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Abstract

We examined the physiological demands of trained rowers across four exercise intensity
domains (considering the effects of weight category and sex). Twenty-four trained rowers
(12 lightweight and 12 heavyweight) performed 7 x 3 min incremental bouts on a Concept2
rowing ergometer (30 W power increases and 60 s rest intervals). Performance, cardiorespira-
tory and metabolic responses were continuously assessed throughout the experimental protocol
to characterize internal load across progressive exercise intensities. Statistical analyses included
a repeated measures ANOVA test and independent t-tests (p < 0.05). Heavyweight rowers
exhibited greater absolute anaerobic energy production in the severe domain (41.25 4= 10.39 vs.
32.54 £ 5.92 k) (p = 0.02), higher peak metabolic power (up to 1.57 & 0.30 vs. 1.48 & 0.30 kW)
(p = 0.001) and greater total energy expenditure (up to 277.52 &+ 51.23 vs. 266.69 £ 51.59 KJ)
(p = 0.001) than lightweight rowers, whereas the latter showed comparable relative cardiorespi-
ratory responses to heavyweights. With respect to sex differences, males demonstrated higher
oxygen uptake (from ~43-59 vs. ~34-48 mL-kg~!-min~!) (p = 0.001), ventilation (from ~78-146
vs. ~49-99 L-min~!) (p = 0.001), metabolic power (from ~1.1-1.7 vs. ~0.7-1.0 kW) (p = 0.001)
and energy expenditure (from ~193-305 vs. ~119-209 kJ) (p = 0.001) across all intensity do-
mains. However, blood lactate levels and anaerobic energy contributions were similar between
sexes. These findings demonstrated that domain-based physiological profiling effectively
differentiates internal responses among rowers by weight category and sex. Heavyweights
showed greater absolute energy output, while lightweights demonstrated higher metabolic
efficiency. Males had elevated cardiorespiratory and metabolic values, but relative bioenergetic
responses were similar across groups. These findings support individualized training based on
physiological profiles.

Keywords: oxygen uptake; lactate; weight category; gender differences; energy systems;
ergometer

1. Introduction

Rowing is a physiologically demanding discipline that requires the coordinated acti-
vation of large muscle groups in prolonged high-intensity sport events [1,2]. These efforts
involve a complex interplay between the aerobic and anaerobic energy systems, which
are activated differently depending on the intensity of the exercise [3,4]. Rowing perfor-
mance depends not only on mechanical output and technical efficiency but also on internal
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physiological responses (e.g., oxygen uptake, ventilation and blood lactate accumulation).
These variables vary systematically across exercise intensity domains (i.e., low, moderate,
heavy and severe), each representing distinct physiological conditions [5-7]. Investigating
exercise intensity domains provides a clearer understanding of the body’s physiological
adaptations to increasing effort. While structured, domain-specific analyses under con-
trolled laboratory conditions are well established in cycling and running [8,9]; rowing
research has largely focused on maximal tests and time trials, with limited exploration of
domain-specific physiological responses [7,10-12].

The classification of intensity into distinct physiological domains provides a valuable
framework for evaluating internal load during exercise [9,13]. These domains are delin-
eated based on metabolic thresholds (i.e., anaerobic threshold and maximal oxygen uptake),
which reflect transitions in substrate utilization, fatigue onset and recovery demands [14].
Accurate identification and monitoring of these domains allow for targeted training pre-
scriptions that align with individual physiological capacities. This is especially relevant in
rowing, where improper intensity regulation can lead to suboptimal adaptation or over-
training [15,16]. Despite their potential, domain-specific analyses remain underutilized
in applied rowing research, particularly for differentiating physiological responses across
body mass classifications and between sexes [17].

Rowers are categorized into lightweight and heavyweight divisions to promote com-
petitive equity, but this classification also results in distinct biomechanical and physiological
responses [18]. Lightweight rowers generally exhibit lower absolute power outputs but
often possess greater efficiency, prioritizing a high power-to-weight ratio and precise
metabolic control, which help them sustain high intensities with less physiological strain
compared with their heavyweight counterparts [19]. In contrast, heavyweight rowers tend
to rely on greater muscle mass producing higher forces and power [20,21]. These differences
affect how energy systems are engaged throughout efforts of different intensities and may
alter the physiological cost of exercise at each domain. Understanding these variations is
essential for optimizing training load and ensuring that conditioning programs reflect the
specific energetic demands of each category [22,23].

Sex-based differences in strength and endurance capacities contribute to the physio-
logical factors underlying variations in physical fitness between men and women. Males
typically display higher values of oxygen uptake, cardiac output, hemoglobin concentra-
tion and ventilation, contributing to greater aerobic capacity and absolute performance
potential [24,25]. In contrast, females often demonstrate different energy utilization profiles,
favoring oxidative metabolism and presenting variations in lactate production and clear-
ance [26,27]. These physiological differences influence the way internal load is managed
across intensity domains and highlight the need for sex-specific considerations when de-
signing training prescriptions. Despite their relevance, direct comparisons of physiological
responses between male and female rowers across different exercise intensities remain
limited in the scientific literature [24].

Technological advances in portable gas and lactate analyzers allow accurate, real-time
assessments of physiological responses during exercise [7]. These tools offer detailed data
on oxygen uptake, ventilation patterns, energy expenditure and the ratio between aerobic
and anaerobic metabolism [24]. Although rowing performance is well known to depend on
strength, power and anthropometric factors, relatively few studies have investigated physiolog-
ical responses to incremental exercise across distinct intensity domains, and even fewer have
simultaneously examined how these responses vary by sex and weight class [6,18]. For exam-
ple, Penichet-Tomas et al. [6] assessed energy system contributions in elite male lightweight
and heavyweight rowers and reported greater anaerobic involvement in heavyweights at high
intensities, indicating distinct metabolic demands. Keenan et al. [18] analyzed performance
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trends over two decades and highlighted that sex-based differences in rowing performance are
influenced not only by physiological factors but also by training opportunities and category-
specific participation. Integrating domain-specific physiological data into training design may
enhance the precision of intensity and volume prescriptions for the different groups. This
approach helps detect early signs of maladaptation and supports individualized recovery strate-
gies. In elite performance environments, small mismatches between physiological responses
and external work can compromise adaptation.

The current study aimed to analyze the physiological responses of trained rowers
from different weight categories and sexes across four exercise intensity domains dur-
ing a standardized rowing ergometer protocol. The primary objective was to compare
cardiorespiratory, metabolic and performance-related variables between lightweight and
heavyweight rowers. The secondary objective was to examine differences between male
and female rowers under the same exercise conditions. Based on the existing literature and
physiological principles, we formulated the hypotheses that (i) heavyweight rowers would
display higher cardiorespiratory responses and greater anaerobic energy contributions than
lightweight rowers due to greater muscle mass and power output capacity; and (ii) male
rowers would demonstrate higher metabolic power and oxygen transport variables com-
pared with females, consistent with prior findings showing sex-based differences in aerobic
capacity and muscle composition.

2. Materials and Methods
2.1. Study Design

Following a cross-sectional design, 24 trained national-level rowers volunteered to
participate in the current study. All tests were conducted in a single-visit protocol, dur-
ing the preparatory period of the season, in a controlled laboratory environment under
consistent conditions (ambient temperature of 23 °C, 60% humidity and between 8:00 and
12:00 a.m.) and under the supervision of experienced researchers. Participants body mass,
body fat percentage and fat-free mass were assessed using a bioelectrical impedance scale
(InBody 230; InBody Co., Ltd., Seoul, Republic of Korea), while height was measured with
a stadiometer (Seca 206; Seca GmbH, Hamburg, Germany). The experimental protocol
performed on a rowing ergometer (Model D, Concept2, Morrisville, VT, USA) consisted
of 7 x 3 min bouts with 30 W increments (starting at 180 and 120 W for the male and the
female participants, respectively) and a 60 s passive rest interval between steps [24].

2.2. Participants

Participant demographics and anthropometric characteristics are displayed in Table 1.
Participants were included in the study based on the following criteria: (i) a minimum
of three years of experience in rowing training and competition; (ii) age between 18 and
40 years; and (iii) absence of musculoskeletal injuries within the past six months. Partici-
pants were excluded if they had any diagnosed cardiovascular, metabolic or respiratory
conditions or were taking medications that could affect exercise performance. Prior to
data collection, individuals were advised to abstain from intense physical exertion and to
adhere to their regular dietary routines, avoiding the consumption of alcohol, caffeine and
nutritional supplements during the 24 h preceding the assessment. Ethical approval for the
study was granted by the institutional research ethics committee (CEFADE 27/2020), and
all procedures complied with the Declaration of Helsinki. Participants were fully informed
about the potential risks and benefits of the research and signed written consent forms
before participation.
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Table 1. Demographic and anthropometric characteristics of participants and the distribution within
each group (lightweight and heavyweight).

. Lightweight Heavyweight Males Females
Variables gn = 12g ny= 12 s n=16 n=8*
Age (years) 24.83 +9.82 23.92 + 8.04 26.40 +9.45 20.13 + 6.64
Height (cm) 173.94 + 6.92 177.53 +9.95 179.30 + 7.48 168.53 £+ 6.39
Body Mass (kg) 75.99 + 21.26 80.41 +11.34 80.39 +9.19 74.43 4+ 27.07
Lean Mass (%) 61.63 £+ 20.28 57.63 + 15.70 49.12 £+ 14.28 39.09 + 11.57
Fat Mass (%) 15.37 + 8.62 14.80 + 5.36 10.91 +2.97 22.87 + 6.14
Experience (years) 9.14 +3.24 922 +2.44 10.43 +4.35 10.75 £ 0.46

* Four lightweights and four heavyweights.

2.3. Procedure

Pulmonary gas exchange variables were continuously assessed on a breath-by-breath basis
using a portable telemetric gas analyzer (COSMED K5; Cosmed, Rome, Italy), hung over the
participant’s head to reduce interference during rowing. Heart rate was continuously recorded
at baseline and during the test via a chest strap monitor (Garmin Edge 830; Garmin, Olathe,
KS, USA), which transmitted data wirelessly to the K5 unit. To evaluate the contribution of
the anaerobic system, capillary blood samples were collected from the earlobe (Lactate Pro2;
Arkay, Inc., Kyoto, Japan) at rest, during the intervals and at the 1st, 3rd, 5th and 7th min of the
recovery period until maximum lactate concentrations were detected [5].

The average values of the cardiorespiratory variables (e.g., oxygen uptake, respiratory
frequency, ventilation, carbon dioxide, respiratory exchange ratio and heart rate) were
calculated based on data collected during the final 30 s of exercise in each step [28]. The
dataset was thoroughly assessed, and any breaths associated with coughing or signal dis-
ruptions were excluded [29]. Only values falling within the range of the mean =+ 3 standard
deviations were included in the subsequent analysis [5,29]. A smoothing technique was
then applied, using a moving average over three breaths and a temporal average over 10 s.
Standard physiological criteria were applied to determine maximal oxygen uptake, which
included: (i) a plateau in its value between the final two stages (<2.1 mL-kg~!-min~1);
(i) blood lactate concentration >8 mmol-L™1; (iii) respiratory quotient >1.0; (iv) heart
rate >90% of maximal; and (v) voluntary exhaustion (assessed visually and individu-
ally) [9]. The lactate—power curve was used to assess the anaerobic threshold through the
determination of the interception point of the best fit of a combined linear and exponential
pair of regressions [5], allowing determination of the following exercise intensity domains:
(i) low and moderate intensities (corresponding to the two steps below and the anaerobic
threshold, respectively); and (ii) heavy and severe intensities (matching the steps below
and the step where maximal oxygen uptake was elicited, respectively) [5].

The energy expenditure was estimated as the sum of aerobic and anaerobic lactic
energy contributions [10,30], with the former being calculated based on the time integral
of net oxygen uptake (difference between each step mean value and the baseline value),
while the latter was assessed based on the equation: Anaerobic lactic =b [La™]_, M,
where [La~]_, represents the difference between each step’s blood lactate concentrations
and the baseline values, b denotes the constant for oxygen equivalent of the [La™]
(=3 mL-kg™'-mM~!) and M corresponds to the subject body mass (kg) [10,30]. Energy
contributions from the different metabolic pathways are expressed in kJ, assuming an
energy equivalent of 20.9 kJ-L~! [31]. To estimate metabolic power, energy expenditure
was divided by the total duration(s) of the exercise in each intensity step [10].

2.4. Statistical Analysis

An a priori analysis was conducted using G*Power software (version 3.1.9.7; Heinrich-
Heine-Universitdt Diisseldorf, Diisseldorf, Germany) to determine the required sample size.
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Assuming a medium-to-large effect size (f = 0.50), consistent with previous work on incremental
rowing and exercise testing, an alpha level of 0.05 and a power of 0.80, the analysis indicated
that a total of 22 participants would be sufficient to detect a statistically significant effect [5,32].
All statistical analyses were performed using SPSS version 30.0 for Windows (IBM Corp.,
Armonk, NY, USA), the Shapiro-Wilk test assessed data normality and mean + standard
deviation values were calculated for all variables for each intensity domain. A one-way
repeated measures ANOVA test was performed to determine the incremental behavior of the
analyzed variables across the intensity domains, and multiple post hoc pairwise comparisons
were conducted using Bonferroni correction to detect differences in the cardiorespiratory and
metabolic variables between exercise intensities. The independent samples t-test was applied
to compare lightweight and heavyweight rowers, as well as between sexes, cardiorespiratory
and metabolic variables. The significance level was set at p < 0.05 for all statistical analyses,
and Cohen’s d effect size was computed to assess the magnitude of changes (trivial: <0.2; small:
0.2-0.6; moderate (0.6.1.2; large (1.2-2.0; and very large >2.0))).

3. Results

Power output, cardiorespiratory variables and blood lactate concentrations increased pro-
gressively across exercise intensities, confirming the protocol’s effectiveness in eliciting graded
physiological responses (Table 2). The comparison between lightweight and heavyweight
rowers revealed a higher anaerobic energy output in the heavyweight group within the severe
intensity domain (p = 0.02, 4 = 0.99), while no differences were observed for the remaining
physiological variables between weight categories. Metabolic energy analysis showed a pre-
dominant reliance on aerobic metabolism across all intensities, particularly in the low and
moderate domains (>85%), with anaerobic contribution becoming more pronounced in the
heavy and severe domains (Figure 1). No differences were observed between lightweight and
heavyweight rowers in the relative contributions of the metabolism system.
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Figure 1. Relative aerobic and anaerobic energy contributions across four exercise intensity domains
in lightweight and heavyweight rowers. #P<: Different from low, moderate and heavy intensity
domains within the same category (p < 0.05).
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Table 2. Performance and physiological demands at low, moderate, heavy and severe intensities among lightweight and heavyweight rowers.
Variables Low Moderate Heavy Severe
Lightweight Heavyweight Lightweight Heavyweight Lightweight Heavyweight Lightweight Heavyweight
Power (W) 184.17 + 44811 18333 £54.33% 23833 + 52541 240.01 + 58.31 &* 269.17 4 55.34 @bt 277.50 + 61.07 20 297.50 + 57.54 Aot 305.83 + 63.45 2bot
g‘{f;_?gﬁii) 422046211 38.50 +6.43 1 51.42 + 6951 46.82 £5.9221 54.78 +7.17 @bt 50.17 + 6.55 &b/t 58.42 + 8.62 ¥bct 52.67 + 6.07 @bt
Ee'fr}:i‘;"_‘f?ry frequency 4235412958 37.20 £9.588 4497 +£10.86 S 45.56 &+ 8.47 28 51.31 4 9.84 2b§ 50.62 4 9.30 2b§ 57.41 + 11.38 2b<8 56.68 4 9.15 b8
Ventilation (L-min™") 67.87 +16.98 * 71.67 £19.29 90.99 4 21.14 &F 100.60 4 24.75 &* 109.02 + 24.56 2 121.80 + 30.75 &bt 125.62 + 27.93 abet 137.64 + 30.59 abet
&?ﬁﬁgﬂf‘;‘ﬁi) 3630 +7.645 3278+ 7.048 4934 + 83928 4451 +7.40 28 56.16 + 9.28 30§ 5117 + 8.48 20§ 63.30 % 10.07 2b<S 5635 + 7.85 2b8
Respiratory exchange ratio 0.86 &+ 0.09 * 0.84 +0.06 * 0.96 4 0.09 ** 0.94 + 0.07 & 1.03 4+ 0.08 b 1.01 + 0.08 2> 1.10 #+ 0.09 @bot 1.07 4 0.08 @bt
Heart rate (bpm) 154 + 12§ 149 + 128 171 £ 1728 168 + 1328 178 4 21 2b8 176 + 14 2b8§ 184 4 18 abes 184 + 13 abes§
Blood lactate (mmol-L™1) 155+ 0.77 % 158 +0.51% 241 +0.713# 243 + 0432 # 423 +1.19 ab# 6.93 + 8.12 abc# 8.58 + 1.86 abo# 8.27 + 3.42 abo#
Aerobic energy (k]) 16324 £38.82% 17034 +4373%  203.08 +£43.31%F 212.13 + 46.70 ¢ 218.15 + 48.87 bt 229.03 + 50.78 #b: 234.15 + 52.93 abet 241.59 £ 50.31 2b<t
Anaerobic energy (k]) 225 +283% 316 £3.02% 6.08 £2.913# 7.36 £2.98 3 13.86 + 4.48 2b# 29.64 + 39.40 20H# 32.54 + 5.92 b 41.25 + 10.39 b *#
Energy expenditure (kJ) 16550 £37.011  168.74 +43.64 F 209.17 4+ 42.27 213.38 + 46.92 & 232.02 + 44.96 254.16 + 73.07 @bt 266.69 + 51.59 277.52 + 51.23 abet
Metabolic power (kW) 092 +021"% 0.96 £0.25F 1.16 £ 0.25 1 1.22 +0.27 a4 1.19 4 0.26 2> 1.44 4+ 042301 1.48 +0.30 @bt 1.57 £ 0.30 2bet

Data are presented as the mean =+ standard deviation. #P<*: Differences from low, moderate and heavy exercise intensities and from lightweight rowers (respectively, p < 0.05). Eta
square: *: [0.25-0.50]; 8: [0.51-0.75]; *: [0.76-1].
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Oxygen uptake (from ~43-59 vs. from ~34-48 mL-kg~!-min ~1!), ventilation (from
~78-146 vs. from ~49-99 L-min~!) and carbon dioxide production (from ~37-64 vs. from
~28-51 mL-kg~!-min~!) were higher in males than in females across all intensity domains,
while respiratory frequency (~42 vs. ~34 b-min~!) was higher in males only at low intensity
(p <0.05, d = 1.2). The respiratory exchange ratio was also higher in males compared with
females at low and moderate (from ~0.87-0.97 vs. from ~0.81-0.92) intensities (p = 0.009
and 0.04, 4 = 1.1 and 0.9, respectively) with no differences at higher intensities. Heart rate
increased in both sexes, with higher values in females than in males at moderate (~170 vs.
~178 bpm) intensity (p = 0.02, d = 1.1) (Figure 2). Aerobic contribution (from ~190-269 vs.
from ~116-176 kJ) (p = 0.001, 4 = 3.85, 3.74, 4.12 and 4.30 for low, moderate, heavy and
severe, respectively), energy expenditure (from ~193-305 vs. from ~119-209 kJ) (p = 0.001,
d =5.21, 0.80, 3.98 and 3.93 30 for low, moderate, heavy and severe, respectively) and
metabolic power (from ~1.1-1.7 vs. from ~0.7-1.0 kJ) increased with exercise intensity
(p=0.001, d =3.89,2.91, 3.97 and 4.15 for low, moderate, heavy and severe, respectively),
with males presenting higher values across all domains. No differences were observed
between sexes in blood lactate concentrations and anaerobic contribution (Figure 3).
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Figure 2. Cardiorespiratory variables assessed during rowing at low, moderate, heavy and severe
exercise intensities in males (blue) and females (red). Data are presented as individual and mean
values. *: Difference between sexes at the same intensity level (p < 0.05).
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Figure 3. Metabolic variables assessed during rowing at low, moderate, heavy and severe exercise
intensities in males (blue) and females (red). Data are presented as individual and mean values. *:
Difference between sexes at the same intensity level (p < 0.05).
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4. Discussion

This study compared physiological responses across four intensity domains in trained
rowers, considering weight category and sex. We hypothesized that heavyweights would
show higher cardiorespiratory and anaerobic outputs than lightweights and that males would
demonstrate higher metabolic power and oxygen transport. Both hypotheses were partially
confirmed: heavyweights had greater absolute outputs but similar relative responses, while
males showed higher oxygen uptake and energy production yet comparable lactate levels and
bioenergetic patterns, suggesting convergent internal regulation across groups.

The current results highlight the relevance of domain-based physiological profiling
for characterizing the responses to incremental rowing at different exercise intensities.
Heavyweight rowers exhibited greater anaerobic energy contribution in the severe intensity
domain, which may be attributed to their higher muscle mass and total force-producing
capacity [21,33]. In contrast, lightweight rowers appeared to sustain a comparable balance
between performance and metabolic demand, suggesting a potential adaptive strategy to
maintain relative economy. Male rowers showed higher values in oxygen transport and
ventilatory variables across domains, particularly from the moderate to severe intensities,
consistent with known sex-based differences in aerobic function [24,34]. These results
partially confirm our initial hypotheses, with sex-related differences clearly observed, while
differences between weight categories were limited to anaerobic energy contribution.

Despite these distinctions, blood lactate concentrations and anaerobic contributions
were similar between sexes, suggesting equivalent engagement of glycolytic metabolism
under maximal demand. This convergence may stem from shared recruitment of type
II muscle fibers during high-intensity exertion, alongside similar training status among
participants. Additionally, females may offset lower glycolytic capacity through enhanced
metabolic efficiency and greater reliance on oxidative pathways, balancing lactate produc-
tion under maximal load [27,34,35]. The current results diverge from the literature, sug-
gesting differences between sexes, although further research is necessary to investigate the
underlying causes of these differences, whether physiological or training-related [24,36,37].
For example, Cardoso et al. [24] found higher peak blood lactate concentrations in female
rowers after an incremental exercise protocol. In contrast, Hill and Smith [36] and Held
et al. [37] observed greater anaerobic performance in male athletes during short sprint
efforts, including higher blood lactate accumulation, greater power output, and increased
estimated anaerobic capacity. These findings suggest that while weight category and sex
modulate absolute performance capacity, the internal physiological organization of effort
may converge under standardized conditions. Such evidence reinforces the importance
of using domain-specific assessments to guide training prescription, ensuring that load
distribution reflects both individual and categorical physiological profiles [38].

Although lightweight and heavyweight rowers showed similar relative values for
oxygen uptake, ventilation and heart rate, the heavyweight rowers produced more abso-
lute energy and power at higher intensities, suggesting a distinct physiological demand
associated with greater body mass [21,33]. This finding may be attributed to their greater
muscle mass and force-generating capacity, which place greater demands on ventilatory
and cardiovascular systems during intense exercise [33]. In contrast, lightweight rowers
showed similar relative cardiorespiratory function, suggesting that they can sustain ade-
quate physiological responses with lower energy cost. This result may be related to their
higher power-to-body mass ratio, which improves muscle oxygenation, reducing metabolic
strain during submaximal efforts; and to their technical proficiency [39,40]. Heavyweight
rowers perform with greater absolute load, particularly on a rowing ergometer, while
lightweight rowers reduce its difference on water [41].
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The bioenergetic analysis demonstrated that aerobic metabolism was predominant at
all exercise intensities, whereas anaerobic contribution progressively increased in the higher-
intensity exertions regardless of weight category [3,4]. This response suggests a potential
limitation in the rate of oxidative phosphorylation, necessitating compensatory activation
of glycolytic pathways to meet the elevated energy demand. In contrast, lightweight
rowers sustained a more stable predominance of aerobic metabolism, thereby exhibiting
a higher activation of oxidative pathways. This may be attributed to their lower body
mass; it is also plausible that enhanced oxygen diffusion capacity plays a contributory
role [42]. This metabolic efficiency in lightweight rowers may also reflect superior technical
proficiency and neuromuscular coordination, contributing to reduced physiological strain
during effort. Furthermore, higher mitochondrial enzyme activity appears to support
this oxidative dominance, facilitating sustained energy production under demanding
physiological conditions [4,43]. Lightweight rowers accumulated less lactate for the same
external workload, implying a lower metabolic cost and improved tolerance to high-
intensity effort [44,45].

The analysis of cardiorespiratory variables revealed differences between sexes across all
intensity domains, with males exhibiting higher values of oxygen uptake, ventilation and
carbon dioxide production [6,46]. This functional advantage may be explained by morphologi-
cal and hematological characteristics, particularly greater stroke volume, higher hemoglobin
concentration and increased active muscle mass. These factors enhance the capacity for oxygen
transport and diffusion, resulting in superior absolute aerobic performance, particularly at
higher intensities. In contrast, females demonstrated higher heart rate values in the mod-
erate domain, possibly reflecting an autonomic adjustment compensating for lower stroke
volume [47]. Conversely, males exhibited higher respiratory frequency only at lower intensities,
suggesting distinct ventilatory strategies depending on exercise domain. It is also important
to note that the respiratory exchange ratio values were similar between sexes, indicating
proportional substrate utilization despite differences in absolute workload. This metabolic
convergence suggests that, under standardized progressive exercise conditions, both sexes rely
equivalently on oxidative and glycolytic pathways.

Males exhibited higher values of aerobic energy, metabolic power and total energy
expenditure across all intensity domains, with differences becoming progressively more
pronounced as exercise intensity increased [24,48]. However, blood lactate levels remained
similar between sexes, indicating that despite greater total energy production, men did
not rely proportionally more on glycolytic pathways [47]. The progression of bioenergetic
indicators followed a parallel pattern in both sexes, suggesting a similar internal metabolic
organization in response to increasing intensity [48]. Nonetheless, males showed higher
oxygen uptake, minute ventilation and carbon dioxide production, reflecting greater periph-
eral metabolic demand and a more pronounced ventilatory compensatory response [6,49].
These responses are associated with local muscular effects, such as increased oxygen extrac-
tion and metabolite accumulation and greater reliance on anaerobic glycolysis. In addition,
males possess a higher capacity for ATP synthesis through both aerobic and anaerobic
pathways, supporting greater overall energy production and enabling the maintenance
of higher work rates [34,36]. Collectively, these factors contribute to the observed differ-
ences in bioenergetic response and emphasize the importance of considering sex-specific
physiological traits in performance analysis.

Limitations, Future Directions and Practical Applications

Although the current study provides a relevant contribution to the understanding
of physiological responses across different intensity domains between rowers of different
weight categories and between sexes, several limitations should be acknowledged. Firstly,
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the relatively small sample size, particularly within the female group, may constrain the
generalizability of the findings. Secondly, data collection was conducted in a laboratory
setting using a Concept2 ergometer, which may not accurately replicate the physiological
demands experienced in real competitive environments (particularly in on-water condi-
tions). In addition, the estimation of energy system contribution was based on indirect
methods, which may introduce a margin of error associated with the interpretations made.
Furthermore, the cross-sectional nature of the study limits the ability to establish causal
inferences and track training-induced physiological adaptations over time. Lastly, future
research should incorporate indicators of biomechanical efficiency, as well as longitudinal
designs that track training responses across different phases of the competitive season. It is
also advisable to ensure greater sample diversity, with particular emphasis on increasing
female representation, to deepen the understanding of physiological adaptations specific to
different rowing profiles.

The obtained results have relevant practical implications for assessment, training pre-
scription and load monitoring in rowers, enabling more targeted interventions according
to weight category and sex by understanding how lightweight and heavyweight rowers
differ in energy system contributions can support tailored pacing profiles that prevent early
fatigue. In addition, sex-based differences in ventilatory and metabolic demands suggest
the need for distinct recovery protocols post-race, including adjusted cooldown duration,
nutritional support and monitoring of physiological recovery markers. The use of physio-
logical domains defined by variables such as oxygen uptake, heart rate and blood lactate
concentration allow for individualized training zone prescription, optimizing stimulus
application while minimizing the risk of accumulated fatigue. For heavyweight rowers,
greater emphasis is recommended on sessions that enhance anaerobic tolerance, particularly
through high-intensity interval blocks with controlled recovery periods, aiming to improve
buffering capacity and glycolytic pathway utilization. Conversely, lightweight rowers
should prioritize the development of aerobic efficiency, including prolonged moderate
intensity sessions and extensive work at the anaerobic threshold, given their relative advan-
tage in exercise economy. Regarding sex-specific approaches, men may benefit from higher
training loads in more intense domains, tailored to their higher absolute physiological
capacity, while females hold emphasized volume accumulation at submaximal intensities,
promoting metabolic stability and oxidative efficiency. Systematic use of heart rate monitors
and capillary lactate measurements is strongly recommended for supporting immediate
load adjustments and facilitating early detection of overreaching or undertraining signs.

5. Conclusions

This study demonstrated that domain-based physiological profiling is an effective
approach for distinguishing the internal responses of rowers across different weight cat-
egories and sexes. Heavyweight rowers exhibited greater absolute energy output and
anaerobic contribution in higher-intensity domains, reflecting their greater muscle mass
and force-producing potential. In contrast, lightweight rowers showed similar relative
cardiorespiratory responses, suggesting greater metabolic economy under equivalent work-
load conditions. Male rowers presented higher values of oxygen uptake, ventilation, carbon
dioxide production and energy expenditure across all domains, which were consistent
with known sex-based differences in oxygen transport and substrate utilization. Despite
these differences in absolute values, the relative bioenergetic contributions and lactate
accumulation patterns were comparable between groups, indicating a convergent internal
regulation of metabolic pathways. These findings underscore the need for individualized
training prescriptions that reflect the unique physiological characteristics associated with
sex and body mass.



Sports 2025, 13, 245 11 of 13

Author Contributions: Conceptualization, M.R., R.C., ].P.V.-B. and R.J.E; methodology, M.R., R.C.,
J.PV.-B. and R/J.F; formal analysis, M.R., R.C. and A.S.M.; investigation, M.R., R.C. and A.S.M.;
resources, M.R.,, R.C.,].P.V.-B. and R.J.F;; writing: original draft preparation, M.R.; writing: review and
editing, M.R., R.C., A.SM,, ].PV.-B. and R J.F. visualization, M.R.; supervision, M.R. and R.].E; project
administration M.R., R.C., ].P.V.-B. and R.J.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by FCT—Fundacao para a Ciéncia e Tecnologia, I.P., by project
reference 2021.04976.BD and the DOI identifier https://doi.org/10.54499/2021.04976.BD to Ricardo
Cardoso. The CIFI2D research unit received funding through the reference UIDB/05913 /2020, with
the DOI 10.54499/UIDB/05913/2020.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and was approved by the Ethics Committee of the Faculty of Sport of
the University of Porto (CEFADE 27/2020, 5 January 2021) and the guidelines of the World Medical
Association for research on humans.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: All data is contained within the article.

Acknowledgments: The authors thank the rowers, coaches and technical staff that participated in the
current study.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Holt, A.C,; Siegel, R.; Ball, K.; Hopkins, W.G.; Aughey, R.J. Prediction of 2000-m on-water rowing performance with measures
derived from instrumented boats. Scand. . Med. Sci. Sports 2022, 32, 710-719. [CrossRef]

2. Maiestu, J; Lelle, R.; Méestu, E.; Pind, R.; Vahtra, E.; Purge, P.; Mikulic, P. Long-Term Rowing Performance Development in Male
Olympic and World Championship Medal Winners Compared With Nonmedalists. J. Strength Cond. Res. 2023, 37, e521-e526.
[CrossRef]

3. Blervaque, L.; Bowen, M.; Chatel, B.; Corbex, E.; Dalmais, E.; Messonnier, L.A. Is the Energy Cost of Rowing a Determinant Factor
of Performance in Elite Oarsmen? Front. Physiol. 2022, 13, 827932. [CrossRef] [PubMed]

4. Winkert, K.; Steinacker, J.M.; Koehler, K.; Treff, G. High Energetic Demand of Elite Rowing—Implications for Training and
Nutrition. Front. Physiol. 2022, 13, 829757. [CrossRef]

5. Cardoso, R.; Rios, M.; Fonseca, P,; Ledo, J.; Cardoso, F.; Abraldes, ].A.A.; Gomes, B.B.; Vilas-Boas, ].P.; Fernandes, R.]. Assessment
of Angular and Straight Linear Rowing Ergometers at Different Intensities of Exercise. Sensors 2024, 24, 5686. [CrossRef] [PubMed]

6.  Penichet-Tomas, A.; Jimenez-Olmedo, ].M.; Pueo, B.; Olaya-Cuartero, J. Physiological and Mechanical Responses to a Graded
Exercise Test in Traditional Rowing. Int. |. Environ. Res. Public Health 2023, 20, 3664. [CrossRef] [PubMed]

7. Fernandes, R.J.; Carvalho, D.D.; Figueiredo, P. Training zones in competitive swimming: A biophysical approach. Front. Sports
Act. Living 2024, 6, 1363730. [CrossRef]

8.  Hill, D.W,; Halcomb, ].N.; Stevens, E.C. Oxygen uptake kinetics during severe intensity running and cycling. Eur. . Appl. Physiol.
2003, 89, 612-618. [CrossRef]

9. Lopes, AM,; Rios, M.; Beleza, J.; Carvalho, D.D.; Monteiro, S.; Montanha, T.; Martins, S.; Guimaraes, J.T.; Fernandes, R.J.;
Magalhaes, J.; et al. Adding protein to a carbohydrate pre-exercise beverage does not influence running performance and
metabolism. J. Sports Med. Phys. Fit. 2023, 63, 53-59. [CrossRef]

10. Cardoso, R.; Rios, M.; Cardoso, E,; Bouicher, S.; Abraldes, ]J.A.; Gomes, B.B.; Vilas-Boas, J.P.; Fernandes, R.]. Randall Foils Versus
Big Blades: Comparative Analysis in On-Water Sprint Rowing. Int. J. Sports Physiol. Perform. 2025, 20, 678-683. [CrossRef]

11. Cerasola, D.; Bellafiore, M.; Cataldo, A.; Zangla, D.; Bianco, A.; Proia, P; Traina, M.; Palma, A.; Capranica, L. Predicting the
2000-m Rowing Ergometer Performance from Anthropometric, Maximal Oxygen Uptake and 60-s Mean Power Variables in
National Level Young Rowers. J. Hum. Kinet. 2020, 75, 77-83. [CrossRef]

12.  Cataldo, A.; Cerasola, D.; Russo, G.; Zangla, D.; Traina, M. Mean power during 20 sec all-out test to predict 2000 m rowing
ergometer performance in national level young rowers. J. Sports Med. Phys. Fit. 2015, 55, 872-877.

13. Sousa, A.; Figueiredo, P.; Pendergast, D.; Kjendlie, P.L.; Vilas-Boas, ].P.; Fernandes, R.J. Critical evaluation of oxygen-uptake

assessment in swimming. Int. J. Sports Physiol. Perform. 2014, 9, 190-202. [CrossRef]


https://doi.org/10.54499/2021.04976.BD
https://doi.org/10.1111/sms.14125
https://doi.org/10.1519/JSC.0000000000004479
https://doi.org/10.3389/fphys.2022.827932
https://www.ncbi.nlm.nih.gov/pubmed/35431985
https://doi.org/10.3389/fphys.2022.829757
https://doi.org/10.3390/s24175686
https://www.ncbi.nlm.nih.gov/pubmed/39275598
https://doi.org/10.3390/ijerph20043664
https://www.ncbi.nlm.nih.gov/pubmed/36834359
https://doi.org/10.3389/fspor.2024.1363730
https://doi.org/10.1007/s00421-002-0779-x
https://doi.org/10.23736/S0022-4707.22.13714-X
https://doi.org/10.1123/ijspp.2024-0515
https://doi.org/10.2478/hukin-2020-0038
https://doi.org/10.1123/ijspp.2013-0374

Sports 2025, 13, 245 12 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Jones, A.M.; Burnley, M.; Black, M.L; Poole, D.C.; Vanhatalo, A. The maximal metabolic steady state: Redefining the ‘gold
standard’. Physiol. Rep. 2019, 7, €14098. [CrossRef]

Purge, P; Jurimae, J.; Jurimae, T. Hormonal and psychological adaptation in elite male rowers during prolonged training. J. Sports
Sci. 2006, 24, 1075-1082. [CrossRef] [PubMed]

Wang, Z.; Wang, J. The effects of high-intensity interval training versus moderate-intensity continuous training on athletes’
aerobic endurance performance parameters. Eur. ]. Appl. Physiol. 2024, 124, 2235-2249. [CrossRef] [PubMed]

Podstawski, R.; Borystawski, K.; Katona, Z.; Alf6ldi, Z.; Boraczyriski, M.; Jaszczur-Nowicki, J.; Gronek, P. Sex Differences in
Anthropometric and Physiological Profiles of Hungarian Rowers of Different Ages. Int. ]. Environ. Res. Public Health 2022, 19, 8115.
[CrossRef]

Keenan, K.G.; Senefeld, ].W.; Hunter, S.K. Girls in the boat: Sex differences in rowing performance and participation. PLoS ONE
2018, 13, e0191504. [CrossRef]

Kerr, D.A.; Ross, W.D.; Norton, K.; Hume, P.; Kagawa, M.; Ackland, T.R. Olympic lightweight and open-class rowers possess
distinctive physical and proportionality characteristics. J. Sports Sci. 2007, 25, 43-53. [CrossRef]

Bourdin, M.; Messonnier, L.; Hager, ].P.; Lacour, ].R. Peak power output predicts rowing ergometer performance in elite male
rowers. Int. ]. Sports Med. 2004, 25, 368-373. [CrossRef]

Doyle, M.M.; Lyttle, A.; Elliott, B. Comparison of force-related performance indicators between heavyweight and lightweight
rowers. Sports Biomech. 2010, 9, 178-192. [CrossRef] [PubMed]

Messonnier, L.; Aranda-Berthouze, S.E.; Bourdin, M.; Bredel, Y.; Lacour, ].R. Rowing performance and estimated training load.
Int. ]. Sports Med. 2005, 26, 376-382. [CrossRef] [PubMed]

Tran, J.; Rice, A.; Main, L.; Gastin, P. Development and Implementation of a Novel Measure for Quantifying Training Loads in
Rowing: The T2minute Method. J. Strength Cond. Res. 2013, 28, 1172-1180. [CrossRef] [PubMed]

Cardoso, R.; Rios, M.; Cardoso, F.; Fonseca, P.; Ferreira, F.A.; Abraldes, J.A.; Gomes, B.B.; Vilas-Boas, ]J.P.; Fernandes, R.J.
Physiological and Biomechanical Characteristics of Olympic and World-Class Rowers—Case Study. Appl. Sci. 2024, 14, 4273.
[CrossRef]

Zhang, Q. Gender Differences in Peak Blood Lactate Concentration and Blood Lactate Removal Following Strenuous Exercise.
Master’s Thesis, Springfield College, Springfield , MA, USA, 1991.

Hottenrott, L.; Mohle, M.; Ide, A.; Ketelhut, S.; Stoll, O.; Hottenrott, K. Recovery from different high-intensity interval training
protocols: Comparing well-trained women and men. Sports 2021, 9, 34. [CrossRef]

Jaworowski, A.; Porter, M.M.; Holmback, A.M.; Downham, D.; Lexell, J. Enzyme activities in the tibialis anterior muscle of young
moderately active men and women: Relationship with body composition, muscle cross-sectional area and fibre type composition.
Acta Physiol. Scand. 2002, 176, 215-225. [CrossRef]

Howley, E.T.; Bassett, D.R., Jr.; Welch, H.G. Criteria for maximal oxygen uptake: Review and commentary. Med. Sci. Sports Exerc.
1995, 27, 1292-1301. [CrossRef]

Rios, M.; Becker, K.M.; Monteiro, A.S.; Fonseca, P.; Pyne, D.B.; Reis, V.M.; Moreira-Gongalves, D.; Fernandes, R.]. Effect of the
Fran CrossFit Workout on Oxygen Uptake Kinetics, Energetics, and Postexercise Muscle Function in Trained CrossFitters. Int. J.
Sports Physiol. Perform. 2024, 19, 299-306. [CrossRef]

Zamparo, P.; Cortesi, M.; Gatta, G. The energy cost of swimming and its determinants. Eur. |. Appl. Physiol. 2020, 120, 41-66.
[CrossRef]

Rios, M.; Zacca, R.; Azevedo, R.; Fonseca, P; Pyne, D.B.; Reis, V.M.; Moreira-Gongalves, D.; Fernandes, R.]J. Bioenergetic Analysis
and Fatigue Assessment During the Fran Workout in Experienced Crossfitters. Int. J. Sports Physiol. Perform. 2023, 18, 786-792.
[CrossRef]

Gagnon, D.; Filipovic, M.; Munten, S.; Herzig, K.-H. Maximal Fat Oxidation: Comparison between Treadmill, Elliptical and
Rowing Exercises. J. Sports Sci. Med. 2021, 20, 170-178. [CrossRef]

Papadopoulou, Z.; Riganas, C.; Mandroukas, A.; Vrabas, I; Mandroukas, K. Performance differences during a simulated all-out race and
a VO2max incremental test between lightweight and heavyweight Greek rowers. Acta Univ. Carol. Kinanthropol. 2009, 45, 119-131.
Rios, M.; Cardoso, R.; Reis, V.M.; Moreira-Gongalves, D.; Pyne, D.B.; Fernandes, R.]. Sex-related differences in the acute
physiological response to a high-intensity CrossFit® workout. Curr. Res. Physiol. 2025, 8, 100148. [CrossRef]

Howden, E.J.; Perhonen, M.; Peshock, R.M.; Zhang, R.; Arbab-Zadeh, A.; Adams-Huet, B.; Levine, B.D. Females have a blunted
cardiovascular response to one year of intensive supervised endurance training. J. Appl. Physiol. 2015, 119, 37-46. [CrossRef]
Hill, D.W,; Smith, J.C. Gender difference in anaerobic capacity: Role of aerobic contribution. Br. |. Sports Med. 1993, 27, 45-48.
[CrossRef] [PubMed]

Held, S.; Rappelt, L.; Brockherde, J.; Donath, L. Reliability of the Maximal Lactate Accumulation Rate in Rowers. Int. |. Sports
Med. 2024, 45, 238-244. [CrossRef] [PubMed]

Volianitis, S.; Yoshiga, C.C.; Secher, N.H. The physiology of rowing with perspective on training and health. Eur. ]. Appl. Physiol.
2020, 120, 1943-1963. [CrossRef] [PubMed]


https://doi.org/10.14814/phy2.14098
https://doi.org/10.1080/02640410500432516
https://www.ncbi.nlm.nih.gov/pubmed/17115522
https://doi.org/10.1007/s00421-024-05532-0
https://www.ncbi.nlm.nih.gov/pubmed/38904772
https://doi.org/10.3390/ijerph19138115
https://doi.org/10.1371/journal.pone.0191504
https://doi.org/10.1080/02640410600812179
https://doi.org/10.1055/s-2004-815844
https://doi.org/10.1080/14763141.2010.511678
https://www.ncbi.nlm.nih.gov/pubmed/21162363
https://doi.org/10.1055/s-2004-821051
https://www.ncbi.nlm.nih.gov/pubmed/15895321
https://doi.org/10.1519/JSC.0000000000000248
https://www.ncbi.nlm.nih.gov/pubmed/24077376
https://doi.org/10.3390/app14104273
https://doi.org/10.3390/sports9030034
https://doi.org/10.1046/j.1365-201X.2002.t01-2-01004.x
https://doi.org/10.1249/00005768-199509000-00009
https://doi.org/10.1123/ijspp.2023-0201
https://doi.org/10.1007/s00421-019-04270-y
https://doi.org/10.1123/ijspp.2022-0411
https://doi.org/10.52082/jssm.2021.170
https://doi.org/10.1016/j.crphys.2025.100148
https://doi.org/10.1152/japplphysiol.00092.2015
https://doi.org/10.1136/bjsm.27.1.45
https://www.ncbi.nlm.nih.gov/pubmed/8457813
https://doi.org/10.1055/a-2206-4959
https://www.ncbi.nlm.nih.gov/pubmed/38109898
https://doi.org/10.1007/s00421-020-04429-y
https://www.ncbi.nlm.nih.gov/pubmed/32627051

Sports 2025, 13, 245 13 of 13

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

De Larochelambert, Q.; Del Vecchio, S.; Leroy, A.; Duncombe, S.L.; Toussaint, ].F,; Sedeaud, A. Body and Boat: Significance of
Morphology on Elite Rowing Performance. Front. Sports Act. Living 2020, 2, 597676. [CrossRef]

Stefani, R. The Power-to-Weight Relationships and Efficiency Improvements of Olympic Champions in Athletics, Swimming and
Rowing. Int. J. Sports Sci. Coach. 2014, 9, 271-286. [CrossRef]

Ingham, S.A.; Whyte, G.P,; Jones, K.; Nevill, A.M. Determinants of 2,000 m rowing ergometer performance in elite rowers. Eur. J.
Appl. Physiol. 2002, 88, 243-246. [CrossRef]

Mikulic, P. Anthropometric and physiological profiles of rowers of varying ages and ranks. J. Kinesiol. 2008, 40, 80-88.
Steinacker, ].M. Physiological aspects of training in rowing. Int. J. Sports Med. 1993, 14, S3-5S10.

Burge, C.M.; Carey, M.E,; Payne, W.R. Rowing performance, fluid balance, and metabolic function following dehydration and
rehydration. Med. Sci. Sports Exerc. 1993, 25, 1358-1364. [CrossRef]

Beneke, R.; Leithauser, R.M.; Hutler, M. Dependence of the maximal lactate steady state on the motor pattern of exercise. Br. J.
Sports Med. 2001, 35, 192-196. [CrossRef] [PubMed]

Hagerman, F.C. Applied physiology of rowing. Sports Med. 1984, 1, 303-326. [CrossRef] [PubMed]

Rascon, J.; Tryjillo, E.; Morales-AcuNa, E; Gurovich, A.N. Differences between Males and Females in Determining Exercise
Intensity. Int. J. Exerc. Sci. 2020, 13, 1305-1316. [CrossRef] [PubMed]

Schiinemann, E; Park, S.-Y.; Wawer, C.; Theis, C.; Yang, W.-H.; Gehlert, S. Diagnostics of vLa.max and Glycolytic Energy
Contribution Indicate Individual Characteristics of Anaerobic Glycolytic Energy Metabolism Contributing to Rowing Performance.
Metabolites 2023, 13, 317. [CrossRef]

Yoshiga, C.C.; Higuchi, M. Rowing performance of female and male rowers. Scand. ]. Med. Sci. Sports 2003, 13, 317-321. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fspor.2020.597676
https://doi.org/10.1260/1747-9541.9.2.271
https://doi.org/10.1007/s00421-002-0699-9
https://doi.org/10.1249/00005768-199312000-00007
https://doi.org/10.1136/bjsm.35.3.192
https://www.ncbi.nlm.nih.gov/pubmed/11375880
https://doi.org/10.2165/00007256-198401040-00005
https://www.ncbi.nlm.nih.gov/pubmed/6390606
https://doi.org/10.70252/dfcx3206
https://www.ncbi.nlm.nih.gov/pubmed/33042374
https://doi.org/10.3390/metabo13030317
https://doi.org/10.1034/j.1600-0838.2003.00321.x

	Introduction 
	Materials and Methods 
	Study Design 
	Participants 
	Procedure 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

