmental walks, participants were grouped together with 

up to three other participants; however, several participants performed sessions alone with the 

experimenter. Some participants requested that a parent was present during the sessions. In these 

cases, parents quietly observed the cognitive data collection and participated passively in the walks. 

Participants then performed a visual search task that was included to induce a degree of mental 

fatigue. During this task, participants were required to find and mark target letters in a field of 

distractors presented on a piece of paper. A similar task had been used to induce a state of cognitive 

fatigue before environmental exposures in a recent study with adult participants (Chow & Lau, 
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2015). The task lasted around 5-7 minutes, depending on the participants’ ability. Immediately 

follow the fatigue induction, participants performed the ANT, which lasted around 15 minutes. Data 

obtained from this first administration of the ANT were used as baseline measures of cognitive 

performance. When participants had completed the ANT, they rated their current mood using the 

VAMS, before beginning a 30-minute walk in either a built or natural environment. During the 

walks, participants were instructed to relax and enjoy their surroundings. To align with other 

research that has employed this walking restoration paradigm in children with ADHD (Faber Taylor 

& Kuo, 2009), there were two minute periods where communication was kept to a minimum. 

However, pilot studies revealed that this was an artificial situation that made children feel 

uncomfortable. Therefore, after two-minute silent periods the participants and experimenter took 

part in a controlled conversation that consisted of questions and answers related to what the 

participants had seen, smelt, heard, and felt during the walk in the silent period. The activities 

during the walk altered between controlled conversations and silent periods until the walk was 

finished. Upon returning to the testing area participants completed the ANT a second time, lasting 

around 15 minutes. During two of the four sessions, participants completed the PRS-C II for each 

environment, natural and built. Finally, participants were given their second masked capsule 

containing either a regular dose of their personal medication or a placebo. If participants had 

received the medication at the beginning of the session, they received the placebo at the end of the 

session, and vice versa. This ensured that at no time was medication withheld entirely during the 

days on which sessions occurred, but rather delayed until after the session was complete. 

Participants completed four sessions in total, pertaining to the four treatment combinations. Upon 

completion of their fourth session participants and their parents and caregivers were offered a movie 

voucher and petrol vouchers as remuneration.  

2.7 Statistical approaches and considerations 

2.7.1 Null hypotheses 

The first three articles of the thesis required statistical analyses. The statistical methods applied 

were selected due to their advantages over other approaches. As in all hypothesis-testing studies, the 

use of statistics was applied in order to test the likelihood of rejecting the null hypothesis. Article 

IV, which is a narrative theoretical article did not require any statistical strategy as there was no 

data collection involved. The following null-hypotheses were formulated for the first three articles: 



 
56 

 

Article I: Exposure to the natural environment has no effect across all domains of cognitive 

performance, when data is pooled across the current evidence base.  

Article II: Exposure to the natural environment has no effect on the cognitive performance of 

typically-developing children, as measured by the Attention Network Task. There is no difference 

in fixation rate or duration between the natural and built environments. Children do not rate the 

natural environment as more restorative than the built environment.  

Article III: Exposure to the natural environment has no effect on the cognitive performance of 

children with ADHD, as measured by the Attention Network Task. Medication has no effect on the 

cognitive performance of children with ADHD, as measured by the Attention Network Task. There 

is no interaction between environmental and pharmacological treatments that suggests children who 

are exposure to natural environments and given medication will perform best on the Attention 

Network Task. Children do not rate the natural environment as more restorative than the built 

environment.   

Empirical researchers should aspire to report more than mere rejection or acceptance of the 

null hypothesis, based on p-values. Recently, the wider field of psychological research has been 

rocked by suggestions of a replication crisis, whereby one study reports a statistically significant 

result, while follow-up studies fail to replicate this finding, suggesting the occurrence of false 

positives or type I errors is common (Pashler & Harris, 2012). There are numerous reasons why a 

null hypothesis may or may not be rejected, and exact replications of studies are rare (Pashler & 

Harris, 2012). However, this brings to light issues of transparency while reporting results where not 

only the p-value, or decision to reject the null hypothesis, is seen as important, but also the size of 

the observed effect. Indeed, many leading journals require reporting of effect sizes for statistically 

significant results. This allows readers to not only ascertain whether an effect was present, but also 

the strength of the observed effect, in order to compare with past and future studies. In the case of 

natural environments, it might be that certain groups of participants show a bigger response than 

others, or different types of natural environments elicit greater responses in terms of restoration. 

Reporting of effect sizes can help determine how one treatment compares to another. The good 

example was provided Faber Taylor and Kuo’s (2009) study, where their effect size on cognitive 

performance related to the natural environment was compared with effect sizes commonly reported 

with medication. Effect sizes may vary considerably between studies and without consistent 

reporting it is difficult to identify elements of protocols that vary between studies and may have led 
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to the observed differences. While effect sizes associated with natural environments may be modest 

(Ohly et al., 2016), determining their use for treatment or intervention should be considered in light 

of all factors such as effect size, cost, side-effects, compatibility, and adherence. Therefore, p-

values as well as effect sizes are reported in Articles I, II, and III.  

3.7.2 Statistical methods  

Another important consideration is the selection of the most appropriate statistical analysis for the 

study designs applied. The analysis conducted for Article I followed standard procedures for 

conducting meta-analyses, where conclusions were based on pooled mean effect sizes (Green & 

Higgins, 2005). These were calculated by obtaining the means, standard deviations, and sample 

sizes for each environment, which sometimes involved contacting the authors directly. In this sense, 

the selection of statistical approach was straightforward and had been previously standardised and 

recognised as best practice for conducting meta-analysis (Moher, Liberati, Tetzlaff, Altman & 

PRISMA Group, 2009). Article IV, which is a narrative theoretical article did not require any 

statistical strategy as there was no data collection involved.  

For Articles II and III, the data could be analysed by different approaches which have the 

potential to give different results from the same data set, a phenomenon known in the statistical 

field as the Lord’s Paradox (Lord, 1969). Until recently, the two common statistical methods chosen 

to analyse data in attention restoration studies that included baseline was either a repeated measures 

analysis of variance (ANOVA) with the main focus being the interaction between the factors time 

(pre, post) and environment (natural, built), or a t-test to compare change scores (post minus pre-

test) between environments. However, these approaches do not adequately adjust for the possibility 

of between-group differences in pre-tests, which can occur even in within-subjects designs (van 

Breukelen, 2013). There are several intra-individual factors that may cause pre-test (baseline) 

performance to vary between testing days. Because almost all objective outcome measures used in 

attention restoration research involve executive functions and/or self-regulation, factors such as the 

quality of the previous nights may affect results (Anderson, Storfer-Isser, Taylor, Rosen, & Redline, 

2009). It is therefore potentially misleading to calculate environmental effects based on differences 

between pre- and post- measures, as an observed effect may simply reflect regression to the mean 

resulting from unexpected differences in intra-individual baseline data sets. 

To ensure an observed effect cannot be attributed to regression to the mean, it is 

recommended that pre-test (baseline) scores be used as a covariate in an analysis of covariance 
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(ANCOVA) where the dependent variable is the post-test scores (van Breukelen, 2013). This is 

most appropriate in studies when group (e.g. environment, order of environment) allocation is 

randomised and there are no assumed differences expected between the groups (van Breukelen, 

2013). For Articles II and III, a statistical method with similarities to ANCOVA was chosen. Linear 

mixed models (LMMs) allow for analysis of how post-test scores vary as a function of fixed a 

factor, such as environment, while controlling for factors or covariates such as baseline, age, or 

gender, as well as random factors that cannot be systematically accounted for by researchers, such 

as randomly occurring intra-participant variance (Jiang, 2007). A major advantage of LMMs is that 

they deal with missing data using restricted maximum likelihood (RML) estimates, rather than 

removing data using pair-wise analysis. Therefore, the actual collected data is optimized. RML 

estimates are based on transformed data that are adjusted for nuisance parameters offering no effect. 

This means that covariate and variable estimates are based on a less-biased dataset (Jiang, 2007). 

This was important particularly for Article III where data from numerous sessions was lost due to 

inadequate performance or computer failures. In addition, LMMs allows for follow-up analyses to 

be performed to reduce and explain residual variance which may lead to a statistical model that 

better explains the observed effect.          

For Article II, average scores across all three blocks of the ANT were computed using data 

files recorded by the software, E-Prime. The four outcome measures of interest were executive 

attention score (EXE), mean reaction time on correct trials (mRT), total accuracy (ACC), and 

stability of performance or standard error of reaction time (SERT). Data were visually inspected 

and response times that were under 200ms were removed as outliers (0.003%). This outlier criteria 

is within the range typically used in studies using the ANT (e.g. de Zeeuw, Weusten, van Dijk, van 

Belle, & Durston, 2012; Reinholdt-Dunne, Mogg, & Bradley, 2009). Paired-samples t-tests were 

used to examine how participant characteristics (PRS-C II, fixation rate, length of fixations) varied 

across the two environments. A series of linear mixed models (LMMs) were used to examine 

whether post-test cognitive performance varied as a function of environment type while controlling 

for baseline scores. Thus, the four initial models fitted to the data included post-test scores (EXE, 

mRT, ACC, SERT) as dependent variables, environment type (natural, built), as the fixed factor, 

baseline score as a covariate, and participant as random factor. Follow-up analyses were performed 

in a step-wise manner to reduce residual variance and investigate the influence of age, gender, order 

of environment, PRS-C, fixation rate, and length of fixation. Cohen’s d effect sizes were computed 

for results with a p-value below 0.05%.    
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For Article III, average scores for ANT performance were calculated in the same manner as 

for Article II. A similar amount of response time outlier data were removed (0.004%). Participant 

characteristics (PRS-C II, mood rating) were assessed using paired-samples t-tests to investigate 

whether these factors differed between environment and medication treatments. LMMs were 

applied to assess the role of environment, medication, and their combination in predicting post-test 

performance, while controlling for baseline scores. Thus, the four initial models with post-test 

scores (EXE, mRT, ACC, SERT) as the dependent variable included environment (natural, built), 

medication (medication, placebo), and their interaction as fixed factors, participant as random 

factors, and baseline scores as a covariate. Additional stepwise analyses were conducted to reduce 

residual variance. Specifically, we investigated whether age, gender, order of environment, order of 

medication, mood score, PRS-C II, SWAN diagnosis, timing of medication activation influenced 

the results.  

3.7.3 Power analysis 

During the planning stages of the project, an external expert in applied statistics from University of 

Copenhagen assisted in conducting power analyses. It was pertinent to the feasibility of the studies 

that we had an estimate of the required sample size for achieving adequate power. This was 

especially true for the study presented in Article III which involved a group of participants with a 

limited population base, namely, children with a diagnosis of ADHD-combined or ADHD-

predominantly inattentive that resided in or the areas surrounding Dunedin, New Zealand.  

 A power analysis required knowledge of the expected effect sizes and the variation of the 

outcome measures. This was problematic given that no RCTs had been published investigating the 

restoration effect in children with or without ADHD using the ANT at the time the power analysis 

was conducted. Instead, tentative estimates were derived from other articles that investigated the 

effect exposure to the natural environment has on ANT performance in adults (e.g. Berman et al., 

2008). However, children, and in particular children with ADHD, were expected to show greater 

variance in cognitive performance. Therefore, variance estimates were taken from outside the field 

of restorative environment research (e.g. Adólfsdóttir et al., 2008). Using the existing examples, it 

was estimated that exposure to the natural environment would be associated with a 20ms 

improvement in executive attention performance, was a tentative standard deviation of 20. No 

change was expected for the built environment. With these estimates, it was calculated that 40 

participants would be needed to achieve statistical power of 90%, when the test is carried out at a 
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significance level of 5%. The tentative nature of these estimates was noted, as well as the fact that 

more precise power estimates may be calculated based on the data contained in the current thesis. 

Indeed, post-hoc power analyses were conducted based on the data from Article III and are reported 

in the Results section.      

2.8 Ethical considerations 

When working with vulnerable populations, such as children with or without a diagnosis, care must 

be taken to ensure experimental procedures pose no unacceptable risk towards participants. The 

experimental research took place in two countries with different procedures around obtaining 

ethical clearance for research, Denmark and New Zealand. Despite their differences, there are 

commonalities between the countries that ensure a participant’s needs around safety, privacy, and 

well-being are met. Informed consent, assent, and anonymity are relevant for all research types. In 

both experimental studies (Article II and III), participants were given information packs containing 

an information letter that detailed the background and procedures of the study, without revealing the 

hypotheses; a consent form for parent or caregivers to read and sign; and an assent form to be 

signed by child participants after having discussed the research with an adult.   

 The experimental study that took place in New Zealand (Article III) differed from the 

experimental study conducted in Denmark (Article II) in ways that meant the ethical considerations 

differed substantially. For the study in Denmark (Article II), parents, teachers, and participants took 

part in an information session at the participant’s school before participation had been confirmed. 

From this meeting it was possible to sign up for the study after having received all information and 

having concerns directly addressed. For the study in New Zealand (Article III), which involved 

children with a diagnosis of ADHD, a similar consenting session was required and overseen by an 

experienced psychiatrist who was connected to the project. Contrary to non-biological research in 

Denmark, conducting any type research in New Zealand requires clearance from either a local or 

national ethics board, or both. Because the study presented in Article III involved children with 

ADHD and was a pre-registered clinical trial, ethical clearance from local, national, and Maori 

(indigenous) authorities was required. Before recruitment began, the trial had been approved by 

Dunedin’s local health authorities (Health Research South, ID:01209); New Zealand’s national 

health research ethics authority ( Health and Disabilities Ethics Committee, ID: 15/NTB/206) and 

local Maori research authority (Ngai Tahu Research Consultation Committee, 20160202). The 

proposed treatment of a nature walk was not associated with any adverse side effects; however, one 
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main concern of the ethics authorities regarded the manipulation of medication. This was addressed 

by ensuring that participants’ medication was not withheld during session days, but instead delayed 

until the session had been completed. Withholding medication from participants would be more 

complicated from an ethical point of view. The ethical procedures were extensive due to the 

participant’s diagnosis and manipulation of medication. A similar trial conducted in Denmark 

involving medication would also require ethical clearance from The Danish Council on Ethics and 

should ideally be pre-registered in an international database.         

To promote ethical research practices and ethical reporting of results, the wider field of 

psychological research is moving towards pre-registration, as is already established in other areas of 

medical research. Indeed, a number of journals within the field of clinical psychology will not 

accept studies that were not pre-registered (e.g. The Journal of Child Psychology and Psychiatry).  

Pre-registration of experimental trials ensures that the researchers adhere to the protocol as it was 

described prior to recruitment of participants and that any changes that occur during the execution 

of the trial are reported transparently. The systematic review and meta-analysis (Article I) was pre-

registered on the international database, PROSPERO (ID: 2017 CRD42017057718), which is 

overseen by the United Kingdom’s National Health Institute. The randomised crossover trial 

involving children with ADHD (Article III) was pre-registered on the Australia New Zealand 

Clinical Trials Registry (ID: ACTRN12616000125426).  
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Chapter 4: RESULTS 

4.1 Results - Article I  

During the systematic literature search, a total of 3997 results were screened for eligibility, from 

which 42 articles were included in the review. Despite the search only covering a total of 52 months 

following Ohly and colleagues’ (2016) literature search, the number identified in our review 

represents a considerable increase in interest regarding ART. The increase in productivity is 

illustrated in Figure 9. 

 

Figure 8. Publication timeline for restoration research 

Timeline of publications investigating the restoration effect of natural environments or stimuli using objective measures 

of cognitive performance. The blue line represents the time at which Ohly et al. (2016) conducted their literature search. 

Adapted from Stevenson, Schilhab, and Bentsen (2018). 

 

 The majority of studies included in the review after the systematic search were RTCs 

(82.6%), while several relevant quasi- and natural- experiments were also found. The studies 

investigated the restoration effect in a range of participant groups, with university students being the 

most common. There were slightly more studies that involved exposure to actual physical 

environments. However, a large proportion involved interventions using digital or virtual natural 
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scenes presented on computers. The durations of the interventions assessed using RCT designs 

varied considerably. Intervention duration varied typically as a function of exposure type, where 

actual exposures to real environments were generally longer than virtual exposures. For RCTs, the 

duration of interventions varied from 40 seconds (Lee, Williams, Sargent, Williams, & Johnson, 

2015) to three hours (Triguero-Mas et al., 2017). All studies were rated as being of moderate to high 

quality.  

 A series of random-effects meta-analyses revealed significant improvements associated with 

exposure to the natural environment in three cognitive domains: working memory (Hedges’ g = 

0.162), attentional control (Hedges’ g = 0.156), and cognitive flexibility (Hedges’ g = 0.317). The 

statistically significant results were retained during moderator analysis of baseline balance for 

working memory and cognitive flexibility, but not for attentional control. In other words, when 

baseline balance is known and achieved, measures of working memory and cognitive flexibility are 

improved by exposure to natural environments. However, when baseline balance is included in the 

meta-analysis for attentional control, the effect of natural environments is unclear. Further 

moderator analyses revealed that the restoration potential of participants, that is, whether mental 

fatigue was experimentally induced or whether they had a diagnosis associated with limitations in 

cognitive capacities, did not influence any of the effect sizes. Further, larger effect sizes were 

associated with actual exposures to physical environments compared to virtual natural 

environments. This suggests that actual exposure to natural environments are better for cognitive 

restoration, however, the effect may also be explained by the previously mentioned difference in 

duration between the exposure types. Forest plots illustrating the results of the meta-analyses and 

tables displaying the results of the moderator analyses can be found in Article I.       

4.2 Results - Article II 

4.2.1 Participant characteristics and perceived restorativeness 

The number of the participants with usable data varied between the natural (n = 33) and built (n = 

30) environments. However, the differences between the participant characteristics, age and gender, 

were negligible. A paired-samples t-test revealed a difference between how participants perceived 

the natural versus built environments used in the study (Cohen’s d = 0.180). Specifically, 

participants rated the natural environment as more restorative than the built environment, 

supporting the main premise of ART, which predicts natural environments are most likely to induce 

a state of restoration.  
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4.2.2 Eye movements in natural versus built environments  

Randomisation checks were conducted to ensure that the sub-group of participants randomly 

selected for eye-tracking sessions was representative of the initial group of participants recruited for 

the study. Paired-samples t-tests confirmed that the sub-group did not differ significantly in terms of 

age (p = 0.094), gender (p = 0.283), and PRS-C II scores (natural, p = 0.163; built p = 0.982).  

Eye-tracking data were analysed using paired-samples t-tests which revealed a difference in 

how participants viewed the two environments. Specifically, participants showed a higher fixation 

rate when viewing the natural environment than when viewing the built environment, t(8) = 2.567, 

p = 0.033. The difference in fixation rate was associated with a large effect size (Cohen’s d = 

1.168). Finally, the total number of minutes included in the eye-tracking analysis did not differ 

between the two environments (p = 0.855).  

4.2.3 Cognitive performance after exposure to a natural environment 

The effect of the environmental exposure walks on participants’ cognitive performance was 

analysed using LMMs, with the main effect of environment being the variable of primary interest. 

The results of the LMMs are shown in Table 3. As illustrated in Figure 10, the measures of 

executive attention (EXE) and accuracy (ACC) were not significantly influenced by environmental 

exposure when the base model was applied. However, applying the base model to response speed 

(mRT) and stability of performance (SERT) data revealed significant main effects of environmental 

exposure. Specifically, exposure to the natural environment was associated with faster reaction 

times than exposure to the built environment, β = -20.387, p = 0.024, as well as greater stability of 

performance, β = -1.387, p = 0.013. Follow-up analyses that investigated the role of age, gender, 

and PRS-C II score, revealed no influence of these variables on the results obtained from applying 

the base model.    
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EXE β (95% CI) p -value

      Envi -10.034 (-31.856, 11.788) 0.361

      Baseline 0.424 (0.126, 0.722) 0.006

      Intercept 42.437 (17.839, 67.035) 0.001

AIC 632.984

ACC β (95% CI) p -value

      Envi 0.380 (-1.271, 2.032) 0.647

      Baseline 0.727 (0.569, 0.884) <0.001

      Intercept 64.390 (34.608, 94.172) <0.001

AIC 322.864

mRT β (95% CI) p -value

      Envi -20.387 (-37.911, -2.863) 0.024

      Baseline 0.772 (0.610, 0.934) <0.001

      Intercept 183.144 (85.333, 280.955) <0.001

AIC 648.357

SERT β (95% CI) p -value

      Envi -1.387 (-2.464, -0.310) 0.013

      Baseline 0.660 (0.470, 0.849) <0.001

      Intercept 7.029 (4.135, 9.923) <0.001

AIC 301.381

Model 1 (base) 

Model 1 (base)

Model 1 (base)

Model 1 (base)

 

Table 3. Linear mixed models exploring the effect of environment on Attention Network 

Performance in typically-developing children 
Linear mixed models predicting executive attention (EXE), accuracy (ACC), mean reaction time (mRT), and stability of 

performance (SERT) on the Attention Network Task. The base model includes baseline as a covariate, subject as 

random factor, and environment as the fixed effect of primary interest. Follow-up stepwise modelling revealed no 

significant contribution of additional factors and did not improve the base models. AIC = Akaike information criteria, 

was used to aid model selection. 
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Figure 9. Adjusted post-walk data for the Attention Network Task performed by typically-

developing children 

Adjusted means and standard errors displayed as results of the initial base model applied during linear mixed model 

analysis for the four outcome measures. The post-test data displayed in the figure were adjusted using baseline data as a 

covariate. Subject was included in the base model as a random factor. ms: milliseconds. Significant main effects of 

environment are marked, *p < 0.05.  

4.3 Results - Article III 

4.3.1 Participant characteristics, perceived restorativeness and mood 

Data loss and participant dropout meant the number of participants in each treatment combination 

condition varied; however, the differences in participant characteristics were negligible. Paired 

samples t-tests revealed no significant differences between environments in mood change ratings, 

t(17) = 1.838, p = 0.08, or perceived restorativeness, t(21) = -0.089, p = 0.981. Thus, despite the 

predictions of ART, participants did not rate the natural environment as being more restorative than 

the built environment.  
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4.3.2 Environmental treatments on cognitive performance  

The effect of the environmental treatment on participants’ cognitive performance was analysed 

using LMMs, with environment as a main fixed factor of interest. As shown in Table 4, none of the 

four outcome measures, executive attention (EXE), accuracy (ACC), response time (mRT), or 

stability of performance (SERT) were influenced by the type of environmental treatment, when 

analysing across all levels of medication treatment.  

4.3.3 Pharmacological treatments on cognitive performance 

The effect of medication on participants’ cognitive performance was analysed by including 

medication as a main fixed factor of interest. The results of the models presented in Table 4 show 

that across both levels of environment, medication improved accuracy (β = 10.656, p < 0.001), 

response speed (β = -43.413, p = 0.028), and stability of performance (β = -4.155, <0.001); 

however, medication did not significantly predict executive attention performance.  

4.3.4 The interaction of environment and medication on cognitive performance 

An interaction term was included in the LMMs as the final main fixed factor of interest. This factor 

was included to investigate the influence the four treatment combinations had on cognitive 

performance. As shown in Table 4, no interaction effects were found for executive attention 

performance, response speed, or variability of performance. However, a significant interaction 

between environmental and medication was found for accuracy of performance (β = -8.406, p = 

0.035). In contrast to our hypothesis, the treatment combination with the highest accuracy was 

medication + built environment (m = 130.51, SD = 2.50), rather than medication + natural 

environment (m = 125.58, SD = 2.42), as was predicted.  
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Table 4. Linear mixed models exploring the effect of environment and medication on post-

walk Attention Network Task performance in children with ADHD 
Linear mixed models predicting executive attention (EXE), accuracy (ACC), mean reaction time (mRT), and 

variability of performance (SERT) on the ANT. All models include baseline as a covariate and subject as 

random factor. Model 1 (base) represents the unadjusted model that includes the fixed effects of primary 

interest - environment, medication, and their interaction. Model 2 explored additional fixed factors in a step-

wise manner to reduce residual variance. AIC = Akaike information criteria, was used to aid model selection. 
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Figure 10. Adjusted post-walk data for the Attention Network Task performed by children 

with ADHD under medicated and placebo conditions 

Adjusted post-walk means based on the results of the model applied during linear mixed model analysis for the four 

outcome measures derived from the Attention Network Task. The post-test data displayed in the figure were adjusted 

using baseline data as a covariate. Subject was included in the base model as a random factor. Significant main effects 

of medication across both levels of environment are marked, *p < 0.05, **p < 0.01. ms: milliseconds 

4.3.5 Follow-up analyses 

Additional factors and covariates were added to the four base models to reduce residual variance 

and explore the influence of other variables collected during the study. These included age, gender, 

order of environment, order of medication, mood change (post-VAMS minus pre-VAMS), 

restoration tendency (PRS-C II nature minus PRS-C II built), timing of activation across medication 

types (short release, long activation), and SWAN rating (inattentive, hyperactive, combination, 

criteria not met). Only two of these factors were found to influence the results. Change in mood 

scores were found to influence response speed (β = -9.100, p = 0.019) and stability of performance 

(β = -0.418, p = 0.048). Age was found to influence accuracy (β = 2.593, p = 0.011); and stability of 

performance (β = -0.756, p = 0.014). None of the additional variables were found to influence 

executive attention performance.  



 
70 

 

4.3.6 Post-hoc power analysis 

Post-hoc power analyses were performed as a means of comparing environmental and 

pharmacological treatments and to determine the number of participants required to achieve an 

acceptable level of statistical power.  

Accuracy and stability of performance from the placebo conditions were chosen to calculate 

the sample sizes required based on environmental treatments. The mean differences in accuracy (m 

= 3.48, SD = 11.46) and stability (m = 1.29, SD = 3.85) found between natural and built 

environments suggested that between 72 and 88 participants would be required to achieve a power 

level of 80% when tested at a significance level of 5%.  

Accuracy, response speed, and stability of performance from built environment conditions 

were used to calculate the sample sizes required based on medication. The mean differences in 

accuracy (m = 10.66, SD = 11.65), stability (m = 4.16, SD = 3.87), and response speed (m = 43.41, 

SD = 71.74) found between medication and placebo conditions suggested that between 10 and 43 

participants would be required to reach a power level of 80% when tested at a significance level of 

5%.   
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Chapter 5: DISCUSSION 

 

More than ever before, children are growing up exposed to urban environments and technologies 

containing stimuli that are designed to capture attention. This means the need for children to have 

control over their attention is greater now than at any other point in human history.  

The current thesis investigated how natural environments influence the cognitive processes 

of children with and without ADHD. Attention Restoration Theory (ART) proposes that natural 

environments promote cognitive functioning through the restoration of a finite ability to effortfully 

direct attention (Kaplan & Kaplan, 1989; Kaplan, 1995). ART proposes that the restoration process 

is fostered by the activation of a bottom-up, effortless form of attention that is evoked by the 

intrinsically fascinating stimuli found within natural environments. However, natural environments 

are believed to be optimally restorative when they also evoke a sense of being away or separated 

from cognitively fatiguing situations; are extensive enough to offer a rich experience; and are 

compatible with the individual’s desires and goals (Kaplan 1995). This chapter will present a 

discussion on the main findings from the thesis, including in what ways they contribute to our 

current understanding of 1) how children benefit from interactions with nature; 2) whether ART 

should be expanded based on current evidence; and 3) which features of commonly applied 

methodologies should be addressed in order to progress the field of restorative environments 

research.  

5.1 Articles I, II, and III: Comparisons with and contributions to the existing 

literature 

The systematic review and meta-analysis (Article I) found that exposure to natural environments or 

stimuli can improve performance on tasks measuring aspects of working memory, cognitive 

flexibility, and to less reliable extent, attentional control. The effect sizes were low to moderate and 

were larger if participants have been exposed to actual, physical environments rather than virtual, 

digital environments. The effect of restoration potential or the need for restoration was unclear.  

Although this thesis focused largely on children, it is important to understand the nature of 

the evidence for ART in all participant groups. Indeed, ART was developed with adult data (Kaplan 

& Kaplan, 1989) and there is no explicit mention of children. The synthesis of results across all 

participant types pointed to three cognitive domains for which the current evidence suggests are 
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sensitive to the restoration effect, working memory, cognitive flexibility, and attentional control. 

These findings more or less confirm the results of Ohly and colleagues’ (2016) meta-analysis, 

which showed positive significant effects of exposure to natural environments on the Digit Span 

Forwards (DSF) and Backwards (DSB) Tasks and the Trail Making Test B (TMTB). DSF and DSB 

are both measures of working memory where information must be maintained in short-term 

memory while being protected from internal or external distraction (Reynolds, 1997). The DSB task 

has a higher cognitive load, where this stored information must also be manipulated. TMTB 

considered a measure of cognitive flexibility, which described the ability to switch between 

attentional sets, or internal goal-relevant representations (Arbuthnott & Frank, 2000). 

The results of the meta-analysis also confirmed the ambiguity surrounding the directed 

attention resource proposed to be sensitive to restoration effect, as noted by Ohly and colleagues 

(2016). The Three D’s of Directed Attention framework was presented in Article I as an attempt to 

describe the involvement of directed attention in each outcome measure found to be sensitive to 

natural environments. The framework includes three axes of directed attention along which 

outcome measures differ: the level of cognitive demand (low to high); the locus of distraction 

(internal to external); and the direction of attentional focus (internal to external). The ambition was 

to give future researchers a method of comparing these aspects of directed attention between 

outcome measures from previous studies and potential new measures, to ensure appropriate 

measures are selected. A literature base with such diverse outcome measures is problematic when 

trying to estimate pooled effect sizes.      

Interestingly, the three cognitive domains, working memory, cognitive flexibility, and 

attentional control, were categorised by Diamond (2013) as the core executive functions that give 

rise to higher-order processes such as planning, reasoning, and problem solving. Indeed, executive 

functions have been identified as being an important predictor of children’s academic success, 

behaviour, and engagement (Brock, Rimm-Kaufman, Nathanson, & Grimm, 2009). The same is 

also true for children with ADHD, where better executive functioning predicts better prognosis, 

including achievement, socialisation, communication, and functional behaviour (Biederman et al., 

2004; Clark, Prior, & Kinsella, 2002). Therefore, the exciting prospect derived from Article I, with 

relevance for the present thesis, is that exposure to natural environments may act as an intervention 

targeting executive functions, which results in observed gains in cognitive performance. This may 

have implications for education practices for typically-developing children and may extend even 

further for children with ADHD, a disorder associated with symptoms of executive dysfunction 
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(Barkley, 1997). However, the systematic review did uncover a distinct absence of well-conducted 

RCTs involving children and adolescents. No investigations of the restoration effect in children 

with ADHD have been reported since Van den Berg and Van den Berg’s small study published in 

2011. It could be argued then, that although ART has reasonable support within adult populations, 

the assumed beneficial relationship between children and nature remains highly understudied. This 

leads us to the results and contributions of Articles II and III.   

 The results of the semi-randomised crossover trial exploring the restoration effect in 

typically-developing children (Article II) aligned well with previous research involving this group 

of children. Recent natural experiments have found that long-term exposure to natural environments 

influences the structural development of bilateral prefrontal areas (Dadvand et al., 2018) and 

cognitive performance related to working memory and stability of performance (Dadvand et al., 

2015). The results of Article II support this finding and suggest the long-term benefits may relate to 

regular opportunities for restoration. We used a RCT design with a fatigue induction period and a 

restoration period to measure acute changes in cognitive performance. Interestingly, our findings 

replicated those of Dadvand and colleagues’ (2015) natural experiment involving children, with an 

improvement in performance stability after exposure to a natural environment. Our findings did not 

follow the pattern found in adult studies using the Attention Network Task (ANT), where adult 

participants appear more likely to show improvements in executive (directed) attention performance 

(e.g. Berman et al., 2008). This result has still never been demonstrated with children using this 

task, including in Article II.  

The results from the eye-tracking data presented in Article II are in opposition to previously 

reported studies using computer-based environmental exposures. While past research has found 

participants view natural scene with fewer fixations (e.g. Berto, 2008), the results in Article II show 

that participants viewed the natural environment while walking with more fixations. In hindsight, 

the hypotheses regarding fixation rates during exposure to natural environments are paradoxical 

based on two aspects of ART. One the one hand, it could be argued that fewer fixations could be 

interpreted as less cognitive effort at the level of perception (Berto, 2008); however, a more reliable 

and accepted measure of cognitive load in eye-tracking research is pupil dilation (Granholm, 

Asarnow, Sarkin, & Dykes, 1996). On the other hand, a greater number of fixations would suggest a 

greater amount of visual exploration given that fixation is the only time when visual information 

can be taken in (Rucci & Poletti, 2015). This could also be interpreted as reflecting an ease in 

shifting attention from one feature of the environment to the next. Therefore, the finding in Article 
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II that participants fixated more frequently during the nature walks might tentatively be interpreted 

as reflecting greater fascination associated with natural environments or an increased ease in 

switching attentional targets. It is clear that more studies using mobile eye-tracking glasses in 

natural and built environments are needed in order to replicate these findings in different participant 

groups. Despite clear environmental effects in typically-developing children, the same was not 

found in children with ADHD.       

The results from Article III show that cognitive performance in children with ADHD did not 

improve significantly in response to a treatment of walking in a natural environment. Medication, 

however, produced clear effects on accuracy, stability of performance, and response speed on the 

ANT. This was contrary to the hypotheses where it was predicted that children with ADHD would 

be particularly sensitive to the effect of the natural environment because of characteristic deficits in 

executive functioning, the cognitive abilities found to be the most sensitive to the restoration effect 

(Article I). Despite these results, the study improved upon the designs applied in earlier 

investigations of the restoration effect in children with ADHD. The study by Faber Tayor and Kuo 

(2009), upon which Article III was based, did not include a baseline measure of cognitive 

performance. Therefore, the comparisons of cognitive performance between environments were 

based solely on post-walk measures, rather than change scores, or scores with baseline adjustment. 

The results of Article III call into question the strong effect of the nature walk reported by Faber 

Taylor and Kuo’s (2009). Consideration must be given to the fact that other variables may have 

unexpectedly varied between the days of testing, which would have otherwise been controlled for 

by including baseline measurements prior to environmental exposures. For example, the quality of 

the previous night’s sleep has been shown to influence working memory performance on the 

following day (Steenari et al., 2003).  

The non-supported hypothesis in children with ADHD may also be explained by 

considering the findings of both Article I and II. The fatigue-inducing task differed between 

Articles II and III, where participants in Article III performed a task with comparatively less 

cognitive load than participants in Article II. As the Three D’s of Directed Attention framework 

(Article I) predicts, tasks with higher cognitive load are more likely to be sensitive to the restoration 

effect. Indeed, the DSF and DSB tasks were successfully used for cognitive fatigue induction for 

participants in Article II. These are among the tasks most sensitive to the restoration effect (Article 

I; Ohly et al., 2016). This would suggest that the restoration potential of participants in Article II 

was higher for those participants in Article III, despite having a diagnosis of ADHD.   
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In summary, the results of the current thesis suggest that exposure to the natural 

environment may improve executive functioning through a process of restoring the state of fatigue 

that ensures after depleting certain cognitive resources. Although this effect is also present in 

children, differences in performance measures suggest that the restorative effect may be 

qualitatively different between children and adults. The influence of exposure to natural 

environments on the cognitive processes of children with ADHD may be more elusive and more 

nuanced than previous studies suggest. The results of Article II suggest it is the ‘effortful’ part of 

‘effortful directed attention’ that is particularly sensitive to natural environments in children. This 

will be elaborated in the following section.  

5.2 Theoretical considerations 

5.2.1 Self-regulatory processes may play a key role in the restoration effect    

The results of Article I, II, and III suggest that ART should be elaborated to allow for the diversity 

of cognitive processes found to be improved through exposure to natural environments. Article I 

suggests the processes underlying executive functioning are sensitive to restoration. However, there 

was also evidence uncovered in Article I, and supported by the results in Article II, that suggests 

self-regulatory processes, such as effort allocation, are also sensitive to the restoration effect; and 

that this may be particularly true for children. Self-regulatory processes include effort allocation, 

response inhibition, and the ability to maintain inner states of arousal (Diamond, 2013). These 

processes are so entwined with executive functioning that it is sometimes difficult to identify a 

distinction. For example, directing attention away from something appealing is clearly related to the 

ability to delay gratification (Mischel, Shoda, & Rodriguez, 1989). However, in the case of the 

restoration effect and the changes it induces on ANT performance in adults (e.g. Berman et al., 

2008) and children (Article II), a distinction seems useful and necessary. Here, the executive 

attention score can be considered a measure of executive functioning (Posner & Rothbart, 2007). 

Conversely, an outcome measure related to stability of performance overtime, or intra-individual 

variability in responding, reflects the ability to allocate and maintain effort towards the task 

(Wiersema, Van Der Meere, & Roeyers, 2005), and is therefore better considered a measure related 

to self-regulation. After exposure to nature, executive attention performance measured by the ANT 

is improved in adults (Berman et al., 2008; Gamble, Howard, & Howard, 2014), but not children 

(Article II; Dadvand et al., 2015; Kelz, Evans, & Röderer, 2015). Conversely, effort allocation or 

self-regulation during the ANT appears to be improved by exposure to natural environments in 
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children (Article II; Dadvand et al., 2015), but this has never been reported in adults. However, it 

should be noted that the performance stability measure first reported by Dadvand and colleagues 

(2015) is not a commonly reported outcome measure of ANT performance.   

 The pattern of results based on ANT performance not only suggests that self-regulation is a 

good candidate for expanding ART, but it also suggests that these processes may be more readily 

influenced by natural environments in children, compared with more classic measures of executive 

attention. This is supported by the results of Article II, as well as the only other existing RCTs in 

children using objective outcome measures (Jenkin et al., 2017; Schutte et al., 2017). This is not to 

say that self-regulation in adults is not affected by natural environments, as short exposures have 

also shown to improve stability of performance measures of other tasks for older participants (Lee 

et al., 2015). In fact, self-regulation was already identified as being related to the restoration effect 

by one of the theory’s founders before much of the evidence supporting this idea was published 

(Kaplan & Berman, 2010).  

5.2.2 Article IV: a cognitive-energetic model of the restoration effect 

Article IV presents a model that was inspired by the cognitive-energetic framework of human 

information processing developed by A. F. Sanders (1983). This framework is familiar to the field 

of ADHD research, where it has been applied to describe the disorder’s cognitive and behavioural 

profile (Sergeant, 2005; Sergeant, Geurts, Huijbregts, Scheres, & Oosterlaan, 2003). The cognitive-

energetic model seems well-placed among other models of ADHD as it brings together aspects of 

self-regulation and executive functioning, two related areas that have been separately proposed as 

being central to the disorder’s cognitive pathology (e.g. Barkley, 1997; Douglas, 1999). With this in 

mind, a cognitive-energetic framework for expanding the description of ART’s restoration effect 

seems appropriate, given the specific sensitivity of executive function measures (Article I) and the 

theoretical (Kaplan & Berman, 2010) and empirical evidence (e.g. Article II) supporting the 

involvement of self-regulation. 

 A cognitive-energetic model of the restoration effect (CEM-R) was proposed in Article IV 

as an attempt to link two lines of evidence that reported natural environments have beneficial 

effects on the human brain. On one side, mounting evidence supports the hypothesis that exposure 

to natural environments leads to improvements in executive functioning and potentially self-

regulation through the restoration of an attention resource. Meanwhile, a parallel base of studies 

have consistently shown that exposure to natural environments leads to recovery from stress, as 
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indicated by physiological measures, such as salivary cortisol levels and heart rate variability (e.g. 

Ulrich et al., 1991). The environmental effects on stress response may be hard to separate from the 

effects on cognitive performance. While one line of research examines restoration from cognitive 

fatigue, the other examines recovery from stress induction. Thus, typical protocols in both areas 

include an antecedent state-induction prior to environmental exposure to induce a sub-optimal 

functional state, followed by a period designed to re-establish the previous and more optimal 

functional state. Moreover, multiple studies within the wider field of cognitive psychology have 

demonstrated the moderating effect stress response can have on executive functioning and 

activation of the prefrontal cortex (e.g. Thayer, Hansen, Saus-Rose, & Johnsen, 2009). Based on the 

evidence synthesized in Article I, the empirical data collected for Article II, and the studies drawn 

from the wider fields of environmental and cognitive psychology, an expanded account of the 

restoration effect should seek to combine elements of executive functioning, self-regulation, and 

stress response in its explanation.   

 In the CEM-R (Figure 12) presented in Article IV, cognitive fatigue and stress response are 

influenced by exposure to natural environments in a dynamic manner, whereby a change in one 

factor through an induction phase affects the other. Therefore, restoration of cognitive fatigue and 

recovery from stress occur simultaneously. The model comprises three levels, the cognitive, the 

energetic, and the evaluative. The cognitive level describes the cognitive operations that occur from 

perception of the environment through the senses to when the information is acted upon as an overt 

response. As in Sanders’(1983) original model, the energetic level, includes three inter-related 

factors that regulate the cognitive system. Arousal and activation are considered physiological 

factors that contribute to perception and response, respectively. Arousal refers to generally short-

lived bursts of phasic physiological changes sensitive to environmental changes, while activation 

includes tonic physiological processes related to readiness to respond. Meanwhile, effort plays a 

more general regulatory role. The effort factor adopted for the CEM-R was inspired by a 

compensatory control mechanism proposed by Hockey (1997), where general-purpose resources or 

‘units’ are allocated among the energetic factors, depending on need, in order to maintain an 

harmonious energetic state. The general-purpose units might be used passively or actively 

depending on the degree of effort perceiving and responding to a task, situation, or environment 

(see Figure 12). During the harmonious state, an individual is not under- or over-aroused and is not 

expending considerable cognitive effort to maintain this way.  



 
78 

 

 

Figure 11. The Cognitive-Energetic Model of Restoration 

An expanded model of nature-based cognitive restoration is proposed whereby the natural environment acts upon 

cognitive fatigue and somatic stress response in a dynamic manner. The model consists of three levels, cognitive, 

energetic, and evaluative, which can be evaluated using different outcome measures (boxes on left side). Under normal 

functioning conditions, the energetic factors or arousal and activation are regulated by energy units that are sensitive to 

a third energetic factor, effort. When effort load is low, the majority of energy units are operating passively, attending to 

automatic ‘maintenance’ processes, such as parasympathetic nervous activity, bottom-up attention, and passive mind-

wandering. When effort load is high, a number of energetic factors that were previously passive become active to adjust 

to the demands of the new situation or environment and to re-establish equilibrium between arousal and activation. This 

changes the ratio between passive and active energetic units. Stress and cognitive fatigue induction is proposed to act 

upon the arousal and effort, respectively (dotted red lines), which causes a compensatory shift in ratio between passive 

and active energetic units. Stress response arises when a disruption in the harmonious energetic state is detected by 

evaluative mechanisms. Cognitive fatigue and associated performance decrements occur from the increased effort 

needed to perform cognitive operations, which shifts the ratio of passive to active energy units. Stress recovery and 

cognitive restoration is achieved under conditions where the amount of passive energetic units outnumbers the amount 

of active energetic units. It is proposed that exposure to natural environments induces a state whereby automatic 

maintenance processes, associated with passive energetic units, can take place. In this sense, restoration or recovery 

refers to the process whereby previously active energetic units return to their role as passive energetic units, for which 

their energetic consumption is low.     

   

Passive units refer to those involved in automatic maintenance processes, such as those 

controlled by the parasympathetic nervous system, or involuntary processes such as ART’s 

involuntary attention related to fascination. Passive units are associated with low cognitive effort. 

When the cognitive effort is low, the amount of passive resources outnumbers the amount of active 

effortful resources, leading to opportunities for favourable physiological and cognitive states, which 
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give rise to stress recovery and cognitive restoration. However, when considerable effort is applied 

during perception and responding, the ratio between passive and active units shifts so that more 

units become activated and utilised to regulate arousal and activation, in order to meet the new 

demands.  

Thus, an increase in effort means that one must make complementary adjustments in arousal 

and activation to maintain a harmonious state within the three energetic factors. However, if 

compensatory adjustments made between effort, arousal, and activation are unsuccessful, an 

individual experiences decrements in cognitive performance, physiological stress response, or both.  

The final, evaluative level will elicit a stress response when disruptions to the harmonious 

state are detected. The model predicts that the rebalancing of energetic resource units during the 

restoration phase of experiments is central to the observed restoration from cognitive fatigue and 

physiological recovery from stress.   

5.2.3 Applying the cognitive-energetic model to interpret the results from Articles II and III 

The CEM-R may be particularly useful in explaining the restoration effect in children, for whom 

current evidence suggests self-regulatory factors play an important role. In this section, the results 

of Articles II and III will be explored using the CEM-R. Both studies involved a period of cognitive 

fatigue induction where the participants performed a cognitive task. The CEM-R predicts that the 

increase in effort to maintain performance may cause a shift in the ratio between active and passive 

resource units. An increase in active units due to increased effort causes 1) cognitive fatigue due to 

an overuse of active energy units, a similar mechanism that is described by ART; and 2) stress 

response due the compensatory changes in energetic resource units causing imbalance between 

effort, arousal, and activation. With more active units being used by the effort factor, fewer are 

available to regulate the ensuing changes in arousal and activation levels. Therefore, while 

cognitive fatigue may occur due to overuse of energetic units related to effort; stress response may 

also occur due to the disruption caused to the energetic factors on the whole.  

Article II included fatigue-inducing tasks that involved considerable cognitive effort, the 

DSF and DSB tasks. A pseudo-competition was created to increase engagement in the tasks. 

Therefore, there was a higher chance that participants in Article II recruited more effort units 

performing this task than participants of Article III, who performed a comparatively easier task and 

were not subjected to a competition. The model predicts that participants in Article II would have 

had a harder time regulating energetic factors to maintain performance of the DSF/DSB tasks. This 
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may explain the restoration effects found after a walk in a natural environment relative to the built 

environment. The model also predicts that the arousal factor may be particularly sensitive to 

environmental factors (Pribram & McGuinness, 1975). Therefore, the imbalanced energetic state 

experienced after fatigue induction is proposed to be overcome due to a re-stabilisation of arousal 

(Hartig, Evans, Jamner, Davis, & Gärling, 2003) along with the shift in ratio between active and 

passive units that occurs during exposure to natural environments, as in ART (Kaplan, 1995).  

 The results of Article II showed that stability and speed of responding on the ANT was 

improved after exposure to the natural environment. Both these results suggest that energetic 

factors, such as arousal and effort were more sensitive to the restoration effect than factors related 

to cognitive operations; however, this remains purely speculative when discussing behavioural 

results. Such a hypothesis should be tested using more sophisticated techniques, such as exploring 

P300 amplitude in event-related potential recordings using electroencephalography (e.g. Wiersema, 

Van Der Meere, Roeyers, Van, & Baeyens, 2006). An effect on executive attention but not other 

ANT measures, as found in adults, would suggest that cognitive operations related to attention were 

more sensitive to the restoration effect.   

 The results of Article III showed no environmental effect on energetic factors or cognitive 

operations in children with ADHD. One explanation might be that participants did not allocate the 

required effort to successfully perform the cognitive fatigue task, or the task was simply too easy. 

This means that performing the task did not lead to compensatory adjustments to regulate 

imbalances between the energetic factors. However, the unsupported environmental hypothesis in 

Article III remains a curiosity, as the CEM-R would predict that children with ADHD are at a 

higher risk for depletion of energetic factors (Sergeant, 2005).  

In light of the CEM-R, it seems the exclusion of children with the sub-diagnosis ADHD-

hyperactive was problematic. Children with the hyperactive sub-diagnosis were excluded based on 

the existing data in adults and definitions in ART that proposed attention mechanisms are central to 

the restoration effect. Therefore, it was believed that children with ADHD whom did not exhibit 

symptoms of inattention would be less likely to be affected by restorative environments. However, 

if energetic factors are central to the restoration effect in children, as proposed by the CEM-R, then 

this would not be the case. In fact, research has shown that the presence of hyperactivity symptoms 

predicts whether the energetic factors arousal and effort moderate performance on certain tasks 

(Egeland, Ueland, & Johansen, 2012).     
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5.3 Methodological considerations 

5.3.1 Improving the methods used in Article I 

Although the systematic literature review and meta-analysis was conducted using the PRISMA 

statement (Moher et al., 2009), which has been widely used across various fields, there were several 

factors that may have limited the reliability of the results. Firstly, our systematic review was 

perhaps not quite as extensive as Ohly and colleague’s (2016) as we did not include non-English 

publications. It is not known whether studies written in languages other than English were 

published during our period covered by our search; however, Ohly and colleagues’ review (2016) 

included two such texts.   

 Secondly, the meta-analyses were initially performed based on post-test data only, while 

baseline balance was then explored as a moderator variable. This was somewhat problematic as in 

many cases, we could not obtain the necessary information regarding baseline balance, and so many 

studies were consequently marked as unsure. The matter of baseline balance is a common problem 

faced by researchers when conducting and interpreting meta-analyses. If the research field has 

sufficient data, then baseline scores may be included as a covariate when calculating effect sizes, as 

is recommended during individual-level analysis (van Breukelen, 2013). Calculating pooled effect 

sizes from change scores (post-test minus baseline) is often not possible due to the need for a 

correlation co-efficient between baseline and post-test scores, which is used in the calculation of 

variance. This is possible to impute, but multiple imputations in the same meta-analysis is not 

recommended and may lead to misleading results (Green & Higgins, 2005). An optimal analysis 

would involve contacting authors to obtain individual-level baseline and post-test data for each 

outcome measure for all included studies. However, in practice, this may only be possible in certain 

medical fields where research consortia are more common.       

Finally, one of the main findings from the moderator analyses showed that exposure to 

actual natural environments predicted larger effect sizes than virtual exposures to natural 

environments. This was not perhaps surprising; however, it was interesting to explore given the 

obvious differences in experience between actual and virtual environments. However, we cannot be 

sure this result is due to the effect of exposure type alone as actual exposures tend to be longer in 

duration. Therefore, the moderating effect of exposure type may also be explained by exposure 

duration. It is possible to control for duration by including it as a covariate when calculating 

environmental effect sizes. However, this requires an adequate number of studies for each outcome 



 
82 

 

measure to be viable. Future meta-analyses should investigate the effect of both types and duration 

of environmental exposure.  

5.3.2 Improving the methods used in Article II 

The most interesting hypothesis derived from the results of the Article II is that children and adults 

benefit from exposure to natural environments through different mechanisms. This is based on the 

fact that when performing the same task, the ANT, child participants show improvements in 

stability and speed, perhaps reflecting improvements in regulation of energetic factors; while adults 

show improvements in executive attention, perhaps reflecting strengthened cognitive operations 

related to attention. Such an assertion must remain tentative until children and adults are tested 

under the same protocol in the same study. It would also be relevant to include measures related to 

stress response, which arise occur during cognitive fatigue induction, due to the compensatory 

processes at the energetic level. It would be interesting to see whether latent restoration effects on 

stress response are also detected under a similar protocol as that used in Article II.  

 One methodological factor overlooked in Article II was the use of fatigue-induction checks. 

It was unfortunate not to include subjective or objective physiological measures of fatigue levels 

after fatigue induction to ensure participants had indeed used cognitive resources related to effort 

and were in fact fatigued. An optimal ART protocol would include fatigue checks prior to and after 

induction, as well as during and after the environmental exposure. Such extensive measurement 

could be achieved through wearable physiological monitors that record heart rate variability or skin 

conductance. Alternatively, eye-tracking glasses could be worn throughout the procedures to 

measure pupil dilation, which is also used for monitoring cognitive fatigue (Granholm et al., 1996).     

5.3.3 Improving the methods used in Article III 

The study presented in Article III was conducted prior to the study presented in Article II. As 

previously mentioned, the cognitive fatigue induction technique used in Article III was inferior, and 

the exclusion of children with a sub-diagnosis of ADHD-hyperactive was likely to be problematic. 

Along with these adjustments, consideration needs to be given to the participants’ relationships to 

the environments used. Participants in Article III did not rate the natural environment more 

restorative than the built neighbourhood environment. If the restorative psychological state that is 

supposedly induced by natural environments is necessary for the restoration effect, then it is 

perhaps not surprising that no effect was found. Perhaps, in the same way that neural systems adjust 

to the uptake of a new medication types, so too must they adjust to new environments before 
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benefits can be observed. Future researchers investigating the restoration effect in children with or 

without ADHD might consider a habituation or training phase when participants are afforded time 

to familiarise themselves with the environments to be used in the studies. In this way, participants 

may be more likely to achieve the necessary state of psychological restoration to support the 

occurrence of the restoration effect.  

The necessity of a familiarisation stage in restoration research goes against the biophilia 

hypothesis, which proposes that humans have a natural affinity towards nature and that benefits 

derived from interacting with it should be inherent (Kellert & Wilson, 1995). This position may be 

held by many within the field; however, the reality may be that the disconnection from the natural 

world that occurs during modern childhoods may be simply too great to overcome without training. 

Thus, the benefits of interacting with natural environments may only occur in children that have an 

established connection with these environments; as did the participants in Article II. This should not 

be seen as a disappointing alterative to the more romantic notion of biophilia, but instead be 

interpreted as yet another reason for reconnecting children to the natural world.           

5.4 Future perspectives: implications for practice, policy, and research 

The results from Articles I, II, and III give partial support for the hypothetical recommendation of 

allowing children breaks in natural environments to optimise cognitive performance at school and 

buffer against the fatiguing effects of modern childhoods. Article IV suggests that short exposures 

to the natural environment evokes changes in energetic factors, effort and arousal, which drive the 

hypothetical improvements in learning and cognitive performance. It must be noted that any 

changes to policy or practice regarding the use of natural environments to support learning is 

relying on an evidence base with gaps in knowledge waiting to be filled. The current thesis went 

some way to address these gaps by showing that a 30-minute exposure to a natural environment had 

a clear positive effect on typically-developing school children. This study was conducted in a (semi) 

randomised, controlled manner in order to investigate mechanisms underlying the effect. A recent 

study using real school setting complimented these findings, particularly regarding the potential of 

energetic resources to drive the restoration effect in children. The study showed that exposure to 

natural environments during lessons may also have positive effects on engagement in subsequent 

learning situations (Kuo, Browning, & Penner, 2018). This suggests that exposure to natural 

environments does not necessarily have to occur during school break periods to have a positive 
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influence on cognition. It is yet to be explored whether the mechanisms by which these benefits are 

driven differ between exposures to natural environments during breaks and lessons.  

 For children with ADHD, it is simply not possible to make recommendations based on the 

results for the current thesis. In fact, the results of the current thesis calls into question previous 

assumptions about the positive effect natural environments have on children with attention 

problems. It appears the relationship between cognitive symptoms of ADHD and natural 

environments may be more complex that first thought. Indeed, the current thesis highlights the fact 

that the restoration effect itself is more complex than first thought and that our understanding of the 

effect in children remains limited to sources of evidence with inherent problems. On the plus side, 

there remain exciting new avenues for future research into how children with ADHD may receive 

cognitive benefits from exposure to the natural environments, particularly in light of new 

hypotheses that highlight the importance of energetic mechanisms driving the effect in children. 

Future results may fail to replicate Faber Taylor and Kuo’s (2009) intriguing suggestion that natural 

environments can be as effective as medication; however, if such a widely accessible and cost-

efficient treatment approach is shown to be effective to some degree, there is no reason why future 

practitioners should not recommended regular contact with natural environments as part of a 

healthy lifestyle strategy for maintaining healthy cognitive functioning.     

 The work contained in the current thesis provides novel hypotheses regarding the specific 

effect natural environments have on children’s brains. The possibility that children and adults 

benefit from exposure to natural environments in different ways seems to be of highest importance. 

If researchers within the field aim to understand how an increasingly urbanised childhood affects 

the cognition and mental health of children, it seems clear that more data from child participants is 

needed. Based on power calculations reported in Article III, the effect sizes related to natural 

environment interventions may be modest. However, if something as simple as passive exposure to 

an environment can be protect against the effects of cognitive fatigue, perhaps other adjustments to 

daily routines would further reduce the problems related to urbanisation and overuse of technology. 

Therapeutic lifestyle interventions have been tipped to become a central focus for treatment and 

prevention of mental health problems in the 21
st
 century (Walsh, 2011). The restorative 

environments research field has much to offer in the conversation regarding optimal therapeutic 

lifestyles. It would be inspiring to see greater collaboration across the fields of psychology and 

preventative medicine to establish a research base exploring the impacts of lifestyle choices in 
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mental health treatment. After all, the cognitive fatigue suffered by today’s children is in itself a 

consequence of lifestyle.   
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Chapter 6. CONCLUSIONS 

 

Previous research has demonstrated that prolonged exposure to urban environments may be 

detrimental to mental health, while exposure to natural environments may promote cognitive 

development. A child growing up in an urban environment is exposed to a large amount of stimuli 

that draws on attention processes in a way that demands cognitive effort. To repeatedly shift 

attention and redirect focus in these environments is believed to be particularly draining on effortful 

cognitive resources and leads to more frequent states of cognitive fatigue.  

Attention Restoration Theory (ART) predicts that cognitive fatigue may be overcome by 

exposure to natural environments. The resource underlying the ability to direct attention in an 

effortful manner is believed to be restored by the engagement of an opposing form of attentional 

processing which is effortless and involuntary. Natural environments are nominated as being 

particularly suited for engaging effortless, involuntary attention as they contain stimuli that are 

intrinsically fascinating, which allows attentional shifts between the stimuli to occur with relative 

ease. Optimal restoration is believed to occur in environments that also offer a sense of being away 

from fatiguing situations; are compatible with one’s desires or need for restoration; and that are 

extensive enough to offer a rich experience. The restoration effect is purported to be demonstrated 

in studies that report improvements in cognitive performance after short exposures to natural 

environments or natural stimuli. While this effect has been well-documented in adults, the evidence 

base exploring the restoration effect in children is limited. Therefore, it is not clear whether the 

effect is as robust in children, occurs through the same mechanism, and is clinically relevant for 

children with attention deficits.  This current thesis contributed to this knowledge gap through a 

series of investigations, including a systematic literature review and meta-analysis, two randomised 

crossover trials, and a theoretical article.   

The systematic review and meta-analysis presented in Article I revealed that the restoration 

effect associated with exposure to the natural environments acts on cognitive processes related to 

working memory, cognitive flexibility, and to a less-reliable degree, attentional control. Moreover, 

it was found that aspects of protocol, such as the type of environmental exposure the participants 

experienced, can moderate the effect sizes reported in current literature base. This article 

contributed to the current evidence base by 1) identifying the cognitive processes sensitive to the 

restoration effect to guide selection of outcome measures; 2) examining how their decisions 
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regarding methodology may influence results; and 3) offering evidence-based extensions of current 

definitions used in restorative environment research.   

The semi-randomised crossover trial presented in Article II found that walking in a natural 

environment restores cognitive processes related to stability of performance over time and response 

speed, rather than processes specific to directed attention. These results contradict existing adult 

data derived from the same task that found the restoration effect was specific to the ability to direct 

attention. Performance stability is more likely to be maintained by self-regulatory processes, such as 

effort allocation, rather than cognitive mechanisms, such as directing attention. These findings 

converge with past studies to suggest that self-regulatory processes may be more sensitive to the 

restoration effect in children. Using mobile eye-tracking glasses, it was also found that children 

view natural environments with a greater rate of fixations than built environments. This may reflect 

a higher level of fascination or greater ease in shifting attentional focus, which ART predicts is 

associated with restorative natural environments. This study contributed to the current evidence 

base in children by 1) demonstrating that a restoration effect can occur in children; 2) suggesting 

that the cognitive processes most sensitive to the restoration effect may differ between children and 

adults; and 3) providing the first mobile eye-tracking study in a physical environment to link 

aspects of fascination as a mechanism that underlies the cognitive performance gains seen after 

exposure to a natural environment.   

The randomised crossover trial presented in Article III suggested that the clinical relevance 

of attention restoration for children with ADHD is still not clear. The results showed that walking in 

a natural environment did not have significant effects on subsequent cognitive performance, 

regardless of whether participants were given their regular dose of medication or a placebo. In 

contrast, medication significantly improved accuracy, response speed, and stability of performance, 

across environment types. These results contribute to the current evidence base by 1) providing a 

treatment comparison that improves on methods employed in previous studies; 2) calling into 

question the utility of attention restoration as a clinical intervention strategy; and 3) demonstrating 

that the differences in expected effect sizes between the two treatments may make future 

comparisons difficult. 

The framework presented in Article IV provided a theoretical basis from which to extend 

ART, based on emerging patterns of evidence regarding how natural environments influence 

cognitive processes. It was proposed that a cognitive-energetic model may be useful in providing a 

more complete description of the restoration effect. The hypotheses generated from the article may 
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contribute to future directions in restorative environment research by 1) linking cognitive gains 

associated with restoration to the physiological changes related to stress recovery after time spent in 

natural environments; 2) providing a framework from which to explain the emergent evidence for 

the involvement of the restoration of self-regulatory processes during exposure to natural 

environments; and 3) justifying through theory the use of neurophysiological techniques, such as 

electroencephalography, to explore the involvement of arousal and effort as potential resources 

targeted by restorative processes.    

 The thesis demonstrates that short-term exposure to natural environments improves the 

cognitive performance of typically-developing children, and that this is likely due to the induction 

of a restorative mental state associated with the engagement of automatic, effortless form of 

attention. This suggests that use of natural environments may counteract the heightened mental 

fatigue associated with urban environments. Conversely, no evidence was found for the clinical 

efficacy of using natural environments to treat symptoms of inattention in children with ADHD. 

The exact mechanisms through which the restoration effect can be achieved are still not understood 

and this may limit the ability to apply the theory to clinical settings at the present time. The results 

contained in the thesis suggested that children and adults may benefit from exposure to natural 

environments in distinct ways. The question as to whether the potential differences in restoration 

qualitative or quantitative will make an interesting focus for future investigations. Larger studies 

inspired by the finding that children view natural environments with a greater rate of fixation, 

suggesting heightened fascination or ease of shifting attention, may uncover further clues as to how 

perception contributes to the induction of a restorative state and results in improved cognitive 

performance. The results contribute to the discussion surrounding the improvement of children’s 

access and use of natural environments and why such environments should be considered a 

ubiquitous part of modern childhoods.   
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