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Purpose: To compare training characteristics and aerobic power (VO2max)
between the most successful junior and senior seasons of world-class cross-
country (XC) skiers and to identify differences between sexes and among sprint
and distance skiers.

Methods: Retrospective analysis was conducted on self-reported training and
VO2max tests of ten male and seven female world-class XC-skiers, collectively
holding 38 Olympic medals. Training was categorized by form (endurance,
strength, speed, other) and mode (specific, unspecific) and was divided into
low- (LIT), moderate- (MIT), and high-intensity training (HIT).

Results: Total training increased by 203 ± 130 h (35% ± 31%, p < .001, large effect)
and 78 ± 69 sessions (21% ± 24%, p < .001, very large effect). Junior training
volume (658 ± 107 h) did not correlate with senior volume (861 ± 74 h) but
correlated negatively with changes in volume (r = −.822, p < .001). No sex
differences were observed related to total volume, but distance skiers
increased their total volume more than sprint skiers (p = .037, large effect).
Endurance training increased by 197 ± 117 h (p < .001; large effect) tied to
increased low-intensity training (186 ± 115 h, p < .001; large effect) and
moderate-intensity training (13 ± 7 h, p < .001; large effect). Training intensity
distribution (% LIT/MIT/HIT) was 91/3/6 in junior and 92/4/4 in senior season.
Women demonstrated greater increase of unspecific modes (100 ± 58 vs. 37 ±
44 h, p = .022; large effect) and strength training (25 ± 23 vs. −3 ± 17 h, p = .010,
large effect). Men improved absolute (8% ± 5%; p = .009; large effect) and relative
VO2max (6% ± 4%; p = .016; large effect) from junior to senior, while women only
increased relative VO2max (7% ± 5%, p = .012; large effect).

Conclusion: This study provides novel information regarding changes in training
characteristics and aerobic power from junior to senior age in world-class XC-
skiers. Overall, the enhanced training volume during this transition was primarily
driven by increased LIT and MIT and the exceptionally high relative VO2max at
junior age further increased in both sexes.
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Introduction

Endurance performance is mainly determined by aerobic power
(VO2max), fractional utilization, and working economy (Joyner and
Coyle, 2008). World-leading athletes have maximized these
determinants through years with high volumes of systematic
training. A wealth of research has illuminated the physiology
(Sandbakk et al., 2016; Bell et al., 2017; Jones et al., 2021a) and
training characteristics (Tønnessen et al., 2014; Erp et al., 2020;
Haugen et al., 2022) of elite endurance athletes during their years of
peak performance which is typically reached in the mid-to-late 20s
(Allen and Hopkins, 2015; Haugen et al., 2018a; Walther et al.,
2022). However, notably less information is available regarding the
development of these factors from junior stages to peak
performance, underscoring that existing talent development
practices in endurance sports are built upon limited scientific
evidence (Staff et al., 2023).

Cross-country (XC) skiing is an endurance sport where some of
the highest VO2maxvalues and training volumes are reported.
Typical relative VO2max values for world-class males and females
are in the range of 80–85 and 65–70 mL kg−1·min−1, respectively
(Tønnessen et al., 2015; Sandbakk et al., 2016). Senior world-class
XC-skiers devote approximately 750–950 h per year to training
(Tønnessen et al., 2014; Sandbakk and Holmberg, 2017; Solli
et al., 2017), where ~90% is endurance training and the
remaining ~10% is strength and speed training. The endurance
training is commonly reported to include nearly 90% low-intensity
training (LIT), 4%–5% moderate-intensity training (MIT) and 5%–
6% high-intensity training (HIT). As the main competition
approaches, there is a shift towards reduced volume and an
augmented proportion of competition-specific intensity
(Tønnessen et al., 2014; Solli et al., 2017). Around 50%–60% of
endurance training is conducted in specific exercise modes during
the general preparation, while this proportion escalates to 80%–90%
during the competition phase (Sandbakk and Holmberg, 2017; Solli
et al., 2017). Sprint-skiing specialists show a slightly different
training pattern, as they execute slightly less training on an
annual basis, less training in long uphills, and more focus on
strength and speed training (Losnegard and Hallén, 2014).

Considerably less information is available regarding the training
and physiological capacities of well-performing XC-skiers at
younger age stages and potential sex differences in the
development of both physiology and training. Relative VO2max

values in the range 65–70 and 55–60 mL kg−1·min−1 have been
documented in 17 to 18-year-old male and female XC skiers,
respectively (Sandbakk et al., 2011; Zoppirolli et al., 2020; Sollie
and Losnegard, 2022). An annual endurance training volume of
~600 and 4–500 h have been reported in well-trained 20- and 17-
year-old junior skiers, respectively (Sandbakk et al., 2011; Karlsson
et al., 2021). Furthermore, Seiler and Kjerland (Seiler and Kjerland,
2006) provided insights into the training intensity distribution
(TID) of well-trained junior XC-skiers, revealing that
approximately 75% of the endurance sessions were dedicated to
LIT, 8% to MIT and 17% to HIT. Despite these foundational
analyses, comprehensive insights into the training and
performance determinants of junior skiers who ultimately ascend
to world-class senior performance remain elusive. In essence, an
immediate necessity exists for additional research centered on the

development of endurance performance and associated
physiological and training characteristics (Staff et al., 2023).
Hence, this study seeks to retrospectively compare VO2max and
training characteristics among world-class XC-skiers in their
trajectory from junior to senior age. Additionally, the study aims
to unveil potential differences in training characteristics and the
trajectory of VO2max development across male and female skiers, as
well as between sprint and distance specialists during the same time-
period. Such information would substantially contribute to the
refinement of talent development programs in endurance sports.
Our main hypothesis is that the increase in training volume from
junior to senior is primarily due to more LIT, while the
corresponding increase in aerobic power is less pronounced.

Materials and methods

Participants

Seventeen senior XC-skiers (ten males and seven females)
classified as world-class (Tier 5) according to performance caliber
classification by McKay et al. (McKay et al., 2022) were recruited
from the researchers’ network. Inclusion criteria were as follows: 1)
medalist in either world championships or Olympic games, or
repeatedly on the podium in world-cup races, 2) detailed training
diary data of their most successful junior and senior seasons. The
skiers included in this study were born between 1972 and 1998 and
had won 38 Olympic medals, 69 senior world championship titles,
291 world cup victories and 23 junior world championship titles. In
total 16 of the participants had participated in the junior world
championships and 15 achieved at least one medal. Of the 17 skiers,
12 (six males and six females) where distance specialists and five
(four males and one female) were sprint specialists. The mean age
was 19.9 ± 0.3 years in the analyzed junior season and 28.4 ±
2.7 years in the senior season. The average International Ski
Federation (FIS) points of the three best races combining sprint
and distance races were 44.0 ± 18.3 during the junior season and
6.34 ± 9.3 during the senior season (International Ski Federation,
2023). All participants provided their written informed consent to
participate in this study. The Regional Committee for Medical and
Health Research Ethics waived the requirement for ethical approval
for this study. The ethics of the project was performed according to
the institutional requirements at the Department of Neuromedicine
and Movement Science, Norwegian University of Science and
Technology, Norway. Approval for data security and handling
was obtained from the Norwegian Centre for Research Data
(reference number 419807).

Study design and selection of seasons

A retrospective study design was used to compare self-reported
training characteristics and aerobic power between the most
successful junior and senior season. The most successful senior
season of each athlete was selected holistically taking several
performance parameters into account. The parameters were
assessed in the following order with available training data
assumed: 1) number of individual medals in world
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championships and Olympic Games, 2) number of world cup
podiums, 3) number of team medals in world championships
and Olympic Games, and 4) calculated peak age. For the
selection of junior season, the following order was applied: 1)
number of individual medals in junior world championships, 2)
number of team medals in junior world championships, 3) number
of podium spots in national junior races. Age was determined in
accordance with FIS competition rules, while peak age was
calculated based on individual FIS point trajectories according to
(Walther et al., 2022). FIS point analyses were conducted as
described previously (Walther et al., 2022). Due to the
introduction of FIS points that occurred after they turned senior,
two skiers were excluded from the FIS point analyses.

Training data

All participants reported their training in a web-based diary
designed by the Norwegian Olympic Federation (Olympiatoppen).
Prior to the introduction of this diary the older participants had used a
non-web-based version (Microsoft Excel) or written diaries designed
by the Norwegian Ski Federation (NSF) including the same categories
for registration. The recorded training included information about
frequency, duration, training form (endurance, strength, speed, and
other [e.g., mobility or football]), intensity, and the exercise modes
[specific (skiing and roller-skiing) and unspecific (running, cycling,
kayak, rowing, and other including all other endurance training forms
like, e.g., swimming)] for the endurance and speed training. The
distribution of training was adapted from a previous study
(Tønnessen et al., 2014) as presented in Figure 1. Intensity and
duration of endurance training was registered by using the
modified session goal approach (Sylta et al., 2014b) and in
accordance with the five-zone-model outlined by Olympiatoppen.
Maximal heart rate was determined based on a combination of
physical tests and the highest heart rate achieved in high intensity
sessions or competitions within the junior and senior season
investigated. These methods have previously been shown to
provide valid and accurate measurements of endurance training in
XC-skiers (Sylta et al., 2014a). However, as the intensity zone
boundaries are not clearly anchored in underlying physiological
events, data were analyzed using a three-zone-scale where LIT
included zone 1 and 2, MIT included zone 3 and HIT included
zone 4 and 5. Passive recovery during intervals was not recorded
whereas active recovery was recorded as LIT. As for the endurance
training, the speed and strength training were also registered time-
based. For speed training within endurance sessions, 2 minutes per
bout were registered. For strength training, total duration of the
session (including recovery periods) was recorded. All recorded
training was digitized and cross-checked for correct registration
and distribution. Consistency in reporting of training and correct
application of the five-zone-model were verified via a semi-structured
interview with each participant during the data-analysis phase of this
study. To account for possible differences in periodization between
junior and senior age, monthly data was analyzed instead of
previously applied division into periodization phases. Due to
incomplete day-to-day information during junior age, two of the
skiers were not included in the examination of total number of
sessions resulting in a final sample size of n = 15 for these analyses.

Physiological testing

The participants underwent physiological testing regularly. All
tests were conducted at Olympiatoppen in Oslo. Each test consisted of
the same standardized VO2max ramp test with testing procedures
being similar at junior and senior age. Procedures and apparatus are
described in detail elsewhere (Ingjer, 1991; Tønnessen et al., 2014).
Criteria for VO2max achievement were that at least three out of the
four following conditions were achieved: a plateau or leveling off in
VO2 despite increased exercise intensity, peak respiratory exchange
ratio (RER) ≥ 1.05, blood lactate concentration (BLa) ≥ 8 mmol L−1,
and rating of perceived exertion (RPE) of 19–20, in line with well-
established procedures (Midgley et al., 2007; Edvardsen et al., 2014;
Tønnessen et al., 2015). Body mass was measured before each test
(Seca model 770; Seca, Hamburg, Germany). For comparisons of
junior and senior age, the test with the highest VO2max at junior age
and the most successful season was selected. The phases in which the
tests with the highest VO2max occurred were not consistent across
skiers (junior: 2 tests in the early and 11 in the late preparation phase;
senior: 5 tests in the early preparation, 5 in the late preparation and
3 in the competition phase). However, as previously shown by
Losnegard et al. (Losnegard et al., 2013) VO2max remains relatively
stable during a season among high-level skiers.

Statistical analyses

All data is presented as mean ± standard deviation (SD). For better
comparability, monthly training data was divided by the number of
days in that month and multiplicated by 30.4. Normality of the data
was tested by visual inspection of histograms and Shapiro-Wilk test
(α = 0.05). Statistical comparisons between junior and senior season
were assessed using paired sample t-test or its nonparametric
counterpart the Wilcoxon-test. For comparisons between the ten
males and seven females and between the five sprint and twelve
distance skiers, unpaired t-test or its nonparametric counterpart,
the Mann-Whitney-U test, were applied. The p-value was set
to <.05. Pearson’s product coefficient was applied for correlations
and effect sizes (ESs) of nonparametric tests. Correlation coefficients
were interpreted according to (Hopkins et al., 2009) as follows: r< 0.1 =
trivial, 0.1 to 0.3 = small, 0.3 to 0.5 = moderate, 0.5 to 0.7 = large, 0.7 to
0.9 = very large and >0.9 = extremely large. ESs for parametric tests
were calculated as Cohen d, and criteria for interpretation were as
follows: 0.0 to 0.2 trivial, 0.2 to 0.6 small, 0.6 to 1.2 moderate, 1.2 to
2.0 large and >2.0 very large (Hopkins et al., 2009).

Results

Total volume

In total, 25.837 h of training were analyzed. Total training
volume for the junior vs. the senior season was 658 ± 107 and
861 ± 74 h, corresponding to a mean increase of 203 ± 130 h (35% ±
31%, d = 1.6, p < .001) over an average time period of 8.5 ± 2.8 years.
The training volume in junior season did not correlate significantly
with training volume in senior season (r = .010, p = .969) but
correlated negatively with change in training volume (Figure 2). The
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total number of logged sessions was 441 ± 71 during junior and
519 ± 34 during senior season corresponding to a change of 78 ±
69 sessions (21% ± 24%, r = 0.9, p < .001).

Figure 3 shows individual changes in total volume from junior to
senior age. No significant differences were observed in total training
volume between men and women neither in junior (658 ± 86 vs.
658 ± 140 h, d < 0.1) nor senior season (841 ± 65 vs. 891 ± 80 h,
d = 0.7). Moreover, the change in total volume from junior to senior
did not differ significantly between men and women (182 ± 118 vs.
233 ± 149 h, r = 0.1). Differences in total volume between distance
and sprint skiers were not significant neither during junior (639 ±
114 vs. 705 ± 80 h, d = 0.6) nor senior season (883 ± 74 vs. 810 ±

44 h, d = 1.1). However, distance skiers showed a significantly larger
increase in total volume than sprint skiers (244 ± 129 vs. 105 ± 66 h,
r = 0.5, p = .037).

Training forms

Table 1 shows the distribution of training forms at junior and
senior age. The total volume of endurance training was 197 ± 117 h
higher at senior age, with no significant sex differences neither at
junior or senior age, nor in the changes The total volume of strength
training did not differ between men and women at junior age.
However, women increased total volume of strength training more
than men (25 ± 23 vs. −3 ± 17 h, d = 1.5, p = .010) and performed
more strength training at senior age (75 ± 19 vs. 41 ± 11 h, r = 0.7,
p = .003). The observed sex differences in strength training during
the senior season were significant for all months from June to
January with highest differences during the middle preparation
period (~5 h in August). No sex differences were observed in
speed and other training forms at neither junior age, senior age,
or change. Sprint and distance skiers did not differ in any training
form at any age, and the changes in these variables were not
significant.

Endurance training

Information related to annual and monthly TID at junior and
senior age is presented in Table 1 and Figure 5, respectively. The
volume of both LIT (186 ± 115 h) and MIT (13 ± 7 h) increased from
junior to senior, while no change in HIT was observed. No sex
differences in TIDwere observed at junior or senior, nor in the change
from junior to senior age. Mean volume of LIT, MIT and HIT at
junior and senior age did not differ between sprint and distance skiers.

FIGURE 1
Distribution methods of total training across training forms, modes, and intensities modified from (Tønnessen et al., 2014). Other training forms
refers to all registered training not related to endurance training (e.g., mobility or football). Skiing (SKI) and roller-skiing (RSKI) performed in skating (sk) and
classic (cL) style were classified as specific, running, cycling, rowing as unspecific modes. Other unspecific activity forms refer to all other registered
training related to endurance training (e.g., swimming).

FIGURE 2
The relationship between total training volume at junior age and
change in total training volume from junior to senior age in 17 world-
class XC-skiers.

Frontiers in Physiology frontiersin.org04

Walther et al. 10.3389/fphys.2023.1288606

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1288606


Figure 6 shows monthly distribution of applied exercise modes
during junior and senior age. Specific training volume was 138 ±
100 h higher at senior age, while unspecific training increased
with 63 ± 58 h (d = 1.1, p < .001) from junior to senior. No sex
differences were observed in specific modes. However, women
showed a larger increase (100 ± 58 vs. 37 ± 44 h, d = 1.3, p = .022)
and a higher volume of unspecific modes at senior age (286 ± 60 vs.
230 ± 33 h, d = 1.2, p = .026). Monthly sex differences in unspecific
modes were most pronounced during early preparation period
(~11 h in June).

Periodization and performance
characteristics

Figure 4 shows the monthly distribution of training forms and
the total number of sessions. The monthly TID expressed in absolute
endurance training volume is shown in Figure 5 along with the
number of races for each month. Figure 6 shows the distribution of
training volume allocated on the different exercise modes.

Development in aerobic power

Table 2 shows aerobic power during junior and senior age
separated for women and men. The 3.8% change in absolute
(L·min−1) VO2max for women was not significant (d = 0.8) but
relative VO2max increased by 6.7% (d = 1.3, p = .012). Men increased
VO2max both in absolute (8.0%, d = 1.7, p = .009) and relative terms
(5.6%, d = 1.4, p = .016). Sex differences in VO2max were 29.5% and
35.0% at junior and senior age, respectively. When expressed relative
to body weight, the corresponding sex differences were 15.5% and
14.4%, respectively.

Discussion

This is the first study to retrospectively compare training
characteristics and aerobic power between the most successful
junior and senior season in world-class XC-skiers. The main
findings are as follows: 1) all skiers increased their total training
volume from junior to senior age, with an average increase of

FIGURE 3
Individual (dotted line) andmean (solid line) change in total training volume in world-class XC-skiers from their best junior to their best senior season
in men (A), women (B), distance skiers (C), and sprint skiers (D).
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approximately 200 h over an average span of 8.5 years; 2) junior
training volume showed no association with senior training volume,
but higher initial volumes were negatively correlated with increases in
total volume; 3) the rise in total volume was primarily resulted from
increased volume of LIT, complemented by increasedMIT, while HIT
remained unchanged which led to a shift from prevalent HIT to

prevalent MIT in intensive training; 4) the sole sex differences in
training characteristics were that women engaged in more strength
training and unspecific modes during senior age, and they increased
the extent of strength training and unspecific modes to a greater
degree thanmen; 5)men increased both absolute and relative VO2max,
whereas women only showed an increase in the latter.

TABLE 1 Annual training distribution (mean ± SD) of training forms, modes, and intensities in world-class XC-skiers during most successful junior and senior
season.

Junior Senior p Effect size d Effect size r

Training forms

Endurance (h) 584.4 ± 98.1 781.8 ± 62.0 <.001 1.7

% of total training 88,7 ± 5.4 90.8 ± 2.7 .017 0.6

Strength (h) 47.0 ± 15.6 55.3 ± 22.3 .174 0.3

% of total training 7.1 ± 1.9 6.3 ± 2.3 .435 −0.2

Speed (h) 15.4 ± 7.9 18.5 ± 7.7 .188 0.3

% of total training 2.4 ± 1.2 2.1 ± 0.9 .556 −0.1

Other (h) 11.4 ± 6.5 5.5 ± 5.0 .003 −0.9

% of total training 1.8 ± 1.1 0.7 ± 0.6 <.001 −1.1

Exercise modes

Specific (h) 406.2 ± 78.8 544.5 ± 66.8 <.001 0.9

Unspecific (h) 189.7 ± 37.1 252.8 ± 53.0 <.001 1.1

% SPE/UNSPE 68/32 68/32

Intensity distribution

LIT (h) 530.2 ± 92.7 715.7 ± 59.0 <.001 1.6

MIT (h) 20.3 ± 7.3 33.7 ± 8.6 <.001 2.0

HIT (h) 34.0 ± 8.9 32.5 ± 6.7 .477 −0.2

LIT/MIT/HIT (%) 91/3/6 92/4/4

SPE, specific modes; UNSPE, unspecific modes; LIT, low intensity training; MIT, moderate intensity training; HIT, high intensity training.

FIGURE 4
Monthly periodization of training forms (endurance, strength, speed, other) and number of training sessions in world-class XC-skiers during their
best junior (j) and senior (s) season.
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Total volume

World-class XC-skiers completed approximately 35% more
annual training hours and ~20% more sessions during the senior

compared to the junior season, spanning an average of 8.5 years. The
total training volume during the senior season was ~860 h
distributed across ~520 sessions, consistent with previous reports
on elite XC-skiers (Tønnessen et al., 2014; Sandbakk et al., 2016;

FIGURE 5
Monthly periodization of races and endurance training intensity distribution presented as total training in low-,moderate and high intensity in world-
class XC-skiers during their best junior (j) and senior (s) season.

FIGURE 6
Monthly periodization of specific (skiing and roller skiing classical and skating) and unspecific (running, cycling and rest including rowing/kayak and
other) modes in world-class XC-skiers during their best junior (j) and senior (s) season presented as total endurance and speed training.
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Sandbakk and Holmberg, 2017; Solli et al., 2017). The total junior
volume of ~660 h discovered in this study is ~25% higher than the
volume during early senior age (21 years) reported for the most
successful female XC-skier and male biathlete in history (Solli et al.,
2017; Schmitt et al., 2021). Consequently, the observed 35% increase
in training volume ranks at the lower end of previous case studies on
long-term development from early twenties to peak age in winter
endurance atheletes, which ranged from 27% to 80% (Solli et al.,
2017; Rasdal et al., 2018; Schmitt et al., 2021; Solli et al., 2023). Given
that no significant correlation emerged between junior training
volume and generational aspects (year of birth) or junior age
performance level (number of junior world championship
medals) these factors can be ruled out as potential explanations.
Thus, speculation remains as the only recourse, leaving room to
consider individual training history as a contributory element.

This study establishes the first reference values for junior training
volume in world-class XC skiers. It is intriguing to note that the total
training volume at junior age did not correlate with senior training
volume. However, athletes with higher training volume during junior
age showed a smaller increase in training compared to those with
lower junior training volume. Specifically, changes in training volume
to senior age were approximately 1 h lower for every hour of higher

training volume during junior age. This adds novel insights into the
association between training volume at earlier and later career stages,
suggesting that the increase in total volume is more tied to training
history (such as junior training volume) than age in itself. This aligns
with a broad range of individual percentage increases from junior to
senior age, varying from 3% to 135%. Although previous case studies
have reported a nonlinear change in total training volume with lower
change rates as athletes approach age(s) of peak performance (Pinot
and Grappe, 2014; Solli et al., 2017) there is a need for more research
on the continuous development in training from junior to senior age
(Staff et al., 2023). With both total volume and number of sessions
increasing from junior to senior age, detailed investigations into
design of sessions utilized by world-class athletes at both stages
and any potential alterations could yield valuable supplementery
information to the understanding of long-term training development.

Although men and women race different distances, no sex
differences emerged in terms of total training volume or changes
in the transition from junior to senior. However, sprint specialists
increased their training to a lesser degree than distance athletes. This
could be due to lower peak age among sprint athletes (Walther et al.,
2022), suggesting that they are closer to their age of peak
performance at late junior age, leading to a less pronounced rise

TABLE 2 Highest reported aerobic power in world-class XC-skiers during junior age and best senior season.

Subject Sex Junior Senior

VO2max

(L*min−1)
VO2max

(ml*kg−1*min−1)
Body

mass (kg)
VO2max

(L*min−1)
VO2max

(ml*kg−1*min−1)
Body

mass (kg)

1 F 4.97 69.4 71.6 4.89 69.3 70.6

2 F 4.46 64.9 68.7 4.71 74.3 63.4

3 F 3.74 64,2 58.3 4.04 69.7 58.0

4 F 4.44 63.9 69.5 4.58 69.4 66.0

5 F 4.40 64.0 68.8 4.34 68.8 63.1

6 F 3.79 74,8 50.7 4.25 80.0 53.1

7 F 4.46 66.3 67.3 4.39 67.4 65.1

Mean ± SD F 4.31 ± 0.4 66.9 ± 4.0 64.6 ± 7.5 4.46 ± 0.3 71.3 ± 4.4* 62.8 ± 5.7

8 M — — — — — —

9 M 5.36 73.4 73.0 5.87 78.9 74.4

10 M — — — — — —

11 M — — — — — —

12 M 6.08 79.6 76.4 6.80 86.5 78.6

13 M 5.85 78.7 74.3 5.94 79.5 74.7

14 M — — — — — —

15 M 5.79 74.3 77.9 6.37 79.4 80.2

16 M 5.67 78.2 72.5 5.82 78.6 74.1

17 M 4,75 79.3 59.9 5.33 86.4 61.7

Mean ± SD M 5.58 ± 0.5 77.3 ± 2.7 72.3 ± 6.4 6.02 ± 0.5* 81.6 ± 3.8* 73.9 ± 6.5**

VO2max, maximal oxygen uptake

* significant change from junior to senior age (p < 0.05) with large effect.

** significant change from junior to senior age (p < 0.05) with very large effect.
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in training volume. This is reinforced by the trend of younger ages
during the analyszed senior season in sprint skiers in this study.

Training forms

While endurance training increased by around 200 h (large
effect), other training forms diminished by approximately 6 h
(moderate effect) from junior to senior age, whereas strength and
speed training remained unchanged. This underscores that the
changes in total volume described above are almost solely driven
by changes in endurance training. The senior season endurance
volume of around 780 h (~91% of total training) echoes previous
studies (Tønnessen et al., 2014; Sandbakk and Holmberg, 2017; Solli
et al., 2017). Notably, the junior endurance volume of ~580 h was
lower than reports by Karlsson et al. (2021) where junior skiers at
lower performance level were studied. Despite this, no direct link
between endurance training volume at junior age and performance
level is indicated and more investigations on the relationship
between performance level and training volume across age
groups are needed to fully understand this interaction in
endurance sports. The proportion of strength and speed training
in this study was 9.5% and 8.3% during junior and senior age,
respectively, aligning with previous research on senior XC-skiers
(Tønnessen et al., 2014; Sandbakk and Holmberg, 2017; Solli et al.,
2017). Interestingly, we observed large sex differences in strength
training at senior age but not at junior age. Women increased their
strength training volume while men showed a reduction on
corresponding volume, resulting in considerable sex differences
in the transition from junior to senior age. Strength training can
positively affect XC performance by enhancing work economy
(Stöggl and Holmberg, 2022). The shorter distances in women’s
races may put relatively higher demands on power output on
women. Similarly, sex-differences in XC-skiing are influenced by
the contribution of poling (Sandbakk et al., 2014), where the upper
body is strongly involved in propulsion. Women may therefore rely
on strength training to diminish this gap. However, intervention
studies of heavy strength training effects on double poling
performance in female XC-skiers have shown contradicting
outcomes (Skattebo et al., 2014; Østerås et al., 2016).
Consequently other aspects might be important for the sex
differences in strength training found in the present study. Thus,
Jones et al. (2021b) reported that increased body mass, increased
upper body lean mass and decreased whole body fat mass were good
predictors of performance changes in female XC-skiers, but not in
males. These parameters are potentially influenced by strength
training and it seems plausible that women use such training to
compensate for generaly lower muscle mass compared to men which
is specially pronounced in the upper body. We assume that strength
training thereby contributes to maintain or even increase muscle
mass while performing large amounts of endurance training. Future
studies on strength training in XC-sking should therefore consider
both sex differences and body composition.

Previous studies have reported that sprint skiers implement
more strength and speed training than distance skiers (Losnegard
and Hallén, 2014; Sandbakk and Holmberg, 2017). However, this
was not observed in the present participants. One plausible reason
could be that the present athletes aimed to be more versatile and

succeed in both sprint and distance races. Another reason could be
that race characteristics in sprint races have changed over the last
decade, with slightly longer distances, more demanding track
profiles and fewer flat races arranged in city centers.

Endurance training

Nearly all changes in training volume from junior to senior age
could be explained by the 40% increase in LIT. While MIT increased
modestly in absolute terms, the relative mean change was as high as
81%. In contrast, the volume of HIT remained unchanged. Increases
in LIT over time have been observed in previous studies of XC-skiing
(Solli et al., 2017) and other endurance sports (Tjelta, 2013; Schmitt
et al., 2021). The most successful female XC-skier and a world-class
biathlete both showed similar trends in changes of MIT and HIT
(Solli et al., 2017; Solli et al., 2023), while reports from other sports
vary (Staff et al., 2023). In addition to the high proportion of LIT, the
present athletes performed more HIT than MIT at junior age. HIT
has been shown to have a greater short-term effect on endurance
performance and physiological adaptations (e.g., increased VO2max)
than LIT and MIT (Laursen and Jenkins, 2002; Stöggl and Sperlich,
2014). These changes are related to superior cardiovascular
characteristics such as increased stroke volume, possibly
explaining relatively more HIT at junior age where this
development is particularly important (Helgerud et al., 2007;
Bjerring et al., 2019). However, the high stress induced by HIT
may increase the odds of performance stagnation and overtraining if
used too frequently (Billat et al., 1999), while the lower stress of LIT
and MIT allows for high training volume and frequency.

A longitudinal increase in training load is likely necessary to
achieve long-term success in endurance sports (Jones, 2006; Solli
et al., 2017; Haugen et al., 2022). Interestingly, the athletes in this
study achieved this change by increasing LIT and MIT, while HIT
remained unchanged. Even though the tolerable total training stress
is elevated by adaptations to training over time, it is still limited, and
an athlete cannot increase both LIT, MIT and HIT equally. One
could hypothesize that there is an individual maximum of tolerable
HIT that is closely related to total training volume, and athletes may
have to choose between further increases in HIT or total training
volume. This hypothesis is partly supported by Solli et al. (2019) who
reported that a period of increased HIT at senior age was associated
with a lower total volume of endurance training compared to a
different period with a higher volume of training where HIT was
downregulated. Overall, there are several possible explanations for
why the present athletes chose to increase LIT andMIT (and thereby
total training volume) and not HIT in their senior ages. First,
performance factors whose development is particularly promoted
by HIT, such as VO2max, are already developed to a very high level by
the end of junior age. Second, more LIT and MIT enable athletes to
train more frequently and with a higher volume, promoting the
development of other key performance factors such as work
economy and speed at the lactate threshold (Jones, 2006). Third,
athletes are already at a high level and can perform LIT and MIT at
higher speeds, making this training more relevant from a technical
perspective. This also allows them to train at a high percentage of
VO2max at submaximal intensities. Lastly, there is evidence
suggesting that key regulators of exercise-induced mitochondrial

Frontiers in Physiology frontiersin.org09

Walther et al. 10.3389/fphys.2023.1288606

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1288606


biogenesis, which is crucial for adaptations to endurance training,
are diminished by high volumes of HIT (Granata et al., 2020).

Interestingly, the most pronounced changes in LIT from junior
to senior age occurred during early preparation. We hypothesize
that this is a consequence of natural progression and tolerance for
higher training loads, as well as a higher degree of
professionalization at senior age which is supported by a recent
case study in biathlon (Solli et al., 2023). A high volume of training
must be achieved throughout the year while ensuring that stress
induced by training is at a sufficiently low level during competition
season. While HIT outweighs MIT for most of the annual training
year at junior age, the increased volume of LIT and MIT during
preparation leads to a split of the season in TID characteristics at
senior age. Here, MIT clearly outweighs HIT from the start of the
training season, but this ratio is reversed as the competition season
approaches. This intensification has been described previously in
XC-skiing (Solli et al., 2017; Talsnes et al., 2023). Although TID and
especially portions of intensive training are highly debated (Burnley
et al., 2022; Foster et al., 2022), there is some evidence suggesting
that an increased percentage of HIT and a shift from a
predominance of MIT to a predominance of HIT, as observed
during the senior season in this study, is beneficial for endurance
performance (Sylta et al., 2017; Filipas et al., 2021). However, it must
be mentioned that the observed changes both from junior to senior
and within the senior season are rather small, as 91% and 92% of the
endurance training is performed as LIT during junior and senior age,
respectively. Future research should therefore focus on the analysis
of LIT to better understand the specific effects of such training.
Furthermore, analyses on how training is distributed across different
types of endurance sessions should be conducted. This would add
complementary value to the understanding of TID applied by world-
class skiers.

Both specific and unspecific modes increased from junior to
senior age, but the distribution remained unchanged on an annual
level. The present proportions of specific and unspecific modes are
in line with previous reports of XC-skiers (Tønnessen et al., 2014;
Solli et al., 2017; Talsnes et al., 2023). While specific and unspecific
modes were equally distributed during the preparation period,
mainly specific modes were undertaken during the competition
period at both the junior and senior age. Such cross training is a
commonly used strategy to tolerate high training volumes while
avoiding injuries and overload (Sandbakk et al., 2021). Reduced
training volume towards the competition season allows for a more
unilateral application of training modes. This shift is somewhat less
distinct during senior age, as a slightly higher proportion of specific
modes during summer and a lower proportion during winter were
observed. This can be explained by the generally higher training
volume at senior age, making the organization and variation in
modes even more critical. Interestingly, women applied a higher
volume and a higher proportion of unspecific modes at senior age
than men, and this difference was most pronounced during the early
preparation season. Our data suggest two possible explanations for
this. First, the observed sex differences in strength training put
higher demands on the upper body making cross-training with
unspecific movements primarily involving the lower body a
favorable choice. Second, six of the seven women applied altitude
training camps during summer, while only five of ten men attended
such camps. Summer altitude camps are typically conducted in

places associated with poorer conditions for roller-skiing, and
running becomes a more favored option.

Aerobic power

This study pioneers a retrospective analysis of aerobic power
development in world-class XC-skiers from junior to senior age.
While the investigated men increased their absolute VO2max by 8%,
no mean change was seen among women. Hence, sex differences in
absolute VO2max were more pronounced at senior age. Given that
XC-skiing is weight-bearing, VO2max relative to body mass is crucial
and a good predictor of performance. In this aspect, men and
women both exhibited 6%–7% increase in relative VO2max. The
reasons for the divergent changes of absolute and relative VO2max for
men and women are unknown. One possible explanation could be
changes in women’s body composition with increased fat mass
during adolescence, later reduced by high training volumes and
leading to higher relative VO2max. The slower speed of women
compared to men may result in more uphill time (Solli et al., 2020).
As relative VO2max is more important in uphills compared to flat
sections, women may have to maximize their relative VO2max to a
larger degree thanmen. This can partly be achieved by a reduction in
body mass. This tendency was also observed in this study, although
body mass only changed significantly in men.

Remarkably, junior VO2max values found in this study are
surpass prior reports on tier 4 junior skiers (Sandbakk et al.,
2011; Zoppirolli et al., 2020). The present junior VO2max values
even outstrip those reported among national level senior skiers
(Sandbakk et al., 2010) and the present senior values are among
the highest ever reported for endurance athletes (Tønnessen et al.,
2014; Haugen et al., 2018b).

Regression analyses between aerobic power changes and selected
training parameters were not significant. Yet, it is plausible that the
observed changes in LIT andMIT promote submaximal factors such
as speed and fractional utilization of VO2max at lactate threshold or
work economy (Jones, 2006). These factors likely facilitate senior age
performance development (Staff et al., 2023). Therefore, future
studies should concurrently examine long-term development in
VO2max, submaximal responses, training characteristics, and
direct performance measurement.

Strengths and limitations

This study has multiple strengths and limitations. Unlike typical
case reports on elite athletes, this study provides extensive insights
by studying 17 medal-winning athletes simultaneously. Including
both men and women enhances the findings’ applicability. To limit
generational influences, athletes born between 1972 and 1998 were
included. With no correlations between year of birth and training
characteristics, the effect of time-specific training philosophy is
minimized. However, recall bias is a potential error source
especially among older participants, and training might be
influenced by historical coaching philosophies. Finally, the study
might not account for changes in race calendars and traveling
routines for six athletes who had their best senior season during
the COVID-19 pandemic.
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Practical application

This study’s insights into the training characteristics and aerobic
power development among world-class XC-skiers from junior to
senior age provide invaluable understanding for long-term athlete
development. This framework can guide coaches and sports
federations in planning and evaluating in future XC skiers’
developmental trajectories.

Our data indicates that world-class XC-skiers have developed a
very high peak aerobic power already at junior age, while the further
improvements in aerobic power and endurance performance seem
to be driven by an increase in LIT and MIT. However, this increase
in training volume was less prominent for athletes with initially high
junior training volumes, suggesting that individual training
background should be considered when planning for an increase
in training volume.

Apart from women applying more training in unspecific modes
at senior age, no sex differences were found in long-term endurance
training. Still, other characteristics such as session design, speed, or
the choice of terrain and friction in roller-skis might vary between
men and women. Women increased their strength training to a
greater degree and applied more strength training at senior age than
men who showed a decrease from junior to senior age. It could be
speculated that strength training is particularly important for
women to retain muscle mass, especially in the upper body,
while concurrently applying high volumes of endurance training.

Sprint and distance skiers showed similar long-term training
characteristics, except for a higher increase in total training volume
from junior to senior age in distance skiers. Overall, this suggests
that sprint and distance races require relatively similar training
patterns.

Conclusion

This study establishes the first reference values of training
characteristics and aerobic power in the best junior and senior
seasons of medal-winning, world-class XC-skiers. The change in
training was characterized by an increase of ~200 h, primarily
achieved through increased LIT (~185 h) supplemented by a
small increase in MIT (~13 h). This highlights the importance of
LIT and MIT for the long-term development of endurance
performance, intensities that are underrepresented in the
scientific literature. Training volume at junior age was not related
to volume at senior age but was negatively associated with the
increase in total volume from junior to senior age. This underscores
the relevance of individual training background when analyzing and
planning the further development of training characteristics. In
addition to increased LIT, both men and women shifted from a
prevalence of HIT towards a prevalence of MIT in their TID,
indicating that achieving a world-class endurance level requires
higher training volume and altered TID throughout the career.
Divergent trends in strength training were observed between
sexes, suggesting a greater need for developing and maintaining
strength and body composition in women. Our findings of
exceptionally high VO2max at junior age further increased by 8%
in men but not in women, and the increase of 6%–7% in relative
VO2max in both sexes confirms the importance of a high VO2max to

achieve a world-class endurance level and highlight the relevance of
long-term development.
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