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A B S T R A C T

DESPITE THE HIGH METABOLIC

DEMANDS OF SURFING, THE LIT-

ERATURE ON SURFERS’ AERO-

BIC AND ANAEROBIC

CHARACTERISTICS IS LIMITED.

PREVIOUS STUDIES HAVE USED

TETHERED BOARD PADDLING,

ARM CRANKING, SWIM BENCH

ERGOMETERS, AND MODIFIED

KAYAK ERGOMETERS TO INVES-

TIGATE PEAK OR MAXIMAL AER-

OBIC CAPACITY. THIS REVIEW

INCLUDES RESEARCH INVESTI-

GATING SURFING-RELATED

TESTING PROTOCOLS TO

IMPROVE UNDERSTANDING OF

METHODS THAT CAN BE USED

FOR THE ASSESSMENT OF

ANAEROBIC AND AEROBIC FIT-

NESS PROFILING OF SURFERS.

TESTS USED TO DETERMINE

ANAEROBIC POWER OUTPUT,

SPRINT PADDLE SPEED, AND

AEROBIC CHARACTERISTICS

ARE INCLUDED, WITH REFER-

ENCE TO THE IMPLICATIONS AND

RELIABILITY OF DIFFERENT PRO-

TOCOLS AND THE PHYSIOLOGI-

CAL PROFILE OF SURFERS.

INTRODUCTION

T
he rapid and substantial growth
of professional surfing world-
wide has resulted in an increase

in the attention given to the physical
preparation of such athletes (29,56,58).
To date, however, there is limited
research that has examined the physi-
cal demands of surfing (30,55,56,79).
Current performance analysis studies
indicate that surfing typically involves
prolonged periods of paddling, poten-
tially against currents when moving to
different locations, as well as remaining
stationary while recovering or waiting
for a suitable wave (29,50). Professional
surfers may compete in up to 4, 20- to
40-minute heats within a single day
(30,57,79), paddling approximately
1 km during a 20-minute competition
heat (30). In addition to these pro-
longed periods of submaximal exercise,
surfers are also required to perform
short powerful bursts of paddling (4–
5 seconds) to gain enough momentum
for the wave take-off (30,55,57,79).
Within the current literature, it has
been reported that these repeated
high-intensity intermittent bouts of
paddling (61% performed between 1
and 10 seconds) are interspersed with
short periods of recovery (64% between
1 and 10 seconds), resulting in moderate
(140 b$min21) to high (190 b$min21)
heart rates (HR) (30,57,79). These

physiological demands of surfing are fur-
ther increased by intermittent (2–4 sec-
onds) breath holding during the duck
diving process under advancing broken
waves and during wave hold-downs
(48–52,55–58).

Competitive surfing takes place under
a variety of conditions and as a result,
various factors are likely to influence
the physiological demands of the
sport. Such factors include weather,
water/air temperature, type of break/
wave, geographic location, swell, and
tides (30,50,55,57,79). These factors
including the range of physical de-
mands require surfing athletes to have
high muscular endurance and anaero-
bic power of the upper torso, excellent
cardiorespiratory fitness, and the ability
to recover rapidly (50,51). The aerobic
energy system is important during the
continuous submaximal paddling and
repeated high-intensity efforts
(29,50,52). Anaerobic power is
required primarily for burst sprint pad-
dling to produce momentum for catch-
ing the wave (50,55,57) and during
longer sprint paddles (,30 seconds),
such as paddling out for a wave or
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during a priority battle with a fellow
competitor. Within professional surf-
ing, the surfer with priority has the
unconditional right of way to catch
any wave they choose, with priority
lost once they catch a wave and/or
a surfer paddles for but misses
a wave (95).

Although it is clear that various phys-
iological factors are likely to be impor-
tant for surfing success, the most valid
methods or protocols to assess the
physiological function of such athletes
are currently not well understood.
Developing best practice for the
assessment of physiological character-
istics of surfers will aid in the identifi-
cation, preparation, and advancement
of professional surfers. To this end, this
review includes research investigating
surfing-related testing protocols to
improve understanding of methods
that can be used for the assessment
of anaerobic and aerobic fitness profil-
ing of surfers. Tests used to determine
anaerobic power output, sprint paddle
speed, and aerobic characteristics are
included, with reference to the impli-
cations and reliability of different pro-
tocols and the physiological profiling
of surfers.

ANAEROBIC FITNESS

Physiological responses to different
forms of paddling and stressful sce-
narios (e.g., wave hold-downs) in
surfing ultimately depend on the
body’s ability to supply adenosine
triphosphate (ATP) from the various
metabolic pathways (i.e., ATP–
phosphocreatine [PCr], glycolytic
and oxidative system) (34,66,94).
ATP production during short-
duration sprinting is provided by
considerable contributions from
both PCr degradation and anaerobic
glycolysis (85). Because of the
amount of intermittent paddling
(42–54% of total surf time spent pad-
dling (12,30,55,57,81) between 16
and 30 seconds (30,55,57)) and short
sprint bouts involved in surfing, surf-
ers are likely to rely heavily on anaer-
obic glycolysis (using glucose and
glycogen as a fuel in the absence of
oxygen). After the initial 10 seconds

of intense paddling, the demands on
glycolysis escalate rapidly. This corre-
sponds to a drop in power output
(peak power is obtained during 2–10
seconds of intense activity) as the
initially available fast-burning phos-
phates (ATP and PCr) deplete as seen
in running and cycling (1,15,33). Fail-
ure to supply sufficient ATP to the
muscles associated with paddling
(e.g., deltoids, subscapularis, triceps
brachii, latissimus dorsi, and trape-
zius), compounded with a reduction
of energy stores through muscle and
liver glycogen, blood glucose and PCr
(22,94) will likely cause decrements in
performance (1). This rapid glucose
breakdown will result in an increased
production of lactic acid.

Although recent research suggests that
the generation of lactic acid does not
impair skeletal muscle function or effi-
ciency (8,17,92), it is associated with
high anaerobic demand (86). The high
contribution of anaerobic metabolism
during intermittent sprint bouts
(16,32,54) results in increased reliance
on aerobic metabolism and reduced
capacity for explosive anaerobic move-
ments. Furthermore, the sprint paddle
duration will alter the relative energy
system contribution during repeated-
sprint exercise (i.e., contribution of
the aerobic metabolic system in longer
bouts) (85). Clearly, assessment of
physiological capacity of surfers and
response to various surfing activities
to gain a clearer understanding of the
metabolic systems used during such
dynamic intermittent exercise is
needed. The sections below provide
details on the current research outlin-
ing anaerobic power testing, pool-
based testing and aerobic fitness testing
as they relate to surfing.

ROLE OF ANAEROBIC POWER IN
SURFING

Anaerobic power is an important
determinant of surfing success because
it is required in the development of fast
and powerful strokes to help position
the board and/or increase speed to
catch a wave (50,55,57). Indeed, it has
been found that 4–5 powerful strokes
are required to gain the necessary

momentum to catch a wave, which is
performed approximately 13 times
during a 20-minute heat (30), therefore
highlighting the importance of the
anaerobic energy system. Surfers’
sprint paddling ability is also critical
for out-paddling opponents and thus
obtaining and maintaining a positional
advantage in the surf (83). Professional
surfers lacking upper-body paddling
power to catch the wave will likely
hinder their scoring chances because
of not being able to enter the wave
with speed and commit to “catch”
waves at a crucial take-off point (high-
er risk to fall from having to stand up
quickly); commitment is part of the
judging criteria (5). Therefore, with
a higher entry speed, the surfer can
generate board speed quickly, thus al-
lowing them to execute the first ma-
neuvers in the most critical section of
the wave with greater speed and
power to maximize scoring potential
(82). Although a number of studies
indicate that anaerobic power is likely
to be an important determinant of surf-
ing performance (29,49,50,55,57),
anaerobic characteristics of surfers
have only recently been examined
(29,49,79,82,83).

Research into anaerobic characteris-
tics may include measurements of
metabolic responses to exercise
(e.g., maximal levels of oxygen defi-
cit, oxygen debt and blood lactate
[BLa]) and/or investigating actual
physical performance (e.g., sprint-
ing/repeat sprint ability, stair-
running, vertical jump, and peak/
mean power output). In addition,
tests can take place in a laboratory
setting (e.g., ergometer-based tests
and isokinetic tests) or implemented
within the field (e.g., sprints on the
track and pool-based sprints) (18).
Currently, research specifically mea-
suring the anaerobic power output of
surfers has been conducted within
a laboratory setting using ergometers
(29,49,63,88) as well as speed and
peak velocities within field-based
pool testing (49,79,82,83).

Within a gym environment, 2 upper-
body relative strength tests related to
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paddling ability in surfers are measured
by the pronated pull-up and dip
(23,82). The 1 repetition maximum
pull-up and dip have been reported
to have high reliability (intraclass
correlation coefficient [ICC] 0.96–
0.99) and a smallest worthwhile
change of 3% in relative pull-up
strength and 4% in relative dip
strength, respectively. During such
testing, it has been documented that
associations were found between
upper-body pulling strength relative
to body mass and sprint paddling
time in the pool to 5, 10, and 15 m
(r 5 0.94, 0.93, and 0.88, respectively)
and peak sprint paddling velocity (r
5 0.66) (82). Although no differences
were found in anthropometric meas-
ures between groups of faster and
slower sprint paddlers, relative
upper-body pulling strength was
found to be superior (p 5 0.05) in
the faster group, with large effect (d
5 1.88) (82). Therefore, strength and
conditioning coaches can use such
protocols to examine possible differ-
ences between higher and lower
performers and correlations with per-
formance measures in a sport (23).

ANAEROBIC FITNESS TESTING

Ergometer-based testing. To examine
physiological responses to anaerobic
work, athletes are often assessed using
laboratory-based ergometer testing
protocols. Ergometer testing allows
for environmental conditions to be
easily controlled and other physiolog-
ical/metabolic variables to be easily
assessed. Studies involving land-based
(e.g., running and cycling) activity
have typically used a cycle ergometer
for testing (25,39); however, this does
not demonstrate upper-body endur-
ance/power output. One method of
assessing the physiological character-
istics of upper-body–dominated sports
(e.g., swimming) is to measure the ath-
lete’s paddling power output. A num-
ber of procedures have been
established and used to assess maximal
upper-body anaerobic power output in
paddling-based sports, including
bench swimming (36,41,48,63,73,88),
arm cranking (9,35,59,84,89), modified

kayak ergometer paddling (29), and
custom-made ergometer grinding (70).

Studies using these ergometer-based
methods have determined the test-
retest reliability of upper-body anaero-
bic power (9,35,59,70,84,89). Reliability
measures of testing methods are
important in determining whether the
values being reported are consistent
and produce matching or similar
(within a rational means) results when
repeated (test-retest). The reliability re-
sults of a test determine whether the
results from testing within the study
yield the same results on repeated trials
without individuals’ subjective influ-
ence or equipment function hindering
performance variables being measured.
Surfing-specific studies have assessed
the reliability of maximal and mean
power output during ergometer pad-
dling (49,63,88) and modified ergome-
ter paddling (29). These studies have
found that both peak (highest value
reported during testing) and mean
power outputs (mean power generated
between testing) are generally reliable
measures of performance with a high
reliability (coefficient of variation [CV]
, 7.3% and ICC . 0.97) both within
(29) and between days (49,88) during
a 30-second simulated swim (88), 60
second paddle test (63) and a 10-second
burst (29,49).

Although studies have determined
ergometer paddling to be reliable in
measuring performances, no studies
have reported on the validity of
such tests. A considerably higher
power output has been found in

competitive state junior surfers (348
6 78 W) (49) compared with nation-
ally ranked surfers (2056 54W) (29).
Such diverse results in power from the
different levels of athletes may ques-
tion the validity of these tests; how-
ever, it should be noted that it is
difficult to compare between these
two aforementioned studies. The
two surfing studies were performed
on different ergometers, Vasa Swim
Ergometer (49), and a modified Dan-
sprint kayak ergometer (29) (Figure 1),
with different surfboard paddling set-
ups and resistances, which likely con-
tributed to these discrepancies.
However, the two studies incorpo-
rated the same testing procedure,
recording anaerobic power during 6,
10-second maximal-intensity paddle
bouts, using the highest resistance set-
ting on each ergometer, respectively.
It was noted that a lighter resistance
resulted in a lower peak power output
reported from heavier (.80 kg) com-
pared with lighter athletes (,80 kg)
(49). These findings indicate the
importance of power output being re-
ported in relation to body weight of
each individual (watts per kilogram).
Indeed, it was found that a significant
relationship existed between the
ranking of national-level surfers and
anaerobic peak power output
(watts per kilogram) (29). Although
anthropometric variables of competi-
tive surfers and rank have been re-
ported as not significant (p . 0.05)
(10,50), male professional surfers ex-
hibiting optimized muscularity while

Figure 1. A modified Dansprint kayak ergometer.
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maintaining a relatively low body
mass index are suggested to be
favored (10).

However, ratio scaling (dividing the
performance variable of interest by
body mass) as such tends to favor
lighter athletes because it assumes
a linear relationship between body
size and performance, thereby
potentially penalizing heavier ath-
letes (7,40,65,90). The use of allome-
tric scaling however has been
suggested as a statistically tenable
alternative to ratio scaling by appro-
priately accounting for body size
differences in relation to the physio-
logical variable/s for normalizing
power in elite athletes when body
size is a confounding variable
(19,24,90). Indeed, allometric scaling
has been found to create an adjusted
performance measure from the test-
ing variable that retains no correla-
tion with body size and therefore
provides a better insight to an indi-
vidual or group when comparing
scaled results. When investigating
the allometric or power output rela-
tionship, it is essential to verify that
the residual errors following log
transformation of power and mass
are constant or show homoscedastic-
ity (91). Allometric scaling however
has not been used within surfing lit-
erature to date. Implementation of
this method could be applied within
future research investigating such
performance measures within a range
of different surf athletes.

The paddling power output measures
recorded can also serve as an indica-
tion of a surfer’s maximal-intensity
exercise capability, thus potentially es-
tablishing normative values for varying
standards of surfing ability (49). In
addition, coaches can test for train-
ing-/detraining-induced changes in
paddling power output. However,
given the limited research examining
validity and reliability of these tests,
there is no known information detailing
the smallest worthwhile change in per-
formance during ergometery testing in
surfers (49). Therefore, further assess-
ment of the accuracy, performance

changes, and validity of testing meth-
ods is warranted, especially when
equipment is modified to assess perfor-
mance outside the ergometer’s de-
signed use.

As a final point, research that directly
compares maximal anaerobic power
output produced during ergometer
testing with on-water paddling speed
or power output has not been investi-
gated. This highlights an important
gap in the research. Indeed, it is likely
that the kinetics and movement kine-
matics of laboratory-based ergometer
paddling are likely to differ from actual
surfboard paddling in the water (28).

Pool-based testing. Given the nature
of the sport, pool-based testing may
seem more realistic and appropriate
for the assessment of surfing perfor-
mance. A benefit of pool-based testing
when compared with ergometer test-
ing is that it may better replicate the
physical demands of actual paddling.
Indeed, it has been shown that pad-
dling with both arms and legs is faster
(0.166 0.11 m$s21) than paddling with
arms alone (49), which highlights the
importance of power output from both
the upper body and lower body during
maximal surfboard paddling. Further-
more, it has been reported that
pool-based surfboard sprint paddling
can discriminate between the level of
surfing ability based on sprint paddle
speeds and peak velocities (79,82,83).

One of the more favorable methodol-
ogies when examining anaerobic per-
formance and force exerted within
swimming studies is through tethered
swimming (3,4,61,62,64,75). This
sport-specific test involves swimmers
paddling, with a cabled belt attached
around their waist providing horizontal
resistance so that the swimmer remains
stationary. Once the athlete begins
swimming with the cable fully
extended, data are collected after the
first stroke cycle, with the force exerted
on the cable measured by a load cell
(3). This method of testing has been
shown to be a valid and reliable way
to measure power output (4,75), with
mean force calculated from the test

suggested to be the best predictor of
swimming performance, across all
swim strokes and distances (61,64).
Although studies have suggested that
this method does not influence stroke
and the physiological responses com-
pared with free swimming (61), this has
not been thoroughly examined. Indeed,
it is plausible that a cable tied around
a surfer’s waist while lying prone on
a surfboard could potentially cause dis-
comfort; therefore, investigation into
this method is warranted. Currently,
pool-based testing for surfers is imple-
mented with a horizontal position
transducer clipped onto the surfer’s
swimwear when sprint paddling
(49,79,80,82,83). Future research is
needed to compare tethered swimming
and horizontal position transducer
testing and determine differences in
performance measures and whether
one method is more favorable (practi-
cal, reliable, and valid) for testing surf-
ing athletes.

The maximal sprint paddling perfor-
mance in surfers has only recently
been examined, with surfing athletes
performing 10-s (49), 15-m
(79,80,82,83), and 40-m (79) maximal
sprint paddle efforts in a 25-m swim-
ming pool on their own surfboard,
using both arms and legs (49) or arms
only (49,79,80,82,83). During these
studies, peak speeds reached during
sprint efforts were recorded using
a custom-made horizontal position
transducer (SP5000, Applied Motion
Research, Gold Coast, Australia) (49)
at a displacement frequency of 0.01 m
(Speed Probe; Applied Motion
Research, Southport, Australia) (79)
or 0.02 m (I-REX, Southport, Austral-
ia) (82,83). The pool-based testing has
been indicated to be reliable (ICCs: r5
0.99, p # 0.01) (49), with the typical
error of measurement (%TEM) for
each distance segment reported as
4.4%, (5 m), 2.6% (10 m), between
1.1% (83) and 2.1% (82) for 15 m, with
peak paddling velocity as 2.2% (82).
Therefore, such results to date indicate
that the use of a horizontal position
transducer to assess sprint paddle
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ability in surfers indeed offers high reli-
ability and practicability.

Differences between studies in fre-
quency of displacement recordings
and time between the warm-up and
performance test (2 minutes (82,83)
compared with 3 minutes (79)) limit
the extent to which results of these
studies can be compared (Table 1).
However, there have been novel find-
ings from these studies. Large signifi-
cant differences have been identified
between males and females for times
to 5 m, 10 m, and 15 m, as well as for
the maximum recorded velocity (80). In
addition, a relatively large difference
was observed in peak sprint paddling
velocity between the elite and compet-
itive junior surfers (83), suggesting
appropriate discrimination between
athletes and validity of the measure-
ments. The times and peak velocities
recorded from the recent studies pro-
vide valuable information into surfers’
anaerobic paddle performance.

Preliminary research suggests that
surfing athletes should be aiming to
improve sprint paddle performance
and paddling velocities, which would

be a competitive advantage and war-
ranted when paddling into bigger
waves (29,50,55,57). Specifically, world
tour competitive surfers should be aim-
ing to paddle 5 m ,4 seconds, 10 m
,7.5 seconds, and 15 m ,10 seconds,
with peak paddling velocities of 1.7
m$s21 or higher (as presented in
Table 1), specifically in surf conditions
that may require faster paddling such
as bigger, faster breaking waves. As
a final point, it is possible that some
athletes perform more explosive move-
ments and require greater anaerobic
capacity while surfing. However, this
line of investigation has not yet been
examined. Indeed, further research is
required to determine the success and
energy expenditure of various styles
of surfing.

Summary. In conclusion, anaerobic fit-
ness is an important factor in surfing
performance, required for catching
waves with high momentum,
out-paddling opponents, and obtaining
and maintaining positional dominance
over fellow competitors. In addition,
physiological attributes (e.g., ATP-PCr
and glycolysis supply) may be

important aspects of competitive surf-
ing performance. However, research
has only recently investigated anaero-
bic power output by ergometer testing
(29,49) and pool-based sprint paddle
tests (79,80,82,83), with such methods
exhibiting good test-retest reliability
and corresponding indicators of perfor-
mance (discriminate between competi-
tive levels and surfing ability) suggest
validity (29,83). Pool-based testing con-
versely has a number of limitations;
whereby it is difficult or impractical to
collect data on other physiological/
metabolic variables such as oxygen con-
sumption, BLa, and HR measures.
Physiological variables such as these
would be useful when examining
energy system utilization and adapta-
tions to training. Furthermore, the
ergometer testing methods also present
limitations such as the power output
compared with water paddling output,
kinetics and movement kinematics, and
practicality of the test. The limited num-
ber of studies on surfers’ anaerobic fit-
ness confounds our ability to draw
concise conclusions. As such, further
research is needed to draw clear con-
clusions on anaerobic fitness testing

Table 1
Mean segment paddle times (s) and peak velocities (m$s21) recorded from studies to date from varying athlete

competencies

Study Time (s) to 5 m Time (s) to 10 m Time (s) to 15 m Peak velocity (m$s21)

Secomb (79) 4.20 6 0.43a 7.22 6 0.62a 10.24 6 0.85a 1.73 6 0.1a

4.42 6 0.60b 7.54 6 0.86b 10.70 6 1.15b 1.67 6 0.14b

Sheppard et al. (82) 3.29–3.98 6.13–7.08 8.95–10.18 1.68–1.93

Sheppard et al. (83) EJ 3.96 6 0.30 EJ 7.08 6 0.49 EJ 10.23 6 0.11 EJ 1.17 6 0.08

CJ 4.35 6 0.25 CJ 7.69 6 0.44 CJ 11.04 6 0.63 CJ 1.11 6 0.05

Secomb et al. (80) Males 3.74 6 0.35 Males 6.65 6 0.56 Males 9.59 6 0.78 Males 1.77 6 0.13

Females 4.34 6 0.31 Females 7.65 6 0.56 Females 11.01 6 0.81 Females 1.55 6 0.12

Current top 3 professional
tour surfers’ data

Males 8.40–8.72 Males 1.95–2.04

Females 9.89–10.07 Females 1.68–1.74

aPresurf results.

bPostsurf results.

CJ 5 competitive junior group; EJ 5 elite junior group.
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protocols and to better validate testing
methods.

AEROBIC FITNESS

One of the key components of physical
fitness is aerobic endurance and the
ability to withstand moderate-high
intensity exercise for prolonged periods
(44). During surfing, the majority of
time is spent working at a submaximal
level such as during the long paddling
bouts encountered (50,52). Surfers can
endure up to 3 minutes of strenuous
work when paddling out through the
breaking waves and then paddle across
to the wave sets for another 40–50 sec-
onds to get to the take-off zone (30).
These durations use the aerobic energy
system because of the amount of time
spent paddling and distances covered
(1806 m per 20 minutes of heat) (30).
In addition, surfing involves repeated
measures of low-intensity paddling,
combined with intermittent high-
intensity bouts of sprint paddling inter-
calated with relatively short recovery
periods (32% (81) to 64% (30) of total
surf time spent between 1 and 10 sec-
onds) and intermittent breath holding
(30,56). As a result of these demands,
aerobic capacity is likely to be an
important determinant of performance
in the sport (29). Those with lower aer-
obic capacities are likely to fatigue
quicker, whereas those with greater
training and higher cardiorespiratory
endurance are likely to demonstrate
the ability to sustain prolonged total
body exercise (93).

BLa sampling is often used as an indi-
cator of an athlete’s index of endurance
performance, intermittent exercise per-
formance, and lactate threshold (16,94).
Three studies to date (12,48,58) have
reported on BLa measures in surfers
from ergometer paddle testing. BLa
concentration has been reported to be
significantly greater (p # 0.05) in recre-
ational juniors (2.4 mmol$L21) than
that in competitive junior surfers
(1.6 mmol$L21) during submaximal
paddling (48). Furthermore, higher
peak values have also been reported
for regional level competitive surfers
(8.0 6 0.83 mmol$L21) over higher

competitive-level surfers (7.5 6 1.3
mmol$L21) and recreational junior surf-
ers (8.26 2.7 mmol$L21) over compet-
itive juniors (6.86 1.1 mmol$L21) after
testing (48). These results may suggest
that those with a lower level of surfing
ability have a lower threshold level, thus
not being able to quickly clear lactate
that has already been produced.

It has been suggested that surfers
of a higher competitive level with
a higher lactate threshold may endure
demands of surfing better than lower
competitive-level athletes, and as such,
delay fatigue-induced impairments in
fine motor skills (58). Indeed, it has
been reported that competitive surfers
had significantly (p5 0.01) higher BLa
threshold over lower-level competitive
surfers (58) working at a higher exer-
cise intensity at a blood concentration
of 4 mmol$L21. Furthermore, the lac-
tate threshold also correlated (p 5
0.03) with end of year surfing rank
(58). Such results highlight that surfers
who are more successful may have the
ability to clear lactate quicker, produce
lactate at a slower rate, and tolerate
a higher workload. However, further
physiological studies and BLa sam-
pling within surfing is needed to sup-
port this suggestion. Moreover,
determinants of a successful endurance
athlete include a high V̇O2max, the
ability to delay the onset of excess lac-
tate production, and the ability to
quickly clear lactate that has already
been produced (2,43,94). Therefore, it
is feasible that surf athletes who have
greater endurance may withstand high
anaerobic demands better, thus pro-
ducing greater force, maintaining high-
er workload levels, and fatiguing at
a slower rate compared with athletes
who do not. This physiological advan-
tage may provide a competitive advan-
tage by allowing for out-paddling
competitors, setting up for a prime
take-off position in the wave, and the
ability to catch more waves due to
slower fatigue rates.

AEROBIC TESTING

The aerobic energy system is the pri-
mary method of energy production
during endurance events, requiring

oxidative production of ATP through
the mitochondria. Because of the body
storing limited oxygen, the amount of
oxygen that enters the blood and
passes through the lungs is directly
proportional to the amount used by
the tissues for oxidative metabolism
(94). From this process, measuring
the amount of oxygen consumed can
provide an indication of aerobic energy
production. Maximum oxygen uptake
(V̇O2max) is widely recognized as one
of the best measures of aerobic capac-
ity (26,37,46,94). Typically, a plateau in
oxygen consumption within the
increased workload during a maximal
exercise test is the criterion used for
determining attainment of V̇O2max
(26,37). The V̇O2max value is a direct
indicator of the ability to supply energy
for muscle contractions during aerobic
exercise (42) and is the measurement of
the greatest amount of oxygen that
a person can receive and spend during
1 minute of exercise (53).

Ergometer-based aerobic fitness test-
ing. The first surf-specific study
investigating V̇O2max of competitive
surfers was implemented by assessing
athletes using the Astrand-Ryhming
nomogram (predict V̇O2max from
HR response) on a bicycle ergometer,
with results demonstrating an aver-
age V̇O2max of 70.2 6 10.7
mL$kg21$min21 (52). However, cau-
tion is needed when interpreting
these values, especially given testing
procedures were not relevant to the
sport of surfing (i.e., cycle ergometry).
The estimated V̇O2max values re-
ported were unusually high com-
pared with other main stream sports
that require a substantial aerobic
capacity (e.g., middle and long dis-
tance running 72 mL$kg21$min21;
cycling 62–74 mL$kg21$min21; row-
ing 60–72 mL$kg21$min21; swim-
ming 50–70 mL$kg21$min21 (94)).
Furthermore, the estimated V̇O2max
values from surf athletes were 4.73
L$min21 (52), whereas in comparison,
swimming studies have reported lower
values using tethered swimming (3.22
L$min21) (87), (3.60 L$min21) (45) and
treadmill running (4.03 L$min21) (45).
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Because of the amount of paddling per-
formed in surfing, it may be more rele-
vant and realistic to use arm-only
exercise testing to measure V̇O2max in
surfers. There are large differences
between V̇O2max values produced by
tests involving exercise with just arms
or just legs (i.e., cycle). Indeed, it has been
reported that arm-only exercise testing
generally provides values that represent
70% of the V̇O2max values produced by
leg-only tests (78). Since the original surf
study, various laboratory protocols (teth-
ered board paddling, prone hand crank-
ing, and treadmill running) have been
used to determine the most suitable test
to measure V̇O2peak (highest value of
V̇O2 attained during testing) values in
surfers (51). Findings suggested that
hand cranking is a valid aerobic test
and is safer and easier to implement
compared with other protocols (51).
However, the hand-cranking test per-
formed had participants paddling while
strapped at the chest, waist, and thighs to
a bench using a modified cycle ergome-
ter. Such testing may alter the kinetics
and movement kinematics different to
those seen during actual surf paddling,
which warrants further investigation.

More recent studies have further inves-
tigated swim bench ergometery to
measure surfers’ peak oxygen con-
sumption (12,48,55). Two similar stud-
ies (12,55) used a protocol that included
incremental workloads starting at 25W
and 20 W, respectively, and increased
by a further 25 to 20 W, respectively,
each minute, until maximal voluntary
exhaustion. Similarly, Loveless and
Minahan (48) used an incremental pad-
dling test that consisted of 4, 3-minute
constant load work stages (10%, 15%,
20%, and 25% of peak power achieved
from a 10-second pool test), followed
by a ramp increase in power output of
20 W per 30 seconds until exhaustion.
No significant differences (p 5 0.39)
were reported between the recreational
and competitive surfers for peak oxygen
uptake (V̇O2peak) (48). Although these
studies were implemented using similar
equipment, direct comparison between
these three studies is difficult given the
testing protocol variations. Three other

surf studies (11,29,58) used a continuous
incremental land-based board paddling
test to determine specific V̇O2peak.
These studies used a modified wind-
braked kayak ergometer with a surf-
board fitted and fixed at the rails,
allowing subjects to adopt a prone posi-
tion and simulate surfboard arm pad-
dling by pulling alternately on hand
paddles (29,58) (Figure 1). The contin-
uous incremental test (58) reported
measures using four 3-minute stages,
with 30, 45, 60, and 75 W increments
and a maximal effort to volitional
exhaustion after the fourth workload.
In comparison, Farley et al. (29) adop-
ted an incremental ramp test starting at
20 W, followed by an increase in power
output of 5 W every minute until voli-
tional exhaustion and Barlow et al. (11)
started at 20 W for 3 minutes, increas-
ing power output by 10 W every 3 mi-
nutes until volitional exhaustion. In
agreement with previous work (48), these
studies also reported no statistically sig-
nificant differences between V̇O2peak
achieved by surfers of different competi-
tive levels (p5 0.77) (58), nor correlations
between the V̇O2peak and end of year
season rank (r 5 20.14, p 5 0.64) (58),
(r 5 20.02, p 5 0.97) (29), and national
rank (r 5 20.405, p 5 0.097) (11).

As ergometer-based studies have
shown no significant differences
between the V̇O2peak level of surfers
in different competitive levels or corre-
lations with season rank and V̇O2peak,
it seems V̇O2peak levels of surfers are
not a discriminating measure of surfing
performance. However, it is plausible
that a certain aerobic level is still
required for the sport given the aero-
bically stressful scenarios surfers
encounter as demonstrated in Table 2,
through a comparison of aerobic fit-
ness values in male surfers.

Influences of surfing and variables
accountable for VȮ2peak values.
Although no significant differences
have been reported previously between
competitive-level surfers, there seems
to be a difference between competitive
and recreational surfers (Table 2),
which may warrant further investiga-
tion. This may be of particular interest

to coaches, given that the higher level
of aerobic fitness may be attributed to
the number of surfing hours performed
each day per week. Moreover, it has
been suggested that the similar V̇O2-

peak values achieved by surfers of dif-
ferent competitive levels may reflect
similar training volumes (surfing-spe-
cific training 18 hours a week (31,48)
and approximately 4 hours land-based
training (31)) and therefore, the devel-
opment of similar physiological adapta-
tions regardless of competitive level
(58). In other words, it may be sug-
gested that the V̇O2peak values re-
ported are likely to be the outcomes
of surfing practice (56), which in other
sports (e.g., soccer and rugby codes)
would be considered routine training/
skill practice, but because of the nature
of surfing, athletes may not consider
surfing as specific training. Further-
more, the physiological adaptations to
surfing practice related to the predom-
inant local surfing conditions and envi-
ronment (i.e., size and power of waves,
type of waves, typical swell regularity
and period of swell between sets, water
temperature, and weather elements)
may cause variations in the physiolog-
ical adaptations that occur as a result of
surfing practice (51,56). This may in
turn influence the V̇O2peak values
achieved. For example, it is likely that
surfing at a point break (surf wraps
around a headland running perpendic-
ular to shore) with a longer swell period
(time between waves) and moderate
wave size and power would tax the
metabolic system to a lesser extent as
opposed to an exposed beach break
with prominent ground swell, strong
currents, and shorter swell periods. This
difference is due to the beach break
requiring more time spent paddling,
paddling at a faster rate to get beyond
the breaking waves, and increased duck
diving through waves; all of which tax
the aerobic system.

Testing implications on results. Inter-
estingly, since the first surfing study,
surfers’ V̇O2peak levels reported from
more recent studies have considerably
decreased (Table 2). It is likely that dif-
ferences in V̇O2peak values reported
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Table 2
Comparison of mean (6SD) aerobic values in male surfers from studies to date

Study No. subjects Age (y) Subjects Testing mode
(body position)

V̇O2max
(L$min21)

V̇O2peak
(mL$kg21$min21)

HR max
(b$min21)

Peak power
output (W)

Nonsurfers

Morton and Gastin
(63)

7 21.0 6 1.0 Surf-lifesavers Swim bench (prone) 2.94 6 0.14 40.4 NA NA

Nonprone surf testing

Lowdon and
Pateman (52)

76 22.2 6 3.2 International surfers Bicycle ergometer 4.73 6 0.81 70.2 6 10.7 148 6 12 NA

Lowdon et al. (51) 12 20.7 6 1.2 College surfers Treadmill running 4.02 6 0.44 56.3 6 3.9 191 6 6 NA

Surf-specific prone
testing

Lowdon et al. (51) 12 20.7 6 1.2 College surfers Tethered board paddling
(prone)

2.87 6 0.04 40.4 6 2.9 178 6 9 NA

Lowdon et al. (51) 12 20.7 6 1.2 College surfers Hand cranking (prone) 2.95 6 0.38 41.6 6 4.0 177 6 7 NA

Meir et al. (55) 6 21.2 6 2.8 Recreational surfers Swim bench (prone) 3.75 6 0.83 54.2 6 10.2 180 6 6 NA

Mendez-Villanueva
et al. (58)

7 25.6 6 3.4 Competitive surfers
(European level)

Arm paddling (prone)
modified kayak ergometer

3.34 6 0.31 50.0 6 4.7 176 6 13 154 6 37

Mendez-Villanueva
et al. (58)

6 26.5 6 3.6 Competitive surfers
(regional level)

Arm paddling (prone)
modified kayak ergometer

3.40 6 0.37 47.9 6 6.3 183 6 13 118 6 27

Mendez-Villanueva
and Bishop (56)

5 NA Competitive surfers Arm paddling (prone) 3.52 6 0.38 NA 174 6 9 NA

Loveless and
Minahan (48)

8 18.0 6 1.0 Competitive junior
surfers

Swim bench ergometer 2.66 6 0.35 39.5 6 3.1 188 6 7 199 6 45

Loveless and
Minahan (48)

8 18.0 6 2.0 Recreational surfers Swim bench ergometer 2.52 6 0.50 37.8 6 4.5 194 6 5 199 6 24

Farley et al. (29) 8 20.4 6 6.6 Competitive national-
level surfers

Arm paddling (prone)
modified kayak ergometer

3.06 6 0.32 44.0 6 8.2 190 6 11 158 6 21

Barlow et al. (12) 19 26.5 6 7.4 Recreational surfers Swim bench ergometer 2.6 6 0.5 35.9 6 6.1 182

Barlow et al. (11) 18 15.4 6 1.4 Competitive national-
level junior surfers

Arm paddling (prone)
modified kayak ergometer

3.1 6 0.5 47.7 6 7.2 NA 97.6 6 14.1

Adapted from Farley et al. (27).
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from the earlier studies are due to
methodological differences. For exam-
ple, differences in the subjects, cardio-
respiratory equipment, and ergometers
used and variations in testing protocol,
including the variations of the incre-
mental ramp protocol, may have all
affected the resulting V̇O2peak values.
The incremental ramp protocols can
influence the results recorded due to
the difference in loads athletes are
required to perform at, and the dura-
tion each load is performed for during
testing (13). Testing protocols with
longer durations spent performing at
each load increment ($3 minutes) will
provide sufficient time for V̇O2 to
increase and plateau before starting
the next workload. In contrast, proto-
cols involving shorter durations spent
at each load increment (,3 minutes)
can lead to an increase in load before
V̇O2 has actually plateaued. Although
such protocols do not normally affect
the V̇O2max values produced
(14,72,97), it may alter the speed at
which athletes attain V̇O2peak (13). If
protocols are too long (.12 minutes),
surfers may experience considerable
fatigue, resulting in V̇O2peak values that
are lower than normal (96). However,
if protocols are too short (.7 minutes),
they will not allow sufficient time for
V̇O2 to increase, consequently such
protocols become anaerobic tests, par-
tially so with recreational athletes (6).

The power output that these incre-
mental tests are set at will also dictate
V̇O2peak results. It has been reported
that during 2 graded cycling tests,
Pmax (lowest power output that coin-
cided with the initial plateau in V̇O2m-
ax) and peak aerobic power were
significantly lower (p , 0.05) during
the 50 W per 3 minutes protocol com-
pared with the 35 W per minute pro-
tocol (71). The difference in power
output and segment times also dictates
the total workload required during
a protocol, which was found to be sig-
nificantly lower using Pmax values
from the 35 W per minute stage (71).

Protocols from surfing studies to
date vary in workloads. Two similar
studies (12,55) included incremental

workloads starting at 25 W and 20
W, respectively, and increased by a fur-
ther 25 to 20 W, respectively
each minute, until maximal voluntary
exhaustion. Whereas two other similar
studies (48,58) used 4, 3-minute work
stages at either 10%, 15%, 20%, and
25% of peak power achieved from
10-second pool test or 30, 45, 60, and
75 W, followed by a ramp increase in
power output of 20 W per 30 seconds
until exhaustion, or a maximal effort to
volitional exhaustion after the fourth
workload, respectively, which in com-
parison is a lot slower in terms of watts
per increment (12,55). In comparison,
Farley et al. (29) adopted an incremen-
tal ramp test starting at 20 W, followed
by an increase in power output of 5 W
every minute until volitional exhaus-
tion, which equals the watts per stage
as Mendez-Villanueva et al. (58), and
Barlow et al. (11) started at 20 W for
3 minutes, increasing power output by
10 W every 3 minutes until volitional
exhaustion. Therefore, practitioners
should be wary of the power outputs
and durations when commencing such
aerobic tests with surf athletes.

Finally, differences in the paddling
stroke and resistance used during the
test would alter the onset of muscular
fatigue and conceivably the V̇O2peak
measured. For example, differences in
muscle recruitment as a result of body
positioning (simulated paddle vs. bike
ergometer) during ergometer exercise
has been reported to alter the hemo-
dynamic and performance parameters
during exercise (56). In addition, the
athletes preferred stroke rate may also
be relevant. Therefore, the V̇O2peak
values obtained during the varying
arm paddle protocols would produce
different results. Despite the partici-
pants adopting a prone position during
the simulated paddle testing, it has
been suggested that the V̇O2peak re-
sults (3.26 L$min21) produced through
ergometer surfboard paddling are 20%
higher than those produced by an
active young male population tested
with seated arm ergometery (2.57
L$min21) (56).

Pool-based aerobic testing. In con-
trast to the ergometer paddle testing
traditionally implemented and con-
fined within a laboratory, pool-based
testing may offer more ecological val-
idity, but has only recently been inves-
tigated. Currently, a pool-based
aerobic test involving a timed 400-m
endurance surfboard paddle (20-m up
and back course, with participants
completing a 1808 turn at each end,
while lying prone on the surfboard) is
being used as a discriminator of surfing
performance, reflecting individual
endurance surfboard paddling capabil-
ities (83). As such, it has been reported
that elite junior surfers are faster over
the 400-m (324 6 25 seconds) com-
pared with the competitive juniors
(360 6 18 seconds; p 5 0.08, d 5
0.9) (83). Supporting this information,
Farley et al. (28) reported that the
400-m paddling times and the average
aerobic speeds were significantly faster
(p , 0.01) in higher level competitive
surfers (world championship tour,
world qualifying series, and national
selection team) compared with those
in recreational surfers and those of
a lower competitive level. Therefore,
the 400-m endurance surf paddle test
seems to provide greater context of val-
idity (compared with ergometer test-
ing, and assess physical qualities that
relate to performance in surfing) and
is more practical to implement as
a field-based test to determine surf
athletes’ average aerobic speed and
examine paddling endurance of surfers
(28,83). Such performance results from
testing can also be used for developing
training programs.

It should be noted that there are cur-
rently no reliability measures for the
400-m time trial given the tiring nature
of test-repeat, making it difficult to
repeat to the same standard (83). In
addition, during the 400-m endurance
paddle test, it is difficult to test for met-
abolic changes compared with the ease
during an ergometer test in the labora-
tory. However, studies have imple-
mented pool-based V̇O2max testing of
swimmers (67,68,74,76,77), so there is
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feasibility of doing such testing with
a pool-based protocol for surfers.

It has been reported that the values
of maximal oxygen consumption
during pool-based testing are depen-
dent on testing protocols, with the
greatest value of V̇O2max occurring
during whole-body swimming (3.23
L$min21), over leg kicking (2.93
L$min21) and arm stroke only
(2.53 L$min21) during swimming
(68). To measure the V̇O2max during
swimming, 3 specified methods have
been suggested: (a) direct measure-
ment of V̇O2max using masks and
a gas analyzer; (b) direct collection of
expired air during tethered swimming;
and (c) measurement of V̇O2max after
swimming on the basis of expired air
samples (21). The first 2 methods are
not sufficient because the use of equip-
ment influenced the swimming tech-
nique and led to higher oxygen
consumption. The third method has
been suggested as the most practical.
The testing involves analysis of the air
samples collected when a participant
exhales into a Douglas bag for 20 sec-
onds immediately (no more than 1 sec-
ond) after a maximal paced 400-m
swim (swimmers are asked to take
a breath and delay an exhalation at
about 1 stroke before the end of the
swim). It has been suggested that the
results from this method in swimming
were as objective and valid as other
methods (60). As such, this method
has been implemented in other
swimming-based studies (20,69,74,76),
with appropriate procedures used to
determine the levels of O2 and CO2,
with maximal oxygen consumption
determined by the backward extrapo-
lation method (47,60,76). From these
studies, it seems that pool-based testing
of swimmers produces significantly
higher V̇O2max values than the tests
involving a hand ergometer (67) or
a bicycle ergometer (77). The higher
results are likely due to the amount
of muscle mass used during the swim-
ming action, which is greater than that
used in ergometer testing (42). A valid
point from this type of testing is that
V̇O2max, the stroke length at

submaximal speed, stroke index, and
other parameters are the main predic-
tors of success in the 400-m freestyle
(38). Perhaps researchers could inves-
tigate these variables and time to com-
plete 400-m as discriminators of
performance in surfers. Future studies
could possibly implement a protocol
involving the 400-m maximal surf pad-
dle, using a Douglas bag for air analysis
and compare athletes’ testing sessions
through relative value (milliliter per
kilogram per minute) measures.

Summary. Aerobic fitness is essential
for surfing given the aerobically stress-
ful scenario surfers encounter. Such
scenarios include long and intermit-
tent paddling bouts and the ability to
recover quickly from demanding tasks
such as sprint paddle bouts, wave
hold-downs, and repeated duck diving
requiring breath holding under
advancing broken waves (48–52,55–
58). To date, research investigating
surfers’ aerobic fitness provides an
insight into the physiological charac-
teristics of surfing athletes; however,
such research is very limited and com-
parisons influenced by methodological
discrepancies. Surfing-specific proto-
cols such as tethered board paddling
(51), arm cranking (51), swim bench
ergometers (48,49,55), and modified
kayak ergometers (12,29,58) have been
used to investigate peak or maximal
aerobic capacity (V̇O2peak or V̇O2m-
ax). From these studies, it has been
suggested that the aerobic fitness of
surfers (38–56 mL$kg21$min21) is
comparable with that in other sports
involving upper-body paddling, such
as swimmers (50–70 mL$kg21$min21)
(45) and surf-life savers (40
mL$kg21$min21) (63). However, the
protocols used during these studies
limit our ability to draw clear conclu-
sions and comparisons due to differ-
ences in areas such as test protocols,
subjects, and equipment. Interestingly,
no significant correlations have been
reported between competitive surf-
ers’ season ranking and their relative
V̇O2peak values (29,48,58), suggest-
ing V̇O2peak is not a discriminating
performance variable. However, it is

still highly likely to be an important
aspect given the values reported and
characteristics of the sport.

Pool-based 400-m timed surfboard
paddle testing has provided discrimi-
natory data among competitive-level
surfers, therefore, suggesting it is
a more practical field-based test in
determining endurance values (28,83).
Yet such testing is limited by the prac-
ticability to adequately test metabolic
changes. However, studies have imple-
mented pool-based V̇O2max testing of
swimmers (20,60,69,74,76) through the
use of Douglas bags by determining
levels of O2 and CO2, with the V̇O2max
determined by the backward extrapo-
lation method (47,60,76). As such,
there is potential that this method
could be used to measure metabolic
changes/levels in surfing athletes while
surfboard paddling in a swimming
pool. Such a method may be warranted
to further advance knowledge and test-
ing protocols in this sport.

CONCLUSION

To date, research investigating surfers’
aerobic and anaerobic fitness is very
limited, particularly with competitive
surfing athletes, which is surprising
considering the suggested high meta-
bolic demands of surfing. The varia-
tions in surfing studies indicate that
physiological testing protocols are cur-
rently not well defined or established,
hindering our ability to draw clear
conclusions.

Anaerobic power, an important factor
of the sport, especially during intermit-
tent sprint bouts, has only recently
been investigated through ergometer
testing and more recently through
pool-based sprints. These studies have
suggested that the different protocols
are reliable methods for recording
anaerobic power and provide discrim-
inatory data on athletic performance.
It should be noted that kinetics and
movement kinematics of ergometer
testing are likely to be very different
to those of actual surfboard paddling
in the pool, accordingly more field-
based testing is warranted. Pool-based
testing thus far, however, has provided
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limited metabolic information, high-
lighting an additional area for further
research. Specific upper-body physio-
logical attributes (e.g., ATP-PCr and
glycolysis supply) are an important
aspect of competitive surfing perfor-
mance. However, the examination of
energy system utilization has been
somewhat overlooked, with limited
published information on this specific
subject.

Current research on the aerobic fitness
levels in surfers indicates that they pos-
sess a moderate-high aerobic level that
is comparable with other athletic
groups such as competitive swimmers
and surf-life savers. Given that aerobic
fitness is considered a fundamental
requirement of the sport, it is interest-
ing that there has been no significant
correlation reported between the surf-
er’s end of year season ranking and
relative V̇O2peak values. Therefore, it
can be suggested that V̇O2peak from
competitive surfers is not a defining
measure of surfing ability; however,
a 400-m endurance paddle does pro-
vide discriminatory data among
competitive-level surfers, reflecting
individual endurance surfboard pad-
dling capabilities. Therefore, aerobic
capacity is an important requisite for
surfing performance, given the re-
ported prolonged moderate to high
levels of aerobic fitness in surf athletes
and the intermittent repeated paddling
demands of the sport.

PRACTICAL APPLICATIONS

Providing that out-paddling an oppo-
nent to a wave, gaining priority, and
withstanding the demands of constant
paddling are of upmost importance;
improvements of the upper-body mus-
cular endurance and power should be
implemented in surfers’ training pro-
grams. Training muscular and meta-
bolic systems would likely put these
athletes at an advantage over those
who do not train with adequate pro-
grams, therefore increasing chances of
winning and furthering their profes-
sional career. With the importance
and requirement for aerobic endurance
paddling and anaerobic power in

surfing, future research needs to be con-
ducted to expand our knowledge on
the physical demands of the sport
and to validate appropriate testing/
training protocols. Recommendations
for future research include investigating
BLa through repeat sprint protocols
and/or 15-m sprint tests. Investigating
V̇O2max using the 400-m maximal surf
paddle with a Douglas bag for air anal-
ysis and comparing athletes’/testing
sessions through relative value (millili-
ter per kilogram per minute) measures,
stroke length at submaximal speed, and
time to complete the 400-m are ideas
for future pool-based research. In addi-
tion, studies could investigate compar-
ing the metabolic responses between
studies using ergometer testing and
pool-based testing. Furthermore, lon-
gitudinal studies examining the physio-
logical/metabolic responses and
adaptations to surf training in various
surf conditions are recommended.

From a strength and conditioning per-
spective, coaches can implement the
tests mentioned within the review as
a battery of tests for investigating
adaptations/detraining changes during
training program for surfers. For exam-
ple, the upper-body strength tests
(23,82) can be implemented on 1 day,
with the pool-based sprint paddle trials
(82) and the 400-m (83) endurance
paddle used the following day, after
adequate rest time between each test
(i.e., 10-minute recovery) (82). How-
ever, further research is required to bet-
ter understand the effects of fatigue on
performance during subsequent tests.
Ergometer testing could be used as
an alternative to 400-m endurance pad-
dling or on a separate day for metabolic
assessments. Little is known on the
optimal implementation of these tests
within a structured training program.
However, clearly various tests within
this article may be beneficial to coaches
and athletes wishing to better under-
stand the effects of a given training
intervention on physiological function
and performance. Likewise, the tests
outlined in this review may also high-
light physiological and performance
characteristics of surfers that warrant

attention or focus. Such data will assist
coaches and athletes in the develop-
ment of informed structured training
programs for surfers.
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