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Abstract 
 

Stress is a broad physical reaction of an organism to the demands in life. When people are 

unable to cope adequately with stress, mental- and physical health problems occur. However, 

we are inclined to look at the negative effects of stress, while we could also use it to our 

benefit. This study investigated Psychological Hormesis (PH), the phenomenon of growing 

psychologically when exposed to a moderately dosed stressor, among 33 Dutch adolescent 

rowers. Using weekly measurements of objectively recorded indoor training sessions (INT) as 

an indicator of stress, and the subjective perceived exertion (RPE) of INT, I identified and 

classified latent PH trajectories. These trajectories were calculated based on logic and the use 

of the Psychological Hormesis Index (PHI), which is the quantification of the difference 

between psychological states such as experienced exertion. The results indicate that PH 

develops dynamically over time, with early responses to INT often predicting linear outcomes 

such as growth or decay. In addition, individual differences in adaptation are evident and 

cumulative exposure to properly doses INT can foster growth. This study thereby extends 

existing PH models by emphasizing time-varying processes, cumulative effects, and early 

predictors of adaptation. Overall, this contributes to a more dynamic and nuanced 

understanding of how everyday stress can influence PH across different individuals. 

 
Keywords: stress, Psychological Hormesis, Dutch adolescent rowers, logic,  

trajectories 
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1 Introduction 

Stress, we all have felt it sometimes. It can be regarded as a broad physical reaction of an 

organism to the demands in life (Selye, 1976). Stress can manifest itself on the societal level 

as well as on the individual level. For example, during the COVID-19, countries had to 

motivate and limit their citizens to comply with the guidelines of the WHO, which was far 

from easy. When one zooms in, COVID-19 also impacted the social lives of the affected- and 

non-affected persons through social isolation which created stress (e.g., Su et al., 2022; Kim 

& Jung, 2021; Loades et al., 2020; Fernández et al., 2023).  

Altogether, numerous studies to date have shown a consistent pattern of detrimental 

effects to their mental- and physical health when people are unable to cope with stress 

adequately (e.g., Thoits, 1982; Shapiro & Levendosky, 1999; Ball & Lee, 2000; Gibson & 

Leitenberg, 2001; Bal et al., 2003; Folkman & Moskowitz, 2004; Taylor & Stanton, 2007; 

Zimmer-Gembeck & Skinner, 2016; Sekhar et al., 2019; Turner et al., 2020; Schulz et al., 

2022; Burnatowska et al., 2022; Schurr et al., 2024). However, we are inclined to look at the 

negative effects of stress, while there are also examples of positive effects.  

1.1 Positive effects of stress 

“Out of life’s school of war—what doesn’t kill me, makes me stronger.” (Nietschze, 1889) is a 

popularized statement which implies that humans can grow from stress. Whether and how 

people can grow from stress has been theorized about in psychology. A first example is the 

Positive Disintegration Theory (PDT; Dąbrowski, 1964), which argues that experiencing 

difficulties in live can be beneficial for the development of one’s personality. PDT assumes 

that mental development unfolds in different stages in response to perceived negative life 

events, with individuals possessing specific capacities called overexcitabilities (Wells & Falk, 

2021). For instance, an individual who possess the emotional overexcitability experiences life 

more intensive than an individual who does not possess this overexcitability.  

A second example is the Post-Traumatic Growth phenomena (PTG; Tedeschi & 

Calhoun, 1996). PTG occurs when a person experienced psychological growth after 
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experiencing a traumatic event such as being more nicely to other people after losing a 

significant other. PTG manifests itself via five dimensions: 1) new possibilities or pathways in 

life, 2) a greater appreciation for life, 3) improved relationships, 4) a greater sense of 

personal strength, and 5) spiritual development. Xiaoli et al. (2019) show that, on average 

53% of the people who have experienced traumatic events, have been grown afterwards.  

Initial PDT research was mainly conducted on mental patients or sometimes (gifted) 

children (Dabrowski, 1967; Mendaglio & Tillier, 2006), has yet limited empirical support 

(Chang & Kuo, 2013), and the development stages are criticized to be inherently subjective 

(e.g., Marsh & Colangelo, 1983; Nelson, 1989; Harper et al., 2017; Schläppy, 2019). On the 

other hand, empirical findings on PTG predominantly stem from studies involving 

individuals who have encountered severe traumatic events, such as firefighters or military 

personnel (Habib et al., 2018). In contrast, the general population may not experience 

stressors of comparable intensity or frequency and can therefore not experience PTG. Or, 

empirical findings which stem from these specific populations are the results of selection 

effects: firefighters for example are different people than the general public because they 

choose a physical life-threatening job whereas others choose a job with less or no physical 

life-threatening properties at all. In addition, answers from questionaries (e.g., Post-

Traumatic Growth Inventory; Tedeschi & Calhoun, 1996) may indicate growth, but they are 

post-hoc subjective perceptions, which may be unreliable (e.g., McFarland & Alvaro, 2000; 

Cho & Park, 2013; Gower et al., 2022).  

Hence, despite the fact that there has been much discussion about whether stress can 

be beneficial for people, it remains unclear when, and how people can grow from stress (e.g., 

Meyerson et al., 2011; Ulloa et al., 2016; Mangelsdorf et al., 2019; Infurna & Jayawickreme, 

2019; Jayawickreme et al., 2020; Henson et al., 2021). These findings imply that we need a 

more refined framework which is generalizable, objective, and less ambiguous in terms of 

whether growth has taken place after stress or not.  
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2 Theory 

2.1 An integrative approach to explain growing from stress 

I propose that how people can grow from stress can best be understood by combining two 

frameworks: 1) general models from the science of strength training, and 2) hormesis. This is 

because the first framework explains on a broad level how enhancement can be realized and 

the second explains on a lower level how the dose of a stressor is related to enhancement.  

2.1.1 General	models	from	the	science	of	strength	training	

The general models from the science of strength training are used for theorizing how athletic 

performance can be enhanced (Zatsiorsky et al., 2020). The basic notion behind these models 

is as follows: when a person exercises, he or she depletes energy (i.e., depletion), which is 

restored after a rest period (i.e., restitution) with an additional increase above the initial level 

(i.e., supercompensation) and is therefore called the one-factor supercompensation model 

(Figure 1).  

Figure 1 

The supercompensation model 

 
Note. Taken from Science and Practice of Strength Training (p. 10), by Zatsiorsky, V. M., Kraemer, W. J., & Fry, 
A. C. 2020, Human Kinetics. 

 Enhanced athletic performance depends on four training laws: overload, 

accommodation, specificity, and individualization (Zatsiorsky et al., 2020). Overload is 

realized when the level of intensity and or the volume of a training stressor has increased 
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compared to its previous level. Intensity can be characterized as the amount of resistance, 

and volume as the total amount of resistance in a certain time interval. Consider for example 

performing 10 repetitions in a strength training exercise with 74kg. The intensity is 74kg and 

the 10 repetitions is the volume. In the domain of psychology, overload can be realized when 

the level of psychological stress has increased compared to its previous level. Translated to 

the life of a student, if a student is anxious about the idea that he or she needs to presents his 

or her work, it will be more stressful (i.e., a higher intensity) for this student if it is a graded 

presentation compared to a practice presentation. Or, it will be more stressful if the student 

needs to present three times in a week compared to one time in a week (i.e., volume).  

Accommodation is the law of stressor adaptation. When an individual is exposed to 

the same dosed (e.g., intensity and or volume) stressor over time, then the impact of this 

stressor eventually weakens. In other words, the individual has adapted to the training 

program. Consider again a student, his or her anxiousness decreases over time when he or 

she presents more often. This is because the student learns that the possible threat, such as 

getting laughed at or not doing a good job, is not realistic and learns to control his or her 

anxiousness, such as practiced in exposure therapy (e.g., Knowles & Tolin, 2022).  

The law of specificity states that enhanced performance is the result of a stressor that 

is equal to or an approximation of the performance in question. For instance, when an 

individual wants to get stronger, he or she should lift weights instead of running. In the 

domain of psychology this would mean that the nervousness of a student when presenting in 

front of a group of professors, does not mean that this particular student is also nervous 

when presenting in front of fellow students. Indeed, so far obtained results from clinical 

studies suggests that adapting to social stress is context specific (Wood & Bhatnagar, 2015). 

 Last, the law of individualization states that the relationship between enhanced 

performance and a training stressor is moderated by genetic influences (e.g., Bathgate et al., 

2018; Flück et al., 2019), hence epigenetic effects. Epigenetics explains how genes function 

when they are exposed to their local environment (Moore, 2016). For example, athletes who 

possess on average more muscle fibers which produce high power (i.e., Type IIa- and x 
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muscle fibers) react stronger to strength training compared to athletes who possess on 

average more muscle fibers which are more suited for endurance work (i.e., Type I fibers) 

(e.g., Hopwood et al., 2023). Not only do we find differences in athletic performance as a 

result of the interaction between stress and genes, but also in healthy behavior (Plomin, 

1990; Plomin et al., 1994) and neuroticism. In particular, when individuals are exposed to a 

certain stress condition as reflected in the nature (e.g., traumatic), timing (e.g., early 

childhood), and duration (i.e., acute or chronic) of stress (Dee et al., 2023), their tendency to 

show certain behavior varies depending on their genetic make-up and gender (Rohit et al., 

2011). For instance, in alcohol misuse (Clarke et al., 2012), depression (Park et al., 2019), 

suicide (Dee et al., 2023), and aggression (Craig, 2007; Palumbo et al., 2018). This means 

that despite observing two genetically different (male or female) individuals who are exposed 

to the same stress condition, they probably show different behavior. 

Athletic performance is thus a function of the amount of stress, the frequency of 

exposure, the specific properties of the stressor, and epigenetic effects. However, what is 

missing is a detailed explanation for how a stress dose is related to different outcomes such 

as enhanced athletic performance, and thus, also growing from stress in general. That is, the 

law of overload prescribes that athletic performance is going to be enhanced if the stress dose 

increases from one occasion to the following occasion. However, how much “more” is not 

captured and explained in this framework.  

2.1.2 Hormesis	

The hormesis framework originally derives from toxicology. According to this framework, 

organisms can enhance their structure on the cellular, tissue and organ, and at the whole 

organism level due to stimulatory effects caused by a low dose of toxins (e.g., Stebbing, 1982). 

This relationship is depicted in a so-called inverted “U-curved” (growth) or “J-curved” (e.g., 

mutagenesis) pattern, depending on the outcome measure (Calabrese, 2003), see Figure 2. 

For example, the U-curve is a result of an increasing stress dose from low to moderate, where 

the greatest gains are observed in the lowest point in the “valley” of the curve (i.e., hermetic 

vertex), but diminishing effects occur when the stress dose becomes too high. Or, a J-curve as 
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a consequence of a low- to moderate stress dose which causes a reduction in adverse effects 

while high doses enhance adverse effects. Hormesis has been observed across species such as 

in bacteria (microorganisms), plants (e.g., algae), insects (invertebrates), fish (vertebrates), 

and humans (e.g., vaccinations) probably because it played an important role in the evolution 

of life on earth (Constantini & Borremans, 2019). In this thesis I will build upon this 

framework, given the potential it has for the social and behavioral sciences. Indeed, scholars 

such as Oshri (2023), Oshri et al. (2022; 2024), Kyriazis et al. (2024), and Hill et al. (2024) 

argue that hormesis can be observed in human behavior. In particular, Oshri (2023) refers to 

this particular hormesis form as “psychosocial hormesis” or “psychological hormesis”. In this 

study I will refer to the latter definition with the abbreviation of PH.   

Figure 2  

Hormesis as the dose-response model 

 

Note. The inverted “U-curve” (A) and “J-curve” (B). Reprinted from “The Maturing of Hormesis as a Credible 

Dose-Response Model”, by E. J. Calabrese, Nonlinearity in Biology, Toxicology, and Medicine, 1(3), 321. 

Copyright 2003 by Calabrese, E. J.  
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2.1.3 Psychological	Hormesis	

PH occurs throughout the lifespan of individuals, ranging from childhood to late adulthood, 

with curvilinear effects (Oshri, 2023) and can, according to Hill et al. (2024), manifest itself 

in: eustress and distress, psychological momentum, emotion regulation, motivation and 

confidence, and cognitive performance.   

2.1.3.1 Eustress and distress 

The reaction to a stressor depends on how relevant it is for the person in question, and 

second, whether the stressor could be handled at all. If the latter is the case, then the stressor 

is beneficial because it is interpreted as a challenge. If a person is not able to cope with the 

stressor than it is being perceived as a threat (e.g., Kyriazis et al., 2024).  

2.1.3.2 Psychological momentum 

People can increase their effort, such as in a sports game or training when the stress dose has 

increased. For example, when cyclists start lagging behind in a competitive race, this setback 

may trigger increased efforts (e.g., Perreault et al., 1998; Briki et al., 2013). However, when 

they have fallen too far behind or they are too much in front, they typically decrease their 

effort. 

2.1.3.3 Emotion regulation 

Emotions such as anxiety helps in increasing performance by focusing more on the task at 

hand. In a so-called state of flow (Csikszentmihalyi, 2014), people perform and feel better in 

any task depending how much the task difficulty aligns with the capacity of the individual. 

For instance, when a person enjoys playing piano, he or she performs better at it when the 

piece of music is difficult (e.g., de Manzano et al., 2010). However, when the piece of music 

becomes more difficult to play as a result of social pressure, and hence anxiousness, this can 

lead to impaired performance (e.g., Yoshie et al., 2009). 

2.1.3.4 Motivation 

People strive to achieve goals. When goals are in reach the will to act increases, but 

unrealistic goals or goals that are too challenging can diminish effort. For example, a student 

that is not able to muster enough motivation to study for an exam because the subject is 
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perceived to be too difficult (e.g., van Lent, 2019). Hence, the student lacks the competency 

to be motivated. However, students will increase their effort to study when they experience 

more self-confidence in their study abilities because of an increase in skills (e.g., Ruiz-

Gallardo et al., 2013), and thus the stressor (e.g., school tasks or exams) is more in line with 

their improved skills.  

2.1.3.5 Cognitive performance 

Cognitive processes such as 1) vision, 2) impulse regulation, and 3) memory are enhanced 

when a moderately dosed stressor is present. First, focused attention (i.e., concentrating on a 

specific stimuli) and selective attention (i.e., filtering out competing stimuli), can be 

enhanced while people experience psychological stress (e.g., time pressure or evaluating peer 

performance) as observed in improved performance in tests such as the “Rapid Serial Visual 

Processing” (Shapiro et al., 1997) and “Stroop” (e.g., Trenerry et al., 1989) (Momin et al., 

2020). However, too much or prolonged psychological stress impairs the ability to process 

visual information (e.g., Singh & Sunny, 2017) or can cause vision loss (e.g., Sabel et al., 

2018). Second, problematic behavior as a consequence of stress gets more regulated if the 

cause was not too severe. For example, Oshri et al. (2024) found that when adolescents grow 

up, experiencing threats, deprivation, and unpredictable or chaotic behavior at home, are 

associated with internalizing- and externalizing problem behavior. For example, being 

unhappy and destructive against the environment respectively. However, low- to moderate 

levels of these stressors were associated with less problematic behavior. Third, when learning 

a new task that is challenging can enhance memory. For instance, learning to ride a 

motorcycle one has to perform several tasks simultaneously, such as maintaining balance, 

shifting gears, and operate the clutch. Repeating these tasks will result in an improved riding 

ability because one has stored the necessary information in the brain (Vaughn et al., 2021). 

However, suddenly experiencing a high dosed stress during learning, such as experiencing a 

(non)-lethal traffic accident impairs memorizing these tasks (Iverson et al., 2008). 

 Taken together, PH can be observed in various ways among male and female 

individuals in different stages of their lives, when they are exposed to moderately doses 
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stress. Experiencing too much stress will result in detrimental effects. However, what an 

appropriate stress dose includes remains yet unknown.  

2.2 Current challenges and research aim 

The hormesis framework teaches us that a certain stress dose (i.e., low- to moderate) has 

beneficial effects on human performance, but it remains unclear what this stress dose exactly 

entails. To overcome this, we need to formulate mechanisms which describe how a specific 

stressor can lead to hormetic effects as argued by Oshri (2023). Second, I argue that it is 

ethically undesirable to put people deliberately in danger for observing how stress can help 

people grow psychologically. A promising alternative is the use observational data stemming 

from a fairly controlled environment in which people are willingly exposed to everyday life 

stress such as in sports. Third, enough data needs to be collected for observing growing from 

stress because it takes time to develop (Hill et al., 2024). For example, if one follows a person 

over a long time then yearly data could be enough. If data is sampled within a shorter time 

frame such as within a year, weekly data results in more precision. Fourth, for understanding 

how people might react to stress in the future, it is worthwhile to investigate how people 

respond to different stressor types and time windows (i.e., dose response profiles; Hill et al., 

2024). I therefore aim to answer the following research questions within the context of a 

longitudinal observational study of six months with multiple measurements per week, 

because then should we be able to capture PH: 

1. How can we quantify PH? 

2. How can we identify latent PH classes and how do they evolve over time, so 

called latent PH trajectories? 

3. How can we classify latent PH trajectories? 

Insights into these questions provide knowledge in detecting how much stress is beneficial 

for developing PH, whether we can observe PH due to everyday life stress, and how PH varies 

over time as a result of specific stressors. To my knowledge, this paper presents the first 

attempt to combine the natural sciences with the social sciences in the quest for 

understanding PH. The implications of addressing these challenges would be a next step into 
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comprehending of how and when people can psychologically grow when dealing with 

everyday life stress. 
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3 Method 

3.1 Participants 

Seventy Dutch adolescent rowers who train to become an elite (inter)national level were 

asked to participate in the study. The final sample consisted of 33 differently weighing male 

and female participants. The participants have trained roughly six times a week, which is a 

combination of indoor and outdoor training sessions. In addition, once in a while they 

completed a race. To ensure the anonymity of the sample, more detailed information is not 

provided.  

3.2 Procedure 

The sampling took place in a Dutch rower student club and the inclusion criteria were the 

best ergometer times. The sampling stopped if the sample consisted of a maximum of 48 

participants. The data was collected from 18th of November 2024 until 6th of July 2025. 

Several training coaches of the club initiated a text message which were delivered on the 

smartphones of the participants asking to fill in a questionnaire, up to 30 minutes before and 

after the training sessions or races. The data was stored on an online private server hosted by 

the Rijksuniversiteit Groningen. 

3.3 Measures 

The first variable is intensity (INT). INT reflects the speed at which a rower has rowed during 

the indoor training sessions on a RP3 rowing machine (RP3, 2025). It is defined as: 

𝐼𝑁𝑇 = !"#$%&'(	"&	*($(+#
$"*(	"&	#(',&!#

.    (1.1) 

I used speed as an indicator of stress because increasing the intensity of an exercise (such as 

rowing faster) relates to, among other things, an increasing heart rate and the buildup of 

lactic acid, which in turn leads to elevated stress levels (e.g., De Vries et al., 2000; Farrell et 

al., 1983). It also tests a rower’s mental ability by forcing him/herself to row faster than what 

is comfortable. 
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In addition, the rowers in this study were during the indoor training sessions exposed 

to four types of stress: 1) three sets of 20 minutes rowing, with five minutes intra-set rest 

performing at 21 strokes per minute; 2) four series of five minutes rowing with five minutes 

intra-set rest with 30 to 33 strokes per minute; 3) one set of completing 2000 meters as fast 

as possible; and 4) three sets of completing 1000 meters rowing as fast as possible with four 

minutes intra-set rest. These four types were part of the rowing training regime. 

The second variable is perceived exertion (RPE; Borg, 1982; Brink et al., 2010). RPE 

asks “How hard was the training/match?” and was measured on a Category-Ratio Scale 

(CRS) ranging from 6 (“very, very light”) to 20 (“very, very hard”). I used RPE as a measure 

for the subjective experience of INT. 

3.4 Analyses plan 

I only included observations from the indoor training sessions, which consisted of the four 

types of stress. This is because only during the indoor training sessions were the conditions 

(e.g. distance and time) accurately recorded. This resulted in 𝑁-./ 	⋀	𝑁012 = 561 observations 

in total. Each rower provided approximately one measurement per variable per week. 

 Before I analysed the data, I needed to account for the possibility of missing data 

which was the first step. Missing data could occur because of technical problems or 

participant related reasons. For example, the former relates to failed registration of the 

rowed distance or time of completion, and the latter relates to the absence of a rower from a 

training or competition or an unanswered item (i.e., item non-response).  

Regarding technical problems, when the rowed distance and the time of completion 

did not occur, I assumed Missing Completely At Random (MCAR). However, if the 

registration of distance and completion time always fail at certain goal distances, above 

5000m for example, I treated these data as Missing At Random (MAR). Another technical 

problem could be the non-arrival of the text messages before and after a training for 

completing the questionnaire. I also treated this as MCAR.  

Regarding participant related reasons, the md.pattern() function in the “mice” 

package in R (Version 3.16; van Buuren & Groothuis-Oudshoorn, 2011) was used for 
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visualizing the missing data patterns. After exploring the missing data patterns, I aimed at 

imputing the missing values with an Exponential Weighted Moving Average (EWMA) time 

series imputation by using the na_ma() function in the “imputeTS” package (Version 3.3; 

Moritz et al., 2017). This function imputes a missing time series value by a weighted moving 

average by using K observations to the left and right of the missing time series values. I used 

in particular an Exponential Weighted Moving Average (EWMA). This means that 

observations which are adjacent to the missing value in time (i.e., K is set to “1”) have a 

weight of 3
4

3
, when K is set to “2” the weight becomes  3

4

4
, et cetera. 

3.4.1 Research	aim	1:	quantifying	PH	

Before I could quantify PH, I needed to determine when PH can occur in principle. Because 

three outcomes in INT and RPE are possible (i.e., an increase, stagnation, and decrease), this 

will result in nine combinations (Table 1). 

Table 1  

Possible mechanisms for PH considering two input variables 

Nr Condition Outcome 

1 If INT increases and RPE increases PH depends on the relative change 

2 If INT increases, but RPE stays the same Growth 

3 If INT increases and RPE decreases Extreme growth 

4 If INT stays the same, but RPE increases Decay 

5 If INT stays the same and RPE stays the 

same 

Stagnation 

6 If INT stays the same, but RPE decreases Growth 

7 If INT decreases, but RPE increases Extreme decay 

8 If INT decreases, but RPE stays the same Decay 

9 If INT decreases and RPE decreases PH depends on the relative change 
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Subsequently, I propose that we quantify PH by comparing two states. In this study, I 

looked at a state of experienced exertion: a person underwent stress and subsequently this 

person interprets it. In other words, it is a variable which reflects the relationship between 

INT and RPE. From now on I will refer to “state” as an abbreviation of a state of experienced 

exertion. The idea is to scale each state in order to compare them. For example, the stressor 

of rowing 500 meters on measurement occasion i has a different influence than rowing 1000 

meters on measurement occasion i + 1. If a person rowed 500 meters and perceived the 

exertion to be a “10”, then this state gets a value which is subtracted from the value from a 

previous state.  

3.4.2 Research	aim	2:	identifying	latent	PH	classes	evolving	over	time	

Reaching research goal 2 consisted of two sub steps: 1) identifying latent classes, and 2) 

modeling these classes over time.  

1. Identifying latent classes 

The identification of these latent classes was done according to the recommended procedure 

of Wardenaar (2022) by using the R-package FlexMix (Version 2.3-20; Leisch, 2004) with its 

stepFlexmix() function. The first step was fitting a Latent Class Growth Analysis (LCGA; e.g., 

de Vries et al., 2020). A LCGA can identify latent trajectories of variables in groups. The model 

that was derived from this LCGA was used as a baseline model because it assumes homogeneity 

of within-class variance over time, this is done by fixing the intercepts and slopes of the latent 

classes, which will therefore be the most constricted model. 

 However, heterogeneity of within-class variances over time is more plausible. I 

therefore used Growth Mixture Models (GMMs; Muthén, 2004) as well. This is because these 

models relax the assumption of homogeneity of within-class variance over time. The second 

and last step was therefore fitting a GMM to the data by only freeing the class-specific slopes. 

This is because I assumed that all rowers had the same starting values (i.e., 𝑃𝐻	 = 	0) during 

the beginning of the rowing season.         

 For determining which model was more appropriate, I evaluated the Integrated 

Completed Likelihood (ICL; Biernacki et al., 2000). Lower ICL values indicate better class 
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optimizations and better model form (e.g., LCGA or GMM). In addition, I also visually 

inspected the fit of the models by the use of rootograms (Kleiber & Zeileis, 2016). Rootograms 

show the square root of the frequency of observations. In particular, these rootograms will 

show the distribution of the observations who have a posterior non-zero probability of being 

assigned to a latent class. In other words, whether there is a good categorization or not (i.e., 

only a low- or high probability of being assigned to a latent class).   

I chose the model and its identified number of classes according to the lowest ICL, in 

combination with a clear distinction of being assigned to a latent class or not, as shown by the 

rootograms.  

2. Evolution of latent PH classes over time 

For capturing the nature of the evolution of PH classes over time I fitted the LCGAs and the 

GMMs with linear- and nonlinear effects of time on PHI. In particular, a polynomial of the 

first, second, and third degree was used.  

3.4.3 Research	aim	3:	classifying	latent	PH	trajectories	

Visualizations of the latent trajectories of the rowers within these identified latent classes 

helped me classifying them. In particular, I generated line charts because they are appropriate 

charts for showing changes over time (Kirk, 2019). Each latent trajectory was subsequently 

colored according to a set of rules derived using logic.  
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4 Results1 

My research questions were: 1) how can we quantify PH? 2) how can we identify latent PH 

classes evolving over time? And 3) how can we classify these latent PH classes based on PHI 

trajectories?  

4.1 Research question 1 

I quantify PH via an index, which I call the PHI, and is defined as: 

∆𝑃𝐻",* = ∆𝑆𝑆",* ∗ 100,    (2.1) 

where ∆𝑃𝐻",* is the change in percentage of PH that occurred for person i on measurement 

occasion m. ∆𝑆𝑆",* is the relative difference of a scaled state of person i between 

measurement occasion m and m-1: 

							∆𝑆𝑆",* = 𝑆𝑆0𝐼𝑁𝑇",*, 𝑅𝑃𝐸",*4 − 𝑆𝑆0𝐼𝑁𝑇",*63, 𝑅𝑃𝐸",*634   (2.2) 

𝑆𝑆(𝐼𝑁𝑇",*, 𝑅𝑃𝐸",*) is the scaled state which ranges from “-1” to “1” of person i on 

measurement occasion m: 

7!"(-./#,%,012#,%)
7!"(-./%&',012%#")

,     (2.3) 

and 𝑆:&(𝐼𝑁𝑇*%; , 𝑅𝑃𝐸*"&) is the most optimal possible state because it is the result of the 

highest possible intensity while experiencing the lowest amount of exertion. It is thus a 

reference condition. 𝑆:&(𝐼𝑁𝑇",*, 𝑅𝑃𝐸",*) is the weighted normalized state and is defined as 

follows: 

𝑆:&0𝐼𝑁𝑇",*, 𝑅𝑃𝐸",*4 =
()*#,%
()*%&'

<(
()*#,%
()*%&'

)+

3<(
(-(

./0#,%1./0%#"
./0%&'1./0%#"

)
3./0#,%

   (2.4) 

 
1 Before adjusting- and analyzing the data, I evaluated the missing data per subset for the entire 
dataset, which are three groups. I will from now on refer to these subsets as “category” or “group”. For 
an overview of the amount of missing data per rower, see Appendix I. I imputed the missing RPE 
values for getting a sense of what the results might look like if RPE was completely observed. In 
addition, the univariate and bivariate descriptives of RPE and INT can be found in Appendix II. 
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g is a weighted factor for INT, 𝛽 influences the exponential growth at high RPE values, and e 

is Napier’s constant. The denominator of 𝑆:&(𝐼𝑁𝑇",*, 𝑅𝑃𝐸",*) will be higher if RPE increases 

which will lead to a lower value. For a graphical depiction of 𝑆:&(𝐼𝑁𝑇",*, 𝑅𝑃𝐸",*), see Figure 

2. INTi,m is relative because it is the product of the distance rowed divided by the INTmax 

which is a record of that particular distance for a given category. For an overview of all used 

records, see Table 6 in Appendix III. RPE is scaled according to a min-max normalization, 

which ensures that changes across the entire scale contribute equally. 

Figure 2 

The distribution Swn with the parameter settings: 𝛾 = 4; 	𝑐 = −1; 	𝛽 = 1; 	𝑘	 = 	2 
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Last, 𝜔012#,%  is a logistic dynamic weighted function as defined as: 

𝜔012#,% = 1 + 𝑘( 3

3<(45./0#,%1./0%#"6
),     (2.5) 

where k is a parameter that controls the weight, and c is a parameter which influences 

the steepness for the logistic transformation. The higher the RPE, the higher 𝜔012#,%  will be. 

I chose these parameter settings because it resulted in a function that makes 

theoretically and empirically sense. For example, a change in intensity from 90% to 95% is 

more difficult than a change from 85% to 90%. This is standard fare in training physiology 

(e.g., Sietsema., et al., 2021) and therefore a 𝛾  of “4” is chosen. It makes intuitively sense to 

weigh changes at the lower end of the RPE scale more than at the higher end of the scale. 

This is because interpreting a RPE change of “7” to “6” indicates more growth than a change 

of “20” to “19”2. Last, the particular settings of c and k are chosen because it visually reflects 

how I perceive the distribution of all possible 𝑆:&0𝐼𝑁𝑇",*, 𝑅𝑃𝐸",*4 values should look like. 

Small deviations from these parameter settings would have led to a distinct or non-sensible 

function. 

For calculating the PHI, I used the following algorithm: 

1. Start at the second measurement occasion in the rowing season for the first rower; 

2. Check whether RPE is observed: 

a. If yes: search backward to find the last previous measurement occasion for the 

same rower with an observed RPE value; 

i. If such a measurement occasion exists:  

1. Calculate ∆𝑃𝐻",*; 

 
2 However, it is empirically impossible to detect RPE changes at the lower end of this RPE scale at 
higher intensities. For example, it is very unlikely that a world record holder in rowing breaks his or 
her own record by saying that the exertion of the improvement was very low, such as a “7”. On the 
other hand, it is far more likely that this world record holder would report a “19”. I therefore chose to 
weigh higher RPE values more than lower RPE values and at the same time restricting the distribution 
to a maximum of “1”, hence the logistic dynamic weighted function. 
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2. Add this PHI value cumulatively to the previously calculated 

PHI value (if observed); otherwise, use the new PHI as starting 

value; 

b. If no: skip this measurement occasion; 

3. Proceed to the next measurement occasion and repeat steps above; 

4. Repeat step 1 to 3 for the remaining rowers. 

For an overview of the PH trajectories based on the PHI, see Figure 3.
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Figure 3 

Psychological Hormesis over time across the whole sample 

 

31 32 33

25 26 27 28 29 30

19 20 21 22 23 24

13 14 15 16 17 18

7 8 9 10 11 12

1 2 3 4 5 6

Dec Jan Feb Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr May

Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr May Dec Jan Feb Mar Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr May

Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr May Dec Jan Feb Mar AprFeb Mar Apr May Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr

Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr May Dec Jan Feb Mar Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr May

Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr

Dec Jan Feb Mar Apr May Dec Jan Feb Mar Apr May Dec Jan Feb Mar AprDec Jan Feb Mar Apr May Dec Jan Feb Mar Apr Dec Jan Feb Mar Apr May

−10
0

10
20

−10
0

10
20

−10
0

10
20

−10
0

10
20

−10
0

10
20

−10
0

10
20

C
um

ul
at

ive
 P

H
I i

n 
%



Exploring Psychological Hormesis in Adolescent Rowers 

 

24 

4.2 Research question 2 

Table 2 shows the results of the executed LCGAs and GMMs. Despite the good categorization 

as shown in the rootograms, the ICL and the sample size per class suggests that one latent 

class with fixed intercepts but random slopes is the optimal and most plausible solution. This 

means that there is an average linear growth in PHI quantified by a fixed PHI intercept and a 

fixed slope with normally distributed variance around it. The latter explains the between-

subject heterogeneity of PHI over time.      

Table 2 

Results of the LCGA and GMM with PHI as the dependent variable and the measurement 
occasion as the independent variable 

No. of classes ICL Sample Size per Class 
Based on Most Likely Class 

Membership 
LCGA (linear)   
1 1317.161 33 
2 1327.846 30/3 
3 1348.093 26/4/3 
LCGA (quadratic)   
1 1322.469 33 
2 1338.566 30/3 
3 1365.535 25/5/3 
LCGA (cubic)   
1 1327.485 33 
2 1348.150 30/3 
3 1381.533 24/6/3 
GMM (linear)   
1 1315.514 33 
2 1338.574 30/3 
3 1364.532 26/4/3 
GMM (quadratic)   
1 1338.576 33 
2 1370.799 33/3 
3 1413.949 25/5/3 
GMM (cubic)   
1 1359.696 33 
3 1412.576 30/3 
3 1477.798 24/6/3 

Note. Every performed LCGA and GMM with the estimated classes were executed with 300 random starts. The 
variance of the slopes is freely estimated whereas the residual variances are fixed. 

 In addition, I investigated whether different class solutions exist between the non-

RPE imputed dataset and the RPE imputed dataset. The optimal solution while using the 
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RPE imputed dataset is a two class GMM which evolve linear over time. There is a group of 

rowers who show, on average, stronger PH than the other group (Appendix III).  

4.3 Research question 3 

I used graphs and a set of rules for classifying the latent trajectories. The first rule states that, 

when a certain stressor type is induced, I consider it to be the reference point 𝑃𝐻𝐼$7|𝑠𝑡𝑟𝑒𝑠𝑠𝑜𝑟, 

where t stands for time point with lower subscript “0”. When future PH values change over 

time: 𝑃𝐻𝐼|𝑠𝑡𝑟𝑒𝑠𝑠𝑜𝑟$8to 𝑃𝐻𝐼|𝑠𝑡𝑟𝑒𝑠𝑠𝑜𝑟$..., 𝑃𝐻𝐼|𝑠𝑡𝑟𝑒𝑠𝑠𝑜𝑟$), where subscript tN indicates the last 

observed PHI value, they are interpreted relatively to 𝑃𝐻𝐼$7. The second rule states that the 

nature of the PHI trajectory (e.g., growth) is determined by the last observed PHI value given 

the stressor type. For growth (positive adaptation) it holds that: 

 

𝑃𝐻𝐼=+,:$>|𝑠𝑡𝑟𝑒𝑠𝑠𝑜𝑟 = 𝑃𝐻𝐼$: > 𝑃𝐻𝐼$7, 

 

whereas for decay (negative adaptation): 

 

𝑃𝐻𝐼!('%?|𝑠𝑡𝑟𝑒𝑠𝑠𝑜𝑟 = 𝑃𝐻𝐼$: < 𝑃𝐻𝐼$7, 

 

and for constant (no adaptation): 

 

𝑃𝐻𝐼',&#$%&$|𝑠𝑡𝑟𝑒𝑠𝑠𝑜𝑟 = 𝑃𝐻𝐼$: ≈ 𝑃𝐻𝐼$7. 

 

The third rule says that the nature of the response (i.e., positive or negative) and the speed of 

the response (i.e., fast or slow) is determined by the difference between the first observed 

PHI value directly after the reference point. It holds for a fast response:  

 

𝑃𝐻𝐼@%#$|𝑠𝑡𝑟𝑒𝑠𝑠𝑜𝑟 = 𝑃𝐻𝐼$8 > 𝑃𝐻𝐼$7, 
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for a slow response: 

 

𝑃𝐻𝐼A,:|𝑠𝑡𝑟𝑒𝑠𝑠𝑜𝑟 = 𝑃𝐻𝐼$8 < 𝑃𝐻𝐼$7, 

 
And for an insensitive response:  

 

𝑃𝐻𝐼"&#(&#"$"B(|𝑠𝑡𝑟𝑒𝑠𝑠𝑜𝑟 = 𝑃𝐻𝐼$8 ≈ 𝑃𝐻𝐼$7. 

 

These rules lead to three (growth or decay or constant) times three (fast or slow or insensitive 

response) combinations. I identified in total five latent trajectories across the whole sample, 

which I will subsequently discuss while focusing only on the 3x20 (Figure 4) and 4x5 minutes 

stressor (Figure 5) for the sake of parsimony. 

The first latent trajectory is Constant (with an insensitive response). Rowers who 

have this trajectory did not grow when they were exposed to a particular stressor type. This is 

probably because there were only two observed PHI values which masks the trajectory.  

The second latent trajectory is Decay with a fast response. It can be said that, despite 

that rowers who responded directly positive after being exposed to a certain stressor type, 

these rowers did not grow. This pattern indicates that the second time the rowers 

experienced a stressor which was properly dosed, whereas the resulting experienced stressors 

were too high dosed. 

The third trajectory is Decay with a slow response. The direct response to the 

induced stressor type is negative, but when time increases, the response to the resulting 

stressors tends to orient in the direction of the reference point or exceeds it: 𝑃𝐻𝐼$) ≈ 𝑃𝐻𝐼$7 ∧

	𝑃𝐻𝐼$) >	𝑃𝐻𝐼$7.  This pattern indicates that the stressor dose was in the beginning too high 

for these rowers, but the resulting stressor doses were better dosed. Nevertheless, this 

trajectory resulted in decay at the end. I expect that growth could have taken place for these 

rowers given that they have had more time and were exposed with the appropriate stress 

doses (i.e., the stress doses which resulted in the positively oriented change of the trajectory).  
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Figure 4 

Classified latent PH trajectories across the whole sample given the 3x20 minutes stressor 
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Figure 5 

Classified latent PH trajectories across the whole sample given the 4x5 minutes stressor 
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The fourth trajectory is Growth with a fast response. The direct response to the 

induced stressor type is positive 𝑃𝐻𝐼$8 > 𝑃𝐻𝐼$7and when time increases growth continued 

and ended in growth 𝑃𝐻𝐼$) > 𝑃𝐻𝐼$7. This means informally, rowers with such a trajectory 

experienced a properly dosed stressor throughout the whole stressor type time period and 

could therefore grow.          

 The fifth trajectory is Growth with a slow response. The response directly after the 

first exposure to the certain stressor type is negative, but when time increases, the resulting 

PHI values are positive relative to the reference point: 𝑃𝐻𝐼$8;8,	𝑃𝐻𝐼$8;⋯,𝑃𝐻𝐼$) > 𝑃𝐻𝐼$7. Such a 

trajectory indicates that certain rowers needed more time to adapt in order to grow compared 

to other rowers, or that the stressor dose was first too high for them and the resulting stressor 

doses were better dosed which eventually led to their growth.    

 The sixth and last identified latent trajectory is the rest category Not Applicable. This 

is not a trajectory because only one PHI value is observed. 
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5 Discussion 

In this study I investigated how we can quantify PH, identify latent PH classes evolving over 

time, so called PH trajectories, and how we can classify these trajectories. I therefore used 

data from a Dutch student rowing club which provided approximately weekly measurements 

of stress and the subjective experience of it. The results show that by incorporating 

information of an objectively measured physical stressor and the subjective psychological 

experience of this stressor, we can quantify PH by comparing two psychological states, in 

particular states of experienced exertion, despite being possibly different. For instance, when 

a rower experienced an exertion of a 3x20 minutes stressor it is possible to compare this state 

with a state of experienced exertion of a 2k max stressor. In addition, it is now possible to 

follow persons in their everyday living and capture how they respond to stress, without 

putting people in an experimental design with potentially harmful situations.  

Without imputed missing RPE values, I was not able to find sufficient evidence for 

different latent classes. This is in line with Kim (2020) who shows that sufficient sample size 

is needed to identify multiple latent classes which unfolds differently over time. I showed that 

we can identify and distinguish PH patterns over time with the use of logic. It seems that the 

response to the stressor at the moment when is introduced, determines approximately the 

outcome: growth or decay. For example, almost all of the rowers who responded positively, 

by the occurrence of a first positive PHI value, ended with growth at the end. The same can 

be said about the rowers who at first responded negatively, they tend to decay at the end. 

There are some exceptions however, rowers who first respond negatively, respond positively 

to the resulting stressors. In sum, these results suggest that growing from a stressor can be 

predicted by the beginning stage of PH.  

5.1 Theoretical implications 

This study has several important theoretical implications. First, the results show some of the 

four laws in strength training (Zatsiorsky et al., 2020) reflected in the PH.   

 Considering the univariate descriptives (Appendix II) it can be derived that, when the 
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training season continued, INT has increased but RPE remained constant. This is because 

almost every individual INT time series contained a trend-stationary process and RPE a 

stationary process. The former means that the INT time series becomes stationary if the 

deterministic trend is removed. In other words, despite the increasing stress dose over time, 

growth can still be realized. However, I did not find strong evidence for concluding that RPE 

remained constant during the training season. It is thus yet unclear whether the rowers 

adapted according to the law of overload, but the results suggests that this might be the case. 

 Another finding is that frequently being exposed to a certain stressor increases the 

adaptability of a person to that stressor. This is indicated by the upward change in direction 

of the PHI of several rowers. In other words, the subjective experience of a stressor 

follows the law of accommodation.        

 The law of specificity is to a lesser extent visible in the results. If we look at the change 

in direction of the PHI trajectories, then it can be observed that the rowers respond 

differently to each of the four types of stressors in this study. In particular, the more intense 

the stressor is, the more variation there is in PH. This is in line with Oshri (2023), PH as a 

function of a stress dose takes a pyramid-shaped distribution, where changes in PH can occur 

easily “on the top” when the stress dose decreases or increases around that level. However, 

for some stressor types I could not calculate enough PHI values to detect sudden changes, if 

they would appear. This might falsify the idea that the law of specificity is applicable to PH. 

 The law of individualization is however clearly visible due to the variation in PHI 

patterns between rowers given that they are exposed to the same kind of stressor. Taken the 

law of specificity and individualizations together, the results show that the degree of PH is 

indeed person specific as argued by Kyriazis et al. (2024). In sum these findings underscore 

the usefulness of applying the laws of strength training to the hormesis framework for 

understanding and predicting PH.  

Second, by using a scaled objectively measured stressor and briefly after the exposure 

asking people their perception of exertion of this stressor, it is therefore possible to overcome 

the problem of unreliable measures of PH. For instance, only relying on post-hoc subjective 
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beliefs about whether the stressor has initiated PH (McFarland & Alvaro, 2000; Cho & Park, 

2013; Gower et al., 2022). In addition, it was unclear whether a non-specific population can 

also grow from stress. For example, some literature focused on how military personnel and 

firefighters can grow after experiencing traumatic experiences (Habib et al., 2018), or how 

internalized- and externalized problematic behavior such as feeling unhappy and being 

destructive towards the environment respectively, are related to childhood stress experiences 

(Oshri et al., 2024). I used a sample that reflects a non-specific population (i.e., students) 

which executed weekly indoor rowing training session. Using the PHI, I have showed that a 

non-specific population can also grow from everyday life stress such as training in sports. In 

particular, PH seems to develop linear over time, as suggested by the LCGA and GMM 

output.  

 Third, by plotting PH over time, one can get a feeling of how much stress a person can 

handle at the moment and whether he or she eventually has grown or decayed. For example, 

if a person does not respond positively, this is might indicate that the stress dose for this 

particular person needs to be lowered at the upcoming occasion, or this person needs more 

time to adapt to it. In other words, by the use of the PHI, one can determine whether the 

experienced stressor dose was optimal or not (i.e., dose-response profiles; Hill et al., 2024).  

 Fourth, outcomes in the PHI are objective because of the explicitly stated mechanisms 

which determine the PHI depending on the input. Therefore, one can objectively state 

whether a person has psychologically grown or not. This is in contrast to the development 

stages posed in PTG which are criticized to be inherently subjective (Marsh & Colangelo, 

1983; Nelson, 1989; Harper et al., 2017; Schläppy, 2019). 

Based on the results I conclude that this study highlights that, conceptualizing PH as a 

dynamic process that seems to evolve linear over time, is an improved alternative for 

considering PH as a static outcome (i.e., growth or mutagenesis; Calabrese, 2003). By using 

this alternative, we can detect outcomes such as growth, decay, or stagnation as indicated by 

PH trajectories. These outcomes depend on the dosage, timing, and sequencing of stress. The 

finding that the initial response, the first observed PHI value following exposure to a stressor, 
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often predicts the eventual trajectory. This finding highlights the importance of early-phase 

reactions as potential indicators of longer-term adaptation. Furthermore, by considering PH 

as a cumulative process through the PHI algorithm, this study illustrates that growing from 

stress is the consequence of repeated and accumulated stressor exposures, rather than 

isolated events in which people experience stress as argued in PDT and PTG literature. Such 

refinements would render PH theory more dynamic and person-specific (Hill et al., 2024), 

aligning with recent literature to conceptualize resilience and adaptation as nonlinear 

processes unfolding over time (Oshri, 2023). 

5.2 Limitations 

This study has a few limitations. Completely observed RPE data is necessary to compute the 

PHI values of each rower. However, a lot of missing RPE data occurred after filtering on only 

indoor training sessions. Two problems occurred because of this. First, the plotted PHI 

trajectories do not show accurately how PH of all rowers has evolved over time. Second, the 

evolution of PH has prematurely stopped. This is because I assume that PH is a cumulative 

process. I addressed these problems by the following choices.    

 To see how all PH trajectories could look like if RPE was completely observed, I re-ran 

the analyses with imputed the missing PRE data via EWMA. However, EWMA neglects the 

influence of other variables, the nested structure of the person, and the effect of time on the 

RPE time series. This results in a biased estimate of the RPE time series and therefore a 

biased estimate of the PHI. Future research should address this issue of by incorporated 

missing data imputation techniques that can deal with 3D-data such as deep learning 

methods. These methods seem to perform substantial better in this context than 

conventional imputations methods (Kazijevs & Samad, 2023).  

 In order to deal with the premature stopping of the PHI evolution, I adjusted the 

algorithm behind the PHI for calculating more PHI values. I adjusted the algorithm by 

“jumping over” a missing PHI value to a subsequent observed PHI value and used that to 

compare it to the previous observed PHI value. For example, if rower i has an observed RPE 

value at measurement occasion two, not on three, but again at occasion four, the PHI value at 
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this occasion is calculated by subtracting the difference between the observed state at 

occasion two and four. However, it might be the case that the PHI value at measurement 

occasion four is actually lower or higher than it should be if occasion three was observed and 

is therefore biased. In other words, this bias increases with every time step.  

Last, I want to point out a few important notes about using the PHI for quantifying PH. 

First, the input of the PHI is arbitrary. For example, how much weight is used to weigh the 

stressor and which kind of psychological indicator is used in the denominator. The former 

can be addressed by the use of theory or logic, which I did in this study, but different options 

are possible. Still, the output will always be according to the chosen input which will result in 

reliable measuring PH. The latter is a question of what the main construct of interest is. For 

example, if one wants to know how people evolve in their perceived self-efficacy as a function 

of stress, one can use a variable that measures self-efficacy. Third, the input of the 

denominator in the PHI is a good measure for indicating the experienced difficulty of a 

stressor. However, it can be argued that incorporating more information such as adding more 

or different variables (e.g., physiological markers) can be beneficial. For example, Yoshie et 

al. (2009) used subjective measures of anxiety, heart rate, sweat rate, and electromyographic 

activity of muscles. Fourth, in this study I have used a stressor which is primarily physical 

which, in my view, was a good starting point for quantifying PH. For example, for studying 

whether repeatedly being exposed to social stress (e.g., letting students present several times 

during a course) can lead to PH (e.g., less presentation fear), we need to determine how we 

can quantify this sort of psychological stress. We also need to pay attention to the specific 

social stress because it has been argued that social stress is context dependent (Wood & 

Bhatnagar, 2015). In addition, we need to think of ways for properly scaling such a 

psychological stressor. Possible options are: 1) using the personal mean, 2) the mode, 3) the 

group mean (if one follows multiple students over time), the maximum value of a certain 

questionnaire (e.g., presentation fear questionnaire for students). 
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5.3 Conclusion and practical implications 

I conclude that this study has showed that we can use observational data for studying 

whether a person has grown as a function of stress. This is useful because we can extend the 

use of the PHI with its algorithm and the rules to other domains than sports where people are 

frequently exposed to stress, such as at school or work. The information that will result from 

this can be used for better understanding when people can grow from stress in general. For 

instance, future research could follow a group of university bachelor students during their 

three-year studies and see whether these students develop PH. This is possible because 

during their studies they are repeatedly being exposed to several psychological stressors such 

as presenting, following practicals and performing exams. By letting these students fill in an 

RPE and psychological stress questionnaire that encompasses these stressors, we can follow 

their PH trajectories by using the PHI. In addition, this information could aid in helping 

people cope with stress in a healthy way, not only in the heat of the moment but also in the 

future. And maybe we can eventually confirm whether Nietzsche’s statement from 150 years 

ago about getting stronger because of the things that hurt, but not kill us, is actually true 

(Nietzsche, 1889). 
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7 Appendix I: missing data 
 
Amount of missing data after filtering on indoor training sessions 

  Up to 30 min before Up to 30 min after 
Rower Total 

 
 

N (P) 

REC 
 
 

N (P) 

Self-
Efficacy 

 
N (P) 

Motivation 
 
 

N (P) 

Mood 
 
 

N (P) 

Performance 
 
 

N (P) 

RPE 
 
 

N (P) 

Enjoyment 
 
 

N (P) 
         
1 105 (.33) 15 (.33) 15 (.33) 15 (.33) 15 (.33) 15 (.33) 15 (.33) 15 (.33) 
2 84 (.29) 12 (.25) 12 (.25) 12 (.25) 12 (.25) 12 (.33) 12 (.33) 12 (.33) 
3 70 (.56) 10 (.60) 10 (.60) 10 (.60) 10 (.60) 10 (.50) 10 (.50) 10 (.50) 
4 63 (.49) 9 (.44) 9 (.44) 9 (.44) 9 (.44) 9 (.56) 9 (.56) 9 (.56) 
5 84 (.08) 12 (.08) 12 (.08) 12 (.08) 12 (.08) 12 (.08) 12 (.08) 12 (.08) 
6 77 (.32) 11 (.36) 11 (.36) 11 (.36) 11 (.36) 11 (.27) 11 (.27) 11 (.27) 
7 98 (.26) 14 (.29) 14 (.29) 14 (.29) 14 (.29) 14 (.21) 14 (.21) 14 (.21) 
8 91 (.31) 13 (.31) 13 (.31) 13 (.31) 13 (.31) 13 (.31) 13 (.31) 13 (.31) 
9 56 (.30) 8 (.25) 8 (.25) 8 (.25) 8 (.25) 8 (.38) 8 (.38) 8 (.38) 
10 63 (.33) 9 (.33) 9 (.33) 9 (.33) 9 (.33) 9 (.33) 9 (.33) 9 (.33) 
11 63 (.21) 9 (.11) 9 (.11) 9 (.11) 9 (.11) 9 (.33) 9 (.33) 9 (.33) 
12 77 (.49) 11 (.45) 11 (.45) 11 (.45) 11 (.45) 11 (.55) 11 (.55) 11 (.55) 
         
13 91 (.38) 13 (.38) 13 (.38) 13 (.38) 13 (.38) 13 (.38) 13 (.38) 13 (.38) 
14 84 (.49) 12 (.42) 12 (.42) 12 (.42) 12 (.42) 12 (.58) 12 (.58) 12 (.58) 
15 91 (.41) 13 (.31) 13 (.31) 13 (.31) 13 (.31) 13 (.54) 13 (.54) 13 (.54) 
16 56 (.32) 8 (.38) 8 (.38) 8 (.38) 8 (.38) 8 (.25) 8 (.25) 8 (.25) 
17 84 (.17) 12 (.17) 12 (.17) 12 (.17) 12 (.17) 12 (.17) 12 (.17) 12 (.17) 
18 63 (.49) 9 (.44) 9 (.44) 9 (.44) 9 (.44) 9 (.56) 9 (.56) 9 (.56) 
19 84 (.45) 12 (.42) 12 (.42) 12 (.42) 12 (.42) 12 (.50) 12 (.50) 12 (.50) 
20 98 (.45) 14 (.36) 14 (.36) 14 (.36) 14 (.36) 14 (.57) 14 (.57) 14 (.57) 
21 77 (.22) 11 (.18) 11 (.18) 11 (.18) 11 (.18) 11 (.27) 11 (.27) 11 (.27) 
         
22 42 (.50) 6 (.50) 6 (.50) 6 (.50) 6 (.50) 6 (.50) 6 (.50) 6 (.50) 
23 84 (.37) 12 (.33) 12 (.33) 12 (.33) 12 (.33) 12 (.42) 12 (.42) 12 (.42) 
24 56 (.23) 8 (.12) 8 (.12) 8 (.12) 8 (.12) 8 (.38) 8 (.38) 8 (.38) 
25 70 (.76) 10 (.80) 10 (.80) 10 (.80) 10 (.80) 10 (.70) 10 (.70) 10 (.70) 
26 63 (.27) 9 (.22) 9 (.22) 9 (.22) 9 (.22) 9 (.33) 9 (.33) 9 (.33) 
27 70 (.24) 10 (.20) 10 (.20) 10 (.20) 10 (.20) 10 (.30) 10 (.30) 10 (.30) 
28 56 (.18) 8 (.12) 8 (.12) 8 (.12) 8 (.12) 8 (.25) 8 (.25) 8 (.25) 
29 70 (.30) 10 (.30) 10 (.30) 10 (.30) 10 (.30) 10 (.30) 10 (.30) 10 (.30) 
30 56 (.25) 8 (.25) 8 (.25) 8 (.25) 8 (.25) 8 (.25) 8 (.25) 8 (.25) 
31 49 (.31) 7 (.43) 7 (.43) 7 (.43) 7 (.43) 7 (.14) 7 (.14) 7 (.14) 
32 70 (.34) 10 (.30) 10 (.30) 10 (.30) 10 (.30) 10 (.40) 10 (.40) 10 (.40) 
33 70 (.36) 10 (.40) 10 (.40) 10 (.40) 10 (.40) 10 (.30) 10 (.30) 10 (.30) 

Note. N indicates the absolute number of observations including missing and observed values, whereas P 
indicates the proportion missing data per variable. 
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Missing data patterns of the first group after filter on indoor training sessions 

 
Note. “ENJ” indicates Enjoyment, “MOO” Mood, “MOT” Motivation, “PER” Performance, “S_EF” Self-Efficacy. 

Missing data patterns of the second group  

 
Note. “ENJ” indicates Enjoyment, “MOO” Mood, “MOT” Motivation, “PER” Performance, “S_EF” Self-Efficacy. 
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Missing data patterns of the third group  

 
Note. “ENJ” indicates Enjoyment, “MOO” Mood, “MOT” Motivation, “PER” Performance, “S_EF” Self-Efficacy. 
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8 Appendix II: descriptives 

Univariate aggregated and individual RPE descriptives after filtering on indoor training 

sessions 

Rower Min Max Mean (SD) Mode N 

Group 13 20 17.4 (1.4) 17 216 

 15 20 17.8 (1.3) 17 88 
1 17 20 18.3 (1.0) 18 10 
2 17 20 18.2 (1.2) 17 8 
3 17 20 18 (1.4) 17 5 
4 15 18 16 (1.4) 15 4 
5 17 20 18 (1.2) 17 11 
6 16 19 17.8 (1.0) 18 8 
7 18 20 18.5 (0.7) 18 11 
8 16 18 17.1 (0.6) 17 9 
9 16 20 17.2 (1.6) 17 5 
10 17 19 18 (0.9) 17 6 
11 17 20 18.5 (1.1) 18 6 
12 15 18 16 (1.2) 15 5 

 13 20 16.9 (1.5) 17 59 
13 16 20 17.6 (1.2) 18 8 
14 15 20 18.2 (1.9) 19 5 
15 15 19 16.8(1.5) 16 5 
16 15 17 16.2 (1.0) 17 6 
17 15 20 16.1 (1.5) 15 10 
18 16 19 17.5 (1.3) 16 4 
19 16 19 17.3 (1.0) 17 6 
20 13 17 15.5 (1.5) 17 6 
21 17 18 17.5 (0.5) 18 8 

 13 20 17.4 (1.5) 17 69 
22 15 18 16.7 (1.5) 15 3 
23 17 19 18 (0.8) 18 7 
24 17 20 18.2 (1.1) 18 5 
25 15 17 16.3 (1.2) 17 3 
26 18 20 18.7 (0.8) 18 6 
27 15 19 17.4 (1.6) 19 7 
28 16 20 17.7 (1.4) 17 6 
29  17 19 17.9 (0.7) 18 7 
30 13 17 15 (1.3) 15 6 
31 15 19 17.7 (1.8) 19 6 
32 17 19 1.83 (1) 19 6 
33 15 19 16.7 (1.4) 17 7 
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Univariate aggregated and individual INT descriptives after filtering on the indoor 
training sessions 

Rower Min Max Mean (SD) N 

Group 3.7 5.3 4.5 (0.4) 345 

 3.7 4.7 4.2 (0.3) 133 
1 3.8 4,4 4.2 (0.2) 15 
2 3.9 4.5 4.3 (0.2) 12 
3 4.0 4.6 4.3 (0.2) 10 
4 3.8 4.5 4.2 (0.2) 9 
5 3.9 4.6 4.3 (0.3) 12 
6 3.8 4.4 4.1 (0.2) 11 
7 3.9 4.4 4.2 (0.2) 14 
8 3.7 4.4 4.1 (0.3) 13 
9 3.9 4.4 4.2 (0.2) 8 
10 3.9 4.5 4.2 (0.3) 9 
11 3.7 4.3 4.0 (0.2) 9 
12 4.1 4.7 4.5 (0.2) 11 

 3.8 5 4.4 (0.3) 104 
13 4.1 4.8 4.4 (0.3) 13 
14 4.0 4.8 4.4 (0.2) 12 
15 3.8 4.9 4.5 (0.3) 13 
16 3.8 4.6 4.2 (0.3) 8 
17 4.0 4.7 4.4 (0.2) 12 
18 4.0 5.0 4.6 (0.3) 9 
19 4.1 4.8 4.5 (0.3) 12 
20 4.1 4.8 4.4 (0.2) 14 
21 4.2 4.9 4.5 (0.3) 11 

 4.1 5.3 4.8 (0.3) 108 
22 4.1 5.0 4.7 (0.3) 6 
23 4.3 5.1 4.8 (0.3) 12 
24 4.2 5.1 4.7 (0.3) 8 
25 4.3 5.1 4.8 (0.3) 10 
26 4.5 5.3 5.0 (0.3) 9 
27 4.2 5.2 4.7 (0.4) 10 
28 4.3 5.1 4.8 (0.3) 8 
29 4.1 5.0 4.6 (0.3) 10 
30 4.3 5.0 4.7 (0.3) 8 
31 4.4 5.1 4.7 (0.3) 7 
32 4.4 5.2 4.9 (0.3) 10 
33 4.2 5.1 4.7 (0.4) 10 
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Univariate distribution of RPE of each rower and of group 1 as a whole aggregated over time 
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Univariate distribution of RPE of each rower and of group 2 as a whole aggregated over time 
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Aggregated 'men (light)' RPE distribution over time: sample vs individual rowers



Exploring Psychological Hormesis in Adolescent Rowers 

 

54 

Univariate distribution of RPE of each rower and of group 3 as a whole aggregated over time 
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Aggregated 'men (open)' RPE distribution over time: sample vs individual rowers
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RPE time series of each rower (blue) in group 1 and aggregated (green) 
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RPE time series of each rower (blue) in group 2 and aggregated (green) 
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'Men (light)': individual RPE time series (blue) and the aggregated RPE time series (green)
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RPE time series of each rower (blue) in group 3 and aggregated (green) 
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Summary of the executed ADF- and KPSS tests for testing stationarity of the RPE time 
series of each rower 

Rower N ADF test KPSS test Conclusion 
  Lag  ADFt Lag KPSSη̂  
 
1 10 2 -1.47 2 0.13 Trend-stationary 
2 8 1 -1.86 2 0.16* Not stationary 
3 5 - - 1 0.14 Trend-stationary, but unreliable due to low variance 
4 4 - - 1 0.22* Unreliable due to low variance 
5 11 2 -3.25 2 0.13 Trend-stationary 
6 8 1 -2.89 2 0.17* Not stationary 
7 11 2 -1.72 2 0.10 Trend-stationary 
8 9 2 -4.61* 2 0.18* Inconsistent 
9 5 - - 1 0.14 Trend-stationary, but unreliable due to low variance 
10 6 - - 1 0.14 Trend-stationary, but unreliable due to low variance 
11 6 - - 1 0.11 Trend-stationary, but unreliable due to low variance 
12 5 - - 1 0.13 Trend-stationary, but unreliable due to low variance 
 
13 8 1 -0.01 2 0.15* Not stationary 
14 5 - - 1 0.16* Unreliable due to low variance 
15 6 - - 1 0.13 Trend-stationary, but unreliable due to low variance 
16 6 - - 1 0.13 Trend-stationary, but unreliable due to low variance 
17 10 2 -0.11 1 0.13 Trend-stationary 
18 4 - - 1 0.17* Unreliable due to low variance 
19 6 - - 1 0.16* Unreliable due to low variance 
20 6 - - 1 0.13 Trend-stationary, but unreliable due to low variance 
21 8 1 -3.54 2 0.22* Not stationary 
 
22 3 - - - - Time series is too short 
23 7 1 -1.57 2 0.16* Not stationary 
24 5 1 - 1 0.16* Unreliable due to low variance 
25 3 - - - - Time series is too short 
26 6 - - 1 0.12 Trend-stationary, but unreliable due to low variance 
27 7 1 -2.00 2 0.17* Not stationary 
28 6 - - 1 0.11 Trend-stationary, but unreliable due to low variance 
29 7 1 -2.03* 2 0.18* Inconsistent 
30 6 - - 1 0.12 Trend-stationary, but unreliable due to low variance 
31 6 - - 1 0.13 Trend-stationary, but unreliable due to low variance 
32 6 - - 1 0.20* Unreliable due to low variance 
33 7 1 -2.20 2 0.17* Not stationary 

Note. For mapping the degree of RPE-stationarity, I performed the Augmented Dickey-Fuller (ADF) test (Said & 
Dickey, 1984), via the adf.test() function and the Kwiatkowski-Phillips-Schmidt-Shin (KPSS) test (Kwiatkowski 
et al., 1992) with the kpss.test() function, both in the “tseries” package (version 0.10-57; Trapletti et al., 2024). 
The ADF test tests whether a time series x contains a unit root (i.e., 𝐻=: 𝜙 = 1), where 𝜙 is the inertia or 
autocorrelation parameter. The lag parameter is determined by 𝑙𝑒𝑛𝑔𝑡ℎ(𝑥) − 1.>>and rounded to the nearest 
integer in the direction of “0”. The KPSS test tests whether a time series x is level (𝐻=: 𝑥? = 0) or trend-stationary 
(𝐻=: 𝑥@!" = 0). The lag parameter is calculated via 4( A

B==
).CD and is rounded in the same manner as with 

adf.test().* Significant at p < .05. 
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Univariate distribution of INT (of each rower in group 1 and aggregated) over time after filtering on the indoor training sessions 
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Aggregated 'women (open)' INT distribution over time: sample vs individual rowers
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Univariate distribution of INT (of each rower in group 2 and aggregated) over time after filtering on the indoor training sessions 
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Aggregated 'men (light)' INT distribution over time: sample vs individual rowers
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Univariate distribution of INT (of each rower in group 3 and aggregated) over time after filtering on the indoor training sessions 
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Aggregated 'men (open)' INT distribution over time: sample vs individual rowers
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INT time series of each rower (yellow) in group 1 and aggregated (purple) 
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'Women (open)': individual INT time series (yellow) and the aggregated INT time series (purple)



Exploring Psychological Hormesis in Adolescent Rowers 

 

63 

INT time series of each rower (yellow) in group 2 and aggregated (purple) 
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INT time series of each rower (yellow) in group 3 and aggregated (purple) 
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Summary of the executed ADF- and KPSS tests for testing stationarity of the INT time series 
of each rower 

Rower N ADF test KPSS test Conclusion 
  Lag  ADFt Lag KPSSη̂  
EJD 
1 20 2 -2.15 2 0.08 Trend-stationary 
2 17 2 -2.62 2 0.10 Trend-stationary 
3 14 2 -2.67 2 0.11 Trend-stationary 
4 14 2 -0.81 2 0.12 Trend-stationary 
5 17 2 -2.44 2 0.07 Trend-stationary 
6 16 2 -2.55 2 0.09 Trend-stationary 
7 19 2 -2.69 2 0.07 Trend-stationary 
8 18 2 -2.22 2 0.10 Trend-stationary 
9 13 2 -3.49 2 0.09 Trend-stationary 
10 14 2 -2.05 2 0.08 Trend-stationary 
11 14 2 -2.23 2 0.10 Trend-stationary 
12 16 2 -2.42 2 0.08 Trend-stationary 
EJL 
13 17 2 -1.51 2 0.11 Trend-stationary 
14 17 2 -2.73 2 0.06 Trend-stationary 
15 17 2 -2.36 2 0.08 Trend-stationary 
16 11 2 -2.38 2 0.14 Trend-stationary 
17 17 2 -2.42 2 0.08 Trend-stationary 
18 14 2 -1.90 2 0.12 Trend-stationary 
19 17 2 -2.65 2 0.10 Trend-stationary 
20 19 2 -1.81 2 0.10 Trend-stationary 
21 16 2 -1.92 2 0.10 Trend-stationary 
EJZ 
22 7 1 -0.22 2 0.14 Trend-stationary 
23 18 2 -2.61 2 0.08 Trend-stationary 
24 12 2 -3.92* 2 0.13 Stationary 
25 15 2 -2.10 2 0.08 Trend-stationary 
26 15 2 -2.10 2 0.08 Trend-stationary 
27 16 2 -2.37 2 0.09 Trend-stationary 
28 14 2 -1.73 2 0.10 Trend-stationary 
29 16 2 -1.91 2 0.10 Trend-stationary 
30 14 2 -4.08* 2 0.08 Stationary 
31 13 2 -6.27* 2 0.10 Stationary 
32 16 2 -2.19 2 0.08 Trend-stationary 
33 16 2 -2.68 2 0.08 Trend-stationary 

Note. For mapping the degree of INT-stationarity, I performed the Augmented Dickey-Fuller (ADF) test (Said & 
Dickey, 1984), via the adf.test() function and the Kwiatkowski-Phillips-Schmidt-Shin (KPSS) test (Kwiatkowski 
et al., 1992) with the kpss.test() function, both in the “tseries” package (version 0.10-57; Trapletti et al., 2024). 
The ADF test tests whether a time series x contains a unit root (i.e., 𝐻=: 𝜙 = 1), where 𝜙 is the inertia or 
autocorrelation parameter. The lag parameter is determined by 𝑙𝑒𝑛𝑔𝑡ℎ(𝑥) − 1.>>and rounded to the nearest 
integer in the direction of “0”. The KPSS test tests whether a time series x is level (𝐻=: 𝑥? = 0) or trend-stationary 
(𝐻=: 𝑥@!" = 0). The lag parameter is calculated via 4( A

B==
).CD and is rounded in the same manner as with adf.test(). 

* Significant at p < .05. 
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Bivariate relationship (Pearson correlation) between INT & RPE for group 1, 2, and 3 respectively 
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9 Appendix III: main analyses 

Records (in m/s) for determining the INTmax for each rower within a group based on 
each of the four indoor rowing events 

Group 3x20 min 4x5 min 2k max 3x1k 
1 4.6654651 5.308242 5.2356023 5.096844 

2 4.8224975 6.0878616 5.4644817 5.7339458 

3 5.4661179 6.95835910 6.10966911 5.85137512 

Note. the average of two records adjacent in distance is taken for record 2, 5, 6, 9, and 10 via 
https://www.concept2.nl/nl/indoor-rowers/racing/records/world.  

 
Results of the LCGA and GMM with PHI as the dependent variable and the 
measurement occasions as the independent variable with imputed RPE values 

No. of classes ICL Sample Size per Class 
Based on Most Likely 

Class Membership 
LCGA (linear)   
1 2176.340 33 
2 2144.938 17/16 
3 2148.217 18/12/3 
LCGA (quadratic)   
1 2176.981 33 
2 2149.726 17/16 
3 2158.898 18/12/3 
LCGA (cubic)   
1 2182.460 33 
2 2160.979 18/15 
3 2175.705 18/12/3 
GMM (linear)   
1 2128.923 33 
2 2143.568 21/12 
3 2160.9787 18/12/3 
GMM (quadratic)   
1 2194.525 33 
2 2184.828 17/16 
3 2211.552 18/12/3 
GMM (cubic)   
1 2217.550 33 
2 2231.154 18/15 
3 2280.980 18/12/3 

Note. Every performed LCGA and GMM with the estimated classes were executed with 300 random 
starts. The variance of the slopes is freely estimated whereas the residual variances are fixed.   

 

https://www.concept2.nl/nl/indoor-rowers/racing/records/world
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The 2-class LCGA solution with RPE imputed and time as a linear function 
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