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Abstract

Objectives: This study aimed to examine the effects of three different warm-up protocols
on performance, physiological, and perceptual responses in high-level water polo players.
Methods: Ten international-level athletes (Tier 4; mean ± SD: age 22.4 ± 3.53 years; height
1.78 ± 0.06 m; body mass 75.83 ± 6.44 kg) completed three experimental conditions in a ran-
domized, counterbalanced design: dryland, in-water, and combined warm-up. Following
each warm-up condition, participants performed the Water Polo Intermittent Shuttle Test
(WIST), while performance (distance covered and average speed), blood lactate concentra-
tion ([La−]), heart rate (HR), tympanic temperature, and rating of perceived exertion (RPE)
were assessed. Statistical significance was set at p ≤ 0.05. Results: Players covered greater
distances following the in-water (331.5 ± 151.24 m) and combined (358.5 ± 134.06 m) warm-
ups compared to dryland (226.5 ± 129.51 m; p < 0.01; ES = 2.00 and 1.53, respectively), with
no significant differences between in-water and combined conditions (p = 0.381; ES = 0.29).
Physiological responses following the WIST were largely similar between conditions, al-
though [La−] was higher in the dryland condition (12.46 ± 4.46 mmol·L−1) compared to
the combined condition at 10 min post-exercise (8.66 ± 2.47 mmol·L−1; p = 0.03; ES = 0.80).
No differences were found for HR, tympanic temperature, or RPE. Conclusions: These
findings suggest that warm-up protocols including an in-water component are more ef-
fective than dryland-only routines for optimizing intermittent performance in water polo
players. However, combining dryland and in-water exercises does not appear to provide
additional benefits compared to in-water warm-up alone.

Keywords: pre-exercise; aquatic sports; specificity; intensity; lactate; heart rate

1. Introduction
Warm-up is commonly performed to enhance physiological and psychological readi-

ness, thereby optimizing subsequent exercise performance [1–3]. An effective warm-up
elevates muscle and core temperature, which may improve metabolic efficiency, accelerate
energy turnover, and facilitate force production during exercise performed at different
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intensities [4,5]. Additionally, warm–up strategies may also improve range of motion,
strength, and movement coordination, and prepare the cardiovascular and neuromuscular
systems for the demands of the subsequent task [6–8]. In aquatic sports, however, findings
regarding the effectiveness of different warm-up strategies remain mixed [7,9–11], suggest-
ing that their benefits depend on both the characteristics of the protocol and the demands of
the activity performed thereafter [7,9,12]. This may be particularly relevant in intermittent
sports, which require repeated high-intensity efforts interspersed with recovery periods and
the rapid contribution of both aerobic and anaerobic energy systems [13]. Evidence from
basketball [14], futsal [15], soccer [16–18], and handball [19,20] demonstrates that appropri-
ate warm-up routines can improve sprint performance, power output, and agility, and, in
some contexts, contribute to injury-risk reduction. These findings suggest that an effective
warm-up should provide sufficient physiological and neuromuscular activation while also
reflecting the specific movement and energetic demands of the subsequent activity.

Water polo is a high-intensity intermittent sport that requires rapid transitions be-
tween maximal efforts, defensive actions, and active recovery [21,22]. It also involves
specific technical and physiological demands, such as head-up swimming, vertical egg-
beater kicking, upper-limb explosive actions, and both anaerobic and aerobic contributions,
respectively [23–25]. Additionally, the aquatic environment imposes unique constraints
such as buoyancy and drag forces, which influence body position, propulsion, movement
efficiency, and energy expenditure [26]. This way, the effectiveness of a warm-up in water
polo may depend on the physiological activation achieved but also on whether the protocol
prepares athletes for the specific coordinative and mechanical demands of movement
in water.

In-water warm-ups are commonly used to increase body temperature, improve stroke
efficiency, and activate neuromuscular patterns that closely resemble competition [8,27].
However, dryland warm-up routines, frequently used before entering the water, may
enhance muscle activation, joint mobility, and neuromuscular recruitment through dy-
namic and resistance-based exercises [6,9]. From an applied perspective, coaches frequently
combine dryland and in-water routines, although evidence directly comparing their effec-
tiveness remains limited [28]. The interval between the end of the warm-up and the start
of competition represents an additional practical consideration, particularly when access
to the competition venue or pool is restricted [29]. Theoretically, combining dryland and
in-water warm-up may provide complementary stimuli by integrating general activation
with sport-specific aquatic preparation [30]. Nevertheless, it remains unclear whether this
combination provides additional benefits compared with an adequately structured in-water
warm-up alone. Moreover, because the benefits of warm-up may progressively decline
during passive recovery, the transition period should be considered and standardized when
comparing different warm-up strategies [12,31].

Despite the practical relevance of warm-up for aquatic sports, most studies have
primarily focused on swimming performance, particularly time-trial outcomes, rather than
intermittent protocols that more closely reflect the demands of water polo [30,32–34]. This
highlights the limited evidence regarding the effects of dryland, in-water, and combined
warm-up strategies on ecologically relevant, sport-specific intermittent performance in
water polo. Therefore, this study aims to examine the acute effects of three warm-up
protocols, specifically, in-water warm-up, dryland warm-up, or combined warm-up, on
performance outcomes in high-level water polo players. Additionally, physiological (heart
rate: HR, and blood lactate concentration: [La−]) and perceptual (rating of perceived
exertion, RPE) responses were evaluated. It was hypothesized that the combined warm-up
would produce greater improvements in performance compared with the in-water and
dryland warm-up alone.
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2. Materials and Methods
2.1. Experimental Approach to the Problem

This study used a randomized, counterbalanced, within-subject repeated-measures
design to examine the acute effects of three different warm-up protocols on intermittent
performance and physiological responses in high-level water polo players. The three
experimental conditions consisted of: (i) dryland warm-up, (ii) in-water warm-up, and
(iii) combined dryland and in-water warm-up. The order of the experimental conditions
was randomized and counterbalanced to minimize potential order effects. Each experimen-
tal condition was performed in a separate session at the same time of day, with at least
48 h between testing sessions to allow recovery from the preceding maximal Water Polo
Intermittent Shuttle Test (WIST) and minimize the potential influence of residual fatigue
and carryover effects [3,18]. This interval referred exclusively to the separation between
experimental sessions. Participants maintained their regular training and competition
schedules throughout the study but were instructed to avoid high-intensity exercise during
the 24 h preceding each testing session.

The independent variable was the type of warm-up protocol, whereas the dependent
variables included WIST performance (distance covered and average swimming speed),
[La−], HR, tympanic temperature, and RPE. The WIST was selected because it reproduces
the intermittent and sport-specific demands of water polo, including repeated head-up
swimming efforts and changes in exercise intensity. All testing sessions were conducted
under standardized environmental and temporal conditions, with participants completing
each experimental condition in a randomized and counterbalanced order separated by at
least 48 h. The researchers responsible for verifying the WIST were not involved in the
administration of the warm-up protocol. The experimental design was intended to replicate
practical competitive scenarios in which athletes perform different warm-up strategies
before intermittent high-intensity exercise, thereby enhancing the ecological validity and
practical applicability of the findings.

2.2. Subjects

All participants were familiar with the warm-up procedures used in this study, as
similar routines are regularly implemented in both training and competitive contexts,
thereby minimizing potential learning effects. Inclusion criteria required participants to
be free from injury or physical limitations and to be actively involved in regular training
and competition. Athletes who were injured, in rehabilitation, not training regularly, or
not selected for competition were excluded. Before participation, all athletes completed
a health and training history questionnaire that included information on anthropometric
characteristics, training experience, and injury history.

Ten male water polo players competing in the Portuguese national league and who
had represented the Portuguese national team participated in this study. Based on their
competitive level and international representation, participants were classified as Tier 4
according to the Participant Classification Framework proposed by McKay et al. [35]. All
eligible players from the participating team who were available during the data-collection
period were recruited. The resulting sample size is comparable to those reported in previous
studies involving water polo players [36–39]. Nevertheless, the relatively small sample
should be considered when interpreting the precision and generalizability of the findings.

All athletes had at least six years of competitive experience and were regularly engaged
in structured training and official competitions. Participants were aged 22.4 ± 3.53 years,
with a body mass of 75.83 ± 6.44 kg and a height of 1.78 ± 0.06 m. They had a training
experience of 10.9 ± 4.89 years and reported an average weekly training frequency of
4.1 ± 0.57 sessions, with each session lasting 2.06 ± 0.13 h. Participants were instructed
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to maintain their regular training schedule but to avoid high-intensity training during the
24 h preceding each testing session. They were also instructed to avoid caffeine and alcohol
for at least 24 h before testing and to maintain similar dietary and hydration patterns across
sessions to minimize potential confounding effects [40].

The study was approved by the Ethics Committee of the University of Beira Interior
(CE-UBI-Pj-2025-035) and conducted in accordance with the Declaration of Helsinki. All
participants provided informed consent before participation.

2.3. Procedures

All experimental sessions followed a standardized experimental sequence (Figure 1)
and were conducted during the final month of the competitive season, in a 25 m indoor
swimming pool. Water temperature was maintained at 27.25 ± 0.35 ◦C and measured
before each testing session to ensure consistency. All sessions were performed at the
same time of day (afternoon) under standardized conditions. Upon arrival, participants
confirmed compliance with the pre-test instructions. They were then seated for 5 min,
with legs uncrossed and body relaxed, for baseline assessment of HR, rating of perceived
exertion (RPE), tympanic temperature, and [La−].

Figure 1. Schematic representation of experimental design. Participants completed three experimental
conditions (dryland, in-water, and combined warm-up). Measurements of heart rate (HR), rating
of perceived exertion (RPE), tympanic temperature, and blood lactate concentration ([La−]) were
collected at baseline, after the warm-up, following a 5 min passive recovery period, and during
recovery after the Water Polo Intermittent Shuttle Test (WIST) at 1, 5, and 10 min.

After baseline assessment, participants performed the assigned warm-up protocol
(dryland, in-water, or combined). The structure, duration, and specific exercises included
in each warm-up protocol are presented in Table 1. Following the warm-up, participants
remained seated for a 5 min passive recovery period, after which HR, RPE, tympanic tem-
perature, and [La−] were measured again. Immediately thereafter, participants performed
the Water Polo Intermittent Shuttle Test (WIST). After completion of the WIST, HR, RPE,
and tympanic temperature were assessed at 1, 5, and 10 min post-exercise, whereas [La−]
was measured at 5 and 10 min post-exercise. Standardized verbal encouragement was
provided during all WIST trials.
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Table 1. Dryland, In-water, and Combined protocols.

Phase Dryland In-Water Combined

Activation

Arm rotations (forward/backward);
chest and back mobility; shoulder

activation; hip rotations
90/90′s

200 m mixed swimming (freestyle/backstroke);
4 × 25 m technique drills W/10 s rest (head-up
swimming, breaststroke, butterfly variations)
4 × 25 m progressive intensity W/1 min rest

Dryland + In-water
(same sequence)

Specific

Normal Squat
Side to Side Squat

Jumping Jacks
Lunge Walk + Reverse

Lunge with trunk rotation
Lunge “Split”

Plank
Side Bridge

Mountain climbers
Burpees

1XEggbeater kicking (30 s on/30 s off);
Technical drills; 1 vs. 1 drills; positional work;
eggbeater variations; goalkeeper-specific drills

4X25 Drill (25 m—Eggbeater kicks; 25 m—Slide side
to side with 1 breast kick; 25 m—Jump with one arm

and with two arms; 25 m—Butterfly stroke with
breaststroke kick W/10 s

1 vs.1: 1st (arms in shoulders) and face to face
(horizontal position); 2nd pushes across colleague’s

shoulder, with breaststroke kick/eggbeater; 3rd
back-to-back; 4th Side by side (hand/arm hand on
the colleague’s shoulder/back)—30 s on/30 s off

each work
Goalies: 1st “Walk” fingers touching cross bar; 2nd
Steady position; 3rd Side to side high/low corner

face the goal; 4th Lunging left/right high/low
corner—30 s on/30 s off each work

Final

Passing drills; steals; shooting drills (short/long
passes, positional shooting):

1st Passing (Short/Long)—2 Rounds of 1′ W/15 s
rest;

2nd Steals and “middle Steals”—2 Rounds of 1′

W/15 s rest;
3rd Shots (Specific positions; After a pass from the
2 m line; free—head shot; lob shot)—5′ (Rotation of

initial and substitute players)

Duration ~20 min ~20 min ~40 min

Performance assessment. Performance was evaluated using the WIST, as previously
described by Mujika et al. [30]. Players started from a stationary position at the lane
rope and began swimming upon an audio signal. The test consisted of repeated shuttle
efforts performed in a head-up swimming position between two lane ropes placed 7.5 m
apart, reproducing a movement pattern specific to water polo. The initial four shuttles
were performed at speeds ranging from 1.03 to 1.36 m·s−1, followed by seven shuttles at
speeds between 1.43 and 1.46 m·s−1. Thereafter, speed increased by 0.005 m·s−1 every
eight shuttles.

The test was terminated when a player could no longer maintain the required pace
or failed to reach the lane rope on two occasions. The final level achieved was converted
to total distance covered (m), which was considered the primary performance outcome.
Average swimming speed during the test was also calculated. To ensure test validity and
confirm that players reached the lane rope at each shuttle, two video cameras (Casio Exilim
EX-F1, 30 Hz) were positioned to monitor performance [3]. Two experienced evaluators
independently verified task completion during each shuttle.

Physiological and perceptual variables. [La−] was measured using a portable lactate
analyzer (Lactate Pro2; Arkray, Kyoto, Japan), with capillary blood samples collected from
the fingertip. Measurements were obtained at baseline, 5 min after each warm-up protocol,
and at 5 and 10 min after the WIST.

Tympanic temperature was measured using a ThermoScan IRT 4520 thermometer
(Braun, Kronberg, Germany). Tympanic temperature is considered a reliable indicator
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of core temperature and its response to exercise [41], with thermometers providing an
accuracy of ±0.2 ◦C for temperatures ranging from 32 ◦C to 42 ◦C. HR was monitored
using a Polar Vantage NV HR monitor (Polar, Kempele, Finland). At each assessment point,
HR was expressed as the mean value recorded during the corresponding 1 min interval.
Both variables were assessed at baseline, after the 5 min recovery period following the
warm-up, and at 1, 5, and 10 min after the WIST. The RPE was assessed using the modified
Borg 1-10 scale [42] at the same time points.

2.4. Statistical Analyses

Data are presented as mean ± standard deviation (SD) and 95% confidence inter-
vals (CI). The normality of data distribution was verified using the Shapiro–Wilk test.
A one-way repeated-measures analysis of variance (ANOVA) was used to examine the
effects of the three warm-up conditions (dryland, in-water, and combined) on performance,
physiological, and perceptual variables. Sphericity was verified using Mauchly’s test, and
when violated, the Greenhouse–Geisser correction was applied. Post hoc pairwise com-
parisons were performed using the least significant difference (LSD) test, as this approach
is appropriate in repeated-measures designs with a limited number of conditions and
controlled within-subject variability. Absolute mean differences between conditions were
also calculated for pairwise comparisons. Effect size was calculated to estimate variance
between conditions (partial eta squared: ηp2), and Hedges’ g for within-subject compar-
isons (ES). For ηp2, cut-off values were interpreted as 0.01 for small, 0.09 for moderate, and
0.25 for large effects. For ES, values of 0.20, 0.50, and 0.80 were considered small, medium,
and large, respectively. Statistical analyses were performed using IBM SPSS Statistics for
Windows (version 29.0; IBM Corp., Armonk, NY, USA). The level of statistical significance
was set at p ≤ 0.05.

3. Results
No significant differences were observed between the three warm-up conditions for

any of the measured variables at baseline (all p > 0.05, Supplementary Table S1). A one-
way repeated-measures ANOVA revealed a significant main effect of warm-up condition
on WIST performance [F (2, 18) = 15.54; p = 0.003; ηp2 = 0.633], indicating a large ef-
fect. Post hoc pairwise comparisons showed that performance following the in-water
condition (mean difference = 105 ± 52.4 m; p < 0.001) and the combined condition (mean
difference = 132 ± 86.3 m; p = 0.009) was significantly higher than the dryland condition.
No significant differences were observed between the in-water and combined conditions
(p = 0.381). Similar results were observed for average swimming speed, with higher values
in the in-water and combined conditions compared to dryland, and no differences between
the in-water and combined conditions (Tables 2 and 3).

Figure 2 illustrates the individual responses in WIST performance across the three
warm-up conditions. When comparing the dryland and in-water conditions, all the par-
ticipants showed a positive response, achieving greater distances following the in-water
protocol. A similar pattern was observed when comparing the dryland and combined con-
ditions, with all the participants improving performance following the combined protocol.
In contrast, the comparison between the in-water and combined conditions showed a more
heterogeneous response, with a similar number of participants demonstrating positive and
negative responses.
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Table 2. Performance, physiological, and perceptual responses following the WIST under each
warm-up condition.

Dryland In-Water Combined

Distance (m)
226.5 ± 129.51 331.5 ± 151.24 358.5 ± 134.06

(133.86, 319.14) (223.32, 439.68) (262.6, 454.4)

Average Speed (m/s)
1.38 ± 0.06 1.42 ± 0.05 1.43 ± 0.05

(1.33, 1.42) (1.38, 1.46) (1.4, 1.47)

Temperature (◦C; 1′)
35.82 ± 0.89 35.64 ± 0.41 35.54 ± 0.36

(35.18, 36.46) (35.35, 35.93) (35.28, 35.79)

Temperature (◦C; 10′)
36.80 ± 0.23 36.77 ± 0.29 36.96 ± 0.27

(36.63, 36.97) (36.56, 36.98) (36.77, 37.15)

HR (beats/min; 1′)
133 ± 27.02 127.4 ± 20.27 126 ± 15.26

(113.67, 152.33) (112.9, 141.9) (115.08, 136.92)

HR (beats/min; 10′)
96 ± 9.43 97.2 ± 9.81 89.6 ± 15.23

(89.26, 102.74) (90.18, 104.22) (78.71, 100.49)

[La−] (mmol/L; 5′)
12.62 ± 4.41 11.86 ± 3.09 11.82 ± 3.01

(9.46, 15.78) (9.65, 14.07) (9.67, 13.97)

[La−] (mmol/L; 10′)
12.46 ± 4.46 10.77 ± 2.86 8.66 ± 2.47

(9.27, 15.65) (8.73, 12.81) (6.89, 10.43)

RPE (AU; 1′)
7.5 ± 0.85 7 ± 1.05 6.8 ± 1.4

(6.89, 8.11) (6.25, 7.75) (5.8, 7.8)

RPE (AU; 10′)
3.5 ± 1.08 3.8 ± 0.92 3.4 ± 0.84

(2.73, 4.27) (3.14, 4.46) (2.8, 4)
Values are presented as mean ± SD (95% confidence interval). Differences among warm-up conditions were
assessed using one-way repeated-measures ANOVA, followed by LSD post hoc pairwise comparisons when
appropriate. AU, arbitrary units; HR, heart rate; LSD, least significant difference; RPE, rating of perceived exertion;
SD, standard deviation; WIST, Water Polo Intermittent Shuttle Test; [La−], blood lactate concentration.

Figure 2. Individual differences in distance covered during the WIST across the three warm-up
conditions (dryland vs. in-water, dryland vs. combined, and in-water vs. combined), including mean
values and mean difference lines (n = 10).
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Table 3. Pairwise comparisons of performance, physiological, and perceptual responses following
the WIST.

Dryland vs.
In-Water

Dryland vs.
Combined

In-Water vs.
Combined

Distance (m)
ES = 2, ES = 1.53, ES = 0.29,

p < 0.001 ** p = 0.001 ** p = 0.381

Average Speed (m/s)
ES = 1.9, ES = 1.61, ES = 0.35,

p < 0.001 ** p = 0.001 ** p = 0.301

Temperature (◦C; 1′)
ES = 0.24, ES = 0.32, ES = 0.19,

p = 0.467 p = 0.343 p = 0.568

Temperature (◦C; 10′)
ES = 0.08, ES = 0.52, ES = 0.57,

p = 0.817 p = 0.133 p = 0.103

HR (beats/min; 1′)
ES = 0.23, ES = 0.30, ES = 0.10,

p = 0.484 p = 0.301 p = 0.758

HR (beats/min; 10′)
ES = 0.10, ES = 0.54, ES = 0.65,

p = 0.752 p = 0.125 p = 0.070

[La−] (mmol/L; 5′)
ES = 0.26, ES = 0.17, ES = 0.01,

p = 0.429 p = 0.611 p = 0.969

[La−] (mmol/L; 10′)
ES = 0.59, ES = 0.80, ES = 0.58,

p = 0.094 p = 0.033 * p = 0.101

RPE (AU; 1′)
ES = 0.39, ES = 0.6, ES = 0.15,

p = 0.244 p = 0.089 p = 0.642

RPE (AU; 10′)
ES = 0.22, ES = 0.06, ES = 0.37,

p = 0.496 p = 0.847 p = 0.269
p values were obtained from LSD post hoc pairwise comparisons following one-way repeated-measures ANOVA.
ES represents Hedges’ g.; ES, effect size; HR, heart rate; LSD, least significant difference; RPE, rating of perceived
exertion; WIST, Water Polo Intermittent Shuttle Test; [La−], blood lactate concentration. * p ≤ 0.05; ** p < 0.01.

Physiological and perceptual responses following the WIST are presented in
Tables 2 and 3. [La−] increased across all conditions. At 10 min post-exercise, [La−] was sig-
nificantly higher in the dryland condition compared to the combined condition (p = 0.033),
whereas no differences were observed between the remaining conditions. No significant
differences were observed between conditions for HR at either 1 or 10 min post-exercise (all
p > 0.05). Similarly, tympanic temperature did not differ significantly between conditions
at either point (all p > 0.05). RPE values were also no different between conditions, with no
significant differences observed at either 1 or 10 min post-exercise (all p > 0.05).

To provide additional context regarding the physiological state prior to the perfor-
mance test, responses measured 5 min after the warm-up are presented in Tables 4 and 5.
Tympanic temperature was higher after the dryland warm-up compared to the in-water
warm-up. HR was higher in the in-water condition compared to the combined condition.
[La−] was higher in both the dryland and combined conditions compared to the in-water
condition. No significant differences were observed for RPE.
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Table 4. Physiological and perceptual responses measured 5 min after each warm-up condition (Wup).

Dryland In-Water Combined

Temperature. after
warm-up

36.93 ± 0.4 36.61 ± 0.17 36.64 ± 0.46

(36.64, 37.22) (36.49, 36.73) (36.31, 36.97)

HR after warm-up
99.2 ± 10.96 100.8 ± 7.73 92.5 ± 12.36

(91.36, 107.04) (95.27, 106.33) (83.66, 101.34)

[La−] after
warm-up

10 ± 3.83 7.18 ± 2.35 9.05 ± 2.83

(7.26, 12.74) (5.5, 8.86) (7.03, 11.07)

RPE after warm-up
3.7 ± 0.67 4 ± 0.47 4.4 ± 0.84

(3.22, 4.18) (3.66, 4.34) (3.8, 5)
Values are presented as mean ± SD (95% confidence interval). Differences among warm-up conditions were
assessed using one-way repeated-measures ANOVA, followed by LSD post hoc pairwise comparisons when
appropriate. HR, heart rate; LSD, least significant difference; RPE, rating of perceived exertion; SD, standard
deviation; [La−], blood lactate concentration.

Table 5. Pairwise comparisons of physiological and perceptual responses measured 5 min after each
warm-up condition.

Dryland vs.
In-Water

Dryland vs.
Combined

In-Water vs.
Combined

Temperature
5 min after warm-up

ES = 0.74, ES = 0.51, ES = 0.07,

p = 0.044 * p = 0.144 p = 0.819

HR 5 min after warm-up
ES = 0.13, ES = 0.63, ES = 0.78,

p = 0.689 p = 0.077 p = 0.034 *

[La−] 5 min after
warm-up-up

ES = 0.81, ES = 0.23, ES = 0.82,

p = 0.031 * p = 0.489 p = 0.030 *

RPE 5 min after warm-up-up
ES = 0.44, ES = 0.6, ES = 0.37,

p = 0.193 p = 0.089 p = 0.269
p values were obtained from LSD post hoc pairwise comparisons following one-way repeated-measures ANOVA.
ES represents Hedges’ g.; ES, effect size; HR, heart rate; LSD, least significant difference; RPE, rating of perceived
exertion; [La−], blood lactate concentration. * p ≤ 0.05.

4. Discussion
The present study examined the effects of three warm-up protocols on performance

and physiological responses in high-level water polo players. The main finding was that
both the in-water and combined warm-up protocols resulted in superior performance
compared to the dryland condition, while no significant differences were observed between
the in-water and combined protocols. These results highlight the importance of including a
sport-specific, in-water component to optimize intermittent performance in water polo. This
is consistent with previous literature demonstrating that warm-up strategies incorporating
sport-specific movements are more effective in enhancing subsequent performance, as they
promote greater neuromuscular readiness, coordination, and movement efficiency [22,43].

Contrary to the initial hypothesis, the combined warm-up did not significantly im-
prove WIST performance compared with the in-water condition. Although the mean dis-
tance covered was numerically higher after the combined protocol, the between-condition
effect was small, and individual responses were heterogeneous. A plausible explanation
is that the in-water warm-up alone provided a sufficient task-specific priming stimu-
lus [12,27,43]. Once this level of water-specific readiness had been achieved, the preceding
dryland exercises may have provided limited additional preparation for the test. This
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interpretation is consistent with previous evidence indicating that combining general and
specific warm-up activities does not necessarily provide greater performance benefits than
a specific warm-up alone [6]. Moreover, the greater duration and physiological demand of
the combined protocol may also have contributed to the lack of an additional performance
benefit. The combined warm-up lasted approximately 40 min, whereas the in-water proto-
col lasted approximately 20 min, and post-warm-up [La−] was higher after the combined
condition than after the in-water condition. This suggests that the additional dryland
component increased the total exercise volume and metabolic demand without producing
a proportional improvement in performance. It is therefore possible that any additional
activation induced by the dryland exercises was compromised by the greater workload of
the combined warm-up.

The superior performance observed after the protocols containing an in-water compo-
nent may be explained by the specific demands of the WIST. The test reproduces several
relevant demands of water polo, such as repeated head-up swimming over short distances,
frequent acceleration and deceleration, and repeated changes in direction, which are not
replicated during dryland-only routines. Performance depends not only on general physio-
logical readiness, but also on the ability to rapidly establish an efficient horizontal body
position, coordinate stroke timing, and apply propulsive force under the hydrodynamic
constraints imposed by buoyancy and drag [44–46]. The in-water and combined warm-ups
included head-up swimming, technical drills, eggbeater kicking, and water-polo-specific
actions, which may have facilitated the neuromuscular coordination and movement or-
ganization required during the WIST. In contrast, although the dryland protocol may
have increased general activation, it may not have adequately prepared athletes for the
neuromuscular and technical demands of the WIST. Thus, the performance advantage
observed after the protocols containing an in-water component may reflect a reduced
technical and neuromuscular adjustment at the onset of the WIST [47,48], rather than a
purely physiological effect. However, this interpretation should be considered cautiously
because biomechanical and neuromuscular variables were not directly assessed.

The responses observed 5 min after the warm-up protocols may provide important
context for the performance outcomes. At this stage, differences were found in [La−], HR,
and tympanic temperature, indicating that each warm-up may have induced a distinct
physiological state before the WIST. The dryland and combined conditions produced higher
[La−] than the in-water condition; HR was higher after the in-water than after the combined
warm-up, and tympanic temperature was higher after the dryland than after the in-water
condition. Warm-up-induced changes in physiological state, including elevated oxygen
uptake, increased muscle temperature, and enhanced enzymatic activity, are known to
influence subsequent performance by possibly improving oxygen kinetics and reducing
anaerobic contribution at exercise onset [12,44,48]. However, the fact that these differences
were not maintained after the WIST suggests that the performance effect of warm-up may
be more closely related to the transient physiological and neuromuscular state induced
immediately before exercise rather than to post-exercise physiological responses. This
is consistent with the concept of warm-up as a priming stimulus, whereby its primary
effect is to enhance readiness and reduce physiological inertia at the onset of high-intensity
exercise [15,43,47].

Interestingly, the physiological responses measured after the WIST did not directly
reflect the observed performance outcomes. [La−] did not differ between conditions at
5 min post-exercise, but significant differences emerged at 10 min, with higher values in the
dryland condition compared with the combined condition, and a moderate effect size was
also observed relative to the in-water condition. Baseline [La−] values were similar across
conditions, although the higher post-warm-up value observed in the dryland condition
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compared with the in-water condition may have partly contributed to the subsequent abso-
lute values; however, it cannot explain the difference between the dryland and combined
conditions at 10 min post-exercise. This delayed difference suggests that the primary varia-
tions between conditions may be related to recovery kinetics rather than the immediate
metabolic response to exercise. In this context, the dryland condition may have induced a
less favorable metabolic recovery profile, whereas the in-water and combined protocols
may have facilitated a more efficient post-exercise metabolic state.

An additional explanation for these findings may relate to the distinct metabolic
demands imposed by the warm-up protocols themselves. The dryland warm-up may
have elicited a greater anaerobic contribution, potentially leading to higher glycolytic
activation and greater lactate accumulation prior to the WIST. In contrast, the in-water
component, particularly within the combined protocol, may have promoted a greater aero-
bic contribution and enhanced blood flow, which could have facilitated lactate clearance
and contributed to the lower [La−] values observed during recovery. This interpreta-
tion is consistent with evidence indicating that prior exercise can modulate subsequent
metabolic responses, including lactate production and clearance, as well as oxygen uptake
kinetics [48]. In particular, warm-up-induced increases in muscle temperature, muscle
perfusion, and oxygen delivery may enhance metabolite removal and improve the bal-
ance between lactate production and clearance, potentially contributing to more efficient
recovery dynamics [12,49,50].

Regarding the HR, no significant differences were observed between conditions fol-
lowing the WIST. This may indicate that the test imposed a comparable cardiovascular
stress across warm-up conditions. Although participants achieved greater distances after
the in-water and combined protocols, the additional work performed may have compen-
sated for any improvement in movement efficiency or physiological readiness, resulting
in similar HR responses. Moreover, post-exercise HR is strongly influenced by autonomic
reactivation and may be less sensitive than performance measures to the acute effects of
different warm-up strategies [51–53]. Therefore, the lack of differences in HR does not
necessarily indicate that the warm-up protocols induced identical preparatory responses,
but rather that these differences were not reflected in the cardiovascular recovery measured
after the WIST.

Tympanic temperature responses should be interpreted with caution in the present
context. The non-existence of differences immediately after the WIST does not necessarily
indicate that the thermal responses were identical between conditions. In aquatic exercise,
the water environment strongly influences heat exchange, and immersion can attenuate
or mask temperature responses measured immediately after exercise, particularly due to
convective heat loss [15,34,43,51]. This may explain why the values at 1 min post-WIST
were relatively low across conditions, while the 10 min values were higher and showed
a tendency toward greater values in the combined condition. The literature consistently
demonstrates that water immersion accelerates heat dissipation and alters thermoregulatory
responses, particularly in the early recovery phase [47]. Moreover, the increase in muscle
temperature induced by warm-up is known to be transient and can rapidly decline during
inactivity or exposure to cooler environments, which may further contribute to the observed
pattern [3,15,43,54].

Taken together, these findings suggest that the performance benefits of warm-up in
water polo were more closely associated with task-specific preparation and immediate
readiness than with marked differences in the physiological responses measured after the
WIST. This is consistent with current evidence indicating that the ergogenic effects of warm-
up are primarily mediated through acute neuromuscular, metabolic, and thermoregulatory
adjustments that enhance initial performance capacity [12,43]. From a practical perspective,
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these results support the implementation of well-structured in-water warm-up routines,
with or without a preceding dryland component, when the objective is to optimize short-
term intermittent performance. Given that the combined protocol did not outperform the
in-water condition, coaches should prioritize sport-specific aquatic preparation and should
not assume that adding a dryland component will necessarily provide further benefits.
The duration and overall physiological demand of the combined warm-up should also
be considered.

Some limitations should be acknowledged. First, the sample size was relatively
small. Although the randomized, counterbalanced, within-subject design reduced the
influence of between-participant variability, the relatively small sample size may increase
the risk of Type II errors and reduce the statistical power to detect small-to-moderate
effects, thereby limiting the precision, robustness, and generalizability of the findings.
Second, only male high-level water polo players were included, which limits generalization
to female players and athletes from other competitive levels. The potential influence of
playing position was also not considered, despite the distinct physiological and technical
demands associated with different roles in water polo. Furthermore, the absence of a
control condition without warm-up limits the interpretation of the absolute effectiveness of
the tested protocols. The analysis of passive recovery following warm-up was limited to
a 5 min passive recovery period. This duration may not accurately represent a full range
of effects a warm-up can have. Finally, different transition times to the main activity can
significantly influence the effectiveness of the warm-up. This limitation warrants further
investigation in future studies involving water polo athletes. Future studies should also
investigate whether similar patterns are observed in female players, different competitive
levels, distinct playing positions, and under varying transition times between warm-up
and task execution.

5. Conclusions
In conclusion, warm-up protocols including an in-water component were more ef-

fective than a dryland-only routine for optimizing intermittent performance in high-level
water polo players. However, under the conditions examined in the present study, adding
the tested dryland component to the in-water warm-up did not provide additional perfor-
mance benefits. The findings reinforce the importance of specificity in warm-up design
and suggest that the physiological state induced immediately after warm-up may help
explain subsequent performance, even when post-exercise physiological responses are
largely similar across conditions.
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