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Abstract

This randomized controlled trial examined whether repeated-
sprint training (RST) performed on sand or grass induces different
adaptations in collegiate soccer players. Forty-two male players
were randomly assigned to a sand-RST group (SAND, n= 14), a
grass-RST group (GRASS, n = 14), or a control group (CON, n =
14). SAND and GRASS performed repeated-sprint training dur-
ing two scheduled training sessions per week for six weeks,
whereas CON completed standard technical soccer training of
equivalent duration during the same two weekly sessions. All
groups continued the same regular team training program, with
the intervention delivered within two scheduled weekly sessions.
Before and after the intervention, participants completed vertical
jump tests including squat jump and countermovement jump, a
running based anaerobic sprint test with peak, mean, and mini-
mum power and fatigue index, and a graded treadmill test provid-
ing VO2max, anaerobic threshold, and running economy. Baseline-
adjusted analyses were conducted to examine between-group dif-
ferences (ANCOVA for outcomes meeting model assumptions;
mixed-design ANOVA when assumptions were violated). These
analyses showed significant Group by Time interactions for all
jump and running based sprint variables and for VOamax and an-
aerobic threshold (p < 0.01), whereas the interaction for running
economy was not significant (p = 0.15). Compared with GRASS,
SAND showed greater improvements in squat jump (p < 0.01),
mean power (p = 0.03), minimum power (p < 0.01), and fatigue
index (p < 0.01). Aerobic adaptations were comparable between
sand and grass, and no clear surface specific advantage was ob-
served for running economy. In conclusion, implementing RST
within scheduled team sessions improved jump performance, re-
peated-sprint performance indices, and aerobic fitness in colle-
giate soccer players, while sand-based training may provide
greater benefits for squat jump and selected outcomes related to
repeated-sprint fatigue resistance.

Key words: Sprint training, sand surface, grass surface, soccer,
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Introduction

Soccer is a high-intensity intermittent sport that places con-
siderable demands on athletes' energy systems. During a
90-minute match, athletes typically cover 9 to 13 km. Most
running and intermittent recovery during matches rely on
energy supply from the aerobic system, while explosive
movements such as sprinting, shooting, and jumping are
mainly dependent on anaerobic metabolism (Arazi et al.,

2017; Bangsbo, 1994; Polczyk and Zaton, 2015; Rampinini
et al., 2007). Physiologically, this requires players to pos-
sess well-developed aerobic and anaerobic capacities to
meet match demands. These demands also vary by playing
position. For instance, midfielders perform the highest vol-
ume of total running and jogging, wingers engage in the
most high-speed running and sprinting, and center backs
execute the greatest number of accelerations and decelera-
tions (Kapelman et al., 2022; Modric et al., 2019).

High intensity interval training (HIIT) is widely rec-
ognized as an effective strategy to improve these capacities
(Arslan et al., 2020; Manuel Clemente et al., 2021; Ndlomo
et al., 2023). Among its various modalities, repeated sprint
training (RST) is frequently applied and involves short
maximal sprints of up to 10 s interspersed with brief recov-
ery periods of up to 60 s (Girard et al., 2011; Leite et al.,
2023). RST sessions are relatively short in duration, yet im-
pose substantial physiological stress, eliciting beneficial
adaptations in physical function and performance (Gantois
et al., 2022; Laakso, 2020; Taylor et al., 2015; Thurlow et
al., 2024). Owing to its efficiency and effectiveness, RST
has been extensively employed in soccer training programs
(Beato et al., 2019; Gatterer et al., 2014; Kavaliauskas et
al., 2017; Sanchez-Sanchez et al., 2019).

Maximizing training outcomes within limited train-
ing time is a central concern for coaches. When training
time is constrained, emphasizing sprint based power devel-
opment and aerobic conditioning within the same period
may involve tradeoffs, and adaptations in one domain may
be attenuated. Therefore, optimizing all controllable varia-
bles of HIIT becomes crucial. The effectiveness of HIIT
can be influenced not only by training content (Brown et
al., 2018; Follador et al., 2018; Sindiani et al., 2017) and
load characteristics (Beltrami et al., 2021; Gosselin et al.,
2012) but also, importantly, by the training surface (Binnie
et al., 2013a; Cetolin et al., 2021; Zhang et al., 2024). Dif-
ferent surfaces elicit distinct physiological and biomechan-
ical responses, leading to variations in energy expenditure,
kinematics, and muscle activation (Alcaraz et al., 2011;
Binnie et al., 2013c; Lejeune et al., 1998; Pinnington and
Dawson, 2001a; 2001b; Pinnington et al., 2005; Strydom
et al., 1966; Zamparo et al., 1992).

Currently, sand has attracted considerable attention
due to its unique physical properties and the accessibility
of natural beaches and artificial sand fields worldwide. It
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should be noted, however, that sand is not a uniform train-
ing medium. Variations in sand type (e.g., grain size), layer
depth, and moisture content can substantially alter surface
behavior and may meaningfully modify the mechanical
stimulus and physiological cost of running and sprinting
(Binnie et al., 2013a; 2014). For athletes accustomed to
training on firm surfaces, the interest in sand-based training
stems not only from its inherent properties but also from
the novel stimulus it provides as a medium distinct from
grass. Applied work in beach soccer and sand-based inter-
val training has already provided sport-specific evidence
that repeated high-intensity efforts on sand impose distinct
locomotor demands and can elevate internal load relative
to firmer surfaces (Castellano and Casamichana, 2010;
Scarfone et al., 2015; Binnie et al., 2013a; Cetolin et al.,
2021). Specifically, training on sand increases internal load
while reducing external mechanical stress (Binnie et al.,
2013a; 2013c¢). Its unstable and compliant surface elevates
energy expenditure (Lejeune et al., 1998; Pinnington and
Dawson, 2001b; Zamparo et al., 1992), increases lactate
accumulation (Binnie et al., 2013a; Pinnington and Daw-
son, 2001a; Vuong et al., 2023), and enhances lower-limb
muscle activation (Pereira et al., 2021; Pinnington et al.,
2005). Importantly, although sand-based training induces
distinct neuromuscular and biomechanical constraints, ex-
isting evidence suggests that some adaptations can transfer
to performance assessed on firm surfaces. For example,
prior training studies have reported improvements in
sprinting and jumping outcomes measured on grass follow-
ing sand-based conditioning programs (Binnie et al.,
2013c; Impellizzeri et al., 2008). A plausible explanation
is that the unstable and yielding substrate may require al-
tered force-production strategies and greater stabilizing de-
mands during propulsion, which could translate into im-
proved concentric-oriented output when athletes return to
firmer ground. Moreover, its shock absorbing qualities
may reduce musculoskeletal loading and lower the risk of
soreness and injury (Brown et al., 2017; Impellizzeri et al.,
2008; Miyama and Nosaka, 2004; Singh et al., 2014).
Nevertheless, most RST programs are still imple-
mented on firm surfaces such as grass. Firm surfaces re-
duce energy cost and promote adaptations in the
stretch-shortening cycle (SSC) through more efficient use
of elastic energy, which is crucial for developing jumping
and high-speed running capacity (Arazi et al., 2014; Pereira
etal.,2021; 2022). In contrast, the compliant nature of sand
surfaces typically leads to a reduction in movement veloc-
ity, which may limit neuromuscular adaptations and force
production relevant to sport-specific performance (Binnie
et al., 2014; Giatsis et al., 2004; Impellizzeri et al., 2008;
Pereira et al., 2023a). However, existing research on
sand-based training has largely focused on intermittent
sprint or jump training modalities (Pereira et al., 2023a;
Zhang et al., 2024) while its effects on RST remain unclear.
Given these contrasting biomechanical properties, it is still
not well understood whether and how the training surface
influences the long term adaptive responses to RST in soc-
cer players. Therefore, the present study aimed to investi-
gate and compare the effects of RST performed on sand
versus grass surfaces on aerobic and anaerobic capacities
in soccer players. We hypothesized that both training

modalities would induce significant improvements, but the
sand-based group would demonstrate greater enhance-
ments in squat jump height and in indicators related to re-
peated-sprint fatigue resistance.

Methods

Participants

Forty-two male collegiate soccer players were recruited
from a single university team. All participants were com-
petitive players and held an official athlete classification of
Level 2 or above under the national athlete grading system.
Players were stratified by playing position and then ran-
domly allocated to SAND, GRASS, or CON using a com-
puter generated random number procedure. The allocation
sequence was generated by a researcher not involved in
testing and group assignments were revealed after baseline
assessments were completed. Eligibility criteria included:
(i) no musculoskeletal injury in the previous six months;
(i1) no exposure to RST during that period; and (iii) prior
familiarity with sand-based training to control for potential
confounding factors arising from differences in surface.
All participants otherwise followed the same regular team
training program. The intervention replaced the content of
two scheduled weekly sessions. The protocol was ap-
proved by the Institutional Review Board of Beijing Sport
University, protocol number No. 2024417H, approval date
10 July 2025. Written informed consent was obtained in
accordance with the Declaration of Helsinki. Baseline de-
scriptive characteristics are summarized in Table 1.

Study design

This randomized controlled trial lasted nine weeks and
comprised a two-week familiarization phase, a one-week
testing phase, and a six-week training phase (Figure 1).
During familiarization, players completed progressive ses-
sions ranging from low-intensity jogging to high-intensity
drills resembling the experimental protocol. Pre- and post-
intervention assessments were completed in two sessions
at the same time of day. Session one included the squat
jump, countermovement jump, and running-based anaero-
bic sprint test. Session two included the maximal graded
treadmill test and was scheduled at least 48 h after session
one. However, some residual fatigue from session one may
not be fully excluded and should be considered when inter-
preting aerobic outcomes. The same testing order and inter-
session interval were used at pre- and post-testing. Partici-
pants were instructed to avoid strenuous exercise for 24 h
before each session and to maintain their usual diet and
sleep routines.

Training protocol

Each RST session began with a standardized 12-min warm-
up consisting of jogging, dynamic stretching, and joint
mobility. For six weeks, SAND and GRASS performed
RST during two designated team sessions per week,
adapted from Thurlow et al. (2023). Each session com-
prised three sets of six maximal-effort 30m sprints with 30
s recovery between sprints and 4 min rest between sets, re-
sulting in a weekly sprint volume of approximately 1080m.
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Table 1. Baseline characteristics of participants (mean £ SD).

Variable SAND (n=14) GRASS (n=14) CON(n=14)
Age (years) 20.1£1.6 19.6+1.4 19.8+1.3
Height (cm) 177.1 £3.6 1779 +£5.6 175.1+£3.4
Body mass (kg) 73.9+5.2 74.0+5.1 73.5+34
Training experience (years) 9.6+1.2 94+1.1 9.6+1.1
Playing position (F/M/D) 5/4/5 5/4/5 5/4/5
CON, control; F/M/D, forwards/midfielders/defenders.
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Figure 1. Experimental protocol.

To standardize overall training exposure, CON completed
time-matched standard technical soccer training during the
same two weekly sessions. All participants otherwise fol-
lowed the same regular team training regimen throughout
the study. Therefore, comparisons with CON reflect the ef-
fect of implementing RST in place of time-matched tech-
nical training, whereas surface-specific inference is re-
stricted to the direct comparison between SAND and
GRASS under an identical sprint structure and volume.

Surface characterization

The mechanical properties of the training surfaces were as-
sessed by measuring peak impact deceleration forces using
a 2.25-kg Clegg Impact Hammer (SD Instrument, Suffolk,
UK) dropped from a height of 0.457 m. This method is
widely used in sport-surface research to quantify surface
stiffness, which reflects the resistance to vertical defor-
mation and is inversely related to compliance (Binnie et al.,
2013a; 2013c; 2014; Pinnington and Dawson, 2001a;
2001b). In the present study, ten samples were collected
randomly across each training area, with an additional ten
samples taken from high-use sections to evaluate the char-
acteristics of compacted surfaces. These measurements
provide an objective, quantitative comparison of surface
stiffness between the SAND and GRASS conditions,
thereby aiding in the interpretation of any observed differ-
ences in physiological and performance outcomes. The
sand surface was an artificial sand field with an approxi-
mate sand layer depth of 20 cm. Prior to each training ses-
sion, the sand was raked and levelled to maintain a con-
sistent running surface, and sessions were conducted under
predominantly dry (occasionally variable due to weather)
sand conditions. Although the Clegg Impact Hammer

provides a standardized index of vertical impact stiffness,
it does not directly quantify sand-specific mechanical prop-
erties such as depth-dependent deformation or shear re-
sistance, which can also influence energy cost and traction
on sand. Therefore, the present measurements should be
interpreted as a comparative stiffness indicator rather than
a comprehensive characterization of the substrate mechan-
ics.

Performance Tests

Vertical jumping tests

Jumping ability was assessed using squat jump (SJ) and
countermovement jump (CMJ) following the protocol of
Franca et al. (2022). For the SJ, players began at ~90° knee
flexion, held the position for 3 s, and then jumped verti-
cally. For the CMJ, players performed a rapid downward
movement followed by an immediate upward jump. Prior
to landing, participants were instructed to maintain an up-
right trunk and to avoid any deliberate flexion of the
lower-limb joints intended to prolong flight time. All
jumps were executed on a force platform (Kistler 9281CA,
Switzerland; 1000 Hz), with jump height calculated from
flight time. All trials were conducted under supervision,
and any trial that did not comply with the standardized
movement requirements was repeated. Each player per-
formed three trials per jump type with 1-min rest intervals,
and the best performance was recorded.

Running-based anaerobic sprint test

Repeated-sprint performance was assessed using the
RAST, a validated field test providing indices of sprint
power output and sprint decrement across repeated efforts
(Nara et al., 2022). Players completed six maximal 35-m
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sprints with 10-s recovery intervals (Arazi et al., 2017;
Garcia et al., 2020). Sprint times were recorded with infra-
red photoelectric gates (Smartspeed, VALD Performance,
Brisbane, Australia). The following variables were de-
rived:

Power = body mass x distance? / time?

Peak power = the highest value among the 6 powers

Minimum power = the lowest value among the 6 powers

Mean power = sum of the 6 power / 6

Fatigue index = (Peak power - Minimum power) / total
time of the 6 sprints.

All post-intervention tests were conducted on grass to
ensure ecological validity for soccer-specific performance.
Importantly, as outlined previously, the neuromuscular ad-
aptations induced by sand-based training has been reported
to transfer to sprinting and jumping outcomes assessed on
firm surfaces (Binnie et al.,, 2013c; Impellizzeri et al.,
2008). Testing on grass improves ecological relevance for
soccer-specific assessment. However, it may also intro-
duce a test-specificity consideration because the SAND
group did not perform post-tests on the trained surface. Ac-
cordingly, the present design prioritizes transfer to match
relevant conditions, and future work should consider dual-
surface testing to disentangle training surface and testing
surface effects.

Maximal graded treadmill test

Aerobic capacity was assessed by VOima, anaerobic
threshold (AT), and running economy (RE). Tests were
conducted on a motorized treadmill (H/P/Cosmos, Pulsar,
Nussdorf-Traunstein, Germany). After a 3-min walking
warm-up and 5 min jogging at 8 km-h'!, the test began at
10 km-h™' and increased by 2 km-h™! every 3 min until vo-
litional exhaustion (Ziogas et al., 2011).

Heart rate was monitored continuously (Polar H10,
Polar Electro Oy, Finland), and respiratory gases were
measured with an automated metabolic system (Metalyzer
3B, Cortex, Germany). VOxmax attainment was confirmed
if > 3 of the following criteria were met (Modric et al.,
2020): (a) oxygen uptake plateau (<150 ml-min™ with in-
creasing workload); (b) respiratory exchange ratio >1.10;
(c) HR > 95% of predicted maximum; (d) volitional ex-
haustion. Given that a clear plateau is not always observed,
VOopeak (highest 30-s value) was recorded, and VOomax is
used herein to denote this peak value when plateau criteria
were not met.

AT was determined using the V-slope method (Bea-
ver et al., 1986), and RE was calculated as the average ox-
ygen uptake during the final 30 s at 12 km'h™ (Ziogas et
al., 2011).

Training Load Monitoring

Heart Rate (HR)

HR was continuously recorded during training using chest-
strap sensors (Polar H10, Polar Electro Oy, Finland) paired
with a tablet (iPad, Apple Inc., USA). HRyax during train-
ing was extracted.

Blood Lactate (LA)

Capillary blood samples (20 pL) were collected before
training and at 1, 3, and 5 min post-exercise. Samples were
stored in microcentrifuge tubes containing 50 uL. NaF (1%)

and analyzed within 2 h using a biosen analyzer (EKF-
Diagnostics GmbH, Magdeburg, Germany). The maxi-
mum LA value was recorded.

Rating of Perceived Exertion (RPE)
RPE was measured using the Borg 620 scale 30 s before
training and 30 min after training.

Statistical analyses

Data are presented as mean =+ standard deviation (SD). Nor-
mality and homogeneity of variance were checked using
the Shapiro—Wilk test and Levene’s test, respectively. For
all outcome measures, ANCOVA was used as the primary
model to examine between-group differences, with the
post-intervention value as the dependent variable, group as
a fixed factor, and the corresponding baseline value as a
covariate. The assumption of homogeneity of regression
slopes was tested. For outcomes satisfying this assumption,
statistical inference was based on the ANCOVA results,
and when a significant main effect of group was found,
Bonferroni-adjusted pairwise comparisons were con-
ducted. As a complementary analysis, a 2 (Time) x 3
(Group) mixed-design ANOVA was performed on all out-
comes to examine the Time x Group interaction. If a sig-
nificant interaction was observed, simple-effects analyses
were conducted to examine within-group changes over
time and between-group differences at each time point. For
outcomes that did not meet the ANCOVA assumption, the
results from the mixed-design ANOVA and the corre-
sponding post hoc simple effects analyses were primarily
relied upon. Effect sizes (Hedges’ g) with 95% confidence
intervals (CI) were calculated to quantify the magnitude
and precision of training effects and interpreted as trivial
(<0.2), small (0.2-0.6), moderate (0.6—1.2), large (1.2—
2.0), or very large (>2.0) (Modric et al., 2020). Statistical
significance was set at p < 0.05. All analyses were per-
formed using SPSS software (Version 24.0, IBM Corp, Ar-
monk, NY, USA).

Results

Ground surface stiffness

Peak impact deceleration forces were significantly lower
on SAND compared with GRASS (393.6 + 70.3 N vs.
1173.0 £ 104.7 N, p < 0.01), confirming that GRASS was
the firmer surface.

Perceptual and physiological responses to training
During the RST sessions, RPE and LA increased from post
warm up to post training on both SAND and GRASS with
a significant time effect (p < 0.01) as shown in Figure 2.
The group by time interaction was not significant for RPE
(p=0.43) or LA (p = 0.22). HRnax during training also did
not differ between SAND and GRASS (p = 0.40). Collec-
tively, these internal load measures did not indicate a de-
tectable difference between surfaces under the matched re-
peated sprint protocol.

Jump and repeated-sprint performance

Analysis of covariance results showed that, post-interven-
tion, all jump and repeated sprint variables in SAND and
GRASS were significantly higher than those in CON (p
<0.01). Additionally, SAND demonstrated significantly
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Figure 3. RAST sprint time before and after intervention in different training groups.

greater SJ height (p < 0.01), minimum power (p < 0.01),
and mean power (p = 0.03) than GRASS, but a significantly
lower fatigue index (p <0.01) (Figure 3 and Table 2).

A mixed-design ANOVA revealed significant time
x group interactions for all jump and repeated-sprint vari-
ables: SJ (F = 50.7, p < 0.01), CMJ (F =43.6, p < 0.01),
best sprint time (F =40.4, p <0.01), peak power (F = 36.1,
p < 0.01), minimum power (F = 136.9, p < 0.01), mean
power (F =58.3, p <0.01), and fatigue index (F =29.9, p
< 0.01). Simple-effects analyses confirmed no significant
baseline differences among groups for any performance
measure (p = 0.07-1.00, ES =-0.52 ~ 0.15). CON showed
no statistically significant changes in all jump and repeated
sprint variables throughout the training cycle (p = 0.07—
0.88, ES =-0.25 ~ 0.37), whereas both SAND and GRASS
demonstrated significant post-intervention improvements
across all variables (p <0.01, ES =-1.87 ~ 2.03). Compar-
ison of group changes revealed that the magnitude of

changes in jump and repeated sprint indicators for both
SAND and GRASS was significantly greater than that for
CON (p <0.01). Compared with GRASS, SAND exhibited
a significantly greater magnitude of changes in the indica-
tors of SJ (p = 0.03), minimum power (p = 0.01), and fa-
tigue index (p = 0.03).

Aerobic capacity

Analysis of covariance results indicated that, post-inter-
vention, AT was significantly higher only in the SAND and
GRASS compared to the CON (p < 0.05). However, since
VO:zmax did not meet the assumption of homogeneity of re-
gression slopes (p < 0.05), between-group differences for
this variable were examined using a mixed-design analysis
of variance followed by simple-effects analyses. These
analyses revealed that, post-intervention, VOsmax Was also
significantly higher in both SAND and GRASS than in
CON (p =0.01-0.02) (Table 3).
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A mixed-design ANOVA revealed significant time
x group interactions for VOomax (F = 8.7, p <0.01) and AT
(F = 8.0, p < 0.01), but not for RE (F = 2.0, p = 0.15).
Simple-effects analyses confirmed no baseline differences
among groups for VOamax (p = 1.00, ES =-0.11 ~ 0.04) or
AT (p =0.41-1.00, ES = 0.16 ~ 0.44). CON exhibited no
significant changes in VOomax (p = 0.38, ES = 0.26) or AT
(p=0.49, ES =0.20) across the training period. In contrast,

both SAND and GRASS demonstrated significant post-in-
tervention improvements in VOomax and AT (p < 0.01, ES
= 1.29 ~ 1.82). The results of the time main effect test
showed that RE significantly improved over time (p < 0.01,
ES = -0.97). Comparisons of relative changes confirmed
that the magnitudes of improvement in VOamax (p < 0.01)
and AT (p <0.03) were significantly greater in SAND and
GRASS than in CON.

Table 2. Effects of six weeks repeated sprint training on jump and repeated sprint-related variables of college soccer players

(mean = SD).
q q q q . Pre-Post  Interaction

Variables Groups Pre-intervention Post-intervention (%) effect Hedges’ g (95%CI)

Sy SAND 40.8 £2.41 43.7+£2.19 »be 6.9 be F=50.7; 2.02 (1.12,2.91) Very Larget
GRASS 40.4 £2.46 42.3+£228%0 470 1.36 (0.56, 2.16) Large?
m)  con 40.9 +2.74 40.6 +2.55 0.8 p < 0.01 -0.22 (-0.94, 0.50) Small
— SAND 44.1+2.46 47.7+2429P 82" F=441; 2.03 (1.14,2.93) Very Large?
GRASS 44.1 +2.48 47.0 +2.43 ab 6.5b 1.61 (0.78, 2.44) Large?
(m)  coN 44.4+247 43.9+2.63 12 g -0.30 (-1.03, 0.42) Small]

B . SAND 5.0+0.07 4.9+0.07»b 2.1° F = 40.4: -1.58 (-2.41, -0.75) Large|
estsprint  p \sg 5.0 +0.09 4.9 +0.08 200 ’ -1.46 (-2.28, -0.65) Large|
time (s) . L . . d p < 001 3 .28, -0. arg

CON 5.0+ 0.06 5.0+ 0.05 -0.03 -0.02 (-0.74, 0.70) Trivial|
Peak SAND 717.2+£23.93  762.7+20.94 *b 6.4" F=353; 1.94 (1.06, 2.82) Large?
power GRASS 718.4 +£23.87 758.0 £21.19 *b 550 1.67 (0.83, 2.52) Large?
W) CON 7158+23.94 7133 +£24.29 0.4 D < Lol -0.11 (-0.83, 0.61) Trivial|
Minimum SAND 4453 +19.70  533.3+£20.63 *»¢  19.8bc F=136.9; 1.29 (0.50, 2.09) Large?
power GRASS 443.6+£20.00 511.8+21.29 2P 15.4° 1.00 (0.23, 1.77) Moderate?
W) CON 4545+19.04  446.4+2197 1.8 p < 0.01 -0.12 (-0.84, 0.60) Trivial|
Mean SAND 571.2+£27.01  640.1 £21.12 &b 12.1° F=583; 1.96 (1.07, 2.84) Large?
power GRASS 563.3+£27.02  616.5+£2528 %P 9.40b 1.51 (0.69, 2.33) Large?
W) CON 571242575  562.4+25.68 1.5 D < Lol -0.25 (-0.97, 0.47) Small]
Fatigue SAND 8.3+0.32 7.3 +£0.37 dhe -12.1 b F=299; -1.87 (-2.74, -1.00) Large|
index GRASS 8.4 +£0.42 7.8+0.33 &b =71 <001 -1.12 (-1.90, -0.35) Moderate |
CON 8.0+ 0.44 824045 2.5 P ) 0.37 (-0.35, 1.10) Small}
*Significantly different from pre-intervention (p < 0.05); ® Significantly different from CON (p < 0.05); ¢ Significantly different from GRASS (p <
0.05).
Table 3. Effects of six weeks of repeated-sprint training on aerobic capacity variables in collegiate soccer players (mean + SD).

Variables Groups Pre-intervention Post-intervention Prz:;/f)o st Int:;'fz; ccttlon Hedges’ g (95%CI)
VO SAND 54.5+3.39 58.4+ 423 b 730 F=8.7; 1.72 (0.87, 2.57) Large?

(ml/kg/mxin) GRASS 54.3+3.42 58.2 £2.50 b 7.3° <001 1.72 (0.87, 2.56) Large?

CON 54.0 +3.05 54.6 +2.87 1.1 P ) 0.26 (-0.47, 0.98) Small}
AT SAND 40.8 £2.49 43.9+£2.92 %0 7.6° F=28.0; 1.82 (0.95, 2.68) Large?
(i) GRASS 41.4+293 43.7+£3.42 %0 53P < 001 1.29 (0.50, 2.09) Large?
CON 42.4+3.05 42.8+4.11 0.8 P ’ 0.20 (-0.52, 0.92) Trivialt
RE SAND 46.4 +£4.59 447 +£4.48* -3.7 F=20: -0.97 (-1.74, -0.21) Moderate |
(mV/kg/min) GRASS 46.8 +3.09 45.1+3.292 -3.6 p=0 .lé -0.97 (-1.74, -0.21) Moderate |
CON 47.1+3.08 46.9 £3.12 -0.4 ) -0.11 (-0.83, 0.61) Trivial |

*Significantly different from pre-intervention (p < 0.05); ® Significantly different from CON (p < 0.05).

Discussion

To our knowledge, this is the first randomized controlled
trial to compare RST performed on sand and grass in soccer
players while evaluating both anaerobic and aerobic out-
comes. The findings demonstrated that six weeks of re-
peated sprint training on either surface improved jump and
repeated sprint performance relative to the control condi-
tion, supporting the efficacy of this modality for improving
jump performance and repeated-sprint performance indi-
ces. SAND showed greater improvements in SJ height and
in repeated-sprint measures related to sustained power out-
put and fatigue resistance, including minimum power,
mean power, and fatigue index. In contrast, CMJ, peak

power, and best sprint time did not differ between surfaces.
For aerobic capacity, both training surfaces increased
VOimax and AT compared with the control condition, and
the magnitudes of change were similar between SAND and
GRASS. RE improved within both training groups, yet the
group by time interaction was not significant, therefore a
surface specific effect on RE cannot be inferred from the
present data. Importantly, because all groups followed the
same weekly schedule and session duration, the primary
planned difference was the content and surface of two des-
ignated weekly sessions (RST on sand or grass versus time-
matched standard technical training). Therefore, surface-
specific inference is restricted to SAND versus GRASS,
whereas comparisons versus CON reflect the effect of
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implementing RST in place of technical training within
scheduled sessions.

Perceptual and physiological responses

This study also compared the internal load induced by
identical RST protocols on SAND and GRASS. No signif-
icant differences were detected in RPE, LA, or HRy.x be-
tween surfaces, which indicates comparable systemic car-
diometabolic stress during the sessions. These findings
align with a body of prior research indicating no significant
differences in LA (Binnie et al., 2013b), HR and RPE
(Brown et al., 2017; Zhang et al., 2024) between sand and
grass surfaces when training is performed at matched in-
tensities. Given the distinct mechanical properties of sand,
the observed similarity in physiological response is note-
worthy. Possible reasons include the matched external
workload in our design or a Type II statistical error associ-
ated with the sample size. However, it should be noted that
the physiological and biomechanical differences between
sand and grass surfaces diminish at faster running speeds
(Binnie et al., 2013c). Evidence suggests (Brown et al.,
2017; Lejeune et al., 1998; Pinnington and Dawson, 2001a;
Pinnington et al., 2005) that as running speed increases, the
difference in ground contact time between sand and grass
surfaces decreases, leading to a gradual convergence in the
observed trends for EC and kinematic parameters. Alt-
hough running speed was not directly measured, the high-
intensity protocol and elevated physiological responses
suggest that relatively high running speeds were achieved
during the sprints. Because ground contact time, step fre-
quency, and sprint kinematics were not measured, these
biomechanical explanations should be considered specula-
tive and based on prior literature rather than direct evidence
from the present dataset. Furthermore, variations in surface
properties, such as the type of sand or grass, moisture con-
tent, and thickness, can modify the resulting stiffness char-
acteristics, thereby eliciting different training stimuli (Bin-
nie et al., 2013a; 2014). Research suggests that a reduced
difference in measured peak impact deceleration between
sand and grass surfaces may lead to smaller differences in
physiological responses across surfaces (Binnie et al.,
2013b). In our measurements, the grass surface was ap-
proximately 2.98 times stiffer than the sand surface, a ratio
slightly lower than some previously reported values of 3.2
to 4 times (Binnie et al., 2013a; Brown et al., 2017; Pin-
nington and Dawson, 2001a). Therefore, the specific prop-
erties of the sand used may also help explain the absence
of significant differences in physiological responses be-
tween sand- and grass-based training.

More importantly, although performing exercise at
the matched same intensity on sand can elicit similar over-
all physiological response parameters, it induces distinct
mechanical and neuromuscular stimuli (Lejeune et al.,
1998; Pereira et al., 2021). Therefore, the absence of be-
tween surface differences in physiological metrics is inter-
preted as reflecting comparable systemic demand, whereas
the observed differences in repeated sprint outcomes are
more likely attributable to surface driven neuromuscular
and mechanical constraints rather than uniformly greater
internal load on SAND.

Anaerobic capacity and jumping performance

Both SJ and CMJ are widely used to evaluate lower-limb
explosive power. CMJ reflects SSC utilization, while SJ
isolates concentric strength (McGuigan et al., 2006; Nish-
ioka and Okada, 2022). Given that sprinting involves both
SSC efficiency and concentric power generation, RST can
indirectly enhance vertical jump performance. Previous
studies confirm that RST improves SJ and CMJ through
enhanced muscle strength, neuromuscular adaptations, and
improved SSC utilization (Buchheit et al., 2010; Gantois et
al., 2019; 2022; Thurlow et al., 2024). Consistent with
these findings, both SAND and GRASS significantly in-
creased SJ and CMJ in our study, although some research
has reported no changes (Michailidis et al., 2022; Soares-
Caldeira et al., 2014), possibly due to differences in sport-
specific demands or training experience. Additionally, ath-
letes in this study had not previously undergone the same
RST protocol, which may have enabled them to achieve
greater adaptive improvements.

Notably, the training surfaces elicited differential
effects on jump performance improvements. Both the
SAND and GRASS exhibited significant increases in SJ
and CMJ height compared with the CON (p < 0.01). How-
ever, the improvement in SJ height was significantly
greater in SAND than in GRASS (p < 0.01). This differ-
ence may be attributed to the instability and compliance of
the sand, which reduce ground reaction forces and elastic
energy return during running (Pereira et al., 2023b; Zam-
paro et al., 1992) and induce additional energy loss due to
foot slippage in the propulsion phase (Giatsis et al., 2004).
Consequently, the lower limb is forced to generate more
intense concentric contractions upon take-off, leading to
specific physiological adaptations (de Villarreal et al.,
2023; Impellizzeri et al., 2008), consistent with previous
findings that sand-based training is more effective than
grass-based training in enhancing SJ capacity (Ahmadi et
al., 2021; de Villarreal et al., 2023; Impellizzeri et al.,
2008). In contrast, no significant between-surface differ-
ences were observed in CMJ height or its magnitude of im-
provement, suggesting that CMJ gains likely resulted from
general lower-limb strength enhancement induced by
sprint training rather than surface-specific mechanical
stimuli. Although some studies indicate that SAND im-
pairs SSC utilization (Impellizzeri et al., 2008; Pereira et
al., 2023a), our findings, together with prior evidence (Pe-
reira et al., 2021; Pinnington et al., 2005; Mirzaei et al.,
2014) have demonstrated that training on sand can elevate
activation levels and coordination of lower-limb muscle
groups, and augment muscle strength and contractile ca-
pacity (Binnie et al., 2014; Mirzaei et al., 2014; Pereira et
al., 2021; Pinnington et al., 2005; Zhang et al., 2024),
thereby establishing a superior neuromuscular adaptive
foundation for vertical jump performance.

Repeated sprint ability and mechanisms of anaerobic
adaptation

Both training groups showed marked improvements in
RAST outcomes, confirming RST as an efficient method
for enhancing anaerobic performance in soccer players.
Mechanistically, three processes may explain these adap-
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tations. First, neuromuscular adaptations, including im-
proved motor unit synchronization, increased firing fre-
quency, and enhanced SSC efficiency, contribute to greater
explosive power (Buchheit et al.,, 2010; Gantois et al.,
2019; 2022). Second, adaptations in acid-base buffering
likely contributed to the observed improvements. The pre-
sent study demonstrated that both surfaces elicited simi-
larly high lactate concentrations during training (SAND,
12.38 + 1.38 mmol/L; GRASS, 11.75 + 1.22 mmol/L).
Such a pronounced increase in intramuscular H* and lactate
is recognized as a key stimulus driving the adaptation of
pH regulatory systems (Bishop et al., 2011; Weston et al.,
1996). Thus, this common metabolic challenge provides a
plausible mechanistic explanation for the enhanced re-
peated-sprint ability. While it constitutes one contributor to
the overall performance gains, it cannot be invoked to ex-
plain any potential differences in outcomes between sur-
faces, especially given that direct markers of acid-base bal-
ance (e.g., blood pH, bicarbonate) were not assessed.
Third, enhanced energy metabolism efficiency, reflected in
greater creatine phosphate and glycogen storage and higher
enzyme activity (Michailidis et al., 2022; Taylor et al.,
2015), supports improvements in sprint time and mean
power.

When comparing surfaces, SAND produced supe-
rior improvements in mean and minimum power, as well
as fatigue resistance, whereas maximum power and sprint
speed did not differ. Although effect sizes for peak power
were large within the training groups, the corresponding
confidence intervals were relatively wide, indicating lim-
ited precision and substantial inter-individual variability.
Therefore, peak-power effects should be interpreted cau-
tiously and were not used to support any surface-specific
superiority. It should be noted that the fatigue index is ra-
tio-derived. Therefore, the observed reduction in fatigue
index may partly reflect the concurrent increase in mini-
mum power rather than an independent physiological ad-
aptation in fatigue resistance. Accordingly, we interpreted
fatigue index alongside absolute changes in minimum and
mean power. This may be attributed to the direct correla-
tion between peak power and maximum sprint speed, and
the already high baseline values of our participants com-
pared with those in previous studies (Maciel et al., 2024;
Parnow et al., 2022; Shannon and Carter, 2024), limiting
further gains. Therefore, simply changing the training sur-
face was insufficient to elicit significant differences in best
sprint time and maximum power between SAND and
GRASS. Nonetheless, previous biomechanical work indi-
cates that sprinting on sand can elicit greater lower-limb
muscle activation than sprinting on firmer surfaces (Pereira
et al., 2021; Pinnington et al., 2005). In addition, the pos-
tural adjustments required on an unstable substrate may in-
crease trunk and hip stabilizer demands during running
(Pereira et al., 2021). Although such neuromuscular re-
sponses were not directly measured in the present study,
they provide a plausible explanation for why the sand con-
dition yielded larger improvements in indices reflecting
sustained power output across repeated sprints. Future
studies incorporating direct measures of trunk and hip ac-
tivation and sprint kinematics are required to verify
whether these mechanisms mediate the observed surface

related differences.

Aerobic capacity

VOimax, AT, and RE are key markers of aerobic fitness
(Chamari et al., 2005; Metaxas et al., 2005; Nilsson and
Cardinale, 2015). Consistent with prior work (Boer and
Van Aswegen, 2016; Gantois et al., 2019; 2022), our study
confirmed that RST improves VOamax, likely through mito-
chondrial biogenesis and enhanced enzyme activity (Ja-
cobs et al., 2013; Ross and Leveritt, 2001; Thurlow et al.,
2024). Importantly, no differences were observed between
surfaces, with nearly identical improvements in VOazmax
(SAND 7.29% vs. GRASS 7.28%). AT also improved sig-
nificantly after training, reflecting enhanced buffering and
lactate clearance capacity, thereby delaying the point at
which lactate accumulation increases disproportionately.
Both RST groups (SAND and GRASS) demonstrated
greater improvements in AT than the control condition.
However, no significant between-surface difference
(SAND vs. GRASS) was observed for AT. Studies have
shown that sustained high-intensity training provides the
optimal stimulus for improving aerobic capacity (Thurlow
et al., 2024), while training intervals and short-duration
high-intensity exercise may attenuate this stimulus (Boer
and Van Aswegen, 2016). Although RST provides suffi-
cient intensity, its brief sprint durations (<10 s) and short
recovery intervals (<60 s) may have constrained the mag-
nitude of training-induced physiological adaptations. This
study found that RE was significantly improved following
RST in both the SAND and GRASS. The intrinsic mecha-
nisms underlying this improvement merit further consider-
ation. RE is a multifactorial trait influenced by pulmonary
ventilation efficiency, lower-limb kinetics and kinematics,
running technique, and neuromuscular characteristics
(Barnes and Kilding, 2015; Morgan et al., 1989). RST can
simultaneously induce peripheral metabolic adaptations
and neuromuscular improvements, such as increased
lower-limb strength and enhanced SSC efficiency (Gantois
et al., 2019; 2022; Serpiello et al., 2012; Thurlow et al.,
2023). However, running biomechanics are established as
a critical determinant of RE (Moore, 2016). Therefore, the
RE improvement observed in this study is more likely me-
diated primarily through training-induced neuromuscular
adaptations that optimize running mechanics, rather than
solely via peripheral metabolic changes. Furthermore, the
absence of a significant difference in the magnitude of RE
improvement between training surfaces may be attributed
to the multifactorial regulation of running biomechanics
(Moore, 2016). The single variable of the training surface
likely provided insufficient differential stimulation to these
key biomechanical factors, resulting in comparable adap-
tive responses between the two groups.

Several limitations should be noted. First, the sam-
ple consisted exclusively of male collegiate soccer players
recruited from a single university team, which may limit
the generalizability of the findings to other populations
(e.g., professional, youth academy, or female players). Sec-
ond, although the study detected clear training effects rela-
tive to the control condition, the sample size may have been
insufficient to reliably detect small-to-moderate between-
surface differences between the two active training
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modalities. Therefore, non-significant findings should be
interpreted cautiously, as they may reflect limited statisti-
cal power and estimate precision rather than true equiva-
lence between surfaces. Third, although session frequency
and duration were standardized across groups by design,
we did not quantify whole-week external load (e.g., total
running distance, high-speed running, or accelerations)
across the entire training program. Therefore, residual dif-
ferences in weekly load distribution cannot be fully ex-
cluded. Nevertheless, the intervention replaced two sched-
uled sessions of equivalent duration within a centrally
planned weekly program implemented by the same coach-
ing staff. Fourth, the study did not include direct measure-
ments of key mechanistic variables. Specifically, we did
not quantify sand-specific mechanical properties or run-
ning biomechanics during training, nor did we collect de-
tailed physiological data, which limits a more complete ex-
planation of the observed adaptations. Finally, only one
specific RST protocol was examined, and future investiga-
tions should evaluate alternative formats and longer inter-
ventions to determine optimal training parameters and sur-
face-specific adaptations.

Conclusion

This study demonstrated that six weeks of RST imple-
mented within scheduled team sessions improved jump
performance, repeated-sprint performance indices, and aer-
obic fitness in collegiate soccer players. Compared with
grass, sand-based RST conferred greater benefits that were
specific to squat jump performance and indices of repeated
sprint fatigue resistance, including higher minimum and
mean power and a lower fatigue index, while aerobic im-
provements were comparable between surfaces.

From a practical perspective, sand may be priori-
tized when the training objective is to enhance repeated
sprint fatigue resistance or to develop concentric power
while reducing impact loading. Coaches should weigh
these potential benefits against the following limitations:
the dissimilarity to competition surfaces, the greater de-
mands on training control and recovery management, and
the availability and consistency of sand conditions. Grass
remains a pragmatic option when the emphasis is on pro-
moting the transfer of sprint specific mechanics to match
conditions or when integration with technical and tactical
drills is required. Therefore, we recommend adopting a pe-
riodized approach that alternates between sand and grass
surfaces in practice, thereby addressing logistical con-
straints while targeting distinct training adaptations.
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Key points

e Six weeks of repeated-sprint training implemented
within scheduled team sessions improved jump per-
formance, repeated-sprint performance indices, and
aerobic fitness compared with time-matched standard
technical training.

e When session frequency and duration were time-
matched and sprint structure was identical, sand-
based RST elicited greater improvements than grass-
based RST in jumping and selected indices of re-
peated-sprint fatigue resistance, including squat jump
and RAST mean and minimum power and fatigue in-
dex.

o Aerobic adaptations were broadly similar between
sand and grass, and no clear surface specific ad-
vantage was observed for running economy.
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