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This study compared cardiorespiratory fitness, bio-motor abilities, and body composition indexes of sprint kayakers categorized into three different age groups and two expertise levels of international- and club-level athletes. Seventy-three male juniors (n = 14, age = 16.2 ± 0.8), under 23 [U23 (n = 15, age = 20.2 ± 1.6)], professionals (n = 16, age = 27.1 ± 4.8), club-level (n = 15, age = 26.9 ± 6.6), and international-level (n = 13, age = 27.3 ± 3.2) sprint kayakers were studied. Cardiorespiratory fitness (assessed using incremental exercise test), 500 and 1,000-m paddling performance (assessed using kayak ergometer), upper-body power (assessed using 30 s all-out Wingate test) and strength (assessed through one repetition tests for bench press, cable row, and prone bench pull exercises), as well as body composition indexes (measured using dual-energy X-ray absorptiometry) were evaluated on four occasions separated by 48 h recovery. U23 and, especially, professionals indicated significantly (p < 0.05) greater outcomes for the majority of the cardiorespiratory fitness parameters [maximal oxygen uptake (VO2max), velocity corresponding to VO2max, Oxygen pulse, maximal ventilation, and second ventilatory threshold] and 500 and 1,000-m performance. U23 and professional sprint kayakers significantly (p < 0.05) differed in the first ventilatory threshold and 500, and 1,000-m performance but not in VO2max or the second ventilatory threshold. Professionals also showed a lower fat mass, higher muscle mass, and higher strength (bench press, prone bench pull, and seated cable row) and power than U23 and junior kayakers. Strength and power indicators had significantly greater values in U23 athletes compared to juniors. International-level athletes also showed superior VO2max, velocity corresponding to VO2max, middle (500-m), and long-distance (1,000-m) time trial performance, strength and power, lower fat, and higher muscle mass than club-level sprint kayakers. Cardiorespiratory fitness (particularly ventilatory threshold), body composition, and muscle strength/power are the best differentiating factors for sprint kayakers of different ages and expertise levels. These findings could aid coaches in prescribing training programs focusing on improving determining factors in paddling performance, as well as in predicting performance and identifying talent.
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1 INTRODUCTION
Achieving the highest level of performance in any sport is a gradual and comprehensive endeavor that extends over multiple years (Alejo et al., 2022), requiring continuous improvement of sport-specific characteristics from a junior level, progressing to under 23 (U23), and ultimately getting the professional level. Physiological attributes, anthropometric variables, bio-motor abilities, and body composition parameters affecting sprint kayaking performance have already been well elucidated (Fry and Morton, 1991; Byrnes and Kearney, 1997; Bishop, 2000; van Someren and Palmer, 2003; van Someren and Howatson, 2008; Michael et al., 2009; Buglione et al., 2011; McKean and Burkett, 2014; Borges et al., 2015; Hamano et al., 2015; López-Plaza et al., 2017; Paquette et al., 2018; Pickett et al., 2018; Coleho et al., 2020; Kukic et al., 2022; Gäbler et al., 2023). However, the information regarding the difference between age categories and expertise levels is limited. Understanding the actual physiological and performance disparities among athletes of various age groups and expertise levels could help to identify particular attributes that need to be developed from younger ages to professional levels to enhance the likelihood of achieving high-level performance (Sheykhlouvand et al., 2015; Foster et al., 2022).
Sprint kayak is an Olympic event on a flat-water course with official races in World championships set over four distances of 200-m (∼38 s), 500-m (∼100 s), 1,000-m (∼220 s), and 5,000-m (∼1,290 s) for men senior category (International Canoe Federation)1. Races are completed individually and in crews of up to four. Kayakers compete in a seated position, propelling themselves forward using a double-blade paddle. Research indicates that sprint kayak performance mainly depends on upper-body anaerobic and aerobic power (Borges et al., 2015; López-Plaza et al., 2017; Barzegar et al., 2021; Sheykhlouvand et al., 2022). For instance, “using the accumulated oxygen deficit method, the contribution of aerobic metabolism to different distances in highly-trained kayakers has been estimated at 37%, 64%–78%, and 85%–87% for 200-m, 500-m, and 1,000-m, respectively (Byrnes and Kearney, 1997; Zamparo et al., 1999; Zouhla et al., 2012)”. Middle-distance events (500-m and 1,000-m) kayak sprint performance is strongly correlated to maximum oxygen uptake (VO2max) and lactate threshold (Zamparo et al., 1999; Paquette et al., 2018). By contrast, short-distance 200-m performance is not related to VO2max and lactate threshold but upper-body anaerobic power/capacity, distinguishing international-level kayakers from national-level athletes (van Someren and Palmer, 2003).
Enhanced upper-body strength and muscular endurance also significantly determine sprint performance (Forbes and Sheykhlouvand, 2016; Sheykhlouvand et al., 2022). Enhancing the pulling motion during paddling strokes leads to a steady augmentation of the force during the entire pulling phase, resulting in better speed maintenance (Ualí et al., 2012; McKean and Burkett, 2014). Kayakers must generate considerable average power during each stroke and apply significant forces on the blade of the paddle while propelling forward to achieve the highest average boat velocity (Michael et al., 2009; Kukić et al., 2022). Muscle mass significantly affects force outcomes per paddling stroke (Kukić et al., 2022). Also, higher body fatness increases the drag force and reduces the paddling efficacy (Michael et al., 2009; McDonnell et al., 2012). Hence, when planning long-, medium- and short-term training, it is crucial to consider the body composition of sprint kayakers (Borges et al., 2015).
Although previous studies have identified various contributing attributes to sprint kayak performance, reviewing the literature indicates that no previous study has directly compared these parameters among sprint kayakers of varying age groups and expertise levels. Accordingly, this study aimed to compare cardiorespiratory fitness, bio-motor abilities, and body composition indicators among sprint kayakers of different age groups (junior, U23, professional) and expertise levels (international-level vs. club-level). We hypothesized the presence of a linear progression from junior to professional levels for the specified variables. Additionally, individuals competing at the international level will exhibit superior physiological and performance capabilities compared to sprint kayakers participating at the club level.
2 MATERIALS AND METHODS
2.1 Participants
Seventy-three male sprint kayakers classified as junior (n = 14, age = 16.2 ± 0.8), U23 (n = 15, age = 20.2 ± 1.6), professionals (n = 16, age = 27.1 ± 4.8), club-level (n = 15, age = 26.9 ± 6.6), and international-level (n = 13, age = 27.3 ± 3.2) gave their written informed consent and volunteered to participate. All participants actively engaged in national and international competitions, including Asian or World Championships, representing their country of origin as members of their national teams. Kayakers underwent the assessment approximately 1 month after the last event of the pre-season phase. All participants were medication-free and with no musculoskeletal injuries or other conditions hindering their participation. The procedures followed during the study adhered to the ethical guidelines outlined in the Helsinki Declaration and were approved by the ethical committee of Shaoguan University, China.
2.2 Study design
The research was conducted using a cross-sectional observational design. Kayakers attended the lab on four different days, separated by 48 h recovery between testing days to assess body composition and cardiorespiratory fitness (first session), muscular strength (second session), upper-body anaerobic power (third session), and paddling performance using a kayak ergometer (Dansprint, Hvidovre, Denmark). 500, and 1,000-m paddling time trials were completed on the last assessment day, and the tests were separated with 2 h of recovery. All tests were conducted under the same condition. Participants were instructed to follow their habitual dietary pattern and abstain from caffeine, alcohol, and severe exercise in the 24 h period preceding the testing sessions (Gharaat et al., 2020).
2.3 Body composition assessment
Participants’ body composition [bone mineral content (BMC), body mass, and muscle and fat mass] was measured using a dual-energy X-ray absorptiometry (DXA, Lunar Prodigy Advance; GE-Medical, Systems, Madison, WI, United States). Participants’ stature was determined by a wall-mounted digital stadiometer (Charder, HM200D, Taichung, Taiwan).
2.4 Incremental exercise test using gas collection system
Participants completed a graded exercise test on a kayak ergometer (Dansprint PRO, Hvidovre, Denmark). Following a standardized warm-up consisting of a 3-min paddling at ∼85% HRmax followed by two 15 s accelerations interspersed with 45 s rest and 2 standing starts of 24 strokes with 45 s rest between, ending with a 3-min paddling at 85% HRmax (Borges et al., 2015), the trial commenced at 6 km·h−1 and was followed by 1 km·h−1 increments every 1 min until volitional exhaustion (Sheykhlouvand et al., 2022; Sheykhlouvand et al., 2018a; Sheykhlouvand et al., 2018b). Expired air was continuously recorded during the test using a breath-by-breath gas collection system (MetaLyzer 3B-R2, Cortex, Germany). VO2max was determined as the highest 30 s value in the trial if: 1) the VO2 approached a plateau; 2) RER of >1.1; 3) reaching ≥ 90% age-predicted HR; 4) visible fatigue (Sheykhlouvand et al., 2016b; Fereshtian et al., 2017; Sheykhlouvand and Forbes, 2017). Two independent experts localized the first and second ventilatory thresholds (VT1 and VT2). VT1 was established as the point where an elevation in the VE/VO2 and end-tidal O2 tension (PETO2) occurred with no simultaneous elevation in VE/VCO2. VT2 identification criterion was the continuous elevation in the VE/VO2 and VE/VCO2 ratio curves concerning the decrease in PETO2 (Alejo et al., 2022).
2.5 Muscular strength
Maximal dynamic strength in the bench press (BP), seated cable row (CR), and prone bench pull (PBP) movements were determined by the evaluation of one repetition maximum (1RM). The test began with a warm-up comprising a 5-min paddling on a kayak ergometer at a self-selected low-intensity pace, a 5-min joint mobilization exercise for the upper body, and a standardized weight lifting warm-up (Earle, 2006). Then the kayakers completed 3–5 1RM sets with a 4-min of recovery between sets to determine 1RM. The heaviest load lifted by the participant with proper exercise technique was considered to represent his 1RM (Earle, 2006).
2.6 Upper-body anaerobic power
Participants completed a 30-s all-out upper-body Wingate test on a mechanically braked arm ergometer (891E; Monark, Vansbro, Sweden) to determine upper-body peak power output (PPO) and average power output (APO). Kayakers were instructed to exert maximum effort by rapidly cranking against the internal resistance of the ergometer. Within 3 s, a load corresponding to 0.075 kg per kilogram of their body mass (Forbes et al., 2014) was immediately applied. The participants received verbal motivation to crank at their maximum speed during the entire Wingate test (Sheykhlouvand et al., 2016a). The device software was utilized to calculate the PPO and the APO.
2.7 Paddling performance
Using the same kayak ergometer (Dansprint), participants completed time trials in 500, and 1,000-m distances with 2 h of recovery between tests. Following a standardized warm-up consisting of a 3-min paddling at ∼85% HRmax followed by two 15 s accelerations interspersed with 45 s rest and 2 standing starts of 24 strokes with 45 s rest between, ending with a 3-min paddling at 85% HRmax (Borges et al., 2015), participants were instructed to paddle distances with maximal effort, and the ergometer recorded the times.
2.8 Statistical analysis
With an effect size of 0.8, assuming an alpha error of 0.05, β of 0.08, and using G*Power software (Faul et al., 2007), the sample size was estimated to be at least seven participants in each group. However, the sample size was later increased in groups, with the possibility of some participants dropping out during data collection and to enhance the power of the test. SPSS software version 25.0 (Statistical Package for Social Science) analyzed the data. Descriptive statistics were reported by Mean ± SD values. The normality of the distribution (Kolmogorov–Smirnov test) and homogeneity (Levene’s test) of the data were checked in advance for statistical analysis. A one-way analysis of variance (ANOVA) with Bonferroni posthoc analyzed the difference between categories (age groups and expertise levels). Effect size was calculated using Cohen’s d (d). The α level for significance was set at 0.05 and type I error was controlled by adding 95% confidence intervals (CI).
3 RESULTS
Tables 1–6 represent the difference between age groups and expertise levels for aerobic fitness, 500- and 1,000-m paddling performance, strength and power, and body composition indicators.
TABLE 1 | Difference in cardiorespiratory fitness indicators and time trial performance between age groups.
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Results showed a significant group effect for most cardiorespiratory fitness indexes and paddling performance, with a consistent increase from junior category to professional levels in most of the analyzed parameters (Table 1). U23 kayakers indicated significantly greater VO2max (d = 2.452, CI = 4.51–10.84), vVO2max (d = 1.366, CI = 0.72–2.77), VO2/HR (d = 2.093, CI = 1.57–5.81), and VE (d = 1.584, CI = 8.51–51.67) than juniors. Professional athletes showed significantly greater VO2max (d = 3.884, CI = 6.93–13.27), vVO2max (d = 1.500, CI = 0.52–2.54), VO2/HR (d = 2.771, CI = 2.85–7.05), VE (d = 2.483, CI = 16.79–59.30), VT1 (d = 1.326, CI = 1.55–10.57), and better 500-m TT (d = 2.185, CI = −13.45 to −6.90), and 1,000-m TT (d = 2.583, CI = −21.27 to −11.28) performance than junior kayakers. Professional and U23 sprint kayakers significantly differed in VT1 (d = 1.151, CI = 1.16–8.69), 500-m TT (d = 2.383, CI = −10.41 to −3.97), and 1,000-m TT (d = 2.279, CI = −17.97 to −8.16) performance. No differences were found for VO2max or VT2. %VO2max corresponding to VT1 and VT2 indicated no linear increase from juniors to professionals. Also, the international-level athletes indicated significantly greater VO2max (d = 2.526, CI = 4.36–10.92), vVO2max (d = 1.471, CI = 0.27–1.99), and VE (d = 1.064, CI = 1.84–45.85), and significantly better 500-m TT (d = 2.601, CI = −13.81 to −7.03) and 1,000-m TT (d = 2.557, CI = −26.96 to −16.62) performances when compared to club-level sprint kayakers (Table 2).
3.2 Bio-motor abilities
Results indicated a significant group effect for all strength and power variables with a consistent linear association (i.e., consistent elevation of strength/power from junior levels to professionals) for the strength and power indicators. More specifically, U23 kayakers indicated greater PPO (W) (d = 1.662, CI = 37.77–146.69), PPO (W/kg) (d = 1.555, CI = 0.41–1.79), APO (W) (d = 1.645, CI = 31.38–114.58), APO (W/kg) (d = 1.629, CI = 0.31–1.42), BP 1RM (kg) (d = 1.501, CI = 1.61–18.96), BP 1RM (kg/kg) (d = 1.409, CI = 0.13–0.23), PBP (kg) (d = 1.819, CI = 4.69–20.07), PBP (kg/kg) (d = 1.735, CI = 0.09–0.24), CR 1RM (kg) (d = 1.779, CI = 4.94–20.11), and CR 1RM (kg/kg) (d = 1.676, CI = 0.08–0.24) than juniors (Table 3).
Professional kayakers indicated greater PPO (W) vs. juniors (d = 2.487, CI = 154.36–261.62) and vs. U23 (d = 2.237, CI = 63.09–168.43), PPO (W/kg) vs. juniors (d = 2.059, CI = 0.66–2.05) and vs. U23 (d = 2.841, CI = 0.54–1.88), APO (W) vs. juniors (d = 2.757, CI = 85.30–165.24) and vs. U23 (d = 2.383, CI = 13.06–93.52), APO (W/kg) vs. juniors (d = 2.535, CI = 0.83–1.92), BP 1RM (kg) vs. juniors (d = 2.292, CI = 27.81–44.89) and vs. U23 (d = 1.611, CI = 17.67–34.45), BP 1RM (kg/kg) vs. juniors (d = 2.112, CI = 0.29–0.51) and vs. U23 (d = 2.936, CI = 0.17–0.38), PBP 1RM (kg) vs. juniors (d = 2.121, CI = 25.64–40.79) and vs. U23 (d = 2.808, CI = 13.41–28.27), PBP 1RM (kg/kg) vs. juniors (d = 2.789, CI = 0.27–0.46) and vs. U23 (d = 2.079, CI = 0.12–0.31), CR 1RM (kg) vs. juniors (d = 2.823, CI = 24.14–39.08) and vs. U23 (d = 2.632, CI = 11.75–26.42), and CR 1RM (kg/kg) vs. juniors (d = 2.217, CI = 0.24–0.43) and vs. U23 (d = 1.990, CI = 0.09–0.29) (Table 3).
Also, PPO (W) (d = 2.421, CI = 55.73–166.80), PPO (W/kg) (d = 2.105, CI = 0.54–1.96), APO (W) (d = 1.303, CI = 0.09–1.06), BP 1RM (kg) (d = 2.100, CI = 12.21–29.90), BP 1RM (kg/kg) (d = 1.039, CI = 0.12–0.24), PBP (kg) (d = 2.217, CI = 9.67–25.35), PBP (kg/kg) (d = 2.169, CI = 0.11–0.29), CR 1RM (kg) (d = 2.005, CI = 7.60–23.07), and CR 1RM (kg/kg) (d = 1.767, CI = 0.09–0.26) values were significantly higher in international-level athletes than in club-level sprint kayakers (Table 4).
3.3 Body composition
Results indicated no significant group effect on height, body mass, BMI, and BMC. However, we found a significant group effect for absolute and relative fat mass and muscle mass, with professional kayakers indicating a significantly lower absolute fat mas vs. juniors (d = 2.069, CI = −3.66 to −1.24) and vs. U23 (d = 2.312, CI = −3.66 to −0.99), lower relative fat mas vs. juniors (d = 2.242, CI = −4.76 to −1.87) and vs. U23 (d = 2.500, CI = −4.33 to −1.49), higher absolute muscle mass vs. juniors (d = 1.747, CI = 2.16–7.47) and vs. U23 (d = 1.743, CI = 1.60–6.81), and higher relative muscle mass vs. juniors (d = 1.996, CI = 1.53–4.73) and vs. U23 (d = 1.866, CI = 1.23–4.37) sprint kayakers (Table 5).
Also, international-level athletes indicated lower absolute fat mass (d = 1.397, CI = −2.94 to −0.44) and relative fat mass (d = 1.440, CI = −3.64 to −0.64) and greater absolute muscle mass (d = 1.666, CI = 0.58–5.51) and relative muscle mass (d = 1.533, CI = 0.58–3.89) than club-level sprint kayakers (Table 6).
4 DISCUSSION
The most striking findings of this study were that U23 athletes, especially professional sprint kayakers, displayed significant variations in cardiorespiratory fitness indicators (e.g., VO2max, vVO2max, VO2/HR, VE) and paddling performance, compared to junior athletes. However, no disparities were observed in major indicators like VO2max when comparing U23 athletes and professional sprint kayakers. There were evident strength and power differences between professionals and the other two categories, consisting of relative and absolute PPO, APO, and 1RM in BP, PBP, and CR. Professional athletes also displayed lower body fat and higher muscle mass than juniors and U23 athletes. Athletes competing at the international level exhibited superior aerobic power, bio-motor abilities, and paddling performance compared to their club-level counterparts. Results revealed a significant contrast in body composition indicators, with international-level athletes displaying lower body fat and higher muscle mass.
Cardiorespiratory fitness indicators have been widely used as determinants of sprint kayak performance (Borges et al., 2015; Paquette et al., 2018; Sheykhlouvand et al., 2022; Du and Tao, 2023). In addition to 500 and 1,000-m TT, most of the assessed cardiorespiratory fitness parameters had different values between junior kayakers and the other age groups. Still, only some variables, such as VT1 (but not VO2max), varied between U23 and professional sprint kayakers. Research has indicated that, by accounting for ∼79% variance in 500-m paddling time, anaerobic threshold is considered an effective factor on 500-m TT (Bishop, 2000). The significance of the lactate threshold (Winchcombe et al., 2019) and ventilatory threshold (Michael et al., 2009) in paddling performance has been emphasized by additional research, with the proportion of anaerobic energy metabolism contribution changing based on the distance. However, no linear continuity (i.e., elevation from junior to professional levels) was found for %VO2max at which VT1 and VT2 occurred. A proportion of VO2max that an athlete can maintain for a specified time has traditionally been considered a measure of endurance (Billat, 1996; Joyner and Coyle, 2008). Research controversially indicates that trained athletes may exhibit a ventilatory threshold (overall equivalent to lactate thresholds) at a higher percentage of VO2max compared to untrained individuals (Alejo et al., 2022). In the present study, we found no difference for VT2 between age categories, but professionals attained a higher percentage of VO2max at VT1 than junior and U23 kayakers. However, when assessing endurance performance, it is recommended not to rely solely on this parameter to predict endurance performance accurately. Instead, it should be used with other factors, like vVO2max or peak power output (Støa et al., 2020).
In longer distances (i.e., 1,000-m) also, aerobic power (indicated by VO2max) plays a vital role in successful performance (Michael et al., 2009; Zouhla et al., 2012). Regardless of the distance covered (500 or 1,000-m), the anaerobic pathway is the primary energy source at the start of the race, but it decreases and becomes almost exclusively aerobic toward the end (Zouhla et al., 2012). However, the contribution of aerobic metabolism during 1,000-m races is significantly greater than that of 500-m kayaking events (Fry and Morton, 1991; Zouhla et al., 2012; Paquette et al., 2018). Beyond the magnitude of aerobic and anaerobic contribution, the capacity of muscle to extract O2, which is independent of VO2max, is considered a more vital determinant of performance (Paquette et al., 2018). It is generally accepted that VO2max is determined by O2 delivery (i.e., central component) and O2 extraction by the active muscles (i.e., central component) (Sheykhlouvand et al., 2022; Paquette et al., 2018 indicated that muscle capacity to extract O2 strongly influences paddling performance and could be considered better predictor of performance than VO2max in sprint kayakers. In this study, we have not evaluated muscle oxygenation, and we cannot speculate in this regard, but O2 extraction, could be considered an effective part of the peripheral component of aerobic fitness, affecting sprint kayak performance (Paquette et al., 2018).
Contrary to aerobic fitness, strength and power showed a remarkable difference between U23 and professionals, making them a more sensitive performance marker than VO2max. The importance of muscular strength and power production in kayaking performance has already been well-established (Michael et al., 2009; McKean and Burkett, 2014; Pickett et al., 2018). To optimize the average velocity of the boat and sprint performance, the athlete needs to generate considerable average power during each stroke and apply substantial average forces to the paddle blade while propelling forward (Messias et al., 2018; Kukic et al., 2022). Improved sprint kayak performance could be facilitated through an increase in the power-to-weight ratio of the athlete and a decrease in opposing drag forces imposed by air and water (Michael et al., 2009; McKean and Burkett, 2014). Standard and well-designed boats also can decrease both aerodynamic and hydrodynamic forces on the kayak and facilitate the movement of the kayak through the water (McKenzie and Berglund, 2019).
In line with the mentioned findings, we found a significantly different power-to-weight ratio between professionals and other age groups and U23 and junior kayakers, indicating a linear increase from the junior category to professional levels. Higher relative power could be partly attributed to greater strength and muscle mass observed in professionals compared to U23 and juniors (Michael et al., 2009). Despite a similar body mass observed between age groups, professional sprint kayakers had a greater muscle mass compared to U23 and junior athletes. The positive association between higher muscle mass and better force and power outputs of kayak stroke has already been well elucidated (Hamano et al., 2015; Kukic et al., 2022). Hence, body composition could be considered a main differentiating parameter between sprint kayakers of different age groups.
In accordance with our hypothesis, international-level sprint kayakers exhibited better VO2max, ventilatory threshold, muscular strength and power, body composition, and paddling performance. Provided such a vast difference, it could be recommended that to improve paddling performance, club-level athletes should focus on enhancing cardiorespiratory fitness, bio-motor abilities, and body composition to optimize their paddling performance.
Some limitations of the present study should be noted. Due to the limited presence of dedicated athletes competing across various distances, the arrangement of paddlers was not structured according to their specific racing distances. Moreover, the study’s cross-sectional nature prevents making conclusions about performance prediction, even though distinctions among groups were noted. As a result, longitudinal research is necessary to ascertain the precise utility of these variables in accurately predicting performance among young kayakers.
5 CONCLUSION
In conclusion, speed and endurance indicators of sprint kayaking (VO2max, VT1 and VT2, PPO, APO, strength, and muscle mass) appear to be the primary distinguishing factor between junior sprint kayakers and the higher age categories. Significant differences in cardiorespiratory fitness indicators were also observed between U23 and professional kayak sprinters, with the latter indicating better 500 and 1,000-m TT performance, muscular strength and power, VT1, but without differences in VO2max, and VT2. International-level athletes also showed superior cardiorespiratory fitness, bio-motor abilities, and body composition indicators than club-level sprint kayakers. While further longitudinal studies are required to validate these results, the current findings could aid coaches in prescribing training programs focusing on improving determining factors in paddling performance, as well as in predicting performance and identifying talent.
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