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ABSTRACT

Olympic Rowing is a ‘power endurance’ sport withrange of anthropometric,
physiological and technical requirements. Literatuexamining the physiological
determinants of elite rowing performance has ramtyuded the analysis of different
groups or their longitudinal development. Elite nogv traditionally adopts a ‘squad
based’ approach to training which often fails tecognise the potential benefits of
individualised training. To date, limited data déxisxamining the individualised
profiling of elite rowers leading to the inclusiar bespoke training prescription in
order to maximise performance.

Study 1 investigated the relationship between Zj0Gfrgometer performance and
regularly monitored physiological variables, whigtntribute to selection, in male and
female elite senior and development rowers. Analyiselividually, there were large
differences in the relationships observed acrossigreand competitive level, with sub-
maximal aerobic capacity (power at 4 mrhbllactate; Wmmon™) being the only
variable to significantly correlate with 2,000m feemance in all squads. Results were
further analysed using bivariate regression to exanthe degree of shared variance
between physiological status and performancg.\/i™* was able to explain 25-59% of
the variation in performance. Other variables wabde to explain the variance in
performance to differing degrees, depending onsthead. This suggests that coaches
and practitioners should examine performance détamts of homogenous groups, as
the determinants of performance may be differepedding on gender and competitive
level.

Study 2 investigated the importance ofsMon> by tracking its longitudinal
development in a large group of elite male roweosngleting the same training
programme. Changes in Mon~ Were analysed in order to investigate progression
rates and differences between Olympians (OLY) aad-@lympians (NON). OLY
improved significantly following each of the fir8t years of elite level training. The
results of a case series analysis of individude#gk, including a double Olympic gold
medallist with >12 years of international experensuggested a clear upward trend in
Wammon™ throughout a career, despite fluctuations withilividual seasons and
Olympiads. Improvements were attributed to the mitggical adaptations associated
with a consistent and well executed high volume/lovtensity training model.
Differences in the development of Mhoi™ between OLY and NON were not
significant until the 3rd year of elite level traig. The stagnation in Wmoi* observed

in NON athletes at this time was ascribed to airggibf aerobic development or an
inability to effectively polarise training in ordéo maximise adaptation. At this point
alternative training methods could be introducedomtler to avoid stagnation in
development and subsequent performance. Physialogiofiling during the early
stages of an athlete’s career could also identibs¢ more likely to thrive in a high
volume/low intensity training programme.

Study 3 involved the implementation of a physiotadi'Spider Profile’ for club rowing
coaches. Using key performance determinants, dewedat athlete’s relative strengths
were identified in order to inform the training pess. Results were compared to senior
athletes and ‘Olympian Standards’. U23 internaticataletes possessed significantly
greater maximal and sub-maximal ‘rowing specificidarance capacities than non-
international rowers, and were significantly wealtean senior athletes in measures of
maximal strength. It was therefore suggested tharder to improve their chances of
U23 and senior team selection, development ath#dtesld prioritise the improvement
ii



of technical and aerobic indices of performanceaathan strength and power. Also,
the identification of new athletes should be wetghimore towards endurance factors
than maximal strength and power production.

Study 4 refined the physiological profiling systeleveloped in the previous studies and
used it to implement training interventions thatpmoved individual weakness in a

group of six elite male rowers. Athletes were assthto either an endurance (END,
N=4) or maximal power (MAX, N=2) group depending thre results of a complete

physiological profile. All rowers completed a geioeowing training programme (mean

volume = 131 km per week) with 2 of the 14 sessjpgrsweek comprising either high

intensity aerobic interval training or additionaémght lifting. Results were analysed as
a case series with individual responses discussatl lack of control group made the
relative impact of training interventions difficuto assess. Three out of four END
athletes improved aerobic indices, in particularO2peak, but made no improvements
in markers of power production. MAX athletes impedvtheir maximum power and

aerobic performance. This was attributed to ina@dasmechanical efficiency, muscle

coordination and recruitment, strength related nel improvements and/or the

reduced relative intensity of sub-maximal work egdto conservation of energy. In

conclusion, the minor adaptation of a generic rgwiraining programme can have a
marked effect on the physiological adaptation bfedes struggling to make progress in
a traditional high-volume/low-intensity system.

In summary, this thesis has highlighted that thalyamis of heterogeneous groups of
rowers does not provide the level of detail neagssa describe elite performance.

Instead, due to individual differences in determisaof performance, a case series
approach is a more appropriate means of identif@irgngths and weaknesses and
implementing interventions to make improvements.obe indices of performance are

highlighted as the most important descriptors dh @ development and international

level. In particular sub-maximal capacity, which ssperior in elite development

athletes, can be used to differentiate betweerethitat achieve senior team selection,
Olympic success, and those that fail to reach t@euechelons of the sport. Spider
Profiles are an effective tool which highlight imdiual strengths and weaknesses in
development athletes. Such profiles can be usgordeide bespoke interventions to

individuals failing to make an impact in elite rowi teams, and the subsequent
improvements made can have a global effect on pedoce if they can be applied to

the rowing stroke effectively.
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CHAPTER 1:

INTRODUCTION

Rowing, in its various forms has been a preferredienof aquatic transport for over
1000 years, and a recognised international speorover 100 years. The Fédération
Internationale des Sociétés d’Aviron (FISA) havegamised rowing championships
since 1893 with the sport gaining Olympic recogmitin 1900 for men, and 1976 for
women. All competitive rowing takes place over &@® course with a maximum of
six boats per race. There are 14 Olympic boat etagand a further 8 international
classes) which include various combinations of fieeale, open weight/lightweight,
and sculling/sweep rowing. The worlds best timesgeafrom 5:19.35 for the Men'’s

Eight (M8+) to 7:07.71 for the Women'’s single sqiW1x).

Early research investigating the physiological dedseof rowing suggested a metabolic
efficiency of 18-23% (Di Prampero et al., 1971)tdrastudies characterised the energy
system contribution during rowing using specifieviog ergometers and laboratory
based expired gas analysis (Hagerman et al., 19&8&her et al., 1983; Roth et al.,
1983). Whilst simplistic breakdowns of 2000m pemiance such as 70% aerobic and
30% anaerobic metabolism (Hagerman et al., 1978)ige an overview, the different
requirements necessary to surmount hydrodynamistaese, race tactics and pacing

strategy have obvious impact on physiological resfuents in a race.

The start involves athlete(s) overcoming waterstasice by applying maximal power at
a high stroke rate. A typical race strategy isahd into 3 phases: (1) A fast start; (2)
Sustained middle section; and (3) Sprint finishctically, a fast start allows the leading
crew to observe their opponents movements and dkeidwake (Garland, 2005). The
middle segment is a sustained, rhythmic ‘race-pageed at maintaining a high boat

speed and tactical advantage. The final portioanoibtcludes the reapplication of high

1



power and increased rating to achieve a sprirgHiifirequired (Garland, 2005). Due to
this pacing strategy, the various morphological @mysiological demands of this

‘power-endurance’ sport are complex and unique (Niik 2011a).

Elite rowers tend to have distinctive anatomical @hysiological characteristics which
have increased in recent years alongside fasteestirfLawton et al.,, 2011)
Morphologically, rowers are usually tall with lofighb lengths in order to produce long
rowing strokes, providing a biomechanical advanf@mesgrove et al., 1999; Yoshiga et
al., 2003a). Body mass and lean muscle mass tehd togh in order to contribute to
propulsive, low cadence, force production (SechE¥83). Rowing requires the
recruitment of approximately 70% of the body’s masuoass, which, in elite athletes, is
composed of a high percentage (75-85%) of slowctw(ET) muscle fibres (Steinacker,
1993; Roth et al, 1993) and highly oxidative fagtdh (FT) type llb fibres (Steinacker,

1993; Fiskerstrand et al., 2004).

The physiological determinants of rowing performah@ve been investigated over the

past two decades giving rise to a number of keylipters. Maximal aerobic power

(VOzmax) is widely reported as the strongest predictorboth 2000m ergometer
(Kramer, 1984; Cosgrove et al.,, 1999) and on-wadtdgernational competition
performance (Secher et al., 1983; Secher, 1983) waitues reported to average 6.4-6.6

L.min™ and 4.1 L.mift for men and women respectively (Yoshiga & Higu@@ip3a).

As has been reported in running, the power assatiaith V Opmax (WVOZmaX) has
been identified as a strong correlate of perforragihtgham et al., 2002). Sub-maximal
markers of aerobic capacity such as the power petiat 2 and 4mmof of lactate
during incremental tests are a commonly used fiedéhsure in rowing, and are highly

correlated to ergometer performance (Steinack&3;19teinacker et al., 1998).



Race length and slow contraction velocity/frequea@uggest anaerobic metabolism is
crucial to rowing performance (Secher, 1983). Reware reported to have a high
intracellular buffering capacity within skeletal sule and are therefore able to cope
effectively with the high intracellular hydrogennig@roduction resulting in high blood
lactate concentrations experienced after maximaing performance (Parkhouse et al.,
1985). In a study using elite rowers, Smith (200€ported that 500m ergometer
performance correlated strongly with 2000m perfaroga (r=0.96) which explained
92.2% of the variation over the racing distancecReann et al. (2002) reported 75.7%
of variation in performance due to differences @alp power output during 30 seconds
of ‘all-out’ rowing. Power and strength are alsopontant as rowers must initially
overcome a high degree of water resistance in aodachieve momentum, and produce
large dynamic forces throughout the race. Shimaetdal. (2009) and Yoshiga et al
(2003b) found isokinetic and isometric leg strengtirelated well with ergometer

performance.

Reflecting the range of physical and physiologabeaterminants described here, several
authors have attempted to combine physiologicadbfado describe elite performance

by using statistical modelling to produce multiiedte prediction models. Cosgrove et
al (1999) and Ingham et al (2002) suggested aerfautors such ad/ Opmax and

wV O2max dominate the explanation of variance within ameetjroup of rowers, with
smaller contributions from anaerobic sources sushmaximum power (Way. In
contrast, Reichmann et al. (2002) and Jurimae. ¢2@00) reported anaerobic capacity
as to the key determinant accounting for variatromowing performance. Differences
in derived models are likely due to the determisamoinsidered, the experimental design
(age, competitive standard, and gender; male, feimamixed group), and differences

between ergometer and on-water rowing.



The Great Britain Rowing Team (GBRT) is one of thest successful Olympic teams
in British sport and the world of rowing. Howevérg complete physiological profiling
of GBRT athletes has never been achieved at arsemnialevelopment level. The
benefits of such information are clear; the valwatof key physiological/training
markers and their relative importance to perfornearntbe identification of athlete
strengths and weaknesses; the calculation of atpketgression rates in order to track

improvement/stagnation and make potential intereast

The training required to help athletes better nteetdemands of elite rowing evolved
considerably during the 1960’s due to a structuredlume based programme
popularised by the German Democratic Republic.cStraining zone adherence is
widely adopted by international programmes (Stéiracet al., 1993; Gullich et
al.,2009; Fiskerstrand & Sieler, 2004) and incrdas@ining has coincided with
improved times in published data (Jensen et al90L9High volume/low intensity
training evokes maximal positive adaptation, whaleiding excess sympathetic stress
and allowing technical reinforcement of locomotoovement at low stroke rates

(Guellich et al., 2009).

However, rowing training programmes generally offer‘centralised’ approach to
improving athlete fitness, regardless of physiatagstrengths and weaknesses. Areas
where certain athletes may benefit from individsgdi training include strength gains
and responses to different types of aerobic trginirResearch has highlighted the
difficulty of combining endurance and strength nrag within an elite programme
(Secher, 1993; Bell et al., 1993; Lawton et al.1P0and suggestions for improving
both elements include periodised training blocksuging on one type of training rather
than both simultaneously (Yamamoto et al., 2010cfaaPallares & lzquierdo, 2011).

Gaskill et al. (1999) showed cross-country skiel®wlid not respond positively to a



traditional volume based training programme, dichdfg from a shift to higher
intensity/lower volume training. The effect of maig programmes which vary the
composition of endurance, strength and power basedan individual rowers

‘physiological footprint’ have not been published.

This thesis will attempt to identify the physiologl performance determinants in
homogenous rowing groups and further investigagedévelopment of key variables.
Also, a profiling tool that can be used throughting GB Rowing Team system will be
developed. The efficacy of this tool will then lested via a training intervention aimed
at improving the performance of already well esthield athletes. The research

programme for this thesis is presented in figue 1.

AIMS:

1. Describe the physiological determinants of elit®@@@ ergometer rowing and
investigate differences between genders and experievels.

2. Describe the longitudinal changes in sub-maximeblaie capacity in elite male
rowers based on success criteria

3. Design and implement a physiological profiling il to analyse the
physiological strengths and weaknesses of GBRTelkbgment’ rowers

4. Based on physiological profiling, design and impden a partially
individualised training programme aimed at imprayvithe key physiological

determinants of rowing performance.
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CHAPTER 2:

REVIEW OF LITERATURE

2.1 Rowing

2.1.1 History

Since Egyptian times, rowing has been used as & mbttansport, a means of warfare
and a competitive sport (Burnell & Page, p13). Eghth century races on the River
Thames, including the university Boat Race, resentts rowing first featured in the

1900 Olympic Games.

2.1.2 International Structure and competition

The Fédération Internationale des Sociétés d’Av{feisA) was founded in 1892 and
organises European, World and Olympic regattas.réddes, regardless of discipline,
crew size or gender are 2000m in length. Thereeanently 14 Olympic events which
include sculling (two oars per person) and swe&png (one oar per person) in various
combinations of one, two, four or eight athletebe Tworlds best times range from

5:19.35 for the Men’s Eight (M8+) to 7:07.71 foetd/omen’s single scull (W1x).

Elite rowing performance is underpinned by a comatom of technical and
physiological factors. This literature review wglitically analyse the academic research
which attempts to explain the physiological determnis of elite rowing, their relative
influence, and the methods used to improve thernarsmen and women from the

development to elite level.



2.2 Physiological determinants of Elite Rowing Pedrmance

2.2.1 Performance requirements & tactics

Rowing is considered a “power endurance” sportt@eh & Rusko, 1993) as athletes
must overcome significant water resistance at atively low cadence during the ~5
minute 30 seconds — 7 minute 30 seconds (depermdingpat class) of typical racing
(Baudouin & Hawkins, 2002). During the 220-240 @G2strokes per minute) rowing
strokes performed in a race (Lucia et al., 200pwards of 70% of the whole body
muscle mass is used (di Prampero et al.,1971; &fledn et al., 1998) to apply force and
length to the oar in a cyclic repetition of legsb@% of total stroke power), trunk

(~30%) and arms (~20%) (Kleshnev, 1998).

In order to overcome water resistance, the powerspeke at the start of a race is
approximately 800-1200w and 600-900w during thesré8echer, 1993; Steinacker,
1993). In an analysis of elite competition tactiGarland (2005) reported that men,
women, winners and losers all adopt the same raafdepof 103.3% (of 2km average
speed), 99.0%, 98.3% and 99.7% for the four 500ymseats respectively. Tactically, a
fast start is advantageous as, due to the backwadtae of racing, leaders can see their

opponent’s movements behind them and react acagiydin

Given the complexity and expense of on-water rowergometer rowing has become
an integral part of training in elite and recreatibrowers. Ergometer rowing differs
from on-water rowing in technical and skill relateeuirements, but replicates the
metabolic demands of performance accurately (Ingbtah., 2002; Des Capos Mello et
al., 2009). Ergometer performance times also ekhilpositive relationship with World
Rowing Championship rankings (Mikulic et al., 20094ikulic et al., 2009b). The

majority of research examining the physiologicadeads of rowing is therefore land



based, and this is reflected in this literatureie®v On-water analysis is discussed

where applicable.

2.2.2 Morphological determinants

The consistency of data collected from elite rowhighlights the importance of
anthropometric variables in international rowingngetition success (Mikulic, 2008).
Successful rowers are tall, >195cm for men and etiB2or women (Volianitis &
Secher, 2009) with long arms and legs to provide@mechanical advantage (Claessens
et al., 2005). A large body mass comprised of & Inmgiscle mass/low fat mass is also
advantageous as the accompanying increase in aarapacity and strength outweigh
the negative effect on hull drag (Hageman, 1984h8e 1993). Also, Yoshiga and
Higuchi (2003a) suggested that the relationshipveen fat free mass, blood volume
and stroke volume (aerobic capacity) helps exphdig more muscular rowers are more
successful. Several studies have investigatedelaéanship between on-water rowing
performance and anthropometric data (Barrett & Ntagn2004; Yoshiga & Higuchi,
2003a) and explained a high degree of varianceilfopnance based on these variables
alone. However, the use of heterogeneous sampléshwhclude lightweight and
openweight athletes, suggest that these resultddshe treated with caution especially
when considering transferring research findingthéotraining of athletes (Maestu et al.,

2005).

2.2.3 Energetic requirements

Several studies have attempted to compartmentebseng performance by energy
system contribution (Hagerman, 1984; Secher, 1M&sonier et al., 1997). Although
a general trend is clear, ~70% aerobic and ~30%rabg, differences are associated

with gender, performance level and testing methamgles employed. Furthermore, such



a basic explanation of rowing fails to highlighetextreme physiological demands of

the start, middle and finish of a race.
2.2.3.1 Aerobic requirements

The first studies to investigate the metabolic dessaof modern Olympic rowing
estimated oxygen consumptiol ©,) from its relationship with heart rate both in a
rowing tank and on water (di Prampero et al., 1931L.min" was required for each
oarsman of a coxed pair to cover 2,000m in 7 msdteseconds. This work, alongside
later studies analysing ‘on-water’ and ergometeximg (Jackson & Secher, 1976;
Hagerman et al., 1972; Hagerman et al., 1975) sgbat high performance rowing

requires large amounts of energy and ATP resyrghesi
22311 Aerobic Capacity

Alongside improved performance times in Olympic rége the average size and the
maximal aerobic capacityV(O.ma) Of successful rowers has increased over time
(Seiler, 2006). Many studies have demonstratedlaiorship betweerV O,max and
ergometer performance (Kramer et al., 1994; Cosgretval., 1999; Ingham et al.,
2002), on-water performance (Secher et al., 1982h&, 1983; Des Campos Mello et
al., 2009), and international competition rankif@e¢her et al., 1982; Secher, 1983).
Average values of 6.5-7.0rin® (men) and 4.5-5hin™ (women) have been recorded
in groups of elite rowers (Secher, 1993, Steingck&93) and highly successful

individuals (Godfrey et al., 2005; Mukulic, 2011a).

Several studies have suggested tNaD,ma.x will plateau after extended full-time
endurance training, and any subsequent changeduardo seasonal fluctuations in
training status (Rusko, 1987; Legaz Arrese et28l05; Godfrey et al., 2005; Mikulic,

2012). This trend would suggest that subsequentavements in rowing performance
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are due to alternative factors including: sub-maatimaerobic capacity; anaerobic

capacity and strength/power development.

The power associated Wit Oomax (WV Ooma) is @ function of maximal aerobic

capacity and exercise economy. It is obtained bgutating the regression equation
describingV O, and power for results of a multi-stage sub-maxiinatemental step-
test and is a strong predictor of middle-distan@ening performance (Jones, 1998;
Jones & Carter, 2000). In rowers, WD,max also correlates well with performance
(Cosgrove et al., 1999; Ingham et al., 2002). M&({@011a) in a maturation (16-22yrs
old) case study of a World Champion crew reportetaailisation inV Oamax When the
crew reached 20yrs of age, but a continued imprewngim VW O,y (Calculated as the
actual power required to achieWeO.may) Was observed. However, 2000m ergometer

performance mirrored the plateau\O,may rather than the improvement in\WADomax

in this small group.

2.2.3.1.2 Sub-maximal aerobic capacity

While a largeV O.max is @ pre-requisite for elite performance, the tical utilisation

of this capacity is also vital as sustaining a h\jD, during competition is more

important than the maximum consumption possiblegdfiaet al., 2005).

Traditionally, blood lactate is the preferred measwent and monitoring tool for
assessing training intensity in elite rowing (Albeing et al., 2012 p43). The power
associated with 2 and 4 mmdi (Wammon™> & Wammon™) of lactate are highly correlated
with elite ergometer rowing performance (Steinack&93; Cosgrove et al., 1999) and
improvements in this power output can reflect auotidn in the rate of lactate
production, an ability to clear lactate more efifesly, a lower rate of glycogen

depletion or speeded up oxygen kinetics (Jones &e€£000).
11



In endurance sport, the aerobic-anaerobic thresholll its movement is a popular
means of prescribing training intensity (Maestu20®owing literature has suggested
the adoption of this approach (Steinacker, 1993)thas power produced at fixed
volumes of blood lactate does not consider indiaidanetics, higher lactate formation
or lactate tolerance (Steinacker, 1993). Howevkie eowing training includes very
little work at or around the aerobic-anaerobic shid intensity (Guellich et al., 2009)
(see section 2.3.2.1). Unlike long distance cyclamgl running events where athletes
must maintain their highest sustainable speed, n@wiompetition is performed at a
higher intensity for a short time. This suggestt the need to identify and train at this

intensity is not seen as relevant.

Despite its relevance to WO,max calculations, rowing economy has received little
attention in the literature. Defined as the voluofie@xygen consumed by the working

musculature at a given steady-state workload (@esget al., 1999), research has

demonstrated that a oW O.maxin elite cyclists and runners can be compensatebyf

improved economy (Saltin et al., 1995; Lucia et @002). Jurimae et al. (2000)
identified differences in economy between rowerd aan-rowers using an ergometer,
but no difference between selected and non-selesit lightweights. Described as
ml/watt, it is possible that the measure is notsgeme enough to detect differences

between individuals or across time.
2.2.3.2 Anaerobic requirements

Although aerobic metabolism largely dominates rgvperformance, race length and
slow contraction velocity/frequencies suggest asl@iercapacity and strength/maximal
power production are vital (Secher, 1983). Thispaticularly evident during the
tactically crucial start, and often necessary d$pfimsh (Maestu et al., 2005). Post-

performance, blood lactate concentrations are higbarsmen due to a large muscle
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mass. Subsequently, rowers have a high bufferingaaty in the skeletal muscle
(Parkhouse et al., 1985). Reichmann et al. (20@ppnted 75.7% of variation in
performance due to differences in peak power oudpung 30s of ‘all-out’ exercise in
competitive female rowers. However, this study useding athletes without the
endurance training history of elite rowers. Suctvers may rely more on anaerobic
contributions and strength to meet the demands 2Kna performance. Other studies
using elite rowers have suggested that the cotiitbufrom anaerobic sources is

smaller and less influential on performance (De GasrMello 2009).

Smith (2000) reported 500m ergometer performanceeladed strongly with 2000m
performance (r=0.96) which could explain 92.2% bé tvariance over the racing
distance. 500m (<1:30.0 in elite male rowers) wk dominated by anaerobic
metabolism but, similar to other tests/methods I&yowing ergometer Wingate test,
indirect accumulated £Odeficit method), involve an aerobic contributicas (much as
20-30%, Beneke, Hutler & Leithauser, 2007) whichynexplain differences in the
literature (Reichmann et al 200A8s this parameter is thought to be impactful during
the initial and closing stages only, isolated measumay not be sensitive enough and
the impact on overall performance may not be lageugh. The training phase will

also affect measures of anaerobic capacity (Mastsdl, 2005; Russell et al., 1998).

2.3.3.3 Strength & maximal power requirements

Weight lifting is seen as a crucial component aining at all competitive levels to
overcome water resistance at the start and susigtinpropulsive forces during the race
(Lawton, 2011). Non-specific one-repetition maximwtrength tests (for example,
bench press) demonstrate a weak relationship tangowerformance on either the
ergometer or on-water (Jurimae et al., 2010; Shdaaoet al., 2009). However,
isokinetic, dynamic strength and explosive powerasueed in rowing-related
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conditions (i.e. low duty cycle) are reported ttate to rowing performance (Secher,
1993; Yoshiga & Higuchi 2003b). Dynamic tests sashi-lateral leg press, that utilise
the large rowing muscles, are more effective perforce markers than upper body
exercises (Lawton et al., 2011). Despite often mgdiscrepancies between legs due to
bowside/strokeside sweep rowing technique, rowees able to develop strength
effectively with both legs while sedentary/othenlates only produce 80% of the sum
of individual leg strength using two legs (Sech#993). Increasing the specificity,
Ingham et al. (2002) identified maximum power (megad as part of a 5 stroke
ergometer test) as one of the single strongestpement correlates of rowing

performance.

As with the anaerobic contribution to rowing penf@ance, it appears that specific
rowing strength and explosive power correlate weth rowing performance, but their

impact is greatest during small (but crucial) aspe€ the race.
2.3.4 Multi-variable prediction models

The previous sections have highlighted the rangeapfacities that influence rowing
performance. Several studies have analysed théiveelaontributions of multiple

physiological components in an attempt to offer labgl explanation of rowing

performance. Through multiple regression calcutejosuch studies provide more
information than basic correlations by providingigations of the relative contribution
of selected variables to performance. This inforoma@llows athletes, coaches and
scientists to make changes to training in ordemaximise potential gains based on

strength/weaknesses and current athlete condition.

Ingham et al. (2002) in a population of elite rosveeported W Oma, maximum
power, power at the lactate threshold ang.W¥i™* as able to explain 95.5% of the

variation in ergometer performance. Nevill et §011) produced a model whereby
14



WYV O,maxexplained 95.3% of the variation in ergometer eniance and described the
relative increment in power required to improvefpenance at various speeds due to
the non-linear relationship of the two variableswéver, these results were based on a
combination of male and female rowers which woulveh skewed the multiple
regression calculation due to the heterogeneowadmf resultsAnalysing the data as
gender specific groups may have better highlightieel intra group variations in

variables and led to alternative results.

Womack et al. (1996) reported a combinatioV@,max peak rowing velocity, velocity
at 4mmoll™ andV O, at 4mmoll™ able to explain 81% of the variation in ergometer

performance. Cosgrove et al. (1999) showed M&,m.x was the single biggest
predictor of 2km performance in a small group aifrted university boat club rowers

(72%). Alternatively, Reichman et al. (2002) repdrta combination of mean power

output of an all-out 30s ergometer test &@.maxas a strong predictor of performance,
while Jurimae et al (2000) identified maximum powaed power output of 40s work to

be the strongest predictors of performance indagerienced rowers.

As highlighted by Nevill et al. (2011), the resutts multivariate analyses suggest the
functional capacity of the aerobic system and aswmeaof anaerobic capacity, when
seen collectively, will make a valuable contribuatito 2km rowing. Variations in the

variables used to predict performance reportedénliterature could be explained by
the differences in gender, level of competition,ted@inants measured and

methodologies used.

Several studies have had limited success in exptpithe determinants of on-water
performance from ergometer based measures (Juet@e2000; Mikulic et al., 2009a;
Mikulic et al., 2009b). Jurimae et al. (2000) foumdscle mass to be the only variable

related to on-water rowing performance, leading $fiaest al. (2005) to suggest that
15



care should be taken when attempting to predictvater performance due to the

influence of anthropometric variables. Again, thealgsis of homogenous weight-

discipline specific groups may have reduced thkiémice of such variables. Technical
skills are also required to balance and maintaiat lspeed during movement on water
alongside the physiological requirements (Mukulica¢é 2009a). However, studies

investigating the effects of such variables hateroéxamined physiological responses
during crew boat performances, making ergometerpeoisons difficult (Mikulic et al.

2009a; Mikulic et al., 2009b; Shimonda et al., 2009

In summary, there is a wealth of research whichepethdently investigates the
physiological requirements of elite rowing perfomoa. Evidence suggests that
maximal and sub-maximal aerobic capacity are dontidaterminants, with anaerobic
capacity and markers of strength and power prodagiiaying a supplementary role.
Contrasting findings between studies generally steym variations in competitive

level, gender or weight class differences. Wherseghgroups are combined — the
relationships between performance and physiologindices are clear, but such
methods fail to explain the subtle difference bemveuch groups. A comprehensive
analysis of a rower’s physiology could allow a maecurate description of rowing

performance and better explain differences betweamogenous groups of performers.

2.3 Rowing Training

During an Olympiad, elite rowers (training full-ten will take approximately 7600
strokes in training for every single stroke of aftyrpic final (based on a personal
calculation). An optimal training programme widlek to develop the physiological and
biomechanical factors that dictate performance. Buéhe multi-factoral demands of

rowing performance, the design and implementatibsuch a training programme is
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difficult. Current methods in elite teams are tlsult of an evolutionary process that

has identified the most effective way to produaghtperforming athletes (Seiler, 2010).

2.3.1 Structure

Due to a limited number of international racing mee the elite rowing season
traditionally includes a long preparatory ‘wintéraining phase — November — March,
and a competitive period, starting in April andrauiating in the August or September
with the Olympic Games or World Championships. Eiskand & Seiler (2004) in

their analysis of elite Norwegian rowing, break #&ason into two halves - October to

March (preparatory period) and April to Septemlzen{petition period).

Training is traditionally divided into multiple dgi sessions including a range of
intensities aimed at developing the various phygsjigial capacities which determine
rowing performance. Alongside gym based strength @ower training, according to
Guellich et al. (2009) the German national (juni@ying team has a spectrum of six
rowing training intensities. These are used to giles training sessions, and evidence
suggests that internationally successful programfesall sports) have their own

similar matrix (Seiler & Tonnessen, 2009).

2.3.2 Endurance training

The physiological and metabolic adaptations to eatke training and their rate of
change depend on the frequency, duration and iibyeofs work done. Manipulating
these variables alters the demand on metabolicwagth within the muscle cell
(Laursen, 2010). In response to these demandsnichbenefits occur both centrally
and peripherally, including adaptation to the pumewy, cardiovascular and
neuromuscular systems that increase the deliveoxygen to the working muscles and

enhance metabolic control within the muscle cdiénés & Carter, 2000).
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Full-time Norwegian rowing programmes include aerage of 1128 training hours per
year (Fiskerstrand & Seiler, 2004). Norwegian rayimas seen a steady increase in
training volume since the 1970s (924hrs per ydan),other nations such as Germany
have trained at this level since the 1960s (Ro#791 cited in Fiskerstrand & Seiler,
2004). Mikulic (2011a) report a world champion creampleting 116 km (2009) and
124 km (2010) of on-water rowing alongside 1.4 |l&aded and 2.4 weights sessions
per week. Lacour et al., (2009) in a case studgno©lympic champion reports 119 km
per week (alongside 0.9 cross training and 1.6st@ste endurance strength sessions)
during the 1999 season, and 142 km per week duheg35 weeks preceding the

Sydney 2000 Olympic Games.

Several studies suggest that training volume icthieal determining factor to success
in elite rowing (Jensen et al., 1990; Lehmann et1®97; Fiskerstrand & Sieler, 2004).
According to Steinacker (1998) some eastern Europeams completed over 6 hrs of

on-water training at low intensities per day durthg 1970’s. Roth et al. (1979, in

Steinacker 1993) examined changesVi@amax relative to training volumeV Ozmax

increased with volume, but levelled off when mileagached 5000-6000 km annually.

Martindale et al. (1984) reported thAD.max reduces significantly if training is reduced

to <100 km per week, such as in the off season.
2.3.2.1 Polarised intensity distribution

In order to complete the high mileage reported,iniensity distribution of elite rowing
programmes has developed into a polarised modelelviighe majority of rowing and
aerobic cross-training is completed at low inteesit(below anaerobic threshold). A
small percentage of work is completed at very higlensities (above the anaerobic
threshold) (Seiler, 2010; Seiler & Kjerland, 20@djh little work done at an intensity

equal to anaerobic threshold. This pattern of inginhas been reported in elite
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endurance sports such as cycling (Zapico et ab.7and distance running (Billat et al.,
2001) which suggest that across elite endurancess@ocommon distribution of 80:20

(low intensity:threshold & high intensity trainingxists (Seiler, 2010).

Elite rowing training data is limited to publishedse studies and anecdotal evidence,
which follows a similar trend to other enduranceorsp (Steinacker et al., 1998,
Fiskerstrand & Seiler 2004; Maestu et al., 2005gl&zh et al., 2009). Neykov &
Zhelyazkof (2011) report the W1x Olympic champiotraining volumes for the 2008
season. R. Neykova trained for 276 days, compl&@@l training sessions rowing
5510km. Of this, 66.7% was completed below 3miilol According to Aasen (2008,
cited in Seiler & Tonnessen, 2009), during the 28@dson, Olaf Tufte trained for 1100
hours on his way to winning the M1x Olympic golddaé Approximately 92 % of this
time was spent endurance training, with the ressisting of strength training. Finally,
Mikulic (2011a) in his study of the 2011 M4x Wor@hampion crew briefly describes
the training completed. In 2009 the athletes cotefdl@an average of 116 km per week,
and 124km per week in 2011. This was broken dowthdun into 11.1 training sessions
per week consisting of 7.2 rowing sessions, 2.4ktdraining sessions, 1.5 land based
cross-training sessions. Seiler & Tonnessen (2608yest that this training distribution
model may be optimal for maximising peripheral adapns, and the periods of high
intensity work satisfy the increased cardiac fumttdemands and enhanced buffer

capacity.

At the muscle, morphological adaptations involvepdryrophy of (and conversion to)
type 1 muscle fibres (Spina et al., 1996), incrdasspillary density, increased size and
number of mitochondria, and an augmented concemntraf the enzymes involved in
ATP re-synthesis (Jones & Carter, 2000). Changehedoacid-base status of skeletal

muscle include an increased turnover and oxidatibiactate (Hawley & Steptoe,
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2001). There is also a change in the balance df dupply, due to an increased
utilisation of fat (Hawley & Steptoe, 2001). Cemtealaptations include an increased
cardiac output via an augmented stroke volume atedi@/enous oxygen difference

(Levine, 2008).

Guellich & Seiller (2010) studied the changes impoper kilogram at 4mmdI* over a
15 week training block in 51 well trained juniordemance track cyclists. ‘Responders’
(66" percentile) and ‘non-responders’ (Bpercentile) were differentiated by their
training zone distribution rather than training wole. Responders spent more time
below 2mmol™ (3722:742km) and less time between 3-6miib{244+103km) than
non-responders (312810 & 442107km) with an overall higher ratio of cycling
volume at low vs. high intensity. Responders anatresponders did not however differ
in competition success later in the same year. Wais attributed to the homogenous

nature of the group studied and the influence cticid beyond physiological variables.

Besides the numerous physiological and metabolapttons to low intensity-high
volume rowing training, there are health and techinirelated benefits. Training
predominantly at low intensities reduces the exeessympathetic stress and muscle
damage associated with high blood lactate produdtizulstrand, 1996; Esteve-Lanao
et al., 2007). Also, the adaptations related te tigpe of training increases an athlete's

ability to recover from higher intensity exerciges{eve-Lanao et al., 2007).

Technically, peak forces and profiles during a rayvstroke remain relatively constant
and enhanced power and subsequent speed is dedetopagh increasing the stroke
rate (McGregor, 2004). Training at low intensitiggises the same muscle groups and
recruitment patterns as high rate rowing and ldadspecific adaptations that can be

applied at the higher intensities (Esteve-Lanaal €2007). Technical development is
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also easier to implement at lower rates and reggatactice leads to a more effective

maintenance and permanent changes (Guellich &0419).

The benefits and importance of including high istgn training should not be
overlooked. Steinacker (1993) suggests that thierdiices in total fibre recruitment
between low and high rate/force application candgtiose completing incredibly high

volumes less prepared for competition.

‘Race-pace’ and ‘over-speed’ intensity training tigditionally used during the

competition phase in an attempt to improve the 1aae capacity of athletes (Fukuda
et al 2011). This is necessary in order to meetdégm@ands of ATP re-synthesis that
exceed the energy production possible via aeroki@bolism and therefore requires an

additional anaerobic contribution. This is partanly evident during 2,000m rowing

which is completed at power outputs correspondingG0-110%V O,max (Hagerman,

1984). Guellich et al. (2009) report that, as aceetage of total rowing, such training
increases 141% during the competition phase. Trginb improve the anaerobic
capacity requires work above the lactate threshath adequate recovery between

repetitions and sessions (Fukuda et al 2011).

Adaptations to such training include increased neubaffering of muscle lactate and
pH. In rowing, blood lactate during performance hasn reported to reach 8fmot™

(Nielson, 1999) suggesting that increased buffegagacity would be beneficial to
performance. This suggestion is supported by thenbewm of research studies
investigating the benefits of sodium bicarbonated dpeta alanine on rowing

performance and subsequent improvements in perfarengiobson et al., 2013).
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2.3.2.2 Threshold training distribution

Exercising at an individual’s highest steady-sta@ee or their anaerobic threshold for
repeated intervals is known as ‘pace/tempo’ ‘triamsi or ‘threshold’ training (Seiler &
Kjerland, 2006). The main aims of such traininglude increased race-pace muscle
fibre recruitment (Lucia et al., 2002), improvedtkte threshold (Driller et al., 2009),
buffering capacity (Weston et al 1997) and incedlasat oxidation compared to
carbohydrate (Yeo et al., 2008) which subsequelgfd to improved endurance

performance during ‘intense exercise’ such as Olgmgwing (Laursen, 2010).

The number, duration and intensity of such intes\@ve been manipulated in studies
(Stepto et al., 1999; Seiler et al., 2011; Sandketk&l., 2013) with results suggesting
that two sessions per week including sustained imggmsity intervals (e.g., 4x8mins or
3x15mins) elicit significant improvements in maximand sub-maximal aerobic
parameters. However, these findings are oftendreegional (Seiler et al., 2011) or sub-

elite athletes (Steptoe et al., 1999; Sandbackk ,e2013).

Studies comparing the effects of different thredhinterval and continuous low-
intensity training programmes on elite athletes ehgenerally reported only small
differences in subsequent performance (Everstah,et997; Ingham et al., 2008). In a
long-term study, Gaskill et al. (1999) assignedssroountry skiers to a one-year high-

intensity, low volume regime based on their posponse to a high-volume, low-

intensity programme. The author reported signifidenprovements i/ Oamay lactate

threshold and competitive performance, while thetmd groups improvements were
similar to that experienced after the initial ysatraining. The findings of this study
suggest that individual differences may be sigaificin optimising the training of

endurance athletes.
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In conclusion, although described as separateitigaimethods, elite athletes can, and
appear to, benefit from various endurance inteessitiue to a variation in the adaptation
stimulus (Laursen, 2010). Elite rowing programmesnawledge this by primarily (and

slowly) developing an aerobic platform on which theaptations to higher-intensity
training can be based. The short-term benefits @otdntial risks (due to increased
system stress) of high-intensity training are mada@y utilising such training in

competition preparation (Guellich et al., 2009;iisteker et al., 1998) when its race-

related adaptations are required.

2.3.3 Strength & Power training

As previously mentioned, rowing can be classifiesl a&a ‘power endurance’ sport
(Peltonen & Rusko, 1993) which requires the produacof high forces in order to
overcome the drag caused by water and wind resstg8heppard, 1998). The
priorities of strength and power training for rogiare threefold, and their achievement
is dependent on the emphasis of the programme takeer. First, the inducement of
neuromuscular adaptations such as increased mentit rate and synchronicity of
muscle fibre contractions (Lawton et al., 2011) @maelitionally accomplished via high
resistance/low repetition training. Second, hypgty of the muscle fibres can lead to
adaptations such as an increased cross-sectiopal @ the contractile site, the
conversion of type llb to type lla fibres and iresed capillarisation associated with
aerobic training (Campos et al., 2002). Finallye prevention of common rowing
injuries through the use of strength training haserb used to correct muscular
imbalances such as hamstring/quadriceps or abdd@iomer back stabilisers (Lawton

et al., 2011).
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2.3.3.1 Structure, type and intensity

The seasonal strength and power training habitslitef rowers are largely unknown.
Gee et al. (2011) in a review of British based S&@aching practices (including
Olympic and National level coaches) reported anraye of 2-3 sessions per week
during the off/non-competitive season and competiseason respectively. Lawton et
al. (2011) suggest that strength training shoulg@r@itised during the non-competition
phase of the training year. After this, streng#ining should be reduced and replaced
with specific on-water training. Bell et al. (1998)und that the gains in maximal
strength following 10 weeks of x3 weight liftingsseon were maintained following a 6
week endurance training phase which included x3jmeifting sessions in non-elite
women. However, when resistance training was haitest to the competitive phase,
Hagerman & Staron (1983) recorded a 12-16% reductidhe isokinetic leg strength

of elite male rowers at the end of the season.

Gee et al. (2011) report 87% of respondents impheeaeOlympic style weightlifting

exercises, and this was attributed to the closatioglship between the whole body
sequencing of a rowing stroke and exercise thatlt@vcoordination between the upper
and lower body. Cleans, squats and deadlifts makéhe majority of exercises in a

rowing programme - alongside leg press, benchgndlibench press (Gee et al., 2011).

Research investigating the sets, repetitions anceptage of one repetition maximum
(1RM) required to maximise rowing performance gasabiquitous (Bell et al., 1993;

Webster et al., 2006; Gallagher et al., 2010). Heeweall studies are short-term (~8-12
weeks) and participants are sub-elite athletesmrdier to develop maximum strength,
training normally consists of 5-12RM loads with theight increased to 1-5RM loads

(Ebben et al., 2004; Gallagher et al., 2010). Ebeeml. (2004) suggest that such
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training is more beneficial to elite rowers tharesgth endurance training consisting of

15-32RM loads.
2.3.3.2 Power production

The effectiveness of a rowing strength programmaukhbe assessed using a sport
specific scenario (McNeely et al.,, 2005). Whileeaggth can be defined as maximal
force production, power is characterised by higttdgoroduction combined with high
movement velocities (McBride et al., 1999). Highrce/velocity movements are

commonly developed via the Olympic style liftingdissed earlier (Gee et al., 2011).

A benefit of reducing the weight lifted is the rawgi specific velocities that can be
replicated (Izquierdo et al., 2010). Using isokioedtrength training, Kraemer et al.
(2002) reported the largest gains when training wasipleted at testing speeds.
However, in a rowing study, Bell et al. (1989) fduno relation between velocity
specific resistance training and improved rowinggrenance. Izquierdo-Gabarren et al.
(2010) reduced the number of repetitions duringcaarent endurance (460 minutes per
week, 87% <2mmdl?) and strength training (4 exercises to failurexércises not to
failure or 2 exercises not to failure with half theaximum reps) which led to an
increased focus on greater movement velocity. Marinpower and strength increased
significantly more than in athletes completed a@itranal ‘to fatigue’ strength training

programme.
2.3.3.4 Concurrent Training

The biggest problem encountered with strength itvgifior rowing is its effectiveness
within an aerobic endurance programme. Acutelyidued fatigue when completing
several training sessions in a day can lead tocestlicapability of the muscle to

maximally contract during a strength session (Léwvet al., 1999) while depleted
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glycogen levels can cause disruption in optimahaligng responses (Creer et al., 2005).
Also, a catabolic state reduces total protein sgithrate (Nader, 2006). Chronically,
the difference in muscle recruitment patterns dmtt s fibre type instigated through
endurance training places polar metabolic and nadggic demands on the muscle
which cannot all be met, and the adaptations regulirom strength training are
compromised (Leveritt et al., 1999). The effectating endurance training on strength
gains (Bell et al., 1997) appears less than runfirgemer et al., 1995) and cycling
(Nelson et al 1990). Trained endurance athletesaptp exhibit larger relative strength
gains during concurrent training than untrainedviaials (Hunter et al., 1987).

Training intervention studies have attempted to im#&e strength gains within an
aerobic endurance programme by scheduling trairdiiging the off-season or
preparatory phase (Bell et al., 19%8german & Staron, 1983). Such studies replace
aerobic sessions with strength training and dematesincreased strength in sub-elite
rowers at the end of the strength training periddwever, the adapted endurance
training volumes in these studies are low, reftegtihe competitive standard of the
rowers used. After replacing 3-4 endurance basssi®es with strength training, the
volume of aerobic work in an elite programme wosilitl exceed 15hrs or 130km per
week (personal observation). Without elite athfgisgramme data, the effect of this

regime on maximal strength is unknown.

Furthermore, in reality, this ‘front loading’ metthaf periodisation is unlikely to be
adopted in a group of elite rowers due to the ermighplaced on aerobic capacity
development within a training programme. Insteae, ¢lite programme will combine
strength and endurance work for a longer periodnnattempt to maintain maximal

strength closer to the competition period (Maestai.e 2005).
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2.4  The developing rower

At an international level, FISA organises regaftasjunior competitors (<19yrs) and
under 23yrs. This section will discuss the physialal and performance data of such

athletes. Sub-elite senior athletes will be disedsshere relevant.
2.4.1 Performance

The world’s best times for single scull U23 athéetmre 6:46.93 (men) and 7:27.23
(women) which are 96.8% 95.6% of the senior recoedpectively. On an ergometer
the U18 world record for men is 5:47.0 (97.5% ofise record) and for women is
6:33.9 (98.6% of senior record). In a comparisorsefior and junior New Zealand
rowers, Lawton et al (2012) identified a 3.6% (manyl 4.2% (women) difference in

2000m ergometer scores respectively.
2.4.2 Morphology and Physiology

According to Bourgois et al. (2001), finalists frahe Junior World Championships in
1997 were significantly taller than their less sssful peers, with greater segment
lengths. In a comparison of elite Croation senems junior rowers, Mikulic (2008)
also reported significant differences between gsouapheight, mass and fat free mass.
The junior athletes did have lower fat mass valles the seniors, which the author
attributed to the difficulties of combining muscug with leanness and the positive

relations between mass and rowing strength.

Senior rowers have a high#O,maxthan juniors (0.3 nin™) when measured during the
preparatory period (Mikulic, 2008; Steinacker, 1p98/hen adjusted for body mass,
junior rowers score higher than seniors due tortlwver body mass and fat mass
(Mikulic, 2008). However, in rowing, this calculati has little relevance due to the

support offered by a sliding seat in water.
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Measured directly, the power associated WitBomax is significantly higher in senior

rowers. However, when compared to a group of siib-s€niors, juniors recorded a

higher averageV Osmax but lower maximum power values (Mikulic, 2008). n®Re

rowers demonstrate increased technical proficiesmuy efficiency with accumulated
years of specific training allowing them to applyeegy production into output and
minimise power ‘leakage’. This finding is supportagdsenior/junior comparisons at the
aerobic-anaerobic threshold. Zdanowicz et al. (1J9@ported the power outputs for
juniors, older juniors and seniors as 226W, 258WJ 816W for men, and 153W,
170W and 212W for women. Mikulic (2008) reportedygen consumption at the
ventilatory anaerobic threshold to be 0.38ih™ higher in the seniors than the juniors.

The junior means were similar to a sub-elite gr¢@®8 tmin™ & 4.55 tmin™) but
when expressed as a percentageV@,max the superior efficiency of the sub-elite

seniors was evident as theip €bnsumption was 88.7% & Oamax compared to 85.5%

for the juniors (Mikulic, 2008).

There is a paucity of research reporting measurasaerobic capacity in development
rowers. Mikulc (2011b) recorded the mean power fismodified Wingate test in 21
17 year old rowers to be 6076W. Using the same test, Mikulic et al. (2010)aréphe

mean power in 17 year olds 6198 and 18 year olds 6339W.

Development and sub-elite rowers are not as stagsripeir elite counterparts (Russell et
al., 1998; Yoshiga & Higuchi, 2003; Shimonda et &009). Lawton et al. (2012)
reported an 18.8% difference in isometric wholeybpdll between junior and senior
athletes. There was also a 17.9% difference in 3&\press and 31.5% in 5RM seated
arm pull using a Concept Il Dynamometer. Mikuli©{®) measured maximum power

(mean of the highest 5 consecutive strokes durimgodified Wingate test) in 12-18
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year old male rowers and recorded £832W and 718104W respectively. No

comparison with senior rowers was made.
2.4.3 Training

The training methods, volume and intensity distiidou of young elite rowers has been
described (Steinacker et al., 1993; Steinackel.,e1293; Guellich et al., 2009). During
high load phases, the German Junior National Teaimed for 150 mifay” in 1989,
increasing to 190 miday” in 1995. The volume of actual rowing training rémeal the
same (59%), but intensive semi-specific cross-imgimcreased total volume by 22%.
Steinacker et al. (1998) highlights this increaséraining volume by reporting that the
1995 junior team trained as much as the senior tearh990, and this is further
supported by Fiskerstrand & Seiler (2004) who remr20% increase in training
volume over a 30 year period in senior Norwegiawens. However, Guellich et al.
(2009) analysed the same team in 2001 and repartigtreased average training time

of 12.8hrs per week (109.7 niilay") with 52% of time spent rowing.

2.4.3.1 Intensity distribution

In a study of the elite junior German national nogviteam, Guellich et al. (2009)
reported a similar pattern of training to that desstoated in studies of senior athletes
(Fiskerstrand & Seiler, 2004) whereby 71% of tnagniwas low-intensity exercise
corresponding to a blood lactate concentration urgfemoll™. The remainder of
training was conducted at a blood lactate conctatraf 2-4mmol™ (21%) and above
Aammol™ (8%). As the season progressed towards the caippeperiod, intensity

polarisation increased as moderate intensity ‘tadfareshold’ was sacrificed for more

race-pace intensity training (close ¥O:may). Steinacker et al. (1993) reports that

during a pre-world championships training camp, @erman junior national rowing
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team completing 93% of training below 3.5mrtibllactate, 5% between 3.5 and
6mmoll™, and 2% above 6mmbf. After 16 days, the programme emphasis changed to
competition preparation where volume was reduce@4%p, and the zone distribution

altered to 93%, 4% and 3% respectively.

Guellich et al. (2009) also conducted retrospecivalysis of the differences in training
between athletes with senior international andonali success, three years after the
initial reporting period. There were no differencesotal training frequency or volume,
or total training zone intensity distribution. Aasistically significant difference was
recorded in the intensity distribution of specifiswing endurance training. Results
suggested that the more successful rowers demtatsttanore distinct polarisation, i.e.
more distance at the lowest and highest trainitgngities. The author speculates that
this may be due to effective ‘intensity managematiscipline in order to avoid

overstress.

Guellich & Seller (2010) examined the physiologieald performance differences in
elite junior track cyclists following 15 weeks ofageline polarised training (high
volume-low intensity). The main difference notedivieen ‘responders’ and ‘non-
responders’ was the significantly increased timensgraining below 2mmai* by

responders, compared to the non-responders who spea time training and racing at

3-6mmoll ™.

2.4.3 Improvement rates

The identification and development of sporting méleaditionally focuses on children
and adolescent athletes in an attempt to maxirhesseampetitive advantages offered by
early recruitment (Vaeyens et al., 2008). Howelitite research has focused on the
transition from sub-elite to elite performer or tfaélure to do so. Case studies have
analysed the longitudinal development of both dmpielg and biologically mature
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rowers immediately prior to and subsequently witlsi@nior training programmes

(Hagerman, 1984; Mikulic, 2011a).
2.4.4.1 Aerobic determinants

Hagerman (1984) monitored several physiologicabmaaters in successful oarsmen
during 2,000m ergometer performances at an iddrdtage of the season, over a 6- to
8- year period (1972-1980). The examples providethahstrate that in 3 of these
athletes, maximal or peak values of ventilationygen consumption and heart rate
improved only slightly over the time period. Howevemechanical efficiency
(calculated from 2,000m power output and total inelia cost in imin™) demonstrated
the most significant improvement over time. Thehautconcluded that prolonged and
specific training had little effect on maximal piogtegical values, but a significant

effect on rowing specific skeletal muscle oxygehveey and consumption.

In a longitudinal case study of a M4x World Chammpi@nd subsequently Olympic

Silver Medal winning) crew, Mikulic (2011a) repodtea 26% mean difference in

V Ozmax between 2005 (average age 16.3yrs) and 2009 3).Zkhe linear increase
seen over this 4 year period?(R 0.998), p<0.001) does not apply for the follogvix

years as the 4 athletes maximum oxygen consumpsiailised. The author
demonstrated a similar trend increase iV ®bmae but power at AT and %Osmax

utilised at AT failed to show continued improvemaitngside the plateau ¥ Ozmax
The improvements in 2000m and 6000m ergometer pedioce also slowed, possibly

for this reason (Mikulic 2011a).

2.4.4.2Strength & power determinants
In terms of strength development, Lawton et al. 1@0 investigated whether

anthropometric and muscle strength/endurance ateddor differences between junior
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endurance provided the best indication of juniavers who possess the physiological
characteristics to be successful at a senior |&Vel.differences in strength and strength
endurance between junior and senior athletes aflofoe the calculation of average
annualised (or compounding) development rates based years of continuous
training. Improvements greater than 2.5% per anfomiower body endurance and
6.0% per annum for upper body strength and streegtlurance were suggested as

useful in identifying those with the greatest patdrfor success in rowing.

2.5  Summary & thesis justification

This review of literature provides an overview betphysiological requirements and
training completed by elite and development rowé&te conclusions drawn are often
based on heterogeneous groups including men, woopem-weights, lightweights and

different experience levels resulting in equivoiadlings. The analysis of homogenous
groups may suggest that the true determinants ese tlear and the impact of
alternative variables more influential. Comparisbetveen development, sub-elite and
elite rowers are difficult due to a lack of conemty in the tests used, while the
longitudinal tracking of elite competitors is lirad to case studies of successful

individuals rather than large groups of high |eattlletes.

There is a lack of individual profiling, or tools assess an individuals physiological
‘make-up’ which may aid in training prescription darperformance optimisation.
Attempts to manipulate training based on the repbrdeterminants of rowing
performance are limited and do not reflect eliterting (Ingham et al., 2008). The ‘one
size fits all’ approach to elite rowing training ynaot be the most effective means of

maximising the performance of a group of poten@ampians. Rowers who reach a
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ceiling of improvement may benefit from a shifttnaining focus that allows them to

maintain strengths while improving other signifitaontributors to performance.
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CHAPTER 3:

PHYSIOLOGICAL PREDICTORS OF PERFORMANCE IN ELITEAN D

DEVELOPMENT ROWERS

3.1 Abstract

This study investigated the relationship betwed0@n ergometer performance and
physiological variables in male and female, elisnisr and development rowers.
Twenty nine men and twenty four women completed0®@m ergometer assessment
alongside monitored physiological indices of rowinmerformance which were
conducted as part of regular scientific supporitigbuting to selection. A rowing
ergometer incremental step-test was used to assbssaximal and maximal indices,
including power at 2mmol*® (Wommon®) and 4mmol™ (Wammon™) blood lactate
concentrations, peak oxygen consumptivBzpea) and power at Ozpeak (WV Ozpeay in

all participants. Other tests included 250m ergemspeed (women) and 1 repetition
maximum bench press, bench pull, and power cleaan)Significant correlations
(p<0.05) were recorded for height, body mas®2peak, W O2peak Wmmon, and
Wammon™— irrespective of gender and competitive level. Amatl individually, there
were large differences in the relationships obskaaoss gender and competitive level,
with  Wammon® being the only variable to significantly correlatgith 2,000m
performance in all squads. Results were furthetyaad using bivariate regression to
examine the degree of shared variance betweengibgmial status and performance,
multiple regression being inappropriate due to s@nple sizes. When squads were
combined,v Ozpeak WV Ozpeak Wammoi™s Wammon ™™ and body mass explained over 80%
of the variation in 2,000m speed. Individually s\ was able to explain 25-59% of
the variation in performance ando2pea11-69%. Other variables were able to explain
the variance in performance to differing degreeqethding on the squad. The results
indicate that different predictors of 2000m rowergometer performance exist between
different groups of rowers. These contrasting tsswduggest that coaches and
practitioners should examine performance deterntsnahhomogenous groups, as the
determinants of performance may be different dejpgndn gender and competitive
level.

3.2 Introduction

Elite rowing competition requires athletes to parfanaximally whilst retaining a high
degree of technical proficiency and teamwork (Malisa & Secher 2009). Over the
course of a 2,000 m race athletes complete appedglyn 220-240 cyclic strokes

(Shimonda et al., 2009) using the combined streofithe legs (75-80%), back, and
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arms (20-25%) for between 5:19.35 and 7:07.71 ragaiccording to the world best
times for the fourteen Olympic categories (Lawtdrale, 2011). Individuals or crews
must initially overcome hydrodynamic resistancepbyducing near maximal power, in
synchrony, before settling into a race-pace andieifessary and possible, re-apply
maximum power during the race climax (MuehlbauerMglges 2011; Steinacker,

1993; Secher, 1993).

In order to meet these demands, elite rowers hasénative anatomical and
physiological characteristics. Morphologically, ®@igic rowers are tall (males
1.94+0.05, females (1.8D.05, Kerr et al., 2006) with associated longebknthan non-
rowers (Kerr et al., 2006) to produce long rowstgpkes; a biomechanical advantage
(Yoshiga et al., 2003; Cosgrove et al., 1989)dy mass and lean muscle mass are high
in order to contribute to propulsive, low caderfoece production (Lawton et al., 2012,
Mikulic, 2008; Secher, 1983%keletal muscles are composed of a high percelfi&ge
85%) of slow twitch (ST) muscle fibres (Steinacke993; Roth et al., 1993) and highly
oxidative fast twitch (FT) type llb fibres, devebkxgpthrough high volume-low intensity

training (Fiskerstrand et al., 2004; SteinackeB3)9

Previous studies have sought to establish the glogscal determinants of rowing
performance using semi-specific ergometers, whieh largely able to replicate the
physiological demands of on-water rowing in a colted environment (Mikulic et al.,
2009). Single variable investigations (Secher et 40983) and multi-factorial
investigations to investigate performance predic{ingham et al., 2002; Cosgrove et al

1999) have been published which report various iplggical contributions to 2000m

ergometer rowing performance. Maximal aerobic ciixba(c\702ma><) is historically
recognised as the single strongest predictor oh I200m ergometer performance

(Cosgrove et al., 1999; Kramer, 1984) and on-wdtdgernational competition
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performance (Secher et al., 1983; Secher, 1983) wégtues reported to average 6.4 -
6.6 tmin™ for men and 4.1:min™ for women (Yoshiga & Higuchi, 2003). In addition,
Ingham et al. (2002) identified a combination ofwgo at vO; max (WVO2 may,
maximum power (Wax), 0Xygen consumption at lactate threshal®4 1) and power
at 4ammoll (Wsmmoi-1) as explaining 98% of the variance in 2000m ergemtmes in a
combined cohort of elite male and female rowersvilNet al. (2009) reported similar
findings (96.2%) using a curvilinear allometric netlthg approach. Alternatively,
Reichman et al. (2002) suggested that 2000m pediocen could be characterised
predominantly by the mean power output of maxinmaeaobic capacity tests alongside
vO, maxand an index of fatigue (96%). Other studies hanly onanaged to relate
anthropometric variables to ergometer performanbebtu et al., 1999). The
differences in physiological parameters contribgitio performance reported in the
literature can be explained, in part, by differengeage, gender and experience of the

participants tested.

A major limitation of previous research is the gsa& of heterogeneous samples caused
by grouping male and female rowers from differemight disciplines, and of varying
competitive level. Elite athletes performing at thighest level, following the same
training programme are likely to be relatively hagenous in the traditional rowing
physiology variables such as aerobic capacity,makinal aerobic capacity, strength,
and power, as differences in performance are sradictitioners working with elite
athletes require studies from representative sawpen considering recommendations
for a change to training which targets particulaygological adaptations. A coach or
sport scientist requires knowledge that predictbdnges would correspond with

improvements in performance.
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The aim of the present study was to identify thergjth of relationships between
currently monitored physiological variables and @®@Oergometer rowing performance
in elite homogeneous groups of male and femaleosamid development squad rowers.
A key aspect of the research was to examine tleagitn and practical significance of
relationships between variables. We argue thatrfgsdfrom the present study could
provide an evidence based approach for athleteshes and sport scientists to identify

areas for potential development, that could leachfwroved performance.

3.3 Methods

Following ethical approval from the Liverpool JoRtoores University Research Ethics
Committee, 53 members of the 2011 Great Britaiarhrtional Rowing team: 18 open-
weight senior men (SNR); 14 open weight senior women (SNRep; 11 open-
weight Development squad men (DE)); and 10 open-weight Development squad
women (DEViomen), gave written informed consent to participate e Thevelopment
squad comprised the top ranked, club based athietes training as part of the senior
international team, representing Great Britainhet U23 World Championships and
European Rowing Championships. Being part of the B&ving Team requires
agreement to complete a number of regular, roatasessments. The present study used
data collected from routine support rather thawréist testing sessions. Accordingly, a
strength of the data collection protocol employedswhat it retained a degree of
ecological validity and ensured meaningful attemtio the competed tests, due to the

selection consequences of such performances.
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2,000m

swad G Tem | G | nmss0) | PSS
SNRnen (N=18) | 26.7#4.2| 194.94.1 96.94.3 | 5:52.#00:04.1| 5.6#0.06
SNRuomen(N=14) | 27.9:2.8| 182.3t5.7 76.34.0 | 6:46.@¢00:08.7| 4.92+0.11
DEVmen(N=11) |21.8t2.2| 193.4t3.6 93.%3.7 | 6:08.200:06.0| 5.43+0.08
DEVwomen(N=10) | 21.7#2.0| 181.%6.1 79.36.2 | 7:02.300:07.0| 4.74+0.07

Table 3.1. Demographic & Anthropometric data oftiggrating rowers
3.3.1 Performance Tests

2000m ergometer time-trials were performed usingiggpt Il model D machines
(Nottingham, UK). The drag factor was set accordmgquad specific guidelines (Men
= 138, Women = 130) and the computer set to reBbfum split times. Average speed

(ms?) was used as the performance measure.
3.3.2 Physiological Profiling
3.3.2.1 Anthropometry

Height (cm) and body mass (kg) were recorded uaiatadiometer (Holtain, Crymych,

Pembrokshire) and electronic scales (Marsden, Rudine England).
3.3.2.2 Aerobic step-test

Tests were conducted in an air conditioned laboyatb8°C, 35% relative humidity).
The generic squad training programmes did not delintensive exercise 24 hours
prior to laboratory assessment Sessions were tmite steady-statesZ mmol™)
exercise. Training on the day of the laboratoresssent was standardised to 12,000m
low-intensity €2 mmoll™.), steady-state ergometer rowing in order to hedet weekly

training mileage demands. This session was contpfedars prior to the laboratory test
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to allow ample time for rest and refuelling. Atldetvoided caffeine consumption prior

to testing.

Athletes completed a 10 minute warm-up on the ¢éegbmeter at a fixed intensity
(1:51.0 per 500m for men; 2:10.0 for women). Atbdéethen completed 5 x 4 minute
incremental steps with 30s rest between efforte. §énior men’s teant'Istep was set

at 270W with each stage increased by 25 watts.oBemdmen completed one of 2
starting loads (180W or 200W) which increased bW2@ith each step. Development
squad athletes were prescribed starting loads basédb% of their 2,000m ergometer
test average power, with 5% increases for eachhef dubsequent 4 steps. On
completion of the 8 and final step, all athletes rested for 150s leefmmpleting a 4

minute maximal effort to establishOppearc Time per 500m (split), power (2.80/500m

split®), and stroke rate (SPM) were recorded from therasger computer.

Capillary blood lactate samples were taken durireg30s rest interval between stages.
Blood was analysed for blood lactate concentratismg a Biosen C-Line lactate
analyser (EKF Diagnostics, Magdeburg, Germany [@ment of Variation 1.5% at 12
mmol]). Lactate was regressed against power and thesvpaoduced at 2 mmot
(Wammon ™) and 4 mmol™ (Wammon™) of blood lactate were calculated by polynomial

interpolation and internally verified by experiedaeviewers.

Inspired/expired air was analysed using an Oxycom ‘Breath-by-breath’ metabolic
system (Jaeger, Viasys Healthcare, Yorba Linda,. OA&kts were conducted using a
mouthpiece to limit dead space. The gas analysere walibrated using gases of a
known concentration and the flow volume was catdmtausing a standardised 3 litre
syringe prior to every test. Values of oxygen congtion (#O,, calculated using the
differential-paramagnetic principle, [Coefficienf &ariation 3% or 0.05 -tin™]),

carbon dioxide expirationv(CO,, calculated using the infared absorption principle
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[Coefficient of Variation 3% or 0.05nhin™]), ventilation, (=, measured via a flat
turbine digital volume sensor, [Coefficient of Vaion 2% or 0.05-min™]), breathing
frequency (BF) and respiratory exchange ratio (RERefficient of Variation 4%])
were monitored during the test and averaged fotasteminute of each stage.O2 peax
was defined as being the highest 15s average oxa@esumption measured during the

4 minute maximum effort.
3.3.2.3 250m speed (Female Specific Test)

Both women’s squads completed a 250m ergometeusasy the previously described
Concept Il ergometer at the same squad specifig asad for the 2000m performance.
Rowers were requested to row 250m between 40-ékesmin™. Data were recorded

for average power, total time and stroke rates'mas used for analysis. The men’s

squad did not complete this particular test dueotch preference.
3.3.2.4 1RM (Male Specific Test)

One repetition maximum strength tests were condudéte SNR.., Power clean

(1RMciean), Bench Press (1Rjs9 and Bench Pull (1RMy) were chosen as the most
rowing specific tests of strength. Athletes werenpted 3 attempts at each chosen
weight, with their result being the heaviest liteined acceptable by the UKSCA
accredited strength and conditioning coach. The adssquad did not complete these

particular tests due to coach preference.

3.3.3 Calculations

The power associated with O2 peak (WV O2 peay Was calculated by solving the

regression equation describing the powera@dfrom the 5 sub-maximal steps.
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3.3.4 Statistics

Using SPSS 17 (IBM, New York, USA), Pearson’s prigduoment correlation was
performed to examine the relationship between nredswariables, and 2000m
ergometer performance for SNR SNRiwomen DEVmen DEVuwomen and combined
squads (see Table 3.2). Given the aim of the stuay to identify the strength of
relationships between physiological status andoperdnce, greater emphasis was
placed on the magnitude of the correlation coedfiti rather than the significance of
relationships. Significance was accepted at the(Q&<level. Regression relationships
to examine the degree of shared variance betwegsigbbgical status and performance
were examined using standard bivariate regresgithough multiple regression could
facilitate identification of the combined varianda performance explained by
physiological status, it has also been shown tprbblematic with small sample sizes.
Tabachnick and Fidell (1996) recommend using & ratiat least 5:1, hence with over
10 predictor variableghe sample size would need to be 50; an unreafigtice when
examining elite squads. Data were screened tdifgatata points lying more than 3

standard deviations from the line of best fit.
3.4 Results

Table 3.1 includes the average 2,000m speed faraillps. Using a T-test, there were
significant differences between all groups (p<0.0Bable 3.2 reports mean values,
standard deviations and Pearson’s product-momeeffidents for 2,000m ergometer
performance and measured physiological variablezsadhe individual and combined
squads. Significant correlations (p<0.05) were réed for height, body masg02 yeax
WV 02 peak Wammon ™, and Wimmon™> When the squads were combined. For SNR
significant relationships (p<0.05) were noted fod mass, Wnmon “and power clean,

and for the SNRomenSquad, significant relationships were found betwleedy massy
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02 peak WV O2 peak Wommon ™, Wammon™', @and 250m speed. For DEM, significant
relationships were found for 02 peak WV O2 peak Wammon ™ Wammoi™ and 1RMiean
1RMpressand 1RMyi. FOr DEMyomen V' 02 peakand Wimmon™- Were significantly related
to 2,000m ergometer performance. Table 3.2 alsowvshthe standard bivariate
regression explanations of variance for each cateabf 2000m performance for all 4

squads individually and combined.

For the combined group the variance in 2000m ergenperformance was over 85%
for the following variablesy ozpeak(94%), W O2 peax (96%, see figure 3. MWormmon™
(89%) and Wmmon™ (92%). Independently, body mass (35%)s Wi (27%), and
1RMcean (25%) were the strongest predictors of SNRperformance. For the
SNRuyomen WV Ozpeak(71%), V' 02peak(69%), Wammon ™ (61%) and Wmmen™ (58%), and
Wasom (53%) best explained 2000m performance. In theeldgwment squads, 1RM
(79%), 1RMyress (72%) and Winmon ™ (59%) were the best predictors for DM and
Wammon ™ (43%) Vv 02 peak (41%) and 250m speed (35%) for DRMen Figure 3.1
demonstrates the relationship betweew W2 peacand 2000m ergometespeed for

SNRmen SNRyomen DEVmen and DEV,omenWhen combined.
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Figure 3.1. The relationship between\VD2,.aand 2000m ergometspeed for
SNRnen SNRyomen DEVimen and DEVjomenWhen combined.
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Squad N Statistical Height (m) Weight V Ozpeak V OZ,,eak WV 02 W2mmoH_l Vv4mmoll_l W250m lRMclean lRMpress 1RMpuII
Analysis (kg) (I.min™) (ml.kg™.min™) (‘W‘; (W) (W) (m/s) (kg) (kg) (kg)
% 194.9 97.0 6.5 66.9 429.7 342.3 389.7 ] 103.6 106.3 101.0
+4.2 +4.4 #0.3 +2.8 +15.7 +215 +20.8 +10.8 +10.7 +6.4
SNRmnen 18 R 0.41 0.64* 0.38 -0.22 0.48* 0.44 0.54%* - 0.50* 0.40 0.37
r? 0.11 0.37 0.11 -0.02 0.19 0.15 0.25 - 0.21 0.11 0.08
% 182.3 76.1 4.4 58.3 300.1 245.8 275.7 5.7 ] ] ]
+57 + 4.0 +0.3 +3.3 + 18.0 +219 +228 +0.2
SNRyomen | 14 R 0.10 0.69** 0.83** 0.19 0.86** 0.78* 0.76* 0.73* - - -
r? 0.01 0.44 0.69 -0.04 0.71 0.61 0.58| 0.53 - - -
% 194.3 93.1 6.0 64.4 396.4 294.7 333.3 - 99.7 94.9 98.3
+ 3.6 +3.7 +0.3 +27 + 187 +226 | +204 +10.8 + 112 + 87
DEVmen 11 R -0.18 0.59 0.71* 0.34 0.70* 0.68* 0.77* - 0.67* 0.85%* 0.88*
r? 0.03 0.35 0.50 0.12 0.50 0.46 0.59 - 0.46 0.72 0.79
% 181.8 79.3 4.2 53.1 280.1 211.8 242.8 5.4
+ 3.6 + 6.2 + 0.2 + 3.8 + 135 +21.1 + 20.0 +0.2
DEVwomen | 10 R 0.49 0.30 0.64* 0.10 0.52 0.41 0.66* 0.59 - - -
r? 0.24 0.09 0.41 0.01 0.27 0.17 0.43| 035 ; ; -
< 188.8 87.3 5.4 61.5 360.3 282.3 320.2 5.5 102.1 101.9 100.0
Combined +78 + 103 + 1.0 + 6.1 + 66.5 + 551 + 61.7 + 02" +10.8° + 1218 +73*
Squads 53 R 0.78** 0.89** 0.97* 0.85** 0.98** 0.94** 0.96%* | 0.79* 0.45* 0.67%* 0.48%
r2 0.62 0.79 0.94 0.71 0.96 0.89 0.92| 0.63 0.20° 0.4% 0.23

Table 3.2. Mean values and standard deviationgs&es Product-Moment Correlations, and Individegiression explanation values physiological
variables and 2km ergometer performance.

*=p<0.05 **=p<0.01

X = Group mean (including standard deviation) R=Re@$roduct Moment Correlation valug’ bivariate regression explanation of variance value
t = SNR men & Women only $ = SNR Men & DEV Men only



3.5 Discussion

This paper represents the first study to exploee dttength of relationships between
monitored physiological variables and 2000m ergemebdwing performance in elite

homogeneous groups of male and female, senior ewglapment squad rowers.

Using a stepwise regression analysis, Ingham €Qfl2) reported W O2 max Whnax
WV Oz 11 ss, and Wimmoi - together as able to explain 98.3% of the varianc2000m
performance in a similar group of elite male anudée rowers. A limitation of stepwise
multiple regression is that it is unstable with #mample sizes and the resultant model
can be an artefact of the relationships betweeepeaddent variables (Tabachnick &
Fidell, 1996) as demonstrated in Figure 1 when dgja@@e combined. The main finding
from the present study is that when different geowbd rowers are combined, the
resulting heterogeneous spread is responsibléaéostrong correlations and explanation
of variance in rowing performance explained by phiggjical variables. As Table 3.2
and Figure 3.1 demonstrate, analysing individualugs separately provided weaker
correlations than the combined squad, exposindr#iées of using correlation with a
heterogeneous group with wide ranging performaranes physiological attributes.
Therefore, we suggest that researchers and poaers interested in examining factors
influencing performance for elite athletes only @ data collected from similar,
homogenous, gender specific groups of comparableereence, skill level and

performance as the variables explaining performamag be different in these groups.

Previous single variable and multi-factoral anasysave demonstrated that elite rowing
performance relies on aerobic indices of perforreaiscich as maximal oxygen
consumption {O-may and sub-maximal markers of efficient oxygen congtion
(Cosgrove et al., 1999, Ingham et al., 2002). Tbisclusion is supported in the present

study to differing degrees. When squads were coatbidy O2 ,cokexplained 96% of
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the variance in 2000m ergometer performance aldhés value is an extrapolated
product of the sub-maximal oxygen consumption/pomerduction relationship and
maximal oxygen consumption, historically reportedvariables crucial to endurance
performance (Maestu & Jurimae, 2001). In contragben squads were analysed
individually, power at 4mmdi* (W.mmoi) was the only variable significantly related to
2,000m performance in all 4 groupsozpeakWas significantly related to performance in
3 squads, with the exception of the SNRwhereas the same was true fox \Bbpeax

with the exception of the DEMmen

Previous rowing research also highlights strengtd power (in various forms) as
important, although less impactful determinantspefformance (Reichmann et al.,
2002, Nevill et al., 2009). Strength was measurieectly for the men’s squads and
1RM power clean was able to explain 21% (ShRand 46% (DEW.r) of the variance
in 2000m speed — supporting the notion of rowing astrength endurance’ sport. The
increased explanation of variance for all 3 strengarkers in the DEMen and lower
contribution from aerobic markers may be indicatifethe lower aerobic training
volume (in comparison to the SNR) completed by this group. The capacity to
produce an average 2,000m speed 0.24'rslswer than the SNR, with such a
difference in physiological determinants demonsgathe importance of strength to
DEVnen performance. However, in order to further imprgesformance and match that

of SNRnenit is likely that developments in aerobic performoa will be most influential.

For the women’s squads, strength was not measinextig, but 250m speed (a product
of strength application and anaerobic metabolisiag able to explain 53% (SMNen
and 35% (DEVomen Of the variance in 2000m speed. It is therefe@mmended that
the assessment of strength and its applicatiorrawang specific measure is an integral

component of an elite rower’s physiological testiagtery.
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Throughout the results, the explanation of varianche SNR,., 2000m speed, based
on physiological variables, was much weaker thahénother squads. This finding is in
contrast to previous research investigating therdehants of performance in rowers
Ingham et al (2002) reported significant correlations (p<0.0dg¢tween 2000m

ergometer performance and the above variablesefips men, senior women and the
combined squads. However, this result may be duthdoinclusion of lightweight

athlete data. For example, male lightweight rowarshe current senior GB Rowing
Team have an averaged2peak 89% of the heavyweight men (unpublished)data

the Ingham et al. (2002) study, 4 of the 23 (17%hmand 5 of the 18 (28%) women
studied were lightweights which would have increatee spread of physiological data

and therefore improved correlation values.

The differences in the strength of relationshipweein squads could therefore be
explained by the increased homogeneity within tN&R&, For example, based on the
large range of aerobic abilities in the SNR.n squad, incremental step-tests started at
one of two power outputs (180W or 200W) to enstinéetes did not complete the first
step above Whmo 1, and to guarantee they achieved.W* during the final stage(s) of
the test. In contrast, the SNR squad all started at 270W. This spread is further
demonstrated in 2000m ergometer performance. Tiferelce between the fastest and
slowest women included in this analysis was 33@sés over 2 km, whilst in the
SNRyensquad there was a 14.8 seconds difference. FirZabs of the SNRomentested
won gold or silver medals at the 2011 Rowing W@&@lthmpionships, where as 61% of
the men achieved the same result, suggesting a meteeogeneous performance ability

in the SNR,oment€am at this time.
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The inability of bivariate regression to explaire thiariance in this group of SN
rowers suggests that, when working with small ateups, such statistical analysis is
inappropriate and subtle differences in physiolagiow for similar performance
outcomes. For example, an athlete who excels iobazindices of performance may
meet the demands of 2,000 m with a greater reliancthis determinant and a reduced
contribution from, for example, strength. The opfegmsay be true of an exceptionally
strong rower. Therefore, athletes should be indi@ily profiled and areas of
meaningful change identified to further improve fpenance without compromising

current strengths.

Due to coach preference, it was not possible tboparthe same tests on all athletes.
Future studies should include identical test besefor all squads (male and female;
heavyweight and lightweight; development and sénidihe addition of strength

measures may add important information for the axation of variance in the women’s
squads together with the inclusion of a more spenifirker of anaerobic capacity (i.e.
250m speed) in the men’s squads. Furthermore,nitlasion of a peak power test as
employed by Ingham et al. (2002) may be a valuald@ition to the current testing

battery.

3.6 Conclusion

In conclusion, this study highlights the importanmie separating elite athletes into
homogenous groups in order to analyse key perfocegoredictors. The strong
relationship between aerobic indices and 2000m reeger performance previously
reported in the literature is supported in the ifigd from SNRomen rowers in the

present study, with the addition of 250 m speedrfditation of strength and anaerobic
capacity) also deemed to significantly contribute gerformance. In contrast, the
relationship between physiological indices and @BCrgometer performance is less
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straightforward in SNRe, rowers. The variation in speed was poorly explaibg the
tested variables, the strongest of which were bodygs, sub-maximal aerobic efficiency
(Wammon ™), and maximum strength (1RMy. Weak relationships were attributed to
wide ranging physiological profiles in the smalbgp, whereas the women followed a
more homogenous physiological profile. The 2000mrfgomance of DEWen
demonstrated an increased reliance on strength aseabic determinants; likely a
reflection of their training model, while DEMmen followed a similar, but weaker
pattern to their senior counterparts. In conclustbis study has identified differences
in the strength of relationships between curremtignitored variables and 2,000m
ergometer rowing performance using small group®ldé level rowers. The results
from the present study are valuable for coachespaactitioners aiming to improve the
performance of their squad or individuals within identifying the strongest
physiological correlates of performance, alongsndievidual profiling, will provide the
data to support the implementation of training veations aimed at addressing

weaknesses in an athlete’s profile.
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CHAPTER 4:

THE LONGITUDINAL DEVELOPMENT OF SUB-MAXIMAL AEROBIC

CAPACITY IN ELITE ROWERS

4.1 Abstract

This study investigated the longitudinal developtnainsub-maximal aerobic capacity
in a group (n=23) of elite rowers. Changes in tbevgr associated with 4mmbt of
blood lactate (Wnmot™™) using an incremental step-test were analysedriteroto
investigate progression rates and differences letvWdympians (OLY, n=14) and non-
Olympians (NON, n=9). OLY athletes improved sigeaintly (p<0.05) during the first 3
years of elite level training (+2.99% years 1-2,163%6 years 2-3). Changes following
years 3-4 (-0.25%) and 4-5 (+1.02%) were not sigait (p>0.05) however; the results
of a case series analysis of individual athletesjuding a double Olympic gold
medallist with >12 years of international experensuggested a clear upward trend in
W.mmon ™ throughout an Olympians career despite fluctuatiarindividual seasons and
Olympiads. Improvements were attributed to the mitygical adaptations associated
with a consistent and well executed high volume/lovensity training model.
Differences in the development of Mo~ between OLY and NON were not
significant until the § year of elite level training (p<0.05). The stagm@atin Wammor ™
observed in NON athletes following 3 years of diisgning was ascribed to a ceiling of
aerobic development or an inability to effectivelylarise training in order to maximise
adaptation. In conclusion, 3 years of elite levaining appears to be the key time-point
in which to evaluate an elite rower’s aerobic depetent. At this point, alternative
training methods could be introduced in order toi@wstagnation in development and
subsequent performance. Physiological profilingirduthe early stages of an athletes
career could also identify those more likely toiarin a high volume/low intensity
training programme.

4.2 Introduction

Olympic Rowing training involves the systematicteof concurrent development of
aerobic endurance, muscular strength/power andr@maecapacity in order to sustain
the highest average power output during a racenféimget al., 2002; Shimonda et al.,
2009). Traditionally, the training of elite rowenas focused on the development of the
aerobic system through high volume/low intensitgirting, polarised with short
duration high intensity efforts above the anaerdbhieshold (Fiskerstrand & Seiler,

2004).
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Physiological adaptations result from this appro&zhtraining. Central adaptations
include an increased cardiac output via an augrdesiteke volume and arterio-venous
oxygen difference (Levine, 2008). At the muscle,rpmological adaptations involve
hypertrophy of (and conversion to) type 1 musdbeefs (Spina et al., 1996), increased
capillary density, increased size and number ofochibndria, and an augmented
concentration of the enzymes involved in ATP retlgais (Jones & Carter, 2000).
Changes to the acid-base status of skeletal musdigde an increased turnover and
oxidation of lactate (Hawley & Steptoe, 2001). Tehex also a change in the balance of

fuel supply, due to an increased utilisation of(Fdawley & Steptoe, 2001).

Such adaptations are reflected in the developmértey determinants of rowing
performance such as maximal aerobic capagi@:fax), and measures of sub-maximal
aerobic capacity including the power associateth @inmoll™ (Wammon™), 4mmoll™
(WammonY) and the anaerobic threshold (AT). Maximal aeratapacity ¢Oomay iS
limited by central cardiovascular function and eesd examining elite athletes
(including rowers) supports the notion that althougO,max IS a fundamental
requirement for endurance performance in heteragengroups (Ingham et al., 2002),
homogenous athletes with the sauf@,max can achieve a range of performance scores
(Vollard et al., 2009). At sub-maximal exerciseeimities, Wmmon~ iS commonly
measured in elite rowers (Altenburg et al., 20E2her than AT, and has been found to

correlate well with ergometer performance (Ingharale 2002).

Studies examining the longitudinal developmenthafse physiological parameters in
elite athletes, including rowers, are limited teeatudiesife. Jones, 1998; Lacour et
al., 2009; Mikulic, 2011a). Alongside improvememtgerformance, case studies report
an initial improvement followed by a plateau n®,max cOmbined with a continuous

improvement in anaerobic threshold (AT) (Jones,819ikulic, 2011a) andvO, at
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4mmotl * (Lacour et al., 2009). These examples, alongsidesesectional analyses
(including Study 1 of this thesis) do not includevdlopment trends in groups of elite

athletes who follow the same training programme.

Elite performer case studies typically focus on thtgysiological development of
successful individuals (Lacour et al., 2009; Miku2011a) as their story is of interest to
athletes, coaches and practitioners working towarise success. Limited information
is reported that analyses the progression of iddals who join elite level programmes,
but fail to achieve the highest levels of perforg®ire. do not achieve Olympic success
despite achieving a pre-requisite selection stahd&tudy 1 of this thesis identified
W.mmon ™~ as the strongest correlate of 2,000m ergometeomeaince in a homogenous
group of elite male rowers (r=0.54, p<0.05) (andswlae only variable significantly
related to performance in other all other groupsasnesd; open-weight women,
development women and development men). It was & strongest single
determinant of performance measured using bivaregeession, explaining 25% of the
variation in 2,000m ergometer speed (43-59% in rotgeoups). In terms of
physiological determinants, further longitudinal absis of this variable may
discriminate ‘successful’ athletes from those tladtto reach the upper echelon of the
sport. A comparative analysis of ‘successful’ amah-successful’ individuals/groups
has implications for development to senior squadsdition, selection/de-selection and

could also help optimise progression rates withsg@ad.

The aim of the present study was to investigatedéwelopment rates of sub-maximal
aerobic performance in two groups of elite rowe@lympians and elite (international
squad) rowers who failed to achieve selection f@ Olympic Games during their
careers. This distinction allows the differencepiiagression rates following induction

to the senior squad to be analysed. Such trendshelayimprove the identification of
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sub-standard aerobic development in order to peoviderventions at the earliest
possible opportunity. A Case study of a doublen@dic champion is also used to
provide more detailed information regarding the elepment of a successful elite

rowing athlete.

4.3 Methods

4.3.1 Participants

During the Athens, Beijing and London Olympiadsd@0 2012), 60 open-weight male
rowers represented the Great Britain Rowing Tedsrmationally. Of these, 42 athletes
began their international careers during this tifieis study only included athletes if
they had at least 2 years of continuous senior teaming (in order to increase the
power of analysis), and were excluded if they hat completed a minimum of one
sub-maximal aerobic assessment during each oneeojdars they were a part of the
team. When these conditions were applied, 23 athleitfilled the criteria for inclusion.

Athletes were then divided into those that hadesgnted Great Britain at the Olympic
Games, all of whom had completed at least 5 ydaseror team training (OLY, n=14,

all Olympic medallists), and those that failed thiave Olympic selection during their
time in the senior team, all of whom had at leage&rs of senior team training (NON,
n=9). From the OLY group, a double Olympic champwaith 12 continuous years of

senior team training (Athlete C) was also analys®dn individual case study.

4.3.2 Training

In order to be selected for the GB Rowing Team eqguad, athletes must train as part
of a centralised squad that follows an identicalning programme. The same chief
coach has been in post since 1992, which has led tmwnsistency of training

methodology and volume throughout the time perioalysed here. This allows for the
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comparison of athletes starting their senior tragrat different time points, but does not
consider the different stages of an Olympiad thHds tmay have occurred (see

discussion).
4.3.3 Testing Protocols

Multiple sub-maximal aerobic step-tests are conapleduring a season as part of an
ongoing physiological monitoring service. All testere performed using Concept Il
model D machines (Nottingham, UK). The drag fact@s set according to squad

specific guidelines (138) and the computer seetord average stroke power (watts).

The generic squad training programmes did not delintensive exercise 24 hours
prior to laboratory assessment Sessions were tmite steady-statesZ mmoH™)
exercise. Training on the day of the laboratoresssent was standardised to 12,000m
low-intensity €2 mmoll™.), steady-state ergometer rowing in order to nedet weekly
training mileage demands. This session was contpfedars prior to the laboratory test
to allow ample time for rest and refuelling. Atldetvoided caffeine consumption prior

to testing.

A 10-minute warm-up was completed on the test emgjemat a fixed intensity of
255W. Athletes then rowed 5 x 4 minute incremestaips with 30s rest between
efforts. The I step was set at 270W or 295W (based on histotésts, in order to

ensure athletes achievediWoi ™) with each stage increased by 25 watts.

Concept Il power and stroke rate (SPM) were reabifdem the ergometer computer.
Capillary blood lactate samples were taken durireg30s rest interval between stages.
Blood was analysed for blood lactate concentratismg a Biosen C-Line lactate
analyser (EKF Diagnostics, Magdeburg, Germany, finent of Variation 1.5% at 12

mmol]). Lactate was regressed against power and this vpeoduced at 2mmaf
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(Wammon ™) and 4mmol™ (Wammon™) of blood lactate were calculated by polynomial

interpolation and internally verified..
4.3.4 Data analysis

The highest Wnmon™* scores achieved during each year of senior trainieg used for
analysis. T-tests were used to investigate the-gearear changes in Wmoi ™ in the
two groups and the differences insMWon™ between OLY and NON groups during
years 1, 2 and 3. Raw data of all recorded 2,008yoneeter performance tests and
measures of aerobic performance parametersm{W and VOypea) are included
graphically for all individuals (although not inded in statistical analysis). Data in
these graphs are expressed via chronological timeeder to demonstrate the unequal
distribution of measurements. A linear regressiend line was included to analyse the
relationship of variables across time. Data wese gresented in terms of intra-year and

Olympiad trends in one individual, Athlete C, ary@pic Champion in 2008 and 2012.

Smith and Hopkins (2012), in a review of measuresowing performance, provide
Standard Error Estimates (SEE) for studies whicamare the relationship between
(amongst others) physiological variables and rovgagormance - including Wmor ™.

The SEE for Wmmon™* for a group of elite male rowers (including lighiglet men)
based on Nevill et al. (2011) was calculated a%2.Bhe ‘smallest meaningful change’
in Wammon™ (calculated using one standard deviation of theadoaverage (Hopkins,
2005) observed using step-test data from the cufd@Rowing Team is 6 watts, or
1.6% of the squad averagesW.on*. Table 4.1 includes the percentage year-on-year

changes in Wnmon ™ for OLY & NON.
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4 4Results

Table 4.1 includes raw YMmon™ for OLY (5 years) and NON (3 years) alongside
percentage change between years. OLY,¥W ™ significantly improved from years 1
to 2 (+2.99%, P<0.05), and 2 to 3 (+3.16%, P<0.0%}, not years 3 to 4 (-0.25%,
P>0.05) or 4 to 5 (+1.02%, P>0.05). NONsWo™ failed to improve significantly
from years 1 to 2 (+1.91%, P>0.05) or 2 to 3 ydats87%, P>0.05) of senior team
training. There was no significant difference (09).between OLY and NON Wmoi"

! following 1 or 2 years of elite senior squad tra@i(37%21 & 37317W). OLY
Wammon > Was significantly greater than NON following th@ gear of training (39425

& 366£18W).

Using the SEE and smallest worthwhile change calmnrs, the improvement in
Wammon™ for OLY between years 1-2, and 2-3 were classifisdmeaningful. The
improvement in NON between years 1-2 was also densd meaningful, while the
decrement during years 2-3 was considered a mdahimtpcrease. Figure 4.1
demonstrates the changes in i in OLY and NON related to years of senior squad
training. Figures 49™ and 4.2 demonstrate the changes in.j¥¢m When

available) alongside Wmon™ andv Oopeafor all participants (when available).

Figure 4.4 demonstrates the changes ign¥ " during 3, 4 year Olympic cycles
(Athens, Beijing & London) for athlete C, an OlyragChampion in Beijing 2008 and
London 2012. Linear regression trend lines expilagrelationships between Mo ™
and time. Figure 4.5 shows the changes ig. W™ during the 2002, 2006 and 2008
season (chosen as typical examples from each Oéythfor the same athlete. Second-
order polynomial trend lines highlight the pattexihchange over the course of these

individual seasons.
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Years in OLY W4mmoll-l NON W4mm0}|-l
Senior Squad
1 368+33 ~ 366+17 ~
2 379:21*F +2.99% 373+17 +1.91%
3 391+25*tt +3.16% 366+18 -1.87%
4 390+24* -0.25% _ .
S 394+28* +1.02% _ .

Table 4.1. Annual changes in besi Mo associated with increased year’s senior
squad training

*=gsignificantly different to year 1 (p<0.05), T #gsificantly different to previous yedr,
= significantly different to NON (same year).
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Figure 4.1. Annual changes inMon * associated with increased years of senior squad
training in OLY and NON.
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5.5 Discussion

The present study represents the first to repogitadinal physiological data from an
elite squad of athletes. The GB Men’s Rowing Teanone of the most successful
rowing programmes of the modern era, winning astleme gold medal at each of the
last 8 Olympic Games, and multiple World Champidgmsbold medals in between. The

same chief coach has been in place since 1992p#alia consistent training approach
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for 20 years. Implementing strict criterion, 2 saengroups from a large elite level
population were analysed in order to investigat dRrobic development patterns of
successful athletes in comparison to their lessessful counterparts. The aim of this
research was to identify trends that may lead ¢oethrly identification of sub-standard
aerobic improvement, and possible windows for trgjrinterventions to improve the
chances of success for more athletes. The inclugi@3 individual Wooom andv Ozpeak
data (where available), in individual plots of ahletes career alongside changes in
W.mmon™— also provides useful information on the requiretadar sustained success in

elite rowing.
4.5.1 Sub-maximal aerobic capacity development

Results from study 1 of this thesis identified.WWon™ as an important determinant of
performance in highly homogenous groups (open weaiggn & women, development
men & women) of elite rowers. This result was exeeécdue to the wealth of previous
research highlighting the importance of sub-maxiraalobic capacity to rowing
ergometer performance, and the use of this paatiaueasurement by the GB Rowing
Team over the previous 3 Olympic cycles. The mandifg of the current study is that
Olympic Rowers significantly improve ¥mor ™ during the first 3 years of their elite
careers. Wnmor - improved significantly in years 1 to 2, and 2 tdBummon - appears to
slow in years 3 to 4, and 4 to 5 with no significanprovement recorded. However,
individual data, including multiple Olympic medalis {.e. Athlete C, a double gold
medallist) suggests that in subsequent years, there upward trend in Wmon™ (See
figure 4.2). Statistical analysis of changes in fingt 5 years of Wmnmon™ allowed for
the inclusion of 14 OLY athletes. As Figure 4.2 dastrates, a decreasing number of
athletes have an increasing number of years exmerieHowever, given the small

number of participants, statistical power wouldvieey low and so traditional statistical
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analysis could be considered inappropriate. It assfpble that athletes experience a

period of stabilisation during this period beforeamtinued improvement.

Figure 4.2 also includes all the availablegW, data from the OLY group, alongside
Wammon™* and v Ozpeak data. A trend evident throughout these plots & ¢bnsistent
improvement in Wmnmon ™~ alongside Wogom throughout an individual rower’s career.
These results are in agreement with previous relsednighlighting long-term
improvements in the sub-maximal aerobic capacitglitd athletes (Jones 1998; Lacour
et al., 2009) and provide a link between ergomater on-water performance due to the

use of Olympic selection as a success criterihiggtudy.

The reason for this consistent improvement is yikéke training programme followed
by these Olympians, and their approach to it. Mletes completed a high volume of
low intensity training interspersed with high inéégy, short duration efforts above
Wimmon™ for 5 or more vyears. Such a programme will rest
cardiovascular/respiratory and muscular adaptatiomscluding an increased
concentration of the enzymes involved in ATP relgais amplified blood flow,
peripheral capillarisation, and mitochondrial biogsis (Jones & Carter, 2000). These
changes result in an increased oxygen deliveryuptdke, a reduction in the rate of
lactate production, an ability to clear lactate eneffectively, a lower rate of glycogen

depletion, and speeded oxygen kinetics (Jones &&C&000).

Although measured much less frequently in the GRiRg Team systeny Ogpeakdoes

not appear to follow the same pattern asmW™* and remains stable throughout a
career (see figure 4'2). Variations in thev Oypear Of athletes in the present research
are consistent with Messonier et al. (1998) andkB{$987) suggesting that maximal
oxygen uptake plateaus with increased age in wahéd rowers. However, Lacour et

al. (2009) in a case study of an Olympic Champmner reported a 2.4% increase in
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vO2maxover a 6 year period from the age of 26 to 32g/e@hen the athlete was already
well trained. In this study, Athlete N demonstratesimilar trend invOgpeax during a

comparable time frame (5 years), suggesting cootisumprovement is possible, while
Athlete C registered his highegO,peacduring the 3rd year of his elite rowing career
(6.8Fmin™) while values from years 10 and 11 averagedribl'. Such differences

highlight the varied individual responses to thensatraining programme, even in
aerobic indices. Such variation can be causedemetic differences, disparity in the
homeostatic stress experienced by athletes durilgadter training sessions, sleep,

psychological stress and nutritional factors. (Mahal.,2014).

Additional analysis of the individual data providesformation regarding the
fluctuations in Wmmon™ across seasons and Olympiads. For example, AtBlétained
over 3 consecutive Olympiads. Systematic improvem@ Wammen ™ during the three
Olympiads (see Figure 4.4) are evident despiteflinguations that occur within a
season and Olympic cycle (Figure 4.5). It is impies and testament to the training
programme, that this athlete can continue to makgavements to their sub-maximal
aerobic fitness following 10+ years of elite leveining, a finding rarely possible in

studies of elite athletes.

Figure 4.5 demonstrates the pattern of, M change within individual years in 3
Olympic cycles, where multiple step-tests were cletepl at distinct phases of the
season. There is a trend that suggests¥™ is at its greatest in March/April. This
finding is in contrast to Mikulic (2012) who reped the highest values of endurance
capacity ¢Omax WV O2max @and power output at the anaerobic gas exchangshibid)

at the end of the season in a crew of elite rowkraditionally, April marks the end of
‘winter training’ where athletes compete in the afinselection trials. Following

selection, athletes spend the remainder of theoseimscrew boats with significantly
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less ergometer training. The focus of trainingtshib the effective technical delivery of
peak and mean power alongside race-specific anagralameters - which may explain

the slight reduction in \Mmou'lduring this time.
4.5.2 Olympians vs. Non-Olympians

Another major finding from this research is thefetiénces in Wmmon™ between
athletes that go on to attain Olympic success, thnde that fail to achieve Olympic
selection. There was no significant difference igMi" improvement between OLY
and NON following the first and second years ofisenevel training. However,
following the third year, the OLY group had a sfigantly higher Winmon™* than the

NON group who regressed back to their first yearage.

Possible explanations for this difference insWo™> development include the
physiological profiles of athletes when they joire tsenior team, and their subsequent
individual execution/responsiveness to trainingsluding factors such as rest and
nutrition (Mann et al., 2014). Using bivariate reggion analysis, Study 1 of this thesis
reported differences in the relationships betweeasures of strength, endurance and
W00om Of elite senior and development athletes. For ¢g#emn male development
squad athletes, one repetition maximum bench §r&8%) and bench pull (79%) could
better explain performance thanWoi ™ (59%). In senior team rowers, the importance
of strength was much weaker (Bench press 11%, Beobt8%) with Winmon™> (25%)
being (relatively) the more effective descriptohid suggests that development rowers
have alternative predictors of performance to teemior counterparts, rather than the
same, but relatively weaker determinants. Thisuie tb the years required to develop

endurance capacity (as seen in this study).

Therefore, rowers joining the senior team couldehplysiological profiles not suited to

thriving in a training programme which has a prigndocus on high volume/low
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intensity endurance training aimed at improving ob&r energy production.
Alternatively, following an initial improvement ithe response to such training, it may
be that NON athletes reach a ceiling in their aeralevelopment and stagnation in

-1
W4mmo|l .

Coping with a large increase in volume and intgneuires a controlled approach to
training. Studies investigating the training methad elite endurance athletes suggest
that a polarised approach is the most popular ndetlereby large volumes of
training are conducted at low intensities, interspd with short duration high intensity
sessions (Seiler, 2010). The volume of trainingsgrieed by elite rowing coaches
(5000-6000 km per year) may force rowers to trainosv intensities in order to
complete their mileage (Driller 2009). Howeverisifpossible to maintain an unsuitably

high training intensity for short periods in sucticduminous programme.

Athletes who fail to adhere to prescribed trainemnes will spend too much time
training in mid-range intensities, eager to impresaches or unable to correctly judge
intensity. Subsequently, this can produce athleiedfatigued to train appropriately at
high intensities progressing to a stagnation imimg adaptation as demonstrated by the
NON group in the current study. In support of ti@gillich et al. (2009) demonstrated
that junior international rowers who went on toiagk senior international success had
similar training volumes, but demonstrated greatarisation of intensity than those

not successful at senior level.

Evidence describing how individual athletes apphealctraining is not available here,
so attributing a lack of improvement to poor pdaation is not possible. However,
athletes Q, R, S, and T (see figure®4"2, all demonstrate a limited improvement in
W.mmon - OVer several years in comparison to all OLY atiidfegure 4.2™) with the

exception of athletes K and N, who appear to detnaiesa lack of improvement during
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their time in the senior squad, while still enjayisuccess at the highest level. This
highlights the multitude of factors (including tedtal) that determine elite rowing

performance.
4.5.3 Implications for Training

This study provides useful guidance regarding.W ™ development normis a group

of elite male rowers. Of interest to coaches anensists is the possibility of averting
the stagnation in Whmon™ development observed in NON in order to increassr th
chances of Olympic success. The rapid increasginirig volume and intensity from
club/university to elite senior rowing may be pmrabhatic for newly selected
individuals, particularly those with a physiolodigarofile which favours markers of
strength and power. The problems associated widp@ increase in training volume
include an increased risk of under recovery, iknasd injury. Improved physiological
profiling of athletes before they are selected tioe senior team would allow for
improved integration when necessary. Providing youasthletes with a graded
introduction to senior team training combined withrgeted training to address
(previously identified) weaknesses in key determigsaf performance may help them

to enhance their training response and avoid staifigms.

Furthermore, more detailed control of training mei¢y distribution may improve

adaptation to training stimulus. Guellich and Se{B010) monitored elite junior track
cyclists endurance physiology and performance, raotéd that ‘responders’ to a 15
week typical high volume/low intensity training gramme spent more time below

2mmoll™ than ‘non-responders’ who spent increased tinthér8-6mmol ™ range.

Alternatively, training interventions that providen alternative aerobic adaptation
stimulus may lead to further improvement and asdedisuccess in athletes that appear

to have stagnated or reached a ceiling in theirsiolggical development. Low
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volume/high intensity training has been comparedigh volume/low intensity training
in an attempt to investigate the most effective ehad adaptation. Gaskill et al. (1999)
took cross-country skiers who did not respond togh volume/low intensity training
programme, reduced the low intensity volume andotexlithe high intensity training.
This resulted in significant improvements in maximad sub-maximal aerobic markers
and competitive results. Removing athletes with-staimdard VWmnmon™* development
(identified through a standardised profiling stggfefrom the senior squad programme
and implementing such an intervention could quickhprove Wimmon™ and allow
athletes to return to the generic programme withreater ability to polarise and

maximise their potential.

While potentially more powerful than the results afsingle case study analysis,
conclusions drawn from the statistical analysismiall groups should be treated with
caution. For example, the standard deviation ofitita presented in table 4.1 and figure
4.1 suggest an athlete could follow an altogethiéferént pattern of WWmnmon ™

development and still achieve Olympic selectionéess. Therefore, the interrogation of

individual data alongside group trends can prownbee detailed insight.

While athletes completed up to 4 aerobic step-tpstsyear during their careers, this
study chose to use the single best measuresgf.W" from each season rather than an
average value. As discusseds Mo tended to peak iklarch-April. If athletes did not

complete a test at this time, it is possible tleatlts for a given year did not reflect their

highest possible power output at 4mribl

Figure 4.5 shows the pattern of,Woi > during 3 discreet Olympic cycles. A limitation

of the previous group comparison is its failuretmsider the stage of the Olympiad an
athlete joins the senior team, and the effect théy have on training and subsequent
adaptation. Olympic training programmes aim to pimd peak performance at the
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Olympic Games and therefore include subtle anniff@rences in volume and intensity.
Although not significant, the improvements seeratihlete C during the Athens 2004
Olympiad mirror the development of the OLY groupurdg the Beijing 2008 and

London 2012 Olympiads, consistent improvement®ai@ent but at a slower rate.
4.6 Conclusion

This study is the first to examine the developmates of a group of world class male
rowers during their first 3-5 years of elite serti@ining. It appears difficult to identify
those likely to succeed after 1 or 2 years of getgiam training, but progress in thé 3
year of elite training is more marked in those wgamoon to achieve Olympic selection.
This information can be used to identify those #ua unlikely to reach the standards
required for Olympic selection. This may be duamoinability to improve, or the need
for a change in aerobic training stimulus that mesult in improved performance. A
physiological profiling system in the GB Rowing headevelopment squads would
provide a more detailed explanation of the relastrengths and development rates of
athletes before they join the senior team. Intetiées could be implemented to identify
whether an athlete is likely to continue developingthin the senior training
programme. Finally, this study may provide evidetwehange the training model of
athletes who’s aerobic fithess stagnates afterdr, 2 years in the senior team in order

to give them the best chance of Olympic selectimhsubsequent success.
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CHAPTER 5:
THE PHYSIOLOGICAL PROFILING OF DEVELOPMENT SQUAD RO WERS:
PROJECT SPIDER

5.1 Abstract

This study involved the conception, implementataol presentation of a physiological
profiling system for British international developnt squad rowers. Its aim was to
investigate the differences between a range of Idpaeent rowers, their senior
counterparts (SNR, N=15) and a theoretical Olympséandard (OLY). 20 under
twenty-three age group, club based rowers, conplatbattery of performance tests
and physiological measurements to identify previpusdentified determinants of
performance. Athletes were divided into groups d&olysis based on international
selection - under 23 internationals (U23, N=6), em@3 non-internationals (NON,
N=14). Athletes completed 250m W), 2,000 (Wooom) and 5,000m (\Bboorn) time
trials, a sub-maximal incremental test to identif\ie power associated with 2 and
AmmoH™ blood lactate (Whmon™ and Wimmon™), 0ne repetition maximum bench press,
bench pull (1RMessand 1RMyi) and an unloaded counter-movement jump (G
The resulting profile provided a comprehensive ysial of each athlete’s relative
strengths and weaknesses. Results demonstratedUfatpossessed significantly
greater Wooom Wsooom V\/meoll_1 and V\llmmoll_1 power than NON (P>0.05). SNR
athletes performed significantly better than NONalhparameters except for Cid,
but only outperformed U23 significantly in 8ddom 1RMyess and 1RMy. It was
therefore suggested that development athletes ¢hioclease the training focus on the
improvement of aerobic indices of performance nattean strength and power
development, and the identification of potentidhletes should be weighted more
towards endurance factors than maximal strengttpamer production.

5.2 Introduction

As stated previously, elite rowing is a complexw@r-endurance’ sport with a range of
anthropometric, physiological and technical requieats. (Study 1 of this thesis,

Ingham et al., 2002; Cosgrove et al., 1999). Addatre tall, heavy, and have a high
sub-maximal and maximal aerobic capacity. Streagith peak power are also essential

to enable crews to produce ~240 powerful strokesutihout a standard 2,000m race.

The GB Rowing Team men’s squad is among the masiessful rowing nations of the
modern era, winning multiple medals at the Beij2@P8 (1 gold, 1 silver, 1 bronze)

and London 2012 (1 gold, 3 bronze) Olympic Gamethletes in this team train
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centrally, following squad specific programmes Wwhimim to maximise the physical
and technical capabilities of team members. Asgirowers are based at one of 9 ‘High
performance’ clubs or Universities and generaliyrtipart-time for 10-14hrs per week.
The GB Rowing Team also runs a well establisheéntalidentification system
(START) whereby athletes are selected for furthevetbpment based on a series of
anthropometric and physiological test results. €hahletes are placed in small training
groups and train full-time. Senior team selectienbased on club or university
performance at national regattas (e.g. Henley RBggjatta), a well developed trialling

system, and Junior (<18yrs)/Under 23 internaticestction/performance.

The physiological attributes of these developméhketes is not monitored, with data
limited to ergometer/water performance scores andnmall amount of training

information. The competition between clubs (suchtles Henley Royal Regatta) is
intense and the sharing of rower information limite international selection training
camps and trials. Therefore, no ‘pathway’ modeltfa physiological development of

elite rowers exists to judge the progress of pae@iympians.

During the 2012/13 season, the need to standapdigsiological testing parameters
throughout the national system was recognised &y3B Rowing Team. Pressure from
funding bodies and a high retirement count follayvithe London 2012 Olympic

Games, increased the need to characterise théestihtaking the transition from club to

international selection and ensure all developradrietes maximise their potential.

The analysis and interpretation of this informatioeeded to be simple and visually
appealing in order to easily highlight an athletgsengths and weaknesses in
comparison to their peers (other development a$)etand their ultimate target (the

senior team) concisely.

70



The aim of this study was to compare the physialigieterminants of performance in
GBRT international development rowers with both {mernationals and senior team

athletes, using Olympic standards as a guide.

5.3 Methods

5.3.1 Participants

Athlete profiling took place between December 2ah@d March 2013. The service was
offered to all Development coaches nationwide, adddifferent programmes had at
least one athlete profiled. A complete profile riegg the completion of 7 individual
measurements. Due to the nationwide and thereémn®te nature of testing, the author
was dependent on coach and athlete cooperatiorontplete and submit all the
necessary data. This led to 57 athletes havingnptete profiles (PART) due to illness,
injury or coach preference. Complete data profiesre collected for 20 athletes,
including 6 selected to represent GBRT at the 20133 Rowing World
Championships. 15 senior squad athletes (includiraghletes who subsequently won
medals at the 2013 World Rowing Championships) weoéiled during the same time

period and included for statistical analysis.

Squad Age (yrs)| Height (cm)| Weight (kg)| Wooom (W)
U23 (n=6) 20.2+0.9 193.@5.3 94.24.1 472.815.4
NON (n=14) 21.3t0.7 193.@5.5 91.84.6 443.@27.7
PART (n=57) 21.3t2.5 192.65.4 92.65.2 432.%30.1
SNR (n=15) 25.42.9 194.@4.5 96.35.2 495.619.8

Table 5.1. Participant information.U23=under twethtsee international rowers,
NON=under twenty-three non-international rowersRHAunder twenty-three non-
international rowers with partially complete prel SNR=Elite senior team rowers.
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5.3.2 Testing Protocols

The aim of this study was to deliver a completeesssient of physiological rowing
determinants by deploying the following test battdresting took place in the athlete’s
training environment, with the aerobic step-tesidiated by a GBRT affiliated sports

scientist.
5.3.2.1 Performance Tests £ W2000m Wsooom

250m, 2000 and 5000m ergometer time-trials wertopeaed using Concept Il model D
machines (Nottingham, UK). The drag factor was aetording to squad specific
guidelines (Men = 138, Women = 130, Lightweight Med35, Lightweight Women =
125) and the computer set to record average powgmr(d stroke rate. The 250m test

was performed between 40-44 strokes:htimensure good technique.
5.3.2.2 Aerobic ‘Step-test’ (Wimo and Wammon ™)

Athletes completed a 10 minute warm-up on the éegbmeter at a fixed intensity
(1:51.0 per 500m). Athletes then completed 5 x Aut@ incremental steps with 30s rest
between efforts. Starting loads were based on 5b#eoathletes most recent 2,000m
ergometer test average power ¢ with 5% increases for each of the subsequent 4
steps. Capillary blood lactate samples were takemgl the 30s rest interval between
stages. Blood was analysed for blood lactate cdrat&on using a Biosen C-Line
lactate analyser (EKF Diagnostics, Magdeburg, Gagnd.actate performance curves
were plotted and the power produced at 2mimM@Wammon™) and 4mmol™ (Wammon™)

of blood lactate was identified.
5.3.2.3 Strength (1RM:ss1RMpun)

One repetition maximum strength tests were conducteBench Press and Bench Pull

- chosen as the safest and most rowing specificrelible tests of strength. Athletes
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were permitted 3 attempts at each chosen weigtt, their result being the heaviest lift

deemed acceptable by the UKSCA accredited streargticonditioning coach.

5.3.2.4 Counter-movement Jump (GMa):

Athletes completed an unloaded counter movemenp jusing a Gymaware linear
position transducer, attached to an unloaded barmaiimal weight (Kinetic
Performance, Melbourne). Athletes were alloweédhattempts and the average power

(CMUInean from a single jump was recorded in watts.

5.3.3 Data Analysis

Differences between groups was analysed using avageANOVA with post-hoc
Tukey for Waooomand all morphological and physiological variabl€se results of this

statistical analysis are included in table 5.2.

5.3.4 Spider Profile

The ‘Spider Profile’ is a graphical representatidrihe above physiological parameters
(see figures 5.1 & 5.2) which highlight the strérggtand weaknesses of individual
athletes or group averages. Data is presentedresnpages of the Olympic standard (a
series of theoretical parameters decided by cogpbrience and historical data) which
are included in the GB Rowing Team Olympic stratedgcument and due to

confidentiality agreements with GBRT, the absoldéta is not included in this thesis.

Senior team averages are also included to prowadtegt for coaches and athletes.

5.4 Results

Table 5.2 includes a summary of results for ergemgerformance, morphological and
measured physiological variables. In total, datas veallected from 77 athletes.

However, due to the remote nature of testing, ynjand illness, it was not always
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possible to complete the full battery of testsdach individual. 57 athletes had partially
completed profiles (PART). This data is includedtable 5.2, but not included in
statistical analysis. The mean scores for eachabiaiare reported in table 5.2
(alongside the number of participants includedhim group average). Complete profiles
were collected from 20 athletes. This group washaur divided into those that were
selected for the U23 International squad for thel30U23 Rowing World
Championships (U23), and those that were not salegdiON). Senior team data from
the same testing period is also included (SNR)ureich.1 is a Spider Profile of all 4
groups, presented as percentages of the seniadl &9lyanpic Standard’. Figure 5/27

are individual athletes Spider profiles for eachmber of U23.

. . W W 1RM 1RM cMJ

Group Age Height W(E'g)ht W\jsloom 2mmoki-1 | 4mmoki-1 W\jsloom Wason press pull Mean

(yrs) (m) g W) W) w) (W) (W) (kg) (kg) W)

(Nogy | 202 | 1030 | o047 | 4728 | 3088 | 3528 | 3797 | 7312 | 21 | 858 | 30492
(“Sﬂ) 21.3 | 1930 | 918 | 443.0% | 278.4% | 321.4% | 360.8 | 7111 | 936 | 904| 34181

parr | 213 | 1926 | 926 | 4370 | 2830 | 3210 | 3628 | 7128 | 954 | 927 | 35022

(N=57) | (N=57) | (N=57) | (N=57) | (N=24) | (N=24) | (N=50) | (N=10) | (N=20) | (N=21) | (N=18)

(r\i\ﬁ) 25.4% | 1940 | 963 | 4963 | 3332 | 3818 | 400.9% | 777.6¢ | 112.2% | 102.0% | 3704.6

Table 5.2. Physiological testing data *=signifidgrtifferent to U23 (p<0.05),
¥=significantly different to NON (p<0.05J=significantly different to SNR (p<0.05)
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Figure 5.2 Individual Spider Profiles for U23 internationahketes



5.5 Discussion

5.5.1 SNR & U23/DEV profiles

The primary aim of this study was to compare thgspilogical determinants of rowing
performance in the GBRT ‘sub-elite’ developmentgreanme with senior team athletes
using ‘Olympic Standards’ as a guide. SNR athlatdgeved significantly better results
than NON athletes in all tested variables withékeeption of CM..,In comparison to
U23, SNR achieved significantly better results gy and 1RMyess, IRMpy, but no

other variables, including 2,000m performancey.

Study 1 of this thesis attempted to explain theati@n in 2,000m based on differences
in the currently measured physiological determisaoft rowing performance. Squads
were analysed in homogenous gender and competiive groups, and this was
suggested as a reason for the poor explanationawénce reported. The strongest
predictor of performance for senior open weight restudy 1 wasV,,men™ (25%). In
agreement, the results of the current researchestgfat aerobic indices such as
Wommen ™ @nd in particulaW,...i* are key determinants in the international selectibn
developmental rowers as U23 athletes could nottétgstcally separated from SNR

athletes in terms of these variables.

Senior athletes were significantly stronger thamhbdevelopment groups in 1RM
markers (p<0.05). This is in contradiction to StudyThis could be explained by the
ability of these athletes to dedicate more timevéaght lifting in their weekly training
programme. Senior team athletes will lift weighda @verage) 3 times per week during
the season. Garcia-Pallares and Izquiendo (20ghDest1 3 weight training sessions as
optimal to achieve positive adaptations in mus¢iength and power. Development
athletes, with less time available for traininglwédt most, lift weights 1-2 times per

week.
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The profile of U23 athletes in this study appeafient to the findings of Study 1,
which suggested that DEW, (not distinguished by international selection) had
increased reliance on strength markers to explaifopnance. This was attributed to
the time frame required to develop sub-maximal lasiercapacity in elite athletes. By
comparing means, study 1's data suggests that . [JdEafe stronger than the U23
athletes in this study, but weaker in aerobic iagisuch as W™ and Winmen™. It
therefore appears that the isolation of internaichevelopment athletes, as in this
study, provides useful information regarding thetedminants of success at a

development level.

5.5.2 U23 & NON profiles

A comparison of International (U23) and non-intéioaal (NON) development athletes
was also included. U23 recorded a significantlyhbigaverage power output during a
2,000m ergometer test than NON. Endurance indi8s.4 ™", Wammon ™™ and W) also
set U23 athletes apart from NON athletes. Thereewss significant differences
between U23 and NON athletes for, ¥ 1RMpress 1RMpui or Wey;. Mean values
(displayed in table 5.2 and figure 5.1) suggest N@tperform U23 in these variables
(with the exception of W,,). NON (and other non-international athletes with
incomplete profiles - PART), appear to exhibit acreased reliance on strength and
power determinants to achieve a performance, dearDEVjengroup from study 1.
This is reflected in the shape of the U23 spidefiler (figure 5.2) which highlights the

‘skew’ towards endurance indices{mon™, Wanmen* and Weon) in U23.

The ability to differentiate between internatioraald non-international development
athletes using sub-maximal aerobic indices suggeatsaerobic determinants outweigh
strength and maximum power production in develogalerowers. This is of no
surprise due to the large emphasis placed on aet@ning in rowing (Fiskerstrand &
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Sieler, 2004) and the previously reported relatigrs between maximal and sub-
maximal markers of aerobic capacity in both sen{tngham et al., 2002) and junior
athletes (Mikulic, 2008). The shift in profile stepowards indices of strength and
power, seen in the NON group Spider Profile suggtsit excelling in these indices is
not sufficient to achieve international selectiés. highlighted in study 2 of this thesis,
aerobic variables such a8,...i* will continue to improve throughout an athlete’s
career and differentiate between Olympians and @lympians. NON athletes should
seek to develop their endurance capacity as itaapghat markers of this parameter are
more conducive to success in rowing than the lidniedfect of strength and power

training.

A further explanation for the difference inWyom and international selection of U23
athletes is technical proficiency. The U23 grouggrened better in the rowing specific
elements of the Spider Profile including.i¥, Wswomand the sub-maximal rowing
assessments of aerobic capa®ity,..i* and Winma™ . The rowing stroke (on water or
ergometer) requires the accurate and well timediagtion of force (Soper & Hume
2004). Although inferior in markers of absoluteesgth and power, it is possible that
the U23’'s were ‘strong enough’ and performance owing specific tests is an
indication of a superior ability to apply force alwédd the posterior chain, in order to
achieve a more effective stroke and avoid ‘leakipgiver unnecessarily. From the
results presented here, it could be suggestedatteage number of the athletes tested
more than fulfil the strength and power requirersaritan U23 international athlete, but
struggle to translate the power to the rowing strokherefore, more time should be

spent improving the delivery of power at the exgeolsimproving these variables.

In terms of talent identification, it is possiblbat the recruitment of athletes via

University or the GBRT START programme is skeweddnls stronger athletes with
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the ability to produce large amounts of power egpiely. Phase 1 of the GBRT talent
identification involves nationwide recruitment des/alongside the systematic testing of
school/university students who fulfil a simple Heigequirement. Phase 2 involves a
series of physiological tests designed to iderttiyse with the potential to succeed in
elite rowing. Successful athletes are then assigmeowing clubs where their skills can
be developed and their training managed. An ineg&mphasis on aerobic indices of
performance and their trainability during recruitthenay alter the physiological profile
of GBRT development rowers and their subsequen®020performance (a known

correlate of performance at international regattdsikulic et al., 2009a).

Although difficult, a measure of the ability to ettively apply power in a rowing
specific situation would be a beneficial recruitmtest for potential rowers. It appears
that the counter-movement jump is not an apprapaasessment as NON athletes were
able to out perform U23 internationals. Althougpli@ating the movement pattern of a
rowing stroke, this measure does not include ameh of ‘timing’ or ‘feel’ necessary

when moving an oar through the water.
5.5.3 The use of Spider Profiles

The parameters selected for inclusion on the spdgfile were initially based on the
results of Study 1 of this thesis. The physiologicearkers tested then were those
already used as regular assessments with the GBfltesults of study 1, study 2 and
previous research (Ingham et al 2002, Nevill 2Gil1) have suggested thatt, o™ is
essential due to the importance of sub-maximaltaeroapacity.v O2 peaxWas not
included in the testing battery. Although previoussearch has highlighted its
importance to rowing performance (Seiler, 2006és felt that the spider profile

should be accessible to coaches and athletes wadenrather than only those with
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access to a laboratory. Lactate profiling, althowgi requiring specialist input, is

possible in a field environment.

The influence of 250m speed on SNRen performance in Study 1 suggested it was a
useful addition to a physiological profile in terrabassessing anaerobic capacity — a
quality reported to be of significant importancedwing performance (Reichman et al.,
2002; Ingham et al., 2002). While senior athletesensignificantly more powerful than
NON, no difference was observed between NON and UR8 aerobic contribution to a
~45s effort and rowing specific nature of the tisse possible explanation for U23
athletes achieving a similar average score to tB&INunlike other markers of strength

and power.

The assessment of strength via 1RM was a cons@etopic in coach/scientist
discussions. It was felt that maximum lifts werappropriate for a large percentage of
the development rowers who have different degreesweight room technical
competency. Therefore, the safer exercises - bpress and bench pull were retained,
but the more technical power clean was removedieddls an unloaded counter-
movement jump was included in an attempt to assasspower production. The
distribution of results from this measure suggéstt it has little impact on rowing
performance as U23 are deficient in comparison do-selected individuals and the
senior team. As previously mentioned, the mean pdwen a counter movement jump
may involve no ‘rowing specific’ technique as itedonot include technical factors such
as timing at the catch position or loading of tlwstgrior chain. It is also possible that
the measurement of CMshnusing a linear position transducer has limitatioagsed by
the displacement of the cable during a jump. Altitfoless practical, the use of a force

platform may provide more accurate results. Thdugion of a maximum ‘rowing
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power’ test could also provide a more valid measur@ provide a marker to assess the

transfer of raw power to a rowing environment.

For each development rower tested during the Irygar of this study, their coach was
issued with a spider profile spreadsheet. This intended to provide them with an
analysis of their athlete’s physiological statugl aheir development relative to the
previous years U23 team, and the senior rowerscligsareported that the spider profile
provided a useful visual representation of thelnedaes and prompted both individual
and squad based training interventions to addresknesses highlighted by the shape

of the graph.

The method is not without its limitations. Usingetipercentage difference between
development athletes and an ‘Olympic Standard’ @¢obé misleading, and the
relationship between SNR scores and OLY standaigidigiht this. As postulated in
Study 1, individual differences in athlete profileppear to differentiate 2,000m
ergometer performances in homogenous groups. §ailin achieve an Olympic
Standard in one determinant of performance is Boessarily critical to success. These
values are based on historical values and coacleriexige/expertise and may
misrepresent the demands of elite rowing performafitie use of an absolute data
‘power profile’ (plotting power output data at vaus points between a maximal effort
and endurance test) could provide a more straigh#ia representation of an athlete’s

physiological profile.

5.6 Conclusion

In conclusion, this study collected physiologicebfges of GBRT development rowers
using a battery of tests designed to representdeh@gands of elite rowing performance.
This data, presented via a Spider Profile suggesiadthose athletes who are selected

for international competition at the end of the ssgmrely on aerobic indices of
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performance rather than strength and power markers has implications for the

identification and training of new and already bi&ned young rowers.
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CHAPTER 6:

THE INDIVIDUALISATION OF AN ELITE ROWING CREW’'S PHY  SICAL

TRAINING PROGRAMME
6.1 Abstract

Based on previously identified physiological deteramts of rowing performance, this
study involved profiling and adapting a generigriirag programme in order to address
individual weaknesses. 6 members of an interndtiomaing crew, preparing for a
long-course regatta, completed a battery of phggiohl tests adapted from the
previous studies included in this thesis. Measurgsnef maximal aerobic capacity
(VOopeay, the rowing power associated with it (MDpeay, Sub-maximal aerobic
capacity via the power associated with 2&4miifolblood lactate (Whmon™ and
Wammon™), maximum rowing power (Wa) and an unloaded counter-movement jump
(CMJInean Were conducted. Athletes were assigned to edahezndurance (END, N=4)
or maximal power (MAX, N=2) group depending on ttesults of their profile. All
rowers completed a generic rowing training programi@an average of 131 km per
week) with 2/14 sessions per week comprising eitligh intensity aerobic interval
training or additional weight lifting. Results wernalysed as a case series with
individual responses discussed as the lack of abgtoup made the relative impact of
training interventions difficult to assess. 3/4 Eldibletes improved aerobic indices, in
particularv Ozpea but made no improvements in markers of power yebdn. MAX
athletes improved their maximum power and aerobiégpmance. This was attributed
to increased mechanical efficiency, muscle coottinaand recruitment, strength
related technical improvements or the reducedivelahtensity of sub-maximal work
leading to a conservation of energy. In conclustbe minor adaptation of a generic
rowing training programme, based on individual pired, can have a marked effect on
the physiological adaptation of athletes strugglingmake progress in a traditional
high-volume/low-intensity system.

6.2 Introduction

Endurance training methods have evolved over tls¢ ¥ years leading to the
identification of more effective strategies to puod high performing athletes (Seiler,
2010). As with other endurance sports, a commoririloigion of 80:20 (low

intensity:high intensity training) is employed wigite rowing teams (Guellich et al.,

2009, Fiskerstrand & Seiler, 2004). Such a trainmgdel places emphasis on
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peripheral and central adaptations to endurancmiriga and helps reduce the
sympathetic stress, muscle damage, and blooddaatatmulation associated with high

intensity training (Gulstrand, 1996).

There is evidence to suggest that this methodagfitrg will not work for all endurance
athletes (Gaskill et al 1999). Ingjer (1991) amdrakers (.e. Mikulic, 2011a) report
performance plateaus following multiple years ofl@mance training using this 80:20
model. Study 2 of this thesis reported ay@ar stagnation in the power associated with
a blood lactate of 4mmof (Wammon™ ) in rowers failing to be selected for the Olympic
games, while ‘successful’ Olympians continued toeliep this parameter following
identical training programmes. Gaskill et al. (1pB8stulated that athletes that plateau
may have reached a ‘ceiling’ of development, or meguire a change in training
stimulus to improve performanck an attempt to address this performance plateau,
Gaskill et al. (1999) assigned cross-country skiera one-year high-intensity, low
volume regime based on their poor response to ayeae high-volume/low-intensity
programme. The authors reported significant impnoeets inv Ozpeax lactate threshold
and competitive performance. In contrast, the imenoent in the control group was
similar to that experienced after the initial highlume/low intensity one-year training

programme.

Changes in cellular signalling caused by a shifiraming intensity may allow athletes
to improve endurance performance via the developroknther contributing factors.
While large volumes of low intensity training mag best suited to the development of
factors such as increased mitochondrial density eaquilarisation, higher intensity
‘interval training’ may be more effective in devplog factors such as cardiac function

and buffering capacity (Seiler & Tonnessen, 2009).
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Another limitation of high volume/low intensity emcnce training is its effects on
strength and subsequent maximum power developnfiietes can struggle to
improve strength due to the demands of high volusmeeobic training and the
interference phenomenon (Garcia-Pallares & Izquie?2@11, I1zquierdo-Gabarren et al.,
2010, Docherty & Sporer, 2000). Acutely, when costip several training sessions in
a day, residual fatigue can lead to reduced capalwf the muscle to maximally
contract during a weight training session (Levasital., 1999). Also, depleted glycogen
levels can cause disruption in optimal signalliegponses (Creer et al 2005) and a
catabolic state reduces total protein synthesie (Btader, 2006). Chronically, the
difference in muscle recruitment patterns and siniffibre type instigated through
endurance training places opposite metabolic anginodogic demands on the muscle
which cannot be met, and the adaptations resulfnrogn strength training are

compromised (Leveritt et al., 1999).

An optimal training programme will seek to develtge physiological factors that
dictate performance. Previous research has inastg the determinants of
performance in elite rowers (Ingham et al., 2002kWic, 2008; Jurimae et al., 2010).
Anthropometric indices,vOzmax the power associated withh Ozmax (WV O2may),
Wammon- @nd various strength/maximum power markers havédedin recognised in
studies using heterogenous groups of rowers. Th&ulngss of these studies to the
training of elite homogenous groups is limited. itdual differences in performance
and its determinants are small. Study 1 of thisitheeported limited explanation of
variance using a range of recognised physiologiesis in groups of Great Britain
Rowing Team (GBRT) senior and development, male famale rowers. It was
postulated that while high values are necessarguocess at the highest level, once a

minimum level for each determinant is reached edéffices in performance are based on
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relative strengths, suggesting that individual nvéations may be significant in

optimising the training and subsequent performari¢bese endurance athletes.

In response to this, GBRT have adopted the phygicdd ‘Spider Profile’ system of
athlete profiling as described in Study 3 of tihedis. A battery of tests which assessed
the major physiological determinants of rowing perfance was refined to provide an
analysis tool for coaches and practitioners. Thiggesn was introduced throughout the
GBRT development system to help inform bespoke naragiing and enhance

performance. To date, this approach has not begertaken with elite, senior rowers.

Based on previous studies, the first aim of thiglgtwas to physiologically profile an
elite, senior rowing crew. Second, based on ind@idresults, athletes were to be
prescribed individual training sessions within agc training programme in order to

improve weaknesses that contribute to performance.

6.3 Methods

6.3.1 Experimental Design

Six elite level rowers from a senior men’s 8+ (a@g#4+ 0.4 years, height: 19655.8
cm, mass: 96.4 3.7 kg) completed a 7 week training programmereparation for the
E. ON Hanse Cup rowing regatta (the 2 athletes teting the M8+ crew were
unavailable for the beginning of the training pdriand therefore not included in this
study). Participants reported to the laboratoryofeing 14 days ‘active recovery’. On
commencement of the training block (day 1 and B)|etes conducted a series of
physiological tests in order to profile each indival and identify physiological
strengths and weaknesses. This test data was mddariSpider profiles’ (see Figure

6.1). Tests were repeated within 7 days followimg regatta.
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6.3.1.1 Anthropometry:

Height (cm) and body mass (kg) were recorded uaiatadiometer (Holtain, Crymych,
Pembrokshire) and electronic scales (Marsden, Rudine England) respectively. Sum
of seven skinfolds was assessed by the same ex@#amusing callipers (Harpenden,
West Sussex, England) according to ISAK guidelifidse total score of Tricep, Sub-
Scapular, Bicep, Supra-Spinale, Abdominal, Quagecand Calf were reported in

millimetres.
6.3.1.2 Counter-movement Jump (GMa):

Athletes completed an unloaded counter movemenp jusing a Ballistic Measurement
System force platform (Innervations, Australia)histes were allowed three attempts
(verified by a UKSCA accredited coach) and averpgeer (CMdean from a single

jump were recorded in watts.
6.3.1.3 Maximum Rowing Power (Myy:

Athletes warmed-up for 2 minutes at a fixed intgn§l:51.0 per 500m) then rowed 7
strokes at a stroke rate of 34 strokes.mimcreasing the intensity with each stroke,
culminating in 2 maximal rowing stroke efforts. Thaghest power (W, measured

via the CIl PM3 monitor during a single stroke wasorded.
6.3.1.4 250m Rowing Power (4én):

Athletes warmed-up for 2 minutes at a fixed intgn§l:51.0 per 500m) then rowed a
maximal effort 250m at a stroke rate of 40-44 stkin’ The average power (Mbm)

measured via the Cll PMBonitor was recorded.

88



6.3.1.5 AerObIC Step-TeSt QNmoH-l, W4mm0}|-l, v02peakwv02peal)

Tests were conducted in an air conditioned laboyatt8°C, RH = 35%). The generic
squad training programmes did not include intensexrcise 24 hours prior to
laboratory assessment Sessions were limited talysstate {2 mmot™.) exercise.

Training on the day of the laboratory assessmerst standardised to 12,000m low-
intensity €2 mmoll™.), steady-state ergometer rowing in order to haket weekly

training mileage demands. This session was contpfedars prior to the laboratory test
to allow ample time for rest and refuelling. Atldetvoided caffeine consumption prior

to testing.

Athletes completed a 10 minute warm-up on the éegbmeter at a fixed intensity
(1:51.0 per 500m). Athletes then completed 5 x Aut@ incremental steps with 30s rest
between efforts. The®Istep was set at 270W with each stage increas@s matts. On

completion of the 8 and final step, all athletes rested for 150s lefmmpleting a 4

minute maximal effort in order to identify Ozpeak

Cll power and stroke rate (SPM) were recorded ftbenergometer computer for all 6
steps. Capillary blood lactate samples were takemgl the 30s rest interval between
stages. Blood was analysed for blood lactate cdratéon using a Biosen C-Line
lactate analyser (EKF Diagnostics, Magdeburg, Gagn@oefficient of Variation 1.5%
at 12 mmol]). Lactate was regressed against power and tfis weoduced at 2mmof
(Wammon ™) and 4mmol™ (Wammon™) of blood lactate were calculated by polynomial

interpolation and internally verified.

Inspired/expired air was analysed using an Oxycuom ‘Breath-by-breath’ metabolic
system (Jaeger, Viasys Healthcare, Yorba Linda,.CH)e gas analysers were

calibrated using gases of a known concentrationthadflow volume was calibrated
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using a standardised 3 litre syringe prior to evest. Values of oxygen consumption
(vO,, calculated using the differential-paramagnetic @ple, [Coefficient of Variation
3% or 0.05 ‘min™]), carbon dioxide expirationv(CO,, calculated using the infared
absorption principle [Coefficient of Variation 3% 6.05 Imin™]), ventilation, (g,
measured via a flat turbine digital volume senfBpefficient of Variation 2% or 0.05
I-min]), were monitored during the test and averagedHerlast minute of each stage.
vO2 yeakWas defined as being the highest 15s average oxygresumption measured
during the 4 minute maximum effort. The power asged withv O2 peak WV O2 peay
was calculated by regressii@?2 ,eakin the equation for power andO; from the 5 sub-

maximal steps.
6.3.1.6 Further Measures:

A regularly monitored endurance training sessiothiwithe GB Rowing Team requires
athletes to row the furthest distance possibledmBnutes at 20 strokes per minute
(W3omin). Distance (m), time per 500m (split), Cll powerdastroke rate were recorded.
This test was completed in week 1, post-interventiand as training sessions on 3

further occasions during the 7 week training block.
6.3.2 Programme selection

On completion of the testing protocol and the camt$ton of Spider Profiles (Figure
6.1), athletes were assigned to one of two traigirayps based on coach and scientist
discussion: Endurance (END, n=4) or Maximum PowdAX, n=2). Athletes then
followed a generic rowing training programme plhe tiddition of two group specific

sessions per week based upon their group assignment

6.3.2.1 Baseline Programme:
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The baseline training programme was written in gogjion with the crew coach and
considered a standard 8 week preparation for t@m EHanse Cup (Appendix A). All

athletes completed an average of 131km per weakwing and ergometer training

which followed a traditional elite rowing structubased on an 80-20 distribution of
low-high intensity training. Three gym based weitsaining sessions were included per
week, with the aim of increased load, volume andedpof movement leading to
increased lean muscle mass and rate of force ptiodu¢see Table 6.3 and Appendix C
for a summary of athletes MAXandEND, weight training). The timing of sessions for
‘individual training’ was designed to have minimaégative impact on crew based

water training.

6.3.2.2 Endurance Programme:

Athletes in the Endurance group (END) completed2.Ber week, 1 in week 7) group
specific training sessions during the 7 week tragrblock (see Appendix B for session
examples). Athletes completed a 3km warm-up proorat series of high intensity
intervals and were prescribed active recovery betwepetitions and sets of repititions.
Athletes were given instructions as to the intgnsftthe repetitions in each session in
the form of percentage of maximum effort, RPE dralttaining zones used by the GB

Rowing Team.

6.3.2.3 Maximum Power Programme:

Athletes in the maximum power development group #IAompleted 30 (4 to 5
sessions per week) weight training sessions dutfweg7 week training block (see
Appendix C) compared with END athletes who complel8 sessions (2 to 3 sessions
per week). The emphasis of this training was irseddean muscle mass, followed by
neuromuscular conditioning and rate of force dgwelent. A summary of the

distribution of strength training for ENand MAX; can be found in Appendix C.
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6.3.3 Training adherence

Athletes were asked to complete an online trainiiyy which recorded training
adherence, volume, intensity and rate of percemegltion for each session. Blood

lactate samples were taken during key enduransgosssto monitor intensity.

6.4 Results

Table 6.1 provides information regarding the intgnszones used for training
prescription. Table 6.2 includes the distributiohrowing/ergometer kilometres for
END & MAX groups during the 7 week programme. Tabld explains the differences
in weight training for END and MAX during the 7 weprogramme. The session-by-

session training programme is available in Appemdix
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Tainng | Heandate | o | Rae
(mmol-l-1) (SPM)
1 59-67% <2.0 17-18
2 67-75% 20-4.0 19-23
3 75-85% ~4.0 24-28
4 85-100% ~4.0-8.0 28-36
5 ~ ~8.0 + >36
6 ~ ~ >26

Table 6.1. Rowing/Ergometer Training Zone PhysimagParameters distribution

€6

Rowing/Ergometer Training Zone Distribution (km/%)

Week 3 4 5 Total Mileage (km)
MAX END MAX END MAX END MAX END MAX END MAX END MAX END
1 11¢€ 12¢€ 17 17 10 22 1 1 1 1 0 0 147 167
80.3% 75.4% 11.6% 10.2% 6.8% 13.2% 0.7% 0.6% 0.7% 0.6% 0.0% 0.0% 100% 100%
2 14¢ 157 12 12 10.5 27.5 1 1 0.2t 0.2t 1 1 173.¢ 198.¢
85.8% 79.0% 6.9% 6.0% 6.0% 13.8% 0.6% 0.5% 0.1% 0.1% 0.6% 0.5% 100% 100%
3 10¢€ 10€ 0 0 2 11.5 2 4.5 8.3 0 2 2 122.: 12¢€
88.3% 85.7% 0.0% 0.0% 1.6% 9.1% 1.6% 3.6% 6.8% 0.0% 1.6% 1.6% 100% 100%
4 97 10& 8 8 4 5 1 8 0 1 0] 0 11C 127
88.2% 82.7% 7.3% 6.3% 3.6% 3.9% 0.9% 6.3% 0.0% 0.8% 0.0% 0.0% 100% 100%
5 11¢ 127 8 8 13 13 1 4.5 0 6.5 0 0 141 15¢
84.4% 79.9% 57% 5.0% 9.2% 8.2% 0.7% 2.8% 0.0% 4.1% 0.0% 0.0% 100% 100%
6 10C 10€ 8 8 9 11 4 6.5 1 7.5 1 1.1 123 142.1
81.3% 76.0% 6.5% 5.6% 7.3% 7.7% 3.3% 4.6% 0.8% 5.3% 0.8% 0.8% 100% 100%
7 83.F 87.5 0 0 0 1 0 2 17.7 18.7 0 0 101.2 109.2
82.5% 80.1% 0.0% 0.0% 0.0% 0.9% 0.0% 1.8% 17.5% 17.1% 0.0% 0.0% 100% 100%

Table 6.2. Weekly rowing/ergometer training voluamal intensity distribution for MAX and END




Strength/Power Training Zone Distribution (%)
Strength Intensity Strength Volume Loaded Power
Week MAX END MAX END MAX END
1 0.0% 0.0% 80.9% 84.2% 19.1% 15.8%
2 17.2% 0.0% 78.3% 78.2% 4.6% 21.8%
3 49.5% 57.0% 37.0% 0.0% 13.4% 43.0%
4 54.2% 58.7% 35.9% 20.8% 10.0% 20.5%
5 63.4% 66.6% 21.6% 14.2% 15.0% 19.2%
6 64.8% 69.5% 26.0% 10.5% 9.2% 20.0%
7 70.1% 70.8% 21.5% 29.2% 8.4% 0.0%

6.3. Weekly strength/power training distributiom MAX and END

Athletes reported 100% adherence to the traininggnamme. No illnesses were

encountered during the 7 weeks. When athletesredff@inor injuries that prevented

them from rowing, sessions were completed on acdtétycle with a power display

(Wattbike, Nottingham England). Table 6.4 summarisiee cross-training sessions

completed per week for all 6 participants for sfthrand endurance sessions.

Week 1| Week 2| Week3 Week4 Weekb5 Weekle Week7
Row Row Row Row Row Row Row
ENDl Ergo Gym Ergo Gym Ergo Gym Ergo Gym Ergo Gym Ergo Gym Ergo Gym
END: | - |- ||l =l =l =l=l =l =l =l =l =.l.=.1].=./
END; | 2 | = | = | =l =l =]l ===l -=-0l=1l=.]-=.+=_.,
END: | - | = |-l =l =l =1l ==l =|l= 1l =l =.\|=..~=./1
ENDs | — | = | =]l =~|l=1l=138|-]l=]l-\l=-1l=.1-=.1-=.,
MAX: |4 | - | =]l -]l =l =131 |=-l=]l=-0l=-1l=/1l=1+=.1
10 | 4 13| 5 12 5 9 5 9 5 8 5 9 2
MAX, || 1 | = | =]l =12 | -] |-l =]l =l =1l=/1]l~=.1+=_.
10 | 4 13| 5 12 5 9 5 9 5 8 5 9 2

Table 6.4. Cross-training sessions per week fad phrticipants. Italic text represents
the programmed sessions per week divided into mplergometer (Row/Ergo) and
weight training (Gym).
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Table 6.5 includes pre and post intervention dataall 6 individual athletes, the
percentage change between tests, and pre-intesaepéirsonal bests where available.
Figure 6.8 includes Spider Profiles for each athlete, andewesed (alongside raw
data) during coach-scientist discussions duringattecation of athletes to END and

MAX training groups.
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Pre-intervention 97.3 70.8 104.0 56.5 305.6 325.7 283.0 316[0 837 6 5 3411 829.6 3816.9 907.1
END, Post-intervention 99.0 67.3 105.4 59.7 308.5 373.7 322.0* 3470 77  .3*6| 3800 797.2 4046.5 937.7
Pre-post difference 1.7% -5.0% 1.3% 5.7% 0.9% 14.7% 13.8% 9.8% -8.0% 115% | 11.4% -3.9% 6.0% 3.4%
Pre-intervention 94.9 60.2 101.5 56.0 316.6 434.4 285.0 334[0 798 9 5 3921 797.2 4631.6 760.7
END; Post-intervention 96.4 69.7 101.2 59.4 343.8 472.8 325.0¢ 363.0* 99.0| 6.4* 420.4 766.6 4528.3 775.7
Pre-post difference 1.6% 15.8% -0.3% 6.1% 8.6% 8.8% 14.0% 8.7% 13.9% 7.3% 7.2% -3.8% -2.2% 2.0%
END Pre-intervention 92.7 53.5 104.0 58.5 298.1 381.9 278.0 3180 11.50 6.3 362.3 737.5 3952.0 896.0
2 Post-intervention 95.0 55.6 103.9 59.3 335.6* 454.5 318. 359.0 88 .0r7| 3875 737.5 4106.7 933.7
Pre-post difference 2.5% 3.9% -0.1% 1.4% 12.6% 19.0% 14.4% 129% | -235% | 11.2% 7.0% 0.0% 3.9% 4.2%
Pre-intervention 95.6 58.6 105.2 56.5 295.5 403.8 255.0 294|0 125 .1 6 3735 766.6 4351.2 800.5
END, Post-intervention 99.6 66.0 106.3 59.0 315.6 4443 275.0 311[0 135 .3* 6| 406.4 766.6 3991.3 823.0
Pre-post difference 4.2% 12.5% 1.0% 4.4% 6.8% 10.0% 7.8% 5.8% 8.0% 3.4% 8.8% 0.0% -8.3% 2.8%
Pre-intervention 103.4 83.3 106.0 63.0 313.8 442.8 298.0 337.0 12.39 6.3 383.5 797.2 3744.8 797.2
MAX Post-intervention 106.4 83.7 109.1 65.0 337.6 472.8 329.0 373.0 9.2 6.6 421.7 829.6 45114 | 836.2
Pre-post difference 2.9% 0.5% 2.9% 3.2% 7.6% 6.8% 10.4% 107% | -257% | 51% 10.0% 4.1% 20.5% 4.9%
Pre-intervention 95.6 67.1 109.0 57.2 290.6 387.7 292.0 323.0 11.47 6.0 379.0 766.6 | 33815 | 729.1
MAX, Post-intervention 97.3 55.0 107.9 58.8 316.6 4545 312.0 345.0 5 6.1 378.9 737.5 4092.0 769.6
Pre-post difference 1.8% -18.0% -1.0% 2.8% 8.9% 17.2% 6.8% 6.8% 56.4% | 2.2% 0.0% -3.8% 21.0% 5.6%

Table 6.5. PB, Pre-Post physiological testiata (including Personal Best scores where dla)fa= New personal Best






6.5 Discussion

The primary aim of this study was to investigate #ffectiveness of profiling elite

rowers, and introducing individual changes to tlsgjuad based training programme.
This was intended to identify and improve physiadagweakness in the build-up to an
international long-course regatta. Individual peogmes focused on aerobic
adaptations through mixed intensity interval tragjiand peak power production via

increased lean muscle mass, strength, and rateasf production.
6.5.1 Training Periodisation

A key finding from this training intervention study the feasibility of incorporating an
element of individualised programming into a teamors environment, which

traditionally adopts a centralised training applo&x physiological development. The
manipulation of 2 training sessions per week (ta@ssions = 13, over a 7 week
intervention) led to a clear change in focus towatde development of aerobic
endurance or maximum power indices, while retaimraqny of the characteristics of an

elite rowing training programme.
6.5.2 Endurance Training Group (END)

In order to address weaknesses in aerobic detemtsina rowing performance, 4
athletes were assigned to the END training groups §roup completed a total of 13
high intensity interval training sessions, incluglia 96% increase in the work done
above Wmmoi* each week (in comparison to MAX, see Table 6.2)alfsing mean
scores, this group improved 12.5% inWon ™, 9.4% in Wimmon™, 8.3% in VO2 peak
and 8.5% in WO2 peax (See table 6.3 for individual changes). There alas a 7.2%

improvement in Womin, including 2 personal best scores.
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Of note, MAX athletes also improved in all aerolimzlices despite completing a
volume based programme with reduced zMé; " intensity training. There does appear
to be a group dependent difference \1O2ea improvement with END athletes
generally improving more. Rusko (1992) in a revieW elite cross-country skiing
training suggested that training at or above theersbic threshold is more effective in
developing maximal oxygen consumption, while lowstensity training is more
effective in developing sub-maximal endurance daeit@ants. This observation could be
an indication of minor changes to the intracellusggnalling caused by increased
training intensity. Increased stroke volume, cardiatput, blood volume & pulmonary
diffusion (Garcia-Pallares & lzquierdo 2011) condmnwith changes in mitochondrial
size and density, increased aerobic enzyme actanty lactate handling, could have

contributed to the improvedO2 peacseen here.

Guellich & Seiler (2010) reported a -17.5 to +20B&mge in Wmmon - amongst a group
of elite junior track cyclists following a 15 weeahdurance training programme. The
mode improvement was 7.5%. The 9.4% average isergwted in this study
(following a shorter intervention) may have beerharced by the 14 day active
recovery and its subsequent effect on the stapgogt of these athleteeigham et al.,
(2008) manipulated training intensity by comparihg effects of low-intensity training
(100% < lactate theshold) with mixed training (36%alfway betweew O2 at lactate
threshold andvOZyea) Improvements in 2,000m performance an@2,ea occurred
independent of training group. However, the paéints used were sub-elite, and the
training volumes used not relevant to elite endceaathletes. This study attempted to
provide an ecologically valid scenario whereby ghhtraining volume was retained

alongside the inclusion of interval training ab&Wgmmon ™.
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Although these improvements are clear in 3 of thNEathletes, ENDPfailed to show
any meaningful improvement in aerobic indices affgenance. This alternative result
highlights the benefit of a case series approachntdysing the responses to training
interventions. Heterogeneous responses to the semméng highlight the range of
factors that can affect adaptation such as gefatiors, disparity in the homeostatic
stress experienced by athletes during and afteriricasessions, sleep, psychological

stress and nutritional factors. (Mann et al., 2014)

The 6 athletes participating in this study did satleey were not selected for the 2013
World Rowing Championships. The reasons for thigatanclude technical, tactical or
team cohesion related factors. However, the failtwe improve physiological
determinants of performance during the previous@eatraining could also be a factor.
Providing an alternative training stimulus may bensans of improving the

determinants of performance in such athletes.

Although including 1-2 high intensity interval treing sessions in a voluminous training
programme had a positive effect on the majoritytto$ group of athletes, there are
obvious risks involved in such a strategy. Incregsiraining stress can lead to an
increased risk of injury and illness, and requieedended recovery time. Indeed,
although anecdotal feedback suggests that theteghdmjoyed the variation in training,
the average RPE from the Wi sessions in this study was 18, suggesting a high
physiological and psychological demand. It is repnded that while the model
employed in the current study can provide effectesults, it should remain a carefully
monitored short-term intervention. More researcheiguired to investigate the longer
term development of athletes who follow a tradiibmowing training programme,

while including periods of increased intensity tiag.
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6.5.3 Maximum Power Training Group (MAX)

Strong evidence supporting the notion of indivisged training within an elite squad
programme is provided by the power test resultshef MAX group. Increasing the
weight training exposures from 3 (standard GBRctixa) to 5 (while END completed
their high-intensity interval sessions) had a destrable effect on the peak and average
power production measured through a counter movemerp and maximum rowing
power, as well as potentially assisting improveraantanaerobic capabilities (&)

aerobic indices (Whmot ™, Wammoi™, VO2 peakand Wi O2 peay).

The CMJ is a semi-specific measure of peak and npearer production in rowers.
However, the power output of a single rowing strake& more applicable measure of
the application of force. While both athletes sawpliovements in the CMJ measures,
athlete MAX, improved Whax by 4.1% while MAX% saw a 3.8% decrease. This may
demonstrate a heterogeneous response to the samdust(highlighted by the small
population used in this study) or may demonstréfferdnce in the ability to translate
power to rowing specific situations through effeettechnique — as discussed in Study

3 of this thesis.

Garcia-Pallares and Izquiendo (2011) suggest 3hweigining sessions as optimal to
achieve positive adaptations in muscle strengthpowder. END athletes in this study
failed to make noticeable improvements in markénsosver production (See table 6.2)
following 3 sessions per week. This may be duéhéoresidual fatigue experienced by

this group caused by the high intensity intervakgms.

Study 1 of this thesis highlighted 250m spaedh key contributor to 2km performance
in elite women. Wsom improved by 5.6% and 4.9% in athletes MAXNnd MAX;

respectively,. This highlights the importance ofesgth and power training on
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explosive rowing performance. Improved aerobic d¢edimay also have contributed to

this positive change.

Anthropometrically, the two MAX athletes increastbeir body mass (MAX = 3Kkg;
MAX, = 1.6kg) with either a decrease (MAX -12.1mm) or no change (MAX=
0.4mm) in the sum of 7 skinfolds, indirectly sugiygs an increase in lean muscle mass.
Athlete MAX; increased lower body girth measurements alongsideable body fat,
supporting this proposal. MAXdemonstrated smaller changes in girths, which may
have been affected by the marked reduction in fgsrcounteracting any increases in

lean muscle mass seen with this measurement.

An additional finding of this study was the improvent in performance tests and
aerobic indices recorded by MAX athletes. This itesuin agreement with previous
research noting improvements in kayak paddling ¢mee power output at maximal
and sub-maximal intensities (Izquierdo-Gabarreralet 2010, Garcia-Pallares et al.,
2010). Garcia-Pallares & Izquiendo (2011) sumnearishat this may be due to
increased mechanical efficiency, muscle coordimaind recruitment, strength related
technical improvements or the reduced relativensitg of sub-maximal work leading
to conservation of energy. This, combined with fident aerobic stimulus, stimulated

the related adaptations in these two athletes.

The practical application of this intervention stud that athletes with deficiencies in
maximum power production (a known correlate of mgvperformance, Ingham et al.,
2002) can dramatically increase peak power produdby increasing weight training

from 3 to 5 sessions per week, within a high vollendurance programme. In this very
small group, it appears that such training was b&weficial to aerobic performance as

key indicies improved, possibly due to the benefitsncreased peak power output.
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Future research should expand the number of gaatits in both groups, particularly

MAX.

6.6 Conclusion

In conclusion, this study challenges the traditiomedel of elite rowing training
whereby all athletes follow a generic high volurt@y intensity training programme
with limited high intensity efforts and weight mamg. While such a programme is
historically successful as it focuses on arguably most trainable determinants of
rowing performance (e.g. sub-maximal aerobic capgadt will not be optimal for all
athletes. Those with a limited history of strengtid power training can dramatically
benefit from an increase in gym work aimed at iasheg lean mass and the rate of
force production, at the expense of aerobic trgirdnd a reduction in the interference
phenomenon. Athletes with a deficiency in aerolipacity, or experiencing stagnation
in aerobic development could benefit from a well nimred, short-term block of
interval training. More research is needed examgirtime long-term effects of such

training blocks on elite athletes and their eff@ctperformance.

103



CHAPTER 7:

GENERAL DISCUSSION

7.1. Discussion

This thesis had four main aims. First, to desctif@ephysiological determinants of elite
rowing performance and investigate gender and e level differences. Based on
the results of study 1, it's second aim was to dieedhe longitudinal changes in sub-
maximal aerobic capacity in a large group of eti@e rowers based on success criteria.
This added to the design and implementation of gsiplogical profiling system in
order to analyse the relative status of developnahletes in the GBRT system.
Finally, using a refined version of this profile, gartially individualised training
programme aimed at developing the key physiologieaérminants of performance in
an elite crew was devised. Data regarding Britistietbpment rowers was previously
limited to key performance tests and occasionahitrg data, while interventions using
elite level rowers in a high performance environtreme rarely reported. The findings
of this research have a high degree of appliedevalud could be used to transfer
research findings to practice. We argue that tteylsl be used to help improve young

rowers chances of international and Olympic success

Despite always competing over a 2,000m coursee efiternational rowers are a
heterogeneous group of athletes. Rowers competnéenof 14 Olympic boat types,
divided into men and women, open-weight and ligihgive and rowing and sculling
categories. Previous research describing determimadels of rowing performance
have often used sub-elite rowers (Cosgrove et @®Y19here a spread of physiological
variables is more evident, or grouped genders aightvcategories together (Ingham et
al., 2002) which will undoubtedly increase the ramj values used to explain variation

in 2,000m rowing performance. Seiler (2006) in &malysis of the Oxford-Cambridge
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Boat Race and M1x World Championships times, stétasthere has been a 25-30%
increase in average velocity over the last 150 syesr competitive rowing. This
suggests that the physiological profile of an eldeer should be regularly updated in

order to track such enhancements.

In both rowing literature and the Great Britain RogvTeam (GBRT) developmental
system there is a lack of standardised physiolbgesting that allows longitudinal and
cross-sectional intra/inter-athlete comparisons.is Tmformation could help the
developing athlete, coach and scientist to plair tin@ining in order to best achieve

optimal performance and senior team selection.

Elite rowing training has evolved in a similar fashto other endurance sports where a
model of voluminous training composed of 80% lownt@derate intensity work is
complimented by 20% of work done at a high intgndResearch suggests that this
training system will not work for all athletes (Bte et al 1999). Therefore, alternative
methods of training should be investigated in oreprovide options for those not

thriving when following a high mileage training gramme.

Study 1 of this thesis attempted to explore thengjth of relationships between
monitored physiological variables and 2,000m ergemsowing performance in elite
homogenous groups of male, female, senior and deweint rowers. The main finding
of this research was the need to examine data &thhetes of the same gender with
comparable experience and skill level when invesiig the factors influencing

performance in elite rowers.

Results demonstrated that the strength of corogladnd bivariate regression differed
amongst groups and was significantly affected leydbmpact spread of physiological
variables and 2,000m ergometer performance. Wheaadsqwere analysed individually,

power at 4mmol? (Wimmon™) Was the only variable significantly related t®@@m
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performance (WMboom in all 4 groupsy OpeakWas significantly related to performance
in 3 squads, with the exception of the senior n&W~y.), Wwhereas the same was true

for Wv ozpeakWith the exception of the development women ([E&M,.

Strength was measured directly for the men’s sqaadis 1IRMean Clean was able to
explain 21% (SNRey) and 46% (development men; DEM of the variance in 2000m
speed — supporting the notion of rowing as a ‘sfiterendurance’ sport. The increased
explanation of variance for all 3 strength markarthe DEV;,en and lower contribution
from aerobic markers may be indicative of the love@robic training volume (in
comparison to the SNR,) completed by this group. The capacity to prodace
average 2,000m power 61.1W lower than the SNRith such a difference in aerobic
determinants demonstrates the importance of stiengt DEVihen performance.
However, in order to further improve performance amatch that of SNR.n it is likely

that developments in aerobic performance will bestndluential.

Throughout the results, the explanation of variamcéhe SNR,e, 2000m time-trial

speed based on physiological variables was muckewdhan in the other squads. This
was attributed to an increased homogeneity withengroup demonstrated by smaller
range in physiological variables, performance tinf#4.8s compared to 33.2s for
SNRyomen and the amount of 2011 World Championship mestaliwithin the group

(61% compared to 28% of the SNRe). Therefore, the inability of bivariate
regression to explain the variance in performangggssts that a robust ‘model’ of
rowing physiology based on statistical analysisned appropriate in such groups.
Instead, athletes should be individually profileddaareas of meaningful change

identified to improve performance without comproimgsalready developed strengths.

The observation that Wmon™ Gs a key descriptor of ergometer performance in all

groups formed the basis of the longitudinal invgion considering the changes in
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sub-maximal aerobic capacity in Olympians and ndynpians in Study 2. Previous
research examining longitudinal aerobic developmentimited to case studies of
successful individuals (Lacour et al 2009, Mikufi611). These studies demonstrate
improved performance alongside a continued imprarérm the lactate threshold (LT).
VvOomax Widely regarded as the most important physiolagaeterminant of rowing
performance, appears to plateau — suggesting miilcotion to improved performance

is limited once maximum aerobic capacity is reached

Study 2 involved a retrospective analysis of 23estis who began their international
rowing career between 2000 and 2007. The groupdiaded according to whether
they achieved selection for the Olympic Games fiilmmacle of the rowing calendar)
during their time in the sport. Annual changes iaMén ™" were tracked for each group
over 3 to 5 years and compared. Analysis of indialddata was also discussed
alongside less frequently measuredodh and vO,peakScores. Results suggested that
successful Olympians (all members of this group Wdympic medals) improved their
W.mmon ™ significantly and meaningfully following the secomdd third years of senior
team training. After this, improvement slowed, the analysis of individuals with up to
12 years of senior team experience suggested aardpvend in Wmmoi ™ throughout a
career. Non-Olympians made a non-significant imprognt in Wmmon ™ between years
1 and 2 that could not be separated statisticatijnfthe OLY group, but regressed
following their third year of senior team trainirelnd were significantly lower than

OLY.

It therefore appears difficult to identify thosé&dly to succeed after 1 or 2 years of
senior team training, but progress i in the 3 year of elite training is more
marked in those who go on to achieve Olympic selecthis information can be used

to identify those that are unlikely to reach thenslards required for Olympic selection.
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This may be due to an inability to improve or tleed for a change in aerobic training
stimulus that may result in improved performancgéeriventions could be implemented
to identify whether an athlete is likely to contendeveloping within the senior training
programme. Finally, this study may provide evidetwehange the training model of
athletes who’s aerobic fithess stagnates afterdr, 2 years in the senior team in order

to give them the best chance of Olympic selectimhsubsequent success.

A limitation of Study 2 was the inability to monitehanges in Wnmoi ™" during the ¥

year of senior team training due to the lack ofregenior team test. This meant the
‘starting point’ for Wimmon™> in the athletes tracked was unknown. Such data may
provide useful information regarding future develmmt and subsequent success.
Therefore, physiological profiling in the GBRT démement squads was suggested to
provide a more detailed record ofsWhon™ and other key variables in rowers before

they join the senior team, and made the basisunfyS3.

The nationwide collection and analysis of physiataf data required a battery of
simple, reliable and most importantly valid measuoé rowing physiology. Of equal

importance was the method used to display thigimédion to coaches in order to best
highlight senior team and ‘Olympic standards’ aleidg the relative strengths and
weakness of their athletes. Based on the findirfigStaedy 1, measures of ergometer
performance, sub-maximal aerobic capacity, anaerobpacity, strength and power
production were collected from development athleted displayed using a ‘Spider
profile’. Comparisons were then made with senicante(SNR) athletes based on

selection for the U23 international squad using/f@pian standards’ as a guide.

Senior team athletes recorded significantly betésults than rowers who failed to
achieve selection for the U23 squad (NON) in atfgrenance and physiological indices
apart from the unloaded counter-movement jump (GMJ SNR were significantly
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better than U23 in Wdoom, 1RMyessand 1RMyui. There were no significant differences
between SNR & U23 in Woom Sub-maximal aerobic capacity 8hon >, Wammoi ), Or
CMJIneanIn terms of a comparison between development tath)@erformance (Woom
and Wsoom ) @and endurance indices fMhont,and Wimmon™) set U23 athletes apart
from NON (p<0.05) and PART athletes Finally, therere no significant differences
between U23 and NON/PART in measures of strengith power (1RMyess and

1RMpy) or CMdnean.

The ability to differentiate between internatioraald non-international development
athletes using sub-maximal aerobic indices, suggdbat aerobic determinants
outweigh strength and maximum power productionaaetopmental rowers. This is of
no surprise due to the emphasis placed on aenabicrig (Fiskerstrand & Sieler 2004)
and the previously reported relationships betwearimal and sub-maximal markers of
aerobic capacity in both senior (Ingham et al 2G0%1 junior (Mikulic 2008) rowers.
The shift in profile shape towards indices of sttgrand power, seen in the NON group
Spider Profile suggests that excelling in thesecesl is not sufficient to achieve
international selection. As highlighted in studgfzhis thesis, aerobic variables such as
Wimmon ™ Will continue to improve throughout an athlete’sresx and differentiate
between Olympians and non-Olympians. NON athletesulsl seek to develop their
endurance capacity as it appears that markersioptrameter are more conducive to

success in rowing than the limited effect of sttarend power training.

A further explanation for the difference inWom and international selection of U23
athletes is technical proficiency. The U23 grougqrened better in the rowing specific
elements of the Spider Profile includingz286m Wsooom and the sub-maximal rowing
assessments of aerobic capacity,Mén ™, Wammor . The rowing stroke (on water or

ergometer) requires the accurate and well timedicgtipn of force (Soper & Hume
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2004). Although inferior in markers of absoluteesyth and power, it is possible that
the U23’s performance in rowing specific testsnsiradication of a superior ability to
apply force and load the posterior chain, in otdegichieve a more effective stroke and
avoid ‘leaking’ power unnecessarily. From the resyresented here, it could be
suggested that a large number of the athletesdtdstél the strength and power
requirements of an U23 international athlete, butggle to translate the power to the
rowing stroke. Therefore, more time should be spaptoving the delivery of power at

the expense of improving these variables.

The validity of upper body exercises such as thechepress and bench pull should
therefore be questioned at this point. AccordinGée et al (2011) these exercises are a
core inclusion of rowing strength training prograesnmHowever, Lawton et al (2011)
report a poor relationship between such non-spedé#sts and Woom EXxercises
included in a programme will improve over the ceuds a training block, but if they
are not related to rowing performance, any suchravgments will not influence

2,000m power

Furthermore, it is possible that the recruitmenatbiletes via University or the GBRT
START programme is skewed towards stronger athlefigs the ability to produce
large amounts of power explosively. An increasedleasis on aerobic indices of
performance and their trainability during recruitthenay alter the physiological profile
of GBRT development rowers and their subsequen®020performance (a known

correlate of performance at international regaftéikulic et al 2009a).

The test battery selected to profile athletes is study dispensed with the measurement
of maximal aerobic capacity in favour of sub-maxinparameters only. Research
suggests that this parameter is one of the bestigiss of rowing performance (Seiler
2006), but will plateau in well trained individua{Mikulic 2011a). Previous studies
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have shown that a plateau\WO,max Will occur at 20-22 years in well trained enduranc
athletes (Rusko, 1987; Legaz Arrese et al., 20Qp, the need for a time consuming
laboratory based measurement requiring expensivi@ment and controlled conditions
was considered logistically difficult, while caitly blood lactate samples can be taken

relatively easily and reliably in a field environme

The influence of 250m speed on SNRen performance in Study 1 suggested it was a
useful addition to a physiological profile in terrof assessing anaerobic capacity —
filling the gap between endurance and strength emarkAlthough not significant, the
average values forU23 athletes (as with other rgvgipecific tests) were higher than
those of NON & PART. The assessment of strengtHLRM was a controversial topic
in coach/scientist discussions. It was felt thakimam lifts were inappropriate for a
large percentage of the development rowers who Hdfexent degrees of weight room
technical competency. Therefore, the safer (bstVadid — Lawton et al 2011) exercises
- bench press and bench pull were retained, butnibwe@ technical lift — power clean

was removed.

Instead, an unloaded counter-movement jump wasded in an attempt to assess raw
power production. The distribution of results froinis measure suggest that it has little
impact on rowing performance as U23 are deficientomparison to non-selected
rowers and the senior team. The mean power froouater movement jump (CMda)
may involve no ‘rowing specific’ technique as itedonot include technical factors such
as timing at the catch position or loading of tlwstgrior chain. It is also possible that
the measurement of CMshnusing a linear position transducer has limitatioagsed by
the displacement of the cable during a jump. Altifoless practical, the use of a force

platform may provide more accurate results. Thdugion of a maximum ‘rowing
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power’ test could also provide a more valid measur@ provide a marker to assess the

transfer of raw power to a rowing specific enviramn

For each development rower tested during the Irygar of this study, their coach was
issued with a ‘Spider Profile’ spreadsheet (sedys® Figures 5.1 and 5.2). This was
intended to provide an analysis of an athlete’s spiggical status and their
development relative to the previous year's U23nteand the senior rowers. Coaches
reported that the spider profile provided a usefatial representation of their athletes
and prompted both individual and squad based tginnterventions to address

weaknesses highlighted by the shape of the chart.

Study 3 and the implementation of ‘Project Spidéled a gap in the GBRT

development system physiology service. Due to thadardised nature of testing, an
added bonus of the data and its presentation veasgtion for senior team coaches to
easily analyse athletes nationwide in a format they familiar with. Until this point,

awareness of development rowers was limited toreeger and on-water performances.
‘Project Spider’ provided them with an in-depth aerstanding of potential athlete’s
physiological strengths and weakness — useful mmdébion in terms of their possible

integration into the senior team.

Elite rowing training includes the completion oftmely high weekly volumes
interspersed with high intensity efforts (Seileddfjerland, 2010). The results of Study
3 indicate that the best U23 rowers (i.e. thosehenfringes of senior team selection)
have 2,000m ergometer scores not significantly stowhan senior internationals.
Having a performance comparable to elite rowershinggiggest that such athletes are
ready to make the step to senior team training eochpetition. However, the
physiological development necessary to improve ehssores requires the correct
execution of an already successful training prognanm(and the capacity to further
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improve with such a training stimulus). Howeverg timability to adapt to a large

increase in volume, or complete it effectively, lwdduce the potential adaptations to
training. Therefore, ‘Project Spider’ provides aeans of assessing the suitability for
senior training through its inclusion of trainingeasures such as Mo Wammon ™

and strength/power.

The main aim of Study 4 was to refine and utilise physiological profiling adopted in
Study 3 (based on Study 1 and the longitudinal stigation of study 2) and employ
training methods to improve individual weaknessethe physiological determinants of
rowing performance. The participants in this stuegre those not selected in GBRT
crews at the 2013 World Rowing Championships (Chuhg South Korea).

Accordingly, the athletes employed in Study 4 cdoddconsidered most in danger of
following the same pattern of development as theNN#dhletes from Study 2 — an

inability to complete the programme, or improvehitit.

The profiling used in Study 3 was adapted sligtdlynclude a 7 stroke test of maximal
rowing power in order to increase the specificitfy ppwer production not fully
explained via CMgean This test was retained, but measured using a fplatgorm.
Additional tests such a802 peak WV O2 peak and Womin Were also included due to the
small group size and access to a laboratory. Siletas from an M8+ crew were
divided into END and MAX groups and completed 18uyr specific training sessions
over the course of the 7 week programme. The geneining was a realistic ‘high
volume/low intensity’ rowing programme averaginglkf per week with 3 weight
lifting sessions. END athletes completed a serfesrgometer interval sessions in an
attempt to improve Whmon™ and Wimmon ™, While MAX athletes completed two

additional weight training exposures aimed at dgpiely maximum rowing power.
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Analysing mean scores, END improved in all indioesndurance performance without
a fall in maximum rowing power. Both MAX athleteaaproved in all markers of power
production and aerobic determinants. Differencesvéen groups was evident \rO,
peak POSsibly suggesting that training at or above dmaerobic threshold is more
effective in developing maximal oxygen consumptiahjle lower intensity training is
more effective in developing sub-maximal enduradegerminants. This observation
could be an indication of minor changes to thear#tlular signalling caused by
increased training intensity. An increase in adamta, including increased stroke
volume, cardiac output, blood volume & pulmonaryfudiion (Garcia-Pallares &
Izquierdo 2011) combined with changes in mitoch@idize and density, increased
aerobic enzyme activity and lactate handling, cdwdgte contributed to the improved

v O, peak seen here.

Whilst mean results demonstrated a general trendrfprovement, individual athletes
in END showed different degrees of improvement he wariables measured. For
example, ENDR showed lower percentage improvements in the nigjofiindices. This

example highlights the individual differences irethesponses to different training
methodologies described previously. The improvesdant anaerobic capacity and
maximum power alongside aerobic improvements detretesl by MAX are likely

attributed to increased mechanical efficiency, reusmordination and recruitment,
strength related technical improvements or the gedurelative intensity of sub-

maximal work leading to conservation of energy.

Study 4 challenged the traditional model of eligving training whereby all athletes
follow a generic high volume, low intensity traigirprogramme with limited high
intensity efforts and weight training. While suclpragramme is historically successful

as it focuses on arguably the most trainable detamis of rowing performance (e.qg.

114



sub-maximal aerobic capacity), it will not be opainfor all athletes. Those with a
limited history of strength and power training (aaa already well developed aerobic
system) can dramatically benefit from an increasgym work aimed at increasing lean
mass and the rate of force production, at the esgpehaerobic training and a reduction
in the interference phenomenon. Athletes with acaafcy in aerobic capacity, or

experiencing stagnation in aerobic developmentcctanefit from a well monitored,

short-term block of interval training which leads rminor changes to the intracellular

signalling caused by increased training intensity.

The application of scientific process within spahd its ability to influence
performance is a complex subject. Researchers limaited access to elite populations
and coaches are understandably reluctant to exgetimith successful methods. This
often results in practitioners relying on the fimgls of well designed research studies
and attempting to translate them to everyday practBishop, 2006). However, the
experience level of participants, length of intetvens, and training volumes used (plus
more) reduce ecological validity and the possibbpligation of findings to elite

competitors.

When possible, the alternative is to attempt reteawithin an elite applied

environment. Such experimentation reverses the anolscons of the above method.
Using highly motivated, elite level participantsngarovide evidence that is applicable
to the homogenous group of athletes tested. Howesreall sample size, a lack of
control group and an inability to control many ughcing variables reduces the more

widespread relevance of findings.

The applied sports scientist must be focused ofoqmeance improvement while being
imaginative, adaptable, and able to “embrace thapbexity of the sporting world”
(Bishop, 2008). Importantly, they must implemergorous scientific method where
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possible, know the limitations of their investigatj and understand what represents a
meaningful change in performance. The performaffeeteof interventions within elite
sport are likely to be small, with a high degreearafividuality among results. In elite
populations, case series analyses can provide pdveenclusions without the need for

complex statistics that often lead to the misintetgtion of findings (Whyte 2012).

This thesis has described (via cross-sectional landitudinal) the determinants of
performance in elite groups of rowers using essablil routine tests and a wealth of
underutilised historical data. Rigorous control wasployed where possible,
particularly within a laboratory situation (Study. 1An intervention with realistic
constraints was then conducted in the elite envnemt. The analysis of elite rowers
within their training and competition environmenashresulted in findings highly
applicable to the GBRT and development of athlpidormance within it. Identifying
and understanding the limitations of such researehimportant when discussing the

accuracy, reliability and validity of findings.

7.2. Limitations

It is acknowledged that irStudy 1, it was not possible to standardise the testing
protocols between groups. Due to coach preferemegesding testing protocols, the two
women’s squads did not complete 1RM tests. The sarmee of Wsom, with the men’s
team. Using the same testing battery across squexsd have allowed a more

complete investigation of performance determinants.

The division of participants istudy 2 into Olympians and non-Olympians did not
consider factors such as direct competition fotipalar seats in a boat that could affect
Olympic selection. Individual rowers specialisedither sweep (1 oar per person) or

sculling (2 oars per person) events. In sweep rgwathletes either favour bow side

116



(oar on the left) or stroke side (oar on the rigAtyo, injury and illness at key points in

the season were not considered.

There was no aerobic step-test in order to asheS#lnmon of athletes prior to joining
the senior team. The first measurements were tdigng the ¥ year of senior training
making a comparison of year zero to year one imblassThis limitation was a further

advantage of Project Spider’s initiation.

While potentially more powerful than the results afsingle case study analysis,
conclusions drawn from the statistical analysismwiall groups should be treated with
caution. For example, the standard deviation ofitita presented in table 4.1 and figure
4.1 suggest an athlete could follow an altogethiéferent pattern of Vmnmon

development and still achieve Olympic selection¢ess. Therefore, the interrogation of

individual data alongside group trends can prowmbee detailed insight.

While athletes completed up to 4 aerobic step-tpstsyear during their careers, this
study chose to use the single best measuregf.W" from each season rather than an
average value. As discusseds Mo tended to peak iklarch-April. If athletes did not

complete a test at this time, it is possible tleatlts for a given year did not reflect their

highest possible power output at 4mribl

A further limitation is the failure to consider tetage of the Olympiad an athlete joins
the senior team, and the effect this may have ainitrg and subsequent adaptation.
Olympic training programmes aim to produce pealgoarance at the Olympic Games

and therefore include subtle annual differencesiome and intensity.

Study 3 used coach and scientist selected ‘Olympic stalsdas a basis for the Spider
profile comparisons of U23, NON and SNR athletesese standards are based on

historical data and the coaches interpretation bfatwis required to become an
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Olympian. It is possible that the values used west correctly judged, leading to a
misleading skew in favour of, or against, a givemiable. Changing these standards

could have a quite dramatic effect on the profile.

Finally, Study 4 did not include a control group which made thatieé effects of the

END and MAX programmes difficult to assess. Alsoedo the stage in the season that
the investigation took place, the option of complgia 2,000m performance test before
and after the training intervention was not avddainstead, the 4 min maximum step

which followed the sub-maximal step-test was used

7.3. Recommendations for further research

This findings of this thesis have led to the idiecation of further research questions
regarding the determinants of rowing performanceenior and development rowers.

The following list is a summary of possible futumgestigations.

The determinants of on-water rowing performance:

Study 1 investigated the relationship between miggical variables and 2,000m
ergometer performance. The inclusion of technigaifechanical factors, measured on-

water would provide a more complete picture ofdeenands of elite rowing

An examination of the relationship between adhererecto training prescription and

development of sub-maximal aerobic capacity:

Study 2 did not provide information regarding tha&ining adherence of OLY & NON
during their first 3-5 years of senior team tragnihn analysis of volume and intensity
(in relation to the prescribed training programmeyuld provide additional evidence to

explain the differences between successful andsnonessful individuals.
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Project Spider: Performance Pathway:

Study 3 provided a standardised testing batteryra@ans of presenting data within the
GBRT senior and development system. However, tie pl@sented was (at this point)
a ‘snapshot’ of athletes at one point in time. lyeathletes would be tracked from
novice to elite. This would provide norm data retyag the ‘performance pathway’' of
developing rowers that could be used as the basimterventions when athletes stray

from ‘ideal’ development.
Crew interventions based on Spider Profiles:

Study 4 suggested that subtle training intervestican be effective in altering the focus
of training for individual athletes. When rowing part of a crew, there are often
common physiological deficiencies in the selectélletes that may affect the key
determinants of performance in particular eventge Tdividualised training schedule
adopted in this study could be applied to a crewrtter to improve a variable that is

specific to them or their event.
7.4. Conclusions

Aim 1: Describe the physiological determinants of lae 2000m ergometer rowing
and investigate gender differences.

Using bivariate regressions, Study 1 investigaledrélationships between the currently
measured markers of physiological development & GBRT. Sub-maximal aerobic
capacity (in this case ¥moi ™) was a key determinant of elite rowing performairce
homogenous groups of male and female senior anelaj@wnent rowers. The results of
this study highlight the need for individual asseest of elite athletes over statistical

analysis of group means.
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Aim 2: Describe the longitudinal changes in sub-maral aerobic capacity in elite
male rowers.

Differences in Wmmon> are evident between Olympian’s and non-Olympian’s
following 3 years of elite senior team trainings Wi continues to improve during an
Olympians rowing career whereas non-Olympians appeatagnate or regress after
this point. Possible explanations for these difiees include non-Olympians reaching a
physiological ceiling of development, and/or difeces in the training polarisation of

the two groups.

Aim 3: Design and implement a physiological profilng tool to analyse the
physiological strengths and weaknesses of GBRT ‘delopment’ rowers.

Study 3 provided evidence to suggest that seled2® athletes differ to their senior
team peers in strength, power and anaerobic cgpdeti¢rminants, but not performance
or aerobic indices such as;Whon™. This was attributed to full-time senior team rosve
being able to dedicate more time to strength andepdraining than their part-time
counterparts. Non-successful development rowerssamg and powerful but lack
aerobic capacity and technical delivery in commariso successful U23’s and elite
senior rowers. It was suggested that the talenttiiitsation and training of potential

rowers is skewed towards strength and power atpense of aerobic qualities.

Aim 4: Based on physiological profiling, design andimplement a partially
individualised training programme aimed at improving the key physiological
determinants of rowing performance.

Study 4 suggested that individualising 2 sessiarsweek of a high volume rowing
training programme could have a positive effectpbiysiological weaknesses in elite
rowers. When strength/power training was increasegdrovements were made in both

maximum power output and aerobic indices. When kaerinterval training was
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introduced, in order to improve Mmon™, aerobic indices (particularly Ozpeay

increased. Such training blocks should be shortvaitdmonitored.

In conclusion, this body of work has highlighte@ theed for specificity in the analysis
of elite rowing athletes as gender and experier@el| dramatically affect the
physiological determinants of performance. Sub-mmaki aerobic capacity is an
influential determinant in all groups, and its depenent can determine those that
achieve Olympic success. The need to convey thssage to coaches and athletes in
the GBRT development system has led to the inceptioa profiling system which
provides a platform for intra and inter athlete agliad comparisons. Finally, this
profile can help to identify bespoke interventiaased at developing weaknesses and

maximising an individuals chance of success in¢bimplex ‘power endurance’ sport.
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Appendix A: Study 4, Hanse Cup training programme 2013
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Appendix B: Study 4, END Individual Training sessions

Week Session 1 Session 2

3x2kmAT 2x3kmAT
2 mins rest 3 mins rest

1 1. R24 1. R24
2. R24 2. R24
3. R24
Ax2kmAT 3x3kmAT
2 mins rest 3 mins rest

5 1. R24 1. R24
2. R24 2. R26
3. R26 3. R26
4. R26
2x1500m R24, 261(min rest 2km R24AT, 1km R26 AT (3 mins
between) rest between)

3 AT 5 mins rest
5 minsrest 2km R26AT, 1km R28,7~ (3 mins
2x1500m R26, 281(min rest) rest between)
AT/
8x500m R24, 26, 28, 30, 30, 28, 26, 24 2x1000m R28

4 (30srest b etwéen)' st Sart g new 100(3m .every 4 minutes
AT/TRIAC (eg 3:07 work = 0:53 rest)
6x250m, R40-4410srest) max 4x500m R28I' R (45srest between)
effort AC 5minsrest
5minrest 3x500m R28I' R (45srest between)
6x250m, R40-4410s rest) max 5minsrest

5 effort AC 2x500m R3QAC (45s rest between)
5minrest 5minsrest
4x500m, R30-3AC 1x500m Free rateC
starting a new rep every 3 mins
(eg 1:30 work, 0:30 rest)
2km R26AT 6x250m, R40-4410s rest) max
o cfortAC
3.mins rest Sminrest
1km R30TR 6x250m, R40-4410s rest) max

6 2 minsrest effort AC
750m R32AC SEminrest
é(;'g)'r';f;g%c 4x500m, R30-32C
30s rest starting a new rep every 3 mins
250m R36AC (eg 1:30 work, 0:30 rest)
15srest
100m Free Rate / max effokP

7 8x500m R26, 28, 30, 32, 32, 30, 28, 26

(30srest between)
AT/TR/IAC
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Appendix C: Study 4, Individual weight training summaries MAX; and END

GBROWINGTEAM

Type of Resistance Training Acronyms
Name: MAX Strength Intensity (reps 6 <) SMVL: System Mass Volume Load (kg)
Start Date: cequrjevio Strength Volume (reps 8 >) LB: Lower Body
End Date: 15/09/2013 Loaded Power UB:  Upper Body
Unloaded Power
WEEKLY TOTAL SMVL (kg) PROPORTION OF RESISTANCE TRAINING TYPE
120000
100000 -
£
z 80000
&
= 60000
-]
©
§ 40000 |
g
= 20000 -
0 30 31 32 36 37
Unloaded Power 0 [ 0 0 o o 0 o
Loaded Power 0 7215 2393 13388 10470 10845 5835 0
Strength Volume o 30564 41136 34848 34793 14460 14335 o
Strength Intensity 0 0 9040 46573 52528 42520 35778 0
Week Number
WEEKLY LOWER BODY SMVL (kg) PROPORTION OF LB RESISTANCE TRAINING TYPE
90000 -
80000 1‘ -
< 70000 ‘
£ |
s 60000 -
£ 50000 - i
= |
B 40000 -
2 w0
= 30000 -
‘6' |
F 20000 -
10000 -
0y a2 o3; 1“3 36
Unloaded Power 0 0 [ 0 0 o 0 o
Loaded Power 0 7215 2393 12638 9683 10058 5048 0
Strength Volume ] 28884 36996 30723 30968 13260 13135 0
Strength Intensity o 0 7340 32573 38203 29508 24228 o
Week Number
WEEKLY UPPER BODY SMVL (kg) PROPORTION OF UB RESISTANCE TRAINING TYPE
14000
|
12000 -
£ 10000
-3
Q
£ 8000 -
-
B
S 6000 - ]
E 4000 -
e
2000 -
L T 3 3 36
Unloaded Power 0 0 0 0 [ 0 0 0
Loaded Power [ o [ 750 788 788 788 0
Strenghth Volume 0 1680 4140 4125 3825 1200 1200 0
Strength Intensity 0 0 1700 6575 6650 5338 3875 [
Week Number




%

§ <
\Z
Type of Resistance Training Acronyms
Name: END; Strength Intensity (reps 6 <) SMVL: System Mass Volume Load (kg)
Start Date: 22/07/2013 Strength Volume (reps 8 >) LB:  Lower Body
End Date: 15/09/2013 ~ Loaded Power UB:  Upper Body
Unloaded Power
WEEKLY TOTAL SMVL (kg) PROPORTION OF RESISTANCE TRAINING TYPE
60000
50000 -
2
S 40000
[
&
= 30000 -
h-]
g
= 20000 -
8
10000 -
0- 30 31 2
Unloaded Power 0 0 0 0 0 0 0 0
Loaded Power 0 2313 7464 5976 8139 8469 10940 0
Strength Volume 0 12287 26794 0 7326 5605 5355 2810
Strength Intensity 0 0 0 6738 20727 26248 35499 6830
Week Number
WEEKLY LOWER BODY SMVL (kg) PROPORTION OF LB RESISTANCE TRAINING TYPE
45000
40000 -
— 35000 -
2
T 30000 -
£ 25000 -
- |
® 20000 |
3 ‘
§ 15000 -
F 10000 -
0% 31 2 3
Unloaded Power 0 0 0 0 0 0
Loaded Power 0 2313 7464 5076 7239 7569
Strength Volume 0 10607 24874 0 7326 5605
Strength Intensity 0 0 0 5238 19527 15068
Week Number
WEEKLY UPPER BODY SMVL (kg) PROPORTION OF UB RESISTANCE TRAINING TYPE
7000
6000 -
£ 5000 -
?
& 4000 -
-
B 3000
S
£ 200
e
1000 -
0 30
Unloaded Power 0
Loaded Power 0
Strenghth Volume 0
Strength Intensity 0
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