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Abstract Accurate measures of performance are important for assessing competi-
tive athletes in practical and research settings. We present here a review of
rowing performance measures, focusing on the errors in these measures and
the implications for testing rowers. The yardstick for assessing error in a
performance measure is the random variation (typical or standard error of
measurement) in an elite athlete's competitive performance from race to race:
~ 1.0% for time in 2000 m rowing events. There has been little research interest
in on-water time trials for assessing rowing performance, owing to logistic
difficulties and environmental perturbations in performance time with such
tests. Mobile ergometry via instrumented oars or rowlocks should reduce
these problems, but the associated errors have not yet been reported. Mea-
surement of boat speed to monitor on-water training performance is common;
one device based on global positioning system (GPS) technology contributes
negligible extra random error (0.2%) in speed measured over 2000 m, but extra
error is substantial (1-10%) with other GPS devices or with an impeller,
especially over shorter distances. The problems with on-water testing have led
to widespread use of the Concept II rowing ergometer. The standard error of
the estimate of on-water 2000 m time predicted by 2000 m ergometer perfor-
mance was 2.6% and 7.2% in two studies, reflecting different effects of skill,
body mass and environment in on-water versus ergometer performance.
However, well trained rowers have a typical error in performance time of only
-0.5% between repeated 2000 m time trials on this ergometer, so such trials
are suitable for tracking changes in physiological performance and factors
affecting it. Many researchers have used the 2000 m ergometer performance
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time as a criterion to identify other predictors of rowing performance.
Standard errors of the estimate vary widely between studies even for the same
predictor, but the lowest errors (-1-2%) have been observed for peak power
output in an incremental test, some measures of lactate threshold and mea-
sures of 30-second all-out power. Some of these measures also have typical
error between repeated tests suitably low for tracking changes. Combining
measures via multiple linear regression needs further investigation. In sum-
mary, measurement of boat speed, especially with a good GPS device, has
adequate precision for monitoring training performance, but adjustment for
environmental effects needs to be investigated. Time trials on the Concept II
ergometer provide accurate estimates of a rower's physiological ability to
output power, and some submaximal and brief maximal ergometer perfor-
mance measures can be used frequently to monitor changes in this ability. On-
water performance measured via instrumented skiffs that determine individual
power output may eventually surpass measures derived from the Concept II.

1. introduction

Rowing competitions usually involve races last-
ing 6-8 minutes over a 2000 m regatta course.
Rowing demands a high level of endurance,!'^ esti-
mates of the aerobic contribution being 70-87%.̂ "^^
Successful rowers tend to be tall and lean.'•*"*!

There are up to 22 boat classes in international
rowing regattas, consisting of hea'vyweight or light-
weight rowers, male or female rowers, singles or
crewed boats, coxed or coxless boats and sweep or
sculling oars. In sculling, each rower has two oars,
and boat types involve one rower (single), two
rowers (double) or four rowers (quad). In sweeping,
each rower has one oar and boat types include
two rowers without a coxswain (coxless pair), two
rowers with a coxswain (coxed pair), four rowers
without coxswain (four) and eight rowers with a
coxswain (eight).

Measuring changes in performance is Important
for monitoring the progress of rowers during train-
ing and for research assessing the effect of training
and other interventions. In the only review^^ of the
tools and tests available for monitoring rowing
performance, the authors focused on monitoring
for overtraining, with only a cursory examination of
the accuracy of the various measures of rowing
performance. In this review we describe these mea-
sures, their errors and the practical implications.

We used Google Scholar, SPORTDiscus™
and reference lists in reviews and research articles

to search for investigations on measures of rowing
performance published since 1970. To examine
whether we had missed any relevant material, we
undertook follow-up searches in Google Scholar
and SPORTDiscus^"^ where we combined the term
'row' with the specific measure/s of interest 'GPS',
'Concept IF, 'time-trial', 'lactate tests', etc.

The yardstick for evaluating a measure of ath-
letic performance is the variability that top athletes
show from one race or competition to the next.
This variability, which is expressed as a within-
subject standard deviation, is analogous to the
standard error of measurement (or typical error of
measurement) in a reliability study of a perfor-
mance test, with the repeated trials replaced by
races. The race-to-race variability in finish times
for elite rowers in world cups, world champion-
ships and Olympic competitions is ~\%.^^^ These
races are maximal efforts for highly motivated and
well conditioned rowers, so the ~l% race-to-race
variability is, at first glance, an irreducible error for
any measure of rowing performance. However,
variability arising from environmental and other
factors probably adds to the rower's inherent
physiological variability in performance from race
to race,'̂ l so measures of performance derived from
a rowing ergometer can and do have standard
error of measurement less than 1% in reliability
studies.

A useful measure of rowing performance must
have acceptable validity, as well as reliability.

© 2012 Adis Data information BV. Ail rights reserved. Sports Med 2012: 42 (4)
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Validity of a measure is determined by comparing
its values with those of a criterion measure, which
in rowing is competitive performance time over
2000 m. The single best validity statistic is the
standard error of the estimate (or typical error of
the estimate), which is a standard deviation rep-
resenting the error in an individual's criterion
value predicted by the test or other measure. The
standard error of the estimate and the other
regression validity statistics (the correlation co-
efficient and the regression or calibration equation)
are specific to the population represented by the
sample from which they are derived, and the
standard error of the estimate is misleadingly
smaller in samples with a narrower between-
subject standard deviation. Indeed, with a homo-
geneous sample, the standard error of the estimate
is simply the noise (standard error of measure-
ment) in the criterion. For this reason, we have
used a method^^l to adjust the standard error of the
estimate from each study to a population with the
widest possible range of values (infinite standard
deviation). See Appendix 1 for the formulae. The
standard error of the estimate is then an unbiased
estimate of the error in the criterion value arising
from error in the test measure and, as such, can be
compared between studies for the purpose of
choosing measures with the smallest errors. The
adjusted standard error of the estimate of a test
measure is inevitably larger than the standard error
of measurement of the criterion, because the
standard error of the estimate includes contribu-
tions from the standard error of measurement of
the criterion, the standard error of measurement of
the test measure and differences between subjects
that are not accounted for by the test measure.

The smallest worthwhile change in perfor-
mance is another important consideration in the
assessment of measures of performance. When the
standard error of measurement of a performance
measure is similar in magnitude to the smallest
worthwhile change, the measure is sufficiently sen-
sitive to quantify small but meaningful changes,
either when monitoring individual athletes or
when performing controlled trials with realistic
sample sizes.t̂ l The smallest worthwhile enhance-
ment of an elite athlete's performance has been
defined as the change in performance time or

other score that results, on average, in one extra
medal in every ten competitions.''^ Simulations
showed that this enhancement is a factor of 0.3 of
the standard deviation of within-athlete race-to-
race variability in performance, which for row-
ing is therefore a 0.3% change in race time
(0.3% X 1.0%). Thresholds for quantifying magni-
tudes based on winning three, five, seven and nine
extra medals per ten races are 0.9% (moderate),
1.6% (large), 2.5% (very large) and 4.0% (ex-
tremely large).t'"' To interpret the magnitude of an
error (standard error of measurement or standard
error of the estimate) on this scale of magnitudes,
the error should be doubled.'**! A good measure of
rowing performance would therefore need a
standard error of measurement of less than 0.3% if
one wanted to be confident about trivial changes
in performance. We will see that no rowing tests
reach this level of precision.

2. Measures of On-Water Rowing
Performance

Although the 2000 m on-water time is the cri-
terion measure of rowing performance, this mea-
sure has a number of limitations. Environmental
conditions are the most important limitation,
which contributes substantial variability to the
competitive performance of elite rowers.'*! Even
for a group of rowers competing together in a
single race, and therefore under seemingly iden-
tical environmental conditions, rowers could be
affected differently; for example, a headwind
could hinder some rowers more than others, and
a side wind could unfairly benefit rowers in lanes
in which there is a wind shadow. Furthermore,
without special instrumentation in the boat, it is
not possible to quantify an individual rower's
performance from the speed of a boat with two,
four or eight rowers. Rowers from a crewed boat
could be tested individually in single sculls, but
the faster movement speeds in a crew boat could
easily create a difference in technique. There are
also biomechanical differences between single
sculling and sweeping.t"-'^^ Instrumenting the
boat (see below) may solve the problems of as-
sessing the on-water performance of individual
rowers in single or crewed boats. Many coaches
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will not permit regular maximal 2000 m on-water
tests during the earlier stages of the season, owing
to concerns about impairing aerobic develop-
ment, but performance would be available from
the competitions over 2000 m that occur regularly
during the ~4-month competitive season (Smith
TB, personal observations).

Despite problems with the 2000 m on-water
performance tests, maximal boat speed over dis-
tances other than 2000 m is a commonly used
measure in rowing.''^^ The distances range from
250 m to 15 km, depending on the energy sys-
tem(s) being trained in a given phase of the season
(Smith TB, personal observations). A common
practice in this context is the use of 'prognostic
speeds', which are either world record or some
other target speed for each boat class.['•'•'•*' The
performance of each boat is evaluated as a per-
centage of its prognostic speed to provide a rank-
ing within a boat class and a comparison for boats
from different boat classes. Environmental condi-
tions can still affect the accuracy of the ranking,
because the environment has a greater effect on
boats with fewer rowers and boats with female
crews.'**' The boats are often handicapped for these
tests in an effort to improve the sense of competi-
tion. While handicapping does reduce environ-
mental effects, provided that conditions do not
change substantially between boats, the turbu-
lence (boat wash) can disadvantage the trailing
boats.

The development of various rowing speed-
ometers has increased the popularity of the mea-
surement of boat speed during training and
competition.''^J These devices are more con-
venient than stop-watches, which require timing
at each end of the course and accurate measure-
ment of the distance. The two common speed-
ometers are based either on an impeller or the
global positioning system (GPS). The impeller
measures speed relative to water (true speed),
while GPS measures speed relative to land.

2.1 Impeller Measurement of Boat Speed

The two popular devices that measure rowing
boat speed via impellers attached to the hull are
the Nielsen Kellerman Speed Coach (Nielsen

Kellerman, Boothwyn, PA, USA) and the Cox-
mate (Coxmate, St Peters, SA, Australia). The
impeller has two advantages over the GPS. One
advantage is that it can give accurate readings
over any distance, whereas GPS has unaccept-
able error over short distances (see below). The
other is that the impeller measures the speed of
the boat relative to any water current, so impeller
speed more accurately reflects the performance
of the rowers. Windy conditions can create
water currents,''^-'^' and while the boat speed
calculated by the impeller accounts for these
currents, the impeller does not adjust for the di-
rect effect of the wind on the boat, rowers and
oars; ' '^" ' for example, when there is a headwind,
an impeller will indicate, appropriately, a slower
boat speed.

The impellers are calibrated upon installation
and checked regularly thereafter, as there is an-
ecdotal evidence that weed or other debris in the
water can upset the calibration. In an effort to
increase the accuracy of the impellers in flowing
water, they are calibrated by travelling a known
land distance upstream and downstream. The
combined land distance for the two runs is com-
pared with the combined impeller distance, which
allows the appropriate caUbration to be calcu-
lated for that stretch of water. Accurate mea-
surement of speed with an impeller requires a
constant speed and direction of the water current
over the period of testing and through all parts of
the waterway that the boats travel.

There are no published studies examining the
reliability and validity of the impeller in rowing.
To gain some understanding of their accuracy,
one of the authors examined the Nielsen Keller-
man impeller (NK) during regattas over 2000 m
on various international rowing courses. In 61
observations of NK versus true boat speed over
2000 m, the NK units showed a negligible fixed
error (0.1%), but there was a moderate random
error of 1.2% even when wind direction and speed
were taken into account (Smith TB, personal ob-
servations). While this amount of error is only
slightly larger than the 1% yardstick considered
appropriate to accurately monitor training, the NK
is not sufficiently accurate to quantify small but
meaningful changes in competitive performance.

© 2012 Adis Data Informotion BV. Aii rights reserved. Sports Med 2012; 42 M)
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2.2 Global Positioning System iVIeasurement
of Boat Speed

GPS requires an unobstructed view of its sat-
elhtes, but this requirement is seldom a problem
on the waterways where rowers train and com-
pete. The devices are easily swapped between
boats and do not require calibration.

The early GPS devices sampled and calculated
position once per second (1-Hz), but with recent
technical developments, units that sample as high
as 20-Hz are now available. Higher sampling fre-
quencies are needed for accurate speed measure-
ment over shorter intervals or distances, but the
1 -Hz units are still in principle adequate (< 1 % error)
for quantifying boat speed over durations in excess
of 100 seconds.

Proprietary algorithms employed by the var-
ious manufacturers of GPS are also considered to
influence accuracy, so the findings from a parti-
cular GPS model should be considered to apply
only to that model.t-̂ °l Previous research on inter-

unit reliability has established that there is little
difference between units of the same model of
GPS, at least over long durations and distances,'-^''
so it is probably safe to assume that findings with
one unit apply to all such units of a given model.

GPS technology has undergone a series of
rapid advances since May 2000, when the US
Government made full precision available. We
have therefore limited this review to GPS studies
published since then. We have included data from
studies with movement patterns similar to that of
rowing, that is, straight-line movements. We have
also included data from movements around
400 m running tracks but have excluded zigzag or
T-shaped shuttle runs. In all, three studies pro-
vided useful information for rowing,P-"-'*^ and we
have included some unpublished observations
(see figure 1).

The accuracy of the 5-Hz MinimaxX (Catapult,
Melbourne, VIC, Australia), the 1-Hz SPI-10 and
the 5-Hz SPI-Pro (GPSports, Fyshwick, ACT,
Australia) was examined over a range of speeds
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and distances by Petersen et al.P^' The distances
recorded by the GPS were compared with the
actual distances travelled on a 400 m running
track for walking 8800 m through to sprinting
20 m. It is apparent in figure 1 that the accuracy
of the GPS is more dependent on the manu-
facturer than the signal frequency. Figure 1 also
shows that the 5-Hz version of the MinimaxX
improved the error relative to the 1-Hz version
regardless of distance and speed.'^^l Pyne et al.t̂ "*'
compared the 10-Hz MinimaxX with previously
published results for the 5-Hz version for straight
line sprinting over 10, 20 and 40 m. Not apparent
in figure 1 is the fact that the accuracy of the 10-Hz
version was better than that of the 5-Hz version.

Rowing has a unique problem for speed mea-
sured over a short distance. The average speed
for the various boat types during competition is
4-6 m/sec, but speed varies by 2-3 m/sec during
each stroke.P^'^*' An aliasing error may arise
from a combination of a 1-Hz sampling fre-
quency, the large oscillations in velocity and a
short sample period, and this error may worsen
the already poor accuracy of the GPS over
shorter durations and distances. Over the short-
est distances of interest to rowers (-250 m), GPS
sampling at greater frequencies (>1-Hz) would
overcome this aliasing error.

The accuracy of GPS in rowing has been
examined in one published study, which is avail-
able only as a conference abstract.'^^^ In this study
the race time recorded by 5-Hz MinimaxX was
compared with the official race time for 244 row-
ing boats during major competitions over 2000 m.
The standard error of the estimate was 0.45 sec-
onds, but not enough data were presented to
convert this error to a percentage. However, if we
assume the race time was 6-8 minutes, the
standard error of estimate would be -0.1%.

One of the authors also examined the accuracy
of GPS in rowing by comparing the distance re-
corded by 10 SPI-Elite 1-Hz units with the 2000-m
distance travelled by 22 rowing boats during
various regattas. The standard error of the esti-
mate was negligible (0.2%; Smith TB, personal
observations) and similar to the -0 .1% estimated
above from the 5-Hz MinimaxX for 2000 m
rowing. The standard error of the estimate for

these two GPSs are shown in figtxre 1 as the points
with the smallest error. These errors are well within
the 1 % yardstick and are sufficiently low to quan-
tify small but meaningful changes in boat speed in
2000 m time trials. Further research is required to
determine the GPS accuracy during rowing over
distances shorter than 2000 m, when aliasing might
begin to make a substantial contribution.

From the data presented in figure 1 we make
the following conclusions. The SPI elite and
MinimaxX GPS are more accurate than the NK
over 2000 m and the various SPI GPS units are
more accurate than the MinimaxX except for
2000 m rowing. The MinimaxX has less error at
higher sampling frequencies but the effect of fre-
quency is not clear for the various SPI units.
During rowing, the SPI-Elite has a smaller error
than that determined over similar distances on a
400 m running track for other SPI models, even
for those with a higher sampling frequency. It is
therefore likely that cornering on athletic tracks
increases GPS error, f-̂"'

Environment changes will cause changes in
boat speed, so regardless of how speed is mea-
sured, it can be an inaccurate method for tracking
rowing performance. Even if ideal environmental
conditions could be guaranteed between trials (no
wind, no water currents, no changes in the com-
position, depth and temperature of the water),
boat speed is still not an accurate measure of an
individual rower's performance within a crew boat.

2.3 On-Water Ergometry

The measurement of a rower's power output in
a boat is now possible with on-water ergometers,
which have been constructed for both sculling and
sweeping.[-^^ These ergometers calculate power
output from kinetic data measured by sensors in
the rowlock and/or oar(s).P^' Although in theory
the power output from these devices should cor-
relate strongly with boat velocity, findings have
been mixed.'"'^''^"' On-water ergometers are also
expensive, time consuming to install and calibrate
and often fragile (Smith TB, personal observa-
tions). Despite the potential benefits of these
ergometers, it remains to be determined how well
the power measured by their sensors represents

© 2012 Adis Data Intormation BV, Ali rights reserved. Sports Med 2012; 42 (4)
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power propelling the boat forward. We therefore
advise caution in the use of on-water ergometers
until the associated errors have been reported.

3. Measures of Off-Water Rowing
Performance

The difficulties associated with assessment of
on-water performance have led to widespread use
of stationary ergometers that simulate the action of
on-water rowing. Studies of various rowing er-
gometers have found some differences in arm mo-
tion,'^'' handle force and acceleration profiles,'̂ ^]
and consistency in stroke timing'-'^' between off-
water and on-water rowing performance. Despite
these differences, the rowing ergometer is widely
used by rowers, and the 2000 m ergometer time
trial is the most common measure of rowing
performance.t^'^"*' The Concept II air-braked
rowing ergometer (Morrisville, VT, USA) has
led the market since the development of the lib
model in 1986. The three subsequent models (c, d
and e) have maintained the same rowing motion
and method for calculating work output, but
have made changes to improve comfort, safety,
robustness, damper settings and display options.
A study to compare two Concept II models'^^'
was too underpowered to make meaningful con-
clusions, but it is reasonable to assume that the
only differences between the models are cosmetic
(Smith TB, personal observations).

In a recent development, the Concept II has
been placed on a slide to allow back and forth
motion that simulates more closely the dynamics
of on-water rowing.P-̂ *-̂ ^^ Comparisons of the
static version of the Concept II with the new dy-
namic 'sHder' version, suggested negligible dif-
ferences in mean power output in time trials of
2000 m and 6 minutes, but, on the shder, peak
and mean stroke force were lower and stroke rate
was higher.I '̂̂ ^J The slider is becoming increas-
ingly popular in training, as there is evidence that
dynamic rowing ergometry puts less strain on the
lower back, which is beneficial to rowers who
commonly suffer back injury.P^l Other advantages
include a better 'on-water feel' and the capacity to
link devices together to simulate crew rowing.
The few studies comparing the static and slider

versions of the Concept II lack the data to cal-
culate the standard error of the estimate.P-^^'^^'
The only other rowing ergometer in contention is
the Rowperfect (Devon, UK); while it may more
closely simulate on-water rowing movement,^^'^
performance on this ergometer is less reliable (see
below).

3.1 Off-Water versus On-Water Time Trials

To examine how accurately rowing-ergometer
performance predicts on-water performance, we
reviewed two studies where comparisons were
made between 2000 m time trials conducted on
water versus on a Concept II (see table I). We had
to exclude two further studies comparing Con-
cept II performance with rankings from world
championships,''*^-'*^l because the authors did not
provide competitive performance times that
would allow computation of a standard error of
the estimate.

In a study of ten junior males whose on-water
tests were single-scull competitions,!'*"^ the standard
error of the estimate was 2.6%, which in our scale of
magnitudes is a very large error. Although the
'competition results' were obtained on a 'windless
day', it is not clear whether the results were ob-
tained from a single race. We therefore suspect en-
vironmental conditions contributed to the error.
The limited competition experience of the young
rowers (aged 18.9+ 1.7 years) may also have con-
tributed to the error, along with the substantial
uncertainty in the estimate (90% confidence limits
x/-^1.54) arising from the small sample size.

In another study,^'*'' 49 junior elite males
completed two 1000 m time trials in single sculls,
which were combined to give a 2000 m time and
a standard error of the estimate of 7.2%. All tests
were undertaken at a national training camp,
which presumably ensured high motivation. Both
single-scull time trials were conducted on the same
day with winds of "approximately 2-3m/sec,
the direction being predominately a headwind"
(p. 123).''*'' Although there are various potential
sources of error, we believe that change in wind
speed and direction between trials for the different
rowers was the main source of the extremely large
error.

© 2012 Adis Data Information BV. Ail rights reserved. Sports Med 2012:42 (4)
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Table I. Standard error of the estimate of 2000 m single-scull performance time derived from correiations of this performance measure with
measures from tests on a Concept II rowing ergometer. Measures shown in order of the adjusted standard error of the estimate (lowest to
highest)

Test measures

2000 m time single-sculi time

Peak incrémental power (W)

VO2 at 4 mmoi/L lactate (L/min)

VOa^ax (L/min)

Lactate at 350 W (mmoi/L)

Power at 4 mmol/L iactate (W)

40 sec ail-out mean power (W)

VOs^a, (mL/kg/min)

2000 m time and body mass"

2000 m time single-sculi time

Rowers"

10M

10M

10M

10M

10M

10M

10M

10M

48 M

48 M

Test measure
(mean + SD)

7:2810:13"

369 ±37

4.13±0.63

4.85 + 0.63

11.8±4.8

275141

614±82

61.515.6

9

9:0810:26"

Correlation

0.72

-0.70

-0.69

-0.64

0.64

-0.61

0.60

-0.33

0.77

0.54

SEE (%)

2.1

2.2

2.2

2.4

2.4

2.4

2.5

2.9

3.1

4.1

90% CI

1.4,3.3

1.4,3.4

1.4,3.4

1.5,3.6

1.5,3.6

1.6,3.8

1.6,3.8

1.9,4.5

2.7, 3.7

3.5, 4.9

Adjusted
SEE(%)

2.6

2.8

2.9

3.3

3.3

3.5

3.6

7.8

?

7.2

References

Jurimae et ai.i""!

Nevili et al.l"'!

For other subject characteristics, see tabie il.

b Mean 1SD test measure data for 2000 m singie-scuil times in Jurimae et al.'""I and Neviil et al.'"'! were presented in min:sec.

c Measures combined via multiple linear regression.

90% CI = 90% confidence interval for the SEE; M = male; SEE = standard error of the estimate; ^OÎ=oxygen uptake; \IO2rmx = maximal VO2;
? indicates not provided or estimable.

These large standard errors of the estimate do
not necessarily mean that performance on the
Concept II is invalid; more likely, there is large
random error in the criterion measure of 2000 m
on-water time, most of which is due to environ-
mental factors.'^! When body mass was taken into
account in a multiple linear allometric regression
equation, the observed standard error of the es-
timate decreased from 4.1% to 3.1% (see table I),
which is consistent with the observation that
body mass provided a substantial contribution to
Concept II time (r = 0.68) but a negligible con-
tribution to single-scull time (r = 0.04).['*'l The
exponent of body mass in the allometric equation
was approximately -0.8 so the widespread prac-
tice of expressing Concept II performance as
mean power per kilogram must produce close to
the optimal measure for combining body mass
with ergometer performance.

Even when environment and body mass are
taken into account, it is inevitable that some
rowers perform better on the Concept II than on
water and vice versa, so the Concept II cannot
predict on-water abihty perfectly. For a better
estimate of the validity of performance on a
Concept II, the standard error of the estimate

needs to be obtained with a good sample size of
top rowers under ideal environmental conditions.

3,2 Reiiabiiity of tine Off-Water Time Trial

If we accept that the performance on a Concept
II has adequate validity, at least for physiological
power output, an important issue is whether this
ergometer has adequate rehability for tracking
changes in performance. Reliability for tests on a
Concept II has been reported in two studies.
Schabort et al.'"'''' examined 2000 m time-trial
speed on a Concept II for eight well trained
rowers who rowed on three occasions at 3-day
intervals and reported a 0.6% standard error of
measurement. In the second study, 15 elite rowers
performed five 500 m time trials each on a Con-
cept II and Rowperfect ergometer and later per-
formed a 2000 m time trial on 3 consecutive days
on one ergometer.f"* '̂ The standard error of mea-
surement for 2000 m time were 0.4% and 1.1 % on
the Concept II and Rowperfect, respectively,
while the standard error of measurement for the
500 m trials were 0.7% and 1.1%. Combining
these studies, the standard error of measurement
of -0.5% is half the standard error of measure-

© 2012 Adis Data Information BV. Aii rigints reserved. Sports Med 2012. 42 (4)
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ment for competitive on-water performance (our
1% yardstick) and is only just outside the 0.3%
threshold to quantify smallest meaningful changes
in competitive performance. Although this reli-
ability is not ideal, it is unusual for tests of athletic
performance to be this good.'''*' This higher reli-
ability of performance on the Concept II is likely a
result of less technical demands of the ergometer
and environmental effects causing less variability
to performance on a rowing ergometer, compared
with on-water rowing. In comparison, the Row-
perfect was inferior, and it is unclear whether its
reliability would reach that of the Concept II with
enough familiarization.

3.3 Other Off-Water Test Measures

The rowing community was aware of the value
of performance testing oti the Concept II long
before any reliability and validity studies were
performed."-^ Indeed, the 2000m time trial on the
Concept II has become the most commonly used
selection tool for national rowing organizations
(Smith TB, personal observations). Furthermore,

other measures derived from the performance test
on the Concept II have been investigated for their
ability to predict rowing performance. In one
study,'^'' the relationship of these measures to on-
water 2000 m performance has been quantified,
but, by far, the majority of the studies has used
the 2000 m Concept II time trial as the criterion
measure.

In the one study that used 2000 m single-scull
perfonnance,''*"^ the standard error of the estimate
was moderate to large (2.1-2.8%), probably be-
cause of the different effects of environment, tech-
nique and body mass on performance on water
versus on the ergometer (table I). Approximately
half of the remaining studies had enough data to
calculate the standard error of the estimate. For
these studies the subject characteristics are in-
cluded in table II, while the standard errors of the
estimate for the various measures are in table III.
The measures that come close to the -1.0% yard-
stick are peak incremental power, maximal oxygen
consumption (VO2max)' some measures of lactate
power and power in the 30-second modified
Wingate. These measures have adequate validity

Table II. Subject characteristics for studies used to caiculate the standard error of the estimate in 2000 m ergometer performance time for
measures from rowing tests

Study

Bourdinetai.l"'!

Cosgrove et ai.'"^!

Faff et al.i"'!

Gillies and 6eiil^°l

Jurimae et ai.'""'

Nevili et ai.[='i

Nevill et ai.l'i'i

Riechman et ai.'^^'

Russeii et ai.l"l

Womack et ai.P"!

Rowers

31 nationai and internationai heavyweight M

23 national and internationai iightweight M

54 combined

13ciub-ievei M

8 iVI (?) teenagers

10 competitive M

22 competitive F

32 combined

10 experienced M

48 current/former senior A/B iVI

28 current/former senior A/B F

76 combined

48 eiite junior M

12 competitive F

19 eiite schooiboys

10 coiiege M (pre-Fall)

10coiiegei\/l(post-Fali)

a Data are presented as mean ± SD.

Body mass

(kg)"

88.6 ±5.1

74.0 ±1.8

82.4±8.3

73.1 ±6.6

85±14

82.3±7.5

71±10

75±11

79.3 ±7.3

88±11

71.7 ±8.5

82±13

83±7

67±12

85±8

86.1 ±7.3

86.117.3

F = female; M = male; V02max = f^iaximai oxygen uptai<e; ? indicates not provided or estimabie.

(L/min)"

5.68 ±0.32

5.05±0.20

5.41 ±0.42

4.5 ±0.4

4.97 ±0.48

4.38 ±0.42

3.19±0.57

3.62 ±0.84

4.85 ±0.63

5.60 ±0.56

4.03 ±0.33

5.02±0.91
?

3.18±0.35

4.6 ±1.5

5.25 ±0.69

5.28 ±0.62

2000 m
time (minisec)"

6:04±0:10

6:21 ±0:07

6:12±0:12

7:05±0:11

6:45±0:14

7:07±0:14

8:17±0:30

7:55 ±0:42

6:38±0:18

6:07 ±0:13

7:01 ±0:17

6:27 ±0:30

6:44 ±0:11

7:47 ±0:12

6:43±0:16

6:48±0:18

6:42±0:18
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for assessing moderate differences in rowing per-
formance between rowers.

In four studies, multiple linear stepwise re-
gression analyses provided best combinations of
measures to predict 2000 m, Concept II time-trial
performance. The sample sizes were far too low in
three of these studies to perform such analyses, so
the relatively low standard error of the estimate
of 0.5-1% we obtained from their data must be
substantial underestimates of the true error. In
the other study, Neviil et al.'^'l combined data
from 48 males and 28 females to obtain a rea-
sonable sample size, but the result is effectively a
prediction equation for distinguishing between
genders. Nevertheless, the resulting standard
error of the estimate was relatively low (1.6%), so
there may still be some value in combining several
measures for predicting 2000 m performance on
the ergometer, and especially on water. Definitive
studies need to be performed.

A low standard error of the estimate for a per-
formance measure is desirable, but measures with
higher standard error of the estimate may still be
useful if they have standard error of measurement
low enough to reliably track an athlete's change
in performance. Unfortunately, only one rowing
study provided data to calculate the standard
error of measurement for performance measures
other than the 2000 m time trial.'̂ ^1 Owing to a
complex research design in this study, we were
only able to calculate the standard error of mea-
surement for various measures of lactate thresh-
old and for peak lactate in an incremental test. The
standard error of measurement for lactate thres-
hold were relatively low (0.5-1.8%) but there is
considerable error arising from the small sample
size of ten elite male rowers.

The lack of reliability studies in rowing led us
to examine the reliability of similar performance
measures for other modes of exercise in a com-
prehensive meta-analytic review.t''̂ ^ The measure
of reliability in the review was the standard error
of measurement of power output; we have there-
fore divided the standard error of measurement
by 3 to obtain an equivalent standard error of
measurement for performance time, as explained
in that review. The most reliable tests that might
be applicable to rowing were peak incremental

© 2012 Adis Dota Infcrmotion BV. All rights reserved. Sports Med 2012; 42 (4)
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power (standard error of measurement for time
-0.3%), V02max and lactate threshold (-0.5%).
While all tests are well within the 1% yardstick,
only peak incremental power could track smallest
worthwhile changes. These measures also have
the lowest standard error of the estimate for
predicting 2000 m time-trial performance on a
Concept II (see table III). The only other measure
with a low standard error of the estimate in our
review is the modified 30-second Wingate test on
the Concept II, but the standard error of mea-
surement of Wingate measures was somewhat
larger (-1.2%) than that of the other two mea-
sures in the meta-analytic review.'"'̂ l Thus, it is
possible that Wingate performance is more reli-
able on the Concept II than on other ergometers.

In summary, peak incremental power, VO2max'
some measures of lactate threshold power and
possibly 30-second power, have measurement
properties that make them potentially valuable
iFor assessing rowing performance. In our view,
V02niax provides no information additional to
that provided by peak incremental power, which
along with 30-second power has the advantage of
requiring no equipment other than the Concept
II. These tests can be performed weekly at any
time of the year, with little impact on the training
programme. Whether the measures can track
performance adequately on the rowing ergometer,
and more importantly on water, is a question that
needs to be addressed with further research.

4. Conclusion

Measures of on-water rowing performance are
very noisy, owing to the effects of environment, and
they do not measure performance of an individ-
ual in a crew. Performance testing on the Concept
II eliminates these problems. Peak incremental
power and 30-second power on this ergometer are
likely to be useful for frequent monitoring of a
rower's physiological power output. However, the
Concept II does not adequately address the skill
component of performance on water. Instrumen-
tation to measure each rower's on-water power
output should provide the best measure of rowing
performance, but it remains to be seen whether the
errors are acceptably low.

© 2012 Adis Data information BV. Aii rights reserved.
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Appendix

Calculation of the standard error of the
estimate, f̂ l̂

If X and Y are the practical and criterion in the
validity study, r is their correlation, ex and ey are
their random errors, n is the sample size, SD is
standard deviation, and SEE is the standard error
of the estimate, then:

ex = .^[SOx^ (l-r^ SD^^ / (SDy^-ey^))];

observed slope of regression line = r(SDY / SDx);

observed SEE = SDy ̂ /[(l-r^) (n-l) / (n-2)] ;

true slope = (observed slope) / (l - e

true SEE without criterion error = (true slope) ex;

true SEE with criterion error = W [(true SEE) +eY^].

The adjusted SEE shown in the tables is the true
SEE with criterion error. The random error in the
criterion, ey, was assumed to be 1% for 2000 m
single-scull performance time (see table I) and
0.5% for 2000 m Concept II performance time (see
table III).

This approach cannot be used for measures
derived by multiple linear regression unless the
authors provide the mean and standard deviation
of the predicted values.
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