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Abstract  

 

Outrigger canoe racing is a developing sport in Australia, having been contested for 

less than 30 years. At present, Australian coaching practice is largely dependent on 

previous paddling experience, non-scientific literature and methodologies and practices 

adapted from other aquatic sports. Outrigger canoeing however is unique and warrants 

specific quantitative assessment to improve coaching practice. Advances in coaching 

practice may then pave the way for performance enhancement to ensure that 

Australian crews remain competitive at international competition. 

 

The aim of this thesis was to quantify the demands of 1000 m female outrigger 

canoeing performance to develop coaching recommendations with respect to crew 

selection and performance optimisation. In consideration of the overall aim of this 

thesis, seven research projects were undertaken to: determine the characteristics that 

predict 1000 m performance; develop a female-specific outrigger canoeing graded 

exercise test; determine if a 1000 m time trial can be used as an alternative to graded 

exercise testing; to determine the reliability of and pacing strategy associated with 1000 

m performance; and to identify the effect that various, commonly used stroke rates 

have on performance and the physiological and biomechanical demands of the 1000 m 

event. 

 

Trained adult female outrigger canoeists (n = 10 to 17) with competition experience of 

between 1 and 12 years,  and who were all currently competing for north Queensland-

based outrigger canoe clubs participated in the studies. All testing was performed on a 

rowing ergometer fitted with an outrigger canoeing attachment, within a controlled 

laboratory environment. Three ergometer protocols were assessed within this thesis, 

the 1000 m time trial and two variations of a 15 W·min-1 graded exercise test protocol. 

The graded exercise test protocols were used to determine the peak physiological 



 viii 

capacity of the participants, while the 1000 m time trial was used to simultaneously 

assess peak physiological capacity, the biomechanical demand (technique) and time 

trial performance ability of the participants.  While most studies involved participants 

self-selecting stroke rate and pacing strategy, the final two studies involved deliberate 

manipulation of the participant’s stroke rate. All trials were performed with the aim of 

achieving maximal performance. Across studies, a variety of anthropometric, 

physiological, biomechanical and performance variables were measured, to reflect the 

aims of each study. Statistical procedures employed for analysis included repeated 

measured ANOVAs with post hoc tukey HSD, correlations and regressions, intraclass 

correlation coefficients, and measurement bias/ratio with 95% (ratio) limits of 

agreement, with an alpha significance level of 0.05 used throughout. 

 

The results of this thesis are multifaceted. It was established that 1000 m outrigger 

canoeing performance was predicted by a combination of work-related (power output), 

physiological (peak aerobic capacity; V O2peak) and anthropometric (height, girths, 

breadths) variables, with mean power output accounting for 97% of the variance in 

1000 m performance time. Both variations of a 15 W ·min-1 graded exercise test 

resulted in similar peak physiological responses with V O2peak values of 3.17 ±0.65 and 

3.03 ±0.58 L·min-1 however, the limits of agreement (1.10) for V O2peak across protocols 

indicated large variability and therefore the same protocol should be used for reliable 

results. The 1000 m time trial took approximately six minutes to complete, was 

repeatable (1.5% improvement across four trials), resulted in the same peak 

physiological response (e.g. V O2peak of 3.17 L·min-1) as graded exercise testing, and 

allowed for simultaneous determination of 1000 m performance time and pacing. The 

1000 m time trial can therefore be used to assess physiological capacity and 

performance simultaneously with a fast start, fast finish pacing strategy providing 

improved performance compared to other freely-chosen pacing strategies. Further, 
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both laboratory-based (PowerlabTM) and portable (COSMED K4b2 TM) gas analysis 

systems reliably assess physiological capacity during outrigger canoeing ergometry 

(intraclass correlation coefficients of 0.87 and 0.69) with the smaller COSMED unit 

more suitable for performance assessment as it was less cumbersome to wear and 

therefore less likely to interfere with paddling compared to the large laboratory-based 

system.  

 

When three commonly-used stroke rates were trialled to assess 1000 m performance, 

the Australian self-selected stroke rate of 61 strokes ·min-1 resulted in a significantly 

slower time (371 ±38 s, p<0.05) and therefore sub-optimal performance than the slower 

Hawaiian stroke rate (54 strokes·min-1; 358 ±30 s) and the faster Tahitian stroke rate 

(70 strokes·min-1; 357 ±28 s). The Hawaiian stroke rate was the least physiologically 

demanding (lower mean heart rate and V O2 and lower peak heart rate, lactate and 

RPE; p<0.05) and was best suited for 1000 m competition across multiple rounds (i.e. 

heats and finals) as it was least likely to result in a fatigue-related performance 

detriment. Regardless of the stroke rate used, participants maintained a consistent 

technique with approximately 60% of stroke time spent in propulsion, that may benefit 

team paddling synchrony. The fast Tahitian stroke rate resulted in a significantly 

smaller torso range of motion than the slower Australian self-selected and Hawaiian 

stroke rates with increasing stroke rate coinciding with reductions in stroke length.  

 

Based on the combined findings of these studies, coaching recommendations for 1000 

m female outrigger canoeing crew selection arising from this thesis were to: 

 

1. Select women who are able to generate and maintain high power output 

throughout a 1000 m time trial. A mesomorphic body stature and high V O2peak 

should also be considered as secondary selection criteria; and 
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2. Use a 1000 m ergometer time trial to assess both performance and aerobic 

capacity simultaneously. 

 

Further, the coaching recommendations for 1000 m outrigger canoeing performance 

optimisation were to:  

 

1. Adopt a fast start and fast finish race pacing strategy; and 

 

2. Use the Hawaiian stroke rate of •  55 strokes·min-1 as it is less physiologically 

demanding without compromising performance time or technique consistency. 

 
 

This novel research confirmed that physiological, anthropometric and work-related 

variables all contribute to 1000 m performance and therefore should be considered 

when selecting crews. Further, this thesis established four key practical coaching 

recommendations for the optimisation of 1000 m outrigger canoeing performance of 

female crews and will provide a solid foundation from which future outrigger canoeing 

research and practice can be established. 
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Glossary 

 

Term Definition 

V O2 The rate of oxygen consumption expressed in absolute terms 

as L·min-1 or in relative terms as mL·kg-1·min-1. 

V O2max The highest V O2 that can be attained during an exercise bout 

despite recruitment of additional muscle mass or increasing 

work rates (Secher, Clausen, Klausen, Noer & Trap-Jensen, 

1977; Day, Rossiter, Coats, Skasick & Whipp, 2003).  

V O2peak The highest value of V O2 achieved during an exercise bout 

(Doyon, Perrey, Abe & Hughson, 2001).  

V CO2  The rate of CO2 production expressed as L·min-1. 

R The respiratory exchange ratio equivalent to V CO2/ V O2. 

RR Respiratory rate is the number of breaths taken each minute 

and is expressed as breaths·min-1. 

TV Tidal volume is the volume of air moved during each breath and 

is expressed as L. 

V E Ventilation is the volume of air breathed each minute, 

expressed as L·min-1 and calculated as the product of TV and 

RR. Ventilation is reported as either the value coinciding with 

V O2peak attainment or as an average over a set time period (eg, 

time trial; V Emean) 

VT Ventilatory threshold is the point during exercise when there is 

a disproportionate increase in CO2 output relative to O2 uptake 

(Malek, Housh, Coburn, Schmidt & Beck, 2007).  

VT1 Ventilatory threshold one refers to the upper level of moderate 

intensity exercise (Neder & Stein, 2006) where there is a 

disproportionate increase in V CO2 with respect to V O2 (Neder 

& Stein, 2006; Wisen & Wohlfart, 2004). 

VT2 Ventilatory threshold two represents the point after which 

exercise intensity becomes non-sustainable (Neder & Stein, 

2006) where there is a disproportionate increase in V E with 

respect to V CO2 (Neder & Stein, 2006; Wisen & Wohlfart, 

2004; Beaver, Wasserman & Whipp, 1986).  
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LApeak The highest reading of blood lactate (LA) measured following 

an exercise bout.  

HR Heart rate is the rate at which the heart contracts, expressed as 

beats·min-1.  

HRmean The average HR as calculated over a set time interval. 

HRpeak The highest HR achieved during an exercise bout. This HRpeak 

may also be expressed as a percentage of age-predicted 

maximum heart rate (HRmax). 

Age-predicted 

HRmax 

Age-predicted maximum HR is approximated using the 

equation 220 – age in years (McArdle, Katch & Katch, 2010). 

Distance The ‘distance’ covered during ergometer performance as 

measured via flywheel rotations and expressed in metres (m). 

Split/trial time The time taken to cover a set distance on the ergometer, 

measured in seconds (s) with a stopwatch. 

Paddling speed The rate of ‘craft’ movement, calculated as the distance 

covered as a function of time, i.e. change in distance/change in 

time, measured in m·s-1.  

Stroke rate The rate at which paddling strokes are performed, i.e. the 

number of strokes completed per 1 min, as displayed on the 

ergometer LCD. 

Stroke length The distance the base of the paddle is moved (measured in m) 

parallel to the ergometer (in the x plane). 

Stroke time The time taken to complete one stroke, measured in s. 

Power output Power generated by the outrigger canoeist via the paddle 

during the propulsive phase of each stroke, measured in Watts 

(W) and displayed on the ergometer LCD monitor display. 

Power output is presented as the maximal value recorded 

(Ppeak) or the average value over a set time period (Pmean). 

Torso angle Measured from the upward vertical to the iliac crest-acromion 

segment of the paddling and non-paddling side of the torso and 

expressed in degrees. 

Torso ‘twist’ The absolute difference between the start and end of the 

propulsive phase, for the difference between the non-paddling 

and paddling side torso angles. 
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Chapter One 

Introduction 

 

1.1 History of the outrigger canoe 

While there is speculation regarding the origin and the migration sequence of the 

outrigger canoe (West, 2006), it is believed that the canoe, a 15 m bamboo craft, 

originated in south-east Asia (Holmes, 1996; West, 1995). This craft was modified for 

sea-voyaging with the addition of a dug-out hull and outriggers extending on either one 

(single outrigger) or both (double outrigger) sides of the hull. These modifications were 

designed to improve stability with the single outrigger canoe used for migration from 

the Philippines and Indonesia to Papua New Guinea and Australia as early as 30,000 

yr ago (West, 1995). Approximately 4,000 yr ago, mariners from the Philippines and 

Indonesia migrated to Fiji, Samoa and Tonga in outrigger canoes (Holmes, 1996; West, 

2006). This migration continued to Tahiti 2,500 yr ago and within the last 1,500 yr, to 

New Zealand, Easter Island and Hawaii (Holmes, 1996; West, 2006).  Independent of 

the pacific migration of the outrigger canoe, outrigger canoes have been used by 

Australian Aborigines prior to European settlement in the late 1700s. The Australian 

Aborigines used double outrigger canoes along the west and east coasts of far 

northern Queensland, while single outrigger canoes were used along the east coast of 

northern Queensland (Haddon & Hornell, 1997; West, 1995). Today, outrigger canoes 

are no longer used for transport and food collection in Australia. Like canoeing and 

kayaking, outrigger canoeing has become a competitive sport. 

 

1.2 Outrigger canoeing equipment 

The racing outrigger canoe is comprised of a hull with a single outrigger attachment, 

extending from the port (left) side, consisting of two booms (iakos) and a float (ama). 

While traditional voyaging canoes were built to transport dozens of people for migration 

purposes, modern racing canoes are constructed to seat one person (OC1), two 
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people (OC2) or a crew of six people (OC6; Figure 1.1), with the OC6 being the most 

commonly raced craft in Australia. While the OC1 and OC2 craft are steered via a foot-

pedal rudder system, the OC6 craft is rudderless and is steered by the most rearward 

crew member via specialised paddling manoeuvres.  

 

Figure 1.1: Six-person outrigger canoe (OC6). 

 

Traditionally, racing canoes were built from the koa tree, taking upwards of 7 months to 

complete the process of felling, carving and construction (West, 2006). With the 

expansion of the sport throughout the Pacific in the 1970s, racing canoe specifications 

were introduced to control canoe design and production for equipment standards. Over 

the past three decades, the fibreglass-constructed Malia™, Hawaiian Class Racer™, 

Bradley™, Force Five™, the Hawaiian-designed Mirage™ and the Australian-designed 

Southern Spirit™ OC6 canoes have been raced during competition in Australia. While 

the traditional koa canoe is still raced as a specialised category, the advancement to 

fibreglass construction has provided lighter canoes and varying hull and ama shapes to 

meet the demand for ‘faster’ canoes. 
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The outrigger canoe is propelled by outrigger canoeists moving paddles through the 

water. Traditionally, paddles have been constructed from lightweight, strong timbers 

however in recent time, lighter carbon fibre paddles have been used in an attempt to 

improve paddling efficiency. Typically paddles vary from 125 to 142 cm in length and 

are constructed with either a straight, single bend or double bend shaft (Figure 1.2a). 

The straight shaft paddle is predominantly used by the steerer of the OC6 with the 

straight shaft providing greater strength to withstand the stresses placed on the paddle 

during steering manoeuvres (500 to 800 kg for an OC6 canoe with six female outrigger 

canoeists). The single bend paddle was developed in 1948 for Olympic canoe racing 

and was first used for outrigger canoe racing in 1978 (West, 1995). The single bend 

has a 7 to 13° angle between the shaft and the blade and was designed to increase 

reach at the start of the stroke, to maintain a vertical blade position during the stroke 

and to minimise the tendency to ‘lift’ water during the exit phase of the stroke 

(West,1995). The double bend paddle incorporates bends at both the upper and lower 

sections of the shaft and was designed to reduce muscular fatigue and wrist strain 

(West, 1995). 

 

In addition to variations in the paddle shaft, the shape of the blade can also vary, with 

the three common shapes being the ‘Hawaiian pear-shape’, the ‘Tahitian teardrop’ and 

the steering blade (Figure 1.2b) (West, 1995). The ‘Hawaiian pear-shape’ and the 

‘Tahitian teardrop’ blades have dimensions ranging between 46 to 51 cm in length and 

20 to 25 cm in width, with the ‘Tahitian teardrop’ exhibiting a decreased blade surface 

area (i.e. a reduction in the blade shoulder - the point at which the blade joins the shaft, 

Figure 1.2b). In contrast, the steering blade can be as long as 58 cm and as wide as 28 

cm to assist with steering in rough ocean conditions (Figure 1.2b). The different shaft 

and blade types mentioned above are all used during outrigger canoe racing in 

Australia, with the selection of paddle type appearing to be a personal (or a coaching) 

choice. 
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   (a)     (b) 
Figure 1.2: ‘Hawaiian pear-shape’ paddle (left), ‘Tahitian teardrop’ paddle (centre) and 

steering paddle (right) as viewed from the side (a) and the front (b). 

 

1.3 Outrigger canoe racing 

In Pacific culture prior to the nineteenth century, outrigger canoe races were contested 

between islands and tribes as a measure of prestige and reportedly, for ownership of 

possessions such as land and wives (West, 1995). Christian missionaries from Boston 

banned outrigger canoeing in Hawaii in 1820 with racing later reinstated by King David 

Kalakaua in 1875 (West, 1995). In 1908, the Outrigger Canoe Club was established in 

Hawaii with the first official outrigger canoeing regatta held in 1922 and the Hawaiian 

Canoe Racing Association (HCRA) formed in 1950. Despite the origins of the outrigger 

canoe reportedly being south-east Asia, Hawaii is commonly referred to by outrigger 

canoeing enthusiasts as the home of outrigger canoe racing. Outrigger canoeing is 

currently one of the fastest growing sports throughout the pacific region (West, 1995) 

and is growing in popularity in non-pacific regions such as South Africa, Canada and 

Europe. In 2000, there were over 60 clubs and 7000 active paddlers throughout the 
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Hawaiian Islands alone with the International Polynesian Canoe Federation (founded in 

1981) proposing to have outrigger canoe racing recognised as an Olympic sport.   

 

Like other pacific regions, despite or perhaps because of its relative infancy to the 

sport, outrigger canoe racing has become popular in Australia, particularly along the 

east coast. The first Australian club, the Outrigger Canoe Club of Australia, was 

founded in 1978 with the first Australian regatta staged on the Gold Coast 

(Queensland) in 1981. The sport extended shortly afterwards to Hamilton Island in the 

Whitsunday region of northern Queensland. Anecdotally, Australia’s toughest and most 

prestigious international event, the Hamilton Cup, was first contested at Hamilton 

Island in 1983. The Australian Outrigger Canoe Racing Association (AOCRA) was 

established in 1988 and by 1990 there were 11 registered outrigger canoe clubs in 

Australia, most of which were based in the Whitsunday region. By 1994 there were 37 

registered clubs in Australia with the majority (86%) located in Queensland. Since then, 

this number has expanded to an extensive network of clubs throughout every state and 

territory of Australia with 73 clubs registered for competition in 2010 (AOCRA, personal 

communication, 15 February, 2010). In the north Queensland region of Australia, 18 

clubs fall under the jurisdiction of the north Queensland AOCRA zone, branching from 

Port Douglas in the north to Tannum Sands in the south, a distance of 1200 km. 

 

In north Queensland, regattas are contested each month throughout the competition 

season (February to August). The regattas incorporate OC1, OC2 and OC6 marathon 

and sprint distances for the senior divisions of open-aged (females and males •  20 yr), 

masters (females •  35 yr, males •  40 yr), senior masters (females •  45 yr, males •  50 

yr) and golden masters (females and males •  55 yr). The OC6 races attract eight times 

more contestants than the OC1 and OC2 events (Hamilton Island, 2008). The OC6 

sprint and short course races range between 500 m (2 to 3 min) and 3000 m (10 to 15 

min), while marathon events range between 10 km (45 to 60 min) and 30 km (•  3 hr). 

http://www.aocra.com.au/�
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Races exceeding 30 km (ultra-marathon races) allow crews to perform ‘change-overs' 

where three extra crew members (four extra for women’s races) may interchange with 

original crew members throughout the race. All races take place on the ocean and 

hence are vulnerable to changing environmental conditions such as winds, tides, 

waves and storms. 

 

1.4 Outrigger canoeing technique 

Currently there is limited research available on outrigger canoeing technique. 

Subsequently, outrigger canoeists and coaches refer to a combination of traditional 

practices, personal experience and available rowing, kayaking and Olympic canoeing 

research for advice with respect to technique utilisation, racing strategies and crew 

selection. 

 

When paddling an OC6, crew members positioned in seats one, three and five 

(numbered from the front of the canoe) paddle in synchrony on the same side of the 

canoe, while crew members two, four and six paddle in time on the other side of the 

canoe (Figure 1.3), with crew member six doubling as the steerer.  The crew members 

simultaneously change paddling side every 10 to 20 strokes while using a stroke rate 

between 42 and 70 strokes·min-1 (Holmes, 1996; West, 1995; West, 2006). The stroke 

rate used is dependent upon several factors including environmental conditions, crew 

member fitness and strength, race distance, paddling technique and paddle type used. 
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Figure 1.3: Front-on view of a womens’ OC6 crew. Image courtesy of Ciaran Handy. 

 

The cyclic-nature of the outrigger canoeing stroke comprises of both propulsive and 

recovery phases, characterised by rearward movement of the paddle through the water 

and forward movement of the paddle through the air, respectively. Qualitatively, the 

propulsive component of the outrigger canoeing stroke involves a combination of trunk 

extension and rotation, shoulder extension and isometric elbow extension while the 

recovery component is characterised by trunk flexion and rotation, shoulder flexion and 

shoulder abduction (Stanton, 1999). More specifically, the outrigger canoeing 

technique can be further segmented into five progressive phases: the set up phase, the 

blade entry and catch phase, the power phase, the exit phase and the recovery phase. 

The following description of the outrigger canoeing technique phases has been 

adapted from the works of West (1995, 1997, 1999, 2002) and provides further 

explanation of the outrigger canoeing technique. Throughout all phases, the outrigger 

canoeist remains seated on a bench within the hull of the outrigger canoe. The paddle-
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side leg is positioned in front of the body with the hip and knee flexed, while the foot of 

the non-paddle side is positioned beneath the bench. 

 

Set up phase 

The set up phase involves the outrigger canoeist reaching forward to set the blade in 

front of the body. The torso is kept straight with slight flexion and rotation while the chin 

is kept high. The bottom shoulder is flexed and the elbow extended, while the top arm 

is positioned above the head with approximately 45° elbow flexion so that the paddle is 

positioned at 45 to 60° to the water (Figure 1.4). 

 

 
Figure 1.4: Set up phase of the outrigger canoeing technique. 
 

Blade entry and catch phase 

Once the paddle has been set, the blade of the paddle is submerged to commence the 

propulsive stroke movement. This blade entry and catch is achieved by driving the top 

arm downward to submerge the blade, and pulling with the lower arm to keep the blade 

vertical in the water (Figure 1.5). 
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Figure 1.5: Blade entry and catch phase of the outrigger canoeing technique. 
 

Power phase 

The power phase of the stroke (Figure 1.6) involves the blade being anchored in the 

water as the paddler pulls the canoe past the paddle. The back and abdominal muscles 

are used to rotate the torso and the paddle-side leg pushes against the side of the 

canoe hull, in isometric contraction, to prevent the lower half of the body sliding forward 

on the seat. The paddle-side shoulder is lowered and extended in conjunction with 

slight elbow flexion to pull the paddler’s body and the canoe past the paddle. 

Simultaneously, the elbow on the non-paddle side flexes to maintain a vertical paddle. 

The power phase finishes when the hips pass in front of the paddle. 

 
Figure 1.6: Power phase of the outrigger canoeing technique. 

 

Exit phase 

Once the hips pass in front of the paddle, the blade is exited from the water by flicking 

the paddle outwards from the side of the canoe (Figure 1.7).  
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Figure 1.7: Exit phase of the outrigger canoeing technique. 
 

Recovery phase 

Once the blade has fully exited the water, it is feathered to the front of the body to start 

the next stroke. The feathering of the blade involves pronating the wrists so that the 

paddle travels parallel to and just above the water surface. The recovery phase 

requires the lower arm to be thrust laterally and forward to set up for the next stroke 

(Figure 1.8). 

 
 

 
Figure 1.8: Recovery phase of the outrigger canoeing technique. 

 

Although the five phases of the paddling technique outlined above generally describe 

the paddling action, there exist different styles of paddling, including the Hawaiian and 

the Tahitian (or Polynesian) styles. The Hawaiian style uses the ‘Hawaiian pear-shape’ 

paddle and is characterised by a long stroke incorporating large torso movements, a 

long forward reach, and a stroke rate as low as 45 strokes⋅min-1 (West, 2006). The 
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Tahitian style incorporates a faster stroke rate than the Hawaiian style (upwards of 70 

strokes⋅min-1), less body motion, a shorter reach and uses the smaller ‘Tahitian tear-

drop’ paddle (Holmes, 1996; West, 2006). Different clubs throughout the world have 

adopted one of these styles such that even in the north Queensland competition, 

different clubs will use a different style of paddling depending on the style they perceive 

to be better suited to their crew members, their equipment and the environmental 

conditions. A survey conducted on Australian outrigger canoe coaches indicated that 

while 2 to 9% of coaches promote the use of the Hawaiian style and 10 to 17% use the 

Tahitian style for sprint or marathon races, 81% of coaches use a stroke rate between 

55 and 65 strokes⋅min-1 (Sealey, 2009). This stroke rate range indicates that Australian 

coaches have adopted a hybrid style that may draw on individual aspects of both the 

Hawaiian and Tahitian styles. The variation in paddling style and its effect on overall 

outrigger canoeing performance has yet to be quantified. Quantitative analysis of the 

outrigger canoeing technique with consideration for the styles (Hawaiian, Tahitian and 

‘Australian hybrid’) may provide useful information for coaches when selecting a 

specific paddling method. Further, the analysis of outrigger canoeing technique and 

performance will identify sport-specific characteristics and decrease the reliance of 

coaches and athletes on rowing, kayaking and Olympic canoeing selection and 

performance strategies that may have limited application (i.e. non-outrigger canoe-

specific).  

 

Variations in the equipment, race distances and technique used for propulsion between 

the sports (Table 1.1) must be considered when applying the science-based findings of 

rowing, kayaking and Olympic canoeing to outrigger canoeing performance. However, 

various aspects of these sports appear similar enough such that previous rowing, 

kayaking and Olympic canoeing research may provide a platform from which to 

develop outrigger canoeing-specific research, particularly with respect to performance 

predictors. As an example, extensive rowing and kayaking research has enabled the 



 12 

compilation of research-based predictors of performance. Successful 2000 m rowing 

performance was reported to be dependent upon athlete height (Bourgois et al., 2000; 

Kerr et al., 2007; Riechman, Zoeller, Balasekaran, Goss & Robertson, 2002), mass 

(Bourdin, Messonnier, Hager & Lacour, 2004; Bourgois et al., 2000; Kerr et al., 2007), 

maximal aerobic capacity ( V O2max) (Bourdin et al, 2004; Pripstein, Rhodes, McKenzie 

& Coutts, 1999; Russell, le Rossignol & Sparrow, 1998) and relative power output 

(Smith & Spinks, 1995) while kayak 500 m to 1000 m performance was associated with 

height, muscularity and V O2max (Fry & Morton, 1991; van Someren & Palmer, 2003). 

 

Performance in 2000 m rowing was best served by a variable pacing strategy 

incorporating a fast start and fast finish (Garland, 2005; Hagerman, Hagerman & 

Mickelson, 1979), while optimal sprint kayak performance was achieved with all-out 

pacing (Bishop, Bonetti & Dawson, 2002). Higher power outputs and average velocity, 

and hence faster performance, have also been attributed to increasing stroke rates in 

rowing (Hofmijster, Landman, Smith & Knoek van Soest, 2007; Martin & Bernfield, 

1980) and kayaking (Sanders & Kendal, 1992). 

 

At present, the impact of the above-mentioned physiological, biomechanical, 

anthropometric and pacing variables on outrigger canoeing performance is unknown. 

However, given that the sports of rowing and kayaking are somewhat similar in nature 

to outrigger canoeing, it is envisaged that the performance variables between these 

sports might be similar. The quantification of outrigger canoeing performance will 

identify the similarity of sports and their appropriateness for use by coaches to assist 

with evidence-based crew selection and coaching practices. 



 

Table 1.1: Comparison of outrigger canoeing, Olympic canoeing, kayaking and rowing racing characteristics. 

 Mode Distance 
(m) 

Duration 
(min) 

Implement Stroke rate 
(strokes·min-1) 

Paddling speed  
(km·h-1) 

Authors 

 
Outrigger 
Canoeing 

 
Upper 
body 

 
500  
1000 to 3000  
10,000 to •  
30,000 
 

 
2 to 3  
5 to 7  
45 to •  
180 

 
Single-blade 
paddle 

 
42 to •  70 

 
12 

 
Hamilton Cup official 
results 2007-2009; 
Holmes, 1996; West, 
2006. 

 
Olympic 
Canoeing 
 

 
Upper 
body 
 

 
500  
1000  

 
2  
4 

 
Single-blade 
paddle 

 
•  60 

 
9 to 15 

 
Nolan & Bates, 1982; 
Pelham, Burke & Holt, 
1992. 
 

Kayaking 
 

Upper 
body 

500  
1000   
10,000 to 
30,000 

1 to 2 
3 to 4 
45 to 180 

Double-
blade 
paddle 

90 to 120 10 to 16 Fry & Morton, 1991; 
Logan & Holt, 1985; 
Sanders & Kendal, 1992; 
van Someren & Palmer, 
2003; Zamparo, Capelli & 
Guerrini, 1999.  
 

Rowing 
 

Full  
body 
 

2000  5.5 to 7  Twin, 
single-blade 
oars 

37 to 41  16 to 23 Garland, 2005; Maestu, 
Jurimae & Jurimae, 
2005;Martin & Bernfield, 
1980;  
 

13 
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1.5 Statement of the problem 

Outrigger canoe racing is a developing sport internationally and as such, racing crews 

need to focus on enhancing performance in order to remain competitive. Competition 

performance may be enhanced via numerous methods including improved equipment 

design, improved training strategies, enhanced functional fitness, optimised outrigger 

canoeing technique and pacing strategies, and development and implementation of 

optimal crew selection procedures. Advancements in canoe and paddle designs, 

particularly over the past decade, exemplify the development of the sport. However, to 

further advance performance, it is necessary to focus on the outrigger canoeists with 

respect to crew selection practices, racing strategies and technique optimisation. 

 

Outrigger canoe racing has been contested in Australia for less than 30 years. Despite 

this short-term involvement in the sport, compared to other Pacific regions such as 

Hawaii and Tahiti, Australian crews and particularly the womens’ crews have 

demonstrated significant successes in international events. It has been anecdotally 

noted that while over time the successful mens’ crews appear to be becoming lighter 

and leaner, the successful womens’ crews have become more ‘physical’ than their 

opponents (West, 2006). The dominance of Australian-based womens’ crews in 

international racing and the apparent morphological differences between the more 

successful and less successful womens’ crews noted in recent times begs the question 

of what makes these crews better than the rest? Are the apparent morphological 

differences the dominating predictor of performance or is there a specific combination 

of anthropometric, physiological and biomechanical factors that contribute to successful 

outrigger canoeing performance, similar to that for rowing, kayaking and Olympic 

canoeing? 

 

Currently, practices used by Australian outrigger canoeing coaches for crew selection 

are largely based on the coaches’ previous paddling experience (83%), non-scientific 
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outrigger canoeing literature (47%) and methodologies and practices adapted from 

rowing, kayaking, Olympic canoeing or surf lifesaving (40%) (Sealey, 2009). Further, 

Australian coaches consider the following as important when selecting OC6 crews 

(ranked in priority): technique, timing, power/strength, aerobic fitness, attitude and 

OC1/ergometer time trial performance (Sealey, 2009). Consequently, outrigger 

canoeing coaching practice varies considerably. While some attempts have been made 

to quantify outrigger canoeing performance from a sport science perspective (e.g. 

Dascombe, Stanton, Peddle, Evans & Coutts, 2002; Humphries, Abt, Stanton & Sly, 

2000; Stanton, 1998), West (1997) succinctly summarised the challenge faced by the 

outrigger canoe racing community: 

 

“At this stage in the development of outrigger canoe paddling, we do not 

have the money to invest in a full scale thesis of the sport. For the time 

being it seems the best option is to use what has been learned from 

similar disciplines which have been subject to vast amounts of research 

and expenditure.” (p.100). 

 

However, as highlighted in Table 1.1, outrigger canoeing is a unique sport.  Indeed, 

Stanton and colleagues (2002) expand on this statement by surmising: 

 

“Further research should investigate the metabolic and biomechanical qualities 

in outrigger canoe paddling to overcome some of the shortcomings of outrigger 

paddling performance.” (p. 479). 

 

Therefore, specific, quantitative analysis of outrigger canoeing is necessary to identify 

and assist with coaching practices for optimal performance at both national and 

international levels. 
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1.6 Research aims and hypotheses 

The overall aim of the current thesis was to quantify the demands of 1000 m outrigger 

canoeing performance in order to develop coaching recommendations with respect to 

crew selection and performance optimisation. The scope of the study will include 

anthropometric, physiological, biomechanical and performance-based analyses of 

female outrigger canoeists replicating 1000 m outrigger canoe racing on an outrigger 

ergometer. Female outrigger canoeists are specifically targeted because of the 

success of Australian female OC6 crews at international events, and due to the relative 

popularity of outrigger canoe racing among women in north Queensland. The 1000 m 

distance was selected for investigation because it is a commonly contested race 

distance and therefore applicable to all outrigger canoeists, and is similar to the 

distances raced in rowing, kayaking and Olympic canoeing for comparison.  

 

In consideration of the overall aim of this research, secondary aims of the thesis were 

to: 

1)   Determine the extent to which specific anthropometric and physiological and work-

related characteristics predict 1000 m ergometer time trial performance of female 

outrigger canoeists; 

2)   Develop an outrigger ergometer graded exercise test (GXT) that elicits peak 

physiological responses in female outrigger canoeists and therefore can be used by  

coaches to assess peak physiological capacity; 

3)   Determine the extent to which a 1000 m time trial elicits peak physiological 

responses in female outrigger canoeists; 

4)   Determine the reliability of and the level of agreement between both portable 

(COSMEDTM) and laboratory-based (PowerlabTM) gas analysis systems for 

measuring peak physiological responses during 1000 m outrigger canoeing 

ergometry; 
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5)   Identify the pacing strategy utilised by female outrigger canoeists during 1000 m 

outrigger canoeing ergometry and the consistency of the pacing strategy across 

repeated trials;  

6)   Identify the physiological demands and overall performance outcomes of adopting 

a self-selected, a Hawaiian and a Tahitian stroke rate-dependent style of outrigger 

canoeing; and 

7)   Identify the biomechanical demands associated with self-selected, Hawaiian and 

Tahitian stroke rate-dependent styles of outrigger canoeing. 

 

It was hypothesised that: 

1)   Specific anthropometric, physiological and work-related variables would predict 

1000 m outrigger canoeing performance in female outrigger canoeists; 

2)   An outrigger ergometer incremental GXT would enable the assessment of peak 

physiological responses in female outrigger canoeists; 

3)   The 1000 m time trial would elicit similar peak physiological responses to the 

outrigger ergometer GXT and therefore would be a valid and sport-specific protocol 

for ergometer-based assessment of peak physiological capacity in female outrigger 

canoeists; 

4)  Laboratory-based and portable gas analysis systems would provide reliable and 

similar peak physiological data in female outrigger canoeists and therefore could be 

used interchangeably when required; 

5)   Female outrigger canoeists would adopt a variable pacing strategy, similar to that 

evidenced in 2000 m rowing performance, during 1000 m outrigger canoeing 

performance; and the pacing strategy would be robust across repeated trials; 

6)   The physiological demand of 1000 m outrigger canoeing ergometry would vary 

across stroke rate-dependent styles of outrigger canoeing (self-selected, Hawaiian 

and Tahitian) with the style significantly impacting upon the 1000 m performance of 

female outrigger canoeists; and 
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7)   The biomechanical demands of 1000 m outrigger canoeing ergometry would vary 

across various stroke rate-dependent styles of outrigger canoeing (self-selected, 

Hawaiian and Tahitian). 

 

1.7 Format of the thesis 

This thesis commences with a general introductory chapter outlining the basic 

considerations of outrigger canoe racing, along with the statement of the problem, 

aims, research hypotheses, delimitations and limitations of the study and significance 

of the research. The second chapter provides a review of the literature encompassing 

the physiological, biomechanical and anthropometric aspects of rowing, kayaking, 

canoeing and outrigger canoeing, in addition to a critical review of the reliability and 

validity of current measurement equipment, systems and protocols. Chapter Three 

reports the anthropometric, physiological and work-related characteristics of female 

outrigger canoeists and their predictive power for 1000 m outrigger canoeing 

performance. Chapter Four examines two GXT protocols to determine the most 

appropriate ergometry protocol for the determination of peak physiological capacities in 

female outrigger canoeists. Chapter Five compares the peak physiological responses 

during the 1000 m time trial and GXT to validate the 1000 m time trial as a sport-

specific protocol to measure performance and peak physiological capacities of female 

outrigger canoeists. Chapter Six reports the reliability and validity of a portable and 

laboratory-based gas analysis system to assess peak physiological responses during 

1000 m outrigger canoeing ergometry. Chapter Seven demonstrates the reproducibility 

of outrigger canoeing ergometer 1000 m time trial performance and identifies the 

pacing strategy adopted during performance. Chapters Eight and Nine identify the 

physiological (Chapter Eight) and biomechanical (Chapter Nine) demands of various 

paddling styles and their impact on overall 1000 m time trial performance. Chapter Ten 

provides a conclusion and synthesis of the chapters, and coaching recommendations 
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for crew selection and performance optimisation of the 1000 m race for female 

outrigger canoeists.  

 

1.8 Delimitations 

The thesis was delimited to: 

1) Female OC6 paddlers currently competing in the north Queensland zone grand prix 

competition for AOCRA affiliated outrigger canoe clubs; 

2) The assessment of selected anthropometric variables of female outrigger 

canoeists; and selected physiological and biomechanical variables associated with 

1000 m outrigger canoe ergometer performance; and 

3) Self-selected, Hawaiian and Tahitian styles of outrigger canoeing technique. 

 

1.9 Limitations 

The findings of this thesis were limited by the: 

1) Sample size; 

2) Non-random selection of participants from three clubs; 

3) Specific geographical location of participants; 

4) Use of an outrigger ergometer for 1000 m outrigger canoeing performance; and 

5) Testing conducted within the guidelines of the James Cook University Human 

Ethics Committee approval (H1600 and H2642). 

 

1.10 Significance of the study 

Despite being contested around the world, outrigger canoe racing has received little 

sport science research-based attention to date. In contrast, similar on-water sports of 

rowing, kayaking and Olympic canoeing have been extensively examined (Shephard, 

1987; Shephard, 1998). Current outrigger canoeing coaching practices are largely 

based on previous paddling experience and a combination of research findings from 

similar sports (Sealey, 2009). As such, coaching and training practices vary 
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considerably with current coaching practices possibly eliciting sub-optimal 

performance. The current research quantifies the demands of female 1000 m 

ergometer-based outrigger canoeing performance, in order to develop quantitative 

coaching guidelines for crew selection and performance optimisation of female 

outrigger canoeists. The implementation of these recommendations is expected to 

produce future 1000 m racing performances surpassing those evident today. The 

application of scientific research to outrigger canoeing will assist coaches and athletes 

in enhancing outrigger canoeing performance; and may enhance the sport’s elitism, 

potentially strengthening the prospect of outrigger canoe racing becoming an Olympic 

sport. 
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Chapter Two 

Review of literature 

2.1 Introduction 

The ultimate aim for sports coaches is to provide athletes with training regimes and 

advice that allows the athlete the opportunity to perform optimally. Sport science-based 

assessments and interventions can be incorporated into coaching practice to achieve 

optimum performance, examples of which include anthropometric, physiological and 

biomechanical analysis (Reilly, Morris & Whyte, 2009) and pacing strategy profiling 

(Abbiss & Laursen, 2008). These contributions can be used by coaches to assist with 

athlete selection, to monitor performance, and to correct technique and race strategy in 

order to enhance overall performance, particularly in developing sports such as 

outrigger canoe racing.  

 

Despite being classified as non-professional, outrigger canoe racing in Australia is 

highly contested with reports that Queensland-based competitors train at least three 

times each week on-water in OC6 craft, complemented by at least five cross-training 

sessions (Stanton et al., 2002). Given the time dedicated by outrigger canoeists 

towards training for competition and enhancing fitness, it is important that coaches 

contribute to the development of these athletes through the implementation of 

evidence-based coaching practices designed to facilitate optimal performance. Current 

coaching practices are based upon previous experiences of coaches, unscientific 

works published by experienced outrigger canoeists, and scientific findings for similar 

sports (Sealey, 2009). While these works provide insight into outrigger canoeing 

coaching strategies, quantitative sport science information is limited. Research-based 

coaching practices for other on-water sports such as rowing, kayaking and Olympic 

canoeing are more prevalent and may contribute to outrigger canoeing coaching 

practice. However, due to the unique nature of outrigger canoeing, the application of 

such practices may not elicit optimal performance in outrigger canoeing. Subsequently, 
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a concerted effort should be made to incorporate outrigger canoeing-specific, sport 

science-based assessments and interventions into current coaching practices in order 

to facilitate optimal athletic performance of outrigger canoeists. 

 

As a consequence of the limited quantitative data available on outrigger canoeing 

performance, specific factors that contribute to optimal racing performance have not yet 

been identified. Specific points of interest to current outrigger canoeing coaches 

include criteria for OC6 crew selection and knowing which paddling technique to use 

for optimal performance (Sealey, 2009). As a specific example, coaches commonly 

adopt the paddling technique used by winning crews (Stanton et al., 2002). However, 

simply replicating the paddling technique of a successful crew may not elicit success in 

another crew. Factors such as body composition, strength, aerobic fitness and paddling 

experience of crew members may influence the effectiveness of specific paddling 

techniques. It is envisaged that the technique adopted by crews will vary according to 

the strengths and weaknesses of the crew members and on the race distance 

contested. A crew consisting of tall, muscular crew members may well adopt a different 

paddling technique to a crew comprising of small but very fit paddlers. Further, a crew 

may use a fast but fatiguing technique during sprint races, but a slower stroke may be 

employed for marathon distances to avoid the deleterious effects of fatigue in the later 

stages of the marathon. Until such time that evidence-based, quantifiable coaching 

practices for outrigger canoeing become available, it is expected that coaches and 

athletes will continue to ponder how to select crews and how to enhance performance. 

This thesis will examine the effect that certain anthropometric, physiological and 

biomechanical variables have on female 1000 m outrigger canoeing performance, as 

measured during outrigger canoeing ergometry. Ultimately, the current research will 

provide quantitative coaching recommendations for crew selection and enhanced 

performance of 1000 m outrigger canoeing. 
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While outrigger canoeing, rowing, kayaking and Olympic canoeing are all human-

powered on-water sports, each is unique. It is important that sport scientists and 

coaches understand the similarities and differences between these sports so that 

informed decisions can be made with respect to how information from other sports may 

assist with the assessment of outrigger canoeing performance.  While sports such as 

rowing and kayaking have progressed from ergometer-based research to on-water 

analysis, it is important that outrigger canoeing research be conducted initially in a 

controlled laboratory setting, to enhance the reliability of results as compared to field-

based testing (Reilly et al., 2009). This will allow for the quantification of the demands 

of the sport without influence of external factors such as waves, wind and steering 

ability. This chapter will review the use of ergometers for athlete testing and training, 

and the assessment of and quantification of variables and strategies that predict and 

optimise on-water sports, particularly outrigger canoeing, rowing, kayaking and 

Olympic canoeing. 

 

2.2 Ergometers 

Previously, training for outrigger canoeing has incorporated on-water outrigger 

canoeing sessions in combination with resistance training and aerobic endurance 

cross-training such as running and swimming (Stanton et al., 2002). Recently there has 

been an increased use of outrigger ergometers as a fitness training tool (AOCRA, 

2000). The use of outrigger ergometers for specialised coaching practice such as 

performance monitoring and crew selection however, is currently under-utilised in 

comparison to rowing, where ergometers are often used as training and testing tools 

(Soper & Hume, 2004a). On-water physiological and biomechanical assessment of 

outrigger canoeing is difficult due to specific instrumentation requirements and 

changing oceanic conditions. Therefore, the quantification of the demands of outrigger 

canoeing ergometry can provide a controlled environment for monitoring and assessing 

performance. 
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During the 1970s and 1980s, laboratory-based physiological testing of rowers, Olympic 

canoeists and kayakers was performed on treadmills and cycle ergometers (Bunc, 

Heller, Leso, Sprynarova & Zdanowicz, 1987; Sidney & Shephard, 1973). The more 

recent use of arm crank ergometers (Billat et al., 1996), rowing ergometers (Bunc & 

Leso, 1993; Perkins & Pivarnik, 2003; Pripstein et al., 1999; Schabort, Hawley, Hopkins 

& Blum, 1999; Smith & Spinks, 1995) and kayak ergometers (Forbes & Chilibeck, 

2007; Pelham & Holt, 1995; van Someren & Palmer, 2003; Zamparo et al., 1999) 

however, has provided the opportunity to assess laboratory-based physiological and 

biomechanical performance that closely simulates on-water performance. This 

progression from generic to sport-specific ergometers has provided a valuable tool for 

assessing sport-specific performance (Maestu et al., 2005) as these ergometers more 

closely replicate the metabolic and functional adaptations to training than generic 

ergometers (Bunc & Heller, 1991). 

 

Over the past 20 years, a variety of sport-specific ergometers have been used to 

assess rowing performance, including the Concept IITM (Morrisville, USA), the 

GjessingTM (A.S. Haby, Norway), the RowperfectTM (Care, The Netherlands) and the 

StanfordTM (Gamut Engineering) ergometers. The Concept IITM ergometer has been the 

most widely used ergometer for rowing research (Goss-Sampson, Hall & Price, 2002; 

Hawkins 2000; Ingham, Carter, Whyte & Doust, 2007; Macfarlane, Edmond & 

Walmsley, 1997; Perkins & Pivarnik, 2003; Pripstein et al., 1999; Schabort et al., 1999). 

The Concept IITM ergometer has been reported to provide reliable performance results 

(Macfarlane et al., 1997; Schabort et al., 1999; Soper & Hume, 2004a) and valid 

replication of the physiological and biomechanical demands of on-water rowing (Lamb, 

1989; Maestu et al., 2005), with Concept IITM rowing ergometer time trial performance 

able to predict world rankings (Mikulic, Smoljanovic, Bojanic, Hannafin & Matkovic, 

2009; Mikulic, Smoljanovic, Bojanic, Hannafin & Pedisic, 2009). 
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While the Concept IITM rowing ergometer has received the most research attention, 

several studies have compared the physiological and biomechanical demands between 

different rowing ergometers (Mahony, Donne & O’Brien, 1999; Nowicky, Burdett & 

Horne, 2005; Steer, McGregor & Bull, 2006). There were no significant physiological or 

biomechanical differences reported between Concept IITM and RowPerfectTM ergometer 

rowing (Nowicky et al., 2005), however thigh rotation was reported as different between 

Concept IITM and WaterRowerTM ergometer rowing (Steer et al., 2006). Therefore, while 

largely similar in performance for both ergometers, small inconsistencies in 

biomechanical demands across different rowing ergometers warrants caution when 

comparing performance across different rowing ergometer models. Kayak ergometry-

based research has involved the use of both the K1TM ergometer provided by Garran, 

Australia (Bishop, Bonetti & Dawson, 2002; van Someren & Palmer, 2003; van 

Someren & Howatson, 2008) and the Australian Sports Commission (van Someren & 

Oliver, 2002; van Someren, Phillips & Palmer, 2000); and the DansprintTM ergometer 

supplied by Huidovre, Denmark (Bonetti, Hopkins & Kilding, 2006). The K1TM 

ergometer has been reported as valid for simulating on-water kayak performance with 

respect to both work done and physiological demand (van Someren et al., 2000). There 

appears to be no research available to date (SCOPUS search, May 2010) that reports 

the reliability of the kayak ergometers, or either the reliability or validity of canoe 

ergometry. 

 

Despite the high reliability and validity reported for sport-specific ergometry, rowers 

have been shown to gain a slight improvement in ergometer time trial performance with 

repeated testing. Specifically, rowers demonstrated a 2.3% improvement between the 

first and second trials of a 2000 m Concept IITM rowing ergometer performance test 

(95% confidence interval of 0.1 to 4.5%), with a further 0.9% improvement (95% 

confidence interval of -1.4 to 3.3%) between the second and third trials (Schabort et al., 

1999). This reduced variation of results indicated increased familiarisation and perhaps 
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a learning effect of pacing. Given the evidence of a small improvement across repeated 

trials, it is suggested that athletes be familiar with both the ergometer and the protocol 

before performance testing to allow the athlete the best opportunity to perform 

optimally. 

 

In summary therefore, rowing and kayak ergometers appear to be valid indicators of 

sport performance as they closely replicate on-water demands, albeit in a controlled 

environment. Ergometer performance testing may therefore be used to monitor athlete 

performance, to correct technique, and to assist with athlete selection in rowing and 

kayaking. Recently, an attachment has been developed (Vermont Waterways, 

Vermont, USA) to modify the Concept IITM rowing ergometer into an outrigger canoeing 

ergometer (Figure 2.1).  The production of this sport-specific outrigger canoeing 

ergometer will provide coaches with the opportunity to perform physiological, 

biomechanical and performance analysis of outrigger canoeists in a controlled 

environment.  

 

 

Figure 2.1: Rowing ergometer (Concept IITM, Morrisville, USA) with an outrigger 

canoeing attachment (Vermont Waterways, Vermont, USA). 
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2.3 Crew selection for on-water sports 

Currently, coaches consider on-water skills such as paddling technique, paddling 

synchrony (timing), confidence and experience in varying oceanic conditions, and 

specialist skills such as steering, in combination with attitude and commitment when 

selecting OC6 crews for competition (Sealey, 2009). These variables however are 

largely subjective and are therefore difficult to quantify. Additional variables such as 

power/strength, aerobic fitness and OC1 or ergometer time trials are also considered 

for crew selection (Sealey, 2009). Despite the use of these objective variables to assist 

with the selection of OC6 crews, it is not currently known how best to measure these 

variables or if they even predict OC6 performance. 

 

2.3.1 Performance predictors 

Performance predictors refer to specific variables that improve or impede performance. 

Positively altering performance predictors should enhance athletic performance 

however Atkinson and Nevill (2001) suggest that while a 1% improvement is 

worthwhile, to be considered an important change, the improvement in performance 

must allow an athlete to improve their ranking/placing during competition or crew 

selection. The identification of performance predictors for sports provides crucial 

information that can be used by coaches when selecting crews, monitoring 

improvements and prescribing training regimes (Reilly et al., 2009).  

 

A frequently cited performance predictor of various sports is the anthropometric 

characteristics of athletes (Norton & Olds, 1996). To date, differences have been noted 

between athletes of different performance level within a sport; between athletes of 

different sports; and between athletes and the general population. Indeed, Cermak, 

Kuta & Parizkova (1975) found that canoeists and kayakers were taller and heavier and 

displayed greater sitting height, biacromial and chest breadths and smaller bi-

iliocristale and bi-trochanteric breadths than the general population. Over 20 years 
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later, Aitken & Jenkins (1998) reported elite kayakers to be heavier (mass), longer 

limbed (greater upper arm, forearm, thigh and lower leg lengths) and more muscular 

(greater biceps girths) than non-kayakers, but contrary to Cermak and colleagues 

(1975), found no significant difference in height or bi-iliocristale breadth between the 

groups. Although some minor differences were noted between the studies, elite 

kayakers and canoeists were typically larger anthropometrically than the general 

population. The stature of female kayakers (Zamparo et al., 1999) appeared to be 

similar in height (150 to 176 cm) but lighter in mass (45 to 69 kg) than competitive 

female outrigger canoeists (height = 168 cm, mass = 70 kg; Humphries et al., 2000). 

Female rowers were reported to be taller and heavier than both outrigger canoeists and 

kayakers with height and mass ranging between 168 to 177.5 cm and 67.1 to 78.6 kg, 

respectively (Hagerman et al., 1979; Perkins & Pivarnik, 2003; Pripstein et al., 1999; 

Riechman et al., 2002).  

 

With respect to performance, more successful elite rowers and kayakers were taller 

and heavier than their less successful but still elite counterparts (Bourgois et al., 2001; 

Fry & Morton, 1991; Kerr et al., 2007).  Female light-weight and open-weight Olympic 

class rowers displayed arm spans greater then their own standing heights, and the 

more successful open-weight rowers had lower skinfold thickness than their less 

successful counterparts (Kerr et al., 2007). Comparisons of national and international 

level sprint kayakers determined that the international-level kayakers displayed greater 

arm, forearm and chest girths, humerus breadths and overall mesomorphy than 

national-level competitors (van Someren & Palmer, 2003). Further, Shephard (1998) 

surmised that for the selection of rowers, the emphasis should be placed on height, 

whereas canoeing and kayaking selections emphasise muscular development (Fry & 

Morton, 1991). These anthropometric variations emphasise the difference in 

performance requirements between the sports. Rowing is contested over 2000 m with 

combined movement of the rowers’ upper and lower body to maximise stroke length 
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and power production, and therefore has a greater reliance on height. In contrast, 

canoeing and kayaking are generally contested over shorter distances with only the 

upper body contributing to movement. Subsequently, muscle size (particularly upper 

body) for an explosive sprint effort is of greater importance in these sports.  

 

Overall, competitive rowing performance is largely dependent upon height (Bourgois et 

al., 2000; Kerr et al., 2007; Riechman et al., 2002; Shepherd, 1998; Yoshiga & Higuchi, 

2003), mass (Bourdin et al., 2004; Bourgois et al., 2000; Kerr et al., 2007; Russell et 

al., 1998; Yoshiga & Higuchi, 2003), V O2max (Bourdin et al., 2004; Cosgrove, Wilson, 

Watt & Grant, 1999; Pripstein et al., 1999; Russell et al., 1998; Yoshiga & Higuchi, 

2003), peak blood lactate (LApeak) (Cosgrove et al., 1999), relative power output (Smith 

& Spinks, 1995), force production via increased time spent in the propulsive phase of 

the stroke (Martin & Bernfield, 1980) and both peak and mean 2000 m ergometer 

power output (Bourdin et al., 2004; Riechman et al., 2002). Similarly, kayak 

performance (typically over 500 to 1000 m) has been predicted by height, girths and 

muscularity (Fry & Morton, 1991; van Someren & Palmer, 2003), V O2max (Fry & 

Morton, 1991) and reduced time spent in the recovery phase of the stroke (Sanders & 

Kendal, 1992). To date, limited information on outrigger canoeing performance 

predictors is available however height, bone width, V O2max and peak paddling force 

have all been reported to correlate to OC1 250 m performance (Humphries et al., 

2000). These OC1 results, along with that published for rowing and kayaking may 

provide a starting point for future research for the identification and quantification of 

performance predictors in OC6 racing.  

 

2.3.2 Physiological assessment  

It has been well reported that peak physiological capacity can predict OC1, rowing and 

kayaking performance (Cosgrove et al., 1999;  Fry & Morton, 1991; Humphries et al., 
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2000; Pripstein et al., 1999; Russell et al., 1998; Yoshiga & Higuchi, 2003) and 

therefore can be used as a tool for team selection. Generally, the primary variable of 

interest during physiological analysis of athletes is the rate of oxygen consumption 

( V O2), as measured by indirect calorimetry with gas analysis systems. In addition to 

V O2, these gas analysis systems measure carbon dioxide production ( V CO2), 

fractions of expired O2 and CO2 (FEO2 and FECO2), ventilation rate ( V E), tidal volume 

(TV), respiratory rate (RR) and respiratory exchange ratio (R). Analysis of these 

physiological variables during exercise allows for the identification of the athlete’s peak 

physiological capacity and the physiological demand of a specific test/event. Given the 

importance of these physiological variables for athlete selection, it is important to be 

aware of potential errors associated with measurement. 

 

Sources of variation in physiological performance are classified as either biological or 

technical (Hopkins, 2000; Katch, Sady & Freedson, 1982; Macfarlane, 2001) with 

approximately 90% of variation attributed to biological error and the remaining 10% 

associated with technical error (Fielding, Frontera, Hughes & Fisher, 1997; Katch et al., 

1982; Macfarlane, 2001; Shephard, Rankinen & Bouchard, 2004). Normal day-to-day 

intra-individual variation in V O2max of between 4% and 12% has been reported to 

contribute to biological error (Shephard, 1984; Versteeg & Kippersluis, 1989). In light of 

this normal variation, repeated V O2max results within 2 to 3 mL·kg·min-1 (Babineau, 

Leger, Long & Bosquet, 1999; Macfarlane, 2001) or 3% (Gore, 2000) have been 

suggested as acceptable. Factors such as performance effort and motivation (Katch et 

al., 1982), the time of day of testing (Bougard, Bessot, Moussay, Sesboue & Gauthier, 

2009), the state of rest and food intake (Hopkins, Schabort & Hawley, 2001) and 

hydration status (Ganio, Casa, Armstrong & Maresh, 2007) of the athlete have all been 

examined to minimise biological error. Further, the technical error associated with 

performance can also be largely controlled and therefore has the potential to 
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substantially reduce the overall error associated with physiological analysis of 

performance. There are numerous mechanisms for reducing this technical error such 

as equipment and protocol selection. 

 

2.3.2.1 Physiological testing equipment 

In addition to the range of ergometers used during testing of on-water sport athletes 

(section 2.2), numerous types of gas analysis systems have been used during 

physiological analysis. Such equipment includes the laboratory-based systems housing 

mixing chambers or Douglas bags, and the more recent portable, telemetric systems 

(Macfarlane, 2001). Each system has advantages and disadvantages that are 

dependent on the testing environment and procedures. Gas analysis systems differ in 

size, calibration and operational procedures, the range of data output available, and 

reliability and validity that may elicit different results (Macfarlane, 2001). The Douglas 

bag system has previously been used as the criterion method or gold standard for 

assessing V O2 (Atkinson, Davison & Nevill, 2005; Carter & Jeukendrup, 2002), 

however it requires highly skilled operators and is time consuming (Atkinson et al., 

2005). Therefore, other automated systems are currently being used for V O2 

measurement. Despite variations in design, several laboratory-based gas analysis 

systems have been reported as valid for the measurement of V O2, as determined 

against either the Douglas bag system or a simulator. Such validated gas analysis 

systems include the Medical Graphics CPX/DTM, the Parvomedics Truemax 2400TM, the 

Physio-Dyne Max 1TM and Sensormedics VmaxTM (Macfarlane, 2001), the MarquetteTM 

breath-by-breath system, the Beckman’s HorizonTM system (Babineau et al., 1999), 

and the OxyconTM Alpha and Pro systems (Carter & Jeukendrup, 2002). Conversely, 

the Sensormedics 2900TM resulted in significantly higher V O2 (Babineau et al., 1999) 

and the Pulmolab EX670TM resulted in significantly lower V O2 (Carter & Jeukendrup, 
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2002) than the Douglas bag system indicating that these systems produce significantly 

different results to validated systems.  

 

 With as little as 1% improvement known to significantly enhance athletic performance 

outcomes (Atkinson & Nevill, 2001), the technical error associated with physiological 

analysis has the potential to exacerbate or mask actual performance changes (Katch et 

al., 1982). It has been reported that V O2max obtained from three commercially available 

laboratory-based gas analysis systems varied by up to 20% with these differences 

attributed to variations in measurement technique (technical error; Matthews, Bush & 

Morales, 1987). Technical error within a gas analysis system can be minimised by 

adhering to the manufacturer’s guidelines such as correctly calibrating the gas 

analysers, ensuring the integrity and cleanliness of the sampling lines and flow meters, 

and using certified gas mixtures and calibration syringes during the calibration process 

(Atkinson et al., 2005; Babineau et al., 1999).  Reducing the technical error associated 

with between-system comparisons of V O2max involves controlling the within-system 

factors stated above, as well as standardising the measurement procedures and 

components used across the systems. Sampling rate is one such source of 

measurement technical error that can be controlled (Matthews et al., 1987). Most 

commercially available gas analysis systems collect breath-by-breath data and allow 

for a variety of expired air sampling rates (Midgley, McNaughton & Carroll, 2007). In a 

recent meta-analysis by Midgley and colleagues (2007), of the 198 studies published 

between 2005 and 2006 involving averaging methods to determine V O2max, 89 studies 

did not specify sampling rate, while 88 used stationary time interval averages of 10 s 

(n=5), 15 s (n=9), 20 s (n=12), 30 s (n=47) and 60 s (n=15). Of the remaining 21 

studies, 20 used moving time averages. The variety of sampling rates used in recent 

studies may influence results and therefore future consideration should be made for 

standardising the sampling rate used during physiological assessment. 
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While breath-by-breath data collection provides accurate information on V O2 kinetics, 

averaging data over short time intervals such as breath-by-breath, 5 s or 10 s time 

averaging appears highly variable due to inter-breath fluctuations (Hill, Stephens, 

Blumoff-Ross, Poole & Smith, 2003; Midgley et al., 2007) and results in higher V O2 

values compared to 60 s sampling periods (Midgley et al., 2007; Myers, Walsh, 

Sullivan & Froelicher, 1990). While the 60 s sampling appears less variable (Myers et 

al., 1990) than shorter sampling periods, it may not be practical given the difficulty of 

maintaining maximal intensity for 60 s (Myers et al., 1990) and due to inherent 

dampening of the V O2-work rate relationship (Midgley et al., 2007). These factors may 

result in underestimation of V O2max when using 60 s sampling (Astorino, Robergs, 

Ghiasvand, Marks & Burns, 2000). Five, seven and eight breath averaging techniques 

yielded similar variability results to each other and to 15 s and 30 s sampling rates 

(Myers et al., 1990), while Macfarlane (2001) noted that 15 s and 20 s sampling rates 

were comparable. Interestingly, while varying sampling rates resulted in V O2max 

differences, the reproducibility for all time averages was reported as almost identical 

(Midgley et al., 2007), indicating that sampling rate influences absolute V O2 values but 

not error (Midgley et al., 2007). In light of the evidence that sampling rate influences 

V O2 due to fluctuations in breathing dynamics (Myers et al., 1990; Matthews et al., 

1987), sampling rate should be standardised, with a sampling rate of 15 s or 20 s 

appearing suitable for V O2 assessment (Macfarlane, 2001). In fact, 15 s and 20 s 

sampling rates yield similar results to multiple breath-by-breath averaging techniques 

and are neither too short nor too long to be impacted by breathing fluctuations and 

electrical noise, nor stage incompletion and work rate dampening (Hill et al., 2003; 

Midgley et al., 2007; Myers et al., 1990; Zhang, Johnson, Chow & Wasserman, 1991). 

It should be noted that 15 s and 20 s sampling rates have been used during rowing and 

kayak ergometry with successful quantification of peak physiological responses to 



 34 

performance (Bishop, Bonetti & Spencer, 2003; Perkins & Pivarnik, 2003; Pripstein et 

al., 1999; Zamparo et al., 1999). 

 

As previously described, sampling rate influences V O2, but the components used for 

measuring air flow and gas concentration may also impact on technical error as both 

significantly contribute to the calculation of V O2. Pneumotachometers measure air flow 

and may include pressure differential transducers, opto-electric turbines, pitot tubes 

and hot-wire mass flow sensors (Macfarlane, 2001). Gas concentration analysers 

include thermostated electrochemical sensors (e.g. polargraphic sensors), 

paramagnetic sensors and zirconion oxide sensors (Macfarlane, 2001). When different 

gas analysis systems equipped with the same type of flow meter were examined, the 

V O2 variation between systems was attributed to the different gas concentration 

analysers (Duffield, Dawson, Pinnington & Wong, 2004). Alternatively, when different 

gas analysis systems equipped with different flow meters were compared, the variation 

in V O2 was attributed to differences in air flow measurement (Babineau et al., 1999). 

Subsequently, the same gas analysis system should be used for comparison testing to 

avoid this technical error associated with different components. 

 

Variations in gas analysis system componentry and sampling rates may influence not 

only the validity, but also the reliability of a system, however the majority of gas 

analysis system research has focused on between-system comparisons for validity 

(Macfarlane, 2001). Available reliability studies report a wide range of reliability across 

systems (Carter & Jeukendrup, 2002) with the gold standard Douglas bag reliability 

reported at a coefficient of variation (CV) of 2.5% and 5.1% for moderate and high 

intensity exercise, respectively (Carter & Jeukendrup, 2002; Cullum, Welch & Yates, 

1999). In comparison, two OxyconTM systems (CV of 4.5 to 6.5%) and the Physio-Dyne 

Max 1TM (CV of 3.2%) reported similar reliability, while the Pulmolab EX670TM was 
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reported as highly variable across repeated tests (CV of 26.8 to 33.6%) during both 

moderate and high intensity exercise (Carter & Jeukendrup, 2002). Overall, technical 

error of V O2 measurement can be minimised by using the same gas analysis system 

that is reliable and valid such as the Douglas bags and Oxycon systems; by 

standardising the sampling rate (for example 15 s or 20 s); and by correctly calibrating 

the analysers. 

 

While accurate and reliable (Macfarlane, 2001), laboratory-based gas analysis systems 

have limited use in field-based sporting environments and hence may not provide 

practical sport-specific information. Accordingly, portable telemetric gas analysis 

systems are becoming popular for measuring field-based physiological demands and 

capacities. The recent development of portable gas analysis systems has led to 

multiple comparisons with laboratory-based systems. One of the early portable and 

telemetric models supplied by COSMED, the K4TM was found to underestimate V O2 

due to the lack of a CO2 analyser (Kawakami, Nozaki, Matsuo & Fukunaga, 1992) and 

assumption that R was 1.0 throughout the analysis. The revised model, the K4b2 TM 

was developed with a CO2 analyser to allow for actual V CO2 measurement which 

produced significantly higher V O2, V CO2, and FECO2 and significantly lower FEO2 than 

a laboratory-based gas analysis system (MorganTM ventilometer with Ametek Applied 

ElectrochemistryTM analysers) (Duffield et al., 2004). Others have also reported V O2 

overestimation by the K4b2 TM (8 to 11% higher) in comparison to both the EX670TM 

mass spectrometer (McNaughton, Sherman, Roberts & Bentley, 2005) and a 

laboratory-based system consisting of a SerromexTM O2 analyser, DatexTM CO2 monitor 

and MorganTM ventilation monitor (Pinnington, Wong, Tay, Green & Dawson, 2001). 

While the V O2 differences between these systems were suggested to result from 

variations in FEO2 and FECO2 values, no further explanation was provided (Pinnington 

et al., 2001; McNaughton et al., 2005). 
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Despite reported V O2 differences between the COSMED K4b2 TM and laboratory-based 

gas analysis systems, Pinnington and colleagues (2001) reported that results from 

these systems were highly correlated and the 3 to 8% error associated with the K4b2 TM 

was consistent. Further, repeated trials of the COSMED K4b2 TM at various running 

intensities resulted in similar V O2 with significant intraclass correlation coefficient 

values across all intensities (0.53 to 0.87, p<0.05). Therefore, despite an approximate 

10% overestimation of V O2 by the K4b2 TM compared to laboratory-based systems 

(Duffield et al., 2004; McNaughton et al., 2005; Pinnington et al., 2001), the K4b2 TM can 

be used to reliably measure physiological performance in the field (Pinnington et al., 

2001), allowing for more sport-specific assessment as compared to the larger, less 

mobile laboratory-based gas analysis systems. 

 

2.3.2.2 Physiological testing protocols 

The use of graded exercise tests for physiological assessment of athletes 

In addition to the range of ergometers and gas analysis systems available for use 

during physiological assessment of on-water sport athletes, a variety of ergometer-

based physiological assessment protocols have also been reported. These protocols 

involve either fixed (Pelham & Holt, 1995; Perkins & Pivarnik, 2003) or variable self-

selected stroke rates (Bishop et al., 2003; Schabort et al., 1999; van Someren et al., 

2000) during GXTs of either a continuous (step or ramp) or discontinuous nature.  

 

Discontinuous rowing and kayaking ergometry GXT protocols have typically included a 

rest period of 30 to 90 s between each workload increase to allow for blood sampling 

for lactate threshold identification (Bishop et al., 2003; Bourdin, Messonnier & Lacour, 

2004; Perkins & Pivarnik, 2003; van Someren & Howatson, 2008; van Someren & 

Palmer, 2003). While these protocols provide the benefit of measuring blood lactate 

accumulation and hence metabolic demand, as well as peak physiological responses, 
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the inclusion of rest periods does not specifically replicate on-water racing 

performance. A discontinuous protocol may therefore be more appropriate for 

assessing physiological capacity and the prescription of training intensities as opposed 

to assessing event-specific physiological demand and performance monitoring. 

Further, discontinuous GXT protocols require 15 to 42 min for completion (Bourdin, 

Messonnier & Lacour, 2004; Pierce, Hahn, Davie & Lawton, 1999; van Someren & 

Palmer, 2003), resulting in longer assessment time requirement compared to 

continuous GXT protocols that are designed to last 8 to 14 min (Buchfuhrer et al., 

1983; Cosgrove et al, 1999).  

 

In contrast to the discontinuous GXTs, ramp increases during continuous GXTs involve 

an uninterrupted increase in workload. The advantage of ramp protocols is that 

resistance is applied evenly regardless of the cadence (Myers & Bellin, 2000) and 

therefore can be used across a variety of cadences without compromising the protocol. 

This is advantageous in a sport-specific context whereby athletes are free to use their 

normal cadence/stroke rate during testing and therefore are likely to produce results 

that are practically relevant to performance in their chosen sport. Further, the continual 

linear increase in workload during ramp protocols is less perceptible than step 

increments and is less likely to result in acute muscular fatigue and premature test 

cessation (Smith, Doherty, Drake & Price, 2004). While gaining popularity for use in 

clinical settings (Myers & Bellin, 2000) and for non-athletic populations (Smith et al., 

2004; Zhang et al., 1991), the application of ramp protocols to athlete V O2max testing 

appears limited, with no ramp protocols reported for outrigger canoeing, rowing, 

kayaking or Olympic canoeing athlete ergometry (SCOPUS search, May 2010). This is 

likely to be a result of the necessity to use electronically braked ergometers during 

ramp testing, which are not available for outrigger canoeing, rowing, kayaking and 

Olympic canoeing ergometers (i.e. currently all are air-braked ergometers). 
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Consequently, continuous GXTs for rowing, kayaking, canoeing and outrigger canoeing 

have predominantly involved step increments. 

 

Continuous step-incremental GXTs used during rowing have involved stage durations 

of 1 to 3 min (Coen, Urhausen & Kindermann, 2003; Cosgrove et al., 1999; Pierce et 

al., 1999; Pripstein et al., 1999; Schabort et al., 1999) with workload increasing by 25 

W (Schabort et al., 1999) or 40 W (Coen et al., 2003) each stage, or with 500 m split 

time decreasing by 5 s each stage (Cosgrove et al., 1999; Pripstein et al., 1999). Kayak 

ergometer GXTs have used similar protocols but with smaller time and workload 

increments of 1 to 2 min and 15 to 30 W, respectively (Billat et al., 1996; Fry & Morton, 

1991; Pelham & Holt, 1995; van Someren & Palmer, 2003). Similarly, the canoe 

ergometer GXT has used smaller increments of 10 W every minute (Bunc & Heller, 

1991). The range of workload increments across these different aquatic sports may 

represent the proportion of musculature involved in the activity. Specifically, the one-

sided upper-body sport of canoeing incorporated the smallest workload increments, 

with the dual-sided upper-body kayaking using workloads 2 to 3 times that of canoeing, 

and the full-body rowing using workload increments 3 to 4 times that of canoeing. The 

variety of continuous GXT protocols used within each of these sports makes 

comparisons between published findings difficult. Across each sport, a range of V O2max 

values have been reported with these variations possibly due to a combination of 

athlete differences (e.g. fitness level and anthropometric profile), methodological 

variations (e.g. the protocol and equipment used) and muscle mass engaged. 

 

When selecting a GXT to use for athlete physiological assessment, consideration 

should be made for the effect of stage duration on performance. Multiple comparisons 

between 1 min and 3 min stage duration GXT protocols for cycling and treadmill 

ergometry have been reported with no difference in V O2max (Froelicher et al., 1974; 
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Roffey, Byrne & Hills, 2007; Zhang et al., 1991). Indeed, Zhang and colleagues (1991) 

noted that V O2max attainment was expected to be the same provided the overall rate of 

workload increase for the protocols was the same, independent of the pattern used to 

obtain it, with 1 min stage durations providing peak physiological responses in a shorter 

time frame then 3 min stage durations (Bishop, Jenkins & Mackinnon, 1998; Roffey et 

al., 2007). Further, long duration increments may result in ventilatory muscle fatigue 

and increased thermoregulatory load causing a deleterious effect on V O2max 

(Buchfuhrer et al., 1983; Froelicher et al., 1974; McLellan, 1985). Given the evidence 

that both short and long duration increments result in similar peak physiological 

responses, assessors would appear well served to use a GXT protocol with short stage 

durations (Roffey et al., 2007) for time efficiency. 

 

There have been few studies examining V O2max of outrigger canoeists, and those 

available have included continuous step protocols performed on an ergometer 

(Humphries et al., 2000) or a tethered OC1 (Stanton, Evans, Dascombe & Peddle, 

2001) with either the stroke rate (Stanton et al., 2001) or workload (Humphries et al., 

2000) increasing at 1 min intervals to exhaustion. Outrigger canoeists however, 

typically maintain a steady stroke rate during racing (West, 1995). Therefore, the 

incremental stroke rate test used by Stanton and colleagues (2001) may not accurately 

reflect the demands of racing, with the GXT stroke rate surpassing that typically used 

during competition. It would be expected that once competition stroke rate has been 

surpassed, technique would be altered in an attempt to maintain the unfamiliarly high 

stroke rate. This altered technique may result in a physiological response that is not 

indicative of on-water performance capacity and potentially an increased risk of injury 

as suggested when rowing at progressively higher intensities (McGregor, Patankar & 

Bull, 2005). Therefore, assessment involving workload (power output) increments may 

be more applicable for outrigger canoeing ergometry. 
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Humphries and colleagues (2000) used a short-duration incremental protocol for male 

and female outrigger canoeists that commenced at 15 W and increased by 15 W every 

minute to exhaustion. This protocol was similar to that used to assess V O2max of male 

canoeists and kayakers (Bunc & Heller, 1991; Fry & Morton, 1991) and appeared to 

reflect the activities of outrigger canoeing (i.e. variation in power production during a 

race is dependent on elapsed race distance and proximity to opposition crews). 

However, during preliminary studies of female outrigger canoeists for this thesis, it was 

found that the 15 W initial workload was too low for participants to perform a natural 

paddling stroke, while the 15 W·min-1 increments elicited rapid and perhaps premature 

exhaustion in female outrigger canoeists, resulting in a quicker GXT protocol than that 

recommended (Buchfuhrer et al., 1983; Cosgrove et al., 1999).  Indeed Humphries and 

colleagues (2000) reported that the maximum workload obtained by their female 

participants was 66 W, indicative of average test duration of 3 to 5 min. These results 

indicate that the Humphries and colleagues (2000) protocol may be more suited to 

male outrigger canoeists, and requires modification for use with female outrigger 

canoeists who typically have a smaller power production and different metabolic 

responses to incremental exercise (Kang, Hoffman, Chaloupka, Ratamess & Weiser, 

2006). Therefore, a specifically female-oriented outrigger canoeing GXT warrants 

investigation. 

 

The use of time trials for physiological assessment of athletes 

It has been well established that GXTs are useful for assessing peak physiological 

responses of upper-body trained athletes, with the V O2max of rowers and kayakers 

used to predict racing performance and success (Fry & Morton, 1991; Michael, Rooney 

& Smith, 2008; Pripstein et al., 2002; Reichman et al., 2002; Russell et al., 1998; 

Yoshiga & Higuchi, 2003). While it has been suggested that incremental V O2max tests 

should last between 8 and 14 min (Buchfuhrer et al., 1983; Cosgrove et al., 1999), 
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more recently it has been reported that shorter test durations may be suitable for 

trained athletes with 5 min and 7 min used for treadmill and cycle V O2max testing, 

respectively (Midgley, Bentley, Luttikholt, McNaughton & Millet, 2008). Both 2000 m 

rowing and 1000 m outrigger canoeing time trials take 5 to 8 min to complete and 

therefore this time frame may be sufficient to elicit V O2max during rowing and outrigger 

canoeing ergometry, resulting in a time efficient and event-specific V O2max protocol. 

 

In rowing, 2000 m ergometer time trials and race simulations lasting 5 to 8 min have 

been shown to elicit similar peak physiological responses to GXTs (Bourdon, David & 

Buckley, 2009; Hagerman, 1984; Perkins & Pivarnik, 2003; Pripstein et al., 1999). 

Perkins & Pivarnik (2003) reported that the 2000 m time trial elicited 96% of GXT 

V O2max and 98% of GXT maximal heart rate (HRmax), while other studies reported that 

the 2000 m time trial elicited slightly higher V O2max values (0.03 to 0.08 L·min-1 higher) 

than those of GXTs (Bourdon et al., 2009; Pripstein et al., 1999).  The 2000 m rowing 

ergometer time trial has been reportedly completed by trained rowers at an average 

intensity of between 91 and 98% of V O2max (Hagerman, 1984; Hagerman, Connors, 

Gault, Hagerman & Polinski, 1978; Hagerman et al., 1979; Pripstein et al., 1999), which 

simulates maximal effort on-water racing. Given the similar peak physiological 

responses between rowing ergometer time trials and GXTs (Pripstein et al., 1999) and 

the sport-specific nature of the time trial with respect to duration and intensity (Perkins 

& Pivarnik, 2003), the ergometer time trial appears to be a more suitable test for 

quantifying both athlete performance and physiological capacity than the traditional 

GXT. This is particularly important as on-water sport performance is measured by the 

time to complete a set distance, not the time taken to reach exhaustion (Atkinson & 

Nevill, 2001). 
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Previously in outrigger canoeing literature, a GXT has been used to measure V O2max 

with a separate time trial used to assess performance (Humphries et al., 2000). If, as 

reported for rowing, outrigger canoeists can attain V O2max during a distance-based 

time trial then both physiological and performance measures could be collected from 

the one test, decreasing both the time requirement and cost to the athlete and coach. 

The similar time taken to complete the commonly contested 1000 m outrigger canoeing 

event compared to the 2000 m rowing event indicates that the 1000 m outrigger 

canoeing ergometer time trial may be suitable for simultaneously assessing peak 

physiological variables and work-related performance in trained outrigger canoeists. 

 

2.3.2.3 Physiological capacity of on-water sport athletes 

The application of physiological assessment protocols has allowed for the 

quantification of the physiological capacities of on-water athletes (section 2.3.2.2). Over 

the past 10 years, publications reporting the physiological demand associated with 

rowing (n=50), kayaking (n=18) and canoeing (n=3) have been more numerous than 

those for outrigger canoeing (n=1; SCOPUS search, May 2010), with most research 

based on male athletes. 

 

The data published in the one outrigger canoeing physiological capacity publication 

available (Humphries et al., 2000) demonstrated that female outrigger canoeists 

exhibited lower peak V O2, HR and LA values compared to female kayakers and 

rowers (Table 2.1). It was expected that these values would be similar between 

outrigger canoeists and kayakers due to the relative similarity in time trial distance and 

in the movements and musculature used. The difference in V O2 reported between the 

sports may be explained by the different testing and analysis methods used (section 

2.3.2.1 and 2.3.2.2) and by the standard of participants with the outrigger canoeists 
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being of regional competitive level and the kayakers being of national representative 

level. 

 

The physiological difference between outrigger canoeing and rowing (Table 2.1) 

however was expected, given that rowing incorporates not only upper body movement 

but also explosive flexion and extension actions of the legs (Nowicky et al., 2005), 

thereby largely increasing the musculature used for propulsion. Indeed this influence of 

muscle involvement on performance is further evident by female outrigger canoeists 

generating a peak force two-thirds less than that achieved by female rowers 

(Humphries et al., 2000; McGregor et al., 2005; Steer et al., 2006). The higher heart 

rate (HR) evidenced in the rowers compared to the outrigger canoeists (Table 2.1) may 

also be associated with the different musculature used.  

 

Of note is the difference in blood lactate (LA) levels between the sports with outrigger 

canoeing eliciting the lowest LA and rowing the highest. These differences again may 

be associated with the different musculature used and the different time trial distances, 

however further investigation is warranted to confirm if these differences are of 

practical significance and if these factors are applicable only to short-moderate duration 

events.  

 

There are several female-based physiological studies available for rowing and 

kayaking, but research is very limited in outrigger canoeing. This paucity of research 

makes it difficult for coaches to select crews based on physiological performance and 

therefore more research is required. 
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Table 2.1: Peak physiological responses of female outrigger canoeists, kayakers and rowers to graded exercise tests (GXT) and time 

trials (TT). 

Sport Study Protocol V O2 

(L·min-1) 

HR 

(beats·min-1) 

LA 

(mmol·L-1) 

Outrigger Canoeing Humphries et al. (2000) GXT 2.3 ±0.5 185 ±8  

  250 m TT  184 ±10 8.6 ±1.5 

Kayaking Pelham & Holt (1995) GXT 2.9 ±0.3   

 Pendergast et al. (1989) GXT 2.8*   

 Shephard (1987) 500 m TT  177*  

 Zamparo et al. (1999) 1000 m or 

2000 m TT 

2.9 ±0.8 188 ±9 11.4 ±3.0 

Rowing Hagerman et al. (1979) 3 min TT 4.1 ±0.4 190 ±2  

 Perkins & Pivarnik (2003)  GXT 3.85 ±0.40 189 ±10  

  2000 m TT 3.70 ±0.32 184 ±10 11.8 ±5.2 

 Pripstein et al. (1999) GXT 3.55 ±0.35   

  2000 m TT 3.58 ±0.36 188*  

 Riechman et al. (2002) GXT 3.18 ±0.35  14.1 ±2.7 

Values are mean ±SD; * SD not available. 
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2.4 Performance optimisation for on-water sports 

In set-distanced sporting events such as occurs with outrigger canoeing, rowing and 

kayaking, the winner of the event is the person/crew that completes the distance in the 

fastest time. The person/crew that achieves the fastest overall average velocity for the 

event will achieve the fastest time (Martin & Bernfield, 1980; Soper & Hume, 2004a). 

An important determinant of overall average race velocity for a time trial is the pacing 

strategy used by the athlete, which may be dependent on the race distance, or more 

specifically, the time taken to complete the race. 

 

2.4.1 Pacing strategies 

Pacing refers to the distribution of effort that is regulated either consciously or 

subconsciously (Ansley, Schabort, St Clair Gibson, Lambert & Noakes, 2004). Pacing 

strategies may be adopted as a result of previous experience or in response to visual 

computation of remaining race distance (St Clair Gibson et al., 2006). Whether pacing 

is governed by peripheral or centrally located fatigue mechanisms remains unclear 

(Abbiss & Laursen, 2008; St Clair Gibson et al., 2006), however it is evident that 

athletes use specific pacing strategies to optimise performance and that reflect the 

competitive nature of the event.  

 

Pacing strategies may include all-out, positive, negative, even or variable efforts 

(Abbiss & Laursen, 2008; St Clair Gibson et al,. 2006). All-out pacing occurs when the 

athlete commences the race with maximal power output and attempts to maintain this 

maximal effort for the whole race (St Clair Gibson et al., 2006). Positive pacing involves 

a decrease in power output and hence speed as the race progresses with timed splits 

becoming progressively slower, while negative pacing involves an increase in power 

output and hence speed as the race progresses, with progressively faster split times 

(Abbiss & Laursen, 2008). As its’ name suggests, the even pace strategy comprises 

even (steady) power output and hence a constant speed throughout the race (St Clair 
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Gibson et al., 2006). Variable pacing strategies incorporate a combination of pacing 

strategies such as a fast (all-out) start followed by even pacing through the remainder 

of the race. 

 

Given that an athlete’s ability to maintain maximal power output diminishes with time 

(Ansley et al., 2004), it would be expected that while an all-out or positive strategy may 

be suited to short duration events, the other pacing strategies may be more appropriate 

for longer lasting events in order to delay the onset of and minimise fatigue, resulting in 

optimisation of competitive performance. All-out pacing has been successfully adopted 

during events lasting from 30 s (Abbiss & Laursen, 2008) up to 6 min (deKoning, 

Bobbert & Foster, 1999; Kennedy & Bell, 2003; Schabort et al., 1999; van Ingen 

Schenau, deKoning & deGroot, 1992; van Ingen Schenau, deKoning & deGroot, 1990), 

and is most often evidenced during sprint-based events (Abbiss & Laursen, 2008). 

Positive and negative pacing have been used during middle distance events (Albertus 

et al., 2005; Mattern, Kenefick, Kertzer & Quinn, 2001) while even pacing appears most 

suited to endurance events (Fukuba & Whipp, 1999; Thompson, MacLaren, Lees & 

Atkinson, 2003; Thompson, MacLaren, Lees & Atkinson, 2004).  

 

With respect to on-water sports performance of a similar nature to outrigger canoeing, 

all-out pacing was found to be superior to even pacing for short term, high intensity 

kayak performance (Bishop et al., 2002). Studies based on the 2000 m rowing event 

however, have reported various pacing strategies. Several authors have reported an 

all-out strategy at the start of the 2000 m time trial, peaking in both power output and 

V O2 within the first minute and then dropping in velocity over the last half of the race 

(Hagerman, 1984; Hagerman et al., 1979; Schabort et al., 1999). Despite the decline 

through the middle and later stages of the time trial however, V O2 was maintained at 
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96 to 98% V O2max (Hagerman et al., 1979) indicating that elite rowers were 

accustomed to maintaining near maximal effort for considerably long durations.  

 

Both Schabort and colleagues (1999) and Garland (2005) noted that while the velocity 

declined throughout the middle portions of both ergometer and on-water 2000 m rowing 

performance, velocity increased again over the last 500 m, indicating the adoption of a 

variable pacing strategy (i.e. fast start, moderate middle section and a fast finish). 

Interestingly, the pacing strategy adopted during on-water 2000 m rowing appears to 

be influenced by gender. Kennedy & Bell (2003) reported that while the fastest male 

rowers exhibited an even pace profile over 2000 m, the fastest females adopted the 

variable strategy consisting of a fast start and fast finish. The reason for the difference 

in strategies between genders is not clear, however differences in body composition 

and physiological capacity may be contributing factors. 

 

To date, no pacing strategies for outrigger canoeing performance have been reported. 

However given the similarity in time taken to complete that 1000 m outrigger canoeing 

and the 2000 m rowing events, it is expected that successful 1000 m outrigger 

canoeists may adopt a similar pacing strategy to that evidenced in successful rowing. 

Further, the pacing strategy adopted may be based on the technique used. 

 

2.4.2 Technique selection 

In outrigger canoeing, the pacing strategy adopted for an event may affect race 

completion time, as may paddling technique. The outrigger canoeing technique 

involves a cyclic movement pattern as described previously (section 1.4), with crews 

using various styles associated with specific stroke rates, paddle designs and ranges of 

movement (Holmes, 1996; West, 2006). To date, it is not known whether these 

variations in paddling style affect performance. Prior studies have examined the typical 
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movement pattern and force production associated with on-water sports and the effect 

that technique variation has on performance.  

 

Sport performance technique has been examined with respect to modification of 

technique for enhanced performance while minimising injury risk (Elliott, 1999). The 

biomechanical analysis of sports performance includes both the kinematic and kinetic 

analysis of movement. Kinematic analysis includes the measurement and interpretation 

of rates of movement, angles and lengths while kinetic analysis includes the 

measurement of variables such as force, work, power and mechanical loading (Hall, 

1995). Generally, the kinetic variables of force and power production in outrigger 

canoeing, rowing and kayaking have been quantified by measuring forces produced 

directly by contracting muscles via electromyographic analysis (Kyrolainen & Smith, 

1999; Nowicky et al., 2005) or by measuring forces produced through the ergometer 

either via load cells (Colloud, Bahuaud, Doriot, Champely & Cheze, 2006; Humphries 

et al., 2000; Macfarlane et al., 1997; Smith & Spinks, 1998; Steer et al., 2006; Torres-

Moreno, Tanaka & Penney, 1999; Hawkins, 2000) or as power output displayed on the 

ergometer console (Soper & Hume, 2004a). While this kinetic data provides information 

concerning performance time and hence success or ranking, kinematic quantification of 

movement is also beneficial as it provides information that will assist with the 

identification of the consistency of movement patterns, injury risk, and subsequent 

technique-based injury prevention strategies. The kinematic variables of movement for 

on-water sports have been assessed via two-dimensional and more recently, three-

dimensional movement analysis using video, digital or optical cameras and computer 

digitising software (Dawson, Lockwood, Wilson & Freeman, 1998; Ho, Smith & 

O’Meara, 2009; Kyrolainen & Smith, 1999; Lamb, 1989; Mann & Kearney, 1980; Martin 

& Bernfield, 1980; McGregor, Bull & Byng-Maddick, 2004; McGregor et al., 2005; 

Plagenhoef, 1979; Sanders & Kendal, 1992). The combination of kinematic and kinetic 

information provides quantification of the overall biomechanical demand of a sporting 



 49 
 

event. This information can be used to modify technique to optimise performance and 

reduce injury susceptibility. 

 

2.4.2.1 Movement patterns associated with on-water sports 

Movement patterns associated with rowing, kayaking and Olympic canoeing 

performance have been well reported despite inconsistencies in marker placement, 

movement planes assessed and the nomenclature of angles reported (Elliott, Little & 

Birkett, 2002; Mann & Kearney, 1980; McGregor et al., 2005; Nowicky et al., 2005; 

Plagenhoef, 1979; Shephard, 1987; Smith & Loeschner, 2002). Trunk movement has 

received the most attention with the main differences in trunk movement patterns 

between on-water sports identified in Table 2.2. 

 

With respect to the outrigger canoeing movement pattern, the current outrigger 

canoeing coaching literature states that the slow Hawaiian style of paddling is 

associated with exaggerated trunk movement (West, 2006). This observation is in 

agreement with Stanton and colleagues (2001) whom report that as stroke rate 

increases up to 80 strokes·min-1, trunk flexion decreases, however once stroke rate 

exceeds 80 strokes·min-1, trunk flexion increases. No other quantitative kinematic data 

for outrigger canoeing performance is currently available (SCOPUS search, May 2010) 

and therefore further investigation is needed.   

 

While the reported OC1 and dragon boat paddling data provide some assistance with 

possible movement patterns during OC6 performance, the results may not be directly 

transferable because the stroke rates associated with OC6 performance (42 to 70 

strokes·min-1) are lower than that reported for OC1 and dragon boating performance 

with movement patterns reported to vary in response to stroke rate variations 

(McGregor et al., 2004; Stanton et al., 2001). 



  

Table 2.2: Movement patterns evidenced during the propulsive phase of on-water sports. 

Sport Trunk angle at the start of 

propulsive phase 

General description of propulsive phase Authors 

Outrigger 

canoeing 

34 to 67° flexion Trunk extension and rotation, horizontal 

shoulder flexion, shoulder extension and elbow 

extension (isometrically). 

 

Stanton, 1999;  

Stanton et al., 2001. 

Dragon boating 41° flexion Trunk and shoulder extension and elbow 

flexion. 

 

Ho et al., 2009. 

 

Canoeing 30 to 47° flexion and  

30° rotation 

Trunk flexion then extension, trunk rotation and 

shoulder extension. 

Plagenhoef, 1979;  

Shephard, 1987. 

 

Kayaking 10° flexion and  

30 to 40° rotation 

 

Trunk rotation and horizontal arm displacement. Shephard, 1987. 

 

Rowing 21 to 32° flexion Trunk, hip and knee extension and shoulder 

and elbow flexion. 

Barrett & Manning, 2004; Elliot 

et al., 2005; Nowicky et al., 

2005; Smith & Loschner, 2002. 

50 
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  Stroke characteristics of on-water sports. 

Rowing, kayaking and outrigger canoeing reportedly use stroke lengths of 1.39 m 

(Steer et al., 2006), 1.42 to 1.71 m (Sanders & Kendal, 1992) and approximately 0.44 

to 0.90 m (Stanton et al., 2001), respectively. Stroke length has been directly correlated 

to velocity in swimming (r=0.78) with more skilled swimmers using a longer stroke 

length and able to maintain a more consistent stroke length than less skilled swimmers 

(Chollet, Pelayo, Deleplace & Tourny, 1997).  However, despite the mathematical link 

between stroke length and velocity (Martin & Bernfield, 1980; Thompson, Haljand & 

MacLaren, 2000; Toussaint, Carol, Kranenborg & Truijens, 2006), to date there has 

been no significant relationship reported between stroke length and boat velocity for 

on-water kayak performance (Sanders & Kendal, 1992), with stroke rate recognised as 

the main influence on boat velocity in both kayaking and rowing (Chollet et al., 1997; 

Hofmijster et al., 2007; Martin & Bernfield 1980; Sanders & Kendal, 1992; Seifert & 

Chollet, 2005; Soper & Hume 2004b). The effect that stroke rate and stroke length 

have on outrigger canoeing time trial performance has not yet been reported (SCOPUS 

search, May 2010). 

 

Another stroke kinematics variable of interest is the proportion of time spent in the 

propulsive and recovery phases of the stroke as this may affect performance. The 

proportion of time spent during the propulsive phase of the stroke has been reported as 

38 to 51% for Olympic canoeing (Pelham et al., 1992), 56% for dragon boating (Ho et 

al, 2009), 37 to 57% for rowing (Dawson et al., 1998) and 64 to 69% for kayaking 

(Sanders & Kendal, 1992). Power can only be generated during the propulsive phase 

of the stroke and therefore more time spent in the recovery phase results in less 

average stroke power (Sprague, Martin, Davidson & Farrar, 2007). The impact of the 

proportion of time spent in the propulsive and recovery phases of rowing performance 

was noted by Sprague and colleagues (2007) whereby despite a 46% increase in pull 

power (the average rate of doing work during the propulsive phase), overall stroke 
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power (the average rate of doing work during the entire stroke) declined by 24% due to 

decreased time spent in the propulsive phase and increased time spent in the recovery 

phase (Sprague et al., 2007). Subsequently, maintaining the propulsive phase for 

longer and minimising recovery time will result in increased boat velocity and better 

performance (Martin & Bernfield, 1980), irrespective of the stroke rate employed. 

 

The effect of stroke rate on performance 

Average velocity is the product of stroke rate and stroke length (Laffite et al., 2004; 

Martin & Bernfield, 1980; Thompson et al., 2000; Toussaint et al., 2006) without 

consideration for environment or equipment influences. One might therefore assume 

that faster stroke rates in conjunction with longer stroke lengths result in faster boat 

velocity. However, it has been reported that stroke rate and stroke length are inversely 

proportional (Fritzdorf, Hibbs & Kleshnev, 2009; Stanton et al., 2001; Thompson et al., 

2000) and therefore one must consider if an increase in one variable and a subsequent 

decrease in the other impacts on performance. Stroke rates used during rowing, 

kayaking and outrigger canoeing have been reported as 30 to 41 strokes ·min-1 

(Dawson et al., 1998; Martin & Bernfield, 1980); 65 to 109 cycle ·min-1 (Sanders & 

Kendal, 1992) and 42 to 70 strokes·min-1 (Holmes, 1996; West, 2006), respectively. 

Despite these identified stroke rate ranges, researchers have studied the effect of 

stroke rate variations in rowing (Dawson et al., 1998; Hofmijster et al., 2007; McGregor 

et al., 2005; Spinks, 1996; Steer et al., 2006;), swimming (Chollet et al., 1997) and 

outrigger canoeing (Stanton et al., 2001) in an attempt to modify performance. Some 

studies concluded that higher stroke rates elicited higher power outputs/velocity and 

better performance in rowing, kayaking and swimming (Chollet et al., 1997; Hofmijster 

et al., 2007; Martin & Bernfield 1980; Sanders & Kendal, 1992; Seifert & Chollet, 2005; 

Soper & Hume 2004b). Progressively increasing stroke rate throughout a race was 

generally performed to maintain velocity despite a decline in stroke length (Alberty et 

al., 2008; Laffite et al., 2004) with the increasing proportion of time spent in the 
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propulsive phase of the stroke resulting in faster performance (Dawson et al., 1992; 

Martin & Bernfield, 1980; McGregor et al., 2005; Siegmund et al., 1999). Similarly, a 

fast stroke rate of 80 to 90 strokes ·min-1 achieved the greatest peak and mean force 

production during OC1 performance of male outrigger canoeists (Stanton et al., 2001). 

These high stroke rates however may not be transferable to OC6 performance given 

that stroke rates of 42 to 70 strokes ·min-1 are commonly used by OC6 paddlers during 

competition (Holmes, 1996; West, 2006). Further, it is unlikely that a stroke rate as high 

as 80 or 90 strokes·min-1 would be maintained for an entire 1000 m race of 5 to 8 min 

duration, given that the stroke rate in the Stanton et al. study (2001) was only 

maintained for 1 min.  

 

In contrast to the above findings that performance is typically enhanced by increasing 

stroke rate, it has been noted that international level 2000 m rowing crews have 

competed successfully with both slow and fast stroke rates, with no significant 

difference in race velocity achieved (Martin & Bernfield, 1980). Further, an overall 

slower stroke rate has been reportedly used for longer distance swim races compared 

to that used in shorter races (Seifert & Chollet, 2005; Seifert, Delignieres, Boulesteix & 

Chollet, 2007; Thompson et al., 2000), possibly as a pacing strategy. Consequently, a 

combination of stroke rate and stroke length alterations, or more precisely the 

interaction of the two variables, appears to affect velocity and hence overall 

performance. However, it is not yet clear how the changes in these variables are 

controlled. Indeed, despite the reported conclusion that stroke rate is deliberately 

altered in response to stroke length decrements (Laffite et al., 2004), it has also been 

reported that stroke length does not change significantly with increases in stroke rate 

during rowing (McGregor et al., 2004).  Future research should investigate the direct 

relationship between stroke rate and stroke length, and how they affect performance 

velocity.  
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While it is important to understand the impact that varying stroke rate has on overall 

performance (i.e. velocity), stroke rate may also impact on the movement pattern 

associated with performance. During OC1 paddling, trunk flexion varies with stroke rate 

(Stanton et al, 2001), while variations in trunk and leg biomechanics have also been 

noted with changes in rowing stroke rate (McGregor et al., 2004). These technique 

alterations may potentiate back injury. 

 

Back pain and back injuries have been reported in rowing (Howell, 1984; Pollock, 

Jenkyn, Jones, Ivanova & Garland, 2009; Teitz, O’Kane, Lind & Hannafin, 2002), 

kayaking (Kizer, 1987), canoeing (Walsh, 1985) and outrigger canoeing (Stanton, 

1998), and have been attributed to a combination of prolonged sitting, repeated back 

flexion-extension, repeated back rotation, and a rapid rate of force production (Howell, 

1984; Karlson, 2000; Kizer, 1987; Reid & McNair, 2000; Stanton, 1998). A rapid rate of 

force production is increasingly likely to occur at higher stroke rates due to the time 

constraint associated with stroke completion and therefore adopting a higher stroke 

rate to enhance velocity, may inherently result in increased risk of back pain. Current 

outrigger canoeing literature report that the slow Hawaiian outrigger canoeing style 

coincides with a long stroke length and exaggerated torso movement while the fast 

Tahitian style involves a short stroke and less torso movement (Holmes, 1996; Stanton 

et al., 2001; West, 2006). However, the impact of stroke rate alterations on 1000 m 

time trial performance has not yet been reported. Further examination of the movement 

pattern and style of paddling will clarify the technique that results in optimal 

performance and the potential role of this on back injury risk. 

 

2.5 Summary  

The predictors for successful rowing and kayaking have been well established with 

rowing largely dependent upon height, mass, V O2max, LApeak and power output with 



 55 

kayak performance largely dependent upon height, girths and V O2max. Further, factors 

such as pacing strategy and stroke rate selection impact on performance success. 

Outrigger canoeing performance may be predicted from a combination of factors 

known to predict rowing and kayaking performance, however it is unclear to what 

extent each variable will influence performance. It is hazardous to merely postulate on 

what will impact outrigger canoeing performance based on rowing and kayak findings 

alone given that while similar in general terms, there are distinct differences in the 

nature of these sports. Instead of directly adopting the rowing and kayak findings to 

outrigger canoeing coaching, as currently encouraged (West, 1995), the rowing and 

kayaking research should be used to highlight variables that should be considered and 

indeed quantified during outrigger canoeing performance. 

 

Previously, sports performance research has tended to focus on the physiological and 

biomechanical contributions to and demands of performance individually. The current 

research is aimed at identifying determinants of 1000 m outrigger canoeing 

performance including factors associated with body stature and composition, 

physiology, biomechanics and performance strategies. This process will include a 

specific emphasis on the different paddling styles (Hawaiian, Tahitian and Australian) 

apparent in today’s outrigger canoe racing. 

 

It is envisaged that the incorporation of existing outrigger canoeing, rowing and 

kayaking research findings with new findings from the current research will significantly 

contribute to the development of outrigger canoe racing in Australia. It is expected that 

outrigger canoeing performance assessment on an ergometer will pave the way for on-

water analysis of outrigger canoeing performance under racing conditions and assist 

the sporting body’s vision of outrigger canoe racing becoming an Olympic sport. 
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Chapter Three 

Predictors of 1000 m outrigger canoeing performance 

 

Kerr (now Sealey), R.M., Spinks, W., Leicht, A.S., & Sinclair, W. (2008). Predictors of 

1000 m outrigger canoeing performance. International Journal of Sports Medicine, 29, 

675-678. 

Published version included in Appendix B, with permission. 

 

3.1 Introduction  

Outrigger canoe racing is a relatively new Australian sport with the first regatta staged 

in 1981. The sport is developing in terms of participation, level of competition and 

technology and as such there is a shortage of available scientific knowledge to assist 

coaches with crew selection strategies. Over the past decade, Australian-based OC6 

crews have won numerous world titles in the womens events despite the relative recent 

history of the sport in Australia. In order to continue this success, it is vital that coaches 

select the best crews for competition. While various criteria (for example paddling 

technique, training and racing experience and specific personality characteristics) are 

used for team selection (AOCRA, 2000), it is unknown what specific anthropometric 

and physiological characteristics influence 1000 m outrigger canoeing performance and 

hence should be considered for crew selection. 

 

Optimal 250 m outrigger canoeing performance is associated with tall athletes with 

large bone breadths and high V O2max, 1RM bench press and peak paddling force 

(Humphries et al., 2000). However, these results are based on a predominantly male 

sample and care should be taken when relating these results to female crews. To date, 

there has been no consideration of the relationships between the anthropometric and 

physiological characteristics of female outrigger canoeists and 1000 m performance, an 

internationally recognised race distance that takes 5 to 7 min for completion. 
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Performance descriptors of 2000 m rowing have included V O2peak (Bourdin et al., 2004; 

Cosgrove et al., 1999; Pripstein et al., 1999; Yoshiga & Higuchi, 2003), mass (Bourdin 

et al., 2004; Cosgrove et al., 1999; Riechman et al., 2002; Yoshiga & Higuchi, 2003), 

height (Riechman et al., 2002; Yoshiga & Higuchi, 2003), LApeak
 (Cosgrove et al., 1999) 

and V E (Riechman et al., 2002), however Ppeak appears to be the best overall predictor 

of performance (Bourdin et al., 2004; Riechman et al., 2002).  While 200 m kayaking 

has been significantly correlated with arm and chest girths and humerus breadth (van 

Someren & Palmer, 2003), the 1000 m performance predictors were V O2peak (Fry & 

Morton, 1991; Pelham & Holt, 1995; van Someren et al., 2000), body mass (van 

Someren et al., 2000) and chest girth (Fry & Morton, 1991). Despite the similarity in 

race duration between the 2000 m rowing, 1000 m kayaking and 1000 m outrigger 

canoeing events, the technique and equipment used are different. Therefore, while 

rowing and kayaking research may provide assistance with 1000 m outrigger canoeing 

crew selection, outrigger-specific performance variables need to be determined. The 

purpose of this study was to determine the extent to which specific anthropometric, 

physiological and work-related variables predict 1000 m ergometer time trial 

performance of female outrigger canoeists. 

 

3.2 Methods  

Participants 

Female outrigger canoeists (n=17) from the north Queensland region volunteered and 

gave their written informed consent to participate in this study as approved by the 

James Cook University Human Ethics Committee. Participants had an average 

competition experience of 5 ±2 yr.  
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Protocols 

On arrival at the laboratory, participants completed anthropometric profiling of body 

mass, standing and sitting height, arm span, eight skinfold thicknesses (bicep, tricep, 

subscapular, iliac crest, supraspinale, abdominal, front thigh and medial calf), eight 

girths (arm flexed and relaxed, forearm maximum, chest, waist, gluteal, mid thigh and 

calf) and two bone breadths (biepicondylar humerus and femur). Body mass and 

heights were measured using bioelectrical impedance scales (Tanita Corporation, 

Tokyo, Japan) and a wall mounted stadiometer (Seca, Hamburg, Germany), 

respectively. Skinfold thickness was measured with calibrated callipers (Harpenden, 

Baty International, west Sussex, England) while a steel tape (ALKP2, Tokyo, Japan) 

and small sliding callipers (Rosscraft Innovations, Canada) were used to measure 

girths and bone breadths. Anthropometric measurements were assessed by a level 1 

ISAK anthropometrist, following published guidelines (Marfell-Jones et al., 2006). 

Anthropometric data were entered into the LifesizeTM computer software package 

(Olds, van Ly & Norton, 2000) for determination of percentage body fat and 

somatotype. Somatotype was reported as extent of endomorphy, mesomorphy and 

ectomorphy. Participants then completed a 1000 m time trial on a rowing ergometer 

(Model D, Concept IITM, Morrisville, USA) modified with an outrigger attachment 

(Vermont Waterways, Vermont, USA). At the time of testing participants were 

completing at least three on-water training sessions per week and were familiar with 

the 1000 m ergometer time trial. 

 

Participants completed a 3 min warm-up at 25 W with a self-selected stroke rate prior 

to the 1000 m time trial. During the time trial, expired air was continuously collected by 

a metabolic cart (PowerlabTM, AD Instruments, Castle Hill, Australia) calibrated for gas 

composition and air volume using an alpha gas mixture of 10% O2 and 7% CO2 with N2 

base (BOC, Sydney, Australia) and a 3 L calibration syringe (Hans Rudolph, Kansas 

City, USA). Expired air, V E, RR and R were analysed at 15 s intervals for determination 
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of V O2peak. Heart rate, stroke rate and power output were also recorded every 15 s with 

HR measured by a HR monitor (S610, Polar Electro Oy, Kempele, Finland), and stroke 

rate and power output recorded from the ergometer display unit. Power output was 

reported as Pmean and Ppeak. Blood lactate was measured immediately after the 1000 m 

time trial and again at 3, 5 and 7 min post exercise via a 30 uL blood sample drawn 

from the finger. The blood samples were analysed (Accutrend lactate analyser, Roche 

Diagnostics, Mannheim, Germany) for LApeak determination. Split times for 250 m, 500 

m, 750 m and 1000 m were recorded by stopwatch, with 1000 m time the primary 

variable for performance correlations.  

 

Statistical analysis 

Data were analysed using the Statistical Package for Social Sciences (SPSS Inc, 

Version 12, Chicago, Ill, USA) and reported as mean ±standard deviation (SD). Data 

were normally distributed and Pearson’s product-moment correlations were used to 

identify relationships between measured anthropometric and physiological values and 

1000 m performance. Variables significantly correlated to 1000 m time were analysed 

by stepwise multiple regression to determine the most significant factors contributing to 

1000 m performance. Alpha was set at 0.05. 

 
3.3 Results  
 

Anthropometric profiling 

Participant anthropometric data are shown in Table 3.1. 
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Table 3.1: Mean ±SD anthropometric measures of female outrigger canoeists (n=17). 

Variable Mean ±SD 

Age (yr) 34.2 ±8.7 

Mass (kg) 71.4 ±10.3 

Height (cm) 167.7 ±6.1 

Sitting height (cm) 89.7 ±3.4 

Arm span (cm) 168.8 ±7.3 

Sum 8 skinfolds (mm) 170.5 ±51.5 

LifesizeTM body fat (%) 29.9 ±6.6 

Endomorphy 5.8 ±1.7 

Mesomorphy 4.6 ±1.8 

Ectomorphy 1.5 ±1.2 

Chest girth (cm) 91.7 ±7.0 

Waist girth (cm) 77.3 ±9.0 

Hip girth (cm) 100.6 ±6.6 

Relaxed arm girth (cm) 29.8 ±3.2 

Flexed arm girth (cm) 31.7 ±3.1 

Forearm girth (cm) 26.1 ±3.0 

Thigh girth (cm) 51.6 ±4.2 

Calf girth (cm) 36.9 ±4.2 

Humerus breadth (cm) 6.2 ±0.4 

Femur breadth (cm) 9.2 ±0.5 
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Physiological capacity 

Peak oxygen consumption ranged between 1.99 and 4.53 L·min-1 (3.17 ±0.67 L·min-1). 

Ventilation, R, and RR values coinciding with V O2peak attainment were 104.4 ±12.7 

L·min-1, 1.06 ±0.07 and 59.0 ±5.8 breaths·min-1, respectively. Mean HRpeak of 177 ±11 

beats·min-1 represented 95 ±4% of age-predicted HRmax for the group. 

 
Performance measures  

Participants completed the time trial at a HRmean intensity of 89 ±6% of age-predicted 

HRmax (165 ±12 beats·min-1), with a range of 79 to 98%. Peak blood lactate ranged 

between 8.9 and 19.7 mmol·L-1 (12.7 ±2.6 mmol·L-1). Group averages for Pmean, Ppeak, 

SRmean and split times are reported in Table 3.2. 

 

Table 3.2: Mean ±SD and range of selected performance measures for female 

outrigger canoeists during a 1000 m ergometer time trial (n=17). 

Variable Mean ±SD Range 

Pmean (W) 65 ±16 38 to 94 

Ppeak (W) 91 ±25 54 to 142 

SRmean (strokes·min-1) 56 ±4 48 to 62 

250 m time (s) 86 ±7 75 to 101 

500 m time (s) 175 ±16 152 to 209 

750 m  time (s) 266 ±26 216 to 319 

1000 m time (s) 359 ±33 308 to 428 
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Correlations 

High correlations with 1000 m performance time were observed for 750 m time (r 

=0.98, p =0.001), 500 m time (r =0.98, p =0.001), Pmean (r =-0.98, p =0.001), 250 m time 

(r =0.92, p =0.001), and Ppeak (r =-0.84, p =0.001). Moderate correlations with 1000 m 

performance time were observed for V O2peak (r =-0.69, p =0.01), flexed arm girth (r =-

0.69, p =0.01), relaxed arm girth (r =-0.62, p =0.01), HRmean as a % of age predicted 

HRmax (r =0.61, p =0.01), humerus breadth (r =-0.60, p =0.01), mesomorphy (r =-0.56, p 

=0.02), HRmean (r =0.54, p =0.03), LApeak (r =0.53, p =0.03) and V E coinciding with 

V O2peak (r =-0.50, p =0.04). 

 

Regression models 

Stepwise multiple regression analyses were carried out to predict 1000 m performance, 

one model each for anthropometric, physiological and work related variables. 

Coefficients of determination (R2) and standard error of the estimate (SEE) values for 

the prediction models are outlined below. 

 

Anthropometric model:  

1000 m time = -15.393(flexed arm girth) +3.656(waist girth) -27.384(humerus breadth) 

– 2.569(sitting height) + 963.192.  

R2 =0.914, SEE =11.025. 

Physiological model:  

1000 m time = -31.572( V O2peak) + 1.208(HRmean) + 259.183. 

 R2 =0.682, SEE =19.592. 
 

Work related model:  

1000 m time = -2.004(Pmean) + 489.092.  

R2 =0.967, SEE =6.098. 
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Applying these model variables into one regression equation resulted in Pmean 

predicting 1000 m time with R2 and SEE values of 0.967 and 6.098, respectively. 

Additional regression models were run using Pmean as the performance variable with the 

following resultant equations:  

 

Anthropometric model:  

Pmean = 7.347(flexed arm girth) – 1.822(waist girth) + 14.245(humerus breadth) – 

114.747.  

R2 =0.833, SEE =7.237. 

 

Physiological model:  

Pmean = 14.366( V O2peak) – 0.555(HRmean) + 111.249.  

R2 =0.590, SEE =10.909. 

 

Work related model:  

Pmean = 0.565(Ppeak) + 13.803.  

R2 =0.758, SEE =8.094. 

 

Entering these model variables into one stepwise regression model resulted in the 

following equation:  

 

Pmean = 0.320(Ppeak) + 4.764(flexed arm girth) – 1.066(waist girth) + 7.494(humerus 

breadth) – 78.761.  

R2 =0.966, SEE =3.391 (Table 3.3). 
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Table 3.3: Stepwise multiple regression model for 1000 m mean power output. 

Step Model variable R2 SEE 

1 Ppeak 0.758 8.094 

    

2 Ppeak 0.883 5.822 

 Flexed arm girth   

    

3 Ppeak 0.946 4.118 

 Flexed arm girth   

 Waist girth   

    

4 Ppeak 0.966 3.391 

 Flexed arm girth   

 Waist girth   

 Humerus breadth   

 

3.4 Discussion 

The highest single variable correlations to 1000 m outrigger performance were 

progressive split times, Pmean and Ppeak, followed by V O2peak, arm girth, humerus 

breadth, extent of mesomorphy and HRmean. Previous research similarly reported 

significant correlations between time trial performance and V O2peak and humerus 

breadth in outrigger canoeing (Humphries et al., 2000). Standing height, sitting height 

and arm span were also associated with faster time, however the majority of 

participants in the former study were male with mean height, sitting height, arm span 

and 250 m time trial performance values superior to those reported for females in the 

current study (Humphries et al., 2000). While greater height and arm span allows for 

force to be generated over a longer distance as a result of longer lever arms, other 
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methods of power production such as faster stroke rates, greater torso movement and 

isometric leg contractions may be used by female outrigger canoeists to compensate 

for smaller height and arm span. 

 

While it was expected that power output would be highly correlated to 1000 m 

performance (Bourdin et al., 2004; Riechman et al., 2002), it was interesting to note the 

significant correlations between several physiological and anthropometric variables. 

Higher V O2peak, HRmean and LApeak were moderately correlated to 1000 m performance 

indicating that the 6 min test was dependent not only on aerobic capacity but also the 

ability to maintain a high intensity effort throughout the time trial, as demonstrated by 

the high group HRmean (89% age-predicted HRmax) and LApeak (12.7 mmol·L-1) values. 

Further, the moderate correlations between 1000 m performance and arm girth, 

humerus breadth and extent of mesomorphy indicate that a larger body structure 

contributed to performance perhaps due to the increased ability to generate power via 

increased muscularity. 

 

Stepwise multiple regression analysis indicated that Pmean was the most powerful 

predictor of 1000 m performance accounting for 97% of the variance and when Pmean 

became the performance variable, flexed arm girth, waist girth, humerus breadth and 

sitting height again accounted for 97% of the variance. Despite being significantly 

correlated to performance, the selected physiological variables ( V O2peak and HRmean) 

did not appear in the final regression equation predicting 1000 m performance.  

 

Outrigger canoeing is a unique sport in that competition is based on age divisions 

rather than defined ability levels, therefore not only do crews of varying performance 

abilities race against each other but individuals of varying performance abilities may be 

placed in the same crew. Therefore, it is not surprising to note the range of 
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performance values obtained for the current group of female outrigger canoeists. 

Within the same squad there was a difference of 2 min between the fastest and slowest 

1000 m times, a difference of 56 W between the highest and lowest Pmean, and a 

difference of 2.5 L·min-1 between the highest and lowest V O2peak. This data range 

emphasises the need to determine specific performance variables for outrigger 

canoeing to assist with crew selection. 

 

3.5 Conclusion 

The significant correlations identified in this study demonstrated that greater power 

production and maintenance, a more mesomorphic stature with larger arm girths and a 

higher aerobic capacity are associated with faster 1000 m time trial performances for 

female outrigger canoeists. Stepwise multiple regression analysis verified that Pmean, 

followed by the anthropometric variables of flexed arm girth, waist girth, humerus 

breadth and sitting height predicted 1000 m performance. Therefore, these identified 

characteristics should be used in conjunction with other selection criteria (e.g. paddling 

experience, paddling technique and specific personality characteristics) for selection of 

female outrigger canoeing sprint crews. 

 

  



 67 

Chapter Four 

Comparison of physiological responses to graded exercise test performance in 

outrigger canoeing 

 

Kerr (now Sealey), R.M., Spinks, W.L., Leicht, A.S., Sinclair, W., & Woodside, L. 

(2008). Comparison of physiological responses to graded exercise test performance in 

outrigger canoeing. Journal of Sports Sciences, 26(7), 743-749. 

Published version included in Appendix B, with permission. 

 

4.1 Introduction 

The peak physiological capacity of an athlete is best measured using equipment and 

techniques that the athlete utilises during competition. In sports such as outrigger 

canoeing however, it is difficult to achieve this due to the varying environmental 

conditions such as changing wind, wave and ocean current conditions that may 

influence results. The use of test protocols and equipment that closely simulates on-

water technique and elicits peak physiological responses is therefore recommended 

when assessing the physiological capacity of outrigger canoeists.  

 

Considerable research has focussed on the effects of test protocol selection on lower 

and full body exercise such as cycling and running to exhaustion and as such, 

standardised protocols for the determination of V O2peak during these activities have 

been established (Bishop et al., 1998; Davis et al., 1982; Froelicher et al., 1974). In 

activities incorporating upper body movements such as rowing, arm cranking, kayaking 

and outrigger canoeing however there has been little research aimed at the 

establishment of a standardised protocol for the assessment of peak physiological 

responses and therefore a variety of protocols are currently used.  

 

As with running and cycling ergometry, GXTs are the most common method for the 

determination of V O2max of rowers (Coen et al., 2003; Perkins & Pivarnik, 2003; 
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Riechman et al., 2002), kayakers (Bishop et al., 2002; Pelham & Holt, 1995; Sitkowski, 

2002; van Someren & Palmer, 2003) and outrigger canoeists (Humphries et al., 2000; 

Stanton et al., 2001).  Discontinuous rowing and kayaking GXT protocols vary in time 

increments of 2 to 5 min (Bishop et al., 2002; Perkins & Pivarnik, 2003; Riechman et 

al., 2002) while continuous tests have used 1 to 3 min stages (Coen et al., 2003; 

Pelham & Holt, 1995; van Someren & Palmer, 2003). Increments in power output vary 

between 20 and 40 W (Bishop et al., 2002; Coen et al., 2003; Perkins & Pivarnik, 2003; 

Riechman et al., 2002; van Someren & Palmer, 2003). Despite the large volume of 

research quantifying physiological responses of rowers and kayakers to GXTs, the use 

of different protocols makes it difficult to compare results. Outrigger canoeing is an 

emerging sport and as such the development of a standardised GXT to determine the 

physiological responses of outrigger canoeists would ensure comparability of GXT test 

results, providing a sound basis for athlete assessment and training program 

evaluation.   

 

Outrigger canoeing GXTs include 1 min increments of stroke rate (Stanton et al., 2001) 

or power output (Humphries et al., 2000). Outrigger canoeists generally maintain a 

stroke rate of 60 to 64 strokes·min-1 during racing (West, 1995) and therefore the 

incremental stroke rate test (Stanton et al., 2001) may not be specific to the sport. 

Humphries et al. (2000) used a 15 W·min-1 protocol for both male and female outrigger 

canoeists. However, tests conducted on female outrigger canoeists in our laboratory 

indicated that a commencing power output of 15 W was too low for participants to 

perform a self-reported natural paddling stroke and that increasing power output by 15 

W every minute resulted in rapid exhaustion (2 to 4 min).  Further, it is uncertain 

whether 1 min increments allow enough time for V O2 kinetics to plateau before the 

next increment thus potentially preventing achievement of V O2max criteria (Bassett & 

Howley, 1997). These factors suggest that the protocol used by Humphries et al. 
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(2000) could be modified to facilitate the determination of peak physiological capacities 

in female outrigger canoeists during outrigger canoeing ergometry.   

 

Sport-specific ergometers are most often used for GXT purposes in rowing (Perkins & 

Pivarnik, 2003; Pripstein et al., 1999; Schabort et al., 1999; Smith & Spinks, 1995) and 

kayaking (Pelham & Holt, 1995) instead of the traditional treadmill (Shephard, 1987) 

and arm crank protocols (Billat et al., 1996). The sport-specific ergometers allow for 

reliable (Schabort et al., 1999) and higher V O2max results than those attained during 

treadmill or cycling ergometry (Stromme, Ingjer & Meen, 1977; Steinacker, Marx, Marx 

& Lornes, 1986). The recent development of an attachment (Vermont Waterways, 

Vermont, USA) that allows conversion of the widely used rowing ergometer (Concept 

IITM Morrisville, USA) into an outrigger canoeing ergometer has enabled laboratory-

based sport-specific testing in outrigger canoeing. This study aimed to determine which 

of two variations of the Humphries et al. (2000) ergometer GXT protocol best elicits 

peak physiological responses in female outrigger canoeists.  

 

4.2 Methods 

Participants 

Trained female outrigger canoeists (n=17, age 34.2 ±8.8 yr, height 167.7 ±6.1 cm, 

mass 71.5 ±0.5 kg, body fat 24.5 ±6.5%) from the north Queensland region 

volunteered and gave their written informed consent to participate in this study as 

approved by the James Cook University Human Ethics Committee. Participant 

outrigger canoeing competition history ranged from 2 to 12 yr (mean = 4 yr), all had 

competed in at least one international tournament (range = 1 to 7) and all were 

engaged in a weekly training program consisting of at least three outrigger canoeing, 

two resistance and two aerobic endurance training sessions per week. All participants 

were familiar with the use of the outrigger ergometer prior to testing. 
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Protocols 

Participants completed two GXT protocols on a rowing ergometer (Model D, Concept 

IITM, Morrisville, USA) modified with an outrigger canoeing attachment (Vermont 

Waterways, Vermont, USA). Participants attended the laboratory in a well hydrated 

state, had abstained from ingesting caffeine or large meals within 4 h prior to testing 

and had avoided strenuous exercise 24 h prior to testing. Heart rate, blood pressure, 

height, mass, % body fat and LA were measured before each test session to ensure a 

rested state. Blood lactate was measured via a 30 µL finger prick blood sample drawn 

using a lancet, heparinised capillary tube and capillary pipettor (Roche Diagnostics, 

Mannheim, Germany), and immediately analysed with a handheld analyser (Accutrend, 

Mannheim, Germany). 

 

Each GXT protocol was preceded by a 3 min warm-up paddling at 25 W. Participants 

completed the following GXT protocols to exhaustion in random order within a 3 d 

period: 

 

1) Continuous GXT commencing at 25 W for 2 min then increasing power output by 

7.5 W every 1 min until exhaustion (7.5 W). 

2) Continuous GXT commencing at 25 W for 2 min then increasing power output by 

15 W every 2 min until exhaustion (15 W). 

 

Exhaustion was deemed to have occurred when the participant could no longer 

maintain the required power output. Power output and HR were recorded every 15 s 

during the tests. Heart rate was monitored via a downloadable HR monitor (S610, Polar 

Electro Oy, Kempele, Finland) while power output was recorded from the ergometer 

digital display. Expired air was collected using a two-way mouthpiece valve (Hans 

Rudolph, Kansas City, USA) and 35 mm diameter smooth bore tubing connected to a 

gas analysis system (PowerlabTM, AD Instruments, Castle Hill, Australia). The gas 
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analysis system was calibrated for air volume and gas composition prior to each test 

using a 3 L calibration syringe (Hans Rudolph, Kansas City, USA) and certified alpha 

gas mixtures (10% O2, 7% CO2; BOC, Sydney, Australia) respectively. Additional LA 

measures were taken immediately post-test and at 3, 5 and 7 min post-test in order to 

determine LApeak. Measures of V O2, V CO2, R, V E, RR and TV were analysed 

continuously and averaged over 15 s intervals for each of the two test protocols. The 

criteria for V O2max attainment included LApeak > 8 mmol·L-1, HRpeak > 90% age-predicted 

HRmax, failure to maintain required power output, R > 1.15 and a plateau in V O2 

(American College of Sports Medicine, 2000). The group mean for R was < 1.15 

therefore results were reported as V O2peak. Ventilation, R, RR and TV are reported as 

values corresponding to V O2peak attainment, with V O2peak identified as the highest 15 s 

average for V O2. The first (VT1) and second (VT2) ventilatory thresholds were 

determined by visually inspecting the inflection point of V CO2 with respect to V O2 (VT1) 

and V E with respect to V CO2 (VT2) as reported previously (Beaver et al., 1986; Neder 

& Stein, 2006; Wisen & Wohlfart, 2004). 

 

Statistical analysis 

Data were analysed using the Statistical Package for Social Sciences (SPSS Inc, 

Version 12, Chicago, Ill, USA). Peak responses were analysed using repeated 

measures ANOVA and post hoc Tukey HSD tests. Within subject variability in peak 

responses were assessed using intraclass correlation coefficients (ICC) and Bland 

Altman plots with 95% LOA (Bland & Altman, 1986). Data was found to be 

heteroscedastic, therefore data were natural log transformed and expressed as 

measurement ratio/bias and ratio LOA (Nevill & Atkinson, 1997). Data are presented as 

mean ±SD. Alpha was set at 0.05.  
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4.3 Results 

Peak responses to graded exercise testing 

There were no significant differences in V O2peak, R, RR, V E, TV, HRpeak, Ppeak, LApeak, 

time to reach V O2peak or total test time between protocols (Table 4.1).  

 

Table 4.1: Mean ±SD  physiological variables for female outrigger canoeists during 

graded exercise tests (GXT) on an outrigger canoe ergometer (n=17). 

Variable GXT protocol 

 7.5 W 15 W 

V O2peak (L·min-1) 3.17 ±0.65 3.03 ±0.58 

R 1.10 ±0.09 1.09 ±0.07 

RR (breaths·min-1) 59.1 ±8.7 55.7 ±8.8 

V E (L·min-1) 105.1 ±20.6 98.6 ±17.1 

TV (L) 2.00 ±0.33 2.00 ±0.29 

HRpeak (beats·min-1) 174 ±11 174 ±10 

Ppeak (W) 73 ±19 74 ±18 

LApeak (mmol·L-1) 10.8 ±2.0 11.8 ±1.9 

Test time (s) 508 ±139 487 ±135 

Time to V O2peak (s) 480 ±138 437 ±128 

 

A typical example of the V O2 response to both protocols is shown in Figure 4.1.  
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Figure 4.1: Progressive V O2 response of a female outrigger canoeist during the 7.5 W 

and 15 W graded exercise test protocols. 

 

Ventilatory threshold one (VT1) occurred at a V O2 of 2.01 ±0.42 L·min-1 and 2.07 ±0.55 

L·min-1 for the 7.5 W and 15 W GXT, respectively. These V O2 values for VT1 were 

equivalent to 60 ±9% and 64 ±14% of V O2peak. Ventilatory threshold two (VT2) occurred 

at a V O2 of 2.64 ±0.50 L·min-1 (7.5 W GXT) and 2.66 ±0.46 L·min-1 (15 W GXT), being 

equivalent to 79 ±12% and 83 ±11% of V O2peak. The metabolic rate (% V O2peak) 

corresponding to VT1 and VT2 were not significantly different between the GXT 

protocols. An example of the graphs used to identify VT1 and VT2 are shown in Figure 

4.2, with VT1 and VT2 occurring at the visual inflection points of V CO2 against V O2, and 

V E against V CO2, respectively.  
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Figure 4.2: V CO2  vs V O2 (a) and V E vs V CO2  (b) plots of a female outrigger canoeist 

during the 15 W graded exercise test, used for determining VT1 and VT2 by visually 

identifying the inflection points of plots a) and b), respectively. 
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Within subject variability 

High to moderate significant ICCs were identified for all variables except R (Table 4.2). 

Measurement bias/ratio ranged between 0.98 and 1.09 (Table 4.2). The 95% ratio LOA 

for HRpeak displayed only 3% variation however the values obtained for all other 

variables were unacceptably high, ranging from 1.09 to 1.14 (Table 4.2).  

 

 Table 4.2:  Intraclass correlation coefficient (ICC) (95% confidence interval) and 

measurement bias/ratio */÷ 95% ratio LOA of peak variables between 7.5 W and 15 W 

incremental outrigger canoeing ergometry graded exercise test protocols (n=17).  

Variable 
ICC 

(95% confidence interval) 

Measurement bias/ratio 

*/÷ 95% ratio LOA 

V O2peak (L·min-1) 0.845 (0.622 to 0.941)††† 1.04 */÷ 1.10 

V E (L·min-1) 0.735 (0.407 to 0.895)††† 1.06 */÷ 1.14 

RR (breaths·min-1) 0.772 (0.475 to 0.911)††† 1.06 */÷ 1.13 

TV (L) 0.874 (0.688 to 0.954)††† 1.00 */÷ 1.09 

R 0.292 (-0.204 to 0.669) 1.01 */÷ 1.09 

Time to V O2peak (s)  0.943 (0.849 to 0.979)††† 1.09 */÷ 1.10 

HRpeak (beats·min-1)  0.905 (0.757 to 0.964)††† 1.00 */÷ 1.03 

Ppeak (W) 0.933 (0.824 to 0.975) ††† 0.98 */÷ 1.13 

†††p<0.001. 

 

4.4 Discussion 

There were no significant differences between the GXT protocols for any of the 

physiological ( V O2peak, R, RR, V E, TV, VT1, VT2, HRpeak, HRmean, time to reach V O2peak) 

or performance-based (Ppeak, LApeak, total test time) variables therefore either GXT 

appears to be suitable for the assessment of peak physiological capacities and the 

ventilatory threshold of female outrigger canoeists.  
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Numerous protocols exist for the determination of V O2peak in arm cranking, rowing, 

kayaking and outrigger canoeing (Humphries et al., 2000; Perkins & Pivarnik, 2003; 

Shepherd, 1987; Smith et al., 2004) however there appears to be no agreed optimal 

protocol. Continuous ramp and incremental step protocols with time and power output 

intervals ranging from 1 to 5 min and 15 to 40 W respectively, have been previously 

used (Bishop et al., 2002; Coen et al., 2003; Perkins & Pivarnik, 2003; van Someren & 

Palmer, 2003). Humphries et al. (2000) utilised a 15 W·min-1 protocol for the 

assessment of V O2peak in outrigger canoeing however during pilot testing the current 

authors determined that 15 W·min-1 increments were too steep for female outrigger 

canoeists to achieve V O2peak due to local muscular fatigue causing premature 

exhaustion within 2 to 4 min. Also the V O2peak and LApeak values reported by 

Humphries et al. (2000) were only 75% of those recorded for the participants in the 

current study. These differences in peak values may have been due to differences in 

physiological capacity between the groups or because the 15 W ·min-1 protocol used by 

Humphries et al. (2000) may not have allowed for the criteria associated with V O2peak 

to be achieved, due to early onset of local muscular fatigue. Therefore, two variations 

to this protocol (7.5 W·min-1 and 15 W·2min-1 increments) were used in this study in 

order to initiate exhaustion closer to the recommended 8 to 12 min range (American 

College of Sports Medicine, 2000).  

 

Despite concern about 1 min increments not allowing enough time to achieve V O2peak 

(Bassett & Howley, 1997), it has been documented that the rate and amplitude of 

increase in V O2 is faster in exercise using smaller muscle mass, such as arm cranking 

(Ogata & Yano, 2005) and therefore 1 min increments might be sufficient to elicit 

V O2peak in outrigger canoeing ergometry. Interestingly, V O2 progressively increased 

throughout the GXT protocols and had either reached V O2 plateau or had started to 
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decline by test completion (Figure 4.1). Specifically, nine athletes reached V O2peak 

while eight athletes displayed a decline in V O2 by 0.1 to 0.4 L·min-1 below V O2peak by 

test cessation in the 7.5 W GXT. Similarly in the 15 W GXT, six athletes reached 

V O2peak and eleven athletes were declining in V O2 (0.1 to 0.7 L·min-1) by test 

cessation. This finding is in contrast to previous research where a V O2 response 

plateau was not consistently demonstrated in either ramp or step protocols (Rossiter, 

Kowalchuk & Whipp, 2006) with a plateau occurring in less than 50% of participants 

(Day et al., 2003). The concerns of Bassett & Howley (1997) seem to be unfounded in 

outrigger canoeing ergometry with 1 min increments sufficient for the achievement of 

V O2peak. 

 

The results indicated no difference in V O2peak, HRpeak or Ppeak between the protocols. 

Zhang et al. (1991) reported that V O2peak was not affected by changes in work rate 

protocol providing the overall rate of increase is the same lending further support for 

the use of either GXT protocol in the current study. While the 15 W GXT required 

slightly higher overall work with a non-significantly higher anaerobic contribution (i.e. 

LApeak) compared to the 7.5 W GXT, the difference was likely to have been too small to 

impact on peak physiological responses with peak physiological results similar for both 

GXT protocols. 

 

Ventilatory threshold (VT) may be used in conjunction with V O2max results (Boulay, 

Simoneau, Gilles & Bouchard, 1997) to monitor and evaluate endurance capacity and 

performance in athletes, with VT being successfully determined during sport-specific 

protocols for swimmers and triathletes (80 to 84% V O2peak, Roels et al., 2005) and 

canoeists and rowers (85% V O2peak, Bunc & Leso, 1993). Ventilatory threshold one 

(VT1) refers to the upper boundary of moderate intensity exercise while VT2 separates 
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heavy from non-sustainable intensity associated with the respiratory compensation 

point (Neder & Stein, 2006), after which time performance may become compromised. 

The VT2 values reported in the current study of 78% and 84% V O2peak indicates that 

above this intensity, work cannot be sustained for a prolonged period due to the onset 

of fatigue. The coach may use this information to set racing intensity just below that 

pertaining to VT2 in an attempt to maintain the intensity as high as possible without 

compromising racing performance due to an early onset of fatigue.  The metabolic 

equivalents of VT1 and VT2 reported for both outrigger canoeing GXT protocols were 

similar. Therefore, both protocols allow for the determination of VT1 and VT2 during 

outrigger canoeing ergometry, the determination of which will assist coaches in setting 

training and racing intensities and identifying training-induced adaptations.  

 

Despite the apparent suitability of both GXT protocols for the physiological assessment 

of female outrigger canoeists, the 95% ratio LOA for all parameters except HRpeak were 

unacceptably high (1.09 to 1.14) with the 95% ratio LOA for V O2peak being 1.10. This 

suggests that the V O2peak results for a particular GXT protocol may vary by as much as 

10% above or below the other GXT protocol, as previously reported for arm cranking 

(Smith et al., 2004) which in turn, indicates that it is preferable to consistently use the 

same GXT protocol for comparison purposes. Despite the popularity of GXTs for 

measuring V O2peak in rowers and kayakers, there is an increasing amount of research 

available justifying the use of all-out efforts to measure V O2peak (Perkins & Pivarnik, 

2003; Pripstein et al., 1999). The merit of using all-out tests to determine the peak 

physiological responses of outrigger canoeists has yet to be assessed. 

 

4.5 Conclusion 

Both GXT protocols produce statistically similar peak physiological responses to 

outrigger canoeing ergometry. However, due to the large limits of agreement evident 
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between protocols it is recommended that just one GXT protocol be used for the 

determination of peak physiological responses and anaerobic thresholds in female 

outrigger canoeists during outrigger canoeing ergometry in order to minimise intra-

individual variability of physiological responses to performance testing. Data derived 

from the chosen GXT protocol, specifically V O2peak, HRpeak and VT, can then be used to 

assist with crew selection and monitoring of training and performance outcomes. 

Future research should compare the physiological responses to GXT protocols to time 

trial performance in outrigger canoeists in order to consider the efficacy of time trial 

performance tests compared to GXT protocols.  
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Chapter Five 

Physiological responses to 1000 m ergometer time trial performance in outrigger 

canoeing 

 

Kerr (now Sealey), R., Spinks, W., Leicht, A., Sinclair, W., & Woodside, L. (2008). 

Physiological responses to 1000 m ergometer time trial performance in outrigger 

canoeing. Journal of Sports Sciences, 26(11), 1219-1223. 

Published version included in Appendix B, with permission. 

 

5.1 Introduction 

Outrigger canoe racing with crews consisting of six members commenced in Australia 

in 1981 (West, 1995) and has continued to grow in popularity throughout Australia. 

Despite increasing participation in the sport there is limited information regarding the 

physiological capacities of participants. In particular, there is no standardised 

procedure for the measurement of physiological capacity in outrigger canoeists which 

would allow for talent identification and monitoring of performance.   

 

Graded exercise tests conducted on sport-specific ergometers (e.g. rowing and kayak 

ergometers) have been used to determine the peak physiological capacity of outrigger 

canoeists, rowers and kayakers (Bishop et al., 2002; Coen et al., 2003; Hahn & 

Bourdon, 1994; Humphries et al., 2000; Pelham & Holt, 1995; Riechman et al., 2002; 

Sitkowski, 2002; van Someren & Palmer, 2003). These tests enable the assessment of 

peak physiological capacity as well as the determination of lactate threshold levels, 

which can then be used to prescribe training intensities. Performance measures such 

as power output and time to complete a set distance are often used in conjunction with 

measures of physiological capacity for crew selection but these performance measures 

cannot be determined via a GXT. Instead, set-distance time trials are used to measure 

the performance variables (Perkins & Pivarnik, 2003; Pripstein et al., 1999).  Therefore, 
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if crews are to be selected on the basis of a combination of physiological capacities 

and performance measures the athletes may be required to undergo both GXT and 

time trial efforts. 

 

While higher V O2peak is achieved during GXT compared to simulated competitive 

efforts in the untrained, the same is not necessarily true for highly trained athletes 

(Foster, Green, Snyder & Thompson, 1993). Highly trained athletes train specifically for 

maximal competitive efforts and are able to maintain a very high percentage of V O2peak 

throughout an all-out effort (Hagerman et al., 1979) and may even reach peak 

physiological response values attained during GXT protocols (Perkins & Pivarnik, 2003; 

Pripstein et al., 1999). Therefore, when the intention of testing is to provide feedback 

concerning both V O2peak and time trial performance for crew selection and performance 

monitoring purposes, an all-out test may be most appropriate. Humphries et al. (2000) 

reported a correlation of -0.59 between 250 m time and V O2max as determined during 

incremental ergometer testing, however no data is available concerning the 

physiological response to 1000 m performance, which is a more commonly raced 

distance in outrigger canoeing. 

 

This study examined the peak physiological responses and performance measures of 

female outrigger canoeists during a 1000 m outrigger canoe ergometer time trial and 

compared these responses to those obtained during two different GXT protocols. The 

aim of the research was to determine the extent to which the time trial elicited peak 

physiological responses for a group of specifically-trained outrigger canoeists and 

therefore whether the time trial was an appropriate test to determine both performance 

and peak physiological capacities of female outrigger canoeists. It was hypothesised 

that the peak physiological responses of female outrigger canoeists during a time trial 

would be similar to the values derived from GXT protocols and hence the time trial 
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would be an appropriate test for determining peak physiological capacities of female 

outrigger canoeists. 

 

5.2 Methods 

Participants 

Trained female outrigger canoeists (n=17, age 34.2 ±8.8 yr, height 167.7 ±6.1 cm, 

mass 71.5 ±10.5 kg, body fat 24.5 ±6.5%) from north Queensland-based clubs 

volunteered and gave written informed consent to participate in the study as approved 

by the James Cook University Human Ethics Committee. At the time of testing, 

participants were completing at least three outrigger canoeing, two resistance training 

and two aerobic endurance training sessions per week. All participants were familiar 

with the use of the outrigger ergometer and the 1000 m time trial protocol prior to 

testing. 

 

Protocols 

Participants attended the laboratory having abstained from exercise for 24 h prior to 

testing. Heart rate and LA were measured before testing to ensure a rested state. A 

disposable lancet, heparinised capillary tube and capillary pipettor (Roche Diagnostics, 

Mannheim, Germany) were used to draw a 30 µL finger prick blood sample which was 

ejected onto a single use strip (Roche Diagnostics, Mannheim, Germany) and analysed 

immediately with a handheld analyser (Accutrend, Mannheim, Germany). A resting 

state was determined when resting LA was below 2.0 mmol·L-1. The participants then 

undertook a 3 min, 25 W warm-up at a self-selected stroke rate on a rowing ergometer 

(Model D, Concept IITM, Morrisville, USA) modified with an outrigger canoeing 

attachment (Vermont Waterways, Vermont, USA). The warm-up was followed by a 

1000 m effort with the participants encouraged to adopt a self-selected stroke rate and 

to maximise force on the ergometer paddle in order to complete the 1000 m in the 

fastest time.   
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Heart rate (S610 heart rate monitor, Polar Electro Oy, Kempele, Finland), stroke rate 

and power output, which were measured from the ergometer display unit, were 

recorded every 15 s during the 1000 m time trial. Expired air was collected 

continuously and analysed with a gas analysis system (PowerlabTM, AD Instruments, 

Castle Hill, Australia). Measures of V O2, V CO2, R, V E, RR and TV were averaged over 

15 s intervals. The reported values for R, V E, RR and TV are those values 

corresponding toV O2peak, which was identified as the highest 15 s average for V O2. 

Prior to each test, the gas analysis system was calibrated for air volume and gas 

composition using a 3 L calibration syringe (Hans Rudolph, Kansas City, USA) and 

certified alpha gas mixtures (10% O2, 7% CO2; BOC, Sydney, Australia). Blood lactate 

measures were determined immediately post-test and at 3, 5 and 7 min post-test for 

LApeak determination. The GXT protocols previously undertaken by the participants in 

our laboratory (within 7 d of time trial assessment) were as follows: 

1) Commence paddling at 25 W for 2 min, increasing by 7.5 W every 1 min to 

exhaustion. 

2)  Commence paddling at 25 W for 2 min, increasing by 15 W every 2 min to 

exhaustion. 

 

Statistical analysis 

Mean and peak performance-based (stroke rate, power output, time, LApeak) and 

physiological ( V O2peak, V E, R, RR, TV) data were analysed using the Statistical Package 

for Social Sciences (SPSS Inc, Version 12, Chicago, Ill, USA) with results reported as 

mean ±SD. Data from the 1000 m time trial were compared to data previously obtained 

for the same participants during GXT performance in our laboratory (Kerr et al., 2008a) 

using a one-way repeated measures ANOVA and post hoc Tukey HSD tests.  

Pearson’s Product-moment correlations were calculated for mean and peak 

performance and physiological variables between the 1000 m time trial and the two 
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GXT protocols. Reliability of the 1000 m time trial was assessed in our laboratory via 

ICCs with 95% confidence intervals, carried out on repeated 1000 m time trials 

performed by a random selection of eight of the current participants. Alpha was set at 

0.05. 

 

5.3 Results 

Completion time for the 1000 m time trial ranged from 308 to 428 s, with mean 

accumulated split times of 86 ±7 s (250 m), 175 ±16 s (500 m), 266 ±26 s (750 m) and 

359 ±33 s (1000 m). Mean power output and SRmean ranged between 38 and 94 W (65 

±16 W) and 48 and 62 strokes·min-1 (56 ±4 strokes·min-1), respectively. There were no 

significant differences in any peak physiological responses between the time trial and 

the 7.5 W and 15 W GXT protocols (Kerr et al, 2008a), with results shown in Table 5.1.  

 

Correlations between completion time for the time trial and peak physiological 

responses of the current participants during GXT performance are shown in Table 5.2, 

with 1000 m time highly correlated to GXT test time, V O2peak and HRpeak as a % of age-

predicted HRmax. The repeated time trials performed by eight (randomly selected) of the 

participants resulted in a highly significant ICC value of 0.859 (p< 0.01) for V O2peak 

between trials. 
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Table 5.1: Mean ±SD physiological and performance variables for female outrigger 

canoeists during a 1000 m time trial and 7.5 W and 15 W incremental graded exercise 

test (GXT), (n=17).  

Variable Time trial GXT protocol 

 1000 m 7.5 W 15 W 

V O2peak (L·min-1) 3.17 ±0.67 3.17 ±0.65 3.03 ±0.58 

R 1.06 ±0.07 1.10 ±0.09 1.09 ±0.07 

RR (breaths·min-1) 59.0 ±5.8 59.1 ±8.7 55.7 ±8.8 

V E (L·min-1) 104.4 ±12.7 105.1 ±20.6 98.6 ±17.1 

TV (L) 2.00 ±0.35 2.00 ±0.33 2.00 ±0.29 

HRpeak (beats·min-1) 177 ±11 174 ±11 174 ±10 

LApeak (mmol·L-1) 12.7 ±2.6 10.8 ±2.0 11.8 ±1.9 

Ppeak (W) 91 ±25 73 ±19 74 ±18 

 

 

Table 5.2: Significant correlations of submaximal and peak physiological responses 

during graded exercise test (GXT) performance to 1000 m time trial completion time for 

female outrigger canoeists (n=17).  

Variable GXT protocol 

 7.5 W 15 W 

Test time -0.815*** -0.863*** 

V O2peak -0.686** -0.660** 

V E ns -0.649** 

R 0.537* ns 

HRpeak 0.524* ns 

HRpeak as % age-predicted HRmax 0.687** 0.666** 

HRmean 0.648** 0.649** 

* p<0.05, ** p<0.01, *** p<0.001, ns = not significant. 
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5.4 Discussion 

Values for V O2peak, Ppeak and LApeak were 38 to 46% greater than previously reported 

for female outrigger canoeists (Humphries et al., 2000) during ergometer V O2peak 

testing and sprint performance. These differences indicate that the participants 

performed at a higher intensity either because they were more aerobically fit and/or 

because the Humphries et al. (2000) protocol may not have been suitable for the 

attainment of V O2peak in female outrigger canoeists due to the rapid increase in power 

output (15 W·min-1) that may have caused the early onset of muscular fatigue, resulting 

in premature test termination. There was no difference in peak physiological responses 

between the time trial and the two GXTs. Similarly Perkins & Pivarnik (2003) reported 

that female rowers completed a 2000 m ergometer time trial at 96% V O2peak and 98% 

HRpeak of that obtained during incremental GXTs, while Pripstein et al. (1999) reported 

V O2peak values of 3.58 L·min-1 and 3.55 L·min-1 for the 2000 m time trial and GXT, 

respectively. In addition, V O2peak, V E, HRpeak, test time and HRmean achieved during the 

GXTs were significantly correlated to 1000 m time (Table 5.2). 

 

The high negative correlation for test time between the time trial and GXTs indicates 

that faster completion time of the time trial is highly correlated to one’s ability to perform 

longer in the GXT protocol, achieving greater peak power output and V O2peak. 

Therefore, in considering the similarity of peak physiological responses between the 

time trial and GXT protocols, the time efficiency (5 to 7 min) and ease of administration 

of the time trial allows for simultaneous determination of paddling performance and 

aerobic capacity. This is an important finding for outrigger canoeing coaches who may 

not have the funds or time availability to commit to separate tests for performance and 

fitness evaluations of competitors, given the non-professional status of the sport. 
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Consequently, despite GXTs being the traditional method of V O2peak assessment, the 

results of this study show that the time trial elicits the same V O2peak responses in 

female outrigger canoeists, thus providing the means to assess performance and 

fitness status in one protocol. 

 

In proposing the use of time trials to elicit V O2peak responses in outrigger canoeists, the 

authors acknowledge that certain pacing strategies may affect results (Bishop et al., 

2002; Garland, 2005). Namely, the adoption of an unsustainable high intensity start or 

a moderate intensity start aimed at conserving energy for the later stages of the effort 

may not result in achievement of peak physiological values. However, highly trained 

athletes train specifically for all-out performance and therefore are able to maintain a 

high intensity throughout this type of physiological test. All of the participants in this 

study appear to have used this pacing strategy for the 1000 m performance as 

determined by consistently high power outputs throughout the test therefore there is 

little likelihood of the time trial not eliciting peak physiological responses in trained 

female outrigger canoeists. The authors also noted an increase in both power output 

and stroke rate at the end of the time trial (Figures 5.1 and 5.2), indicating that even 

with all-out performance, athletes are able to achieve a marked increase in effort 

towards the finish as occurs during on-water racing when crews compete for line 

honours. 

 

Repeated bouts of the 1000 m time trial performed by eight of the 17 participants 

verified the consistency of performance with high ICC’s evident for both peak and 

mean physiological and performance parameters across repeated trials. These results 

confirm that the 1000 m time trial is a reliable performance test. 
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The time trial resulted in higher HRmean (164 vs 148 and 146 beats·min-1) and LApeak 

(12.7 vs 10.8 and 11.8 mmol·L-1) than the GXT protocols. This was expected since the 

GXT protocols commenced at a low intensity with a progressive increase in power 

output, whereas the participants were required to complete the time trial in the fastest 

time possible and therefore demonstrated near maximal effort throughout the test as 

well as greater work done in the time trial due to the all-out nature of the test. The time 

trial was performed with minimal variation of minute-by-minute power output and stroke 

rate, with stroke rate similar to values previously reported for on-water racing (West, 

1995). The minute-by-minute  power output, stroke rate and V O2 profiles of a typical 

participant for both the time trial and  7.5 W and 15 W GXTs are seen in Figures 5.1, 

5.2 and 5.3.  Peak values for both power output and V O2 occurred near the end of the 

time trial and V O2 increased throughout the time trial, similar to that evidenced in the 

GXT protocols.   

 

The high intensity and consistent power output and stroke rate achieved in the time trial 

(Figures 5.1 and 5.2) appears to more closely reflect on-water racing than the GXT 

protocols, while eliciting similar V O2peak values (Figure 5.3). These findings justify the 

use of the time trial for determination of both peak physiological and performance 

measures in outrigger canoeing ergometry, the results of which can then be used to 

assist with crew selection and performance monitoring. 
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Figure 5.1: Progressive power output of a female outrigger canoeist during a 1000 m 

time trial and 7.5 W and 15 W graded exercise test protocols (Kerr et al., 2008a). 
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Figure 5.2: Progressive mean stroke rate (SRmean) of a female outrigger canoeist during 

a 1000 m time trial and 7.5 W and 15 W graded exercise test protocols (Kerr et al., 

2008a). 
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Figure 5.3: Progressive V O2 response of a female outrigger canoeist during a 1000 m 

time trial and 7.5 W and 15 W graded exercise test protocols (Kerr et al., 2008a). 
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5.5 Conclusion 

The time trial elicited similar physiological responses to those attained by the same 

athletes during GXT performance demonstrating that the time trial is a viable 

ergometer-based V O2peak protocol for female outrigger canoeists. Further, the SRmean 

and time to completion of the time trial were similar to on-water female outrigger 

canoeing performance (West, 1995); and repeated bouts of the 1000 m time trial 

resulted in high reliability for both physiological and performance measures. The time 

trial is therefore an appropriate sport-specific test to simultaneously quantify sprint 

performance and peak physiological responses in outrigger canoeing. The authors 

recommend that outrigger canoeing coaches use the 1000 m time trial as a tool for 

crew selection in female outrigger canoeists as it is a reliable performance measure 

and may also double as a protocol for determining peak aerobic capacity, allowing 

coaches to assess both performance and fitness from a single sport-specific protocol. 
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Chapter Six 

Reliability of two metabolic systems during sport-specific upper-body ergometry 

 

Sealey (nee Kerr), R.M., Leicht, A.S., Spinks, W.L., & Sinclair, W.H. (2010). Reliability 

of two metabolic systems during sport-specific upper-body ergometry. European 

Journal of Sport Science, 10(5), 305-309. 

Published version included in Appendix B, with permission. 

 

6.1 Introduction  

When comparing the physiological performance of athletes it is important to use 

measurement protocols that consistently elicit peak physiological values, and to use 

equipment that produces reliable data (Hopkins, 2000) to ensure that physiological 

differences reflect physiological adaptations rather than technical measurement error. 

Sources of variation in physiological results include both biological and technical error 

(Hopkins, 2000; Katch et al., 1982; Macfarlane, 2001). Within-subject variation of 5 to 

6% for repeated V O2max tests has been noted with approximately 90% of this variation 

attributed to biological error and less than 10% associated with technical error (Fielding 

et al., 1997; Macfarlane, 2001; Shephard et al., 2004). While it appears that technical 

measurement error contributes only a small extent to overall variability, errors in V O2 

measurement within and between gas analysis systems of 10 to 20% have been 

reported during submaximal (Babineau et al., 1999; Carter & Jeukendrup, 2002) and 

maximal exercise (Babineau et al., 1999; Matthews et al., 1987). Such measurement 

error can affect both the reliability and the validity of the data. Reliability is the measure 

of consistency of the data, while validity is the measure of soundness of the data 

(Vincent, 2005). Despite overestimating V O2 and underestimating V CO2 (Pinnington 

et al., 2001) and the recommendation that a correction factor should be used when 

analysing data, the COSMED K4b2 TM has been reported as reliable for V O2 
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measurement during lower and full-body exercise (Duffield et al., 2004; McNaughton et 

al., 2005; Pinnington et al., 2001). The PowerlabTM 8M has provided moderate V O2peak 

reliability (r=0.859; Kerr et al., 2008b) however large LOA (1.10 to 1.11) for V O2peak 

during upper-body ergometry has been reported (Leicht & Spinks, 2007). 

 

The aim of the current research was to compare the reliability of physiological data 

collected from both the COSMED K4b2 TM and the PowerlabTM 8M gas analysis 

systems during maximal outrigger canoeing ergometry, an upper-body mode of 

exercise. This will provide information regarding the consistency of measurement for 

both the laboratory-based PowerlabTM 8M and the field-based COSMED K4b2 TM 

metabolic units during sport-specific upper-body ergometry. 

 

6.2 Methods 

Participants 

Trained female outrigger canoeists (n=10, age 30.4 ±7.7 yr, height 170.0 ±8.3 cm, 

mass 69.0 ±9.2 kg) competing for a northern Australian outrigger canoe club 

volunteered and gave their written informed consent to participate in this study as 

approved by the James Cook University Human Ethics Committee.  

 

Protocols 

Following a standardised warm-up consisting of 3 min ergometer paddling (2 min at 25 

W, 30 s maximal effort, 30 s at 25 W) and 5 min stretching, participants completed four, 

1000 m time trials using an outrigger ergometer consisting of a rowing ergometer 

(Model D, Concept IITM, Morrisville, USA) with an outrigger canoeing attachment 

(Vermont Waterways, Vermont, USA). The 1000 m time trial has been established as 

an appropriate protocol for V O2peak assessment in female outrigger canoeists (Kerr et 

al., 2008b). Each participant performed the four time trials at the same time of day with 
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three-to-four days between trials.  Participants were well hydrated (self-reported), had 

abstained from ingesting caffeine or large meals within 4 h of testing and had avoided 

strenuous exercise 24 h prior to each time trial. During the time trial, participants were 

verbally encouraged to complete the distance in the fastest time possible, using a self-

selected stroke rate. Participants were free to alternate paddling sides throughout the 

warm-up and time trial, and were asked to replicate on-water practice of changing 

paddling side every 10 to 20 strokes. 

 

Participants completed two time trials using a COSMED K4b2 TM (COSMED, Rome, 

Italy) portable gas analysis system and two trials using a PowerlabTM 8M (AD 

Instruments, Castle Hill, Australia) gas analysis system for respiratory gas analysis, in 

randomised order. Both systems were switched on 1 h prior to calibration to ensure 

stabilisation and were calibrated for air volume and gas composition (room air and 

specialised gas mixture) prior to each test using a 3 L calibration syringe (Hans 

Rudolph, Kansas City, USA) and certified alpha gas mixtures of 16% O2 and 5% CO2 

(COSMED K4b2 TM), and 10% O2 and 7% CO2 (PowerlabTM 8M), as per manufacturer 

calibration specifications. Respiratory parameters were calculated as 15 s averages for 

both systems. The highest 15 s V O2 reading, in conjunction with at least two of the 

following criteria, was determined as V O2peak: R > 1.15, RPE > 17 and HRpeak > 90% 

age predicted HRmax (American College of Sports Medicine, 2000). 

 

Power output, HR (S610, Polar Electro Oy, Kempele, Finland) and stroke rate were 

measured every 15 s and, along with completion time, were used to verify attainment of 

similar effort between trials.  Rating of perceived exertion was measured immediately 

post-time trial. 
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Statistical analysis 

Data were analysed using the Statistical Package for the Social Sciences (SPSS Inc, 

Version 16, Chicago, Ill, USA). Peak values reported for V CO2, V E, RR, TV and R were 

the values corresponding to V O2peak attainment. Performance and physiological 

measures were analysed using a two way (system x trial) repeated measures ANOVA 

and post hoc Tukey HSD tests. Within system (COSMED K4b2 TM trial 1 – trial 2; 

PowerlabTM 8M trial 1 – trial 2) reliability and within subject variability in performance 

variables and peak physiological responses were assessed using ICCs and 

measurement bias with associated 95% LOA (Bland & Altman, 1986), respectively. As 

per Vincent (2005), ICC scores above 0.90 were considered high, scores between 0.80 

and 0.89 were considered moderate and scores below 0.80 were considered 

questionable. Data were found to be heteroscedastic and were natural log transformed 

and expressed as measurement bias/ratio and ratio LOA (Nevill & Atkinson, 1997). 

Data are presented as mean ±SD. Alpha was set at 0.05.  

 

6.3 Results 

There were no significant differences in 1000 m time, HRpeak, SRmean and Pmean between 

trials (Table 6.1), while RPE was significantly greater for the second compared to the 

first COSMED K4b2 TM trial (Table 6.1). Mean ICC values across the four trials for 1000 

m time, HRpeak, SRmean and Pmean were between 0.86 and 0.99 with associated 

measurement bias/ratio (95% ratio LOA) ranging from 0.98 to 1.01 (1.02 to 1.08).  

 

Peak physiological responses were similar across trials for each individual system 

(Table 6.1). The PowerlabTM 8M reported significantly higher (13.6%) V CO2 values at 

V O2peak than the COSMED K4b2 TM, however there were no significant differences in 

any other peak physiological responses between systems (Table 6.1). The ICC values 

and measurement bias/ratio with associated 95% ratio LOA for both systems across 
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trials are shown in Table 6.2, with data for V O2peak shown in Figure 6.1. The between 

system ICCs (95% CI) for V O2peak, V CO2, V E, RR and TV were 0.76 (0.03 to 0.94), 

0.85 (0.63 to 0.94), 0.79 (0.16 to 0.97), 0.96 (0.86 to 0.99) and 0.81 (0.25 to 0.95), 

respectively. The measurement bias/ratio (*/÷ 95% ratio LOA) for peak physiological 

responses ranged from 0.95 to 1.02 (*/÷ 1.05 to 1.23) for the COSMED K4b2 TM and 

from 0.96 to 1.01 (*/÷ 1.05 to 1.11) for the PowerlabTM 8M. 

 

Table 6.1: Mean ±SD performance variables and peak physiological responses during 

1000 m outrigger canoeing ergometry time trials using COSMED K4b2 TM and 

PowerlabTM 8M gas analysis systems (n=10). 

Variable COSMED K4b2 TM PowerlabTM 8M 

 Trial 1 Trial 2 Trial 1 Trial 2 

Performance     

1000 m time (s) 353 ±36 348 ±37 351 ±36 352 ±37 

HRpeak (beats·min-1) 174 ±6 174 ±7 174 ±7 174 ±8 

RPE 17.2 ±1.1 18.4 ±1.0a 17.6 ±0.8 18.0 ±1.0 

SRmean (strokes·min-1) 58 ±7 61 ±7 62 ±7 60 ±10 

Pmean (W) 70 ±17 74 ±18 70 ±17 70 ±18 

Physiological     

V O2peak (L·min-1) 3.03 ±0.30 3.00 ±0.29 3.23 ±0.48 3.28 ±0.57 

V CO2 (L·min-1) 2.96 ±0.59 2.93 ±0.57 3.42 ±0.56ab 3.40 ±0.64ab 

V  E (L·min-1) 104.9 ±19.3 109.7 ±21.5 99.6 ±17.5 103.6 ±16.3 

TV (L) 1.98 ±0.48 1.93 ±0.31 1.98 ±0.38 2.01 ±0.36 

RR (breaths·min-1) 54.6 ±11.6 56.9 ±9.0 56.9 ±12.9 58.0 ±11.5 

R 1.00 ±0.04 1.05 ±0.09 1.03 ±0.03 1.03 ±0.05 

a Significantly different to COSMED K4b2 TM Trial 1, p<0.05. 

b Significantly different to COSMED K4b2 TM Trial 2, p<0.05. 
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Table 6.2:  Intraclass correlation coefficient (ICC) (95% confidence interval) and 

measurement bias/ratio */÷ 95% ratio LOA of peak physiological variables between 

trials for the COSMED K4b2 TM and PowerlabTM 8M gas analysis systems (n=10).  

Variable 
ICC 

(95% confidence interval) 

Measurement bias/ratio */÷ 

95% ratio LOA 

V O2peak  

COSMED K4b2 TM 

PowerlabTM 8M 

 

0.69 (0.15 to 0.91)†† 

0.87 (0.55 to 0.97)††† 

 

1.01 */÷ 1.08  

 0.99 */÷ 1.09  

V CO2 

COSMED K4b2 TM 

PowerlabTM 8M 

 

0.98 (0.94 to 0.99)†† † 

0.97 (0.86 to 0.99)††† 

 

1.01 */÷ 1.05  

 1.01 */÷ 1.06  

V E  

COSMED K4b2 TM 

PowerlabTM 8M 

 

0.85 (0.50 to 0.96)††† 

0.73 (0.39 to 0.89)††† 

 

0.96 */÷ 1.12 

0.96 */÷ 1.11  

RR  

COSMED K4b2 TM 

PowerlabTM 8M 

 

0.57 (-0.05 to 0.87)† 

0.93 (0.73 to 0.98)††† 

 

0.95 */÷ 1.23  

0.97 */÷ 1.11 

TV 

COSMED K4b2 TM 

PowerlabTM 8M 

 

0.74 (0.24 to 0.93)†† 

0.94 (0.77 to 0.98)††† 

 

1.02 */÷ 1.14  

0.98 */÷ 1.07 

R 

COSMED K4b2 TM 

PowerlabTM 8M 

 

0.23 (-0.43 to 0.73) 

-0.03 (-0.62 to 0.58) 

 

0.95 */÷ 1.08  

1.01 */÷ 1.05 

† p<0.05, †† p<0.01, ††† p<0.001. 
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Figure 6.1: The mean bias (unbroken line) and limits of agreement (broken line) of 

V O2peak between repeated trials of the PowerlabTM 8M (a) and the COSMED K4b2 TM 

(b) gas analysis systems during 1000 m outrigger canoeing ergometry. 
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6.4 Discussion 

Peak aerobic capacity has been reported as a determinant of 1000 m ergometer 

performance in female outrigger canoeists (Kerr, Spinks, Leicht & Sinclair, 2008), and 

the 1000 m ergometer time trial has been established as a valid protocol for 

determining V O2peak of female outrigger canoeists (Kerr et al., 2008b). It is therefore 

important that V O2peak values obtained across repeated 1000 m maximal outrigger 

canoeing ergometry time trials are reliable and valid. If values are reliable but 

inaccurate, a correction equation can be used for analysis and comparison (Pinnington 

et al., 2001). Sources of physiological assessment measurement error can be 

attributed to both biological and technical error. Such errors may mask or exacerbate 

training induced changes, given the likelihood of actual physiological changes being 

smaller in magnitude than the measurement error associated with the testing and 

analysis (Macfarlane, 2001). Therefore, it is important to control both the biological and 

technical sources of error as much as possible and to acknowledge the potential for 

inherent variation across repeated assessments. 

 

In the current study, there were no significant differences across the four time trials for 

1000 m time, HRpeak, Pmean or SRmean. These consistent results and associated 

moderate-high reliability (ICC 0.86 to 0.99) and small within-subject variation (95% 

LOA of 2 to 8%), indicate that participants performed with similar effort across all trials. 

Additionally, the group means for HRpeak and RPE were in line with established criteria 

for determination of maximal exercise effort (American College of Sports Medicine, 

2000). Furthermore, standardised procedures for participants (i.e. time of day for time 

trial, state of rest, food intake and hydration) and measurement (i.e. manufacturers 

calibration, use of similar sampling interval) (Macfarlane, 2001; Matthews et al., 1987) 

were followed to minimise biological and technical variability across the trials.   
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While there were no significant differences in peak physiological responses measured 

across repeated time trials for each individual gas analysis system, the PowerlabTM 8M 

measured 13.6% significantly higher V CO2 and a non-significant 7.4% higher V O2peak 

than the COSMED K4b2 TM. Despite the difference in values obtained from the two 

systems, similar and significant moderate-high between system ICCs were evident for 

peak physiological responses to that reported as acceptable for previous between-

system comparisons (McNaughton et al., 2005; Norris & Smith, 1999; Pinnington et al., 

2001). The within-subject variability for V O2peak was 1.08 and 1.09 for the COSMED 

K4b2 TM and PowerlabTM 8M systems respectively, and considered good with a value of 

1.06 regarded as excellent (Nevill & Atkinson, 1997).  Furthermore, these LOA 

indicated that each participant was likely to produce similar results (±8 to 9% variation) 

across repeated testing.  Although this fluctuation in V O2peak (i.e. 0.25 L·min-1) was 

larger than that recommended (Macfarlane, 2001), and larger than that reported for the 

COSMED K4b2 TM measurement of peak physiological responses to running and cycling 

(Duffield et al., 2004; McNaughton et al., 2005) the LOA were smaller than that 

previously reported for outrigger canoeing (LOA=1.10; Kerr et al., 2008b) and arm 

crank ergometry (LOA=1.11; Leicht & Spinks, 2007) using the PowerlabTM 8M system. 

The larger variability of physiological responses during upper-body ergometry 

compared to lower and full-body exercise may be linked to locomotor-respiratory 

coupling mechanisms such as entrained breathing (Bateman, McGregor, Bull, 

Cashman & Schroter, 2006) that may impact upper-body exercise and therefore 

warrants further investigation. 

 

6.5 Conclusion 

This study has confirmed that the PowerlabTM 8M resulted in significantly higher V CO2 

and non-significantly higher V O2 readings compared to the COSMED Kb42 TM during 

1000 m outrigger ergometer time trials. Despite this difference, both systems document 
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similar reliability and within-subject variability for peak physiological responses across 

repeated 1000 m outrigger canoeing ergometry time trials, with the within-subject 

variability for both gas analysis systems higher than that reported for lower and full-

body exercise modes. Therefore, while not interchangeable, each individual system 

appears reliable. Future research should compare both systems to a criterion during 

upper-body ergometry to assess system validity and should compare the results to 

lower-body exercise to assess whether variability is more pronounced during upper-

body exercise. 
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Chapter Seven 

Identification and reliability of pacing strategies in outrigger canoeing ergometry 

 

Sealey (nee Kerr), R.M., Spinks, W., Leicht, A.S., & Sinclair, W. (2010). Identification 

and reliability of pacing strategies in outrigger canoeing ergometry. Journal of Science 

and Medicine in Sport, 13(2), 241-246. 

Published version included in Appendix B, with permission. 

 

 
7.1 Introduction 

Outrigger canoe racing crews comprise six outrigger canoeists paddling in the one 

craft, with the most rearward person also responsible for steering and navigating the 

canoe. The use of paddling ergometers is becoming more commonplace in outrigger 

canoeing training and time trials completed on such ergometers may be used to assist 

with crew selection (Kerr, Spinks, Leicht & Sinclair, 2008), physiological fitness 

assessment (Kerr et al., 2008a) and monitoring of training responses particularly for the 

five paddling-only positions in each crew. Further, ergometer time trials, known to 

simulate competitive events (Hopkins et al., 2001), may allow for the identification of 

race profiles (Foster, Schrager, Snyder & Thompson, 1994) and comparison of the 

effectiveness of pacing strategies on overall time trial performance. 

 

Pacing is the distribution of power output during an exercise task (Ansley et al., 2004). 

During high-intensity exercise an athlete’s capacity to maintain maximal power output 

diminishes with time (Ansley et al., 2004) therefore pacing strategies should be 

adopted to minimise and/or delay fatigue and hence optimise competitive performance. 

Contradictory evidence exists regarding whether pacing is determined by peripheral 

fatigue or centrally located fatigue mechanisms (Abbiss & Laursen, 2008; St Clair-

Gibson et al., 2006). A decline in race velocity is commonly reported during the second 

half of high-intensity sporting events due to fatigue caused by exertion (Foster et al., 
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1994). While the mechanisms for pacing strategies remain unclear, it is obvious that 

athletes utilise specific pacing strategies in order to optimise performance and that the 

adopted pacing strategy largely reflects the competitive nature of the event. 

 

Pacing strategies may include all-out, positive, negative, even or variable efforts, with 

explanations of these pacing strategies provided by Abbiss & Laursen (2008) and St 

Clair Gibson et al. (2006). While there appears to be no available data for outrigger 

canoeing pacing strategies, the similar sports of kayaking and rowing have provided 

evidence of pacing strategies. Two minute kayak ergometer performance was 

enhanced when using an all-out pacing strategy in comparison to even pacing (Bishop 

et al., 2002), while rowing research has demonstrated mixed results. Self-selected 

pacing strategies for 2000 m rowing typically involve a fast start strategy followed by 

deceleration during the mid stages and acceleration to finish in the later stages of the 

time trial (Garland, 2005; Hagerman et al., 1979). It has been noted that across 

repeated 2000 m rowing ergometer trials, pacing strategy changed from positive pacing 

to more even pacing, coinciding with an overall 3% improvement in race performance 

(Schabort et al., 1999).  Given the similarity in event duration between 2000 m rowing 

and 1000 m outrigger canoeing (5 to 8 min) it may be expected that outrigger canoeists 

may adopt a profile similar to that of rowing. However, despite the similarity in race 

duration between 1000 m outrigger canoeing and 2000 m rowing, and the similarity of 

musculature used between outrigger canoeing and kayaking, distinct differences in the 

equipment and in the paddling technique used in these sports may result in the 

adoption of different pacing strategies. Therefore, the sport of outrigger canoeing would 

be best served by the identification of pacing strategies specific to the sport, particularly 

for the crew selection and performance enhancement aspects of OC6 racing where it 

would appear crucial for all six crew members to adopt the same race pacing strategy 

in order to achieve optimal performance. 
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It is important to not only identify the pacing strategy adopted for specific sporting 

events, but also to determine the consistency of the adopted strategy across repeated 

time trials as tests with poor reliability are not suitable for performance monitoring 

(Hopkins et al., 2001). This has particular impetus for team sports such as outrigger 

canoeing where crew members are required to paddle in-synchrony and hence with the 

same pacing profile to ensure optimal performance. Rowing ergometer 2000 m 

performance appears highly reliable with only a 3% overall performance improvement 

across three time trials, however pacing strategy did alter as familiarity increased 

(Schabort et al., 1999). High reliability of performance is vital for tracking performance 

changes (Hopkins et al., 2001) and for assistance with crew selection however, 

research in this area is limited and many questions remain unanswered with respect to 

whether performance reliability varies across different modes and populations. 

 

To date, no research has reported the pacing strategy used and the consistency of the 

adopted pacing strategy during outrigger canoeing performance. The identification and 

reliability analysis of pacing strategy(ies) evidenced during outrigger canoeing 

performance may assist coaches with crew selection and monitoring of performance. 

The aims of the current study were twofold: to identify the self-selected pacing 

strategy(ies) used by female outrigger canoeists during 1000 m ergometer time trials; 

and to measure the consistency of the pacing strategy(ies) and overall performance 

across repeated trials to determine the number of time trials required for high reliability 

of the identified pacing strategy. It was hypothesised that a variable pacing strategy 

comprising of a fast start, mid stage deceleration and fast finish, as evidenced in 2000 

m rowing,  would be used and, given the sport-specific nature of the ergometer and the 

time trial distance, the adopted pacing strategy would be consistent across repeated 

trials. 
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7.2 Methods 

Participants 

Female outrigger canoeists (n=11, age 32 ±9 yr, height 169 ±9 cm, mass 69.7 ±9.0 kg, 

V O2peak 3.23 ±0.48 L·min-1) with at least two years competitive experience volunteered 

and gave their written informed consent to participate in this study as approved by the 

James Cook University Human Ethics Committee. All participants were familiar with the 

test protocol and had practiced 1000 m ergometer time trials on at least four occasions 

prior to testing. At the time of testing, participants were undertaking on-water training (2 

to 4 sessions), strength training (1 to 3 sessions) and aerobic training (1 to 4 sessions) 

each week.   

 

Protocols 

Participants completed, over a 2 wk period, four 1000 m time trials on an outrigger 

ergometer consisting of an outrigger attachment (Vermont Waterways, Vermont, USA) 

connected to a rowing ergometer (Model D, Concept IITM, Morrisville, USA). The 

outrigger attachment comprises a slide beam placed perpendicular to the ergometer 

rope, with the rope attached to the shaft of a modified outrigger canoeing paddle (blade 

removed). The rope slides laterally along the slide beam to allow for a straight line of 

pull with both left and right side stroking. Participants were asked to avoid strenuous 

exercise 24 h prior to each test and to refrain from ingesting caffeine 4 h prior to each 

test. The environmental conditions of the laboratory across all test sessions ranged 

between 23 to 26°C, 50 to 55% relative humidity and 755 to 759 mmHg. 

 

Participants completed a standardised warm-up before each time trial and were 

instructed to complete the 1000 m in the fastest time possible using their normal on-

water technique. The warm-up consisted of 3 min paddling at 25 W with a self-selected 

stroke rate, with a 30 s maximal effort near the end of the warm-up. Participants were 

then given the opportunity to stretch and consume water before commencing the time 
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trial. In order to achieve maximal performance participants were verbally encouraged 

throughout the trials and were informed of elapsed distance (but not time) every 100 m. 

Participants were free to select their own stroke rate, to alter stroke rate and power 

output throughout the test, and to regularly change paddling sides as per on-water 

outrigger canoeing. 

 

Heart rate was continuously monitored throughout testing via a telemetric HR monitor 

(S610, Polar Electro Oy, Kempele, Finland) worn about the chest. Stroke rate and 

power output were displayed on the ergometer screen and recorded at 15 s intervals 

as strokes·min-1 and W, respectively. The 15 s HR, stroke rate and power output 

readings were averaged across the whole time trial to provide HRmean, SRmean and 

Pmean. Rating of perceived exertion was measured via the Borg RPE scale 6 to 20 

(Borg, 1982) immediately following time trial completion, with LA measurements taken 

immediately and then 3, 5 and 7 min after the time trial for determination of LApeak. 

Blood lactate was measured via a finger prick 30 µL capillary blood sample taken with 

a single-use disposable lancet, collected in a heparinised capillary tube. The blood 

sample was ejected onto a lactate strip (Roche Diagnostics, Mannheim, Germany) and 

analysed by an Accutrend lactate analyser (Roche Diagnostics, Mannheim, Germany) 

with the result available in 60 s. Split times for each 250 m segment of the trials were 

recorded for calculation of average speed across each split (250 m divided by the time 

taken to complete the 250 m), with average speed across the whole 1000 m calculated 

as 1000 m divided by 1000 m time and consequently reported as mean speed. The 

average speed calculations for each split were used to identify pacing strategies across 

all trials. The pacing strategies were identified as negative, even or positive pacing 

between consecutive 250 m splits if the speed of the later split was faster, the same as 

or slower than the previous split, respectively. Completion time for all four trials were 

summed for each participant to determine performance rankings, with the participant 

achieving the fastest summated time according a ranking of one.  
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Statistical analysis 

Data were analysed using the Statistical Package for Social Sciences (SPSS Inc, 

Version 14, Chicago, Ill, USA) via repeated measures ANOVA and post hoc Tukey 

HSD tests. Reliability and within-subject variability for mean and peak responses were 

assessed using ICC and measurement bias/ratio with associated 95% LOA (Bland & 

Altman, 1986; Nevill & Atkinson, 1997), respectively. Data are presented as mean ±SD 

with alpha set at 0.05. 

 

7.3 Results 

Performance 

Group performance values for the four time trials are shown in Table 7.1. Mean speed, 

1000 m time and RPE were significantly different between the first and fourth trials 

(Table 7.1). There were no other significant differences in performance measures 

across trials. The top ranked outrigger canoeist achieved a fastest 1000 m time of 299 

s (trial three), with mean speed and stroke rate of 3.29 m·s-1 and 71 strokes·min-1, 

respectively. 
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Table 7.1: Mean ±SD performance variables measured during repeated 1000 m 

outrigger canoe ergometry time trials with associated mean intraclass correlation 

coefficients (ICC) and 95% confidence intervals (95%CI) across the four trials (n=11). 

Variable Trial 1 Trial 2 Trial 3 Trial 4 ICC  

(95% CI) 

1000 m time  

(s) 

355 ±34 352 ±36 354 ±36 350 ±36a 0.996 ††† 

(0.990 to 0.999)  

Mean speed  

(m·s-1) 

2.84 ±0.12 2.87 ±0.08 2.86 ±0.11 2.89 ±0.10 0.994 ††† 

(0.986 to 0.998)  

Mean stroke rate  

(strokes·min-1) 

61 ±6 60 ±8 60 ±9 61 ±8 0.942 ††† 

(0.854 to 0.982)  

Mean heart rate  

(beats·min-1) 

164 ±7 165 ±7 164 ±8 164 ±7 0.910 ††† 

(0.774 to 0.973)  

Peak lactate 

(mmol·L-1) 

13.5 ±2.2 13.1 ±2.8 12.5 ±2.6 12.2 ±1.8 0.737 †† 

(0.340 to 0.921)  

RPE 

 

17 ±1 18 ±1 18 ±1 18 ±1a 0.644 † 

(0.107 to 0.893)  

a Significantly different to Trial 1, p<0.05. 

† p<0.05; †† p<0.01; ††† p<0.001. 
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Pacing 

Group mean speeds for each 250 m split are illustrated in Figure 7.1. Of the 44 trials 

conducted, 36 (82%) displayed a fast start, positive pacing strategy characterised by a 

decline in speed between the first split (0-250 m) and the second split (250-500 m), 

while as trials progressed there was an increased adoption of negative pacing between 

the third and fourth splits (Figure 7.2). 
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Figure 7.1: Group mean speed (±SD) for each quartile split across four repeated 1000 

m outrigger ergometer time trials. 
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Figure 7.2: Frequency of positive, even and negative pacing strategies adopted 

between the first and second splits (split 1-2), the second and third splits (split 2-3) and 

the third and fourth splits (split 3-4) across four 1000 m outrigger ergometer time trials 

(T1, T2, T3, T4). 

 

Reliability 

There was a 1.5% improvement in 1000 m time in trial four compared to trial one, 

attributed to a 1.8% increase in mean speed. There were no significant performance 

differences across the first three trials or across the last three trials. The ICC’s and 

95% CI for variables across trials are shown in Table 7.1. The LOA between trials were 

lowest for 1000 m time (±1.020), HRmean (±1.031) and mean speed (±1.054) and 

highest for LApeak (±1.225). 
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7.4 Discussion 

This study was the first to identify outrigger canoeing performance pacing strategies 

and to assess the reliability of such strategies and overall performance across repeated 

1000 m time trials. The information arising from this research may assist coaches with 

crew selection and standardised performance monitoring procedures. 

 

Performance 

On average, the 1000 m time trial was completed in just less than six minutes with 

average stroke rate and power outputs of 60 strokes·min-1 and 70 W, respectively, 

resulting in an average speed of 2.87 m·s-1.  This average speed was slower than that 

reported for both kayaking (Sanders & Kendal, 1992; Zamparo et al., 2005) and rowing 

(Kennedy & Bell, 2003), resulting in the 1000 m outrigger canoeing time trial taking 

approximately 1 min longer than the 1000 m kayak time trial (Zamparo et al., 2005) and 

either 1 min less than or a similar time frame to the 2000 m rowing time trial (6 to 8 

min) (Garland, 2005; Kennedy & Bell, 2003; Schabort et al., 1999). The stroke rate 

used in the current study was similar to that reported by West (2006) for outrigger 

canoeing, was approximately half that of kayaking (Mann & Kearney, 1980; Sanders & 

Kendal, 1992), and double that of rowing (Steer et al., 2006). Despite the similarity in 

event duration, the differences in speed and stroke rate between outrigger canoeing 

and kayak and rowing performance, which may be attributed to differences in body 

movement patterns and implement design, may result in different pacing strategies 

being used for optimal performance. It is therefore critical that the pacing strategy 

adopted specifically for outrigger canoeing performance be identified to assist with 

crew selection and performance monitoring, as applying known rowing and kayaking 

pacing strategies to outrigger canoeists may not elicit optimal outrigger canoeing 

performance. 
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Pacing 

By the fourth 1000 m outrigger canoeing ergometry time trial, most participants used a 

fast start strategy followed by deceleration during the mid phases, finishing with 

acceleration over the last quartile, as evidenced in 2000 m rowing (Garland, 2005; 

Hagerman et al., 1979). Given the previously mentioned differences in speed, stroke 

rate, musculature involvement and implement design between outrigger canoeing and 

rowing, it is proposed that the similarity of pacing strategy is reflective of the 

consideration for event duration (St Clair Gibson et al., 2006), with both lasting 5 to 8 

min. The fast start strategy may have evolved from on-water racing experience where it 

is perceived as advantageous to lead the race both from a psychological viewpoint 

(Garland, 2005) and from the tactical perspective of avoiding congestion and collisions. 

While the on-water benefits of a fast start strategy are obvious there appears to be no 

such obvious psychological or tactical advantage during ergometer performance 

(Garland, 2005). There does however appear to be a physiological advantage in 

decreasing the amount of time spent accelerating, which may result in the speeding up 

of V O2 kinetics, allowing for increased fuel availability (Bishop et al., 2002) and 

potentially improved performance. The final increase in speed near the end of the time 

trial supports the theory by Foster et al. (2003) that all available energy stores should 

be used by the end of the race but not too soon to cause a decrease in performance. A 

proposed mechanism contributing to the pacing process in the current study may be 

teleoanticipation (Ulmer, 1996). Teleoanticipation involves the integration of information 

including prior knowledge of a similar event and continual information processing 

throughout the event in response to knowledge of the distance remaining to event 

completion (St Clair Gibson et al., 2006).  

 

Participants in the current study were aware of elapsed distance in order to replicate 

on-water racing where the finish buoys are visible throughout the race, thereby 

facilitating a proposed teleoanticipatory pacing process as participants were able to 
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adjust pacing in response to the distance remaining in the time trial.  It has been 

reported (Karlsson & Saltin, 1970) that trained athletes produce highly consistent LA 

readings following exhaustive efforts of up to 6 min due to the sensitivity to LA 

accumulation, which in turn may contribute to pacing strategy. The current study 

however did not support this hypothesis, with the LOA for LApeak indicating a 23% 

variation in either direction about the mean. The current authors propose that a 

combination of 1000 m racing experience and ongoing distance-based feedback during 

the time trials were the principle factors contributing to the high performance reliability 

of the 1000 m time trials. The high reliability of performance and pacing across the 

repeated trials provides evidence in agreement with Schabort et al. (1999) and Laursen 

et al. (2007) that closed-loop (set distance) exercise performance is highly reproducible 

in athletes and that knowledge of the distance remaining is an important component of 

pacing strategy (Ulmer, 1996). 

 

Of interest in the current research was that pacing strategy used across the first three 

quartiles of the time trial was similar across all trials and that the first three trials 

showed similar completion time. Trial four however displayed significantly improved 

performance compared to trial one and a different pacing strategy in the last quartile of 

trial four was evident with a 73% adoption, including the top six ranked participants, of 

a fast finish (negative pacing) strategy indicating that a learning/training effect had 

occurred. Therefore, in order to ensure high reliability of an athlete’s current 

performance and pacing strategy, the authors recommend using one (Hopkins et al., 

2001) familiarisation session followed by one performance test within seven days of 

each other (Abbiss, Levin, McGuigan & Laursen, 2008), as any more than this may 

elicit an additional learning response. 
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Reliability 

The 1.5% (5 s) improvement in 1000 m time trial performance between the first and 

fourth trials indicates a learning effect similar to the 2.3% improvement noted in 

repeated 2000 m rowing trials (Schabort et al., 1999) and the development of a more 

effective strategy given that the faster time coincided with no change in HRpeak or RPE 

and a decline in LApeak. The improved performance by the fourth time trial was a result 

of a progressive change in pacing strategy with more participants adopting negative 

pacing in the last quartile as time trials progressed. This adaptation was most likely due 

to the teleoanticipation process described above, in response to a combination of 

knowledge of the distance remaining in the time trial and previous experience with how 

much effort is required to complete the time trial. Despite this improved performance in 

the fourth time trial, the high ICCs and low LOA reported for 1000 m time, mean speed 

and HRpeak indicate a high reliability associated with repeated time trials for these 

variables, with the LOA range of these variables (1.02 to 1.06) regarded as excellent 

(Nevill & Atkinson, 1997). The low ICCs and large LOA associated with LApeak however 

indicate that this variable may not provide reliable information with respect to 

performance effort and regulation of pacing strategy.  

 

Overall, trained female outrigger canoeists are able to produce a highly reliable pacing 

strategy and hence time trial performances during 1000 m outrigger canoeing 

ergometry, which may be used to assist with crew selection and fitness assessment. 

This high reliability may be attributed to a combination of factors including frequent 

exposure to high-intensity training and competition, the specific nature of the ergometer 

and the maintenance of motivation for peak performance (Hopkins et al., 2001), with 

this last factor achieved via continuous encouragement throughout time trial 

performance of a similar nature to encouragement provided by fellow crew members 

during on-water racing. 
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7.5 Conclusion 

The 1000 m outrigger ergometer time trial is a reliable test that may be used to assist 

with crew selection and performance monitoring. Female outrigger canoeists used a 

fast start followed by a slight deceleration during the middle sections across repeated 

1000 m time trials. There was a progressive increase in adoption of a fast finish 

strategy as time trials progressed, resulting in a 1.5% improvement in 1000 m time 

between the first and fourth trials, indicating a learning effect of pacing strategy across 

four trials. On account of the variation in pacing strategy noted in the fourth trial, the 

authors recommend using one familiarisation session and one test session when 

assessing performance such that learning or training adaptations resulting from 

multiple trials do not impact on results. Future research is needed to determine if the 

identified self-selected pacing strategy elicits better 1000 m time trial performance than 

other pacing strategies such as even pacing. 
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Chapter Eight 

Stroke rate effect on performance and physiological demand of outrigger 

canoeing ergometry 

 

Sealey (nee Kerr), R.M., Leicht, A.S., & Ness, K.F. (under review). Stroke rate effect on 

performance and physiological demand of outrigger canoeing ergometry. 

 

8.1 Introduction 

A popular outrigger canoeing race contested at the regional, national and international 

level in the six-seat craft (OC6) class is the 1000 m sprint. Previous research on 1000 

m outrigger ergometry performance has described performance predictors (Kerr, 

Spinks, Leicht & Sinclair, 2008), physiological assessment protocols (Kerr et al., 2008a 

& 2008b) and performance reliability and pacing strategies (Sealey, Spinks, Leicht & 

Sinclair, 2010). However, to date there appears to be no research available describing 

the optimal stroke rate specifically for 1000 m performance. Previous outrigger 

ergometer time trials have involved self-selected stroke rates of 48 to 62 strokes·min-1 

(Kerr et al., 2008b) with a recent Australian survey (Sealey, 2009) highlighting that 

most (81%) OC6 coaches encourage the use of a stroke rate between 55 and 65 

strokes·min-1 during sprint performance rather than higher (11%) or lower (8%) stroke 

rates. This 55 to 65 strokes·min-1 range is in between the two commonly reported 

stroke rate-based paddling styles of outrigger canoeing, known as the Hawaiian and 

Tahitian styles. The Hawaiian style is associated with a stroke rate as low as 45 

strokes·min-1 and the Tahitian style is associated with a stroke rate upwards of 70 

strokes·min-1 (Holmes, 1996; West, 2006). The variation in stroke rate used by different 

crews during a 1000 m performance is largely based on previous paddling experience 

and scientific-based findings of other aquatic sports such as rowing and swimming 

(Sealey, 2009).   
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In both swimming and rowing, higher stroke rates are associated with higher velocity 

and better performance (Chollet et al., 1997; Seifert & Chollet, 2005; Soper & Hume, 

2004b), with stroke rate increased as the race progresses to maintain velocity and 

compensate for a fatigue-related decline in stroke length (Alberty et al., 2008; Laffite et 

al., 2004). In OC6 racing however, variations in stroke rate may lead to timing-

synchrony issues between paddlers and hence reduced performance due to boat 

velocity fluctuations. It may therefore be beneficial for outrigger canoeists to select a 

stroke rate that can be maintained for the whole race. Given that outrigger canoeists 

compete in multiple events in one day, consideration should also be made for the 

physiological demand associated with the selected stroke rate. Given the unique nature 

of 1000 m outrigger canoe racing, the aim of the current research was to compare the 

effect of three different stroke rates on the performance time and physiological demand 

of a 1000 m outrigger ergometer time trial. The results will assist coaches in their 

training and racing practices associated with stroke rate to elicit a fast performance 

while minimising fatigue.  

 

8.2 Methods 

Participants 

Seventeen competitive female outrigger canoeists (age 39 ±11 yr, height 168 ±5 cm, 

mass 75.7 ±15.1 kg, body fat 33 ±7%, outrigger canoeing experience 3 ±2 yr) 

volunteered and provided written informed consent to participate in the study. The 

study was approved by the James Cook University Human Ethics Committee and 

carried out in accordance with the Declaration of Helsinki. Testing was carried out 

during the competitive phase of the participants’ yearly training plan.  

 

Protocols 

Following a baseline health screen, participants completed a 10 min familiarisation 

paddle on a rowing ergometer (Model D, Concept IITM, Breakwater Australia) modified 
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with a canoeing adaptor (Vermont Waterways, Vermont, USA). Participants then rested 

for 5 min before completing a 3 min paddling warm-up consisting of 2 min at moderate 

intensity (RPE 12 to 13), 30 s at near maximal intensity and 30 s moderate intensity, 

followed 2 min later by a 1000 m familiarisation all-out time trial on the ergometer using 

their own self-selected stroke rate (SS). As previously reported, one familiarisation trial 

prior to the performance test was sufficient to provide protocol and equipment 

familiarisation and consistent performance without inducing a change in pacing 

strategy (Sealey et al., 2010). Participants were encouraged to complete the time trial 

in the quickest time possible using their normal on-water technique and were able to 

monitor their distance remaining on the ergometer display unit. Participants were 

verbally informed of each elapsed 100 m and were encouraged throughout the time 

trial. The time taken to complete the familiarisation 1000 m time trial was recorded with 

a handheld stopwatch (TM-104, Nyda, China). 

 

The participant then completed three 1000 m performance time trials, each on separate 

days, within a two week period following the familiarisation trial with no less than 48 h 

between trials. These trials were conducted with the same protocol as outlined for the 

familiarisation trial except for the stroke rate used. The first trial was performed using 

the participants’ SS, that is, participants freely chose the stroke rate to use for that trial. 

This time trial was always completed first to ensure that participants’ SS was not 

influenced by the other trials. The remaining two time trials were performed in random 

order using the Hawaiian stroke rate (H) of not more than 55 strokes·min-1 and the 

Tahitian stroke rate (T) of at least 65 strokes ·min-1 (West, 2006).  

 

All testing was performance in a laboratory with environmental conditions of 23 to 

26°C, 55 to 67% relative humidity and 750 to 757 mmHg. Participants were hydrated, 

well rested, had abstained from caffeine ingestion prior to each time trial and were 

fitted with a HR monitor (S610, Polar Electro Oy, Kempele, Finland). Dietary status was 



 120 

neither assessed nor controlled. Participants completed the paddling warm-up using 

the stroke rate allocated to that sessions’ time trial. Participants were then connected to 

the COSMED K4b2 TM portable gas analysis system (COSMED, Rome, Italy) for 

measurement of expired air. 

 

The K4b2 TM portable gas analysis system was switched on at least 1 h prior to each 

test to ensure stabilisation and was calibrated for air volume using a 3L calibration 

syringe (Hans Rudolph, Kansas City, USA) and for gas O2 and CO2 concentration 

using 16% O2 and 5% CO2 certified alpha gas mixtures (BOC Limited, Townsville, 

Australia). Data for V O2, V E, RR, TV and R were measured each breath. These 

parameters were then averaged using 15 s intervals (Kerr et al., 2008a) and were 

reported as mean values across the 1000 m time trial, across each 250 m split and as 

peak values. Participant V O2peak was determined as the highest 15 s average V O2 

measure that occurred during the time trial and the reported peak values for all other 

respiratory parameters were the values that coincided with V O2peak attainment (Kerr et 

al., 2008a). Along with respiratory measures, stroke rate (measured from the 

ergometer display unit) and HR were recorded at 15 s intervals and reported as 250 m 

split and 1000 m averages and as peak values (HR only). The time taken to complete 

the 1000 m and each 250 m split were recorded. Immediately following time trial 

completion RPE was recorded. Blood lactate concentration was measured during the 

2nd minute following time trial completion. A blood sample was collected using a 30 µL 

capacity heparinised capillary tube (Roche Diagnostics, Mannheim, Germany) and 

analysed for LA with a portable analyser (Accutrend, Mannheim, Germany).  

 

Statistical analysis 

All data were analysed using the Statistical Package for Social Sciences (SPSS Inc, 

Version 17, Chicago, Ill, USA) and presented as means ±SD. Coefficients of Variation 
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(CV) and associated 95% confidence intervals (95%CI) were reported for the 1000 m 

data. Two-way repeated measures ANOVAs were used to determine significant 

differences between stroke rate interventions (SS vs H vs T) for averaged data across 

split times (0 to 250 m vs 250 to 500 m vs 500 to 750 m vs 750 to 1000 m). One-way 

repeated measures ANOVAs were used to determine significant differences between 

the stroke rate interventions across the entire 1000 m time trial for both average and 

peak data. For all repeated measures ANOVAs that highlighted a significant difference, 

Tukey HSD post-hoc tests were used to determine where these significant differences 

occurred. Alpha was set at 0.05 for all statistical analysis. Based on a minimum stroke 

rate difference of 6 strokes·min-1 between the previously reported SS stroke rate of 61 

strokes·min-1 (Sealey et al., 2010) and the enforced H stroke rate of 55 strokes ·min-1, 

an alpha significance level of 0.05 and a power of 80%, a sample size of 15 was 

required for this study. 

 

8.3 Results 

The mean stroke rate used during the 1000 m time trials was 61 ±6 strokes ·min-1 (CV = 

9.8%), 54 ±1 strokes·min-1 (CV = 1.9%) and 70 ±4 strokes·min-1 (CV = 5.7%) for the 

SS, H and T trials respectively, with all trials significantly different to each other 

(p<0.05). The average stroke rate for each 250 m split was similar within each trial 

(Figure 8.1). 

 

The SS 1000 m performance time of 371 ±38 s was significantly slower than the H and 

T trials (p<0.05) with no difference between the H and T times of 358 ±30 s and 357 

±28 s, respectively. The SS trial was significantly slower than the H and T trials 

(p<0.05) across the 3rd and 4th splits (Table 8.1).  
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Figure 8.1: Mean ±SD stroke rates for each 250 m split for the self-selected (SS), 

Hawaiian (H) and Tahitian (T) 1000 m outrigger ergometer time trials. 

 

Heart rate, V O2, V E and RR progressively increased throughout all trials (Table 8.1). 

The H trial resulted in significantly lower average V O2, HR and RR (p<0.05, Table 8.2) 

and significantly lower peak HR, V E, RR, LA and RPE (p<0.05, Table 8.3) than both 

the SS and T trials. The T trial resulted in significantly higher peak HR, RR and RPE 

than the SS trial (p<0.05, Table 8.3). There were no significant differences in V O2peak 

between trials. The CV for all average and peak physiological responses across the 

trials is shown in Table 8.2 and Table 8.3 with values ranging from 4.4% to 23.8%. 
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Table 8.1: Mean ±SD performance and physiological measures across each 250 m 

split for three stroke rate interventions of female outrigger canoeists performing a 1000 

m ergometer time trial (n=17).  

Variable Split SS H T 

Performance time (s) Split 1 89 ±9 89 ±8 87 ±7 

 Split 2 92 ±10 89 ±7 89 ±7 

 Split 3 94 ±11 a 90 ±7 * 90 ±8 * 

 Split 4 96 ±11 a 90 ±7 * 91 ±7 *a 

HR (beats·min-1) Split 1 153 ±9 150 ±10 154 ±13 

 Split 2 169 ±9 a 165 ±8 a 168 ±10 a 

 Split 3 171 ±10 a 167 ±8 a 171 ±10 a 

 Split 4 173 ±10 a 170 ±8 a 174 ±10 ab 

V O2 (L·min-1) Split 1 2.03 ±0.33 1.88 ±0.28 2.10 ±0.38 

 Split 2 2.64 ±0.53 a 2.44 ±0.39 a 2.67 ±0.38 a 

 Split 3 2.90 ±0.62 a 2.64 ±0.39 a 2.84 ±0.36 a 

 Split 4 3.03 ±0.60 ab 2.80 ±0.41 ab 2.95 ±0.38 a 

V E (L·min-1) Split 1 78.85 ±17.22 69.95 ±14.43 85.55 ±19.86 † 

 Split 2 107.50 ±22.79 a 98.28 ±18.61 a 110.46 ±15.80 a 

 Split 3 111.84 ±21.48 a 102.50 ±18.22 a 115.09 ±14.20 a 

 Split 4 114.20 ±20.09 a 104.13 ±18.78 a 117.81 ±14.62 a 

TV  (L) Split 1 1.58 ±0.22 1.54 ±0.31 1.64 ±0.33 

 Split 2 2.01 ±0.28 a 1.96 ±0.36 a 1.92 ±0.36 a 

 Split 3 2.02 ±0.27 a 1.96 ±0.32 a 1.96 ±0.35 a 

 Split 4 1.98 ±0.24 a 1.97 ±0.30 a 1.92 ±0.33 a 

RR (breaths·min-1) Split 1 49.90 ±10.78 45.10 ±6.09 52.72 ±11.99 

 Split 2 53.52 ±8.28 50.26 ±4.79 58.60 ±9.32 † 

 Split 3 55.33 ±6.37 52.41 ±4.96 a 60.07 ±9.07 

 Split 4 57.67 ±6.41 52.87 ±4.57 a 62.14± 7.82 a 

R Split 1 0.97 ±0.10 0.97 ±0.08 0.98 ±0.06 

 Split 2 1.04 ±0.06 a 1.04 ±0.08 a 1.01 ±0.05 

 Split 3 0.96 ±0.06 b 0.97 ±0.05 b 0.95 ±0.05 

 Split 4 0.91 ±0.05 b 0.91 ±0.04 abc 0.90 ±0.04 ab 

SS = self-selected stroke rate, H = Hawaiian stroke rate, T = Tahitian stroke rate 

* = significantly different to SS; † = significantly different to H 
a = significantly different to split 1; b = significantly different to split 2;  
c = significantly different to split 3; Respiratory data n=15.



 

Table 8.2: Mean ±SD with 95% confidence intervals (95%CI) and coefficients of variation (CV) for average physiological measures during 

1000 m ergometer time trial performance for three stroke rate interventions of female outrigger canoeists (n=17). 

Variable SS H T 

 Mean ±SD 95%CI (CV) Mean ±SD 95%CI (CV) Mean ±SD 95%CI (CV) 

HR (beats·min-1) 166 ±9 162-171  

(5.4) 

163 ±8  a 159-167  

(4.9) 

167 ±10 b 162-172  

(6.0) 

V O2  (L·min-1) 2.66 ±0.52 2.33-2.99  

(19.5) 

2.44 ±0.37 a 2.22-2.69  

(15.2) 

2.64 ±0.36 b 2.39-2.88  

(13.6) 

V E  (L·min-1) 103.46 ±20.07 90.71-116.21 

(19.4) 

93.88 ±17.58 83.44-105.94 

(18.7) 

107.46 ±15.05 

 

96.64-117.44 

(14.0) 

TV  (L) 1.90 ±0.25 1.75-2.06  

(13.2) 

1.86 ±0.32 1.68-2.08  

(17.2) 

1.86 ±0.33 1.66-2.06  

(17.7) 

RR  

(breaths·min-1) 

54.13 ±7.64 

 

49.28-58.99 

(14.1) 

50.20 ±4.84 a 

 

46.70-53.62 

(9.6) 

57.77 ±8.57 b 

 

52.19-62.39 

(14.8) 

R 0.97 ±0.06 0.93-1.01  

(6.2) 

0.98 ±0.05 0.94-1.01  

(5.1) 

0.96 ±0.04 0.93-0.99  

(4.2) 

SS = self-selected stroke rate, H = Hawaiian stroke rate, T = Tahitian stroke rate 
a significantly different to SS; b significantly different to H; Respiratory data n=15.

124 



 

Table 8.3: Mean ±SD  with 95% confidence intervals (95%CI) and coefficients of variation (CV) for peak physiological measures during 

1000 m ergometer time trial performance for three stroke rate interventions of female outrigger canoeists (n=17). 

Variable SS H T 

 Mean ±SD 95%CI (CV) Mean ±SD 95%CI (CV) Mean ±SD 95%CI (CV) 

HR (beats·min-1) 174 ±10 169-179 (5.8) 171 ±8 a 167-175 (4.7) 176 ±10 a b 170-180 (5.7) 

V O2  (L·min-1) 3.12 ±0.61 2.75-3.49 (19.6) 2.90 ±0.42 2.64-3.15 (14.5) 3.07 ±0.36 2.82-3.28 (11.7) 

V E  (L·min-1) 118.61 ±20.81 

 

106.04-131.19   

( 17.5) 

106.29 ±19.76 a 

 

94.24-118.97 

(18.6) 

121.60 ±16.94 b 

 

110.77-132.76 

(13.9) 

TV  (L) 2.06 ±0.28 1.89-2.24 (13.6) 2.06 ±0.40 1.82-2.36 (19.4) 2.01 ±0.32 1.80-2.21 (15.9) 

RR  

(breaths·min-1) 

57.32 ±6.66 

 

53.29-61.35 

(11.6) 

52.99 ±4.93 a 

 

49.67-56.09 

(9.3) 

63.12 ±8.14 a b 

 

58.96-68.48 

(12.9) 

R 0.90 ±0.06 0.86-0.94 (6.7) 0.91 ±0.04 0.88-0.93 (4.4) 0.90 ±0.04 0.87-0.92 (4.4) 

 LA (mmol·L-1) 7.3 ±1.7 6.4-8.4 (23.3) 6.3 ±1.5 a 5.4-7.0 (23.8) 7.8 ±1.2 b 7.1-8.3 (15.4) 

RPE 17 ±1 16-18 (5.9) 15 ±2 a 14-16 (13.3) 19 ±1 a b 18-19 (4.7) 

SS = self-selected stroke rate, H = Hawaiian stroke rate, T = Tahitian stroke rate 
a significantly different to SS; b significantly different to H; Respiratory data n=15.125 
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8.4 Discussion 

The SS 1000 m trial was significantly slower than the H and T trials, with no difference 

evident between the H and T trials. The H trial was significantly less physiologically 

demanding than the SS and T trials as evidenced by significantly lower average V O2, 

HR and RR and significantly lower peak HR, V E, RR, RPE and LA.  

 

The H trial demonstrated the tightest range of stroke rates (1.9% CV) compared to the 

T (5.7% CV) and SS (9.8% CV) trials. Participants were able to choose their own 

stroke rate for the SS trial and instructed to use the stroke rate that their crew typically 

used on-water. As participants competed for three different clubs with different average 

stroke rates (Sealey, 2009), it was expected that the stroke rate range would be 

greatest for the SS trial. While the mean stroke rate range across the SS trial was large 

(50 to 72 strokes·min-1), the majority of participants exhibited a midrange stroke rate (•  

55 strokes·min-1, n = 3; 56 to 64 strokes·min-1, n = 9; •  65 strokes·min-1, n = 5), with 

their chosen stroke rate maintained throughout the trial (see Figure 8.1). This 

maintenance of stroke rate for each participant may reflect sport-specific learning 

through training whereby coaches have encouraged paddlers to maintain a steady 

stroke rate throughout a race to optimise crew paddling synchrony. 

 

The majority (65%) of participants performed the fastest in the H trial. The average H 

and T 1000 m performance times were within 1 s of each other with both significantly 

faster than the SS trial, as a result of  significantly faster 3rd and 4th split times (Table 

8.1). Therefore, when paddlers were able to select the stroke rate, they chose a 

suboptimal rate with both the slower (H) and faster (T) stroke rates providing better 

performance. The suboptimal performance of the SS trial may be attributed to the 

larger variation of stroke rate used or the order of trials. Despite prior familiarisation, 

the methodological approach of performing the SS trial first is a potential limitation of 
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the study and may have impacted on the results. The authors’ rationale for completing 

the SS trial first was to ensure that the participants used a true SS stroke rate, such 

that the SS stroke rate was completed without influence of the H and T trials. Further, 

as reported by Sealey et al. (2010), three successive 1000 m time trials did not elicit a 

learning effect and therefore the authors are confident that performance of the SS trial 

first would have minimal impact on performance time. Future research comparing the 

effect of the H, T and 61 strokes·min-1 trials, in randomised order, will confirm the 

impact of stroke rate on performance. 

 

While increasing stroke rate has been associated with higher velocity/power output and 

improved performance in swimming and rowing (Chollet et al., 1997; Seifert & Chollet, 

2005; Soper & Hume, 2004b), the current study demonstrated that both slow and fast 

stroke rates resulted in similar 1000 m outrigger canoeing performance time. Similar 

results have been reported for 2000 m rowing (Martin & Bernfield, 1980) where equally 

successful crews have raced with low and high stroke rates without a significant 

change in speed. It is well documented that in aquatic sports, velocity is the product of 

stroke rate and stroke length (Martin & Bernfield, 1980; Thompson et al., 2000; 

Toussaint et al., 2006) and that generally stroke rate and stroke length are inversely 

proportional (Fritzdorf et al., 2009). Indeed, in outrigger canoe racing, the slow stroke 

rate of the H technique is typically performed with a long stroke length while the fast T 

stroke rate is accompanied by a shorter stroke length (West, 2006). Research on other 

aquatic sports indicated that increasing stroke rate improved performance by 

compensating for a fatigue-related decrease in stroke length (Alberty et al., 2008; 

Laffite et al., 2004). Outrigger canoeists however, are coached to maintain a consistent 

stroke rate during racing to optimise crew synchrony. Overall success in outrigger 

canoeing therefore, may not be dependent on the stroke rate but rather on the stroke 

length used in conjunction with the selected stroke rate, and warrants further 

investigation. 
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 Outrigger canoeists often contest multiple events in one day and need to optimise 

performance in all events, particularly the later finals. This can be achieved by pacing 

performance to minimise racing-induced fatigue, as evidenced in high performance surf 

lifesaving (Sinclair et al., 2009). A split time regulation pacing strategy can be adopted 

by using teleoanticipation, which is the knowledge of distance remaining or using prior 

racing experience (St Clair Gibson et al., 2006) and incorporates even, positive, 

negative or all-out pacing strategies (Abbiss & Laursen, 2008; St Clair Gibson et al., 

2006). The H trial demonstrated even pacing with no difference in split times while the 

T trial demonstrated even pacing throughout the first three splits but positive pacing in 

the last quartile. The SS trial resulted in positive pacing occurring over the second half 

of the trial with the 3rd and 4th splits significantly slower than the 1st split. Overall, the H 

trial resulted in the least variation in stroke rate and split times, which may minimise 

potential asynchronous paddling within the crew as the race progresses. These results 

may seem to contradict previous findings that a fast start and fast finish strategy is 

optimal for 1000 m performance (Sealey et al., 2010), however this is not the case. The 

time taken to complete the 1000 m time trial with the even pace strategy in the current 

study was 7 s (2%) slower than that elicited with a fast start and fast finish strategy 

previously in a similar cohort (Sealey et al., 2010). Therefore, while even pacing 

resulted in the fastest performance in the current study, the fast start and fast finish 

strategy remains optimal for 1000 m outrigger canoeing performance.   

 

A consistent stroke rate that results in fast performance and only moderate 

physiological fatigue is preferential compared to a stroke rate that results in fast 

performance but high physiological demand, as post-race fatigue may be detrimental to 

successive race performances. In each trial in the current study, the physiological 

demand (HR, V O2, V E and RR) progressively increased with each split. The H trial 

resulted in significantly lower average V O2, RR and HR and significantly lower peak 
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HR, V E, RR, LA and RPE than the SS and T trials. These findings are in agreement 

with Foster et al. (1993) where even pacing was reported to be best for moderate 

duration events and that increasing intensity (i.e. stroke rate) leads to higher 

physiological demand (Thompson et al., 2004). Given that a limiting factor in sport 

performance is fatigue (Toussaint et al., 2006), and highly physiologically demanding 

events result in post-race fatigue, the H stroke rate is best suited to 1000 m outrigger 

canoeing performance when athletes compete in multiple events throughout the day as 

this stroke rate appears least likely to elicit physiological fatigue.  

 

While providing insight into the unique nature of outrigger canoeing performance, the 

current study was limited to the physiological demand and performance impact of three 

specific stroke rate interventions. Given the knowledge that speed is a product of both 

stroke rate and stroke length in aquatic sports, future research should quantify the 

relationship between stroke rate and stroke length during outrigger canoeing to 

specifically identify which stroke rate and stroke length combination produces the 

fastest performance while minimising fatigue. Further, as the current study was limited 

to outrigger canoeists performing time trials on an outrigger ergometer, future research 

should expand results to on-water racing. 

 

8.5 Conclusion 

The current study confirmed that the range of stroke rates used by outrigger canoeists 

of different clubs is large, with no scientific reason for current stroke rate selection 

practices. The current study indicated that setting the stroke rate at either •  55 

strokes·min-1 or •  65 strokes·min-1 for the 1000 m outrigger canoeing time trial results in 

a better performance than if participants freely select stroke rate, however the 

mechanism for this performance difference requires further investigation. The stroke 

rate of •  55 strokes·min-1 resulted in significantly less physiological demand and may 

be less likely to elicit fatigue across multiple 1000 m events than faster stroke rates. 
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The adoption of a Hawaiian stroke rate of 55 strokes·min-1 or less for the 1000 m races 

is therefore recommended as it provides a fast performance time at a lower 

physiological demand than faster stroke rates.  
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Chapter Nine 

Effect of self-selected and induced slow and fast paddling on stroke kinematics 

during 1000 m outrigger canoeing ergometry 

 

Sealey (nee Kerr), R.M., Ness, K.F., & Leicht, A.S. (under review). Effect of self-

selected and induced slow and fast paddling on stroke kinematics during 1000 m 

outrigger canoeing ergometry. 

 

9.1 Introduction 

Six-person craft (OC6) outrigger canoeing involves a stroke rate of between 45 and 70 

strokes·min-1 (Holmes, 1996; West 2006) with paddlers alternately completing 10 to 20 

strokes on each side of the canoe. The lower end of the stroke rate range is associated 

with a long reach and exaggerated torso movement and is referred to as the Hawaiian 

style, while the upper stroke rate range is referred to as the Tahitian style and includes 

a fast action incorporating a shorter stroke with predominantly arm movement (Holmes, 

1996; West 2006). These Hawaiian and Tahitian styles are the traditionally adopted 

stroke rates for outrigger canoe racing. However, a recent survey of Australian coaches 

identified that 81% of responding coaches prescribe a stroke rate of between 55 and 

65 strokes·min-1 (Sealey, 2009) without scientific basis. 

 

While Hawaiian and Tahitian stroke rates result in similar 1000 m performance time, 

they both elicit significantly faster performance than the Australian self-selected stroke 

rate (Sealey et al., under review), suggesting that stroke rate alone is not a predictor of 

performance. The authors suggest that outrigger canoeing performance may be 

dependent on the specific combination of stroke rate and stroke length used and 

therefore recommend that this relationship be investigated.  
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Stanton and colleagues (2001) report a negative correlation (r = -0.928) between 

stroke rate and stroke length during outrigger canoeing performance, as also 

evidenced when swimming at constant velocity (Fritzdorf et al., 2009; Thompson et al., 

2000), with swim velocity the product of stroke rate and stroke length (Fritzdorf et al., 

2009; Thompson et al., 2000; Toussaint et al., 2006). It has been well established in 

swimming and rowing that a high stroke rate is directly related to high velocity (Chollet 

et al., 1997; Seifert & Chollet, 2005; Soper & Hume, 2004b) while a significant positive 

correlation between stroke length and velocity has been reported for swimming, with 

faster swimmers using a longer and more consistent stroke length (Chollet et al., 

1997). Also in swimming, attempts to maintain velocity during a race are made by 

increasing stroke rate in response to a fatigue-induced reduction in stroke length 

(Alberty et al., 2008; Laffite et al., 2004). It is not yet known how stroke rate and stroke 

length are related to performance in outrigger canoeing. 

 

It has been reported in outrigger canoeing that a fast stroke rate is associated with a 

shorter stroke and minimal body movement (West, 2006). More specifically, as stroke 

rate increases from 50 to 80 strokes·min-1, torso flexion angle decreases as stroke 

length decreases, although at stroke rates exceeding 80 strokes·min-1, torso flexion 

angle increases despite further reductions in stroke length (Stanton et al., 2001). The 

outrigger canoeing technique involves a combination of torso flexion-extension and 

rotation (Stanton, 1999) with torso flexion angles of between 34 and 67° reported 

(Stanton et al., 2001). As with sweep-oar rowing and kayaking, this combination of 

prolonged sitting, repeated torso flexion and torso rotation has the potential to 

contribute to back pain or injury (Howell, 1984; Karlson, 2000; Kizer, 1987; Reid & 

McNair, 2000; Soper & Hume, 2004b, Stanton, 1998). It is not yet known how different 

stroke rates that are commonly used in outrigger canoeing, affect this torso movement. 
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The aim of the current study was to identify the effect of common stroke rates on 

various kinematic variables of female outrigger canoeists during a sport-specific 1000 

m ergometer time trial. The results will provide coaches with information regarding how 

these stroke rates affect performance and technique.  

 

9.2 Methods 

Participants 

Sixteen female outrigger canoeists (age = 38 ±10 yr, height = 168 ±5 cm, mass = 76 

±16 kg) from three clubs in north Queensland, Australia, volunteered and gave written 

informed consent to participate in the study approved by the James Cook University 

Human Ethics Committee. Participants had between one and eight years (3 ±2 yr) 

competitive paddling experience and were in the competition phase of the outrigger 

canoeing season when testing occurred. 

 

Protocols 

Prior to testing all participants completed a familiarisation session using the outrigger 

ergometer which comprised of a Model D Concept IITM rowing ergometer (Breakwater, 

Australia) with a paddling adaptor (Vermont waterways, Vermont, USA). The 

familiarisation session involved 10 min submaximal effort paddling on the ergometer 

followed by a 5 min rest. Participants then completed an additional 3 min warm-up 

followed 2 min later with a maximum effort 1000 m time trial. During the familiarisation 

time trial participants used a self-selected stroke rate, technique and frequency of 

paddle-side changes to mimic on-water 1000 m racing.  

 

Following familiarisation, participants completed three more 1000 m time trials over 

three consecutive weekends using a different stroke rate intervention each session. 

During the first time trial participants were asked to use their self-selected stroke rate 

(SS) while on the 2nd and 3rd occasions participants were asked to perform the time 
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trials using either the slow Hawaiian stroke rate (H) of •  55 strokes·min-1 or the fast 

Tahitian stroke rate (T) of •  65 strokes·min-1, with these two trials allocated in random 

order. The SS trial was always completed first so that participants’ technique was not 

influenced by the induced stroke rate trials. Each time trial was preceded by a 3 min 

warm-up consisting of 2 min at moderate intensity, 30 s at near maximal intensity and 

another 30 s at moderate intensity paddling. Participants were asked to complete each 

time trial in the fastest time possible and were not informed of any potential effect that 

different stroke rates might have on performance. Participants were free to alternate 

paddling sides as per their normal on-water technique, which typically resulted in 

changing paddling side every 10 to 20 strokes. Participants were well hydrated, well 

rested and had abstained from caffeine prior to testing. Dietary status was neither 

assessed nor controlled. 

 

During each time trial, performance time and the kinematic variables of stroke rate, 

stroke length, proportion of time spent in the propulsive and recovery phases of the 

stroke, and the angles of the paddling and non-paddling sides of the torso were 

measured. Performance time was measured with a handheld stopwatch (TM-104, 

Nyda, China) and stroke rate was recorded every 15 s from the ergometer display unit 

and averaged over each 250 m split and across the entire 1000 m. All other variables 

were measured with the Peak MotusTM system (Version 9, Vicon Motion Systems, 

Centennial, CO, USA). Seven optical cameras were placed around the ergometer at 

varying heights to cover a data capture volume of 3.5 m (x axis, parallel to ergometer 

length) x 3 m (y axis, perpendicular to ergometer length) x 1.5 m (z axis, vertical). The 

cameras captured at a frequency of 50 Hz with the test space calibrated using the 

standard Peak MotusTM (Vicon Motion Systems, Centennial, CO, USA) calibration 

frame (1.2 m x-axis, 0.7 m y-axis, 0.08344 m z-axis) and portable wand (0.914 m 

length) for a 240 s period resulting in 2000 of the total 12,000 captured frames being 

used for calibration, with a mean 96.0 ±2.8% of individual camera field of view 
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linearised and a mean 72.4% of total testing space covered. Reflective 1 cm diameter 

spherical markers were placed on the left and right acromions and iliac crests of the 

participants and on the front side of the bottom of the ergometer paddle shaft prior to 

testing. Kinematic data were collected with the Peak MotusTM system during left side 

paddling for 8 s at approximately 100 m (during the 1st 250 m split), 400 m (during the 

2nd 250 m split), 600 m (during the 3rd 250 m split) and at 900 m (during the 4th 250 m 

split) to ensure at least six full strokes at each split were captured. 

 

The stroke length, proportion of time spent in the propulsive and recovery phases of 

the stroke and torso angle data for each split was reported as the average of six 

consecutive strokes during each split, with the average of all 24 strokes (six strokes 

across four splits) used for the overall 1000 m average. Stroke length was measured 

as the average distance travelled along the x-axis during the propulsive phase by the 

marker situated at the bottom of the paddle. The proportion of time spent in the 

propulsive and recovery phases of the stroke were calculated by counting the number 

of frames taken to complete each stroke and each phase and multiplying that number 

of frames by 0.02 s, the time taken to complete one frame. The propulsive phase was 

measured from the first frame of backward movement of the paddle to the most 

rearward position of the paddle, while the recovery phase was measured from the first 

frame of the paddling moving forward to the most forward position of the paddle. The 

time spent in the propulsive and recovery phases were then converted to a percentage 

of total stroke time. Torso angle was measured from the upward vertical to the iliac 

crest-acromion segment of the paddling (left) and non-paddling (right) side of the torso. 

Paddling and non-paddling side torso range of motion were calculated as the difference 

in torso angle between the start and the end of the propulsive phase, with positive 

nomenclature representing an extension movement and negative nomenclature 

indicating increased flexion. The term ‘twist’ has been used in outrigger canoeing 

literature (AOCRA, 2000; West, 2006) and subsequently by coaches to describe the 
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rotation about the torso during the propulsive phase of outrigger canoeing. For the 

purpose of this study, the amount of ‘twist’ was defined as the absolute difference 

between the start and end of the propulsive phase, for the difference between the non-

paddling side and paddling side torso angles, i.e. [(non-paddling side minus paddling 

side torso angle at end of propulsive phase) minus (non-paddling side minus paddling 

side torso angle at start of propulsive phase)]. 

 

Statistical analysis 

Data were analysed with the Statistical Package for Social Sciences (Version 17, 

SPSS Inc, Chicago, Ill, USA). All data are reported as means ±SD for each 250 m split 

and for the total 1000 m time trial for each stroke rate intervention. Coefficients of 

variation (CV) were also assessed (as SD divided by the mean, multiplied by 100), for 

the overall 1000 m data. Differences in the kinematic variables between stroke rate 

interventions were assessed with two-way repeated measures (stroke rate x split) and 

one-way repeated measures (stroke rate) ANOVAs for the split data and 1000 m data, 

respectively. Where significant differences were reported, post-hoc Tukey HSD tests 

were applied to locate the significant differences. For all statistical analyses alpha was 

set at 0.05. 

 

9.3 Results 

Mean 1000 m stroke rate and stroke length were significantly different between the 

three interventions (Table 9.1). The 1000 m performance time for the H and T were 

similar with both significantly faster than the SS (Table 9.1). Within each intervention, 

there was no difference in stroke rate or stroke length across the four, 250 m splits 

indicating that the chosen technique was consistent throughout the time trial (Table 

9.2).  
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Across all interventions, stroke rate was negatively correlated to stroke length 

(p<0.001, Figure 9.1a) and stroke length was positively correlated to stroke time 

(p<0.001, Figure 9.1b). 

 

Table 9.1: Mean ±SD (coefficient of variation) stroke data during 1000 m ergometer 

time trial performance for three stroke rate interventions of female outrigger canoeists 

(n=16). 

Variable SS H T 

Stroke rate (strokes·min-1) 62 ±6 (10.3) 54 ±1 (1.9) *  70 ±4 (5.7) *†  

Performance time (s) 371 ±40 (9.3) 358 ±31 (8.7) * 357 ±29 (8.1) * 

Stroke length (m) 1.27 ±0.15 (11.8) 1.43 ±0.12 (8.4) * 1.12 ±0.13 (11.6) *† 

Propulsive phase (% stroke) 56.5 ±2.3 (4.1) 55.8 ±2.3 (4.1) 56.2 ±2.3 (4.1) 

Recovery phase (% stroke) 43.5 ±2.3 (5.3) 44.2 ±2.3 (5.2) 43.8 ±2.3 (5.3) 

SS = self-selected stroke rate, H = Hawaiian stroke rate, T = Tahitian stroke rate. 

* = significantly different to SS; † = significantly different to H. 

 

During the 1000 m time trial, there was no difference in the proportion of stroke time 

spent in the propulsive and recovery phases of the stroke between interventions (Table 

9.1). However, the proportion of stroke time spent in the propulsive phase of the H was 

significantly greater during the 4th 250 m split than during the 1st 250 m split (Table 9.2). 

 

There were no significant differences between interventions for the torso angles 

measured for both the paddling side and non-paddling side of the torso either at the 

start or the end of the propulsive phase (Figure 9.2). The T average range of motion for 

the paddling side of the torso and non-paddling side of the torso during the propulsive 

phase of the stroke (9.0 ±8.8° and -4.3 ±8.0°) were significantly less than both the SS 

(14.5 ±14.1° and 1.8 ±10.8°) and H (17.3 ±13.9° and 0.3 ±8.8°), respectively (p<0.05). 

There were no significant differences in the amount of propulsive phase ‘twist’ across 
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interventions, with group average values of 18.3 ±9.2°, 21.3 ±9.3° and 17.8 ±7.5° 

recorded for the SS, H and T, respectively . 

 

Table 9.2: Mean ±SD stroke data during each 250 m split of 1000 m ergometer time 

trial performance for three stroke rate interventions of female outrigger canoeists 

(n=16). 

Variable 250 m split SS H T 

Stroke rate (strokes·min-1) Split 1 62 ±7 54 ±2 * 71 ±4 *† 

 Split 2 61 ±6 54 ±1 * 69 ±4 *† 

 Split 3 61 ±6 54± 2 * 69 ±4 *† 

 Split 4 61 ±6 54 ±2 * 70 ±4 *† 

Performance time (s) Split 1 89 ±9 89 ±8 87 ±7 

 Split 2 92 ±10 89 ±7 89 ±7 

 Split 3 94 ±11 a 90 ±7 * 90 ±8 * 

 Split 4 96 ±11 a 90 ±7 * 91 ±7 *a 

Stroke length (m) Split 1 1.34 ±0.16 1.47 ±0.15 * 1.14 ±0.13 *† 

 Split 2 1.26 ±0.16 1.43 ±0.12 * 1.13 ±0.14 *† 

 Split 3 1.24 ±0.15 1.42 ±0.12 * 1.12 ±0.14 *† 

 Split 4 1.25 ±0.15 1.41 ±0.13 * 1.10 ±0.14 *† 

Propulsive phase (% stroke) Split 1 55.8 ±2.0 55.2 ±2.3 56.1 ±2.0 

 Split 2 56.8 ±2.2 56.0 ±2.5 56.3 ±2.5 

 Split 3 56.5 ±2.7 55.7 ±2.4 56.2 ±2.5 

 Split 4 56.7 ±2.7 56.3 ±2.7 a 56.4 ±2.6 

Recovery phase (% stroke) Split 1 44.2 ±2.0 44.8 ±2.3 43.9 ±2.0 

 Split 2 43.2 ±2.2 44.0 ±2.5 43.8 ±2.6 

 Split 3 43.5 ±2.7 44.2 ±2.2 43.8 ±2.5 

 Split 4 43.3 ±2.7 43.8 ±2.7 43.6 ±2.6 

SS = self-selected stroke rate, H = Hawaiian stroke rate, T = Tahitian stroke rate. 

* = significantly different to SS; † = significantly different to H; a = significantly different to Split 1. 
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Figure 9.1: The relationship between stroke rate and stroke length (a), and stroke 

length and stroke time (b) for female outrigger canoeists during 1000 m time trial 

ergometry. 
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Figure 9.2: Mean ±SD torso angles at the start and end of the propulsive phase for the 

paddling side of the torso (a and b) and the non-paddling side of the torso (c and d) for 

three stroke rate interventions of female outrigger canoeists. 
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9.4 Discussion 

The current results demonstrate the unique biomechanical aspects of outrigger 

canoeing whereby altering stroke rate results in changes to stroke length but not the 

proportion of time spent in the propulsive phase; and that these kinematic modifications 

were consistent throughout a 1000 m time trial. Further, the T demonstrated 

significantly less torso flexion-extension range of movement than the H and SS 

interventions with no other movement pattern differences evidenced. 

 

As reported previously during OC1 paddling (Stanton et al., 2001), rowing (Soper & 

Hume, 2004b) and swimming (Fritzdorf et al., 2009; Thompson et al., 2000), as stroke 

rate increased, stroke length decreased. It has also been reported that stroke rate and 

stroke length, while inversely proportional, are both directly proportional to performance 

velocity in swimming and rowing (Chollet et al., 1997; Fritzdorf et al., 2009; Soper & 

Hume, 2004b). In the current study however, both the slow H with the long stroke 

length and the fast T with the shorter stroke length resulted in similar 1000 m 

performance time, indicating that it is not so much the individual stroke rate or stroke 

length used that determines performance, but the interaction of these two variables and 

how that interaction effects average power output. What is not clear from the current 

study, is why the SS elicited a significantly slower performance time given that the SS 

also demonstrated a significant negative correlation between stroke rate and stroke 

length (r=-0.57, p=0.02). Potential mechanisms are the large range of average stroke 

rates used during the SS intervention (50 to 72 strokes·min-1) resulting in a large CV 

(10.3) and the methodological design of performing the SS intervention first. However, 

the rationale for the participants using their own preferred stroke rate and to assess this 

time trial first was to ensure that the study captured the kinematics of the stroke rate 

adopted by Australian outrigger canoeists, without influence from the traditional 

techniques. Previous 1000 m outrigger canoeing research has indicated that following 

one practice, performance across three consecutive time trials performed on separate 
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days resulted in similar performance (Sealey et al., 2010) and therefore it is unlikely for 

the trained population of the current study that a learning effect would have occurred 

between trials. Future research should investigate the effect of a stroke rate of 61 

strokes·min-1 (the average SS of the current participants) on performance and 

technique and to randomise this intervention with the H and T interventions to confirm 

the results of the current study. 

 

In the current study, average stroke length varied between 1.12 and 1.43 m, which was 

a similar length to that reported for both dragon boat paddlers and rowers (Elliott et al., 

2002; Ho et al., 2009; Steer et al., 2006) but approximately double that reported for on-

water OC1 paddling with a stroke rate-dependent range of 44 to 90 cm (Stanton et al., 

2001). In the current study, stroke length did not change throughout the time trial, 

indicating that female outrigger canoeists were able to maintain a consistent stroke 

length across all interventions. This is in contrast to swimming where it has been 

reported that as a race progresses, stroke length shortens due to fatigue (Thompson et 

al., 2000) despite more skilled swimmers being more able to maintain a consistent 

stroke length (Chollet et al., 1997; Toussaint et al., 2006). However, it must be 

considered that the swim performance papers report stroke length as the distance of 

water covered in each stroke, whereas in the current study stroke length represents the 

distance that the paddle moves. Therefore, the stroke length change in swimming may 

be due to decreased movement efficiency despite no change in arm movement 

distance during each stroke. Irrespective of the different calculation of stroke length, it 

is likely that the adoption of a consistent stroke length throughout the outrigger 

canoeing time trial is a learned skill, given that anecdotally, coaches encourage stroke 

consistency in OC6 paddlers to maximise within-crew paddling synchrony. 

 

Regardless of the stroke rate used for the 1000 m time trial, the proportion of time 

spent in both the propulsion and recovery phases of the stroke was similar for each 
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intervention. Indeed, for each intervention, the percentage time spent in propulsion and 

recovery varied by only 0.5 to 2.3% across all splits, thus remaining constant 

throughout each time trial. The consistent 56% of time spent in propulsion in the 

current study is higher than that reported for canoeing (38 to 51%; Pelham et al., 

1992), below that for kayaking (64 to 69%; Sanders & Kendal, 1992), but similar to both 

rowing (57%; Dawson et al., 1998) and dragon boating (56%; Ho et al., 2009), with no 

previous reports of outrigger canoeing available. It has been noted in rowing that as 

stroke rate increased, the proportion of time spent in propulsion increased (Dawson et 

al., 1998; Martin & Bernfield, 1980) and boat velocity increased (Martin & Bernfield, 

1980). Therefore, it remains to be determined whether an induced reduction in 

recovery time (in order to increase the proportion of time spent in propulsion) will elicit 

positive changes in outrigger canoeing performance, and whether this performance 

enhancement will result in improved crew paddling consistency, given that the recovery 

phase has been reported to be the major source of stroke variability in rowing (Dawson 

et al., 1998). 

 

Similar to dragon boating, kayaking, canoeing and rowing (Ho et al., 2009; Plagenhoef, 

1979; Shephard, 1987), the outrigger canoeing technique typically moved toward torso 

extension as the propulsive phase progressed. In the current study, the range of 

individual torso angles at the start and end of the propulsive phase was large. 

However, the group average torso flexion at the start of the propulsive phase of 24° to 

31° for the paddling side and 19° to 23° for the non-paddling side, are greater than 

those reported for kayaking (10° to 15°, Plagenhoef, 1979; Shephard, 1987), similar to 

those reported for rowing (22° to 32°, Elliott et al., 2002; McGregor et al., 2005;), and 

less than those reported for OC1 paddling ( 34 to 67°, Stanton et al., 2001), canoeing 

(30° to 47°, Plagenhoef, 1979; Shephard, 1987) and dragon boat racing (41°, Ho et al., 

2009). While it was expected that trunk flexion angles would be similar to that reported 

for OC1 and dragon boating, the methodology used to measure trunk flexion in the 
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Stanton et al. (2001) research was not explained, and the placement of the markers for 

measurement of the trunk segment angle differed between the current study and Ho 

and colleague’s (2009) dragon boat study. These methodological variations make it 

impossible to meaningfully compare results. 

 

With respect to the paddling side of the torso, the T started the propulsive phase with 

the most upright posture, at least 6° more than the H and SS trials, with all trials 

finishing the propulsive phase within 1° of each other. Consequently, the T resulted in 

the smallest torso range of motion. This finding is in agreement with Stanton and 

colleagues (2001) whom reported a negative correlation between stroke rate and trunk 

flexion (r = -0.844) up to a stroke rate of 80 strokes·min-1. 

 

Previous research reports that on-water sports such as rowing, kayaking and outrigger 

canoeing may predispose the participant to back pain due to the combination of the 

seated posture and repeated torso flexion and rotation (Howell, 1984; Karlson, 2000; 

Kizer, 1987, Reid & McNair, 2000; Soper & Hume, 2004b; Stanton, 1998). The current 

study confirms that irrespective of the stroke rate adopted the outrigger canoeing 

technique does involve repeated torso flexion and rotation with no difference in torso 

rotation but a significantly less amount of flexion-extension range of motion occurring at 

the faster stroke rate. This reduced flexion-extension movement of the faster stroke 

rate may reduce injury risk, however spinal loading was not assessed and 

consideration should be made for the potential that despite a smaller range of motion, 

the faster stroke rate may require a more rapid rate of force production which has been 

linked to increased injury risk (O’Sullivan et al., 2003). 

 

While this study provides insight into the effect that the H, T and SS have on the 

kinematics of outrigger canoeing, future research should investigate whether increasing 

the proportion of time spent in propulsion results in enhanced performance, as reported 
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for rowing (Martin & Bernfield, 1980) and kayaking (Sanders & Kendal, 1992). Further, 

a more extensive investigation of torso biomechanics should be considered. A 

limitation of the current study was that torso movement was determined from markers 

placed on the acromions and iliac crests. Future research should use spinal markers 

for a more direct measure of torso movement, as this was unable to be done in the 

current study due to the positioning of a portable gas analysis system on the 

participant’s back for simultaneous physiological analysis (Chapter Eight). 

 

9.5 Conclusions 

The outrigger canoeing technique appears unique in that the stroke kinematics are 

adapted to the selected stroke rate and kept consistent throughout a 1000 m time trial. 

This consistency may be a specialised skill induced by the coaching emphasis placed 

on crew paddling synchrony. Specifically, outrigger canoeists adopt a shorter stroke 

length when using a fast stroke rate, and adopt a longer stroke length when using a 

slow stroke rate, with these variables consistent throughout the time trial. Further, 

female outrigger canoeists use a greater range of torso movement when adopting a 

slow stroke rate. Future investigation is warranted to determine if technique alterations 

in response to different stroke rates is likely to contribute to back injuries in outrigger 

canoeists. 
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Chapter Ten 

Summary and conclusions 

 

10.1 Summary 

Outrigger canoe racing is a developing sport with current coaching practice largely 

based on previous paddling experience, non-scientific outrigger canoeing literature and 

practices adapted from other on-water sports. A limited number of studies have been 

published on outrigger canoeing with studies specifically quantifying performance 

demands, strategies and predictors of racing distances not yet available. 

 

The overall aim of the current thesis was to quantify the demands of 1000 m outrigger 

canoeing performance in order to develop coaching recommendations with respect to 

crew selection and performance optimisation for female outrigger canoeists.  

 

Before focusing on enhancing performance, coaches must select their racing crew. By 

comparing 1000 m ergometer time trial performance to specific work-related, 

physiological and anthropometric characteristics of the female outrigger canoeists, it 

was deduced that mean power output accounted for 97% of the variation in 1000 m 

performance time and therefore was the most powerful predictor of performance. 

Flexed arm, waist girth, humerus breadth, sitting height, V O2peak, HRmean and Ppeak also 

contributed to performance and therefore coaches should select outrigger canoeists 

who can generate and maintain high power output during the 1000 m time trail, who 

display a large body stature and have a high V O2peak. 

 

Given that V O2peak significantly predicts 1000 m time trial performance, a protocol that 

assesses V O2peak would be useful for outrigger canoeing coaches. Graded exercise 

test protocols have previously been reported for outrigger canoeing (Humphries et al., 
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2000; Stanton et al., 2001) however these protocols appear to be sub-optimal for 

female outrigger canoeists as they resulted in exhaustion and hence test cessation 

within three-to-four minutes. Aspects of these previous GXT protocols were therefore 

combined and modified to form a GXT protocol to be assessed with female outrigger 

canoeists. Protocols involving workload increases of 15 W every 2 min or 7.5 W every 

1 min resulted in similar physiological performance for V O2peak of 3.03 and 3.17 L·min-1, 

greater than those reported previously during a shorter GXT protocol (Humphries et al, 

2000). Both protocols elicited either a plateau or decline in V O2 by the final stage for all 

participants, with four of the five criteria for V O2max attainment achieved (American 

College of Sports Medicine, 2000).Therefore, either GXT protocol, accompanied by 

robust attainment criteria, was suitable for determining V O2peak for female outrigger 

canoeists, however we suggest that the same protocol be used as unacceptably high 

(9 to 14%) variability was evident across protocols. 

 

The identification of a sport-specific, female-specific GXT protocol for V O2peak 

assessment will provide coaches and sport scientists with a simple tool to assist with 

crew selection. However, consideration should be made for the cost and time 

commitment of assessing both V O2peak and the more important 1000 m time 

separately, for crew selection purposes, as has occurred previously (Humphries et al., 

2000). Therefore the suitability of a single protocol to determine both time trial 

performance, power output and V O2peak, as has been reported in rowing with the 2000 

m ergometer time trial (Bourdon et al, 2007; Perkins & Pivarnik, 2003; Pripstein et al, 

1999), should be addressed.  

 

When comparing the two female- and sport-specific GXT protocols with the 1000 m 

ergometer time trial, no significant differences in peak physiological responses were 

evident. Further, test time, V O2peak and HRpeak were significantly correlated across the 
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three protocols. These results indicated that the 1000 m time trial was a sport-specific 

test that was suitable for determining both performance and V O2peak of female 

outrigger canoeists. The ability to use one protocol to measure both performance 

predictor outcomes will allow for cost and time-efficient talent identification and crew 

selection processes of female outrigger canoeists. 

 

To ensure that the 1000 m time trial would provide consistent physiological results, the 

reliability of the physiological responses was assessed twice each using a laboratory-

based metabolic cart (PowerlabTM) and a portable gas analysis system (COSMED K4b2 

TM). Both systems resulted in reliable physiological data with intraclass correlation 

coefficients of 0.87 and 0.69 for V O2peak. The PowerlabTM system measured 13.6% 

(statistically significant) higher V CO2 and 7.4% (not statistically significant) higher 

V O2peak than the COSMED K4b2
 
TM). Therefore, while each system provided reliable 

physiological data, the same system should be used for all testing, with the COSMED 

K4b2 TM more suitable for outrigger canoeing assessment as it was less cumbersome to 

wear and was less likely to interfere with paddling technique than the larger laboratory-

based system. 

 

In addition to crew selection criteria, the identification of factors that optimise 

performance, including pacing strategies and paddling technique were also 

investigated. Across repeated 1000 m ergometer time trials, all performance and 

physiological responses were significantly correlated (0.644 to 0.996), indicating 

paddling consistency for the athletes.  During most trials (82%) athletes used a fast 

start, positive pacing strategy whereby split times increased (mean speed decreased) 

with each consecutive split. By the fourth time trial however, there was an increased 

adoption of negative pacing between the third and fourth splits, resulting in a significant 

improvement in performance time. This fast start and fast finish pacing strategy 
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adopted by the fourth trial elicited a faster performance time than other freely chosen 

pacing strategies evidenced during testing, and therefore resulted in optimal 

performance for the 1000 m ergometer time trial. 

 

Despite the adoption of a fast start strategy, the athletes maintained a consistent stroke 

rate with the group average ranging between 56 and 62 strokes·min-1 (Chapters Three, 

Six and Seven) which is in agreement with a recent survey conducted on Australian 

coaches (Sealey, 2010).  A wide range of stroke rates were self-selected by female 

outrigger canoeists with this range encompassing the extremes of paddling technique 

including the slow Hawaiian stroke rate (•  55 strokes·min-1) and the fast Tahitian stroke 

rate (•  65 strokes·min-1). In response to this wide range of self-selected stroke rates 

used during 1000 m time trials, as previously reported for on-water racing (West, 

2006), it was important to determine how these stroke rates impacted on performance 

with respect to 1000 m completion time, physiological demand and paddling 

kinematics. 

 

When allowed to freely choose stroke rate, female outrigger canoeists paddled at an 

average of 61 strokes·min-1, resulting in a 1000 m time that was 13 s slower than both 

the slow Hawaiian and fast Tahitian stroke rates, which elicited similar times. Despite 

no difference in performance time, the Hawaiian stroke rate resulted in significantly less 

physiological demand (e.g. V O2, HR, LA, RPE) than the Tahitian stroke rate. The slow 

Hawaiian stroke rate therefore was regarded as optimal for 1000 m performance as it 

was the least physiologically demanding and therefore less likely to negatively effect 

successive races, without compromising performance time.  

 

Despite being the least physiologically demanding, the Hawaiian stroke rate resulted in 

the same 1000 m performance time as the Tahitian stroke rate. Therefore stroke rate 

alone did not predict performance, with other factors such as the kinematics of the 
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outrigger canoeing stroke potentially impacting on performance. As stroke rate for the 

1000 m outrigger canoeing time trial increased, stroke length decreased with this 

stroke modification maintained for the entire 1000 m time trial. Therefore, it was not the 

stroke rate or stroke length alone that effected performance, but the interaction of the 

two. Unlike other aquatic sports where higher stroke rates are associated with a 

reduced proportion of time spent in the recovery phase of the stroke (Dawson et al., 

1998; Martin & Bernfield,1980), outrigger canoeists maintained the same proportion of 

time spent in the propulsive and recovery phases irrespective of the stroke rate 

adopted, which may benefit team paddling synchrony.  

 

Overall, the torso movement in outrigger canoeing was similar to that of rowing and 

kayaking, sports that have an established risk of back injury (Howell, 1984; Kizer, 1987; 

Pollock et al., 2009; Teitz et al., 2002; Walsh, 1985). The Tahitian stroke rate resulted 

in a significantly smaller torso range of motion than the other stroke rates, however 

there were no significant differences reported for the torso flexion angle at the start or 

end of the propulsive phases, nor in the amount of torso ‘twist’ between stroke rate 

interventions. The kinematic analysis performed in this thesis indicated that female 

outrigger canoeists use a greater torso range of motion at the slower stroke rates. 

However, this technique alteration does not compromise performance time or 

technique consistency. 

 

This novel research confirmed that physiological, anthropometric and work-related 

variables all contribute to 1000 m performance of female outrigger canoeists and 

therefore should be considered when selecting female OC6 crews. Further, this thesis 

provides a solid foundation from which future outrigger canoeing research and practice 

can be established. 
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10.2 Coaching recommendations 

While the results of each individual study within this thesis plays an important role in 

furthering the science of outrigger canoeing, it is the culmination of these studies that 

has the potential to most heavily impact the sport. The synthesis of the seven studies in 

this thesis provides coaches with practical recommendations for selecting crews and 

for optimising performance. 

 

Based on the current findings, coaching recommendations for the selection of 1000 m 

female outrigger canoeing crews are to: 

 

1) Select women who are able to generate and maintain high power output 

throughout a 1000 m time trial. A mesomorphic body stature and high 

V O2peak should also be considered as secondary selection criteria (Chapter 

Three: Kerr, Spinks, Leicht & Sinclair, 2008). 

 

2) Use a 1000 m ergometer time trial to assess both performance (power 

output and completion time) and V O2peak during the one protocol (Chapter 

Four: Kerr et al., 2008a; Chapter Five: Kerr et al., 2008b; Chapter Six: 

Sealey et al., 2010; Chapter Seven: Sealey et al., 2010). 

 

Further, the coaching recommendations for optimal 1000 m performance of female 

crews, are to:  

 

1) Adopt a fast start, fast finish race pacing strategy as this elicits a faster 1000 

m performance time than other freely-chosen pacing strategies (Chapter 

Seven: Sealey et al., 2010). 
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2) Use the Hawaiian stroke rate of •  55 strokes·min-1 as it is the least   

physiologically demanding paddling style without compromising 

performance time or technique consistency (Chapter Eight: Sealey et al., 

under review; Chapter Nine: Sealey et al., under review). 

 

10.3 Research limitations 

In Chapter Seven, participants were asked to complete the 1000 m time trial in the 

fastest time possible, using their normal on-water performance strategy. This allowed 

for the documentation of pacing strategies currently used by female outrigger canoeists 

and identified which of these strategies elicited optimal performance, however it did not 

allow for all possible pacing strategies to be assessed. 

 

In Chapters Eight and Nine, participants were asked to complete three, 1000 m time 

trials with their self-selected stroke rate always completed first. The use of the freely 

chosen (self-selected) stroke rate resulted in a large range of stroke rates used, which 

may have impacted overall performance of this trial. The self-selected trial was always 

completed first to ensure that the other (Hawaiian and Tahitian) stroke rates did not 

influence the stroke rate adopted in the self-selected trial. Therefore, there may have 

been a potential learning influence resulting in the self-selected trial to be the least 

successful. However, as reported in Chapter Five, three successive 1000 m time trials 

did not elicit a learning effect and therefore it was unlikely that performing the self-

selected trial first would impact on performance time. 

 

In Chapter Nine, the kinematic analysis of the outrigger canoeists was limited to the 

quantification of three-dimensional flexion-extension and rotation movements of the 

torso based on acromion and iliac crest markers with no examination of direct spinal 

movement nor of the movement occurring at other joints. 
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Throughout the current studies, participants were requested to be well hydrated and to 

avoid caffeine or large means prior to testing. Dietary status of the athletes, however 

were not assessed or controlled and therefore potentially may have impacted on 

results. 

 

 10.4 Recommendations for future research 

The current thesis was limited to female 1000 m outrigger canoeing ergometry, with 

other topics of potential interest not included. Future research should investigate male 

outrigger canoeists, the demands of marathon events, and the demands of on-water 

performance. Male and female athletes display differences in physiological capacity, 

body composition and in the time taken to complete set-distance events (Yoshiga & 

Higuchi, 2003). Assuming that the findings of the current female-based research will 

apply to males therefore is potentially hazardous from a performance enhancement 

perspective. It is therefore recommended to replicate the current procedures of this 

thesis to separately assess male outrigger canoeists. 

 

Outrigger canoe racing involves a variety of race distances ranging from 500 m sprints 

up to races in excess of 70 km. While the results of the current study pertain 

specifically to 1000 m performance and may also apply to other sprint-based distances, 

it is unlikely that the results will apply to marathon performances. Future research 

should therefore be focused on determining the crew selection variables and 

performance predictors of marathon events with 10 to 30 km events commonly 

contested at regional, state, national and international levels of competition. Of 

particular impetus is the consideration that anecdotally, often the same OC6 crews 

contest the sprint and marathon events. If future research establishes that different 

demands exist between sprint and marathon races, it would be prudent for different 

teams to be selected based upon the demands of the events.  
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A natural progression from the current research is to replicate the protocols on-water to 

determine the physiological and biomechanical demands of actual on-water 1000 m 

competition. The evidence from the current research that performance and 

physiological and biomechanical demands can be assessed simultaneously with a 

single 1000 m time trial, and that the COSMED K4b2 TM portable gas analysis system 

appears suitable for field-testing, provides a strong basis for on-water analysis to be 

performed.   

 

As reported earlier, 81% of Australian coaches surveyed promote the use of a stroke 

rate of between 55 and 65 strokes·min-1, with an average self-selected stroke rate of 61 

strokes·min-1 (Chapter Eight). Future research should be carried out that compares the 

reported average self-selected stroke rate of 61 strokes ·min-1 to the Hawaiian and 

Tahitian stroke rates, to verify the current research findings as the strict adoption of the 

61 strokes·min-1 stroke rate will eliminate the wide range of stroke rates used during the 

self-selected intervention. 

 

The direct measurement of spinal movement, along with the quantification of other 

joints involved in the outrigger canoeing movement pattern such as the shoulder, elbow 

and the wrist should be considered in future research to provide coaches (and athletes) 

with an overall understanding of the impact that outrigger canoeing has on the joints of 

the body and potential identification of a technique that optimises performance. 
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