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Executive Summary 

 

Flat-water sprint kayaking is an official Olympic discipline of Canoe Sprint which is contested 

over 200-, 500- and 1000-m in either a single person (K1), a pair (K2), or a four-man crew 

(K4) kayak. Sprint kayak athletes require highly developed aerobic and anaerobic energy 

systems to be competitive across each of the three Olympic distance events. Continual 

monitoring of athlete progression, in addition to the accurate quantification of training load is 

therefore crucial for prescribing an effective and balanced training stimulus. However, accurate 

quantification of intensity during on-water sprint kayaking can be challenging, since traditional 

training monitoring and prescription measures such as heart rate (HR), speed, and stroke rate 

(SR) may be influenced by changes in the environmental conditions experienced in this setting. 

Accordingly, current understanding of the quantification and classification of intensity during 

on-water paddling in both competition (i.e., still-water) and training (i.e., still-water and / or 

flowing river) settings is limited. Interestingly, innovations in instrumented paddle 

technologies now allow for real-time power output (PO) to be measured on-water, potentially 

providing a more direct and immediate assessment of intensity, irrespective of the varied 

environmental conditions. Accordingly, this thesis aimed to investigate the efficacy of 

traditional and contemporary methods for quantifying intensity during on-water sprint 

kayaking to better understand the demands of competition in still-water environments, and to 

improve training monitoring and prescription in flowing river environments. 

 

To improve our understanding of the specific demands of sprint kayak competition, and to 

provide insight into optimising athletes' preparation for racing, our first study (Chapter 3) 

examined the external workloads undertaken by athletes during the on-water warm-up prior to 

racing (OWWU), and during the race itself, at a National-level sprint kayak regatta. Here, 47 

sprint kayak athletes had a global navigation satellite system (GNSS) device fitted to their 

individual (K1) kayak, which measured their on-water external workloads via measures of 

speed, distance and SR. To minimise the influence of environmental conditions on intensity 

quantification, measures of boat speed were classified into intensity zones made relative to the 

speeds athletes achieved during racing. Data were subsequently used to understand and 

compare the OWWU strategies employed by sub-elite and elite athletes, and to examine their 

impact on subsequent K1 race performance. Results showed that there were differences in the 

OWWU strategies employed by athletes depending on their sex, performance standard, and the 
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K1 race distance they were competing in. Accordingly, we propose that sex- and race-specific 

warm-up strategies may be needed for optimal race preparation. Our findings also suggest that 

athletes should avoid an overly long and intensive OWWU prior to racing in shorter events, since 

we found that race performance was inversely correlated to OWWU total distance (r = −0.42) 

and peak speed (r = −0.53) for men’s 200-m. This notion was supported by the fact that elite 

(male) athletes employed shorter OWWU routines compared to their sub-elite counterparts for 

200-m and 500-m races. Collectively, the outcomes of this investigation provide a valuable 

reference for coaches for prescribing suitable competition warm-up routines for their athletes, 

whilst also improving our understanding of the intensity demands of sprint kayak competition 

using traditional methods for quantifying external load.  

 

While a concerted effort was made in Chapter 3 to minimise the influence of varied 

environmental conditions on external measures of boat speed, the accurate quantification of 

intensity is challenging in a training setting where athletes often train on flowing rivers, since 

the water flow can heavily influence boat speed. With this limitation in mind, the focus of this 

thesis then turned to investigating alternative methods which may account for the influence of 

changes in environmental conditions on intensity quantification. Accordingly, Chapter 4 

investigated the utility of novel measures of PO, derived from paddle power meters, and its 

relationship to boat speeds measured relative to both land (using a global positioning system 

[GPS] device – SGPS) and water (using an impeller system – SIMP) during sprint kayak training 

on a flowing river. Twelve well-trained sprint kayak athletes completed four on-water sessions 

comprising submaximal and maximal paddling efforts performed both upstream and 

downstream on a flowing river. Results showed that the prescription of paddling PO across a 

wide spectrum of relative PO values provided consistent external (SR and SIMP) and internal 

(HR and rating of perceived exertion [RPE]) athlete responses regardless of the water flow 

(i.e., upstream / downstream). Furthermore, it was clear that PO could account for the influence 

of water flow, since the exponents of the PO-speed relationship for males and females (2.94 

and 2.87, respectively) were near theoretical values (3.00) when speed was measured relative 

to the water (SIMP), but not when measured relative to land (SGPS) (2.02 and 1.58, respectively). 

Consequently, PO measures appear to provide a more appropriate method for monitoring and 

prescribing sprint kayak training in flowing river environments compared to SGPS measures – 

which do not account for water flow.  
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Subsequently, we then explored the utility of PO for quantifying sprint kayak training as 

compared to other traditional training monitoring and prescription methods (i.e., HR and SR) 

during aerobic-based training (Chapter 5), and during race-specific supramaximal training 

(i.e., intensities above maximal oxygen uptake [VO2max]) (Chapter 6). In Chapter 5, twelve 

well-trained sprint kayak athletes completed a preliminary on-water graded exercise test (GXT) 

and a 1000-m time-trial to delineate individual training intensity zones for PO, HR, and SR 

into a 5-zone model (T1–T5). Subsequently, athletes undertook repeated trials of an aerobic-

based sprint kayak training session, prescribed by individual PO-zones. A similar research 

design was employed for Chapter 6, albeit the intensity was delineated into a 5-zone model for 

HR (T1-T5), and an 8-zone model for PO and SR (T1-T8), with data delineated using 

performance outcomes from an on-water GXT and a 200-, 500- and 1000-m time-trial. In 

Chapter 6, athletes completed repeated trials of a high-intensity interval (HIIT) and sprint 

interval (SIT) training session, prescribed by individual PO-zones. In both Chapter 5 & 6, the 

time (in minutes) spent in each training zone (i.e., time-in-zone) was determined for PO, HR 

and SR measures for each training session. When controlling on-water workloads using PO, 

our results showed that the prescription of PO elicits reproducible physiological responses 

reflective of those intended by the coach. However, from a training monitoring perspective, we 

found discrepancies between the prescribed and actual time-in-zone established from PO, 

likely due to the stochastic nature of this measure. Consequently, the inherent variability of PO 

needs to be considered when monitoring on-water training using this measure. When 

comparing measures of PO to internal measures of HR, we found that HR overestimated 

intensity during the long, continuous aerobic exercise prescribed in Chapter 5, and 

underestimated intensity during the high-intensity interval exercise prescribed in both 

Chapters 5 & 6. Furthermore, we found that HR was unable to differentiate the training 

demands of different high-intensity sessions, with no differences in average / peak HR between 

the HIIT and SIT sessions reported (Chapter 6). Accordingly, the use of HR alone may not 

provide a suitable method for quantifying on-water sprint kayak training intensity, whereas 

more direct measures of PO may be better suited. Finally, when comparing measures of PO to 

external measures of SR, the results from Chapter 5 & 6 also showed that differences existed 

in quantification of on-water training intensity (i.e., time spent in T1-T8) between these two 

measures. This discrepancy may be partly explained by the fact that, when fatigued, athletes 

appeared to select high SRs to compensate for impaired muscle force generating capacity and 

PO-producing capability. Consequently, the outcomes of this work suggest that direct measures 
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of paddling PO may provide greater context to prevailing fatigue and the intensity of training 

completed as compared to measures of SR. 

 

Of note, on-water GXTs graded by PO were employed to delineate individual training zones 

for athletes in Chapters 5 & 6. However, the relationship between performance outcomes 

derived from on-water GXTs and actual race performance was unknown. Accordingly, our 

final investigation (Chapter 7) examined the relationship between the power corresponding to 

the first and second blood lactate thresholds (LT1PO and LT2PO) and the mean maximal power 

(MMP) achieved over 200-, 500- and 1000-m time-trial performances. Here, athletes’ LT1PO 

and LT2PO had very-large, to nearly perfect positive relationships to 200-, 500- and 1000-m 

MMP (r = .81 to .94). Moreover, using stepwise multiple regression, we found the equation 

incorporating 1000-m MMP alone provided the best prediction of LT1PO and LT2PO, 

explaining 78% and 88% of the variance in these respective thresholds, yielding a standard 

error of estimate of 11.3% and 7.1%, respectively. Since LT1PO and LT2PO were significantly 

correlated to 200-, 500- and 1000-m performance, the results of this study provided further 

evidence to support the ecological validity of on-water GXTs graded by PO. Furthermore, this 

study showed that practitioners could also predict LT2PO with reasonable accuracy based 

solely from a 1000-m time-trial; potentially providing an alternative, non-invasive, 

competition-specific protocol for threshold determination. 

 

Collectively, the outcomes generated from the five investigations conducted in this thesis 

improve our understanding of the quantification and classification of on-water sprint kayak 

workloads in both an applied competition and training setting. Furthermore, this research 

highlights the utility of novel paddle technology measuring PO as a more direct and immediate 

assessment of intensity compared with traditional measures of speed, HR and SR when 

monitoring and prescribing training within varied (on-water) environmental conditions. 

Finally, this thesis provides novel insights and practical recommendations for incorporating 

real-time PO measures into the training program of flat-water sprint kayak athletes, with the 

ultimate goal of enhancing coaches’ capacity to prescribe effective training programs and race 

preparation strategies within varied (on-water) conditions.
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1.1 Background  

 

Canoe Sprint is an Olympic sport that is contested on flat-water over 200-, 500- and 1000-m 

in either a kayak or a canoe in a single person boat (K1 / C1), a pair (K2 / C2), or a four-man 

crew (K4 / C4). The specific focus of this thesis is on K1 sprint kayaking, where athletes propel 

their kayak using a double blade paddle from a seated position. While the Olympic sprint kayak 

racing format and competition rules have varied since its debut in the 1936 Berlin Games [1], 

women competed in the 200- and 500-m event distances at the 2016 Rio De Janeiro Olympics, 

whereas men competed in the 200- and 1000-m events. To best prepare athletes for these 

events, knowledge of the specific physiological demands of sprint kayak racing is an essential 

pre-requisite for successful training prescription [2]. Research examining the metabolic 

contribution of sprint kayak racing has shown that the 200-m distance is predominately 

anaerobic in nature (63-71% energy contribution derived from non-oxidative sources) [3-5], 

while the 500- and 1000-m distances are predominately aerobic (57-78% and 74-87% energy 

contribution from oxidative sources, respectively) [2-8]. Despite the differences in energy 

contribution required for 200-, 500- and 1000-m sprint kayaking, it is well-established that 

athletes require high levels of both aerobic power and anaerobic capacity to be competitive, 

irrespective of the race distance [2, 7-14]. Furthermore, athletes also require well-developed 

leg, trunk and upper body strength and power to be successful across the gamut of sprint kayak 

race distances [15-19]. Therefore, a considered approach is needed when prescribing and 

monitoring sprint kayak workloads to ensure a balanced training stimulus.  

 

For optimal athlete preparation, continued assessment and monitoring of athlete progression is 

essential to ensure athletes are developing the appropriate physiological adaptations relevant 

to racing [20]. In high-performance settings, current best practice for the physiological 

assessment of sprint kayak athletes involves the use of a 7 x 4 min graded exercise test (GXT) 

performed on kayak-specific ergometers in a controlled, laboratory-based setting [20, 21]. The 

primary performance outcomes derived from this test include the athletes’ first and second 

blood lactate (BLa) / ventilatory thresholds (LT1/VT1 and LT2/VT2, respectively) and their 

maximal oxygen uptake (VO2max) [20, 21], with these physiological indices shown to associate 

reliably with sprint kayak race performance [7, 12, 22]. Specifically, the power output (PO) 

corresponding to LT1 (i.e., the lowest PO causing a sustained increase in BLa above resting 

levels) and LT2 (i.e., the PO at the point of equilibrium between lactate production and 
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clearance) [23] are inversely correlated to 200-, 500- and 1000-m race time (i.e., higher power 

associates to faster times; r = −.54 to −.89; P < 0.05) [7, 12, 22, 24]. Furthermore, the heart 

rates (HR) corresponding to LT1 and LT2 have proven useful for classifying individual training 

zones to monitor and prescribe training intensity during on-water sprint kayaking [20, 21].  

 

Despite the advantages of controlling the testing environment for athletes (i.e., in laboratory 

settings), a limitation of ergometer-based testing is that it may not provide a true reflection of 

the psycho-physiological and biomechanical demands associated with paddling on-water [25-

29]. For instance, previous research has shown discrepancies in physiological parameters [26, 

29], perceived exertion [27, 29], stroke rate (SR) [26-28], muscle activation [25], and kinematic 

profiles [25, 28] between kayak ergometer and on-water performances. With such 

discrepancies in mind, a culmination of recent research would suggest that on-water testing 

protocols could be considered to ensure that the data captured is ecologically valid, and 

practically relevant to on-water sprint kayaking [27, 28, 30]. Compared to laboratory-based 

testing, the use of on-water testing and on-water performance analysis may provide a more 

suitable method for monitoring prescribed training, competition outputs, and acute race 

preparation strategies, such as the pre-race warm-up. Such on-water assessment would have 

greater practical relevance to the demands of actual sprint kayak activity, and the varied 

environmental conditions generally encountered within this setting (i.e., ambient temperature, 

relative humidity, and wind speed). However, to date, research utilising on-water testing and 

on-water performance analysis for both informing training monitoring and prescription, and 

acute race preparation strategies (i.e., warm-up) is scarce due to the challenges associated with 

monitoring performance in a varied (on-water) environment [20, 24, 31]. Notwithstanding, 

recent advancements in portable metabolic analysis, global positioning systems (GPS), and 

power meter technology have improved the feasibility of both developing on-water testing 

procedures, and for assessing athletes’ performance on-water [2, 27, 30]. Accordingly, given 

the potential to provide more task-specific and ecologically valid outcomes, further research is 

needed to explore the utility of on-water testing and on-water performance analysis for training 

monitoring, prescription, and acute race preparation.  

 

In addition to testing athlete progression, rigorous monitoring of the training dose applied to 

athletes is needed to ensure coaches and practitioners can accurately and reliably quantify 

training workloads to best inform training prescription [32]. To quantify on-water intensity for 

sprint kayak athletes, coaches and practitioners often utilise measures of HR, BLa and their 
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Rating of Perceived Exertion (RPE) to monitor the internal stress response to exercise (i.e., 

internal load) [20, 24, 33-35]. However, individual HR and BLa responses to exercise has been 

shown to exhibit high day-to-day variability [36], and the measurement of HR has also proven 

to be a poor method of evaluating very high intensity interval training due to the inherent lag 

of HR responses to rapid changes in workload [37-39]. Furthermore, the measurement of RPE 

relies on athletes’ self-report, which may be influenced by individual characteristics (age, 

gender, and fitness / performance level), environmental conditions (i.e., ambient temperature) 

and other physical and/or psycho-social factors [40-43]. Given such limitations, the 

quantification of athletes’ on-water intensity based upon their internal responses alone may not 

provide an accurate tool to monitor and prescribe sprint kayak training. However, research 

examining the utility of these internal load measures for quantifying on-water sprint kayak 

training is limited and warrants further investigation. Research is also required to compare the 

utility of these traditional internal load measures to more direct methods, where intensity is 

quantified via objective measurement of the work done (i.e., external load) during on-water 

paddling. 

 

To quantify athletes’ external load, accelerometers and GPS / global navigation satellite system 

(GNSS) devices are commonly used to record an athlete’s stroke rate (SR), boat velocity and 

their distance travelled during on-water efforts [24, 44, 45]. While these devices are used to 

quantify external load during sprint kayak training and competition, there is limited knowledge 

surrounding external load quantification during various components within these sessions (i.e., 

during the warm-up). Given that the effectiveness of a warm-up routine on subsequent training 

or race performance is partly determined by its intensity and duration [46-48], separately 

analysing an athletes’ SR and their boat velocity during their on-water warm-up could provide 

valuable insight for optimising an athlete’s physical readiness to perform. Consequently, 

further research should explore the use of these traditional external load measures for 

quantifying an athlete’s intensity during their on-water warm-up routine.  

 

When quantifying intensity via measures of SR and boat velocity, there are some inherent 

limitations to consider for assessment of external output during a training session or 

competition performance. For instance, when quantifying intensity based upon SR, training 

zones are typically delineated into generic SR bands, which do not consider individual variation 

in paddling technique or their athletes aerobic fitness level [20]. Furthermore, an athlete’s SR 

may not always accurately reflect their physiological and mechanical load during paddling, 
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since there is a possibility for athletes to vary their intensity at a given SR (i.e., training 

performed at a low SR with a focus on correct technique and high force production per stroke, 

similar to training performed in rowing [49]). In addition to SR, the use of an athlete’s boat 

velocity for quantifying intensity may also be limited within an on-water setting, since it can 

be heavily influenced by the varied (on-water) environmental conditions, such as the ambient 

air / water temperature, wind speed, and water flow (in flowing river environments) [1, 24]. 

Given that sprint kayak athletes commonly perform training on flowing rivers, accurate 

quantification of external load is particularly challenging when boat velocity can vary 

considerably depending the direction travelled on the river (i.e., upstream / downstream). 

Nevertheless, research examining the efficacy of traditional external load measures for 

quantifying on-water sprint kayak intensity in both still-water (i.e., competition) and flowing 

river environments (i.e., training) is scarce, and warrants further exploration.  

 

To avoid the influence of the environmental conditions on intensity quantification, other 

endurance-based sports, such as road cycling and rowing, have employed the use of measures 

of PO, derived from mobile power meters, to provide a more direct method for quantifying 

exercise intensity [37, 38, 50-53]. In fact, measures of PO have proven crucial in characterising 

the energy demands in road cycling performances, since directly measuring PO at the crank 

provides an accurate representation of the intensity, frequency, and duration of efforts within 

a session, despite the varied environmental conditions (i.e., cycling uphill or into a headwind) 

[37, 38, 50-52]. Moreover, quantifying an athlete’s PO during on-water rowing training 

provides a more suitable method for controlling athletes’ intensity compared to more traditional 

(indirect) intensity measures (i.e., HR, speed and SR) [53]. While measures of PO may also be 

advantageous for quantifying intensity within a sprint kayak setting, the majority of current 

research assessing paddling PO has been restricted to ergometer-based performances primarily 

due the technical difficulty associated with quantifying PO during the 3-dimensional paddling 

motion on-water.  

 

However, recent advances in paddle power meter technology now allow for the measurement 

of real-time PO during on-water sprint kayaking [54]. In fact, recent research has used such 

technology to develop an on-water 7 x 4-min GXT graded by PO [27]. Since the on-water GXT 

in the study by Winchcombe and colleagues [27] provided valid and reliable internal and 

external load responses, it was suggested that this on-water protocol may provide more sport-

specific outcomes of use to training and racing as compared to traditional kayak ergometer-
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based testing [27]. Nevertheless, given that the application of paddle power meters for 

quantifying on-water intensity is still in its infancy, further research is needed to investigate 

the utility of PO measures and performance outcomes for quantifying and classifying sprint 

kayak training, with comparisons to the more traditional methods of load assessment (i.e., boat 

velocity, SR and HR) warranted. Furthermore, further research is also needed to explore the 

use of on-water PO as a tool for assessing athletes’ current performance status relevant to  

200-, 500- and 1000-m sprint kayak racing.  

 

In summary, to enhance coaches’ capacity to prescribe effective training programs and race 

preparation strategies for athletes, there is a clear need to improve on current methods for 

quantifying and classifying on-water intensity in both the competition (i.e., still-water) and 

training (i.e., flowing river) settings. Given that the assessment of an athlete’s paddling PO is 

mostly unaffected by the influence of the prevailing environmental conditions, further 

investigations are needed to examine the efficacy of such measures for monitoring and 

prescribing training, and for assessing sprint kayak performance compared to traditional 

methods.  

 

1.2 Statement of the Problem  

 

The ecological validity and practical relevance of current ergometer-based testing protocols, 

and the current quantification methods used to monitor and prescribe on-water training for flat-

water sprint kayakers are questionable [24-29]. However, while the use of on-water testing 

protocols may provide more task-specific outcomes, quantifying on-water intensity is 

susceptible to the influence of varied environmental conditions, which can impact the internal 

stress and external work output measured in this setting [24]. Furthermore, changes in the 

environmental conditions may also affect the reproducibility of test outcomes by inflating the 

noise in the data. Given such difficulties, research examining the application of on-water 

testing protocols for monitoring training progression and prescription is scarce. Moreover, 

there is limited research examining the quantification and classification of intensity during 

various on-water activities (i.e., sprint kayak training, racing, and the warm-up for these 

activities) and the potential impact of the varied environmental conditions (i.e., wind speed and 

water flow), which warrants the need for further exploration.  
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Interestingly, advances in paddle power meter technology now allow for the measurement of 

real-time PO on-water [27, 54, 55], potentially providing a direct method for quantifying on-

water intensity, irrespective of the variable (on-water) environmental conditions. Recent 

research has used such technology to develop an on-water GXT graded by PO, potentially 

providing a more sport-specific and ecologically valid testing protocol for sprint kayak athletes 

[27]. However, future work is needed to further understand the application of performance 

outcomes from on-water GXTs graded by PO for monitoring and prescribing on-water sprint 

kayak training. Furthermore, research is also required to examine the efficacy of real-time 

power measures for quantifying and classifying on-water intensity compared to traditional 

sprint kayak training monitoring and prescription methods (i.e., speed, SR and HR).  

 

1.3 Thesis Structure  

 

The overall aim of this thesis was to investigate the efficacy of traditional and contemporary 

methods for quantifying intensity during on-water sprint kayaking activity to better understand 

the demands of competition in still-water environments, and to improve training monitoring 

and prescription in flowing river environments. Following this chapter (Introduction - Chapter 

1), a review of the literature (Chapter 2) summarises the current knowledge in sprint kayaking 

relating to: 1) the energetics and physiological capacities related to sprint kayak race 

performance; 2) the current testing protocols used to define these physiological capacities; and 

3) the current quantification methods used to monitor and prescribe on-water sprint kayak 

training. Subsequently, there are five original investigations, divided into three key research 

themes (Figure 1.1). 

  

Research Theme 1: Quantifying external load in still-water (competition) and flowing 

river (training) environments.  

 

In the first investigation, we use traditional external measures of speed, distance and SR derived 

from GNSS devices to quantify on-water external load within a still-water (competition) 

environment, with the aim to evaluate and compare the warm-up strategies employed by sub-

elite and elite athletes during a national-level, sprint kayak championship (Chapter 3). While 

sprint kayak competition is completed within still-water environments, the training for sprint 

kayak athletes is commonly performed on flowing rivers, where the assessment of athletes’ 
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external load should consider the influence of the water flow. Therefore, in our next study, we 

evaluate the utility of novel measures of PO compared to measures of relative boat speed for 

quantifying on-water external load on a flowing river (training) environment (Chapter 4). 

 

Research Theme 2: Comparing traditional methods for quantifying sprint kayak training 

to novel measures of power.  

 

Here, we compare traditional methods of monitoring and prescribing sprint kayak training, 

namely HR and SR, to novel methods of real-time PO for quantifying intensity during an 

aerobic-based sprint kayak training session (Chapter 5). We then compare measures of PO, 

HR and SR for quantifying intensity during a both a high intensity interval (HIIT) and sprint 

interval (SIT) training session (Chapter 6). 

 

Research Theme 3: Investigating alternative methods for threshold determination using 

novel measures of power.   

 

In our final investigation, we further explore the utility of novel measures of PO by examining 

the relationship between the PO corresponding to LT1 and LT2 (i.e., LT1PO and LT2PO), 

derived from an on-water GXT (used in Chapters 5-7), to 200-, 500- and 1000-m sprint kayak 

race performance (Chapter 7). 

 

Finally, in Chapter 8 (Summary and Conclusions), we provide a summary of the collective 

findings of this novel body of research, in addition to the potential limitations, directions for 

future research and the practical applications for coaches, practitioners and their athletes. 
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Quantifying sprint kayak training on a flowing river: Exploring the utility of novel 
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Figure 1.1: Illustration of the research design and key research themes. 
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1.4 Thesis Aims and Hypotheses 

 

Outlined below are the specific aims and hypotheses of each original investigation: 

 

Study 1 (Chapter 3) 

Competition Warm-Up Strategies in Sub-elite and Elite Flat-Water Sprint Kayak Athletes. 

 

Aim: To evaluate and compare the warm-up strategies employed by sub-elite and elite 

athletes during a national-level, sprint kayak championship using external measures of 

speed, distance and SR derived from GNSS devices.  

 

Hypothesis: It was hypothesised that there will be differences in the on-water warm-up 

strategies employed by athletes depending on the race distance (i.e., 200-, 500- and 

1000-m) and their performance standard (i.e., sub-elite and elite).  

 

Study 2 (Chapter 4) 

Quantifying Sprint Kayak Training on a Flowing River: Exploring the Utility of Novel Power 

Measures and its Relationship to Measures of Relative Boat Speed. 

 

Aim: To evaluate the relationship between paddling PO and speed measured relative to 

land (using a GPS device) and relative to water (using an impeller system) in well-

trained sprint kayak athletes on a flowing river. 

 

Hypothesis: It was hypothesised that; 1) the PO-speed relationship will be stronger 

when speed is derived from impeller data compared to GPS data; and 2) the exponents 

in this relationship will be close to theoretical values. 

 

Study 3 (Chapter 5) 

Comparison of Training Monitoring and Prescription Methods in Sprint Kayaking. 

 

Aim: To compare traditional methods of monitoring intensity, such as HR and SR, to 

novel methods of real-time PO during on-water sprint kayak training.  
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Hypothesis: It was hypothesised that HR and SR will misrepresent the training time 

spent across aerobic-based sprint kayak training zones compared with PO. 

 

Study 4 (Chapter 6) 

Heart Rate and Stroke Rate Misrepresent Supramaximal Sprint Kayak Training as Quantified 

by Power. 

 

Aim: The aims of this study were two-fold; 1) to compare the utility of HR, SR and PO 

measures for quantifying on-water training sessions incorporating race-specific, 

supramaximal intensities; and 2) to evaluate any time-in-zone quantification 

discrepancies between the load measures.  

 

Hypothesis: It was hypothesised that HR and SR will misrepresent the training time 

spent across the spectrum of sprint kayak training zones compared to PO during on-

water sessions comprising race-specific and supramaximal intensities. 

 

Study 5 (Chapter 7) 

Mean Maximal Power from an On-Water 1000-m Time-Trial Predicts Lactate Threshold 

Power in Well-Trained Flat-Water Sprint Kayak Athletes. 

 

Aim: The aim of this study was twofold; 1) to evaluate the relationship between PO 

corresponding to LT1 and LT2 (i.e., LT1PO and LT2PO) determined from on-water 

GXTs to 200-, 500- and 1000-m time-trial performance; and 2) to evaluate whether 

athlete’s mean maximal power (MMP) achieved across these three sprint kayak 

competitive distances could be used as an alternative, non-invasive, and more race-

specific method for estimating LT1PO and LT2PO. 

 

Hypothesis: It was hypothesised that LT1PO and LT2PO would strongly associate to 

200-, 500- and 1000-m time-trial performance, which would therefore allow these 

thresholds to be predicted using time-trial or racing data and a regression analysis. 

 

 

 

 



 36 

1.5 Contribution of this Research 

 

Previous literature on sprint kayaking has been predominately focused on physiological and 

biomechanical outcomes from laboratory-based testing and training due to the practical 

difficulties surrounding intensity quantification during on-water sprint kayaking. As such, far 

less attention has been paid to the application of task-specific, on-water physiological testing.  

In addition, there is a paucity of research examining the utility of various methods and micro-

technologies for quantifying and classifying intensity during on-water sprint kayaking within 

the context of both competition and training. Accordingly, in a series of investigations, this 

thesis provides athletes, coaches and practitioners with greater insights into the quantification 

of on-water sprint kayak workloads during on-water sprint kayaking in both still-water (i.e., 

competition) and flowing river (i.e., training) environments, using both traditional and novel 

methods of assessment. The outcomes generated from this thesis provide practical 

recommendations on the utility of PO measures for assessing, monitoring and prescribing 

sprint kayak training. Ultimately, the collective results of this research pertain to an improved 

understanding of the demands of on-water sprint kayaking in the context of both training and 

competition, which may enhance coaches’ capacity to prescribe effective training programs 

and race preparation strategies for athletes.  
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2.0 Foreword 

 

In a thesis presented as a series of papers, the University of Western Australia guidelines do 

not include a requirement for a traditional “Review of Literature” chapter, as each experimental 

paper includes relevant research findings in the text, particularly in the “Introduction” and 

“Discussion” sections. Consequently, Chapter 2 is a succinct review of background 

information relevant to the topics investigated in the experimental papers that follow (i.e., 

Chapters 3-7), but without unnecessarily duplicating and repeating the specific research 

findings from the literature pertinent to each study. Specifically, Chapter 2 is aimed at 

summarising current knowledge in sprint kayaking with relation to: 1) the energetics and 

physiological capacities related to sprint kayak race performance; 2) the current testing 

protocols used to define these physiological capacities; and 3) the current quantification 

methods used to monitor and prescribe on-water sprint kayak training. 
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2.1 Introduction 

 

Since the 1936 Berlin Olympic Games, flat-water sprint kayaking has been an official Olympic 

discipline of Canoe Sprint [1]. Sprint kayakers race over 200-, 500- and 1000-m distances in a 

single person boat (K1), a pair (K2), or a four-man crew (K4), propelling the craft using a 

double blade paddle from a seated position. While it is common for athletes to compete across 

all three race distances [2], at the 2016 Rio De Janeiro Olympic Games, women competed in 

the 200- and 500-m event distances, whereas men competed in the 200- and 1000-m events. 

Here, gold medal performance times (min:s) for K1 athletes were 0:39.9 and 1:52.1 for the 

women’s 200- and 500-m, and 0:35.2 and 3:31.4 for the men’s 200- and 1000-m, respectively 

[3]. To achieve this calibre of performance, athletes require high levels of both aerobic power 

and anaerobic capacity, regardless of the distance event [4-12]. In addition, well-developed 

leg, trunk and upper body strength and power is paramount for success at the elite level [13-

17]. Consequently, prescribing and periodising suitable training workloads for sprint kayak 

athletes is a complex process, which must ensure the concurrent development of the appropriate 

physiological adaptations [18, 19]. 

 

To optimise the training prescription process, continued assessment and monitoring of athlete 

progression is crucial [20-23]. For example, regular assessment of maximum oxygen uptake 

(VO2max) and the corresponding power (maximal aerobic power, MAP) provides great insight 

into an athlete’s aerobic capacity and current performance capability [5, 24, 25]. Similarly, 

measurement of an athlete’s first and second blood lactate thresholds (LT1 and LT2), and the 

work output (intensity) corresponding to these points, provides an indication of their 

submaximal aerobic fitness, and can also be used to delineate exercise intensity into defined 

training zones [4, 24, 26-28]. While a plethora of threshold concepts exist based upon the 

curvilinear BLa-to-work rate relationship [29, 30], LT1 is often defined as the lowest exercise 

intensity causing a sustained increase in BLa above resting levels, while LT2 relates to the 

exercise intensity at which there is an equilibrium between lactate production and clearance 

[30]. To track these outcome measures for sprint kayak athletes, various testing protocols 

performed on kayak-specific ergometers have been developed, allowing for measurement to 

occur in controlled laboratory-based environments [24, 26]. The most commonly implemented 

physiological testing procedures for sprint kayak athletes include; maximal (all-out) 

assessments over durations similar to 200-, 500- and 1000-m racing (i.e., 40, 120 and 240 s all-
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out tests, respectively) [4, 6, 31-34], discontinuous graded exercise tests (GXT) [24, 26, 35], 

and maximal accumulated oxygen deficit (MAOD) tests [24, 26]. Physiological and 

performance data collected from such testing are then used to define the athletes’ aerobic and 

anaerobic capacities, and to demarcate training zones for the monitoring and prescription of 

on-water intensity [24, 26]. 

 

When monitoring and prescribing training based upon data collected from laboratory testing, 

it is important that coaches and practitioners consider the ecological validity of this data to 

ensure the outcomes are practically relevant to on-water sprint kayaking. In fact, while some 

studies have shown that testing procedures performed on kayak ergometers provide valid and 

reliable physiological responses [35-38], other research has shown discrepancies in 

physiological parameters, muscle activity patterns and kinematic profiles between ergometer 

and on-water performance [39-43]. However, given the difficulty of collecting physiological 

data and for controlling and standardising testing procedures in a varied on-water environment 

[26], research pertaining to the development on on-water testing protocols is limited. 

Nevertheless, recent advancements in portable metabolic analysis, global positioning systems 

(GPS), and power meter technology have improved the feasibility of developing on-water 

testing procedures for sprint kayak athletes [12, 41, 44]. On-water testing is advantageous for 

coaches and practitioners since they can evaluate athletes’ physiological capabilities during 

task-specific activities within ecologically valid settings, which can subsequently be used for 

prescribing practically relevant training intensities [26, 41, 44]. Furthermore, on-water testing 

and performance analysis in the context of actual sprint kayak competition may also provide a 

more appropriate method for informing optimal (acute) race preparation strategies, such as the 

pre-race warm-up, since the outcomes would have greater practical relevance to actual 

competition situations (i.e., completion of multiple races in a day, varied race scheduling / 

marshalling times, etc.) and the environmental conditions (i.e., ambient temperature, relative 

humidity, and wind speed) that may be encountered. For instance, while previous research has 

evaluated the impact of different warm-up strategies on sprint kayak race-performance [45, 

46], such testing was limited to performances on a kayak ergometer, and therefore, the 

outcomes may not reflect the actual on-water warm-up strategies that are employed within 

competition settings. However, given the paucity of research utilising on-water testing and on-

water performance analysis for informing both training monitoring and prescription, and acute 

race-preparation strategies, further research is warranted in this space. 
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To monitor and prescribe on-water sprint kayak loads, coaches and practitioners commonly 

utilise various methods and micro-technologies to quantify athletes’ psycho-physiological 

responses (i.e., internal load) and their physical work output (i.e., external load) during 

paddling [26, 47]. For example, to quantify athletes’ internal load, measures of heart rate (HR), 

blood lactate (BLa) concentration, and Ratings of Perceived Exertion (RPE) are commonly 

used [26, 35, 47-49]. Moreover, to quantify athletes’ external load, accelerometers and GPS / 

global navigation satellite system (GNSS) devices are commonly utilised to record the athletes’ 

boat velocity, distance covered and their stroke rate (SR) during on-water activity [26, 47]. 

Quantifying the internal and external loads that athletes undertake during various on-water 

activities, such as during regular training, racing, and even the warm-up prior to racing, 

provides coaches and practitioners valuable insight into optimising their athletes’ physical 

preparation throughout the training program, and on race day [47]. While there are advantages 

and drawbacks to each training load measure, one of the major considerations for quantifying 

on-water sprint kayak loads is the influence of the prevailing environmental conditions (i.e., 

the ambient air / water temperature, wind speed and water flow) on the accuracy of each 

measure [1, 47]. Consequently, for accurate monitoring and prescription of on-water sprint 

kayak loads, consideration for the varied environmental conditions that occur on-water is 

required.  

 

Accordingly, recent research has employed the use of novel technologies, such as wireless 

instrumented paddles and the measurement of on-water power output (PO) to provide a more 

direct assessment of athletes’ intensity irrespective of the varied on-water conditions [41, 50, 

51]. To date, the use of PO has been shown to provide the most direct intensity indicator in 

sports such as road cycling [52-55] and rowing [56], however, research evaluating the utility 

of PO measures for quantifying sprint kayak training is scarce. Accordingly, given the limited 

knowledge available for the quantification of intensity in an on-water environment, further 

research is required to evaluate the utility of traditional and contemporary methods for 

assessing on-water sprint kayak performance, and for monitoring and prescribing on-water 

training for sprint kayak athletes.  
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2.2 Physiological and Metabolic Demands of Sprint Kayaking 

 

It is well established that the duration of an exhaustive exercise bout will influence the relative 

energy system contribution from the anaerobic (comprising both phosphagen and glycolytic 

pathways), and the aerobic (oxidative phosphorylation) energy systems; whereby each system 

contributes in a sequential, albeit overlapping fashion [57]. Indeed, literature on sprint 

kayaking has shown that the aerobic and anaerobic pathway demands are inversely related with 

race distance, such that the aerobic contribution increases as the effort distance / duration 

increases [1, 10, 12, 58]. Knowledge of the specific metabolic demands for each sprint kayak 

distance event is essential for the provision of optimised training programmes for athletes, for 

talent identification, and to inform acute race-preparation strategies (i.e., warm-up) since it 

provides insight into the physiological factors related to performance [12]. Accordingly, in the 

forthcoming paragraphs, we summarise the physiological demands of the 200-, 500- and 1000-

m events based upon the findings from previous sprint kayaking literature, and we summarise 

how it may guide the development of an athlete’s training program and acute race preparation 

strategies. 

 

Currently, research evaluating the metabolic demands of 200-m sprint kayaking is scarce, 

likely due to the more recent introduction of the event to the Olympic schedule in 2012. 

Nevertheless, early research by Byrnes and Kearney [31] suggested that energy production 

during simulated K1 200-m race performances is predominately anaerobic, with this energy 

system contributing ~63% (males – 63%, females – 60%) to the total energy required to sustain 

the effort required in such races. More recent research corroborated these findings, with the 

anaerobic energy system shown to contribute 64-71% of the total energy required for a 40-s 

(i.e., ~200-m) simulated kayak effort [33, 59]. As such, given the high energy demand from 

non-oxidative sources, it is clear that 200-m sprint kayak athletes require a high anaerobic 

capacity to be successful. This notion is supported by van Someren and Palmer [60] who found 

that the anaerobic capacity of international-level kayakers (measured as work done in  a 30 s 

Wingate test) were far superior (up to 23%) to their national-level counterparts. Moreover, 

subsequent research by this group also showed that anaerobic power and capacity (measured 

as peak power and work done in a 30 s Wingate test, respectively) were inversely correlated 

(r=-.68 to -.74) to 200-m on-water race time [9]. Based on these collective findings, it is clear 

that the training program for 200-m sprint kayak athletes should be primarily designed to 
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improve muscular power, speed-endurance, and acceleration [9, 60, 61]. Furthermore, from an 

acute race preparation perspective, such findings suggest that athletes should tailor their pre-

race warm-up to optimise the expression of these capacities, such as the inclusion of short, 

explosive warm-up efforts to enhance muscular power during subsequent racing [62].  

 

Despite the large anaerobic contribution to 200-m sprint kayaking performance, it should be 

considered that the remaining 30-37% of energy contribution is derived from oxidative sources 

[31, 33]. Indeed, previous research suggests that 200-m sprint kayak specialists also require 

high levels of aerobic power and capacity to be successful in this event [9, 25, 61]. While early 

research only found trivial to moderate correlations (r=-.02 to .28) between VO2max and 200-m 

performance [9, 60], other later research has found that MAP and VO2max (absolute and relative 

measures) were more strongly related (r=-.74 to -.86) to 200-m on-water performance time in 

a range of athlete levels, from junior to national senior sprint kayak athletes [25, 63]. In addition 

to these central aerobic system components, peripheral aspects, such as measures of muscle 

oxygen kinetics (i.e., deoxyhaemoglobin and muscle O2 saturation) and BLa thresholds (i.e., 

the power corresponding to LT1 and LT2), have also shown to inversely correlate (r=-.54 to -

.80) with 200-m on-water performance time [25, 47, 63]. Further, more recent research has 

also shown that improved 200-m time-trial performance following a 3-week training camp was 

concomitant with reduced muscle O2 saturation kinetics, increased VO2 kinetics, and an 

increase in VO2peak in elite male sprint kayakers [49]. Taken together, such findings suggest 

that both central and peripheral components of the aerobic energy system, and the training 

designed to improve these capacities, are all collectively essential for successful 200-m sprint 

kayaking performance [25, 63, 64]. Furthermore, from an acute race preparation perspective, 

these findings suggest that the warm-up for 200-m racing also requires an aerobic component 

to allow for an elevation of baseline VO2 kinetics, which could enhance the aerobic energy 

system performance during subsequent racing [45, 62]. 

 

In contrast to 200-m sprint kayaking, the metabolic demands of 500-m and 1000-m events are 

well-documented, with research suggesting a predominance in aerobic energy supply to these 

longer events [4, 5, 26]. Specifically, the aerobic energy system contribution has shown to be 

~70% (range: 57 – 78%) and ~85% (range: 74 – 87%) for 500- and 1000-m performances, 

respectively [4, 8, 12, 31, 33, 58, 59]. While majority of this work presented combined data for 

male and female athletes, previous research has shown that the aerobic contribution is ~4-6% 

higher in females compared to males for both 500- and 1000-m performances [31]. Given the 
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large contribution from aerobic sources for both 500- and 1000-m performances in both males 

and female athletes, measures of submaximal (i.e., LT1 and LT2) and maximal (i.e., VO2max 

and MAP) aerobic fitness have been shown to strongly correlate (r= -0.64 to -0.89, and -0.59 

to -0.90, respectively) to race performance time over these distances [4, 7, 25, 65]. 

Consequently, a high aerobic power and capacity is particularly important for athletes 

specialising in these distances, and thus, aerobic-based exercise becomes a predominate feature 

within the training program [1, 4, 5, 7, 12] and in the athletes’ warm-up prior to racing [45, 

46]. Notwithstanding, while the training for both 500- and 1000-m events is primarily aerobic-

based, a ‘one-size-fits-all’ approach to training prescription may not be suitable since these are 

two physiologically different events requiring race-specific training programs [12]. 

Specifically, compared to the 500-m event, a greater proportion of training should be aimed in 

developing aerobic power and capacity for athletes specialising in the 1000-m given the greater 

aerobic energy contribution required for this event [12, 31]. The greater aerobic contribution 

to 1000-m performances is primarily related to the greater time-to-completion and lower 

average velocity for 1000-m compared to 500-m performances [12, 58]. Moreover, during 

1000-m performances, athletes will also adopt an even-paced pacing profile, paddling at or 

close to their VO2max (~102%), whereas for 500-m races, athletes will often adopt a fast-start 

strategy and an all-out pacing profile, paddling above their VO2max (~119%) [32, 58, 66] for 

the event duration. Therefore, given the differences in metabolic contribution and race pacing 

characteristics between 500- and 1000-m performances, an event specific approach to training 

prescription may be needed for optimal athlete preparation. Moreover, while it is likely that the 

500- and 1000-m distances will also require an event specific approach to warm-up prescription 

on race day, research has yet to explore this notion, warranting the need for future work in this 

space. 

 

Although the anaerobic contribution to both 500- and 1000-m is relatively low, it is well 

established that athletes competing in such event distances also require a high anaerobic 

capacity to be successful [5]. Previous research has shown that, similar to 200-m performances, 

peak power and work done in a 30 s test are inversely correlated to 500-m (r=-.84 to -.87) and 

1000-m (r=-.65 to -.74) race time [9]. Moreover, BLa concentrations following racing also 

highlight the large anaerobic contribution during 500-m and 1000-m performances, with values 

as high as ~12 to 18 mmol.L-1 observed [5, 10, 12, 32, 67]. Collectively, such findings suggest 

that while the training for 500- and 1000-m performances should focus primarily on improving 

aerobic power, training designed to improve athletes’ anaerobic capacity is also required for 
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optimal race preparation [5, 12]. Finally, since many athletes often train for, and compete 

across multiple sprint kayak events [2], a considered approach to training and warm-up 

prescription is needed to ensure the concurrent development of both aerobic and anaerobic 

capacities [18], with the aim of enhancing these capacities for racing across multiple event 

distances. 

 

2.3 Physiological Test Protocols for Sprint Kayak Athletes 

 

Given that sprint kayak athletes require both high levels of aerobic power and anaerobic 

capacity, regardless of their race distance specialisation and their sex [5, 12, 25], it is essential 

for coaches to track the progression of these capacities over time through regular physiological 

testing [26, 68]. Continued assessment of these capacities throughout the annual training plan 

allows coaches to; monitor athlete training progression, evaluate the effectiveness of a training 

intervention, and to identify athlete strengths and weaknesses for individually-tailored training 

programs [24, 26]. In early sprint kayak research, protocols for the physiological assessment 

of sprint kayak athletes involved non-sport specific activity such as treadmill running, 

stationary cycling, and even the use of arm crank ergometers [5, 69]. However, due to their 

low task-specificity [5, 69], the ecological validity of the physiological performance outcomes 

derived from such testing is limited. Therefore, in more recent times, physiological testing 

protocols for sprint kayak athletes are primarily performed within controlled, laboratory-based 

environments on kayak-specific ergometers [24, 26]; however, there are a variety of test 

protocols used within the sport to assess sprint kayak athletes. 

 

2.3.1 Race-Specific Maximal (All-Out) Testing  

 

A common and simple method for the assessment of a sprint kayak athlete’s performance 

capacity is the use of maximal (all-out) tests over race distances or durations similar to racing. 

For example, many studies have utilised maximal kayak ergometer (simulated racing) tests 

performed over 40-, 120- and 240-s to closely replicate the demands of 200-, 500- and 1000-

m sprint kayaking, respectively [4, 6, 31-34]. Such testing protocols provide coaches insight 

into athletes’ energetics, power-velocity profiles, pacing strategies, and their oxygen uptake 

(VO2) kinetics over race-specific durations [4, 31-33]. Research has also shown that a 2-min 

simulated kayak test performed at race pace can be used to provide a valid assessment of an 
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athlete’s VO2max, in addition to a simple, sport specific method for determination of their 

aerobic capacity [6]. Moreover, research has shown that supramaximal tests performed on 

kayak ergometers over durations similar to the 200-m performance time (i.e., 30-40 s) can be 

used to provide insight into athletes’ anaerobic capacity [9, 60]. However, while simulated 

racing data may provide information of athletes’ maximal performance, it does not provide 

insight into the athletes’ submaximal fitness, which is important for training monitoring and 

prescription purposes [70]. As such, further physiological testing protocols are generally 

required to provide coaches greater insight into the performance capabilities and current 

physical status of their athletes to allow for optimised training program prescription.  

 

2.3.2 Discontinuous Graded Exercise Test (GXT) 

 

To provide insight into an athlete’s submaximal and peak physiological capabilities, sprint 

kayak coaches and practitioners often employ the use of discontinuous graded exercise tests 

(GXTs) performed on kayak ergometers [24, 26, 41, 71]. Although the duration and the number 

of work bouts employed during a GXT varies within the literature [29, 33, 71], GXTs for sprint 

kayak athletes typically involve ~6 sub-maximal stages of incremental intensity followed by a 

final (seventh) stage performed at a perceived maximal effort, with each stage lasting ~4 min 

(i.e., “7 x 4 min GXT”) [24, 26]. Between the graded efforts, there is a ≤ 1 min passive recovery 

period which allows for BLa concentration to be recorded, thus allowing for the determination 

of athletes’ LT1 and LT2 [24, 26]. The workloads for the incremental stages of the GXT are 

also designed so that athletes achieve a BLa level of ~4-8 mmol.L-1 by the sixth stage to ensure 

that the point of exponential increase in BLa (i.e., anaerobic threshold) can be correctly 

identified, and to avoid the influence of cumulative muscular fatigue on performance in the 

final, maximal stage [26]. Throughout the GXT, VO2 is also continuously recorded, which 

allows for the determination of other submaximal aerobic fitness parameters, such as the first 

and second ventilatory compensation thresholds (i.e., VT1 and VT2) and maximal aerobic 

parameters, such as VO2max and MAP [24, 65, 71].  

 

Of the submaximal and maximal aerobic fitness parameters derived from GXTs, the measures 

most commonly implemented for training monitoring and prescription are the LT1 and LT2, 

and the athletes’ HR or PO (i.e., their intensity) corresponding to these points [24, 26, 35]. To 

derive measures of LT1 and LT2 from GXT performance data, previous research have used 

fixed, generic BLa concentrations of 2.0 and 4.0 mmol.L-1 (i.e., Onset of Blood Lactate 
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Accumulation, OBLA), respectively [29, 30]. However, a clear limitation of this method is that 

it does not account for individual variation in BLa tolerance, nor does it account for the athletes’ 

current nutritional, training and / or recovery status [30]. To account for such limitations, the 

BLa point preceding a specific rise (i.e., > 0.4 to > 1.0 mmol.L-1) above the athletes’ baseline 

BLa levels is often used to individualise the point of LT1 [29, 30]. Similarly, a modified version 

of the D-max method, established by Cheng et al., [72], is typically employed to individualise 

the point of LT2. Specifically, LT2 is defined here as the point on the third order polynomial 

yielding the maximal perpendicular distance to the straight lined formed by LT1 and the BLa 

recorded from the final (seventh) maximal GXT stage [4, 24, 30, 73]. This approach to 

individualising threshold estimates has shown to be highly reliable (Cronbach’s Alpha = 0.96) 

[74] and strongly correlated (r = -0.89) to sprint kayak performance [4].  

 

The ability to identify individual submaximal and maximal physiological thresholds from 

GXTs is advantageous for coaches and practitioners since these thresholds can be used to 

optimise the training monitoring and prescription process [24, 26]. Indeed, the internal stress 

(i.e., HR) and / or external work output (i.e., PO) corresponding to LT1, LT2  and VO2max 

derived from GXTs can be subsequently used to evaluate athletes’ current performance 

capacity [4, 25, 47], and to demarcate training zones for optimised prescription and monitoring 

of sprint kayak training [24, 26]. Despite this, a limitation of GXTs is that it does not provide 

an indication of an athlete’s anaerobic capacity. Given the importance of developing high levels 

of aerobic power and anaerobic capacity for 200-, 500- and 1000-m sprint kayaking [4-11], 

additional testing procedures are therefore needed to allow coaches and practitioners to 

distinguish changes in both energy systems.  

 

2.3.3 Maximal Accumulated Oxygen Deficit (MAOD) Test 

 

To address the limitations of GXTs for anaerobic capacity assessment, an alternative method 

is the use of MAOD testing. This test allows for the determination of the aerobic physiological 

parameters identified from GXTs, in addition to the estimation of anaerobic capacity via 

measurement of accumulated oxygen deficit (AOD) [24, 26, 33, 75]. While MAOD procedures 

vary considerably between different sports [76, 77], the recommended MAOD protocols for 

sprint kayak athletes are similar to the 7 x 4 min GXT, albeit the submaximal component of 

this test is completed when the athlete produces a BLa of 4.0 mmol.L-1 (~4 to 5 submaximal 

stages) [24, 26]. Furthermore, upon completion of the submaximal test component, athletes 
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complete a 20 min rest interval prior to completing a final 4-min stage at perceived maximal 

exertion [24, 26]. Following test completion, the VO2-PO relationship from the submaximal 

test component is linearly extrapolated to predict athletes’ O2 demand during the maximal test 

component to derive AOD [75, 76]. Subsequently, the difference between the AOD and the 

estimated O2 demand during the maximal stage is then calculated to derive MAOD [75, 76]. 

While this method has been suggested to provide an indirect estimation of athletes’ maximal 

ATP yield from phosphocreatine (PCr) hydrolysis and glycolysis (i.e., their anaerobic capacity) 

[75], a review of MAOD testing has suggested that this method may have limitations as a valid 

and reliable measure of anaerobic capacity [76]. Specifically, the primary concerns relate to 

the number, duration and intensity of submaximal stages, the pacing strategies employed for 

the maximal component, and whether linear analysis is a valid approach for extrapolating VO2 

demand [76]. Accordingly, given the concerns surrounding anaerobic capacity determination, 

GXTs have been the preferred testing protocol for sprint kayak athletes, since they provide 

similar information relevant to aerobic fitness as the MAOD test, albeit without the information 

relevant to anaerobic capacity [24, 26]. To gain insight into an athletes’ anaerobic capacity 

without the need for additional testing procedures, coaches could simply assess athletes’ 

performance time over 200-m, since it has previously been shown to provide a strong indication 

of anaerobic capacity, with large inverse correlations found (r = -0.73 to -0.74) [9, 60]. 

 

2.3.4 Laboratory Versus On-water Testing Protocols 

 

The primary advantage of using laboratory-based (i.e., controlled) kayak ergometer testing is 

the fact that it avoids the practical difficulties associated with physiological testing in varied 

(on-water) environmental conditions [26, 35, 36, 78]. In fact, previous research has shown that 

the use of laboratory-based testing performed on kayak ergometers provides valid and reliable 

physiological responses (i.e., peak HRs, VO2peak, VO2 kinetics and BLa concentrations) when 

compared to on-water sprint kayak tests and training sessions [35-38]. In contrast to these 

positive findings, other research has shown discrepancies in physiological parameters [40, 43], 

RPEs [41, 43], SRs [40-42], muscle activation [39], and kinematic profiles [39, 42] between 

kayak ergometer tests and on-water tests, time-trials and training sessions. Specifically, 

research by Villarino-Cabezas et al., [40] showed that BLa concentration and SRs of national- 

and international-level male sprint kayakers were lower during both continuous (8000 m) and 

interval (8 x 1000-m) aerobic training when performed on-water compared to on a kayak 

ergometer. Other research also found significant differences in stroke force production and 



55 

 

muscle activity patterns of kayak-specific muscle groups (i.e., latissimus dorsi, triceps brachii 

and anterior deltoid) between submaximal efforts performed on-water as compared to on the 

ergometer in elite male sprint kayak athletes [39]. Furthermore, such findings were 

corroborated via recent research by Klitgaard et al., [42] who showed discrepancies in elbow, 

shoulder and knee kinematics between maximal efforts performed on an ergometer and on-

water, when junior female sprint kayakers were tested. Here, Klitgaard et al., [42] also found 

that the average SR was 8 ± 6 strokes per minute (spm) lower during on-water trials compared 

to the same testing performed on a kayak ergometer. Such findings support prior research that 

showed athletes naturally select higher SRs during ergometer-based testing since this testing is 

performed on solid ground, whereas lower SRs may be needed on-water in an attempt to 

maintain balance of the boat in a fluid environment [40, 41].  

 

From a biomechanical perspective, there are several factors which may explain the 

discrepancies previously observed between on-water and kayak ergometer performances. 

Firstly, the elastic cords which rotate the flywheel on the kayak ergometer exert resistive 

(downward) recoil forces on the paddle shaft which may not accurately reflect on-water kayak 

kinematics [16, 39, 42] (see Figure 2.1). Secondly, the tension of these elastic cords can largely 

influence athletes’ power-velocity profile [79] and muscle activation [80] since too low or too 

high a tension may result in the applied power being partially absorbed by the elastic cord, 

meaning much of the athletes’ applied power is not directly transferred to rotate the flywheel 

[79]. Thirdly, testing on a kayak ergometer does not account for the lateral instability associated 

with paddling on water [16, 41, 42]. Fourthly, the catch position (i.e., the initial contact of the 

kayak blade tip and the water [81]) may vary during ergometer testing as compared to water-

based performances, since athletes do not have a reference point for water contact when 

paddling on an ergometer [16]. Finally, kayak ergometer paddles are generally shorter, heavier, 

and do not comprise of the tear-drop blade profile of actual paddles used on-water, which may 

influence stroke kinematics and SR selection [42]. In addition to these biomechanical 

dissimilarities, recent research has also shown that paddling on different commercially 

available kayak ergometers can present different metabolic responses, SRs, and PO, both 

between, and within various kayak ergometer brands [68, 82]. Taken together, it appears that 

the use of kayak ergometers for physiological testing and for training may present outcomes 

that do not accurately replicate on-water kayaking kinematics, and therefore, practitioners may 

need to exhibit caution when interpreting and implementing the results of ergometer-based 

testing for training prescription and overall assessment of sprint kayak athletes [39, 42].
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Figure 2.1: Diagrammatic representation of an athlete paddling on a kayak ergometer. The numbers 1-5 represent the primary biomechanical 

discrepancies observed between paddling on-water and on an ergometer: 1) the dashed (red) line represents the downward recoil force being applied 

to the paddle shaft which does not occur during on-water paddling; 2) the tension of the elastic cords that rotate the ergometer fly-wheel can largely 

influence athletes’ power-velocity profile and muscle activation, and may not accurately reflect the drag forces applied to paddle when kayaking on-

water; 3) ergometer-based performances are completed on solid ground which does not replicate the lateral instability associated with paddling in varied 

on-water conditions; 4) the catch position (i.e., the initial contact of the kayak blade tip and the water) during ergometer performances may be different 

to on-water paddling since athletes do not have a reference point for water contact when paddling on an ergometer; 5) kayak ergometer paddles are 

generally shorter, heavier, and do not comprise of the tear-drop blade profile as compared to paddles used on-water which may influence stroke 

kinematics and natural SR selection.  
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2.3.5 On-water Testing 

 

To provide sport-specific and ecologically valid outcomes for athletes, a culmination of 

previous research would suggest that on-water testing should be considered for monitoring 

athletic progression and for the prescription of on-water training for sprint kayak athletes [41, 

42, 44]. However, due to the practical difficulty of standardising testing procedures in varied 

on-water conditions [26, 47, 78], research pertaining to the development of on-water testing 

protocols for the physiological assessment of sprint kayak athletes is limited. To avoid the 

limitations of varied (on-water) environmental conditions, while providing sport-specific and 

ecologically valid test outcomes, previous research has utilised circulating (indoor) water 

channels to assess sprint kayak athletes in an externally relevant, but controlled testing 

environment [83, 84]. However, the practicality of this strategy is limited in many high-

performance settings, given the very large cost and space requirements to conduct such 

analysis. Alternatively, recent advancements in portable metabolic analysers and motion 

tracking technology (i.e., GPS/GNSS) have enabled practitioners to employ on-water 

incremental testing procedures where athletes’ relative boat speed is used to control and grade 

exercise intensity for each stage of the test [6, 12, 26, 44, 58]. For example, Bullock et al., [26] 

recommended the use of a 6 x 1000-m on-water incremental test where the velocity for each 

effort is based upon the athlete’s season best 1000-m performance. Similarly, Pilotto et al., [44] 

recently developed a 7 x 4-min GXT where stages are graded by percentages of the athlete’s 

average speed achieved in a 1000-m on-water time-trial. Pilotto et al., [44] showed that LT2 

and the corresponding boat speed derived from the on-water GXT was reliable, valid, and near-

perfectly (positively) correlated to 1000-m average speed (r = 0.96) [44]. Given such findings, 

it was suggested that this testing methodology provides a useful, task-specific alternative to 

laboratory-based testing [44]. 

 

Despite the greater task-specificity of on-water incremental testing graded by speed, measures 

of boat velocity are heavily influenced by the prevailing (on-water) environmental conditions 

including wind speed, water temperature, and the water flow [1, 47]. Therefore, to minimise 

the influence of the environmental conditions, a requirement of this on-water testing is that the 

protocol is performed on a still-water (competition-certified) course in calm conditions – where 

wind velocity is < 2 m.s.-1 [26, 44]. From a practical perspective, it may not always be possible 

for coaches and practitioners to frequently delay testing for optimal weather conditions. 

Furthermore, even if wind speeds are within ideal ranges (i.e., < 2 m.s.-1) at the start of testing, 
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it is possible for the wind conditions to vary considerably throughout a GXT given the 

extensive time required to complete such a test. Varied wind conditions throughout testing 

would certainly limit the ability to control and grade exercise intensity when using speed as the 

grading variable. Given such limitations, on-water testing protocols graded by measures of 

speed may not be suitable for regular monitoring of athlete progression, whereas a measure 

independent of the varied environmental conditions, such as PO, might be considered as an 

alternative method for grading intensity during such testing [41]. Nevertheless, since GXTs 

provide the physiological criteria necessary to classify an athletes’ relative exercise intensity 

into defined zones [26], it is essential that coaches and practitioners obtain accurate, and 

ecological valid data to best inform future training prescription. 

 

2.4 Monitoring and Prescribing Sprint Kayak Training Loads 

 

2.4.1 Training Intensity Zones   

 

In many high-performance settings the classification of exercise intensity into zones, 

representing different energy system contribution, has become common practice to control 

training workloads and ensure athletes receive the appropriate / desired training stimulus [70, 

85-89]. Indeed, training models incorporating 3 to 5 zones, anchored by established 

physiological criteria, such as BLa / ventilatory thresholds (i.e., LT1 / VT1 and LT2 / VT2), and 

/ or maximal aerobic thresholds (VO2max / maximum HR [HRmax]), are often employed to 

classify aerobic training intensities [52, 86, 87, 90, 91]. Although quantifying the time athletes 

spend in each of these individualised zones (i.e., “time-in-zone”) may be informative for 

endurance-based training [35, 87], a limitation of these aerobic training zone models is that 

they do not account for supramaximal intensities performed above VO2max and HRmax [55, 86]. 

Given the importance of a high anaerobic capacity for 200-, 500- and 1000-m sprint kayak 

success [5, 9, 25], and the fact that these races are performed at intensities at or above VO2max 

[32, 58], the training for sprint kayak athletes often incorporates race-specific and 

supramaximal exercise [64, 92]. Therefore, to account for these high intensity efforts, training 

intensity guidelines have been established specifically for sprint kayak athletes where 

additional zones are employed to classify race-specific and supramaximal exercise [26, 93]. 

Specifically, Bullock et al., [26] recommend the use of an 8-zone model for quantifying sprint 

kayak training intensities (see Table 2.1) where training zones T1 – T8 are demarcated by 
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various internal (i.e., HR, RPE, VO2, BLa) and external (i.e., SR) training load measures. This 

8-zone model comprises five aerobic-based training zones (T1 – T5), in addition to three 

anaerobic zones that relate specifically to the demands of 1000-, 500- and 200-m races (T5 – 

T7), and also an ‘all-out’ alactic zone (T8) [26]. Despite being specifically designed to quantify 

the demands of sprint kayak training, research has yet to apply the 8-zone intensity model for 

on-water training monitoring and prescription, warranting further research in this space.  

 

When applying intensity zone models for monitoring and prescribing sprint kayak loads, 

consideration of the internal and external loads athletes are exposed to during both training and 

competition is needed, given the large physiological demand that sprint kayak competitions 

can place on the athlete [2]. Indeed, since sprint kayak competitions often require athletes to 

compete in several races per day (heats, semis and final), over varying distances (i.e., 200-, 

500- and 1000-m) and boat classes (K1, K2, K4) [2], quantifying the load associated with this 

activity would be important for managing future training load prescription. Furthermore, when 

applying intensity zone models for quantifying training and racing loads, it may also be 

beneficial for coaches and practitioners to analyse various components of these sessions 

separately, with the warm-up completed prior to training / racing being one example. Given 

that the effectiveness of a warm-up strategy on subsequent training / racing performance is 

partly determined by the intensity and duration of the warm-up activity [62, 94, 95], separately 

monitoring an athlete’s intensity during their warm-up could provide coaches and practitioners 

valuable insight into their pre-training / competition readiness, whilst also providing a 

reference for prescribing suitable warm-up routines for future performances. However, 

research applying intensity zone models for quantifying and classifying athletes’ internal / 

external load during their warm-up for training and competition is scarce. Accordingly, future 

research applying intensity zone models for quantifying athletes’ internal / external load in the 

context of sprint kayak training, racing, and the warm-up for these activities is needed to 

improve the collective knowledge in this space. 
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Table 2.1: Guidelines for Sprint Kayak Training Zones (adapted from Bullock et al., 2012 [26]). 

Training 

zone 

Prescriptive 

description 
BLa threshold relationship 

BLa concentration 

mmol.L-1 

HRmax 

(%) 

VO2max 

(%) 

Stroke rate 

(spm) 
RPE 

Exercise time to 

exhaustion 

T1 Light aerobic < LT1 < 2.0 60 – 75 < 60 < 60 Very light > 3 h 

T2 Moderate aerobic Lower half between LT1 & LT2 1.0 – 3.0 75 – 84 60 – 75 56 – 72 Light 1 – 3 h 

T3 Heavy aerobic Upper half between LT1 & LT2 2.0 – 4.0 82 – 89 75 – 85 70 – 82 Some-what hard 20 min – 1 h 

T4 Threshold LT2 3.0 – 6.0 88 – 93 85 – 90 78 – 92 Hard 12 – 30 min 

T5 
Maximal aerobic 

(1000-m race pace) 
> LT2 > 5.0 92 – 100 90 – 100 90 – 110 Very hard 5 – 8 min 

T6 500-m race pace > LT2 > 8.0 100 n/a 106 – 120 Very, very hard 1.5 – 2 min 

T7 200-m race pace > LT2 > 6.0 x n/a 115 – 140 Almost maximal 30 – 50 s 

T8 Alactic Sprints x x x n/a > 130 Maximal 10 – 15 s 

Abbreviations: %HRmax – Percentage of maximum heart rate, %VO2max – percentage of maximum oxygen uptake, BLa – blood lactate, RPE – rating of perceived 

exertion. n/a – not available, x – not applicable. 
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Another consideration when applying intensity zone models for training monitoring and 

prescription is the accuracy in the internal and / or external load measure used. It is simply not 

possible for coaches and practitioners to identify the effects of training, or to optimise the 

training process, without an accurate method for controlling and monitoring athletes’ exercise 

intensity [23, 96]. For instance, if the intensity quantification method is imprecise, or if the 

applied training zone does not accurately reflect the intended training stimulus, it could 

potentially lead to sub-optimal athlete preparation due to inadequate training prescription and 

/ or misinterpretations of the actual training load undertaken [23, 96]. Furthermore, without an 

accurate method to control and monitor training workloads, the process of balancing the 

concurrent development of both aerobic and anaerobic adaptations is even more challenging. 

Therefore, for the provision of optimised training programs and acute race-preparation 

strategies, and to have a positive impact on the athletes’ fitness and performance outcomes 

from training, accurate quantification of intensity is crucial. Accordingly, in the forthcoming 

paragraphs, we explore the accuracy and potential limitations of current methods used to 

quantify and classify exercise intensity for sprint kayak athletes.  

 

2.4.2 Methods for Quantifying Internal Load 

 

The most common measure of internal load used to monitor and prescribe athlete training zones 

is the measurement of HR through widely available telemetry HR monitors [20, 35, 87, 89, 97-

99]. To delineate intensity zones through measures of HR, various percentages of an athlete’s 

HRmax (%HRmax) are commonly used [20, 26, 87, 97, 98, 100] (see Table 2.1). However, these 

percentages are arbitrary and may not accurately reflect the training stimulus [101] since they 

do not account for individual, or activity-specific variation [87, 100]. To adjust training zones 

to suit individual athletes, laboratory-based step tests (i.e., the 7 x 4 min GXT) are often used 

to identify the HR-BLa relationship and the associated BLa and ventilatory thresholds (i.e., 

LT1 / VT1 and LT2 / VT2) [19, 26, 27]. Indeed, the practice of prescribing HRs based upon 

individual HR-BLa responses to incremental ergometer tests has been shown to be a valid and 

effective method to control on-water paddling intensity for prolonged, constant-load efforts 

[35, 48]. However, there are some inherent limitations in the measurement of HR that should 

be considered in the context of monitoring and prescribing training in sprint kayaking. For 

instance, individual HR responses to exercise have been shown to exhibit high day-to-day 

variability (up to 6.5%) due to the influence of various factors, which include; circadian 

variation, changes in body position, variations in the environmental conditions (i.e., ambient 
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temperature and relative humidity), and the hydration and fatigue status of the athlete [20, 54, 

97-99, 102]. Furthermore, HR may misrepresent exercise intensity due to the slow rise in HR 

and gradual decrease in stroke volume that occurs during prolonged, mild-to-moderate 

intensity exercise, termed “cardiovascular drift” [98, 103]. This drift in HR has been primarily 

related to the increase in core body temperature (hyperthermia) and body water loss 

(dehydration) during prolonged (30-60 min) exercise, which has shown to inflate HR by up to 

15% [97, 98, 103, 104]. More recent research has also shown that when prescribing constant 

work rate exercise at moderate and heavy intensities, there is a slow component of HR kinetics 

(i.e., gradual increase in HR) that is more pronounced than the slow component for VO2 [105]. 

As such, the prescription of moderate and heavy exercise intensities may result in premature 

fatigue when measures of HR are used to control training workloads over more prolonged 

training durations [105].  

 

In addition to the limitations in HR for quantifying intensity during prolonged duration 

exercise, HR measures have also been shown as a poor method for quantifying high-intensity 

interval training due to the inherent physiological ‘lag’ of the cardiovascular system in response 

to rapid changes in exercise workloads [52, 54, 85, 87, 106]. For example, in other endurance-

based sports, such as road cycling, HR underestimated the time spent in low and high intensity 

zones (i.e., < LT1 – “Zone 1” and > LT2 – “Zone 3”) as compared to external measures of PO, 

likely due to the delayed cardiovascular system response in adapting to fluctuations PO during 

racing situations [54]. Since sprint kayak training often incorporates high-intensity interval and 

sprint interval training sessions [64, 92], the sole use of HR may therefore misrepresent 

exercise intensity during these sessions, subsequently influencing training load interpretation 

and management. However, research examining the use of HR measures for quantifying on-

water sprint kayak training incorporating both prolonged (endurance) and short (high-intensity) 

exercise durations is scarce. Accordingly, further research is required to evaluate the efficacy 

of HR measures for quantifying intensities performed across the spectrum of sprint kayak 

training zones (i.e., the T1-T8 zones).  

 

Another common internal training load measure for the quantification of sprint kayak training 

is the measurement of RPE [26, 47, 49, 107] (see Table 2.1). While various RPE scales exist 

[47], previous research has suggested that the 6-20 Borg scale [108]  (6 – no exertion to 20 – 

maximal exertion) and the multiplication of the athletes’ RPE by the training session duration 

(session-RPE) [109] provides a simple, practical and valid measure of psycho-physiological 
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load during aerobic-based sprint kayak training [47, 107]. However, an important consideration 

when classifying intensity through measures of RPE is that this method relies on athletes’ self-

report, which may be influenced by individual characteristics (age, gender and 

fitness/performance level), environmental conditions (i.e., ambient temperature) and other 

physical and/or psycho-social factors [20, 110-112]. Research also suggests that RPE measures 

may underestimate training workloads, intensity distribution, and the dose-response 

relationship compared to more objective measures (i.e., HR and PO) [52, 106]. Nevertheless, 

when used in combination with objective training load measures, RPE appears to provide a 

useful tool to inform an athlete’s current physical and mental state relevant to fatigue [47, 106]. 

Furthermore, since measures of RPE also provide a simple and practical method for quantifying 

intensity in an on-water environment [47], it could be that this subjective measure is easily 

incorporated with other, more objective training load measures to thoroughly evaluate sprint 

kayak training monitoring and prescription.  

 

2.4.3 Methods for Quantifying External Load 

 

To classify training intensity based on the physical work performed, many high-performance 

sports, including sprint kayaking, have used measures of speed and distance measured relative 

to land through GPS/GNSS technology [1, 19, 27, 47, 97]. The use of GPS/GNSS devices are 

advantageous for quantifying on-water performance since they are light weight, easily fitted to 

the deck of the athletes’ boat, and are permitted for use within International Canoe Federation 

(ICF) competition regulations [66, 113]. Indeed, speed and distance data recorded from 

GPS/GNSS devices have been used previously to quantify on-water training loads [19, 27, 47], 

and have been used extensively to examine sprint kayak race profiles and pacing strategies 

during competition [2, 66, 113, 114]. However, as mentioned in the “On-water Testing” section 

(2.3.5) of this review, a problem that exists for quantifying on-water external load based upon 

GPS-derived speed and distance measures is that it does not consider the potential changes in 

intensity and psycho-physiological stress response to varied (on-water) environmental 

conditions [99], such as the wind speed, the water temperature, and the water flow [1, 47]. 

Furthermore, since sprint kayak athletes often train on flowing rivers, athletes’ boat speed 

would vary considerably depending on the direction travelled on the river (i.e., upstream / 

downstream), limiting the use of speed and distance measures for accurate training 

quantification in these environments. To account for the influence of water flow and its 

direction, other water-based sports, such as rowing, have utilised impeller system devices to 
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record boat speeds relative to the water, as opposed to land [115, 116]. However, despite the 

potential advantages of quantifying speed relative to the water, impeller systems are rarely used 

in sprint kayak settings, likely due to the practical limitations associated with a protruding 

impeller from the kayak hull (i.e., potential for extra drag caused by weed/debris) [115]. 

Therefore, further research is needed to examine methods that adjust or account for the 

influence of various environmental conditions on measurements of an athlete’s boat speed in 

both still-water and flowing river environments.  

 

Given the limitations of speed, an alternative external load measure used to monitor and 

prescribe sprint kayak training is the use of SR [26, 93, 117]. For intensity classification, 

standardised SR bands are often implemented to delineate training intensity zones, ranging 

from ~56 to 130 spm or more [26, 93] (see Table 2.1). However, a limitation of this method is 

that it does not account for individual variation in paddling technique or the individual’s 

aerobic fitness level [26]. Similarly, these generic SR bands do not account for differences in 

athlete standard, despite previous research showing that elite sprint kayak athletes will exhibit 

higher SRs compared to their sub-elite counterparts [118]. While it is possible to determine 

individual SR-bands using the SR-BLa response to a GXT, this is not common practice, 

possibly due to the discrepancies in SRs previously observed between ergometer and on-water 

performances [40-42]. Another potential limitation with the use of SR for prescribing and 

monitoring training intensities in sprint kayaking is the possibility that athletes can vary their 

intensity at a given SR [119]. For example, a common training method employed by coaches 

is the prescription of low SRs (i.e., ~40 – 50 spm), where the primary training focus is on 

correct technique and a high force production per stroke [119]. When undertaking this 

particular training technique, the low SRs produced would not be reflective of the high 

physiological and mechanical load associated with this training prescription, and may lead to 

a misrepresentation of athletes’ training intensity distribution if quantified using SR as a 

monitoring tool alone. Nevertheless, since measures of SR are a key determinant of boat 

velocity and sprint kayak race performance [117], further research investigating the utility of 

SR for quantifying on-water sprint kayaking is warranted. Specifically, future research should 

investigate the use of SR for demarcating individual training zones, and for monitoring the 

distribution of sprint kayak training intensity. 
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2.4.4 On-water Force and Power: A Novel Approach to Monitoring Sprint Kayak Loads 

 

Previous research suggests that the most direct method for quantifying an athlete’s external 

training load and exercise intensity is through the measurement of PO [52, 54, 99, 120]. In 

other sports, such as road cycling, measures of PO have proven crucial in characterising the 

energy demands of both racing and training, since direct measures of power at the crank 

provides an accurate representation of the intensity, frequency and duration of efforts within a 

session, despite variable environmental conditions (i.e., cycling uphill or into a headwind) [52, 

54, 55, 121, 122]. Moreover, in water-based sports such as rowing, measures of PO have been 

suggested to provide a more suitable method for controlling athletes’ compliance to the 

prescribed on-water training intensity as compared to more traditional (indirect) intensity 

measures (i.e., HR, speed and SR) [56]. Despite the potential advantages of PO measures 

within a sprint kayak training setting, the majority of research assessing paddling PO has been 

restricted to ergometer-based performances, likely due to the technical difficulties faced in 

directly measuring force and PO during the 3-dimensional paddling motion on-water [16, 78, 

123, 124]. Nevertheless, Stothart and colleagues [125] first presented instrumented paddle 

technology for sprint kayak athletes in 1987, where strategically placed strain gauges were 

used to measure paddling force on-water, which could be monitored telemetrically. The 

working principle for this technology was that bending moments on the shaft have a strong 

linear relationship with resistance applied from the water [51, 125]. Subsequent research has 

used similar, but more advanced instrumented systems within an on-water kayak setting which 

have incorporated a combination of various micro-technologies such as strain gauges, inertial 

measurement units (IMUs), pressure sensors, GPS and fibre optics applied to the paddle and / 

or the foot-plate (see Table 2.2) [14, 50, 117, 126-130]. However, such research has primarily 

been focused on biomechanical outcomes, such as the quantification of stroke force profiles 

across varying athlete standards (i.e., recreational to elite), and the evaluation of paddle and 

foot-plate force synchronisation [14, 117, 126-132]. Notwithstanding, there currently exists a 

paucity of research evaluating the application of PO measures from instrumented paddle 

technology for on-water physiological testing, training monitoring, and training prescription 

for sprint kayak athletes. Unlike other indirect measures that are currently used for such 

purposes (i.e., HR, speed and SR) [26, 47, 93], the quantification of an athletes’ paddling PO 

over one or more stroke cycles provides an indication of the forces they applied directly to the 

paddle, irrespective to environmental factors that may influence the boat’s forward propulsion, 

such as the water temperature, the wind speed, and / or the water flow [56]. Consequently, the 
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quantification of athletes’ paddling PO is likely to provide the most direct assessment of their 

intensity during on-water sprint kayaking as compared to traditional training load measures 

and is therefore likely to provide greater accuracy in the quantification of on-water loads.  

 

Of the recent advances in micro-technologies and instrumented paddle systems available (see 

Table 2.2), one system of note is the Kayak Power Meter (KPM) (One Giant Leap Ltd., Nelson, 

NZ), which is capable of measuring athletes’ on-water paddling force and PO in real-time [50, 

51]. These KPMs provide a promising method for monitoring on-water sprint kayak 

performance compared to earlier instrumented systems since they; 1) enable the direct 

measurement of forces applied by the hand over 360o of motion, independent of blade pressure 

distribution; 2) they provide a measurement of real-time stroke force and PO derived from the 

integration of strain gauge and IMU data from both left and right-hand shafts, and; 3) they are 

commercially available [50, 51]. Additionally, the strain gauges embedded into these KPMs 

have been reported to measure force values within 0.12-1.40% of the true value, while 

reliability has shown to range from 0.27-0.34% for an applied force of 155.9 N [50, 51]. 

Furthermore, the PO measures derived from the commercially sensitive algorithm within the 

KPMs have also shown to be consistent with established theoretical models when plotted as a 

function of boat velocity cubed (r2 = 0.982) [50]. 

 

With the potential advantages of using PO as a direct indicator of paddling intensity, 

Winchcombe and colleagues [41] recently utilised this newly developed KPM technology for 

the development of a 7 x 4 min on-water GXT, which was graded by measures of PO. The 

results of this study showed that the use of real-time PO measures for controlling and 

graduating on-water GXT workloads provided valid and reliable internal and external load 

responses for well-trained sprint kayak athletes [41]. Given these positive outcomes, it was 

suggested that this on-water test protocol may provide more sport-specific outcomes compared 

to traditional laboratory-based testing performed on kayak ergometers [41]. Furthermore, since 

measures of PO are less influenced by the environmental conditions than traditional measures 

of speed [99, 122], the use of PO for controlling GXT workloads is likely to provide a more 

appropriate method than previously established on-water GXTs that were graded by speed. 

However, given the limited knowledge available in this space, future research is required to 

further evaluate the ecological validity of on-water GXTs graded by PO. Furthermore, research 

is also required to evaluate the utility of real-time PO measures for the quantification and 

classification of on-water sprint kayak training intensities compared to traditional training 
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monitoring and prescription methods (i.e., HR, speed, and SR). Since the assessment of an 

athlete’s paddling PO is mostly unaffected by the influence of external factors such as varied 

environmental conditions [56], the application of KPMs for monitoring and prescribing on-

water sprint kayak loads in both still- (i.e., competition) and flowing- (i.e., training) water 

environments is promising. 

 

2.5 Conclusion 

 

For optimal race preparation, sprint kayak athletes require high levels of both aerobic power 

and anaerobic capacity. For optimised training monitoring and prescription, laboratory-based, 

physiological testing protocols performed on kayak ergometers are often employed to 

determine these capacities for individual athletes. However, due to the biomechanical 

discrepancies observed between paddling on an ergometer as compared to on-water, the 

ecological validity of current ergometer-based testing protocols for monitoring and prescribing 

on-water sprint kayak training is questionable. However, while on-water assessments may be 

more task-specific, a current issue that exists with quantifying on-water training loads and 

performance outcomes is the influence of varied environmental conditions on traditional 

internal and external load measures commonly collected in this setting. Given such limitations, 

research examining the quantification and classification of on-water intensity during sprint 

kayak training and racing is scarce and warrants further research. In other sports such as rowing 

and road cycling, measures of PO have been used to quantify performance in the field, since 

the data provides a direct measure of an athlete’s exercise intensity, irrespective of the varied 

environmental conditions encountered (i.e., riding at 250 W into a headwind or with a tailwind 

would result in markedly different bike velocities but would still equate to 250 W of PO). 

Fortuitously, innovations in instrumented paddle technology now allow for the measurement 

of PO on-water, and research has since used this technology to develop on-water assessments 

that are graded by PO. Despite the potential advantages of directly measuring PO on-water, 

research is yet to examine its utility for quantifying sprint kayak training loads and performance 

outcomes. Consequently, future research is needed to evaluate the efficacy of novel real-time 

PO measures compared to traditional methods used to quantify on-water kayak intensity (i.e., 

HR, speed, and SR). The outcomes generated from this work could be used to better inform 

coaches and practitioners when evaluating the on-water training responses of their athletes, and 

for prescribing on-water workloads within training and competition settings.
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Table 2.2: Published studies examining the use of instrumented paddle technology for on-water force and power measurement in kayaking. 

Reference Participants Measurement 

System 

Instrumentation Research Aim Primary Testing 

Variables 

Field of 

Research 

Primary Research Outcomes  

Stothart el 

al., [125] 

NA Instrumented 

kayak paddle 

prototype  

Paddle shaft 

instrumented with 

two strain gauges  

Development of an 

instrumented paddle 

system 

Paddle force Engineering • Designed a light, weight, system 

for reliable and accurate force 

measurements  

Aitken & 

Neal [126] 

1 Sub-elite 

sprint kayak 

athlete 

Kayak Data 

Acquisition 

and Analysis 

System 

(KDAAS) 

Paddle shaft 

instrumented with 

multiple strain 

gauges 

Development of an 

accurate, portable, and 

lightweight 

computerised system 

Paddle force, 

impulse, work, 

PO, velocity 

Biomechanics • Designed a lightweight, mobile, 

and waterproof system that does 

not interfere with the paddling 

motion 

Sturm et al. 

[127] 

1 

recreational 

kayak athlete 

Foot plate and 

paddle force 

measurement 

system 

Paddle shaft 

instrumented with 

multiple strain 

gauges and foot-plate 

instrumented with 

force sensitive 

resisters 

Development of a 

system to measure 

both foot and paddle 

forces simultaneously 

and to compare paddle 

force data to ergometer 

power data 

Paddle and foot-

plate forces 

Biomechanics • Peak paddle forces derived from 

the instrumented paddle systems 

correlated well to PO measured 

from the ergometer 
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Helmer et al. 

[128] 

2 sprint 

kayak 

athletes 

 (n=1 

amateur, n=1 

elite) 

Submersible 

paddle blade 

pressure sensor 

Paddle blade fitted 

with Flexiforce force 

sensors 

Development of  a 

pressure sensor 

mounted to the paddle 

blade for quantifying 

hydrodynamic 

pressure 

Paddle force, 

depth, stroke pull 

time 

Engineering • While unable to directly measure 

stroke force, blade pressure 

sensors provided a useful tool for 

quantifying stroke pull time 

Gomes, et al. 

[132] 

1 elite 

female sprint 

kayak athlete 

FPaddle 

system 

 

 

 

Paddle shaft 

instrumented with 

deformation sensors, 

transducer, 

transmitter, radio 

receiver, & multiple 

strain gauges 

Development of a 

system to measure left 

and right paddle strain 

on-water 

Real-time 

paddling force 

(peak force, time 

to peak & time of 

water phase) 

Biomechanics • The FPaddle system allowed for 

the collection of on-water 

paddling force through wireless 

data transmission 

Gomes et al. 

[117] 

10 elite 

sprint kayak 

athletes (n=5 

female, n=5 

male) 

FPaddle 

system 

 

Paddle instrumented 

with deformation 

sensors, transducer, 

transmitter, radio 

receiver, & multiple 

strain gauges 

Examination of the 

magnitude and shape 

of paddle force-time 

curves at different SRs 

Paddle force, SR, 

water and air 

phase durations, 

impulse, kayak 

velocity and 

acceleration 

Biomechanics • As SR increases, paddling force 

profiles become more rectangular 

in shape 

• To obtain a rectangular force 

profile, athletes should have a 

rapid increase in paddling force 

directly after blade entry, and have 

a quick water exit while forces are 

still close to peak values 
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Nilsson & 

Rosdahl [14] 

5 elite male 

sprint kayak 

athletes 

Foot-plate and 

paddle force 

measurement 

system 

  

Foot-plate 

instrumented with 

force transducer; 

paddle instrumented 

with two moveable 

strain-gauge-based 

sensors 

Investigation of the 

leg-muscle force 

contribution during 

maximal effort flat-

water paddling 

Paddle and foot 

forces, boat 

velocity 

Biomechanics • When restricting leg action, there 

is a significant reduction in 

push/pull foot-bar forces, mean 

paddle force and kayak velocity 

Macdermid 

& Fink [50] 

1 well-

trained, male 

kayak 

athlete.  

Kayak Power 

Meter 

(One Giant 

Leap, NZ) 

Paddle shaft 

instrumented with 

multiple strain 

gauges and IMUs 

Examined the validity 

of a commercially 

available, wireless 

kayak paddle power 

meter 

Paddling force, 

PO, SR, work rate  

Biomechanics • The Kayak Power Meter provided 

valid and reliable force 

measurements 

• The PO-velocity relationship was 

consistent with theoretical models 

Tullis, 

Galipeau & 

Morgoch 

[131] 

1 ex-national  

sprint kayak 

athlete 

Instrumented 

paddle system 

Paddle shaft 

instrumented with a 

6-df, waterproof load 

cell transducer and a 

9-df IMU 

Investigated the use of 

an instrumented paddle 

system for quantifying 

propulsive and vertical 

blade forces 

Paddling force 

(propulsive & 

vertical force), 

SR, stroke time, 

boat velocity 

Engineering • The instrumented paddle system 

allowed for accurate measurement 

of blade forces without the need to 

assume a centre of pressure 

applied to the blade 

Zinke et al. 

[84] 

9 elite sprint 

canoe 

athletes  

(n=3 female, 

n=6 male; 

Instrumented 

paddle system 

Paddle instrumented 

with multiple strain 

gauges 

Investigated the effects 

of isokinetic training 

and sport-specific 

training on trunk 

muscular fitness and 

Paddling force at 

3.4 m.s.-1 water 

velocity 

 

Exercise 

Physiology 

• Large positive correlations were 

found between peak paddle force 

and peak isokinetic (concentric) 

torque (r ≥ 0.89, P ≤ 0.008)  
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Discipline: 

n=7 kayak, 

n=2 canoe) 

canoe-specific 

performance 

• Isokinetic training of the trunk 

rotator muscles may improve on-

water paddling force generation.  

Niu et al. 

[129] 

30 female 

sprint kayak 

athletes 

(n=15 

competitive, 

n=15 

recreational) 

Instrumented 

paddle system 

based upon 

optical fibre 

technology  

Multiple Fibre Bragg 

grating optical fibre 

sensors attached to 

the surface of the 

paddle shaft and 

blade 

Development of a 

paddle instrumented 

with optical fibre 

technology for 

evaluating on-water 

paddling performance 

of recreational and 

competitive sprint 

kayak athletes  

Paddle force, 

impulse, water 

phase duration, 

blade load 

distribution 

Biomechanics • Force and impulse data from the 

optical fibre paddle system could 

be used to differentiate 

recreational and competitive 

sprint kayak athletes 

• Blade load distribution patterns 

derived from instrumented 

paddles mirrored computational 

fluid dynamic modelling 

Macdermid, 

Osborne & 

Stannard 

[133] 

8 

competitive 

canoe slalom 

athletes 

Kayak Power 

Meter 

(One Giant 

Leap, NZ) 

Paddle shaft 

instrumented with 

multiple strain 

gauges and IMUs  

Investigation of the 

physical work demand 

and physiological 

responses to simulated 

flat-water slalom 

competition 

Paddling PO, 

work, force, 

impulse, SR, 

stroke length, 

VO2, HR 

Exercise 

Physiology 

• Examination of the PO:VO2 

relationship enabled the 

assessment of economy on-water 

• Turning, accelerating, and 

decelerating movements showed 

greater force production 

compared to straight-line paddling 

• Peak force generation decreases 

throughout a slalom competition 
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Winchcombe 

et al. [41] 

9 well-

trained sprint 

kayak 

athletes 

 (n=4 males, 

 n=5 

females) 

Kayak Power 

Meter 

(One Giant 

Leap, NZ) 

Paddle shaft 

instrumented with 

multiple strain 

gauges and IMUs  

Development of an on-

water GXT graded by 

measures of real-time 

PO  

PO, SR, HR, 

RPE, VO2 

Exercise 

Physiology 

• On-water GXT graded by PO was 

shown to be valid and reliable 

• PO from on-water GXT showed 

excellent reliability 

• SR from on-water GXT showed 

good reliability 

Bonaiuto, et 

al. [130] 

1 female 

kayak athlete 

e-Kayak 

system 

 

Digital acquisition 

system comprising 

IMUs, GPS and 

strain gauge 

instrumentation of 

kayak foot-plate and 

paddle shaft 

Investigation of a 

system to measure 

both kinematic and 

dynamic parameters 

for sprint kayak 

athletes 

Paddle and foot 

force, stroke 

frequency, water 

and air phase 

duration, impulse, 

boat velocity 

Engineering • The e-Kayak system provided 

synchronous acquisition of 

dynamic (paddle and foot-plate 

forces) and kinematic (stroke 

frequency, velocity, acceleration) 

parameters 

• Mean stroke force data derived 

from the e-Kayak system showed 

good correspondence to data 

recorded via other systems (i.e., 

FPaddle system) 

Gomes et al. 

[134]  

10 elite 

sprint kayak 

athletes  

(n=5 male, 

n=5 female) 

FPaddle 

system 

Paddle instrumented 

with deformation 

sensors, transducer, 

transmitter & radio 

receiver, and 

Analysis of the 

relationship between 

SR and the duration of 

the water and aerial 

Paddle force, SR, 

water and air 

phase durations, 

impulse, kayak 

Biomechanics • Duration of water and aerial 

phases are dependent upon SR. 

• At low SRs (below 100 spm), SR 

is increased primarily by 

decreasing aerial phase duration.  
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multiple strain 

gauges 

phases during on-water 

paddling 

velocity and 

acceleration 

• At high SRs (above 120 spm), SR 

is increased primarily by 

minimising duration of the water 

phase. 

Kong Tay & 

Pan [51] 

74 male 

sprint kayak 

athletes  

(n=9 

national 

level, n= 27 

well-trained, 

n=38 

recreational)  

Kayak Power 

Meter  

(One Giant 

Leap, NZ) 

Paddle shaft 

instrumented with 

multiple strain 

gauges and IMUs 

Comparison of the 

kinematic profiles of 

front and back 

paddlers during sprint 

kayaking in paired 

(K2) boats 

Paddling force, 

impulse, PO, 

work, SR, stroke 

time, water phase 

duration 

Biomechanics • Front and back paddlers in a K2 

boat have similar force, power, 

and temporal characteristics 

during maximal effort sprint 

kayaking 

• Proficient sprint kayakers are 

characterised by having greater 

kinetic outputs (i.e., greater force, 

power, impulse, rate of force 

development etc.) and temporal 

characteristics (i.e., higher SRs, 

shorter stroke time and water 

phase duration) 

Abbreviations: df – Degrees of freedom, GPS – global positioning system, GXT – graded exercise test, HR – heart rate,  IMU – inertial measurement unit, NA – not applicable 

/ not reported, PO – power output, RPE – rating of perceived exertion, SR – stroke rate, VO2 – oxygen consumption 
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3.0 Foreword 

 

To evaluate athlete performance outcomes during sprint kayak competitions, global navigation 

satellite system / global positioning system (GNSS / GNS) devices are commonly used to 

record external measures of boat speed, distance travelled and stroke rate (SR). Such devices 

are advantageous for quantifying on-water performance within a still-water, competition 

environment since they are light weight, are easily fitted to the deck of the athletes’ boat, and 

importantly, are permitted for use within International Canoe Federation (ICF) competition 

regulations. While external measures of boat speed and SR are often used to evaluate on-water 

sprint kayak race performance and pacing strategies, these measures have yet to be used to 

profile the on-water warm-up characteristics of sprint kayak athletes prior to racing. Given that 

a well-structured, pre-competition warm-up routine can enhance subsequent competition 

performance, understanding the demands of the on-water warm-up prior to sprint kayak racing 

would provide important practical implications for coaches and practitioners when preparing 

their athletes for racing. Accordingly, to improve the understanding of the specific demands of 

sprint kayak competition, and to provide insight into optimising athletes' preparation for racing, 

our first investigation (Chapter 3) evaluates and compares the competition warm-up strategies 

employed by sub-elite and elite sprint kayak athletes, and examines their impact on subsequent 

race performance. Given the potential impact of optimising the warm-up procedure for race 

performance, the observations of this study are likely to provide practical outcomes for 

prescribing suitable pre-competition warm-up strategies. 
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3.1 Abstract 

 

Purpose: This study compared warm-up strategies employed by sub-elite and world-class elite 

sprint kayak athletes, evaluating their impact on subsequent race performance. Methods: 

Forty-seven (n = 33 male, n = 14 female) athletes competing at a National Sprint Kayak 

Championships had Global Navigation Satellite System (GNSS) devices fitted to their kayak 

to measure speed, distance and stroke rate during the on-water warm-up before racing (OWWU), 

and during racing. The OWWU total duration, average / peak speeds and stroke rates, and the 

time spent in speed-zones classified based upon athletes’ relative race-pace (low-to-moderate, 

moderate-to-high, and race-specific) were compared between events, sexes, and athlete 

standard. Results: The relationship of these variables to subsequent race performance, 

expressed as a percentage of the best time-to-completion for each event (%racebest), was also 

examined. Women spent greater OWWU time at moderate-to-high and race-specific speeds 

compared to men prior to 200-m and 500-m races (P ≤ 0.001). Sub-elite men reported greater 

total OWWU duration for 200-m and 500-m (P ≤ 0.025), but not for 1000-m races (P > 0.05) 

compared to elite men. Finally, %racebest had large inverse correlations to OWWU peak speed 

for men’s 200-m (r = -0.53), and average stroke rate for women’s 500-m races  

(r = -0.50). Conclusions: This study provides valuable insight for competition warm-up 

routines based upon data from an elite athlete population. 

 

Keywords 
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91 

 

3.2 Introduction 

 

It is widely accepted that a well-structured pre-competition warm-up routine can enhance 

subsequent competition performance [1-4]. In sports such as sprint kayaking, where the 

margins of victory are narrow [5], an effective pre-race warm-up routine could impact the 

athletes’ finishing position [5]. However, there is limited knowledge of the current competition 

warm-up strategies employed by sprint kayak athletes, and what impact such strategies may 

have on subsequent race performance. 

 

The primary aim of a pre-competition warm-up is to increase muscle temperature (Tm) and 

neuromuscular activation [1, 4], with concomitant physiological responses including an 

increased muscle metabolism and contractile performance, and accelerated oxygen uptake 

kinetics [1, 6]. Previous literature suggests that active warm-up routines comprising brief  

(< 15 min) aerobic exercise at ~40-60% maximal oxygen uptake (VO2max), followed by ~4 to 

5 race-specific efforts, are sufficient for enhanced performance in racing sports [1, 4, 6]. For 

sports involving water-based activities, such as swimming [7, 8] and triathlon [9], the pre-

competition warm-up also typically consists of both a dry-land (~15-20 min) and water-based 

component (~10-18 min). Here, the dry-land component allows for the completion of whole-

body exercises not possible to perform in water, such as static and dynamic stretching, 

plyometrics and strength/activation exercises [7], while the water-based component allows 

rehearsal of sport-specific movements, localising Tm and neuromuscular responses to the active 

muscles [4, 7-9]. While sprint kayak athletes are also likely to complete both dry-land and on-

water warm-ups prior to racing (DLWU and OWWU), literature evaluating such practice is 

scarce.  

 

Within controlled laboratory-based settings, previous sprint kayak research has evaluated the 

effect of different warm-up intensities on subsequent kayak ergometer performance [5, 10]. 

Here, lower intensity (i.e., < 75% VO2max), intermittent (rather than continuous) warm-up 

routines were associated with greater maximal kayak ergometer performance [5, 10]. However, 

less is known about the warm-up strategies employed by sprint kayak athletes during actual 

competition, where it is common for athletes to compete in several races each day (i.e., heats, 

semis and finals), over varying distances (i.e., 200-, 500- and 1000-m) and boat classes (single-

person [K1], pair [K2] and four-person [K4] boats). Given that differences exist in the 
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physiological demand over each race distance [11-13], athletes may require bespoke pre-race 

warm-up strategies, much like in sports such as running, cycling and swimming [1, 7]. Further, 

athletes may also need to modify their warm-up routine for subsequent races if they have 

multiple races in one day [1], and / or if there are changes in environmental conditions (i.e., 

ambient temperature and relative humidity) [14]. Other factors such as race marshalling times 

[7], constraints imposed by event organisers [4] and variations in the structure of the regatta 

course (i.e., distance from water entry to the start gate, size of warm-up area etc.) could also 

influence sprint kayak race warm-up strategies. Consequently, structuring effective warm-up 

routines in a regatta setting can prove difficult, with warm-up routines often based primarily 

upon the athletes’ past experiences [4]. 

 

Although observational research has previously been used to gain insight into the competition 

warm-up practices of elite swimmers [7], triathletes [9], rhythmic gymnasts [15], snowboarders 

[16], boxers [17] and team sport athletes [18], knowledge of current pre-race warm-up practices 

employed by elite sprint kayak athletes, whether on dry-land or on-water, remains elusive. 

Accordingly, this study aimed to evaluate and compare the warm-up strategies employed by 

sub-elite and elite athletes during a national-level, sprint kayak championship. The outcomes 

will provide a reference for coaches and practitioners when designing competition warm-up 

strategies for their athletes.  

 

3.3 Methods 

 

3.3.1 Participants 

 

In a descriptive cross-sectional design, 47 (n = 33 male, n = 14 female) state-level to world-

class flat-water sprint kayak athletes (age 21.8 ± 3.7 y, weight 76.0 ± 9.6 kg, training experience 

7.4 ± 4.0 y) who competed in the 2019 Australian National Sprint Kayak Championships were 

recruited. Thirty-one were classified as ‘sub-elite’ (n = 22 male, n = 9 female) and sixteen 

‘elite’ (n = 11 male, n = 5 female). Elite classification was based on previous representation in 

the Australian National Sprint Kayak Senior Team at a World Championships or Olympic 

Games. The Championships formed part of the U18, U23 and Open National Teams selection 

for World Championships. Participants provided written informed consent prior to study 
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commencement. The study was approved by the host institution Human Ethics Committee 

(RA/4/20/5151).  

 

3.3.2 Experimental Procedures  

 

Prior to the regatta, athletes completed a short questionnaire to evaluate their typical 

competition dry-land and on-water warm-up (i.e., DLWU and OWWU) routines, which queried 

their typical warm-up duration, intensity, recovery time, the mode of exercise performed, and 

how they might modify their warm-up throughout a regatta. A subsequent questionnaire was 

completed within one week following the regatta to examine the warm-up routines athletes 

employed during the competition, and to evaluate their perception of their warm-up and race 

execution. Both questionnaires comprised multiple-choice and open-ended questions, and were 

completed online (5-10 min) using cloud-based software (SurveyMonkey, San Mateo, CA). 

Questionnaire items were modelled from previous surveys which evaluated athlete warm-up 

practices in other sports, such as swimming [7] and triathlon [9] and were also modelled in 

consultation with an experienced Olympic level coach.   

 

Throughout the 5-day regatta, all 47 athletes had a Global Navigation Satellite System (GNSS) 

device (Optimeye S5, Catapult Sports, AUS) fitted to their boat. Such devices have previously 

shown to be accurate to 0.011 m.s-1 in the horizontal plane [19]. The GNSS device was used to 

sample speed, distance and stroke rate (SR) data (10 Hz) during the OWWU immediately before 

racing and during the race. Data were recorded during the heats, semi-finals and finals (hereon 

termed ‘competition progression’) of the 200-, 500- and 1000-m distances for men’s K1 (MK1) 

races and 200- and 500-m distances for women’s K1 (WK1) races, with athletes competing in 

U18, U23 or open age categories (Table 3.1). All on-water activity was completed on a 

competition-certified regatta course. Figure 3.1 presents a satellite image of the course, and a 

representative trace of an athlete’s speed profile during their OWWU.  

 

3.3.3 Environmental Conditions  

 

Environmental condition data were collected using the weather station located at the course: 

http://www.elemenths.com.au/publicaccess/championlakesweatherstationsum.html. Over the 

5-day regatta, mean ambient temperature, relative humidity, wind speed and water temperature 

were 24.1 ± 2.5oC (range: 21.4 ± 0.1 to 25.4 ± 2.6oC), 70 ± 20% (range: 41 ± 8 to 95 ± 1%), 

http://www.elemenths.com.au/publicaccess/championlakesweatherstationsum.html
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1.7 ± 1.0 m.s-1 (range: 0.5 ± 0.4 to 2.9 ± 0.7 m.s-1) and 23.9 ± 0.8oC (23.5 ± 0.7 to 24.5 ± 1.0oC), 

respectively. Analysis indicated that ambient temperature, relative humidity, wind speed, and 

water temperature were different between competition days (P < 0.001) (Table 3.2).  

 

3.3.4 Data Processing  

 

The GNSS raw files were extracted using proprietary software (Logan, Australian Institute of 

Sport, Version 48.36) with athlete’s OWWU manually demarcated and subsequently converted 

to 1 Hz for analysis. Speeds < 1 m.s-1 and SRs < 40 spm were excluded from data averages to 

eliminate stationary or very low boat speeds. The Logan software was also used to analyse race 

time-to-completion and average and peak speed and SR. To account for differences in pacing 

strategies and environmental conditions between races, race performance was also expressed 

as a percentage of the best time-to-completion for each age category and competition 

progression (%racebest). 

 

3.3.5 On-water Speed Classification 

 

To account for individual warm-up strategies across the different race distances, competition 

progressions, and environmental conditions, OWWU speeds were classified into three speed-

zones based upon the athletes’ relative race-pace: (1) ‘low-to-moderate’ (< 50% mean race 

speed), (2) ‘moderate-to-high’ (50–90% mean race speed), and (3) ‘race-specific’ (> 90% mean 

race speed). Speeds < 1 m.s-1 were defined as rest. An ‘effort’ was defined as the point at which 

boat speed, averaged over a 5 s period, reached > 50% of the mean speed of the race the athlete 

was warming up for, and was classified as either ‘moderate-to-high’, or ‘race-specific’. Time-

in-zone was calculated as the time in minutes spent in each speed-zone.  

 

 

 

 

 

 

 

 

 



95 

 

 

 

 

 

 

 

 

 

 

Table 3.1: 2019 Australian National Sprint Kayak Championships event schedule for K1 races included for on-water warm-up (OWWU) data analysis. 

 Day 1 Day 2 Day 3 Day 4 Day 5 

K1 Sprint kayak 

races 

U18 MK1-1000 m H 

WK1-500 m H 

U18 MK1-1000 m SF 

WK1-500 m SF 

MK1-200 m H 

WK1-200 m H 

MK1-200 m SF 

WK1-200 m SF 

U18 MK1-1000 m F 

WK1-500 m F 

MK1-200 m F 

WK1-200 m F 

MK1-500 m H 

U18 WK1-500 m H 

MK1-500 m SF 

U18 WK1-500 m SF 

MK1-500 m F 

U18 WK1-500 m F 

MK1-1000 m H 

U18 MK1-200 m H 

U18 WK1-200 m H 

MK1-1000 m SF 

U18 MK1-200 m SF 

U18 WK1-200 m SF 

MK1-1000 m F 

U18 MK1-200 m F 

U18 WK1-200 m F 

U18 MK1-500 m H 

U18 MK1-500 m SF 

U18 MK1-500 m F 

 MK1 – Men’s single-person kayak, WK1 – Women’s single-person kayak, H – Heat, SF – Semi-Final, F– Final.  

Note: U23 age category events were scheduled at the same time as open age category events. 
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Table 3.2: Mean ± SD environmental condition data during the 5-day Australian Sprint Kayak National Championships. 

 Day 1 Day 2 Day 3 Day 4 Day 5 

Ambient temperature (oC) 25.3 ± 3.3 23.3 ± 0.8 25.4 ± 2.6 22.4 ± 0.3 21.4 ± 0.1 

Relative humidity (%) 41.4 ± 7.7 81.1 ± 7.5 69.2 ± 12.2 93.2 ± 3.3 94.6 ± 0.9 

Wind speed (m.s-1) 2.9 ± 0.7 1.3 ± 0.4 1.7 ± 0.7 0.5 ± 0.4 1.8 ± 0.2 

Water temperature (oC) 23.5 ± 0.7 23.6 ± 0.3 24.5 ± 1.0 24.3 ± 0.3 24.1 ± 0.0 
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Figure 3.1: Satellite image (Google Maps, Retrieved September 16, 2019) of the regatta course with a trace of an example athlete’s pre-race on-water warm-up 

(OWWU) and K1-1000 m race overlaid (white solid line). Markings show the point of water entry for the OWWU (X), the two designated warm-up areas (i & ii) and 

the start (solid line) and finish (dashed line) lines for each race distance. Athletes typically began their OWWU by paddling from point i to point ii, with majority of 

the warm-up completed around point ii. Athletes paddled directly from point ii to the start gates for race marshalling. (b) The athlete’s speed profile during the OWWU 

for the K1-1000 m, with the speed zones outlined (dashed lines) for “rest” (< 1 m.s-1),” low-to-moderate” speeds (< 50% race-pace), “moderate-to-high” speeds (50-

90% race-pace), “race-specific” speeds (> 90% race-pace). 
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3.3.6 Statistical Analyses 

 

Descriptive results are presented as mean (±SD). All statistical analyses were performed in R-

Studio (v4.0.2, Boston, USA). Assumptions of normality were verified by Shapiro-Wilk W test 

prior to analysis, with non-normally distributed data log10 transformed. For the questionnaires, 

frequencies were used to determine the percentage responses to all fixed and closed-question 

data, with open-ended questions content analysed by the lead researcher using a deductive 

approach [20]. For GNSS data, a linear mixed model was used to compare measures of OWWU 

duration, distance, speed, SR and the time-in-zone between the different race distances and 

competition progressions. The race distances and competition progressions were treated as 

fixed effects along with age and gender, whereas the individual athlete was considered the 

random effect. A separate model was run for athlete standard (i.e., sub-elite vs elite) 

comparisons, with this variable included along with race distance, race progression, age and 

sex as fixed effects. For athlete standard comparisons, heat-racing data were removed due to 

insufficient data available for elite athletes. A Kruskal-Wallis Test [21] was used to examine 

the differences in environmental conditions between each day of the regatta since data were 

non-normally distributed. Repeated measures correlation coefficients (r) using the “rmcorr” 

statistical package [22] were used to examine the relationship between measures of OWWU 

duration, speed and SR with subsequent race performance (i.e., %racebest). This method was 

used since it does not violate the assumption of independence [22] and could therefore account 

for the multiple OWWU profiles completed by each athlete. Established qualitative descriptors 

were used to classify correlation coefficients; r = 0.0-0.1, trivial; r = 0.1-0.3, small; r = 0.3-0.5, 

moderate; r = 0.5-0.7, large; r = 0.7-0.9, very large; r = 0.9-1.0, nearly perfect [23]. Cohen’s d 

effect sizes were also calculated and expressed with 90% confidence intervals (±90%CI) with 

common descriptors subsequently applied; d = < 0.1, trivial, d = 0.2-0.6, small, d = 0.6-1.2, 

moderate; d = 1.2-2.0, large; d = 2.0-4.0, very large; d > 4.0, nearly perfect [23]. Significance 

was accepted at P < 0.05. 
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3.4 Results 

 

3.4.1 Questionnaires 

 

A total of 45 athletes (n = 31 male, n = 14 female) completed the pre-regatta questionnaire, 

with a sub-set of 39 (n = 25 male, n = 14 female) also completing the post-regatta questionnaire. 

Table 3.3 outlines the typical competition warm-up activities employed by athletes. Here, 87% 

of athletes reported that they typically modify their warm-up for subsequent races if they have 

multiple races on a day, by reducing the volume but maintaining the intensity of their warm-

up (74%), by reducing both the warm-up volume and intensity (23%), or by increasing the 

volume but maintaining the intensity (3%). Further, 69% of athletes reported their warm-up 

routines were sufficient for optimal race performance. However, 17% reported that their warm-

up intensity felt “too low on most occasions”, 7% felt that their warm-up duration was “too 

short on most occasions”, and 7% felt that their warm-up was “disorganised and rushed on 

most occasions”. Finally, while all athletes completed both a DLWU and OWWU, the OWWU was 

rated by 90% of athletes as the most important warm-up activity for optimal race performance. 

 

3.4.2 GNSS Data Analysis  

 

Of the 47 athletes recruited a total of 238 OWWU and race profiles (WK1 n = 57, MK1 n = 181) 

were analysed over the 5-day regatta. Average race performance times were 43.9 ± 2.7 and 

119.9 ± 5.8 s for women’s K1 (WK1) 200-m and 500-m, respectively, and 39.2 ± 1.4, 104.6 ± 

4.1 and 225.9 ± 11.7 s for men’s K1 (MK1) 200-m, 500-m and 1000-m, respectively. Average 

time between race completion and the start of the OWWU for the subsequent K1 races was 2.5 

± 1.1 h.  

 

Comparison of OWWU descriptive measures for men and women are presented in Table 3.4. 

Significantly longer total distance (P = 0.012, d = 0.77 ± 0.49) and higher peak speeds  

(P = 0.004, d = 0.94 ± 0.52) were observed in older athletes and higher OWWU peak speeds 

were observed in men compared to women (P < 0.001, d = 2.81 ± 0.49). Analysis of the 

relationships between OWWU descriptive measures to subsequent race performance showed 

that %racebest had moderate to large inverse correlations to OWWU total distance and peak 

speed for MK1-200 m races (r = -0.42 [95%CI -.67, -.08], P = 0.015; r = -0.53 [95%CI -0.74, 
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-0.21], P = 0.002, respectively), and average SR for WK1-500 m races (r = -0.50 [95%CI -

0.79, -0.02], P = 0.032). Furthermore, %racebest had moderate positive correlations to OWWU 

total duration and distance for MK1-500 m races r = 0.33 [95%CI 0.03, 0.57], P = 0.027 and r 

= 0.35 [95%CI 0.05, 0.59], P = 0.012). No other significant correlations were found. 

 

Race distance comparisons showed that total OWWU duration was longer for MK1-500 m 

compared to MK1-1000 m races (P = 0.020, d = 0.38 ± 0.27), and was longer for WK1-500 m 

compared to WK1-200 m races (P < 0.001, d = 1.15 ± 0.47). Higher OWWU peak speeds and 

SRs were achieved for MK1-200 m compared to both MK1-500 m (P = 0.006, d = 0.44 ± 0.26; 

P <0.001, d = 0.79 ± 0.26) and MK1-1000 m races (P <0.001, d = 1.02 ± 0.26; P = 0.001, d = 

1.19 ± 0.26). However, no differences in OWWU peak speed or SR were found between WK1 

race distances (P > 0.05).  

 

Comparison of OWWU descriptive measures between athlete standards are shown in Table 3.5. 

Compared to sub-elite men, total OWWU duration was shorter for elite men for MK1-200 m  

(P = 0.025, d = 1.22 ± 0.86) and MK1-500 m (P = 0.006, d = 1.19 ± 0.68), but not for MK1-

1000 m races (P = 0.143, d = 0.72 ± 0.82). Elite men also achieved higher OWWU peaks speeds 

for MK1-500 m races (P = 0.010, d = 1.11 ± 0.68), and higher OWWU average speeds for MK1-

1000 m races (P = 0.023, d = 1.18 ± 0.82) compared to sub-elite men. No differences were 

found in the OWWU employed by sub-elite and elite female athletes (P > 0.05). 

 

Comparison of OWWU time-in-zone between athlete standards is presented in Figure 3.1, with 

quantification of the duration, and frequency of OWWU efforts completed at moderate-to-high, 

and race-specific speeds presented in Table 3.6. Women spent significantly longer OWWU time 

at moderate-to-high (P = 0.001, d = 1.05 ± 0.52) and race-specific speeds (P < 0.001, d = 1.73 

± 0.53) compared to men, and elite men spent longer OWWU time at rest (P = 0.024, d = 0.94 

± 0.67) and low-to-moderate speeds (P = 0.004, d = 1.26 ± 0.68) compared to sub-elite men.  

No time-in-zone differences in the OWWU were found between sub-elite and elite women  

(P > 0.05). 
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Table 3.3: Questionnaire results detailing the typical competition warm-up activities employed by sprint kayak athletes. 

Warm-up activity Warm-up 

duration 

Warm-up  

activity completed 

Early morning warm-up 

(85% of athletes) 
10 – 20 min (52%) 

OWWU comprising of low aerobic paddling and technical drills (56%), with some near race-pace efforts (50%). 

DLWU warm-up comprising of passive / dynamic stretching and mobility exercises (29%). 

DLWU 

(All athletes) 
10 – 20 min (53%) 

Passive and dynamic stretching (90%) 

Cycling on a stationary spin-bike (74%) 

Self-massage (use of foam rollers and/or massage balls) (74%) 

Use of elastic stretch bands (54%) 

Use of medicine balls and/or weighted implements (33%) 

Receiving massage therapy (26%) 

Passive heat application (5%). 

OWWU
 

(All athletes) 
15 – 25 min (87%) 

Light aerobic paddle for 0.5 – 2.0 km, followed by on-water kayak technical drills (i.e., low SR, high force – 

“power paddling”) (31%) and short duration, high-intensity efforts (with rolling & stationary starts) (93%). 

A ≤ 10 min period of passive recovery typically allocated prior to racing (67%). 

Abbreviations: DLWU – The dry-land warm-up completed prior to the OWWU, OWWU – the on-water warm-up completed prior to racing, SR – stroke rate.  
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Table 3.4: Mean ± SD descriptive measures for the pre-race on-water warm-up (OWWU) for the heats, semi-finals and finals for the men’s (MK1) and women’s 

(WK1) sprint kayak race distances. 

 

 200-m  500-m  1000-m 

Event 

Class 

Heat 
WK1 n=4 

MK1 n=15 

Semi 
WK1 n=10 

MK1 n=19 

Final 
WK1 n=10 

MK1 n=18 

Mean 
WK1 n=12 

MK1 n=20 
 

Heat 
WK1 n=9 

MK1 n=23 

Semi 
WK1 n=12 

MK1 n=28 

Final 
WK1 n=12 

MK1 n=25 

Mean 
WK1 n=15 

MK1 n=32 
 

Heat 
MK1 

n=12 

Semi 
MK1 

n=21 

Final 
MK1 

n=20 

Mean 
MK1 

n=22 

Total 

duration 

(min) 

WK1 
17.1 

± 3.3 

18.4 

± 2.7 

18.4 

± 2.3 

18.2 

± 2.6† 
 

21.0 

± 4.1
3
 

19.9 

± 3.2
3
 

24.9 

± 3.1* 

22.0 

± 4.0 
 x x x x 

MK1 
17.3 

± 3.4
3
 

19.5 

± 3.4 

20.3 

± 5.1 

19.2 

± 4.2 
 

21.1 

± 6.2 

18.6 

± 4.2 

18.2 

± 3.8 

19.2 

± 4.9^ 
 

18.7 

± 5.3 

17.6 

± 5.0 

16.9 

± 3.8 

17.6 

± 4.4 

Total 

distance 

(m) 

WK1 
2006 

± 253 

2319 

± 424 

2394 

± 435 

2298 

± 415† 
 

2589 

± 600 

2693 

± 502
3
 

3196 

± 412* 

2847 

± 555 
 x x x x 

MK1 
2143 

± 365
3
 

2454 

± 449 

2651 

± 679 

2432 

± 550 
 

2754 

± 880 

2540 

± 671 

2482 

± 483 

2586 

± 691 
 

2448 

± 694 

2448 

± 659 

2446 

± 539 

2447 

± 612 

Average 

speed 

(m.s-1) 

WK1 
2.33 

± 0.19 

2.40 

± 0.14 

2.45 

± 0.09 

2.41 

± 0.14 
 

2.52 

± 0.16
3
 

2.53 

± 0.11
3
 

2.45 

± 0.15 

2.50 

± 0.14 
 x x x x 

MK1 
2.41 

± 0.18 

2.40 

± 0.15 

2.47 

± 0.15 

2.43 

± 0.16 
 

2.48 

± 0.20 

2.49 

± 0.18 

2.49 

± 0.19 

2.49 

± 0.19 
 

2.42 

± 0.17
3
 

2.52 

± 0.16
3
 

2.63 

± 0.24 

2.54 

± 0.21 

Peak 

speed 

(m.s-1) 

WK1 
4.33 

± 0.32
2,3

* 

4.80 

± 0.19* 

4.98 

± 0.27* 

4.80 

± 0.33* 
 

4.59 

± 0.29* 

4.81 

± 0.22* 

4.95 

± 0.24* 

4.80 

± 0.28* 
 x x x x 

MK1 
5.30 

± 0.43
2,3

 

5.57 

± 0.40 

5.65 

± 0.32 

5.52  

± 0.40†^ 
 

5.25 

± 0.24
2
 

5.49 

± 0.29 

5.43 

± 0.30 

5.40 

± 0.29^ 
 

4.98 

± 0.29 

5.11 

± 0.35 

5.23 

± 0.28 

5.13 

± 0.32 

Average 

SR 

(spm) 

WK1 
68 

± 3 

72 

± 5 

71 

± 4 

71 

± 4 
 

71 

± 2 

73 

± 4 

74 

± 4 

73 

± 4 
 x x x x 

MK1 
72 

± 5 

71 

± 6 

72 

± 5 

72 

± 5 
 

72 

± 5 

74 

± 6 

75 

± 7 

74 

± 6 
 

70 

± 5 

72 

± 6 

73 

± 7 

72 

± 6 

Peak 

SR 

(spm) 

WK1 
119 

± 11
3
* 

137 

± 11 

141 

± 9 

136 

± 12 
 

130 

± 16 

137 

± 7 

138 

± 8 

135 

± 11 
 x x x x 

MK1 
138 

± 16 

142 

± 14 

145 

± 11 

142 

± 14†^ 
 

127 

± 11
2
 

135 

± 11 

134 

± 15 

132 

± 13^ 
 

121 

± 7 

125 

± 9 

127 

± 11 

125 

± 10 

Abbreviations: SR – Stroke rate, x – insufficient data. 
2 Significantly different (P < 0.05) to the semi, 3 Significantly different (P < 0.05) to the final, * Significantly different (P < 0.05) to males, † Significantly different 

(P < 0.05) to 500-m races, ^ Significantly different (P < 0.05) to 1000-m races. 
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Table 3.5: Mean ± SD descriptive measures for the pre-race on-water warm-up (OWWU) over the semis and finals of the men’s (MK1) and women’s 

(WK1) sprint kayak race distances for sub-elite and elite level athletes. 

 Athlete Standard 
WK1-200 m 
Sub-elite n=7 

Elite n=5 

WK1-500 m 
Sub-elite n=10 

Elite n=5 

 
MK1-200 m 
Sub-elite n=17 

Elite n=3 

MK1-500 m 
Sub-elite n=21 

Elite n=11 

MK1-1000 m 
Sub-elite n=14 

Elite n=8 

Total duration 

(min) 

Sub-elite 
17.7 

± 2.6† 

21.9 

± 4.6 
 

20.5 

± 4.2
△

^ 

19.4 

± 4.4)
△

 

17.7 

± 4.6 

Elite 
19.1 

± 2.3† 

23.1 

± 3.3* 
 

16.8 

± 3.4 

17.0 

± 2.9 

16.5 

± 3.4 

Total distance 

(m) 

Sub-elite 
2181 

± 467† 

2780 

± 574 
 

2597 

± 597 

2582 

± 646 

2413 

± 682 

Elite 
2532 

± 293† 

3174 

± 327* 
 

2307 

± 373 

2416 

± 484 

2505 

± 421 

Average speed 

(m.s
-1

) 

Sub-elite 
2.36 

± 0.10 

2.45 

± 0.12 
 

2.43 

± 0.16 

2.46 

± 0.20 

2.52 

± 0.18
△

 

Elite 
2.50 

± 0.11 

2.55 

± 0.14 
 

2.47 

± 0.13 

2.54 

± 0.14 

2.68 

± 0.22 

Peak speed 

(m.s
-1

) 

Sub-elite 
4.75 

± 0.25* 

4.77 

± 0.23* 
 

5.57 

± 0.33†^ 

5.33 

± 0.26
△

^ 

5.12 

± 0.26 

Elite 
5.03 

± 0.15* 

5.05 

± 0.11* 
 

5.84 

± 0.45^ 

5.64 

± 0.26^ 

5.24 

± 0.40 

Average SR 

(spm) 

Sub-elite 
69 

± 4† 

72 

± 2 
 

72 

± 6 

74 

± 5^ 

71 

± 5 

Elite 
71 

± 4† 

77 

± 3 
 

68 

± 2 

74 

± 9 

74 

± 8 

Peak SR 

(spm) 

Sub-elite 
135 

± 11 

134 

± 6 
 

142 

± 13†^ 

131 

± 12^ 

126 

± 10 

Elite 
143 

± 7 

142 

± 8 
 

147 

± 13^ 

138 

± 13^ 

125 

± 11 

Abbreviations: SR = Stroke rate. 

* Significantly different (P < 0.05) to males, △ Significantly different (P < 0.05) to elite level athletes, † Significantly different (P < 0.05) to 500 m races, 

^ Significantly different (P < 0.05) to 1000 m races. 
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Figure 3.2: Quantification of the time (min) spent at rest (< 1 m.s-1), low-to-moderate (< 50% mean race speed), moderate-to-high (50 – 90% mean race 

speed) and at race-specific (> 90% mean race speed) speeds during the pre-race on-water warm-up (OWWU) for men’s and women’s K1 races (MK1 and 

WK1) for sub-elite (grey) and elite (black) sprint kayak athletes. 

*Significantly different (P < 0.05) to males, ∆Significantly different (P < 0.05) to elite level athletes, †Significantly different (P < 0.05) to the 500 m, 

^Significantly different (P < 0.05) to the 1000 m. 
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Table 3.6: Mean ± SD intensity-specific measures for the pre-race on-water warm-up over the semis and finals for the men’s (MK1) and women’s (WK1) sprint kayak distance 

events for sub-elite and elite level athletes. 

  
WK1-200 m 

Sub-elite n=7; Elite n=5 
 

WK1-500 m 

Sub-elite n=10; Elite n=5 

MK1-200 m 

Sub-elite n=17; Elite n=3 
 

MK1-500 m 

Sub-elite n=21; Elite n=11 
 

MK1-1000 m 

Sub-elite n=14; Elite n=8 

 
Athlete 

Standard 

Moderate-

to-high 

intensity 

Race-

specific 

intensity 

 

Moderate-

to-high 

intensity 

Race-

specific 

intensity 

Moderate-

to-high 

intensity 

Race-

specific 

intensity 

 

Moderate-

to-high 

intensity 

Race-

specific 

intensity 

 

Moderate-

to-high 

intensity 

Race-

specific 

intensity 

Average speed 

(m.s-1) 

Sub-elite 
2.99  

± 0.17*† 

4.40  

± 0.15*† 
 

2.96 

± 0.10 

4.17 

± 0.14* 

3.26 

± 0.18†^ 

5.10 

± 0.20†^ 
 

3.08 

± 0.14^ 

4.78 

± 0.17
△

^ 
 

2.86 

± 0.12 

4.44 

± 0.15
△

 

Elite 
3.21 

± 0.07† 

4.66 

± 0.03*† 
 

3.05 

± 0.14 

4.45 

± 0.08* 

3.24 

± 0.16†^ 

5.38 

± 0.33†^ 
 

3.08 

± 0.13^ 

5.03 

± 0.12^ 
 

2.98 

± 0.13 

4.69 

± 0.17 

Average SR 

(spm) 

Sub-elite 
66 

± 3*
△

 

113 

± 6* 
 

65 

± 2*
△

 

101 

± 6* 

69 

± 5^ 

121 

± 9†^ 
 

68 

± 4 

106 

± 8
△

^ 
 

65 

± 3 

95 

± 5 

Elite 
69 

± 2 

125 

± 5† 
 

68 

± 4 

112 

± 4 

65 

± 1 

122 

± 12†^ 
 

67 

± 6 

110 

± 7^ 
 

67 

± 5 

101 

± 9 

Frequency of 

efforts 

Sub-elite 
11 

± 4 

3 

± 1† 
 

11 

± 3 

5 

± 2* 

12 

± 4 

3 

± 1 
 

12 

± 3 

4 

± 1 
 

11 

± 3 

3 

± 1 

Elite 
10 

± 3† 

4 

± 1*† 
 

13 

± 3 

6 

± 1* 

8 

± 3† 

2 

± 1 
 

10 

± 3^ 

3 

± 2 
 

9 

± 3 

3 

± 1 

Average effort 

duration (s) 

Sub-elite 
44 

± 13 

8 

± 2† 
 

48 

± 8 

19 

± 10 

31 

± 11^ 

9 

± 2†^ 
 

36 

± 15^ 

14 

± 6^ 
 

48 

± 12 

20 

± 8 

Elite 
45 

± 10 

10 

± 1*† 
 

44 

± 10 

19 

± 2* 

47 

± 12^ 

6 

± 1†^ 
 

40 

± 8^ 

13 

± 3^ 
 

65 

± 32 

23 

± 6 

Longest effort 

duration (s) 

Sub-elite 
228 

± 63* 

12 

± 5*† 
 

236 

± 39* 

32 

± 13* 

123 

± 50 

11 

± 3†^ 
 

137 

± 66 

21 

± 10 
 

150 

± 43 

26 

± 10 

Elite 
231 

± 30* 

16 

± 4*† 
 

264 

± 65* 

37 

± 7* 

133 

± 19^ 

8 

± 3†^ 
 

138 

± 44^ 

18 

± 4^ 
 

164 

± 51 

31 

± 11 

Abbreviations: SR = Stroke rate. 

* Significantly different (P < 0.05) to males, △ Significantly different (P < 0.05) to elite level athletes, † Significantly different (P < 0.05) to 500 m races, ^ Significantly 

different (P < 0.05) to 1000 m races 
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3.5 Discussion 

 

This study is the first to evaluate and compare warm-up strategies employed by sub-elite and 

world-class elite sprint kayak athletes during a national-level championship. The key findings 

were that; 1) women warmed-up at higher relative speeds, and for longer durations than men, 

2) OWWU peak speed and average SR had large negative correlations to MK1-200 m and WK1-

500 m race performance, respectively and 3) elite male athletes warm-up for a significantly 

shorter duration prior to 200- and 500-m races than their sub-elite counterparts. Profiling the 

current competition warm-up strategies employed by athletes across different race distances, 

between sexes and athlete standards within a regatta setting provides valuable insight for 

coaches and practitioners to prescribe competition warm-up routines for their athletes.  

 

Results from our questionnaires show that all athletes typically complete some form of DLWU 

before a kayak-specific OWWU prior to racing (see Table 3.3). For the DLWU, athletes reported 

to primarily complete passive and dynamic stretching, self-massage, stationary cycling, and 

strength/activation exercises, which typically lasted 10-20 min. Since many of these activities 

cannot be performed on-water, the DLWU allows athletes to increase their Tm and positively 

influence neuromuscular function of the whole body instead of focusing solely on sport-

specific muscle groups [8]. This explains why 74% of athletes reported warming-up through 

non-sport-specific movements (e.g., cycling on a stationary spin bike), since this would allow 

them to raise their Tm while avoiding localised fatigue to their upper limb muscles, which are 

the predominant muscles involved with kayaking [12]. Despite the potential DLWU benefits, 

90% of athletes rated the subsequent OWWU as the most important warm-up modality for 

optimal race performance, with this routine mostly consisting of a low-aerobic paddle (~0.5-

2.0 km, ~5-15 min), followed by 2-6 race-specific efforts prior to racing (total duration: 15-25 

min). Accordingly, our results show that sprint kayak athletes employ similar active warm-up 

strategies as those suggested in a recent review that concluded active warm-up routines 

consisting of brief (< 15 min) aerobic exercise, followed by ~4-5 race-specific efforts are 

sufficient for enhanced subsequent performance [1]. 

 

When evaluating OWWU strategies employed by the athletes in this study, differences between 

sexes were evident. Our results showed that women warmed-up at higher relative speeds, and 

for longer durations than men. Specifically, women spent greater OWWU time at moderate-to-
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high and at race-specific speeds (up to 2.8 and 1.1 min longer, respectively), and completed 

longer continuous efforts within these speed-bands (up to 2.1 min and 19 s longer, respectively) 

for 200-m and 500-m races. Considering that some WK1 and MK1 events were scheduled on 

different days during the regatta, the differences observed in the OWWU between sexes might 

simply be explained the prevailing environmental conditions and their influence on the 

athletes’ warm-up routine [14]. Furthermore, for the majority of the elite athlete population, 

there was two different coaches, one who coached the men and the other the women, therefore 

variances in the OWWU routines observed between sexes may also be explained by 

dissimilarities in their coaches’ warm-up prescription, or from a carry-over effect from their 

coaches’ general training methodology [7]. Finally, it is also possible that sex-related 

differences in energy system contribution during sprint kayaking could explain the sex-

differences in OWWU, as females have shown to use more aerobic energy compared to males 

across all sprint kayak race distances [11]. Accordingly, female athletes may naturally warm-

up at speeds closer to race-pace for longer, given that the energy contribution from glycolytic 

processes [24, 25] might be lower at these speeds compared to men. Such findings suggest that 

coaches may need to prescribe an OWWU that is gender-specific. However, since this research 

was purely observational, future research should explore this notion further. 

 

Similar to other racing sports (e.g., running, cycling and swimming [1, 7]), we found that sprint 

kayak athletes employ slightly different OWWU strategies depending on the race distance. 

While the structure of the OWWU remained similar between race distances, our results showed 

that women warmed-up for longer and completed a greater number of race-specific efforts for 

500-m compared to 200-m races. Such findings might be explained by the fact that most of the 

female athletes in this study were 500-m specialists, and therefore, these athletes may have 

warmed-up for longer, and placed a greater emphasis on race-specific intensities for their main 

event (500-m) compared to 200-m races. Males also employed different OWWU strategies 

between race distances, generally warming up for longer, and achieving higher OWWU peak 

speeds and SRs for shorter race distances (i.e., 200-m and 500-m races) compared to longer 

races (i.e., 1000-m races). From a physiological perspective, athletes may benefit more from 

elevations in Tm and neuromuscular activation for 200-m and 500-m races compared to 1000-

m races given the higher anaerobic demand and force generation required for these races [11, 

13]. Research has shown that elevations in Tm positively influences the power-velocity 

relationship due to greater phosphocreatine (PCr) and adenosine triphosphate (ATP) utilisation, 

in addition to greater maximal power output of type II muscle fibres [1, 26]. However, while 
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sprint kayak athletes require a degree of metabolic acidosis when warming-up, too much 

intensity may induce a level of metabolic acidosis that begins to interfere with muscle 

contractile processes and/or inhibit anaerobic glycolysis [5]. Therefore, simply employing 

longer and more intense warm-ups for shorter duration events may not always be conducive 

for enhanced subsequent performance.  

 

Of note, our results corroborate prior research [5] as we found %racebest had moderate to large 

inverse correlations to OWWU average SR (r = -0.50) for WK1-500 m races, and OWWU total 

distance (r = -0.42) and peak speed (r = -0.53) for MK1-200 m races. Such findings suggest 

that athletes who avoided excessively long and intense OWWU routines, while sufficiently 

increasing Tm and neuromuscular activation, possibly minimised any detrimental effect of 

residual metabolic acidemia or cumulative muscle fatigue on subsequent race performance. 

Certainly, any interference with muscle contractile processes and/or anaerobic glycolysis 

would be particularly detrimental for 200-m performance since it requires the greatest power 

production and anaerobic contribution (~63%) of the three Olympic sprint kayak distances [11, 

13]. Moreover, residual acidosis has shown to have greater performance decrements on shorter 

(~30 s), rather than longer (~60 s) sprint efforts in other sports such as cycling [1, 25]. This 

likely explains why we observed significant positive correlations between %racebest and total 

duration and distance (r = 0.33-0.35) for MK1-500 m races, but observed negative correlations 

for MK1-200 m races. To avoid performance decrements due to high levels of metabolic 

acidemia, practitioners could potentially use portable blood lactate (BLa) analysers to monitor 

their athletes’ BLa levels during the OWWU. However, given the difficulty of measuring BLa 

during competition, athletes could use such measures to rehearse and refine their OWWU 

strategies within competition-simulated environments. 

 

When comparing the OWWU strategies employed across different athlete standards, we found 

that elite men warmed-up for a significantly shorter duration prior to 200-m (20.5 min – sub-

elite vs 16.8 min – elite) and 500-m (19.4 min – sub-elite vs 17.0 min – elite) races compared 

to their sub-elite counterparts; and the OWWU for elite men was ~1.2 min shorter for 1000-m 

races compared to sub-elite men (non-significant, but a moderate effect; d = 0.72). Time-in-

zone analysis showed that elite men warmed-up for a shorter duration since they spent less 

time at rest and at low-to-moderate speeds, compared to their sub-elite counterparts (see Figure 

3.2). While it is tempting to suggest that sub-elite men should reduce the warm-up time spent 

at low relative speeds to coincide with elite men (~16-17 min), it is unclear from this study 



109 

 

whether this would enhance their subsequent performance. Given their superior aerobic fitness 

[12], elite men might simply be more capable of employing efficient warm-up strategies, where 

less time is spent at low relative speeds – which may not be as effective for increasing Tm and 

neuromuscular activation compared to speeds closer to race-pace. Nevertheless, reducing the 

OWWU for sub-elite men to ~16-17 min would better reflect the active warm-up durations 

suggested for other sports, such as swimming [7] and cycling [27], and would also be sufficient 

for increasing Tm [4]. Such findings also add to a growing body of evidence across a wide-

range of sports suggesting that shorter warm-up designs are equally effective, or provide 

superior performance outcomes than longer, traditional warm-up designs [27-30]. From a time 

management perspective, reducing the OWWU duration without comprising the time at race-

specific intensities would provide coaches greater flexibility for structuring their athletes’ 

warm-up when constraints imposed by event organisers (i.e., competition schedule) may limit 

the time available between races. Finally, a more time-efficient OWWU would allow athletes to 

decrease their exposure to potentially harsh environmental conditions often experienced on-

water, such as exposure to direct radiant sunlight, rain, and extreme heat or cold, which may 

negatively impact the warm-up process. Given these potential benefits, it is recommended that 

sub-elite men experiment with shorter OWWU strategies within competition-simulated 

environments. Interestingly, when comparing sub-elite and elite women, we found no 

differences in the OWWU strategies employed by these athletes. Although, this is most likely 

explained by the small sample size of elite women in this study (n = 5), and further research is 

required to compare to OWWU strategies between sub-elite and elite female sprint kayak 

athletes.   

 

3.6 Limitations 

 

An important consideration for this study is that it was purely observational, and specifically 

examined the warm-up strategies employed by Australian sprint kayak athletes for K1 races at 

a single regatta. As such, it remains unknown whether the warm-up strategies would vary 

across different competition scenarios (i.e., different regatta courses, environmental conditions, 

etc.), across different boat classes (K2 and K4) and across different athlete populations. While 

such considerations were outside the scope of this study, additional research examining 

different OWWU strategies and their effect on subsequent sprint kayak performance is needed. 

Furthermore, while a concerted effort was taken to minimise the influence of the varied 
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environmental conditions on intensity quantification, the methods used in this study could not 

fully account for changes in wind direction or wind gusts and their influence on boat speed 

during the OWWU and racing. Future research should therefore explore alternative methods that 

may better account / adjust for the influence of varied environmental conditions when 

quantifying on-water intensity. Notwithstanding, the data collected in this study provides a 

valuable guide for practitioners and researchers when designing future experimental studies 

since they can model their methodology from warm-up data practically relevant to sprint kayak 

athletes.  

 

3.7 Practical Applications 

 

Our observations show that prior to 200-m races, elite female athletes favour an OWWU lasting 

~19 min which includes ~4 race-specific efforts lasting ~10 s, and prior to 500-m races an 

OWWU lasting ~23 min which includes ~6 race-specific efforts lasting ~20 s. Alternatively, 

elite male athletes favour an OWWU lasting ~16-17 min which includes ~3 race-specific efforts 

lasting ~5-7 s, ~10-15 s, ~20-30 s prior to 200-, 500- and 1000-m races, respectively. Given 

that only 69% of athletes reported that their warm-up was sufficient for optimal race 

performance, sprint kayak athletes should rehearse both the dry-land, and on-water components 

of their pre-race warm-up, and further refine these strategies within competition-simulated 

environments. Furthermore, sub-elite athletes should experiment with shorter, less intensive 

OWWU strategies – although further work is needed to explore this prospect.  

 

3.8 Conclusions 

 

This study showed differences in the OWWU strategies employed across different kayak race 

distances and between men and women. Given the large inverse correlations found between 

race performance (expressed as %racebest) and OWWU peak speed for MK1-200 m races, and 

average SR for WK1-500 m races, it is recommended that sprint kayak athletes avoid an 

OWWU that is overly intense prior to competition, however, individual preference should be 

accounted for. Finally, this study provides a reference for coaches and practitioners for 

prescribing suitable competition warm-up routines for their athletes based upon data from a 

world-class elite sprint kayak population. 
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4.0 Foreword 

 

In Chapter 3, we examined the external workloads undertaken by athletes during competition 

by quantifying their boat speeds, distance travelled and stroke rate (SR) (derived from global 

navigation satellite system [GNSS] devices) during their pre-race warm-up (OWWU), and 

during racing at a National-level regatta. Measures of speed were used as a practical method to 

classify intensity in this study due to the widespread use of GNSS devices within water-based 

sports (i.e., rowing and kayaking). However, the measurement of an athletes’ boat speed 

relative to land is limited when quantifying intensity, a result of varying environmental 

conditions that are present during on-water performances, with wind speed being the primary 

factor of concern in still-water (i.e., competition) conditions. While a concerted effort was 

taken in Chapter 3 to minimise the influence of the prevailing environmental conditions on 

intensity quantification, we could not fully account for changes in wind direction or wind gusts. 

Furthermore, in the context of sprint kayak training, the classification of intensity through 

measures of speed can be challenging given that athletes often train on flowing rivers, where 

the water flow can heavily influence boat speed. As such, further research is warranted to 

examine alternative measures that can account for the influence of the water flow for accurate 

monitoring and prescription of sprint kayak training within flowing river environments. 

Interestingly, innovations in instrumented paddle technology now allow for the measurement 

of athletes’ on-water paddling PO in real-time, potentially providing a more direct and 

immediate assessment of intensity within varied on-water environments. Accordingly, the aim 

of our second investigation was to explore the utility of novel power measures for quantifying 

sprint kayak training and its relationship speed measured both relative to land (using a global 

positioning system [GPS] device) and relative to water (using an impeller system) in well-

trained sprint kayak athletes on a flowing river. 
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4.1 Abstract 

 

Purpose: Quantification of external training load for sprint kayak athletes can be challenging 

due to the influence of the water flow on boat velocity in a flowing river environment. 

Therefore, this study examined the utility of novel measures of power output (PO) and its 

relationship to measures of relative boat speed when training on a flowing river. Methods: 

Twelve (8 males, 4 female) well-trained sprint kayak athletes completed 4 separate on-water 

sessions comprising one time-trial session (2 x 1000-m maximal efforts) and three repeated 

sprint kayak training sessions (5 x split 1000-m [2 x 500-m up and down the river] submaximal 

efforts) in their individual (K1) kayak. For each session, a Kayak Power Meter recorded 

athletes’ PO, and a SpeedCoach device recorded relative land-speed via a Global Positioning 

System (GPS) (SGPS), and relative water-speed via an impeller mounted under the boat hull 

(SIMP). Non-linear least squares regression were used to evaluate the curvilinear relationship 

between PO and speed (SGPS and SIMP) data. Results: The exponents of velocity in the PO-SIMP 

relationship (2.87 females, 2.94 males) were closer to theoretical values (3.00) and showed 

greater model accuracy (root mean squared error (RMSE) = 20-26 W) than the PO-SGPS 

relationships (speed exponents = 1.58-2.02, RMSE = 31-40 W). Conclusions: Overall, PO 

measures could better account for the influence of water flow compared to traditional SGPS 

measures, and therefore, may be more suitable for quantifying athletes’ external load in their 

training environment.  

 

Keywords 

 

GPS, Impeller, Instrumented paddle, On-water, Power output, Testing 
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4.2 Introduction 

 

In flat-water sprint kayaking, coaches and practitioners commonly utilise global positioning 

systems (GPS) to quantify the external load measures of speed and distance, measured relative 

to land [1-4]. However, this method is limited since there are a number of environmental factors 

that can influence an athlete’s boat velocity [1], with wind speed and water flow being two 

such factors of concern. Indeed, there can be substantial differences in the athlete’s boat speed 

and their subsequent training load depending on the direction travelled on a flowing river, 

whether paddling upstream or downstream [2]. To better account for the influence of water 

flow on boat speed, other water-based sports, such as rowing, have utilised performance 

monitoring devices that incorporate an impeller system fitted to the hull of the boat [2, 5]. 

Quantifying boat speed relative to water enables coaches to account for the water flow and its 

direction when examining athletes’ external load [2]. Despite the advantages of quantifying 

speed relative to water, impeller systems are not commonly used to quantify the external load 

of sprint kayak athletes, likely due to the practical limitations associated with a protruding 

impeller from the kayak hull (i.e., potential for extra drag caused by weed / debris) [2]. 

 

To avoid the limitations of velocity-based measures, sports such as rowing and cycling have 

adopted measures of power output (PO) when quantifying athletes’ external load, since this 

measure provides a more direct assessment of intensity, irrespective of variable environmental 

conditions [6-8]. The success of PO quantification in other sports has led to technological 

advances in kayak paddle power meter technology, allowing for real-time PO measurement 

on-water [9-13]. Since measures of PO provide a more direct measure of intensity [6], it is 

likely that kayak power meters provide a more appropriate measure for classifying external 

load compared with velocity-based measures [12]. However, the use of kayak power meters is 

still in its infancy, and further research is required to investigate whether this measure provides 

a more accurate and reliable assessment of intensity compared to traditional measures of speed 

and distance during sprint kayak training, where the environmental conditions on any given 

day are varied. In water-based sports, the relationship between power and speed is curvilinear 

since athletes must overcome the effects of fluid resistance [5, 14]. Theoretically, every percent 

increase in boat velocity requires a threefold greater percent increase in the athlete’s paddling 

PO to overcome the water resistance [5, 15, 16]. In practice, similar curvilinear relationships 

have been found in rowing-based research, where mechanical PO was proportional to velocity 
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to the power of 2.92 times (exponent range 2.6-3.2 times) [5]. More recent research also 

examined the variation of the exponents in the PO-speed relationship to quantify differences 

in technical efficiency between different boat crews in rowing [8]. While the on-water PO-

speed relationship has been shown to be similar in kayaking [10], this research was specific to 

canoe slalom and we are unaware of research examining this relationship in sprint kayaking, 

warranting further investigation. 

 

Accordingly, the aim of this study was to evaluate the relationship between paddling PO and 

speed measured both relative to land (using a GPS device) and relative to water (using an 

impeller system) in well-trained sprint kayak athletes on a flowing river. It was hypothesised 

that the PO-speed  relationship will be stronger, and closer to theoretical values (3.00) when 

speed is derived from impeller data compared to GPS data, primarily due to the influence of 

water flow.  

 

4.3 Methods 

 

4.3.1 Experimental Overview 

 

Participants 

 

Twelve (8 males and 4 females) well-trained, sprint kayak athletes (Age: 20.8 ± 6.5 y, body 

mass: 73.7 ± 10.8 kg, sprint kayak training experience: 5.8 ± 2.1 y, typical training volume: 

11.0 ± 2.2 h.wk-1) were recruited for this study. Prior to participation, athletes provided written 

informed consent, with parental consent obtained for athletes < 18 y. Institutional ethics 

approval was granted and in accordance with the Helsinki Declaration (RA/4/1/9325). 

 

In a repeated-measures design, athletes completed a total of 4 on-water sessions on a flowing 

river, comprising a single 1000-m time-trial session, and 3 repeated trials of a sprint kayak 

training session (TS1, TS2, TS3). Each session was separated by a minimum of 72 h; completed 

within a 7-week testing period. Within the week prior to testing, athletes completed a 

familiarisation session to ensure they were well-accustomed to session procedures. To 

minimise the influence of fatigue, athletes were requested to arrive to each session in a rested 
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state and to avoid any maximal training for 12 h prior. For each session, athletes paddled their 

K1 sprint kayak and completed all efforts along the same stretch of the river.  

 

Power Output and Stroke Rate  

 

For each session, athletes used a commercially available Kayak Power Meter paddle (KPM, 

Kayak Power Meter Gen 2, One Giant Leap, NZ) to measure real-time paddling PO and stroke 

rate (SR). This system comprises of multiple strain gauges and inertial measurement units 

(IMU) embedded within the paddle shaft which allow for the measurement of hand force 

output, acceleration and rotational velocity at both the top-hand (pushing) and bottom-hand 

(pulling) positions [10, 13]. Data is subsequently integrated into a commercially sensitive 

algorithm, allowing the calculation of stroke PO and SR [10]. Given the extra weight of the 

strain gauges and IMUs, the KPM is ~100-150 g heavier than a normal paddle, with majority 

of the extra weight distributed towards the centre of the shaft [13]. The KPM has been reported 

to measure force values within 0.12-1.40% of the true value, while reliability has shown to 

range from 0.27 to 0.34% for an applied force of 155.9 N [10, 13]. One week prior to testing, 

a scale factor calibration was performed on the KPM paddles using a specifically designed 

calibration rig supplied by the manufacturer. Here, the KPM were positioned horizontally with 

the shaft twisted 90 degrees to the right with two known weights (15.40 kg and 24.70 kg) 

suspended from a hook at the point of hand placement for each shaft. The specific paddle 

calibration set-up (i.e., distances between the blade tip, blade / shaft supports, shaft datum 

points, and the location of the calibration weight hook), the calibration weight (in kg), and the 

resultant strain gauge channel outputs were then recorded into a customised spreadsheet 

supplied by the manufacturer to calculate a scale factor using proprietary algorithms. 

Subsequently, the new scale factor values were then updated within the KPM software. A zero-

offset calibration was also performed, with subsequent checks completed throughout the testing 

period. A detailed description of the KPM scale-factor and zero-offset calibration process is 

available at: https://support.onegiantleap.co.nz/kayak/calibration. Throughout the testing 

period, athletes used the same KPM for each session, which was setup to suit their preferred 

shaft length, angle and blade model. During testing, PO and SR data were recorded at 1 Hz 

using an on-board computer (Edge 520; Garmin, USA) fitted to the kayak deck, with PO data 

displayed as a 3 s average.  
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Speed  

 

For each session, athletes had a SpeedCoach GPS (Nielsen Kellerman, USA) fitted to the deck 

of their kayak, with an associated impeller mounted at a standardised location on the hull. The 

SpeedCoach device recorded athletes’ speed relative to land, based upon GPS data (SGPS), and 

relative water-speed, based upon impeller data (SIMP); data was recorded every stroke. Prior to 

testing, the impeller system was calibrated according to the manufacturer’s recommendations. 

The calibration routine required athletes to paddle 500-m in a straight line, both upstream and 

downstream, on the flowing river. The resultant calibration value was then recorded. To 

improve the accuracy of the calibration, athletes repeated the calibration routine following a 2 

min recovery period, and the average of the two calibration values was entered into the 

SpeedCoach device software. If the difference between the two calibration values was ≥ 0.010, 

athletes completed a 3rd calibration, with the closest two values averaged. Athletes paddled 

each 500-m calibration effort at a low-to-moderate intensity, which also formed the 

standardised warm-up for the time-trial session.  

 

Heart Rate and Perceived Exertion 

 

For each session, athletes wore a chest strap monitor to measure heart rate (HR) (Polar H10, 

Polar Electro Oy, Finland), with HR data recorded at 1 Hz using the Garmin on-board 

computer. Immediately following each effort, athletes provided a rating of perceived exertion 

(RPE) using the Borg 6-20 scale (6 – “No-exertion” to 20 – “Maximal Exertion”) [17]. 

 

4.3.2 Experimental Procedures 

 

Time-trials 

 

The time-trial session comprised of a standardised warm-up (15 min) followed by 2 x 1000-m 

maximum efforts, each performed in a different direction on the flowing river (upstream / 

downstream) and interspersed by 30 min passive recovery. Athletes were informed to complete 

each effort in the fastest time possible for highest mean maximal power (MMP) - defined as 

the average PO achieved throughout each time-trial. The average of the two MMP values was 

subsequently used to prescribe the intensities in the ensuing sprint kayak training sessions. To 

avoid the influence of wash from another boat, athletes completed each time-trial separately. 
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For maximal effort attainment, the researchers followed behind the athletes in a powerboat, 

providing strong verbal encouragement. A 10 Hz Global Navigation Satellite System (GNSS) 

device (Optimeye S5, Catapult Sports, AUS) fitted to the athlete’s boat was used to record 

1000-m time-to-completion, given its greater accuracy of measurement and sampling rate 

compared to the SpeedCoach device.  

 

Sprint Kayak Training 

 

The sprint kayak training session was designed to allow for the examination of the power-speed 

relationship over a spectrum of sub-maximal training intensities relative to 1000-m sprint 

kayak performance. Specifically, the session comprised of a standardised sub-maximal warm-

up (8.5 min) followed by 5 sets of 2 x 500-m efforts (i.e., 5 x split 1000-m efforts) with each 

set prescribed at a different target PO (i.e., 50, 60, 70, 80 and 90% of the athletes’ 1000-m 

MMP), each separated by 3 min passive recovery. To account for the water flow, athletes 

completed each set in both directions (upstream / downstream) on the river with 30 s provided 

between reps to allow sufficient time for athletes to turn the boat in the opposite direction, and 

to record their RPE. To assess reliability and to capture training data across varied 

environmental conditions, athletes repeated the training session on two further occasions, with 

a minimum of 72 h between sessions. To account for the potential influence of fatigue and 

varied environmental conditions on performance (i.e., wind direction and water flow), the PO 

targets for each set, in addition to the initial start direction (i.e., upstream or downstream) were 

randomised across sessions.  

 

Data Processing 

 

A Microsoft Excel® spreadsheet (Version 16.40) was used to convert SpeedCoach stroke-by-

stroke data to second-by-second (1 Hz) by using a linear interpolation of stroke time and 

velocity (SGPS and SIMP). Subsequently, SpeedCoach and Garmin data were then synchronised 

by aligning SGPS data recorded from both devices, with such data aligned based on the point of 

the smallest sum of the difference in SGPS data (1 Hz) between devices. Of the 36 training 

sessions recorded, three individual training sessions were omitted from data analysis due to 

heavy rain (n = 2) and equipment failure (n = 1). To assess the power-speed relationship, 1 Hz 

data from the time-trial and repeated training sessions were combined for analysis. Power 
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values < 50 W and speeds < 2.5 m.s-1 were removed from the 1 Hz data analysis to eliminate 

non-effort data and data outliers.  

 

Environmental Conditions 

 

For each session, ambient and water temperature, relative humidity and wind speed were 

recorded using a hand-held weather meter (Kestrel 4500 Weather Meter, USA) at the same 

mid-way point for each effort. In addition, a calibrated portable flow meter (Flow Probe, Global 

Water, USA) was used to record the water flow at a fixed position on the river, 0.3 m below 

the water surface before and after each session.  

 

Statistical Analysis 

 

Descriptive results are presented as mean ± SD. All statistical analyses were performed on R-

Studio (v4.0.2, Boston, USA). For average data comparisons, assumptions of normality were 

verified using the Shapiro-Wilk W test and non-normally distributed data were log-

transformed. A linear mixed model was used to evaluate the differences of flow direction on 

average performance data over the 500-m efforts from the training sessions (time-to-

completion and average PO, SR, HR, SGPS, SIMP and RPE). The linear mixed model controlled 

for sex and accounted for repeated trials, with individual athletes and PO targets modelled as 

random effects. To assess reliability of data between training sessions, the typical error (TE), 

coefficient of variation (CV%) and the intraclass correlation coefficients (ICC) are reported for 

each measure. The ICC was a 2-way mixed effect model based upon single measurements with 

established qualitative descriptors applied for reliability [18]. Non-linear least squares 

regression were used to evaluate the curvilinear relationship between PO and speed (SGPS and 

SIMP) data from the time-trial and repeated training sessions using the following formulas: 

 

Equation 1) PO = a*SGPS
b 

Equation 2) PO = a*SIMP
b 

 

Akaike’s Information Criterion (AIC) model selection [19] was used to distinguish the model 

of best-fit when examining the relationship between PO and speed (SGPS and SIMP). The root-

mean-square error (RMSE) were also calculated to assess model accuracy. Established 

qualitative descriptors were used to classify correlation coefficients [20]. Cohen’s d effect sizes 
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were also calculated and expressed with 90% confidence intervals (±90% CI); common 

descriptors were subsequently applied [20]. Significance was accepted at P < 0.05.   

 

4.4 Results 

 

Mean time-to-completion, PO and SR for the 2 x 1000-m time-trials were 258.3 ± 11.7 s, 274 

± 48 W and 90 ± 2 spm for males, and 287.3 ± 8.9 s, 221 ± 31 W and 88 ± 3 spm for females, 

respectively.  

 

Descriptive measures for the three training sessions, as well as reliability data, are presented in 

Table 4.1. Table 4.2 presents a breakdown of the training session into the different PO targets 

(i.e., 50-90% MMP) and the direction travelled (upstream / downstream). Between session 

comparisons showed that average SR was different for each session, being lowest in TS1 (P ≤ 

0.04, d = 0.33-0.64) and highest in TS3 (P ≤ 0.006, d = 0.32-0.64). Furthermore, average HR 

was higher in TS1 compared to TS2 (P = 0.006, d = 0.32 ± 0.19) and TS3 (P < 0.001, d = 0.51 

± 0.19). No other between session differences in descriptive measures were observed.  

 

Comparison of descriptive data grouped by direction travelled (upstream / downstream) 

showed that time-to-completion was significantly higher (P < 0.001, d = 2.89 ± 0.55), and 

average SGPS significantly lower (P < 0.001, d = 2.81 ± 0.53), during efforts completed 

upstream. No other differences were observed between efforts completed upstream or 

downstream.  
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Table 4.1: Mean ± SD descriptive and reliability data for each of the three repeated sprint kayak training sessions (TS1, TS2, TS3). Data are presented 

as averages over each of the 500-m efforts for each session.  

 TS1 TS2 TS3 Mean TE CV% ICC 

500-m Time-to-completion 139.1 ± 10.7 141.1 ± 8.6 139.9 ± 10.8 140.0 ± 9.8 6.0 4.4% 0.97 

500-m av PO (W) 173 ± 30 180 ± 36 180 ± 37 178 ± 34 2.4 1.1% 1.00 

500-m av SR (spm) 70 ± 2
b,c

 71 ± 4
c
 72 ± 4 71 ± 3 1.4 2.1% 0.86 

500-m av HR (bpm) 155 ± 11
b,c

 154 ± 10 154 ± 12 154 ± 11 2.5 1.6% 0.92 

500-m av S
GPS 

(m.s
-1

) 3.62 ± 0.27 3.56 ± 0.22 3.60 ± 0.28 3.59 ± 0.25 0.16 4.4% 0.96 

500-m av S
IMP 

(m.s
-1

) 3.38 ± 0.24 3.40 ± 0.22 3.42 ± 0.25 3.40 ± 0.23 0.08 2.4% 0.96 

500-m RPE (6-20) 12 ± 1 12 ± 1 12 ± 1 12 ± 1 1 5.5% 0.65 

Abbreviations: av – Average, HR – heart rate, ICC – intraclass correlation coefficient, PO – power output, SGPS – speed measured from a global 

position system, SIMP – speed measured from an impeller, SR – Stroke rate, TE – absolute typical error, %TE – relative typical error, RPE – Rating of 

perceived exertion.  

 

b Significantly different to training session 2 

c Significantly different to training session 3 
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Table 4.2: Mean descriptive data from the repeated sprint kayak training sessions with data presented for each intensity prescription (50-90% 1000-m MMP) and for both directions 

travelled (upstream / downstream) 

% of 

1000-m 

MMP 

PO 

Target 

(W) 

Time-to-completion 

(s) 

PO 

(W) 

SR 

(spm) 

HR 

(bpm) 

SGPS 

(m.s-1) 

SIMP 

(m.s-1) 

RPE 

(6-20) 

Down- 

stream 

Up- 

stream 

Down- 

stream 

Up- 

stream 

Down- 

stream 

Up- 

stream 

Down- 

stream 

Up- 

stream 

Down- 

stream 

Up- 

stream 

Down- 

stream 

Up- 

stream 

Down- 

stream 

Up- 

stream 

50% 127 ± 23 152.8 ± 10.2* 173.9 ± 13.3 128 ± 25 130 ± 25 61 ± 4 61 ± 4 140 ± 12 143 ± 11 3.28 ± 0.22* 2.88 ± 0.22 3.08 ± 0.19 3.11 ± 0.18 9 ± 2 9 ± 2 

60%  152 ± 28 145.5 ± 10.1* 164.3 ± 13.4 152 ± 29 153 ± 29 65 ± 3 66 ± 4 148 ± 12 151 ± 11 3.43 ± 0.24* 3.02 ± 0.31 3.25 ± 0.22 3.25 ± 0.28 10 ± 1 10 ± 1 

70%  178 ± 32 139.3 ± 10.1* 156.3 ± 12.6 176 ± 33 177 ± 33 70 ± 4 70 ± 4 156 ± 11 158 ± 11 3.59 ± 0.26* 3.20 ± 0.25 3.41 ± 0.23 3.43 ± 0.20 12 ± 1 12 ± 1 

80%  204 ± 37 133.5 ± 10.0* 150.8 ± 12.6 203 ± 38 201 ± 37 76 ± 4 76 ± 4 160 ± 12 163 ± 11 3.76 ± 0.27* 3.32 ± 0.27 3.56 ± 0.25 3.57 ± 0.23 14 ± 1 14 ± 1 

90% 228 ± 42 128.9 ± 9.3* 145.7 ± 12.3 228 ± 44 225 ± 42 81 ± 4 81 ± 4 167 ± 11 169 ± 10 3.88 ± 0.28* 3.44 ± 0.29 3.70 ± 0.26 3.69 ± 0.24 15 ± 1 16 ± 1 

Abbreviations: HR – Heart rate, MMP – mean maximal power, PO – power output, SGPS – speed measured from a global position system, SIMP – speed measured from an 

impeller, SR – Stroke rate, RPE – Rating of perceived exertion. 

*Significantly different to efforts performed against the current. 
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The PO-speed (SGPS and SIMP) relationships and the influence of the current direction are 

presented in Figure 4.1. Overall, the relation between PO and speed data (1 Hz) revealed PO 

was proportional to SGPS to the power of 1.95 times, and was proportional to SIMP to the power 

of 2.70 times. When grouping data based upon the direction travelled, PO was proportional to 

SGPS to the power of 2.63 times, and SIMP to the power of 2.66 times during efforts performed 

downstream, and was proportional to SGPS
 to the power of 2.43 times, and SIMP to the power of 

2.74 times during efforts performed upstream.  

 

The PO-speed (SGPS and SIMP) relationships grouped by gender are presented in Figure 4.2. For 

females, PO was proportional to SGPS to the power of 1.58 times, and SIMP to the power of 2.87 

times, while for males, PO was proportional to SGPS to the power of 2.02 times, and SIMP to the 

power of 2.94 times. 

 

Overall, a very large relationship was found between PO and SIMP (r = 0.89, 95%CI [0.89-0.90], 

P < 0.001) and PO and SGPS (r = 0.74, 95%CI [0.74-0.75], P < 0.001). Comparison of the 

curvilinear regression models showed that the PO-SIMP relationship had greater model accuracy 

(RMSE = 25 W) compared with the PO-SGPS relationship (RMSE = 38 W). AIC model 

selection also showed that the model incorporating PO and SIMP provided a stronger fit 

compared to PO and SGPS. When grouping data based upon the direction travelled, the PO-SIMP 

relationship also showed greater model accuracy for efforts performed both downstream and 

upstream (RMSE = 25 W and RMSE = 25 W, respectively) compared to the PO-SGPS 

relationship (RMSE = 29 W and RMSE = 30 W, respectively).  

 

Mean ambient temperature, water temperature, relative humidity, wind speed and water flow 

were 17.3 ± 2.5oC, 16.7 ± 0.5oC, 60.5 ± 16.3oC, 1.4 ± 0.6 m.s-1 and 0.2 ± 0.1 m.s-1 for the time-

trial, and 18.2 ± 3.5oC, 16.9 ± 0.4, 63.5 ± 14.1%, 1.6 ± 0.9 m.s-1 and 0.1 ± 0.1 m.s-1 for the 

training sessions, respectively (Table 4.3). Ambient temperature was lower in the time-trial 

compared to TS1 (P = 0.024, d = 0.86 ± 0.61). Furthermore, ambient temperature was lower 

in TS3 compared to all other sessions (P ≤ 0.036, d = 0.79-1.60). Relative humidity was lower 

in TS1 compared to TS3 (P = 0.015, d = 0.92 ± 0.61) and water flow was greater in the time-

trial compared to TS2 (P = 0.014, d = 0.93 ± 0.60). No other differences in environmental 

conditions were found. 
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Figure 4.1: The curvilinear relationship between paddling power output (PO) and boat speed data (1 Hz) measured relative to land (SGPS) and relative to the 

water (SIMP) for the time-trial (circles) and the repeated sprint kayak training sessions (triangles) (A). Separate relationships grouped by the direction travelled 

on the flowing river (grey – upstream and black – downstream) are also presented (B). 

Abbreviations: df – degrees of freedom, RMSE = root mean squared error. 
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Figure 4.2: The curvilinear relationship between paddling power output (PO) and boat speed data (1 Hz) measured (A) relative to the water (SIMP) and (B) 

relative to land (SGPS) for the time-trial (circles) and the repeated sprint kayak training sessions (triangles) for male (black) and female (grey) athletes. 

Abbreviations: df – degrees of freedom, RMSE = root mean squared error. 



130 

 

 

 

 

Table 4.3: Mean ± SD descriptive data for each of the three repeated sprint kayak training sessions (TS1, TS2, TS3). 

Data are presented as averages over each of the 500-m efforts for each session. 

 Time-trial TS1 TS2 TS3 Mean 

Ambient Temperature (oC) 17.3 ± 2.5a,c 19.8 ± 3.2c 19.4 ± 1.7c 15.5 ± 3.6 18.0 ± 3.2 

Water Temperature (oC) 16.7 ± 0.5 17.0 ± 0.4 16.7 ± 0.4 16.9 ± 0.5 16.8 ± 0.4 

Relative Humidity (%) 60.5 ± 16.3 56.5 ± 9.4c 63.8 ± 14.1 70.1 ± 15.7 63.0 ± 15.0 

Wind Speed (m.s-1) 1.4 ± 0.6 1.8 ± 1.0 1.7 ± 1.0 1.2 ± 0.7 1.5 ± 0.8 

Water Flow (m.s-1) 0.2 ± 0.1b 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 

a Significantly different to training session 1 

b Significantly different to training session 2 

c Significantly different to training session 3 
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4.5 Discussion 

 

To the authors knowledge, our study is the first to examine the relationship between paddling 

PO and measures of relative boat speed during sprint kayak training on a flowing river. The 

key finding was that the curvilinear relationship between PO and boat speed is stronger, and 

closer to theoretical values, when speed is measured relative to the water using an impeller 

(i.e., SIMP) than relative to land using GPS (i.e., SGPS). Given that sprint kayak athletes often 

train on a flowing river environment, such findings highlight the advantages of novel PO 

measures over GPS devices for quantifying on-water training, since this measure appeared to 

better account for the influence of water flow.  

 

The theoretical relationship between mechanical PO and boat speed is curvilinear, with PO 

being proportional to the 3rd power of boat speed [5, 15, 16]. When evaluating the relationship 

between PO and SIMP, the current study showed that the exponent of velocity in the PO-SIMP 

curvilinear relationship (2.70) was lower than theoretical values (3.00) when considering all 

training and time-trial data. However, when delineating data by gender, we found that the 

exponents of velocity in the PO-SIMP relationship were closer to theoretical values for males 

(2.94) than for females (2.87). This may be partially explained by sex-related differences in the 

distribution of data along the power-speed continuum (visualised in Figure 4.2), which may 

have resulted in an inaccurate representation of the true PO-SIMP relationship when male and 

female data were combined. Moreover, the differences in the distribution of data between sexes 

and its influence on the PO-SIMP relationship might have been more apparent in the current 

study given our larger dataset for males than females. While the velocity exponents for males 

and females in our study were still slightly lower than theoretical values, this is not surprising 

given that we observed similar values to previous rowing-based research. Hill and Fahrig [5] 

showed that the velocity exponents ranged from 2.6 to 3.2 for individual coxless pair boats. 

Similarly, more recent research by Holt and colleagues [8] showed that the exponents for PO 

(in the rearranged equation of velocity = a.POb) were 0.36 for single scull boats and 0.37-0.38 

for coxless pair boats, which for the velocity exponents in the PO = a.velocityb equation, are 

equivalent to 2.78 and 2.60-2.70, respectively. The variation in the exponents for velocity 

found in previous rowing-based research compared to our data are likely explained by technical 

inefficiencies and velocity fluctuations during on-water paddling for individual athletes [5, 8, 

15]. Moreover, while measures of SIMP accounted for the water flow, other environmental 
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factors such as wind resistance during paddling may have also influenced the PO-SIMP 

relationship, resulting in a deviation from theoretical values [5, 8]. Since athletes paddled their 

own K1 kayak and used a KPM set up to suit their preferred paddle blade model, other factors 

such as differences in boat size and design, wetted surface area, and paddle blade design 

between athletes may have also influenced the PO-SIMP relationship [8, 15, 21-23]. 

Nevertheless, our findings show that the relationship between PO and SIMP during on-water 

sprint kayaking is similar to those observed in rowing. 

 

When evaluating the relationship between PO and SGPS, we found that the exponents for 

velocity were only 2.02 for males and 1.58 for females, and were therefore too low to be 

reflective of the true PO-speed relationship when paddling on a flowing river. It is clear from 

Figure 4.1 that the PO-SGPS relationship was heavily influenced by the direction travelled given 

that athletes’ PO and boat speeds were far lower during efforts performed against the water 

flow (upstream) compared to efforts performed with the water flow (downstream). This finding 

is not surprising since measures of SGPS were based upon boat speeds measured relative to land, 

and therefore did not adjust for the water flow. This explains why the PO-SIMP relationship, as 

compared to the PO-SGPS relationship, provided greater model accuracy and exponents closer 

to theoretical values, since SIMP adjusted for the water flow when paddling in both directions. 

Furthermore, it also explains why SGPS and time-to-completion measures were the only 

measures that were significantly different between efforts performed upstream and downstream 

(see Table 4.1). Such findings suggests that the prescription of training based upon SGPS or 

time-to-completion measures (i.e., relative race pace) alone would require athletes to increase 

their training intensity to achieve the same target speed when paddling upstream compared to 

downstream. This is an important finding, since coaches will often prescribe training based 

upon relative percentages of athletes’ race pace (i.e., percentage of 1000-m race-pace) [24], 

which may not reflect the desired training response in a flowing river environment [1]. 

Furthermore, while average SGPS and time-to-completion over race-specific distances are often 

used to monitor on-water performance outcomes and external training loads for athletes over 

time [1, 4], our findings highlight the limitations of these measures when used in a flowing 

river environment. Therefore, given that sprint kayak athletes often train on a flowing river, 

the use of SGPS and time-to-completion measures appear somewhat limited for prescribing and 

monitoring training in this setting. Alternatively, since the PO-SIMP relationship was strong and 

provided exponents for velocity close to theoretical values, the use of PO and SIMP measures 

may be more suitable.  
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This study corroborated previous sprint kayak research [9, 11, 12] showing that the prescription 

of paddling PO across a wide spectrum of relative PO values results in reliable external and 

internal load responses. Specifically, when prescribing the same PO target both upstream and 

downstream on the flowing river, we found no within-session differences in external measures 

of PO, SR and SIMP, or internal measures of HR and RPE for the three training sessions. 

Moreover, we also found good to excellent between-session reliability for all external and 

internal load measures, except for RPE – which showed moderate reliability, but had no 

differences in mean RPE values between sessions (see Table 4.1). Such findings suggest that 

the prescription of PO targets for athletes results in consistent internal and external on-water 

training responses, regardless of the direction travelled on a flowing river. As such, testing 

procedures utilising measures of PO to grade exercise intensity, such as the on-water graded 

exercise test recently developed by Winchcombe and colleagues [9], could be practically 

relevant within a flowing river environment, since the internal and external responses for each 

stage would not be influenced by the direction travelled. However, other on-water 

physiological testing procedures that utilise measures of SGPS to grade exercise intensity, such 

as on-water incremental tests that are graded by athletes’ relative boat speed [25-27], may not 

be practical within a flowing river environment, since athlete physiological responses for each 

stage would be heavily influenced by the direction travelled. Accordingly, the use of novel PO 

measures appear to better account for the influence of water flow, and therefore, may be more 

suitable for quantifying athletes’ external load in their daily training environment as compared 

to SGPS measures. 

 

Given that there were no differences in SIMP between efforts performed upstream and 

downstream, it could be argued that the use of an impeller system to measure boat speed 

relative to water would also allow coaches to accurately control internal and external responses 

on a flowing river. However, there are some practical limitations associated with a protruding 

impeller system from the kayak hull; such as the potential for extra drag on the kayak due to 

weed/debris build up on the impeller [2]. Furthermore, measures of speed (relative to land or 

water) are limited when quantifying on-water intensity, since they fail to account for the greater 

external load athletes experience during actions such as accelerations during an effort or from 

a dead start, where the initial boat speed is low, but the PO and intensity is high in order to 

overcome the large inertia of the kayak [28, 29]. Consequently, given the benefits of directly 

measuring athletes’ on-water intensity through measures of PO, coaches and athletes may 
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prefer to use the paddle power meters as compared to a fixed impeller for prescribing and 

monitoring sprint kayak training in a flowing river environment.  

 

4.6 Limitations 

 

Although this study provides insight into the utility of PO measures over SGPS measures, there 

are some important limitations. Firstly, all testing for this study was performed on the same 

flowing river over a relatively short testing period (7 weeks). As such, further research is 

needed to examine the PO-speed relationship over extended periods and across different 

training locations to allow for greater variations in the environmental conditions. Secondly, 

while measures of SIMP accounted for the water flow, it does not consider the influence of wind 

and its effect on drag on the kayak and the body, and the surface conditions of the water; further 

research is therefore required to evaluate such effects on the PO-speed relationship. Thirdly, 

while this study comprised primarily well-trained sprint kayak athletes, it is possible that the 

PO-speed relationship may be different for an elite sprint kayak population given their greater 

technical proficiency [30]. Finally, this study also only examined the PO-speed relationship for 

K1 performances and further research should examine such relationships during paired and 

crew boat (i.e., K2 and K4) performances.  

 

4.7 Conclusions 

 

We showed that measures of PO could better account for the influence of water flow and may 

be more suitable for quantifying athletes’ external training load as compared to SGPS measures 

on flowing river environments. Based on our results, it appears that every percent change in 

boat speed measured relative to water (SIMP) requires a 2.87 and 2.94-fold percent change in 

paddling PO in female and male sprint kayak athletes, respectively. Furthermore, this study 

showed the benefits of using PO to control on-water intensity since the prescription of PO 

elicited similar internal (i.e., RPE and HR) and external (i.e., SR and SIMP) athlete responses, 

regardless of the direction travelled on the river (i.e., upstream or downstream). Moreover, the 

results of this study highlight the limitations of SGPS measures for quantifying on-water external 

load and performance outcomes for sprint kayak athletes in varied on-water conditions. Finally, 

continued evaluation of the PO-speed relationship for individual athletes may provide further 

insight into modelling performance and training targets for sprint kayak athletes. 
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5.0 Foreword 

 

In Chapter 4, we examined the relationship between paddling power output (PO) and measures 

of relative boat speed during sprint kayak training on a flowing river. The key finding was that 

the curvilinear relationship between PO and boat speed was stronger, and closer to theoretical 

values, when speed was measured relative to the water (via an impeller system – SIMP), rather 

when than relative to land (via a global positioning system – SGPS). As such, it was suggested 

that coaches and practitioners could utilise measures of PO as a more appropriate method for 

quantifying external load as compared to traditional speed and time-to-completion measures 

within the daily training environment. Furthermore, the outcomes of Chapter 4 showed the 

benefits of using PO to control on-water intensity, since the prescription of PO elicited similar 

internal and external athlete responses, regardless of the direction travelled on the river (i.e., 

upstream or downstream). While it is clear from this work that novel PO measures provide a 

more appropriate method for quantifying sprint kayak training compared to traditional 

measures of boat speed, further work is needed to examine the utility of PO compared to other 

common training monitoring and prescription methods used in sprint kayaking. Accordingly, 

in our third investigation (Chapter 5), we compare the use of heart rate (HR) and stroke rate 

(SR) to novel PO measures for quantifying intensity during aerobic-based sprint kayak training.  
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5.1 Abstract 

 

Purpose: To compare methods of monitoring and prescribing on-water exercise intensity 

(heart rate [HR], stroke rate [SR], and power output [PO]) during sprint kayak training. 

Methods: Twelve well-trained flat-water sprint kayak athletes completed a preliminary on-

water 7 x 4-min graded exercise test and a 1000-m time trial to delineate individual training 

zones for PO, HR, and SR into a 5-zone model (T1–T5). Subsequently, athletes completed 2 

repeated trials of an on-water training session, where intensity was prescribed based on 

individual PO zones. Times quantified for T1–T5 during the training session were then 

compared between PO, HR, and SR. Results: Total time spent in T1 was higher for HR (P < 

0.01) compared with PO. Time spent in T2 was lower for HR (P < 0.001) and SR (P < 0.001) 

compared with PO. Time spent in T3 was not different between PO, SR, and HR (P > 0.05). 

Time spent in T4 was higher for HR (P < 0.001) and SR (P < 0.001) compared with PO. Time 

spent in T5 was higher for SR (P = 0.03) compared with PO. Differences were found between 

the prescribed and actual time spent in T1–T5 when using PO (P < 0.001). Conclusions: The 

measures of HR and SR misrepresented time quantified for T1–T5 as prescribed by PO. The 

stochastic nature of PO during on-water training may explain the discrepancies between 

prescribed and actual time quantified for power across these zones. For optimized prescription 

and monitoring of athlete training loads, coaches should consider the discrepancies between 

different measures of intensity and how they may influence intensity distribution. 

 

 

Keywords 

 

Training load, Power output, Stroke rate, Heart rate, On-water 
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5.2 Introduction  

 

Flat-water sprint kayak athletes require highly developed aerobic and anaerobic energy systems 

to be competitive across each of the 200-, 500- and 1000-m Olympic distance events [1-3]. 

Consequently, the classification of training intensity into well-defined training zones has 

become common practice to control and optimise the development of both aerobic and 

anaerobic capacities [3-5]. Monitoring the time spent within defined training zones enables 

coaches to evaluate an athlete’s training intensity distribution throughout the training session, 

and the program as a whole [3, 5, 6]. 

 

To delineate training zones for sprint-kayak athletes, internal load measures of heart rate (HR), 

calculated relative to standardised percentages of maximal HR (%HRmax), and generic blood 

lactate (BLa) concentration ranges have previously been recommended [4]. However, these 

methods are arbitrary, and likely fail to account for individual, and activity-specific variation 

[7]. Furthermore, the measurement of HR has been shown to have high day-to-day variability 

(up to 6.5%), and has proven to be a poor method for evaluating very high-intensity interval 

efforts [6, 8]. Nevertheless, to adjust training zones to suit individual sprint-kayak athletes, 

laboratory based 7 x 4-minute graded exercise tests (GXTs) performed on kayak ergometers 

are current best practice for identifying the HR–BLa relationship and the first and second BLa 

thresholds (LT1 and LT2) [4, 9]. Subsequently, LT1 and LT2 are used to anchor individual HR-

bands, which delineate intensity into five training zones (T1 – light aerobic; T2 – moderate 

aerobic; T3 – heavy aerobic; T4 – threshold; T5 – maximal aerobic [1000-m race pace]) [4, 

10]. However, previous research have shown discrepancies in muscle activity patterns and 

technical performance between ergometer and on-water performance [11]. Furthermore, 

ergometer-based testing has also been shown to overestimate measures of internal and external 

load compared to on-water testing (i.e., BLa, rating of perceived exertion [RPE] and stroke rate 

[SR]) [12, 13]. 

 

To classify on-water intensity, external load measures of speed, distance and SR are also 

commonly used [3, 4, 14, 15]. However, speed and distance metrics are heavily influenced by 

daily variations in wind, water temperature and current [4, 14]. Moreover, measures of SR are 

typically delineated into training zones using generic SR-bands, which do not account for 

individual variation or changes in aerobic fitness [4]. Furthermore, a potential flaw exists with 
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the measurement of SR to delineate training zones, since athletes can vary their intensity at a 

given SR. In other sports, such as road cycling and rowing, measures of power output (PO) are 

used for monitoring and prescribing exercise intensity, since this measure provides the most 

direct indicator of intensity, despite variable environmental conditions [6, 16-19]. In kayaking, 

recent advances in wireless instrumented paddle technology now make it possible to evaluate 

the utility of real-time PO measures as a training monitoring and prescription tool [20]. In 

recent work from our laboratory, we have utilised such technology to validate an on-water 

GXT, where stages are incremented by PO [13]. While this test appears to provide valid and 

reliable physiological outcomes [13], research has yet to apply the individualised PO-zones 

derived from on-water GXTs for monitoring and prescribing on-water sprint kayak training. 

Therefore, this study aims to compare traditional methods of monitoring intensity, such as HR 

and SR, to novel methods of real-time PO during on-water sprint kayak training. Given the 

aforementioned limitation in current methodologies, it is hypothesised that HR and SR will 

misrepresent the time-spent in zones T1-T5 compared to PO.  

 

5.3 Methods 

 
5.3.1 Experimental Overview 

 

A total of twelve (8 male, 4 females) well-trained, flat-water sprint kayak athletes (age 21.3 ± 

6.8 y, weight 69.8 ± 7.7 kg, height 176.5 ± 7.7 cm, training experience 6.0 ± 4.4 y, typical 

training volume 11.7 ± 1.9 h.wk-1) were recruited for this study. Prior to participation, athletes 

provided written informed consent. Ethics approval from the University of Western Australia 

was granted and in agreement with the Helsinki Declaration (RA/4/1/9325). 

 

This study adopted a repeated measures design, in which athletes completed 4 on-water 

sessions, comprising a GXT, a 1000-m time trial and 2 repeated trials of a sprint kayak training 

session. Each session was separated by a minimum of 72 h, with athletes requested to avoid 

very-high and maximal intensity exercise within 48 h prior to testing, and to avoid any exercise 

within the 12 h prior to testing. Prior to testing, athletes completed 2 familiarisation trials to 

ensure they were well-accustomed to the session requirements. The GXT and 1000-m time trial 

were employed to delineate and prescribe individual training zones for the ensuing training 

session, as per established guidelines [4]. To assess reliability, the training session was repeated 

at the same time of day in the following week.  
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For all sessions, athletes wore a chest strap HR monitor (Garmin, Olathe, KS) and used a Kayak 

Power Meter (KPM) paddle (Kayak Power Meter Pro, One Giant Leap, Nelson, New Zealand), 

which measured PO and SR. Prior to the testing period, the manufacturer’s KPM zero-

calibration was conducted, with subsequent checks completed at the middle and end of the 

testing period. No drifts outside of the normal zero-calibration range suggested by the 

manufacturer were identified. For each session, the KPM was setup to suit the athlete’s 

preferred paddle shaft lengths and blade profiles. Data (1 Hz sampling rate) were recorded by 

an on-board computer (Edge 520, Garmin) fitted to the athlete’s K1 sprint kayak, displaying 

elapsed time and 3 s average PO. Environmental conditions were recorded from a fixed 

position prior to- and post-training using a hand-held weather meter (Kestrel 4500 Weather 

Meter, Boothwyn, PA). For the time trial, data were recorded using the automatic weather 

station located at the regatta course.  

 

5.3.2 Experimental Procedures 

 

On-water Graded Exercise Test (GXT) 

 

The GXT was implemented to determine both LT1 and LT2. The GXT protocol consisted of 6 

x 4-minute submaximal stages of incremental demand (~15 to ~20 W increments based upon 

athlete responses to increasing workload) in order to reach a BLa of ~4-8 mmol.L-1 [4, 13]. 

Subsequently, a seventh 4-minute maximal stage was completed. For each stage, a 1 min 

passive recovery period ensued, whereby capillary blood was sampled from the earlobe for 

BLa concentration (Lactate Pro II, Arkray, Japan), and RPE (Borg 6-20 scale) [21] was 

recorded. Proprietary software (ADAPT, Australian Institute of Sport, Canberra, Australia) 

[22] was used to determine LT1 (> 0.4 mmol.L-1 rise in BLa from resting levels) and LT2 (via 

the modified D-max method) [22, 23]. The corresponding PO, HR and SR were determined for 

each threshold.  

 

Time Trials 

 

Athletes completed a 1000-m time trial under race conditions on a competition certified regatta 

course. To facilitate a competitive environment, a minimum of two athletes (matched in fitness 

level) completed the time trial simultaneously. Time-to-completion was recorded using a 



146 

 

Global Navigation Satellite System (GNSS) device (Optimeye S5, Catapult Sports, AUS) fitted 

to the athlete’s boat. Athletes did not receive any real-time data during race performances.  

 

Training Zone Determination 

 

Measures of PO, HR and SR were quantified into a 5-zone model (T1-T5). The T1-T5 zones 

were delineated based upon the athlete’s LT1 and LT2 (Figure 5.1) as per established protocols 

[4, 10]. Specifically, training performed ≤ LT1 was defined as T1; training performed between 

LT1 and LT2 was divided into two halves, with the lower half defined as T2 and the upper half 

T3. Training performed at LT2 ± 2% was defined as anaerobic threshold (T4), with this range 

established to coincide with the zone limits for threshold exercise as determined by the ADAPT 

software [22]. All training performed > LT2 ± 2% was defined as T5. For measures of HR, the 

upper-limit of T5 was defined as the athlete’s peak HR achieved in the GXT or the 1000-m 

time trial (HRmax). Average zone demarcation for each training load measure are outlined in 

Table 5.1.  

 

Sprint Kayak On-water Training  

 

The training session employed was designed in consultation with an experienced, Olympic-

level sprint kayak coach. The session reflected typical workloads employed within a high-

performance sprint kayak training regime targeting the aerobic energy system (Figure 5.2). The 

session comprised of two main sets; an aerobic endurance set (END), comprising continuous 

(30 min) workloads < LT2 (alternating 5 min at T2 and 5 min at T3) and a maximal aerobic 

interval set (INT), comprising of intermittent (20 min) workloads < LT2  in combination with 

high-intensity intervals > LT2 on a 1:1 work/rest ratio (alternating 5 min at T2 and 5 x 30 s at 

T5 [30 s active recovery at a light-aerobic intensity between reps]). Measures of BLa and RPE 

were recorded throughout the session (Figure 5.2). Exercise intensity for the session was 

prescribed based upon individual PO-zones derived from the GXT and 1000-m time trial 

(Table 5.1).
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Figure 5.1: Diagrammatic representation of the aerobic training-intensity zones employed for the sprint kayak athletes. The dotted line represents the 

exponential increase in blood lactate (BLa) associated with an increase in exercise intensity.  

 

Abbreviations: LT1 – first BLa threshold, LT2 – second BLa threshold, T1 – light aerobic, T2 –  moderate aerobic, T3 – heavy aerobic, T4 – threshold, 

T5 – maximal aerobic (1000-m race pace). 
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Table 5.1: On-water intensity prescription and the average zone demarcations for power output (PO), stroke rate (SR) and heart rate (HR). 

Training Intensity 

Zone 

Prescribed Intensity 

(Power Output) 

Power Output  

(W) 
Stroke Rate (spm) 

Heart Rate  

(bpm) 

 
 LL UL LL UL LL UL 

T1 80% of LT1 ≤151 ± 33 152 ± 33 ≤64 ± 5 65 ± 5 ≤152 ± 12 153 ± 12 

T2 Mid-point of T2 PO zone 153 ± 33 172 ± 35 66 ± 5 69 ± 4 154 ± 12 162 ± 10 

T3 Mid-point of T3 PO zone 173 ± 35 191 ± 37 70 ± 4 72 ± 4 163 ± 10 168 ± 9 

T4 Mid-point of T4 PO zone (LT2) 192 ± 37 199 ± 39 73 ± 4 76 ± 4 169 ± 9 176 ± 9 

T5 1000 m average PO 200 ± 39 ≥201 ± 39 77 ± 4 ≥78 ± 4 177 ± 9 190 ± 9 

Abbreviations: LT1 - first blood lactate threshold, LT2 – second blood lactate threshold, LL – training zone lower limit, UL – training zone upper limit. 
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Figure 5.2: Diagrammatic representation of the on-water sprint kayak training session. The training session did not include T4 exercise prescription. 

Abbreviations: LT1 – first blood lactate (BLa) threshold, LT2 – second BLa threshold, T0 – rest, T1 – light aerobic, T2 – moderate aerobic, T3 – heavy aerobic, 

T4 – threshold, T5 – maximal aerobic (1000-m race pace). 

*BLa recorded 4 minutes after cessation of each training set. †RPE recorded immediately after cessation of each set 
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5.3.3 Statistical Analysis 

 

Descriptive results are presented as mean ± SD. Assumptions of normality were verified by 

Shapiro-Wilk W test prior to analysis. Time-in-zone (min) for PO, HR and SR (excluding 

periods of passive recovery) were compared over the entire session and during both the END 

and INT sets using a multi-level mixed model controlling for sex, using statistical software 

(version 13, StataCorp LLC, College Station, TX). The multi-level approach accounted for 

repeated trials. Tukey’s method was applied for post-hoc pairwise comparisons. One-sample 

t-tests were used to compare the prescribed vs. actual time-in-zone for measures of PO. To 

compare peak and average PO, SR, HR, speed, total distance and mid / post-session RPE and 

BLa between repeated trials, paired sample t-tests were used, or Wilcoxon signed-rank tests 

(T) for non-parametric measures. To assess reliability, the absolute and relative typical error 

are reported for each measure using customised Excel (Microsoft, Redmond, WA) 

spreadsheets [24]. A Cohen’s effect size (d) was calculated with 90% confidence intervals 

(±90% CI) to establish magnitude of difference in test parameters using established qualitative 

guidelines [24]. Significance was accepted at P < 0.05.   

 

5.4 Results 

 

Mean ambient temperature, relative humidity and wind speed for each on-water session were 

20.7 ± 4.1oC, 61 ± 11%, 2.4 ± 1.7 m.s-1, respectively. No differences (P > 0.05) in 

environmental condition data were found between repeated trials of the training session. 

 

Intensity measures corresponding to LT1 and LT2 and performance measures for the 1000-m 

time trial are outlined in Table 5.2. Descriptive measures for the training sessions, as well as 

reliability measures are outlined in Table 5.3. Pairwise analysis of trials found a significantly 

lower post-session BLa in trial 2 of the training session (P = 0.004, d = 0.56 ± 0.69). No 

differences were found in average and peak PO, HR, SR, speed, total distance or mid/post-

session RPE between trials (P > 0.05). The mean difference between the prescribed and actual 

PO completed was 7 ± 3 W throughout both trials.  

 

Time-in-zone quantification (in minutes) using PO, HR and SR is presented in Table 5.4, and 

individual differences in time-in-zone quantification for PO vs HR / SR in both the END and 
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INT sets are displayed in Figure 5.3. Across each training zone, no differences were found 

between sex or between trials for time-in-zone quantification. For the entire session, time in 

T1 was significantly higher for HR compared to PO (P = 0.008, d = 0.53 ± 0.70). Time in T2 

was significantly lower for HR (P < 0.001, d = 1.70 ± 0.32) and SR (P < 0.001, d = 1.45 ± 

0.44) compared to PO. Time in T3 was not different between PO, SR and HR (P > 0.05). Time 

in T4 was significantly higher for HR (P < 0.001, d = 1.33 ± 0.45) and SR (P < 0.001, d = 1.44 

± 0.40) compared to PO. Time in T5 was significantly higher for SR compared to PO (P = 

0.028, d = 0.91 ± 0.61). Prescribed vs actual time spent in PO-zones showed that actual time 

in T1, T4 and T5 were higher (P < 0.001), but time in T2 and T3 were lower (P < 0.001) than 

the total time prescribed.  

 

For the END set, time in T1 was not different between PO, SR and HR (P > 0.05). Time in T2 

and T3 were significantly lower for HR (P < 0.001, d = 1.70 ± 0.28; P = 0.008, d = 0.78 ± 0.65) 

and SR (P < 0.001, d = 1.19 ± 0.52; P < 0.001, d = 1.55 ± 0.43) compared to PO. Time in T4 

and T5 was significantly higher for HR (P < 0.001, d = 1.24 ± 0.49; P = 0.027, d = 0.72 ± 0.66) 

and SR (P < 0.001, d = 1.45 ± 0.39; P < 0.001, d = 0.92 ± 0.61) compared to PO. For the INT 

set, time in T1 was not different between PO, SR and HR (P > 0.05). Time in T2 was 

significantly lower for HR (P < 0.001, d = 1.39 ± 0.49) and SR (P < 0.001, d = 1.59 ± 0.40) 

compared to PO. Time in T3 was significantly higher for HR (P = 0.001, d = 1.20 ± 0.51) 

compared to PO. Time in T4 was significantly higher for HR (P < 0.001, d = 1.33 ± 0.45) and 

SR (P < 0.001, d = 1.31 ± 0.46) compared to PO. Time in T5 was significantly lower for HR 

(P < 0.001, d = 1.29 ± 0.47) compared to PO.  

 

 

Table 5.2: Mean (± SD) intensity measures corresponding to the first and second blood lactate 

thresholds (i.e., LT1 and LT2) and performance measures for the 1000-m time trial. 

 LT1 LT2 1000 m 

Blood lactate (mmol.L-1) 1.7 ± 0.4 3.7 ± 0.7 x 

Power output (W) 152 ± 33 195 ± 38 293 ± 60 

Stroke rate (spm) 65 ± 5 75 ± 5 94 ± 6 

Heart rate (bpm) 153 ± 12 173 ± 9 179 ± 9 

Heart rate max (%) 82 ± 6 91 ± 2 94 ± 3 

Performance time (s) NA NA 259.2 ± 17.4 

Abbreviations: NA – Not applicable, x – not measured   
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Table 5.3: Mean (± SD) descriptive measures for repeated trials of the on-water sprint kayak training session (excluding warm-up and active recovery efforts) (n = 12).  

 Trial 1 Trial 2 Mean TE %TE 

Power Output (W) 182 ± 36 181 ± 36 182 ± 35 2 1.4% 

Peak Power Output (W) 373 ± 84 360 ± 64 367 ± 73 20 5.6% 

Stroke Rate (spm) 74 ± 5 73 ± 5 74 ± 5 1 1.9% 

Peak Stroke Rate (spm) 107 ± 12 103 ± 7 105 ± 9 7 6.6% 

Speed (km.h-1) 12.0 ± 0.8 12.0 ± 0.8 12.0 ± 0.8 0.2 1.8% 

Peak Speed (km.h-1) 14.8 ± 1.1 14.7 ± 1.2 14.8 ± 1.1 0.4 2.4% 

Total Distance (m) 8972 ± 575 8928 ± 611 8950 ± 581 163 1.8% 

Heart Rate (bpm) 164 ± 8 165 ± 8 165 ± 8 4 2.7% 

Peak Heart Rate (bpm) 179 ± 7 179 ± 9 179 ± 8 3 1.5% 

Mid-Session RPE (6-20) 15 ± 1 15 ± 2 15 ± 1 1 5.3% 

Post-Session RPE (6-20) 17 ± 2 16 ± 1 17 ± 1 1 6.4% 

Mid-Session BLa (mmol.L-1) 3.3 ± 1.5 3.2 ± 1.3 3.2 ± 1.4 0.6 18.6% 

Post-Session BLa (mmol.L-1) 4.9 ± 1.1 4.2 ± 1.5* 4.5 ± 1.2 0.6 13.1% 

Abbreviations: RPE - Rating of perceived exertion, TE – Absolute typical error, %TE – Relative typical error 

*Significant difference (P < 0.05) between Trial 1 and 2. 
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Table 5.4: The prescribed and actual time-in-zone in minutes (mean ± SD) over the entire session, and the aerobic endurance (END) and maximal aerobic 

interval (INT) sets of the on-water sprint kayak training session (n = 12). 

Training 

Zone 

Prescribed 

Time  

(Entire session) 

Power output  Stroke rate  Heart rate 

Entire 

Session 
END Set INT Set  

Entire 

Session 
END Set INT Set  

Entire 

Session 
END Set INT Set 

T1 8.0a 13.5 ± 4.2c 2.8 ± 2.4 1.9 ± 1.3  12.3 ± 9.2c 3.0 ± 4.4 1.0 ± 2.4  18.9 ± 14.0 6.3 ± 8.6 2.7 ± 3.9 

T2 30.0a 24.7 ± 3.4b,c 14.2 ± 1.6b,c 6.8 ± 1.4b,c  12.5 ± 7.7 7.6 ± 6.4c 2.0 ± 2.3  9.7 ± 6.1 4.4 ± 4.1 3.1 ± 2.8 

T3 15.0a 12.7 ± 2.5 11.1 ± 2.4b,c 1.1 ± 0.5c  8.1 ± 4.6 5.0 ± 2.9 2.0 ± 1.6c  12.4 ± 8.5 7.4 ± 6.2 4.3 ± 3.3 

T4 0.0a 1.5 ± 0.9b,c 1.4 ± 0.8b,c 0.1 ± 0.1b,c  14.2 ± 8.8 10.1 ± 6.1 3.6 ± 2.9  11.7 ± 9.4 8.8 ± 7.9 2.8 ± 2.3 

T5 5.0a 5.4 ± 0.4b 0.4 ± 0.3b,c 5.0 ± 0.2c  10.7 ± 7.8c 4.4 ± 5.8 6.3 ± 2.1c  5.2 ± 8.1 3.1 ± 5.5 2.1 ± 2.7 

a Significantly different (P < 0.05) to the time spent in power output zone 

b Significantly different (P < 0.05) to the time spent in stroke rate zone 

c Significantly different (P < 0.05) to the time spent in heart rate zone 
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Figure 5.3: Mean (black) and individual (grey) differences in the time spent in PO zones versus heart rate (HR) zones and power output (PO) versus stroke rate 

(SR) zones in the aerobic endurance training (END) set (A and B, respectively) and the maximal aerobic interval (INT) set (C and D, respectively) (n = 12). 

Abbreviations: T1 – light aerobic, T2 – moderate aerobic, T3 – heavy aerobic, T4 – threshold, T5 – maximal aerobic (1000-m race pace). 
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Figure 5.4: Typical trace of a rolling (10-point) average of an athlete’s paddling power output (black) and heart rate (grey) 

during the aerobic set of the on-water sprint kayak training session. 
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5.5 Discussion 

 

The key finding from this research is that the quantification of training intensity into defined 

PO-zones provided numerous differences when compared to relative time-in-zone measures 

established from more common kayak training prescription methods, namely HR and SR. 

Differences were also found between the prescribed and the actual time-in-zone when using 

measures of PO to quantify intensity. Consequently, evaluation of an athlete’s training load 

will vary depending on the measure used to monitor their training intensity. As training loads 

are used to inform future training prescription [8], the sole use of PO, SR or HR for intensity 

quantification could therefore lead to different training outcomes.  

 

This study is the first to utilise novel technologies that measure real-time PO for the monitoring 

and prescription of on-water intensity in a simulated applied sprint kayak training setting. 

When training workloads were controlled by PO, we observed differences in the internal 

response of the athlete and the subsequent quantification of training time-in-zone based upon 

measures of HR. Within the END set, the results showed that HR underestimated the time spent 

< LT2 (T2 and T3) and overestimated the time spent ≥ LT2 (T4 and T5) compared to PO. The 

greater time spent ≥ LT2 during the END set is likely related to cardiovascular drift, which is 

the slow rise in HR during prolonged, mild-to-moderate exercise [25]. The mechanisms 

underlying cardiovascular drift are primarily related to the rise in body temperature and 

dehydration during prolonged (5-60 min) exercise, which have shown to inflate HR by up to 

15% [25]. In the present study, the influence of cardiovascular drift can be visualised in Figure 

5.4, where a clear rise in HR relative to PO is evident throughout the END set. Such an 

elevation of HR may not reflect the actual metabolic demand imposed by training [25, 26]. 

This notion is supported by the 3.2 ± 1.4 mmol.L-1 BLa recorded following the cessation of the 

END set. This suggests that intensity remained < LT2 and therefore matched the BLa response 

intended for the set based upon the prescription of PO. Such findings are in accordance with 

road cycling research, where the shift from low- to high-intensity HR-zones during aerobically-

based training were suggested to explain discrepancies in time-in-zone quantification between 

HR and PO [16, 26]. 

 

The lingering effect of HR elevation from the END set also likely influenced time-in-zone 

quantification in the subsequent INT set, where moderate-aerobic intensities (T2) were 
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prescribed in combination with bouts of high-intensity (T5) intervals. This would explain the 

large underestimation of time in T2 using HR compared to PO in this set. A further limitation 

in the use of HR during the INT set is the inherent physiological lag associated with this 

measure during high-intensity interval exercise [6, 25]. Indeed, the latency of HR to 

instantaneous changes in PO during high-intensity bursts or accelerations are suggested to 

explain discrepancies in time-in-zone quantification between these measures in road cyclists 

[6, 26]. Such latency in HR may explain why time in T5 using HR was significantly lower than 

the time quantified using PO in the INT set, with such data suggesting that HR provided a poor 

representation of high-intensity (T5) exercise. Furthermore, variations in the structure of 

training, such as shorter exercise durations (< 30 s) at higher intensities (> 1000 m mean PO), 

may have resulted in greater differences between HR and PO, with these intensities and 

durations commonly implemented within sprint kayak training [4]. Consequently, inherent 

limitations in the use of HR may lead to a misrepresentation of training intensities, whereas 

measures of PO may provide a more suitable measure. It should be noted however, that there 

may be value in the concurrent assessment of HR relative to an athlete’s PO, as this has been 

shown to provide valuable insights for monitoring athlete training adaptations and fatigue in 

other sports such as road cycling [27] and rowing [28].  

 

In addition to internal responses, discrepancies in time-in-zone quantification were also 

observed between external load measures of SR and PO. While measures of SR are commonly 

used to prescribe on-water training [4, 15, 19], research examining the use of SR to define 

kayak training zones is scarce. In the present study, an on-water GXT was used to delineate 

individual training zones. However, this method appears to be limited for SR, as the 

corresponding SR at LT1 and LT2 were very close together, resulting in narrow training zones. 

This is particularly evident for T3, where the lower and upper zone limits were separated by 

an average of 2 strokes per minute (spm). Certainly, a SR-zone of 2 spm is unlikely to provide 

an adequate margin to reflect the transition from one training zone to another [4]. Moreover, 

the SR-zones in the present study are considerably lower than those recommended within 

established SR-zone guidelines for elite-level athletes [4]. Literature suggests that elite-level 

athletes exhibit higher SRs compared to their sub-elite counterparts [29]. Therefore, the narrow 

SR-zones found may relate to the experience level and proficiency of the athletes used in this 

study, which comprised primarily of well-trained, albeit sub-elite athletes. 
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The ability of an athlete to modulate their SR at a given PO may also explain the discrepancies 

found between these intensity measures. Further analysis of the training sessions revealed that 

mean SR was 5 ± 2 spm lower (P < 0.001, d = 0.82 ± 0.65) in the initial T2 effort prescribed 

in the END set compared to the final T2 effort prescribed in the INT set. Such a comparison 

was made as both efforts were completed over the same duration (5 min) and the same PO (162 

W), albeit at two distinct time points throughout the session. While only a moderate change in 

SR, the mean change from 68 to 73 spm was enough to transition from the T2 to T4 SR-zone 

in the current study (due to the narrow zone delineation). As such, this may explain the large 

overestimation of the total time spent in T4 using SR compared to PO. Literature on sprint 

kayaking suggests that impaired neuromuscular performance may reduce an athlete’s force-

generating capacity in each stroke, resulting in an increase in SR to maintain the same PO [5, 

30]. Considering that the final T2 effort was completed towards the end of the training session, 

following bouts of short, high-intensity (T5) efforts, the higher SRs found here may relate to 

greater muscular fatigue, and as such, reduced paddling efficiency. This potential drift in SR 

throughout training may have implication for the evaluation of training loads, as coaches may 

overestimate intensity when SR is used as the sole training load measure. However, a limitation 

of this study was that intensity was only prescribed based upon PO-zones, with athletes self-

selecting their SR. Therefore, further research is required to evaluate the SR-PO relationship, 

and how this may influence training intensity distribution. 

 

Although this study has focused primarily on the discrepancies between different training load 

measures for sprint kayaking at a group-level, it is also important to consider individual 

responses across athletes. The results presented in Figure 5.3 show that there were cases where 

individual athlete PO vs HR / SR responses differ to the group mean. Such findings highlight 

the need for a tailored approach when monitoring athlete training responses, particularly for 

relevance within an elite sprint kayak setting. The combination of PO, SR and HR measures 

when monitoring training intensities could therefore better inform coaches when evaluating the 

training responses for their individual athletes. 

 

In road cycling research, a limitation identified in the use of PO was the stochastic nature of 

power during field-based performances [18, 26]. In an on-water setting, the stochastic nature 

of PO is potentially further amplified due to the influence of varied on-water conditions. During 

the training sessions, athletes appeared to drop their PO while stabilising their kayaks when 

paddling through wash/wake caused by wind, water current and other river users. This may 
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partly explain the discrepancies found between the prescribed and the actual time-in-zone using 

PO. The sporadic drops in PO throughout the session may explain why the time spent in the 

lowest training zone (T1) was 169% of the prescribed time. Since training zones are classified 

in a continuum, the accumulation of time in T1 likely, influenced the time quantified in the 

subsequent zones. Furthermore, such observations are supported by the fact that the athlete’s 

completed PO was on average 7 ± 3 W lower than the PO prescribed. Similar findings have 

been found in recent rowing-based research, where the athletes’ completed PO was lower than 

the PO target prescribed by the coach [19]. Consequently, this suggests that the coach’s 

prescribed PO instructions to athletes may not actually represent the PO they achieve over a 

training session on-water due to an overrepresentation of time in low PO-zones. 

 

To account for an overrepresentation of low PO-zones, lower limit thresholds have been 

implemented in road cycling research to eliminate POs too low to provide a sufficient workload 

for an effective training stimulus [18]. Manunzio et al., (2016) [18] showed that the exclusion 

of POs < 50% LT2 resulted in a different training intensity distribution model compared with 

the inclusion of all PO data. This finding suggests that differences in the methods used to filter 

PO data may lead to different interpretations, which may ultimately impact the prescription of 

training workloads. Therefore, while current training zone guidelines for sprint kayak athletes 

have not established a lower limit threshold for T1 exercise [4], this may be necessary for the 

use of PO in the future, due to the inherent variability of this measure.  

 

5.6 Practical Applications 

 

• Inherent limitations in the use of HR for intensity quantification may lead to a 

misrepresentation of the actual metabolic demand imposed by training.  

 

• The delineation of individual SR-zones from a GXT may not be suitable for sub-elite 

athletes who generally exhibit lower SRs compared to their elite-level counterparts. 

 

• Controlling training workloads using measures of PO appears to elicit the physiological 

response intended by the coach.  

 

• To avoid the overrepresentation of T1 training, a lower limit threshold may be required 

for this zone to eliminate low POs. 
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5.7 Conclusion 

 

In accordance with the research hypothesis, the results presented here suggest that measures of 

HR and SR misrepresented the time spent in the T1-T5 training zones when intensity was 

prescribed by PO. The sole use of PO, HR and SR for intensity quantification may lead to 

differences in the interpretation and prescription of an athlete’s training load, which may 

influence the subsequent training outcome. Such outcomes should be considered when coaches 

are prescribing on-water training to their athletes. 
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6.0 Foreword 

 

In Chapter 5, we compared the utility of novel power output (PO) measures to the more 

traditional variables of heart rate (HR) and stroke rate (SR) for monitoring and prescribing 

aerobically-based sprint kayak training. The results showed that measures of HR and SR 

misrepresented the time spent in the T1-T5 training zones when intensity was prescribed by 

PO. Specifically, our results showed that the quantification of on-water training using HR led 

to a misrepresentation of the actual metabolic demand imposed by training due to inherent 

limitations with this measure, while more direct measures of PO appeared to be more suitable. 

Furthermore, our results suggest that the ability of an athlete to modulate their SR at a given 

PO may partly explain the differences in time-in-zone quantification between these external 

load measures. However, given that Chapter 5 only compared measures of PO, SR and HR 

during aerobic-based training, further research is needed to examine whether shorter exercise 

durations performed at higher intensities result in greater differences in the training time 

quantified for each measure. Given that high-intensity training sessions are commonly 

integrated into the overall programme of sprint kayak athletes, such research would provide 

practically relevant information to coaches and practitioners when planning and quantifying 

these specific types of session. Accordingly, in our fourth investigation, we compare the use of 

PO, SR and HR for quantifying sprint kayak training during both high intensity interval (HIIT), 

and sprint interval (SIT) training sessions.  
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6.1 Abstract 

 

Purpose: This study examined the utility of novel measures of power output (PO) compared 

to traditional measures of heart rate (HR) and stroke rate (SR) for quantifying high-intensity 

sprint kayak training. Methods: Twelve well-trained, male and female sprint kayakers (21.3 ± 

6.8 y) completed an on-water graded exercise test (GXT) and a 200-, 500- and 1000-m time-

trial for the delineation of individualised training zones for HR (5-zone model, T1-T5), SR and 

PO (8-zone model, T1-T8). Subsequently, athletes completed two repeat trials of a high-

intensity interval (HIIT) and a sprint interval (SIT) training session, where intensity was 

prescribed using individualised PO-zones. Results: Time-in-zone (minutes) using PO, SR and 

HR was then compared for both HIIT and SIT. Compared to PO, time-in-zone using HR was 

higher for T1 in HIIT and SIT (P < 0.001, d ≥ 0.90) and lower for T5 in HIIT (P < 0.001, d = 

1.76). Average and peak HR were not different between HIIT (160 ± 9 and 173 ± 11 bpm, 

respectively) and SIT (157 ± 13 and 174 ± 10 bpm, respectively) (P ≥ 0.274). In HIIT, time-

in-zone using SR was higher for T4 (P < 0.001, d = 0.85) and was lower for T5 (P = 0.005, d 

= 0.43) and T6 (P < 0.001, d = 0.94) compared to PO. In SIT, time-in-zone using SR was lower 

for T7 (P = 0.001, d = 0.66) and was higher for T8 (P = 0.004, d = 0.70), compared to PO. 

Conclusions: Heart rate measures were unable to differentiate training demands across 

different high-intensity sessions, and could therefore misrepresent the training load in such 

instances. Furthermore, SR may not provide a sensitive measure for detecting changes in 

intensity due to fatigue, whereas PO may be more suitable.  

 

 

Keywords 

 

Power output, Training load, On-water, High-intensity, Interval. 
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6.2 Introduction  

 

Olympic flat-water sprint kayak racing is characterised by maximal performances over 200, 

500 and 1000 m distances. For optimal competition preparation, athletes undergo specialised 

training programs which emphasise effort durations and intensities that are race-specific [1, 2]. 

To quantify the training demands for these athletes, current practice involves the measurement 

of heart rate (HR), where intensity is classified into aerobic training zones [3-5]. In high-

performance settings, these aerobic training zones are delineated into a 3- or 5-zone intensity 

model using established physiological criteria such as the first and second blood lactate (BLa) 

thresholds (LT1 and LT2) [3-6]. While these individualised zones may be informative for 

endurance-based training [6, 7], they provide limited information of the training performed at 

intensities above maximal oxygen uptake (VO2max) [3, 8]. Therefore, to monitor and prescribe 

race-specific, supramaximal intensities during on-water kayak training, external measures of 

stroke rate (SR) are commonly used [3, 9, 10]. Previous work has recommended SR training 

zone guidelines, where training is delineated into an 8-zone model (i.e., T1-T8) [3]. 

Specifically, training zones T5-T7 represent 1000-, 500- and 200-m race-pace SRs 

respectively, with an additional zone (T8) dedicated to maximal ‘all-out’ sprinting [3]. While 

these zones enable a coach to differentiate training performed across a wide spectrum of 

training intensities, the standardised SR-zones do not account for individual variation or 

changes in fitness throughout a season [3]. Furthermore, previous literature on sprint kayaking 

suggests that athletes may increase their SR to compensate for impaired muscle force-

generating capacity [5, 11], which over the course of a fatiguing session, may limit the efficacy 

of SR for intensity quantification [12]. 

 

To accommodate for supramaximal intensities, other sports, such as road cycling, have 

implemented ‘anaerobic’ training zones using measures of power output (PO) for intensity 

classification [8]. Previous research on road cycling and rowing suggests that PO provides the 

most direct measure of intensity based on its point of measurement, and its ability to quantify 

very high intensities [8, 13-15]. In sprint kayaking, novel measures of real-time PO have 

recently been used to quantify on-water intensity [12]. Here, traditional training monitoring 

measures of HR and SR were shown to misrepresent intensity distribution (expressed as time-

in-zone) compared with PO [12]. However, previous literature only evaluates aerobic-based 

training for this comparison, and further research is needed to explore high-intensity and sprint 
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interval training, given their relevance to sprint kayaking [10, 16]. Since high-intensity training 

sessions involve rapid changes in mechanical workload and large neuromuscular fatigue [17, 

18], directly measuring the athletes’ external load using PO is likely to better reflect the 

demands of such training compared to internal measures of HR, which are limited by 

physiological lag [6, 12, 18]. Similarly, since it is possible for athletes to manipulate their SR 

to achieve a given workload when fatigued [5, 11, 12], measures of PO may provide a more 

robust approach to quantifying training intensity. Accordingly, the aim of the present study 

was to; 1) compare the utility of HR, SR and PO measures for quantifying on-water training 

sessions incorporating race-specific, supramaximal intensities; and 2) to evaluate any time-in-

zone quantification discrepancies between the load measures. It was hypothesised that HR and 

SR will misrepresent the time-spent in zones T1-T8 compared to PO during on-water sessions 

comprising race-specific, supramaximal intensities. 

 

6.3 Methods 

 
6.3.1 Participants 

 

Twelve (8 males, 4 females) well-trained, flat-water sprint kayak athletes (21.3 ± 6.8 y, 69.8 ± 

7.7 kg, 176.5 ± 7.7 cm, sprint kayak training experience 6.0 ± 4.4 y, typical training volume 

11.7 ± 1.9 h.wk-1) were recruited for this study. Prior to participation, athletes provided written 

informed consent, with parental consent also provided for athletes < 18 y. Institutional ethics 

approval was granted and in agreement with the Helsinki Declaration (RA/4/1/9325). 

 

6.3.2 Experimental Overview 

 

In a repeated measures design, athletes completed six on-water sessions, comprising an on-

water graded exercise test (GXT), a 200-, 500- and 1000-m time-trial and four on-water kayak 

training sessions. Each session was separated by a minimum of 72 h, with athletes requested 

to avoid any exercise within the 12 h prior to testing, and to avoid the ingestion of caffeine or 

food within 3 h prior to testing. Athletes also completed two familiarisation trials one week 

prior to testing to ensure they were well-accustomed to the session protocols. The GXT was 

employed to delineate the upper-limit values for the individual T1-T4 training zones using 

established physiological criteria [3]. To account for supramaximal intensities, training was 

further delineated into race-specific zones (T5-T8) using the 1000-, 500- and 200-m time-trials 
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as they have previously been suggested to anchor these zones [3]. The experimental trials 

consisted of two training sessions comprising a high-intensity interval (HIIT) and a sprint 

interval (SIT) session, completed in a randomised order. To assess reliability, the training 

sessions were repeated at the same time of day in the following week. 

 

For the measurement of PO and SR, athletes used a previously validated [19] Kayak Power 

Meter paddle (KPM, Kayak Power Meter Pro, One Giant Leap, NZ) in each session, set up to 

suit the athlete’s preferred paddle shaft lengths and blade profiles. Prior to the testing period, a 

zero-offset calibration of the KPM was conducted according to the manufacturer’s 

recommendations, with subsequent checks completed at the middle and end of the testing 

period. Athletes also wore a chest strap monitor to measure HR (Premium Soft Strap HR 

Monitor, Garmin, USA). A hand-held weather meter (Kestrel 4500 Weather Meter, USA) was 

used to measure environmental conditions from a fixed position before and after each training 

session. For the time-trials, environmental data were recorded using the automatic weather 

station located at the regatta course. Performance data (1 Hz) were recorded by an on-board 

computer (Garmin Edge 520, USA) fitted to the athlete’s K1 sprint kayak, displaying elapsed 

time and 3 s average PO only.  

 

6.3.3 Experimental Procedures 

 

On-water Graded Exercise Test (GXT) 

 

The methods used to conduct the on-water GXT were based upon a recent validity study using 

the same kayak power meters as in the current study [20]. Briefly, the test comprised of 7 x 4 

min stages of incremental demand prescribed by PO (~15 to ~20 W increments based upon 

individual athlete responses to increasing workload), interspersed by 1 min of passive recovery. 

The 1 min recovery was provided to allow for the capillary blood to be sampled from the 

earlobe and for the ratings of perceived exertion (RPE; Borg 6-20 scale) [21] to be recorded. 

Following test completion, proprietary software (ADAPT, Australian Institute of Sport) [22] 

was used to determine the intensity (measured via PO, SR and HR) corresponding to LT1, 

which was defined as the intensity preceding a ≥ 0.4 mmol·L−1 rise in BLa from resting levels 

based on the BLa curve, and LT2, which was defined via the modified D-max method [22-24].  
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Time-trials 

 

In a single session, athletes completed a 200-, 500- and 1000-m time-trial effort in a randomised 

order on a competition certified regatta course. Athletes were provided with a minimum of 30 

min passive recovery between efforts. To facilitate a competitive environment, a minimum of 

two athletes (matched in performance level) completed each time-trial simultaneously. A 

Global Navigation Satellite System (GNSS) device (Optimeye S5, Catapult Sports, AUS) fitted 

to the athlete’s boat was used to record time-to-completion.  

 

Training Zone Determination 

 

PO and SR were quantified into an 8-zone model. The T1-T4 zones (T1 – light aerobic; T2 – 

moderate aerobic; T3 – heavy aerobic; T4 – threshold) for PO and SR were anchored by the 

athlete’s LT1 and LT2 [3]. Training performed at LT2 ± 2% was defined as anaerobic threshold 

(T4), with this range established to coincide with the zone limits for threshold exercise 

suggested by the ADAPT software [22]. For the T5-T8 zones (T5 – maximal aerobic [1000-m 

race pace]; T6 – 500 m race-pace; T7 – 200 m race-pace; T8 – maximal alactic sprints), PO 

and SR were anchored by time-trial performances. The upper-limits demarcating each zone 

were defined as the average PO and SR over the first 500 m of the 1000-m time-trial (T5), the 

first 200 m of the 500-m time-trial (T6) and the first 50 m of the 200-m time-trial (T7). These 

distances were selected as they equate to similar exercise times to exhaustion for training 

performed at T6, T7 and T8 intensities for sprint kayaking (i.e., ~2 min, 40-50 s, and 10-15 s, 

respectively) [3]. Measures of HR were quantified into a 5-zone model. The T1-T4 zones were 

demarcated in the same fashion as PO and SR, and the upper-limit of T5 defined as the athlete’s 

peak HR achieved in the GXT or time-trials (HRmax). Average zone demarcation for PO, SR 

and HR are outlined in Table 6.1.  
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Table 6.1: On-water training intensity prescription and the average zone demarcations for power output (PO), stroke rate (SR) and heart rate (HR) for both men and 

women. 

Training  

Zone 

Prescribed  

Power output 

Power Output 

(W) 

Stroke Rate 

(spm) 

Heart Rate 

(bpm) 

 

 Men Women Men Women Men Women 

LL UL LL UL LL UL LL UL LL UL LL UL 

T1 80% of LT1 ≤163 ± 30 164 ± 30 ≤127 ± 29 128 ± 29 ≤64 ± 5 65 ± 5 ≤65 ± 5 66 ± 5 ≤155 ± 9 156 ± 9 ≤148 ± 17 149 ± 17 

T2 Mid-point of T2 165 ± 30 185 ± 31 129 ± 29 146 ± 29 66 ± 5 69 ± 5 67 ± 5 69 ± 5 157 ± 9 163 ± 8 150 ± 17 158 ± 13 

T3 Mid-point of T3  186 ± 31 204 ± 33 147 ± 29 163 ± 31 70 ± 5 72 ± 5 70 ± 5 72 ± 5 164 ± 8 170 ± 7 159 ± 13 166 ± 12 

T4 Mid-point of T4 (LT2) 205 ± 33 214 ± 35 164 ± 31 171 ± 32 73 ± 5 77 ± 5 73 ± 5 76 ± 6 171 ± 7 178 ± 8 167 ± 12 173 ± 12 

T5 1000 m av PO 215 ± 35 349 ± 45 172 ± 32 242 ± 42 78 ± 5 98 ± 7 77 ± 6 91 ± 3 179 ± 8 191 ± 9 174 ± 12 187 ± 11 

T6 500 m av PO 350 ± 45 481 ± 89 243 ± 42 333 ± 42 99 ± 7 114 ± 10 92 ± 3 106 ± 6 x x x x 

T7 200 m av PO 482 ± 89 728 ± 87 334 ± 42 457 ± 84 115 ± 10 139 ± 10 107 ± 6 122 ± 5 x x x x 

T8 Maximal effort 729 ± 87 ≥730 ± 87 458 ± 84 ≥459 ± 84 140 ± 10 ≥141 ± 10 123 ± 5 ≥124 ± 5 x x x x 

Abbreviations: av – Average, LL – training zone lower limit, LT1 – first blood lactate threshold, LT2 – second blood lactate threshold, PO – power output, UL – training zone upper 

limit,  x – not applicable. 
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Sprint Kayak On-water Training  

 

The HIIT and SIT sessions were selected due to their common use within a high-performance 

sprint kayak training regime, reflecting typical workloads intended to develop the glycolytic 

and phosphagen energy systems, respectively. A diagrammatic representation of the HIIT and 

SIT sessions are presented in Figure 6.1. The HIIT session comprised of 2 x (8 x 45 s at T4  

[15 s passive recovery]) and 1 x (8 x 15 s at T6 [45 s passive recovery]) interspersed by 5 min 

recovery between sets (2 min passive, 3 min active at T1). The SIT session comprised of 8 x 

(5 s at T8, 10 s at T8, 15 s at T7, all on a 1 min basis) interspersed by 4 min passive recovery 

between sets. Intensities were prescribed using individual PO-zones derived from the GXT and 

average PO from each time-trial (Table 6.1). Ratings of perceived exertion (RPE; Borg 6-20 

scale) [21] were recorded mid- and post-session. Ear-lobe capillary blood samples were taken 

4 min post-training for BLa analysis (Lactate Pro II, Arkray, Japan). To reduce the influence 

of wind speed and direction on the athletes’ intensity, the training sessions were carefully 

structured so that athletes paddled up and down the river equally, and trained within areas of 

the river that were less influenced by wind.  

 

Environmental conditions 

 

Average ambient temperature, relative humidity and wind speed were 20.7 ± 3.6oC, 65 ± 11%, 

2.5 ± 1.7 m.s-1 respectively, for the GXT, time-trials and training sessions. No differences in 

environmental data were found between training sessions or between repeated trials (P > 0.05). 
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Figure 6.1: Diagrammatic representation of the a) high-intensity anaerobic interval (HIIT) and the b) sprint interval (SIT) on-water sprint 

kayak training sessions.  

 Rating of Perceived Exertion (RPE) recorded. Blood lactate (BLa) recorded 4 min post cessation of each session.  
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6.3.4 Statistical Analysis 

 

Descriptive results are presented as mean ± SD. Data normality were verified using the 

Shapiro-Wilk W test. A multi-level mixed model in Stata (v.13, StataCorp LLC, USA) was 

used to compare the total time-in-zone (min) for PO, HR and SR for both HIIT and SIT 

(excluding passive recovery periods). The multi-level model controlled for sex and accounted 

for repeated trials. Tukey’s method was applied for post-hoc pairwise comparisons. One-

sample t-tests were used to compare the prescribed vs. actual time-in-zone for measures of PO. 

To compare peak and average PO, SR, HR, speed, RPE, BLa and total distance between 

repeated trials and between HIIT and SIT, paired sample t tests were used, or Wilcoxon signed-

rank tests for nonparametric measures. A repeated measures ANOVA was used to evaluate 

change in mean PO and SR over each set of the 5, 10 and 15 s sprint efforts in the SIT session 

with eta squared (η2) calculated for main effect sizes and least-squares difference used for 

pairwise comparison. To assess reliability, typical error (TE), coefficient of variation (CV%) 

and intraclass correlation coefficients (ICC) were reported for each measure. The ICC form 

used was a 2-way mixed effect model based on single measurements with the following 

descriptors applied for reliability; < 0.50, poor; 0.50-0.75, moderate; 0.75-0.90, good; and  

> 0.90, excellent [25]. Cohen’s d effect sizes were also calculated and expressed with 90% 

confidence intervals (±90%CI); common descriptors were subsequently applied [26]. 

Significance was accepted at P < 0.05. 

 

6.4 Results 

 

Mean performance times for 200-, 500- and 1000-m time-trials were 40.8 ± 1.1 s, 116.4 ± 5.6 

s and 248.6 ± 6.5 s for men, respectively, and 48.6 ± 1.9 s, 133.0 ± 5.9 s and 280.5 ± 10.5 s for 

women, respectively. Mean PO for the 200-, 500- and 1000-m were 622 ± 70 W, 400 ± 78 W 

and  323 ± 45 W for men, respectively, and 397 ± 89 W, 288 ± 48 W and 233 ± 37 W for 

women, respectively. The mean PO, HR and SR corresponding to LT1 and LT2 derived from 

the GXT can be observed in Table 6.1 (LT1 – upper limit of T1; LT2 – mid-point of T4). 

Descriptive measures for HIIT and SIT are outlined in Table 6.2. No differences were found 

in average and peak PO, HR, SR and speed or total distance between repeated trials for both 

HIIT or SIT (P > 0.05) with ICC values showing good to excellent reliability. A lower post-

session RPE was found in trial 2 of HIIT (P = 0.026, d = 0.81 ± 0.52). No other differences in 
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RPE or BLa were found between repeated trials for both training sessions (P > 0.05), with ICC 

values showing moderate to good reliability, except for the post-session RPE and BLa in HIIT 

which showed poor reliability. Comparison of HIIT and SIT showed significant differences in 

all descriptive measures (P < 0.020, d = 1.35 ± 0.39 to 1.94 ± 0.12), except for HR, which 

showed no between session differences for average and peak HR (P = 0.274 and P = 0.532), 

or the time spent in T5 (P = 0.172). 

 

Time in PO, HR and SR-zones are presented in minutes in Table 6.3. For both HIIT and SIT, 

no differences were found between sex (P > 0.05) or between trials for the quantification of 

time-in-zone for PO, HR and SR (P > 0.05). Time in T1 was higher for HR compared to PO 

in HIIT (P < 0.001, d = 0.90 ± 0.63) and SIT (P < 0.001, d = 1.34 ± 0.53). Time in T2 was 

lower for SR compared to PO (P = 0.049, d = 1.32 ± 0.73) in SIT. Time in T3 was not different 

for HR and SR compared to PO (P > 0.05) in HIIT and SIT. Time in T4 was higher for SR 

compared to PO (P < 0.001, d = 0.85 ± 0.63) in HIIT. Time in T5 was lower for HR (P < 0.001, 

d =1.76 ± 0.37) and SR (P = 0.005, d = 0.43 ± 0.59) compared to PO in HIIT. Time in T6 was 

lower for SR compared to PO (P < 0.001, d = 0.94 ± 0.44) in HIIT. Time in T7 was lower (P 

= 0.001, d = 0.66 ± 0.51), and time in T8 was higher (P = 0.004, d = 0.70 ± 0.64) for SR 

compared to PO in SIT. Comparison of the prescribed vs actual time spent in PO-zones showed 

significant differences across all prescribed training zones in both HIIT and SIT (P < 0.001). 

 

Percentage change in mean PO and SR from the initial sprint set for the 5, 10 and 15 s efforts 

is presented in Figure 6.2. There was a significant effect of the number of sprint sets on mean 

PO and SR for the 5 (P = 0.005, η2 = 0.309;  P = 0.004, η2 = 0.229) and 10 s (P = 0.001,  

η2 = 0.273; P = 0.008, η2 = 0.215) durations. Mean PO was significantly lower following set 4 

(P ≤ 0.049 d = 0.09 ± 0.05 to 0.25 ± 0.16) and set 3 (P ≤ 0.032, d = 0.17 ± 0.12 to 0.35 ± 0.14) 

of the 5 and 10 s maximal sprint efforts, respectively. Mean SR was significantly lower in set 

5-7 (P ≤ 0.04, d = 0.28 ± 0.13 to 0.31 ± 0.16) during the 10 s maximal sprint efforts. For the 

15 s duration, no significant effect of sprint set was found for mean PO or SR (P > 0.05).  
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Table 6.2: Mean (± SD) descriptive measures for repeated trials of the high-intensity interval (HIIT) and sprint interval (SIT) on-water sprint kayak training 

sessions (excluding warm-up and recovery efforts). 

 HIIT  SIT 

 Trial 1 Trial 2 Mean TE ICC CV%  Trial 1 Trial 2 Mean TE ICC CV% 

Power Output (W) 219 ± 42 220 ± 44 219 ± 42a 3 1.00 0.8  537 ± 122 540 ± 123 539 ± 120 19 0.98 3.2 

Peak Power Output (W) 437 ± 92 440 ± 106 439 ± 97a 19 0.97 3.6  689 ± 176 705 ± 178 697 ± 173 50 0.92 5.0 

Stroke Rate (spm) 77 ± 7 77 ± 6 77 ± 6a 2 0.92 1.7  124 ± 10 126 ± 10 125 ± 10 2 0.95 1.4 

Peak Stroke Rate (spm) 108 ± 10 108 ± 9 108 ± 9a 2 0.95 1.6  142 ± 18 144 ± 17 143 ± 17 4 0.96 1.7 

Speed (m.s-1) 3.5 ± 0.3 3.5 ± 0.2 3.5 ± 0.2a 0.04 0.96 1.0  4.5 ± 0.4 4.5 ± 0.4 4.5 ± 0.4 0.1 0.96 1.4 

Peak Speed (m.s-1) 4.6 ± 0.3 4.6 ± 0.4 4.6 ± 0.4a 0.2 0.83 2.8  5.1 ± 0.5 5.1 ± 0.4 5.1 ± 0.4 0.1 0.97 1.3 

Total Distance (m) 2862 ± 173 2864 ± 181 2863 ± 173a 30 0.97 0.7  994 ± 93 990 ± 90 992 ± 90 16 0.97 1.3 

Heart Rate (bpm) 159 ± 11 160 ± 8 160 ± 9 4 0.80 2.1  155 ± 15 159 ± 10 157 ± 13 5 0.84 2.6 

Peak Heart Rate (bpm) 172 ± 12 175 ± 9 173 ± 11 6 0.69 3.0  173 ± 11 175 ± 10 174 ± 10 3 0.94 1.2 

Mid-Session RPE (6-20) 13 ± 1 13 ± 1 13 ± 1a 1 0.82 3.6  16 ± 1 16 ± 2 16 ± 2 1 0.69 3.5 

Post-Session RPE (6-20) 16 ± 1 15 ± 1* 15 ± 1a 1 0.45 5.4  17 ± 2 17 ± 2 17 ± 2 1 0.78 3.8 

Post-Session BLa 

(mmol.L-1) 
3.7 ± 1.1 3.6 ± 0.9 3.7 ± 1.0a 1.0 0.32 20.4  8.6 ± 3.2 7.8 ± 3.4 8.2 ± 3.3 1.8 0.71 21.3 

Abbreviations: BLa – Blood lactate concentration, CV% – Relative coefficient of variation, ICC – Intraclass correlation coefficient, RPE – Rating of perceived 

exertion, TE – Typical error 

* Significant difference (P < 0.05) between trial 1 and 2. a Significant difference (P < 0.05) between the HIIT and SIT sessions. 
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Table 6.3: Mean (± SD) time-in-zone (min) for the high-intensity Interval (HIIT) and sprint interval (SIT) on-water sprint kayak training sessions. 

 HIIT  SIT 

Training Intensity Zone 
Prescribed Time 

(min) 

PO 

(min) 

SR 

(min) 

HR 

(min) 
 

Prescribed Time 

(min) 

PO 

(min) 

SR 

(min) 

HR 

(min) 

T1 11.0a 11.8 ± 1.0c 11.0 ± 4.3c 17.8 ± 8.4  5.0a 5.9 ± 0.8c 6.0 ± 2.2c 9.4 ± 2.8 

T2 5.0a 4.1 ± 0.7 5.2 ± 2.9 5.1 ± 3.6  5.0a 3.5 ± 0.8b 2.1 ± 1.0 2.4 ± 1.7 

T3 0.0a 4.2 ± 1.4 2.8 ± 2.1c 4.3 ± 3.7  0.0a 0.5 ± 0.4 1.0 ± 1.0 1.2 ± 1.3 

T4 12.0a 3.2 ± 0.6b 5.7 ± 3.7c 2.3 ± 3.1  0.0 0.0 ± 0.1 0.7 ± 1.0 0.6 ± 0.6 

T5 0.0a 4.8 ± 1.5b,c 4.0 ± 2.9c 0.5 ± 1.1  0.0 0.0 ± 0.0 0.1 ± 0.2 0.2 ± 0.3 

T6 2.0a 1.7 ± 0.4b 1.1 ± 0.7 x  0.0a 0.3 ± 0.4 0.4 ± 0.8 x 

T7 0.0a 0.1 ± 0.1 0.1 ± 0.2 x  2.0a 3.4 ± 0.6b 2.8 ± 1.0 x 

T8 0.0 0.0 ± 0.0 0.0 ± 0.0 x  2.0a 0.3 ± 0.3b 0.8 ± 0.9 x 

a Significantly different (P < 0.05) to the time spent in power output (PO) zone. 

b Significantly different (P < 0.05) to the time spent in stroke rate (SR) zone. 

c Significantly different (P < 0.05) to the time spent in heart rate (HR) zone. 
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Figure 6.2: Change in mean power output (black) and stroke rate (grey) from the initial sprint set for the a) 5 s, b) 10 s and c) 15 s sprint efforts over the sprint 

interval training session (SIT). 

* Significantly different (P < 0.05) to mean power output / stroke rate in set 1. 
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6.5 Discussion  

 

To our knowledge, this study is the first to classify supramaximal sprint kayak training into 

defined PO-zones using novel technologies. The main finding of this work is that differences 

exist in relative time-in-zone distribution using traditional measures of HR and SR compared 

to quantification by PO in two different high-intensity interval training sessions. Accurate 

quantification of high-intensity interval training is important, since this type of training is 

commonly integrated into the programs of sprint kayak athletes [10], and has been shown to 

provide an effective stimulus for improving race performance [16]. Moreover, given that sprint 

kayak athletes need to develop both aerobic and anaerobic capacities concurrently [27], the 

high musculoskeletal strain and large neuromuscular fatigue associated with high-intensity 

training needs to be considered in light of the demands of other training sessions to optimise 

the training stimulus, as well as mitigating injury risk [17]. Since measures of PO provide a 

direct and immediate measure of the athletes’ intensity [8, 13-15], PO may better reflect the 

demand of training compared to traditional HR and SR measures. Notwithstanding, the 

limitations and discrepancies between the different methods of training load quantification 

should be considered to ensure accurate training prescription and monitoring is possible. 

 

Manipulation of training intensity, duration and work / rest ratios within interval sessions can 

allow coaches to vary an athlete’s metabolic and neuromuscular demand, and therefore, the 

subsequent physiological adaptations [18, 28]. As such, the ability to accurately define an 

athlete’s training output across different types of interval sessions is important for effective 

training monitoring, and to ensure athletes receive an optimal training stimulus of adaptation 

within the context of the training program [6, 17, 18]. However, our data shows that monitoring 

the internal response of the athlete through traditional measures of HR alone does not allow 

the coach to differentiate the intensity distributions of high-intensity and/or supramaximal 

training sessions. Our results showed no differences in average or peak HR between HIIT and 

SIT, despite large differences in work output (PO, SR, distance and speed) and 

psychophysiological demand (BLa and RPE). Furthermore, no differences were found in the 

time spent above LT2 (i.e., T5) between the two sessions when using HR to measure the 

response, despite the training time prescribed above LT2 being two-times longer (2 min) in 

SIT. Such findings support literature in other sports (i.e., running) that showed two different 
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high-intensity interval sessions produced similar mean HR responses despite significant 

differences in running velocity [28, 29]. 

 

An assumption of the HR-zone model for training quantification is that athletes will reach near 

maximal values (i.e., HRmax) during high-intensity exercise [18]. However, this is not always 

the case during short-duration interval exercise (≤ 30 s) due to the inherent physiological lag 

associated with this measure [6, 18]. Heart rate lag has been suggested to partly explain time-

in-zone differences between HR and PO in road cyclists [8, 13, 14], and sprint kayak athletes 

[12]. The present study found HR quantified less than 8% of the time spent ≥ T5 using PO in 

both training session types. This temporal dissociation between HR and PO would explain the 

moderate-to-large overestimation of time spent below LT1 (i.e., T1) using HR compared to PO 

in HIIT and SIT, concurrently providing an inaccurate reflection of the RPE and BLa profiles 

of these sessions. Our findings support recent sprint kayak research that showed sprint interval 

training did not elicit much time at high HRs, but elicited a high muscle oxygen demand [10]. 

Furthermore, our results corroborate with recent road cycling research [14] that suggested the 

HR may not accurately reflect the large neuromuscular demand of short-duration exercise 

compared to more direct measures of PO. Consequently, the sole use of HR for the 

quantification of high-intensity training will lead to an underestimation of the athletes’ training 

load, and therefore, may not be appropriate for the quantification of supramaximal sprint kayak 

training, while PO may be better suited for this purpose.  

 

Due to the apparent limitations of HR to classify exercise intensity performed above VO2max 

[18], external measures of SR are often used as a surrogate measure in sprint kayaking [3, 9]. 

However, when quantifying high-intensity training using SR, the results of the present study 

showed moderate differences in relative time-in-zone compared to the use of PO. Recent kayak 

research has suggested that discrepancies between SR and PO may relate to the influence of 

fatigue as athletes increased their SR relative to their PO towards the end of an aerobic-based 

session [12]. Such findings are supported by previous work showing that athletes increase their 

SR to achieve the same relative exercise intensity when compensating for impaired 

neuromuscular performance and paddling PO [5, 11]. Certainly, the fatigue that manifests from 

repeated maximal-effort bouts, such as those prescribed in the SIT session, may have decreased 

the athlete’s force-generating capacity in the active muscles [10, 30]. Therefore, the influence 

of fatigue in the SIT session may have caused a dissociation in time-in-zone quantification 
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between PO and SR measures, which may explain the overestimation of the time quantified in 

T8 using SR as compared to PO.  

 

To better understand the influence of fatigue on SR and PO measures throughout the SIT 

session, performance in the initial sprint set were compared to subsequent sprint performance 

(Figure 6.2). Our data showed a significant decrement in the athlete’s PO-producing capability 

over the 5 and 10 s maximal sprints bouts in the SIT session, likely attributable to fatigue. 

However, the decrement in external output was not well-reflected by measures of SR, with this 

measure remaining relatively unchanged throughout the session. This may explain the 

underestimation of time in T7 and overestimation of time in T8 using SR compared to PO. 

While there was no significant main effect of sprint set on mean SR and PO for the 15 s sprints, 

this was expected, since these efforts were prescribed at T7 PO and were therefore not 

considered ‘all-out’ efforts. Nevertheless, the results of this study suggest that measures of SR 

may not provide an accurate quantification of an athlete’s training intensity and/or state of 

neuromuscular fatigue. The use of PO, however, may provide a more accurate representation 

of the training completed and could provide greater context to an athlete’s prevailing fatigue. 

Since both SR and PO are derived from the KPMs used in this study, the combination of both 

measures may, in fact, be necessary for accurate training prescription and monitoring. 

 

When using PO to control training intensities, we found significant differences between the 

prescribed and actual time-in-zone. The greatest difference was observed in HIIT, where the 

time quantified at threshold (T4) using PO was 27% of the prescribed time for this zone. 

Interestingly, the sum of the time spent in T4 and its adjacent zones (T3 and T5) using PO (12.2 

min) equates to a similar time prescribed for the T4-zone (12.0 min). Such findings are likely 

explained by the inherent fluctuations in an athlete’s PO during exercise, which are also 

described in previous literature [8, 12]. This outcome also supports rowing-based literature, 

where intensity remained below the coaches prescribed PO despite real-time PO feedback [15]. 

Nevertheless, the purpose of threshold exercise prescription is to produce a level of BLa and 

hydrogen ion (H+) production that equals or exceeds removal or utilisation [31]. This level of 

metabolic acidosis provides an effective training stimulus for improved muscle buffering 

capacity and work output at LT2 [31, 32]. Since exercise intensities performed below LT2 do 

not produce the same level of muscle acidosis, the training stimulus may be less effective on 

such parameters [31]. From a training prescription perspective, this might suggest that coaches 

should prescribe PO-values more towards the upper limit of the T4-zone or slightly higher, 
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thereby accounting for fluctuations in PO and minimising the incidental time spent below LT2 

(i.e., T3). However, simply increasing the PO prescription for greater adherence to the PO 

target does not guarantee that athletes will remain within an optimal zone for physiological 

adaptation throughout a session. In fact, it is possible that the prescription of higher POs may 

elicit faster rates of fatigue, and subsequently lead to more drastic declines in PO over the 

course of a session. Accordingly, further research involving more comprehensive assessments 

of the athletes’ physiological responses and subsequent adaptation when using PO to prescribe 

sprint kayak training is needed.  

 

For SIT, the time spent in T8 using PO was 15% of the time prescribed for the session, which 

inevitably resulted in greater time spent in T7. The structure of this session may explain this 

discrepancy, as the 55 s passive recovery provided between the 5 and 10 s maximal sprints may 

not have provided sufficient recovery time for full phosphocreatine (PCr) repletion [30]. Since 

PCr resynthesis and recovery of PO-producing capability follow similar time courses [30], 

athletes may have been unable to achieve the time prescribed in T8 due to incomplete recovery. 

Furthermore, while each effort was completed with a self-paced rolling start, greater PO-

values, and consequently, greater time in T8, may have been achieved from a stationary start 

given the high level of acceleration and force production that is required to overcome the large 

inertia of a motionless boat [33]. The greater mechanical load associated with stationary starts, 

however, may lead to the need for even longer recovery periods between SIT efforts for athletes 

to achieve the time prescribed for T8. Notwithstanding, the differences in prescribed vs actual 

PO found here provide important feedback for the coach on the training stimulus provided to 

athletes. 

 

When assessing the reproducibility of internal and external load measures during HIIT and 

SIT, the results showed good to excellent reliability for PO, SR, HR, speed, and total distance 

based on the ICC values. However, while BLa showed moderate reliability (ICC = 0.71) in 

SIT, the reliability of BLa in HIIT was poor (ICC = 0.32). In addition to BLa, the reliability of 

the post-session RPE in HIIT was also found to be poor (ICC = 0.45). While the ICC values 

were low, the CV% of the post-session BLa for HIIT and SIT were not dissimilar to previous 

research in running (11.2-23.9%) [34], rowing (6.8-19.2%) [35], and more recently in sprint 

kayaking (10.2-21.8%) [20], with the primary source of variation previously attributed to 

biological variability in BLa during exercise [34, 36]. Similarly, the CV% found for the post-

session RPE in HIIT (5.4%) were lower than the CV% found in a reliability study of the Borg 
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6-20 scale during high intensity interval training in cycling (8.5-8.8%) [37]. Taken together, 

these finding suggests that coaches can prescribe reproducible internal and external load 

responses on their athletes when using measures of real-time PO for training prescription. 

 

6.6 Limitations 

 

Combined with the findings from recent sprint kayak research [12], novel measures of PO have 

now been compared to traditional training monitoring measures, namely HR and SR, across 

aerobic, high-intensity interval and sprint interval kayak training. However, such research has 

been limited to an acute training setting, and therefore, it remains unknown whether differences 

in athletes’ training intensity distribution and training load would exist between PO, HR and 

SR over longer training periods. Consequently, further research evaluating the utility of 

measures of PO for quantifying sprint kayak training over longitudinal designs are needed.  

 

6.7 Practical Applications 

 

• The quantification of high-intensity interval and sprint interval training using HR will 

underestimate training intensity relative to PO.   

 

• Measures of SR appear to be limited in quantifying decrements in intensity due to fatigue 

during sprint interval training, whereas PO may be more suitable for this purpose.  

 

• Since both SR and PO can be measured using the Kayak Power Meters used in this study, 

coaches should consider using both of these measures when evaluating their athletes’ 

external load and prevailing fatigue. 

 

• When prescribing T8 intensities (i.e., maximal alactic sprinting), coaches should consider 

if the structure of the training session is conducive for the attainment of the required PO/SR 

in this zone.  
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6.8 Conclusions 

 

This study shows that the quantification of the time spent in T1-T8 during high-intensity 

interval and sprint interval training is misrepresented by measures of HR and SR when training 

is quantified by PO. Given the findings of this work, measures of HR, SR and PO will likely 

lead to different training intensity distributions and training loads when used as the sole 

measure for quantifying on-water sprint kayak training.  
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7.0 Foreword 

 
In Chapters 5 & 6, on-water graded exercise tests (GXT) graded by power output (PO) were 

employed to determine the athletes’ first and second blood lactate thresholds (LT1 and LT2) 

and the corresponding PO, stroke rate (SR) and heart rate (HR). While the outcomes of such 

research provide novel insights into the application of these on-water GXTs for monitoring and 

prescribing sprint kayak training, research is yet to examine the relationship between the 

performance data derived from this test and actual sprint kayak race performance. Such 

investigation would provide coaches and practitioners with a greater understanding of the 

utility of on-water GXTs and measures of PO for the assessment of sprint kayak training and 

race performance. Accordingly, our fifth and final investigation examined the relationship 

between measures of LT1PO and LT2PO derived from on-water GXTs, and the mean maximal 

power (MMP) achieved over 200-, 500- and 1000-m time-trial performances. 
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7.1 Abstract 

 

Purpose: This study utilised on-water graded exercise tests (GXT) to determine the power 

output (PO) corresponding to the first and second lactate thresholds (LT1PO and LT2PO), 

subsequently examining their relationship to the mean maximal power (MMP) and race time 

achieved across three on-water sprint kayak time-trials. Methods: Twelve well-trained sprint 

kayak athletes completed an on-water GXT and a 200-, 500- and 1000-m time-trial utilising 

novel instrumented paddle technology. Stepwise multiple regression was used to determine 

whether equations incorporating 200-, 500- and 1000-m MMP data could be used as an 

alternative method for estimating LT1PO and LT2PO. Results: On-water GXT derived LT1PO 

and LT2PO were 151 ± 34 and 194 ± 39 W, respectively. For the 200-, 500- and 1000-m time-

trials, MMP were 528 ± 143, 358 ± 92 and 287 ± 67 W, respectively. Athletes’ LT1PO and 

LT2PO had very-large inverse relationships to 200-, 500- and 1000-m time-to-completion  

(r = -0.71 to -0.85, P ≤ 0.010) and very-large, to near-perfect positive relationships to 200-, 

500- and 1000-m MMP (r = 0.81 to 0.94, P ≤ 0.001). The equation incorporating 1000-m MMP 

alone provided the best prediction of LT1PO and LT2PO, explaining 78% and 88% of the 

variance, and yielding a standard error of estimate (SEE) of 11.3% and 7.1% for these 

measures, respectively. Conclusions: The results of this study provide further evidence to 

support the ecological validity of recently developed on-water GXTs graded by PO, since 

LT1PO and LT2PO were significantly correlated to 200-, 500- and 1000-m performance. 

Practitioners could also predict LT2PO with reasonable accuracy based solely from a 1000-m 

time-trial; potentially providing an alternative, non-invasive, competition-specific protocol for 

threshold determination.  

 

Keywords 

 

Power output, Graded exercise test, Time trials, Testing, Training 
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7.2 Introduction 

 

In flat-water sprint kayaking, the power output (PO) corresponding to the first lactate threshold 

(LT1) [1] and the second lactate threshold (LT2) [1, 2] have shown to provide important 

determinants of race performance. While a plethora of threshold concepts exist based upon the 

curvilinear blood lactate (BLa) to work rate relationship [3], LT1 is defined in this study as the 

lowest exercise intensity causing a sustained increase in BLa above resting levels, while LT2 

relates to the exercise intensity at which there is an equilibrium between lactate production and 

clearance [4]. To determine LT1 and LT2 for sprint kayak athletes, current practice involves the 

use of laboratory-based graded exercise tests (GXT) performed on kayak-specific ergometers 

[5]. In fact, previous research have shown that laboratory-based kayak ergometer testing 

provides valid and reliable physiological responses [6, 7], and the PO corresponding LT1 and 

LT2 from such tests have shown to be inversely related to 200-, 500- and 1000-m sprint kayak 

time-to-completion (r = -0.54 to -0.89; P < 0.05) [1, 2, 8, 9]. However, the ecological validity 

of such testing is questionable, with prior research showing discrepancies in physiological 

parameters, stroke rates (SR), muscle activity patterns and kinematic profiles between 

ergometer and on-water performance [10-13]. Furthermore, due to the technical difficulty of 

measuring PO on-water, the heart rate (HR) collected during the GXT that correspond to LT1 

and LT2 are commonly used to demarcate on-water intensity into various training zones, which 

is then used for training monitoring and prescription purposes [5, 14]. However, HR measures 

can be heavily influenced by day-to-day biological variability [15], and are limited by 

cardiovascular drift, delay, and the relative amplitude of the slow component of HR kinetics 

[16-19]; accordingly, more direct and immediate measures of PO may be better suited for 

monitoring and prescribing training [16-18]. Fortuitously, recent advances in instrumented 

paddle technology [12, 20] has allowed for the measurement of real-time PO on-water, 

providing access to more direct and specific performance outcomes for sprint kayak athletes in 

ecologically valid settings.  

 

Kayak-specific power meter technology has recently been used by Winchcombe et al., [12] to 

develop an on-water GXT comprising of seven 4-min stages (i.e., 7 x 4 min), prescribed by 

PO. Hogan et al., [16, 18] subsequently used such methodology to delineate specific PO 

training zones based upon LT1 and LT2. However, given the paucity of research in this 

developing area, research has yet to evaluate the relationship between performance data 
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derived from 7 x 4 min on-water GXTs graded by PO to actual sprint kayak race performance. 

With this in mind, a potential limitation of the 7 x 4 min testing methodology is that it requires 

multiple measurements of blood lactate (BLa), which are invasive, expensive, and can be 

heavily influenced by biological variability during exercise [15]. This protocol can also be 

time-consuming since it is limited to the testing of one athlete at a time over a 35 – 40 min 

period [12, 21]. To provide more sport-specific and time-efficient testing for athletes, other 

sports (such as road cycling), have developed novel 8-min or 20-min field-based tests to predict 

race performance and assess physiological markers related to performance [22, 23]. Here, 

lactate threshold was indirectly estimated based upon equations incorporating mean maximal 

power (MMP) achieved in the 8-min or 20-min tests (i.e., functional threshold power [FTP] 

testing) [22, 23]. Such tests are advantageous to coaches and practitioners as the protocols can 

be conducted more routinely within the periodised training schedule [22]. In a sprint kayak 

context, an 8-min or 20-min performance test may not be functionally relevant to performance 

since the time-to-completion for the shortest K1 sprint kayak event is ~35-40 s (i.e., 200 m), 

while the longest event is ~3.5-4.0 min [1]. Furthermore, given that sprint kayak athletes 

require high levels of both aerobic and anaerobic capacity to be successful [1], it is important 

to evaluate performance over epochs that specifically stress the relevant energy systems taxed 

during each event. As such, testing protocols including shorter, race-specific durations are 

needed to provide a more representative assessment of the performance capabilities of sprint 

kayak athletes. Since previous research has shown that 200-, 500-, and 1000-m race time are 

strongly related to the laboratory-derived PO corresponding to LT1 and LT2 [1, 2, 8, 9], it may 

be possible to inform such thresholds simply from MMP data gained from routine maximal 

effort on-water time-trials – without the need for more invasive, and less competition-specific, 

GXTs. The prospect of utilising time-trial, and perhaps, racing data for estimating 

individualised physiological thresholds and the associated training zones [5] would thus be 

advantageous, since data is easily accessible from both the training and competition domains.  

 

Based on this prospect, the aim of this study was twofold: (1) to evaluate the relationship 

between PO corresponding to LT1 and LT2 (i.e., LT1PO and LT2PO) determined from on-water 

GXTs to 200-, 500- and 1000-m time-trial performance; and (2) to evaluate whether athlete’s 

MMP achieved across these three sprint kayak competitive distances could be used as an 

alternative, non-invasive and more race-specific method for estimating LT1PO and LT2PO. It 

was hypothesised that LT1PO and LT2PO would be strongly related to 200-, 500- and 1000-m 
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time-trial performance, which would therefore allow these thresholds to be predicted using 

time-trial or racing data and a regression analysis.  

 

7.3 Methods 

 

Twelve (n = 7 male, n = 5 female) well-trained sprint kayak athletes were recruited for this 

study (age 21.3 ± 6.9 y, weight 69.0 ± 8.4 kg, training experience 5.4 ± 3.9 y, typical training 

volume 11.8 ± 2.0 h.wk-1). All participants gave their written informed consent prior to study 

commencement. The study was approved by the Human Ethics Committee of the Host 

Institution (RA/4/1/9325). 

 

All athletes completed two separate on-water testing sessions in their own K1 kayak, one 

comprising of a 7 x 4 min GXT and the other a 200-, 500- and 1000-m time-trial. Each session 

was separated by a minimum of 72 h and completed within a maximum period of 14 days. 

Athletes were requested to avoid any intense exercise within 12 h before testing, to avoid the 

ingestion of food and caffeine within 3 h before testing, and to arrive to each session well-

hydrated [5]. For each session, athletes used a validated [20] Kayak Power Meter paddle (KPM, 

Kayak Power Meter Pro; One Giant Leap, Nelson, New Zealand), which recorded PO and SR. 

Prior to testing, a zero-offset calibration of the KPMs were performed as per the manufacturer’s 

instructions. The KPMs were also set-up to suit the athlete’s preferred paddle length and blade 

model, with the same paddle used for each session. Power and SR data were recorded at 1 Hz 

using an on-board computer (Edge 520; Garmin, Olathe, KS) fitted to the kayak deck.  

 

7.3.1 Experimental procedures 

 

On-water GXT 

 

The on-water GXT followed the methodology of Winchcombe et al., [12] One week prior to 

testing, athletes completed two separate familiarisation sessions to ensure they were 

accustomed to the GXT protocols. Briefly, the test comprised of 6 x 4-min submaximal stages 

of incremental intensity prescribed by power (~15 to 20 W increments) with the aim of reaching 

a BLa of ~4 to 8 mmol.L-1 by the end of the sixth stage [12]. The final (seventh) 4-min stage 

was completed at a maximal effort. Stages were interspersed with a 1-min passive recovery 
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period, where a capillary blood sample was taken from the earlobe to assess BLa concentration 

using a validated portable BLa analyser [24] (Lactate Pro II; Arkray, Kyoto, Japan). Measures 

of HR were recorded continuously during each stage from a chest strap monitor (Garmin, 

Olathe, KS). Athletes’ LT1PO and LT2PO were determined using proprietary software 

(ADAPT; Version 6.7, Australian Institute of Sport). The LT1PO was defined as the power 

preceding a 0.4 mmol·L−1 rise in BLa from resting levels [4]. The LT2PO was determined using 

the modified D-max method [4, 25], defined as the power on a third order polynomial yielding 

the maximal perpendicular distance to the straight lined formed by the point of LT1PO and the 

power associated to the final lactate point [4, 25, 26]. The methods used for LT1 and LT2 

determination were chosen to reflect similar BLa concepts and methods commonly used for 

sprint kayak testing and training monitoring [2, 5, 12, 16, 27]. A portable weather meter 

(Kestrel 4500 Weather Meter, USA) was used to measure environmental conditions from a 

fixed position before and after the GXT. 

 

Time-trials 

 

In a single session, athletes completed each of the three Olympic sprint kayak competition 

distances of 200-, 500- and 1000-m in a randomised order on a competition-certified regatta 

course. All time-trial efforts were interspersed by a minimum of 30 min of passive recovery, 

with extra recovery time provided if required (up to 60 min). Athletes completed all time-trials 

in a single session to replicate a competition (regatta) setting and to allow for similar 

environmental conditions between races. Athletes were informed to complete each effort in the 

fastest time possible for highest mean maximal power (MMP) attainment. A minimum of 2 

athletes (matched in fitness level) completed each time-trial simultaneously to facilitate 

competitiveness and maximal exertion. Following test completion, MMP was defined as the 

average PO throughout each time-trial, and peak power output (PPO) was defined as the 

highest 1-s PO value. Environmental condition data were collected using the automatic weather 

station located at the regatta course (www.elemenths.com.au/publicaccess/championlakeswea 

therstationsum.html). 

 

7.3.2 Statistical Analysis 

 

All statistical analyses were performed on R-Studio (v4.0.2, Boston, USA). Assumptions of 

normality were verified using the Shapiro-Wilk W test. Pearson product-moment correlation 
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coefficients (r), coefficient of determination (R2) and standard error of estimates (SEE), 

expressed as an absolute value and as a percentage, were used to evaluate the relationship of 

LT1PO and LT2PO to 200-, 500- and 1000-m time-to-completion and MMP. Subsequently, 

stepwise multiple regression was used to determine the best possible combination of time-trial 

performances for the prediction of LT1PO and LT2PO based upon MMP data. Bland-Altman’s 

analysis [28] was used to assess the mean difference in PO (i.e., bias) and 95% limits of 

agreement (95%LoA) between actual LT1PO and LT2PO derived from the on-water GXT and 

predicted LT1PO and LT2PO based upon regression equations incorporating 200-, 500- and 

1000-m MMP. Established qualitative descriptors were used to classify correlation coefficients 

[29]. Paired samples t-tests were used to compare environmental condition data between the 

200-, 500- and 1000-m time-trials and the GXT and Cohen’s d effect sizes were also calculated 

and expressed with 90% confidence intervals (±90% CI). Established qualitative descriptors 

were used to classify effect sizes [29]. Significance was accepted at P < 0.05.   

 

7.4 Results 

 

Mean performance data for the time-trial are shown in Table 7.1. For the GXT, LT1 and LT2 

were observed at 1.7 ± 0.5 and 3.6 ± 1.0 mmol.L-1, respectively. Mean LT1PO was 151 ± 34 

W, corresponding to 29, 42 and 53% of 200-, 500- and 1000-m MMP, respectively. Mean 

LT2PO was 194 ± 39 W, corresponding to 37, 54 and 68% of 200-, 500- and 1000-m MMP, 

respectively. Mean performance data for each stage of the GXT are presented in Table 7.2. 

 

The relationships of on-water GXT derived LT1PO and LT2PO to 200-, 500- and 1000-m time-

to-completion and MMP are shown in Table 7.3.  

 

Linear regression equations, the R2 and SEE values for the prediction of LT1PO and LT2PO 

based upon 200-, 500-, and 1000-m MMP are shown in Figure 7.1. Stepwise multiple 

regression showed a combination of 200-, 500-, and 1000-m MMP did not improve the 

prediction accuracy of LT1PO and LT2PO. However, the analysis revealed that the equation 

incorporating 1000-m MMP alone provided the best possible predictor of LT1PO and LT2PO 

from time-trial data, explaining 78 and 88% of the variance and yielding a SEE of 11.3% (17 

W) and 7.1% (14 W) for LT1PO and LT2PO, respectively. The linear regression equations for 

prediction of LT1PO and LT2PO based upon 1000-m MMP were:  
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Equation 1: LT1PO (W) = 0.4540*1000-m MMP + 20.39 

 

Equation 2: LT2PO (W) = 0.5477*1000-m MMP + 36.93 

 

Bland-Altman plots (Figure 7.2) show mean difference (bias) and 95%LoA in PO (W) between 

actual and predicted LT1PO and LT2PO. Actual values were derived from the on-water GXT, 

while predicted values were derived from regression equations based upon 200-, 500- or 1000-

m MMP.  

 

Mean ambient temperature, relative humidity, and wind speed were 23.7 ± 4.7oC, 53.1 ± 8.5% 

and 3.3 ± 2.8 m.s-1 for the time-trials, respectively, and 18.2 ± 2.5oC, 67.8 ± 10.4%, 2.1 ± 0.9 

m.s-1 for the GXT, respectively. Temperature was lower (P < 0.024, d =1.12 ± 0.75 to 1.20 ± 

0.76), and humidity (P < 0.001, d = 1.05 ± 0.57 to 1.32 ± 0.61) was higher in the GXT compared 

to the 200-, 500- and 1000-m time-trials. No other differences in environmental condition data 

were found. 
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Table 7.1: Mean ± SD performance data from the three on-water sprint kayak time trials. 

Race Distance Time-to-completion 

(s) 

MMP  

(W) 

Work  

(kJ) 

PPO  

(W) 

SR  

(spm) 

Speed  

(m.s-1) 

200 m 
44.10 ± 4.27 

(range: 39.4 – 50.2) 

528 ± 143 

(range: 319 – 695) 

22.7 ± 4.4 

(range: 16.0 – 27.8) 

662 ± 193 

(range: 383 – 941) 

126 ± 9 

(range: 112 – 138) 

4.67 ± 0.43 

(range: 4.08 – 5.22) 

500 m 
122.67 ± 10.54 

(range: 111.4 – 138.5) 

358 ± 92 

(range: 236 – 497) 

43.1 ± 7.9 

(range: 31.9 – 55.3) 

545 ± 132 

(range: 362 – 718) 

106 ± 9 

(range: 94 – 123) 

4.13 ± 0.35 

(range: 3.63 – 4.51) 

1000 m 
261.15 ± 18.99 

(range: 243.3 – 293.5) 

287 ± 67 

(range: 187 – 394) 

73.0 ± 13.3 

(range: 53.4 – 96.8) 

482 ± 139 

(range: 269 – 675) 

94 ± 6 

(range: 85 – 103) 

3.86 ± 0.28 

(range: 3.42 – 4.13) 

Abbreviations: MMP – mean maximal power, PPO – peak power output, SR – stroke rate 
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Table 7.2: Mean ± SD performance data for each stage of the 7 x 4 min on-water graded exercise test (GXT). 

GXT  

Stage 

PO 

(W) 

SR 

(spm) 

Speed  

(m.s-1) 

HR 

(bpm) 

RPE 

(6-20) 

BLa  

(mmol.L-1) 

1 115 ± 20 60 ± 5 2.76 ± 0.36 134 ± 14 8 ± 1 1.3 ± 0.4 

2 138 ± 26 64 ± 4 2.92 ± 0.41 148 ± 11 11 ± 1 1.6 ± 0.5 

3 157 ± 30 67 ± 5 3.13 ± 0.38 157 ± 9 12 ± 1 1.9 ± 0.6 

4 175 ± 34 71 ± 5 3.22 ± 0.27 165 ± 6 14 ± 1 2.7 ± 0.8 

5 192 ± 39 75 ± 5 3.50 ± 0.18 172 ± 8 15 ± 1 3.4 ± 0.9 

6 207 ± 44 78 ± 4 3.61 ± 0.18 177 ± 8 17 ± 1 5.3 ± 1.6 

7 259 ± 56 91 ± 4 3.72 ± 0.32 189 ± 10 19 ± 1 8.4 ± 2.2 

Abbreviations: BLa – Blood lactate, HR – heart rate, PO – power output, RPE – rating of perceived exertion, SR – stroke rate  
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Table 7.3: Correlations between the power corresponding to the first and second blood lactate thresholds (LT1PO and LT2PO), derived from the on-water graded 

exercise test (GXT), and 200-, 500- and 1000-m time-to-completion and mean maximal power (MMP).  

  LT1PO  LT2PO 

Time-trial 

Distance 
Performance measure r  95%CI P-value SEE %SEE  r 95%CI P-value SEE %SEE 

200 m 

Time-to-completion (s) -0.76 [-0.93 to -0.34] 0.004 2.88 6.5%  -0.76 [-0.93 to -0.33] 0.004 2.92 6.6% 

MMP (W) 0.81 [0.44 to 0.94] 0.001 88 16.6%  0.84 [0.50 to 0.95] <0.001 82 15.6% 

500 m 

Time-to-completion (s) -0.80 [-0.94 to -0.43] 0.002 6.57 5.4%  -0.85 [-0.96 to -0.54] <0.001 5.78 4.7% 

MMP (W) 0.81 [0.44 to 0.94] 0.001 57 15.9%  0.91 [0.69 to 0.97] <0.001 41 11.5% 

1000 m 

Time-to-completion (s) -0.71 [-0.91 to -0.23] 0.010 14.02 5.4%  -0.74 [-0.92 to -0.30] 0.006 13.32 5.1% 

MMP (W) 0.88 [0.62 to 0.97] <0.001 33 11.5%  0.94 [0.80 to 0.98] <0.001 24 8.4% 

Abbreviations: CI – Confidence interval, SEE – Absolute standard error of estimate, %SEE – Relative standard error estimate.  
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Figure 7.1: The relationship of LT1PO and LT2PO (power corresponding to the first and second blood lactate thresholds) derived from an on-

water graded exercise test (GXT) to 200-m (a & b), 500-m (c & d) and 1000-m (e & f) mean maximal power (MMP) for male (triangles) and 

female (circles) athletes. The solid black line indicates the line of best fit while the grey areas indicate the 95% confidence intervals (95%CI). 



203 

 

 

 

 

Figure 7.2: Bland-Altman plot of the mean difference (bias) and 95% limits of agreement (95%LoA) between actual LT1PO and LT2PO (power 

corresponding to the first and second blood lactate thresholds) derived from an on-water graded exercise test (GXT) and predicted LT1PO and LT2PO 

derived from 200-m MMP (a & b), 500-m MMP (c & d) and 1000-m MMP (e & f) for male (triangles) and female (circles) athletes. The x axis shows 

the mean of the actual and predicted LT1PO and LT2PO, the y axis – the absolute differences between the two measures. The solid line indicates the 

mean bias and the dashed lines are the 95% limits of agreement (95%LoA). 
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7.5 Discussion 

 

To the authors knowledge, this study is the first to evaluate the relationship between 

performance outcomes from recently developed on-water GXTs graded by power to 200-, 500- 

and 1000-m sprint kayak performance. Furthermore, this study evaluated whether the MMP 

achieved over Olympic sprint kayak competitive distances could be used as an alternative, non-

invasive and more race-specific method for estimating LT1PO and LT2PO. The key findings 

were that; (1) LT1PO and LT2PO, derived from on-water GXTs, had large to nearly perfect 

relationships to 200-, 500- and 1000-m time-to-completion and MMP; and (2) that 1000-m 

MMP alone provided the best predictor of LT1PO and LT2PO, explaining 78% and 88% of the 

variance in these measures, respectively. Consequently, practitioners could potentially use on-

water GXTs or 1000-m time-trials for estimating physiological thresholds to help delineate on-

water training zones and to evaluate performance outcomes of sprint kayak athletes within 

more practically meaningful, and ecologically valid settings.  

 

Previous sprint kayak research has shown that the power corresponding to LT1 and LT2, 

determined from laboratory-based, ergometer testing, were inversely related to 200-, 500- and 

1000-m race time (r = -0.54 to -0.89; P < 0.05) [1, 2, 8, 9]. These findings highlighted the 

utility of LT1 and LT2 for evaluating sprint kayak athletes’ current performance status relevant 

to their event, and for monitoring their progression over time [30]. However, while some 

studies have shown that kayak ergometers provide valid and reliable physiological responses 

[6, 7], other research has shown discrepancies in physiological parameters, SRs, paddling 

technique and muscle activity patterns between ergometer and on-water performance [10-12]. 

In an effort to improve the ecological validity of physiological testing procedures, Pilotto and 

colleagues [27] recently developed an on-water incremental step test where stages were graded 

by boat speeds made relative to athletes’ maximal 1000-m performance. Here, the speed 

corresponding to athletes’ LT2 had a near perfect positive correlation to 1000-m time-trial 

average speed (r = 0.96, P < 0.001) [27]. From a training monitoring and prescription 

perspective, delineating on-water intensity based upon the speeds corresponding to LT1 and 

LT2 may not be appropriate given that boat velocity can be largely influenced by the prevailing 

environmental conditions, namely the wind speed and direction, and the water current [9]. As 

such, an athlete paddling into a headwind or against the water current would have to increase 

their intensity, via increases in SR or force applied to the paddle, to achieve the same boat 
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velocity performed in the opposite direction (i.e., when paddling in a tailwind with the water 

current) [9, 27]. Accordingly, the current study employed recently developed on-water GXT 

methodology [12], utilising novel measures of PO in an effort to provide a more direct measure 

of intensity when defining LT1 and LT2. Our findings showed that the inverse relationship of 

LT1PO and LT2PO to 200-, 500- and 1000-m time-trial time-to-completion remains large to 

very large (r = -0.71 to r = -0.85) when on-water GXTs graded by PO are used to define these 

physiological thresholds. Furthermore, when considered in relation to the time-trial MMP, the 

association with LT1PO and LT2PO produced even stronger (positive) relationships (r = 0.81 

to r = 0.94), which is unsurprising given that speed-based measures (i.e., time-to-completion) 

may have been heavily influenced by the environmental conditions during testing (i.e., wind 

speed). 

 

The influence of wind speed on boat velocity might also be used to explain why the relationship 

between LT2PO and 1000-m time-trial MMP (r = 0.94, P < 0.001) in the current study 

corroborated the near perfect relationship found by Pilotto and colleagues [27], to a greater 

extent than our time-to-completion outcomes (r = -0.74, P = 0.006). When considered in 

relation to the environmental condition data, we observed greater wind speeds in the current 

study compared to Pilotto et al., [27] who limited testing sessions to wind speeds < 2 m.s.-1 

[27]. This suggests that stronger relationships between measures of LT1PO and LT2PO to time-

to-completion may have occurred in the current study if the performance tests were conducted 

in calmer wind conditions. Although, given that the relationship between measures of LT1PO 

and LT2PO to MMP were very-large, to near-perfect, our results also show the clear benefits 

of direct measures of PO over boat speeds (and time-to-completion measures) on the basis of 

such environmental variability. Accordingly, not only do our results corroborate with the 

findings of previous laboratory-based [1, 2, 8] and on-water research [27], but they also add 

further support to the ecological validity of recently developed on-water GXT protocols [12] 

and the use of PO-based measures for evaluating performance outcomes of sprint kayak 

athletes. 

 

Although current practice for evaluating performance outcomes and physiological thresholds 

for sprint kayak athletes involves the use of a 7 x 4 min GXT [5], this protocol requires multiple 

measurements of BLa, which are invasive and can be heavily influenced by biological 

variability during exercise [15]. Alternatively, a non-invasive and practical method for 

estimating lactate thresholds in other sports, such as road cycling, is the use of an 8-min or 20-
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min maximal test [22, 23, 31], with average PO data (i.e., MMP) achieved over these durations 

shown to be strongly correlated to the PO at lactate threshold (r = 0.98, P < 0.05) [31]. Since 

such durations may not be relevant to sprint kayaking, we examined whether the regression 

equations incorporating the power-producing capability over 200-, 500- and 1000-m, could 

potentially be used as a non-invasive, and more race-specific method for informing LT1PO and 

LT2PO. Our results showed that the accuracy in the prediction of LT1PO and LT2PO increased 

as the race distance increased, with 1000-m MMP explaining the greatest variance in LT1PO 

and LT2PO prediction (78% and 88%, respectively) (see Figure 7.1). Stepwise multiple 

regression also confirmed that the regression equation incorporating 1000-m MMP alone 

provided the best possible predictor of LT1PO and LT2PO. This is most likely due to the fact 

that LT1PO and LT2PO occurred at a higher percentage of MMP achieved in the 1000-m (53 

and 68%, respectively) compared to the 200-m (29 and 37%, respectively) and 500-m (42 and 

54%, respectively). Moreover, since the 1000-m requires the greatest contribution from aerobic 

sources (~85%) [32] out of the three sprint kayak distance events, it is not surprising that 

athletes’ power-producing capability over this distance provided the strongest prediction of 

LT1PO and LT2PO given that these measures provide an indication of an athlete’s submaximal 

aerobic fitness and endurance performance [4]. While LT1PO and LT2PO may not be as 

practically relevant to performances over shorter, and more anaerobically demanding race 

distances (i.e., 200-m) [32], we found that LT1PO and LT2PO had very large correlations to 

200-m MMP despite the fact that these measures occurred at a very low percentage of MMP 

achieved over this distance. Such findings corroborate the results of previous kayak-based 

research [1] that found large inverse correlations between 200-m race time and the PO 

corresponding to LT1 (r = -0.65) and LT2 (r = -0.74) derived from laboratory-based testing on 

a kayak ergometer. Collectively, such findings highlight the importance of LT1PO and LT2PO 

for 200-m sprint kayak performance and suggests that coaches should also consider these 

relative submaximal aerobic-fitness variables when evaluating the performance of sprint kayak 

athletes, regardless of their race specialty.  

 

The fact that 1000-m MMP could explain 78 and 88% of the variance in LT1PO and LT2PO 

prediction, respectively, has practical significance for coaches and practitioners since it offers 

a more feasible testing procedure for informing athletes aerobic performance status within the 

periodised training schedule. Notwithstanding, coaches should be cautious when using this 

method for training monitoring and prescription purposes in light of the SEE and 95%LoA 

values observed. Specifically, the regression equation based upon 1000-m MMP for LT1PO 
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prediction yielded a large SEE (11.3%) and wide 95%LoA (-25% to 23%). As such, the use of 

1000-m MMP for predicting LT1PO may not be practically meaningful for training monitoring 

and prescription. However, the equations used to predict LT2PO from 1000-m MMP provided 

more reasonable SEE (7.1%) and narrower 95%LoA (-14% to 13%). As such, coaches can be 

more confident in the prediction of LT2PO as compared to LT1PO from 1000-m MMP.  

 

An important consideration for the current study is that both male and female athletes were 

involved, and there was a wide range in GXT and time-trial performance outcomes. However, 

due to the relatively small sample size of each gender, sex was not adjusted for when examining 

the relationships between measures of LT1PO and LT2PO to 200-, 500 and 1000-m MMP. 

Another consideration is that this study only utilised well-trained athletes, and it is possible 

that the relationships between measures of LT1PO / LT2PO and time-trial MMP may differ in 

highly trained, elite sprint kayak athletes. Consequently, practitioners should consider the 

results of this study in relation to well-trained sprint kayak athletes, and further research may 

be required to generalise the results to different athlete populations. 

 

7.6 Practical Applications 

 

From a training prescription perspective, the ability to accurately define athletes’ LT1 is 

important given that athletes from endurance-based sports spend ~75% of their training at or 

below this threshold [33]. Indeed, training at or below LT1 is particularly important early in the 

season or during an accumulation training phase where training is intended to develop aerobic 

endurance [14, 34]. Given that maximal efforts over race-specific distances may not be relevant 

during these periods, and that the SEEs for the regression equations incorporating 1000-m 

MMP may be too high to accurately estimate LT1PO based upon time-trial data alone (SEE = 

11.3%), the use of on-water GXTs may be the preferred testing methodology for delineating 

training zones during this time. However, as athletes reach more competitive phases of the 

season, and both training intensities above LT2PO and performance over race-specific 

distances becomes more important [14], the use of a 1000-m time-trial could potentially 

become more relevant than GXTs for assessing performance and for estimating physiological 

thresholds to help delineate on-water training. The ability to inform athletes’ LT2PO from a 

single 1000-m time-trial is advantageous since it would provide a more feasible, and time-

efficient testing protocol within the athletes’ training schedule compared to GXTs, potentially 
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allowing coaches and practitioners to monitor changes in LT2PO, and subsequently review 

individual training zones, more regularly. Notwithstanding, further research comparing the 

utility of on-water GXT testing compared to the sole use of time-trial MMP data for both 

evaluating performance outcomes and delineating training intensity for sprint kayak athletes is 

needed to explore further this prospect. Furthermore, despite the practical advantages of a 

single 1000-m time-trial for determining LT2PO, it is important to note that the determination 

of other central and peripheral physiological markers, such as maximum oxygen uptake 

(VO2max) and maximal aerobic power (MAP), and HR and BLa responses, remains important 

for a comprehensive approach to understanding athletes’ training status and adaptation within 

the context of the training program [1, 5]. 

 

7.7 Limitations 

 

While this study provides practical information to coaches and practitioners on the use of novel 

kayak power meters for evaluating on-water physiological and performance parameters of 

sprint kayak athletes, there are some important limitations to consider. Firstly, while the 

reliability of on-water GXT derived LT1PO and LT2PO has previously been assessed [12] the 

reliability of MMP data achieved across the 200-, 500- and 1000-m distances was not 

investigated in this study. Secondly, while the three time-trials were completed on the same 

day to allow for similar environmental conditions between races, and to provide practically 

relevant race data, it is possible that athletes may have reached higher MMP values if they had 

completed each time-trial distance on different days. Finally, despite a concerted effort by the 

researchers to standardise athletes’ nutrition, hydration and fatigue status prior to testing, it is 

possible that other day-to-day biological variances may have influenced athletes’ LT1 and LT2 

values. Consequently, future research is needed to explore the validity and reliability of on-

water time-trials for the assessment of lactate threshold for sprint kayak athletes.  

 

7.8 Conclusions 

 

This study provides further evidence to support the ecological validity of on-water GXTs 

graded by novel measures of PO, with measures of LT1PO and LT2PO found to have large, to 

nearly perfect relationships to 200-, 500- and 1000-m performance. As such, practitioners may 

prefer to use on-water, rather than laboratory-based GXTs given their greater practical 
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significance and ecological validity. Furthermore, the assessment of MMP data from a single 

1000-m time-trial could potentially be used as an alternative, non-invasive and time-efficient 

method to predict athletes’ LT2PO, requiring only a power-meter and a 1000-m marked course. 

While the SEE and 95%LoA for the prediction of LT1PO may be too large to be practically 

meaningful, measures of LT2PO could be predicted with a reasonable level of accuracy based 

upon 1000-m MMP.  
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8.0 Thesis Summary 

 

To prepare for competition, flat water sprint kayak athletes undergo specialised training 

programmes designed to develop the physiological capacities relevant to the 200-, 500- or 

1000-m Olympic race distances [1-4]. While differences exist in the physiological demands of 

these events [1, 5-7], it is well established that sprint kayak athletes require high levels of 

aerobic power and anaerobic capacity to be competitive, regardless of race distance 

specialisation [1, 2, 4]. Therefore, the regular assessment and monitoring of athlete 

progression, in addition to the accurate quantification of training load is crucial for prescribing 

an effective and balanced training stimulus [8]. Current practice for the physiological 

assessment of sprint kayak athletes may be limited since it involves laboratory-based testing 

performed on stationary ergometers [8, 9], which may not provide a true reflection the psycho-

physiological and biomechanical demands specific to on-water sprint kayaking [10-14]. 

Furthermore, the accurate quantification of the intensity during on-water sprint kayaking can 

be challenging since traditional training monitoring and prescription measures, such as speed, 

heart rate (HR) and stroke rate (SR), may be influenced by the varied environmental conditions 

experienced in an on-water setting (i.e., the ambient air / water temperature, wind speed, and/or 

water flow) [15, 16]. Accordingly, our current understanding of the quantification and 

classification of intensity during on-water activity in both competition (i.e., still-water) and 

training (i.e., flowing river) settings is limited. An improved understanding of the intensity 

demands of such activity would provide coaches and practitioners valuable insight for 

informing training prescription and athlete optimisation in preparation for competition. 

Consequently, coaches and practitioners need to explore alternative, and practically relevant 

methods for quantifying on-water intensity and monitoring athlete progression within sprint 

kayak competition and training settings.  

 

Innovations in paddle power meter technology for the measurement of real-time paddling 

power output (PO) potentially offers this alternative, presenting as a more direct method for 

quantifying on-water intensity, irrespective of the varied environmental conditions [12, 17]. 

Recent research has utilised such technology to develop a 7 x 4-min on-water GXT, where 

intensity was graded by PO [12]. Since this test was found to be both reliable and ecologically 

valid compared to the same testing performed on a kayak ergometer [12], the use of on-water 

GXTs and the measurement of real-time PO derived from paddle power meters could 
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potentially provide a suitable alternative or improvement to current methods for quantifying 

on-water paddling intensity [12]. Accordingly, the overall aim of this thesis was to investigate 

the efficacy of traditional and novel methods for quantifying intensity during on-water sprint 

kayaking activity to better understand the demands of competition in still-water environments, 

and to improve training monitoring and prescription in flowing river settings. 

 

8.1 Quantifying External Load in Still-Water (Competition) and Flowing 

River (Training) Environments (Research Theme 1) 

 

To improve our understanding of the specific demands of sprint kayak competition, and to 

provide insight into optimising athletes' preparation for racing, the first study of this thesis 

(Chapter 3) examined the on-water external loads undertaken by athletes during the on-water 

warm-up prior to racing (OWWU), and during the race itself, at a National-level kayak regatta. 

Here, traditional external measures of boat speed, distance travelled and SR (derived from 

global navigation satellite system [GNSS] devices) were used as a practical method to quantify 

on-water intensity due to the widespread use of GNSS devices and its ease of measurement 

during on-water performances within competition [15, 18, 19]. To minimise the influence of 

environmental conditions on intensity quantification, measures of boat speed were classified 

into intensity zones made relative to the race speeds athletes achieved during racing. Data were 

subsequently used to understand and compare the competition warm-up strategies employed 

by sub-elite and elite sprint kayak athletes, and to examine their impact on subsequent K1 sprint 

kayak race performance. The outcomes of this investigation show that there were differences 

in the OWWU strategies employed by athletes depending on their sex, performance standard, 

and the sprint kayak race distance they were competing in. Accordingly, we propose that sex- 

and race-specific warm-up strategies may be needed for optimal race preparation. Furthermore, 

the outcomes from this investigation highlight the potential drawbacks of a long, and intensive 

warm-up routine prior to competition, since race performance was inversely correlated to 

OWWU total distance (r = −0.42) and peak speed (r = −0.53) for men’s 200-m races. This finding 

is supported by the fact that elite (male) athletes in this study employed shorter OWWU routines 

compared to their sub-elite counterparts for 200-m (20.5 min – sub-elite vs 16.8 min – elite) 

and 500-m races (19.4 min – sub-elite vs 17.0 min – elite). Such findings corroborate previous 

research across a wide-range of sports showing that shorter, less intense warm-up designs are 

equally effective, or even provide superior performance outcomes, as compared to longer 
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warm-up designs [20-23]. Whilst future work is required to further examine the effectiveness 

of various OWWU strategies on subsequent sprint kayak race performance, in practice, the 

outcomes from this study provide a valuable reference for coaches and practitioners regarding 

the prescription of suitable competition warm-up strategies for athletes. Furthermore, the 

outcomes from this study also improve the current knowledge surrounding the intensity 

demands of sprint kayak competition using traditional measures of external load.  

 

Despite the practical advantages of using traditional measures of boat speed (derived from 

GNSS devices) to classify intensity during athletes’ OWWU in Chapter 3, one of the primary 

limitations of this measure is that it can be influenced by the environmental conditions, with 

wind speed being the primary factor of concern in still-water (i.e., competition) environments 

[15]. While a concerted effort was taken in Chapter 3 to minimise the influence of the 

prevailing environmental conditions on intensity quantification, this method does not fully 

account for changes in wind direction or wind gusts. Furthermore, the use of boat speed to 

quantify external load within an applied sprint kayak training setting can be even more 

challenging since sprint kayak athletes commonly train on flowing rivers, where boat speed 

can vary considerably depending on the intensity of the water flow and the direction travelled 

on the river (i.e., upstream / downstream). With this limitation in mind, the focus of this thesis 

then turned to investigating alternative methods which may account for the influence of the 

varied (on-water) environmental conditions, namely wind speed and water flow, on external 

load quantification.  

 

Accordingly, Chapter 4 investigated the utility of novel measures of real-time PO, derived 

from paddle power meters, and the relationship to speed, which was measured relative to both 

land (using a global positioning system [GPS] device – SGPS) and water (using an impeller 

system – SIMP) during sprint kayak training on a flowing river. The outcomes of this 

investigation show that the prescription of paddling PO across a wide spectrum of relative PO 

values provides consistent external (SR and SIMP) and internal (HR and rating of perceived 

exertion [RPE]) athlete responses regardless of the water flow and the direction travelled (i.e., 

upstream or downstream). Furthermore, it is clear that PO could account for the influence of 

the water flow since the exponents of the PO-speed relationship for males and females (2.94 

and 2.87, respectively) were near theoretical values (3.0) when speed was measured relative to 

the water (SIMP) but not when measured relative to land (SGPS) (2.02 and 1.58, respectively). 

Consequently, such findings suggest that PO measures provide a more appropriate method for 
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monitoring and prescribing sprint kayak training compared to SGPS measures – which do not 

account for the water flow. Such findings also have implications for previously established on-

water physiological protocols that use SGPS to grade exercise intensity [1, 8, 24-26], since these 

protocols would not be suitable for use on a flowing river. Alternatively, on-water GXTs 

graded by PO [12] may be more practically relevant within this environment. Accordingly, 

given the benefits of directly measuring athletes’ on-water intensity through measures of PO 

from their paddle, the use of paddle power meters appears to provide a suitable and practical 

method for monitoring and prescribing sprint kayak training in a flowing river environment. 

 

8.2 Comparing Traditional Methods for Quantifying Sprint Kayak Training 

to Novel Measures of Power (Research Theme 2) 

 

While it is clear from Chapter 4 that novel PO measures provide a more appropriate method 

for quantifying sprint kayak training compared to traditional measures of boat speed, further 

work is needed to examine the utility of this measure compared to other common training 

monitoring and prescription methods. Therefore, the aims of Chapters 5 & 6 were to evaluate 

the use of PO for monitoring and prescribing on-water sprint kayak training compared to 

traditional measures of HR and SR during aerobic-based training (Chapter 5), and during race-

specific supramaximal training (Chapter 6). In Chapter 5, on-water GXTs graded by PO [12] 

were used to define athletes’ first and second blood lactate (BLa) thresholds (LT1 and LT2), 

which were then used to delineate individual training zones for PO, HR and SR into 5-zone 

model (T1-T5). Subsequently, athletes undertook repeated trials of an aerobic-based sprint 

kayak session, which was prescribed by individual PO-zones. A similar research design was 

employed for Chapter 6, albeit the intensity was delineated into a 5-zone model for HR (T1-

T5), and an 8-zone model for PO and SR (T1-T8) based upon established sprint kayak training 

zone guidelines [8], with data delineated using performance outcomes from an on-water GXT 

and a 200-, 500- and 1000-m time-trial. Furthermore, in Chapter 6, athletes completed repeated 

trials of a high-intensity interval (HIIT) and sprint interval (SIT) training session, prescribed 

by individual PO-zones. In both Chapter 5 & 6, the time (in minutes) spent in each training 

zone (i.e., time-in-zone) was subsequently determined for PO, HR and SR measures for each 

training session. When examining the utility of the measurement of PO for controlling on-

water sprint kayak workloads, the outcomes from these two studies show that the prescription 

of PO provides reproducible internal and external load responses, corroborating the findings of 
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Chapter 4 and previous sprint kayak research [12]. Furthermore, the measurement of power 

provides a suitable method for prescribing on-water sprint kayak training since the coach’s 

intended physiological responses (i.e., BLa) were elicited. However, from a training 

monitoring perspective, we found discrepancies between the prescribed and actual time-in-

zone established from PO in both Chapters 5 & 6, which is likely explained by the stochastic 

nature of PO during field-based performances [27, 28]. Specifically, our findings suggest that 

the inherent fluctuations and sporadic drops in PO during on-water paddling may have caused 

an overrepresentation of the time spent in low PO zones (i.e., T1). Accordingly, we suggest 

that a lower limit threshold for T1 exercise may be necessary when monitoring training by PO 

in the future, due to the inherent variability of this measure.  

 

When comparing measures of PO to internal measures of HR, the outcomes of Chapters 5 & 

6 show that HR can misrepresent the demands of various types of on-water sprint kayak 

training when intensity is prescribed by PO. For instance, in Chapter 5, we found that HR 

overestimated intensity compared to PO during long-duration (30 min) continuous paddling 

efforts at intensities below LT2 (i.e., < T4) during the aerobic-based sprint kayak training 

session. This outcome is likely explained by the influence of cardiovascular drift [29, 30] since 

we observed a clear rise in HR relative to PO over the course of this 30 min paddling effort, 

which was not reflective of the coaches’ training prescription, or the actual metabolic demand 

imposed – as indicated by measures of BLa. Furthermore, in Chapters 5 & 6 we also found 

HR underestimated intensity compared to PO during short-duration (< 45 s) high-intensity 

efforts performed above LT2 (i.e., ≥ T5), an outcome primarily due to the latency in athletes’ 

HR responses to this type of activity. This temporal dissociation between HR and PO was 

found to be greatest in Chapter 6, where HR quantified less than 8% of the time spent above 

LT2 (i.e., ≥ T5) compared to PO in both the HIIT and SIT sessions, concurrently providing an 

inaccurate reflection of the RPE and BLa profiles of such sessions. Finally, the outcomes of 

Chapter 6 also show that HR is unable to differentiate between various high intensity sessions, 

since we found no differences in average / peak HR between the HIIT and SIT sessions. 

Furthermore, we found no differences in the time spent above LT2 (i.e., T5) between these two 

sessions when using HR to measure the response, despite the training time prescribed above 

LT2 being twice as long in SIT. Such findings corroborate research in other sports, such as road 

cycling, which suggest that HR will underestimate the training load of high-intensity training 

due to the inherent physiological lag of this measure [28, 31]. Importantly, accurate 

quantification of high-intensity interval training is needed, since this type of training is often 
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integrated into the programmes of sprint kayak athletes [32, 33], and the inability of HR to 

differentiate the demands of various high intensity sessions limits the utility of this measure 

for optimising the training prescription and monitoring process. Taken together, the collective 

findings of Chapter 5 & 6 suggest that the use of HR alone may not provide a suitable method 

for quantifying on-water sprint kayak training intensity, whereas more direct measures of PO 

may be better suited. Furthermore, our findings have practical implications for coaches and 

practitioners, since HR and PO measures will likely lead to different interpretations of athletes’ 

training intensity distribution and load, which may ultimately impact the prescription of 

training workloads.  

 

When comparing novel measures of PO to external measures of SR, the outcomes of Chapters 

5 & 6 also show that differences exist in quantification of on-water training intensity (i.e., time 

spent in T1-T8) between these two measures. In Chapter 5, we suggest that such differences 

may be partly explained by limitations in the method used to delineate training zones for SR. 

Specifically, we found that the delineation of individual SR-bands from the on-water GXT was 

not appropriate since it resulted in narrow training zones, which may be inadequate to reflect a 

transition from one training zone to another. Furthermore, the findings from Chapter 5 suggest 

that the ability of an athlete to modulate their SR at a given PO may also partly explain the 

discrepancies in time-in-zone quantification between these two measures. For instance, we 

found that the SR achieved towards the start of the aerobic training session were higher than 

those at end of the session, despite being performed at the same PO. This potential drift in SR 

throughout training is suggested to be related to an increase in muscular fatigue and a reduction 

in paddling efficiency towards the end of the session. Indeed, this notion is supported by 

previous sprint kayak research which suggested that athletes may select high SRs to 

compensate for impaired muscle force-generating capacity and PO [34, 35]. Furthermore, the 

outcomes of Chapter 6 also support this notion, since we found that athletes’ SR remained 

relatively unchanged throughout the SIT session, despite there being a significant decrement 

in their PO-producing capability over the course of the session, again, likely attributable to 

fatigue. Consequently, the collective findings of Chapter 5 & 6 suggest that direct measures of 

paddling PO may provide greater context to prevailing fatigue and the intensity of training 

completed compared to measures of SR. Notwithstanding, since the Kayak Power Meters used 

in this research can measure both SR and PO, coaches should consider analysing both measures 

to best inform athletes’ overall training output.  
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8.3 Investigating Alternative Methods for Threshold Determination Using 

Novel Measures of Power (Research Theme 3) 

 

To delineate exercise intensity in Chapters 5 & 6, a 7 x 4-min on-water GXT graded by PO 

was used since this test has been shown to provide reliable and ecologically valid internal and 

external load responses when compared to the same testing performed on a kayak ergometer 

[12]. While the outcomes of Chapters 5 & 6 provide novel insights into the application of these 

on-water GXTs for monitoring and prescribing sprint kayak training, research has yet to 

examine the relationship between performance data derived from this test and actual sprint 

kayak race performance. Accordingly, the aim of Chapter 7 was to examine the relationship 

between the PO corresponding to LT1 and LT2 (i.e., LT1PO and LT2PO) derived from a 7 x 4-

min on-water GXT to 200-, 500- and 1000-m on-water time-trial performance. The outcomes 

of this investigation suggest that LT1PO and LT2PO provide important determinants of sprint 

kayak performance, regardless of the race distance, since they were strongly correlated to  

200-, 500- and 1000-m time-to-completion (r = -0.71 to r= -0.85) and mean maximal power 

(MMP) (r = 0.81 to r = 0.94). Such findings corroborate previous sprint kayak research that 

showed the power corresponding to LT1 and LT2, determined from kayak ergometer-based 

testing, is inversely related to 200-, 500- and 1000-m race time (r = -0.54 to -0.89, P < 0.05) 

[4, 15, 36, 37]. Furthermore, given that the relationship of LT1PO and LT2PO to race 

performance was stronger when performance was assessed via MMP, rather than time-to-

completion, our results reinforce the advantages of direct PO measures over speed-based 

measures – which were likely influenced by the prevailing environmental conditions (i.e., wind 

speed), as discussed in Chapter 4. Consequently, the outcomes from Chapter 7 provide further 

evidence to support the efficacy and ecological validity of on-water GXTs and the use of novel 

measures of PO for evaluating performance outcomes of sprint kayak athletes.  

 

Despite the potential advantages of on-water 7 x 4-min GXTs, a limitation of this method is 

the overall time requirement (i.e., 35-60 min per assessment), and the multiple invasive 

measures of BLa collected during a testing session. Alternatively, given the strong relationships 

previously identified between 200-, 500- and 1000-m sprint kayak performance and LT1PO 

and LT2PO [4, 15, 36, 37], it may be possible to estimate such thresholds simply from MMP 

data gained from on-water time-trials – without the need for invasive GXTs. Accordingly, the 

secondary aim of Chapter 7 was to evaluate whether MMP achieved over 200, 500- and  
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1000-m sprint kayak on-water time-trials could be used as a non-invasive and more race-

specific method to predict LT1PO and LT2PO. Our analysis revealed that the accuracy in the 

prediction of LT1PO and LT2PO increased with longer time-trial distances, such that the 

regression equation incorporating 1000-m MMP alone provided the best overall threshold 

predictions, explaining 78% and 88% of the variance in LT1PO and LT2PO, respectively. Of 

note, coaches and practitioners can be confident in the equation used to predict LT2PO, since 

it provided reasonable error estimates (standard error of estimate [SEE] = 7.1%), however, the 

SEE for the prediction of LT1PO (11.3%) was deemed to be too large to be practically 

meaningful. This finding has practical significance for coaches and practitioners since the 

estimation of LT2PO from a 1000-m time-trial would provide a more feasible and time-efficient 

testing procedure within the athletes’ periodised training schedule as compared to undertaking 

a GXT. Consequently, given the potential advantages of employing a single 1000-m sprint 

kayak time-trial to inform athletes’ LT2PO, future experimental research is needed to explore 

the reliability and validity of this method.  

 

8.4 Limitations 

 

The outcomes of this thesis undoubtedly have valuable applications for sprint kayak athletes 

and their coaches; however, the following limitations should be acknowledged: 

 

• The outcomes of all five investigations (Chapters 3-7) are limited to the quantification of 

on-water intensity during individual (K1) performances, and therefore, do not consider 

performances in paired (K2) or four-person (K4) kayaks.  

 

• The outcomes of all five investigations (Chapters 3-7) are limited to an acute competition 

or training setting. Therefore, it remains unknown whether: 1) athlete warm-up strategies 

would vary across different competition scenarios and weather conditions (Chapter 3); 2) 

whether differences in training intensity distribution would exist between speed, HR, SR, 

and PO measures over longer training periods (Chapters 4-6); and 3) whether the 

relationship between sprint kayak race performance and LT1PO and LT2PO remains strong 

as changes in fitness occur over time (Chapter 7).   
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• While Chapter 3 provides practical recommendations for the prescription of competition 

warm-up strategies of sprint kayak athletes, this investigation was purely observational. 

Accordingly, experimental research is needed to confirm such findings. Furthermore, while 

a concerted effort was taken to minimise the influence of the environmental conditions on 

measures of boat speed, changes in the wind direction and speed (i.e., wind gusts) may have 

influenced the accuracy of this measure.  

 

• The outcomes of Chapters 4-7 are limited to a relatively small sample size of well-trained 

sprint kayak athletes, and it is possible that the findings may differ for a more technically 

proficient, elite athlete population.  

 

• While the Kayak Power Meters (One Giant Leap Ltd.) used in Chapters 4-7 were statically 

calibrated according to the manufacturer’s recommendations prior to each testing period, no 

method was available at the time of testing for calibrating the force values within dynamic 

conditions. This is an important consideration given the dynamic and cyclic nature of on-

water sprint kayaking.  

 

• While traditional training load methods of speed, HR and SR were compared to novel 

methods of PO for quantifying sprint kayak training in Chapters 4-6, no direct comparison 

is made between PO and other traditional methods, namely RPE [15]. This is due to the fact 

that RPE is a categorical variable and this research focused specifically on examining 

training load methods that can quantify intensity continuously throughout a training session. 

 

• Despite a concerted effort by the researchers to standardise athletes’ nutrition, hydration and 

fatigue status prior to testing, it is possible that other day-to-day biological variances may 

have influenced athletes’ LT1 and LT2 values in Chapters 5-7.  

 

• In Chapters 5-7, LT1 was defined as the workload (i.e., PO, SR or HR) preceding a 0.4 

mmol·L−1 rise in BLa from resting levels [38], while LT2 was defined as the workload (i.e., 

PO, SR or HR) on a third order polynomial yielding the maximal perpendicular distance to 

the straight lined formed by the point of LT1 and the workload associated to the final lactate 

point (i.e., modified D-max method) [38, 39]. Such methods were chosen to reflect similar 

BLa threshold concepts and methods commonly used for sprint kayak testing and training 
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monitoring [8, 12, 24, 36]. However, given that a plethora of threshold concepts that exist 

based upon the curvilinear BLa-to-work-rate relationship, it should be noted that the point 

of LT1 and LT2 may have varied depending on the methods and mathematical equations 

used to determine these thresholds.  

 

• In Chapters 5 & 6, one of the primary limitations identified for the quantification training 

intensity based upon PO was the stochastic nature of this measure during on-water paddling. 

While it was suggested that a lower limit threshold could be employed to eliminate low PO 

values, we did not explore any alternative data filtering methods that could account for the 

inherent variability of PO measures within this thesis. 

 

• In Chapters 6 & 7, athletes completed a 200-, 500- and 1000-m time-trial on the same day 

to replicate a competition (regatta) setting and to allow for similar environmental conditions 

between races. However, it is possible that athletes may have reached higher PO values if 

they had completed each time-trial distance on different days. 

 

8.5 Directions for Future Research 

 

Moving forward, the findings of this thesis provide a foundation for further research into the 

application of real-time PO measures for quantifying intensity during on-water sprint kayak 

training and racing. Future research should endeavour to: 

 

• Examine the effect of different warm-up strategies on subsequent race performance for 

sprint kayak athletes using experimental designs guided by the warm-up data presented in 

Chapter 3. Moreover, given the findings of Chapter 4-7, measures of PO should be used to 

prescribe these warm-up strategies since it provides the most direct measure of intensity 

during on-water sprint kayaking. 

 

• Further explore the PO-speed relationship for individual sprint kayak athletes to provide 

greater insight into modelling performance and training targets within sprint kayak 

competition and training settings.  

 

• Further examine the effect of fatigue on the PO-SR relationship during sprint kayak training 

and how this relationship may influence training monitoring and prescription. Moreover, 



225 

 

further research should examine the PO-SR relationship during sprint kayak racing to 

inform optimal race-pacing strategies.  

 

• Evaluate the dose-response relationship between various training load measures  

(i.e., PO, SR, and HR) and measures of aerobic fitness and performance over longitudinal 

designs. Understanding the dose-response relationship between the training load undertaken 

and subsequent fitness and performance outcomes would provide coaches valuable insight 

into optimising the training monitoring and prescription process for sprint kayak athletes.  

 

• Examine the use of various data filtering methods that could account for the inherent 

variability of PO measures during on-water paddling. The outcomes of this research would 

be directly applicable to the monitoring of sprint kayak training given that differences in the 

methods used to filter PO data may lead to different interpretations of the training load, 

which may ultimately impact the overall training load prescription [27].    

 

• Further explore the efficacy of on-water GXTs graded by PO for detecting physiological 

and performance changes in athletes following a training intervention to understand the 

sensitivity of this test. This research would be practically relevant to coaches and 

practitioners since it would determine whether this test is suitable for assessing the 

effectiveness of a training intervention, and for regular monitoring of athlete progression 

throughout the training program.  

 

• Further explore the findings of Chapter 7 and the possibility of using an athletes’ MMP 

achieved over a 1000-m sprint kayak time-trial to predict LT2PO with changes in fitness 

over time. The outcomes of this research would be directly applicable to coaches given that 

the use of a single 1000-m time-trial would provide a time-efficient and competition-

specific method to determine athletes’ LT2PO. 

 

Ultimately, the use of paddle power meters and real-time PO measures for quantifying the 

demands of on-water sprint kayak training and racing is still in its infancy, and plenty remains 

to be investigated to understand its potential applications for improving the training monitoring 

and prescription process for athletes. Certainly, in light of the practical advantages identified 

for the direct assessment of athletes’ paddling PO within an acute sprint kayak training setting, 
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future research is required to examine the efficacy of this measure for quantifying on-water 

sprint kayak workloads over longer (chronic) training periods.  

  

8.6 Practical Applications 

 

The outcomes of this research are readily applicable to the monitoring and prescription of on-

water sprint kayak workloads in both a training and competition setting. When preparing 

athletes for racing, coaches and practitioners can refer to the data collected from this thesis to 

help guide the prescription of suitable competition warm-up strategies. Furthermore, when 

monitoring and prescribing sprint kayak training, coaches should consider incorporating the 

measurement of paddling PO since it appears to provide a suitable, practical, and direct method 

to control training workloads, irrespective of the varied environmental conditions commonly 

encountered on-water (i.e., paddling upstream or into a headwind). However, the stochastic 

nature of PO during on-water sprint kayaking may lead to an overrepresentation of the time 

spent in low PO zones, and therefore, various data filtering methods may need to be considered 

to eliminate these low POs when using this measure to monitor training. Despite this limitation, 

the practical advantages of directly assessing athletes’ PO identified within this thesis suggest 

that it may provide a more appropriate method for quantifying on-water sprint kayak training 

compared to traditional speed, SR, and HR measures. Nevertheless, to best inform future 

training prescription, coaches and practitioners should consider using a combination of these 

training load measures for a comprehensive assessment of an athlete’s internal and external 

training responses.  

 

The outcomes of this thesis are also directly applicable to the implementation of sprint kayak 

time-trials and on-water GXTs graded by PO for training monitoring and prescription. For 

instance, coaches and practitioners can utilise the methodology described in this thesis as a 

guide to delineate individual training zones for PO based upon LT1 and LT2 derived from on-

water GXTs, and by MMP derived from 200-, 500- and 1000-m time-trials. Furthermore, our 

findings show the benefits of determining athletes’ LT1PO and LT2PO from on-water GXTs 

since it can be used to inform athletes’ current performance status relative to 200-, 500- and 

1000-m sprint kayak racing. Overall, this research provides novel insights into the efficacy of 

paddle power meter technology and real-time PO measures for sprint kayak training monitoring 

and prescription, which lay the foundation for future research in this space.  
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8.7 Conclusions 

 

In summary, the collective outcomes from the five investigations conducted in this thesis have 

improved our understanding of the quantification and classification of on-water sprint kayak 

workloads in both an applied competition and training setting. Firstly, the assessment of 

athletes’ boat speed derived from GNSS devices provided valuable insight into their 

competition warm-up strategies and the impact on subsequent race performance in a still-water 

environment. However, it is clear from this body of work that novel PO measures provide a 

more suitable, and more direct method for quantifying intensity during on-water performances, 

since it can better account for the prevailing environmental conditions (i.e., wind speed and 

water flow) as compared to measures of speed. This is particularly important within a sprint 

kayak training setting, since athletes commonly train on flowing rivers, where boat speed will 

vary depending on the water flow and direction of travel. Furthermore, the outcomes of this 

thesis also suggest that measures of PO, SR, and HR will lead to different interpretations of 

training intensity distribution and overall training load when used as the sole measure for 

quantifying on-water sprint kayak training. Nevertheless, there may be value in the concurrent 

assessment of an athletes’ PO, HR and SR responses to training since collectively, these 

measures are likely to provide valuable insights for monitoring athlete training adaptation and 

fatigue. This thesis also adds to a growing body of evidence to support the use of on-water, 

rather than laboratory-based testing protocols for the physiological assessment of sprint kayak 

athletes given its greater practical significance and ecological validity. Specifically, coaches 

could use on-water GXTs graded by PO, or even 1000-m sprint kayak time-trials to determine 

athletes LT1PO and LT2PO – which can be used to delineate on-water training zones and inform 

athletes’ current performance status relative to 200-, 500- and 1000-m racing. Finally, this 

thesis provides novel insights and practical recommendations for incorporating real-time PO 

measures into the training program of flat-water sprint kayak athletes, with the ultimate goal 

of enhancing coaches’ capacity to prescribe effective training programs and race preparation 

strategies within varied (on-water) conditions, having direct positive effects on the daily 

training environment.  
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The University of Western Australia
M459, 35 Stirling Highway
Crawley WA 6009 Australia

CRICOS Provider Code: 00126G

21-Aug-2020

 

Our Ref: RA/4/1/9325

 

05 March 2020

 

Dr Peter Peeling

School of Human Sciences

MBDP: M408

Dear Doctor Peeling

HUMAN RESEARCH ETHICS OFFICE – AMENDMENT REQUEST APPROVED

Comparison of Methods Used to Monitor and Prescribe Flat-water Sprint Kayak Training Intensities

Approval has been granted for the amendment as outlined in your correspondence and attachments (if any) subject to any conditions listed below.

The next progress report for this project is due on 21-Aug-2020

The following is a brief description of the amendment and any conditions that apply:

Amendment to research methods.1.

Revised participant documentation to reflect the amended methods.2.

If you have any queries, please contact the HEO at humanethics@uwa.edu.au.

Please ensure that you quote the file reference RA/4/1/9325 and the associated project title in all future correspondence.

Yours sincerely

Mark Davies

Manager, Human Ethics

  

Name Faculty / School Role

Dr Peter Peeling  School of Human Sciences  Chief Investigator

Professor Brian Dawson  School of Human Sciences  Co-Investigator

Dr Martyn Binnie  School of Human Sciences  Co-Investigator

Student(s):   Cruz Hogan

The University of Western Australia
Crawley WA 6009 Australia

T +61 8 6488 3703 / 4703
F +61 8 6488 8775

E humanethics@uwa.edu.au
CRICOS Provider Code: 00126G
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A.1.3 Chapter 5, 6 and 7 Ethics Approval 

 
 

T +61 8 6488 3703 / 4703
F +61 8 6488 8775
E humanethics@uwa.edu.au

Human Ethics

Office of Research Enterprise

The University of Western Australia
M459, 35 Stirling Highway
Crawley WA 6009 Australia

CRICOS Provider Code: 00126G

 

Our Ref: RA/4/1/9325

 

21 September 2017

 

Dr Peter Peeling

School of Human Sciences

MBDP: M408

Dear Doctor Peeling

HUMAN RESEARCH ETHICS APPROVAL - THE UNIVERSITY OF WESTERN AUSTRALIA

Comparison of Methods Used to Monitor and Prescribe Flat-water Sprint Kayak Training Intensities

Ethics approval for the above project has been granted in accordance with the requirements of the National Statement on Ethical Conduct in

Human Research (National Statement) and the policies and procedures of The University of Western Australia. Please note that the period of

ethics approval for this project is five (5) years from the date of this notification. However, ethics approval is conditional upon the submission of

satisfactory progress reports by the designated renewal date. Therefore initial approval has been granted from 21 September 2017 to 20

September 2018.

You are reminded of the following requirements:

The application and all supporting documentation form the basis of the ethics approval and you must not depart from the research

protocol that has been approved.

1.

The Human Ethics office must be approached for approval in advance for any requested amendments to the approved research

protocol.

2.

The Chief Investigator is required to report immediately to the Human Ethics office any adverse or unexpected event or any other event

that may impact on the ethics approval for the project.

3.

The Chief Investigator must submit a final report upon project completion, even if a research project is discontinued before the

anticipated date of completion.

4.

Any conditions of ethics approval that have been imposed are listed below:

Special Conditions

None specified

The University of Western Australia is bound by the National Statement to monitor the progress of all approved projects until completion to ensure

continued compliance with ethical principles.

The Human Ethics office will forward a request for a Progress Report approximately 30 days before the due date.

If you have any queries please contact the Human Ethics office at humanethics@uwa.edu.au.

Please ensure that you quote the file reference – RA/4/1/9325  – and the associated project title in all future correspondence.

Yours sincerely
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Participant Information and Consent Forms 

 

A.2.1 Chapter 3 Participant Information Form 

 

 

  

The University of Western Australia  
M459 Perth WA 6009 Australia 

 T +61 8 6488 3703  E humanethics@uwa.edu.au 
 M +61 000 000 000  CRICOS Provider Code 00126G 

 

 

 

 

 

Participant Information Form 

Competition warm-up and cool-down strategies of flat-

water sprint kayak athletes 

 

Researchers: 

Mr Cruz Hogan, Dr Martyn Binnie, Dr Matthew Doyle, Dr Peter Peeling.  

 

Aim of the Study: 

To evaluate and compare on-water warm-up and cool-down strategies employed by junior and senior 

sprint kayak athletes during a national-level regatta.  

 

Procedures: 

Participation in this project will involve the use of a Global Positioning System (GPS) device (Optimeye 

R4, Catapult Sports, AUS) which will be fitted to your boat and will record data during all on-water 

activity during the 2019 Australian National Sprint Championships held at Champion Lakes Regatta 

Centre (Champion Lakes, Western Australia). You will also be required to complete a short (5-10 min) 

pre-and post-competition questionnaire.  

 

Data Collection: 

For optimal data collection, we ask that you turn the GPS device on prior to all on-water activity. This 

includes any pre-race warm-up (general or specific). The device will remain on during your race 

performance and cool-down. Upon return to land, we ask that you turn the device off.  

 

Questionnaires: 

The questionnaires provided to you will comprise of 1) a pre-race screen, which will consist of general 

questions relating to your current warm-up routines and 2) a post-regatta review, which will consist of 

questions relating to your warm-up and race execution. The pre-regatta screen will be completed prior 

to the Australian National Sprint Championships, with the post-regatta review completed on the final 

day of competition or will be emailed to you following the Championships. Both questionnaires are 

short and will only take a moment of your time (5-10 min) and can be completed online on your own 

mobile device.  

 

Voluntary Participation and Withdrawal from the Study:  

Participation in this research is voluntary and you are free to withdraw at any time without prejudice. 

You can withdraw for any reason and you do not need to justify your decision. If you withdraw from 

the study and you are an employee or student at UWA, or are a state institute or academy of sport 

(SIS/SAS) scholarship holder (i.e. WAIS), this decision will not prejudice your status and rights as an 

Associate Professor Peter Peeling 

School of Human Sciences M408  

The University of Western Australia 

35 Stirling Highway, Crawley, WA 6009 

M: +61 410 667 532; E: peter.peeling@uwa.edu.au 
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The University of Western Australia  
M459 Perth WA 6009 Australia 

 T +61 8 6488 3703  E humanethics@uwa.edu.au 
 M +61 000 000 000  CRICOS Provider Code 00126G 

 

employee or student of UWA, and scholarship holder of your relevant SIS/SAS. If you do withdraw, we 

may wish to retain the data that we have recorded from you but only if you agree, otherwise your 

records will be destroyed. Your participation in this study does not prejudice any right to compensation 

that you may have under statute of common law.  

 

Your Privacy 

Personal details and test results from this study will be treated with confidentially at all times. 

Individual data will not be identified, but collective results may be published (e.g., group averages). 

Please Note: No personal details relating to you as an individual will be revealed in this process. No 

data will be stored on public computers within the department. All data will be stored on the chief 

investigator’s password-protected computer in a secure location for a period of seven years.  

 

Benefits of Participation 

You will receive a complete assessment of your velocity and stroke rate profiles from the GPS device 

for each race you competed in. You may find such data interesting and useful for your future training. 

Data collected in this project will allow for the determination of best-practice guidelines for on-water 

warm-up activities for sprint kayak athletes. Such information will allow coaches to provide 

recommendations for optimal warm-up and cool-down practices for their athletes, which could 

potentially enhance race performance and prevent injury.  

 

Possible Risks and Risk Management Plan:  

This investigation involves a number of high-intensity exercise efforts that are demanding in nature 

and may have the potential to cause musculoskeletal injury. In registering to compete in the Australian 

National Sprint Championships you acknowledge this risk. Regardless, should you feel distressed or 

too uncomfortable to continue, you are free to withdraw from any race or the entire championship at 

any time, and all investigators will be vigilant in suggesting you stop exercise should you appear unduly 

distressed. 

 

Contacts: 

If you have any questions concerning the project at any time, please feel free to ask the researcher 

who has contacted you, about your concerns. Further information regarding this study may be 

obtained from Mr Cruz Hogan (chogan@wais.org.au), Dr Martyn Binnie (mbinnie@wais.org.au), Dr 

Matthew Doyle (mdoyle@wais.org.au) or Dr Peter Peeling (peter.peeling@uwa.edu.au ). 

 
 
 

 

Approval to conduct this research has been provided by the University of Western Australia, in accordance with its ethics 

review and approval procedures.  Any person considering participation in this research project, or agreeing to participate, may 

raise any questions or issues with the researchers at any time.  In addition, any person not satisfied with the response of 

researchers may raise ethics issues or concerns, and may make any complaints about this research project by contacting the 

Human Ethics office at UWA on (08) 6488 4703 or by emailing to humanethics@uwa.edu.au. All research participants are 

entitled to retain a copy of any Participant Information Form and/or Participant Consent Form relating to this research project. 
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A.2.2 Chapter 3 Participant Consent Form 

 

 
 

  

The University of Western Australia  
M459 Perth WA 6009 Australia 

 T +61 8 6488 3703  E humanethics@uwa.edu.au 
 M +61 000 000 000  CRICOS Provider Code 00126G 

 

 

 

 

 

 

Competition warm-up and cool-down strategies of flat-

water sprint kayak athletes 

 

Participant Consent Form 
 
 
 

I _______________________________ (the participant), have read the information 
provided and any questions I have asked have been answered to my satisfaction. I 
agree to participate in this investigation, realizing that I may withdraw at any time 
without reason and without prejudice.  

I understand that all identifiable (attributable) information that I provide is treated as 
strictly confidential and will not be released by the investigator in any form that may 
identify me. The only exception to this principle of confidentiality is if documents are 
required by law.  

I have been advised as to what data is being collected, the purpose for collecting the 
data, and what will be done with the data upon completion of the research.  

I agree that research data gathered for the study may be published provided my 

name or other identifying information is not used. 
 
 
 
          ___________________________                __________________________ 
 
                    Participant signature                             Date 
 
 
 
 
          ___________________________                 __________________________ 
 
 Parent signature (if participant is <18 years old)        Date 
 

 

 

Approval to conduct this research has been provided by the University of Western Australia, in accordance with its 
ethics review and approval procedures. Any person considering participation in this research project, or agreeing 
to participate, may raise any questions or issues with the researchers at any time. 

In addition, any person not satisfied with the response of researchers may raise ethics issues or concerns, and may 
make any complaints about this research project by contacting the Human Ethics Office at the University of Western 
Australia on (08) 6488 3703 or by emailing to humanethics@uwa.edu.au 

All research participants are entitled to retain a copy of any Participant Information Form and/or Participant Consent 
Form relating to this research project. 

Associate Professor Peter Peeling 

School of Human Sciences M408  

The University of Western Australia 

35 Stirling Highway, Crawley, WA 6009 

M: +61 410 667 532; E: peter.peeling@uwa.edu.au 
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The University of Western Australia  

M459 Perth WA 6009 Australia 

 T +61 8 6488 3703  E humanethics@uwa.edu.au 

 M +61 000 000 000  CRICOS Provider Code 00126G 

 

 

 

 

The use of speed vs power measures for the quantification of external load in flat-

water sprint kayaking. 
 

Participant Information Form 
 

Researchers: Mr Cruz Hogan (PhD Candidate), Dr Martyn Binnie, Dr Matthew Doyle, Associate Professor Peter Peeling. 
Please note: This research is a student PhD project. 

 

Aim of the study: To compare the use of speed and power-based measures for accurate quantification of intensity in 
variable environmental conditions (i.e. on a flowing river).  

 

Procedures: Participation in this study will involve the following: 

 

• 1 x On-water time-trial session comprising 2 x 1000 m (session duration 60 min).  

• 3 x On-water training sessions comprising 5 x (2 x 500 m) efforts at various intensities (session duration ~60 min).  
 

Each session will be separated by a week with each session held at Bayswater Paddle Club, Swan River.  

 

Equipment: For each session, you will use an instrumented paddle (Kayak Power Meter, One Giant Leap) for the 
measurement of your average and peak stroke rate and power output. This paddle will be set up to suit your preferred 
blade size, shaft length and angle. For measurement of speed, you will have a SpeedCoach Global Positioning System 
(GPS) device (Nielsen Kellerman) will be fitted to the deck of your K1 kayak along with an associated impeller system 
fitted to the hull. The SpeedCoach device will be used to record speed both relative to land (from GPS) and relative to 
water (from the impeller). Finally, you will also be asked to wear a chest strap heart rate monitor.  

 

On-water time-trial: The on-water time trial session will comprise of 2 x 1000 m maximal efforts completed in a single 
session, with efforts completed in different directions on a flowing river. A minimum of 30 min recovery will be provided 
between the two time-trials to ensure you are well rested for each effort. For this time trial, you will be asked to complete 
a maximal effort aiming for the highest mean maximal power (MMP) attainment possible. To minimise the influence of 
fatigue on this session, you will be asked to refrain from any maximal effort exercise within 24 h prior to testing.   

 

On-water Training Sessions: The on-water training sessions will comprise of a standardised warm-up prescribed by heart 
rate (12 min) followed by 5 x (2 x 500 m) efforts (Figure 1). For each set, you will be prescribed a different power target 
which will correspond to 50, 60, 70, 80 and 90% of your MMP from the 1000 m time-trials (completed in a random order), 
with each set interspersed with a 3 min passive recovery period. Within each set, you will complete the same power 
target back and forth on the river, with a minimum of 30 s passive recovery period employed between reps to allow for 
sufficient time to turn the boat to face the opposite direction.  

 

 

 

 

 

 

 

School of Human Sciences (M408)  

The University of Western Australia 

35 Stirling Highway, Crawley, WA, 6009 

Figure 1: Diagrammatic representation of the on-water training session and the intensity for each set which are made relative to your 1000-m mean 

maximal power (MMP). Each set will be interspersed by a 3 min of passive recovery, with 30 s of passive recovery between each 500 m rep.  
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The University of Western Australia  

M459 Perth WA 6009 Australia 

 T +61 8 6488 3703  E humanethics@uwa.edu.au 

 M +61 000 000 000  CRICOS Provider Code 00126G 

 

 

Voluntary Participation and Withdrawal from the Study: Participation in this research is voluntary and you are free to 
withdraw at any time without prejudice. You can withdraw for any reason and you do not need to justify your decision. 
If you withdraw from the study and you are an employee or student at UWA, or are a state Institute or academy of sport 
(SIS/SAS) scholarship holder, this decision will not prejudice your status and rights as employee or student of UWA, and 
scholarship holder of a SIS/SAS. If you do withdraw, we may wish to retain the data that we have recorded from you but 
only if you agree, otherwise your records will be destroyed. Your participation in this study does not prejudice any right 
to compensation that you may have under statute of common law.  

 

Your Privacy: Personal details and test results from this study will be treated with confidentially at all times. Individual 
data will not be identified, but collective results may be published (e.g., group averages). Please Note: No personal details 
relating to you as an individual will be revealed in this process. No data will be stored on public computers within the 
department. All data will be stored on the chief investigator’s password-protected computer in a secure location for a 
period of seven years. 

 

Benefits of Participation: Community: The findings from this research will provide further information on the utility of 
using power-based measures for the quantification of external load within the daily training environment of sprint kayak 
athletes. Individual: You will be provided with an individual time-trial report detailing your time-to-completion and your 
average / peak power and stroke rate for the 1000 m time trials. You may find such an assessment interesting and useful 
for your future training. The data provided could allow your coach to prescribe training sessions with greater accuracy, 
enhancing the potential for optimal performance. 

 

Possible Risks and Risk Management Plan: This investigation involves a number of high-intensity exercise efforts that 
are demanding in nature and may have the potential to cause musculoskeletal injury. As a result, we will employ a pre-
testing warm-up before each session to minimise this risk. Please remember, all sessions will be no more demanding than 
a normal on-water kayak training session. Regardless of the difficulty of the task, should you feel distressed or too 
uncomfortable to continue, you are free to withdraw at any time.  

 

Contacts: If you have any questions concerning the research at any time, please feel free to contact lead researcher Mr 
Cruz Hogan (PhD Candidate) (chogan@wais.org.au). Alternatively, you may contact Associate Professor Peter Peeling 
(peter.peeling@uwa.edu.au) or Dr Martyn Binnie (m.binnie@wais.org.au). 

 

 

Approval to conduct this research has been provided by the University of Western Australia, in accordance with its ethics 
review and approval procedures. Any person considering participation in this research project, or agreeing to participate, 
may raise any questions or issues with the researchers at any time. In addition, any person not satisfied with the response 
of researchers may raise ethics issues or concerns, and may make any complaints about this research project by contacting 
the Human Ethics office at UWA on (08) 6488 4703 or by emailing to humanethics@uwa.edu.au. All research participants 
are entitled to retain a copy of any Participant Information Form and/or Participant Consent Form relating to this research 
project. 
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A.2.4 Chapter 4 Participant Consent Form 

 

 

 

  

The University of Western Australia  
M459 Perth WA 6009 Australia 

 T +61 8 6488 3703  E humanethics@uwa.edu.au 
 M +61 000 000 000  CRICOS Provider Code 00126G 

 

 

 

 

 

The use of speed vs power measures for the quantification of external load in 

flat-water sprint kayaking. 

 

Participant Consent Form 

 

I _______________________________ (the participant), have read the information provided and any 
questions I have asked have been answered to my satisfaction. I agree to participate in this 
investigation, realising that I may withdraw at any time without reason and without prejudice.  

I understand that all identifiable (attributable) information that I provide is treated as strictly 
confidential and will not be released by the investigator in any form that may identify me. The only 
exception to this principle of confidentiality is if documents are required by law.  

I have been advised as to what data is being collected, the purpose for collecting the data, and what 
will be done with the data upon completion of the research.  

I agree that research data gathered for the study may be published provided my name or other 
identifying information is not used. 
 
 
 
___________________________                __________________________ 
 
Participant signature                  Date 
 
 
 
 
 ___________________________                   __________________________ 
 
 Parent signature (if participant is <18 years old)                          Date 
 

 

Approval to conduct this research has been provided by the University of Western Australia, in accordance with 
its ethics review and approval procedures. Any person considering participation in this research project, or 
agreeing to participate, may raise any questions or issues with the researchers at any time. In addition, any person 
not satisfied with the response of researchers may raise ethics issues or concerns, and may make any complaints 
about this research project by contacting the Human Ethics Office at the University of Western Australia on (08) 
6488 3703 or by emailing to humanethics@uwa.edu.au All research participants are entitled to retain a copy of 
any Participant Information Form and/or Participant Consent Form relating to this research project. 

Associate Professor Peter Peeling 

School of Human Sciences (M408)  

The University of Western Australia 

35 Stirling Highway, Crawley, WA, 6009 

M: +61 410 667 532 

E: peter.peeling@uwa.edu.au  
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A.2.5 Chapter 5, 6 and 7 Participant Information Form 

 

  

The University of Western Australia  
M459 Perth WA 6009 Australia 

 T +61 8 6488 3703  E humanethics@uwa.edu.au 
 M +61 000 000 000  CRICOS Provider Code 00126G 

 

 

 

 

 

Comparison of methods quantifying on-water intensity  
in flat-water sprint kayak 

 
Participant Information Form 

 

Researchers: 

Mr Cruz Hogan (PhD Scholar), Associate Professor Peter Peeling, Dr Martyn Binnie, Dr Matthew Doyle, 
Professor Brian Dawson. Please note: This research is a student PhD project. 

 

Aim of the study: This study aims to compare traditional methods of prescribing and monitoring 
training intensity (i.e., paddling stroke rate & heart rate) during on-water kayaking with novel 
measures of real-time power output.  

 

Procedures: Participation is this study will involve the following: 

• 1 x On-water graded exercise test (GXT) (40 min) held at Bayswater Paddle Club on the 
Swan River. 

• 1 x 200, 500 & 1000 m Regatta (1 h 40 min) held at Champion Lakes Regatta Centre  

• 6 x On-water training sessions comprising of 2 x aerobic sessions (90 min each), 2 x 
anaerobic interval sessions & 2 x alactic sprint sessions (each ~60 min in duration) held at 
Bayswater Paddle Club on the Swann River.  

(Each session will be separated by a minimum of 48 hours over a 4-week period) 

 

On-water GXT: On arrival at Bayswater Paddle Club, your body weight will be measured. You will be 
then fitted with a heart rate monitor strap. During this assessment, you will use new technology placed 
in the shaft of your paddle which will record your on-water power output and stroke rate. Following a 
10 min warm-up on the water, you will then complete a 7 x 4 min incremental step test, which will 
include 7 stages of 4 min workloads, each at an increasing intensity. The last stage will require you to 
complete a maximal all-out effort. Between each stage, you will be given a 1 min rest period where a 
small blood sample from your earlobe will be taken. At this time, you will also be asked to rate your 
level of perceived exertion (RPE) based on a numeric scale that we show you.  

 

Regatta: During a scheduled regatta at Champion Lakes, you will be required to compete in a 200, 500 
and 1000 m race. Between races, a minimum of 30 min of recovery will be provided to ensure you are 
well rested for each effort. As we are assessing your best time to completion, we require a maximal 
effort for each distance. This will also be a certified regatta, meaning your time-to-completion for each 
distance will be recorded as an official competition time.   

 

On-water training: The training sessions within this research will be very similar to the demands of a 
normal on-water session and have been constructed in consultation with the WAIS sprint kayak head 
coach. During the on-water sessions, you will use the power paddles and will be fitted with a heart 
rate monitor. During the rest periods throughout each session, a boat will pull up alongside you to take 
a small blood sample from your earlobe. Here we will again ask you to rate your RPE, as described 
above. Sessions will be performed at the same time of day (am/pm) over the two weeks of training.  

 

Associate Professor Peter Peeling 

School of Human Sciences (M408)  

The University of Western Australia 

35 Stirling Highway, Crawley, WA, 6009 

M: +61 410 667 532 

E: peter.peeling@uwa.edu.au  
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Voluntary Participation and Withdrawal from the Study: Participation in this research is voluntary 
and you are free to withdraw at any time without prejudice. You can withdraw for any reason, and you 
do not need to justify your decision. If you withdraw from the study and you are an employee or 
student at UWA, or are a WAIS scholarship holder, this decision will not prejudice your status and rights 
as employee or student of UWA, and scholarship holder of WAIS. If you do withdraw, we may wish to 
retain the data that we have recorded from you but only if you agree, otherwise your records will be 
destroyed. Your participation in this study does not prejudice any right to compensation that you may 
have under statute of common law.  

 

Your privacy: Personal details and test results from this study will be treated with confidentially at all 
times. Individual data will not be identified, but collective results may be published (e.g., group 
averages). Please Note: No personal details relating to you as an individual will be revealed in this 
process. No data will be stored on public computers within the department. All data will be stored on 
the chief investigator’s password-protected computer in a secure location for a period of seven years.  

 

Benefits of Participation: You will receive a complete assessment of your first and second blood lactate 
thresholds, which have shown to provide important determinant of on-water racing performances. 
You will also be provided information of the time you spent in the prescribed training zones based 
upon power output data in comparison to heart rate and stroke rate data. You may find such an 
assessment interesting and useful for your future training. The data provided could allow your coach 
to prescribe training sessions with greater accuracy, enhancing the potential for optimal performance.  

 

Possible Risks and Risk Management Plan: The blood collection from the ear may be uncomfortable; 
however, only a small amount of blood will be taken on each occasion (0.3 μL). Please Note: There is 
a small possibility of bruising at the site of blood collection, and a minor risk of infection. To mitigate 
such risk, all equipment is sterile and single use; therefore, all blood taking equipment will be discarded 
and fresh supplies used for the subsequent sample. Additionally, this investigation also involves a 
number of high-intensity exercise efforts that are demanding in nature and may have the potential to 
cause musculoskeletal injury. As a result, we will employ a pre-testing warm-up before each session to 
minimise this risk. Please remember, all sessions will be no more demanding than a normal on-water 
kayak training session. Regardless of the difficulty of the task, should you feel distressed or too 
uncomfortable to continue, you are free to withdraw at any time.  

 

Contacts: If you have any questions concerning the research at any time, please feel free to ask the 
research who has contacted you, about your concerns. Further information regarding this study may 
be obtained from Associate Professor Peter Peeling (peter.peeling@uwa.edu.au) or Dr Martyn Binnie 
(m.binnie@wais.org.au). Alternately, you may contact the PhD student researcher Mr Cruz Hogan 
(chogan@wais.org.au) 

 

Approval to conduct this research has been provided by the University of Western Australia, in 
accordance with its ethics review and approval procedures.  Any person considering participation in 
this research project, or agreeing to participate, may raise any questions or issues with the researchers 
at any time.  In addition, any person not satisfied with the response of researchers may raise ethics 
issues or concerns, and may make any complaints about this research project by contacting the Human 
Ethics office at UWA on (08) 6488 4703 or by emailing to humanethics@uwa.edu.au. All research 
participants are entitled to retain a copy of any Participant Information Form and/or Participant 
Consent Form relating to this research project. 
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A.2.6 Chapter 5, 6 and 7 Participant Consent Form 

 

  

The University of Western Australia  
M459 Perth WA 6009 Australia 

 T +61 8 6488 3703  E humanethics@uwa.edu.au 
 M +61 000 000 000  CRICOS Provider Code 00126G 

 

 

 

 

 

Comparison of methods quantifying on-water intensity In flat-water 
sprint kayak 

 
 

Participant Consent Form 

 

 

I _______________________________ (the participant), have read the information provided and any 
questions I have asked have been answered to my satisfaction. I agree to participate in this 
investigation, realizing that I may withdraw at any time without reason and without prejudice.  

I understand that all identifiable (attributable) information that I provide is treated as strictly 
confidential and will not be released by the investigator in any form that may identify me. The only 
exception to this principle of confidentiality is if documents are required by law.  

I have been advised as to what data is being collected, the purpose for collecting the data, and what 
will be done with the data upon completion of the research.  

I agree that research data gathered for the study may be published provided my name or other 
identifying information is not used. 
 
 
 
___________________________                __________________________ 
 
Participant signature                  Date 
 
 
 
 
 ___________________________                   __________________________ 
 
 Parent signature (if participant is <18 years old)                          Date 
 

 

Approval to conduct this research has been provided by the University of Western Australia, in accordance with 
its ethics review and approval procedures. Any person considering participation in this research project, or 
agreeing to participate, may raise any questions or issues with the researchers at any time. In addition, any person 
not satisfied with the response of researchers may raise ethics issues or concerns, and may make any complaints 
about this research project by contacting the Human Ethics Office at the University of Western Australia on (08) 
6488 3703 or by emailing to humanethics@uwa.edu.au All research participants are entitled to retain a copy of 
any Participant Information Form and/or Participant Consent Form relating to this research project. 

Associate Professor Peter Peeling 

School of Human Sciences (M408)  

The University of Western Australia 

35 Stirling Highway, Crawley, WA, 6009 

M: +61 410 667 532 

E: peter.peeling@uwa.edu.au 
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Raw Data Sets 

 

All raw data collected and analysed throughout this thesis is available via the University of 

Western Australia’s open access Research Repository, under the heading; “Quantifying On-

Water Intensity in Flat-Water Sprint Kayaking: Exploring the Efficacy of Novel Paddle 

Technology for Training Monitoring and Prescription” 

 

Link: https://research-repository.uwa.edu.au 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To anyone who made it this far – Thank you, I hope you enjoyed the journey!  
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