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Nutritional intake and anthropometric characteristics are 
associated with endurance performance and markers of low 
energy availability in young female cross-country skiers
Oona Kettunen , Ritva Mikkonen , Vesa Linnamo, Jaakko Mursu, 
Heikki Kyröläinen and Johanna K. Ihalainen

Faculty of Sport and Health Sciences, University of Jyväskylä, Vuokatti, Finland

ABSTRACT
Background: Low energy availability (LEA) can have negative per
formance consequences, but the relationships between LEA and 
performance are poorly understood especially in field conditions. In 
addition, little is known about the contribution of macronutrients to 
long-term performance. Therefore, the aim of this study was to 
evaluate if energy availability (EA) and macronutrient intake in a 
field-based situation were associated with laboratory-measured 
performance, anthropometric characteristics, blood markers, train
ing volume, and/or questionnaire-assessed risk of LEA in young 
female cross-country (XC) skiers. In addition, the study aimed to 
clarify which factors explained performance.
Methods: During a one-year observational study, 23 highly trained 
female XC skiers and biathletes (age 17.1 ± 1.0 years) completed 3- 
day food and training logs on four occasions (September–October, 
February–March, April–May, July–August). Mean (±SD) EA and 
macronutrient intake from these 12 days were calculated to 
describe yearly overall practices. Laboratory measurements (body 
composition with bioimpedance, blood hormone concentrations, 
maximal oxygen uptake (VO2max), oxygen uptake (VO2) at 4  
mmol·L−1 lactate threshold (OBLA), double poling (DP) performance 
(time to exhaustion), counter movement jump (height) and the Low 
Energy Availability in Females Questionnaire (LEAF-Q)) were com
pleted at the beginning (August 2020, M1) and end of the study 
(August 2021, M2). Annual training volume between measurements 
was recorded using an online training diary.
Results: The 12-day mean EA (37.4 ± 9.1 kcal·kg FFM−1·d−1) and 
carbohydrate (CHO) intake (4.8 ± 0.8 g·kg−1·d−1) were suboptimal 
while intake of protein (1.8 ± 0.3 g·kg−1·d−1) and fat (31 ± 4 E%) 
were within recommended ranges. Lower EA and CHO intake 
were associated with a higher LEAF-Q score (r  = 0.44, p  = 0.042; r   
= 0.47, p  = 0.026). Higher CHO and protein intake were associated 
with higher VO2max (r  = 0.61, p  = 0.005; r  = 0.54, p  = 0.014), VO2 at 
OBLA (r  = 0.63, p  = 0.003; r  = 0.62, p  = 0.003), and DP performance 
at M2 (r  = 0.42, p  = 0.051; r  = 0.44, p  = 0.039). Body fat percentage 
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(F%) was negatively associated with CHO and protein intake (r  
= -0.50, p  = 0.017; r = -0.66, p  = 0.001). Better DP performance at 
M2 was explained by higher training volume (R2  = 0.24, p  = 0.033) 
and higher relative VO2max and VO2 at OBLA at M2 by lower F% (R2   

= 0.44, p  = 0.004; R2  = 0.47, p  = 0.003). Increase from M1 to M2 in 
DP performance was explained by a decrease in F% (R2  = 0.25, p  =  
0.029).
Conclusions: F%, and training volume were the most important 
factors explaining performance in young female XC skiers. Notably, 
lower F% was associated with higher macronutrient intake, sug
gesting that restricting nutritional intake may not be a good strat
egy to modify body composition in young female athletes. In 
addition, lower overall CHO intake and EA increased risk of LEA 
determined by LEAF-Q. These findings highlight the importance of 
adequate nutritional intake to support performance and overall 
health.

1. Introduction

The relationship between energy availability (EA) and performance is not yet fully understood, 
although the negative consequences of low energy availability (LEA) on health are quite well 
documented, especially with females [1]. Most importantly, there is a significant gap in knowledge 
between short-term laboratory studies and long-term field-based studies examining LEA [2]. 
Although actual cutoff values are individual, LEA is often defined as < 30 kcal·kg FFM−1·d−1 based 
on laboratory studies in sedentary women [3]. LEA may suppress endocrine function, impair bone 
health, and increase the risk of illness while leaving inadequate amounts of energy for recovery 
and training adaptations, which all have negative consequences for performance development 
[1,2,4]. Changes in hormone levels, menstrual disturbances, and increased incidence of bone 
stress injuries are typical symptoms and signs of LEA [1,2,4]. Regrettably, relatively little is known 
about EA in cross country (XC) skiers who are prone to several LEA risk factors such as high 
exercise energy expenditure (EEE) [5] and the performance benefits of lean body composition (i.e. 
more fat free mass (FFM) and less fat mass (FM)) [6].

In addition to EA, the macronutrient composition of a diet can also have a significant 
impact on performance and health. Carbohydrates (CHO), in particular, are known to be a 
critical macronutrient for performance in endurance sports such as XC skiing [5,7]. Indeed, XC 
ski races and key training sessions are conducted at intensities that mostly depend on CHO 
based fuels [5,8]. To maintain capacity for high working intensities between hard training 
sessions and competitions, consumption of high amounts of CHO is necessary [9]. 
Unfortunately, previous studies have shown that both elite [10] and young female skiers 
[11] struggle to meet the current CHO recommendations for endurance athletes. In contrast, 
the recommendations for protein and fat intake are met by most XC skiers [10,11], which 
supports recovery, training adaptations, and normal body functions [12].

Females, and especially females under 20 years of age, who compete in endurance 
and/or lean sports (e.g. running, XC skiing), are especially prone to LEA associated health 
and performance problems [1,13]. Regrettably, most studies that have focused on the 
macronutrient requirements in athletes have been conducted with male participants 
resulting in a significant gap in knowledge about macronutrient needs in female athletes 
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[14]. Therefore, the aim of this study was to investigate whether EA and macronutrient 
intake in field-based conditions are associated with the changes in performance, anthro
pometric characteristics, blood markers, training volume, and/or questionnaire-deter
mined risk for LEA. In addition, the study aimed to clarify which of the above- 
mentioned variables explained maximal oxygen uptake (VO2max), lactate threshold, 
upper body endurance performance, and lower limb explosive performance, i.e. the 
factors that contribute to performance in XC skiing [15].

2. Materials and methods

2.1. Participants

A total of 27 female XC skiers and biathletes (age 17.1 ± 1.0 years, VO2max 54.1 ± 3.8  
ml·kg−1·min−1) participated in the study. All participants provided informed consent 
after receiving comprehensive oral and written details of the protocol. The participants 
were members of the sport academy of a local high school. Four participants dropped out 
due to personal reasons and thus the final number of the participants was 23. Altogether 
64% of the participants belonged to Youth National Teams. The Ethical Board of the 
University of Jyväskylä approved the study procedures (No. 380/13.00.04.00/2020), and 
the study was conducted in accordance with the Declaration of Helsinki.

2.2. Design

The one-year follow-up study was performed from August 2020 (M1) to August 2021 (M2) 
to examine whether 12-day mean EA and macronutrient intake assessed from four 3-day 
food and training logs in different phases of the training year were associated with 
changes in performance, anthropometric characteristics, and serum hormone concentra
tions in young female XC skiers. The Low Energy Availability in Females Questionnaire 
(LEAF-Q) [16] and laboratory measurements including performance tests, anthropometric 
measurements, and blood samples were completed at the beginning (M1) and at the end 
of the study (M2). In addition, anthropometric measurements and aerobic performance 
tests were performed twice during the follow-up (November and the following April) to 
refine EA assessment (see calculations). Annual training volume was recorded using an 
online training diary (eLogger, eSportwise Oy, Finland).

2.3. Anthropometric measurements

Anthropometric measurements were completed in the morning following an overnight 
fast. Height of the participants was measured with a wall-mounted stadiometer. Body 
mass (BM), FFM, FM, and fat percentage (F%) were measured using bioimpedance (Inbody 
720, Biospace Co., Seoul, Korea).

2.4. Blood samples and analysis

Fasting blood samples were obtained from the antecubital vein for analysis of 
serum hormone concentrations. M1 and M2 samples from each participant were 
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collected at the same time of day between 7 a.m. and 9 a.m. Blood was drawn into 
Vacuette gel serum tubes (Greiner-Bio-One GmbH, Kremsmünster, Austria). The 
tubes were centrifuged at 3600 rpm for 10 min to collect serum, which was frozen 
at -20°C. Concentrations of insulin, cortisol, insulin-like growth factor 1 (IGF-1), free 
triiodothyronine (T3), free thyroxine (T4), thyroid-stimulating hormone (TSH), leptin, 
and testosterone were analyzed by an immunometric chemiluminescence method 
(Immulite 2000 ×Pi, Siemens Healthcare, United Kingdom). The assay sensitivities 
were 2.0 U·L−1 for insulin, 5.5 nmol·L−1 for cortisol, 2.6 nmol·L−1 for IGF-1, 1.5 
pmol·L−1 for free T3, 1.4 for free T4, 0.004 mU·L−1 for TSH, 0.2 ug·L−1 for leptin, 
and 0.5 nmol·L−1 for testosterone. Reliabilities expressed as a coefficient of variation 
were 8.8% for insulin, 7.7% for cortisol, 4.4% for IGF-1, 10.3% for free T3, 6.6% for 
free T4, 9.2% for TSH, 4.9% for leptin, and 10.9% for testosterone.

2.5. Jump performance

The counter movement jump (CMJ) test [17] was performed on a force plate (HUR FP8, 
Kokkola, Finland) after a self-selected warm-up. Participants were instructed to stand with 
feet shoulder-width apart and hands on hips while flexing the knees and trying to jump as 
high as possible. The best jump height of three attempts was calculated from 
impulse [18].

2.6. Aerobic capacity and lactate threshold

The incremental aerobic capacity test, which was familiar to the participants, was per
formed by walking or running with poles on a treadmill (Telineyhtymä, Kotka, Finland) 
∼15 min after CMJ. The test started at 3.5° inclination with a speed of 5.0 km·h−1. The 
inclination and/or the speed of the treadmill was increased every third minute so that 
predicted oxygen uptake (VO2) calculated according to the equation by Balke & Ware [19] 
increased by 6 ml·kg−1·min−1 in every stage.

Respiratory variables were measured continuously using a mixing chamber system 
(Medikro 919 Ergospirometer, Medikro Oy, Kuopio, Finland). Volume and gas calibration 
of the ergospirometer was done prior to every measurement. VO2 and respiratory 
exchange ratio (RER) from the last 60 s of each stage, and the highest 60 s average 
(VO2max) were recorded. Heart rate was monitored continuously throughout the tests 
using a heart rate belt (Polar H10, Polar Electro Oy, Kempele, Finland), and the average 
heart rate from the last 60 s of each stage was recorded. Blood lactate samples at the end 
of each stage were obtained from a fingertip and collected into capillary tubes (20 μL), 
which were placed in a 1-mL hemolyzing solution and analyzed using Biosen C-line 
analyzer (EKF diagnostics, Barleben, Germany). In addition to VO2max, the VO2 at 4  
mmol·L−1 lactate (Onset of Blood Lactate Accumulation, OBLA) was recorded.

2.7. Double poling performance

A maximal double poling test was performed by roller skiing on a treadmill (Rodby 
Innovation AB, Vänge, Sweden). All skiers used the same pair of Marwe 800 ×C roller 
skis (Marwe Oy, Hyvinkää, Finland) equipped with prolink bindings (Salomon Group, 
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Annecy, France) and standard 6C6 wheels (Marwe Oy, Hyvinkää, Finland). Poles (Swix Triac 
3.0, BRAV, Lillehammer, Norway) were selected based on the length of the participants´ 
classic poles and were equipped with a tip customized for treadmill roller skiing. After a 
self-selected warm-up outside the laboratory, participants performed a 10 min warm-up 
at the same workload as the first stage of the subsequent submaximal test including two 
∼15 s sprints at the workload equal to the fourth to sixth stage of the test. Following the 
warm-up, athletes performed an incremental treadmill test double poling at an incline of 
2°, starting at 10 km·h−1 and followed by an increase of 1 km·h−1 every minute until 
volitional exhaustion. Time to exhaustion was also recorded.

2.8. Food and training logs

Food and training logs were collected at four time points (September–October, February– 
March, April–May, July–August) for a 3-day period. Athletes selected three subsequent 
days for each log from a 4-week period, and the mean values from 12 days were 
calculated to describe yearly overall practices. Participants were asked to select days 
that described their typical daily dietary and training routines as well as possible. 
Timing, amount, and type of food as well as fluid consumed were recorded in the food 
logs while calibrated kitchen scales were used to weigh servings. If the scales were not 
available (i.e. in a restaurant), participants took photos of their portions. They were also 
asked to take at least two photos of the weighted portions to validate what was recorded. 
Timing, type, and average heart rate of exercises performed were recorded in training 
logs. Written and verbal instructions were given to ensure more accurate record keeping. 
Food logs were analyzed for energy intake (EI) and macronutrient intake using Aivodiet- 
software (version 2.0.2.3, Mashie, Malmö, Sweden). All dietary records were analyzed by 
the same researcher. Despite limitations in validity of food logs, they are currently the best 
available tool to assess dietary intake of the athletes in the field conditions [20].

2.9. Calculations

The EEE assessments were based on the individual relationship of energy expenditure 
(EE), oxygen uptake, and heart rate during the aerobic capacity test. EE during the first five 
stages of the test was calculated as follows:

EE = VO2 * (1.1 * RER + 3.9) [21]
Calculated EE and heart rate from the five first stage of the test were used to form an 

individual regression line for each subject as described by Tomten & Hostmark [22]. EEE of 
each exercise was calculated from the mean heart rate and duration of the training 
session using this regression line. As the relationship between EE and heart rate may 
change within a year, the aerobic capacity test was performed four times during the study 
(August, November, April, August) to update the regression line. The Cunningham equa
tion [23], utilizing FFM from the bioimpedance measurement, was used to calculate 
resting EE, which was subtracted from EEE to follow the latest definition of EA [24]. 
Laboratory-based measurements, where heart rate is plotted against indirect calorimetry 
are among the most valid methods to assess EEE in field conditions [2].

Daily EA was calculated as:
EA = (EI – EEE) / FFM [3],
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where FFM is obtained from bioimpedance measurement performed within ∼a month 
of the logs.

To enable a comprehensive understanding of the nutritional practices during the whole 
training year, the 12-day mean EI, EEE, EA, and macronutrient intake was used in the analysis.

2.10. Questionnaires

Participants completed the LEAF-Q [16] at the beginning and at the end of the study, 
which was used to assess the risk of LEA (≥8 points [16]) and the prevalence of self- 
reported amenorrhea (absence of menstrual cycles for more than 90 d [25]). The LEAF-Q 
consist of questions regarding physiological symptoms linked to energy deficiency, such 
as injuries, gastrointestinal symptoms, and menstrual dysfunction [16].

2.11. Statistical analysis

IBM SPSS Statistics version 26.0 (IBM Corp., Armonk, NY) was used for statistical analysis. A 
Shapiro–Wilk test was performed to check the normality of the data. Nonparametric tests 
were used to analyze non-normally distributed data (FFM at M1, BM at M2, FM at M2). The 
significance of the changes from M1 to M2 were analyzed either with Student´s paired t- 
test (normally distributed data) or Wilcoxon signed rank test (non-normally distributed 
data). Results are reported as means ± SD. The effect size of differences was expressed as 
Cohen’s d [26]. Correlations for normally distributed data were analyzed by using 
Pearson’s correlation coefficient (r) while nonparametric data was analyzed using 
Kendall’s tau b (τb). Stepwise linear regression analysis was used to determine which of 
the nutritional, anthropometric, and training volume variables presented in Table 3 
explained performance variables in the end of the follow-up period (M2). BM and FM 
were excluded from the regression analyses because the normality of the variables was 
violated. The method selected the best variables to explain the dependent variable. In the 
analysis of year-to-year changes in the performance variables, the changes in body 
composition, instead of absolute values, were used as independent variables. 
Homoscedasticity was tested by estimating Pearson and Spearman’s correlations 
between the standardized predicted values and the absolute standardized residuals and 
was not violated in any of the analyses. The relative importance of contributing variables 
was calculated based on R Square (R2). The statistical significance was defined as p < .05.

3. Results

Table 1 presents the mean EI, EEE, EA, and macronutrient intake from the food and 
training logs (the mean of 12 d). The mean EA (37.4 ± 9.1 kcal·kg FFM−1·d−1) and CHO 
(4.8 ± 0.8 g·kg−1·d−1) intake were below the recommendation while protein (1.8 ± 0.3  
g·kg−1·d−1) and fat intake (1.4 ± 0.4 g·kg−1·d−1) were at recommended range.

BM, height, body mass index (BMI), FFM, FM, and F% increased significantly during 
the follow-up year (Table 2), while VO2max in relation to BM decreased (Table 2). The 
results of other performance variables and blood hormone concentrations remained 
similar between M1 and M2. Nine athletes had LEAF-Q score ≥ 8 at both measurement 
points. Five of the athletes had score of ≥ 8 at both M1 and M2, four athletes only in 
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M1, and four athletes only in M2. One subject had self-reported amenorrhea at both M1 

and M2. This participant had LEA (26.4 kcal·kg FFM−1·d−1), a high LEAF-Q score (12 at 
M1 and 15 at M2), and her concentrations of several metabolic hormones were below 
the lower limit of 95% confidence interval (CI) for the group mean. Namely, concen
trations of insulin at M1 (4.0, CI: 5.8–11.5) free T3 at M1 (3.7 pmol·l−1, CI: 4.2–5.2 
pmol·l−1) and at M2 (3.0 pmol·l−1, CI: 4.2–5.1 pmol·l−1), free T4 at M1 (10.0 pmol·l−1, 
CI: 12.5–14.5 pmol·l−1) and at M2 (8.2 pmol·l−1, CI: 12.5–14.0 pmol·l−1), TSH at M1 (0.9 
mU·l−1, CI: 1.9–3.1) and at M2 (1.1 mU·l−1, CI: 2.0–2.8 mU·l−1), and leptin at M2 (14.2 
ng·L−1, CI: 23.2–37.0 ng·L−1) were below 95% CI.

On average, participants trained 601 ± 101 (454–811) hours during the follow-up year. 
Training volume was not associated with anthropometric or nutritional variables. 
Participants who had higher training volume generally performed better in the DP test 
at M2 (r = 0.49, p = 0.033) and had higher absolute VO2max (L·min−1) at M2 (r = 0.57, p =  
0.18). In addition, training volume showed a statistical trend toward higher relative VO2max 

(ml·kg−1·min−1) at M2 (r = 0.42, p = 0.092), and toward increase in DP test time (r = 0.43, p =  
0.069) and relative VO2max (r = 0.40, p = 0.11) from M1 to M2.

Table 3 shows the correlations between performance, nutrition, body composition, and 
training volume. Athletes with higher relative VO2max and VO2 at OBLA at M2 tended to 
consume more macronutrients, particularly CHO (Figure 1a) and protein, in relation to 
their BM. In addition, CHO and protein intake were positively associated with the DP test 
time, but in the case of CHO, this association did not reach statistical significance (p =  
0.051). The only positive association between performance changes and nutrition was the 
positive association between protein intake and the change from M1 to M2 in relative VO2 

at OBLA (r = 0.55, p = 0.013). As shown in Table 3, absolute VO2max and VO2 at OBLA were 
positively associated with BM, BMI, and FFM while relative VO2max and VO2 at OBLA were 
negatively associated with BM, FM, and F% (Figure 1b). DP test time did not correlate with 
anthropometric variables. CMJ was negatively associated with BMI. Training volume was 
positively associated with absolute VO2max and DP test time (Table 3).

BM at M2 was negatively associated with CHO intake (τb = 0.33, p = 0.036), FM at M2 with 
protein intake (τb = 0.43, p = 0.006) and F% at M2 with both CHO (Figure 1c) and protein intake 
(r = -0.50, p = 0.017; r = -0.66, p = 0.001, respectively). There were no associations between 
nutritional intake and changes in anthropometric characteristics or between nutritional intake 
and hormone concentrations. In contrast, EA and CHO intake were negatively associated with 
the LEAF-Q score at M2 (r = 0.44, p = 0.042; r = 0.47, p = 0.026, respectively).

In the stepwise linear regression analysis, DP test time at M2 was explained by training 
volume (R2 = 0.24, p = 0.033), absolute VO2max by BMI and training volume (R2 = 0.71, p  
< .001), relative VO2max (ml·kg−1·min−1) by F% (R2 = 0.44, p = 0.004), absolute VO2 at OBLA 

Table 1. The 12-day means for energy intake, exercise energy expenditure, energy availability, and 
macronutrient intake in young female cross-country skiers.

n = 23 Mean ± SD Range Recommendation [12]

Energy intake (kcal·kg FFM−1·d−1) 50.3 ± 7.7 32.2–63.0 NA
Exercise energy expenditure (kcal·kg FFM−1·d−1) 12.8 ± 4.5 7.5–20.9 NA
Energy availability (kcal·kg FFM−1·d−1) 37.4 ± 9.1 12.4–49.0 ≥45
Carbohydrate intake (g·kg−1·d−1) 4.8 ± 0.8 2.8–6.4 6–10
Protein intake (g·kg−1·d−1) 1.8 ± 0.3 1.2–2.4 1.2–2.0
Fat intake (E%) 31 ± 4 24–37 20–35 E%
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Figure 1. Associations between carbohydrate intake and maximal oxygen uptake (VO2max) (A), body 
fat percentage and VO2max (B), and body fat percentage and carbohydrate intake.
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by FFM (R2 = 0.64, p < .001), and relative VO2 at OBLA by F% (R2 = 0.47, p = 0.003). Changes 
from M1 to M2 in the DP test time were explained by changes in F% (R2 = 0.25, p = 0.029, 
Figure 2). Changes in VO2max, VO2 at OBLA, or CMJ were not explained by training volume, 
nutrition, or anthropometric characteristics.

4. Discussion

The present study aimed to clarify how 12-day mean EA and macronutrient intake in field- 
based situations are associated with performance, anthropometric characteristics, hormo
nal concentrations, LEAF-Q points, and/or training volume. The results indicated that 
young female XC skiers with higher CHO and protein intake had higher VO2max and VO2 

at OBLA in relation to their BM as well as better DP performance. Nevertheless, anthro
pometric characteristics and higher training volume seemed to be the most important 
factors explaining endurance performance. The results also indicated that lower EA and 
CHO intake were associated with higher LEA risk (high LEAF-Q score).

The 12-day mean EA (37.4 ± 9.1 kcal·kg FFM−1·d−1) was at a suboptimal level in 
light of the EA recommendation for female athletes [3]. In addition, four (17 %) of 
the participants had LEA. These values are comparable to those previously reported 
from a shorter follow-up period [11]. On average, the young female XC skiers appear 
to have EA that is above the “historical” LEA threshold of 30 kcal·kg FFM−1·d−1 [3]. 
Notably, this threshold is based on the short-term laboratory interventions, that 
showed impaired endocrine [27] and bone turnover markers [28]. Unfortunately, 
the minimum EA level that can be maintained over longer periods (weeks, months, 
or years) without negative effects on health and performance is currently unknown 

Figure 2. Association between changes in body fat percentage and double poling (DP) test time.
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and likely individual [2]. Therefore, we do not know with certainty whether the mean 
EA observed in the present study ultimately affects long-term health and/or 
performance.

EA assessment in field conditions have several methodological challenges that can reduce the 
validity of the observations [2,29]. Consequently, researchers have recommended the use of 
surrogate markers of LEA (i.e. blood parameters and/or questionnaires) for screening purposes 
[2,29]. As such, the assessment of LEAF-Q scores and blood hormone analyses were included in the 
study protocol. As expected, lower EA was associated with a higher risk of LEA determined by LEAF- 
Q score, and indeed, all of the athletes with LEA, as determined by food diaries, had a LEAF-Q 
score ≥ 8 at the end of the follow-up period. These findings suggest that food and training logs may 
provide important information regarding the risk of LEA if the recording period is long enough.

Blood hormone concentrations remained similar from M1 to M2 and were not associated 
with other variables. This could be due to the fact that hormonal disturbances are typically 
reported as a result of LEA [27,30], which was avoided by most participants in the present 
study. Indeed, the only amenorrheic athlete had insulin, free T3, free T4, TSH, and leptin 
concentrations that were among the lowest of the entire group (below the lower limit of 95% 
CI). Previous studies have shown decreased insulin, free T3, and leptin are associated with LEA 
and amenorrhea, while the results for free T4 and TSH are variable [30]. In addition to 
decreased levels of metabolic hormones, the amenorrheic participant was identified as having 
LEA determined by food and training logs and was classified as high risk for LEA based on 
LEAF-Q. This case suggests that food and training logs, LEAF-Q, and measurement of specific 
hormones could all be successfully used for screening purposes in athletes with long-term 
LEA. Nevertheless, this conclusion is limited because we did not perform a clinical diagnosis to 
exclude other possible causes of amenorrhea. In addition, CVs of the hormone concentrations 
were relatively high and thus the interpretations should be made with caution.

As in previous studies in female XC skiers [10,11], CHO intake (4.8 ± 0.8 g·kg−1·d−1) was 
lower than recommended for endurance athletes training 1–3 h per day (6–10 g·kg−1·d−1 

[12]), while protein (1.8 ± 0.3 g·kg−1·d−1), and fat intake (31 ± 4 of total EI) were within the 
recommended range (protein 1.2–2.0 g·kg−1·d−1; fat 20–35% of total EI [12]). Interestingly, 
athletes with higher CHO and protein intake tended to have better relative VO2max, VO2 at 
OBLA, and DP test time in the end of the follow-up period, which suggest that eating 
practices that include higher amounts of these macronutrients might be beneficial for long- 
term performance adaptations. This finding is not surprising as the intensities used in XC 
skiing competitions and key training sessions are reliant on CHO based fuels [5,8], and 
relatively high CHO intake is needed to replenish muscle glycogen stores between training 
sessions [9]. In addition, adequate CHO intake is important to minimize the risk of illness [31] 
and overtraining [32]. Protein, in turn, plays an essential role as a substrate for recovery and 
trigger for adaptation after exercise [33], thus adequate amount of protein is needed for 
recovery and training adaptation. Given that high load endurance training [34], whole body 
training [35], adolescence [36], energy deficiency [37] and low CHO availability [38] may 
increase protein requirements, a protein intake in the upper range or slightly above current 
recommendations [12] may have been beneficial for the participants in the present study.

Despite the associations between nutrition and performance, the strongest factors 
explaining better performance were related to leaner body composition and higher 
training volume. Training volume during the one-year follow-up explained 24% of the 
variation in the DP test time at the end of the study, while 25% of the annual changes of 
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the DP test time were explained by changes in F%. This is consistent with the findings of 
Jones et al. (2021), who reported that changes toward leaner body composition favor the 
development in XC ski performance [6]. In particular, increased upper-body strength and 
lean mass can lead to improved DP performance [6,39]. In addition, it is known that a 
higher training volume is an important factor that differentiates elite XC skiers from 
national level athletes [40], which highlights the importance of high training volume for 
performance development.

Lower F% was beneficial for relative VO2max and explained 44% of the variation, while F% 
alone explained 47% of the variation in relative VO2 at OBLA. Although mean relative VO2max 

and VO2 at OBLA decreased and BM, FM, and F% increased during the follow-up, changes in 
VO2max and VO2 at OBLA could not be explained by changes in anthropometric character
istics. Interestingly, lower BM, FM, and F% were associated with higher EA and macronu
trient intake but there were no associations between nutrition and changes in 
anthropometric characteristics. Together these findings suggest that associations between 
nutrition, anthropometric characteristics, and maximal and submaximal aerobic perfor
mance have likely developed over a longer period of time than what was investigated. 
Nonetheless, the better performing athletes tended to have higher macronutrient intakes, 
which may have promoted their development over the years. Notably, the results of this 
study suggest that restricting EA or macronutrient intake is not an effective way to modify 
BM and/or body composition in young female endurance athletes. In addition, the results 
highlight that the adequacy of an athletes´ dietary intake cannot be determined based on 
BM or body composition [1,41,42].

Although problems with the validity and reliability of assessing dietary intake and EA in 
field conditions [2,29] can be considered as the main limitation of the present study, the 
methods used to minimize methodological errors were the strength of the study. As real- 
world EA assessment has been criticized as a short recording period only gives a snapshot 
of an athlete’s dietary and training practices [2,19], the present study aimed to provide an 
overall picture of nutritional and training practices by analyzing a total of 12 days of 
nutrition and training data from different parts of the training year. Although misreporting 
may limit the validity of the food logs, comprehensive written and verbal instructions, 
weighted food logs and highly motivated participants increased the validity of the present 
data. To increase the validity of EEE assessment, laboratory-based associations of EE, VO2, 
and heart rate were utilized [2]. Unfortunately, for practical reasons, we could not measure 
body composition using the gold standard method DXA and the use of the less precise 
bioimpedance method is a minor limitation of the study. To minimize potential confound
ing factors, the measurement was always performed after an overnight fast and after the 
participants had visited the toilet. In addition, we were not able to standardize the phase 
of the menstrual cycle, which may have influenced on the bioimpedance analysis as well 
as on the other variables investigated. Additionally, while this study lacks assessment of 
competition performance, all performance parameters included are considered important 
for assessing XC skier development [15]. Furthermore, a recent study by Talsnes et al. 
(2021) showed that laboratory-based VO2max incremental running test and roller ski 
performance tests have a strong positive correlation with competition performance [43].
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5. Conclusions

Anthropometric characteristics, especially F%, and training volume appeared to be the most 
important factors explaining different indicators of a young female XC skier’s performance. In 
addition, lower CHO and protein intake were associated with higher BM, FM, and F% as well 
as with lower VO2max and DP performance. Taken together, these findings suggest that 
although lean body composition may be beneficial for endurance performance, it should 
not be sought by restricting dietary intake. Indeed, athletes with lower CHO intake and EA not 
only had poorer performance, but also an increased risk of self-reported physiological 
symptoms of LEA. These findings highlight the importance of adequate EA and macronutrient 
intake to support performance and overall health.
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