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Abstract

Background. Soccer players competing in tropical climates experience combined dehydration, thermal strain, and
metabolic stress, yet field-based evidence linking these factors to performance decline remains limited.

Objectives. This study aimed to examine the predictive relationships between hydration status, thermal stress,
metabolic factors, and fatigue-related performance decline in sub-elite soccer players under tropical heat conditions.
Materials and Methods. Thirty male sub-elite soccer players (22.4 + 3.1 years) participated in a simulated 90-minute
match conducted in temperatures ranging from 31 to 33°C, with relative humidity levels between 65 and 75%.
Hydration (bioimpedance), blood lactate, muscle temperature, heart rate, shooting accuracy, and anaerobic power
(RAST) were assessed pre-, mid-, and post-match. Repeated-measures ANOVA and multiple regression were used

(p < 0.05).

Results. TBW decreased significantly (—4.2%), while lactate (1.3 - 10.4 mmol-L") and muscle temperature (33.4
- 37.1°C) increased across match segments (p < 0.001). Shooting accuracy (—14%) and peak anaerobic power
(—4.6%) declined post-match. Regression analysis identified ATBW (B = —0.41, p = 0.008) and peak lactate ( = 0.48,

p = 0.003) as significant predictors of fatigue (R* = 0.61).

Conclusions. The findings indicate that loss of hydration, thermal strain, and metabolic accumulation are all
important signs of a subject’s deterioration in performance levels under tropical match conditions. Athletes can
improve their health and performance by drinking enough fluids and keeping their body temperature under control.
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Introduction

The interaction of multiple physiological factors has a
significant impact on soccer performance, particularly in hot
and humid weather conditions. In tropical climates, athletes
often endure compounded stress from dehydration, elevated
muscle temperature, and metabolic accumulation, all of
which expedite fatigue and diminish technical precision
(Périard et al., 2021; Pellicer-Caller et al., 2023). This issue
is especially important for players in Southeast Asia, where
the temperature often rises above 30°C and the humidity
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rises above 70%. This problem puts a constant strain on their
ability to regulate their body temperature during training
and competition (Che Muhamed et al., 2016).

Research indicates that even mild dehydration (2-3%
of body mass loss) can result in considerable reductions in
aerobic endurance, cognitive function, and neuromuscular
control (Armstrong et al., 2025; Casa et al., 2015). Elevated
muscle temperature (>37°C) has been shown to hinder
neuromuscular coordination and increase perceived
exertion, thereby diminishing motor accuracy and skill
execution (Sébastien Racinais et al., 2017; Flouris et al., 2015;
Raj et al,, 2021). At the same time, a high level of lactate
in the blood during short bursts of high-intensity exercise
indicates that anaerobic glycolysis is working harder, which
accelerates metabolic fatigue and limits the body’s ability
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to perform repeated sprints (Hafidz et al., 2025; Cairns &
Lindinger, 2025). Even though these relationships are well-
known, the combined effect of hydration status, thermal
stress, and metabolic indicators on fatigue and performance
decline during realistic match simulations is still not well
understood, especially in sub-elite soccer players who don’t
always have access to advanced recovery and hydration
monitoring systems (Chapelle et al., 2020; Nuccio et al,,
2017).

Nonetheless, limited adoption of field-based experi-
mental designs exists that concurrently monitor various
physiological indicators during simulated match play in au-
thentic tropical settings (Edwards & Clark, 2006; Gibson et
al., 2019). Additionally, recent studies have predominantly
concentrated on elite or professional players, leading to a gap
in research regarding sub-elite populations that constitute
the developmental basis of regional and university leagues
(Plakias et al., 2024). These athletes frequently face similar
training demands without adequate medical and environ-
mental support systems, which may intensify the detrimen-
tal effects of heat and dehydration on their performance
(Mohr et al.,, 2005). Consequently, it is essential to address
these knowledge gaps to develop effective monitoring and
intervention strategies that improve athlete readiness, re-
duce fatigue, and promote ongoing participation in sports.

Despite extensive laboratory evidence on dehydration,
hyperthermia, and metabolic stress, field-based studies
simultaneously examining their combined predictive
power on fatigue and performance decline under authentic
tropical match conditions remain scarce. Previous research
has typically isolated single physiological variables,
lacked ecological validity, or focused primarily on elite
players. The present study addresses this research gap by
integrating multidimensional physiological monitoring with
performance testing during a realistic simulated match.
The scientific novelty lies in identifying the simultaneous
contributionofhydrationstatus, thermalstrain,and metabolic
accumulation to fatigue-related performance decline in sub-
elite players, a population that is underrepresented yet highly
exposed to tropical environmental stressors.

Investigating the predictive relationships between
hydration status, thermal stress, metabolic factors, and
fatigue and performance decline in sub-elite soccer players
exposed to tropical heat is the primary objective of this
study. Specifically, this study aimed to (1) quantify temporal
variations in hydration, lactate concentration, and muscle
temperature during a simulated match; (2) evaluate their
respective effects on technical accuracy and anaerobic
performance; and (3) determine which physiological
variables most accurately predict the fatigue response. It is
hoped that this research will contribute to the development
of evidence-based hydration and thermal management
protocols that enhance the safety and performance of
athletes competing in hot environments. Furthermore, it
also supports global efforts to achieve SDG 3, ensuring
healthy lives and promoting well-being through safe and
effective sports participation.

Materials and Methods

This research employed a quasi-experimental
quantitative design to examine the physiological interactions

among hydration status, heart rate, blood lactate, and
muscle temperature concerning the onset of fatigue in sub-
elite soccer players competing in a hot environment. The
study utilized a purposive randomized one-group pretest—
posttest design to investigate the causal effects and predictive
relationships among the variables in field-based conditions,
thereby ensuring significant ecological validity.

Study Participants

The study involved thirty male soccer players from
UNESA FC, categorized as sub-elite athletes participating
in regional and university leagues, and supervised by the
Sport and Exercise Research Center at Universitas Negeri
Surabaya (UNESA). All participants were between the ages
of 18 and 30, had at least 10 years of organized training
experience, and trained regularly 4 to 6 times a week, doing
both technical-tactical and conditioning programs. We
chose this group of people on purpose because sub-elite
athletes have performance profiles that are similar to those
of professionals but often don’t have advanced systems for
managing hydration and recovery, especially in hot and
humid conditions.

The purposive sampling technique was employed to
select participants for this study based on the following
inclusion criteria: (1) being an active athlete at UNESA FC
during the 2025 competition season, (2) not having any
musculoskeletal injury or medical contraindication in the
preceding three months, (3) being capable of performing
maximal physical exercise without the risk of cardiovascular
complications, and (4) providing informed consent by
agreeing and signing. Before the experiment, the team doctor
checked the health of all the participants by measuring their
resting heart rate, blood pressure, and body composition
using bioelectrical impedance analysis (BIA).

Before signing the informed consent form, each
participant got a clear verbal and written explanation of
the study’s purpose, protocol, and possible risks or benefits.
This study received formal institutional authorization from
the Sport & Exercise Research Center (SERC), Universitas
Negeri Surabaya. The research protocol was reviewed
and approved through the institutional permission letter
numbered 146892/UN38.111.2/TU.00.00/2025, issued on
28 August 2025. All procedures conformed to the ethical
principles of the Declaration of Helsinki, and written
informed consent was obtained from all participants prior
to data collection. The study took place at the UNESA Sports
Complex, where the temperature was kept between 31 and 33
degrees Celsius and the relative humidity was kept between
65 and 75 percent. The research facility was a realistic setting
for soccer performance in tropical climates.

Study Organization

The experimental procedure was methodically organized
into six consecutive phases: preparation, warm-up, first-half
simulation, halftime recovery, second-half simulation, and
post-match evaluation, concluding with a brief recovery
monitoring session. This organization made sure that the
methods were strict, the environment was stable, and the
physiological and performance data could be repeated in
real-world settings. All trials took place at the UNESA Sport
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Complex in Surabaya, Indonesia, where the temperature
ranged from 31 to 33 degrees Celsius and the humidity
ranged from 65 to 75 percent. This condition is typical of a
tropical match environment (Bouscaren et al., 2021; Périard
et al., 2021).

At 6:00 a.m., all participants gathered for medical
screening, informed consent, and getting to know the
testing tools and the environment. The session lasted about
60 minutes, during which time they measured resting
heart rate and other body measurements. This step made
sure that each subject met the requirements for inclusion
and understood how the experiment would work. After
that, there was a 10-minute dynamic warm-up (jogging,
mobility, and stretching) and baseline testing. The pre-test
battery measured heart rate (HR-pre), hydration status
(pre), muscle temperature (pre), blood lactate concentration
(pre), shooting accuracy (pre), and anaerobic power using
the Running-based Anaerobic Sprint Test (RAST-pre). To
reduce fatigue effects prior to the main protocol, participants
subsequently engaged in a 60-minute passive rest period
before the next phase.

A training simulation for the first half of the game
was done to match the physical demands of competitive
soccer. Participants engaged in 45 minutes of soccer-specific
intermittent running, divided into three 15-minute segments
consisting of 30-second sprints (90-95% HRmax), 90-second
jogging intervals (65-75% HRmax), and 120-second walking
recovery periods. Heart rate was continuously monitored,
and Ratings of Perceived Exertion (RPE) were documented
at the conclusion of each block to maintain a consistent
workload and perceived effort (Drust et al., 2000; Stone
& Oliver, 2009). After the first half, the participants were
given controlled rehydration (3-5 mL/kg body weight) and
a 15-minute rest period to recover. Measurements taken in
the middle of the test, like HR (middle), hydration (middle),
muscle temperature (middle), and blood lactate (middle),
were used to see how well the body was recovering and how
much heat it was making.

The second half was a repeat of the first half, with short-
distance running and tactical drills like short passes and
recovery sprints. This half also lasted 45 minutes, and the
players’ heart rates and RPE were constantly recorded to
show how fit and strong they were. As soon as the second
half was over, the participants took a post-match fatigue
test. This test measured their hydration (post), muscle
temperature (post), blood lactate (post), shooting accuracy
(post) (Dambroz et al., 2022), and RAST performance (post)
to see how fatigue affected their performance (Hafidz et al,,
2025).

Finally, the recovery monitoring phase included 10
minutes of passive sitting rest, during which HR, lactate,
and muscle temperature were continuously monitored to
assess the acute recovery response following exercise-
induced heat stress. All physiological and performance
evaluations adhered to the standardized measurement
schedule delineated in Fig. 1 and table 1, thereby ensuring
methodological reliability and reproducibility.

A digital thermometer-hygrometer (Testo 608-H2,
Germany) was used to keep an eye on the environment
during the experiment to make sure the thermal exposure
was always the same. According to current sports hydration
guidelines, players’ hydration levels were adjusted based on
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Fig 1. Experimental Design and Sequence of Physiological and
Performance Measurements During the Simulated Soccer Match
Protocol

their weight loss, and rehydration volumes were set at 3-5
mL/kg of body weight (Ceylan & Santos, 2022; Fernandez-
Alvarez et al., 2022; Klimesova et al., 2022). Real-time heart
rate data was sent to make sure that training loads were
between 85 and 95 percent of each person’s HRmax, which
was found using the Karvonen formula (She et al., 2015).

Fingertip capillary sampling was used to get blood
lactate samples (20 pL) at three times: before, during, and
after. To make sure that surface temperature recording was
accurate, a contact thermistor was placed over the muscle
belly of the gastrocnemius medialis to measure muscle
temperature (Flouris et al., 2015; Raj et al., 2021). Certified
sport scientists and physiologists from the Sport & Exercise
Research Center at UNESA oversaw the data collection to
make sure that the process was consistent and valid.

Measurement

We used standardized operational procedures to
measure all physiological and performance variables. This
was done to confirm that the results were reliable, valid,
and reproducible, in line with international sport science
measurement protocols (Batterham & Hopkins, 2015; Sirotic
& Coutts, 2008). All measurements were taken in controlled
environmental conditions (ambient temperature 31-34°C;
relative humidity 65-75%), and certified technicians from
the Sport and Exercise Research Center at Universitas Negeri
Surabaya calibrated all the devices before they were used.

We used a portable analyzer (InBody 370S, Seoul,
Korea) to measure hydration levels using the bioelectrical
impedance analysis (BIA) method. Data collection for this
study was conducted in three phases (pre-exercise, mid-
exercise, and post-exercise). The system calculated total body
water (TBW) and the extracellular to intracellular fluid ratio
with participants standing on a BIA barefoot and with dry
feet. These data were then expressed as a percentage change
in hydration status. To ensure accuracy, athletes avoided
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Table 1. Phased Organization of Experimental Procedures and Corresponding Physiological Measurements in the
Simulated Soccer Match

Phase Activity Description Duration = Measurements Collected
Preparation Orientation, medical ~ Participants assembled at 06:00 a.m. for ~ 60 min Resting HR,
screening, and medical check-up, informed consent, anthropometric profile
familiarization and familiarization with the testing
instruments and environment under
controlled thermal conditions.
Warm-up & Pre-test ~ Dynamic warm-up 10-minute dynamic warm-up (jogging, 60 min HR (pre), hydration
and baseline testing stretching, and mobility drills) followed (pre), muscle temperature
by baseline assessments to establish pre- (pre), blood lactate (pre),
exercise physiological values. shooting accuracy (pre),
RAST test (pre)
Rest Interval Passive rest period To eliminate residual fatigue from pre- 60 min —
testing and ensure physiological stability
before the main simulation.
Exercise Simulation - Soccer-specific 3 x 15-min running blocks alternating 30 45 min Continuous HR, RPE
First Half intermittent running s sprint (90-95% HRmax), 90 s jogging
(65-75% HRmax), and 120 s walking
recovery. RPE recorded after each block.
Halftime Recovery Controlled 15-min passive recovery with rehydration 15 min HR (mid), hydration (mid),
rehydration and mid-  (3-5 mL/kg BW). Mid-test data recorded muscle temperature (mid),
test to assess thermal and hydration response. blood lactate (mid)
Exercise Simulation -  Tactical and Repetition of first-half protocol 45 min HR (post), RPE
Second Half intermittent running  integrated with tactical drills (short-
passing and sprint recovery tasks) to
simulate match intensity.
Post-match Fatigue Performance and Post-exercise testing for physiological 15 min Hydration (post), muscle
Test fatigue evaluation and skill-related fatigue indicators. temperature (post), blood
lactate (post), shooting
accuracy (post), RAST test
(post)
Recovery Monitoring  Passive recoveryand  10-min seated recovery with continuous 10 min HR, lactate, muscle
assessment monitoring of physiological restoration temperature

following exercise-induced thermal

stress.

food and caffeine two hours before the test and emptied
their bladders thirty minutes beforehand (Sampieri et al.,
2024). Pre- and post-exercise weight measurements allowed
us to determine fluid loss, and we adjusted the rehydration
rate between 3 and 5 mL/kg body weight, following current
sports hydration guidelines (Ceylan & Santos, 2022;
Fernandez-Alvarez et al., 2022).

A Polar H10 telemetry sensor (Polar Electro, Kempele,
Finland) was used to monitor heart rate in real time and
continuously throughout the protocol. Data were collected
at one-second intervals and displayed as a percentage of
each individual's HRmax, which was determined using the
Karvonen formula (HRmax = 220 - age) and adjusted for
resting HR (She et al., 2015). HR was measured at the start of
exercise, during the first and second halves of exercise, and
after exercise to evaluate exertional response and recovery.
Mean and maximum heart rates were used as indicators of
internal load and cardiovascular strain (Dimkpa et al., 2023;
Schneider et al., 2018).

Fingertip samples (20 uL) taken with a sterile lancet
were used to measure capillary blood lactate concentration
at three different times: before, during, and after exercise.

The Roche Cobas Accutrend Plus (Roche Diagnostics,
Germany) was used for analysis. This device provides fast
and accurate readings in less than one minute. To reduce
contamination, the first drop of blood was discarded, and
subsequent drops were placed on a lactate strip according
to the manufacturer’s instructions. This method allows for
measurement of the anaerobic glycolytic response and the
level of metabolic exhaustion (Beneke et al., 2011; Kafrawi
etal., 2025).

We used a digital contact thermistor (Testo 608-H2,
Germany) to monitor the local muscle temperature. It was
placed at the gastrocnemius medialis muscle belly of the
dominant leg. We measured how the body reacts to heat
over time before the warm-up, after the first half, and after
the match. To keep the sensor from moving, hypoallergenic
medical tape was used to hold it in place. This technique
yields accurate noninvasive assessments of intramuscular
temperature fluctuations during thermal stress (Flouris et
al,, 2015; Raj et al., 2021)

A standardized soccer shooting accuracy protocol was
used to test shooting accuracy. This protocol was made
to test technical precision and motor control degradation
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caused by fatigue in sub-elite players. The test took place on
asoccer field that was the right size and had a FIFA-approved
ball (size 5, weight 420-445 g) and a standard goal (7.32 x
2.44 m). There was a target scoring grid in the goal area that
split the surface into six scoring zones: two central zones
for low-precision areas and four corner zones (upper-left,
upper-right, lower-left, and lower-right) for high-precision
areas. Following the performance scoring model set up by
Dorge et al. (2002) and Lees & Nolan (1998), each target
zone was given a point value from 1 to 5, with higher points
for shots that hit the upper corners and lower points for shots
that hit the middle.

To reduce learning bias, each participant attempted
10 penalty shots from a distance of 11 meters, randomly
alternating between their dominant and non-dominant feet
(Ali et al., 2007; Izovska et al., 2016). Prior to the test, the
players performed a standard 5-minute technical warm-up
that included controlled passing and shooting to help them
become accustomed to handling the ball. Participants were
instructed to shoot accurately while maintaining the pace
of the game. A high-speed digital camera (240 fps, Sony
RX10 IV, Japan) was mounted 5 meters behind the ball at
a right angle to the ball to record each shot. This procedure
was performed to allow for later visualization of the shot
placement and trajectory.

All trials were conducted twice—before exercise (pre-
test) and immediately after the second half of the simulation
(post-test)—to evaluate the effect of exercise-induced fatigue
on technical shooting performance. To ensure consistency,
all sessions used the same ball, shooting surface, and weather
conditions. To minimize recovery bias, the interval between
attempts was set at 20 seconds (Rampinini et al., 2009). This
approach has been supported by prior research, showing
high intra-class correlation coefficients (ICC = 0.88-0.93)
for shooting accuracy and consistency within soccer-specific
scenarios (Ali et al., 2007; Marques et al., 2011). Using both
accuracy percentage and point-weighted indices allows for a
more comprehensive assessment of performance, capturing
both spatial accuracy and motor control decline caused by
fatigue (Dambroz et al., 2022; Ferraz et al., 2012).

Anaerobic endurance was evaluated using the Running-
Based Anaerobic Sprint Test or RAST test. This test involves
six maximum sprints over a distance of 35 meters, with
each sprint interspersed with a ten-second passive recovery
period. All sprints were conducted on a standard indoor track,
and participants were instructed to exert their maximum
effort during each sprint. Sprint times were recorded with
a stopwatch, and anaerobic power variables (peak power,
average power, and fatigue index) were calculated according
to the standard RAST protocol (Wibowo et al., 2025).

Immediately after each 15-minute simulated exercise
segment, participants evaluated their perceived exertion
using the Borg Rating of Perceived Exertion (RPE) Scale
(6-20) (Williams, 2017). They were asked to rate how intense
they perceived the game to be, which serves as a subjective
measure of internal load and psychological strain, in addition
to physiological data (Inoue et al., 2022). We used a Testo
608-H2 digital thermo-hygrometer to monitor ambient
temperature and relative humidity throughout the test.
These measurements ensured a stable environment. Data
were recorded every five minutes and maintained within a
target range (31-34°C; 65-75% RH). This monitoring helped

ensure that all sessions accurately mimicked actual tropical
conditions (Akerman et al., 2016; Helmer et al., 2025; Xu et
al,, 2022).

Statistical Analysis.

A priori power analysis was performed using G Power
3.1 to determine the minimum required sample size. For
repeated-measures ANOVA with three measurements
(pre-, mid-, post-test), an effect size of f = 0.30 (medium),
a = 0.05, and power (1-B) = 0.80 indicated a minimum
required sample of N = 24. The final sample (N = 30)
exceeded this threshold, ensuring adequate statistical
power. This study used IBM SPSS Statistics version 25.0 and
Microsoft Excel 2016 for data validation and visualization.
All analyses were performed at a significance level of p <
0.05. We carefully checked the data to ensure accuracy and
completeness. The Mahalanobis distance method was used
to identify any potential outliers and prevent data distortion.
Descriptive statistics were calculated for all dependent and
independent variables, including hydration status, heart
rate, blood lactate, muscle temperature, and fatigue index.
The Shapiro-Wilk test assessed normality, while the Levene
test verified homogeneity of variance. Paired-sample t-tests
analyzed intra-group variation over time for parametric
data sets. Repeated-measures ANOVA was used to evaluate
the overall impact of time and interaction effects on
physiological variables. When the assumption of sphericity
was violated, the Greenhouse-Geisser correction was
applied. Multivariate analysis of variance (MANOVA) tested
multivariate interactions among physiological indicators,
and the Pearson product-moment correlation coefficient (r)
assessed the strength and direction of correlations among
continuous physiological variables. Additionally, a multiple
linear regression analysis was performed with the fatigue
performance score as the dependent variable and hydration
percentage change, mean heart rate, peak lactate level, and
mean muscle temperature as predictors..

Results

Thirty male soccer players from UNESA FC who
were not considered elite volunteered to participate in the
study. The average age of the group was 22.4 + 3.1 years,
the average height was 173.6 + 5.2 cm, the average weight
was 68.1 £ 6.1 kg, and the average duration of training was
10.8 + 1.9 years. Participants attended between four and
six training sessions each week, which included technical,
tactical, and conditioning exercises led by certified coaches.
We measured an average resting heart rate of 64.8 £ 3.7 bpm
while participants rested in a thermoneutral environment
(room temperature 32.1 £ 0.8°C; relative humidity 70.3 +
3.5%). The positional distribution was three goalkeepers
(10%), nine defenders (30%), twelve midfielders (40%), and
six forwards (20%). This reflects the typical composition
of a university soccer team in Indonesia. The participants’
body size and physiological profile generally resembled that
of sub-elite tropical athletes who frequently compete in hot
weather.

Prior to inferential analysis, all data were examined
to ensure compliance with statistical assumptions. The
Shapiro-Wilk test verified that all physiological and
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Table 2. Temporal Changes in Physiological Parameters (Hydration, Blood Lactate, and Muscle Temperature) Across the

Match Simulation

Variable Pre Mid Post p (Time Effect) Partial n*
Total Body Water (L) 426+19 412+19 40.8+2.0 <0.001 0.79
Blood Lactate (mmol-L-1) 1.3+0.2 6.7 0.8 10.4+0.9 <0.001 0.88
Muscle Temperature (°C) 334+03 354+0.7 37.1+04 <0.001 0.83

performance variables exhibited normal distribution (p >
0.05), while Levene’s test indicated homogeneity of variance
across time points (p > 0.05). These findings support the
application of parametric tests, such as paired t-tests and
repeated-measures ANOVA, for data analysis.

Descriptive statistics showed a clear temporal trend
throughout the simulated soccer match. Total body water
(TBW) gradually decreased from pre-test to post-test (42.6
£ 1.9 > 40.8 + 2.0 L), indicating dehydration during the
session. Blood lactate concentration increased sharply
(1.3 £ 0.2 > 104 =+ 0.9 mmol-L"), indicating a significant
increase in anaerobic metabolism. During the match,
muscle temperature continued to rise (33.4 + 0.3 > 37.1 +
0.4136°C), indicating that the body struggled to maintain a
stable temperature.

Repeated-measures ANOVA validated significant main
effects of time on all three physiological variables (Table 2).
The analysis showed a big effect size for TBW (F 5 = 39.7,
p <0.001, n*, = 0.79), blood lactate (F(,ss = 76.4, p < 0.001,
n’, = 0.88), and muscle temperature (F(, 55 = 52.6, p < 0.001,
1, = 0.83). These findings indicate that the match simulation
protocol successfully produced dehydration, metabolic
accumulation, and thermal load similar to competitive
match conditions in a tropical environment.

45
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Fig 2. Temporal Changes in Physiological Parameters During
Match Simulation

The n?, value (0.79-0.88) indicates a large effect size,
reflecting strong temporal changes across the simulated
matches. The assumption tests suggest that the parametric
analysis is suitable, and the combined descriptive and
inferential results indicate that the experimental protocol
led to significant physiological changes. These alterations in
hydration, metabolism, and temperature lay the groundwork
for understanding future performance-related outcomes.
The next section examines how high levels of cardiovascular
strain and perception directly impact players’ technical
accuracy and anaerobic power after the simulated matches.

Cardiovascular response data indicate that participants
maintained a high physiological load throughout the
simulated matches. The mean relative heart rate was 86.7
+ 3.2% HRmax, and the peak heart rate was 95.1 + 2.1%
HRmax. These data indicate that the players worked near

their anaerobic threshold for most of the session. The Borg
RPE scale, which measures subjective exertion, showed
a large spike between the first and second halves of the
match. Mean RPE increased from 13.9 + 1.2 to 17.1 + 1.0,
confirming an increase in physiological fatigue over time
(tee) = 9.84, p < 0.001, Cohen’s d = 2.75). This increase in
perception was accompanied by increases in heart rate
and metabolic variables, indicating a synchronized pattern
of cardiovascular strain and perception throughout the
simulated competition.

Table 3. Cardiovascular and Perceptual Responses During
the First and Second Halves of the Simulated Match.

. Second Cohen’s
First Half Half te» P d

Mean HR (%HRmax) 86.7 + 3.2 — - — —
Peak HR (%9HRmax) 95.1 + 2.1 — — — —
RPE 139+1.2 17.1+1.0 9.84<0.001 2.75

Variable

These results confirm that the training protocol suc-
cessfully induces prolonged, high-intensity cardiovascular
stress, consistent with match conditions. Substantial increas-
es in perceived exertion further illustrate the players’ cohe-
sive physiological assessment of their effort as the session
progresses. After determining the level of performance de-
cline, the next step involved analyzing the interrelationships
between changes in physiological parameters and identify-
ing those most closely associated with fatigue.

Performance analysis revealed significant declines in
technical and anaerobic skills following the match simulation
(Table 4). Shooting accuracy significantly declined by
approximately 14%, decreasing from 78.4 + 4.2% to 64.3
5.1% (tpg) = —10.42, p < 0.001, d = 1.90), indicating impaired
motor precision under fatigue. Likewise, RAST peak
power diminished from 723.6 + 28.4 W to 690.3 £ 31.2 W
(tpey= —4.62, p < 0.001, d = 0.84), whereas the fatigue index
escalated from 8.9 + 0.6 to 10.7 + 0.8 (4 = 5.13, p < 0.001,
d = 0.93). These results collectively indicate a significant
decline in neuromuscular performance after high-intensity
activity.

Paired t-tests on physiological variables corroborate
these findings, showing a significant decrease in total body
water (TBW) (p < 0.001) and a significant increase in blood
lactate and muscle temperature (p < 0.001). The degree of
variation between variables suggests that metabolic and
thermoregulatory stress lead to a decrease in technical
output and power after competition.

Figure 3 illustrates the changes in technical and
physiological performance indicators from before to
after the high-temperature test. There were significant
decreases in shot accuracy (-14%) and peak power (-4.6%),
accompanied by significant increases in the fatigue index,
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Table 4. Pre- to Post-Test Comparison of Technical and Anaerobic Performance Indicators Under Heat Stress Conditions.

Variable Pre-Test Post-Test t(29) P Cohen’s d
Shooting Accuracy (%) 78.4 4.2 64.3+5.1 -10.42 <0.001 1.90
Peak Power (W) 723.6 £ 28.4 690.3 £ 31.2 —4.62 <0.001 0.84
Fatigue Index 8.9%0.6 10.7 £ 0.8 5.13 <0.001 0.93
Total Body Water (L) 426+1.9 40.8 £2.0 -8.02 <0.001 1.47
Blood Lactate (mmol-L-1) 1.3+0.2 10.4+0.9 37.81 <0.001 6.90
Muscle Temperature (°C) 334+03 37.1+04 44.20 <0.001 8.07
- Table 5. Correlation Between Physiological Stress Markers
800 | and Fatigue Performance Scores in Sub-Elite Soccer
Players.
00 Variable Pair r P
AHydration (%) vs Fatigue Score -0.56 0.002
o Pre-test Mean HR (%HRmax) vs Fatigue Score 0.41 0.027
400 Post-test
Peak Lactate (mmol-L-1) vs Fatigue Score 0.63 <0.001
Mean Temp (°C) vs Fatigue Score 0.38 0.039
200 kkk
[
statistical significance. Confidence intervals for all predictors
0__['_ ranged from 95% CI [0.12 to 0.61] for lactate to [-0.62 to

Fig. 3. Pre- to Post-Test Changes in Technical and Physiological
Performance Indicators Under Heat Stress Conditions. Data are
presented as mean + SD; ***p < 0.001 compared with pre-test
values

lactate concentration, and muscle temperature (p < 0.001).
This trend highlights the cumulative effect of dehydration and
metabolic overload on fatigue-related performance declines.
Opverall, these results indicate that match simulation creates
a dry physiological environment, increases metabolic stress,
and raises body temperature, all of which result in significant
decreases in technical accuracy and anaerobic performance
capacity. Given the strong correlation between physiological
variables, further analysis used multiple regression to
determine which factors collectively contributed to the
variation in fatigue performance scores.

Correlation analysis revealed a strong relationship
between physiological indicators and fatigue-related
performance (Table 5). Fatigue performance scores exhibited
a strong negative correlation with AHydration (% change
in TBW; r = —-0.56, p = 0.002). This indicates that as fluid
loss increases, fatigue levels also increase. On the other
hand, peak lactate showed a strong positive correlation with
fatigue (r = 0.63, p < 0.001), meaning that higher metabolic
accumulation rates were associated with lower performance
levels. A moderate but significant correlation was identified
between mean HR (%HRmax) (r = 0.41, p=0.027) and mean
muscle temperature (r = 0.38, p = 0.039), both of which
influence fatigue perception and performance decline.

Multiple regression analysis revealed that the model
significantly predicted fatigue performance (R*> = 0.61,
Adjusted R* = 0.57, F(,,5 = 9.85, p < 0.001). Peak lactate
(B =0.48, p = 0.003) and AHydration (p = —0.41, p = 0.008)
were the strongest independent predictors of fatigue. Mean
HR (B = 0.23, p = 0.074) and mean muscle temperature
(B =0.19, p = 0.089) contributed modestly but did not reach

-0.18] for AHydration, while standard errors remained
within acceptable limits (SE = 0.06-0.11). These results
indicate that dehydration and the accumulation of metabolic
by-products are the primary factors influencing post-match
fatigue. Furthermore, cardiovascular and thermal stress
factors add up, which shows that fatigue is a response that
includes metabolic, thermoregulatory, and circulatory load.

Discussion

The principal findings demonstrate that progressive
dehydration, heightened blood lactate concentrations, and
elevated muscle temperature are associated with significant
reductions in technical accuracy and anaerobic power,
alongside considerable increases in cardiovascular load and
perceived exertion. Correlational analysis indicated that
total body water loss and peak lactate concentration were the
most significant predictors of post-match fatigue, whereas
mean heart rate and mean muscle temperature exerted a
moderate influence on the overall fatigue index. These
findings collectively emphasize that fatigue in heat-stressed
match conditions is a multifactorial phenomenon involving
metabolic, thermoregulatory, and circulatory elements
(Cramer et al., 2022; Gnanasigamani et al., 2025).

The decrease in total body water indicates unregulated
fluid loss during high-intensity intermittent activity, which
may influence plasma volume and peripheral blood flow
to the engaged muscles. A 2-3% loss of body mass due to
dehydration hasbeen demonstrated to hinder neuromuscular
function, diminish running performance, and compromise
fine motor control, especially in hot and humid conditions
(Armstrong et al., 2025; Casa et al., 2015). This mechanism
aligns with the substantial negative correlation observed
between hydration variability and fatigue scores in this
study, indicating that fluid balance is essential for sustaining
technical precision and anaerobic performance during
extended physical exertion.
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A substantial increase in blood lactate indicates a
significant reliance on anaerobic glycolysis during the
simulation. Increased lactate concentrations in skeletal
muscle can disrupt the excitation-contraction relationship,
alter pH balance, and inhibit calcium reabsorption, thus
exacerbating neuromuscular fatigue (Beneke et al., 2011;
Kafrawi et al., 2025). The increase from 1.3 to 10.4 mmol L
aligns with the metabolic intensity observed in competitive
matches in tropical climates, thus strengthening the
ecological validity of the simulation procedure (Chapelle
et al., 2020; Shirreffs & Shirreffs, 2010). The concomitant
decrease in shooting accuracy and anaerobic power suggests
that metabolic overload directly impacts both technical and
physiological performance elements (Ioannou & Flouris,
2020).

It is important to note that muscle temperature
increased steadily during the simulation. Moderate increases
in intramuscular temperature can increase enzyme activity
and force production. Studies have shown that temperatures
above 37°C can inhibit nerve impulse conduction and cause
fatigue (Flouris et al., 2015; Raj et al., 2021). Thermal stress
exacerbates central motor output dysfunction, thereby
exacerbating fatigue by complicating voluntary activation
(Iguchi & Shields, 2011). These results are consistent
with recent studies showing that cooling interventions
significantly reduce thermal stress and maintain optimal
performance during heat exposure (Bongers et al., 2017;
Khorshid & Song, 2025).

When contextualized within the current literature, these
findings align with the global consensus on heat-induced
performance impairment in team sports. The International
Olympic Committee (IOC) and the American College of
Sports Medicine (ACSM) have collaborated to examine the
importance of maintaining hydration, addressing heat stress,
and measuring internal strain to enhance performance in
high temperatures (Armstrong et al., 2025; McDermott et
al., 2017; Sawka et al., 2007). This study reinforces these
principles through empirical data collected in the field under
tropical conditions, combining laboratory results with the
practical context of sport. Furthermore, the use of RAST as
a credible and reliable measure of anaerobic performance
confirms its efficacy in longitudinal athlete monitoring,
despite its slightly reduced peak power estimates compared
to the Wingate test (Hafidz et al., 2025; Wibowo et al., 2025).

There are numerous practical implications from a
coachingandappliedsportsscience perspective. First,athletes
should pay attention to their hydration levels during training
and competition. This can be done by weighing yourself
before and after a session or by using a portable device such
as a BIA analyzer or urine specific gravity meter. Developing
a personalized rehydration plan, such as the one used here
(3-5 mL/kg at halftime), can help maintain performance
and correct fluid imbalances (Pryor et al., 2018; S. Racinais
et al,, 2015). Second, pre- and post-cooling strategies, such
as ice vests, cold towels, or cold water immersion, should be
used frequently to reduce heat stress levels, especially when
competing in tropical climates (Robin et al., 2024; Roriz et
al,, 2022). Third, a structured heat acclimatization program
lasting 10 to 14 days has been shown to lower heart rate,
reduce fatigue, and help teams cope better with the heat
(Lorenzo et al., 2010). This is an important way for teams to
prepare for competition in hot weather.

Current findings suggest that perceived strain is closely
related to physiological load; therefore, incorporating these
metrics could improve in-game decision-making and reduce
fatigue-related errors or injuries. Furthermore, coaches
should have players perform technical drills while fatigued,
such as shooting or passing after sprinting, to help them
maintain sharp skills and maintain accurate motor skills
under pressure. Finally, coaches should consistently conduct
RAST or comparable on-field assessments of anaerobic
performance to evaluate recovery and adaptive progress
throughout the training cycle (Wibowo et al., 2025).

This study acknowledges specific limitations, despite
robust experimental controls. The study sample was lim-
ited to sub-elite male players from a single university team,
thus limiting generalizability to other levels of competition,
age demographics, or female athletes. BIA is a useful and
non-invasive way to assess hydration, but it can be affected
by changes in skin temperature and electrical impedance
when the body heats up. The RAST is a reliable test, but it
may slightly underestimate peak power output compared to
the Wingate protocol performed in the laboratory (Zagatto
et al., 2009). Future research should incorporate additional
biomarkers, including urine osmolality or plasma volume, to
facilitate a more comprehensive analysis. Therefore, caution
should be exercised when considering absolute performance
values. Future research should investigate controlled inter-
ventions—such as variations in rehydration formulation,
cooling techniques, or acclimatization periods—to evaluate
their effects on physiological and technical recovery. Longi-
tudinal studies examining the neuromuscular and cognitive
mechanisms that lead to fatigue-induced skill decline would
improve understanding of the mechanisms influencing soc-
cer performance in high temperatures.

Conclusions

This study demonstrates that simulated soccer matches
in a hot and humid tropical environment cause significant
physiological stress—characterized by progressive
dehydration, elevated blood lactate levels, and increased
muscle temperature—which collectively reduce technical
precision and anaerobic capacity. The strong correlation
between fluid loss, metabolic accumulation, and fatigue
validates that a synergistic interaction between circulatory,
metabolic, and thermoregulatory processes drives
performance declines during heat stress. These results
suggest that hydration and thermal regulation are crucial for
sub-elite players’ performance in matches and their recovery
speed.

In practice, maintaining fluid balance and reducing
thermal stress should be central to coaching and
performance plans. To help players avoid heat exhaustion,
coaches should utilize individualized hydration monitoring,
structured rehydration (3-5 mL kg during rest periods),
and targeted cooling methods such as pre-cooling or
pre-cooling. Adding short-term heat acclimatization and
technical drills performed while fatigued can help further
improve skill tolerance and stability during competition.
Incorporating these evidence-based strategies into training
and competition preparation can enhance physiological
readiness and maintain performance in athletes competing
in high temperatures.
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CraH rigpaTauii Ta Ten10BU CTpecC AK NpeauKTOpY BTOMIU Ta
3HMKEHHSA pe3ynbTaTUBHOCTI Y pyTOONiCTIB CybeniTHOro piBHA

Axmap Bigogo'A“PE, A6myn A3is Xakim'®P, Adi¢ PycgiaBan'4®P, XimaBan Bicmanapmi'APE,
Kont Hemer* P, Ximxpin ®irponi'**’, Mennauna Ilyrpi Mentapn'®°, Xacan Bacpi®**®

' Nep>xaBumii yuisepcuter Cypabai
*YuiBepcurer [leva
*Icnamcpbkuit yHiBepcutet 45

ABTOpPCHKMIT BKIAJ: A — Au3aitH gocmipkenHs; B — 36ip ganux; C — crataHanis; D — migroroska pykorcy; E — 36ip kowrtis

Pegepar. Crarrsa: 12 ¢, 5 Tabn., 3 puc., 59 mxeper.

O6rpynryBanHsa. PyT6omicTy, ki 6epyTb y4acTb y 3MaraHHsAX B YMOBax TPOIIYHOrO K/IiMary, 3a3HAI0Th KOMOiHOBaHOTO
BIUIMBY JeTifipaTaliii, TENIOBOTO HABAHTA>KEHH S Ta MeTaboMiYHOro CTpecy, IPOTE JaHi, IO MiJTBEPAKYIOTh 3B’ A30K X cbaKTo—
PiB i3 SHIDKEHHSM Pe3y/IbTaTUBHOCTI, 3a/IMIIAI0THCS OOMEXKEHUMIL.

Iini. MeTa 11bOro KOC/iI)KeHHA MOJATaNa Y BUBYEHHI IIPOTHO30BaHNX B3a€EMO3B A3KiB MK CTaHOM rigparanii, TeIoBUM
crpecoM, MetabomiuHnMY (HaKTOpaMI Ta 3HIDKEHHSIM Pe3y/IbTaTBHOCTI, 3yMOB/IEHNM BTOMOIO, y Py TOO/ICTIB CybeniTHOro pis-

HsA, AKi ITPAIOTh B YMOBAX TPOILYHOI CIIEKN.
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Marepiamu ta Metopu. TpuansaTh 4onoBikiB-pyroonictis cybemitHOro piBHs (22.4 £ 3.1 poku) B3sUIM YIaCTb y MOJie/IbOBA-
HOMY 90-XBUIMHHOMY MaT4i, 1110 IPOBOAMBCA IpM TeMIepaTypi Bif 31 go 33 °C ta BifHOCHII BosorocTi moBiTps Mix 65 Ta 75 %.
IToxasHuKM rigparamii (bioiMmemaHCHMIT aHATi3), JIAKTaTy B KPOBi, TeMIIEPaTypu M’A31B, 9aCTOTH CepLEeBNX CKOPOYEHb, TOYHOCTI
yZapiB Ta aHaepoOHOI HOTY)XHOCTI (TecT Ha BUMIpIOBaHH: IIBUAKOCTI i CyyIu mif| 4ac cepii CIpMHTIB) OLIHIOBA/IM HA IepelMar-
4YeBOMY €Talli, IIij] Yac Ta Mic/isA MPOBefleHHA MaTdy. 3aCTOCOBAHO AMCIEPCiiHMIA aHaIi3 3 IOBTOPHUMY BMMipaMy Ta MHOXKVHHY
perpeciio (p < 0.05).

Pesynprarn. ITokasHuk 3aranbHoi KimbkocTi Bogu B opranismi (3KBO) 3nayno 3meHmmBcA (—4.2%), Tofii AK piBHI TaKTaTy
(1.3 > 10.4 mmons/!) i Temueparypu M's3iB (33.4 > 37.1 °C) 36imbumncs mpoTsrom cerMenTis Maray (p < 0.001). Ha mics-
MaT4YeBOMY eTalli COCTepiraiocsi 3HYDKEHHs TOYHOCTI yaapis (—14%) i mikoBoi anaepobHOI moTyXHOCTI (—4.6%). PerpeciitHmit
anais BusHauns ASKBO (B = —0.41, p = 0.008) i mixoswuit makrar (f = 0.48, p = 0.003) six sHavywi npeguxropu Tomu (R* = 0.61).

BucHoBKu. Pesy/braTy JOCTIKeHHs BKa3yIOTh, 10 [ieTifparalis, TeI/IOBe HABAHTAXXEHHS Ta MeTa0Oo/IiuHe HAKOIMYEeHHS
€ BOK/IMBMMM O3HAKaMI NOTipIIEHHs PiBHA pe3yIbTaTUBHOCTI Cy6’eKTa IIijl Yac NPOBEIeHH MaT4iB B yMOBaX TPOIIYHOTO KIIi-
Mary. CIIOpTCMeHM MOXKYTb HOJIHITIINTI CBOE 3I0POB s Ta IPOAYKTUBHICTD, BXXMBAIOYM JOCTATHIO KiNbKICTh PifIUHM Ta KOHTp-
OJIIOIOUN TEMIIEPATYpPy Tija.

KirouoBi cmoBa: cTaH rifjpaTaliii, TeroBuit cTpec, BToMa, aHaepoOHa IIPOAyKTUBHICTD, TPOIIiYHe CepefiOBUIIE.
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