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Skill Fade and Competence Retention:  
A Contemporary Review  

(STO-TR-HFM-292) 

Executive Summary 
Military training often involves individuals or teams acquiring knowledge and skills that they may not be 
required to use immediately post-training or for extended periods of time throughout their career. Where this 
occurs, skill and knowledge fade may arise due to a lack of practice or limited opportunities for refresher 
training. Skill fade, if not addressed, can have serious implications for the safety of personnel, operational 
effectiveness as well as the efficiency and cost-effectiveness of training. The issue of skill fade and 
competence retention is likely to become increasingly important for NATO nations as they face a future 
operating environment that will be complex, unstable, and unpredictable. With the uncertainty surrounding 
the nature of future threats, military personnel will need to be trained to undertake a wider range of tasks and 
to adapt rapidly to changing demands. Military personnel will need to learn and retain a greater number of 
skills across a career and adapt their existing skills for use in new contexts. To ensure that training and 
education can keep pace with these changes in skill and knowledge requirements, it is important to identify 
and understand the factors that influence skill fade as well as the strategies to mitigate its detrimental effects 
and promote competence retention.  

The aims of the HFM-292 “Understanding and Reducing Skill Decay” Research Task Group (RTG) were to:  

1) Provide a contemporary framework for identifying and understanding the factors that influence skill 
fade; and 

2) Identify models, technologies and learning approaches that could be used to either reduce skill fade 
or manage it more effectively through the efficient scheduling of refresher training.  

To achieve these aims the RTG conducted a literature review and drew on the research conducted in their 
respective nations. The contributing researchers were eight Subject Matter Experts (SMEs) with significant 
experience in the study of competence retention in a military, medical, aviation and/or safety context.  

The contemporary review of the literature led to the identification of 38 factors that influence skill fade. 
These factors fell into three broad categories: person-related factors (e.g., cognitive ability, age, motivation, 
experience), task-related factors (e.g., physical vs. cognitive tasks, open vs. closed loop tasks, the number of 
steps in a task) and training and education-related factors (e.g., the spacing of learning, mastery training, 
retrieval practice and test-enhanced learning, the use of learning technologies). The report provides a detailed 
description of each factor, the direction of its effect on skill acquisition and retention, and the supporting 
evidence from existing scientific literature. It is likely that, over time, the factors that influence skill fade will 
evolve due to changes in work practices and approaches to learning. Therefore, it becomes useful to consider 
the comparatively smaller and more stable set of psychological mechanisms that underpin the effects of the 
influencing factors. To this end, the report identifies the psychological mechanisms that are likely to 
underpin each influencing factor. Nine psychological mechanisms were identified by the SMEs based on 
their expertise and the review of the literature: automaticity, cortical plasticity, boredom/mind-wandering, 
distribution of processing among channels, information processing rate, perception of fidelity, embodied 
cognition, role of emotion in memory consolidation, and the need for cognition.  
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The report identifies three key approaches in the management of skill fade. The first approach is to use 
existing quantitative/statistical models to predict the rate of skill decay and specify appropriate refresher 
training intervals at the level of a military unit. The second approach is to use technologies and analytics to 
understand the personalised learning and competence retention profile of an individual such that refresher 
training (or job aids) can be delivered to that person just in time. The third approach is to utilise virtual 
training experiences (e.g., in virtual or augmented reality) as these can provide high-fidelity, multimodal, and 
engaging learning environments that have been shown to facilitate competence retention. 

The HFM-292 RTG outline a number of recommendations in the report. Three of the key recommendations 
are that future research in this area should consider the need to:  

1) Transition from laboratory-based research on the retention of simple procedural skills to field-based 
research in operational environments focusing on real-world complex skills;  

2) Create a common standard for the categorisation and reporting of Knowledge, Skills and Attitudes 
(KSA) to enable meaningful comparisons to be drawn across competence retention research;  

3) Increase the quantity of competence retention data by collecting it as a business-as-usual activity at 
initial and refresher training events using valid and reliable performance metrics.  
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Érosion et maintien des compétences : 
une revue contemporaine 

(STO-TR-HFM-292) 

Synthèse 
La formation militaire implique souvent que les individus ou les équipes acquièrent des connaissances  
et des compétences qu’ils n’ont pas besoin d’utiliser immédiatement après la formation ou pendant de 
longues périodes tout au long de leur carrière. Lorsque cela se produit, les compétences et les connaissances 
peuvent s’éroder en raison d’un manque de pratique ou d’opportunités limitées de remise à niveau. L’érosion 
des compétences, si elle n’est pas traitée, peut avoir de graves conséquences sur la sécurité du personnel, 
l’efficacité opérationnelle, ainsi que sur l’efficience et la rentabilité de la formation. La question de l’érosion 
et du maintien des compétences prendra probablement de plus en plus d’importance dans les pays de 
l’OTAN, qui seront confrontés à un environnement opérationnel complexe, instable et imprévisible. Compte 
tenu de l’incertitude liée à la nature des menaces futures, le personnel militaire devra être formé pour 
effectuer un plus large éventail de tâches et s’adapter rapidement à l’évolution des demandes. Le personnel 
militaire devra acquérir et conserver un plus grand nombre de compétences tout au long de sa carrière et 
adapter ses compétences existantes à de nouveaux contextes. Pour s’assurer que la formation et l’éducation 
peuvent suivre le rythme de ces changements d’exigences en matière de compétences et de connaissances, 
il est important d’identifier et de comprendre les facteurs qui influencent le déclin des compétences, tout 
comme les stratégies permettant d’atténuer ses effets néfastes et de promouvoir le maintien des compétences. 

Les objectifs du groupe de recherche (RTG) HFM-292 « Comprendre et réduire le déclin des compétences » 
étaient :  

1) de fournir un cadre contemporain d’identification et de compréhension des facteurs qui influencent 
l’érosion des compétences, et 

2) d’identifier les modèles, technologies et démarches d’apprentissage qui pourraient servir soit 
à réduire l’érosion des compétences, soit à la gérer plus efficacement grâce à une planification 
efficace de la remise à niveau.  

Pour atteindre ces objectifs, le RTG a mené une revue de la littérature et s’est appuyé sur les recherches 
menées dans ses pays respectifs. Les chercheurs qui y ont contribué étaient huit experts chevronnés dans 
l’étude du maintien des compétences dans un contexte militaire, médical, aéronautique et/ou de sécurité. 

La revue contemporaine de la littérature a conduit à l’identification de 38 facteurs qui influencent l’érosion des 
compétences. Ces facteurs relevaient de trois grandes catégories : les facteurs liés à la personne  
(p. ex. capacités cognitives, âge, motivation, expérience), les facteurs liés aux tâches (p. ex. tâches physiques 
ou cognitives, tâches en boucle ouverte ou fermée, nombre d’étapes d’une tâche) et les facteurs liés  
à la formation et à l’éducation (p. ex. espacement de l’apprentissage, formation graduelle, récupération 
en mémoire, apprentissage amélioré par les tests, utilisation de technologies d’apprentissage). Le rapport 
fournit une description détaillée de chaque facteur, l’orientation de son effet sur l’acquisition et la conservation 
des compétences et les éléments probants issus de la littérature scientifique. Il est probable qu’au fil du temps, 
les facteurs qui influencent l’érosion des compétences évolueront en raison des changements de pratiques 
professionnelles et de démarches d’apprentissage. Par conséquent, il devient utile de considérer l’ensemble 
des mécanismes psychologiques comparativement plus petits et plus stables qui sous-tendent les effets 



  
 

ES - 4 STO-TR-HFM-292 

des facteurs déterminants. Dans ce but, le rapport identifie les mécanismes psychologiques susceptibles 
de sous-tendre chaque facteur déterminant. Les experts ont identifié neuf mécanismes psychologiques,  
sur la base de leur expérience et de la littérature : l’automaticité, la plasticité corticale, l’ennui/la rêverie, 
la répartition du traitement entre les canaux, la vitesse de traitement de l’information, la perception  
de la fidélité, la cognition incarnée, le rôle de l’émotion dans la consolidation de la mémoire et le besoin 
de cognition. 

Le rapport identifie trois approches essentielles de gestion de l’érosion des compétences. La première 
approche consiste à utiliser les modèles quantitatifs/statistiques existants pour prédire le rythme du déclin 
des compétences et spécifier des intervalles appropriés de remise à niveau d’une unité militaire. La deuxième 
approche consiste à utiliser des technologies et des analyses pour comprendre le profil personnalisé 
d’apprentissage et de conservation des compétences d’un individu, de sorte qu’une remise à niveau 
(ou des outils de travail) puisse lui être dispensée juste à temps. La troisième approche consiste à utiliser 
les expériences de formation virtuelle (par exemple, en réalité virtuelle ou augmentée), car elles peuvent 
fournir des environnements d’apprentissage multimodaux et stimulants à haute fidélité, qui ont fait leurs 
preuves pour faciliter le maintien des compétences. 

Le RTG HFM-292 présente un certain nombre de recommandations dans le rapport. Trois d’entre elles, 
essentielles, portent sur le fait que les futures recherches dans ce domaine doivent tenir compte  
de la nécessité de :  

1) passer de la recherche en laboratoire sur le maintien des compétences procédurales simples  
à la recherche en environnements opérationnels et axée sur des compétences complexes en situation 
réelle ; 

2) créer une norme commune de catégorisation et compte rendu des connaissances, compétences 
et attitudes (KSA) afin de permettre des comparaisons significatives entre les différentes recherches 
sur le maintien des compétences ; 

3) augmenter la quantité de données sur le maintien des compétences en faisant de leur collecte 
une activité normale lors des événements de formation initiale et de remise à niveau, à l’aide 
de mesures de performance valides et fiables. 
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Chapter 1 – INTRODUCTION 

1.1 OVERVIEW AND SCOPE 

Military personnel are repeatedly trained in specific knowledge and skills that they often may not use in their 
immediate post-training future or execute for extended periods of time throughout their career. Consider, 
for example:  

1) Army reservists who may only receive formal training once or twice a year but who are expected to
deploy with minimal refresher training (Wisher, Sabol et al., 1991);

2) Military surgical team members on low workload deployments who are rarely exposed to casualties
and who experience a decline in surgical skills (Gerhardt, Mabry et al., 2012);

3) Military officers who have completed their basic training, but are delayed in starting their aircrew
training (Arthur, Bennett et al., 2002); and

4) Medical doctors who are switching between the military combat casualty care and the civil national
care context, both require different types of skills and thoughts in action (Gerhardt, Mabry et al.,
2012; Siu, Best et al., 2016).

In each of these examples, skill and knowledge fade may arise due to a lack of practice or opportunities to 
refresh and reinvigorate. 

In the literature, skill fade or skill loss refers to “the loss of trained or acquired skills or knowledge after 
periods of non-use” (Arthur, Bennett et al., 1998, p. 58). As indicated by several authors, it becomes 
particularly salient and problematic in situations where individuals received an initial training that could not 
be used afterwards for extended periods of time (e.g., Wisher, Sabol et al., 1991; Arthur, Bennett et al., 1998; 
Henik, Brain et al., 1999). Skill retention is instead “the maintenance or sustainment of learned behaviours 
without practice” (Schendel and Hagman, 1991; as cited in Bryant and Angel, 2000, p. 194) and can be 
considered and expressed as “the degree of competence to which an acquired skill [or knowledge] is retained 
through the passage of time” (Ginzburg and Dar-El, 2000, p. 327). When considering the overall operational 
performance, one should take into account the general individual abilities, attitudes and experience as well as 
the competence or “the knowledge, skills and underpinning attitudinal dispositions that must be acquired and 
maintained by individuals and teams in order to effectively perform tasks to a pre-defined standard of 
proficiency” (Cahillane, MacLean et al., 2020).  

According to Sabol and Wisher (2001), military skill retention has three crucial components that 
characterise most of the tasks involved, which are knowledge, decision, and execution. Knowledge can 
refer to the recognition and/or recall ability of certain tasks and procedures. Decision ‒ such as a 
medical diagnosis, technical troubleshooting, tactical strategy choice ‒ relies strongly on the cognitive 
associations that are consequently linked to retrieval. Execution may refer to the optimal performance 
output requiring a well-balanced psychomotor, perceptual-motor, and psychophysiological integration. 
Hence, retention is dependent on interaction effects between training aspects, individual cognitive abilities 
(Hagman and Rose, 1983) and a final integrated transfer to several output contexts (Hesketh, 1997; 
Van Merriënboer, Kester et al., 2006). Within this entire process of training, competence, optimal 
performance and the retention of knowledge and skills, every step or component is thus crucial and 
interdependent. Moreover, each component and/or interaction relies on different types of brain processing 
(Sabol and Wisher, 2001; Crowley, Bendor et al., 2019). This multiprocessing nature causes the co-action 
of different retention timeline curves along with a series of individual factors that may be of influence 
(e.g., Arthur, Bennett et al., 1998). Indeed, the investigation of skill retention demands a holistic, 
human-centred approach, considering physical, cognitive, social, organisational, environmental, and other 
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relevant factors (Karwowski, 2005, Sanli and Carnahan, 2017) whilst embracing inter-individual 
differences (Vlasblom, Pennings et al., 2020). As a result, skill retention remains a puzzling and 
complex topic. 

In terms of cost-effectiveness and management, the investment in a well-balanced trade-off between 
available resources and operational requirements calls for important decisions to be made regarding the types 
of skills and knowledge that must be retained and what timeline to follow in order to plan retraining for the 
regain of skill proficiency (Bjork and Bjork, 1992; Richards and Deighton, 2019). Integral to this decision 
making is the requirement for evidence relating to:  

1) What skills and knowledge types are likely to decay at a greater or lesser rate (without practice);  

2) The factors that can change or moderate the rate of skill fade; and  

3) Effective and efficient strategies that may be put in place to manage skill fade.  

The military operational environment is increasingly volatile, uncertain, complex, and ambiguous 
(i.e., VUCA1 -environment, Bennett and Lemoine, 2014), demanding a flexible mindset (Bowles, Feely 
et al., 2017) and the need for the rapid mobilisation of scarce or infrequently used skills when necessary 
(Richards and Deighton, 2019). Hence, skill and knowledge retention are even more important in the current 
military context.  

For the above-described reasons, the current technical report aims at providing a reasoned review of the 
literature and a conceptual organisation of the factors associated with the individual, the task, and training, 
and education that may influence the retention of skills in the context of military operations. We will 
consider both the relevant literature in general and the literature specific to military populations. The review 
is contemporary with a focus, where possible, on evidence gathered from recent large-scale reviews of the 
skill fade literature, and a consideration of future-focused concepts. Unlike previous reviews, we will 
consider the growing evidence relating to the influence of a range of individual differences (e.g., motivation, 
experience, cognitive ability) on skill retention in Chapter 2. A second component in Chapter 2 will refer to 
task-related influences for which a competency perspective will be applied. From this perspective, we 
broaden the lens to include both simple and complex military training tasks that are characteristic of current 
and future military operational environments. As a third component in Chapter 2, the role of training and 
education will be discussed from a broad perspective that aims to reach out to future competence 
management perspectives. To do so, we will include an overview of the use of digital games for learning, 
education, and training from a military application perspective. Then, recognising the breadth of potential 
factors influencing skill fade, the report will add a new reflection frame in Chapter 3, proposing a greater 
consideration of those underlying reasons and psychological mechanisms that might explain why particular 
approaches to the design and delivery of training and education, or task-related characteristics, might 
influence the rate of skill fade. In the fourth Chapter, we will consider how to manage the retention of 
individual skills, extending the discussion to new and emerging approaches, including the personalisation of 
training and experiential training through virtual reality experiences. Chapter 5 will present a general 
discussion, listing the salient achievements and gaps in the field to conclude what challenges need to be 
addressed in future approaches. Chapter 6 aims to integrate these insights, identifying key challenges for 
future research as well as the major research gaps that are yet to be addressed. Finally, Chapter 7 offers four 
general considerations relating to:  

1) The importance of continued international collaboration to drive the skill fade and competence 
retention field forward;  

2) The need to consider the topic of skill fade and competence retention in relation to evolving 
operational environments and concepts (e.g., artificial intelligence, autonomous robotic systems) 
that are impacting the breadth and depth of skills demanded by future Defence personnel;  

 
1 VUCA – Volatile, Uncertain, Complex, Ambiguous. 



INTRODUCTION 

STO-TR-HFM-292 1 - 3 

3) The design of more effective training experiences that promote competence retention and that 
capitalise on the growth in learning technology, learning analytics and innovation in this area; and  

4) The need to translate existing research evidence into practical guidance for a range of communities, 
including individual practitioners, training managers, and regulators. 
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Chapter 2 – FACTORS INFLUENCING SKILL 
FADE AND COMPETENCE RETENTION 

2.1 GENERAL OVERVIEW 

In this chapter the range of factors moderating the rate at which skills and knowledge fade or retain, 
are discussed in relation to three areas: person-related factors, task-related factors, and training and education 
related factors. Each section provides an introduction to the breadth of factors to be discussed, followed 
by a focussed consideration of the reported research relating to each factor. In addition, within each section 
the reader is referred to particular elements of Annex B which presents a set of ‘look-up’ tables. These 
provide a short description of each skill fade factor, the particular effect reported by the literature, potential 
explanations for such effects (e.g., underlying psychological mechanisms) and scientific evidence. As an 
example, Table 2-1 provides an extract for the influencing factor titled “spacing of learning” included within 
the section training and education related factors.  

Table 2-1: General Structure of Influencing Factor Tables. 

Influencing 
Factor 

Description Direction 
of Effect 

Psychological 
Mechanism 

Scientific 
Evidence 

Spacing of 
learning 

The length of the 
inter-study period 
which may be 
designed to be long 
(i.e., spaced) or by 
comparison, short 
(i.e., massed).  

Spaced learning 
generally results in 
better skill 
retention than 
massed learning. 

Greater spacing of 
learning increases 
the opportunity for 
mental rehearsal, 
information 
processing and 
retrieval practice 
and decreases 
fatigue arising from 
intensive practice 
periods.  

Meta-analysis 
(Cepeda, Vul et al., 
2008) and systematic 
literature review on 
spacing of training in 
surgical tasks 
(Cecilio-Fernandes, 
Cnossen et al., 
2018); spaced 
learning and simple 
motor tasks 
(Donavan and 
Radosvich, 1999). 

We would like to emphasise that the current report will discuss the influence of three main areas 
(i.e., person-related, task-related and training and education) on skill retention. As will be clear in both the 
section person-related factors and training and education related factors, the initial training-related 
conditions are often a prerequisite for later retention success or failure. In the current review, however, we 
will only discuss studies on retention where the initial training effect was part of the investigation. Studies 
that focus solely on initial training without consideration to the impact on skill fade or competence retention 
are excluded from this review. Moreover, since both initial training and experience can be considered as an 
individual feature as well as a training aspect, these aspects can occur in both sections. In addition to the 
three main areas of influence it is recognised that the organisation plays an essential role in terms of putting 
in place the structures, processes, procedures and supporting culture needed to manage the retention of 
required skills and knowledge among its personnel (e.g., Larouzee and Le Coze, 2020). However, a review 
of organisational related factors is outside the scope of this report. 
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2.2 PERSON-RELATED FACTORS  

2.2.1 Introduction 
Person-related factors are considered to be an important influencing component in the understanding of skill 
and competence retention, especially when considering more complex tasks (Day, Arthur et al., 2013). While 
there is a large amount of literature on individual differences in learning, the (direct) influence of individual 
differences specifically on retention of acquired competence over time is understudied. Individual 
differences have often been categorised into cognitive and non-cognitive abilities (e.g., Day, Arthur et al., 
2013). At the forefront, as an innate ability, cognitive ability is finite and thus presents both an individual’s 
limitations and their capacities (Campbell and Pritchard, 1976; Day, Arthur et al., 2013). Cognitive ability 
has been accepted to predict learning and training and therefore, also retention as a performance outcome 
(Boyd and Oswald, 2013; Day, Arthur et al., 2013; Jaeggi, Buschkuehl et al., 2014); and this over and above 
all other predictive constructs, across all jobs (e.g., personality; Colquitt, LePine et al., 2000; Converse and 
Oswald, 2014; Schmidt and Hunter, 1998). Particular cognitive abilities, which are often cited in the 
literature as important key components, are the ability to transfer training aspects (Baldwin and Ford, 1988; 
Blume, Ford et al., 2010; Colquitt, LePine et al., 2000) as well as the working memory one can rely on 
(e.g., Boyd and Oswald, 2013; Gronlund and Kimball, 2013). Hence, the cognitive component within the 
research domain of individual differences related to retention became an obvious differentiating factor from 
the other non-cognitive personal influencing factors (Day, Arthur et al., 2013).  

In addition to what individuals are able to do (i.e., ability), one has to take into account what they are willing 
to do, in other words, their motivation. Motivation has been found to influence the choices one makes 
about the direction, persistence, and level of effort put forth (Locke and Latham, 2004). Naturally, one’s 
motivation to learn has been positively associated with achieving certain goals (Diefendorff and Chandler, 
2011; Locke and Latham, 2004). As one would expect, motivation to learn is said to have a positive effect on 
training performance and retention (Villado et al., 2013).  

A concept related to motivation is self-efficacy or one’s belief to successfully perform specific behaviours, 
(Wood and Bandura, 1989). Self-efficacy appears to be positively associated with learning, training 
motivation, and training performance (Noe and Colquitt, 2002) which are all factors that may be considered 
as a prerequisite for retention. Indeed, a pre-training that focuses on the trainee’s belief in their ability to 
succeed in the specific course/training has been positively related to the learning requirements 
(Colquitt, LePine et al., 2000), the transfer of training (Ford, Sego, et al., 1991; Tziner, Fisher et al., 2007; 
Velada, Caetano et al., 2007), and the transfer of intentions (Machin and Fogarty, 2004). Nevertheless, 
although post-training self-efficacy has been related to the trainees’ beliefs in their ability to learn and to 
transfer the training (Blume, Ford et al., 2010; Colquitt, LePine et al., 2000; Machin and Fogarty, 2004), 
we encountered no studies showing a direct impact on retention. 

Some of these person-related factors – such as self-efficacy – can be considered personality traits. 
Consequently, as traits tend to be stable across time, their potential to predict performance, including 
learning and retention, would not be surprising (e.g., adult learning; Hadziomerovic et al., 2014). For several 
decades, the Big Five personality theory has successfully predicted performance in many contexts 
(e.g., training, selection). With regard to training and job performance, for instance, conscientiousness 
(e.g., being dependable, persistent, detail orientated, and achievement striving) has demonstrated the highest 
prediction of the five (Barrick, Mount, et al., 2001). It is also positively related to the transfer of training 
(Blume, Ford et al., 2010; Colquitt, LePine et al., 2000; Tziner, Fisher et al., 2007); and thus, a potential 
candidate for retention. Moreover, one facet of Conscientiousness – achievement striving – has often been 
singled out due to its association with motivation (e.g., achievement motivation) and orientation 
(e.g., mastery, performance orientation; Day, Arthur et al., 2013).  
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Garnering the second highest ratings is emotional stability. Emotional stability (Gross, 2013) is a wide-ranged 
concept, it may be interpreted as the ability to remain calm and to work effectively under stressful conditions 
(Barrick, Mount et al., 2001). This ability to retain calmness and efficacy during a stressful operation is related 
to one’s psychophysiological capability to self-regulate. The emotional and cognitive self-regulatory abilities 
are an outcome of top-down brain processes that succeed to give an appropriate response to bottom-up arousal 
processes evoked by the stressful condition (e.g., Thayer and Lane, 2000) and can be considered as an 
inter-individual differentiator (Van Puyvelde, Neyt et al., 2018). A well balanced psychophysiological 
regulated state provides an optimal readiness state to meet the necessary environmental challenges 
(Hancock-and Krueger, 2010; Van Puyvelde, Neyt et al., 2018). Emotional Stability is positively related to 
training transfer (Herold et al., 2002), training motivation and success across occupations (Barrick and Mount, 
1991; Converse and Oswald, 2014), and job and training performance (Barrick and Mount, 1991), ergo are 
likely to facilitate competence retention.  

As it becomes clear, the role of individual differences is still difficult to fully understand. Moreover, it is 
challenging to disentangle person-related differences from those aspects that are associated with initial 
learning processes and the initially obtained level of proficiency (Arthur, Bennett et al., 1998). That is, 
the degree of previous exposure and experience with any skill/knowledge may influence the steepness of a 
skill decay curve (Arthur, Bennett et al., 1998) and thus may also be related to retention outcomes  
(Bryant and Angel, 2000). For instance, it has been stated that persons with higher aptitude have a greater 
facility to over train and achieve better retention performances (Adams, Webb, et al., 2003). However, to 
identify the specific mechanism underlying these effects remains difficult. Firstly, built experience has the 
power to not only solidify knowledge and skills gained in training, but also to provide opportunities to gain 
new knowledge/skills in applied settings and to facilitate knowledge transfer (Yost and Plunkett, 2010). 
Hence, experience developed in previous domains may facilitate learning and retention in other domains. 
Secondly, prior knowledge has also been reported to facilitate retention by providing better organisational 
processing (e.g., memory retrieval) and superior memory (to aid retention; Gronlund and Kimball, 2013). 
Additionally, experience has been found to enhance the cognitive capacity to identify and attend to new 
knowledge, make decisions, and learn from mistakes (Baker, Robinson, et al., 2012). Hence, the role of 
experience clearly contributes to skill retention (Diaz Granadoes, Lazzara et al., 2013). However, it is only 
one component of a complex dynamic puzzle that has not yet been disentangled.  

2.2.2 Influencing Factors Description and Evidence 
Within this section eight key factors relating to individual differences are identified in relation to skill fade. 
Supporting evidence is provided, gathered from a review of the academic literature. This review is 
complementary to the information presented in Annex B, Table B-1. 

2.2.2.1 Motor and Cognitive Abilities  

Early studies of personal factors potentially influencing skill retention examined the impact of cognitive 
ability on the degree of retention. In these basic studies, participants were divided into low-, medium-and 
high ability groups based on initial ability tests. High ability participants were more likely to show skill 
and/or knowledge retention than the low ability group. Carron and Marteniuk (1970) reported an interaction 
between motor ability (low or high ability) and the retention of balance skills on a stabilo meter after a 
retention interval of two weeks onwards (no effect was observed after one day or one week). Carron (1971) 
observed a marginal significant interaction effect for a retention interval of two years. Another study on the 
retention of gross motor skills was conducted by Purdy and Lockhart (1962) who observed that high ability 
was related to a better outcome in learning, retention after one year of no practice, and re-learning. In a study 
by Fox, Taylor, et al., (1969) on the impact of mental ability on the retention of army-related skills and 
knowledge, participants’ ability assignment was first defined based on the results of the Armed Forces 
Qualification Test (AFQT). The results showed that high ability persons, in comparison to low ability 
persons, showed both higher skill and knowledge retention on various psychometric and operational 
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army-related criteria that differed in complexity. Hall, Ford, et al., (1983) reported that Navy sailors who 
were trained to a level of mastery in basic electricity and electronics performed better, with retention 
intervals ranging from 18 to 34 days. Several hypothetical explanations have been offered in the literature. 
According to Hall, Ford, et al., (1983) and Farr (1987), the higher the ability the more effective strategies are 
available at the learning level to acquire knowledge and skills. Arthur, Bennett et al., (1998) suggested that 
high ability persons probably acquire a higher initial training efficiency because they need less time to 
acquire the required minimal level. A similar hypothesis was formulated by Vineberg (1975) who compared 
three ability groups (based on AFQT results) on performance in 13 basic training tasks for soldiers twice, 
with 6 weeks in between. The impact of cognitive ability was primarily observable in the first stage of initial 
learning. Afterwards, Vineberg (1975) observed that the retention curves declined in the three groups at the 
same rate regardless of ability.  

Cognitive ability has been suggested to interact with the degree of structure present in the training such that 
higher ability persons would benefit from unstructured training whereas lower ability persons benefit from 
structured training (Kintsch, 1994). In more recent work, cognitive abilities (i.e., processing speed, 
working memory, and long-term memory) were indicated as an explaining factor between literacy and the 
retention of knowledge on health-related information about colorectal cancer screening in cancer patients 
(Wilson, Wolf et al., 2010). After one week, literacy significantly predicted knowledge but most of this 
relationship was explained by cognition (i.e., 46%, see Wilson, Wolf et al., 2010).  

Hence, while there is evidence on the predictive value of cognitive abilities on learning, there is no clear 
answer on how the individual task, knowledge or general ability may aid in processes of retention, i.e., after 
learning has occurred. It is thus difficult to identify whether an observed advantage in performance is due to 
better retention or to advantages in the training process. If high ability individuals benefit more from the 
training, they receive a higher performance level at the end of their training giving them advantage for the 
subsequent period of potential decay. Hence, a measured difference in decay between high and low ability 
individuals after a period of no-use should be compared with an eventual difference at the end of the 
initial training. 

2.2.2.2 Non-Cognitive and Non-Motor Abilities 

Most non-cognitive abilities are linked to personality traits (e.g., conscientiousness, openness to experience), 
motivation and attitude-related factors such as motivation, self-efficacy, voluntary learning, overlearning 
(Arthur and Day, 2013), age and gender. In the following, we will present the current state-of-the art, 
depicting very mixed results.  

2.2.2.3 Self-Efficacy  

The concept of self-efficacy is based on the social cognitive theory of Bandura (1977) who defined 
self-efficacy as the belief one has in their ability to perform a specific task, emphasising the specificity of the 
task. When feeling self-efficacious, a person will act in a certain way to assure certain outcomes. 
Self-efficacy has been suggested to be an influencer on learning in that it may stimulate associations with 
other knowledge during an initial training process (Anderson, 1995), suggesting that it may work by 
mechanisms related to the transfer of skills (Arthur, Day et al., 2013).  

With regard to self-efficacy, trained paramedics were studied to assess the impact of both self-efficacy and 
paediatric airway management skills retraining (Youngquist, Henderson et al., 2008). A voluntary group was 
retrained (retention test) and then compared with a control group. The retention interval varied considerably 
from one to 18 months. Those with the lowest self-efficacy baseline profited the most from both the 
self-efficacy and skills training. However, they also experienced the most decline between training events. 
Youngquist et al., (2008) described a gap between self-efficacy and skill retention. Even when self-efficacy was 
maintained, the skill performance declined. Some studies reported a false feeling of self-efficacy in first-aid 
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Cardiopulmonary Resuscitation (CPR) trainings (e.g., Glendon, McKenna et al., 1988; McKenna and Glendon, 
1985; Ramirez, Weaver, et al., 1977). In these studies, a great number of participants indicated unjustified 
confidence to perform CPR correctly, with Ramirez et al., (1977) reporting 88% of confident subjects whereas 
only 1% adequately performed the CPR. Glendon, McKenna et al., (1988) suggested that the perceived ability 
to carry out CPR may be a function of previous training and not self-efficacy. 

In addition, Schumann’s (2012) examination of the retention of both Wilderness First-AID (WFA) skills and 
WFA knowledge along with self-efficacy in students, utilising retention intervals of 4, 8, and 12 months, did 
not show any enhancing relationship between self-efficacy and knowledge and skill retention. All skill and 
knowledge types examined decreased with time of non-use independently from self-efficacy (Schumann, 
Schimelpfenig, et al., 2012). Another study (Andreatta et al., 2016) examined the retention of paediatric and 
neonatal intubation skills using simulation-based training and included retention intervals of 6, 18, and 
52 weeks. Their study showed that there was no relationship between the curves of affect and self-efficacy 
scores on the one hand and cognitive performance on the other hand. Affect and self-efficacy remained 
unaffected at 6 weeks but deteriorated after 18 weeks, whereas cognitive performance already declined after 
6 weeks (Andreatta et al., 2016). A fast decline in cognitive performance was also reported by Soo and 
Hea Kung (2013) in their study relating to skill and knowledge retention (retention intervals of 2 and 
6 weeks) of basic life support training (i.e., cardiopulmonary resuscitation) in nursing students. Besides 
knowledge and skill performance, self-efficacy was included in the design. The effectiveness of the training 
was retained at week 2 but not at week 6. Additionally, Bell et al., (2008) studied knowledge retention of 
physicians with retention intervals of 3 ‒ 8 days and 55 days. Knowledge decay already occurred after one 
week. Besides self-efficacy, Bell et al., (2008) examined the influence of age, expertise (number of rotations 
in endocrinology), critical appraisal skill score, and computer attitude. None of these individual 
characteristics influenced the rate of decline.  

Finally, we found one straightforward positive impact of self-efficacy in a study by Gist, Stevens, et al., 
(1991). Pre‐test levels of self‐efficacy contributed positively to both the initial and the delayed performance 
of interpersonal communication skills after 6 weeks.  

Hence, against expectation, the majority of the studies that measured self-efficacy showed that self-efficacy 
may be a risk –factor rather than a positive factor since it may facilitate the development of false feelings of 
capability Although self-efficacy is often considered to positively impact learning (Anderson, 1995; 
Arthur, Day et al., 2013) it was not found to improve retention.  

2.2.2.4 Motivation 

Tasks are better retained when they are meaningful, well-organised and when they show some coherence 
(Annett, 1977). Obviously, meaningfulness can vary across individuals, and it may be related to motivation. 
Dweck and Legett (1988) linked motivation to the degree of subsequent learning, be it learning oriented 
(i.e., to master information) or performance oriented (i.e., to acquire a prescribed score to avoid negative 
feedback); hence comparable with intrinsic and extrinsic motivation respectively. Although overlearning 
(i.e., additional training beyond that of proficiency level, Arthur, Bennett et al., 1998) has been shown to be 
vital in certain training programs – such as stress and emergency contexts, for instance (see Cohen, Smith 
et al., 1979; Goldstein, 1975; Salthouse and Somberg, 1982) – it risks being inversely related to motivation. 
It enhances automaticity by strengthening stimulus-response connections (Schendel and Hagman, 1982) 
but may open the door for monotony (Arthur, Day et al., 2013). Similarly, effortful training, although 
efficacious, might be experienced in an aversive and demotivating manner (Hesketh, 1997). There are some 
indications that motivation and retention can be positively affected when the initial training has been 
voluntarily chosen by the trainee (e.g., Schmidt and Ford, 2003), which also links to self-efficacy or 
self-management. This was, for instance, shown by Granito and Chernobilsky (2012) who found that 
students had higher retention when they had the freedom to choose their project, and that the project itself 
had no significant impact. The authors linked the freedom to choose to motivation. A study about the optimal 
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frequency of endoscopic skill training to achieve the maximum skill retention, found that – although 
motivation increased with the number of training sessions – it did not influence the retention curves 
(De Win, Van Bruwaene, et al., 2013). Hence, the influence of motivation is variable and appears to be 
dependent on the type of motivation as well as the type of task, training and feelings of self-management. 
In general, motivation positively affects learning and therefore also retention but can vary across contexts.  

2.2.2.5 Prior Knowledge 

The prior knowledge obtained before or during initial training is an important impact factor in retention 
processes (e.g., Anderson and Warren, 2011; Sanli and Carnahan, 2018). Annett (1977) even labelled it as 
the best predictor of competence retention. Several studies have shown fast and steep declines in the 
retention curves of first aid and CPR skills, and it is in these studies that the impact of the initial learning 
level is very salient. According to Annett (1981), this may be due to the fact that first aiders rarely practice 
their skills. Also, Braun, Reitman et al., (1965) obtained similar findings among organised volunteer rescue 
squads. It has been suggested that when retraining is provided, however, this may enhance motivation 
(Tweed, Wilson, et al., 1980). Further, the type of retraining may have an impact as well. For instance, first 
aid on mannequins appears to stimulate real-life feelings of reality and with that motivation 
(Glendon, McKenna et al., 1988). Although knowledge shows considerable deterioration in studies, the 
steepest declines concerned skills (Skelton and McSwain, 1977), pointing to the importance of skill 
retraining. However, a more recent study (Anderson, Gaetz et al., 2011) showed a decline in both skills and 
knowledge. Anderson, Gaetz, and Masse (2011) investigated the retention of first aid skills and knowledge 
of 257 participants with retention intervals ranging from less than one month to more than three years. 
They observed at Time 1 (less than one month) an already dramatic decline in both knowledge and skills 
towards unacceptable levels that did not restore afterwards (e.g., percentage of persons that correctly opened 
the airway declined from 71% to 21% in month 1). Those who had renewed their certification scored 
however better than those who did not. The number of renewals was in line with retention levels. 
In Glendon, McKenna et al., (1988) similar curves with an early stage decline were observed. Moreover, 
besides the initial learning level, age and gender played a role as well. Finally, Magura et al., (2012) found 
no positive impact of three new CPR refresher methods (i.e., on an online website, by e-mail and by text 
messaging) given at month 6 and 9. The retest was performed 12 months after initial training. 

Hence, these studies indicate that opportunities of retraining –certainly in the skill domain- are crucial for 
later retention. However, again, the initial training shows great impact as well. For instance, Mills and Muir 
(1999) suggested that the lack of success in a standard performance assessment may overrule the eventual 
positive effects of refresher trainings in a rescue sequence of helicopter underwater egress. It might be 
beneficial to consider the individual differences in learner characteristics (measured prior to training) when 
developing refresher courses (Mills and Muir, 1999; Sanli and Carnahan, 2018). A similar helicopter 
underwater egress retention study showed beneficial effects of the number of trials in the initial training, in 
that those who experienced more trials (six versus two trials) were more likely to pass the retention test 
successfully (Kozey, McCabe et al., 2007).  

2.2.2.6 Age 

Although it might be assumed that age would improve expertise and experience, and therefore would have a 
positive impact on retention processes, age is not shown to be a beneficial predictor of retention. Indeed, 
many studies reported even a negative association between learning and age (e.g., Arthur, Day et al., 2013; 
Grace, Korinek et al., 2011; McCausland, King et al., 2015; Phipps, Prieto, et al., 2013; Riegel et al., 2005; 
Rodrigue, Kennedy et al., 2005). Specific to retention, Glendon, McKenna et al., (1988) observed more rapid 
declines in CPR skills in older participants despite being more likely to have increased retraining 
opportunities. Also, Papalexopoulou, Chalkias et al., (2014) found a negative relation between age and 
retention of CPR skills. Grace, Korinek et al., (2011), Riegel, Birnbaum et al., (2005) and Rodrigue, 
Kennedy et al., (2005) found age to be negatively related with skill retention. This may be due to processing 
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speed, because when processing speed was intact, no age effect was found (Rodrigue, Kennedy et al., 2005). 
Besides age, also the time out of practice was a significant predictor of less success in a physician’s re-entry 
programme after leave. Obviously, the impact of age may be dependent on the skill and the profession 
(Papalexopoulou, Chalkias et al., 2014). For instance, a study of pilots showed that even though older pilots 
initially performed worse than younger pilots in a simulation task, over a time-line of three years, the older 
pilots showed less decline in flight summary scores than younger pilots (Taylor, Kennedy et al., 2007).  

2.2.2.7 Gender 

It has been reported that males have higher retention than females (Bryant and Angel, 2000; 
Riegel, Birnbaum et al., 2005). However, this may be explained by differences in the level of mastery achieved 
by males and females following initial training, rather than gender. Once again this underlines the importance 
of the initial training process as a factor influencing skill retention. Indeed, Glendon, McKenna et al., (1988) 
observed that males were likely to score higher in the initial testing which resulted in smaller levels of decay. 

2.2.2.8 Individual States and Traits: Stress-Induction, Errors and Deviations 

There is a lot of literature on the relation between emotional states and performance or learning, but there is a 
salient hiatus in the literature regarding the impact of emotional states, anxiety and stress-regulation 
specifically in skill decay studies. Nevertheless, the few studies that we found showed a clear significance of 
the impact of individual-related or situational-related emotional aspects.  

A study by Anton, Mizota et al., (2019) showed that regulatory mental skill training could counteract the 
skill decay of operative surgery technical skills (laparoscopic suturing) under stressful conditions. 
The performance of the mental-skill-trained group was superior to the control group when having to operate 
under pressure. However, no group differences in skill retention were found under normal stress conditions. 
A study by Chittaro and Buttussi (2015) that compared an immersive virtual reality serious game to train 
aviation safety instructions with the common safety card instruction procedure showed that both subjective 
and objective measures of negative arousal reported during the game versus safety card version were 
positively related with knowledge retention. Individuals trained in virtual reality reported higher levels of 
fear-arousal and showed higher skin conductance levels (i.e., an indicator of sympathetic stress) as well as a 
significant improvement in the retention of safety procedures in comparison with safety card informed 
persons. The fact that stress-induction in terms of arousal can enhance retention can be associated with the 
research of Boyd and Oswald (2013) and Keith and Frese (2005), who stated that committing errors can 
facilitate skill transfer and subsequently skill retention. An error can be defined as ‘performing an action that 
deviates from an individual’s intended performance’ (Boyd and Oswald, 2013, p. 284). Such a deviation 
receives greater attention and experiences of failure leave a larger and more salient imprint in one’s memory 
than those of gain (e.g., De Dreu and McCusker, 1997). Boyd and Oswald (2013) used both errors of 
commission and omission and linked those to skill decay. They found a negative correlation between both 
types of errors and skill decay and a positive correlation between state anxiety and the occurrence of errors.  

Hence, tasks during which arousal caused a certain imprint, be it by making an error or by the experienced 
physiological arousal due to anxiety may show better retention than when this arousal had not occurred. 
It should be noted here, that during an error, sympathetic arousal can be expected to increase as well. 

2.3 TASK-RELATED FACTORS 

2.3.1 Introduction 
The nature of the task (i.e., the type and complexity of activity required) to perform has a well-known influence 
on the retention of the competencies that are required to perform it. Review studies are rather consistent in 
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identifying the major task-influencing factors (or for short task-related factors) on retention, for example the 
type of skill a task requires (Adams, Webb et al., 2003; Bryant and Angel, 2000; Farr, 1987; Sanli and 
Carnahan, 2018; Vlasblom, Pennings et al., 2020; Wang, Day et al., 2013). A relatively large volume of ‘grey 
literature’ (reports) has been published on the retention of military tasks, including review studies (e.g., Adams, 
Webb et al., 2003; Bryant and Angel, 2000), because of the practical value of this type of research. An 
understanding of the differences between types of tasks with regard to retention is relevant when deciding on 
refresher training requirements (i.e., frequency and content) and this is especially for high-risk job performers 
such as military personnel or pilots (Vlasblom et al., 2020).  

A large body of empirical studies exists on task-related factors, since the dawn of experimental psychology 
in the 19th century (Hagman and Rose, 1983). As can be expected, the majority of these studies were 
performed under laboratory conditions using elementary tasks and focusing on specific knowledge items or 
simple skills, such as recalling nonsense words. Very few studies related to competencies which are 
integrated sets of such knowledge and skill elements. Moreover, there is a lack of longitudinal research 
(e.g., Arthur, Day et al., 2013). In addition, the applied test periods were short, a few days at most, which 
however seemed to be sufficient as the decay function on these tasks tended to show a rather steep power 
law curve.  

One of the reported observations within these types of studies was that accuracy decayed much faster than 
speed of the task performance (Arthur, Bennett et al., 1998). However, the parameters of the decay functions 
for accuracy and speed depended considerably on the nature of the task, e.g., physical versus cognitive tasks 
(Arthur, Bennett et al., 1998). Accuracy and speed for cognitive tasks decline faster than for physical tasks. 
Such effects are amongst the most robust findings in psychology, even under more realistic conditions. 
These task differences are mentioned in many literature reviews, although they mainly rely on the 
retention of elementary tasks and simple skills (Arthur, Bennett et al., 1998; Hagman and Rose, 1983, 
Sanli and Carnahan, 2018). Moreover, many studies are about the retention of procedural tasks, because 
refresher training often focuses on retraining procedures as for instance emergency training for pilots or 
crisis managers (Vlasblom, Pennings et al., 2020).  

The tasks and the associated competency elements have not been described under a single framework. 
This makes it rather challenging to draw generic conclusions for task-related influences on retention. 
Examples of extensive and influential reviews are Farr (1977) and Arthur et al., (1998), but the way 
task-related influences on retention are described depends on the taxonomy used.  

Besides the nature of a task, task complexity may also correlate with retention (Sanli and Carnahan, 2018; 
Vlasblom, Pennings et al., 2020). Complex cognitive tasks are considered to require an integration of different 
types of knowledge and skills to be applied in cognitively demanding circumstances (e.g., Skinner, 2014; 
Van Merriënboer and Kirschner, 2007). These complex tasks are primarily open-looped, meaningful 
(in contrast to the random knowledge items or skills that have no purpose for participants), and require 
elaborate processing, and such open-looped types of tasks are known to be retained better (Wang, Day et al., 
2013) than tasks that only require simple, univocal skills, such as applying a certain procedure. For experienced 
fighter pilots, Bennett, Alliger et al., (2012) and Svensson, Angelborg-Thanderz et al., (2013) clearly 
demonstrated a small and slow loss of proficiency of the skills necessary to perform complex missions. 
In recent work, Cahillane, MacLean, et al., (2020) disentangled the complex and simple skills involved in a 
number of defence tasks. One of the identified tasks involved the ability to wear and operate breathing 
apparatus amongst firefighters in the UK Royal Air Force. They found that this task could be broken down into 
three subtasks; wearing and operating the apparatus before, during and after entry into a burning structure 
(e.g., a building). Consultations with subject matter experts revealed that the pre-entry and after-entry subtasks 
involved relatively simple skills that were predominantly procedural (e.g., carrying out drills) but placed heavy 
demands on working memory capacity. In contrast, the during-entry sub-task was of a higher complexity, 
because the dynamic nature of the situation (e.g., a route being blocked) means that complex decision making 
(e.g., evaluating and choosing an alternative course of action) and multi-tasking may be required.  



FACTORS INFLUENCING SKILL FADE AND COMPETENCE RETENTION 

STO-TR-HFM-292 2 - 9 

More complex or naturalistic tasks require a sequence, combination, or integration of a variety of skills and 
knowledge, making task performance less straightforward to interpret and classify (e.g., Farr, 1987). Since 
complex tasks often consist of multiple components, each of these components may have different decay 
rates. This complicates the study of competence retention of complex tasks even more. It is difficult to split 
up the components of the complex tasks and gain insights into the retention of these components, and thus 
determine which ones should get extra attention, for instance in refresher training. Personnel do not always 
want to practice the whole task each time. Arthur and Day (2013) noted that slowly decaying competences 
may facilitate recall or compensate for loss of proficiency on other competencies needed to execute a 
complex task. This also corresponds to the cue-dependent storage and retrieval principle described by 
Bjork and Bjork (1992): cueing or context-specific actions may trigger the retrieval of previously stored 
knowledge and skills. Furthermore, Arthur and Day (2013) and Bjork and Bjork (1992) argue that the time it 
takes to perform complex tasks also affects retention. Complex tasks may require half an hour or more. 
In such a long period, there is time to get re-acquainted with the task. Clearly, more research is needed to 
better understand the multifaceted factor of task complexity in greater detail. 

In our review of task-related factors, a competency perspective has been applied to enable a wide application 
in military education and training. The body of evidence was reviewed accordingly, even though the 
majority of publications on skill decay and retention relate to predominantly the training of elementary tasks 
and test conditions that may have led to results that do not fully transfer to military training practice. 
However, during the last decades, more attempts were taken from an application perspective. In particular, 
the health sector generated a large body of publications on retention, often from the pragmatic point of view 
of a specific medical task. Such studies do not easily contribute to a generic framework of retention. 
Even the comprehensive overview on retention in the book edited by Arthur and Day (2013) reveals a 
variety of perspectives (with different reviews and meta-analyses based on them) on task-related factors by 
the various chapter authors.  

2.3.2 Influencing Factors Description and Evidence 
Twelve task-related factors have been found in our review. They can be categorised in terms of content 
demands and complexity. Regarding complexity, we propose to distinguish task sequence complexity and 
task integration complexity. These terms are not used in the literature, but we consider them helpful because 
the effects of the related influencing factors on retention are opposite. A summary of the task-related factors 
is provided in Annex-B, Table B-2. 

The effects of task-related factors on retention need to be considered during training design in order to ensure 
that negative effects on retention can be tempered by appropriate initial and retention training. Therefore, the 
factors already need to be identified in the Training Needs Analysis phase of the training development cycle. 

2.3.2.1 Task Content Demands 

The first category is referred to as task content demands, a term derived from Wang, Day et al., (2013). Task 
content demands concern the nature of tasks, in terms of the type of activities that are required for successful 
performance. Task content demands can be divided into three (sub) categories, also in line with earlier, 
well-known taxonomies such as Fleishman, Quaintance et al., (1984): physical, cognitive, and interpersonal 
task demands. Physical demands refer to activities that mainly require perceptual motor skills. Cognitive 
demands concern perception, information processing, problem solving, sense making, idea generation, and 
decision making. Interpersonal demands involve interactions with others such as co-workers or peers 
(Wang et al., 2013). The review of Arthur et al., (1998) focussed on the differences between physical and 
cognitive tasks. They found that the amount of decay is larger for cognitive tasks than for physical tasks. 
The underlying reason is that physical tasks require repeated practice for automation and may include 
overlearning, which strengthen the bonds between stimulus and response (Schendel and Hagman, 1982). 
This automaticity reduces the amount of concentrated effort demanded (Arthur, Bennett et al., 1998). 
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This difference between physical and cognitive tasks was confirmed in the meta-review by Wang, Day et al., 
(2013), who followed a multidimensional approach with combinations of the three task content demands. 
The multidimensional character of tasks pointed at a non-linear function of decay, in which the amount of 
decay highly depends on the particular combination of task demands.  

The number of studies on retention of interpersonal skills is very low. Wang, Day et al., (2013) found only 
two studies and considered this sample too small to include it in their meta-review. An individual performing 
interpersonal tasks works in a team of two or more people. A scarce amount of literature is available on 
retention at the team and collective levels, considering task influences as well (Adams, Webb et al., 2003; 
Cooke, Gorman et al., 2013; DiazGranados, Lazzara et al., 2013; Roth, 1992). Retention at team or collective 
levels is dependent on both individual competences, teamwork competences, and integrated team-level 
actions (DiazGranados, Lazzara et al., 2013). Both teamwork and taskwork play a role here, where 
teamwork is more generic and requires individual competences such as the ability to communicate, 
coordinate and collaborate with others (Adams, Webb et al., 2003). Collective tasks are often complex 
because of the interactions between different (sub) tasks to be performed, task execution by more team 
members, diversity and interdependencies between (sub) tasks, etcetera. (Adams, Webb et al., 2003; 
Roth, 1992). Similar factors are mentioned for determining the complexity of a task. Therefore, it can be 
assumed that interpersonal tasks are generally more complex than elementary cognitive and physical tasks. 
For that reason, despite the lack of empirical evidence, one could conjecture that retention is relatively high 
for interpersonal tasks, dependent on underlying factors such as diversity and interdependency of subtasks as 
well as retention at team or collective level.  

In addition to the classification into three task content demands described by Wang, Day et al., (2013), 
procedural and declarative knowledge should be added to our framework. Retention of declarative 
knowledge refers to remembering facts and principles, while retention of procedural knowledge refers to 
remembering processes (Henik, Brain et al., 1999). Wang, Day et al., (2013) consider declarative and 
procedural knowledge as part of cognitive criteria for evaluation, derived from Kraiger, Ford et al., (1993). 
Nevertheless, they found that combinations of procedural and declarative knowledge showed more decay 
than only declarative knowledge. In their literature review, Sanli and Carnahan (2018) stated that declarative 
knowledge declined less quickly than practical skills which often include the application of procedures. 
A number of studies investigated the retention of procedural tasks as a separate category within cognitive 
tasks, because of its relevance for operational (e.g., military) tasks (Bryant and Angel, 2000). Procedural 
tasks typically involve series of discrete responses (responses with a distinct beginning and end) in contrast 
with tasks involving continuous responses (responses without a recognisable beginning or end; 
e.g., Schendel and Hagman, 1991). The literature generally agrees that procedures are more poorly retained 
than other cognitive tasks (e.g., problem solving) because of the large number of discrete steps to remember 
and the problem of remembering the precise sequence of steps. Tasks that have a meaningful organisation, 
coherence of steps, or steps that act as natural cues tend to be better retained (Arthur, Bennett et al., 1998; 
Bryant and Angel, 2000; Schendel and Hagman, 1991). The differences in complexity of procedures leads us 
to a new category of factors: task sequence complexity. 

2.3.2.2 Task Sequence Complexity 

Procedures may consist of a series of tasks or steps within a task. In general, more steps or subtasks within a 
task will have a negative effect on retention if the elements do not really integrate in terms of temporal 
interrelatedness of cues and responses. Also, high variety or diversity of team tasks impairs retention 
(Adams, Webb et al., 2003). The differences in the nature of the tasks and their sequence complexity are also 
used for prediction of retention in the definition of the amount and content of refresher training. The most 
frequently used and cited tool for this purpose is the User’s Decision Aid (UDA; Rose et al., 1985), 
developed for the US Army and with a focus on procedural tasks (Adams, Webb et al., 2003). The UDA, 
empirically evaluated, helps to identify the likelihood of retention based on a series of questions about task 
dimensions such as the number of steps, organisation, difficulty of the task, etc.  
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The complexity of a procedure may be considered as a level of difficulty in performing it. Difficulty of a task 
in general is not often mentioned as a factor because, as Arthur, Bennett et al., (1998) indicate, it is not easy 
to operationalise in reviews. Procedural complexity or difficulty generally impairs retention. In contrast, if 
tasks and subtasks integrate into a new composite task, new competencies are formed on that integrative 
level, and difficulty and complexity may lead to positive retention, once the task is learned well. This forms 
the third task-related factor category: task integration complexity.  

2.3.2.3 Task Integration Complexity 

The way tasks are integrated may be indicated by four dimensions of task integration complexity (suggested 
by Wang, Day et al., 2013 and referring to earlier research): closed- vs open-looped, discrete vs continuous, 
dynamic complexity (from low to high), and component complexity (from few to many). Although specific 
complex tasks may have a different profile on the four dimensions, the dimensions tend to correlate. 
Open-looped tasks tend to be largely continuous, rather dynamic and contain several components. As such, 
open-looped tasks in retention research are often discussed in close relation to complexity and difficulty 
(Arthur, Bennett et al., 1998; Farr, 1978; Wang, Day et al., 2013).  

Open-looped tasks relate to the way the results of the tasks feed back into the task flow, while the extent to 
which a task is discrete relates to the number of choices/actions to make during the task flow (Wood, 1986). 
Tasks with few choices/actions are discrete, tasks with many choices/actions are typically continuous. Fully 
closed-looped and discrete tasks relate to a fixed sequence with a clear and distinct end, whose results do not 
feed into a new execution of the same task sequence (e.g., follow a checklist for an emergency procedure of 
8 steps). Open-looped and continuous tasks will feed back into the tasks that are continuously repeated 
(air traffic control is a good example) without a clear and distinct end. In general, open-looped tasks are 
more resistant to decay than closed-looped tasks (Arthur, Bennett et al., 1998; Farr, 1978). The typical 
continuous nature of open-looped tasks allows for repeated practice (and thus overlearning) which increases 
retention. An additional reason is that open-looped tasks may be more integrated or coherent than 
closed-looped tasks and thus may be retained better (Arthur et al., 1998).  

Dynamic tasks relate to the level of inconsistent information or inconsistency between information and 
actions (Wood, 1986). In other words, there is a level of uncertainty in task information or context, requiring 
constant attention to the task environment and often decisions and actions to adapt to changing situations. 
Component complexity refers to the total number of distinct but interrelated processes and behaviours 
required to execute a task and the total number of distinct information cues that must be processed in 
performing actions (based on Wood 1986, but interrelatedness is added to make a clear distinction with the 
task sequence complexity factor). The meta-analysis by Wang, Day et al., (2013) showed strongest effect of 
component complexity (complex tasks decay less), but the results for other dimensions or combinations of 
dimensions were mixed or weak. Overall, Wang, Day et al., (2013) concluded that higher complexity tasks 
more often decay less than lower complexity tasks. 

2.4 TRAINING AND EDUCATION RELATED FACTORS 

2.4.1 Introduction 
The literature relating to the influence of training and education on skill and knowledge acquisition and 
retention is vast and several meta-analyses or comprehensive literature reviews are reported (Driskell, Willis 
et al., 1992; Cepeda, Vul et al., 2006; Karpicke and Roediger, 2008; Cahillane, Launchbury et al., 2013, 
Arthur, Bennett et al., 2013, Pan and Rickard, 2018). Influencing factors which have attracted particular 
attention across the research community, relate to:  

• Spacing of learning (spaced vs massed). 

• Mastery training (overlearning or overtraining). 
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• Mental practice (in the absence of overt physical movements). 

• Retrieval practice and test-enhanced learning. 

• Quality of feedback provided to the learner. 

In addition to the above, and increasingly, the effects of learning technologies (including the qualities of 
media and interfaces) on the effective acquisition and retention of learning are being investigated.  

Similar to task-related factors, historic studies have been conducted mostly within controlled environments 
and with a focus on simplistic and micro-cognitive skills and knowledge types (e.g., mirror tracing, spelling, 
math computation, verbal discrimination, free recall (Cepeda, (2006)). Furthermore, there has been a 
tendency towards considering retention intervals that are short in duration (i.e., weeks and months, rather 
than years) and this can be attributed to the typical costs associated with conducting longitudinal studies and 
the commitment required by participants to return at requested intervals. This history and emphasis can 
present a challenge to decision-makers and policy holders seeking evidence to inform effective ways to 
design, deliver and assess training and education. What is clear, however, is that practitioner guidance can be 
provided with caveats indicating how moderating factors such as the length of the retention interval, and the 
characteristics of the task and learner (in particular the learner’s experience) might influence the rate of skill 
fade for particular types of tasks.  

More recently, Deighton, Richards et al., (2020) reported the growth in applied research studies where the 
influence of different types of learning and development interventions on competence retention have been 
examined. Examples include:  

i) The use of structured self-debriefing techniques delivered via a smart phone, between training 
sessions, to support the retention of laparoscopic skills (Kun, Hubert et al., 2018);  

ii) The investigation of the spacing of learning for paediatric resuscitation skills among emergency 
service providers (Patocka, Cheng et al., 2019); and  

iii) Investigations of the acquisition and retention of knowledge of passenger safety information through 
the use of various media types including serious games (Chittaro and Buttussi, 2015; Buttussi and 
Chittaro, 2018; Buttussi and Chittaro, 2021).  

Recent years have witnessed a growing interest in the use of digital games for learning, education and 
training. The term “serious game” has become mainstream in the literature and tends to be used 
interchangeably with “games for learning” (Boyle, Hainey, et al., 2016). Such an increase in interest is 
supported by the gradual build-up of empirical evidence about the general effectiveness of the serious game 
approach to learning in a diversity of domains, as highlighted by different meta-analyses (Boyle, Hainey et 
al., 2016; Clark et al., 2016; Connolly, Boyle et al., 2012).  

Among the large number of domains for which serious games have been built, several projects are directly 
relevant to the NATO context because they focus on preparing trainees in preventing and/or handling risky 
situations, e.g., submarine safety (Stone, Caird-Daley et al., 2009), combat casualty care (Pasquier, Merat et 
al., 2016), terrorist threat preparedness (Chittaro and Sioni, 2015), work accidents (Guo et al., 2012), aviation 
safety (Chittaro, 2016). 

Virtual Reality using Head-Mounted Displays (HMDs) that fully immerse trainees in a 3D computer 
graphics environment is another technology whose availability has greatly increased in the last few years, 
thanks to an impressive decrease in the cost of hardware. HMDs can be used to vividly simulate the 
scenarios the trainee should familiarise with, and the virtual reality approach can be also combined with the 
serious game approach. In their review of HMD-based education and training, Jensen and Konradsen (2018) 
identified a number of situations where HMDs appeared to be more useful than traditional methods for skills 
acquisition. They categorised them as:  
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i) Cognitive skills related to remembering and understanding spatial and visual information and 
knowledge; 

ii) Psychomotor skills related to head-movement, such as visual scanning or observational skills; and  

iii) Affective skills related to controlling one’s own emotional response to stressful or difficult 
situations. This categorisation aligns with those of Wang, Day et al., (2013) and Fleishman and 
Quaintance (1984). 

It is worth noting that the different media used in learning and training interventions, ranging from the more 
traditional (printed materials, videos, etc.) to the more innovative (serious games, virtual reality, etc.) are not 
mutually exclusive and can be combined (blended learning interventions).  

In many respects, the existence of a breadth of literature relating to training and education factors is not 
surprising given that competence retention is influenced by the way in which knowledge and skills are 
initially acquired, developed, maintained, and assessed. Within this report our aim is to communicate this 
breadth of influencing factors and to signpost the reader to key studies (in particular meta-analyses and 
comprehensive literature reviews) to support further reading. In contrast to typical reviews on the topic, 
we also aim to highlight how future trends in learning technology and ‘modern’ approaches to learning and 
development might offer new perspectives and challenges relating to competence management.  

2.4.2 Influencing Factors Description and Evidence 
Within this section 14 key factors relating broadly to the design and delivery of training and education and 
the assessment of learning are described along with supporting evidence gathered primarily from 
meta-analyses and/or systematic reviews of the skill fade literature (see Annex A, RTG Methodology). This 
review is complementary to the information presented in Annex B, Table B-3.  

2.4.2.1 Spacing of Learning 

The spacing effect (also called the “distributed practice effect”) refers to the ‘interval separating different 
study episodes of the same materials’ (p. 354, Cepeda, Vul et al., 2008). Massed learning means that there 
are no interruptions, in terms of time or intervening items and spaced learning refers to the opposite. For 
example, a 40 hour ‘learn to drive’ course compressed into 5 days versus a standard ‘spaced’ learning course 
involving a one-hour session per day over 40 days.  

The literature on spaced learning is vast and Cepeda, Vul et al., (2008) report several reviews (Moss, 1996; 
Lee and Genovese, 1988; Janiszewski, Noel et al., 2003) which provide evidence based mostly on studies 
involving simple motor tasks (Donavan and Radosvich, 1999) or simple cognitive tasks (Cepeda, Vul et al., 
2008). Xue, Mei et al., (2011) report that spaced learning usually leads to better recognition memory when 
compared with massed learning. This may be due to an increased opportunity for mental rehearsal, 
information processing and retrieval practice, and a reduction in fatigue arising from intensive practice 
periods (Arthur, Day et al., 2013). Experimental research reported by Cepeda, Vul et al., (2008) investigated 
the retention of facts after an interval of 3.5 months with a final test after a delay of up to one year. Findings 
highlight two key educational implications. Firstly, that the optimum Interspace Interval (ISI) value is about 
20% of the retest interval in cases where the interval was a few weeks; with the optimum ISI reducing to 5% 
where the delay was one year. Secondly, that whilst accuracy is affected by the inclusion of an ISI that is 
longer than the optimal value, these effects are less marked in comparison to those cases where the ISI is too 
small. The latter point is evidenced by findings which show that as the ISI increases, accuracy increases 
steeply and then declines much more gradually. Whilst the latter findings are persuasive, it is important to 
note that they are based on research investigating the recall of facts (i.e., knowledge) and that such guidelines 
may not be valid when applied to other simple or complex skill types. Cecilio-Fernandes, Cnossen et al., 
(2018) undertook a systematic review of the literature specifically addressing the spacing of training sessions 
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for surgical motor skills. Evidence supported Cepeda’s finding that spacing training sessions is beneficial to 
long-term retention when compared to massed practice. However, the optimal ISI is unclear.  

New studies on the benefits of spaced vs massed learning have been conducted since Cecilio-Fernandes’ 
review in 2018. In particular, Patocka (2019) (reported in Deighton, Richards et al., 2020), evaluated whether a 
Paediatric Advanced Life Support (PALS) course taught using spaced training conditions, compared with the 
PALS course taught using standard massed training conditions, had an impact on Emergency Medical services 
providers’ retention of paediatric resuscitation skills over a 3-month period. In the spaced learning condition 
training was delivered in four, 3.5-hour weekly sessions per month, and the massed condition in two sequential 
7-hour days. Three components of PALS were examined: Chest Compressions (CC), Bag Mask Ventilation 
(BMV), and Intraosseous insertion (IO). Overall, findings were generally consistent with previous research 
with spaced course delivery resulting in the retention of more skills than massed training – this was evident for 
the infant BMV and IO of the PALS course. However, in contrast, infant CC scores remained significantly 
improved, with respect to the baseline, for both groups over the 3-month interval. Patocka concludes that the 
‘differential retention of skills may be related to the nature of motor response required for the included skills 
with CC being a more continuous (cyclic movement pattern) response compared to BMC and IO which are 
discrete (having a definite beginning and end) responses’ (p.6). This is in line with other studies which have 
demonstrated that continuous movements (i.e., continuous psychomotor skills) are likely to be retained better 
than discrete psychomotor skills (see Section 2.3 ‒ Task-Related Factors).  

2.4.2.2 Mastery Training 

The level of proficiency achieved during initial learning is an important factor influencing skill retention. 
Mastery training may also be referred to as overlearning and overtraining and is a deliberate process whereby 
individuals receive training beyond the criterion set for a given task.  

In research on overlearning, participants in the control condition typically perform the task until the set 
criterion is reached. Within the experimental condition the task would be practiced again until the criterion is 
reached, and then further practice trials are undertaken. Overlearning is defined as a percentage of the 
number of attempts that were made by the participant to achieve criterion (e.g., if the participant took 
10 trials to reach the criterion then a further 5 trials would constitute 50% overlearning). In a meta-analysis 
of the effects of overlearning on retention, Driskell, Willis et al., (1992) report findings which indicate that 
overlearning results in a significant effect on retention that is ‘moderate in magnitude’ and that the influence 
of this factor is moderated by three variables: the degree of overlearning, the type of task, and the length of 
the retention period. Driskel, Willis et al., (1992) suggest that: firstly, a ‘50% overlearning manipulation 
should be considered as a minimum practical operationalisation of overlearning and that small 
improvements in performance can be expected from this level of training’ (p. 619); secondly, that the effect 
of overlearning was greater for cognitive versus physical tasks; thirdly, that no overall relationship was 
observed between overlearning and the length of the retention interval (noting that the lengths of the 
retention intervals included within the meta-analysis ranged from < 1 to 56 days). Driskel acknowledges the 
drawbacks of overlearning in terms of additional costs, and Rohrer, Taylor et al., (2005), based on the 
findings of experimental research involving the recall of facts, concluded that overlearning is an ‘inefficient 
strategy for learning materials for meaningfully long periods of time’ (p.1). It is interesting to note however, 
that Schendel and Hagman (1982) found that, following a 2-month retention interval, participants who had 
been over trained required 22% fewer trials to retrain to the criterion level than did controls, thus partially 
offsetting the initial training investment in overlearning. Zakay and Wooler (1984), emphasise the 
importance of ensuring that where overlearning is implemented, the conditions under which overlearning 
takes place match those of the actual task. Most recently, the influence of overlearning has been re-examined 
from a neuroscience perspective with research reported by Shibata, Sasaki et al., (2017), indicating that 
overlearning may ‘stabilise’ and protect perceptual learning from subsequent new learning.  
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2.4.2.3 Deliberate Practice Opportunities 

The issue of ‘exposure’ to opportunities to practise particular types of skills as part of the ‘flow of work’ is a 
key area within defence research (Deighton, Taylor et al., 2020). Sullivan, Elshenawy et al., (2019) notes that 
the main features of deliberate practice include motivated learners, well-defined learning objectives or tasks, 
focussed and repetitive practice, precise measures of performance and informative feedback 
concerning performance.  

Vermeulen, Keijzers et al., (2019) report that deployed surgical teams in Iraq were rarely exposed to 
casualties and that these low workload deployments could result in a decline in surgical skills. As a result, 
they conclude that ‘military medical planning should be tailor-made and should include adjusting length of 
stay and (pre- / post-) deployment refresher training’ (p. 11). Mead, Tennent et al., (2017) point to medical 
readiness training exercises as a way to provide highly concentrated exposure of practitioners to injuries 
requiring a high level of surgical expertise that is not typically encountered in a garrison environment where 
most military surgeons practice. Similarly, Mikita (2017) reports the findings of survey research to 
investigate the requirements for post-deployment refresher training. Other longitudinal studies conducted 
within a clinical, non-defence context have identified benefits of readiness training in terms of increased 
procedural experience (Meerkov, Fischer et al., 2019), and competence and adherence to clinical procedures 
(Skare, Boldingh et al., 2018). Hossein, Perrone et al., (2020) point to the need for clinical research residents 
to engage in regular clinical activities, simulations or assessment to minimise skill decay during their 
research training years. In terms of future research, Petrosoniak, Lu et al., (2019) report a protocol that will 
be implemented to assess the benefits of simulation-based mastery learning and deliberate practice versus 
self-guided practice for a rarely performed surgical technical skill.  

The latter studies take a strategic perspective with the deliberate planning by the organisation to ensure 
effective competence management. Practice opportunities that are ‘just-in-time’ are also relevant within this 
category (Sullivan, Elshenawy et al., 2019). For example, the “teaching time-out” approach is a novel 
framework for surgical education involving surgical teams pausing and reviewing critical information 
relating to the surgical case to ensure that nothing is missed. This approach helps to ensure that the individual 
and the team overall are competent to perform particular procedures given the specific conditions 
encountered (Guidolin, Yan et al., 2020).  

2.4.2.4 Mental Practice 

This is the cognitive practice of a physical procedural activity in the absence of overt physical 
movements being conducted and can be distinguished from the broader term, mental preparation which 
includes positive imagery, attention focusing, and cognitive and emotional preparation prior to performance 
(Driskell, Copper et al., 1994). Mental practice (i.e., recurrent training) promotes overlearning thereby 
reducing the detrimental effects of performance decay (Arthur, Day et al., 2013).  

Evidence from a meta-analysis of the literature indicates that mental practice has a positive and significant 
effect on performance with effects moderated by variables including: the type of task, the retention interval 
between practice and performance, experience and the length or duration of the mental practice intervention 
(Driskell, Copper et al., 1994). In terms of the task type, findings indicated, in general, that mental practice is 
effective for both cognitive and physical tasks; and that this effect is significantly stronger the more a task 
involves cognitive elements. More specifically, findings indicated that for physical tasks, mental practice 
became less effective the more the task included strength and coordination requirements. In the case of 
cognitive tasks, mental practice was most effective where the task required mental operations. 
Comparatively weaker, but nonetheless significant, effects were evident for those cognitive tasks which 
required output and response activities as well as perceptual input activities. Considering the retention 
interval, findings indicated that the longer the delay between mental practice and performance the weaker the 
effects of this factor with initial effects reducing by 50% after a retention interval of 14 days and reducing to 
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a small effect (Cohen, 1977) at approximately 21 days. When considering the relationship between the 
effectiveness of mental practice and experience, Driskell, Copper et al., (1994) report an interaction effect 
with the task type with novice participants benefiting more from mental practice on cognitive tasks than on 
physical tasks and experienced participants benefiting equally well. In terms of the length of time spent 
mentally practicing a particular task, findings indicated that the beneficial effect diminishes as the time spent 
practicing increases. As a practical guideline for implementing mental practice, Driskell, Copper et al., 
(1994) indicate an overall training period of approximately 20 minutes.  

Kelc, Vogrin et al., (2020) note that during special circumstances, such as an epidemic (e.g., COVID-19), 
personnel may be deployed to work within environments that do not reflect their typical specialist areas. 
They argue that ‘in the case of limited access to actual performance, mental practice seems to be reasonable 
if not mandatory for both novice and experienced surgeons. Not only would such training prevent surgical 
skill decay but it would probably also lower the anticipatory anxiety level on returning to the operating 
theatre’ (p.3). A caveat to the effectiveness of mental practice is that the individual must be familiar with the 
procedure prior to the imagery session, which may be developed through observation of recordings or access 
to other trusted sources.  

2.4.2.5 Retrieval Practice and Test-Enhanced Learning 

Research evidence has identified that retrieval practice and test-enhanced learning plays an important role in 
the long-term retention and transfer of competence (Roediger, et al., 2011; Roediger, Agarwal et al., 2010; 
Roediger and Butler, 2007; Cahillane, Launchbury et al., 2013; Fortino, and Lowrance, 2019; Foos and 
Fisher, 1988). This is opposite to the typical viewpoint that testing is a ‘neutral’ event, which does not 
contribute to learning (Karpicke and Roediger, 2008).  

In a study involving the learning and recall of foreign language vocabulary, Karpicke and Roediger (2008) 
report that repeated retrieval practice enhanced long-term retention. Additionally, findings indicated that 
once information can be recalled, then repeated retrieval in test trials resulted in greater benefits for 
long-term retention in comparison to ‘repeated encoding’. Testing benefits memory because it promotes the 
active retrieval of information – those tests which require more effortful retrieval (e.g., short answers) have 
greater benefits for learning and retrieval than those types of tests that require less effortful retrieval 
(e.g., multiple-choice) (Roediger and Butler, 2011). Practical implications for learning are indicated, 
e.g.,-‘instead of giving students summary notes to read, teachers should implement more frequent testing 
(of important facts and concepts) – using test formats that entail effortful retrieval – and provide feedback to 
correct errors’ (p. 21) (Roediger, Putnam et al., 2010). Effective feedback is important and required to 
correct errors on initial tests which are comparatively more challenging (Butler, Karpicke et al., 2007).  

Retrieval practice and test-enhanced learning can be implemented in different ways and is not limited to 
classroom-based assessment. For example, retrieval practice could also be carried out via self-testing using 
sequence cards or simulation-based programmes (Roediger and Butler, 2011, cited in Cahillane, et al., 2013) 
(see the influencing factor ‘Feedback’ for further discussion). Whilst beyond the scope of this report, it is 
worth noting the broader benefits of retrieval practice and test-enhanced learning to the transfer of learning to 
different contexts (see Pan, 2018 for a meta-analytic review and synthesis).  

2.4.2.6 Feedback 

Constructive, timely, and meaningful feedback that is relevant and specific to the trainee and the learning 
process will reduce performance decay (Arthur, Day et al., 2013). Feedback may be created:  

i) By the learner (e.g., as part of self-regulated learning and performance, Zimmerman and Schunk, 
2011);  

ii) Through peer-to-peer / social learning (Youngsuk et al., 2016);  
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iii) Traditionally via the trainer as part of training and education delivery. Feedback is distinguished 
from recognition cues, which are prompts which may help with acquiring task sequences 
(Cahillane, Launchbury et al., 2013).  

In a study involving responses to knowledge-based questions, Dihoff, Brosvic et al., (2003) found that 
combining immediate feedback with the opportunity to answer questions until correct both teaches and 
promotes the retention of course materials after a two-week retention interval. Whilst feedback can enhance 
retention, too much feedback can result in an over-reliance on the trainer, disruption to information processing 
and failure to develop strategies to correct own performance (Arthur, Day et al., 2013).  

Learning technology provides the means to support the generation and delivery of feedback. For example: 
• Kun et al., (2018) investigated the use of self-coaching and feedback methods that included the 

provision of a practice video comprising a record of a ‘perfect film’ based on expert performance, the 
trainee’s last three attempts at a surgical procedure; and participant selected elements of their own 
performance reflecting typical critical errors. Controlled access to these materials by participants in the 
experimental group enabled a regular progression in learning between training sessions, which were 
separated by a 72-hour delay, and a positive performance score at the end of the training. In their paper 
on the application of future technologies to detect skill decay and improve procedural performance,  

• Linde and Miller (2019) consider the delivery of feedback in a variety of ways, for example, 
via augmented reality, haptics, and data analytics as well as through focussed, personalised feedback. 
The latter paper also highlights how a combination of learning approaches might be used to support 
the acquisition and retention of learning – in this case feedback, coupled with mastery training, 
repetitive practice and learning technologies. 

2.4.2.7 Fidelity of the Learning Environment 

This relates to the extent that the cues that are present within the learning environment are matched to the 
transfer environment (Arthur, Day et al., 2013). Such cues may be considered in terms of different types and 
levels of fidelity (Buttussi and Chittaro, 2018), and actual job equipment.  

To classify different types and levels of fidelity of a learning environment, the framework proposed by 
Ragan, Bowman et al., (2015) categorises the different aspects of fidelity into three dimensions (scenario, 
display, interaction). Scenario fidelity is about the realism of the reproduced scenario, with its characteristic 
behaviours, rules, and properties. Display fidelity is about the realism supported by the devices that provide the 
trainees with stimuli, and how well real sensory stimuli are reproduced in the learning environment. Interaction 
fidelity is about the realism supported by the devices on which the trainee acts, and how well they reproduce 
physical actions that the trainee would perform in the real world. Although the framework was created in the 
context of virtual reality experiences, the definition of the three types of fidelity can be extended also to other 
contexts. In this report, we thus define the fidelity of a learning environment as a multidimensional construct 
(Figure 2-1) organised into three dimensions: scenario, sensory input and (inter)action. More specifically, the 
scenario dimension refers to the quantity and quality of the real world scenario elements that are included in the 
learning environment such as task duration (e.g., how much the length of the task matches the real duration) 
and task complexity (e.g., number of variables included and their range). The sensory input dimension captures 
how much the learning environment can recreate the real-world sensory experience in the trainee. Within this 
context, the five senses are all relevant, i.e., vision (e.g., use of text/pictures/video/computer graphics; amount 
of details in the visual field; reproduction of the range of light conditions), hearing (e.g., amount of auditory 
details, closeness in harmonic content and loudness to the real auditory stimuli), touch (e.g., reproduced force, 
velocity, texture, temperature), smell (e.g., odours that characterise specific environments, objects or 
processes), taste (e.g., intake of substances). The more the integration of the three dimensions approaches the 
real world, the higher the overall fidelity of the learning environment. 
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Figure 2-1: Degree of Fidelity as a Multidimensional Construct: The Overall Fidelity of a 
Learning Environment Depends on Three Different Dimensions. 

In a meta-analysis, Arthur, Bennett, et al., (1998) investigated the relative effects of a range of moderators 
on skill decay and concluded that similarity of the training (acquisition) and work (retention) 
environments plays a major role in the retention of skills and knowledge over periods of non-use or 
nonpractice.1  

Further discussion of the influence of training-related media on the acquisition and retention of skills and 
knowledge is provided in the following sections. 

2.4.2.8 Printed Materials 

Printed materials that contain text or pictures/pictograms or both are probably still the most used media in 
learning, education, and training interventions. In recent years, they are increasingly provided in electronic 
form (e.g., as PDF files) instead of printed paper, for readers’ convenience, but they remain non-interactive, 
and their layout and content does not change: the learner simply receives a file that can be printed physically 
(on-paper) or displayed digitally (on-screen).  

Different studies have contrasted printed materials with watching video in the context of remembering news, 
and with more sophisticated media such as virtual reality in the training context. While printed materials 
proved to be inferior to virtual reality in retention outcomes (Chittaro and Buttussi, 2015; Buttussi and 
Chittaro, 2021), not all video vs. text studies showed a superiority of video, highlighting the need for a 
careful design of audiovisual materials (DeFleur, Davenport et al., 1992; Furnham and Gunter, 1985; 
Furnham and Gunter, 1987; Gunter, Furnham et al., 1984; Gunter, Furnham, and Leese, 1986; 
van der Molen and Van Der Voort, 2000; Wicks and Drew,1991). 

2.4.2.9 Videos 

Unlike printed materials, which are static, videos contain dynamic elements (camera recordings and/or 
animated graphics) that can be accompanied by audio.  

Different studies have contrasted watching video and reading text in the context of remembering news: some 
studies concluded in favour of video and some in favour of text (DeFleur, Davenport et al., 1992; Furnham 
and Gunter, 1985; Furnham and Gunter, 1987; Gunter, Furnham et al., 1984; Gunter, Furnham et al., 1986; 
Walma van der Molen and Van Der Voort, 2000; Wicks and Drew, 1991). An aspect that seems to influence 
the result is trainee’s level of control on the media, for example the possibility of self-pacing the reading or 
the video watching experience.  

 
1 However, it is noted that this finding is informed by a ‘small number of data points’ (p. 81). 
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Different facets have been shown to improve video-based learning. Such facets include:  

• Making interactive controls intuitive to use (Schwan and Riempp, 2004; Hasler, Kersten et al., 2007; 
Merkt, Weigand et al., 2011);  

• Segmenting the flow of information into small, discrete segments of activity (Mayer and Chandler, 
2001; Hasler, Kersten et al., 2007);  

• Highlighting the boundary between activities in the video (Newtson and Engquist, 1976; Schwan, 
Garsoffky et al., 2000) and where the user should focus his/her attention in that boundary through 
cueing (de Koning, Tabbers et al., 2007); and 

• Using contextually meaningful gestures, instead of simple taps on a touchscreen (Dube and 
McEwen, 2015). 

2.4.2.10 Virtual Reality 

As described in the Introduction, Virtual Reality (VR) is a relevant emerging media for learning and training. 
The first studies of its impact on retention are now available in the literature. 

Chittaro and Buttussi (2015) contrasted learning cabin safety procedures with traditional printed pictograms 
or an immersive VR experience based on a Head-Mounted Display (HMD). A knowledge test administered 
before, immediately after, and one week after the experimental condition showed superior retention in the 
VR group rather than the printed pictograms group. 

Buttussi and Chittaro (2021) contrasted learning cabin safety procedures with: traditional printed pictograms, 
a VR experience on an HMD, and the same VR experience on a smartphone touchscreen, extending the 
retention period to 2 weeks. Both VR setups produced better results than printed materials. 

Silverstein, Dech et al., (2002) and Kruglikova, Grantcharov et al., (2010) conducted studies of VR training 
in surgery, showing that there was no significant competence decay after 4 ‒ 6 weeks. Smith, Farra et al., 
(2016) studied retention at 5 ‒ 6 months, considering decontamination procedures in a disaster scenario, with 
students from two different nursing programs. They compared learning with traditional methods and VR, 
concluding that VR is at least as good as traditional methods for developing decontamination skills, and is 
superior in some cases for retention of knowledge and performance of skills. 

2.4.2.11 Engagement and Emotional Arousal 

The importance of emotions is increasingly recognised in modern learning environments (Graesser, 2020). 
In particular, emotions are able to positively affect retention.  

This initially emerged from neuroscience studies with audio-video narratives that showed better 1-week 
retention results with the more emotionally arousing versions (Sharot, Delgado et al., 2004; Labar and 
Cabeza, 2006; McCaugh, 2000; Nielson and Arentsen; 2012; Kensinger, 2009; Finn and Roediger, 2011; 
Kensinger and Schacter, 2008; Cahill et al., 1994). 

More recent retention studies focussed on training and included additional media. Chittaro and Buttussi 
(2015) measured engagement and emotional arousal with subjective as well as physiological methods, 
comparing VR and printed pictograms as training media. Findings indicated that VR obtained more 
emotional arousal and retention than printed materials. Buttussi and Chittaro (2021) used subjective methods 
and distinguished between immersive VR (on an HMD), non-immersive VR (on a smartphone), and printed 
materials, finding three decreasing levels of trainee’s engagement and satisfaction.  
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A word of caution is needed about how high the level of arousal should be to be advantageous. The above 
cited studies support the fact that low emotional arousal results in less retention with respect to a greater 
level. However, the greater levels of arousal induced in the studies were relatively mild. Vogel and Schwabe 
(2016) warn that, while a mild level of stress facilitates learning and cognitive performance, excess stress 
impairs learning and is detrimental to memory performance. 

2.4.2.12 Design of Training Media 

The design space of any training media (printed materials, videos, serious games, VR) is large: the same 
content can be conveyed in many different ways, and the features (interactive or non-interactive) offered to 
the trainee can vary widely. Design choices should maximise both usability (for example, readability, clarity, 
simplicity, ease of use, logical organisation) and engagement (for example, narrative, emotion-inducing cues, 
aesthetics, interaction mechanics, incentives).  

Usability has an impact on the effectiveness of any type of computer-based learning, for example 
Parlangeli et al., (1999) showed with three studies that difficult-to-use multimedia systems can negatively 
affect learning performance. 

Recent designs of training systems emphasise the effectiveness of adapting design choices from video games 
into the training context to increase engagement. For example, Chittaro and Buttussi (2015) introduced in the 
VR experience a number of elements typical of action/survival games such as:  

i) A narrative that includes emotionally intense events; 

ii) Vivid audio-visual feedback about the consequences of players’ actions, including harm to the 
player’s avatar; 

iii) Unexpected, surprising events.  

More generally, Plass et al., (2015) described how adapting design choices from video games can lead to 
different types of trainee’s engagement: cognitive (mental processing), affective (emotions and their 
regulation), behavioural (gestures, embodied actions, movement in using the training media), sociocultural 
(social interaction with other learners). 

2.4.2.13 Hardware Display 

Any kind of digital media needs hardware to be displayed and used by trainees. The choice of display affects 
also the way the trainee interacts with the media, e.g., touching the screen on smartphones/tablets, natural 
head and hands movements with HMDs, operating a mouse with PCs. This raises the question of whether the 
choice of hardware can affect retention of digital content. 

Moreno and Mayer (2002) compared learning with HMD vs. a traditional PC display under different 
instructional modes. Results indicated that the choice of display did affect sense of presence in the training 
environment but did not affect how much they remembered of the content after using the media. 

Buttussi and Chittaro (2018) measured 2-weeks knowledge retention (and also retention of self-efficacy) of 
procedures learned from a serious game concerning a runway overrun experience, with three groups using 
three different displays: one used a non-immersive display (PC monitor), the other two groups used 
immersive displays (one used an HMD with narrower field of view and head orientation tracking, the other 
used an HMD with wider field of view and tracking of head orientation and head position). No statistical 
differences were found in the retention measures between the 3 types of hardware setups, while engagement 
was instead significantly affected: the more immersive the display, the higher the engagement. 
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Buttussi and Chittaro (2021) measured usability and 2-weeks retention with immersive VR on a HMD, and 
non-immersive VR on a smartphone, two types of hardware that are receiving increasing attention for 
training purposes and offer very different levels of display and interaction fidelity. The study also included 
traditional printed pictograms as a third training condition. Both VR setups were better than traditional 
printed materials in terms of knowledge gain, 2-weeks retention, and reported trainee’s confidence in the 
learned procedures. The differences in these measures between the two VR hardware setups were instead 
minor. However, only immersive VR on the HMD was significantly better than printed materials in terms of 
usability, and sense of presence was higher with the immersive VR setup than the non-immersive one. 
Finally, the type of VR hardware played an important role on engagement and satisfaction, with immersive 
VR on the HMD scoring better than both printed materials and non-immersive VR on a smartphone.  

These two studies indicate that display type does not seem to be a factor that affects retention, at least when 
procedural knowledge is considered. The two studies combined may suggest that an HMD display should be 
preferable for reasons of greater engagement, which could affect motivation to train. Therefore, when the 
VR experience needs to be run instead on non-immersive hardware, the introduction of gamification 
elements could be especially important to promote engagement. 

2.4.2.14 Haptic Hardware 

Computer-based training that is based on audio-visual stimuli becomes insufficient when trainees need to 
learn fine motor skills or familiarise with physical forces of a work environment. In those cases, the addition 
of haptic hardware can extend computer-based training to encompass the missing aspects.  

Depending on the type of haptic hardware adopted (e.g., special gloves, motion platforms, exoskeletons), 
it becomes possible to introduce computer-controlled tactile stimuli and/or physical forces in the training 
experience. Although technically more complex and costly, the viability of this approach with reference to its 
effectiveness on retention has been shown by Carlson, Peters et al., (2015). They considered the domain of 
assembly workers in a factory and compared virtual bimanual haptic training vs. traditional physical training. 
Results of the retention test, two weeks after the training, showed the same level of performance in 
participants trained in the virtual world or in the physical world 
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Chapter 3 – PSYCHO (PHYSIO) LOGICAL MECHANISMS 

3.1 GENERAL OVERVIEW 

The plethora of potential influencing factors and their impact on the rate at which skills decay over time have 
been highlighted by the review presented in Chapter 2. With the growth in modern approaches to learning 
(e.g., through formal, informal, and opportunistic events) and changes in the nature of work, the question 
arises whether the military or other industries can ever keep up with identifying the myriad of factors that 
may have a beneficial or detrimental effect on competence retention. One solution might be to take into 
consideration a comparatively smaller and more stable set of psycho (physio)logical mechanisms that 
provide a rationale for the effects demonstrated by those influencing factors.  

To demonstrate this perspective Chapter 3 briefly describes examples of those psycho(physio)logical 
mechanisms which may inform our understanding of why particular types of person-, task-, and training and 
education-related factors might influence the rate at which skills decay.  

Caveat: It should be noted that a comprehensive review of those psycho(physio)logical mechanisms 
explaining the effects of skill fade factors was beyond the scope of this RTG HFM-292 and this deeper 
review would benefit substantially from the expertise of other relevant specialisms (e.g., neuroscience).  

3.2 DESCRIPTION OF PSYCHO (PHYSIO) LOGICAL MECHANISMS 

Psychological Mechanisms outlined within this section include: 

• Automaticity.

• Cortical plasticity and ‘ecphory.’

• Boredom/mind-wandering.

• Distribution of processing among different channels.

• Information processing rate.

• Perception of fidelity of a virtual experience.

• Embodied cognition.

• Role of emotion in memory consolidation and psychophysiological stress regulation.

• Need for cognition.

A judgement on those skill fade factors relating to the person, the task, and training and education, which 
may be partly or fully explained by a given psychological mechanism, was made by members of the 
RTG HFM-292 and the output of this activity is reported within the following Sections 3.2.1 to 3.2.9. These 
judgements may be considered as hypotheses for future research. 

3.2.1 Automaticity 
This psychological mechanism is relevant to the following influencing factors: 

• Mastery training.

• Deliberate practice.

• Mental practice.
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• Spacing of learning (indirectly, via the increased opportunity for mental practice). 

• Task-content demands. 

Research on skill acquisition has frequently highlighted three phases of learning (Langan-Fox, Armstrong, 
et al., 2002 cite the following theories: Anderson, 1982; Fitts and Posner, 1967; Schneider and Shiffrin, 
1977). In the first phase of learning, performance on a novel task relies on controlled (i.e., conscious) 
processing or declarative knowledge, is cognitively demanding and requires substantial attentional resources. 
In the second phase of learning, both controlled and automatic processing underpin performance with less 
reliance on cognitive processes. In the third phase of learning, automatic processing and procedural 
processes underpin skilled performance with no requirement for conscious control and fewer demands 
placed on attentional resources. Practice and repeated performance of the skill supports this gradual 
transition from controlled to automatic processing.  

In general, the transition to automatic processing is regarded as a positive step in the learning process and is 
associated with mastery or expertise in a skill. However, Toner, Montero et al. (2015) highlighted that the 
environments in which a skill is executed can be highly variable and an over-reliance on automatic processes 
can lead to a number of different performance errors.  

Specifically, they suggest that automaticity can lead to:  

• Mistakes in planning or decision making ‒ prior experience leads to a familiar solution being 
applied inappropriately to a new problem without consideration of alternative solutions. 

• Slips in performance during the execution of a skill – an automated skill (e.g., motor action) 
might be executed inappropriately through habit, even though this is inconsistent with the initial 
plan or decision.  

• Lapses in performance during the execution of a skill – automated processes may prevent 
an individual responding flexibly or reacting when a situation becomes challenging and 
unpredictable during task execution (i.e., where the precise details of the task are novel and differ 
from previous experience). 

• Lapses in performance during the execution of a skill – automated processes may prevent 
an individual responding flexibly or reacting when a situation becomes challenging and 
unpredictable during task execution (i.e., where the precise details of the task are novel and differ 
from previous experience).  

Toner, Montero et al. (2015) suggest that optimal performance on a range of skills may rely on a dynamic 
mixture of automatic and controlled processes. Under challenging or novel conditions, skilled performance 
may rely on recognising that automated processes are inappropriate and switching to more controlled 
processing in order to evaluate the demands and nuances of a situation.  

These findings suggest that more may not always be better when considering mastery training, and mental 
practice. Instead, identifying the optimal level of practice and rehearsal may be beneficial, where the 
individual is able to flexibly transition between controlled and automatic processing according to the 
demands of the situation. That is, training and education may want to focus on helping the learner reach the 
second (rather than third) phase of learning during the acquisition of new skills.  

Automaticity may partially explain the impact of task content on the rate of skill decay. The level of 
automaticity achievable depends on the type of task to be learned. Tasks with, for example, a highly 
repetitive motor aspect can be automatised well and do not rely on working memory capacity as much as 
higher order cognitive tasks such as decision making. While the level of automaticity allowed by the 
demands of the tasks explains the task-content demands factor to some extent, deeper explanation may be 
found in neurobiological principles. 
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3.2.2 Cortical Plasticity and ‘Ecphory’ 
This psychological mechanism is relevant to the following influencing factors:  

• Retrieval practice and test-enhanced learning. 
• Similarities with the learning environment. 
• Spacing of learning (indirectly, via the increased opportunity for information processing and time to 

make links with previous knowledge). 

The neurobiological underpinnings of memory provide an explanation for the beneficial effects of retrieval 
practice, test-enhanced learning, and learning environments that are similar to subsequent performance 
environments. Hebscher, Wing et al. (2019) recently highlighted that the representation of memories in 
neocortical networks facilitates their long-term retrieval. They cite previous research, which typically suggests 
that newly formed memories rely on the hippocampus for a significant period of time (weeks to years) and only 
then, after consolidation, are migrated and represented in neocortical networks. However, the authors also cite 
more recent contradictory research suggesting that these neocortical representations can occur considerably 
more rapidly (within hours or days). This recent research suggests that cortical memories can be encoded in 
parallel with, and rapidly become independent of, hippocampal memories. Given the likely benefits to 
long-term retrieval, it is important to understand the learning conditions that enable the early representation of 
memories in neocortical networks. Hebscher, Wing et al. (2019) argue that the formation of new cortical 
memories is facilitated by learning conditions that simultaneously promote the activation of existing cortical 
representations. Specifically, the authors highlight the following learning conditions:  

• Relatedness to prior knowledge – learning is improved if new information is encountered in the 
context of prior knowledge. The new information can be integrated into existing cortical 
representations and networks.  

• Repeated retrieval (testing effect) – research suggests that active retrieval/testing (as opposed to 
restudying) consolidates new material because the process also reactivates related general 
knowledge and similar episodes such that new memories can be integrated into existing cortical 
representations. Research suggests that the effectiveness of repeated retrieval relies on prior 
knowledge also being activated.  

The importance of the learning environment and its similarity to the performance environment can be 
explained by a process called ‘ecphory.’ Ecphory involves internal or external cues interacting with stored 
memory traces (engrams) to facilitate retrieval; it is the cue-induced ‘reawakening’ of an engram 
(Frankland, Josselyn et al., 2019). Tulving and Thomson (1973) highlighted that the successful retrieval of 
an engram relies on ‘encoding specificity’, where there is a high level of overlap in the environmental 
features and internal (cognitive or affective) states that were present at both encoding (i.e., the learning 
environment) and retrieval (i.e., the performance environment). From a neurobiological perspective, 
Frankland, Josselyn et al. (2019) highlight that the ‘encoding specificity’ principle is evident in patterns of 
neural activity that overlap (spatially and temporally) at encoding and retrieval. The degree of overlap in 
neural activity has an impact on retrieval success. The authors highlight that neural ensembles in 
hippocampal-cortical networks that were active at the time of encoding can be reactivated by retrieval cues.  

3.2.3 Boredom/Mind-Wandering 
This psychological mechanism is relevant to the following influencing factors:  

• Retrieval practice and test-enhanced learning. 
• Spacing of learning (indirectly, where shorter periods of learning that occur through spaced learning 

may reduce boredom/fatigue in comparison with massed learning). 
• Learning technology (VR/AR) (indirectly, where these technologies may enhance 

interest/engagement and reduce boredom/mind-wandering).  
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Peterson and Wissman (2020) recently hypothesised that the positive effects of test-enhanced learning 
(vs. restudying information) may be due to a reduction in mind-wandering (i.e., where an individual 
processes internal information rather than task-relevant information). They argue and find some evidence 
that mind-wandering has a negative impact on memory retrieval.  

The literature on learning and training increasingly recognises the role of emotions in reducing/eliminating 
boredom and creating engagement and a motivation to learn, leading Graesser (2020) to describe emotions 
as “the experiential glue of learning environments in the 21st century”. Further discussion on the role of 
emotions as a psychological mechanism can be found in Section 3.2.8. 

3.2.4 Distribution of Processing Among Different Channels  
This psychological mechanism is relevant to the following influencing factors concerning training:  

• Printed materials. 

• Video. 

• Virtual Reality. 

• Design of training media. 

The cognitive theory of multimedia learning (Mayer, 2014) states that the human information processing 
system includes dual channels for visual/pictorial and auditory/verbal processing (i.e., dual-channel 
assumption). Each channel has a limited capacity for processing (i.e., limited-capacity assumption), and 
active learning entails carrying out a coordinated set of cognitive processes during learning (i.e., active 
processing assumption).  

Multimedia instructional messages should thus be designed to guide appropriate cognitive processing during 
learning without overloading the learner’s cognitive system. In particular, printed training materials rely 
entirely on a single channel (visual/pictorial) and, therefore, could rapidly overload cognitive capacity. 
In contrast, training videos and virtual reality training offer the opportunity to distribute learning material 
across the visual/pictorial and auditory/verbal channels, potentially reducing cognitive load. Note that this 
psychological mechanism is likely to only have an indirect (rather than direct) impact on skill retention. 

3.2.5 Information Processing Rate 

This psychological mechanism is relevant to the following influencing factors concerning training:  

• Video. 

• Virtual Reality. 

• Design of training media. 

Cognitive abilities of trainees vary (see Section 2.2.2), and this includes the ability to process and organise 
information that is presented at a given rate (Schwan and Riempp, 2004). Lack of adaptability in processing 
different presentation rates may thus lead to shallow processing or even cognitive overload, as shown by 
different studies on learning from video media (Wetzel, Radtke et al., 1994). Giving trainees control over 
training videos allows them to adjust the pace of the presentation to their individual cognitive needs, 
supporting self-regulated information processing (Merkt et al., 2011). 
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3.2.6 Perception of Fidelity of a Virtual Experience  
This psychological mechanism is relevant to the following influencing factors concerning training:  

• Virtual Reality. 

• Design of training media. 

• Hardware display used in computer-based training. 

VR can provide familiarity with the associated real‐world environment, allowing learners to rehearse specific 
sequences of actions with a high level of physical and psychological fidelity, and enabling immediate 
feedback (Feng, Gonzalez, et al., 2018; Rose, Attree, et al., 2000; van Ginkel, Gulikers et al., 2019). This 
mechanism is likely to be closely related to the process of ecphory (see Section 3.2.2); that is, the high level 
of overlap between the features present at encoding (the virtual learning experience) and retrieval 
(the real-world test experience) facilitates the retrieval of memory traces in the test environment. 

However, there is a need to understand what determines perception of fidelity of a virtual experience in 
trainees. The framework introduced in Section 2.4.2 categorises the different aspects of VR fidelity and can 
help in better understanding fidelity perception.  

3.2.7 Embodied Cognition  
This psychological mechanism is relevant to the following influencing factors:  

• Virtual Reality Training. 

• Design of training media. 

Theories of embodied cognition (e.g., Mayer, 2014; Shapiro, 2011; Wilson, 2002) propose that bodily cues 
and physical interactions can positively affect higher level cognitive processing. This perspective posits that 
there is an intimate connection between our motor and visual processes, and the more explicit the 
connection, the better the learning. From this standpoint, VR training interventions would have positive 
effects on learning outcomes to the extent that trainees are able to physically interact with and in the 
VR environment. Note that this psychological mechanism is likely to only have an indirect (rather than 
direct) effect on skill retention.  

3.2.8 Role of Emotions in Memory Consolidation  
This psychological mechanism is relevant to the following influencing factors:  

• Test-enhanced learning (indirectly, via the increased stress/anxiety that may occur in a test 
environment). 

• Printed Training Materials. 

• Training Videos. 

• Virtual Reality Training. 

• Engagement in the training experience. 

• Design of training media. 

• Hardware display used in computer-based training. 

A large body of literature in psychology and neuroscience highlights how emotional arousal ‒ especially 
negative emotions such as fear – can positively affect retention (Sharot et al., 2004; Labar and Cabeza, 2006; 
McGaugh, 2000; Nielson and Arentsen; 2012; Kensinger, 2009; Finn and Roediger, 2011; Kensinger and 
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Schacter, 2008; Cahill, Prins et al., 1994, Tyng, Amin, et al., 2017). It has been hypothesised that the arousal-
related increase in norepinephrine (a stress hormone) secretion in the amygdala (a brain region important for 
emotional arousal detection and processing) is responsible for enhanced memory consolidation. There is 
empirical evidence to support this hypothesis (e.g., Cahill, Prins et al., 1994). However, an important distinction 
should be made between acute stress experience at the level of training and processes of chronic stress which 
can, in contrary, impair long-term memory (Tyng, Amin et al., 2017). Under normal circumstances, a stressor 
activates the Hypothalamic-Pituitary-Adrenal (HPA) axis stress-system to make energy quickly available in 
order to facilitate a well-adapted, flexible response to a short-term challenge. This stress-system can reset by 
means of feedback mechanisms (Sapolsky, 1994; McEwen, 2004). Based on recent models of stress and 
regulation during operational performance (e.g., Van Puyvelde, Neyt et al., 2018), it can be stated that 
excessive stress or chronic stress, however, puts this system at risk in two ways: firstly, by its duration and 
secondly because excessive stress evokes an emergency condition in the bodily system. Inefficient and/or 
insufficient stress coping results in negative stress related with a variety of mental and physical stress-signals 
due to HPA-dysregulation such as immunity problems (i.e., leukocyte depletion) (Palma-Gudiel et al., 2021; 
Troubat, Barone et al., 2021), flattened cortisol response curves (exteriorised as a lack of flexible reactivity) 
(Sapolsky, 1994; McEwen, 2004), decreased cognitive performance (due to hippocampal deterioration) 
(Sapolsky, 1994), increased depression and anxiety (Saxbe, 2008) and thus deteriorated performance levels 
(e.g., Angeloni and Demontis, 2020). 

An additional role of emotions is highlighted by Bacon, Windall et al. (2012). They discuss the importance 
of training while evoking an emotional state similar to the emotional state trainees would be confronted with 
in a real scenario, because of the strong effect of emotions on decision making, problem solving, and 
learning. Immersive VR has the potential to evoke this state by providing very vivid, first‐person experiences 
and a high level of psychological presence (Bertram, Moskaliuk et al., 2015; Makransky, Lilleholt et al., 
2017; Makransky, Terkildsen et al., 2019), which enables the construction of context-dependent knowledge 
(Mikropoulos and Natsis, 2011). 

3.2.9 Need for Cognition 
This psychological mechanism is relevant to the following influencing factors: 

• Individual differences and, more specifically, cognitive abilities and motivation. 

• Task-Content Demands. 

• Task-Complexity Integration. 

Higher initial abilities have been shown to have an advantage that has been explained by higher accessibility to 
more effective strategies (Hall, Ford et al., 1983; Farr, 1987) and less time required to acquire an expected 
minimum level of performance (Arthur, Bennett et al., 1998). An underlying psychological mechanism, 
however, could be an intrinsic need for cognition (Cacioppo and Petty, 1982 in Day, Espejo et al., 2007). Need 
For Cognition (NFC) has been defined as “a stable individual difference in people’s tendency to engage in and 
enjoy effortful cognitive activity” (Cacioppo and Petty, 1982, p. 197). It is a specific motivational aspect that 
has been shown to provide an advantage in the acquisition of and processing of new and certainly complex 
tasks. Day, Espejo et al. (2007) showed for instance how need for cognition predicted complex skill acquisition 
mediated by learning orientation (i.e., the urge to learn or ‘learning for the sake of learning’). However, to the 
best of our knowledge, we have not encountered research that examined the relationship between the need for 
cognition and skill retention. This would be an interesting road to explore since the outcome could be 
two-folded. On the one hand, NFC could benefit skill retention because of the initial advantages in training 
level. However, on the other hand, in a skill retention retraining program, NFC could be a countermeasure due 
to the individual need for new information that would not be found during retraining. Hence, there is an 
argument for the individual tailoring of retraining programs based on, among others, one’s need for cognition 
(i.e., the addition of new challenges in the retraining program for persons with high NFC). 
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The NFC may also relate to findings that learning tasks that are meaningful lead to better results than tasks 
that are inherently meaningless. Tasks that require an understanding will require construction of mental 
models and the cues in task performance are meaningful within those mental models. As a result, once 
mastered, meaningful tasks will retain better (Craik and Lockhart, 1972). While NFC is a construct to 
explain individual differences, all people will apply their level of NFC better when the tasks to learn allow it 
(i.e., are meaningful). 
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Chapter 4 – MANAGING SKILL FADE AND COMPETENCE 
RETENTION: KEY APPROACHES 

4.1 GENERAL OVERVIEW 

The fourth industrial revolution with technologies such as digital automation, artificial intelligence, and 
autonomous systems is starting to become a feature of defence capability and provides the opportunity for 
new and enhanced ways to manage skill fade among military personnel. For example:  

• Sophisticated competence management systems that support the capture, recording, and tracking of
knowledge, skills, and experiences held by military personnel;

• The use of automation and intelligent systems that reduce demands on operator memory;

• The possibility to monitor physiological stress reactivity; and

• The increased availability of mobile personal devices to support learning and the refreshing of skills
and knowledge outside of the traditional classroom environment.

Chapter 4 outlines three general approaches that may be incorporated within an organisation’s strategy to 
enable the effective management of competence retention. In describing these approaches, we have reflected 
upon the following:  

• The breadth of person-, task-, training and education-related factors that may influence skill fade and
competence retention (see Annex A);

• Key steps comprising a systems approach to training (i.e., analysis, design, delivery and evaluation);
and

• The range of conditions and environments in which learning may take place (e.g., peer-to-peer;
within the classroom, or operational / workplace environments).

4.2 REFRESHER TRAINING 

Specifying the frequency at which particular types of skills and knowledge need to be refreshed is a 
traditional approach to managing competence retention. Job-holders are then required to attend refresher 
training events at set intervals. For example, the British Army requires personnel to undertake Military 
Annual Training Tests (MATTs) in order that the knowledge, skills, and attitudes developed during initial 
training are maintained at the required standard.1 Currently such intervals are standardised for particular 
types of roles and are not based on concrete evidence, but rather on practical experience, resources 
(people and financial), and operational-related issues.  

A key question arising is how to ‘set’ an appropriate refresher training interval, i.e., the time that elapses 
between the acquisition, or re-acquisition of knowledge and skills and refreshment. This is important in 
ensuring that personnel retain the level of competence needed to perform their job to the required standard, 
even if they were not able to practice their profession for a certain period. An appropriate trade-off between 
the interval duration and motivational as well as economic considerations is important. For instance, setting 
the interval too low may result in individuals receiving refresher training more often than required – leading 
to the unnecessary expenditure of finite training resources. Whilst recognising that the development of a 
comprehensive and fully validated approach to defining the refresher training interval does not yet exist, 
guidance is nonetheless provided by quantitative models of skill decay.  

1 Examples of MATTs include weapons handling, fitness, battlefield casualty drills, values and standards, and in some cases 
may be refreshed and tested once or twice a year. 
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Quantitative models predict the amount of skill decay that will occur in a given time period in the absence of 
practice. Such models are typically described by a power law function showing the steepest decline in skills 
at early time points, followed by a more gradual decline at later points (see Stothard and Nicholson, 2001). 
The power laws of learning and forgetting have provided the basis for a number of skill decay models 
(e.g., Kim, Ritter et al., 2013; Siu, Best, et al., 2016). However, it should be noted that such research models 
are typically based on decay curves after a single learning event rather than after re-learning. This means that 
the research informing such models is of particular relevance to novices but may not fully describe expert 
performance following re-learning event(s) (Richards and Deighton, 2019). Within the defence context the 
User Decision Aid (UDA), Trainer’s Decision Aid (TDA), and Competence Retention Analysis Technique 
(CRA-T) are the most relevant measures and models of skill decay. A brief description of each is 
provided below.  

User Decision Aid – developed by the United States Army Research Institute (Rose et al., 1985) as a tool to 
predict how rapidly skills and knowledge decay over a maximum of 1-year without practice. It consists of a 
10-item survey which can be used by trainers to rate a given task with questions including: 

1) Are job or memory aids used by the soldier in performing (and in the performance evaluation of) 
this task? 

2) How would you rate the quality of the job or memory aid? 

3) Into how many steps has the task been divided? 

4) Are the steps required to be performed in a definite sequence? 

5) Does each task provide built-in feedback so that you can tell if you are doing each step correctly? 

6) Does the task or part of the task have a time limit for its completion? 

7) How difficult are the mental processing requirements of this task? 

8) How many facts, terms, names, rules or ideas must a soldier memorise in order to do the task? 

9) How hard are the facts and terms that must be remembered? 

10) What are the motor control demands of the task?  

A pre-defined set of weightings, to reflect the relative importance of a given item, are applied to each rating, 
and aggregated to generate a total score. Total scores are used to generate predicted skill retention curves. 
It is important to note that these curves plot the percentage of personnel who will retain a skill as a function 
of time. The following limitations of the UDA have been identified (see Bryant and Angel, 2000): 

• Comparisons between predicted and actual retention values indicate that the UDA tends to 
overestimate skill decay; it is pessimistic in its predictions (Rose, Czarnolewski, et al., 1985). 

• The frequency of practice after training is not taken into consideration and there is an assumption 
that no practice has taken place. 

• It does not incorporate an analysis of the level of skills and knowledge acquired at initial training. 

• Development and validation were based on a relatively limited range of tasks, and it is more 
applicable to procedural skills than cognitive, motor, or collective skills. 

• It can only be applied to predict skill decay for the 12-month period following training.  

Trainer Decision Aid – developed by Cianciolo et al., (2010) is a revision of the UDA and includes 
questions that assess task practice, the impact of technology, and the fidelity between the training and 
operational environment. The following questions are included within the TDA: 
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1) How much do memory aids reduce the memory demands of this task? 

2) How many performance steps is the task divided into? 

3) Are the steps in the task required to be performed in a definite sequence? 

4) How complex are the mental demands of this task? 

5) How many facts, terms, names, rules and/or ideas much a Soldier or leader memorise in order to 
earn a “GO” on this task? 

6) How difficult are the facts, terms, rules and/or ideas that must be remembered? 

7) How severe is the time pressure under which this task must be performed? 

8) How strongly has the Battalion Command emphasised the importance of learning this skill? 

9) How closely did the initial training conditions of this skill match its performance conditions under 
combat conditions? 

10) How often has this skill been used? 

11) On average, how user-friendly are the information displays that are most important to performing 
this task? 

12) How frequently has the technology involved in performing this task changed? 

13) How reliable is the technology involved in performing this task? 

The key limitation of the TDA is that the questions and responses are not weighted and, therefore, the 
relative importance of each factor is not reflected in the score.  

Competence Retention Analysis Technique (CRA-T) – This technique presents a significant evolution of 
the UDA and is also included within the UK MOD Joint Services Publication 822 (Part 2) as an approach to 
the specification of job-related refresher training intervals. The CRA-T User Guide (Cahillane, et al. 2015) 
outlines five steps involved in the application of the technique to include: 

Step 1 – Job Information – Access or develop a clear understanding of the task and identify the 
required skills and knowledge. Reference should be made, where possible, to key sources of information 
that are typically collected as part of a training needs analysis (e.g., job scalars, operational performance 
statements). 

Step 2 – Psychological Domain mapping – Match the sub-tasks to the standard set of five 
psychological domains that have been constructed as part of the development of the CRA-T 
(see Table 4-1, column 1). 

Step 3 – Assign a retention interval – Consider the frequency of applying the skill/knowledge and 
assign the corresponding retention level (high, moderate, low) (see Table 4-1, column 3). This indicates 
the percentage of personnel that will be competent at 12, 5 and 2 months for the high, moderate, and low 
retention levels, respectively (see Table 4-1, column 4). 

Step 4 – Apply moderators – Consider how relevant factors might moderate (i.e., increase or decrease) 
the retention level selected at step 3. Such moderating factors might include:  
i) The frequency of any changes in relevant technology;  
ii) The reliability of any relevant technology; and  
iii) Individual differences in aptitude and cognitive ability. A criticality analysis should also be 

performed to assess whether failure is likely to be ‘very critical’, ‘moderately critical’, or ‘not 
critical’ (defined respectively as a severe, moderate, or no impact on operational capability, 
personnel, or equipment). 
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Step 5 – Inform training design and delivery – guidance on how the outputs of the analysis conducted 
at step 2 might be used to inform, in broad terms, an identification of relevant strategies to enhance the 
acquisition and/or retention of skills and knowledge. Sixteen examples are described (e.g., assessment-
enhanced learning, provision of recognition cues, part-task training, appropriate simulation fidelity, task-
oriented training, variable practice training).  

Table 4-1: Mapping Generic Psychological Knowledge and Skill Domains to Indicated 
Retention Levels After Considering the Frequency of Application. 
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A number of studies have successfully applied the CRA-T to defence tasks involving, e.g., the operation and 
maintenance of military vehicles, battlefield casualty drills, weapons handling, military annual training tests, 
and use of communication systems. It is important to note that the UDA is the underpinning model to the 
CRA-T and that the validity and effectiveness of the CRA-T is critically dependent on the reliability and 
validity of the UDA. General limitations to the scope, validity, and application of the CRA-T to both current 
and future defence roles are acknowledged. In particular: 

1) The technique does not support an assessment of the retention interval for those types of complex 
tasks which require the operator to multitask or switch attention, adapt to new situations; or which 
require complex decisions to be made. It is acknowledged that the need for such skills will only 
increase in the future military operating environment with the greater use of automation, 
decision-support systems, human-machine teaming, cyber operations and so forth. It is therefore 
important that quantitative models are developed to include such skills.  

2) Predictions of skill retention using the CRA-T relate to the time point at which 50% of a ‘unit’ 
would remain competent, and in addition, this estimate is regarded as overly pessimistic. 
Furthermore, there is a lack of underpinning evidence gathered from experimental research 
conducted over time, through longitudinal research studies, to substantiate fully the proposed 
refresher training intervals. 

3) Whilst the CRA-T does identify examples of factors moderating the rate of skill fade (see step 4), 
these are not comprehensively defined and guidance on those factors that present the greatest effect 
on skills retention is not provided.  

4) Finally, whilst examples of strategies to enhance the acquisition and retention of skills and 
knowledge are provided, the set presented at step 5 does not incorporate some significant 
developments, e.g., personalisation of learning, adaptive learning and intelligent tutoring systems, 
augmented and virtual reality systems.  

Some research efforts to address the above limitations of the CRA-T have been made.  

Firstly, and with reference to limitation 1, as part of a UK Defence funded research activity, Cahillane et al. 
(2022) undertook a significant revision and expansion of the set of five psychological domains included 
within the CRA-T User Guide. This work resulted in the development of a ‘Revised Task and Job-Related 
Knowledge, Skills and Attitudes Taxonomy,’ with key additional elements including:  

• Simple and complex decision making. 

• Adaptive cognition (i.e., the ability to adapt behaviour to meet the demands of a new situation, set of 
circumstances or event). 

• Attentional control (an essential psychological meta-skill in job roles where two or more 
coordinated components of a task must be performed concurrently). 

• Implicit knowledge (i.e., tacit, unconscious knowledge about ‘doing’ that cannot be articulated). 

The research activity confirmed the content of the revised taxonomy as relevant to a sample of military roles 
involving high-risk operations (e.g., fire fighter, unmanned air system operator, piloted operations); and used 
the taxonomy to design an experimental trial to collect longitudinal evidence for tasks requiring complex and 
cognitive skill types. The potential for this revised taxonomy to inform the development of common 
standards in the design of future skill fade research and data collection is considered at Chapter 6 
(see Section 6.4.3). This research activity also involved the development of a consultation plan that could be 
used to elicit information from subject matter experts about the nature and complexity of military tasks. 
The consultation plan includes adapted versions of the UDA and TDA questions; crucially, it also includes 
two new questions that are designed to gather information about the complexity of the military task. 
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• To what extent is multi-tasking (i.e., task switching) involved in the integration of sub-tasks and any 
associated elements during task performance? 

• In unfamiliar, unpredictable, and dynamically changing conditions, to what extent do informational 
inputs and behavioural outputs change? 

Secondly, and of relevance to limitation 2, there is a developing body of research that seeks to model and 
predict an individual’s refresher training interval. This approach is a departure from the traditional focus of 
quantitative models on the specification of a refresher training interval for particular jobs or roles.  

Thirdly, and with particular reference to limitation 3, the NATO RTG 292, through the medium of this 
report, provides a contemporary review and qualitative analysis of the breadth of factors influencing 
competence retention. It is noteworthy that this review considers the influence of individual differences 
(e.g., motivation, experience) and novel trends in learning (e.g., virtual reality, engagement, and 
emotional arousal) on competence retention. These influences, in particular, are not incorporated within 
the models and techniques described above and could inform future approaches to the management 
of competence retention. The sheer breadth of factors influencing competence acquisition, retention, 
and management requires some prioritisation – this point is considered further at Chapter 6. So far, this 
chapter has provided an historical perspective identifying popular, quantitative models that have been 
used to support an identification of the refresher training interval for military roles. Whilst the focus 
on defining a standard refresher training interval for specific jobs or roles still exists, there is a 
growing recognition of the benefits afforded by additional approaches. In the remainder of this chapter 
consideration is given to two such approaches: personalisation of learning and experiential learning 
through virtual experiences.  

4.3 PERSONALISATION OF LEARNING 

Managing the retention of skills and knowledge by manipulating the refresher training interval is a strategy 
that is typically applied at the job level. The optimal situation is that retention at the individual level is 
continuously measured over time, and that personalised refresher training, job aids or specific tasks are 
offered to someone just in time. Advanced technology, including data management (c.f. learning analytics) 
and performance support tools are needed to achieve this goal ultimately.  

In a review of the literature Deighton and Mundy (2019) define personalisation of learning as the 
“orchestration of a customised learning experience that is tailored for and/or adapted to the requirements of 
the individual learner, in order to optimise learning outcomes in line with the organisational goal(s)” 
(Deighton and Mundy, 2019, p.4). Placing the learner at the centre of learning is regarded as key, enabling 
the learner to set the pace and place of their own learning, once again emphasising the importance of 
individual characteristics in both the acquisition and retention of skills, knowledge and more broadly 
competence over time.  

Personalisation of learning is a holistic strategy (rather than a specific training method or media type) 
which may be implemented to support initial, maintenance, booster or refresher training (Sullivan, 2019); 
and should be conducted throughout an individual’s career. Advances in learning technology (e.g., Adaptive 
Learning Systems2, Intelligent Tutoring Systems3), increased connectivity, and data analytics are 
important enablers to the adoption of PL as part of an organisation learning and development strategy 
(Boyce, DeFalco et al., 2018). 

  
 

2 Learning technologies which monitor students’ progress, using data to modify instruction at any time. 
3 Adaptive, personalised instructional systems designed to mimic one-on-one tutoring. 
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Taken together this capability has the potential to: 

• Enable the design and delivery of refresher learning to meet the specific needs of the individual. 
For example, tailoring learning content taking into account the individual’s prior experience, 
strengths and particular areas for refreshment and development. 

• Allow the individual to learn at their own pace, thus controlling the ‘spacing’ of their own learning.  

• Allow learning content to be adjusted according to the individual’s progression. 

• Enable learning to take place within ‘non-traditional’ teaching environments (e.g., within the 
workplace environment) and at intervals that are relevant to the individual learner’s needs.  

At the time of writing this NATO technical report, research is being conducted by the UK Ministry of 
Defence to investigate personalisation of learning using an Adaptive Learning Platform with the potential to 
inform an individual’s refresher training requirements based on an individual’s initial performance 
(Richins, Caldeira-Hankey et al., 2021).  

4.4 VIRTUAL TRAINING EXPERIENCES 

As we have seen in Section 2, the adoption of Virtual Reality (VR) technology in training can lead to better 
learning and retention than less realistic and less interactive media. Resort to VR experiences in training is 
also motivated by different pedagogical theories, as discussed in Chittaro and Ranon (2007). First, it is 
supported by constructivist theories of learning. Constructivist pedagogy highlights that individuals learn 
through a direct experience of the world, through a process of knowledge construction that takes place when 
they are intellectually engaged in personally meaningful tasks. Following this theory, interaction with the 
world is essential to the learning process. The possibility of providing highly interactive, realistic experiences 
is thus one of the best-valued features of VR. Second, since VR allows to recreate life-like experiences that 
link experience to theory, it supports the situated learning approach, which suggests that it is more effective 
for trainees to learn concepts in the same context where these will be applied. Third, research in human 
learning processes demonstrates that individuals acquire more information if more senses are involved in the 
acquisition (multimodal learning). In VR, one can support this human capability by providing multisensory 
stimuli (visual, auditory, and haptic). 

In addition, VR allows trainees to learn in a safe environment while being at the same time immersed in 
reproductions of very dangerous situations. This is of particular importance to tasks that involve relevant 
safety risks in the real world, such as those of interest in domains ranging from disaster preparedness to 
military operations. Safety needs often force trainers to reduce the realism of real-world drills to limit risks to 
trainees, and some scenarios can be impossible to reproduce in a real-world drill for reasons of safety as well 
as cost. In such contexts, virtual experiences can both increase realism, reduce the cost of drills, and allow to 
increase their frequency. However, adopters of digital training solutions should be careful not to make the 
oversimplification of reasoning only at an abstract level in terms of type of technology, e.g., “Is it better to 
adopt VR or traditional e-learning?” as if one type of technology should be superior per se to another one. 
This oversimplification disregards the fact that for each technology there are several different hardware and 
software options, with different levels of accuracy, precision, convenience, usability, and engagement. 
In addition, the design of the training experience can significantly affect the outcomes of the training. 
Adopters of digital training are often unaware that, due to the virtual nature of the experience, software 
developers can flexibly create a wide spectrum of possible trainee experiences, and the design space one can 
choose from is thus very large. For example, considering the possible ways a user can interact with a 
VR environment, Jerald (2016) described how a designer can choose among 15 different interaction 
techniques to support virtual object selection, 7 to manipulate the selected objects, 17 to move one’s 
viewpoint in the environment, and 9 to use menus. Since the classification is not exhaustive, this means that 
the design space for the interaction aspect and for VR technology is made of at least 16,065 possibilities. 
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Knowledge of this aspect helps to empower training organisations in adopting virtual experiences of 
appropriate quality. First, since not every possible design of a digital training experience has been evaluated 
in the literature due to the size of the design space, they can search available studies for evidence that the 
specific design they want to adopt is suitable for their specific context and task, in order to take informed 
choices. Second, if the specific design they are considering has never been evaluated, they can decide if they 
want to switch to a different design for which evidence is available or if they want instead to carry out a pilot 
study of the new design. Third, if there are available studies of the specific design they are considering that 
do not support adoption for the specific task and context, they can use the limitations identified by those 
studies to inform the choice of a better alternative in the design space. It is also worth noting that the research 
communities in digital media are distilling guidelines to help in the design of effective experiences, 
e.g., Jerald (2016) has collected a 50-pages set of guidelines that can help designers in creating an effective 
VR experience. 

The different types of fidelity introduced in Section 2.4.2 can all affect the outcomes of training. Lack of 
sufficient fidelity also poses the risk of negative training, which is the acquisition of skills that are successful 
in the virtual experience but do not produce the desired result in the real-world context for which the training 
was meant. However, it should not be assumed that it is necessary to achieve the maximum possible level of 
fidelity to produce the best retention, and adopters can focus on the right level of fidelity that suits their 
needed outcomes. Given a task, the question is thus what are the minimum (to avoid negative training) and 
the optimal level of fidelity that produce satisfactory retention in trainees. Gaining such insights allows to 
design and deploy a training that produces the greatest outcome-to-cost ratio. For example, Buttussi and 
Chittaro (2018) showed that three different levels of display fidelity produced the same level of knowledge 
retention about an emergency procedure at 2 weeks.  
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Chapter 5 – DISCUSSION 

5.1 GENERAL OVERVIEW 

This chapter opens with an overview of the status of competence retention research along with the key 
insights based on the results of the current report and literature analysis activities. Next, we will describe the 
key challenges related to research on the topic of competence retention. Finally, future areas of research on 
competence retention are proposed.  

5.2 COMPETENCE RETENTION RESEARCH 

5.2.1 Status and Insights 
Firstly, the literature showed that competence retention and its management is complex and influenced by a 
plethora of factors associated with the person, the tasks to be performed, and the training and education 
that had been provided during the learning phase. Consequently, the findings over studies often show a 
variated and inconsistent pattern probably due to large inter-individual variances that can occur in different 
stages of a retention course. Therefore, future competence retention research should take inter-individual 
differences and their underlying mechanisms into account in order to explain more specific pathways of 
retention processes.  

Secondly, there is a lack of studies focusing on competence retention of complex tasks and how the variety 
of potential influencing factors may impact this process. Up to now, the current body of research evidence 
has centred on the retention of simple skills and knowledge items requiring a short period of training. 
The retention processes over time of each of these elementary competencies, when not practiced, and the 
extent that specific factors such as the type of task, quality and quantity of training, and individual 
differences may influence these processes are relatively well-known and described in the literature. 
However, an in-depth investigation of complex tasks, taking into account individual learning and/or retention 
pathways remains under investigated.  

More specifically, research evidence on retention relating to the interaction between individual differences, 
task characteristics and the effective use of learning technology is required to fully understand the 
complexity of the underlying mechanisms of retention. Therefore, in the current discussion, we proposed 
some examples of potential mechanisms that may explain why certain factors may or may not moderate 
competence retention and that may thus be interesting to investigate in future research.  

Thirdly, our review has highlighted the potential value of deepening the research debate to include a 
consideration of certain neurobiological and psychophysiological mechanisms that may explain the influence 
of particular factors on competence retention (see Chapter 3). Whilst the consideration of this topic was 
provisional, it nonetheless highlighted a different perspective or framework for the grouping of the breadth 
of factors influencing competence retention. This viewpoint may be useful to organisations concerned with 
the fundamental science of competence retention. They might use insights from this report to predict the 
potential benefits of emerging or as yet undiscovered technology or non-technology based solutions in the 
measurement and management of competence retention.  

A fourth and final insight arising from the RTG activity has been the need to build and extend the 
international military community involved in research on competence retention. The greater attraction of 
organisations and individuals can offer novel perspectives which draw upon the latest thinking in learning 
analytics and neuroscience.  
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5.2.2 Perspective on Competence Retention 
Perspectives on retention or decay and definitions have often been developed in relation to the context that is 
being investigated (e.g., laboratory vs field). When scientifically studied in a laboratory situation, this 
research may only relate to the decay of newly learned knowledge or skills specifically for the experiment 
without intermediate practice (in order to examine the effects and nature of decay) and without the influence 
of the particular field context. When studied or applied in a practical (military) training context, it is more 
relevant to consider the decay of full competence below a pre-defined minimum level of proficiency by the 
training organisation with or without relevant intermediate experiences (in order to determine the level of 
currency or combat readiness). Therefore, for military operational goals, a purely research-oriented 
conceptualisation of retention might work in a reductive manner. For the same reasons, we approached the 
literature from a wider perspective of competence, that is, competence retention instead of skill fade or skill 
decay. In the future, the development of more generic competences is considered as increasingly important 
to be able to deal with future situations and tasks that will change more often. Such a competence-based 
perspective on retention will be more future proof for learning in the next decades.  

Visions on future learning take a more individual-centred perspective, in which training is provided in a 
more personalised, self-responsible, and highly informed way. This also fits in with the future expectation 
that employees will have to learn more new tasks from a lifelong learning perspective. It also matches with 
the transition of various military organisations (e.g., The Netherlands, UK) into more flexible career 
structures in which, for instance, individuals are increasingly moving between Regular, Reservist, and 
Civilian roles within Defence. In this individual-centred, flexible learning approach, retention should not be 
considered as the maintenance of competence in relation to a pre-defined standard or to the exit level of 
initial training. Instead, military career pathways may become much more flexible and individually tailored 
with jobs changing more frequently over time and personnel transferring between jobs more frequently. 
Therefore, competence and skill transfer will become more frequent and fixed standard tracks less relevant.  

Consequently, a retention baseline in studies should relate to the person’s individual baseline which may 
obviously differ between professionals. This baseline may refer to the original level of competence after 
initial training or to a modified level of competence as a result of, for instance, further development of 
employees and/or changes within the job over time. Moreover, specific individual traits such as motivation, 
need for cognition, self-efficacy, emotion, and stress regulation may be of influence as well, certainly on the 
initial training level. In all cases the pre-defined standard of proficiency as specified by a professional 
organisation or legislative authorities will need to be met. 

Moreover, since a military track over the years may become more variable in the future, the necessity to 
focus on complex, operational tasks in retention research, requiring (generic) competences will only 
increase. It is here, however, that the current lack of knowledge about retention of complex skills enters 
the scene. 

5.3 KEY CHALLENGES IN CONDUCTING COMPETENCE RETENTION 
RESEARCH 

Retention research differs considerably in the approach used: lab vs field, realistic vs generic, short-termed 
vs longitudinal measures. Reported studies consequently are not easy to compare in the highly needed 
meta-analyses. This is made even worse by the way in which characteristics of the training, type of 
measures, and tests are reported. For example, tasks, competencies, measures, training criteria, training 
design, participant information are often described in a limited and inconsistent way. In this section, we will 
highlight some key challenges for researchers to consider in setting up future competence retention 
research studies.  
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5.3.1 Laboratory versus Field Research 
Classical research on retention involves longitudinal data collection with certain intervals of no practice in 
order to collect evidence on the retained level of competence during these intervals. A key question that is 
often overlooked in this type of retention research is the effect of the test environment and how valid the 
retention measurements are in that test environment compared to the operational setting (ecological validity). 
Ideally, the measurement should be taken in practical, real-world contexts, but this type of research is far 
from popular for several reasons. Field research is hard to organise because one has to adapt to reality, it is 
time-consuming and therefore expensive in terms of personnel, and it adds an additional workload on the 
participants. Therefore, applied field research in a military or related context remains scarce whereas it is 
hardly needed. Moreover, there is unfortunately also a tendency for such studies to not be published since 
small research populations with drop-outs are not favoured. 

The fact that the realism of the testing environment is typically poorer than the actual field context threatens 
the fidelity and with that the applicability of the results (see also Section 2.4.2). As an example, Patil, Cogoni 
et al. (2014) contrasted low fidelity, paper-based representations of life-threatening situations vs. higher 
fidelity, VR presentations of the same situations, showing effects of the test environment on participant’s 
responses and decision making. In particular, participants in the paper-based testing were less emotionally 
aroused and acted in a less utilitarian way (less outcome-based in terms of lives saved), while participants in 
the VR testing were more emotionally aroused and acted in a more utilitarian manner. While in Section 2.4.2 
we defined fidelity for learning environments, the same multidimensional definition can be used for testing 
environments for the investigation of competence retention. The decision about the level of fidelity of the 
research environment in each of the dimensions will depend on the desired output without losing track of 
measurement load (e.g., physiological measures, eye-tracking, video-recording), possibilities to use certain 
lab or field set-ups (e.g., available space, location, time), number of participants, goal of the study 
(e.g., studying micro-mechanisms vs macro-processes). 

Both field and laboratory measurements have certain advantages and disadvantages. Field studies (e.g., field 
exercises of military units, operational pilots), as mentioned above, often offer less standardised conditions 
than a laboratory environment and may interfere with standard training procedures. In case of dangerous skill 
trainings, a field study approach may even not be feasible. On the contrary, lab studies are popular for their 
highly standardised conditions, but they may be jeopardised by ecological validity issues. That is, the 
environment used in the lab often does not or cannot represent the task completely (e.g., security reasons, 
knowledge of the operation, time constraints, team size constraints) or its full context (e.g., simulator 
constraints, limitations of opponent behaviour).  

A related issue is that retention research is domain- and task-dependent. Longitudinal data collection in the 
real-life context should be used to collect concrete and practically applicable evidence for domain-specific 
mitigation strategies in retention management. For instance, determining the exact frequency and content of 
refresher training or the particular benefits afforded by virtual reality systems to support situation awareness 
training among aircrew. Laboratory studies are necessary to increase knowledge in fundamental research 
(e.g., underlying psychological mechanisms, ways to manage skill fade) in highly standardised and 
controlled conditions and to determine the influence of particular factors. Evidence from the latter studies 
supports the development of general principles relating to which types of tasks require a more or less 
frequent refresher training interval. Where exact evidence of the refresher training interval is required then 
job-specific research is inevitable. The right balance should be found between domain-specific (field) and 
generic (lab) research concerning retention. In finding this balance it is acknowledged that resources and 
operational pressures may preclude the gathering of data within the real-life context to confirm the validity 
and specificity of more generic research evidence. Accordingly, a process to support risk-based decision 
making, which is informed by the evidence presented within this report, is required.  
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It is recognised that test environments in retention studies seldom match the real-life physical and 
psychological context in which participants are expected to demonstrate their competence. Ways to recreate 
the types of realisms that are encountered within the real world environment need to be identified and 
investigated to determine their effectiveness. As an example, Rovira, Swapp et al. (2009) reviewed 
experimental methods used in lab studies of responses to violence and aggression situations, a research 
domain that has been criticised for a lack of ecological validity. They concluded that the recent introduction 
of immersive VR into these studies is promising, because there is evidence that people tend to respond 
realistically to virtual simulations of real-life events.  

5.3.2 Measuring Military Proficiency 
Military proficiency studies require valid performance measures with multiple measurements over time that 
can occur in a laboratory or field context. To obtain these measures, on the one hand, data should contain 
enough construct validity and test-retest reliability. On the other hand, as discussed above, the study context 
should approach operational reality as much as possible. Moreover, the difficulty level of the operation 
should be taken into account when evaluating the performance. The latter may be related to the context as 
well. For instance, some military jobs may be performed operationally during peace time (e.g., border patrol, 
transport, Quick Reaction Alert). However, other military tasks require an actual conflict or war situation 
before operational skills can be performed for real. Field measurement therefore includes the training as 
provided, either using live training systems (aircraft, tanks, guns, etc.) in a live training range, or virtual 
systems in a virtual world, and, in the future, combinations of virtual and live elements in training can be 
expected more often. Each of these performance contexts has its advantages and disadvantages. 
The simulated world is obviously lacking in providing all physical cues in a realistic way, for example, 
environmental conditions (50 degrees Celsius in a helicopter cockpit?) or forces (9g turns in a fighter 
aircraft?). Although simulation has the potential to generate a tactically rich and realistic scenario that is 
perfectly developed to challenge or test specific competences, most simulation does not yet provide this level 
of fidelity. Field exercises often cannot provide for the conditions that would be desired for the training 
objectives at hand, for example, weather, level of threat, the environment of the anticipated enemy. 
Laboratory studies lack the challenges of the operational reality. Proficiency monitoring in either simulated 
or real environments will have certain fidelity issues and it may be recommendable to not rely on either 
simulation or live training only, but on a well-designed balance between both.  

5.3.3 The Treatment of Individual Differences 
The literature showed that while individual differences have been researched a lot with regards to learning in 
general, they remain often understudied in the retention literature. As mentioned above, this is a common 
phenomenon in several research domains. Individual differences are often reported as unexplained variability 
whereas they may be the window into more complex underlying mechanisms (Van Puyvelde, Neyt et al., 
2018). Hence, in retention studies, by treating the individual differences as a signal instead of noise, they 
may increase the insight as to why certain skills may be more difficult to retain than others. For instance, 
there are some indications that the general underlying cognitive ability of an individual may comprise an 
important predictive value in retention processes independent of the task or knowledge that has to be retained 
(Arthur, Bennett et al., 1998; Hall, Ford et al., 1983; Vineberg, 1975; Wilson, Wolf et al., 2010). This has 
been shown in a study on the relationship between individuals’ level of literacy and their capability to retain 
health information in a folder (Wilson, Wolf et al., 2010). Wilson, Wolf et al. (2010) showed that it was the 
basic cognitive ability that was predictive for retention rather than literacy. This means that ‒ in the specific 
occasion of Wilson, Wolf et al. (2010) ‒ it was better to train persons with low literacy in their general 
cognitive ability than in specific reading tasks. Hence, to better understand retention processes, it is of 
extreme importance to better understand the underlying explanatory mechanism irrespective of the task or 
knowledge to retain.  
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Another aspect in which information on individual differences may be important is in the decision of which 
learning strategies or technologies one would want to apply. For instance, although there is a mounting access 
to new learning technologies and an increased notion of learning ecosystems that have shown to provide the 
individual learner with the opportunity to both acquire and refresh their knowledge and skills, the motivation to 
use these systems is at least as important as its efficacy. The literature, however, showed that this motivation 
can be dependent on a variety of factors. Intrinsic motivation may be more stable than extrinsic motivation. 
That is, from the moment the extrinsic pressure to learn something is not present anymore, the motivation to 
maintain certain skills may disappear as well. On the other hand, intrinsic motivation may change due to 
over-training (Schendel and Hagman, 1982), the demanded effort that was too high (Hesketh, 1997), or also the 
freedom of choice one has to use a certain training technology (Granito and Chernobilsky, 2012). This means 
that a training program has to be well-balanced in terms of training load, challenge and number of re-trainings.  

When studying the potential impact of individual differences during training and retention processes, it may be 
important to study their impact in each component, i.e., the initial learning part, the training part, and the 
retention part. For instance, individual differences in the learning stage may still be more controllable and 
observable whereas after a period of non-use they may become part of a black-box process in which they start 
to interact with multiple other ongoing processes. Moreover, whereas some authors claimed that the initial 
learning capacities may be predictive of further retention capacities (e.g., Hall et al., 1983), other authors 
(e.g., Vineberg, 1975) suggested that the advantage of better initial learning does not take place at the moment 
of retention as such (i.e., the retention curves are identical in every individual), but that better initial learning 
creates better starting conditions. Hence, it is important to include each initial performance level in order to be 
able to calculate individual difference scores. 

Finally, we propose that individual differences may be important in the design of training and retention 
programs. For instance, a few studies reported a false sense of self-efficacy in certain individuals, leading to a 
dramatic skill fade over time (e.g., Glendon, McKenna et al., 1988; McKenna and Glendon, 1985; 
Ramirez, Weaver, et al., 1977). Obviously, this is of extreme importance within a military setting where fatigue 
and high performance are often demanded at the very same moment, a combination that is known to lead to 
over confidence, being the cause of human errors (Wang, Day et al., 2013). 

5.3.4 Common Standard and Knowledge, Skills, and Attitudes (KSA) Taxonomy 
There are various issues that tended to hinder the consolidation of findings across studies and the 
exploitation of evidence to provide practitioners with guidance on competence retention. Our review of 
literature in particular highlighted that studies differed considerably in the following areas:  

• The reporting of the tasks under investigation;  

• How initial training was designed and implemented;  

• How the study was controlled for potential influencing factors; 

• The data and measurement approach; and 

• The way terminology was used, particularly with regard to the expression of knowledge, skills and 
attitudes or behavioural types.  

From a scientific point of view, this has impacted considerably the ability of Defence researchers to reuse 
evidence to validate or strengthen existing predictive models of competence retention (Richards and Deighton, 
2019). Given this situation there is a need to define a minimum ‘common’ standard with regard to the reporting 
of field and laboratory studies concerning skill fade or competence retention. Important features of the 
suggested ‘standard’ might include:  

• To use a common language, or taxonomy as a basis for describing the tasks and Knowledge, Skills 
and Attitude types under investigation by the research; 
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• To report a minimum set of influencing factors; 

• To report features that are inherent within high fidelity or live environments that may have 
a particular influence on competence retention (e.g., presence or absence of feedback and 
memory aids); 

• To report the initial training provided (e.g., learning effects, end-criteria, spacing, amount of 
overlearning); and 

• To strive for a generalisability framework; the extent to which skill fade evidence that has been 
gathered from one safety critical group (e.g., medicine) may translate to other occupational groups 
(e.g., military pilots).  

It is recognised that the development of such a standard requires collaboration across national and 
international communities along with clear guidance.  
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Chapter 6 – FUTURE CONSIDERATIONS 

6.1 GENERAL OVERVIEW 

Although a large number of studies have already been conducted to understand skill and competence 
retention, a science-based, but yet pragmatic approach is yet needed in retention management. A better 
understanding should be achieved in how developments in learning technologies and approaches to learning 
might impact retention. Due to the methodological challenges, some topics are over-investigated, such as 
retention of procedural tasks which is relatively easy to investigate, whereas others are under-investigated, 
such as real-life tasks requiring the application of complex cognitive skills. The latter type of research is 
necessary to progress our understanding of skill fade and competence retention in military and other 
domains. This section summarises some important topics for further research.  

6.1.1 Balancing Laboratory and Field Studies 
Section 5.2.1 pinpointed the difficulty of measuring retention in a (operationally) valid way in the lab as well 
as in the field. Although fundamental laboratory research remains equally important, in our vision for the 
future, improved and standardised field research has high priority. These field studies on competence 
retention, which are scarce, are important to enable the collection of task- and domain-specific evidence 
relating to how often particular types of skills should be refreshed. Moreover, they will give insights into the 
benefits of new and novel ways to manage competence retention.  

A traditional barrier in conducting field studies has been obtaining the agreement from the operational 
training establishments to collect what might be regarded as ‘additional data and information’. Advances in 
data technology (i.e., learning analytics) provides a significant opportunity for militaries to gather basic 
performance measures as an integral part of daily training (practice) and over time. The availability of large 
data sets affords a significant opportunity for both the operational organisations and science and technology 
establishments to expedite understanding in the area of competence retention and management. 
If successfully harnessed and made available to the research community, then the requirement to set up and 
gain approvals for longitudinal field trials involving military personnel over time is reduced. It is 
acknowledged that the need to define the most critical and relevant types of human performance measures 
and metrics to be collected remains and that this is a priority activity.  

A growth in opportunities to gather field data does not negate the need for ‘laboratory’ based research. 
Rather, the conduct of research within low-mid fidelity research environments should be regarded as an 
integral part of an applied programme of competence retention and management research. In some 
circumstances the operational retention findings may still reveal unclear findings which would trigger the 
requirement for specific and well-controlled experiments within low or mid fidelity context. More generally 
within the laboratory environment: a) additional and more in-depth measures may be collected by specialist 
researchers; b) levels and combinations of variables can be examined to reveal interaction effects 
(e.g., between learning and motivational factors); and c) smaller groups of military or non-military personnel 
can be included within participant samples to study unclear retention mechanisms or effects.  

In addition to the above, the laboratory environment also provides a critical opportunity to rapidly test and 
evaluate the potential benefits to retention that may be afforded by novel and emerging learning approaches 
such as adaptive learning, intelligent tutoring systems, and serious games. 

With the above approach, a planned and iterative approach to the conduct of competence retention and 
management research emerges involving a blend of field and laboratory studies. To put this in place requires 
a strong and collaborative ‘single team’ approach between the military training schools and science and 
technology research communities. In order to allow for scientific progress, it is critical that discoveries and 
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learning from both field and laboratory studies are released to scientific journals in some form (after taking 
into account security and privacy measures). This includes analysis of the massive performance databases 
that will become integral to future training systems. In particular (more detailed) insight in retention 
influencing factors and underlying mechanisms should be shared with the international science community.  

6.1.2 Common Standard and KSA Taxonomy  
In Section 5.2.4, inconsistencies in the way in which Knowledge, Skills, Attitudes and Behaviours are 
reported within competence retention research was highlighted. Several different taxonomies of KSA exist, 
which are described at varying levels of granularity depending on their use ‒ to inform job descriptions, 
training needs analysis, psychometric testing to support selection processes etc. From our perspective, 
the question arises relating to which taxonomy is most appropriate:  

a) To the description and reporting of an operational task (executed in the field); and  

b) In the design of experimental research studies to investigate differences in the rate of decay 
between particular types and combinations of KSA. Can one taxonomy serve both purposes? 
Further considerations relate to the content validity of the taxonomy in relation to ‘future types of 
skills’ – suggesting the need to include skills such as adaptability and complex decision making.  

The above questions are currently being considered as part of UK MOD defence research (Cahillane, 
Anderson et al., 2022), which has revised an existing KSA taxonomy (Cahillane et al., 2013) to:  

1) Better represent the cognitive domain; and 

2) Demonstrated the application of the taxonomy to a sample of Defence roles; and  

3) Successfully applied the taxonomy in the experimental design of a 12-month longitudinal 
experimental trial involving a mission planning task.  

The further test and evaluation of the KSA taxonomy to confirm its scope and usefulness as a common 
approach is strongly recommended.  

6.1.3 Operational Tasks, Interactions and Individual Differences 
The complexity of all influencing factors and interactions involved in the process of retention, as well as the 
complex underlying psychological mechanisms, makes it challenging to come to concrete recommendations 
for practical use. To understand task influences on retention of complex, operational tasks, a multifaceted 
approach is needed to derive evidence-based guidelines for training design. This requires: 

• Data collection over time based on performance measures obtained at various retention intervals 
after initial training with individual baseline measures;  

• Analysis of the task such that its required competencies are decomposed in its constituent 
components (of more elementary knowledge and skills); and 

• More elaborate experimental designs (2 x 2 and more) to find interaction effects. 

The primary solution for this knowledge gap would be to collect basic retention data in all training events for 
all forces at all times. Field studies in larger training organisations with many measurements can be most 
useful to find interaction effects. In general, studies should aim at measuring more (personal) data from 
many participants for a longer period of time. When field data reveals interesting but inconclusive findings 
or when there is a need to identify underlying mechanisms, a more rigorous experiment using the elaborate 
design mentioned above may be required. 
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Performance scores (not necessarily assessments) should be more differentiating than the more familiar, but 
small ordinal scale ranging from insufficient to excellent. This may also include differences in initial training 
over cohorts of trainees as well as differences in practice and experience after training. Aspects often 
considered as confounding factors by researchers and consequently avoided may need to be addressed 
explicitly in the research set up.  

Defining and developing reliable and valid measures for performing retention research over time is 
challenging, especially in live training and at the workplace. Usually, performance measures are collected 
but these may not always be representative of competence if external factors that affect performance play a 
role. Learning analytics (collection, analysis, and presentation of data on learning) is an increasing field of 
research that pays attention to these type of measurement issues. More research in the use of learning 
analytics in the context of retention is needed to get more grip on these kinds of measurement issues.  

6.1.4 Retention Models 
Early models of retention (i.e., generating retention intervals in weeks or months for certain skills) were 
based on expert opinion and apply to large groups of professionals (e.g., User Decision Aid checklists). 
These models may serve as rough advice but are not based on predicted retention for smaller groups or 
individuals. Initial modelling of performance-based retention models (e.g., measured in simulator tests of 
former pilots under well-controlled conditions) have demonstrated predictive power.  

Retention in practice, however, is less well-controlled and subject to much more variation, ‘confounding 
factors’ (such as experience in similar types of tasks) and ‘noise’, such as fatigue, distractions, and test 
conditions. The question here is whether it would be worthwhile to focus our efforts on developing 
predictive models of skills management and retention, or whether we can state upfront that this will become 
too big a task. This question has a number of aspects: 

• Reflect on the breadth of influencing factors/moderators that have been identified by our work. 

• The need to set a ‘boundary’ in terms of the scope of a model and use of the model. This boundary 
may depend on the options for an organisation to overhaul its refresher training and scheduling 
approach. The more data that can be gathered (without consuming time from trainees or supervisors) 
the more specific a model can be developed and applied.  

• Automatically gathered and processed data may increasingly rely on non-transparent methods and 
(neural network) techniques. However, this could have implications in a safety critical environment. 

• There might be alternatives to a ‘model’ that we might suggest. 
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Chapter 7 – CONCLUSIONS 

Skill fade and competence retention are crucial issues for the safe and effective execution of tasks in the 
military and other work domains. They are complex topics that have been researched considerably in the last 
two decades, with a progressive shift from a narrower focus on skill fade to a broader perspective on 
competence retention. However, despite these efforts, the number of factors involved, and their combinations 
are considerable, and each study can focus only on a few aspects. Against this background, this technical 
report took a step forward by collecting, categorising, and describing the known influencing factors in a 
consistent framework that comprises three categories and 38 factors. Moreover, to provide a firmer ground to 
the factors, the report identified and described nine psychological mechanisms that are important for 
competence retention. Finally, practical aspects of managing skill fade and competence retention were 
considered, identifying and describing three broad approaches.  

Given the current body of knowledge on these topics, four general considerations can be made. First, the 
complexity and the many facets of skill fade and competence retention have been only partially tackled by 
research and in the literature and continued international collaboration would be important to drive the field 
forward. We have realised this as part of our RTG, both when we drew together international thinking and 
when we extended the current perspective by including expertise from our different countries on aspects 
such as individual differences and novel, technology-enhanced learning approaches.  

Second, future research needs to focus on understanding the impact of evolving operational environments as 
well as emerging learning technologies on skill fade and competence retention. Since the breadth of the 
research area can pose a significant challenge that may detract research investment, the importance of 
collaboration across organisations is further underlined: although the level of individual funding may be 
limited, a coordinated effort among several groups is going to make a difference. More specifically, although 
we have covered quite a large area of influencing factors from different viewpoints, we also noticed that 
research evidence is often partial or scarce, especially when it comes to complex skills. A major reason for 
this lies in the fact that such research is complex, costly, and time-consuming to carry out, because of 
methodological difficulties such as longitudinal data collection and the fidelity of the experimental setting. 
For this reason, in addition to focusing on collecting evidence in practical contexts, it would be appropriate 
to undertake deeper investigations of the psychological mechanisms underlying competence retention.  

Third, the design of more effective training experiences that promote competence retention is another crucial 
area for both researchers and practitioners. With the continuous increase in the number of available 
technologies, some of which have been discussed in this report, the design space of training experiences 
becomes wider and wider. This calls for research on the effects of incorporating new hardware devices into 
the training experience, but also on the different opportunities at the software level, e.g., exploiting learning 
analytics, creating engagement and motivation through emotion-inducing techniques and gamification, 
personalising the experience based on monitoring and measuring individual’s performance and competence 
over time, possibly including physiological measurements.  

Fourth, a central theme that kept coming up in our RTG discussions is the need to translate existing research 
evidence into practical guidance for a range of communities, including individual practitioners, training 
managers, and regulators, with caveats where needed. We believe this report makes a step forward in that 
direction, and hope that members of the different communities will find in it valuable information that could 
help them to better focus and develop their retention activities and encourage them to become more involved 
in the advancement of the field.  
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Annex A – TECHNICAL APPROACH 

The identification of factors influencing competence retention was an iterative, team-based approach in 
which teams of two Subject Matter Experts (SMEs) worked together. Teams of two conducted a literature 
search to identify those factors influencing competence retention and shared their experiences in the field 
with each other. The teams had periodic plenary meetings to exchange feedback on their respective work, 
and to discuss and integrate results in a uniform framework. 

SMEs 
The contributing researchers are eight SMEs in competence retention but with different backgrounds and 
expertise, ranging from military operational experience, psychophysiology, educational science, and 
human-computer interaction. All SMEs have several years of experience in studying retention in a military, 
medical, aviation, and/or safety context.  

Procedure 
Three categories of influencing factors were identified: individual differences, task-related influences, and 
training and education. The RTG was divided into three SME teams, one covering each category of 
influencing factors. We focused on competence retention instead of skills or knowledge, and we excluded 
team skill fade, organisational influencing factors and those management strategies relating to selection. 
A three-step process was applied:  

1) Identify the influencing factors and their potential underlying psychological mechanisms,

2) Review and refine the results and evidence, and

3) Provide an overview of practical implications (such as retention management) and future research.

In Step 1, each team identified influencing factors within their respective categories. The cornerstone of 
Step 1 was a literature review, which focused primarily on extracting retention influencers from previously 
published original research articles, comprehensive reviews, systematic reviews, and meta-analyses.  

The following information was captured for each influence factor identified: 

• Definition. A brief definition/description for each individual factor or group of factors.

• Direction of effect. A description of how the factor influences competence retention – positive,
negative, or non-directional.

• Psychological Mechanism. The (bio)psychological mechanism hypothesized to explain the impact
of the factor on competence retention.

• Scientific Evidence. A summary of the selected references from the literature that support the factor
illustrating the influence of the factor on competence retention.

Step 2 entailed the cross review of each category results by the other two teams. This review was designed to 
assess agreement on the influencing factor (e.g., did the factor warrant inclusion in this category, as an 
influencer of retention?) and the supporting information (e.g., defined adequate, sufficient rationale for 
psychological mechanisms, and convincing scientific evidence). Following this review the feedback was 
discussed and any area(s) of divergence resolved in order to achieve consensus.  

Step 3 consisted of a discussion on the implications for future research and practice. This included 
identification of key challenges in competence retention research and exploring existing and new 
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interventions and mechanisms to enhance retention, including retention management, predictive modelling 
of retention, more and appropriate use of virtual training means, and personalisation of learning. This step 
required a series of iterations and discussions in the full RTG using on-line collaboration tools.  
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Annex B – INFLUENCING FACTORS,  
EXPLANATIONS, AND EVIDENCE 

This annex includes three tables summarising examples of those Person-, Task- and Training and Education-
related factors influencing skill fade. Each table presents the title of the influencing factors and a brief 
descriptor and direction of influence (i.e., the ‘WHAT’), followed by a rationale explaining ‘WHY’ there is 
an effect, with reference in some cases to underlying psychological mechanisms. The final column of each 
table identifies example references which provide supporting evidence. These tables should be read 
alongside information contained within Chapter 2 of this document. 
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Table B-1: Person Related: Summary Table of Influencing Factors. 

Topic Description Direction of Effect Psychological Mechanism Scientific Evidence 

Age Chronological age 
of individual.  

Higher age results in 
less retention.  

Memory and processing speeds may 
underlie the inverse association between age 
and retention (Rodrigue et al., 2005). 

Age is inversely associated with retention 
(Day et al., 2014; Colquitt et al., 2000). In physicians 
who returned to practice and were tested with a 
clinical skill assessment before reintegration, age was 
a predictor of poorer retention (Grace et al., 2011). 
In a medical CPR training of lay volunteers, older 
age was associated with less retention (Riegel et al., 
2005). In Glendon et al. (1988), age was related with 
the steepness of a decreasing retention curve in CRP. 
Long-term retention of perceptual motor skills 
declined with age, but older adults still retained the 
ability to learn. When processing speeds are 
comparable, the age effect disappears  
(Rodrigue et al., 2005). Ali et al. (2003) found no  
age effect in the attrition of Advanced Trauma Life 
Support (ATLS)-acquired skills and knowledge. 
Knowledge however had a larger attrition rate 
than skills. 
Bell et al. (2008) found no impact of age on the 
knowledge retention of physicians with retention 
intervals of 3 ‒ 8 days and 55 days. Glendon and 
McKenna (1985) found no impact of age on CPR 
skill decay. 
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Topic Description Direction of Effect Psychological Mechanism Scientific Evidence 

Gender Male or female Gender was reported 
to be an indirect 
impact factor with 
being male being 
associated with 
higher retention. 

The impact of gender would be related to 
the interaction between the initial score and 
gender, rather than to gender itself  
(Glendon et al., 1988). 

Males have higher retention than females (Bryant and 
Angel et al. 2000; Riegel et al., 2005). Glendon et al. 
(1988) observed males to score higher in the initial 
testing which resulted in smaller levels of decay. 
Ali et al. (2003) found no gender effect. McKenna 
and Glendon (1985) found no impact of gender on 
CPR skill decay. 

Grit A disposition to 
pursue long-term 
goals with 
sustained interest 
and effort over 
time. 

Higher levels of grit 
result in more 
retention. 

The propensity to strive for success, and 
sustained interest would positively affect 
retention. 

Grit has been found to be positively related to 
retention in military Special Forces (SF),  
(Eskreis-Winkler, 2014). 

Time Out of 
Practice 

The time period a 
person did not 
perform their job. 

Increased time out 
of practice predicts 
poorer retention. 

Both declarative and procedural memory 
processes may underpin.  

Grace et al. (2011) found the years one is out of 
practice to be a predictor of poorer retention in a 
group of 62 physicians that had a break ranging from 
1.5 to 23 years. 

Motor 
Ability 

The initial motor 
ability a person 
shows at training 
level for tasks 
involving the 
musculoskeletal 
system, 
psychomotor 
movements, and 
fine motor skills. 

Higher motor ability 
is a better predictor 
for retention than 
medium and low 
motor ability.  

Muscle memory would facilitate retention. Carron and Marteniuk (1970) reported an interaction 
effect on retention between motor ability and balance 
skills on a stabilometer from 2 weeks onwards (not 
after 1 day and 1 week) and Carron (1971) after 2 
years (marginally significant). 
Purdy and Lockhart (1962) observed that high ability 
of gross motor skills was related with a better 
retention after one year of no practice. 
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Topic Description Direction of Effect Psychological Mechanism Scientific Evidence 
Cognitive 

Ability 
The initial ability a 
person shows at 
training level. 
Any cognitive 
process affecting 
learning and 
retention 
(e.g., working 
memory, long-
term memory, 
spatial ability, 
processing speed, 
divided attention, 
prioritisation). 

Higher cognitive 
ability is a better 
predictor for 
retention than 
medium and low 
cognitive ability.  

High ability persons would use more 
effective strategies at the learning level to 
acquire their knowledge and skills  
(Farr, 1987; Hall et al., 1983). 
High ability persons would reach a higher 
initial training efficiency because they 
acquire more quickly the required minimal 
level (Arthur et al., 1998). Interaction with 
degree of training-structure. Higher ability 
persons would benefit from unstructured 
training whereas lower ability persons from 
structured training (Kintsch, 1994).  
Processing speed, working memory, and 
long-term memory are suggested to be 
mediating processes (Wilson et al., 2010). 
The hypotheses of functional and cognitive 
reserve (Ackerman et al., 2005) may give an 
explanatory framework such that a certain 
cognitive reserve may buffer for decay on 
the short and the long-term. 

Higher mental aptitude based on the Armed Forces 
Qualification Test (AFQT) was related with higher 
skill and knowledge retention levels on various 
psychometric and operational army-related criteria 
(Fox, Taylor, and Caylor, 1969). 
Cognitive ability has been positively associated to 
transfer of skill retention and transfer scores, but no 
reacquisition scores, in university students in an 
experimental design of cognitively complex 
command-and-control task (Day et al., 2013). 
Training in basic electricity and electronics to a 
mastery level resulted in higher knowledge retention 
(interval ranging from 18 to 34 days) in Navy sailors 
with higher cognitive ability than those with lower 
ability (Hall et al.,1983). 
Vineberg (1975) observed an impact of cognitive 
ability primarily in the first stage of initial learning 
whereas the retention curves afterwards declined at a 
same rate in the three groups regardless of ability.  
The degree of literacy, as a proxy indicator of 
cognitive ability, was related with retention of 
knowledge in cancer patients on health-related 
information about colorectal cancer screening 
(Wilson et al., 2010). 



ANNEX B – INFLUENCING FACTORS, EXPLANATIONS, AND EVIDENCE 

STO-TR-HFM-292 B - 5 

Topic Description Direction of Effect Psychological Mechanism Scientific Evidence 

Self-Efficacy One’s belief in 
their ability to 
successfully 
perform specific 
behaviours  
(Wood and 
Bandura, 1989), 
and more 
specifically one’s 
ability to perform a 
specific task in a 
certain way to 
assure certain 
outcomes, 
(emphasising the 
task specificity).  

Higher self-efficacy 
positively impacts 
skill and knowledge 
retention. 

Self-efficacy may stimulate associations 
with other knowledge during an initial 
training process (Anderson, 1995), hence it 
may work through skill transfer mechanisms 
(Arthur et al., 2013). 

The perceived ability to carry out CPR may 
be a function of previous training  
(Glendon et al., 1988), ergo increasing 
perceptions of self-efficacy. 

False feelings of self-efficacy may be 
understood from the perspective of 
vicarious learning of Bandura. 

Gist, Stevens et al. (1991) reported that the retention 
of interpersonal communication skills after 6 weeks 
was positively impacted by the pre‐test levels of 
self-efficacy  

Self-efficacy has been found to be positively related 
to skill retention and reacquisition scores in 
university students in an experimental design of 
cognitively complex command-and-control task  
(Day et al., 2013). 

Self-efficacy was negatively correlated with training 
efficacy and not predictive for retention periods 
varying from 1-18 months. Even when self-efficacy 
was maintained, the skill performance declined 
(Youngquist et al., 2008). 

Schumann (2012) investigated the retention of 
Wilderness First-Aid (WFA) skills and knowledge 
along with self-efficacy in students utilising retention 
intervals of 4, 8 and 12 months and found no 
enhancing relationship between self-efficacy and 
knowledge or skill retention (Schumann, 2012). 

Andreatta et al. (2016) found independent curves of 
self-efficacy and both pediatric and 
neonatal intubation skills using retention intervals of 
6, 18 and 52 weeks. 

No relationship was found between self-efficacy 
and both CPR skills and knowledge utilising 
retention intervals of 2 and 6 weeks  
(Soo and Hea Kung, 2012).  
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Topic Description Direction of Effect Psychological Mechanism Scientific Evidence 
Self-Efficacy 

(cont’d) 
   False feelings of self-efficacy may exist. In first-aid 

CPR trainings, unjustified confidence to correctly 
perform a CPR was often reported (e.g., Glendon 
et al., 1988; McKenna and Glendon, 1985; 
Ramirez, Weaver et al., 1977). E.g., Ramirez et al. 
(1977) reported 88 % confident subjects whereas 
only 1% adequately performed the CPR. 

Motivation The willingness to 
perform a certain 
task. A difference 
may be made 
between intrinsic 
and extrinsic 
motivation. 

Increased motivation 
to perform is related 
with better retention. 

Motivation may be related with the 
perceived meaningfulness and organisation 
of the task (Annett et al., 1977). 
May be related with the context  
(e.g., laboratory versus real-life situation; 
Annett et al., 1977). 
May be linked to the degree or orientation 
of subsequent learning, be it learning 
oriented (i.e., to master information or 
intrinsic motivation) or performance 
oriented (i.e., to acquire a prescribed score 
to avoid negative feedback or extrinsic 
motivation); (Dweck and Legett, 1988). 
Motivation is possibly inversely related 
with: 

1) Overlearning, which enhances 
automaticity by strengthening 
stimulus-response connections 
(Schendel and Hagman, 1982), but 
increases the risk for monotony 
(Arthur et al., 2013). 

2) Effortful trainings (Hesketh, 1997). 

Granito and Chernobilsky (2012) showed that 
students showed higher retention when they had the 
freedom to choose their project. The project itself had 
no significant impact. The authors linked this finding 
to motivation. 
First-aid on mannequins appear to stimulate real-life 
feelings of reality and thus motivation  
(Glendon et al., 1988). 
Tweed, Wilson et al., (1980) found high skill 
retention 12 months after training in a group of police 
subjects. They attributed their finding to motivation 
and overlearning of skills. 

De Win et al. (2013) examined the ideal frequency of 
endoscopic skill labs training to optimise skill 
retention. Although motivation increased with the 
number of trainings, it was not an influencing factor 
of the retention curves. 
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Topic Description Direction of Effect Psychological Mechanism Scientific Evidence 
Motivation 

(cont’d) 
  Motivation has been linked to voluntary 

participation Granito and Chernobilsky, 
2012; Schmidt and Ford, 2003). 

 

Initial 
Learning 

The degree of 
initial or original 
learning. 

Higher initial 
learning levels 
positively impact 
retention. It is also a 
confounding 
variable for 
individual 
differences. 

 Anderson, Gaetz, and Masse (2011) observed a 
protective impact of higher initial training levels on 
the renewal of the certification in first-aid skills on 
improving the typical first-aid dramatic decline.  
Glendon, McKenna, Hunt, and Blaylock (1988) 
showed a positive impact of initial learning on 
improved retention curves in CPR. 
Overlearning showed positive benefits in stressful 
emergency scenarios.  
(Cohen, Smith, and Anger, 1979; Goldstein, 1975; 
Norman, 1976; Salthouse and Somberg, 1982). 

Emotional 
States, 

Traits, and 
Errors 

Emotional state is 
a temporal 
presence of certain 
emotions. 
Emotional trait is 
an individual’s 
temperament-
related 
characteristic. 

Emotion regulation 
improves retention 
skill test results 
under pressure. 
Individual and 
situational negative 
or stress-related 
emotional aspects 
may impact 
retention in a 
positive manner. 

A trade-off between bottom-up arousal and 
top-down regulation is needed to perform in 
a balanced manner in situations under 
pressure (Thayer and Lane, 2000). 
Negative emotions and failure experiences 
(errors and deviations) receive greater 
attention and leave a more salient imprint in 
one’s memory than those of gain  
(e.g., De Dreu and McCusker, 1997).  
Committing errors can reduce skill transfer 
and subsequently skill retention (Boyd and 
Oswald, 2013; Keith and Frese, 2005). 

Anton et al. (2019) showed that regulatory mental 
skills training could counteract the skill decay of 
operative surgery technical skills (laparoscopic 
suturing) under stressful conditions. The mental skill 
trained group performed superior to the control group 
when having to operate under pressure. There was no 
difference in skill retention between both groups 
under normal stress conditions. 
Chittaro and Buttussi (2015) showed that low levels 
of both subjective and objective measures of negative 
arousal taken during an immersive Virtual Reality 
(VR) serious game on aviation safety instructions 
were positively related with knowledge retention. 
The VR-group reported higher levels of fear-arousal 
and showed higher skin conductance levels along 
with better retention scores than the control group. 
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Topic Description Direction of Effect Psychological Mechanism Scientific Evidence 
Emotional 

States, 
Traits, and 

Errors 
(cont’d) 

Emotional 
Stability is an 
enduring 
personality trait 
associated with 
remaining calm, 
even-tempered, 
and relaxed, and 
can function in 
demanding, 
stressful situations 
(Costa and 
McCrae, 1992). 
An error can be 
defined as 
“performing an 
action that deviates 
from an 
individual’s 
intended 
performance” 
(Boyd and Oswald, 
2013, p. 284). 

  Boyd and Oswald (2013) found a negative 
correlation between both omission and commission 
errors, and skill decay, and a positive correlation 
between state anxiety and the occurrence of errors. 
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Topic Description Direction of Effect Psychological Mechanism Scientific Evidence 

Experience Previous 
experience (e.g., 
work, training, 
education) leading 
to expertise in the 
area.  
Expertise is 
related to distinct 
and rich 
knowledge 
structures. They 
provide a deep 
understanding of 
complex 
relationships, and 
the ability to 
anticipate and 
solve potential 
problems more 
effectively 
(Hoffman et al., 
2009 from Bryant 
and Angel, 2000). 

Higher levels of 
experience result in 
more retention. 

Increased experience either before training 
solidifies knowledge/skills resulting in 
gaining expertise and facilitating retention.  

From Bryant and Angel, 2000: The more background 
about a topic/skill helps trainees “develop a more 
organised and coherent structure” that allows 
information to be better retained over time 
(Goodwin, 2006). 
Frank and Kluge (2014) demonstrated that the 
experience influenced both performance level and 
skill retention in an experimental design with 
engineering students. 
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Table B-2: Task Characteristics: Summary of Influencing Factors. 

Topic Description Direction of Effect Psychological Mechanism Scientific Evidence 

Task content demands 
Tasks often require a combination of human behaviour and competences. Below, the major categories of task content demands, adopted from Wang et al. (2013), 
are listed. Retention research often used tasks that focused on one demand type. The studies that relate to such elementary competencies (skills or knowledge) 
resulted in the findings below. More composite tasks and related complex competencies are less studied (see topic Task complexity dimensions later in this table). 

Physical  Tasks requiring perceptual 
and/or psychomotor actions 
and skills. 

Physical tasks are retained 
better than cognitive tasks. 

After repeated practise, physical 
tasks are fully automated and 
occur unconsciously. 

Most of the review studies discuss these main 
differences in type of tasks (Adams, Webb, 
Angel, and Bryant, 2003; Arthur et al., 1998; 
Bryant and Angel, 2000; Farr, 1987; Sanli 
and Carnahan, 2018; Vlasblom, Pennings, 
van der Pal, Oprins, 2020; Wang et al., 2013). 
Empirical studies are mainly based on simple, 
procedural tasks because research is easier to 
perform and procedural tasks are dominant in 
refresher training of operational jobs 
(e.g., Vlasblom et al., 2020). A prediction 
tool (UDA) is also based on procedural tasks 
(Rose et al.,1985).  
Research on retention of interpersonal tasks 
in relation to other tasks is almost 
non-existing (Wang et al., 2013). It relates to 
research on retention at team or collective 
level in which some information on retention 
of interpersonal tasks could be found  
(Adams et al., 2003; Cooke et al., 2013; 
DiazGranados et al., 2013; Roth, 1992). 

Cognitive  Tasks requiring information 
processing, problem solving, 
sense making, idea 
generation, and/or decision-
making actions and skills. 

 In cognitive tasks, one can rely on 
earlier acquired mental models and 
cueing; tasks are meaningful; not 
everything needs to be 
remembered literally. 

Interpersonal  Tasks requiring interaction 
with coworkers, clients, 
and/or peers and the 
communication and 
coordination skills in 
teamwork. 

The expectation is that rate 
of decay is comparable 
with cognitive complex 
tasks (no empirical 
evidence). 

Hypothesis: in interpersonal tasks, 
which are usually complex and 
meaningful, one can rely on 
experience, consisting of a variety 
of mental models.  

Declarative 
Knowledge  

Tasks requiring retrieval and/ 
or application of facts and/or 
concepts. 

Procedural knowledge 
declines faster than 
declarative knowledge. 

Procedural knowledge should be 
remembered step-by-step; 
accuracy is important; they are not 
fully automated. Declarative 
knowledge can be retrieved based 
on cueing and mental models. 
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Topic Description Direction of Effect Psychological Mechanism Scientific Evidence 

Procedural 
Knowledge  

Tasks requiring retrieval 
and/or application of step-by-
step actions (‘checklists’). 

Applying procedures is 
retained worse than 
higher-order 
(problem solving) 
cognitive tasks. 

Similar, also for performing tasks. 

Task sequence complexity 
This factor relates to task characteristics that make the task more complex, which may require more skills and knowledge, but not integration of these skills and 
knowledge. This primarily is the case for tasks that are sequenced in several subtasks or steps. 
Number of 
(Sub) Tasks 

The number of tasks or 
subtasks in a procedure. 

More (sub) tasks result in 
less retention. 

More task aspects need to be 
remembered which negatively 
affects retention. 

Complex tasks are investigated less 
frequently but receive increasing attention 
(e.g., Arthur and Day, 2013).  
Complexity (divided into various aspects) 
are mentioned in some (review) studies, 
including retention at team or collective level 
in which task complexity is usually high 
(e.g., Farr, 1987; Adams et al.,2003; 
Roth, 1992; DiazGranados et al.,2013), also 
in the context of retention at team level.  

Number of 
Steps in a 
(Sub) Task 

The number of total actions in 
a procedure (including the 
steps per subtask). 

More steps in a (sub) tasks 
result in less retention. 

A sequence of more different steps 
needs to be remembered which 
negatively affects retention. 

Diversity of 
Team Tasks 

Procedures requiring tasks to 
be performed by various team 
members. 

More diversity in tasks 
results in less retention.  

Hypothesis: required actions of 
other team members may be 
understood or remembered less, 
which negatively effects the 
retention of the own action in the 
team task. 
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Topic Description Direction of Effect Psychological Mechanism Scientific Evidence 

Task integration complexity 
This factor relates to task complexity on four dimensions (adopted from Wang et al., 2013), where higher complexity on one or more dimensions will require more 
integration of skills and knowledge. Although it can be expected that complexity on one dimension will correlate with complexity on the other dimensions, each 
complex task may have a specific configuration on the four dimensions. 
Closed- 
Open-Looped 
Task 
Dimension  

Open-looped tasks relate to 
continuous responses that 
are repeated and tend to be 
more dynamic. 
Closed-looped tasks relate to 
a fixed sequence of discrete 
actions in a not very 
dynamic context. 

Open-looped tasks are 
retained better than closed-
looped tasks. 

Open-looped, continuous tasks are 
more meaningful, rely more on 
existing, higher-order knowledge 
(mental models), and are more 
integrated; closed-looped tasks 
require many aspects to be 
remembered and are less integrated.  

Not many empirical studies for complex tasks 
are available. An exception, for example, is 
Villado et al. (2013) using a complex 
decision-making game. A review study which 
explicitly pays attention to complex tasks is 
Wang et al. (2013).  
Most of the review studies discuss closed- 
open-looped tasks as a factor (Adams, Webb, 
Angel, and Bryant, 2003; Arthur et al., 1998; 
Bryant and Angel, 2000; Farr, 1987; 
Sanli and Carnahan, 2018; 
Vlasblom, Pennings, van der Pal, Oprins, 
2020; Wang et al., 2013. 
The Wang 2013 meta-analysis tended to 
support the hypothesis that high complexity 
support retention, but results were 
inconclusive due to lack of empirical studies 
that cover sufficiently complex tasks 
(and details on each dimension). 

Discrete – 
Continuous 
Dimension 

Number of choices or 
approaches that can be 
adopted to perform task and 
reach an end goal. 

Continuous tasks are retained 
better than discrete tasks. 

idem 

Fixed – 
Dynamic 
Dimension 

Level of uncertainty in task 
information or context, 
requiring attention to the 
different components in the 
task environment. 

Dynamic tasks are retained 
better than fixed tasks. 

idem 
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Topic Description Direction of Effect Psychological Mechanism Scientific Evidence 
Component 
Complexity 
Dimension 

Number of distinct but 
interrelated processes and 
behaviours as required to 
execute a task and the total 
number of distinct 
information cues that must 
be processed in performing 
actions. 

More complex tasks lead to 
more retention. 
Hypothesis: when processes 
or cues are concurrent and 
interrelated, higher retention 
is expected. 
However, when the 
processes/ cues are 
sequential and not 
interrelated, ‘component 
complexity’ is basically the 
same task sequence 
complexity, then a higher 
complexity will result in 
lower retention. 

More interrelated tasks, in 
particular requiring high-level 
cognitive skills, may have 
positive effects, possibly due to 
internalised mental models, which 
are less prone to decay. 
Also, a higher level of integration 
of skills requires a longer training 
process and deeper learning, 
which may lead to higher 
automation of (sub)processes. 
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Table B-3: Training and Education: Summary Table of Influencing Factors. 

Influencing Factor Description Direction of Effects Psychological Mechanism Scientific Evidence 

Spacing of 
Learning 

The length of the 
inter-study period which 
may be designed to be 
long (i.e., spaced) or by 
comparison, short 
(i.e., massed).  

Spaced learning generally 
results in the retention of 
more skills than massed 
learning. 

Greater spacing of learning 
increases the opportunity for 
mental rehearsal, information 
processing and retrieval 
practice, and it decreases 
fatigue arising from intensive 
practice periods  
(Arthur et al., 2013).  

Supporting evidence drawn from the following:  
• Meta-analysis (Cepeda et al., 2006) and 

systematic literature review – surgical tasks 
(Cecilio-Fernandes et al., 2018);  

• Spaced learning and simple motor tasks (Donavan 
and Radosvich, 1999);  

• Improved recognition memory (Xue et al., 2011); 
experimental research (Cepeda et al., 2008); 
moderating effect of task type (Patocka, 2019; 
Arthur et al., 2019);  

• No absolute criteria defining spaced 
versus massed learning (Cecilio-Fernandes et al. 
2018).  

Mastery Training Deliberately overtraining 
beyond the set criterion 
or competence level 
required to do a task 
(also known as 
overlearning and 
overtraining). 

Mastery training improves 
retention. This effect is 
moderated by the degree of 
overlearning, the type of task, 
and length of retention period 
(Cahillane et al., 2013). 

Extended training increases 
automaticity, which in turn 
reduces the likelihood of skill 
decay (Arthur et al., 2013).  
Overlearning decreases 
performance decay by 
increasing trainees’ 
confidence via greater levels 
of self-efficacy and lesser 
levels of anxiety to perform 
(Arthur et al., 2013). 

Supporting evidence drawn from the following: 
• Meta-analysis (Driskel et al., 1992);  
• Experimental research (Rohrer et al., 2005); 

reacquisition of skill and knowledge (Hagman, 
1982);  

• Training transfer (Zakay and Wooler, 1984); 
• Neuroscience and hyperstabilisation (Shibata et 

al. 2017). 
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Influencing Factor Description Direction of Effects Psychological Mechanism Scientific Evidence 

Mental 
Practise/Rehearsal 

The cognitive rehearsal 
of a physical procedural 
activity in the absence of 
overt physical 
movements being 
conducted  
(Driskell et al., 1994).  
Distinguished from the 
broader term mental 
preparation which 
includes positive 
imagery, attention 
focusing, and cognitive 
and emotional 
preparation prior to 
performance  
(Driskell et al., 1994). 

Mental rehearsal 
(i.e., recurrent training) 
improves skill retention.  

Mental rehearsal promotes 
overlearning thereby reducing 
skill decay  
(Arthur et al., 2013).  
Mental rehearsal strengthens 
discrete psychomotor skills 
that involve cognitive control 
of physical movements and 
manipulations (Vealy and 
Walter, 1993, cited in 
Cahillane et al., 2013). 

Supporting evidence drawn from the following: 

• Meta-analysis (Driskel et al., 1994);  
• Use mental practise when unable to practice 

specialist skills (Kelc et al., 2020).  
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Influencing Factor Description Direction of Effects Psychological Mechanism Scientific Evidence 

Deliberate 
Practice 

The provision of defined 
opportunities to practice 
specific types of skills 
within a workplace 
environment.  

Exposure to deliberate 
practice opportunities within 
a workplace environment 
(if well designed, 
implemented and assessed) 
improves skill retention. 

Performance is maintained 
through reinforcement and 
conditioning  
(Arthur et al., 2013). 

Supporting evidence drawn from the following: 

• Longitudinal studies, (Meerkov et al., 2019,  
Skare et al., 2018);  

• Main features of deliberate practice 
(Sullivan, 2019); pre-/post-deployment 
refresher training (Vermeulen et al., 2019); 

• Medical readiness training (Mead et al., 
2017, Mikita, 2017, Hossein et al., 2020);  

• “Just-in-time practice”  
(Guidolin et al., 2020);  

• Planned research ‒ comparison of deliberate 
practice and self-guided learning 
(Petrosoniak et al., 2019).  

Retrieval Practice 
and 
Test-Enhanced 
Learning 

The extent that training 
and education is 
designed to include 
opportunities to test the 
learner’s retrieval of 
knowledge and ability to 
demonstrate newly 
acquired skills. 

Retrieval practice improves 
long-term retention and 
transfer of competence to 
related but non-tested 
material. 

Test-enhanced learning 
reactivates related prior 
knowledge alongside the new 
material; new memories are 
integrated into existing 
cortical representations 
(Hebscher et al., 2019). 
Test-enhanced learning may 
also reduce mind-wandering 
/ boredom (Peterson and 
Wissman, 2020). 

Supporting evidence drawn from the following: 
• Meta-analytic review and synthesis (Pan, 

2018);  
• Experimental studies to investigate benefits  

(Roediger et al., 2011; Roediger et al., 2010; 
Karpicke and Roediger, 2008);  

• Specific consideration of the moderating 
effect of feedback on test-enhanced learning 
(Butler et al., 2007). 
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Influencing Factor Description Direction of Effects Psychological Mechanism Scientific Evidence 

Feedback Detailed immediate 
feedback stemming from 
a learner’s performance, 
combined with a chance 
to improve performance. 

Constructive, timely and 
meaningful (i.e., relevant and 
specific to the trainee) 
feedback improves skill 
retention. It allows the 
learner to identify strengths 
and weaknesses in their 
performance and to 
continuously adjust their 
performance accordingly.  

Performance is maintained 
through reinforcement and 
conditioning  
(Arthur et al., 2013).  

Supporting evidence drawn from the following: 
• Experimental studies investigating feedback 

delivered via peer-to-peer / social learning 
(Youngsuk, 2016); and  

• The use of learning technology to enable 
practice and self-reflection outside of the 
learning environment  
(Kun et al., 2018; Linde and Miller).  

• Investigation of the provision and timing  
of feedback (Dihoff et al., 2012).  

Fidelity of the 
Learning 
Environment 

The extent that cues 
present within the 
workplace environment 
are replicated during 
training and education as 
indicated by different 
types and levels of 
fidelity: scenario fidelity, 
sensory fidelity, and 
(inter)action fidelity. 

The rate of decay is slower 
when environmental cues 
during training are similar to 
those in the transfer 
environment  
(Arthur et al., 2013). 

‘Performance is more 
resilient to decay because the 
similarities in the 
environment trigger cues 
making information readily 
available and easier to 
retrieve from memory’ 
(Arthur et al., 2013, p. 370). 

The selection of appropriate methods and media to 
support the initial and recurrent training and 
education of personnel operating within a defence 
environment is embodied within Defence Standards 
and specifically within the Media and Methods 
options analysis process (e.g., Joint Services 
Publication 822 – Direction and Guidance for 
Training and Education). This process takes into 
consideration relevant types and levels of fidelity 
required to support training and education and 
importantly identifies key differences between the 
learning and real-world environments that need to be 
addressed within the workplace.  
(Buttussi and Chittaro 2018, McMahan et al., 2012, 
and Ragan et al., 2015).  



ANNEX B – INFLUENCING FACTORS, EXPLANATIONS, AND EVIDENCE 

B - 18 STO-TR-HFM-292 

Influencing Factor Description Direction of Effects Psychological Mechanism Scientific Evidence 

Learning 
Technology 

The use of learning 
technologies such as 
Augmented Reality (AR) 
to support training and 
education. 

Appropriately designed 
learning that is delivered 
through the use of AR/AV 
provides a way to increase 
learner interest, engagement, 
and motivation to learn. This 
improves skill retention. 

Performance is maintained 
given the quality of initial 
learning and the opportunity 
to tailor (i.e., personalise) 
training and education to the 
capabilities, prior 
experiences, and preferences 
of the learner.  

Evidence from a review of published literature to 
determine the effectiveness of augmented reality and 
augmented virtuality on training and performance 
(e.g., Fletcher et al., 2017, Buttussi and Chittaro, 
2018). 

Printed Materials Training based on 
printed materials (text, 
pictograms). 

Retention is poorer when 
using printed materials for 
training compared with 
audiovisual materials, 
especially the most 
interactive ones such as VR. 

Printed materials make it 
more difficult to guide 
appropriate cognitive 
processing and distribute 
stimuli among different 
processing channels; see 
cognitive theory of 
multimedia learning  
(Mayer, 2014). 

Printed materials proved to be inferior to VR in 
retention outcomes (Chittaro and Buttussi, 2015; 
Buttussi and Chittaro, 2021).  
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Video Training based on 
watching videos. 

Videos are more effective 
than reading text, provided 
that trainees are given 
controls to self-pace video 
watching (for example, 
pausing, playing speed, 
rewinding). Positively 
affecting retention requires 
additional improvements to 
the video experience such as 
cueing to help learners in 
selecting relevant 
information and organising 
and integrating the 
information into a coherent 
representation. 

Videos make it easier to 
guide appropriate cognitive 
processing and distribute 
stimuli among different 
processing channels; see 
cognitive theory of 
multimedia learning  
(Mayer, 2014). 

Individual ability to process 
information presented at a 
given rate influences 
learning outcome, making 
self-pacing important. 

Watching videos vs. reading text (DeFleur et al., 
1992; Furnham and Gunter, 1985; Furnham and 
Gunter, 1987; Gunter, Furnham, and Gietson, 1984; 
Gunter, Furnham, and Leese, 1986; van der Molen 
and Van Der Voort, 2000; Wicks and Drew, 1991; 
Wilson, 1974). 
Interactive aspects that improve video watching 
(Schwan and Riempp, 2004; Hasler et al., 2007; 
Merkt et al., 2011; Mayer and Chandler, 2001; 
Hasler et al., 2007; Newtson and Engquist, 1976; 
Schwan, Garsoffky and Hesse, 2000; de Koning, 
Tabbers, Rikers, and Paas, 2007; Dube and McEwen, 
2015). 
Effects of cueing of animated content on retention 
(Mautone and Mayer, 2001; Moreno, 2007; 
de Koning et al., 2009). 
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Influencing Factor Description Direction of Effects Psychological Mechanism Scientific Evidence 

Virtual Reality Training based on 
Virtual Reality 
experiences. 

Virtual Reality (VR) is more 
effective at improving 
retention than traditional 
training media.  

Psychological fidelity of a 
VR experience can be very 
close to a real-world 
experience (Feng, Gonzalez, 
Amor, Lovreglio, and 
Cabrera, 2018; McComas, 
MacKay and Pivik, 2002; 
Rose, Attree, Brooks, 
Parslow, and Penn, 2000; 
Smith and Ericson, 2009; 
van Ginkel et al., 2019). 

Different learning theories 
(constructivism, situated 
learning, multimodal 
learning) emphasise 
characteristics of 
experiences that are 
important for human 
learning and can be provided 
by VR (see Section 5.3) 

The Deep Learning 
hypothesis (Makransky et al. 
2020) states that learning in 
VR primes students to exert 
extra effort needed to process 
the material more deeply. 

VR can support embodied 
cognition. 

VR vs. printed materials in aviation safety training 
(Chittaro and Buttussi, 2015; Buttussi and Chittaro, 
2021).  

VR in surgery training (Silverstein et al., 2002; 
Kruglikova et al., 2010).  

VR in decontamination training (Smith et al., 2016).  
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Engagement and 
Emotional 
Arousal 

Engagement and 
emotional arousal 
induced by the training 
experience. 

Engagement and emotional 
arousal can positively affect 
retention.  

Arousal and emotions 
contribute to memory 
consolidation.  

Neuroscience studies of audio-video narratives 
(Sharot et al., 2004; Labar and Cabeza, 2004; 
McCaugh, 2000; Nielson and Arentsen; 2012; 
Kensinger, 2009; Finn and Roediger, 2011; 
Kensinger and Schacter, 2008; Cahill et al., 1994). 

Studies of VR (Chittaro and Buttussi, 2015;  
Buttussi and Chittaro. 2020). 

Design of 
Training Media 

Design choices that 
shape trainee’s 
experience of the 
training media. 

A training media that is 
designed to be easy to use 
and engaging improves 
learning and retention. 

For engagement, see 
Engagement entry in this 
table. 

Regarding ease-of-use, since 
it focuses on features that 
reduce cognitive load 
(readability, clarity, 
simplicity, intuitiveness, 
help support), it facilitates 
trainee’s information 
processing. 

Engagement (Chittaro and Buttussi, 2015) ; 
Usability (Parlangeli et al., 1999).  

Hardware Display 
Used in 
Computer-Based 
Training  

The type of display used 
in the computer-based 
training experience 
(smartphone display, 
tablet display, PC 
monitor, head-mounted 
display, etc.). 

Display fidelity positively 
affects engagement. 

Displays that fill a larger 
portion of the trainee’s field 
of view provide more 
sensory stimulation and thus 
more arousal/engagement. 

HMDs vs. traditional displays (Moreno and Mayer, 
2002; Buttussi and Chittaro, 2018).  

Different displays (VR headset, smartphone) vs. 
printed materials (Buttussi and Chittaro, 2021).  
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Influencing Factor Description Direction of Effects Psychological Mechanism Scientific Evidence 

Haptic Hardware 
Used in 
Computer-Based 
Training 

Presence of haptics, 
which is special 
hardware able to 
reproduce tactile stimuli 
and/or physical forces, 
in the training system. 

Addition of haptic hardware 
can improve learning and 
retention of motor skills. 

Haptics can extend the 
fidelity of the experience as 
well as the support to 
embodied cognition. 

Carlson et al. (2015). 
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