





































































































































































































































































































































































































































































































Growing up and reaching for the top: A longitudinal study of talented swimmers

Figure 3. Predicted development as function of age (mean + SD) of swim performance and underlying per-
formance characteristics in males (N=47 with 107 observations).
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Figure 4. Predicted development as function of age (mean + SD) of swim performance and underlying per-
formance characteristics in females (N=43 with 100 observations).
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Discussion

The present study investigated the development of swim performance and its underlying
performance characteristics throughout puberty, differentiating between swimmers who
were on track to the elite level (referred to as high-performing late juniors) and those who
were not (referred to as lower-performing late juniors) at late junior age (males aged 16;
females aged 15). Retrospectively studying these swimmers, we found that high-performing
late juniors outperformed their lower-performing peers on most of the assessed underlying
performance characteristics during the pubertal years (males aged 13-15; females aged
12-14). Furthermore, high-performing late juniors were characterized with significantly
faster development in season best performances, maximal swimming velocity and SI (males

only) throughout puberty.

Performance

Our findings showed that all high-performing late junior swimmers (except for two
females) were already on track to the elite level at early junior age (males aged 12; females
aged 11). Additionally, these swimmers demonstrated significantly faster season best
performances throughout puberty (males aged 13-15; females aged 12-14) compared to
their lower-performing peers. This trend aligns with the finding that top-elite swimmers
(best 8 world-wide) progressively outperformed their lower-performing peers, starting from
the age of 12 (Post et al., 2020a). As such, our results suggest that achieving higher levels of
swim performance at early junior age may signify a minimal level of proficiency, serving
as a prerequisite for further progression towards swimming expertise. This observation
aligns with the work of Yustres et al., (2019) in competitive swimming, and research in
cycling (Gallo et al., 2022; Mostaert et al., 2022). However, it is important to note that our
findings also reveal that only a minority of the high-performing swimmers at early junior
age was able to sustain their performance level until the end of puberty (36% in males;
28% in females). This demonstrates that early achievements in itself do not necessarily
guarantee successful development towards higher performance levels, a notion supported
by previous studies in both competitive swimming and other sports (Brustio et al., 2021;
Giillich et al., 2023; Barreiros et al., 2014;). Instead, in line with Brustio et al. (2022), our
findings underscore that the significantly faster progression in season best performances
shown by high-performing late juniors (+11% in males and +12% in females as reported in
our study) holds equal, or perhaps even greater importance than current performance in

the advancement towards swimming expertise.

Underlying performance characteristics

Aligning with the progressive trends observed in season best performances, our findings
demonstrate that high-performing late junior swimmers had significantly higher levels, as
well as faster progression (+22% in males; +20% in females) on maximal swimming velocity
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compared to lower-performing peers throughout puberty. Furthermore, they exhibited
significantly higher levels of stroke index (SI), a measure of technical ability (males aged
12-14, females aged 12), with significantly faster advancements for high-performing late
junior males in this aspect as well (+7% in males). Shifting our focus to the land-based
tests, we found that high-performing late junior females were significantly taller at age
13 and 14, and demonstrated higher CMJ at age 14 compared to lower-performing peers,
whereas surprisingly, no significant between-group differences were found for males on
these variables.

Taken together, swimmers who are on track to the elite level at late junior age (males
aged 16; females aged 15) are characterized with the ability to attain higher swimming
speed with equal (females aged 13-14) or even better levels of technical efficiency than
lower-performing juniors throughout puberty. Given that competitive swimming centers
around maintaining optimal power output in an efficient and skillful manner throughout
the event (Miyashita, 1996), this could be a critical factor in the attainment of swimming
expertise. Additionally, being taller, particularly as a female aged 13-14, may be a beneficial
characteristic for superior swim performances post-puberty. This advantage can be
attributed to the strong relationship between longer lengths, such as height, and increased
stroke length and speed (Morais et al., 2021).

Maturation and training

Considering our findings, it is important to acknowledge that performance and its
underlying performance characteristics may be influenced by inter-individual differences
in timing of PHV as well as training hours. Regarding the former, we found a significantly
earlier onset of PHV in high performing late junior females (~2.4 months) as well as
within-group variations of 1.0 to 1.5 years in age of PHV (females and males respectively).
While we cannot disregard the possibility that relatively early maturing swimmers in our
study may have experienced physical advantages compared to relatively later maturing
swimmers, we do not expect that these variations significantly affected our findings. This
anticipation is grounded in the observation that the between- and within-group differences
are considerably small, particularly compared to the five to six years difference between
players’ chronological and biological age reported by Johnson et al. (2009).

In the context of training, we observed that high-performing late junior swimmers tend
to engage in slightly more swim training hours per week, with this trend being more
pronounced among males compared to females. Interestingly, the minimum training hours
per week are consistently higher among high-performing late juniors. Within performance
level groups , we noticed differences of more than ten hours between swimmers who had
the lowest and highest amount of swim training per week. Given that the total amount of
(deliberate) training is correlated with attainment (Baker & Young 2014), it is likely that
such notable differences may advantaged swimmers with access to a higher number of
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training compared to those with fewer hours. However, while we acknowledge that these
benefits may be reflected in our results on the individual level, we expect that the impact
on our overall findings will be limited given the subtle and minor variations observed

between high- and lower-performing swimmers.

Strengths and limitations

The present study comprised a wide range of talented swimmers as we included participants
from the Dutch Junior National Championships, rather than solely inviting swimmers from
national talent development program, who are typically the top performers of their age
group. We followed this relatively large and heterogenous group of swimmers over time
(varying from 6 to 18 months) and monitored their development on swim performance
and multiple underlying performance characteristics. Using this multidimensional and
longitudinal design, which is scarce in literature, we acquired insights into swimmers’

developmental patterns (skill levels and progression rates) during the pubertal years.

By comparing the scores of maximal swimming velocity and SI to the reference values of
international senior elite swimmers, we not only enabled comparisons between swimmers
specializing in different events but also gained insights into a swimmer’s position relative to
the standard set by these top performers. Furthermore, we created performance level groups
based on a swimmer’s performance level at late junior age relative to the performances of
international senior elite swimmers of the same age in the past. While this approach doesn’t
make direct predictions about senior performances, our classification of performance level
groups does take future achievements into account. As a result, our findings may provide
insight into swimmer’s potential for later success, which offers scientific and practical
value for talent development in swimming.

However, when interpreting the results, it is important to acknowledge that our findings
pertain to pubertal swimmers (males aged 13-15; females aged 12-14) who qualified for the
Dutch National Junior Championships. Considering that our measurements were conducted
during this particular event, it is important to recognize that swimmers who did not meet
the qualification criteria were unable to participate in the measurements. Furthermore,
reflected by the lower mean ages of PHV (13.1 years for males; 11.6 years for females)
compared to the average ages of 14 in males and 12 in females (Malina et al., 2004a), we
observed an overrepresentation of early-maturing swimmers throughout the sample. In light
of the physical advantages associated with early maturation, it is possible that the swimmers
in our study were more likely to qualify for the Dutch National Junior Championships
compared to late-maturing swimmers. This potentially introduces a survivorship bias in
our results (Baker et al., 2022).

Moreover, we examined swimmers who are currently in the midst of their development,

analyzing a limited set of underlying performance characteristics. Notably, we did not
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examine potential interactions between variables which are undoubtedly at play (Barbosa
et al., 2010; Abbott et al., 2021b). Furthermore, given the dynamic nature of performance
development, the relative contribution of underlying performance characteristics may vary
among different specializations in our sample and change over time (Vaeyens et al., 2008,
Morais et al.,2015). For example, lower body power (measured as jump height), is considered
to be more critical for swimmers oriented towards sprinting (Keiner et al., 2021). In terms
of timing, it may emerge as a more distinguishing factor in later stages of development,
particularly after puberty, as training programs tend to place a greater emphasis on the
development of strength and power (KNZB, 2023). Therefore, it is important to highlight
that the present study captures merely a glimpse of the long and complex developmental
pathway towards swimming expertise, leaving a lot of opportunities for future research to

expand upon our findings.

Perspective

The present study enhances our understanding of advancement towards elite level swimming
performance. Specifically, it underscores the significant role of levels and progression of
maximal swimming velocity, SI, and season best performances throughout puberty in males
aged 13-15 and females aged 12-14. In addition, height and CMJ emerged as noteworthy
characteristics in females. Coaches could focus on developing these factors and monitor
their swimmers’ progression towards the elite level in relation to the developmental patterns
of high-performing late juniors. However, coaches should consider these findings as a
starting point for further development rather than an endpoint, and take inter-individual
differences in maturation and training into account when evaluating swimmers’ current

performance and future potential.

Moreover, our findings show that differences between high- and lower-performing juniors
manifest at least at early junior age (males aged 13; females aged 12) and emphasize
the difficulty of closing that gap thereafter. Therefore, it would be interesting to further
investigate swimmers’ development from the start of their career. Furthermore, given
that high-performing late juniors still have a long road to go before reaching the top, it
is recommended to continue monitoring swimmers after puberty. In both cases, gaining
insight into swimmers’ training programs, including factors such as the number of sessions,
training hours and meters per week, the employed training methods (Nugent et al., 2017),
and indicators of the quality of training (Post et al., 2022) would be highly valuable. This
is essential to not only further unravel but also ensure sustained progression towards elite

level swimming performance.
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Appendices

Appendix A. References values of key performance indicators of European male and female finalists
(retrieved from Born et al., 2022).

Clean swimming speed (m/s) Stroke index

Males (100-m events)

Backstroke 1.77 3.81
Breaststroke 1.60 2.80
Butterfly 1.84 3.64
Freestyle 1.98 4.63
Males (200-m events)

Backstroke 1.62 3.81
Breaststroke 1.48 3.71
Butterfly 1.68 341
Freestyle 1.81 4.54
Females (100-m events)

Backstroke 1.58 3.11
Breaststroke 1.43 2.56
Butterfly 1.63 2.84
Freestyle 1.77 3.84
Females (200-m events)

Backstroke 1.48 3.23
Breaststroke 1.34 3.04
Butterfly 1.50 2.63

Freestyle 1.64 3.69
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Appendix C. Performance benchmarks (%WR) by age category, sex and swim event derived from
international elite swimmers.

Growing up and reaching for the top: A longitudinal study of talented swimmers

Event Age category Performance benchmark (%WR)
Males 50 Backstroke 16 117.9
100 Backstroke 16 116.8
200 Backstroke 16 114.3
50 Breaststroke 16 118.4
100 Breaststroke 16 117.6
200 Breaststroke 16 115.3
50 Butterfly 16 117.8
100 Butterfly 16 116.6
200 Butterfly 16 117.5
50 Freestyle 16 1177
100 Freestyle 16 116.3
200 Freestyle 16 116.0
400 Freestyle 16 114.3
200 Medley 16 114.9
400 Medley 16 114.5
Females 50 Backstroke 15 113.9
100 Backstroke 15 114.4
200 Backstroke 15 115.2
50 Breaststroke 15 117.7
100 Breaststroke 15 115.8
200 Breaststroke 15 117.4
50 Butterfly 15 120.3
100 Butterfly 15 118.7
200 Butterfly 15 114.6
50 Freestyle 15 115.9
100 Freestyle 15 115.0
200 Freestyle 15 112.2
400 Freestyle 15 112.7
200 Medley 15 114.1
400 Medley 15 113.9

173






Chapter 8

Iscussion

General d



Chapter 8

The aim of this thesis was to gain a deeper understanding of the pathway to swimming
expertise. Throughout six studies, we examined both swim performance and
underlying performance characteristics linked to the swimmer using a longitudinal and
multidimensional approach. The results offer a glimpse into the key characteristics and
corresponding developmental patterns that distinguish swimmers on track to reach the
elite level from their lower-performing peers who, while off track, still attained success at
the national level. This revealed two athletic profiles — one for males, and one for females.
These athletic profiles, presented in Figure 1 and 2, provide a visual summary of this thesis
and set the stage for the upcoming discussion. Beyond contributing to a refined scientific
understanding, our findings hold the potential to significantly improve talent identification,
selection and development processes in swimming practice.

The foundation of the athletic profiles

The findings of this thesis, and by extension, the athletic profiles, are grounded in a well-
founded methodology characterized by three specific strengths. These strengths revolve
around the definition of performance level groups, which further subdivided talented
swimmers into more specific categories, alongside the specific way of data processing
throughout the chapters. This approach now allows us to derive valuable insights from the
wide range of studies presented in this thesis.

Firstly, the criteria for defining performance level groups were directly linked to the elite
level, and remained consistent across all chapters. The term “elite level” in this context
refers to swimmers whose performance aligns with the fastest 50 swimmers worldwide in
their respective event. However, this classification is suitable only when we can reasonably
assume that swimmers are close to their age of peak performance, which is typically
around the age of 22 for females and 24 for males (Allen et al., 2014). While this condition
applied to Chapters 2 through 4 where we investigated established, international senior
swimmers, it did not hold for Chapters 5 through 7 where we examined aspiring, national
youth swimmers. In the latter case, it is quite likely that these swimmers have not reached
their full potential yet. Therefore, in Chapters 5 through 7, we explicitly categorized
swimmers as either on track or off track to reach the elite level, relying on benchmarks
derived from the performance development of elite swimmers established in Chapter 2.

These benchmarks accounted for variations in swimmers’ age, sex and event.

Second, the classification of performance level groups did take future achievements into
account. That is, swimmers were categorized into performance level groups only after
undergoing a critical developmental phase — specifically, after puberty, following the
late-junior-to-early-senior transition and at the age of peak performance. This approach
contrasts with assigning them based solely on their current performance levels at the time
of data collection. Subsequently, we conducted a retrospective analysis of their development
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up to the point of classification. As a result, the athletic profiles describe the developmental
trajectory of swimmers known to have achieved higher performance levels later in their
careers (i.e. on track to reach the elite level) compared to their lower-performing peers
who attained success at the national level but were not on track to reach the elite level.
This provides valuable information about which characteristics at an earlier time-point
may contribute towards achieving the elite level, including their corresponding levels and

progression.

Third, whenever possible, collected data were related to relevant reference values of elite
swimmers and expressed as relative rather than absolute values. Season best times were
related to the prevailing world record (WR) and scores on swimming tests were related
to the average start time, turn time, clean swimming velocity and SI of male and female
finalists at the European Championships in 2021 (Born et al., 2022). This approach accounts
for the evolution of competitive swimming marked by the continuous improvements in
world records, and allows for meaningful comparisons among swimmers specializing in
different events or emerging from diverse cohorts. Moreover, it provides insights into
aspiring youth swimmers’ position relative to the international senior standard on both

swim performance as well as underlying components of the race.

Collectively, with this strong foundation rooted in meaningful criteria for defining
performance level groups, as well as evaluating swimmer’s capabilities in relation to the
elite level, we are confident in our ability to draw the athletic profiles that relate to the
successful progression towards achieving a performance level comparable to the world's
top 50 swimmers.
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Figure 1. Athletic profile of male swimmers on track to reach the elite level.

Note. ®indicates assessment in terms of proficiency level;l=indicates assessment in terms of progression; green
symbols indicate significantly better scores (p <0.05) for swimmers on track to the elite level compared to those
off track, accompanied by effect sizes ranging from medium to extremely large; blue and orange symbols suggest
a trend of respectively higher and lower scores with medium to large effect sizes for swimmers on track to the elite
level compared to those off track, although these differences do not reach statistical significance; grey symbols
indicate no significant differences between groups accompanied by negligible effect sizes.
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Figure 2. Athletic profile of female swimmers on track to reach the elite level.

Note.®indicates assessment in terms of proficiency level; L= indicates assessment in terms of progression; green
symbols indicate significantly better scores (p <0.05) for swimmers on track to the elite level compared to those
off track, accompanied by effect sizes ranging from medium to extremely large; blue and orange symbols suggest
atrend of respectively higher and lower scores with medium to large effect sizes for swimmers on track to the elite
level compared to those off track, although these differences do not reach statistical significance; grey symbols
indicate no significant differences between groups accompanied by negligible effect sizes.
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Overarching insights on the pathway to swimming
expertise

It is apparent from this thesis that swimmers on track to the elite level are generally
characterized by athletic profiles that set them apart from their lower-performing peers,
who attained success at the national level but were off track to reach the elite level.
Examining these profiles from a broader perspective by interconnecting and integrating
the findings from all chapters, three overarching insights emerge regarding the pathway

to swimming expertise.

Level of swim performance matters, but so does progression

The findings of this thesis highlight a consistent trend: swimmers who reached higher
levels of performance (in terms of season best times) later in their career consistently
outperformed their lower-level peers at earlier stages of development (Chapters 2,6 and
7). Moreover, these higher levels of swim performance (i.e. being on track) at younger ages
seem to reflect a minimum level of proficiency necessary to progress to the elite level.
However, it is important to note that these early achievements in itself do not necessarily
guarantee successful development towards higher performance levels. This is evident in
the fact that only a minority of swimmers who excelled in their early careers were able to
sustain their performance levels as they advanced. Those who did so, showed significantly
faster progression in swim performances between seasons (Chapters 6 and 7) and within
seasons (Chapter 3). As such, we argue that once swimmers are on track to the elite level,
their ability to improve over time holds equal, or perhaps even greater importance than

their current performance in the advancement towards swimming expertise.

Proficiency is propelled by all dimensions

Swimmers on track to the elite level were not merely proficient in terms of season best
times; rather, they excelled on all fronts throughout their career, outperforming their
lower-performing peers on a comprehensive multidimensional profile (see Figures 1
and 2). This is line with the notion that the progression of swim performance is driven
by the advancements of underlying performance characteristics (e.g., anthropometric,
physiological, psychological, technical and tactical variables) linked to the swimmer
(Elferink-Gemser & Visscher, 2012; Morais et al., 2017; Barbosa et al., 2019). Moreover,
the distinguishing characteristics observed varied across developmental phases, building
upon the findings of Morais et al. (2015) who reported similar results within a single season.
This reinforces the notion that there may be potential shifts in the relative importance of
underlying performance characteristics in relation to levels of swim performance over time.
Nonetheless, a defining factor that consistently distinguished swimmers on track from
their lower-performing peers was maximal swimming velocity - a critical parameter in
which they significantly excelled. During the pubertal years, levels of maximal swimming
velocity were within 5% of the elite standard, whereas at late junior age, swimmers on track

180



General discussion

had already exceeded this standard by 1%. However, while this is an indisputable factor in
both males and females, it remains essential to note that the advantage for swimmers on
track to the elite level results from the combination of multiple characteristics, along with

specific levels and progression rates.

Catalysts for progression

From the age of twelve onwards, our studies consistently revealed improvements in both
swim performance and underlying performance characteristics. These progressions are
undoubtedly influenced by growth and maturation processes (Abbott et al., 2021; Malina
et al., 2004; Morais et al., 2022), along with an increase in training hours (Morais et
al., 2017; Nugent et al., 2017; Young et al., 2020). However, beyond these factors, self-
regulation of learning (SRL) is proposed as another important variable on athlete’s capacity
to improve. This notion is supported by the findings from Chapter 5, where both levels
and progression of swim performance were associated with the engagement in training-
centered SRL processes. Particularly, we found that swimmers on track to the elite level
reflected more frequently on their strengths and weaknesses during training sessions and
carefully assessed which tasks to expend effort in rather than expending effort in all
situations. Moreover, they more frequently evaluated their training process and outcomes

achieved after training.

The higher engagement in these SRL subprocesses suggests that swimmers on track to the
elite level may learn and train in a more efficient and effective way, and therefore, benefit
more from training. This may explain, among other factors, why swimmers on track to
the elite level exhibit higher levels of proficiency and progression, even in the absence
of significant between-group differences in maturation and training compared to lower-
performing peers as observed in Chapters 6 and 7. The advantages of being more actively
involved in the learning process in and out the water may become even more pronounced
after puberty, especially during the late-junior to early-senior transition. In this critical
phase, improvements are no longer self-evident due to the natural slow down in growth
and maturation processes, coupled with nearing maximum training hours. Consequently,
to avoid stagnation, the ability to derive greater benefits from training is likely to become
even more crucial as swimmers progress further in their careers and approach their age

of peak performance.

Athletic profiles are specific for males and females

The findings of this thesis point out crucial differences between male and female swimmers
on track to the elite level. This underscores the importance of recognizing that findings
from male swimmers cannot be directly extrapolated to females, emphasizing the need for

sex-specific considerations.
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While both males and females on track to the elite level are characterized with faster
season best times from early junior age onwards, a noticeable one-to-two-year gap
between sexes emerged up to the late junior years (see Chapter 2). This gap, marked by
higher performance levels for females, remains consistent across studies examining the
developmental pathways of international, elite swimmers and Dutch youth swimmers.
The lead-start for females aligns with the earlier onset of physical maturation compared to

males, providing objective data demonstrating its impact throughout adolescence.

A closer examination of the underlying performance characteristics reveals that males
and females distinguished themselves from lower-performing peers on different factors of
swim performance. Specifically, during the pubertal years, females on track set themselves
apart from lower-performing peers on height and lower body power, whereas males did not.
Moreover, the faster progression in season best times among females is primarily associated
with solely maximal swimming velocity rather than SI. This reinforces the notion that
during the pubertal years, females differentiate themselves on the more physical aspects
compared to males.

At late junior age, differences between males and females appear regarding their proficiency
in crucial race components. Males on track outperformed their lower-performing peers
on starts and turns, whereas no between-group differences were found in females.
Conversely, females on track distinguish themselves on SI, demonstrating considerably
higher swimming efficiency than males, despite having comparable levels of maximal
swimming velocity at late junior age. Moreover, given the significant progression of SI
during the late junior to early senior transition in females, their improvements in season best
times seem to be particularly related to enhancements in swimming efficiency as opposed
to the pubertal years. As males demonstrated faster improvements in maximal swimming
velocity and turns, their progress is likely associated with power output variables in the

water rather than swimming efficiency.

Considerations and limitations

Considering this thesis, it is important to acknowledge certain considerations and
limitations. First, our findings stem from retrospective analyses, and therefore describe
the general developmental patterns of swimmers up to their highest level of performance
in their careers thus far. As we did not make direct predictions about swim performances
in adulthood, it is crucial to understand that our results do not prescribe and dictate future
development. Instead, they offer insights for coaches to guide, evaluate and optimize a

swimmer’s developmental trajectory.

Second, given the multitude of factors contributing to swim performance, including
both measurable and intangible elements, it is important to note that we deliberately
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concentrated on a specific set of factors linked to the swimmer, excluding considerations of
the environment. Moreover, while we adopted a multidimensional approach by examining
factors representing relevant anthropometrical, physiological, psychological, technical and
tactical aspects, our analyses focused on studying each of the underlying performance
characteristics in isolation. Yet, it's important to acknowledge that potential interactions
between these variables are undoubtedly in play (Barbosa et al., 2010; Abbott et al., 2021),
such as the proposed relationship pacing behavior and SRL (Elferink-Gemser and Hettinga,
2017).

Third, this thesis captures merely glimpse of the long and complex pathway towards
swimming expertise for a specific group of swimmers. While Chapters 2 through 4
mapped out the developmental trajectory of 100m- and 200m freestyle swimmers from
puberty to adulthood, the same level of homogeneity and comprehensiveness was not
achieved in Chapters 5 through 7. In these later chapters, we longitudinally followed
sprint and middle-distance swimmers, performing in different strokes, over two separate,
developmental phases: from their early to late junior years, and from their late junior to
early senior years. However, we do acknowledge that, if possible, studies should strive
to capture the developmental pathway for as long as possible, preferably incorporating
event-specific analyses. At the same time, based on our own research, we are well aware
of the challenges presented by the small sample sizes inherent in elite sports, as well as the
complexities of conducting longitudinal studies. Repeatedly measuring the same swimmer
over multiple years demands strong commitment from both scientists and coaches, alongside
a measurement protocol that minimally disrupts training time while maintaining scientific
rigor. The COVID-19 pandemic undoubtedly heightened the difficulty of this process,
significantly impacting our ability to collect data on talented swimmers.

Future directions

This thesis’s insights regarding the pathway to swimming expertise establish a solid
foundation for future studies, with three specific directions explored in this section. These
directions should be considered as complementary to the longitudinal and multidimensional
tracking of swimmers over time, addressing persisting gaps in our understanding, as
illustrated by the athletic profiles. Other underlying performance characteristics such as
measures of hydrodynamics, power output in the water and aerobic capacity, as well as
psychological characteristics that were not investigated in this study, are recommended to
be included in such analyses as well.

The first direction for future research is to delve deeper into factors that facilitate or hinder
progression, considering both variables related to the swimmer, as well as environmental
ones. For instance, it would be interesting to further specify general developmental

patterns in relation to swimmers’ timing of maturation. Furthermore, gaining insight into
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swimmers’ (multidimensional) training programs, including physical and psychological
load and recovery, the employed training methods, and indicators of the quality of training
would be highly valuable. This is essential to not only further unravel but also ensure
sustained progression towards elite level swimming performance. Last, it becomes essential
to explore the efficacy of talent development environments in which swimmers participate,
as environmental factors prove to be more controllable than innate talent in influencing
swimmers’ development and potential success (Hall et al., 2019; Henriksen et al., 2010;
Henriksen & Stambulova, 2023).

The second direction involves gaining a more profound understanding into the relationship
between changes in underlying performance characteristics and corresponding shifts in
swim performances over time. An option worth exploring involves constructing age-
related multilevel models that predict performance using multiple underlying performance
characteristics. By comparing estimates between these models over time, insights can
be gained into the relative importance of each underlying characteristic in relation to
swim performance at different stages of development. However, due to the dynamic nature
of performance development, the significance of these characteristics may change not
only with age but also with the swimmer's (future) performance level and specialization.
Including these factors into modeling would be interesting. However, in this effort, it
is crucial that the study sample remains largely intact over time, which is an extremely
challenging aspect of talent development research conducted over several years. Moreover,
to the best of our knowledge, statistical analysis that integrate all of these components
while differentiating between small-sized groups have yet to be developed. Nevertheless,
these analyses could provide a more direct and prospective understanding of the factors
influencing and predicting swim performance towards the elite level, giving practical
insights into which aspects when to improve and what changes to expect.

The third direction entails a more detailed examination, delving into the complex
interactions between underlying performance characteristics in relation to swim
performance. For example, exploring the relation between lower body power and starts
and turns (Jones et al., 2018), can provide valuable insights about the mechanisms and
hierarchies underlying the development of swim performance. Moreover, our results show
large standard deviations in most of the underlying factors, suggesting that performance
levels are related to unique, individualistic combinations in which weaker points can be
compensated with stronger points, known as the compensation phenomenon (Vaeyens et al.
2008). Take, for example, a junior female swimmer with lower scores on stroke index, but
who excels at starts and turns. While her lower efficiency may not hinder her performance
at late junior age, it could pose a challenge as she progresses to the senior level, where
faster starts and turns alone may not suffice to overcome this limitation. Future studies
could further explore on this, as it can be expected that even the relatively weaker points

of a swimmers’ performance require a minimal level of proficiency.
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Recommendations for practice

In addition to advancing the scientific understanding of the pathway towards swimming
expertise, this thesis introduces methods and insights that may serve as valuable tools in
talent identification and development processes in swimming practice and other sports.
Fundamental to every recommendation is the awareness that identifying and developing
talented swimmers is inherently complex. This complexity arises from the highly
individual, emergent, dynamic and multidimensional nature of athlete development, which
is influenced by its environment (Baker et al., 2019; Henriksen & Stambulova, 2023; Till
et al., 2020), a notion underscored by this thesis’ findings. The following recommendations
are formulated to promote and maintain an approach that acknowledges the complexity of

athlete development, fostering a much-needed individualized perspective.

Move beyond season best times and unravel swim performance
through consistent testing

A profound understanding of the contributing factors underlying swim performance, i.e.
the process leading up to the result, is crucial for coaches to accurately assess a swimmer's
potential, identify specific areas for improvement, and consequently optimize talent
identification and development processes. Regularly performing tests and measurements
on underlying performance characteristics over time is a fundamental component in this
effort. Of course, it is essential to integrate testing and measurements seamlessly into daily
practice without unnecessarily consuming excessive time. Therefore, it is crucial to select
relevant tests that offer meaningful insights. Considering the findings from this thesis, we
propose to monitor all measured variables in this thesis and to evaluate them during talent
identification and development processes. Moreover, while testing may primarily serve
practical and short-term improvement purposes with regard to gaining more insight into
swim performance, collaborating with higher education and universities, and participating
in research projects is recommended. This collaborative approach not only facilitates data
collection, but also allows for long-term insights at the group level, complementing the
close monitoring of individual swimmers. This collaborative effort could create a mutually
beneficial situation, optimizing both practice and scientific understanding.

Understand the target and evaluate current abilities in relation to
relevant reference values

After gaining a comprehensive understanding of a swimmer’s current performance, the
next step is to assess how their abilities align to swimming expertise. This requires coaches
to comprehend the demands associated with performing at the highest level, extending
beyond the mere awareness of swim times corresponding with international podium
standards. Indeed, a clear idea about the general performance development of swimmers
who have achieved, or are successfully on their way to get there, is needed. In addition to
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swim times, this includes a multidimensional profile with levels and progression rates of

anthropometrics, physiological, psychological, technical and tactical aspects.

The findings of this thesis assist in this effort by providing athletic profiles that relate to
successful progression towards the elite level. These profiles highlight which underlying
characteristics may be of particular importance during a specific developmental phase.
Coaches and swimmers can use this information to focus on developing these underlying
characteristics accordingly. Moreover, concrete insights into the levels and progression
rates of swim performance and its underlying performance characteristics across various

developmental phases of swimmers on track to the elite level are provided.

With regard to the development of season best times between within seasons, Chapter 2 and
3 describe the general pathway towards the elite level, whereas the formula’s in Chapter 4, 6
and 7 model the development of underlying performance characteristics in terms of pacing
behavior, maximal swimming velocity, SI, starts, turns and lower body power of swimmers
on track to the elite level. These insights, summarized in Appendix A and B, may function
as guideline for coaches and assist them a more objective and evidence-informed evaluation
of their swimmers’ abilities. That is, the provided developmental patterns give a more clear
indication of the meaning of a swimmers’ levels and progression of season best times and
underlying performance characteristics in relation to advancements towards the elite level.
However, coaches should perceive analyses like these as a starting point rather than an
endpoint for further development, and take inter-individual differences in sex, maturation
and training into account when evaluating swimmers’ current performance and future
potential. Moreover, it is important to be aware that developmental trajectories provided
in this thesis are dynamic, and should be updated regularly as the sport of swimming is

constantly evolving.

Use the power of self-regulated learning to keep improving

While the first two recommendations focused on analyzing and evaluating swimmers'
abilities, the last recommendation delves into the ongoing process of improvement that takes
place (or not) after testing and assessment. As indicated in Chapter 5, self-regulation of
learning plays a crucial role in this context. Instead of relying solely on natural progression
due to growth and maturation or increased training hours, this factor can benefit swimmers
consistently, making SRL an inherent strength that must be maximized. As coaches can
play a vital role in learning and stimulating SRL in swimmers, we recommend that they
intentionally include SRL in daily practice, just as they do with technique drills and
physical conditioning. During training, coaches could encourage swimmers to reflect
more frequently on their strengths and weaknesses, for example by asking questions such
as “What went well and why?” Additionally, they can assist swimmers in directing their
focus and efforts towards the most crucial tasks. After training, coaches could stimulate

evaluation by allowing swimmers to assess their training outcomes in relation to their goals,
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for example by assigning a score between the 1-10. Subsequently, asking follow up questions
such as: “What needs to happen to achieve a higher score?”, or “What contributed to the
current score?” can further enhance the evaluation process. In this way, SRL may become
a powerful skill for improvement, benefitting the swimmers throughout their entire career.
Moreover, embracing the SRL process is not only relevant for swimmers but may be also
essential for coaches seeking to improve their talent development programs. In this context,

the saying "practice what you preach" appears to be particularly accurate.

Concluding remarks

This thesis contributes to a more nuanced, fine-grained and concrete understanding of
the pathway towards swimming expertise, emphasizing that talent identification and
development is not an either-or scenario. Instead, it's a both-and situation in which the truth
lies in shades of grey. Indeed, our findings highlight the importance of early achievements,
suggesting that season best times at an earlier stage in the career could potentially serve as
an indicator of future success. At the same time, it is crucial to note that being the absolute

best at junior age does not appear to be a strict requirement.

What does seem to be essential is achieving a minimal level of swim performance (i.e.
being on track) within each age category. While most swimmers within our sample achieved
this during early- and mid-junior age, only a minority of those on track to the elite level
during the pubertal years sustained this trajectory into their later careers. Those who did,
distinguished themselves on a multidimensional profile, exhibiting higher levels and faster
rates of progression on specific variables during puberty and late-junior-to-early-senior
transition. These athletic profiles, including anthropometrics, physiological, psychological,
technical and tactical aspects, differed within developmental stages and between males
and females.

Collectively, this thesis underscores the necessity of moving beyond current season best
times as the only source of information in talent identification and development practices.
Instead, it advocates for continuous monitoring of individual swimmers’ development,
focusing on the variables within the athletic profiles. Moreover, the developmental
patterns derived from our studies provide a basis for evaluating swimmers’ proficiency
and progression in relation to the elite level. These objective and evidence-informed insights
demonstrate the substantial value of multidimensional and longitudinal research for sport
practice. Finally, this thesis highlights the role of self-regulation of learning in swimmers’
ability to continuously improve, emphasizing the importance of prioritizing, encouraging
and fostering swimmers’ active engagement in their own developmental processes in daily

practice.
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Appendices

Summary

Competitive swimming has a long history of success in The Netherlands, featuring Olympic
Champions such as Pieter van den Hoogenband and Ranomi Kromowidjojo. Along their
journey to the podium, they outperformed many peers, a challenge the aspiring new wave
of swimmers must also overcome to achieve greatness. But what distinguishes those who
reach the top from those who don’t? Answering this question is crucial for effectively
guiding swimmers towards the elite level and maintaining the nation’s competitiveness.
Therefore, this thesis examines the pathway to swimming expertise, offering both scientific
and practical insights to identify and nurture swimming talent.

Identifying the fastest swimmer within an age group is straightforward, but predicting
who among them will emerge as the next elite swimmer is far more challenging. Chapter
1 delves into these complexities of talent identification and development, and discusses
how scientific research can provide valuable insights in this area. Longitudinal and
multidimensional studies that track swimmers' development across various domains over
time are crucial in this regard. Therefore, this thesis examines both swim performance
as well as the underlying physical, mental, technical and tactical characteristics of
swimmers on track to reach the elite level (best 50 world-wide). Using various statistical
methods, including analysis of variance and multilevel analyses, their development is
compared to their peers who, while off track, still attained success at the national level
(best 50 nationally). Through six studies, this thesis unravels the key characteristics and
developmental patterns that relate to international swimming success.

The world's best swimmers are incredibly fast, but were they already this exceptional
at a younger age? Chapter 2 answers this question by retrospectively analyzing the
development in swim performance of 3.146 swimmers who achieved varying levels of
success in adulthood, ranging from high-competitive (top 50 nationally), sub-elite (top 8
nationally), elite (top 50 worldwide) to top-elite (top 8 worldwide). This study mapped out
their developmental trajectory in season best times from the age of 12 onwards. Swimmers
who eventually reached the top-elite level outperformed their peers who ended at the high-
competitive level from the age of 12. By the age of 14, they were also faster than the later
sub-elite swimmers. While top-elite females surpassed their sub-elite and elite counterparts
at the same age, top-elite males did not outperform the later elite swimmers until the age
of 18. The age at which top-elite swimmers reached the top 8 worldwide varied widely.
This demonstrates that within the higher performance standards of top-elite swimmers
during their teenage years, there were many pathways leading to their swimming success.

While Chapter 2 focused on the development of season best times over multiple years,
Chapter 3 investigates whether swimmers who reached the elite level improved more
within a season compared to peers who ‘merely’ achieved the high-competitive level.
Although their performance level in adulthood varied, all 3,199 swimmers in this study
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were considered on track to reach the elite level during their junior years. This assessment
was based on international performance benchmarks derived from Chapter 2, which
establish the minimum swimming times needed per age group according to historical
data to reach the elite level. These benchmarks will be used consistently throughout the
thesis to categorize junior swimmers as either on track or not on track. Swimmers who
eventually reached the elite level demonstrated greater improvement between their first
swim performance of the season and their season best time, starting from age 13 (females)
and 15 (males). However, elite swimmers did not show any difference compared to high-
competitive swimmers in the period between their previous season best time and the first
swim performance of the season. During this period, swimmers of both groups experienced
an average decline of ~1% in their swim performance.

Chapter 4 narrows down the analysis of swim times to within a single race, examining
the development of pacing behaviour of 5,818 swimmers who reached the elite, sub-elite
and high-competitive level in adulthood. Elite males in the 100m freestyle developed a
relatively faster first S0m from the age of 17, indicative of a more all-out approach compared
to later high-competitive swimmers. No such effects were found for female swimmers.
In the 200m freestyle, both male and female elites exhibited more even pacing behavior
from age 16 (males) and age 13 (females) onwards compared to high-competitive swimmers.
This highlights that elite swimmers during their junior years demonstrate pacing behavior

which better fits the task demands, mirroring that of adult elite swimmers.

To be and remain on track towards elite status requires not only extensive training hours but
also quality of training. Self-regulation of learning is proposed to be crucial in this process.
As such, Chapter 5 examines whether swimmers who are on track to reach the elite level
apply self-regulation of learning (SRL) subprocesses more frequently in their daily training
sessions compared with swimmers who are not on this track. Swimmers on track to the
elite level were characterized with higher scores on reflection processes, but relatively
lower scores in effort during training. Those on track who were improving more within a
season were engaged in more frequent evaluation after training. These findings suggest
that swimmers on track may learn and train more effectively and efficiently. Ultimately,
this proactive involvement could contribute to a higher quality of daily training, which may
result in greater improvements during a season, higher performance levels, and a greater
chance of reaching the elite level.

In Chapter 6, 29 Dutch talented swimmers were followed during their transition to the
senior level. This transition is regarded as the most demanding and challenging phase on
the path to swimming excellence. Over a period of four seasons, data were collected on
their development in terms of season best times and underlying characteristics such as their
maximal swimming velocity, stroke index (an indirect measure of swimming efficiency),

starts, turns and lower body power. Swimmers who were on track towards the elite level
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at early senior age (males aged 18-19 years, females aged 17-18 years) were already on
track at the end of their junior years. At this age (males aged 17, females aged 16), they
also had faster season best times and demonstrated a higher level on most underlying
characteristics compared to those who were no longer on track towards the elite level
as early seniors. Furthermore, swimmers on track towards the elite level distinguished
themselves by their ongoing progress during the junior-to-senior transition. Males showed
greater advancements in their season best times, maximal swimming velocity, and turns,
while females, in addition to improving their season best times, also became more efficient
swimmers. This highlights that swimmers on track towards the elite level maintain and
even extend their advantage by the end of their junior years and throughout the transition
to seniors.

Chapter 7 closely mirrors the study in Chapter 6 but focuses on a younger group of
swimmers, investigating the development of 90 Dutch swimming talents during the pubertal
years. The swimmers were between 13-15 years old (males) and 12-14 years old (females)
when they were followed for three seasons on their season best times and underlying
characteristics such as their maximal swimming speed, stroke index, and lower body
power. Despite the difference in developmental phases between the studies, the findings
revealed a similar pattern as in Chapter 6. Swimmers who were on track to the elite level
after puberty (males aged 16; females aged 15) were already on track during the pubertal
years. Additionally, during their teenage years, they had faster season best times and had a
higher maximal swimming velocity than those who were not on track. Males on track also
swam more efficiently, while females were characterized by greater lower body power and
taller stature. Furthermore, those who remained on track after puberty made more progress
during the pubertal years in their season best times, maximal swimming velocity, and stroke
index (exclusively for males) compared to peers who where not on track.

In Chapter 8, the findings of the six studies in this thesis are presented into two athletic
profiles - one for males and one for females. Across various ages, these athletic profiles
highlight the key characteristics that differentiate swimmers on track towards the elite level
from those who are not. In essence, the findings demonstrate that swimmers who reached
higher levels of swim performance later in their career consistently outperformed their
lower-level peers from the age of 12 onwards. Achieving season best times within the age-
related international performance benchmarks appear to be a prerequisite for advancing to
the elite level, yet these early achievements in itself do not necessarily guarantee success.
This is evidenced by the fact that while most Dutch swimming talents were on track
towards the elite level at the beginning of their teenage years, only a few maintained
this trajectory as their careers progressed. Swimmers who sustained this level showed
greater improvement in their swim times across and within seasons. Additionally, they
demonstrated higher levels and greater progress in a multidimensional profile of underlying
physical, mental, technical, and tactical characteristics. The key characteristics in which
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they excelled compared to swimmers off track varied across developmental phases and
between males and females.

Overall, this thesis provides a nuanced, fine-grained, and concrete understanding of
the pathway to international swimming success. It underscores that swimmers on track
towards the elite level are characterized by high levels and significant progress in both
season best times and underlying characteristics throughout their careers. These findings
refute a one-dimensional approach to talent identification and development and emphasize
the importance of continuously monitoring, guiding, and evaluating swimmers across
performance, physical, mental, technical, and tactical aspects. Whereas youth swimmers
previously could only be compared with themselves or immediate peers, this thesis offers
age-specific profiles and developmental patterns of swimmers on track towards the elite
level. Coaches can use these objective data and evidence-based insights to better assess
the potential of their swimmers and guide them optimally towards success. As such, this
thesis demonstrates the value of multidimensional and longitudinal research for the field
of (elite) sports practice.
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Nederlandse samenvatting

Nederland kent een rijke geschiedenis vol zwemsucces met onder andere Olympisch
kampioenen zoals Pieter van den Hoogenband en Ranomi Kromowidjojo. Op hun weg
naar het podium hebben zij vele leeftijdsgenoten achter zich gelaten, een uitdaging die ook
de nieuwe generatie zwemmers met grote dromen zal moeten aangaan. Maar wat maakt
dat de ene zwemmer de top haalt en de andere niet? Het beantwoorden van die vraag is
belangrijk om zwemmers optimaal te begeleiden naar het hoogste niveau en om ook in
de toekomst als zwemland goed te blijven presteren. Dit proefschrift onderzoekt daarom
de weg naar de zwemtop en biedt zowel wetenschappelijke als praktische inzichten om

zwemtalent te herkennen en ontwikkelen.

Hoewel het makkelijk is om de snelste zwemmer binnen een leeftijdsgroep aan te wijzen, is
het veel moeilijker om in te schatten wie van hen zich zal ontwikkelen tot een toekomstige
topper. In Hoofdstuk 1 worden deze en andere uitdagingen in talentherkenning en
-ontwikkeling verder besproken, evenals hoe wetenschappelijke studies hierbij kunnen
helpen. Vooral longitudinaal en multidimensionaal onderzoek dat zich richt op het in kaart
brengen van de ontwikkeling van zwemmers op meerdere vlakken, kan veel betekenen.
In dit proefschrift worden daarom niet alleen zwemtijden, maar ook onderliggende fysieke,
mentale, technische en tactische kwaliteiten bestudeerd van zwemmers die op koers zijn naar
het elite niveau (top 50 wereldwijd). Met behulp van verschillende statistische methoden,
waaronder variantieanalyse en multilevelanalyse, wordt hun ontwikkeling vergeleken
met die van leeftijdsgenoten die enkel nationaal succesvol zijn (top 50 nationaal). De zes
studies in dit proefschrift ontrafelen daarmee de kenmerken en ontwikkelingspatronen die

samenhangen met internationaal zwemsucces.

Dat de beste zwemmers wereldwijd hard kunnen zwemmen, is duidelijk, maar deden zij dat
ook al toen ze jonger waren? Tot het onderzoek zoals beschreven in Hoofdstuk 2 was het
antwoord op die vraag onbekend. Door de ontwikkeling in seizoensbeste tijden van 3.146
zwemmers te analyseren, is daar verandering in gekomen. Deze zwemmers bereikten op
volwassen leeftijd verschillende niveaus van succes, oplopend van zeer-competitief (top
50 nationaal), sub-elite (top 8 nationaal), elite (top 50 wereldwijd) naar top-elite (top 8
wereldwijd) niveau. Aan de hand van hun geschiedenis aan zwemtijden is in kaart gebracht
hoe de zwemmers zich vanaf hun jeugdjaren hebben ontwikkeld. Zwemmers die uiteindelijk
het top-elite niveau bereikten, zwommen vanaf 12 jaar sneller dan hun leeftijdsgenoten
die op het zeer-competitieve niveau eindigden. Vanaf 14 jaar presteerden zij ook beter dan
de latere sub-elite zwemmers. Waar top-elite vrouwen hun sub-elite en elite tegenhangers
op dezelfde leeftijd voorbijstreefden, waren top-elite mannen pas vanaf 18-jarige leeftijd
sneller dan de latere elite zwemmers. De leeftijd waarop top-elite zwemmers uiteindelijk
doorbraken tot de wereldwijde top 8 varieerde sterk. Dit laat zien dat top-elite zwemmers
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al op jonge leeftijd beter presteerden dan leeftijdsgenoten die op lagere niveaus eindigden,
en dat er vanuit dat hoge niveau verschillende wegen naar hun zwemsucces leidden.

Waar Hoofdstuk 2 de ontwikkeling van seizoensbeste tijden over meerdere jaren
belicht, onderzoekt Hoofdstuk 3 of zwemmers die het elite niveau bereikten zich
sneller ontwikkelen binnen één seizoen ten opzichte van degenen die ‘slechts’ het zeer-
competitieve niveau behaalden. Hoewel hun eindniveau op volwassen leeftijd verschillend
was, lagen alle 3.199 zwemmers binnen deze studie tijdens hun jeugd op koers voor het
bereiken van het elite niveau. Of zwemmers op koers lagen, is bepaald aan de hand van
internationale prestatie benchmarks die voortkomen uit Hoofdstuk 2. Per leeftijdscategorie
tonen deze benchmarks de zwemtijd die volgens historische data minimaal nodig lijkt om
uiteindelijk het elite niveau te bereiken. Ook in het vervolg van dit proefschrift worden
deze benchmarks gebruikt om jeugdzwemmers in te delen als zijnde op koers of niet op
koers naar het elite niveau. Vanaf hun tienerjaren (mannen op 15-jarige leeftijd; vrouwen
op 13-jarige leeftijd) boekten zwemmers die uiteindelijk het elite niveau bereikten meer
vooruitgang in de periode tussen hun eerste zwemtijd van het seizoen en hun seizoensbeste
tijd. Elite zwemmers verschilden niet van de zeer-competitieve zwemmers in de periode
tussen hun vorige seizoensbeste tijd en de eerste zwemtijd van het seizoen. In deze periode
gingen zwemmers uit beide groepen gemiddeld ~1% achteruit in hun zwemprestaties.

Hoofdstuk 4 brengt de analyse van zwemtijden terug tot één enkele race, en richt zich op
de ontwikkeling van pacing gedrag onder 5.818 zwemmers die op volwassen leeftijd het
elite, sub-elite en zeer-competitieve niveau behaalden. Op de 100 meter vrije slag zwommen
elite mannen vanaf 17 jaar hun race volgens een meer “all-out” strategie dan de latere zeer-
competitieve zwemmers. Bij vrouwen werden geen groepsverschillen gevonden op deze
afstand. Op de 200 meter vrije slag toonden zowel elite mannen (vanaf 16 jaar) als vrouwen
(vanaf 13 jaar) een meer gelijkmatige verdeling van hun race in vergelijking met de latere
zeer-competitieve zwemmers. Daarmee laten elite zwemmers gedurende hun tienerjaren
in vergelijking met zeer-competitieve zwemmers pacing gedrag zien dat beter past bij de
taak en overeenkomt met dat van volwassen elite zwemmers.

Om op weg te zijn en te blijven naar de top moeten zwemmers niet alleen veel maar
ook slim trainen. Zelfregulatie wordt verondersteld hier een belangrijke rol in te spelen.
Hoofdstuk 5 onderzoekt daarom het gebruik van zelf-regulatieve vaardigheden voor,
tijdens en na de training onder 157 Nederlandse zwemtalenten. Zwemmers op koers naar
het elite niveau gaven aan vaker tijdens de training te reflecteren in vergelijking met
leeftijdsgenoten die niet op koers lagen, maar scoorden zichzelf relatief lager op inzet.
Binnen het groepje zwemmers op koers naar het elite niveau scoorden degenen die meer
vooruitgang boekten in het seizoen hoger op het evalueren na de training. Het lijkt daarmee
dat talentvolle zwemmers op koers naar het elite niveau effectiever en efficiénter trainen.

Dit zou uiteindelijk kunnen leiden tot een hogere dagelijkse kwaliteit van trainen, wat kan
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resulteren in meer vooruitgang in een seizoen, hogere prestatieniveaus en een grotere kans

om de top te bereiken.

In Hoofdstuk 6 zijn 29 Nederlandse zwemtalenten gevolgd in de periode dat zij de
overstap maakten naar de senioren. Deze transitie wordt gezien als de meest veeleisende
en moeilijke fase in de weg naar de zwemtop. Over een periode van vier seizoenen werden
gegevens verzameld over hun ontwikkeling op het gebied van zwemtijden en onderliggende
kwaliteiten zoals hun topsnelheid, stroke index (een indirecte maat voor zwemefficiéntie),
starttijd, keerpunttijd en power in het onderlichaam. Zwemmers die als beginnende senioren
(mannen van 18-19 jaar, vrouwen van 17-18 jaar) op koers lagen naar het elite niveau, lagen
ook al op koers aan het einde van hun jeugdjaren. Op deze leeftijd (mannen van 17 jaar;
vrouwen van 16 jaar) zwommen ze snellere seizoensbeste tijden en lieten ze een hoger
niveau zien op de meeste onderliggende kwaliteiten dan degenen die op seniorenleeftijd niet
meer op koers naar het elite niveau lagen. Daarnaast kenmerkten de zwemmers op koers
naar het elite niveau zich door zich (meer) te blijven ontwikkelen gedurende de overstap naar
de senioren. De mannen maakten meer progressie op hun seizoensbeste tijden, topsnelheid
en keerpunttijden, terwijl de vrouwen, naast hun voortgang in seizoensbeste tijden, ook
steeds efficiénter gingen zwemmen. Dit laat zien dat zwemmers op koers naar het elite
niveau hun voorsprong aan het einde van de jeugdjaren vasthouden en zelfs uitbouwen

gedurende de overstap naar de senioren.

Hoofdstuk 7 gaat ten opzichte van Hoofdstuk 6 een stapje terug in de tijd en onderzoekt
de ontwikkeling van 90 Nederlandse zwemtalenten tijdens de puberjaren. De zwemmers
waren tussen de 13-15 jaar (mannen) en 12-14 jaar (vrouwen) toen zij gedurende drie
seizoenen werden gevolgd op hun zwemtijden en onderliggende kwaliteiten zoals hun
topsnelheid, stroke index en power in het onderlichaam. Zwemmers die na de puberteit
(mannen van 16 jaar; vrouwen van 15 jaar) op koers lagen naar het elite niveau, lagen
dat ook al gedurende hun puberjaren. Daarnaast zwommen ze tijdens hun puberjaren
snellere seizoensbeste tijden en hadden ze een hogere topsnelheid dan degenen die niet op
koers lagen. Mannen op koers naar het elite niveau zwommen daarnaast ook efficiénter,
terwijl vrouwen zich kenmerkten door meer power in het onderlichaam en een grotere
lichaamslengte. Daarnaast maakten de zwemmers die na de puberteit op koers lagen naar
het elite niveau meer progressie gedurende hun puberjaren op hun seizoensbeste tijden,
topsnelheid en stroke index (enkel voor mannen) dan degenen die niet op koers lagen.

In Hoofdstuk 8 worden de resultaten van de zes studies in dit proefschrift samengebracht
in twee profielen, één voor mannen en één voor vrouwen. Deze profielen laten over
verschillende leeftijden zien wat zwemmers op koers naar het elite niveau kenmerkt ten
opzichte van degenen die dat niet liggen. Samenvattend tonen de bevindingen aan dat
zwemmers die verder in hun carriére zijn gekomen, vanaf 12 jaar al beter presteerden

dan leeftijdsgenoten die uiteindelijk een lager niveau bereikten. Het neerzetten van een

200



Appendices

seizoensbeste tijd die binnen de leeftijdsgebonden internationale prestatie benchmark
valt, lijkt een voorwaarde om verder te kunnen groeien naar het elite niveau, maar biedt
tegelijkertijd geen garantie. Dit blijkt uit het feit dat hoewel de meeste Nederlandse
zwemtalenten aan het begin van hun tienerjaren op koers lagen naar het elite niveau, slechts
enkelen dat ook bleven naarmate hun carrieére vorderde. Zwemmers die dit niveau wisten
te handhaven, boekten meer vooruitgang in hun zwemtijden tussen en binnen seizoenen.
Daarnaast lieten zij op een veelzijdig profiel van onderliggende fysieke, mentale, technische
en tactische kwaliteiten een hoger niveau en meer progressie zien. De specifieke kwaliteiten
waarin zij beter waren ten opzichte van zwemmers die niet op koers lagen, verschilden per

ontwikkelingsfase en geslacht.

Al met al biedt dit proefschrift een genuanceerd, verfijnd en concreter begrip van de weg
naar internationaal zwemsucces. Het benadrukt dat zwemmers op koers naar het elite
niveau zich kenmerken door de combinatie van hoge niveaus en sterke vooruitgang op
zowel seizoensbeste tijden als onderliggende kwaliteiten gedurende hun carriere. Deze
bevindingen laten geen ruimte voor een eendimensionale aanpak binnen talentherkenning
en -ontwikkeling, en onderstrepen het belang om zwemmers te volgen, begeleiden en
evalueren op zowel prestatieve, als fysieke, mentale, technische en tactische aspecten.
Waar voorheen jeugdzwemmers enkel konden worden vergeleken met zichzelf of
directe leeftijdsgenoten, voorziet dit proefschrift in leeftijdsgebonden profielen en
ontwikkelingspatronen van zwemmers op koers naar het elite niveau. Coaches kunnen
deze objectieve gegevens en op bewijs gebaseerde inzichten gebruiken om de potentie
van hun zwemmers beter in te schatten en hen optimaal te begeleiden op hun weg naar
succes. Daarmee toont dit proefschrift de waarde van longitudinaal en multidimensionaal
onderzoek voor de (top)sportpraktijk.
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Dankwoord

Ergens in het voorjaar van 2016, terwijl ik met een universitair docent door de gang van
de faculteit liep, vroeg zij mij of ik interesse had om te promoveren. Ik weet nog goed
dat ik spontaan tot stilstand kwam en haar verbaasd aankeek. Lang hoefde ik niet na te
denken voordat ik antwoordde dat promoveren absoluut niets voor mij was. Het idee om
vier jaar lang met hetzelfde (en in dit geval fundamenteel) onderzoek bezig te zijn, sprak
me totaal niet aan. Wat ik nooit had kunnen weten, was dat een jaar later diezelfde vraag
nogmaals gesteld zou worden, maar dit keer door Roald van der Vliet in het Pieter van den
Hoogenband Zwemstadion. Weer hoefde ik niet lang na te denken... Ik kon niet wachten

om te beginnen!

De afgelopen jaren heb ik een ontzettend leuke en bijzondere dubbelrol gehad. Op maandag
en dinsdag zette ik mijn “promovenda-pet” op en werkte ik in Groningen met volle focus
aan dit proefschrift. De rest van de week was ik te vinden bij InnoSportLab de Tongelreep
in Eindhoven waar ik als embedded scientist het Nederlands zwemteam ondersteunde.
Ik heb het voorrecht gehad om me te verdiepen in de wetenschap over talent, terwijl ik
tegelijkertijd zwemtalent van dichtbij zag ontwikkelen. Dit was voor mij het beste van beide

werelden en ik had op geen andere manier een promotietraject willen doen!

Dat dit mogelijk was, is te danken aan de unieke samenwerking tussen het UMCG/RuG,
InnoSportLab de Tongelreep en de KNZB. Zij besloten na een niet-gehonoreerde
subsidieaanvraag de handen ineen te slaan en samen dit onderzoek naar zwemtalent te
financieren. Het doel was niet alleen om meer te weten te komen over de weg naar de
zwemtop, maar ook om met die kennis een verschil te maken in de praktijk. Dankzij
velen zijn beide doelen bereikt, en heb ik niet alleen op professioneel gebied, maar ook op
persoonlijk vlak veel geleerd. Het is me daarom een groot genoegen om iets te delen over
de mensen achter dit proefschrift en hen via deze weg te bedanken!

Marije, Ruud en Chris, als mijn promotoren was jullie expertise natuurlijk onmisbaar in
de totstandkoming van dit proefschrift. Maar het is veel meer dan alleen de inhoudelijke
begeleiding waar ik jullie voor wil bedanken. Van begin tot eind heb ik ervaren dat jullie
betrokkenheid verder ging dan alleen het onderzoek. Ik kreeg de ruimte en het vertrouwen
om mijn eigen pad op mijn eigen tempo te lopen, waarbij af en toe een pas op de plaats
maken eerder werd aangemoedigd dan afgeraden. Jullie hielpen me de lat ook eens wat
lager te leggen (in plaats van altijd maar hoger), en te vertrouwen dat “goed genoeg”
nog steeds heel erg goed kan zijn. Bedankt voor het geven van de best mogelijke begeleiding
en ondersteuning die ik me kon wensen. Het maakt dat ik met heel veel plezier en trots
terugkijk op dit promotietraject.

Marije, of het nu bellend was (wat hebben we dat veel gedaan he¢ gedurende corona?!)
of op de faculteit, ons vaste overleg op maandag 11 uur was eigenlijk standaard te kort.
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Hoe kan het ook anders als het niet alleen over onderzoek ging, maar ook over het werken
met talentvolle sporters en het vinden van balans op allerlei vlakken. Als ik twijfelde en
verdwaalde in alle mogelijkheden, haalde jouw helikopterview mij uit de knoop. Zonder
antwoorden op te leggen, gaf je richting waardoor de volgende stap ineens weer zichtbaar
was, en gemaakte keuzes eigen voelden. Je gaf me vertrouwen en bevestiging als ik dat
nodig had, maar hebt me ook aangemoedigd om dingen te doen die ik toch soms liever
uit de weg wilde gaan, zoals presenteren, college geven, en naar een wetenschappelijk
congres gaan. En hoewel ik daar op het moment zelf niet om stond te springen, was dat
eigenlijk... natuurlijk heel goed. Door jou zie ik mijn eigen kwaliteiten (steeds) beter in,
laat ik de boel ook wel eens de boel, en begrijp ik steeds meer van de subtiele nuances in
talentontwikkeling. Dankjewel voor alles en ik hoop nog veel van je te mogen leren!

Ruud, ik weet nog goed hoe ik jouw kantoor voor het eerst binnen kwam. Een tikkeltje
zenuwachtig, want als niet-econometrist maakte ik me toch een beetje zorgen of ik wel slim
genoeg zou zijn. Mijn vraag was of je mee kon denken met mijn eerste artikel, maar wat
niemand had voorzien was dat die eerste afspraak zou leiden tot jouw rol als mijn promotor.
En dat ik natuurlijk R skills zou opdoen die ik nu nog steeds gebruik. Samen hebben we
uren gewerkt aan het uitpluizen van honderdduizenden datapunten, maar ook aan het
maken van grafieken en rapportages voor zwemmers en coaches. Altijd met een enorme
dosis enthousiasme en nooit zonder eerst bijgepraat te hebben over ons eigen (sport)nieuws.
Zonder oordeel en met enorm veel geduld heb je allerlei coderingen en formules uitgelegd,
net zo lang tot ik het begreep. Als ik vond dat het niet snel genoeg ging of niet goed genoeg
was, liet je me vaak zien hoever ik al was gekomen en hoe trots ik daar op mocht zijn.
Jouw trots werd zo steeds meer een beetje ook mijn trots. Door jou heb ik ervaren dat je
je altijd in iets kunt ontwikkelen, maar ook dat niet alles in één keer hoeft. Bedankt dat ik
kon altijd op je rekenen, ongeacht pandemie of persoonlijke omstandigheden. Ik hoop dat
we in de toekomst kunnen blijven puzzelen naar de beste manieren om ontwikkeling in

kaart te brengen, wie weet in volleybal!_

Chris, zou ik dan echt de laatste promovenda zijn die jij begeleid hebt? Jou kennende doe
je daar geen definitieve uitspraak over en dat inspireert me. Jij laat zien dat de gebaande
paden niet de enige paden zijn om ergens te komen, en dat nieuwsgierigheid geen leeftijd
kent. De afgelopen jaren heb je me heel wat vragen gesteld en dat heeft effect gehad.
Door jou kan ik mijn werk niet beginnen zonder eerst heel goed na te gaan wat nu echt
de relevantie is van wat ik aan het doen ben. Je hebt me geleerd om bij het eerste idee
van een onderzoeksvraag na te denken over de te verwachte resultaten en wat dat kan
betekenen voor de sportpraktijk. Maar ook ben ik door jou me steeds bewuster van wat ik
wil en belangrijk vind. Jouw inhoudelijke vragenvuren gingen namelijk hand in hand met
persoonlijke vragen. Je wilde weten hoe het echt met mij ging, en of ik het allemaal nog leuk
vond. Daar nam je altijd de tijd voor, het liefst met een verse jus voor jou, een gemberthee
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voor mij, en ja, als we dan toch ergens zitten: een traktatie op iets lekkers. Ik zou het leuk
vinden als we dat blijven doen, want we zijn nog lang niet uitgepraat! Dankjewel!

Inge, Stein, Floor en Bas, bedankt voor jullie waardevolle bijdragen als co-auteurs aan
in dit proefschrift. Het was zo leuk om te merken dat ieder vanuit de eigen expertise
het onderzoek naar een hoger niveau kon tillen. Inge, jouw kennis en kunde rondom
benchmarking van talentvolle schaatsers is een belangrijk fundament geweest voor dit
proefschrift en zorgde voor een vliegende start in de eerste twee studies. Stein en Floor, het
was een feest om de wereld van pacing via jullie te ontdekken en ik heb met bewondering
geluisterd naar jullie kennis op dit gebied. Bas, mede dankzij jouw strakke codrdinatie heeft
de pacing studie een begin en een eind gekregen. Het moet niet zijn meegevallen om zeven

wetenschappers in het gareel te houden, maar je deed dat alsof je nooit anders had gedaan!

Nikki en Eline, als collega promovendi kennen jullie als geen ander de uitdagingen en
frustraties die samengaan met promoveren, maar ook de blijdschap als een stapje vooruit
wordt gezet. Het was heel fijn om dat met jullie te kunnen delen! Daarnaast was jij, Eline,
toch wel mijn redder in nood als het aankwam op praktische zaken rondom de faculteit.
Zonder jou liep ik waarschijnlijk nog verdwaald rondjes op zoek naar een lokaal en had
ik echt ndoit meer ingelogd op mijn UMCG mail. NikKki, je zit al ruim een jaar aan de
kant van de doctors (trots!), wat betekent dat ik al mijn vragen over de laatste fase van het
promoveren aan jou stel. Het voelt alsof ik een grote zus heb die precies weet hoe het moet,
en dat is niet alleen handig maar ook geruststellend. Ik hoop dat ik tijdens mijn verdediging
net zo relaxed ben als jij was, en dat je nog lang mijn partner in crime bent op congressen

en bijeenkomsten!

Collega’s van het InnoSportLab de Tongelreep en de KNZB, het was fantastisch om met
jullie te werken! De combinatie van jullie gedrevenheid, creativiteit, interesse, en humor

maakten de Tongelreep echt de allerleukste werkplek.

Paul, Jonne, Alja en Carlo, we hebben heel wat weekenden samen doorgebracht, van
testdagen tot het filmen en analyseren van wedstrijden. Het was altijd hard werken, maar
ook altijd gezellig! De tijd en energie die jullie in de metingen en analyses rondom dit
proefschrift hebben gestoken is ongekend en zonder jullie hulp en die van alle stagiaires,
was ik nooit aan het schrijven van dit proefschrift toegekomen. Daarnaast hebben jullie
oprechte vragen geholpen om het talentonderzoek vanuit verschillende invalshoeken te

bekijken en dat is heel waardevol geweest. Dankjulliewel!

Carlo, dat jij hier nog even in de spotlight word gezet, zou niet als een verrassing moeten
komen. Er is heel weinig wat jij niet wist te regelen rondom de testmomenten. Of het nu een
camera met kuren was of een tekort aan testleiders, ik kon altijd op jou rekenen. Je hebt je
ingezet voor dit onderzoek alsof jij zelf de promovendus was en dat vind ik heel bijzonder!
Daarbij hield je me geregeld uit de wind als de emmer qua werkzaamheden bij het lab weer
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tot het randje vol liep, zodat ik mij kon focussen op het onderzoek. Mijn balans daarin
houden was een voortdurende uitdaging, maar jij hielp dat goed te bewaken. Bedankt voor

alles en ik blijf erbij: iedereen zou een Carlo moeten hebben!_

Sander, hoe hadden we ooit alles kunnen meten en analyseren zonder jouw innovaties?
Ik blijf het indrukwekkend vinden wat jij allemaal kan programmeren en ben heel benieuwd
wat dit de zwemsport nog meer gaat brengen. Jouw scherpe kijk heeft me veel geleerd,
en je bent absoluut een inspiratie geweest voor mijn ontwikkeling op de meer technische

aspecten van zwemmen en onderzoek.

Roald, zonder jouw ambitie, visie en toewijding om met wetenschap en innovatie het
Nederlands zwemmen naar een hoger niveau te tillen, was deze PhD er niet geweest. Het was
namelijk niet de vraag of het lab op meerdere domeinen promoticonderzoek zouden gaan
doen, maar wanneer. Hoewel de plannen rondom het onderzoek naar talentontwikkeling nog
niet rond waren, gaf je mij op voorhand de kans om als embedded scientist aan te sluiten
bij het lab en daar heb ik heel veel aan te danken! Jij laat zien dat je vaak gewoon moet
beginnen voordat je er 100% klaar voor bent, en dat zolang je niet opgeeft en creatief bent,
er altijd een weg is. Dat ga ik niet vergeten. Het was een eer om de eerste promovenda op
het gebied van talentontwikkeling te zijn binnen het lab, en ik hoop dat er nog vele zullen

volgen. Dankjewel!

André, Mark en Annemieke, door jullie steun en inzet zagen steeds meer coaches en
zwemmers het belang van dit onderzoek en raakten zij enthousiast om mee te doen. Het was
altijd inspirerend om met jullie na te denken over talentontwikkeling en te werken aan
manieren om nieuwe en bestaande kennis over zwemtalent toe te passen in de programma’s

en het beleid. Tk kijk met trots naar de stappen die we daarin hebben gemaakt!

Marecel, Patrick, Kees, Henri, Geert, Jeroen en Job, ik heb veel gehad aan onze
gesprekken en discussies, waarvan de spontane meetings langs de badrand vaak de beste
inzichten met zich mee brachten. Daardoor heb ik veel geleerd over de complexiteit van
talentontwikkeling en de verschillende wegen naar het topzwemmen, plus wat dat betekent
voor een coach. Jullie openheid, nieuwsgierigheid en kritische blik motiveerden mij altijd

om weer een stapje verder te denken!

Patrick, Jan, Rienk en Michiel, het was niet alleen heel waardevol om jullie visie en
ervaringen als fysio’s en krachttrainer op talentontwikkeling te horen, maar ook leerzaam
om te praten over hoe je je als onderdeel van het performance team positioneert. Dat heeft
me zeker geholpen de zwemwereld steeds beter te leren kennen en mijn eigen rol daarin
te kunnen vinden en invullen.
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Natuurlijk ben ik ook alle zwemmers die hebben meegedaan aan de metingen, en in het
verlengde daarvan hun coaches en ouders, heel dankbaar! Zonder jullie viel er weinig te
onderzoeken! Bedankt voor jullie inzet, enthousiasme en toewijding gezien velen van jullie
niet één maar meerdere keren hebben deelgenomen aan testdagen. Het was ontzettend
leuk, inspirerend en leerzaam om jullie ontwikkeling - soms vanaf een afstand, en soms

van heel dichtbij — te zien.

Collega’s buiten het zwemmen, Tim en Bart, het was altijd top om met jullie te sparren
over talent. Onze gesprekken en jullie (online) werk inspireerde me geregeld om groter te
denken dan alleen dit onderzoek.

Collega’s van de Nevobo, in het bijzonder, Herman, Jeroen, Martje, Mariétte en
Richard, bedankt dat jullie mij het fijne vooruitzicht van de maandag boden! Na weekenden
met de laatste loodjes aan “proefschrift werk”, had ik altijd nog meer zin om weer aan de
slag te gaan met talentontwikkeling in volleybal!

Lieve vriendinnen en familie, jullie kunnen natuurlijk niet missen in dit dankwoord.
De laatste 1.5 jaar voelde soms als een eindsprint waar de finishlijn steeds van werd verlegd,
maar jullie aanmoediging, begrip en fijne gezelschap hebben me door zware momenten
heen getrokken en de leuke momenten extra bijzonder gemaakt! In jullie bijzijn kwam
ik uit mijn onderzoeksbubbel en kon ik ontspannen en opladen om vervolgens weer met
goede moed er tegenaan te gaan. Ik heb continue jullie vertrouwen en waardering gevoeld
en dankzij jullie is het onmogelijk te vergeten dat promoveren toch wel iets bijzonders is.

Ik kan niet wachten om deze mijlpaal met jullie te vieren!

Marcus en Iwan, een heel speciaal bedankje naar jullie want ik denk niet dat veel mensen
kunnen zeggen dat ze met hun schoonbroers onder één dak hebt gewoond én dat dat leuk
en gezellig was! Dankzij jullie gastvrijheid heb ik zowel in Groningen als in Eindhoven
een thuis gehad. Dat heeft veel betekend in het combineren en volhouden van promovenda
en embedded scientist zijn.

Lieve Shireen en Kirstly, wat bof ik met jullie als zusjes! Of iets nu lukt of niet, jullie
juichen altijd voor mij. Shireen, bij jou kan ik mijn hart luchten zonder bang te zijn voor
een oordeel en Kirstly, jij staat altijd klaar met een peptalk en ziet mijn potentie vaak beter
dan ikzelf. We hebben een hele bijzondere band en ik hoop dat dat voor altijd zo blijft!

Lieve papa en mama, mijn liefde voor sport is bij jullie begonnen en vormt nu de rode draad
door mijn leven. En wat een feest is dat! Dankzij jullie onvoorwaardelijke aanmoediging
en support om mijn eigen pad te lopen, heb ik mijn hart gevolgd en doe ik werk waar ik
geen genoeg van krijg. Mam, jij laat geen moment onbesproken en ongevierd en Pap, waar
het ook over gaat, ik kan jou altijd bellen voor goede raad. Bedankt voor al jullie liefde,

vertrouwen en rotsvaste geloof in mij.
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En dan natuurlijk, dankjewel lieve Jesse. Als mijn persoonlijke handrem heb je me heel
wat momenten achter mijn laptop weggetrokken, en dat is maar goed ook. Jij zorgt voor
balans in mijn gedrevenheid door me aan te moedigen wat vaker ‘niks’ te doen, niet met
werk bezig te zijn en natuurlijk lekker te fietsen. Dankjewel dat je me altijd laat lachen, er
door dik en dun bent en alles met mij aangaat, zelfs nu dat betekent dat Groningen achter
ons ligt. Ik kan niet wachten om samen nog heel veel (fiets)avonturen te beleven, want
alles is leuker met jou!
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