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Peak Power Output Predicts Rowing Ergometer

Performance in Elite Male Rowers
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Abstract

The aim of the present study was to test the hypothesis that peak
power output (Ppeak) sustained during maximal incremental
testing would be an overall index of rowing ergometer perform-
ance over 2000 m (P2000), and to study the influence of selected
physiological variables on Ppeak. A group of 54 highly trained
rowers (31 heavyweight [HW] and 23 lightweight [LW] rowers)
was studied. Body mass, maximal oxygen uptake (VOy.y), OXy-
gen consumption corresponding to a blood lactate of 4 mmol-1-!
expressed in percentage of VO, (VO,La4%), and rowing gross
efficiency (RGE) were also determined during the incremental
test. In the whole group Ppeak was the best predictor of P2000
(r=0.92, p<0.0001). Body mass (r=0.65, p<0.0001), VOy.x
(r=0.84, p<0.0001), VO,La4% (r=0.49, p<0.0001) and RGE
(r=0.35, p<0.01) were significantly correlated with P2000 as

well. To take the influence of body mass into account, VO,
was related to kg®>’. Ppeak was significantly related to body
mass (r=0.56, p<0.0001), VO,,.x-kg057 (r=0.63, p<0.0001),
VO,La4% (r=0.45, p<0.001) and RGE (r=0.34, p < 0.05). Multiple
regression analysis indicated that the above parameters taken
together explained 82.8% of Ppeak variation in the whole group.
It was also demonstrated that Ppeak was the best predictor of
P2000 when LW and HW groups were considered separately. It
was concluded that, by integrating the main physiological factors
of performance, Ppeak is an overall index of physiological rowing
capacity and rowing efficiency in heterogeneous as well as in ho-
mogeneous groups. It presents the further advantage of being
easily measured in the field.

Key words
Testing - efficiency - maximal oxygen uptake - blood lactate

Introduction

In the laboratory, maximal oxygen uptake (VO,.4) and blood
lactate kinetics are determined during incremental testing to ex-
haustion. In this procedure, the last bout is often not performed
entirely. Snoeckx et al. [17] proposed balancing the power of this
last bout by its duration; the calculated power output was called
peak power (Ppeak). Kuipers et al. [9] have tested the reproduc-
ibility (approximately 25 tests) of Ppeak measured on a cycloer-
gometer and investigated its relationship to physiological vari-
ables determined during progressive exercise. They demonstrat-

ed that Ppeak varied less than VO, and that variation in VO,
was not related to that of Ppeak. Kuipers et al. [9] also observed
that, in subjects showing high Ppeak values, blood lactate con-
centration was lower at any workload, resulting in a rightward
shift in the blood lactate vs. power output curve. Finally, the au-
thors suggested that variations in Ppeak could also be related to
changes in gross mechanical efficiency.

These finding had practical applications in testing. Noakes et al.
[12] showed peak running velocity to be the best laboratory-
measured predictor of distance running performance. This pre-
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dicting value was substantially higher than that of any physiol-
ogical parameter including VO,,.. Hawley and Noakes [5]
showed Ppeak to be a better predictor of cycling performance
over 20 km of cycling than VO,,,., in a large heterogeneous group
of trained cyclists (54 men and 46 women). These results dem-
onstrate that Ppeak is an index of performance in several endur-
ance disciplines. The increased predictive value associated with
the use of maximal power or running velocity instead of VO,.x
suggests that movement efficiency influenced this index. How-
ever, the possible influence of physiological parameters on the
predictive value of Ppeak has never been analysed.

VO,,max O Maximal aerobic power (Pamax) are important predic-
tors of rowing ergometer performance [4,6,8,10,16]. Blood lac-
tate variables have been shown to be related to rowing perform-
ance [4,6,10,15,18]. In recent studies, anthropometric and
strength variables were also included in the statistical analysis
to improve rowing performance prediction [6,8,15,16]. Thus, it
appears that rowing performance is determined by the same var-
iables as running and cycling. This leads to the hypothesis that
Ppeak could be an overall index of rowing performance.

Few athletes have ready access to laboratory facilities capable of
measuring physiological and strength variables. Therefore, it
would be of interest if an overall index of rowing performance,
easily measured in the laboratory and/or the field, could be vali-
dated. Ppeak, being directly measured on a rowing ergometer,
meets these requirements. The aims of the present study were
both to test the hypothesis that Ppeak is an overall index of row-
ing performance and to study the influence of selected physiol-
ogical variables on Ppeak.

Methods

Subjects

The experiment was carried out on 54 French oarsmen of nation-
al to international competition level. The group included 23
lightweight (LW) and 31 heavyweight (HW) rowers. Age and
anthropometric characteristics are listed in Table 1. The results
of annual physiological testing were used, in agreement with
the Fédération Frangaise des Sociétés d’Aviron (French Rowing So-
cieties’ Federation).

Physiological testing in the laboratory

This session was conducted within the context of training moni-
toring of the athletes. The rowers were fully familiarized with the
use of the wind-resistance braked rowing ergometer (CII; Con-
cept I, model C, Morrisville, VT, USA). VO,,,., was measured dur-
ing an intermittent progressive test on CII. The mean power out-
put during exercise was delivered by the computer CII display.

The times of rowing and rest periods were 3 and 0.5 min respec-
tively. The initial power was 150 W for lightweight and 200 W for
heavyweight rowers, and was increased by 50 W after each rest
period until the subject was exhausted. Expired gas was sampled
during the last 30 s of each rowing bout. Blood was sampled from
the ear lobe, during each rest period, to measure lactate concen-
tration. The VO, measured during the last rowing period was
considered as maximal provided a plateau was obtained (VO,

Table 1 Anthropometric, physiological and performance character-
istics of the studied group. Values are means + SD

Total group 117% HW

(n=54) (n=23) (n=31)
Age (years) 22.8+3.7 23+3.7 22.6+3.7
Height (cm) 186+6.6 180.4+3.9 190+5%*
Body mass (kg) 82.4+8.3 74+1.8 88.6+5.1"*
VOsmay (I-min~T) 5.41+0.42 5.05+0.2 5.68+0.32**
Pamax (W) 387+33 362.9+23.9 405.2+27.5*
VO,La4% 90+4.8 90+4.3 89.9+5.2
Ppeak (W) 422+37.3 396+23 441.6+33.9**
RGE (%) 18.5+0.9 18.6+0.8 18.5+1
T2000 (s) 371.9+11.8 381.2+6.6 364.9+9.8"*

(6 min (6 min (6 min

11.95£11.85) 21.25%6.65) 4.95+9.85)
P2000 (W) 438.2+42.2 405+ 21 462.9+36.8**

VO,max Maximal oxygen consumption; Pamax, maximal aerobic power correspond-
ing to VO,mae VO,La4 %, VO, corresponding to a blood lactate of 4 mmol -1-" as % of
VOsmax: Ppeak, maximal power output during the incremental test; RGE, rowing
gross efficiency; T2000, 2000 m rowing ergometer performance; P2000, mean
power output during rowing ergometer performance. HW significantly different
from LW: ** p<0.0001

variation less than 2 ml-kg-!-min-1). In the absence of plateau,
VO, measured during the last rowing bout could still be consid-
ered maximal provided the blood lactate concentration measur-
ed at the end of the period was higher than 9 mmol-1-'. The max-
imal aerobic power (Pamax) was defined as the power at which
VO,ax is reached.

The expired gas was collected through a low-resistance Hans Ru-
dolph 2700 valve (Kansas City, MO, USA) connected to a low
dead-space mixing chamber, and collected in a balanced Tissot
spirometer. The O, and CO, fractions were determined by means
of S3 A/l Ametek (Pittsburgh, PA, USA) and D-Fend™ Datex (Hel-
sinki, Finland), respectively and calibrated with gas mixtures of
compositions determined by the Scholander method.

Blood lactate concentrations were measured with the Kontron
LA-640 lactate analyser (Roche Bio-Electronics, Basel, Switzer-
land).

Performance on rowing ergometer

Time performance and mean power output (T2000 and P2000
respectively) were obtained for each subject during 2000 m all-
out rowing on CII. This kind of rowing ergometer competition is
commonly organized by trainers to assess athletes. The competi-
tion was performed by the athletes in their respective clubs or
during official rowing ergometer competitions within a month
after physiological testing.

Calculations

VO, corresponding to a blood lactate level of 4 mmol-1-!
(VO,La4) was determined by straight line interpolation between
the two closest measured values. Mainly due to a scale effect,
VO,La4 was highly correlated with VO,,,., (for the whole group:
r=0.87, p<0.0001). Therefore, in order to rule out the influence
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Table 2 Relationships between mean power output during 2000 m
rowing ergometer performance and selected physiological

variables
Total group Lw HW
(n=54) (n=23) (n=31)
Body mass (kg) r=0.65 NS NS
p<0.0001
VOsma (I-min~T) r=0.84 r=0.70 r=0.68
p<0.0001 p<0.001 p<0.0001
VOimax r=0.55 r=0.64 r=0.60
(ml-min~"-kg=%) p<0.0001 p<0.01 p<0.001
VO,La4% r=0.49 NS r=0.79
p<0.0001 p<0.0001
Ppeak (W) r=0.92 r=0.76 r=0.89
p<0.0001 p<0.0001 p<0.0001
RGE (%) r=0.35 r=0.51 r=0.64
p<0.01 p<0.05 p<0.001

VO, max, Maximal oxygen consumption; Pamax, maximal aerobic power correspond-
ing to VO, ma VO,La4 %, VO, corresponding to a blood lactate of 4 mmol -1-" as % of
VO,max: Ppeak, maximal power output during the incremental test; RGE, rowing
gross efficiency

of VO,,.., variation on VO,La4 variation, the latter was expressed
as a percentage of VO, (VO,La4%).

In line with the studies by Snoeckx et al. [17] and Kuipers et al.
[9], the maximal work load during the intermittent progressive
test was calculated as:

Ppeak = Pcom + T-Tbout-! - AP

where Pcom is the last work load completed, T the number of
seconds of the final, uncompleted bout, Thout the number of sec-
onds of the bout defined in the protocol and AP the final load in-
crement (commonly 50 W).

Rowing gross efficiency (RGE) was calculated during exercises
resulting in a blood lactate concentration lower than 3 mmol-1-,
It is assumed that the contribution of anaerobic glycolysis to ATP
resynthesis is negligible at these intensities. Gross O, consump-
tion was converted into watts (W) by a respiratory exchange ra-
tio. Gross rowing efficiency was calculated by dividing power
output by gross O, consumption.

To scale for differences in body mass, body mass is commonly
raised to the power 0.75 (see [11,19]). Nevertheless, the study
by Bergh et al [2] demonstrated that the value of the exponent
could vary as a function of the studied group (ranging from 0.46
for trained non-athletes to 0.86 for male cross-country skiers). In
line with the recommendation of Bergh et al. [2], the value of the
exponent was calculated, and the results demonstrated that
VO,ma.x Was independent of body mass when related to kg®57 in
the studied group.

Statistics
All data are expressed as mean + SD for each group. Variability
was the SD-to-mean ratio expressed as a percentage. The rela-
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Fig.1 Relationship between Ppeak and

P2000. Ppeak is the peak power output dur-
ing the incremental test; P2000 is the mean
power output during 2000 m ergometer
performance. HW and LW are the heavy-
weight and lightweight categories, respec-
tively. The dotted line represents the identity
line.

tionships between variables within each group were evaluated
using correlation, linear and multiple regression analysis. The
significance level was set at 0.05.

Results

The physiological and performance characteristics of the sub-
jects are listed in Table 1. HW subjects had higher body mass, ab-
solute VO,.x, Pamax, Ppeak and P2000 values. Age, VO,La4%
and RGE were comparable between the HW and LW groups.

Whole Group

Relationship between selected variables and P2000

As shown in Table 2, all selected variables significantly influ-
enced P2000 in the group as a whole. The highest correlation co-
efficient was obtained for Ppeak, the variation of which ex-
plained 84.6% of P2000 variation (Fig.1). The mean value of
Ppeak represented 109.2 £ 6.0% of Pamax. Conversely, RGE varia-
tion explained only 12.3% of variation in P2000, with the lowest
correlation coefficient.

Influence of selected physiological variables on

Ppeak variation

As can be seen in Table 3, body mass and VO,,,., were signifi-
cantly correlated with Ppeak. Variation in body mass had no sig-
nificant influence on VO,La4% or on RGE variation. The differ-
ence between Ppeak and Pamax expressed as % of Pamax (Ppeak
- Pamax%; 9.18+6.0%) was significantly correlated with
VO,La4% (Fig. 2; r=0.44, p <0.001).

Table 3 shows that VO,,,.; (as an absolute value or related to
kg-057) was the main determinant of Ppeak variation. Ppeak was
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Table 3 Relationships between selected physiological variables and
maximal power output during the maximal progressive test

(Ppeak)

Total group Lw HW
(n=54) (n=23) (n=31)

Body mass (kg) r=0.56 NS NS
p<0.0001

Voo (I-min~T) r=0.84 r=0.54 r=0.78
p<0.0001 p<0.01 p<0.0001

VOsmax r=0.63 r=0.46 r=0.74

(ml-min~"-kg=%) p<0.0001 p<0.05 p<0.0001

VO,La4% r=0.45 NS r=0.70
p<0.001 p<0.0001

RGE (%) r=0.34 r=0.52 r=0.49
p<0.05 p<0.05 p<0.01

VO,max Maximal oxygen consumption; VO,La4%, VO, corresponding to a blood lac-
tate of 4 mmol-1-" as % of VO,,.,; RGE, rowing gross efficiency

also significantly correlated with VO,La4% and RGE (Fig.3).
Multiple regression analysis demonstrated that body mass,
VO, kg 057, VO,La4% and RGE significantly influenced varia-
tion in Ppeak (r=0.91, p<0.0001).

LW and HW Groups

VOymax- kg 057 did not differ between the LW and HW groups.
(441.5+24.7 vs. 435.3 + 15.3 ml-min~!-kg-9%57 for LW and HW re-
spectively).

Relationship between selected variables and P2000
In both body mass subgroups, body mass had no significant in-
fluence on P2000 variation. Ppeak was still the best predictor of

® HW
O LW ] o
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Fig.2 Relationship between Ppeak - Pa-
max% and VO,La4%. Ppeak — Pamax% is the
difference between peak power output
during the incremental test (Ppeak) and work
rate corresponding to VO,,., (Pamax) as % of
Pamax; VO,La4% is the oxygen consumption
corresponding to a blood lactate of
4mmol-1-" as % of VO,

variation in P2000 (Table 2). In the HW and LW subgroups, varia-
tions in VO,,.x and RGE significantly influenced variation in
P2000. VO,La4% was strongly correlated with P2000 in the HW
group but had no significant influence on P2000 variations in
the LW group.

Influence of selected physiological variables on

Ppeak variation

VO,,.x Was the main determinant of Ppeak variation in both LW
and HW groups (Table 3). In both groups, body mass was not
related to Ppeak but variation in RGE significantly influenced
variation in Ppeak (Fig. 3). VO,La4% was significantly related to
Ppeak in the HW but not in the LW group.

Discussion

The main finding of the present study was that, of the currently
measured variables, Ppeak was the best predictor of rowing er-
gometer performance. In the whole group, variation in Ppeak ex-
plained 84.6% of the variation in P2000 (Fig.1). This finding is in
line with the data for distance running [12] and cycling [5]. The
slightly lower correlation coefficient may be related to the ho-
mogeneity of the studied group, which demonstrated a perfor-
mance variability of 9.6% vs. 13.1% in marathon [12] and 11.3%
in cycling performance [5]. It is worth noting that although row-
ing, running and cycling performances are similarly influenced
by both VO,,,., and movement efficiency, the predictive values
of Ppeak in running and cycling were relative to performances
sustained at a power output lower than VO,,,,,, while in the
present study, the mean value of P2000 was 113.3% of Pamax.
This suggests the predictive value of Ppeak accounts for different
physiological abilities. The present study makes it possible to
analyse of the physiological factors accounting for the predictive
value of Ppeak.

The main determinant of Ppeak was absolute VO,,,.,. This result
is in line with the study by Hawley and Noakes [5] who observed
a highly significant relationship between Ppeak and absolute
VOymax (T =0.97). They concluded that, for trained cyclists, VO«

500

450

Ppeak (W)

400

350

17 18 19 20

RGE (%)

Fig.3 Relationship between Ppeak and RGE
for the whole group and heavyweight (HW)
and lightweight (LW) subgroups. Ppeak is the
peak power output during the incremental
test; RGE is the rowing gross efficiency.
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could be accurately predicted from Ppeak. In the present study,
the correlation coefficient between Ppeak and absolute VO,.x
was 0.84 (Table 3), making the prediction less accurate. This
would suggest that Ppeak is more influenced by factors indepen-
dent of VO,,,.,, than in cycling. The higher homogeneity of the
present group probably accounts for this discrepancy as well.

For the studied rowers, Ppeak represented a mean value of
109.2 +6% of Pamax. This means that, in the whole studied
group, a plateau in VO,,., was observed during the incremental
protocol for the majority of the rowers. This observation is not in
agreement with previous studies, which failed to observe any
levelling off of VO, at the point of exhaustion. This discrepancy
may be due to a specificity of rowing, involving a greater propor-
tion of muscle mass. Astrand and Saltin [1] observed a given
workload to be more easily sustained when involving a greater
muscle mass. This is consistent with the ability of rowers to sus-
tain high intensities for a long duration in competition (around
6 min at a mean relative intensity of 113.3% of Pamax for the
studied group).

The Ppeak value higher than Pamax accounts for a significant re-
liance on anaerobic processes. Variation in VO,La4 % significantly
influenced variation in Ppeak. Furthermore, Ppeak - Pamax% was
significantly related to VO,La4% (Fig. 2). In line with this finding,
Jacobs et al. [7] observed that a delayed lactate accumulation
during incremental test contributed to avoid high blood lactate
concentrations after acute exercise. Billat et al. [3] demonstrated
that time to exhaustion at 100% of running velocity at VO«
was correlated to VO,La4%. The present results demonstrated
that VO,La4% influenced power output above the one corre-
sponding to VO,.,. A possible explanation would be that the
ability to remove lactate from the organism is significantly asso-
ciated with VO,La4% in rowing [10]. Further studies are needed
to assess whether this mechanism accounts for different physio-
logical abilities.

RGE was related to Ppeak. The relationship between RGE and
Ppeak is in line with the significant correlation between RGE
and P2000. To the best of our knowledge, this relationship has
never been shown before in a homogeneous group of highly
trained rowers. Russell et al. [16] failed to demonstrate a rela-
tionship between efficiency and 2000-m performance time. This
could be attributed to the fact that the studied group consisted of
inexperienced rowers. It has previously been demonstrated that
the efficiency of on-water rowing increases with boat velocity or
power output [13,14]. To explain the fact that submaximal RGE
was related to rowing performance, it could be supposed that
the differences in rowing efficiency were maintained at maximal
exercise.

However, as previously noted, the LW and HW groups showed
comparable mean RGE values but different Ppeak and P2000 val-
ues (Table 1). In consequence, Fig.3 shows that the general re-
gression line was situated between two distinct groups of points
corresponding to LW and HW. This bias was due to the influence
of body mass variation on Ppeak. A way to rule out the influence
of body mass on power parameters would be to decrease body
mass variability by studying relationships within the HW and
LW subgroups.

Interestingly, body mass had no significant influence on P2000
or Ppeak variations in either subgroup. Once the influence of
body mass was eliminated, the influence of RGE on both P2000
and Ppeak appeared stronger in the LW and HW subgroups than
in the whole group. This finding would seem to indicate that, for
a group homogeneous in physiological capacity, the role of tech-
nique and/or biomechanical factors is of greater importance. For
a given body mass, Ppeak is still the best predictor of rowing
performance. In both groups, variation in absolute VO,,,,, and
VOymax-kg 057 had almost the same influence on P2000 and
Ppeak. On the one hand, in the LW subgroup, VO,La4% had no
significant influence on P2000 or on Ppeak. On the other hand,
in the HW subgroup, the influence of VO,La4% on both P2000
and Ppeak appeared stronger than in the whole group. An ex-
planation could be that variability in P2000 (5.2 vs. 7.9% for LW
and HW, respectively), Ppeak (5.8 vs. 7.5% for LW and HW, re-
spectively), and VO,La4% (4. 8 vs. 5.8% for LW and HW respec-
tively) were lower for the LW group. This discrepancy underlines
the limits of the use and interpretation of statistical analysis in a
sample selected according to specific criteria.

Conclusion

The present results demonstrate that Ppeak is an overall index of
both physiological capacity and rowing efficiency in both hetero-
geneous and homogeneous groups. Both P2000 and Ppeak varia-
tions are similarly explained by the same physiological variables.
This index is easily obtainable by coaches in field conditions ac-
cording to the protocol generally used for laboratory testing. Var-
iation in Ppeak could be used to characterize the general ability
of rowers and/or to test the efficiency of a training programme.
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