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N3jaBe 3aXBaTHOCTH

Oceépmarem Ha noYemak c802 AKA0eMCcKo2 Nymosarbd, CX8amam 0a Hucam Hu carbana oa hy cmuhu
00 00bpane dokmopcke oucepmayuje. Mzpazuna oux 6enuky 3ax8aiHoCcm ceuma Koju cy Ha O6uno
KOJU Ha4uH OONPUHENU MOJUM OONYKAMA u Ouiu y3 meHe, 6e3 003upa Ha mo wmo HUcy nojeOuHaqHo

HOMEeHYmMU.

Hspaosicasam najsehy 6nazooaprnocm c6ojoj mamu Koja je 00 nouemka MOJe akademcke Kapujepe
umana camo yioey noopuike, jep je 00 maoa 3a8puiiiia Hajeehu JcueoOmuuU NOCao C6aKo2 408eKd Hd
060j naanemu — ycahusarbe 6peOHOCmU KOO c802 Oemema. Y3 mene cy uepcmo cmajanu u opam u
mama, KOjumMa cam 3axeaiHa Ha NOOPULYU U NOBEPERy) .

HeuszmepHno nowmosarse uckazyjem ceom eenuxom yuumesny u menmopy, npogecopy Cmanumupy
Cmojumkosuh. Ilpenosnasuiu y menu Keaiumem, mMoxcod je umao Hajeehu ymuyaj oa ce oonyuum
3a KOpak Ka Hajeuuiem cmeneHy oopazosarba u paoum nocao Koju me YuHu 3a0080.6HOM. Bepyjyhu,
bopuo ce ca MHOM 00 OCMBAPErLA CEUX MOJUX AKAOEMCKUX YU/beBd, KOje CMO NPemXo0HO 3ajeOHO

noCmasuiu.

3axeannocm dyeyjem u com opyeom menmopy, ooyenmy Heany Ayk, 3a udejy 0okmopcke
oucepmayuje u nomoh da dohem 0o ooz daua.

Benuko xeana mojum npujamemuyama, Koje cy y3 mene c6akooHeeHo oenehu necebuune cageme u
NOOPWIKY Y C8UM ACHEKMUMA HCUBOMA.

Mojum mprauuma scenum 0a uspazumu 0yOOKy 3aX8anIHOCH 3d MO WMO Cy MU OUNU U3BOD
uHCcnupayuje 3a cee akademcke paoose Koje cam YCneuno 3a8puuia.

3axeanuna bux ce u mpenepuma kapame kuyoa ,, Mnaoenogay “ koju cy me 00 WKOACKUX 0aHd,
VUuau OUCYUNIUHU, YROPHOCIU U Nowmosary opyeux ocooda. Taxohe, ceojum npogecopuma
@uzuuKo2 6ACNUMAILA Y WKOAU, KOJU CV MU NPUMEPOM YKA3ANU HA JIeNOMY Haule CIMpYKe.

Ha kpajy, beckpajno cam 3ax6aina com HCUBOMHOM canymuuky, cynpyay bopucy, koju mu je
no0apuo nogeperse u NPUGULERUjy 0a ce 3aje0H0 0CMEapumMo Kao pooumesu U 3ay3eo nocebHo
Mecmo Ha MPOHY HAJEANCHUJUX 0COOA Y MOM HCUBOM).



Pacing strategy in half-marathon and marathon based on performance level, sex and age

Abstract

Pacing strategy (PS) is a key factor in long-distance running which influences performance by
managing the intensity of effort throughout the race. The aim of this research was to analyze and
compare PSs among half-marathon and marathon runners based on performance level, sex and age.
The sample included 233,083 runners who finished the Vienna Half-Marathon (N=150,232) and
Marathon (N=82,815) races from 2006 to 2023. The analysis utilized official data from the organizer's
website.

PS was analyzed using five segments for both races. For the half-marathon, the course was divided
into four 5 km and one 1.0975 km segments, whereas each marathon segment was twice as long.
Percentage values of average change of speed for each segment (CS1-s) were calculated relative to
the overall race speed. The absolute change of speed for the entire race (ACS) was the average of the
five CS values. The performance groups were defined as quartiles based on race placement.

A positive PS with an end spurt (ES) and varying segments was observed in almost all runner
subgroups, regardless of the race type, performance group, sex, and age. Faster runners exhibited a
more consistent PS compared to slower runners. Slower runners had a higher ES compared to faster
ones. Significant difference in ACS between races within each performance group was observed.

Male runners had lower ACS than female runners in the half-marathon, while the opposite trend was
observed in the marathon. The differences between sexes were more pronounced in the marathon
compared to the half-marathon. Female runners showed a higher ES than male runners.

In the half-marathon, male runners aged 40-59 and female runners aged 40-49 exhibited a more
evenly distributed PS compared to younger and older runners. In the marathon, runners aged 30—49
showed a more consistent PS regardless of sex. Among male runners, each age group displayed a
more even PS in the half-marathon compared to the marathon, while no significant difference was
found among female runners. In the half-marathon, the youngest runners, regardless of sex, exhibited
the fastest ES. In the marathon, the fastest ES was displayed by the youngest male runners and by
both the oldest and youngest female runners.

Key words: long-distance running, long-distance races, pacing, running speed, speed variability, age
group.

Scientific field: Physical Education and Sport
Scientific subfield: Physical Education, Sport and Recreation Sciences
UDK: 796.422.16.05(043.3)



Ctpareruja Temmna Tpuama MoJIyMapaTOHA U MApPaTOHA Y 3aBHCHOCTH O/l TAKMUYapcKe
YCHENTHOCTH, 1M0JIa U CTAPOCTH

Caxerak

Crpareruja temna (CT) je kibyuHu ¢akTop Koju yTude Ha TakMu4apcky ycremsoct (TY) y Tpuamy
Ha JyTe JUCTaHIIe, YIpaBibajyhul MHTEH3UTETOM Haropa TOKOM Tpke. Lusb oBor ucrpaxkupama je 61o
na aHaimsupa u ynopeau CT xox Tpkaya Ha oJtyMapaToHy U MapaToHy, y 3aBUCHOCTH off HuBoa T,
1moJia U CTapoCTH. Y30pak ucnuTaHuka je yuHwio 233.083 Tpkaua KOju Cy 3aBpIIMIINA TPKE Y
noymapaTtony (N=150.232) u mapatony (N=82.815) y beuy, ox 2006. no 2023. ronune. 3a aHaau3y
Cy KopuIlheHH 3BaHUYHHU MOJIally Ca UHTEPHET CTPAaHULIE OPraHU3aTopa.

CT je ananmusupana Kpo3 5 cermMeHara ode Tpke. Y MOJlyMapaToHy, CTasa je Moje/beHa Ha YETHPH
cerMeHTa oA 5 kM U jemaH on 1.0975 kM, JIOK je CBaKM CETMEHT y MapaToOHYy JBOCTPYKO JIYXKH.
[Tpouenar mpoceune npomene Op3mHe cBakor cermeHTa (IIIIBCi-5) mM3pauyHar je y oIHOCY Ha
yKynHY Op3uHy Tpke. AnconyTHa nmpoMena Op3uHe 1ene Tpke (AlIB) je u3pauynara kao nmpoceyHa
Bpeanoct net II1bC Bpeanoctu. I'pyne npema TY cy kpenpane Kao KBapTUIM Ha OCHOBY IIJJaCMaHa
Ha TPLH.

[TosutuBHa CT ca xpajiuMm yop3amem (KY) u pasnuuntim cermentuma npumeheHa je y rotoBo
CBHUM IOJrpyIama Tpkaya, 6e3 003upa Ha BpcTy Tpke, TY, o u crapocT. bpku Tpkauu cy nokasaiu
pasaHomepuujy CT y mopehemy ca ciopujum tpraunma. Ciopuju Tpkadu cy uManu uzpaxkenuje KY
y nopehemy ¢ Op>xum TpkaunMma. [Ipumehena je 3nauajua pasnuka y AIIb usmely Tpka ynyrap cBake
rpyne TV.

Mymikapuu cy umanu Hiwku AIIB of xeHa y moixymapaToHy, JIOK je CyNpoTaH TpeH I npumMeheH y
MaparoHy. Pazmmke w3mel)y monoBa cy Omie wu3pakeHHje y MaparoHy y mopehemy ca
nonymapatonoM. JKene cy umane sehe KY y onHocy Ha mymikapiie.

Mymikapiu crapoctu of 40 mo 59 roaumna u sxkeHe crapoctu on 40 no 49 roauHa cy UMalu
paBHoMmepHUjy CT y nopehemwy ¢ minahum 1 cTapujuM TpKauuMa y MOJyMapaToHy. Y MapaTOHY Cy
Tpkauu ctapoct o 30 1o 49 ronuna umanu paBaoMmepHujy CT 6e3 063upa Ha ois. Koa mymikaparia
Jj€ paBHOMEPHUjU TeMII0 TpuMeheH yHyTap cBake CTapOCHe KaTeropHje y mojlyMapaToHy y nopehemy
ca MapaToHOM, JOK KOJ >XeHa HMje Ouno 3HadajHe pasnuke. Hajmmahu Tpkaum cy wumamm
Hajuzpaxkenuje KY kox oba mona y momymapatoHy. Y MapaToHy, Hajmiiahu MyLIKapluy Cy UMallu
Hajuzpaxenuje KY, 1ok cy u Hajcrapuje u Hajmiale sxeHe umaie Hajuzpaxenuje KVY.

KibyuHe peun: Tpuame Ha qyre AUCTaHIIE, TPKE Ha Iyre TUCTAHIIe, TEMII0, Op31Ha TpUamka, IPOMEHa
Op3uHEe, CTapoCHA KaTeropuja.

Hayuna o6mact: ®u3n4yKko BaCHUTamkEe U CIOPT
Vxka HayuHa obnact: Hayke gusnukor BacuTama, CiopTa U peKpealje
YJIK: 796.422.16.05(043.3)



Abbreviations:

ACS — Absolute Change of Speed throughout the entire race
ANOVA — Analysis of Variance

ATP — Adenosine Triphosphate

CS — Change of Speed

CS1.5— Change of Speed for each of the five segments
CV — Coefficient of Variation

DS — Descriptive Statistics

ES — End Spurt

HIIT — High-Intensity Interval Training

HL — High-Level performance group

ibid. — In the same place (this abbreviation was used when a previous reference is repeated)
LL — Low-Level performance group

Max — Maximal value

Mean — Mean value

MHL — Moderate to High-Level performance group
Min — Minimal value

MLL — Moderate to Low-Level performance group
MLSS — Maximal Lactate Steady State

N — Number of participants

n?— Eta-squared

OBLA - Onset of Blood Lactate Accumulation

PS — Pacing Strategy

RCP — Respiratory Compensation Point

RPE — Rating of Perceived Exertion

SD — Standard Deviation

V02— Volume of Oxygen Consumption

VO2max — Maximum Oxygen Consumption

W’ — Work Capacity above Critical Power

A — Lambda
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1. INTRODUCTION

Long-distance running, recognized as a rigorous endurance activity, has become increasingly popular
worldwide (Picture 1) over the past 50 years (Knechtle et al., 2018; Vitti et al., 2020). As the number
of participants in long-distance races, both domestically and internationally, continues to grow, the
overall performance results have been declining year after year, coinciding with an increase in the
number of older age group runners (Knechtle et al., 2018; Stojiljkovi¢ et al., 2019, 2022; Vitti et al.,
2020). However, when considering only the top 10 finishers, the results have been improving
(Knechtle et al., 2018). The average marathon time from 1997 to 2017 was recorded as 02:12:23
(h:min:s), showcasing a notable improvement compared to the period from 1897 to 1917, during
which the average time stood at 02:48:09 (ibid.). At the Belgrade Marathon, from 2007 to 2019, the
majority of participants completed the race with times between 4:00 and 4:30 h:min (Stojiljkovi¢ et
al., 2022). These data highlight the growing presence of recreational runners who are actively
involved in training processes and the advancements in training technologies benefiting elite runners
(Bermon et al., 2021; Ruiz-Alias et al., 2023).

Vienna
Belgrade

/

Picture 1. The Massiveness of Participants in Long-Distance Races Worldwide in 2019 (The image was
created by the author of this thesis, sourcing available pictures from the internet and integrating them into a
composition using a PowerPoint template).



1.1.Long-Distance Running

Athletics, as a sports discipline, encompasses a comprehensive range of 49 events, which include
throws, jumps, various running events, race walking, and combined events (World Athletics Series
Regulations, 2023). Running falls under the category of athletics encompassing short, middle, and
long distances. Long-distance running includes events such as the 3,000 m steeplechase, 5,000 m,
and 10,000 m on the track. Moreover, it comprises races conducted on city streets and/or mountains,
such as the 5 km, 10 km, 21.0975 km (half-marathon), 42.195 km (marathon), and distances
exceeding 42.195 km (ultramarathon) (Cuk & Rakié, 2019; World Athletics, 2024), often
characterized by diverse terrains. The marathon is the only running event organized outside the track
and is featured in the World Athletics Championships and the Olympic Games. It was introduced as
a new discipline in the inaugural modern Olympic Games held in Athens in 1896 (Stefanovi¢ et al.,
2008; World Athletics, 2022b). While the half-marathon is not included in the World Athletics
Championships or the Olympic Games, it is part of the World Athletics Half Marathon
Championships, which take place every two years since 1992 (World Athletics, 2022a).

In recent decades, there has been a significant increase in the number of running events worldwide,
accompanied by a rise in the number of participants across all running disciplines outside the athletics
track (Picture 1). The world records for the 5 km race stand at 12:49 min:s for men, 14:29 min:s for
women (women-only participants), and 14:19 min:s for women (combined women and men
participants) (World Athletics, 2024). The slowest of recreational runners typically take over 1 hour
to complete (Credit Union Cherry Blossom, 2023). For the 10 km race, the current world records are
26:24 min:s for men, 30:01 min:s for women (women-only participants), and 29:14 min:s for women
(combined women and men participants) (World Athletics, 2024), while the slowest recreational
runners finish in over 1:15 h:min (Cuk et al., 2019; Vienna City Marathon, 2023). The current world
record for the men’s half-marathon is 57:31 min:s. For women, it is 1:05:16 h:min:s (women-only
participants), and 1:02:52 h:min:s (combined women and men participants) (World Athletics, 2024),
while recreational runners generally have a time limit of 3 hours to complete the race. The current
world record in the marathon is 2:00:35 h:min:s for men, 2:17:01 h:min:s for women (women-only
participants), and 2:14:04 h:min:s for women (combined women and men participants, allowing
women to run alongside or behind men, reducing wind resistance and enabling better performance)
(World Athletics, 2024). The slowest among recreational runners finish the race in just over 6 hours
(Belgrade Marathon, 2023; Vienna City Marathon, 2023). Based on these race results from around
the world, it is evident that recreational runners take several times longer to complete races compared
to elite athletes. We can conclude from this observation, that running the same distance does not entail
the same level of exertion for athletes and recreational runners (Monte et al., 2020; Seene et al., 2005).
Given that recreational runners comprise the majority of participants in mass long-distance running
events worldwide, it is important to recognize and highlight the contributions of long-distance
running to overall health and quality of life.

1.1.1. The Health Aspects of Long-Distance Running

Long-distance running, as a form of endurance training, has been associated with numerous positive
physiological effects (Davies, 2018; Papi¢ et al., 2019), and overall health improvements, regardless
of the distance (Wirnitzer et al., 2022). Some of the positive effects of long-distance running include
increased maximum oxygen consumption (VOzmax), enhanced respiratory capacity, improved
running economy, reduced blood lactate concentration at submaximal intensity, increased density of
mitochondria and capillaries, improved enzymatic activity, and reduced body fat (Swank & Sharp,
2016). The increase in VO2max is attributed to factors such as increased stroke volume of the heart,
elevated blood volume, increased capillary density, and increased mitochondrial density in trained
muscles (Costill et al., 1976). The growing number of participants in these disciplines could
potentially lead to significant health improvements and increased life expectancy, reducing the risk
of cardiovascular and malignant diseases by up to 30% (Pedisic et al., 2020). However, there is also
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a significant risk of health issues associated with long-distance running (Hollander et al., 2018).
Excessive doses of running training do not necessarily have a favorable association with mortality
(Pedisic et al., 2020) and health (Toresdahl et al., 2021, 2023). Excessive training can lead to a
decrease in a person’s work capacity due to the dominance of catabolic processes, causing an
imbalance between catabolic and anabolic processes in the body (Seene et al., 2005). Therefore, long-
term health issues resulting from ultra-endurance running may include potential maladaptation in
various organ systems, such as the renal, cardiovascular, immunological, gastrointestinal, respiratory,
musculoskeletal, neurological, and integumentary systems (Scheer et al., 2022). The risk of
developing diseases due to high absolute training loads is higher in recreational and lower-ranked
athletes (Shephard & Shek, 2015) compared to elite athletes (Malm, 2006).

In addition to metabolic imbalances, excessive training load and/or load progression can increase the
risk of running-related injuries (Damsted et al., 2018). The prevalence of these injuries ranges from
36% to 63.5% (Gomes Neto et al., 2023) and is more common in less experienced runners (Damsted
et al., 2019; Papic et al., 2021) and slower runners (Damsted et al., 2019). Therefore, it is important
to maintain the upward trend of mass participation in long-distance running events while ensuring
proper guidance and dosage of the training process.

The increase in the number of runners participating in these races can be attributed to various factors,
including the desire to compete with oneself and others, as well as the aspiration to lead a high-quality
lifestyle for longer (Hongwei & Resza, 2021; Juhas & Repi¢-Cuji¢, 2016). It can be assumed that
races serve as significant motivation for runners to continue their running journey and strive for better
results. Therefore, it is important to examine the factors that influence running performance.

1.1.2. Factors that Influence Performance in Long-Distance Running

1.1.2.1. External Factors

Several crucial external factors significantly influence performance in long-distance running. These
factors encompass the profile and quality of the track (surface type, number of curves, length, and
gradient of uphill and downhill sections), environmental conditions (altitude, temperature, relative
humidity, and wind speed) (El Helou et al., 2012; Ely et al., 2008; Knechtle, McGrath, et al., 2021;
Leslie et al., 2023; Mantzios et al., 2022; Vihma, 2010; Weiss et al., 2022), nutrition and hydration
before/during the race (Burke et al., 2019), warm-up (Alves et al., 2023), pacing strategy, drafting,
footwear (Barnes & Kilding, 2019; Hoogkamer et al., 2019) and clothing (Hoogkamer et al., 2017;
Joyner et al., 2011). Regarding environmental conditions, it is noteworthy that thermoregulatory
strain is lower on days with high temperature, low humidity, and low wind speed (Knechtle, McGrath,
etal., 2021). Specifically, even amere 1 °C an increase in the heat index (which combines temperature
and humidity) can slow down elite marathon runners by approximately 0.35 minutes (Leslie et al.,
2023).

1.1.2.2. Internal Factors

In addition to external factors, every runner is influenced by internal factors that encompass the
coordinated interplay of muscular, cardiovascular, and neurological elements. These factors work in
harmony to effectively convert energy from aerobic and anaerobic adenosine triphosphate (ATP) into
speed and power (Joyner & Coyle, 2008).

It is well known which physiological factors significantly impact the performance of elite long-
distance runners: VO.max (Billat et al., 2001); the fraction of VO2max that can be sustained
throughout a race (Fractional VO2max Utilization) (di Prampero et al., 1986), closely associated with
the lactate threshold or critical running speed (Tanaka & Matsuura, 1984) and oxygen uptake at
submaximal running intensities (i.e., running economy in ml of O./kg/km) (Conley & Krahenbuhl,
1980; Jones, 2006; Joyner, 1991; Joyner et al., 2011). The lactate threshold, or maximal lactate steady
state (MLSS), represents the highest exercise intensity at which there is still a balance between lactate
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production and elimination (Heck et al., 1985; Tegtbur et al., 1993). VO2,max represents the maximum
volume of oxygen that an individual can uptake and utilize per minute to produce energy for muscular
work (Stojiljkovi¢ et al., 2012). The critical speed represents the intensity threshold beyond which
VO2.max cannot be achieved. However, when running at speeds higher than the critical speed and
with sufficient duration, VO2max can be attained (Hill & Ferguson, 1999).

During physical exercise that activates large muscle groups, such as running, the transportation of
oxygen through circulation is the main (75%) limiting factor for VO,max. However, in exercises
involving small muscle groups, this role is reduced to 50% (di Prampero, 2003). The range of
VO2max values varies depending on the individual's level of physical activity. Sedentary individuals
typically have VO2max values of ~ 20 ml/kg/min (Chidnok et al., 2020), whereas highly trained cross-
country skiers have recorded the highest values (Sandbakk & Holmberg, 2014). Male athletes in this
category typically exhibit values of 80—90 ml/kg/min, while female athletes show values of 70-80
ml/kg/min (ibid.). In elite male long-distance runners, VO,max values generally fall between 70 and
85 ml/kg/min (Pollock, 1977). Female runners, on the other hand, tend to have values approximately
10% lower due to factors such as lower hemoglobin concentration and higher levels of body fat
(Durstine et al., 1987; Pate et al., 1987). In addition to VO2max, male athletes also have higher values
for the speed at which they begin to accumulate lactate (Onset of Blood Lactate Accumulation —
OBLA) and the lactate threshold compared to female athletes. However, female athletes achieve the
speed at OBLA and lactate threshold at a higher percentage of their VO,max (91.1+3.1% and
86.4+3.3%) (Maldonado-Martin et al., 2004). Regarding performance in different age groups, female
runners achieve their best marathon performance in the 30—34 years age category, while male runners
achieve it approximately 5 years older, in the 35-39 years age category (Nikolaidis, Rosemann, &
Knechtle, 2018). There are also assumptions that the decline in these physiological functions caused
by aging does not differ between male and female individuals (Lepers & Cattagni, 2012), as
evidenced by the comparable performance dynamics of runners aged 20 to 60 years in long-distance
races (De Leeuw et al., 2018). Elite long-distance runners are capable of sustaining running speeds
that require 85-90% of VO.max for over an hour (Joyner, 1991; Joyner & Coyle, 2008).
Understanding the aforementioned factors, and also the oxygen cost of running at a specific running
speed (running economy — VOo/velocity), allows for a reliable estimation of marathon pace (ibid.).
In other words, running economy can influence the pacing strategy for long-distance running
(Damasceno et al., 2011; Lima-Silva et al., 2010). A more economical runner can maintain a faster
pace before experiencing lactate accumulation (Fay et al., 1989). With similar values of VO.max,
lactate threshold and running economy, i.e., the running speed at which VO2max is reached, will
likely be decisive for performance (Conley & Krahenbuhl, 1980; Joyner, 1991; Larsen, 2003; Lucia
et al., 2006; Morgan et al., 1989; Santos-Concejero et al., 2015). In a study by Santos-Concejero et
al. (2015), elite long-distance runners from Europe exhibited significantly higher VO.max values
compared to elite Eritrean runners (77.2 ml/kg/min and 73.5 ml/kg/min, respectively), while the
Eritrean runners demonstrated superior running economy (191.4 ml/kg/min and 205.9 ml/kg/min).
However, the Eritreans achieved significantly better results in the 10 km race compared to the
Europeans (27.7 min and 28.5 min, respectively), and running economy was significantly correlated
with performance. Some authors estimate that the conditions for achieving a sub-two-hour marathon
would require a runner to weigh 59 kg and maintain a VO of approximately 4.0 I/min or 67 ml/kg/min
(Jones et al., 2021).

During prolonged submaximal activities, the ability of an athlete to minimize energy expenditure
becomes a crucial factor for performance and a valid indicator of efficiency (Conley & Krahenbuhl,
1980; Lacour et al., 1990; Morgan et al., 1991). Energy expenditure (oxygen uptake) during
movement can be defined as the amount of energy expended per unit distance (ml Oz/kg/km or
JIkg/km) (Ferretti, 2015). Estimating energy expenditure is a valuable approach for examining the
influence of individual efficiency on performance across various forms of locomotion (Brisswalter et
al., 1998; Hausswirth et al., 1997). To ensure the accuracy of these estimations, it is important to
apply this principle under stable metabolic conditions (50-80% VO.max) where VO.max is



representative of energy expenditure per unit of time (Hausswirth & Lehénaff, 2001). The validity of
these estimations is particularly relevant for submaximal intensities, which are commonly
encountered in half-marathons and marathons.

1.1221. Energetics of Long-Distance Running

Since aerobic physical work relies on the oxidation of substrate “fuels” in working muscles, through
well-defined chemical reactions, the rate at which these muscles take up oxygen from the bloodstream
reflects their rate of fuel consumption and, consequently, their maximum power output (Rapoport,
2010). Endurance performance in running is influenced by several physiological factors, with aerobic
capacity (VO2max) and the energy cost of running being the primary ones mentioned. However, there
are additional factors that appear to limit performance at the highest levels achieved by elite marathon
runners, such as heart morphology and lactate kinetics during exercise (in male individuals),
adiposity, and iron levels in the blood (in female individuals) (Legaz Arrese et al., 2006).

The key metabolic substrates for activating muscle contractions during long-distance running are
carbohydrates (derived from liver, muscle glycogen, and plasma glucose) and fats (including
intramuscular triglycerides and free fatty acids in plasma released from adipose tissue) (Rapoport,
2010). In marathon running, the contribution of anaerobic metabolism is relatively small, but it
becomes more significant in races lasting 13-30 min (5 and 10 km races), accounting for
approximately 10-20% of total ATP turnover (Joyner & Coyle, 2008). In endurance sports, even
athletes with the lowest, extremely low percentage of non-essential fats (= 2%) have enough stored
metabolic potential energy to complete more than four marathons if working muscles could derive
energy exclusively from fats (Rapoport, 2010). In contrast, the stores of physiological carbohydrates
are very limited (Rodriguez et al., 2009). Previous research suggests that carbohydrate intake and
energy expenditure (kJ/kg/d) before and during a marathon race are positively associated with
runners’ performance (Jeukendrup, 2004; Mahon et al., 2014; Rapoport, 2010). Consuming sports
drinks containing carbohydrates and electrolytes before, during, and after such activities helps
maintain blood glucose levels, supplies muscles with energy, and reduces the risk of dehydration and
hyponatremia (Rodriguez et al., 2009). Low energy intake can lead to adverse effects such as loss of
muscle mass, disruption of the menstrual cycle, loss or lack of increased bone density, increased risk
of fatigue, injury, and illness, and prolonged recovery process (ibid.). Some authors indicate that there
is no significant difference in supplementation intake patterns among runners participating in
different long-distance disciplines (Wirnitzer et al., 2021).

The proportion of energy derived from carbohydrates and/or fats during running depends on the
intensity of running (Figure 1), as well as the size of glycogen reserves. At higher intensities, a larger
proportion of energy comes from carbohydrates, while fats become a more significant energy source
as glycogen stores are depleted (Romijn et al., 1993). However, the proportion of energy obtained
from a specific source (macronutrients — carbohydrates, fats, and proteins) also depends on the
predominant type of muscle fibers in an individual’s working (leg) muscles (Schréder et al., 2008).
In elite long-distance type | runners, with 60-70% fast glycolytic and oxidative fibers, the daily
energy expenditure is approximately 3750 kcal (ibid.). In type Il runners, who have an equal
distribution of slow and fast fibers, the energy expenditure is around 3463 kcal (ibid.). Lastly, type
111 runners, with 60-70% slow fibers, have a daily energy expenditure of approximately 3079 kcal
(ibid.). In their study, daily carbohydrate expenditure averages around 10 g/kg for type | runners,
around 8.0 g/kg for type Il runners, and 4.7 g/kg for type 111 runners (ibid.). However, for runners of
all muscle fiber types in leg muscles, the daily carbohydrate expenditure was approximately the same
(around 10 g/kg) due to the intensity levels at or above VO2max (ibid.).
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Figure 1. Relative utilization of fats (red color — free fatty acids/muscle triglycerides) and carbohydrates
(blue color — plasma glucose/muscle glycogen) as metabolic fuels depending on exercise intensity —
%VO,max (data points correspond to the study by Romijn et al. (1993), and the figure was sourced from the
study by Rapoport (2010, pp. 4)).

In the literature, intensity is divided into different zones based on physiological mechanisms of energy
production and certain parameters such as lactate or ventilatory threshold and VOzmax. The number
of intensity zones can vary but typically ranges from three to seven (Friel, 2016; Seiler & Kjerland,
2006; Seiler & Tagnnessen, 2009). The characteristics of the five intensity zones are shown in Table
1.

Table 1. Characteristics of five intensity zones created by the Norwegian Olympic Federation (adapted from

Seiler, 2010)
Typical
Intensity VO2 Heart Lactate accumulated
rate 1 .
zone (Yomax) (mmol-L) duration
(Yomax) o
within the zone
1 50-65 60-72 0.8-1.5 1-6h
2 66-80 72-82 15-25 1-3h
3 81-87 82-87 2.5-4 50-90 min
4 88-93 88-92 4.0-6.0 30-60 min
5 94-100  93-100 6.0-10.0 15-30 min

Based on the results of highly trained long-distance runners and considering the information in Table
1, we can say that a 5 km race typically takes place in Zone 5, a 10 km race falls between Zone 4 and
5, a half-marathon is in Zones 3 and 4, while a marathon is run in Zones 2 and 3. Correspondingly, a
5 km race occurs near VO2max, a 10 km race at around 90-100% VO:max, a half marathon at
approximately 78-88% VO2max, and a significant portion of the marathon is run at an intensity of
about 75-85% VO.max (Bassett & Howley, 2000; Billat et al., 1994; Joyner & Coyle, 2008). For less
trained runners, such as recreational runners, the percentage of VO2max at which they can maintain
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their pace during a race is lower, so they typically run at a slightly lower relative intensity compared
to highly trained runners (Bassett & Howley, 2000). For recreational runners, marathon races occur
at a lower intensity (Zones 1 and 2), while half-marathons are run at a moderate intensity (Zones 2
and 3). During low and moderate-intensity activities, the primary source of energy is fats (Bytomski,
2018). However, in the case of highly trained athletes, the intensity in running these distances is very
close to the lactate threshold, beyond which the body cannot extract energy from fats quickly enough,
making it crucial to have sufficient carbohydrate reserves (Noakes et al., 2014). Moreover, the total
carbohydrate reserves from muscle glycogen, liver glycogen, and plasma glucose are not sufficient
for running longer than approximately two hours (Impey et al., 2020; Joyner & Coyle, 2008;
Rapoport, 2010). While glycogen from the liver can be available to metabolically active cells
(including working myocytes) throughout the body through glycogenolysis and the release of glucose
into the bloodstream, glycogen in myocytes can only be used by the cell in which it is synthesized
and stored (Rapoport, 2010). The reason for this difference is that myocytes, unlike hepatocytes, lack
the enzyme glucose-6-phosphatase, which catalyzes the final reaction of glycogenolysis and allows
glucose transporters to release glucose inside the cell (ibid.). Therefore, specific muscle glycogen
stores to be utilized in running must be “replenished” before the run (Rapoport, 2010; Rodriguez et
al., 2009).

To some extent, during the training process for endurance development, the internal factors can be
influenced through adaptation to training loads (Booth & Thomason, 1991; Papic et al., 2023), which
can result in improved performance for runners (Papi¢ et al., 2019; Seiler & Kjerland, 2006).
According to some authors, four weeks of high-intensity interval training (HIIT) can improve running
economy and maximum achieved speed but not pacing strategy and overall performance (Silva et al.,
2017). As running speed decreases with reduced stride length and/or frequency, local muscular
endurance can be considered a key factor in sustaining these two kinematic parameters during a race
(Hanley et al., 2011). Strength training programs, in addition to adaptations to running training at
different intensities, can also offer a powerful stimulus to counter fatigue during the latter parts of a
10 km race, resulting in improved overall performance (Damasceno et al., 2015). Additionally, certain
external factors that impact performance, such as footwear, clothing, nutrition and hydration, warm-
up, running pace strategy and others can be adjusted during the actual competition. A recent study
suggested that the intensity of warm-up can significantly influence performance outcomes. The
authors concluded that a high-intensity warm-up may be associated with better lactate threshold and
5 km race results (Alves et al., 2023). In practice, warm-up for long-distance races is generally
performed at a low intensity (Garcia-Pinillos et al., 2019), which may be suitable for half-marathons
and marathons, where the intensity is lower compared to a 5 km race. However, the study by Alves
et al. (2023) highlights the need for further research on the impact of high-intensity warm-ups on
performance in these two longer distances.

Many studies highlight the significance of pacing strategy in long-distance running (Foster et al.,
2023; Kais et al., 2019; Skorski & Abbiss, 2017; Smyth, 2018; Venturini & Giallauria, 2022). The
authors have all found that pacing strategy is a key factor influencing performance. The following
text provides a more detailed description of the concept and significance of PS in long-distance
running.



1.2.The Concept and Significance of Pacing Strategy in Long-Distance
Running

Some definitions indicate that pacing strategy (PS) encompasses the distribution of energy reserves,
strength, and speed throughout the entirety of a race without significant deceleration (Baron et al.,
2011; Tucker & Noakes, 2009), or, in other words, the distribution of effort intensity during a race.
It can be said that the decision on a current pace in a race is an integration of anticipation, knowledge
of the finish line, previous experience, and sensory feedback received by the runner (Foster et al.,
2023; Skorski & Abbiss, 2017; St Clair Gibson et al., 2006). The most important factors in
establishing PS are the distance or duration of a race, that is, the knowledge of where the finish line
is (St Clair Gibson et al., 2006). The teleoanticipatory center of the brain incorporates information
about the race distance into an algorithm, along with previous experience, current external conditions,
internal metabolic functions, and energy reserves (ibid.). The teleoanticipation model was conceived
as a feedback-driven, closed-loop system that anticipates and regulates energetic output (Foster et al.,
2023). Based on this, an output power is established that allows the runner to reach the end of a race
at the highest possible speed without causing total exhaustion in any physiological system. Such
exhaustion can occur during a race if the chosen speed is too high at any point (St Clair Gibson et al.,
2006).

Factors that significantly influence PS include the depletion of glycogen stores, thermoregulation,
neuromuscular fatigue, and an increased rating of perceived exertion (RPE) (Foster et al., 2023). It is
crucial for athletes to avoid complete exhaustion before reaching the finish line (Skorski & Abbiss,
2017; St Clair Gibson et al., 2006), commonly known as “hitting the wall” in marathon running. From
a physiological perspective, the “wall” is defined as the moment when glycogen stores are depleted
(hypoglycemia), and the body must rely on fat as the energy source (Stevinson & Biddle, 1998). The
availability of “fuel” becomes a problem if the race lasts longer than approximately two hours (Impey
et al., 2020; Joyner & Coyle, 2008). At that point, the glycogen content in skeletal muscles becomes
depleted, and the limited ability of active muscles to take up glucose from the blood (via the liver or
food intake) can limit the rate of oxidative ATP production and subsequently impact the sustainable
pace (Joyner & Coyle, 2008). It is estimated that around as many as 43% of runners experience this
condition during a marathon race, resulting in a significant decrease in pace (Berndsen, Lawlor, et
al., 2020; Buman et al., 2008; Smyth, 2021), or a sudden and painful decline in performance
(Rapoport, 2010). Various factors contribute to this phenomenon, including weather conditions,
inadequate hydration strategies, and poor pacing decisions (Berndsen, Lawlor, et al., 2020). However,
recent recommendations for avoiding “hitting the wall”” emphasize the importance of pacing strategy,
focusing primarily on PS recommendations (Berndsen, Smyth, & Lawlor, 2019, 2020), highlighting
the importance of this controllable factor.

In addition to hypoglycemia, the onset of hyperthermia resulting from muscle glycogen depletion is
another mechanism that can influence pacing in long-distance running (Billat, 2005; Coyle, 2007).
As body temperature rises, a decline in pace is often observed once it reaches approximately 39 °C
(Rodrigues Junior et al., 2020). Increased humidity has been found to correlate with improved running
speed (Weiss et al., 2022).

PS plays a crucial role in preventing intolerable homeostatic disturbances (heart rate, blood lactate,
RPE, and muscle O, saturation) during a race (Foster et al., 2023; Koning et al., 2011; Tucker &
Noakes, 2009). A key requirement for successful PS is the intricate balance between achieving
optimal performance and sustaining tolerable homeostasis (Abbiss & Laursen, 2008; Foster et al.,
2023; Tucker et al., 2006). This balancing system entails considerations of energy availability,
technique, and fatigue (Foster et al., 2023). Good pacing significantly reduces the risk of a
cardiovascular drift, which manifests as an increase in heart rate at the same intensity during
prolonged physical activity (Billat et al., 2020). It also reduces the risk of musculoskeletal injuries



(Koning et al., 2011) and makes the race more enjoyable for recreational runners (Cuk, Nikolaidis, &
Knechtle, 2019).

In conclusion, it is evident from the information provided that PS plays a pivotal role in determining
the performance of long-distance running (De Leeuw et al., 2018; Edwards & Polman, 2013; Kais et
al., 2019; Renfree & St Clair Gibson, 2013; Skorski & Abbiss, 2017; Thiel et al., 2012). The types of
pacing strategies in these disciplines will be analyzed further in the text.

1.3.Types of Pacing Strategies in Long-Distance Running

The optimal PS depends on several factors, including the duration of an event, power output decline
(Abbiss & Laursen, 2008; Tucker, 2009; Tucker & Noakes, 2009), knowledge, experience (Deaner
et al., 2015; Swain et al., 2020), and the athlete’s physiological capacity (Nikolaidis & Knechtle,
2018b; St Clair Gibson et al., 2006). St Clair Gibson et al. (2006) suggested that the overall PS should
be determined at the beginning of the race, while continuously adjusting the pace throughout the race
to accommodate unexpected changes in the external environment and internal physiological
responses. This adaptive approach ensures that the overall PS is maintained.

The most commonly observed PSs during long-distance races include various patterns (Figure 2):
even pacing (constant/uniform/consistent — without significant speed changes) (Koning et al., 2011;
Pryor et al., 2020), positive pacing (gradually decreasing speed, also known as positive split), negative
pacing (gradually increasing speed, also known as negative split) (Koning et al., 2011; Pryor et al.,
2020), variable pacing (with multiple significant changes in speed) (ibid.), terrain-dependent pacing
(Pryor et al., 2020), reverse J-shaped parabolic pacing (positive with an end spurt) (Abbiss & Laursen,
2008; INEOS 1:59 Challenge, 2023; Nikolaidis & Knechtle, 2018a, 2018b), and U-shaped parabolic
pacing (faster start and finish compared to the middle section of the race) (Abbiss & Laursen, 2008;
Casado et al., 2021).
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Figure 2. Types of running pacing strategies (Pryor et al., 2020).

A recent study conducted on elite marathon runners revealed that even small increases in pace
variation over five-kilometer segments had a significant negative impact on overall race time, with a
1-minute increase in pace variation resulting in a 6.75-minute slowdown (Leslie et al., 2023). The
study also found that reducing pace variation helped mitigate the effects of external heat stress on the
runners, which led the authors to recommend maintaining an even pace for achieving the best possible
results in the race (ibid.). It may be argued that sustaining an even pace is the most efficient metabolic
strategy for completing long-distance races in any given situation (Rapoport, 2010). The level of
effort exerted by the runner (% VO2max), which can be estimated through mechanical parameters
such as critical power (Ruiz-Alias et al., 2022), or critical speed (Pettitt, 2016), is a critical parameter.
While the concept of critical power and work capacity above it (W’) is well-known in cycling
(Chorley & Lamb, 2020; Karsten et al., 2015; Poole et al., 2016), it has also been applied to the
training of runners in recent years, with the aid of wearable devices for measuring various parameters
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during running (Imbach et al., 2020; Ruiz-Alias et al., 2022). Critical power represents a mechanical
parameter closely related to the physiological threshold at which a metabolic disturbance occurs
(Respiratory Compensation Point — RCP), and it can be determined in a simple and accessible way
using small and lightweight devices attached to shoelaces (Ruiz-Alias et al., 2022). This parameter
integrates respiratory, metabolic, and contractile factors within a coherent framework, separating the
intensity of activity at which the organism’s physiological response can be stabilized from the
intensity at which it cannot reach a stable state (Keir et al., 2015; Poole et al., 2016). By knowing
their critical power value, runners can better predict, monitor, and control their current and overall
effort levels during training and competition (Ruiz-Alias et al., 2022, 2024). Considering that pace
depends on a gradient when running on variable terrain, critical power emerges as a more reliable
parameter for monitoring and controlling effort levels compared to running pace. However, on a
constant flat track, effort level tends to be roughly proportional to running pace (Rapoport, 2010).
The following text mentions numerous studies that have examined different PSs in running.

In a positive PS, a decrease in intensity can potentially result from increased glycogen depletion,
leading to altered substrate utilization, neuromuscular fatigue, and/or psychological factors associated
with individual perception of fatigue (Abbiss & Laursen, 2008). Additionally, one of the causes of
progressive decline in marathon running speed is the development of moderate to large muscle
damage caused by running (Del Coso et al., 2017), which may be associated with the occurrence of
muscle cramps during or immediately after a race (Martinez-Navarro et al., 2022). From a
biomechanical perspective, significant speed reduction during a race occurs due to changes in running
kinematics, namely reduced stride length and cadence (Girard et al., 2013; Hanley et al., 2011), while
ground contact time and total step duration increase (Girard et al., 2013). However, no significant
changes in joint angles or foot positioning at initial ground contact during the race have been observed
(Hanley et al., 2011). The decline in speed can also be explained by a hazard score, which indicates
a homeostatic disturbance calculated as the product of the current subjective RPE and the remaining
part of the race (Koning et al., 2011; Piacentini et al., 2019). Some authors suggest that PSs in
recreational runners are initially guided by the perceptual factor (RPE), followed by muscle and
physiological factors in the middle and final stages of the race (Bertuzzi et al., 2014). Increased
cognitive load can also negatively affect the pace of a 5 km race (McCarron et al., 2013). The
prefrontal brain region is thought to play a role in regulating pace during solo running (ibid.).

Some studies suggest that negative PS may be most appropriate for long-duration activities such as
marathons, as it is associated with decreased carbohydrate utilization, lower oxygen consumption,
and lower blood lactate concentrations (Abbiss & Laursen, 2008; Hanley, 2014). As the distance of
the race increases, result-achieving tactics become less important compared to efficient energy
management, and PS plays a crucial role in that (Filipas et al., 2021).

A variable PS is not a metabolically efficient solution for running long distances on courses with
relatively small changes in terrain gradient (Rapoport, 2010). The proportional contribution of
carbohydrates in the metabolic fuel mix utilized by a given runner increases supra-linearly with
intensity, i.e., running speed (Figure 1). When a runner aims to complete a race within a specific time
and distance, they must maintain a certain overall average pace throughout (ibid.). If they fall below
this target pace at any time interval, they need to compensate by running faster than the average pace
later on to achieve the desired overall average speed by the end of the race. During the slower
intervals, carbohydrate utilization decreases compared to what it would be if the target pace was
maintained (ibid.). However, during the compensatory, faster interval, not only does carbohydrate
utilization exceed what it would be if the target pace was maintained, but it also surpasses the
carbohydrate savings achieved during the slow interval (ibid.). As a result, the net carbohydrate
utilization is greater than it would be if there were no variation from the target running pace (ibid.),
indicating that this type of pacing is not metabolically efficient.

The reverse J-shaped parabolic PS has characteristics similar to positive pacing, with the distinct
feature of a pronounced acceleration in the final section of the race (end spurt — ES) (Abbiss &
Laursen, 2008). This pronounced final acceleration reflects a cautious approach and the preservation
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of energy reserves throughout the race to avoid complete exhaustion before reaching the finish line
(Koning et al., 2011; Smyth, 2018). By maintaining an energy reserve, runners can tap into it during
the final stretch of the race, resulting in the observed ES.

On the other hand, the U-shaped PS involves starting the race at a faster pace, followed by a gradual
decline in speed during a race, and then a reacceleration in the later part of a race, often accompanied
by a strong ES (Abbiss & Laursen, 2008). In other words, it exhibits a positive-to-negative pacing
pattern (ibid.). This PS is more efficient for distances where tactical considerations play a significant
role, such as in a 5 km race, where it is common for runners to aim for a good initial position within
the group and then utilize a fast finishing kick to secure a strong overall performance (Casado et al.,
2021).
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2. PREVIOUS RESEARCH

Previous research has indicated that there are variations in PSs among different long-distance running
disciplines (De Leeuw et al., 2018; Filipas et al., 2021; Menting et al., 2021). It is widely recognized
that pacing plays a significant role in running performance, with factors such as performance level,
sex and age associated with pacing patterns (Kais et al., 2019; Nikolaidis & Knechtle, 2019).
Consequently, analyses of road races (outside the track) have been conducted, taking into account
factors such as performance level and/or sex and/or age in disciplines such as marathon (Hernando et
al., 2020; Kais et al., 2019; Mufioz-Pérez et al., 2020; Pycke & Billat, 2022), half-marathon (Hanley,
2015; Stankovi¢ et al., 2019), 10 km races (De Leeuw et al., 2018; Lima-Silva et al., 2010),
ultramarathon (Chatzakis et al., 2021; Deusch et al., 2021; Knechtle et al., 2022; Suter et al., 2020)
and triathlon (Knechtle, Kéch, et al., 2019). Since the marathon is the only running discipline in
athletics held outside the track and included in the Olympic Games, it has been extensively studied
with regard to PSs based on all three factors (performance level, sex and age) (Kais et al., 2019;
Mufioz-Pérez et al., 2020; Nikolaidis & Knechtle, 2017; Pycke & Billat, 2022; Stojiljkovic¢ et al.,
2020).

Over the past 50 years, the PSs of the world's top marathon runners have undergone changes (Diaz et
al., 2018). From 1967 to 1988, athletes started the race at a pace faster than the target pace required
to break the world record and slowed down significantly in the final kilometers (ibid.). However,
since 1988, there has been a shift from positive pacing to negative pacing, with athletes now covering
the initial kilometers of the marathon at a very consistent pace (relatively slower than earlier athletes)
and then accelerating from the 25" km towards the finish line (ibid.).

In recent decades, there has been a significant increase in the number of runners participating in
running disciplines outside of the athletic track, but the largest number of races and participants
worldwide is recorded in 5 km, 10 km, half-marathon, and marathon races (Anthony et al., 2014;
Dubai Fitness Challenge, 2022; World’s Marathons, 2021; Knechtle et al., 2016; Nikolaidis et al.,
2021; Vitti et al., 2020). Among these races, the half-marathon may have the highest number of
participants based on annual races and participants (Knechtle et al., 2016). There has been a
significant growth trend in the number of female participants compared to male participants in these
disciplines (Lepers & Cattagni, 2012; Stojiljkovic et al., 2019; Yang et al., 2022). Additionally, there
has been a noticeable increase in participation among older age groups (>40 years) compared to
younger age groups (Lepers & Cattagni, 2012). The number of male participants is always higher
than the number of female participants in all races, but this ratio is smaller in shorter long-distance
races and increases with the length of a race (10 km = 0.6; half-marathon = 1.45; marathon = 3.86)
(Nikolaidis et al., 2021). As the race distance increases, there is a smaller proportion of female runners
(Nikolaidis et al., 2021). In 2022, there were over 193,000 participants in a 5 km race in Dubai, setting
a world record for the highest number of participants in a long-distance running event (Dubai Fitness
Challenge, 2022). While races of this distance are highly popular among recreational runners, there
is limited research examining PSs in this particular discipline due to the absence of official split times.

2.1.Running Pacing Strategy Based on Performance Level

2.1.1. 5K Race

Previous research has primarily focused on analyzing PSs in the 5 km running distance investigating
their relationship with various factors such as physiological factors (Gosztyla et al., 2006),
biomechanical factors (Girard et al., 2013; Hanley et al., 2011), and cognitive factors (McCarron et
al., 2013) separately for male and female runners. These studies were conducted on a small sample
of participants, mostly under laboratory conditions and on an athletic track. The athletic track, with
its unique surface and 400 m loop featuring curves, serves as the primary venue for professional
athletes, distinguishing it from off-track running environments. There is only one study, also with a
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small sample size, that specifically analyzed the PS in a street race of 5 km distance among high-level
performance athletes and elite athletes of both sexes (Hanley et al., 2011). Two studies examined the
PS in the 5,000 m running discipline based on the performance of participants in major competitions
(Filipas et al., 2021) and young elite runners (Menting et al., 2021), but none of these studies
considered differences in sex and age.

Based on previous research, the most common observed PS pattern is a U-shaped parabolic curve
(Casado et al., 2021; Girard et al., 2013) which is associated with better performance outcomes
(Tucker et al., 2006). In this discipline, tactics such as running in a group and securing a good position
at the beginning of the race are important, resulting in a faster start and finish (Filipas et al., 2021,
Girard et al., 2013; Menting et al., 2021). This trend of a faster start compared to planned even pacing
is observed among both female participants of intermediate performance level (Gosztyla et al., 2006)
and male participants (Alves et al., 2023; Girard et al., 2013; Lima-Silva et al., 2012). A start like this
has also been observed in elite runners of both sexes during a street race of 5 km distance (Hanley et
al., 2011). A faster start compared to an even or negative split pace is also recommended for achieving
better performance in middle-distance races (Aisbett et al., 2009). However, when measuring split
times at 1,000 m intervals in medal-winning athletes at major competitions, a clear negative PS
pattern is evident (Filipas et al., 2021). Among less successful male runners, there is a less pronounced
ES and falling behind the leading group toward the end of the race. In contrast, less successful female
runners fall behind the leading group much earlier, with a slight decline in speed in the second half
of the race (ibid.). It can be assumed that less successful female runners have a better PS compared
to less successful male runners because they more realistically assess their abilities and stick to the
planned race pace instead of chasing a pace beyond their capabilities (Allen & Dechow, 2023). In the
same 5 km distance among runners under 20 years of age at the World Championships, a significant
correlation between PS and performance is observed (Menting et al., 2021). Medalists start the race
at a faster pace, then slightly slow down and accelerate again in the second half (women) or the last
1,000 m of the race (men), reaching a speed higher than at the beginning of the race (ibid.). This PS
resembles a J-shaped profile, while less successful runners show a greater decline in speed from the
start and a less pronounced ES (ibid.).

The 5 km distance offers advantages for measurement and assessment in research settings, as it allows
for direct measurement and multiple testing sessions with appropriate rest periods of several days
between tests (Lima-Silva et al., 2012). This makes it easier to directly measure and/or assess the
influence of various factors. However, as the distance increases, conducting such analysis becomes
more challenging due to excessive fatigue, requiring longer recovery periods. In one study, higher
training volume, higher VO2peak, higher maximal treadmill running speed, and better performance
in the 5 km race resulted in a smaller decline in running speed during the race (Nummela et al., 2008).

Despite the global popularity of the 5 km distance, there is a lack of publicly available data on split
times during races in mass events held outside of athletic tracks, making it impossible to analyze large
samples of participants. As a result, research has mainly been conducted in experimental conditions
and on an athletic track, making it difficult to obtain reliable data with subcategories based on
performance, sex, and age that would fully reflect real-world race scenarios. Future research should
strive to collect data from diverse populations in actual 5 km road races to provide more
comprehensive insights into pace strategies based on different factors.

2.1.2. 10K Race

A small number of studies have examined the PS in 10 km races based on performance level, mostly
among highly trained runners. In a 10 km race (off-track), negative, even, and positive PS patterns
were observed, with even pacing being the most common among runners with higher performance
levels (De Leeuw et al., 2018). In a 10,000 m race (on an athletics track), both higher and lower
performance groups followed a classic U-shaped PS pattern (Damasceno et al., 2011; Lima-Silva et
al., 2010), where runners started faster than the average pace, gradually slowed down, and then
accelerated again towards the end (Lima-Silva et al., 2010). However, runners with lower

14



performance exhibited a more consistent pace compared to those with higher performance, with a
less pronounced fast start compared to the average speed they achieved in the race. Elite runners from
major competitions showed a slightly different PS pattern. They exhibited an even pace and
substantial ES, both among male and female runners (Filipas et al., 2021). Slower starts and negative
PSs were observed in runners with the best performance, followed by an even pace in those with
slightly lower rankings, and positive PSs in those with the lowest performance (Filipas et al., 2021).
Unlike the 5,000 m race where tactics play a significant role, energy management is crucial in the
10,000 m race (Filipas et al., 2021). Among young male runners (below 20 years of age) who won
medals in major competitions, a slightly negative PS with a smaller ES was also observed, while
runners with lower performance demonstrated a positive PS with a greater ES (Menting et al., 2021).

2.1.3. Half-Marathon

There are very few studies that have examined the PS in a half-marathon based on performance level
(De Leeuw et al., 2018; Hanley, 2015). Among runners with a high-performance level, slightly
negative and positive PSs were observed (De Leeuw et al., 2018), while elite runners tend to exhibit
a parabolic reverse J-shaped PS (Hanley, 2015). Most runners finished the first 5 km segment
relatively quickly, progressively slowed down until around the 20 km mark, and then significantly
accelerated during the final 1.1 km segment (Hanley, 2015). Additionally, a smaller decline in pace
was observed among runners who ran in a group during the race (ibid.). Although running in a group
may lead to a smaller decline in pace after the fifth kilometer, it is important for athletes to be cautious
and not join a group with a pace that is too fast for their capabilities (ibid.).

2.1.4. Marathon

A number of studies have examined the PS based on performance levels in different marathon races
(Kais et al., 2019; Mufioz-Pérez et al., 2020; Pycke & Billat, 2022; Santos-Lozano et al., 2014;
Stojiljkovic¢ et al., 2020). Marathon running is typically associated with positive pacing, but faster
athletes demonstrate the least decline in speed (De Leeuw et al., 2018; Hubble & Zhao, 2016; Kais et
al., 2019; Renfree & St Clair Gibson, 2013; Santos-Lozano et al., 2014; Stojiljkovi¢ et al., 2020).
Slower runners start significantly faster than their average speed within the first 20-25 km, after
which their running speed decreases significantly below the average speed of the entire race (Santos-
Lozano et al., 2014; Stojiljkovi¢ et al., 2020). In a study by Stojiljkovic et al. (2020), on a total sample
of 937 runners who completed the Belgrade Marathon in 2019, a significant difference in PSs was
observed among the four performance-level groups. Elite and well-trained marathon runners
generally maintain an even pace throughout the race (Mufioz-Pérez et al., 2020). Both male and
female medallists in World Championships and Olympic Games generally ran the marathon with an
even pace from the 10" kilometer onwards, while those who finished slightly slower dropped out of
the leading group at approximately the halfway point (Hanley, 2016). Running with a group of
runners with similar performance levels has proven to be more efficient than running alone (Hanley,
2015, 2016).

Based on the analyzed studies utilizing data from mass participation events, it can be concluded that
runners with higher performance levels exhibited a more evenly distributed PS compared to runners
with lower performance levels (Chatzakis et al., 2021; Kais et al., 2019; Nikolaidis & Knechtle, 2017;
Santos-Lozano et al., 2014).
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2.2.Running Pacing Strategy Based on Sex

2.2.1. 10K Race

Significant differences between male and female runners in the 10,000 m race on the athletics track
have been found among elite runners (Borba et al., 2021). Male runners slowed down after the first
kilometer and maintained a stable pace until the ninth kilometer, after which they accelerated again
(ibid.). Female runners increased their running speed towards the second kilometer and maintained
the pace until the ninth kilometer, with the tenth kilometer being faster (ibid.). However, female
runners also showed a higher average variation in speed compared to male runners (ibid.). Only one
study examined the PS in a 10K race outside the athletics track and compared it with the PS in the
marathon (Cuk et al., 2021). Detailed comparisons of PSs at different distances are covered in a
separate chapter of this research.

2.2.2. Half-Marathon

According to available data, only one study compared the PS between elite male and female runners
in the half-marathon (Stankovi¢ et al., 2019). In the study, among the top 50 male finishers in the
Vienna Half-Marathon, a significant pace decline was observed after the first 5 km, while the top 50
female finishers had a better and more evenly distributed PS than male finishers. However, a decline
in pace was observed in both sexes as the race progressed. A significant difference in PS between
sexes was found only between the 10 km and 15 km marks (in the third segment, where women ran
relatively faster than men), followed by a sharp decrease in running pace from the 15" kilometer until
the end of the race.

Two other studies examining sex differences in PS among recreational runners in the half-marathon
have also compared it with the marathon (Cuk, Nikolaidis, & Knechtle, 2019; Nikolaidis, Cuk, &
Knechtle, 2019). A separate chapter was dedicated to comparing the PS between these two distances.

2.2.3. Marathon

In general, men run faster than women by about 10-20% depending on the race distance (Knechtle
& Nikolaidis, 2022; Nikolaidis et al., 2017). However, with the increasing humber of participants in
races, there has been a decline in the average marathon running pace over the years (Reusser et al.,
2021; Stojiljkovi¢ et al., 2022), particularly among male runners (Lepers & Cattagni, 2012). As a
result, the difference in average results between male and female runners has been reduced (ibid.).
Additionally, there has been a greater increase in the number of women participating in these races
compared to men (Lepers & Cattagni, 2012; Stojiljkovi¢ et al., 2019). Previous research reported
significant differences in marathon PSs between the sexes (Kais et al., 2019; Stojiljkovic et al., 2020)
among non-elite runners, with the difference being more pronounced at higher external temperatures
(Trubee et al., 2014). Other authors have not observed significant differences in PSs among elite
runners (Trubee et al., 2014). A positive PS has been observed in both sexes regardless of
performance level (Breen et al., 2018; De Leeuw et al., 2018; Kais et al., 2019), except for world
record holders (Diaz et al., 2019). However, recreational female runners have been found to start the
race more conservatively, maintain a more stable pace throughout the marathon, and experience less
decline in running pace in the final part of the race (De Leeuw et al., 2018; Hernando et al., 2020;
Hubble & Zhao, 2016; March et al., 2011; Stojiljkovi¢ et al., 2020). One study found that women ran
up to 4.5% faster than men in the final kilometers (from the 40" km to the finish line) (Hernando et
al., 2020). It can be assumed that male runners overestimate their abilities at the beginning of the race,
leading to a significant decline in pace during the race. Therefore, overconfidence may be one of the
psychological factors partially explaining poorer PS in male runners (Hubble & Zhao, 2016).
However, even elite female runners with relatively poorer performances have been found to start the
race at a pace too fast compared to their abilities, possibly due to following the pace set by better-
performing athletes (Renfree & St Clair Gibson, 2013). Similar findings have been observed in elite
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men at the World Cross Country Championships (Hanley, 2014). When comparing male and female
marathoners in the same performance groups, the pace decline in male runners is significantly more
pronounced in the group with finishing times ranging from 2:15 h:min to 2:30 h:min, and all
performance groups from 3 to 6 hours (Kais et al., 2019). A significant difference between sexes was
observed in the 25-30 km segment (Nikolaidis & Knechtle, 2018a). However, a negative (Diaz et al.,
2019) and even PS with acceleration at the end (Mufioz-Pérez et al., 2023) were observed in male
world record holders in the marathon, while women’s PSs were less consistent (Diaz et al., 2019) and
negative with an ES among the medal winners (Hanley, 2016).

2.3.Running Pacing Strategy Based on Age

Studies that examined running pacing in 10 km and half-marathon races according to age also
investigated marathon PS and compared pace across these different distances. The comparison
between running PSs at different distances is covered in a separate chapter. Given the large number
of runners and the increasing trend of participants in all age categories in these disciplines, further
research on this issue is important.

2.3.1. Marathon

Since 1980, there has been a notable increase in marathon participants in the master categories (>40
years) in both men and women (Lepers & Cattagni, 2012), which could be attributed to older runners
being more emotionally stable and responsible compared to younger individuals (Garcia-Naveira et
al., 2011). The highest number of participants has been recorded in the 30-39 age category, both
globally and in our country (Lepers & Cattagni, 2012; Stojiljkovi¢ et al., 2019). This data can be
associated with factors such as physical needs, social influences and available time (Anthony et al.,
2014).

Previous research indicates significant differences in running PS among different age categories (Kais
et al., 2019; March et al., 2011; Nikolaidis & Knechtle, 2017). Both male and female runners in all
age categories tend to decrease their running pace during a marathon (positive pacing) and show an
ES (40-42.2km) (Nikolaidis & Knechtle, 2018a). In other words, the 5-10 km segment was the
fastest, while the 35-40km segment was the slowest (Nikolaidis & Knechtle, 2017, 2018a, 2019).
Older runners exhibited a more evenly distributed pace compared to younger runners with similar
performance levels (Kais et al., 2019; March et al., 2011; Nikolaidis & Knechtle, 2017) with a more
pronounced difference observed among groups with lower performance levels (Nikolaidis &
Knechtle, 2017). Veterans (40 years and older) had a 0.05% smaller difference between the first and
second half of the marathon compared to non-veterans when controlled for performance level and sex
(Kais et al., 2019). However, some studies indicate trivial differences in running PS between different
age categories (Nikolaidis & Knechtle, 2018a, 2019).

2.4.Comparison of Running Pacing Strategy between Races of Different
Distances

The importance of comparing PS between different long-distance races first emerged due to a lack of
answers regarding the mechanism that causes a significant decrease in running speed during the
second half of an event (i.e., positive split). VVarious authors have previously proposed physiological,
biomechanical, and psychological mechanisms as potential causes (Coyle, 2007; Deaner et al., 2015;
Mufioz-Pérez et al., 2020; Nikolaidis & Knechtle, 2018b; Roelands et al., 2013). Since external
conditions can influence PS (El Helou et al., 2012; Trubee et al., 2014), it is beneficial to compare PS
under similar external conditions.

In recent years, a new methodological approach has enabled researchers to provide answers by
directly comparing PS between different races held in the same event, on the same day, at the same
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time, and on similar tracks (Cuk et al., 2021; Cuk, Nikolaidis, & Knechtle, 2019; Cuk et al., 2019;
Nikolaidis et al., 2019). For example, one study examined the PS between the marathon and the 10
km race (Oslo 2015-2018) based on sex and age (Cuk et al., 2021). In this study, PSs were analyzed
based only on the first and second halves of the race. Both 10 km and marathon runners exhibited a
positive PS but with a significantly smaller decrease in speed observed in the 10 km race. Female
runners displayed significantly less variation in pace compared to male runners in the marathon, while
no significant difference between sexes was observed in the 10 km race. A smaller pace variability
was noted in the 10 km race compared to the marathon across all age categories. Additionally, the
youngest and oldest runners exhibited greater pace variability compared to other age categories in
both races. Since in mass participation road races split times are measured at every 5 km, it
complicates a more detailed analysis of PS in the 10 km race, restricting the analysis to only two
segments. Furthermore, the 10 km race course is rarely within a half-marathon or marathon course,
making it difficult to compare it with other races held at the same time, on a large sample of
participants, and under similar external conditions. Analysing a large sample is further hindered by
the challenge of finding a race with a multi-year tradition that accommodates a large number of
participants and include a 10 km course within a half marathon or marathon track. For these reasons,
the 10 km race is not further considered in the text.

Other studies using same methodology have directly compared PS between the half-marathons and
marathons held in the same event (Vienna and Ljubljana 2017) (Cuk, Nikolaidis, & Knechtle, 2019;
Cuk et al., 2019; Nikolaidis et al., 2019). The analysis of PS was conducted based on sex (Cuk,
Nikolaidis, & Knechtle, 2019; Nikolaidis, Cuk, & Knechtle, 2019) and age groups (Cuk et al., 2019;
Nikolaidis et al., 2019), while no study examined PS between the half-marathon and marathon based
on performance level.

In both the half-marathon and marathon races, a decrease in running speed (positive split) during the
race was observed for both sexes and across all age categories, with a characteristic ES observed in
marathon runners (Nikolaidis et al., 2019). In one study, an ES was recorded in a half-marathon (Cuk
et al., 2019), while in other studies it was not observed (Nikolaidis et al., 2019; Nikolaidis, Cuk, &
Knechtle, 2019). Moreover, in both sexes and most age categories, pacing in the half-marathon was
found to be more evenly distributed compared to the marathon (Cuk, Nikolaidis, & Knechtle, 2019;
Cuk et al., 2019; Nikolaidis et al., 2019; Nikolaidis, Cuk, & Knechtle, 2019).

In longer races and among older age groups, there is evidence to suggest that the performance gap
between the sexes becomes less pronounced (Nikolaidis et al., 2021; Yang et al., 2022). Results from
mass races indicate that the category of female runners in the half-marathon is slower than female
runners in the marathon, while the situation is reversed for male runners (Nikolaidis et al., 2019).
Since both analyzed races took place on the same day and external conditions could not have had a
significant impact on this result for female runners, further analysis is warranted. Considering that
the average performance decreases with an increasing number of participants (Reusser et al., 2021;
Stojiljkovic et al., 2022), this result can be attributed to nearly eight times more women participating
in the half-marathon compared to the marathon, while there were three times more men in the half-
marathon (Nikolaidis et al., 2019). Since the trend of growing women’s participation in these races
in recent years is greater than that in men (Stojiljkovi¢ et al., 2019; Yang et al., 2022), it is plausible
to assume that a large number of female runners in the half-marathon are beginners. Moreover, the
half-marathon race, being a shorter and more accessible distance compared to the marathon race,
leads to a well-founded assumption that most beginners are likely to opt for it and consequently
achieve poorer results, as evidenced in the study conducted by Nikolaidis et al. (2019). However,
some studies indicate that both male and female runners tend to run at a slower pace in the half-
marathon compared to the marathon (Yang et al., 2022). Another possible factor contributing to
slower running in shorter distances compared to longer ones is the difference in training approaches.
Recreational runners preparing for marathons and ultramarathons are more likely to seek professional
help during their training compared to those preparing for half-marathons (Knechtle, Tanous, et al.,
2021). However, female runners showed a more evenly distributed pace compared to male runners in
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the marathon, while the pace difference between sexes was almost negligible in the half-marathon
races (Cuk, Nikolaidis, & Knechtle, 2019; Nikolaidis, Cuk, & Knechtle, 2019) and 10 km races (Cuk
et al., 2021). This trend was also observed in different age categories (Cuk et al., 2019).

The data suggests that the age categories participating in marathons tend to be older than those
participating in half-marathons (Yang et al., 2022), particularly in the men's category, while for
women, this is not the case (Nikolaidis et al., 2019). The fastest age category in both the half-marathon
and marathon distance consists of runners younger than 25 years old, while the slowest category
comprises runners above 54 years old (ibid.). This finding differs significantly from the results
obtained in a study that examined the performance level of male marathon runners across 10-year age
intervals, where the fastest category was 40-50 years old and the slowest category was under 30 years
old (Stojiljkovi¢ et al., 2022). There was no difference in pace variability across age categories for
female runners, while male runners younger than 30 years old and older than 60 years old showed
greater pace variability compared to other age categories (Cuk et al., 2019). In the same study,
younger runners of both sexes in the half-marathon showed the most pronounced ES compared to
older age categories and marathon runners.

Only one study simultaneously analyzed the role of PS and sex in races of different distances (10 km,
half-marathon, and marathon) with a large sample size (N = 120,472) over three years (De Leeuw et
al., 2018). They analyzed split times at each race that were not proportionate to each other.
Specifically, the two shorter races had three split times (5 km and 8 km in the race of 10K; and 8 km
and 16 km in the half-marathon race), while the marathon had split times recorded at every fifth
kilometre. However, this study did not statistically compare the three disciplines based on these
factors. Instead, for each discipline, a separate descriptive analysis of PS was performed for male and
female runners. Additionally, age groups were not compared to each other. Instead, age was treated
as a variable in the prediction equation for race results. The race results were then transformed into
relative time (tre1), using the equation trel = t/tmed(d, g, y), where d indicated race distance, g indicated
gender and y indicated the year when the race was held.

2.5.Conclusions and Limitations of Previous Research

The following conclusions can be drawn from the existing research:

1. The majority of research on long-distance running PS has focused on the marathon discipline,
with a large sample size and considering three factors: performance level, sex and age (Kais et
al., 2019; Munoz-Pérez et al., 2020; Nikolaidis & Knechtle, 2018a; Pycke & Billat, 2022;
Stojiljkovi¢ et al., 2020).

2. Only one study has investigated PS in the half-marathon based on performance level, and only
among elite athletes, with a small sample size (Hanley, 2015).

3. Only one study has analyzed PS in the half-marathon based on sex, but focusing on elite runners
(Stankovi¢ et al., 2019).

4. No study to date has examined PS in the half-marathon based on age.

5. Studies that have used new methodologies have compared the half-marathon and marathon
disciplines in a single year, with a relatively small sample size, considering sex and/or age
(Vienna and Ljubljana 2017) (Cuk, Nikolaidis, & Knechtle, 2019; Cuk et al., 2019; Nikolaidis,
Cuk, & Knechtle, 2019). However, none of these studies have compared PS in the half-marathon
and marathon based on performance level.

Considering the above, there are several limitations in previous research:

1. Insufficient studies, particularly with relatively small sample sizes, have examined PS in the
half-marathon, despite being perhaps the most popular race worldwide in terms of the number
of races and participants every year (Knechtle et al., 2016; Nikolaidis et al., 2021).
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2. Comparisons between half-marathon and marathon PSs have been conducted on relatively small
sample sizes, focusing solely on sex and age.

3. No study to date has compared half-marathon and marathon PSs based on performance level.

To address these limitations, it would be valuable to conduct research comparing PSs based on
performance level, sex, and age in races of different distances held on the same day. This would
provide a clearer understanding of the factors that have the greatest impact on long-distance running
PS. As a pilot study for this doctoral thesis, data on PS based on performance levels for half-marathon
and marathon runners was published under the title of “The pacing differences in performance levels
of marathon and half-marathon runners”.
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3. RESEARCH PROBLEM, SUBJECT, AIMS AND TASKS

3.1.Research Problem
The research problem is pacing strategy in half-marathon and marathon runners.
3.2.Subject of Research

The subject of the research is analysis and comparison of pacing strategies in half-marathon and
marathon runners, based on performance level, sex and age of runners, in races held under similar
external conditions.

3.3.Research Aims and Tasks

Based on the problem and subject of research, the following research aims have been formulated.
Aim 1: Comparison of pacing strategies in half-marathon and marathon runners.

a) Comparison of pacing strategies in half-marathon and marathon runners based on performance
level.

b) Comparison of pacing strategies in half-marathon and marathon runners based on sex.
c) Comparison of pacing strategies in half-marathon and marathon runners based on age.
Aim 2: Analysis of pacing strategies in half-marathon runners.
a) Analysis of pacing strategies in half-marathon runners based on performance level.
b) Analysis of pacing strategies in half-marathon runners based on sex.
c) Analysis of pacing strategies in half-marathon runners based on age.
Aim 3: Analysis of pacing strategies in marathon runners.
a) Analysis of pacing strategies in marathon runners based on performance level.
b) Analysis of pacing strategies in marathon runners based on sex.
c) Analysis of pacing strategies in marathon runners based on age.
The research aims will be achieved through the following tasks:
a) Obtaining approval from the Ethics Committee.

b) Collecting publicly available data from the official website of the Vienna Marathon for 17 half-
marathon and marathon races (2006-2023 period, except 2020).

¢) Cleaning and organizing the collected database.
d) Performing statistical analysis of the data.
e) Interpreting the research findings.
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4. RESEARCH HYPOTHESES

Based on the review of previous research and in line with the research aims of this study, the following
hypotheses have been defined.

Hypothesis 1: The pacing of half-marathon runners is more evenly distributed compared to the pacing
of marathon runners.

a)

b)

c)

The pacing of half-marathon runners is more evenly distributed compared to the pacing of
marathon runners in all performance groups of both sexes.

Female runners pace more evenly compared to male runners in both races, with differences
greater in the marathon than in the half-marathon.

Middle-aged runners pace more evenly compared to younger and older runners, with differences
greater in the marathon than in the half-marathon.

Hypothesis 2: The pacing strategy of half-marathon runners is positive.

a)

b)
c)

Higher-performance-level runners of both sexes, pace more evenly compared to runners of
lower performance levels in the half-marathon.

Female runners pace more evenly compared to male runners in the half-marathon.

Middle-aged runners of both sexes pace more evenly compared to younger and older runners in
the half-marathon.

Hypothesis 3: The pacing strategy of marathon runners is positive.

a)

b)
c)

Higher-performance-level runners of both sexes, pace more evenly compared to runners of
lower performance levels in the marathon.

Female runners pace more evenly compared to male runners in the marathon.

Middle-aged runners of both sexes pace more evenly compared to younger and older runners in
the marathon.
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5. METHODS

5.1.Research Design
This study was conducted as quasi-experimental research, with an ex-post facto design.
5.2.Sample of Participants

The sample of participants included all runners who completed the Vienna Half-Marathon and
Marathon races from 2006 to 2023 (excluding 2020, when races were not held due to COVID-19),
based on official data from the Vienna Marathon organizer’s website (Vienna City Marathon, 2023).
A total of 240,696 were initially considered. However, participants with missing data such as sex,
age, result in any race segment, final result, and race placement were excluded from the analysis.
Additionally, any results in race segments slower than 4.48 km/h, which could even be classified as
slow walking (Allen & Dechow, 2023; Dechow & Allen, 2023), and any CS (Change of Speed) and
ACS (Absolute Change of Speed) absolute values of 0% or greater than 50%, were excluded from
the analysis. The CS and ACS variables will be explained in the following text. Only six participants,
with a CS value of 0%, were excluded from the analysis, since this value could not be logarithmically
transformed, preventing us from conducting statistical analysis on this data. The 50% threshold was
established to mitigate the impact of extreme speed fluctuations (such as transitioning from high-
speed running to slow walking, which could indicate excessive fatigue or injury) on pacing.
Moreover, in each subcategory for sex, age, and race (total of 24), any “far out” and extreme “out”
values identified through SPSS were excluded for logarithmically transformed variables. After the
initial data-cleaning process, the final sample comprised 233,083 participants, with 150,232
participants in the half-marathon (men, N = 100,695; women, N = 49,537) and 82,815 participants in
the marathon (men, N = 67,118; women, N = 15,697). The sample totaled 167,813 men and 65,234
women.

According to the Helsinki Declaration adopted in 1964 and revised in 2013, permission is not required
for the use of publicly available data. The present research has obtained the approval of the Ethics
Committee at the University of Belgrade — Faculty of Sport and Physical Education. This approval is
included as an attachment at the end of this document.

5.3.Race Detalils

The Vienna Half-Marathon and Marathon usually take place on the same day each year, which is a
Sunday in the second half of April at 9 am. However, there were three exceptions: in 2006, it was
held in the first week of May; in 2019, it was held in the first week of April; and in 2021, it was
delayed until September 12" due to the COVID-19 pandemic. Throughout the entire observed period,
both race courses were on an officially certified and fairly flat track with an elevation difference of
only 44 meters (Picture 2). For comparison, the Berlin Marathon considered the “fastest marathon”
has an elevation difference of 21 m. On October 12, 2019, Eliud Kipchoge completed the marathon
distance in 1:59:40.2 h:min:s on a quarter of a standard marathon course, becoming the first person
to run a marathon in under two hours (INEOS 1:59 Challenge, 2023). Nevertheless, this event took
place under circumstances that do not comply with the regulations set by World Athletics (World
Athletics Series Regulations, 2023). This fact indicates that the course is flat and fast and adds even
more value to this event.

The marathon course encompassed the entire route of the half-marathon (Picture 3) and remained
almost identical throughout the analyzed period of 17 years (2006-2023, except 2020). For the
research conducted by Ristanovi¢ et al. (2023), information regarding the outside temperatures on
race days during the period 2006-2018 was retrieved from the official website (Vienna City
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Marathon, 2021). Throughout the days of the race in this period, the temperature ranged from 7.8 °C
(in 2017) to 21 °C (in 2018) at 9 am, and from 10.8 °C (2012 and 2016) to 25.1 °C (in 2018) at 2 pm.
Unfortunately, no further details regarding humidity levels or wind speeds were provided on the
official race website (Vienna City Marathon, 2021). In 2023, the official website of the Vienna City
Marathon did not provide any data regarding outside temperatures from previous races (Vienna City
Marathon, 2023). Therefore, we reached out to the race organizers of the Vienna City Marathon to
request the data for the period 2019-2023. They promptly provided us with the precise temperature
information for this period, which largely matched the previously mentioned temperatures, except for
the year 2021. In 2021, due to the COVID-19 pandemic, the races took place on September 12" and
the recorded outside temperature at 2 pm was 25.9 °C, slightly higher than that of 2018.

Course records: 2:05:08 Samwel Mailu (KEN) 2023; 2:20:59 Vibian Chepkirui (KEN) 2022

SchloB Schénbrunn

Reichsbricke Secession Burgtheater
. Staatsoper Rathaus .
Start Eesenrad Ernst—Happel-Sta{jlon Llusthius Finish
0 5 km 10 15 20 25 30 35 40 42

Picture 2. Terrain configuration of Vienna Half-Marathon and Marathon race course in 2023 (Vienna City
Marathon, 2024).
Reichsbriicke — the bridge in Vienna; Riesenrad — panoramic wheel for city sightseeing; Staatsoper - State Opera;
Secession — exhibition center, Viennese Secession; Schloss Schénbrunn — Schénbrunn Palace; Rathaus — Municipality;
Ernst happel Stadion — Football stadium; Lusthaus — House of enjoyment; Burgtheater — theater.
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Picture 3. Vienna Half-Marathon and Marathon race course in 2023 (Vienna City Marathon, 2023).
5.4.Data Collection and Processing

All data were retrieved from the official Vienna Marathon website (Vienna City Marathon, 2023).
Initially, race results in terms of overall time, participant details, and an official link to split times for
each participant were collected. All these data were transferred to an Excel document. This procedure
was done separately for each year, race and sex. Subsequently, split times were added using
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customized codes in the Python software. These codes extracted split-time data using the official link
for each participant.

5.4.1. Dependent Variables

The half-marathon and marathon races were divided into 5 segments each. Race segments were
determined based on specific points where split times were recorded during the race and the final
time at the finish line. In both races, split times were measured every 5 km using a known chip system
on the race bib and gates that record the passing time of each runner. However, to compare split times
between races of different distances, we created proportionally equal segments. In the half-marathon,
the first four segments were 5 km each, and the fifth segment was 1.0975 km, while in the marathon,
each segment was twice the length of those in the half-marathon (Cuk, Nikolaidis, & Knechtle, 2019;
Nikolaidis et al., 2019; Ristanovi¢ et al., 2023). The segments for both races are shown in Table 2.

Table 2. Race Segments for the Half-Marathon and Marathon Races.

Segment
Race 1 2 3 4 5
Half-
0-5km 5-10 km 10-15 km 15-20km  20-21.0975 km
Marathon

Marathon 0-10 km 10—20 km 20-30 km 30-40 km 40-42.195 km

Then, the average running speed for the entire race and the average running speed for each of the
five-race segments were calculated for each half-marathon and marathon participant (Cuk, Nikolaidis,
& Knechtle, 2019; Nikolaidis, Cuk, & Knechtle, 2019).

Subsequently, the percentage values of the average change of speed for each of the five segments
(CS15) were calculated relative to the average running speed for the entire race. To calculate the
average running speed for the entire race, we divided the race distance by chip time. Then, we
transformed all percentage variables to their absolute values (i.e., only positive values were used for
statistical analysis and histograms, while both positive and negative values were given in the line
graphs). Finally, the absolute change of speed throughout the entire race (ACS) was calculated for
each participant as the mean of the 5 CS absolute values (also percentages). This data analysis method
has been used before (Cuk, Nikolaidis, & Knechtle, 2019; Knechtle et al., 2022; Nikolaidis et al.,
2019). Although speed analysis can also effectively represent PS during the race, one dependent
variable — ACS, which represents pace variability, is one of the best choices for a clearer
representation of the results (Cuk et al., 2024; Knechtle et al., 2022).

5.4.2. Independent Variables

The first independent variable was performance level. Participants were divided into 24 subcategories
based on race, sex, and age group (2x2x6 = 24). Performance levels were calculated within each
subcategory. Finally, all the separate databases were merged into a single final database. The high-
level group (HL) consisted of the top quartile of the best-placed runners. Then, the moderate-to-high-
level group (MHL) was composed of the second-placed quartile. The moderate-to-low-level group
(MLL) consisted of the third-placed quartile of participants and the low-level group (LL) consisted
of the bottom quartile of participants (Knechtle et al., 2022; Santos-Lozano et al., 2014). The second
independent variable was the sex of the participants, namely, male and female runners. The third
independent variable was six age groups, each spanning 10 years (except for the youngest and the
oldest participants groups, which had a bigger range): 18-29, 30-39, 40-49, 50-59, 60-69, >70.
Including a wider range of participants from both the youngest and the oldest age groups was
necessary to ensure a sufficient number of individuals for a more comprehensive statistical analysis
and easier practical data interpretation within these specific categories. Six age groups containing
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mostly decades were used in other studies (Brisswalter et al., 2014; Leyk et al., 2007; Reusser et al.,
2021), although a lot of the studies used mostly 5-year age group intervals (Cuk et al., 2019; Knechtle
& Nikolaidis, 2018; Nikolaidis et al., 2019). The fourth independent variable was the race type: half-
marathon and marathon.

5.5.Statistical data analysis

First, descriptive statistics were performed to calculate the mean, standard deviation, minimum, and
maximum values. Afterwards, the normality of the data distribution was examined using the
Kolmogorov-Smirnov test, Shapiro-Wilk test and visually inspecting histograms and g-q plots.

Since all pacing variables were expressed as percentages, before t-tests and all ANOVAs (analysis of
variances) were performed, data were log-transformed for the analyses and then back-transformed
according to existing methods (Stewart & Hopkins, 2000). Bonferroni’s test was used for all post-
hoc comparisons. The effect size was represented by eta-squared (n?) and described using common
guidelines: >0.0099 = small effect, >0.0588 = medium effect, >0.1379 = large effect (Cohen, 1988,
284-288). The alpha level was set at p < 0.05. All statistical analyses were conducted using Microsoft
Office Excel 2019 (Microsoft Corporation, Redmond, WA, USA) and IBM SPSS Statistics 20 (IBM,
Armonk, NY, USA).

5.5.1. Comparison of Pacing Strategies in the Half-Marathon and Marathon

Descriptive statistics were calculated for CSi-s and ACS for the overall sample (both sexes) in the
half-marathon and marathon separately. To confirm Hypothesis 1, a mixed between-within subjects
ANOVA was conducted to investigate the effect of the race (half-marathon and marathon) on
participants’ CS in five race segments. Subsequently, an independent-sample t-test was performed to
examine the difference in ACS between races.

5.5.1.1. Comparison Based on Performance Level

Descriptive statistics were calculated separately for the half-marathon and marathon, as well as for
male and female runners, to determine the average speed of each race segment, average race speed,
and ACS for four groups of participants based on performance level. To confirm Hypothesis 1a, a
two-way between-groups ANOVA was conducted to investigate the effect of performance level and
race (half-marathon and marathon) on ACS (separately for men and women). The same procedure
was used to examine the interaction between race and performance level (race x performance level),
the main effects of race and the main effects of performance level.

5.5.1.2. Comparison Based on Sex

Descriptive statistics were calculated for the average speed of each race segment, average race speed
and ACS separately for male and female runners, as well as for the half-marathon and marathon. To
confirm Hypothesis 1b, a two-way between-groups ANOVA was conducted to investigate the effect
of sex and race on ACS. The same procedure was used to examine the interaction between race and
sex (race x sex), the main effects of race and the main effects of sex.

5.5.1.3. Comparison Based on Age

Descriptive statistics were calculated separately for the half-marathon and marathon, as well as for
male and female runners, to determine the average speed of each race segment, average race speed
and ACS for age groups. To confirm Hypothesis 1c, a two-way between-groups ANOVA was
conducted to investigate the effect of age group and race on ACS (separately for men and women).
The same procedure was used to examine the interaction between race and age group (race x age
group), the main effects of race and the main effects of age group.
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5.5.2. Analysis of Pacing Strategies in the Half-Marathon

Descriptive statistics were calculated for the average speed for each race segment, for the overall
sample (both sexes) in the half-marathon. To confirm Hypothesis 2, a repeated measures ANOVA
was conducted to examine the difference in average speed between each of the five race segments in
the overall sample from the half-marathon.

5.5.2.1.  Analysis of Pacing Strategies Based on Performance Level

Descriptive statistics of CSi.sand ACS were calculated separately for male and female runners in four
groups of participants based on their performance level in the half-marathon. To confirm Hypothesis
2a, a mixed between-within subjects ANOVA was conducted to examine the influence of
performance level on change of speed in the five race segments (separately for men and women).
This statistical analysis was used to assess the interaction between segment CS and performance level
(segment CS x performance level), the main effects for segment CS (within-subjects factor) and the
main effects for performance level (between-subjects factor).

For a more detailed analysis and confirmation of Hypothesis 2a, a two-way between-groups ANOVA
was conducted to examine the influence of performance level and sex on ACS. The same procedure
was used to investigate the interaction between sex and performance level (sex x performance level),
the main effects of sex and the main effects of performance level. In this way we analyzed ACS
between male and female runners within each performance group in the half-marathon.

5.5.2.2.  Analysis of Pacing Strategies Based on Sex

Descriptive statistics of CS1sand ACS were calculated separately for male and female participants
in the half-marathon. To confirm Hypothesis 2b, a mixed between-within subjects ANOVA was
conducted to examine the influence of sex on change of speed in the five race segments. This
statistical analysis was used to assess the interaction between segment CS and sex (segment CS x
sex), the main effects for a segment CS (within-subjects factor) and the main effects for sex (between-
subjects factor).

5.5.2.3.  Analysis of Pacing Strategies Based on Age

Descriptive statistics of CS1-sand ACS were calculated for age groups, separately for male and female
participants in the half-marathon. To confirm Hypothesis 2c, a mixed between-within subjects
ANOVA was conducted to examine the influence of age group on change of speed in the five race
segments (separately for men and women). This statistical analysis was used to assess the interaction
between segment CS and age group (segment CS x age group), the main effects for a segment CS
(within-subjects factor) and the main effects for an age group (between-subjects factor).

For a more detailed analysis and confirmation of Hypothesis 2c, a two-way between-groups ANOVA
was conducted to examine the influence of age group and sex on ACS. The same procedure was used
to investigate the interaction between sex and age group (sex x age group), the main effects of sex
and the main effects of age group. In this way we analyzed ACS between male and female runners
within each age group in the half-marathon.

5.5.3. Analysis of Pacing Strategies in the Marathon

Descriptive statistics of the average speed for each race segment were calculated for the overall
sample (both sexes) in the marathon. To confirm Hypothesis 3, a repeated measures ANOVA was
conducted to examine the difference in average speed between each of the five race segments in the
overall sample from the marathon.
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5.5.3.1. Analysis of Pacing Strategies Based on Performance Level

Descriptive statistics of CSi.sand ACS were calculated separately for male and female runners in four
groups of participants based on their performance level in the marathon. To confirm Hypothesis 3a,
a mixed between-within subjects ANOVA was conducted to examine the influence of performance
level on CSis (separately for men and women). This statistical analysis was used to assess the
interaction between segment CS and performance level (segment CS x performance level), the main
effects for a segment CS (within-subjects factor) and the main effects for performance level (between-
subjects factor).

For a more detailed analysis and confirmation of Hypothesis 3a, a two-way between-groups ANOVA
was conducted to examine the influence of performance level and sex on ACS. The same procedure
was used to investigate the interaction between sex and performance level (sex x performance level),
the main effects of sex and the main effects of performance level. In this way we analyzed ACS
between male and female runners within each performance group in the marathon.

5.5.3.2.  Analysis of Pacing Strategies Based on Sex

Descriptive statistics of CS1sand ACS were calculated separately for male and female participants
in the marathon. To confirm Hypothesis 3b, a mixed between-within subjects ANOVA was conducted
to examine the influence of sex on change of speed in the five race segments. This statistical analysis
was used to assess the interaction between segment CS and sex (segment CS x sex), the main effects
for a segment CS (within-subjects factor) and the main effects for sex (between-subjects factor).

5.5.3.3.  Analysis of Pacing Strategies Based on Age

Descriptive statistics of CSi:-sand ACS were calculated for age groups, separately for male and female
participants in the marathon. To confirm Hypothesis 3c, a mixed between-within subjects ANOVA
was conducted to examine the influence of age group on change of speed in the five race segments
(separately for men and women). This statistical analysis was used to assess the interaction between
segment CS and age group (segment CS x age group), the main effects for a segment CS (within-
subjects factor) and the main effects for age group (between-subjects factor).

For a more detailed analysis and confirmation of Hypothesis 3c, a two-way between-groups ANOVA
was conducted to examine the influence of age group and sex on ACS. The same procedure was used
to investigate the interaction between sex and age group (sex x age group), the main effects of sex
and the main effects for age group. In this way we analyzed ACS between male and female runners
within each age group in the marathon.
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6. RESULTS

6.1.Comparison of Pacing Strategies in the Half-Marathon and Marathon

To examine Hypothesis 1, the CS1sand ACS for the overall sample (both sexes), separately in the
half-marathon and marathon are presented in Figure 3. A mixed between-within subjects ANOVA
was conducted to assess the impact of two different races on runners’ average change of speed across
five race segments (Figure 3). There was a significant interaction between race and segment CS,
Wilks” A (Lambda) = 0.96, F (4, 233042) = 2125, p < 0.001, however, with a very small effect size,
n?=0.005. There was a substantial main effect for segment CS, Wilks> A = 0.43, F (4, 233042) =
75946, p < 0.001, with a large practical significance, n? = 0.154. Both groups of runners exhibited
significant differences in CS between segments, with a decrease in speed variability up to the fourth
segment, followed by an increase in the fourth segment. In the fifth segment, a significant increase in
speed variability was observed in half-marathon runners, indicating a pronounced ES. In contrast,
marathoners showed a decrease in speed variability in the same segment, indicating a less pronounced
ES. A non-significant difference was observed between the fourth and fifth segments in the marathon.
The main effect comparing the two races was significant, F (1, 233045) = 5370, p < 0.001, but again
with a very small effect size, n?= 0.008.

An independent-sample t-test was conducted to compare the ACS for half-marathoners and
marathoners. There was a significant difference in ACS for half-marathoners (mean = 4.66+2.62) and
marathoners (mean = 5.54+3.84), with t (130565) = —24.41 and p < 0.001, two-tailed. The magnitude
of the differences in the means (mean difference = -0.03, 95% CI: —0.03 to —0.03) was very small (1
= 0.003), suggesting negligible practical significance (Cohen, 1988, pp. 284-288).
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Figure 3. The average change of speed in each race segment and absolute change of speed (values shown
separately on the right) in all participants in the half-marathon and marathon.
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6.1.1. Comparison Based on Performance Level

Descriptive statistics of segments and average race speed for all performance levels of male and
female half-marathon and marathon runners are presented in Tables 3 and 4. We have observed
positive PS among all performance groups, including male and female runners, in both the half-
marathon and marathon races. Furthermore, the majority of these groups exhibited an ES. Notably,
faster runners displayed less of an ES compared to slower runners.

Table 3. Segments and average race speed for all performance levels of men half-marathon and marathon

runners.

Men

Half-marathon (N=100,695)

Marathon (N=6,7118)

DS | LL MLL MHL HL { LL MLL MHL HL
Mean | 944 1058 11.54 1339} 983 10.90 11.86 13.66
Segment1 SD | 084 067 068 130 | 084 070 074 136
(km/h) Min | 449 670 753 896 ! 603 757 868 947
Max | 1341 14.88 1658 21.2513.87 1506 1578 20.18
Mean | 910 1041 11.38 1315} 943 1072 1173 13.49
Segment2 SD | 080 051 054 117 | 085 0.60 0.65 1.30
(km/h) Min | 539 766 792 98 {578 759 803 958
Max | 12.78 1455 1477 2057 | 1337 1416 1544 20.17
Mean | 870 1025 11.29 13.05! 896 1053 11.62 13.42
Segment3 SD | 088 054 054 114 | 091 057 060 131
(km/h) Min | 478 623 683 855} 484 706 7.82 9.0
Max | 12.76 1430 1461 2081} 1312 1314 1517 20.64
Mean | 813 979 1091 1275} 7.94 959 1074 1258
Segment4 SD | 094 073 069 122 | 093 08 081 138
(km/h) Min | 448 542 628 645} 466 619 611 741
Max | 1220 1313 1360 2071} 11.87 1351 1445 2021
Mean | 9.28 10.86 1199 1383 835 972 1076 1245
Segment5 SD | 119 103 101 139 | 1.03 103 104 147
(km/h) Min | 452 513 580 672 | 460 498 464 565
Max | 1463 16.06 17.18 21.83}13.30 1494 1528 21.02
Mean | 881 1026 1129 13.10! 890 1034 1140 1321
Average SD | 072 042 046 115} 069 045 051  1.27
race speed .
(km/h) Min | 565 793 891 994 { 630 805 865 956
Max | 9.86 1093 1213 2080} 9.98 11.12 1240 20.23

DS - Descriptive Statistics; Mean — Mean value; SD — Standard Deviation; Min — Minimal value; Max — Maximal value.
Performance groups: LL — Low-Level; MLL — Moderate to Low-Level; MHL — Moderate to High-Level; HL — High-

Level.

30



Table 4. Segments and average race speed for all performance levels in women half-marathon and marathon

runners.
Women

Half-marathon (N=49,537) Marathon (N=15,697)
DS LL M™MLL MHL HL : LL MLL MHL HL
Mean | 869 958 1033 11.671: 9.06 991 10.65 1215
Segment 1 SD 0.67 054 0.53 101 i 0.63 0.55 0.52 1.39
(km/h) Min | 4.64 7.07 7.47 7.80 i 6.72 8.27 8.72 9.42
Max | 12.45 1235 1413 18541 1226 12.65 14.06 18.21
Mean | 8.27 9.34 10.15 11.47: 8.56 9.60 10.44 11.95
Segment 2 SD 061 041 0.40 092 i 063 0.45 0.44 1.34
(km/h) Min | 5.89 7.42 8.09 9.25 i 5.13 7.78 8.58 9.17
Max | 11.84 1197 1396 174311135 1226 1231 18.15
Mean | 7.88 9.11 10.00 11.36 i 8.27 9.46 10.38 11.94
Segment3 SD | 0.68 044 044 092 | 066 044 045 131
(km/h) Min | 4.89 6.63 7.36 8.75 i 4.88 7.14 7.57 8.43
Max | 10.86 11.01 1425 17.291:10.30 1198 11.68 18.09
Mean | 7.52 8.74 966 11.10: 7.64  8.83 9.81 11.38
Segment4 SD | 071 054 055 097 ! 071 058 060 130
(km/h) Min | 4.62 5.74 6.77 7.34 i 5.33 6.39 6.45 7.42
Max | 10.23 11.44 1229 17.061: 10.64 11.03 1196 17.98
Mean | 8.67 9.89 10.76 12.191% 814 9.14 10.01 11.45
Segment5 SD | 094 077 078 112} 082 074 077 134
(km/h) Min | 4.57 4.49 5.71 6.06 i 451 5.39 6.39 6.33
Max | 12.16 14.06 1491 18.641 1219 1188 1293 17.80
Mean | 8.07 9.20 10.05 11.431% 8.31 9.40 10.28 1181
Average — gon | 055 031 034 090 | 052 034 037 128

race speed .
(km/h) Min 5.61 7.48 8.40 9.15 i 6.30 7.69 7.97 8.86
Max | 8.89 9.77 1069 17571 9.13 1003 11.00 17.96

DS — Descriptive Statistics; Mean — Mean value; SD — Standard Deviation; Min — Minimal value; Max — Maximal value.
Performance groups: LL — Low-Level; MLL — Moderate to Low-Level; MHL — Moderate to High-Level; HL — High-
Level.

To examine Hypothesis 1a, a two-way between-groups ANOVA was conducted to explore the impact
of performance level and race on ACS (Figures 4 and 9). Regarding only male runners (Figure 4), the
interaction effect between performance level and race was significant, F (3, 167805) = 52.47, p <
0.001. However, the effect size was very small, n? = 0.001. There was a significant main effect for
performance level, F (3, 167805) = 11238, p < 0.001, with large practical significance, n? = 0.16.
Post-hoc comparisons using the Bonferroni test showed that all performance groups differ
significantly from each other (p < 0.001). Furthermore, the main effect for race was significant, F (1,
167805) = 1989, p < 0.001, with a small effect size, n? = 0.010. The Bonferroni test showed that
within each performance group races differed significantly from each other (p < 0.001).
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Figure 4. Absolute change of speed in men’s half-marathon and marathon runners.
Performance groups: LL — Low-Level; MLL — Moderate to Low-Level; MHL — Moderate to High-Level; HL — High-
Level. Error bars represent standard deviation. *** p < 0.001; ### p < 0.001.

Regarding only female runners (Figure 5), the interaction effect between performance level and race
was significant, F (3, 65226) = 35.05, p < 0.001, however, the effect size was small, n> = 0.001
(Cohen, 1988, pp. 284-288). There was a significant main effect for performance level, F (3, 65226)
= 4240, p < 0.001, n? = 0.161. Post-hoc comparisons using the Bonferroni test show that all
performance groups differ significantly from each other (p < 0.001). Also, the main effect for race
was significant, F (1, 65226) = 1085, p < 0.001, but with a small effect size, n?> = 0.014. The
Bonferroni test showed that within each performance group, races differed significantly from each
other (p < 0.001).
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Figure 5. Absolute change of speed in women’s half-marathon and marathon runners.
Performance groups: LL — Low-Level; MLL — Moderate to Low-Level; MHL — Moderate to High-Level; HL — High-
Level. Error bars represent standard deviation. *** p < 0.001; ### p < 0.001.
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6.1.2. Comparison Based on Sex

Descriptive statistics of segments and average race speed of male and female half-marathon and
marathon runners are presented in Table 5. We observed that both sexes demonstrated faster average
race speeds in the marathon compared to the half-marathon race.

Table 5. Segments and average race speed of men and women half-marathon and marathon runners.

Half-marathon Marathon
(N=150,232) (N=82,815)
DS Men Women Men Women
(N=100,695) (N=49,537) | (N=67,118) (N=15,697)
Mean 11.23 10.07 11.56 10.44
Segment 1 SD 1.71 1.31 1.70 1.42
(km/h) Min 4.49 4.64 6.03 6.72
Max 21.25 18.54 20.18 18.21
Mean 11.01 9.81 11.34 10.13
Segment2  SD 1.68 1.32 1.73 1.48
(km/h) Min 5.39 5.89 5.78 5.13
Max 20.57 17.43 20.17 18.15
Mean 10.82 9.59 11.13 10.01
Segment 3 SD 1.78 1.43 1.86 1.56
(km/h) Min 4.78 4.89 4.84 4.88
Max 20.81 17.29 20.64 18.09
Mean 10.39 9.25 10.21 9.41
Segment4  SD 1.91 1.49 1.97 1.61
(km/h)  Min 4.48 4.62 4.66 5.33
Max 20.71 17.06 20.21 17.98
Mean 11.49 10.38 10.32 9.68
Segment5  SD 2.03 1.57 1.89 1.54
(km/h) Min 4.52 4.49 4.60 451
Max 21.83 18.64 21.02 17.80
Mean 10.86 9.69 10.96 9.95
Average g 1.73 1.35 1.76 1.48
ra(cfrf‘?ﬁf 4 Min 5.65 5.61 6.30 6.30
Max 20.80 17.57 20.23 17.96

DS — Descriptive Statistics; Mean — Mean value; SD — Standard Deviation; Min — Minimal value; Max — Maximal value.
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Following Hypothesis 1b, a two-way between-groups ANOVA was conducted to explore the impact
of sex and race on ACS (Figure 6). The interaction effect between sex and race was significant, F (1,
233043) = 1847, p < 0.001. However, the effect size was very small, n? = 0.008. There was a
significant main effect for sex, F (1, 233043) = 854. 7, p < 0.001, but with a very small effect size, n?
= 0.004. The main effect for race was also significant, F (1, 233043) = 5.87, p < 0.05, but with a
trivial effect size as well, n? = 0.000, suggesting negligible practical significance (Cohen, 1988, pp.
284-288).

[ men
" [ Jwomen

5.80

Absolute change of speed (%)

Half-marathon Marathon

Figure 6. Absolute change of speed in men’s and women’s half-marathon and marathon runners.
Error bars represent standard deviation. *** p < 0.001; ## p < 0.05.
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6.1.3. Comparison Based on Age

Descriptive statistics of segments and average race speed for all age groups of male and female half-
marathon and marathon runners are presented in Tables 6-9. All age groups demonstrated higher
average race speeds in the marathon compared to the half-marathon, except for the two oldest groups
of male runners and the oldest group of female runners.

Table 6. Segments and average race speed for all age groups of men half-marathon runners.

Men
Half-marathon (N=100,695)
DS 18-29 30-39 40-49 50-59 60—69 >70
(N=19,366) (N=29,519) (N=29,518) (N=17,377) (N=4,315) (N=600)

—~ _ Mean| 1136 11.40 11.31 10.95 10.42 9.54
ST sD 1.81 1.76 1.65 1.54 1.40 1.26
= g Min 4.84 4.69 5.17 5.71 4.49 5.58
&3 Max 21.25 21.13 21.25 18.50 16.41 13.32
N Mean| 1121 11.21 11.05 10.67 10.09 9.15
ST  sD 1.75 1.71 1.61 1.53 1.44 1.36
£ g Min 6.18 5.93 5.47 6.10 5.94 5.39
&3 Max 20.57 20.36 2057 17.36 15.86 13.27
©  Mean| 11.06 11.03 10.87 10.45 9.84 8.89
S<  sD 1.86 1.80 1.70 1.64 1.55 1.50
= \E/ Min 5.35 4.95 5.05 4.89 478 5.40
&3 Max 20.07 20.81 20.64 17.09 15.69 15.25
Y Mean| 1063 10.62 10.43 10.00 9.40 8.47
S sD 2.02 1.94 1.84 1.76 1.64 1.56
EE  Min 4.48 4.84 451 4.81 4.63 4.79
& Max 19.98 20.71 20.36 17.21 15.29 13.44
L Mean| 11.92 11.75 11.46 10.99 10.33 9.29
$< SD 2.13 2.05 1.94 1.84 1.72 1.68
= §/ Min 4.70 4.61 452 4.70 4.70 5.38
&3 Max 20.37 21.83 20.37 17.88 16.13 14.06
o3 _ Mean| 1107 11.06 10.91 10.51 9.92 8.99
§a< sSD 1.81 1.77 1.67 1.59 1.48 1.40
2 g § Min 5.90 6.07 6.05 5.98 6.04 5.65
LS~ Max 20.41 20.80 20.67 17.44 15.80 13.41

DS - Descriptive Statistics; Mean — Mean value; SD — Standard Deviation; Min — Minimal value; Max — Maximal value.
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Table 7. Segments and average race speed for all age groups of men marathon runners.

Men
Marathon (N=67,118)
os | 18-29 30-39 40-49 50-59 60-69 >70
(N=8,347) (N=18219) (N=23,826) (N=13471) (N=2,964) (N=291)

- Mean | 1155 11.85 11.67 11.23 1058 9.67
EZ D 1.96 1.84 159 1.43 1.29 0.99
EE  win 7.13 6.69 6.03 6.73 6.89 6.88
& Max | 2017 20.18 19.51 17.18 16.38 12,56
~ Mean |  11.40 11.68 11.46 10.94 10.22 9.19
S  sD 1.99 1.85 1.60 1.48 1.36 1.10
EE wMin| 578 6.17 5.87 5.97 6.43 6.58
& Max | 2017 20.17 18.43 16.96 14.99 12.57
o Mean | 1117 11.49 11.26 10.71 9.94 8.84
EZ D 2.15 1.97 1.72 1.59 151 1.19
EE  win 4.84 4.87 5.23 5.42 5.19 6.04
& Max |  20.64 20.56 18.40 17.08 15.01 12.62
< Mean | 10.18 10.54 10.36 9.82 9.11 8.02
£Z  sD 2.27 2.10 1.84 171 1.60 1.19
EE  win 4.99 4.66 4.71 4.94 5.11 5.74
& Max |  20.06 2021 17.13 15.69 14.44 12.21
o Mean | 1047 10.65 10.41 9.90 9.21 8.11
EZ D 2.08 2.00 1.80 1.66 1.54 1.22
EE Min| e 4.69 4.60 4.70 4.62 4.64
& Max |  20.69 21.02 17.37 16.16 14.58 11.83
o T Mean| 1097 11.29 11.09 1058 9.86 8.82
g8< sp 2.02 1.88 1.64 1.50 1.40 1.06
g2 & win 6.66 6.67 6.55 6.30 6.52 6.57
TET Max | 2014 20.23 17.92 16.64 14.77 12.45

DS - Descriptive Statistics; Mean — Mean value; SD — Standard Deviation; Min — Minimal value; Max — Maximal value.
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Table 8. Segments and average race speed for all age groups of women half-marathon runners.

Women
Half-marathon (N=49,537)
os | 18-29 30-39 40-49 50-59 6069 >70
(N=13,159) (N=14,985) (N=13,329) (N=6,737) (N=1,230) (N=97)
—  Mean| 1009 10.19 10.09 9.84 9.41 8.89
£ES sD 1.34 135 1.26 119 113 1.08
EE Min| e 4.64 4.95 470 6.10 6.70
» Max | 1854 1852 16.82 15.36 13.76 11.16
~  Mean| 987 9.95 9.81 951 9.03 8.54
£E sD 135 136 128 122 118 112
EE Min| 59 5.89 5.94 6.01 6.11 6.23
» Max | 1743 17.32 16.42 14,62 12.97 11.02
®w  Mean| 966 9.75 9.60 9.26 8.74 8.19
S5 sD 145 146 137 133 129 125
EE Min| am 5.12 4.89 5.27 5.38 5.81
» Max |  17.03 17.29 16.50 14.42 13.14 11.04
<  Mean| 935 9.43 9.25 8.87 8.36 7.84
S5 sD 153 153 142 137 130 123
EE Min| e 4.67 4.64 5.04 5.23 5.20
» Max | 1676 17.06 16.01 14.23 13.00 11.09
o Mean| 1058 10.58 10.31 9.88 931 8.66
S5 sD 161 160 149 143 134 129
EE Min| 465 457 4.81 4.49 6.02 5.98
» Max | 1855 18.64 17.64 15.31 13.67 12.01
o3 _ Mean| 975 9.84 9.69 9.37 8.87 8.35
3% sp 137 139 1.30 125 119 115
2 E min| 57 5.92 5.61 6.04 6.06 6.06
CET max | 172 17,57 16.43 14.48 13.10 10.93

DS — Descriptive Statistics; Mean — Mean value; SD — Standard Deviation; Min — Minimal value; Max — Maximal value.
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Table 9. Segments and average race speed for all age groups of women marathon runners.

Women
Marathon (N=15,697)
os | 18-29 30-39 4049 50-59 6069 >70
(N=2,392) (N=4,604) (N=5537) (N=2,764) (N=381)  (N=18)
- Mean | 10.60 10.65 10.42 10.11 9.65 9.14
EZ D 1.78 1.55 1.24 1.08 1.01 0.89
EE  win 7.03 6.73 6.72 7.12 6.89 7.66
2 Max | 18.07 18.03 18.21 14.30 13.42 10.96
~ Mean | 10.34 10.39 10.11 9.72 9.19 8.49
£EZ D 1.81 1.59 1.30 1.18 1.12 0.91
EE Min| 513 6.02 5.87 6.36 6.78 7.28
2 Max |  17.79 17.94 18.15 14.25 13.11 10.36
- Mean | 10.21 10.28 9.99 9.56 8.99 8.17
S D 1.88 1.67 1.37 1.27 1.21 0.99
EE Min| 604 4.88 5.70 5.92 6.34 6.59
2 Max |  18.07 18.09 17.96 14.26 13.04 10.15
< Mean| 958 9.68 9.42 8.96 8.36 7.37
S D 1.92 1.72 1.44 1.32 1.19 0.84
EE  win 5.39 5.33 5.58 5.43 6.03 6.39
2 Max | 17.94 17.98 17.16 13.77 12.91 9.32
o Mean | 9.94 9.97 9.66 9.19 8.56 7.67
S D 1.77 1.64 1.39 1.27 1.16 0.66
%g Min 5.82 451 457 5.12 4.60 6.53
& Max |  17.80 17.80 16.67 14.47 13.28 9.22
o Mean| 1013 10.20 9.94 9.53 8.98 8.20
3% sp 1.80 1.59 1.30 1.18 1.09 0.82
g ¢ £ win 6.69 6.63 6.30 6.65 6.77 7.16
LE” Max | 17.96 17.95 17.80 14.07 13.12 9.98

DS — Descriptive Statistics; Mean — Mean value; SD — Standard Deviation; Min — Minimal value; Max — Maximal value.
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To examine Hypothesis 1c, a two-way between-groups ANOVA was conducted separately for male
and female runners to explore the impact of age groups and race on ACS (Figures 7 and 8). Regarding
only male runners (Figure 7), the interaction effect between age groups and race was significant, F
(5, 167801) = 36.91, p < 0.001, however, the effect size was very small, n? = 0.001. There was a
significant main effect for age groups, F (5, 167801) = 241.7, p < 0.001, but the effect size was also
very small, n?=0.007. Also, the main effect for race was significant, F (1, 167801) = 537, p < 0.001,
with a very small effect size here as well, n?> = 0.003, suggesting negligible practical significance
(Cohen, 1988, pp. 284-288). Post-hoc comparisons using the Bonferroni test show that half-
marathoners and marathoners differ from each other significantly in each age group (p < 0.001).

Men

5.20
8 468 5.08

Absolute change of speed (%)

Marathon

Half-marathon

Figure 7. Absolute change of speed in age groups of men’s half-marathon and marathon runners.
Error bars represent standard deviation. ### p < 0.001.

Regarding only female runners (Figure 8), the interaction effect between age groups and race was
significant, F (5, 65222) = 23.07, p < 0.001. However, the effect size was very small, n? = 0.002.
There was a significant main effect for age groups, F (5, 65222) = 81.77, p < 0.001, but the effect
size was also very small, n?= 0.006. The main effect for race was not significant, F (1, 65222) = 1.44,
p = 0.230. Post-hoc comparisons using the Bonferroni test revealed significant differences in mostly
age groups between half-marathoners and marathoners, with a significance level of p < 0.001. Only
in the >70 age group, the significance level was p < 0.05, and in the 60—69 age group, there was no
significant difference (p = 0.150). However, a lower level of significance in the oldest age group, as
well as an absence of significance in the 60—69 age group might be attributed to the lowest number
of participants, especially in the marathon (N = 381 and N = 18, respectively). Post-hoc comparisons
of ACS were conducted using the Bonferroni test, whereby each age group was compared to all other
age groups in male and female runners separately, for both the half-marathon and marathon. The
results are presented in Tables 12 and 15.
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Figure 8. Absolute change of speed in age groups of women’s half-marathon and marathon runners.
Error bars represent standard deviation.
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6.2.Analysis of Pacing Strategies in the Half-Marathon

Descriptive statistics of segments and average race speed of male and female half-marathon runners
are presented in Table 5. Following Hypothesis 2, the pace profile of all participants in the half-
marathon is presented in Figure 9. Additionally, repeated analyses of variance were conducted to
explore the differences between each segment’s mean speed. There was a significant difference,
Wilks” A = 0.24, F (4, 150228) = 121000, p < 0.001, with large effect size, n? = 0.350. All half-
marathoners exhibited a decrease in speed up to the fifth segment, followed by an increase in the fifth
segment, indicating a noticeable ES. Post-hoc comparisons using the Bonferroni test revealed
significant differences between all segments, with a significance level of p < 0.001.

Half-marathon

11.2 1
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Figure 9. The average speed in each race segment of all participants in the half-marathon.

6.2.1. Analysis of Pacing Strategies Based on Performance Level

Descriptive statistics of segments and average race speed for all performance levels in male and
female half-marathon runners are presented in Tables 3 and 6. To examine Hypothesis 2a, a mixed
between-within subjects ANOVA was conducted to assess the impact of performance level on
participants’ average change of speed across five race segments (Figures 10 and 15). Regarding only
male half-marathon runners (Figure 10), there was significant interaction between performance level
and segment CS, Wilks” A = 0.95, F (12, 266395) = 447.9, p < 0.001. However with a very small
effect size, almost reaching the threshold for a small effect, n? = 0.010. There was a substantial main
effect for segment CS, Wilks’ A =0.39, F (4, 100688) = 38713, p < 0.001, with a large effect size as
well, n? = 0.191. All performance groups of runners show a decrease in speed variability up to the
fourth segment, and then an increase in the fourth and fifth segments. The main effect comparing
performance groups was significant, F (3, 100691) = 7449, p < 0.001, but with a small effect size,
almost reaching the threshold for a medium effect, n? = 0.052. Post-hoc comparisons using the
Bonferroni test revealed significant differences in all performance groups between each segment CS,
with a significance level of p < 0.001.
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Figure 10. The average change of speed in each race segment in men in the half-marathon.
Performance groups: LL — Low-Level; MLL — Moderate to Low-Level; MHL — Moderate to High-Level; HL — High-
Level.

Regarding only female half-marathon runners (Figure 11), there was a significant interaction between
performance level and segment CS, Wilks* A = 0.95, F (12, 131044) = 220.9, p < 0.001. However,
with a very small effect size, almost reaching the threshold for a small effect, n?= 0.009. A substantial
main effect for segment CS was observed, Wilks” A =0.36, F (4, 49530) = 22137, p < 0.001, with a
large effect size, n? = 0.23. The speed variability of all performance groups of runners decreases until
the fourth segment, after which it increases in both the fourth and fifth segments. The main effect
comparing performance groups was significant, F (3, 49533) = 3739, p < 0.001, but with a small
effect size, n?=0.047. Post-hoc comparisons using the Bonferroni test revealed significant differences
in almost all performance groups between each segment CS, with a significance level of p < 0.001.
The differences were not found only in the HL group between the second and third segments (p = 1)
and in the LL group between the first and fourth segments (p = 0.753). However, the lack of
significant differences in the LL group between these segments can be attributed to the use of only
positive values for statistical analysis, while the figures presented both positive and negative values.
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Figure 11. The average change of speed in each race segment in men in the half-marathon.
Performance groups: LL — Low-Level; MLL — Moderate to Low-Level; MHL — Moderate to High-Level; HL — High-
Level.

According to the second part of Hypothesis 2a, a two-way between-groups ANOVA was conducted
to explore the impact of performance level and sex on ACS in the half-marathon (Figure 12). The
interaction effect between performance level and sex was significant, F (3, 150224) = 34.88, p <
0.001. However, the effect size was very small, n? = 0.001. There was a significant main effect for
performance level, F (3, 150224) = 11171, p < 0.001, n? = 0.182. Post-hoc comparisons using the
Bonferroni test show that all performance groups inside of each sex differ significantly from each
other (p < 0.001). The main effect for sex was significant, F (1, 150224) = 285.4, p < 0.001, but also
with a very small effect size, n? = 0.002. Also, post-hoc comparisons using the Bonferroni test showed
that in each performance group male and female participants differ significantly from each other at a
significance level of p < 0.001, except in the LL group, where significance does not exist (p = 0.820).

44



Half-marathon - |
B mLL
144 i m'_"L

~12- -
e\o/ ‘ ekk :
8 10 - 6.58 1 I I HK T
<3 I 6.35
w
Y— |
S o |
(5]
% 4.70 : 4.86
S 6 - 4.0 | 4.09

|
g 329 ! T 3.43
(@)
2 47 :
< |

2 - |
|
|
0 - 1
Men ! Women

Figure 12. Absolute change of speed in men’s and women’s half-marathon runners.
Performance groups: LL — Low-Level; MLL — Moderate to Low-Level; MHL — Moderate to High-Level; HL — High-
Level. Error bars represent standard deviation. *** p < 0.001; ### p < 0.001.

6.2.2. Analysis of Pacing Strategies Based on Sex

Descriptive statistics of segments and average race speed in male and female half-marathon runners
are presented in Table 5. To examine Hypothesis 2b, a mixed between-within subjects ANOVA was
conducted to assess the impact of sex on participants’ average change of speed across five race
segments in a half-marathon (Figure 13). There was a significant interaction between sex and segment
CS, Wilks’ A =1, F (4, 150227) = 152.8, p < 0.001. However, the effect size was very small, n?=
0.001. There was a substantial main effect for segment CS, Wilks” A = 0.41, F (4, 150227) = 53879,
p < 0.001, n?= 0.187, where both sexes of runners show a decrease in speed variability up to the
fourth segment, followed by an increase in the fourth and fifth segments. The main effect comparing
sexes was significant, F (1, 150230) = 157.2, p < 0.001, but the effect size was negligible, n?= 0.000.
Additionally, post-hoc comparisons using the Bonferroni test revealed significant differences
between sexes inside each segment, with a significance level of p < 0.001.

45



Half-marathon —0— Men
=A = \\Nomen

Change of Speed (%)

] -4.69
'6 T T T T T T

Segments

Figure 13. The average change of speed for each race segment in men’s and women’s half-marathon
runners.

6.2.3. Analysis of Pacing Strategies Based on Age

Descriptive statistics of segments and average race speed for all age groups of male and female half-
marathon runners are presented in Tables 6 and 8. To examine Hypothesis 2c, a mixed between-
within subjects ANOVA was conducted to assess the impact of age group on participants’ average
change of speed across five race segments (Figures 14 and 15). Regarding only male half-marathon
runners (Figure 14), there was a significant interaction between age group and segment CS, Wilks’
A =0.98, F (20, 333938) = 76.5, p < 0.001. However, the effect size was very small, n?= 0.003. There
was a substantial main effect for segment CS, Wilks” A = 0.8, F (4, 100686) = 6426, p < 0.001, but
with a small effect size, n?= 0.037. All age groups of runners show a decrease in speed variability up
to the fourth segment, followed by an increase in the fourth and fifth segments. Post-hoc comparisons
using the Bonferroni test show significant differences in almost all age groups between each segment
CS, with a significance level of p < 0.001. Only a non-significant difference was found in the group
6069, between the fourth and fifth segments and some segments in the >70 age group (Table 10).
The lack of significance between segments in only the two oldest groups may be attributed to the
smaller number of participants in these age groups. Furthermore, since all age groups demonstrated
an ES, transitioning from negative values in the fourth segment to similar positive values (above the
average race speed) in the fifth segment, the lack of significance can be attributed to the values used
for statistical analysis. Specifically, the analysis considered only absolute values, while the figures
presented the actual values, including both positive and negative ones. This same situation also
contributed to the lack of significance between the first and fourth segments. The main effect
comparing age groups was significant, F (5, 100689) = 132.2, p < 0.001, but with a very small effect
size, n? = 0.002. Post-hoc comparisons using the Bonferroni test revealed significant differences
between most age groups inside each segment (table 11), with a significance level of p < 0.001 and
some of them with a significance level of p < 0.05.
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Figure 14. The average change of speed for each race segment in age groups of men’s half-marathon
runners.

Regarding male runners (Figure 14), the 18-29 age group demonstrated the lowest CS of 2.96% in
the first segment, while it increased as the group got older, reaching 6.62% in the >70 age group.
Slightly different results were observed in the second segment, where the 40-49 age group had the
lowest CS, while the oldest group had the highest (from CS 1.45% to CS 1.92%). In the third segment,
all age groups showed a decrease in speed slightly below the average race speed. The youngest group
demonstrated a lowest CS of —0.16%, which increased as the age group got older, reaching —1.25%
in the oldest group. The same pattern was observed in the fourth segment as well (from CS —4.28%
to CS —6.12%). However, opposite was observed in the fifth segment, where the youngest age group
had the most pronounced ES, which decreased as the age group got older (from CS 7.75% to CS
3.13%).

Regarding only female half-marathon runners (Figure 15), there was a significant interaction between
age group and segment CS, Wilks> A =0.98, F (20, 164266) = 59.86, p < 0.001, however with very
small effect size, n? = 0.005. There was a substantial main effect for segment CS, Wilks” A =0.91, F
(4, 49528) = 1209, p < 0.001, also with small effect size, n?= 0.016. All age groups of runners show
a decrease in speed variability up to the fourth segment, followed by an increase in the fourth and
fifth segments. Post-hoc comparisons using the Bonferroni test show significant differences in all age
groups between each segment CS up to the group 60-69, with a significance level of p <0.001. The
difference was not significant between some segments in the 60—-69 age group and in the group aged
>70 (Table 10). The limited significance observed between segments just within the two eldest groups
could be linked to the reduced number of participants. Additionally, as previously mentioned, since
the statistical analysis only considered absolute values, it was expected that the lack of significance
observed between the fourth and fifth segments and between the first and fourth segments would also
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be present in female participants. The main effect comparing age groups was significant, F (5, 49531)
= 54.11, p < 0.001, but with a very small effect size, n?> = 0.002. Post-hoc comparisons using the
Bonferroni test revealed significant differences between most age groups inside each segment with a
significance level of p < 0.001 and some of them with a significance level of p < 0.01 and p <0.05
(Table 11).
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Figure 15. The average change of speed for each race segment in age groups of women’s half-marathon
runners.

When it comes to female participants (Figure 15), the 18-29 age group demonstrated the lowest CS
(3.73%) in the first segment, while it increased as the group was older, with the highest CS in the >70
age group (6.82%). In the second segment, slightly different results were observed. The lowest CS
(1.25%) was found in the 30-39 age group, followed by the 18-29, 40-49, 50-59, and 60-69 age
groups, while the highest CS was observed in the >70 age group (1.297%, 1.30%, 1.62%, 1.84% and
2.39%). In the third segment, all age groups showed a decrease in speed slightly below the average
race speed. The lowest CS (—1.01%) was found in the 40-49 age group, followed by the 30-39, 18—
29, 50-59 and 6069 age groups, while the highest CS was in the >70 age group (—1.02%, —1.1%, —
1.27%, —1.65% and —2.12%). The youngest group demonstrated a lower CS of —4.37% in the fourth
segment, which increased as the age group got older, reaching —6.32% in the oldest one. However,
an opposite situation was observed in the fifth segment, where the youngest age group had the most
pronounced ES, which decreased as the age group got older (from CS 8.57% to CS 3.67%)).
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Table 10. Pairwise comparisons of average change of speed in each segment (CS1_s) among the oldest age
groups in the half-marathon, separately for men and women.

Half-marathon

g,:\(?uep Segment Men p Women
2 <0.001 <0.001

1 3 <0.001 <0.001

4 <0.001 0.002

5 <0.001 1.000

3 <0.001 1.000

60-69 2 4 <0.001  <0.001
5 <0.001 <0.001

4 <0.001 <0.001

3 5 <0.001 <0.001

4 5 0.385 0.191

2 <0.001 <0.001

1 3 <0.001 <0.001

4 0.494 1.000

5 1.000 1.000

3 1.000 1.000

>70

2 4 <0.001 <0.001

5 <0.001 <0.001

4 <0.001 <0.001

3 5 <0.001 <0.001

4 5 1.000 1.000

Bold values are statistically significant at a level of <0.05.
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Table 11. Pairwise comparisons of average change of speed in each segment (CSy_s) between age groups in the half-marathon, separately for men and women.

Half- Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
marathon Men Women| Men Women| Men Women| Men Women| Men Women
Age group p

30-39 [<0.001 0.003 |<0.001 <0.001 |<0.001 <0.001 |<0.001 1.000 |<0.001 <0.001
- 40-49 | 0.012 1.000 |<0.001 <0.001 |<0.001 <0.001 | 0.504 <0.001 |<0.001 <0.001
g 50-59 [ 0.107 <0.001 | <0.001 0.029 |<0.001 0.136 |<0.001 <0.001 |<0.001 <0.001
~  60-69 |<0.001 <0.001 |<0.001 1.000 | 0.032 0.014 |<0.001 <0.001 |<0.001 <0.001
>70 |[<0.001 <0.001 [ 1.000 0.085 | 0.870 0.206 |<0.001 0.001 |<0.001 <0.001
40-49 | <0.001 0.022 |[<0.001 0.001 |<0.001 0.003 | 0.017 <0.001 |<0.001 <0.001
$ 50-59 [ <0.001 <0.001 [<0.001 0.134 |<0.001 0.123 |<0.001 <0.001 |<0.001 <0.001
8 6069 |<0.001 <0.001 [ 1.000 0.001 | 0.037 <0.001 [<0.001 <0.001 |<0.001 <0.001
>70 |[<0.001 <0.001 [ 1.000 0.005 |<0.001 0.019 |<0.001 0.001 |<0.001 <0.001
s 90-59 |<0.001 <0.001 | 1.000 <0.001 | 0.193 <0.001 | <0.001 <0.001 [<0.001 <0.001
;\r 60-69 |[<0.001 <0.001 | 0.016 <0.001 | <0.001 <0.001 |<0.001 <0.001 |<0.001 <0.001
¥ >70 |[<0.001 <0.001 | 0.244 0.001 |<0.001 0.004 |<0.001 0.011 | 0.221 0.130
I 6069 |<0.001 0.001 | 0.092 0.099 |<0.001 <0.001 [<0.001 0.002 | 1.000 0.005
E’L >70 |[<0.001 0.028 | 0.390 0.020 |<0.001 0.068 |<0.001 1.000 | 1.000 1.000
(o2}
E >70 0.016 0969 | 1000 0309 | 0.042 1.000 | 0.122 1.000 | 1.000 1.000
(o}

Bold values are statistically significant at a level of <0.05.
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According to the second part of Hypothesis 2c, a two-way between-groups ANOVA was conducted
to explore the impact of sex and age group on ACS in half-marathon runners (Figure 16). The
interaction effect between sex and age group was significant, F (5, 150220) = 18.38, p < 0.001. The
effect size was, however, very small, n?= 0.001. There was a significant main effect for sex, F (1,
150220) = 21.09, p < 0.001, but with negligible effect size, n? = 0.000. Post-hoc comparisons using
the Bonferroni test revealed significant differences between sexes in all age groups, with a
significance level of p < 0.001, except in the 18-29 and >70 age groups where no significance was
shown (p = 0.580 and p = 0.434, respectfully). Additionally, the main effect for age group was
significant, F (5, 150220) = 274.4, p < 0.001, but with a very small effect size, almost reaching the
threshold for a small effect, n? = 0.009. Post-hoc comparisons using the Bonferroni test revealed
significant differences between most age groups inside of male participants, with a significance level
of p < 0.001, some of them with a significance level of p < 0.01 (Table 12). Less significant
differences were observed among female age groups compared to male age groups, and no significant
differences were found in the oldest group compared to the others (Table 12).

Half-marathon
18-29

14 [_]30-39
[ 40-49
Il -0-59
[ 60-69
>70

[any
N
1

[any
o
1

5.20

5.08

(o]
1

5.00 4.93

4.63 442 4.65 4.98

Absolute change of speed (%)

Men Women

Figure 16. Absolute change of speed in men’s and women’s half-marathon runners.

The data indicate that the youngest age groups of both sexes significantly differ in ACS from all other
age groups up to the age of 69 and in female runners up to the age of 59 (Table 12). However, among
males, the older age group of 60—69 did not differ from the middle-aged group of 30-39, and the
second middle-aged group of 4049 did not differ from the quite older age group of 50-59. These
results among male runners show the smallest ACS in the age range of 40-59, which includes some
older ages as well, while the highest ACS values were observed in runners aged up to 30 and older
than 69. Among female runners, the middle-aged group of 30—39 did not differ from the quite older
group of 50-59, while the middle-aged group of 40-49 differed from all age groups up to 69. The
oldest age group of females did not significantly differ from any other age group. This lack of
significance may be attributed to the smallest number of participants in the oldest age group (N = 97).
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Table 12. Pairwise comparisons of absolute change of speed (ACS) between age groups in the half-
marathon, separately for men and women.

Half-marathon

Men Women

Age group 0
30-39 | <0.001 <0.001
40-49 | <0.001 <0.001
18-29 50-59 | <0.001 <0.001
60-69 | <0.001 1.000
>70 1.000 1.000
40-49 | <0.001 <0.001
50-59 | <0.001 1.000
3039 6069 | 1.000 0.003
>70 <0.001 0.749
50-59 | 1.000 <0.001
40-49 60-69 | <0.001 <0.001
>70 <0.001 0.071
s0.5g 06069 <0001 0.008
>70 <0.001 0.792
60-69  >70 0.002 1.000

Bold values are statistically significant at a level of <0.05.
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6.3.Analysis of Pacing Strategies in the Marathon

To examine Hypothesis 3, the pace profile of all participants in the marathon is presented in Figure
17. Additionally, repeated analyses of variance were conducted to explore the differences between
each segment’s mean speed. There was a significant difference, Wilks” A = 0.37, F (4, 82811) =
35382, p < 0.001, n? = 0.435. All marathoners exhibit a decrease in speed up to the fifth segment,
followed by an increase in the fifth segment, indicating a noticeable ES. Post-hoc comparisons using
the Bonferroni test revealed significant differences between all segments, with a significance level of
p < 0.001.
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Figure 17. The average speed in each race segment of all participants in the half-marathon.

6.3.1. Analysis of Pacing Strategies Based on Performance Level

To examine Hypothesis 3a, a mixed between-within subjects ANOVA was conducted to assess the
impact of performance level on participants’ average change of speed across five race segments
(Figures 18 and 19). Regarding only men marathon runners (Figure 18), there was a significant
interaction between performance level and segment CS, Wilks” A =0.92, F (12, 177559) = 499.2, p
< 0.001, with a small effect size, n? = 0.012. There was a substantial main effect for segment CS,
Wilks’ A =0.39, F (4, 67111) = 28697, p < 0.001, n?= 0.138. Specifically, most performance groups
of runners exhibit a decrease in speed variability up to the fourth segment, followed by a negative
increase in the fourth segment, and then another decrease in the fifth segment, indicating the presence
of an ES. The only exception was the HL group, where a negative increase in speed variability was
observed in the fifth segment as well, indicating the absence of an ES. The main effect comparing
performance groups was significant, F (3, 67114) = 3019, p < 0.001, with a small effect size, almost
reaching the threshold for a medium effect, n? = 0.055. Post-hoc comparisons using the Bonferroni
test revealed significant differences in all performance groups between each segment CS, with a
significance level of p <0.001, except between the fourth and fifth segments in the MLL group, where
no significance was shown (p = 0.089).
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Figure 18. The average change of speed in each race segment of men in the marathon.
Performance groups: LL — Low-Level; MLL — Moderate to Low-Level; MHL — Moderate to High-Level; HL — High-
Level.

Regarding only female marathon runners (Figure 19), there was a significant interaction between
performance level and segment CS, Wilks’ A =0.93, F (12, 41512) = 92.92, p < 0.001, however with
very small effect size, almost reaching the threshold for a small effect, n?> = 0.009. There was a
substantial main effect for segment CS, Wilks’ A = 0.41, F (4, 15690) = 5632, p < 0.001, n?= 0.169.
Namely, all performance groups of runners exhibit a decrease in speed variability up to the fourth
segment, followed by a negative increase in the fourth segment, and then another decrease in the fifth
segment, indicating the presence of an ES. The main effect comparing performance groups was
significant, F (3, 15693) = 757.3, p < 0.001, but with a small effect size, n? = 0.046. Post-hoc
comparisons using the Bonferroni test revealed significant differences in almost all performance
groups between each segment CS, with a significance level of p < 0.001 and some of them with p <
0.01. Only between the fourth and fifth segment in the MHL group, and between the first and fourth
segment in the LL group, no significance was shown (p = 0.437 and p = 0.186, respectively). The
lack of a significant difference between the first and fourth segments observed in the LL group of
female participants was due to the statistical procedures that analyzed only absolute (positive) values.
However, in the figures, real values were taken into account, including negative values.
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Figure 19. The average change of speed in each race segment of women in the marathon.
Performance groups: LL — Low-Level; MLL — Moderate to Low-Level; MHL — Moderate to High-Level; HL — High-
Level.

Following the second part of Hypothesis 3a, a two-way between-groups ANOVA was conducted to
explore the impact of performance level and sex on ACS in the marathon (Figure 20). The interaction
effect between performance level and sex was significant, F (3, 82807) = 6.80, p < 0.001, with the
effect size, however, being negligible, n? = 0.000. There was a significant main effect for performance
level, F (3, 82807) = 2803, p < 0.001, with medium effect size, n? = 0.091. Post-hoc comparisons
using the Bonferroni test show that all performance groups inside of each sex differ significantly from
each other (p < 0.001). The main effect for sex was significant, F (1, 82807) = 1460, p < 0.001, but
with small effect size, n? = 0.016. Also, post-hoc comparisons using the Bonferroni test show that in
each performance group, male and female participants differ significantly from each other at a
significance level of p < 0.001.
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Figure 20. Absolute change of speed in men’s and women’s marathon runners.
Performance groups: LL — Low-Level; MLL — Moderate to Low-Level; MHL — Moderate to High-Level; HL — High-
Level. Error bars represent standard deviation. *** p < 0.001; ### p < 0.001
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6.3.2. Analysis of Pacing Strategies Based on Sex

To examine Hypothesis 3b, a mixed between-within subjects ANOVA was conducted to assess the
impact of sex on participants’ average change of speed across five race segments in the marathon
(Figure 21). There was a significant interaction between sex and segment CS, Wilks> A =0.98, F (4,
82810) = 393.2, p < 0.001. However, the effect size was very small, n?> = 0.002. There was a
substantial main effect for segment CS, Wilks” A = 0.49, F (4, 82810) = 21683, p < 0.001, with
medium effect size, n? = 0.096. Both sexes showed a decrease in speed variability up to the fourth
segment, followed by a negative increase in the fourth segment, and then another decrease in the fifth
segment, indicating the presence of an ES. Post-hoc comparisons using the Bonferroni test show
significant differences between each segment inside of each sex, with a significance level of p <
0.001, except among female participants between the first and fifth segments, where the difference is
not significant (p = 0.424). The main effect comparing sexes was significant, F (1, 82813) = 1465, p
< 0.001, but with a very small effect size, n?> = 0.008. Additionally, post-hoc comparisons using the
Bonferroni test revealed significant differences between sexes inside each segment, with a
significance level of p < 0.001.
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Figure 21. The average change of speed for each race segment in men’s and women’s marathon runners.

6.3.3. Analysis of Pacing Strategies Based on Age

To examine Hypothesis 3c, a mixed between-within subjects ANOVA was conducted to assess the
impact of age group on participants’ average change of speed across five race segments (Figures 22
and 23). Regarding only male marathon runners (Figure 22), there was a significant interaction
between age group and segment CS, Wilks> A = 0.98, F (20, 222576) = 72.23, p < 0.001, however
with very small effect size, n?= 0.003. There was a substantial main effect for segment CS, Wilks> A
= 0.81, F (4, 67109) = 3980, p < 0.001, but with a small effect size, n? = 0.023. All age groups of
runners show a a decrease in speed variability up to the fourth segment, followed by a negative
increase in the fourth segment, and then another decrease in the fifth segment, indicating the presence
of an ES. Post-hoc comparisons using the Bonferroni test show significant differences in mostly age
groups between each segment CS, with a significance level of p < 0.001 and a few of them with p <
0.05. The difference was not significant between some segments in the 18-29, 60-69 and in the >70
age group (Table 13). The main effect comparing age groups was significant, F (5, 67112) = 68.53,
p < 0.001, but with a very small effect size, n? = 0.003. Post-hoc comparisons using the Bonferroni
test revealed significant differences between most age groups within each segment up to the fifth one,
with a significance level of p < 0.001. Some of these differences also reached significance levels of
p < 0.01 or p < 0.05, while others were not significant (Table 14). In the fifth segment, most age
groups did not have significant differences between each other (p > 0.05) (Table 14).
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Figure 22. The average change of speed for each race segment in age groups of men’s marathon runners.

By observing Figure 22, we can notice that among male runners, the age group of 30-39 displayed
the lowest CS in the first segment, at 5.37%, while the highest CS was observed in the oldest group,
at 10%. Different results were observed in the second segment, where the 40-49 age group had the
lowest CS, while the youngest group had the highest CS (ranging from 3.49% to 4.25%). In the third
segment, all age groups showed speeds closest to the average race speed. The oldest group
demonstrated the lowest CS, at 0.13%, which increased as the age group got younger, reaching 1.7%
in the youngest group. The 40-49 age group showed the lowest CS in the fourth segment, at —6.94%,
while the CS increased as the age group got younger and older, reaching —9.26% in the oldest group.
In the fifth segment, the youngest group showed the lowest CS, at —4.39%, while the CS increased as
the age group got older, reaching —8% in the oldest group. The lower negative values of CS in the
fifth segment compared to the fourth segment indicate that all groups demonstrate an ES.

Regarding only female marathon runners (Figure 23), there was a significant interaction between age
group and segment CS, Wilks> A = 0.98, F (20, 52032) = 13.59, p < 0.001. However, the effect size
was very small, n? = 0.003. There was a substantial main effect for segment CS, Wilks> A = 0.94, F
(4, 15688) = 249.1, p < 0.001, also with very small effect size, almost reaching the threshold for a
small effect, n? = 0.009. All age groups of runners show a a decrease in speed variability up to the
fourth segment, followed by a negative increase in the fourth segment, and then another decrease in
the fifth segment, indicating the presence of an ES. Post-hoc comparisons using the Bonferroni test
show significant differences in all age groups between each segment CS up to the group 60-69, with
a significance level of p < 0.001, p < 0.01 and p < 0.05. Significant and non-significant differences
in the age groups of 60—69 and >70 are shown in Table 13. The main effect comparing age groups
was significant, F (5, 15691) = 27.69, p < 0.001, but with a very small effect size, n> = 0.004,
suggesting little practical significance (Cohen, 1988, pp. 284-288). Post-hoc comparisons using the
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Bonferroni test revealed significant differences between most age groups within the first and fourth
segments, with a significance level of p < 0.001. Some of these differences also reached significance
levels of p < 0.01 or p < 0.05, while others were not significant (Table 14).
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Figure 23. The average change of speed for each race segment in age groups of women’s marathon runners.

By observing Figure 23, we can notice that among female runners, the age group of 30-39 exhibited
the lowest CS in the first segment, at 4.74%, while the highest CS was observed in the oldest group,
reaching 11.68%. Quite different results were observed in the second segment, where the 40-49 age
group had the lowest CS, while the oldest group also had the highest CS (ranging from 1.81% to
3.59%). In the third segment, all age groups showed speeds closest to the average race speed, with
only the two oldest age groups falling below it (60-69 reached —0.08% and >70 reached —0.48%),
and the highest positive value was observed in the 30—-39 age group (0.69%). The 30-39 age group
displayed the lowest CS in the fourth segment, at —5.41%, while the CS increased as the age group
got younger and older, reaching —10% in the oldest group. A similar pattern was observed in the fifth
segment, where the youngest group showed the lowest CS (-1.69%), while the CS increased as the
group got older, reaching —6% in the oldest group. Since lower negative CS values were observed in
the fifth segment compared to the fourth segment, it can be concluded that all age groups exhibited
an ES. Furthermore, female runners demonstrated a more pronounced ES compared to males.

Only non-significant differences were found in the youngest age group of male runners between the
fourth and fifth segments, as well as between some segments in the two oldest groups of both sexes
(Table 13). However, the non-significant differences in the oldest groups between the first and fourth
segments among female runners and the first and fifth segments among males were attributed to the
use of only positive values for statistical analysis, while the figures presented real values (including
negative values). Additionally, the smallest number of participants was in the oldest groups, which
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may have impacted the significance. Considering that Figure 23 shows the highest speed variability
in the oldest runners compared to other age groups of female runners, it is intriguing that more non-
significant differences between segments were found. However, this lack of significance could be
attributed to a very small number of participants (N = 18).

Table 13. Pairwise comparisons of average change of speed in each segment (CS1-s) among the youngest
and the two oldest age groups in the marathon, separately for men and women.

Marathon

gﬁ?jp Segment Men . Women
2 <0.001 <0.001

3 <0.001 <0.001

1 4 <0.001 <0.001

5 <0.001 0.003

3 <0.001 <0.001

18-29 2 4 <0.001  <0.001
5 <0.001 <0.001

4 <0.001 <0.001

3 5 <0.001 <0.001

4 5 1.000 0.001

2 <0.001 <0.001

3 <0.001 <0.001

1 4 <0.001 1.000

5 1.000 <0.001

3 <0.001 <0.001

60-69 2 4 <0.001  <0.001
5 <0.001 <0.001

4 <0.001 <0.001

3 5 <0.001 <0.001

4 5 <0.001 <0.001

2 <0.001 <0.001

3 <0.001 <0.001

1 4 1.000 1.000

5 0.017 0.005

3 <0.001 1.000

>70

2 4 <0.001 <0.001

5 <0.001 1.000

3 4 <0.001 <0.001

5 <0.001 0.649

4 5 0.019 0.020

Bold values are statistically significant at a level of <0.05.
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The fifth segment CS exhibited the fewest significant differences between age groups, especially in
male runners (Table 14), suggesting a similar ES between most age groups. Specifically, among male
runners, only differences in CS were found between the runners aged 18-29 compared to runners
aged 3049 and the oldest group compared to runners aged 30—49. Among female runners, significant
differences between age groups were observed in the first and fourth segments, while smaller
significance was noticed in the other segments (Table 14). In the fifth segment of female runners, no
significant difference was found between CS of the age groups 30-39 and the oldest one with any
other age group. However, the age group of 4049 had a significant difference from both age groups
of 50-69 and 18-29. As noticed in Figure 23, the first three youngest groups exhibited similar CS
through all race segments except in the ES, where it was slightly lower in runners aged 40—49.
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Table 14. Pairwise comparisons of average change of speed in each segment (CSi_s) between age groups in the marathon, separately for men and women.

Marathon Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
Men Women| Men Women| Men Women| Men Women | Men Women
Age group p
30-39 | <0.001 0.119 [ <0.001 0.007 |<0.001 <0.001 |<0.001 0.028 |0.003 0.062
o 40-49 [ <0.001 1.000 |[<0.001 <0.001 [<0.001 <0.001 [<0.001 1.000 |[0.016 <0.001
£ 50-59 | <0.001 <0.001 [ <0.001 0.923 |<0.001 <0.001 | 1.000 <0.001 | 0.161 1.000
' 60-69 | <0.001 <0.001 | <0.001 1.000 |<0.001 0.128 |<0.001 <0.001 |1.000 1.000
270 | <0.001 <0.001 | 1.000 1.000 | 0.023 1.000 [<0.001 0.024 |0.359 1.000
40-49 | 0.008 <0.001 | 0.001 0.238 |[<0.001 0.902 | 1.000 0.544 | 1.000 0.405
$ 50-59 | <0.001 <0.001 [ 1.000 1.000 |<0.001 1.000 |<0.001 <0.001 [1.000 0.304
K 60-69 [ <0.001 <0.001 [ 0.297 0.273 | <0.001 1.000 | <0.001 <0.001 | 0.090 0.244
>70 | <0.001 <0.001 |<0.001 0.432 | 1.000 1.000 [<0.001 0.007 |0.028 1.000
o D0-59 [ <0.001 <0.001 [<0.001 0.005 [ 1.000 0.235 |[<0.001 <0.001 [1.000 <0.001
z 60-69 [ <0.001 <0.001 |<0.001 0.015 | 1.000 1.000 |<0.001 <0.001 |[0.246 0.017
¥ 70 |<0.001 0.001 |<0.001 0248 | 1.000 0.908 |<0.001 0.014 |0.042 1.000
E’?)‘ 60-69 [ <0.001 <0.001 | 1.000 1.000 | 1.000 1.000 |<0.001 <0.001 |[0.681 1.000
83 =270 [<0.001 0.022 | 0.001 0.640 | 1.000 1.000 |<0.001 0.130 [0.061 1.000
(o2}
E >70 |<0.001 0651 | 0.015 1.000 | 1.000 1.000 | 0.002 1.000 |0.523 1.000
O

Bold values are statistically significant at a level of <0.05.
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Following the second part of Hypothesis 3c, a two-way between-groups ANOVA was conducted to
explore the impact of sex and age group on ACS in marathon runners (Figure 24). The interaction
effect between sex and age group was significant, F (5, 82803) = 7.88, p < 0.001. The effect size was,
however, negligible, n? = 0.000. There was a significant main effect for sex, F (1, 82803) = 33.19, p
< 0.001, but also with a negligible effect size, n? = 0.000. Post-hoc comparisons using the Bonferroni
test revealed significant differences between sexes in mostly all age groups, with a significance level
of p <0.001, except the 60-69 group where the significance level was p < 0.01 and in the >70 group
where no significance was shown (p = 0.997). The lowest participation rates in the oldest age groups
(males, N = 291; females, N = 18) may have influenced the significance of the findings. Additionally,
the main effect for the age group was significant, F (5, 82803) = 67.93, p < 0.001, but with a very
small effect size as well, n? = 0.004. Post-hoc comparisons using the Bonferroni test revealed
significant differences between most age groups within each sex, with a significance level of p <
0.001. Some of these differences also reached significance levels of p <0.01 or p < 0.05, while others
were not significant.
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Figure 24. Absolute change of speed in men’s and women’s marathon runners.
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In male runners, the oldest age group significantly differed from all other age groups, while the group
aged 60-69 differed from all ages older than 29. However, there was no significant difference
between the group aged 50-59 and any other age group as well. Additionally, the two middle-aged
groups (30-39 and 40-49) did not differ from each other (p = 0.122). The same non-significant
difference was found for these middle-aged groups among female runners as well (p = 1). However,
the oldest age group among female runners showed a significant difference from all ages up to age
49, whereas the youngest group showed a significant difference from all age groups except the group
aged 50-59 (p = 1). These findings indicate that the two middle-aged groups of 30—49, among both
sexes, have a more evenly pace compared to the youngest age group and runners older than age 49.

Table 15. Pairwise comparisons of absolute change of speed (ACS) between age groups in the marathon,
separately for men and women.

Marathon

Men Women

Age group 0
30-39 <0.001 <0.001
40-49 <0.001 <0.001
18-29 50-59 <0.001 1.000
60-69 1.000 <0.001
>70 <0.001 0.039
40-49 0.122 1.000
30.39 50-59 <0.001 <0.001
60-69 <0.001 <0.001
270 <0.001 0.006
50-59 <0.001 <0.001
4049 60-69 <0.001 <0.001
>70 <0.001 0.005
50_59 60-69 <0.001 0.001
270 <0.001 0.071
60-69 270 <0.001 0.953

Bold values are statistically significant at a level of <0.05.

64



7. DISCUSSION

The main findings of our study are as follows:

1.

Positive PS with an ES and each segment differing from the next one was observed in almost
all runners’ subgroups, regardless of the race type, performance group, sex and age.

Faster runners exhibited a more consistent PS compared to slower runners in both races and
sexes, as indicated by the substantial practical significance of performance group influence on
ACS. Additionally, slower runners showed a higher ES compared to faster runners.

Significant differences between races were observed within each performance group. Each
performance group of male half-marathon runners demonstrated a more evenly distributed PS
compared to marathon runners, while an opposite situation was observed in female runners.
Nevertheless, the difference in ACS between races was of minimal importance in both sexes.

Male runners exhibited lower speed variability in the half-marathon race compared to female
runners, while the opposite was observed in the marathon. Furthermore, the differences between
sexes were greater in the marathon compared to the half-marathon, but the difference between
the races had minimal practical significance. Female runners also exhibited a higher ES
compared to male runners, regardless of the race, but all differences between sexes had trivial
practical significance.

Male runners aged 40-59 and female runners aged 40—49 showed a more evenly distributed PS
compared to younger and older runners in the half-marathon. In the marathon, the runners aged
3049 showed a more evenly distributed PS than younger and older runners, regardless of sex.
Among male runners, a more consistent PS was observed in the half-marathon compared to the
marathon within each age group. However, all these differences had minimal practical
significance. Female runners did not show a significant difference in speed variability between
the races.

The youngest age group exhibited the most pronounced ES in both sexes in the half-marathon,
with females showing a more pronounced effect. In the marathon, the youngest group of male
runners showed the most pronounced ES, while both the oldest and youngest groups of female
runners exhibited a higher ES compared to the other age groups.

Female runners aged 40-69 exhibited higher speed variability in the half-marathon compared to
male runners, while in the 30-39 age group, male runners showed slightly more pronounced
speed changes than female runners. In the marathon race, male runners showed more speed
variations than female runners across all age groups up to 69 years. Nevertheless, all of these
differences had minimal practical significance.
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7.1.Comparison of Pacing Strategies in the Half-Marathon and Marathon

Research aim 1 was to compare PSs among half-marathon and marathon runners in an overall sample.
A positive PS with an ES was observed in both races. The influence of the segment CS was found to
have a large practical significance, with only a non-significant difference observed between the fourth
and fifth segments of the marathon. We obtained partial validation for Hypothesis 1, which suggests
that the pacing of half-marathon runners is more evenly distributed compared to the pacing of
marathon runners. This validation is based on the significant difference observed in ACS, although
the practical significance of this difference was found to be trivial.

The substantial decline in speed during the fourth segment across the overall sample can be attributed
to the accumulation of fatigue resulting from the rapid initial pace and the extensive distance covered
(Cuk, Nikolaidis, & Knechtle, 2019; Hanley, 2015). The greater ES observed in half-marathoners
compared to marathoners might therefore be attributed to the lower level of accumulated fatigue
during the shorter race in comparison to the longer one. The excessive rate of acceleration applied at
the end could result in a squandered amount of kinetic energy that could be more effectively utilized
to achieve a faster pace earlier, leading to an earlier finish and better result (Foster et al., 2023). Based
on our findings about a more pronounced ES and a lower average race speed in the shorter race
compared to the longer one (as seen in Tables 3 and 4), we can assume that in contrast to the marathon
sample, a higher percentage of half-marathon participants were beginners and recreational runners.

According to some authors (Del Coso et al., 2013, 2017), the progressive decline in marathon running
speed can be attributed to the development of moderate to severe muscle damage caused by running.
Muscle strain in the legs is identified as one of the major negative outcomes in both races (ibid.).
Marathon runners experienced more pronounced muscle strain compared to half-marathon runners
(Del Coso et al., 2017). This finding may help explain the more consistent PS observed in the shorter
race compared to the longer one in our study. It is important to note, however, that the majority of
participants were male runners, who naturally possess a higher proportion of type 2 muscle fibers
(Nuzzo, 2023, 2024) compared to female runners. This difference in muscle fiber composition may
increase the risk of glycogen depletion and speed decrease during races lasting approximately two
hours (Impey et al., 2020; Joyner & Coyle, 2008). This additional factor may further explain the
greater speed decrease observed in the last segments of the marathon race and the ACS compared to
the half-marathon.

7.1.1. Comparison Based on Performance Level

The research aim 1la was to compare PSs among half-marathon and marathon runners based on their
performance levels. Our findings demonstrated a large influence of performance level on participants’
overall speed variability across the races in both sexes. Specifically, faster runners displayed more
even PS compared to slower runners. Regarding male runners in each performance group, half-
marathoners demonstrated a more consistent PS compared to marathoners, while among females, the
situation was the opposite. Nevertheless, the difference in ACS between races was of minimal
importance in both sexes. Based on these results, Hypothesis 1a, according to which the pacing of
half-marathon runners is more evenly distributed compared to the pacing of marathon runners in all
performance groups of both sexes, is partially validated.

A recently published study by Ristanovi¢ et al. (2023) focused on the same theme and employed a
sample size comparable to the one utilized in this thesis. To be specific, the study examined results
from half-marathon and marathon races in Vienna over the period of 13 years (2006-2018). As a
result, the study arrived at similar, albeit not identical, conclusions regarding the comparison of PS
between half-marathon and marathon races concerning the performance level of runners.

We observed positive PSs in all performance groups of male and female runners in both the marathon
and half-marathon races (Tables 3 and 4). The most significant decrease in speed was noticed in the
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fourth segment, particularly among slower groups. The same result was observed in the study
conducted by Ristanovi¢ et al. (2023), despite having a slightly smaller sample size. This is
particularly intriguing as this thesis utilized the same sample size, but incorporated results from races
conducted between 2019 and 2023, which encompassed the post-COVID-19 period. It has been
suggested that the COVID-19 pandemic, which had a global impact, could indirectly influence
performance and PSs (Celen, 2023; Mulcahey et al., 2020; Valenzuela et al., 2021). In light of this, it
can be inferred that the pandemic likely had an insignificant impact on the overall PS within our
sample. However, this can be attributed to the fact that the additional participants constituted a
relatively small portion of the total sample, specifically 24,323 runners, representing only 12%. As
such, this may not be sufficient to yield statistically significant differences in this variable. On the
contrary, the differences between half-marathon and marathon among performance groups in females
also had small practical significance, but half-marathoners exhibited a more consistent PS compared
to marathoners. Considering that in this study, the difference between races among female runners
was significantly smaller compared to male runners, one might entertain doubts. However, the current
study, conducted on a larger sample, confirmed not only the small practical significance of that
difference but also revealed an even higher ACS in the half-marathon compared to the marathon.

Notably, both male and female runners in all performance groups achieved faster average race times
in the marathon than in the half-marathon. This finding is consistent with a study that analyzed over
70,000 race finishers in Chinese races (Yang et al., 2022). Since our sample of half-marathoners had
81% more participants than in marathon (150,232 vs. 82,815), these results can be explained by the
fact that an increased number of runners can negatively impact results (Stojiljkovi¢ et al., 2022; Vitti
et al., 2020). It is plausible to assume that a larger proportion of half-marathon participants consists
of recreational and beginner runners compared to the marathon. Intriguing, the half-marathon to
marathon ratio is approximately 3:1 for females and close to 2:1 for males. Furthermore, previous
running experience can influence endurance performance (Voight et al., 2011). Given the greater
accessibility of the half-marathon, as it is a shorter distance which might attract more participants, it
can be inferred that a significant number of recreational and inexperienced runners taking part
contributed to the overall decrease in average race speed.

Intriguingly, across all performance groups, male runners exhibited a faster average speed in each
segment up to the third one during the marathon, in contrast to the half-marathon race. However, in
the fourth and fifth segments, the situation was reversed, with faster average speeds found in the half-
marathon. The ACS among male runners that showed higher pace variability in the marathon
compared to the half-marathon, supports these findings. Specifically, male marathoners start the race
at a faster pace than male half-marathoners but experience a greater speed decline in the last segments,
leading to a higher ACS than in half-marathoners. In all performance groups among female runners,
all segments were faster in the marathon compared to the half-marathon, with the exception of the
fifth segment. In contrast to male runners, female runners exhibit quite different patterns, showing a
smaller difference in ACS within each performance group between the races. The possible cause of
the differences between male and female runners can be attributed to physiological factors, rather
than psychological and social, which will be explained in the following section.

In general, our study findings suggest that runners with higher performance, regardless of sex and
race groups, exhibit less variation in their pace compared to those with lower performance. This
conclusion aligns with previous studies that focused specifically on marathon races (Kais et al., 2019;
Nikolaidis & Knechtle, 2017). Notably, one research revealed that slower runners, in contrast to their
predicted finishing time, experienced a more pronounced decline in pace during the half-marathon,
while faster runners maintained a consistent pace (Piacentini et al., 2019). In particular, the intensity
of carbohydrate utilization in metabolic processes exhibits a supralinear increase with running
intensity (Romijn et al., 1993). The increased depletion of glycogen stores can potentially contribute
to decreased intensity, resulting in altered substrate utilization, neuromuscular fatigue, and/or
psychological factors related to the RPE (rating of perceived exertion) (Abbiss & Laursen, 2008;
Impey et al., 2020). Therefore, maintaining an even pace appears to be the most efficient metabolic
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strategy for completing a long-distance race (Rapoport, 2010). By considering our results, it can be
inferred that higher-performance runners achieved even better outcomes than anticipated due to their
consistent pacing. On the other hand, runners who displayed greater fluctuations in running speed
experienced higher energy expenditure, resulting in poorer performance (Foster et al., 2023;
Rapoport, 2010).

In addition, it is worth noting that climatic conditions and outside temperature can have an impact on
pace and performance during long-distance races (Trubee et al., 2014). Furthermore, slower marathon
runners and those who are less experienced may have limited knowledge about proper hydration
practices and their importance (Namineni et al., 2021). Given that the Vienna races commence in the
early morning hours each year, when temperatures are relatively cooler compared to later hours (as
mentioned in the methodology section), slower runners consistently finish the race during the warmer
part of the day in comparison to faster runners (Vienna City Marathon, 2023). It is important to
acknowledge that even a minor increase in outside temperatures, such as a 1 °C rise, can have a
negative impact on marathon running performance (Knechtle et al., 2019) leading to increased heat
stress and decreased speed (Leslie et al., 2023). Therefore, the significant decline in pace observed in
our study among slower runners during the race could also be attributed to the rise in outside
temperature (Knechtle etal., 2019). A similar rationale can be applied to explain the greater variability
in pace observed among marathoners compared to half-marathoners. Half-marathoners, as well as
faster runners, tend to spend less time on the course when temperatures are relatively lower.

According to research conducted by St Gibson et al. (2006) and Koning et al. (2011), the knowledge
of the race endpoint is the crucial factor in determining the PS. It takes time and experience to acquire
the necessary understanding of environmental conditions, internal metabolic functions, and fuel
reserves specific to a given race distance (Foster et al., 2023; St Clair Gibson et al., 2006). As a result,
it is expected that experienced and faster runners will maintain a more even pace, while those with
less experience and lower performance levels tend to exhibit a more pronounced decline in pace
(Deaner et al., 2015), which is consistent with the findings of our research.

Across all performance groups, male marathon runners displayed larger variations in speed compared
to their counterparts participating in half-marathons. Considering factors such as sex and race, the LL
group of male marathon runners demonstrated the highest speed variability (8.24%). A study
conducted by Nikolaidis and Knechtle (2018b) revealed that male runners with higher aerobic
capacity demonstrated less variation in speed throughout the marathon race. Since higher aerobic
capacity is related to improved endurance performance, these factors may contribute to the more
consistent PS observed in faster male runners in our study. The same might also impact slower
runners, leading them to demonstrate more speed variability, as lower aerobic capacity is associated
with poorer results. Accordingly, aerobic capacity may help male runners to resist fatigue during the
race.

In contrast, among female runners, each performance group demonstrated lower speed variability in
the marathon compared to the half-marathon race. The differences between the races were significant,
although they had a small practical significance. One potential explanation for the contrasting results
among female runners, in comparison to males, could be attributed to physiological factors (Ansdell
et al., 2020; Beltrame et al., 2017; Nuzzo, 2024) rather than psychological (Allen & Dechow, 2023;
Dechow & Allen, 2023) and social factors (Proverbio, 2021), as explained in the following section.
However, a similar difference between performance groups among male runners can also be observed
in females.

7.1.2. Comparison Based on Sex

The research aim 1b was to compare PSs among half-marathon and marathon runners based on sex.
Female runners exhibited smaller ACS in the marathon, whereas male runners showed smaller ACS
in the half-marathon race. The differences between sexes were greater in the marathon compared to
the half-marathon race. However, the differences between sexes and races had a trivial practical
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significance. Based on these findings, we partially validated Hypothesis 1b, indicating that female
runners pace more evenly compared to male runners in both races, with differences greater in the
marathon than in the half-marathon.

During both races, for both sexes, a positive PS was observed, with an ES, which was more
pronounced in the half-marathon than in the marathon (Table 5). A positive PS was observed in both
male and female runners in other studies that examined mass participation events in both half-
marathons and marathons (Cuk, Nikolaidis, & Knechtle, 2019; Nikolaidis, Cuk, & Knechtle, 2019).
However, some differences were found among elite runners of both sexes (Hanley, 2015, 2016). Elite
male runners exhibited positive pacing with an ES in the half-marathon (Hanley, 2015), while the
group of medalists demonstrated slightly different patterns. They increased pace in the second
segment, maintained it in the third segment, slightly decreased it in the fourth segment, and eventually
showed the highest ES. In the same study, all elite female runners exhibited a slight positive pacing
with an ES. The fastest elite male marathoners demonstrated a slight increase in speed up to the 15™
kilometer, maintained their speed until the 40" km and exhibited a decrease in the last 2,150 m
(Hanley, 2016). In contrast, the fastest female marathoners showed a slight speed increase up to the
10" km, followed by a slight decrease up to the 20" km, and then an increase until the end of the race,
with a noticeable ES (ibid.). Additionally, one study that examined the PS of lower elite level half-
marathoners, a decrease in pace was observed from the fifth km to the end of the race, in both sexes
(Stankovi¢ et al., 2019). These results are not completely consistent with the results of our study,
which could be attributed to factors such as a larger number of participants and worsened average
race times (Stojiljkovi¢ et al., 2022) indicative of a higher representation of recreational runners and
beginners.

Intriguingly, in comparison to other studies, an ES has been observed among runners in mass
marathon events (Nikolaidis et al., 2019) and in elite female marathoners (Hanley, 2016). However,
in elite male marathoners, it was only noticeable in the slowest group (Hanley, 2016). Several studies,
including Cuk et al. (2019) with mass participants, and Hanley (2015) with elite runners, have
reported the presence of an ES phenomenon in half-marathons. However, other studies did not
observe the presence of an ES phenomenon in half-marathons (Nikolaidis et al., 2019; Nikolaidis,
Cuk, & Knechtle, 2019; Stankovié et al., 2019). As mentioned in the preceding section, the noticeable
surge towards the end of the race indicates the runners' increased caution and preserved energy
throughout the race, ensuring they avoid complete exhaustion before reaching the finish line (Koning
etal., 2011). The acceleration observed can be attributed to the runners’ awareness of the approaching
finish line and the decreased risk of not being able to complete the race (ibid.). This knowledge serves
as motivation for them to utilize their remaining energy reserves and make a final push (Skorski &
Abbiss, 2017).

Surprisingly, the results of our study demonstrated a significantly more evenly distributed pacing in
male runners compared to female runners in the half-marathon race (4.64% vs. 4.68%, respectively),
but with minimal practical significance. These results are consistent with the findings of the study by
Nikolaidis et al. (2019), where a similar PS was observed between sexes in the half-marathon, with
female runners exhibiting slightly higher ACS compared to male runners (4.11% and 4.09%,
respectively). However, no significant differences between sexes were found in their study. The
significance observed in our study could be attributed to the much larger sample size compared to the
study of Nikolaidis et al. (2019) (150,232 vs. 7,258, respectively). Slightly different findings were
shown in the study by Cuk, Nikolaidis and Knechtle (2019), where the differences between sexes
were significantly bigger in marathon than in half-marathon running, but still with female runners
pacing more evenly in both races. The reason for this inconsistency in the results may be also
attributed to the significantly larger number of participants included in our study (150,232 vs. 11,440).
While the study by Cuk, Nikolaidis and Knechtle (2019) only hinted at a doubt that female runners
may not pace more evenly than male runners in shorter races, our study, with a larger sample size,
revealed even more significant findings. There is evidence showing a growing number of women
engaging in running, particularly in shorter distances rather than longer ones (Nikolaidis et al., 2021).
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Several authors have observed that with an increase in the number of participants, there is a tendency
for average performance to decrease (Reusser et al., 2021; Stojiljkovi¢ et al., 2022). Consequently,
the higher ACS among female half-marathoners compared to male half-marathoners can be attributed
to this growing participation of female runners in the race. It can be presumed that a significant
proportion of these female runners are beginners and recreationalists, who may lack sufficient
experience to sustain an optimal PS (Deaner et al., 2015; Swain et al., 2020).

When it comes to female runners, the difference between half-marathon and marathon is less
prominent than in male runners, as we might see in Figure 6. These findings may be connected to
previous studies suggesting that female runners exhibit a lower susceptibility to fatigue compared to
male runners when engaging in tasks of similar relative intensity (Hunter, 2014, 2016). This could be
attributed to their higher proportion of type 1 muscle fibers (Nuzzo, 2023, 2024), resulting in a greater
reliance on fat oxidation and a decreased utilization of carbohydrates and amino acids compared to
male individuals (Tarnopolsky, 2008). In contrast, male individuals have a higher percentage of type
2 muscle fibers (Nuzzo, 2023, 2024), which require greater utilization of carbohydrates and can lead
to muscle glycogen depletion (Impey et al., 2020). As the availability of “fuel” becomes a challenge
when the race lasts longer than approximately two hours (Joyner & Coyle, 2008), male runners are
more affected in a marathon compared to a half-marathon race. Moreover, this physiological
characteristic may account for the significantly faster dynamics of oxygen extraction in peripheral
and pulmonary blood during moderate exercise intensities, observed in female individuals compared
to male individuals (Beltrame et al., 2017).

Trained female individuals have demonstrated an approximately one-third higher rate of
mitochondrial internal respiration, indicating enhanced mitochondrial oxidative function compared
to trained male individuals (Cardinale et al., 2018). Overall, female muscle metabolism exhibits a
greater capacity for ATP synthesis through oxidative phosphorylation in comparison to male (Ansdell
etal., 2020). There is also some evidence suggesting that female individuals are more likely to employ
effective strategies that reduce the risk of heat-related illnesses during physical exertion (Périard et
al., 2017). Since both races start in the morning hours (9 am), the longer race always lasts longer than
the shorter one, and the outside temperature increases (Vienna City Marathon, 2023). As a result,
female runners may have an advantage in reducing heat stress during the second part of the race
compared to male runners (Périard et al., 2017). The aforementioned factors may contribute to the
less pronounced differences in speed variability between half-marathon and marathon observed in
female runners, while more pronounced in male runners, which suggests that male runners exhibit
much higher speed variability in the longer race (Cuk, Nikolaidis, & Knechtle, 2019; Nikolaidis, Cuk,
& Knechtle, 2019). Consequently, these physiological characteristics contribute to less pronounced
speed variability differences between sexes in the shorter race, compared to the longer one (ibid.).
Although these differences provide female runners with certain advantages in longer-distance
performance, other factors such as lower oxygen-carrying capacity and a higher body fat percentage
counterbalance these potential benefits (Besson et al., 2022). As a result, it is uncommon for female
runners to outperform male runners in such scenarios.

There are sex-specific differences in running biomechanics, with females exhibiting greater non-
sagittal hip and knee joint motion compared to males, attributed in part to anatomical variations such
as wider pelvis, larger femur-tibia angle, and shorter lower limb length relative to total height (Besson
et al., 2022). While these factors may contribute to the advantage of male runners in speed
maintenance (Oeveren et al., 2024) during the half-marathon race, the absence of sex comparisons in
studies on running biomechanics under fatigue conditions is notable. However, as the distance
increases and glycogen energy reserves are depleted to a greater extent in males (Beltrame et al.,
2017; Impey et al., 2020; Nuzzo, 2024), they lose their biomechanical advantage and experience more
significant slowdowns in marathons compared to females. Although this is currently a hypothesis,
further research could investigate this topic more extensively.
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If we specifically analyze the disparities between sexes concerning marathon races, it is plausible to
assume that factors beyond physiology, such as psychological and social factors, may have a more
substantial influence on the lower speed variability observed in female runners in comparison to male
runners. In previous studies, male runners have demonstrated higher levels of competitiveness (Allen
& Dechow, 2023; Dechow & Allen, 2023) and overconfidence (Hubble & Zhao, 2016), suggesting
that psychological factors contribute to greater pacing variability throughout the race. Therefore, they
often overestimate their capabilities at the start, leading to a greater slowdown compared to female
runners. On the other hand, female runners tend to prioritize achieving a specific time goal less (Allen
& Dechow, 2023; Dechow & Allen, 2023), but they are internally motivated and health-conscious
(Krouse et al., 2011). This may result in less significant slowdowns during the race. Additionally,
there is evidence to suggest that female individuals are more inclined to engage in social interactions
compared to male individuals (Proverbio, 2021), which could contribute to a more relaxed approach
to running and prioritizing enjoyable interactions with other runners.

The results of our study demonstrated that female runners exhibited less speed variability compared
to male runners in longer races, while in shorter races, fewer differences between sexes were
observed, with even fewer speed variability in males. These findings are largely consistent with the
results reported in previous studies that have examined similar topics (Cuk et al., 2021; Cuk,
Nikolaidis, & Knechtle, 2019; Nikolaidis, Cuk, & Knechtle, 2019). Based on the aforementioned
evidence, it is likely that physiological characteristics, rather than psychological and social factors,
play a more significant role in the observed differences between male and female runners in races of
varying distances.

It can be observed from Table 5 that the disparity in average race speed between sexes was greater in
the half-marathon (1.17 km/h) compared to the marathon (1.01 km/h) distance. This observation
aligns with the findings of previous studies that indicate a reduction in the performance gap between
sexes in longer races (Nikolaidis et al., 2021; Yang et al., 2022).

In Figure 6, it can be noticed that the ACS of both sexes in the half-marathon and female runners in
the marathon were very similar. However, the same variable for male runners participating in the
marathon was notably higher than the others. Specifically, the differences between sexes were greater
in the marathon compared to the half-marathon, although these differences had little practical
significance. These results are not consistent with previous studies that indicated a more even pacing
in the half-marathon for both sexes (Cuk, Nikolaidis, & Knechtle, 2019; Cuk et al., 2019; Nikolaidis
et al., 2019; Nikolaidis, Cuk, & Knechtle, 2019). However, our findings partially align with previous
studies indicating that female runners tend to maintain a more consistent pace than male runners in
marathons, but the pace disparity between sexes was found to be nearly insignificant in half-
marathons (Cuk, Nikolaidis, & Knechtle, 2019; Nikolaidis, Cuk, & Knechtle, 2019) and 10 km races
(Cuketal., 2021).

Intriguing, both male and female participants achieved faster times in the marathon compared to the
half-marathon (Table 5). This result is consistent with the study of Yang et al. (2022) which showed
that the half-marathon was run at a slower pace than the marathon for both sexes. However, one study
with results from mass races (Nikolaidis et al., 2019) showed that the category of women in the half-
marathon is slower than women in the marathon, while the situation is reversed for men. The analyzed
races in their study took place on the same day and it is unlikely that external conditions significantly
influenced this outcome in female runners. Considering the findings that average performance tends
to decrease as the number of participants increases (Reusser et al., 2021; Stojiljkovi¢ et al., 2022), the
outcome of Nikolaidis et al. (2019) study can be attributed to the nearly eightfold increase in the
participation of women in the half-marathon compared to the marathon (8:1), while this ratio among
men was 3:1. In contrast to their participant sample, our study observed a participant ratio of
approximately 3:1 for women in the half-marathon compared to the marathon, whereas for men the
ratio was 2:1. Accordingly, Nikolaidis et al. (2019) analyzed a much higher half-marathon to
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marathon ratio in female runners compared to our study. This may help explain why we found faster
times in the marathon compared to the half-marathon, not only for women but also for men.

Moreover, considering the recent trend of women's participation in these races increasing at a greater
rate compared to men (Stojiljkovi¢ et al., 2019; Yang et al., 2022), it is reasonable to assume that a
significant portion of female participants are beginners. The half-marathon, being a shorter and more
accessible distance than the marathon, is often the preferred choice for beginners, which may result
in poorer performance outcomes. Additionally, recreational runners who seek professional assistance
during their training are more prevalent among those preparing for marathons and ultramarathons
compared to those preparing for half-marathons (Knechtle, Tanous, et al., 2021). This could be a
contributing factor to slower running times in shorter distances compared to longer ones.

7.1.3. Comparison Based on Age

The research aim 1c was to compare PSs among half-marathon and marathon runners based on age.
Our findings indicate that age group significantly influences the overall speed variability of
participants in both sexes across the races. Middle-to-quite-older-aged male runners (aged 40-59)
and middle-aged female runners (aged 40-49) exhibited a more consistent PS compared to younger
and older runners in the half-marathon. In contrast, the situation was quite different among both sexes
in the marathon, where the middle-aged group (30-49 age) showed a more even PS than younger and
older runners. Based on these findings, we can conclude that the specific age groups exhibiting the
lowest ACS varied depending on the type of race, but in the half-marathon, it depended on the sex as
well. A more evenly distributed PS was observed in the half-marathon compared to the marathon
within each age group among male runners. Additionally, the differences between age groups
observed in the male marathon runners were a bit greater compared to the male half-marathon runners.
However, it is important to note that all of the previously mentioned differences had negligible
practical significance. Finally, no significant difference in ACS between races was observed among
female runners. Based on these results, we achieved partial validation for Hypothesis 1c, according
to which middle-aged runners pace more evenly compared to younger and older runners, with
differences greater in the marathon than in the half-marathon.

The age group of 30-39 in the half-marathon race had the highest number of men (N =29,519), with
the next older group having just one male participant less. However, in the marathon race, the age
group of 40-49 convincingly had the highest number of male participants. A similar pattern was
observed among female runners, with the age group of 30-39 having the highest number of
participants in the half-marathon (N = 14,985), while the age group of 40-49 had the highest number
in the marathon (N = 5,537). Other studies analyzing mass participant events have also found that age
groups with the highest participation in marathons are typically older compared to those in the half-
marathon races (Yang et al., 2022). Their study showed a comparison of 41-50 vs. 31-40 age groups
among male runners, while among female runners it was 41-50 vs. 26-35.

The results of our study showed a more evenly distributed PS in middle-to-quite-older-aged men and
middle-aged women in half-marathon, as well as middle-aged runners of both sexes in marathon,
compared to younger and older runners. In the study by Cuk et al. (2019), no differences in pace
variability among female runners across different age groups were observed, which is in line with the
results of our study. Additionally, the results of our study showed significant and even more
noticeable differences in men, but again with little practical significance. In the same study by Cuk
et al. (2019), men below the age of 30 and men over 60 years old displayed greater variability in pace
compared to other age groups, which is also observed in our study, but with very little practical
significance as well.

It is important to mention that Cuk et al. (2019), utilized another variable to describe pacing variability
in their study, which they referred to as the “pace range”. Specifically, the “positive range” refers to
the percentage deviation of the fastest segment speed from the average race speed, while the “negative
range” refers to the percentage deviation of the slowest segment speed from the average race speed.
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Finally, the “pace range” is calculated by summing the absolute values of the percentage deviation
between the fastest and slowest segments from the average race speed. This method also facilitated
the normalization of speed comparisons among runners and between different running distances, as
it was used before in the study of Breen et al. (2018). Besides ACS and pace range, the third variable
with high reliability used to describe pacing variability is the coefficient of variation (CV) (Cuk et
al., 2024).

It can be noticed that ACS between age groups was slightly greater in male marathon runners than in
half-marathon runners, while no significant differences between races were observed among female
runners. Similar results were observed in the study by Cuk et al. (2019), however, with significant
differences observed in female runners as well. Furthermore, with regard to female runners, it is
evident that the oldest age group in the marathon exhibits the highest ACS, and this distinction is
notably pronounced compared to the other age groups in both races. However, it is worth noting that
the differences in ACS between races within the age group of >70 displayed a lower level of
significance (p < 0.05) compared to the other age groups. These differences in results can be attributed
to a significantly smaller number of runners (half-marathon, N = 97; marathon, N = 18), in the oldest
group compared to the younger ones, which, in statistical procedures, has made all the differences
less significant. The oldest group of other studies consisted of 55 and older (Nikolaidis et al., 2019)
and 60 and older runners (Cuk, Nikolaidis, & Knechtle, 2019). In this regard, it is important to note
that the studies referenced considered a significantly broader range of runners' ages compared to our
study. Although the total sample sizes in these studies are much smaller than ours (N = 9,137 and N
= 17,465, respectively), the number of participants in the oldest age groups did not differ significantly
(women half-marathon, N = 203 and 96; women marathon, N =12 and 31). Furthermore, these studies
examined differences among age groups divided into 5-year intervals, but the oldest age groups
encompassed a wider range of ages.

Intriguingly, we observe lower ACS in female marathon age groups compared to female half-
marathon in the first three younger age groups (age of 18-49), while in men, all age groups have
higher ACS in marathon than in half-marathon. The results of these three younger groups of female
runners are not consistent with the results of Cuk et al. (2019), who observed that half-marathon
runners of all age groups and both sexes exhibited more even pacing compared to marathon runners.
Namely, the results are consistent only with men. Additionally, in the study of Nikolaidis et al. (2019)
significant main effects of race were shown in female runners as well as in male runners, indicating
more even pacing by both sexes in half-marathon compared to marathon and inconsistency with our
results concerning female runners.

In each race and sex group of our study, the lowest ACS was noticed in the age group of 40-49.
However, in the total sample, the lowest ACS was noticed in female marathon runners of age 40-49.
In contrast, the highest ACS was shown in male marathon runners of age >70. In the study conducted
by Cuk et al. (2019), the lowest pace range was observed in the female half-marathon age group of
40-44, followed by the 45-49 group, corresponding to the 40-49 age group in our study. In that regard,
the results are partially consistent with our findings, with the difference being that in our study, the
lowest variability was observed in the same age group but in a different race. In the same study, the
highest pace range was observed in the men’s marathon age group of 18-24 and then 25-29, which
would correspond to our 18-29 age group. In our study, this age group had the second-highest ACS,
following the oldest one (>70), which is very close to their results. Additionally, if we only count the
half-marathon, the highest ACS was observed in the age group of 18-29.

More evenly distributed PS in half-marathons than in marathons observed in male runners suggests
that aging plays a larger role as the race distance increases (Nikolaidis et al., 2019). Severe fatigue in
the later stages of marathons, caused by glycogen depletion (Coyle, 2007), rather than psychological
factors (e.g., a rapid race start driven by a competitive spirit) (Cuk, Nikolaidis, & Knechtle, 2019)
may play a greater role in this phenomenon. Younger men, especially those under 30, may exhibit
more speed variabilities due to their higher self-esteem, leading to a fast start and overestimation of
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their abilities (Breen et al., 2018). Less experienced younger runners may struggle with pacing
control, resulting in frequent speed changes and rapid fatigue. Setting an effective PS involves factors
such as race duration knowledge, internal timing, and memory of past strategies (St Clair Gibson et
al., 2006). Younger runners with limited experience may lack a pacing template, while older men
tend to run slower, increasing the likelihood of fatigue and pacing variability. Additionally, older
runners may have difficulties establishing an optimal PS due to age-related variations in physiological
and training characteristics. Namely, the main factor contributing to performance decline is the
gradual decrease in VO2max, estimated at around 10% per decade, resulting from central and
peripheral changes (Hawkins & Wiswell, 2003; Tanaka & Seals, 2008). Performance is also
influenced by morphological changes such as reduced lean body mass and increased fat infiltration
into muscles (Maharam et al., 1999; Visser, 2021). Around age 50, age-related muscle atrophy
becomes noticeable, with an annual skeletal muscle mass loss of 0.26% to 0.56% for individuals aged
up to 70 (Faulkner et al., 2008; Visser, 2021). The decline in endurance exercise performance stems
primarily from decreased exercise intensity and sustainable training volume associated with aging.
Consequently, older runners may encounter difficulties in maintaining their training levels as they
age.

Our findings indicate that the oldest runners exhibit reduced variations in speed during the half-
marathon compared to the youngest age group, whereas the opposite pattern was observed in the
marathon. The significantly higher ACS observed in the oldest group of marathon runners,
irrespective of sex, may indicate the challenges they face in coping with age-related physical changes
(Hawkins & Wiswell, 2003; Tanaka & Seals, 2008; Visser, 2021). Considering the higher energy
expenditure, risk of severe muscle damage (Del Coso et al., 2013, 2017) and gradual decline in
performance associated with advancing age (Tanaka & Seals, 2008; Visser, 2021), it is advisable to
participate in marathons less frequently compared to shorter races. Each marathon experience brings
unique sensations compared to training sessions, highlighting the potential for older runners to
confront their declining capabilities with each participation. Consequently, older runners may face
increased challenges in planning their race PS.

During both races, for both sexes and all age groups decrease in running speed (positive PS) is
observed, with an ES, which was more pronounced in the half-marathon than in the marathon for
both sexes (Tables 6-9). Each segment was slower than the previous one, with the exception of the
fifth segment. The results of positive PS in all participants are consistent with other studies that
examined PSs in age groups between half-marathon and marathon runners in the Vienna (Cuk et al.,
2019) and Ljubljana events (Nikolaidis et al., 2019). The fastest ES was observed in younger half-
marathon runners of both sexes in comparison to older age groups and marathon runners, which is
also in line with the study of Cuk et al. (2019). The lowest ES was noticed in middle-to-old-aged
male marathon runners (Table 9). The results of our study indicating an ES in marathoners are
consistent with the study of Nikolaidis et al. (2019) while being inconsistent with the same study in
half-marathoners, who did not exhibit an ES. The reason for this inconsistency may be attributed to
the significantly different sample of participants used in our study for the half-marathon. We actually
analyzed a significantly higher number of participants in this discipline (N = 150232 vs. N = 7258).
The larger sample size, as noted by some authors (Reusser et al., 2021; Stojiljkovic et al., 2022), tends
to decrease the average result, indicating a higher proportion of recreational runners and beginners.
To be specific, it may lead to an increased presence of slower runners who lack experience in planning
their PS (Foster et al., 2023), resulting in a larger reserve during the race and potentially expressing
an ES, as previously discussed (Koning et al., 2011; Skorski & Abbiss, 2017). Additionally, in the
study examined results from Ljubljana (Nikolaidis et al., 2019), the half-marathon was not completely
incorporated into the marathon track, which could be a cause to this results discrepancy.

Intriguingly, the results of average race speed in each age group indicate that a lot of them were faster

in the marathon than in the half-marathon. Three middle-aged groups of male runners (30-39, 40-49

and 50-59) were faster in marathon than in half-marathon, while in female runners, all of them except

the oldest one (>70). The explanation of faster results in longer races might be found for the same
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reason as we presume in the previous chapter and consistent with the study of Yang et al. (2022).
Moreover, in both sexes, the fastest was 30-39 age group of marathoners (men 11.29km/h and women
10.20km/h, respectively) and the slowest one was in the >70 groups of marathoners in both sexes
(men 8.82km/h and women 8.20km/h, respectively). These are noteworthy results, as there is
evidence suggesting that the decline in performance rate is more significant in individuals above the
age of 50 in the marathon compared to shorter distances (De Leeuw, Meerhoff & Knobbe, 2018).
Therefore, the findings of the oldest age groups performing slower in longer races compared to shorter
races could be attributed to these observations. The faster average race speed observed in middle-age
groups of men and most women's groups in longer distances compared to shorter distances may be
attributed to the larger number of participants in the half-marathon compared to the marathon. We
can therefore assume that in contrast to the marathon sample, a higher proportion of half-marathon
participants were recreational runners and beginners. However, despite the larger number of
participants, slower average race speeds were observed in the marathon compared to the half-
marathon in the oldest age groups of both sexes, which is consistent with the findings of De Leeuw,
Meerhoff and Knobbe (2018).

In the study conducted by Nikolaidis et al. (2019), some differences were observed compared to our
results. Their findings indicated that the youngest age group (up to 25) was the fastest in both races.
Additionally, their study corroborated our findings that the oldest age group was the slowest. The
faster results observed in the youngest age groups may be attributed to certain characteristics of the
Ljubljana marathon sample, which also had a significantly smaller number of participants (N = 9,137)
compared to our study.

7.2.Analysis of Pacing Strategies in the Half-Marathon

Research aim 2 was to analyze PS in an overall sample of half-marathon runners. Each segment was
significantly slower than the previous one, except in the fifth segment, where a noticeable ES was
observed. The effect size of these differences indicates a large practical significance. Regarding these
results, we validated Hypothesis 2, according to which the PS of half-marathon runners is positive.

All previous mass participation new methodology studies that examined the PS in half-marathons
also investigated the marathon and compared these two races (Cuk, Nikolaidis, & Knechtle, 2019;
Cuk et al., 2019; Nikolaidis et al., 2019; Nikolaidis, Cuk, & Knechtle, 2019). All of these studies
found that pacing is positive in half-marathoners. This finding is in line with the result of our study.
However, runners in our study showed an ES, which is consistent with the results of studies which
examined PS in Vienna events (Cuk, Nikolaidis, & Knechtle, 2019; Cuk et al., 2019), while it was
absent in others which examined PS in Ljubljana events (Nikolaidis et al., 2019; Nikolaidis, Cuk, &
Knechtle, 2019). This inconsistency might be attributed to the different running track configurations,
which may have contributed to the absence of an ES in runners participating in the Ljubljana events.

The study by Hanley (2015) found a parabolic reverse J-shape PS among elite runners in the World
Half-Marathon Championships, indicating an ES. Most runners finished the first 5 km segment
relatively quickly, progressively slowed down until around the 20 km mark and showed an ES
eventually. Compared to these results, it seems that the overall sample of half-marathon runners in
our study showed a PS very similar to elite half-marathon athletes.

7.2.1. Analysis of Pacing Strategies Based on Performance Level

Research aim 2a was to analyze PSs among half-marathon runners based on performance level.
Positive PSs with an ES, with a large effect size of segment CS, were observed across all performance
groups. A small effect size, almost reaching the threshold for a medium effect, was found for the
differences in CS between each segment among all performance groups in male runners. There were
no differences observed between some segments among female runners. The study found a large
practical significance of the differences between all performance groups in ACS, regardless of sex,
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indicating that faster runners demonstrated a more consistent PS throughout the race compared to the
slower runners. Regarding these results, we partially validated Hypothesis 2a, according to which
higher-performance-level runners of both sexes, pace more evenly compared to runners of lower
performance levels in the half-marathon. Additionally, male runners had a more consistent PS
compared to female runners within most performance groups, but the differences between sexes had
minimal practical significance.

Overall, our study indicates that the runners with higher performance levels, irrespective of sex, tend
to demonstrate less variability in their pace compared to those with lower performance. These
findings align with the results reported by Piacentini et al. (2019), which showed that slower runners
in the half-marathon exhibited a more noticeable decline in pace compared to their predicted finishing
time, while faster runners maintained a more consistent pace. This suggests that maintaining an even
pace is an efficient metabolic strategy for completing a long-distance race, as highlighted by Rapoport
(2010) and Foster et al. (2023).

Similar results were found in the study by Hanley (2015), conducted with elite half-marathon runners,
which showed the fastest runners of both sexes largely sustained their segment speeds between the
fifth km and 15" km, whereas the slower runners experienced a decrease in speed from the 5 km mark
onward. In addition, all runners exhibited an ES. We noticed that slower elite runners in this study
showed the same PS as in our sample across all performance groups. However, Hanley’s (2015) study
was conducted as observational research aimed at describing pacing profiles using average segment
speeds as a basis. None of the variables that would describe the magnitude of speed change during
the race were utilized, so we don’t know the difference in this magnitude compared to our results. In
the men's category, the medalist showcased a slightly higher speed during the second and third
segments, surpassing their performance in the initial segment. Conversely, among female runners, a
slight decrease in speed was evident until the ES. Other authors have reported a similar proportion of
high-performance runners with slightly negative PS, while other runners of similar performance
levels have demonstrated a positive PS (De Leeuw, Meerhoff & Knobbe, 2018).

The decreased speeds of certain runners between the 15" and 20" km marks observed in the study by
Hanley (2015) could either be attributed to fatigue or seen as a strategic tactic for a faster finish,
benefiting medal winners, particularly since this group exhibited the fastest ES. Furthermore, the
same study noticed that runners who had run in a group during the race experienced a lesser decrease
in pace. Running alongside others can result in a smaller decline in pace after the fifth kilometer, but
athletes need to exercise caution and avoid joining a group that maintains a pace that is too fast for
them.

The finding that faster runners pace more evenly than slower runners was also observed in the study
conducted by the first author of the present thesis (Ristanovic et al., 2023). As previously mentioned,
this study was conducted with a very similar sample size, so this consistency was expected.

In Figure 10, we observed a slightly larger drop in CS from the first to the second segment in the HL
group of male runners compared to the MHL group of male, while all higher performance level groups
in female runners demonstrated less speed variability than slower ones, between each segment. After
the second segment, the HL group of male runners maintained a slightly more consistent pace until
the third segment, where the speed was the closest to the average race speed. This less pronounced
drop in CS in the male faster group may be attributed to a more rapid start aimed at securing a better
position and avoiding the large crowd of runners that is always present at mass races. A faster start is
very common and related to better performance outcomes in 5 km races (Filipas et al., 2021; Girard
et al., 2013; Menting et al., 2021). Due to the supralinear increase in carbohydrate utilization during
metabolic processes with higher running intensity (Romijn et al., 1993), a rapid start can result in
greater depletion of glycogen stores, potentially leading to reduced intensity later in the race (Abbiss
& Laursen, 2008). Although this more energetic initial phase probably cannot physiologically
improve performances in the races of half-marathon duration, securing a better initial position in this
case translates to easier maintenance of speed with fewer external distractions when overtaking
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slower runners. However, we assume that the HL performance group might have more running
experience in these races and better warm-up routines prior to starting, which could account for their
properly beginning a race in any given conditions (Alves et al., 2023). Furthermore, certain data
suggest that athletes with a short fast-start pattern can improve performance by adopting a more
evenly distributed PS (Foster et al., 2023; Losnegard et al., 2022). These findings align with our
observations.

Our findings revealed a positive PS characterized by a rapid initial phase observed across all
performance groups in both sexes. Particularly, we observed a significantly accelerated start in
runners with lower performance levels, which was accompanied by subsequent greater decreases in
speed. This observation aligns with the findings reported in the study conducted by Deaner et al.
(2015). The variations in pacing throughout the race stem primarily from a fast start influenced by
higher self-esteem, leading to an overestimation of one’s capabilities (Breen et al., 2018). Since our
bodies need time to adapt to training stimuli and gradually improve performance (Granata et al.,
2018), it is reasonable to assume that a larger proportion of slower runners were beginners with less
running experience. These individuals may lack a pacing template and struggle with pacing control,
leading to frequent changes in pace and quick fatigue (Deaner et al., 2015; Swain et al., 2020). Key
factors for an effective PS include awareness of the endpoint and duration of the race, an internal
clock and the ability to recall past PSs (St Clair Gibson et al., 2006). Runners often start races with
excessive speed for several reasons. One reason is that they tend to follow the lead pace without
considering their abilities or predicted finishing time, as noted by Hanley (2014) and Thiel et al.
(2012). Additionally, athletes may increase their pace at the start due to a lower RPE than anticipated,
which could be attributed to either their lack of fatigue or the heightened excitement of the race
(Koning et al., 2011; Renfree et al., 2014). An assumption of ours regarding the matter is that athletes
may feel uncertainty about their performance on a specific occasion and therefore choose to strive for
the best possible outcome (Breen et al., 2018).

Another significant factor that can negatively impact PS and performance in long-distance races is
climatic conditions, including even minor increases in the outside temperature (Knechtle et al., 2019;
Trubee et al., 2014). In the Vienna races, as well as in most other long-distance events, slower runners
always finish the race in warmer parts of the day than faster runners. Additionally, slower runners
and those with less experience may have limited knowledge about proper hydration practices and
their importance (Namineni et al., 2021). Taking into account these findings, the decline in pace
observed among slower runners in our study may be attributed to the combination of increased outside
temperature and inadequate hydration.

The findings of our study indicated the presence of ES in all performance groups. Slower runners
exhibited a more pronounced ES compared to faster runners, coupled with the smaller variations in
speed between segments. The noticeable ES reflects the runners’ increased caution and management
of energy reserves during the race, preventing them from experiencing complete exhaustion before
the finish (Koning et al., 2011). This reserve also provides them with extra energy for the ES, which
is commonly observed in half-marathon runners (Cuk, Nikolaidis, & Knechtle, 2019; Cuk et al., 2019;
Hanley, 2015). This happens when runners become aware of the proximity of the finish line and the
decreased risk of not completing the race. This awareness serves as a motivation for them to tap into
their remaining energy reserves (Skorski & Abbiss, 2017). It can be argued that this is an ineffective
utilization of kinetic energy which could have been utilized more efficiently to establish a faster pace
earlier in the race, resulting in a better overall outcome (Foster et al., 2023).

This information is valuable for coaches and professionals working with runners, particularly
recreational and beginner runners, to educate them about optimal pacing strategies. In addition to
improving performance, it is important to avoid sudden bursts of speed to minimize the risk of health
emergencies (Predel, 2014). For example, postural hypotension-induced collapse, though rare, can be
associated with life-threatening conditions such as cardiac disorders, heat stroke, cerebral events and
hyponatremia (St Clair Gibson et al., 2013). Runners often attempt to push through and cross the
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finish line too vigorously, leading to disrupted movement dynamics known as “Foster collapse
positions” (ibid.). Furthermore, race organizers and official race medical services can benefit from
these findings by raising awareness about negative implications of rapid speed changes in long-
distance races (Morton et al., 2023), which could help prevent potential health emergencies.

As previously mentioned, the pacing profile in long-distance running is influenced by physiological
processes controlled by anticipation and changes in muscle activation (Foster et al., 2023; Koning et
al., 2011), which means that years of running experience and previous race participation directly
affect race pace. Therefore, more experienced runners are expected to exhibit higher performance
levels due to physiological adaptations over time (Granata et al., 2018). As a result, they tend to
maintain a consistent pace, while less experienced runners often experience a more noticeable decline
in pace (Deaner et al., 2015), which is supported by the findings in our research.

7.2.2. Analysis of Pacing Strategies Based on Sex

The research aim 2b was to analyze PSs among half-marathon runners based on sex. A positive PS
with an ES was observed in both sexes. A significant influence of segment CS was found, with a large
effect size and discernible differences between each segment. Contrary to our expectations, it was
observed that female runners showed a slightly larger CS within most of the segments compared to
male runners, but with negligible practical significance of the differences. Moreover, females
exhibited a higher ES compared to male runners. Male runners exhibited a more consistent PS
throughout the race compared to females. This was also observed in ACS differences between male
and female runners, presented in Figure 6. Based on these results, we rejected Hypothesis 2b that
female runners pace more evenly compared to male runners in the half-marathon.

A positive PS with an ES in both sexes was also reported in a study conducted by Stankovi¢ et al.
(2019). The fastest 50 male finishers of the Vienna Half-Marathon exhibited a significant decrease in
pace after the first segment. In contrast, the fastest 50 female finishers demonstrated a better and more
even pace. The difference in pace between the sexes was significant only in the third segment, where
female runners ran relatively faster than male runners. Subsequently, there was a sharp decrease in
running pace starting from the fourth segment. Both sexes showed a decline in pace as the race
progressed, without an ES. The absence of an ES among elite half-marathoners may be attributed to
their giving their best throughout the race without preserving energy for a final speed acceleration
(Foster et al., 2023). Variations were observed among the world’s top runners (Hanley, 2015). Male
medalists progressively accelerated their pace until the 10" km, maintained it until the 15" km and
exhibited a slight decline in pace thereafter until the 20 km. Slower athletes gradually decelerated
between the 5 km and the 20 km mark (ibid.). The medalists exhibited the most pronounced ES,
although it was evident across all groups, possibly due to slower speeds in the previous 5 km segment.
Elite female runners exhibited a slight positive PS with an ES (ibid.). Since the sole purpose of
Hanley’s study was to describe the PSs in top athletes at the global level, it did not calculate the
results of speed changes throughout the race. It is therefore difficult to compare the segment CS with
the findings in our study.

Our study showed significant differences between each segment’s CS in both sexes. This finding is
consistent with other studies that have examined similar topics using large participant samples (Cuk,
Nikolaidis, & Knechtle, 2019; Nikolaidis, Cuk, & Knechtle, 2019) and a study examining elite half-
marathoners (Stankovi¢ et al., 2019). Our results showed that runners of both sexes exhibited a
decrease in speed variability up to the fourth segment, followed by an increase in the fourth and fifth
segments. In the study by Cuk, Nikolaidis and Knechtle (2019), a decrease in speed variability was
found up to the fourth segment, followed by an increase in the fourth segment, but then a slight
decrease in the fifth segment, indicating an ES. Our study also showed an ES, but with much larger
CS values (men 5.74% and women 7.14%) compared to the study by Cuk, Nikolaidis and Knechtle
(2019) (men -2.51% and women —1.85%). In our study, these values indicated a much higher ES
speed compared to the average race speed, while the study by Cuk, Nikolaidis and Knechtle (2019)
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showed a speed lower than the average race speed. Since their study involved runners from the same
event as our study, albeit limited to a single year (2017), and the running track being the same, the
differences between the two studies may be attributed to specific external conditions. The only
information we have about the external conditions during the 2017 race is the temperature (Vienna
City Marathon, 2021). It was at its lowest at 9 am (7.8 °C) and nearly the lowest at 2 pm (11.8 °C)
compared to the other 16 years (the highest and lowest temperatures are given in the methods section).
Additionally, humidity level or wind speed and direction on the race day could have a significant
impact on speed changes in the fifth segment. However, information about these values was not
provided on the official race website (Vienna City Marathon, 2023). In any case, some official videos
from the race day displayed visible indications of the wind’s presence (video from the race day in
2017, https://www.youtube.com/watch?v=ezfRkXOSkcc).

Regarding the segment CS results under comparable circumstances, the study by Nikolaidis, Cuk and
Knechtle (2019) showed some different findings. In the 2017 Ljubljana half-marathon, runners
exhibited a decrease in speed variability up to the second segment, followed by a negative increase
in the third, fourth, and fifth segments in both sexes. These findings differed from both the study by
Cuk, Nikolaidis and Knechtle (2019) and our study. The Ljubljana half-marathoners showed a
consistent decrease in speed throughout the race, with slightly larger changes in female runners
compared to male runners in the first three segments, and smaller changes in the fourth and fifth
segments. The comparison between sexes corroborates the findings in our study up to the fourth
segment. However, in the fifth segment, female runners in our study once again displayed greater
variability in speed.

As seen in Figure 13, male and female runners exhibited very similar speed variability throughout the
race, with significant differences observed within each segment. However, these differences were of
little practical significance. Similar findings were reported in other studies that explored sex
differences in pacing variation among half-marathoners (Cuk, Nikolaidis, & Knechtle, 2019;
Nikolaidis, Cuk, & Knechtle, 2019; Stankovi¢ et al., 2019). Female runners demonstrated higher CS
than male runners in every segment, except for the second one (1.34% vs. 1.52%, respectively).
Likewise, the study conducted by Nikolaidis et al. (2019) identified lower CS in the second segment
among female runners (2.26% vs. 2.42%). The smaller CS among female runners can be attributed to
the fact that they decelerated more towards the second segment Additionally, a lower CS in female
runners was observed in the fifth segment (—4.65% vs. —5.78%) as well, but all differences were of
little practical significance (Nikolaidis, Cuk, & Knechtle, 2019). The same study found no significant
differences between sexes in the fourth segment. In contrast to our study, Cuk, Nikolaidis and
Knechtle (2019) found that female runners had higher CS than male runners in the first and second
segments, but this difference was not observed in the third (0.20% vs. 0.58%) and the fifth segments
(-1.85% vs. —2.51%). Furthermore, no significant difference was observed in the second segment.
However, similar to our study, all differences were of small practical significance.

The variations in segment CS results between sexes, as observed in both the study by Cuk, Nikolaidis
and Knechtle (2019) and our own study, could potentially be attributed to the presence of wind
blowing in specific directions (Gray et al., 2023) during the year 2017 when the measurements were
taken. Since female individuals biologically have lower levels of strength compared to male
individuals (Nuzzo, 2023), they may face greater challenges in resisting frontal and side wind while
running. Consequently, male runners may experience fewer difficulties in maintaining their speed
during specific segments of the race.

The results indicating a higher segment CS in female half-marathoners compared to male half-
marathoners may be attributed to the notable rise in the participation of women in running events,
particularly in the shorter distances (Nikolaidis et al., 2021). This implies that the participant samples
in these studies may have consisted of a larger percentage of beginner and recreational female runners
in comparison to men. Considering that pacing is closely related to previous running experience
(Foster et al., 2023; Skorski & Abbiss, 2017; St Clair Gibson et al., 2006), the lower level of
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experience among the participants could be one of the reasons for greater speed variability in female
runners compared to male runners.

We observed that the slope of each segment’s CS line was higher in female runners than in male
runners, except for the third to fourth segment, where male runners had a slightly higher slope.
Specifically, female runners showed a slightly smaller change in speed variability from the third to
the fourth segment compared to male runners. This finding is consistent with the results of the studies
by Cuk, Nikolaidis and Knechtle (2019) and Nikolaidis, Cuk and Knechtle (2019) conducted with
runners in Vienna and Ljubljana half-marathons held in 2017. Actually, in the study by Cuk,
Nikolaidis and Knechtle (2019) female runners exhibited a bigger speed variability between each
segment, except between the third and the fourth one, which was shown in our study as well.
However, in the study by Nikolaidis, Cuk and Knechtle (2019) female runners also exhibited less
change in speed variability from the fourth to the fifth segment, which differs from our results.
Therefore, the results for the fifth segment indicate two situations: higher positive speed variability
in female runners compared to male runners (suggesting higher ES), as observed in our study and the
study by Cuk, Nikolaidis and Knechtle (2019), while the study by Nikolaidis, Cuk and Knechtle
(2019) revealed less negative speed variability in female runners compared to male runners
(indicating reduced speed deceleration). If we consider the assumption that the differences in the fifth
segment’s CS between Vienna and Ljubljana half-marathoners were attributed to external factors,
such as different running track configurations, outside temperature or wind speed and direction, then
we can observe that internal factors demonstrate a very similar principle of pace control.

The aforementioned situations could potentially be attributed to psychological factors unique to
female runners in comparison to male runners, indicating that women exercise slightly greater caution
from the middle of the race and conserve energy for the final segment (Allen & Dechow, 2023;
Dechow & Allen, 2023). When approaching the finish line, there is a decrease in the perceived risk
of not completing the race and experiencing excessive fatigue (Skorski & Abbiss, 2017). This, in
turn, motivates runners to exert their maximum effort (ibid.). Moreover, there is evidence from
experienced runners suggesting that women tend to run with higher relative intensity during self-
paced treadmill running compared to men (Hanson & Buckworth, 2016), which aligns with our
observation of female runners having faster race starts and finishes. Certain findings revealed that
male runners exhibited higher levels of overconfidence (Hubble & Zhao, 2016) and competitiveness,
indicating a greater tendency to push themselves to achieve the best possible race results (Allen &
Dechow, 2023; Dechow & Allen, 2023). As a result, it may be that male runners maintained a higher
level of effort throughout the middle part of the race, unlike female runners who conserved more
energy. Consequently, male runners had slightly lower ESs due to a lower level of energy reserves.

Another factor that may contribute to the differences in PS between sexes is their physiology. Despite
the reduction in the absolute performance gap over time, male individuals will always have a
biological advantage (Hallam & Amorim, 2022). Due to lower oxygen-carrying capacity and higher
body fat percentage, female runners generally have lower absolute aerobic capacity compared to male
runners (Besson et al., 2022). Since aerobic capacity plays a role in helping runners withstand
accumulated fatigue during a marathon race (Nikolaidis & Knechtle, 2018b), female runners may
experience more difficulty in resisting fatigue, resulting in slightly poorer PS.

Given the substantial influence of pronounced ESs, particularly among female runners, it is suggested
to sports and medical experts to provide education to half-marathon participants regarding optimal
PSs. This guidance will help them make informed decisions about what is advisable and what may
not be recommended. The aim should be to enhance their performance while minimizing the risk of
cardiovascular, neural, or other systemic emergencies (Predel, 2014; St Clair Gibson et al., 2013).
The educational guidance should emphasize to runners that a sudden surge in speed in the final stage
of the race can result in the wastage of their kinetic energy. They should be aware that distributing
that energy more effectively through earlier race segments can improve race times (Foster et al.,
2023). Finally, by raising awareness among race organizers and medical personnel regarding the risks
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associated with poor PS and significant speed variability, it becomes feasible to proactively prevent
such accidents from occuring (Morton et al., 2023).

7.2.3. Analysis of Pacing Strategies Based on Age

Research aim 2c was to analyze PS among half-marathon runners based on age. Our study found a
positive PS with an ES across all age groups and both sexes during the half-marathon races. The
youngest age group showed the most pronounced ES in both sexes, with female runners showing a
more pronounced effect. Significant influences of segment CS were found in both sexes, although
their practical significance was small. The differences between each segment CS were observed
within almost all age groups, except for the two oldest groups in both sexes. Furthermore, a significant
influence of age group on CSi.s was identified, although the practical significance was negligible.
Differences were observed between most age groups within each segment. The results indicated that
both sex and age group had a significant influence on the ACS, although the practical significance of
sex was negligible and almost reached the threshold for a small effect for the age group. Female
runners exhibited higher speed variability throughout the race compared to male runners across ages
of 40-69. However, within the age group of 30-39, the situation was reversed, indicating a slight
increase in speed variations among male runners. Notably, middle-to-quite-older-aged male runners
(aged 40-59) and middle-aged female runners (aged 40-49) exhibited a more consistent pace
compared to both younger and older age groups. Taking all of these results into account, our findings
provide partial support for Hypothesis 2c, suggesting that middle-aged runners of both sexes pace
more evenly compared to younger and older runners in the half-marathon.

In previous studies on a similar topic, younger runners were included in the age groups classified as
the oldest (>60, >54). (Cuk et al., 2019; Nikolaidis et al., 2019). These studies used the pace range
variable to describe the magnitude of speed changes throughout the race. Our study aligns with the
results of Nikolaidis et al. (2019), which showed significant differences between age groups among
female runners in the half-marathon, albeit with minimal practical significance. The oldest and
youngest age groups demonstrated the highest pace range, while middle-aged female runners (aged
30-49) displayed the lowest pace range, which is consistent with our own findings. Among male
runners, a substantial influence of age group on speed variability was observed. Nevertheless, post-
hoc comparisons failed to identify any significant differences between each specific age group
(Nikolaidis et al., 2019). In the study by Cuk et al. (2019), no significant difference in speed variability
across age groups was observed among female runners. However, male runners younger than 25
demonstrated higher speed variability compared to all age groups from 30-54, which was partially in
line with our results, suggesting that middle-aged male runners exhibit a more even PS than younger
or older individuals. These slightly differing results may be attributed to the significantly smaller
sample size in their study compared to ours.

Considering their younger age, it can be inferred that younger runners typically possess less
experience compared to middle-aged and older individuals, particularly in long-distance running.
This lack of running experience may contribute to less consistent PS (Deaner et al., 2015). However,
physiological changes associated with aging may result in less consistent PS among older runners
when compared to middle-aged individuals (dos Anjos Souza et al., 2023; Nikolaidis & Knechtle,
2019; Tanaka & Seals, 2008; Visser, 2021). This will be further explained at the end of this section.

The highest number of runners was in the 30—39 age group of male and female runners (N = 29,519
and N = 14,985, respectively), while the lowest was noticed in the oldest groups (N = 600 and N =
97). The lack of significant results in the oldest age groups compared to the other age groups can be
primarily attributed to the difference in participant numbers. Due to the significantly lower number
of participants in the oldest groups (especially >70), certain differences previously observed in the
younger groups do not reach statistical significance here.

All age groups of runners initially decreased in speed variability up to the fourth segment but then
showed an increase in the fourth and fifth segments. When it comes to male runners, the youngest
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age group showed the most pronounced ES, which decreased as the age group got older (from CS
7.75% to CS 3.13%). However, some authors have calculated the ES as a percentage difference from
the average speed in the fourth segment (Cuk et al., 2019; Nikolaidis et al., 2019). To examine the
ES more accurately and compare it with other studies, we applied the same calculation method.
Among male runners, the youngest group showed the fastest ES of 10.82%, which decreased as the
age groups got older, reaching 8.83% in the oldest group. The order of ES values mostly aligns with
a study by Cuk et al. (2019), where the highest ES reached 3.30%, while the lowest was 0.56%.
However, there was a deviation from this sequence, as the group aged 50-59 exhibited a higher ES
(1.2%) compared to the younger group aged 40-49, which had an ES of 1.11%. Notably, there were
significant differences in the ES percentage values between our results and those of their study. Only
30% of half-marathoners exhibited an ES in the study conducted by Nikolaidis et al. (2019). A similar
order was found, from highest to lowest values, although the values were very similar from the age
of 35 and older (Nikolaidis et al., 2019). It is important to note that the oldest group in their study
consisted of individuals older than 54, while in the study by Cuk et al. (2019), it was 60 and older, so
we could not observe any further differences in this age range. The differences between our results
and these studies may be attributed to the larger number of participants included in our analysis,
spanning a sequence of 17 years, while their studies included data from a single event in 2017.
Additionally, the different configurations of the running tracks in the Ljubljana and Vienna
Marathons could have influenced pace variability in specific age groups, considering the morpho-
physiological changes that occur in runners with age (dos Anjos Souza et al., 2023; Nikolaidis &
Knechtle, 2019; Tanaka & Seals, 2008; Visser, 2021). These changes are described in the following
text.

A similar order was observed among female runners in our study, calculated in the same manner as
for male runners. The most pronounced ES, of 11.63%, was observed in the youngest group and it
gradually decreased as the age increased, reaching 9% in the oldest runners. When comparing
compatible age decades with our study, the same pattern was observed in the study conducted by Cuk
et al. (2019), which showed the highest ES of 3.83% and the lowest of 0.41%. There were, however,
significant differences in the ES percentage values between our results and theirs. In the study by
Nikolaidis et al. (2019), a small number of runners showed an ES in the half-marathon, the larger
proportion of runners exhibiting an ES being women, compared to men (34% vs. 27%, respectively).
When compared to our study, a similar pattern of ES values among female runners was found in the
study conducted by Nikolaidis et al. (2019), although there was a higher ES in the age group of 50—
54 compared to the age group of 45-49. However, the oldest group showed a lower ES compared to
the 45-49 age group. Since the oldest group in their study consisted of individuals older than 54,
while in the study by Cuk et al. (2019), it was age >60, we could not observe any further differences
in this age range. The same explanation for the differences observed between these studies and ours
applies to female runners as well, as mentioned for male runners.

The fifth segment showed a high number of significant differences in CS between age groups in both
sexes. Specifically, among runners aged 18-39, a significant difference in CS of ESs was found
compared to all other age groups in both sexes. Comparable findings are evident in the 40-49 age
group compared to all other groups, except with the oldest one, where no differences were observed.
Male runners aged 50-59 demonstrated significant differences compared to all age groups up to the
age of 49, while female runners displayed similar differences up to age of 69. In addition, the oldest
group in both sexes had a significant difference in CS compared to runners aged 18-39. In the study
by Cuk et al. (2019), certain differences were found that partially align with our results. They
observed that males aged 25-29 had a significantly higher ES compared to all runners older than 35,
which is consistent with our findings. Additionally, in their study, male runners aged 30-34 had a
significantly higher ES compared to runners aged 4549 and those older than 60, which also aligns
with our results. Similar results were observed in female runners, where age groups up to 29
demonstrated a significantly higher ES compared to runners older than 35. The age group of 30-34
showed a significantly higher ES compared to runners older than 45. Finally, all runners older than
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60 exhibited a significantly lower ES than those aged 35-49. However, due to the age range limitation
in their study, where the oldest group consisted of individuals older than 60, we could not observe
any further differences in that specific age range. Furthermore, the absence of significant differences
between a greater number of age groups in the study by Cuk et al. (2019) can be attributed to the
utilization of smaller age ranges, which allowed for more specific findings. The larger number of
participants in our study may also have influenced the presence of the differences.

Younger half-marathon runners, both male and female, demonstrated the most pronounced ESs
compared to older runners. These findings support our observation of greater speed variability
throughout the race among younger runners. However, it is important to note that an ES can occur in
long-distance races as runners become aware of the proximity of the finish line and a decrease in the
perceived risk of not completing the race. This awareness motivates them to tap into their last reserves
of energy (Emanuel, 2019; Skorski & Abbiss, 2017). However, during intense endurance running,
there is a potential for cardiac damage and an elevated risk of developing atrial fibrillation (Predel,
2014). Fortunately, it has been observed that cardiac biomarkers and functional changes can
normalize very quickly (ibid.). This phenomenon was interpreted as a response of the heart muscle to
strenuous exercise, known as “cardiac fatigue” (ibid.). Our data can be valuable for sports and medical
professionals in educating young long-distance runners on optimal PSs, aiming to enhance their
performance while reducing the risk of health implications associated with rapid speed changes
(Predel, 2014; St Clair Gibson et al., 2013). Additionally, race organizers and official race medical
services can benefit from these findings by raising awareness about the negative consequences of
extremely intense ESs and speed changes in long-distance races, thereby preventing potential medical
consequences (Morton et al., 2023).

The fastest male half-marathon runners were the age group of 18-29 (11.07 km/h), followed closely
by the 30—39 age group at nearly identical average speed (11.06 km/h). As the age groups got older,
the runners became slower, with the slowest group being >70 (8.99 km/h). Similar results were
observed in the study conducted by Nikolaidis et al. (2019), where the youngest group up to the age
of 25, showed the fastest average speed (11.7 km/h), while the oldest group, aged over 54, was the
slowest (10.76 km/h). Their study showed faster average speeds compared to ours, particularly in the
slowest group. One possible reason could be the significantly lower number of participants, which
may have inflated their results (Stojiljkovi¢ et al., 2022). Another reason could be that the oldest
group in their study consisted of much younger runners, who naturally exhibit better performance
(Leyk et al., 2007).

In our study, slight differences were observed in female runners, with the fastest group being the 30—
39 age group (9.84 km/h), followed by the youngest group (9.75 km/h), while the slowest group was
the oldest one (8.35 km/h). Certain differences were shown in the study by Nikolaidis et al. (2019),
where the youngest group, up to the age of 25, showed the fastest average speed (10.19 km/h), while
the oldest group, aged over 54, was the slowest (9.47 km/h). Their study also showed faster average
speeds compared to ours, especially in the slowest group, as was the case with male runners. This
could also be attributed to the significantly smaller number of participants, as well as the younger age
of the oldest group. The study by Leyk et al. (2007) indicated that there is no significant age-related
decrease in performance up to the age of 50 in trained runners of both sexes, which aligns with the
results of our study.

Furthermore, our results indicating that female runners reached their best performance at an older age
than male runners (30-39 vs. 18-29) are not consistent with the results by Knechtle and Nikolaidis
(2018). In their study, the best performance was observed in female runners younger than 35 and the
age group of 35-39, while in male runners it was observed in the age group of 35-39. However, their
study divided age groups into 5-year intervals, the youngest group including all runners younger than
35. These factors may contribute to the inconsistency of results. Additionally, the number of runners
in the youngest male age group in our study was significantly lower than in the 30—-39 age group (N
= 19,366 vs. N = 29,519), while in female runners, the numbers were very similar (N = 13,159 vs. N
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= 14,985). This suggests that the best performance by the youngest group in men may be attributed
to the lower number of runners, especially when considering the negligible difference between them
and the subsequent older group (0.01 km/h).

When it comes to differences in the average race speed by sex, our study showed the largest difference
in the youngest group (11.9%), followed by the 40-49, 30-39, 50-59, and 60-69 age groups. The
smallest difference was found in the >70 group (7.12%). In the study conducted by Nikolaidis et al.
(2019), the largest difference by sex was found in the 25-29 age group (15.7%), while the smallest
difference was observed in the 30-34 age group (12.2%). Although the largest difference between
sexes was consistent between their study and ours, the smallest difference did not align. However, in
the 30—39 age group, a smaller difference compared to the older group (aged 40-49) was also observed
in our study. Due to the age range limitation in their study, where the oldest group consisted of
individuals older than 54, we could not observe any further differences in that particular age range.
We can therefore assume that the results of the two studies are generally aligned.

The less consistent PS observed in older runners may be attributed to age-related variations in
physiological and training characteristics (Nikolaidis & Knechtle, 2019). VO2max, lactate threshold,
and running economy are key parameters in determining endurance performance, but they typically
decline with age (Lee et al., 2019; Tanaka & Seals, 2008), although running economy stays relatively
stable in trained adults until around the age of 60 (dos Anjos Souza et al., 2023). The main factor
influencing performance decline appears to be a decrease in VO2max, estimated at around 10% per
decade, influenced by both central and peripheral changes such as reductions in maximal stroke
volume, maximal heart rate, and arteriovenous oxygen difference (Hawkins & Wiswell, 2003; Tanaka
& Seals, 2008). Morphological changes, including reductions in lean body mass, infiltration of fat
into muscles, and alterations in fiber type composition (specifically, an increase in the percentage of
type | fibers), can also impact performance (Maharam et al., 1999; Visser, 2021). Age-related muscle
atrophy, typically noticeable around the age of 50, may further affect older runners (Faulkner et al.,
2008). Studies indicate an annual loss of skeletal muscle mass ranging from approximately 0.26% to
0.56% in individuals aged up to 70 years old (Visser, 2021). Consequently, aging is associated with
declining endurance exercise performance, primarily influenced by a reduction in the intensity and
volume of exercise that can be sustained during training sessions (Nikolaidis & Knechtle, 2019). As
a result, older runners may encounter challenges in maintaining the same training volume and
intensity as they age.

Increasing outside temperature impacts differently on runners of different ages, with a higher negative
impact on male runners aged 30-64 and female runners aged 40-64 (Weiss et al., 2022). Since older
runners normally run slower than younger ones, due to the previously mentioned physiological and
morphological changes that occur with age (dos Anjos Souza et al., 2023; Nikolaidis & Knechtle,
2019; Tanaka & Seals, 2008; Visser, 2021), they spend more time running the same distance.
Therefore, increased outside temperature during the race might have a higher impact on their speed
and overall PS.

7.3.Analysis of Pacing Strategies in Marathon

Research aim 3 was to analyze PS in an overall sample of marathon runners. A large practical
significance was observed in the differences between the mean speeds of each segment. All
marathoners exhibit a decrease in speed up to the fifth segment, followed by an increase in the fifth
segment, indicating a prominent ES. Based on these results, we validated Hypothesis 3, according to
which the PS of marathon runners is positive.

Positive PS in the marathon was also shown in previous studies (Cuk et al., 2021; De Leeuw et al.,
2018; Hubble & Zhao, 2016; Kais et al., 2019; Stojiljkovi¢ et al., 2020). Some of the previous mass
participation new methodology studies that examined the PS in marathon also examined the half-
marathon (Cuk, Nikolaidis, & Knechtle, 2019; Cuk et al., 2019; Nikolaidis et al., 2019; Nikolaidis,
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Cuk, & Knechtle, 2019) or 10K race (Cuk et al., 2021) and compared two races. All these studies
found that pacing in marathoners is positive, coupled with the characteristic ES, which aligns with
the results of our study.

7.3.1. Analysis of Pacing Strategies Based on Performance Level

Research aim 3a was to analyze PSs among marathon runners based on performance level. Our
findings revealed that almost all performance groups in both sexes demonstrated a positive PS
characterized by an ES. However, male runners in the HL performance group showed an absence of
ES. The influence of segment CS was found to be substantial, with a large practical significance,
indicating differences between each segment CS in both sexes. There was a significant impact of
performance group on segment CS, although the practical significance was small, almost reaching
the threshold for a medium effect. The influence of performance level on ACS had a medium practical
significance. These findings indicate that faster runners exhibited a more even pace throughout the
race compared to their slower counterparts. Differences between almost all segment CS were
observed among all performance groups in both sexes. Female runners generally showed a more
consistent PS within each performance group, although the practical significance of these variations
was limited. ACS decreased as the runners’ performance level increased in both sexes. Based on these
results, we confirmed Hypothesis 3a, according to which higher-performance-level runners of both
sexes, pace more evenly compared to runners of lower performance levels in the marathon.

Positive PSs were observed among almost all performance groups and in both sexes, which is
consistent with the results of other studies (Cuk et al., 2021; De Leeuw et al., 2018; Hubble & Zhao,
2016; Kais et al., 2019; Nikolaidis & Knechtle, 2019; Stojiljkovi¢ et al., 2020). Our results also
indicate that faster marathoners, irrespective of sex, tend to exhibit less speed changes compared to
slower runners, which was also shown in other studies (ibid.). These results are consistent with the
findings of a previous study conducted by the first author of this thesis (Ristanovi¢ et al., 2023). The
study by Ristanovi¢ et al. (2023) encompassed a narrow range of years, specifically the Vienna
marathon events from 2006 to 2018. In contrast, our study adopted a broader time frame, spanning
from 2006 to 2023. Consequently, the sample size of participants was smaller in their study compared
to ours (208,760 vs. 233,083). Given the similarity in sample size between the two studies, this
consistency was anticipated, as mentioned earlier.

The studies examining high-performance athletes also stated that elite and highly trained marathon
runners typically strive to maintain an even pace throughout the race (Mufioz-Pérez et al., 2020).
Runners demonstrating a more evenly distributed PS were significantly faster than runners
demonstrating a positive PS. In the World Championships and Olympic Games, both male and female
medalists predominantly maintained an even pace from the 10" kilometer onwards. Individuals who
completed the race at a slightly slower pace tended to fall behind the leading group around the halfway
point (Hanley, 2016). Research has also shown that running alongside a group of runners with similar
performance levels is more effective than running alone (Hanley, 2015, 2016). Hence, sustaining an
even pace appears to be the optimal metabolic strategy for successfully finishing a long-distance race
(Rapoport, 2010). Recent research findings suggest that achieving a negative or even PS, along with
performing well in a half-marathon completed in the weeks leading up to the marathon and adopting
packing behavior, can accurately predict marathon performance (Mufioz-Pérez et al., 2024). When
considering age as a factor in this prediction equation, it is crucial to exercise caution (ibid.). The
study suggests that implementing a competitive strategy that focuses on maintaining a negative or
even pacing pattern during the marathon race can improve overall marathon performance (ibid.).

Our results demonstrated a gradual decrease in speed throughout the race, with speeds falling below
the average race speed after the third segment (30" km). These findings partially align with the results
of studies by Stojiljkovi¢ et al. (2020) conducted at the Belgrade Marathon and Santos-Lozano et al.
(2014) conducted at the New York Marathon, where this decrease occurred at a faster rate. Their
studies showed that slower runners start the race significantly faster than the average race speed for
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the first 20-25 kilometers. However, they subsequently experience a significant decrease in speed,
falling below the average race speed. It is worth noting that in our study, only the female runners LL
group exhibited a decrease in speed below the average race speed in the third segment, while the
remaining groups exhibited this decrease in subsequent segments. These differences may be attributed
to different race configurations because both of them have higher elevation differences than the
marathon course in Vienna. The elevation difference in the New York Marathon is 390 m, while we
couldn’t find any official information on the website of the Belgrade race. However, it is well-known
that there is a relatively steep ascent in the final segments there. Our study revealed that the slowest
group of runners exhibited a significantly faster start compared to the other groups. This suggests that
a greater accumulation of fatigue up to the third segment could be the primary explanation for their
more abrupt and earlier decline in speed (Deaner et al., 2015) when compared to faster runners.

The pacing profile in long-distance running is shaped by anticipation-based control of physiological
processes, involving muscle activation adjustments (Foster et al., 2023; Koning et al., 2011). It
requires time and experience to understand environmental conditions, metabolic functions and fuel
reserves for a specific race distance (Foster et al., 2023; St Clair Gibson et al., 2006). Less experienced
runners typically exhibit lower performance levels due to physiological adaptations taking time to
develop (Granata et al., 2018). The number of years running and past race participation directly
influence race pace, regardless of sex, age, or current performance level (Deaner et al., 2015).
Experienced runners tend to maintain a consistent pace, while less experienced runners exhibit a more
noticeable decline in pace (ibid.), which aligns with the findings of our research.

Most performance groups of runners showed a decrease in speed variability up to the fourth segment,
followed by a negative increase in the fourth one, and a decrease in the fifth segment. The only
exception was the HL group, where a negative increase in speed variability was observed in the fifth
segment as well, indicating the absence of an ES.

Our findings revealed that nearly all performance groups exhibited an ES. It is worth noting that
slower runners displayed a more prominent ES in comparison to faster runners, which was coupled
with the smaller speed changes between segments. An ES was observed across all female groups,
with the lower-performance groups showing more pronounced ones. Only the HL group of male
runners did not exhibit ES, while the MHL group exhibited only a slight increase in speed in the fifth
segment (0.2 km/h). Similar results were observed in the study by Ristanovi¢ et al. (2023), where the
absence of an ES was shown in both the HL group and the MHL group of male runners, with the
speed remaining constant in the fourth and fifth segments (10.81 km/h). In our study, we observed a
slightly lower average speed in the fourth and fifth segments in male marathon runners (10.74 km/h
and 10.76 km/h), indicating a higher proportion of slower runners. Therefore, the presence of an ES
in the MHL group of male runners in our study, compared to the study by Ristanovi¢ et al., (2023)
could be attributed to the higher number of participants, which influenced the results (Stojiljkovi¢ et
al., 2022; Vitti et al., 2020). This was evidenced by the differences in average speeds. Slower runners
typically exhibit a more pronounced ES due to limited experience and uneven energy distribution,
leading to a cautious approach and increased energy utilization towards the end of the race (Deaner
et al., 2015; Koning et al., 2011). Given that immediate speed changes and the high-intensity run at
the end of a long-distance race might increase the risk of health crises (Morton et al., 2023; Predel,
2014; St Clair Gibson et al., 2013), sports and medical professionals should provide targeted
education to slower marathon runners.

Based on the aforementioned pieces of evidence, we assume that the absence of an ES in high-
performance runners can be attributed to their superior energy distribution, stemming from accurate
self-assessment and the inability to make sudden changes toward the end (Foster et al., 2023). Based
on this, we can assume that physiological factors play a more significant role than psychological
factors. On the other hand, pacing involves aspects such as anticipation, awareness of the finish line,
experience, and sensory feedback (Skorski & Abbiss, 2017). Being aware of the proximity of the
finish line can motivate runners to tap into their remaining reserves (ibid.), which highlights the
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influence of psychological factors rather than physiological ones. In addition, this reserve gives them
additional energy for the ES, a phenomenon frequently observed among slower marathon runners
(Nikolaidis & Knechtle, 2017). It is interesting to note that men’s world records were characterized
by an even PS with a strong ES (Mufioz-Pérez et al., 2023). However, the prominent ES observed in
athletes at this level is likely influenced by tactical decisions aimed at defeating the strongest
opponents (Hanley, 2015).

Our results, which indicate significant differences in ACS between each performance group, are
consistent with the study by Stojiljkovi¢, Mati¢ and Papi¢ (2020), who examined 937 participants in
the 2019 Belgrade Marathon. In that study, a significant difference in PS was observed across the
four performance-level groups, with values very similar to what we found in our sample. In the overall
sample, ACS values were demonstrated in the following order from the HL to LL group: 3.48%,
4.90%, 6.44% and 7.10%. We also noticed that these values fall within the range observed in our
sample for both male and female runners, except for the MLL group, where a higher ACS was found
compared to male and female runners in our study (men 5.88% and women 4.65%).

As mentioned earlier in the section that compared PS in the half-marathons and marathons based on
performance, long-distance races are affected by climatic conditions and slight increases in outside
temperatures, which can negatively impact pace and performance (Knechtle et al., 2019; Trubee et
al., 2014). In the Vienna races it is consistently observed that slower runners complete the race during
warmer hours in comparison to faster runners. In our study, the fastest race time we analyzed was
slightly over two hours (men: 2:05:08, women: 2:20:59 h:min:s), while the slowest participants, both
male and female runners, completed the marathon in 6:42 h:min. This indicates a difference of
approximately four and a half hours, with the slower runners finishing in the afternoon, around 3-4
pm. The outside temperature in April is significantly higher during these hours than in the morning,
so slower runners spend more time running in elevated temperatures than faster runners. Additionally,
slower runners and those with less experience may have limited knowledge about the importance of
proper hydration practices (Namineni et al., 2021). Therefore, the observed decline in pace among
slower runners may be attributed to a combination of increased outside temperature and inadequate
hydration.

7.3.2. Analysis of Pacing Strategies Based on Sex

The research aim 3b was to analyze PSs among marathon runners based on sex. A positive PS with
an ES was observed in both sexes, with the ES being more pronounced in female runners. A
significant influence of segment CS was found, with a medium practical significance. Almost every
segment showed significant differences from one another in both sexes. Female runners exhibited
smaller CS in each segment compared to male runners, indicating a more consistent PS. However,
the differences between sexes had minimal practical significance. Similar findings were also observed
in ACS differences between sexes, as presented in Figure 6. Based on these results, we obtained
partial validation for Hypothesis 3b, according to which female runners pace more evenly compared
to male runners in the marathon.

A positive PS with an ES was also observed in other studies examining PS in marathon races (Breen
et al., 2018; Casado et al., 2021; Cuk, Nikolaidis, & Knechtle, 2019; De Leeuw et al., 2018;
Nikolaidis, Cuk, & Knechtle, 2019). Contrasting findings emerged for world record holders
demonstrating both, a negative (Diaz et al., 2019) and an even PS with an ES (Mufioz-Pérez et al.,
2023).

Previous studies reported similar differences in PS between sexes among non-elite marathon runners,
just like our study (Cuk, Nikolaidis, & Knechtle, 2019; Kais et al., 2019; Nikolaidis, Cuk, & Knechtle,
2019; Stojiljkovié et al., 2020). However, the study conducted by Nikolaidis, Cuk and Knechtle
(2019) found that male runners had lower CS compared to female runners only in the third race
segment. Male runners continued to decrease their speed in subsequent segments. This suggests that
there was one segment with a transitional speed that was close to the average race speed. Recreational
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female runners were found to adopt a more cautious starting pace, maintain a more consistent pace
throughout the marathon, and exhibit less speed decline in the final portion of the race (De Leeuw et
al., 2018; Hernando et al., 2020; Hubble & Zhao, 2016; March et al., 2011; Stojiljkovi¢ et al., 2020).
The study by Hernando et al. (2020) even revealed that women ran up to 4.5% faster than men in the
last kilometers (from the 40" km to the finish line).

The faster start was observed in both sexes, although it was more pronounced in male runners. Such
rapid starts in the initial segment of the race can be attributed to factors like “pre-race enthusiasm” or
the absence of fatigue at that point (Koning et al., 2011). Consequently, fatigue is more likely to set
in later during the race, leading to a decrease in running speed (Deaner et al., 2015), which was also
found to be more prominent in male compared to female runners.

Figure 21 shows a larger decrease in speed among male compared to female runners, particularly in
the fourth segment, followed by a higher ES in female runners. Similar findings of a larger decrease
after the 35 km mark were also observed in other studies (Cuk et al., 2019; Deaner et al., 2015;
Mufioz-Pérez et al., 2023). The phenomenon could be attributed to glycogen depletion (Coyle, 2007),
rather than psychological factors (Allen & Dechow, 2023; Dechow & Allen, 2023). Male individuals
may be more susceptible to glycogen depletion (Impey et al., 2020) and “hitting the wall”, which
could explain the greater decrease in speed in the second half of the race compared to female runners
(Smyth, 2021). This observation could also be attributed to evidence suggesting that the contrast
between sexes becomes more prominent at higher external temperatures (Trubee et al., 2014).
Specifically, female runners are more likely to employ effective strategies to reduce the risk of heat-
related illnesses during physical exertion (Périard et al., 2017). Since the Vienna marathon races can
start as early as 9 am and last for almost 7 hours (Vienna City Marathon, 2023), the increased outside
temperature may have an impact on the course and outcome of the race.

The ES observed in both sexes, but more pronounced in female runners, reflects caution and energy
reserves, preventing exhaustion before the finish line (Koning et al., 2011). The study by Nikolaidis
et al. (2019) also demonstrated more female runners showing an ES (84.5%) compared to male
runners (67.7%). This burst of speed occurs when runners become aware of the proximity of the finish
line and perceive a decreased risk of not completing the race. This realization encourages them to tap
into their remaining energy reserves (Skorski & Abbiss, 2017). Sports and medical professionals can
play a crucial role in educating female marathon runners, specifically, to optimize PS, thereby
enhancing performance and reducing the likelihood of health emergencies (Predel, 2014; St Clair
Gibson et al., 2013). By increasing awareness among race organizers and medical services about the
risks associated with pronounced ESs and pace variations, critical health events can be prevented
(Morton et al., 2023).

It is worth noting that some authors did not find significant differences in PSs among elite runners
(Trubee et al., 2014). Even elite female runners with relatively lower performances were observed to
start the race at a pace that exceeds their abilities, possibly influenced by the faster athletes they aim
to keep up with (Renfree & St Clair Gibson, 2013). Similar patterns were noticed in elite men
participating in the World Cross Country Championships (Hanley, 2014). Additionally, the studies
showed both negative (Diaz et al., 2019) and even PSs with an ES (Mufioz-Pérez et al., 2023) in
men’s world record holders. In contrast, women’s world record holders displayed less consistency in
PSs (Diaz et al., 2019) and showed a negative PS with an ES among medal winners (Hanley, 2016).

Regarding the performance level of marathoners, the study by Kais et al. (2019) revealed interesting
findings regarding differences in sexes. When comparing male and female runners within the same
performance group, it was found that male runners experienced a more significant speed decline. This
difference was particularly noticeable in the group with finishing times ranging from 2:15 to 2:30
h:min and across all performance groups finishing the race in between three and six hours (Kais et
al., 2019). A significant disparity between sexes was observed in the 25-30 km segment (Nikolaidis
& Knechtle, 2018a). In our study, the largest sex difference in CS was noticed in the fifth segment,
indicating a higher ES in female runners (Figure 21).
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Male runners generally outpace female runners by around 10-20% across various race distances
(Knechtle & Nikolaidis, 2022; Nikolaidis et al., 2017), with a noticeable value of 10.7% observed in
the Boston Marathon over a significant number of years (1972-2017) (Knechtle et al., 2020).
Additionally, this performance gap is even greater among top athletes and medal winners (18.3% and
15.5%, respectively) (ibid.). This discrepancy in performance is primarily attributed to biological
differences, particularly in physiology (Nuzzo, 2023, 2024). However, it is worth noting that the gap
between the sexes has been decreasing over the years (Knechtle et al., 2020). In our study, the
difference in average race speed between male and female runners was 9.2% (10.96 km/h and 9.95
km/h), which is lower than the values mentioned earlier. The average marathon running pace has
decreased over the years due to the rising number of participants (Stojiljkovi¢ et al., 2022),
particularly impacting male runners and narrowing the performance gap between the sexes (Lepers
& Cattagni, 2012). Moreover, women’s participation in races has seen a greater increase compared
to men (Lepers & Cattagni, 2012; Stojiljkovi¢ et al., 2019).

Differences in PS between sexes, with female runners maintaining a more consistent pace compared
to male runners, can be attributed to physiological factors. Female individuals have lower
susceptibility to fatigue (Hunter, 2014, 2016), possibly due to a higher proportion of type 1 muscle
fibers (Nuzzo, 2024) that rely more on fat oxidation, contributing to reduced reliance on
carbohydrates and amino acids compared to male individuals (Tarnopolsky, 2008). In contrast, a
higher percentage of type 2 muscle fibers in male individuals (Nuzzo, 2023, 2024) leads to greater
carbohydrate utilization and potential “hitting the wall” (Impey et al., 2020; Smyth, 2021).
Additionally, male runners are especially affected in long races like marathons due to fuel availability
challenges beyond two hours of racing (Joyner & Coyle, 2008). Evidence shows that 28% of male
runners experience the “hitting the wall” phenomenon during a marathon race, whereas in female
runners, this occurrence is observed at a significantly lower rate of 17% (Smyth, 2021). Female
individuals also exhibit faster oxygen extraction dynamics during moderate exercise and demonstrate
enhanced mitochondrial oxidative function compared to male individuals (Cardinale et al., 2018).
Their muscle metabolism has a greater capacity for ATP synthesis through oxidative phosphorylation
(Ansdell et al., 2020). Moreover, female individuals are more likely to employ strategies to reduce
heat-related risks during physical exertion (Périard et al., 2017). All of these factors provide possible
explanations for the evidence that female runners, when they hit the wall, demonstrate a shorter
distance of slowing down compared to male runners (9.6 km vs. 10.7 km, respectively) (Smyth,
2021).

Differences in marathon PS between sexes can be attributed to psychological factors as well. In terms
of psychological factors between sexes, recent studies (Allen & Dechow, 2023; Dechow & Allen,
2023) showed that female runners approach goal-setting for marathons differently from male runners.
Some female runners prioritize completing the race within a broader time range, while others
intentionally refrain from setting specific time goals to alleviate the pressure of competition (ibid.).
Some may also be unaware of men’s emphasis on precise finish time goals as performance metrics
(ibid.). Although more female runners adopt an even PS, they are not driven primarily by stringent
finish time goals (ibid.). The stringent finish time goals has little to no impact on the running strategy
of women (Dechow & Allen, 2023). Female runners clustering around precise finish time goals are
less likely to engage in an ES (Allen & Dechow, 2023; Dechow & Allen, 2023). In contrast, male
runners clustering around precise finish times tend to maintain a consistent pace, while those
employing an optimal strategy increase speed or sprint to achieve their time goal (ibid.). Pre-race
planning and setting time goals are particularly beneficial for male runners as it helps counter their
inclination to exert excessive effort at the start of the race (Allen & Dechow, 2023). These findings
suggest that male runners use precise finish times as benchmarks and aim to avoid the disappointment
of falling short of their goals (Allen & Dechow, 2023; Dechow & Allen, 2023). The results of our
study demonstrated that both female and male runners exhibited a fast start, but female runners
quickly assessed their capabilities and showed a greater decrease in speed in the second segment.
This suggests that male runners may tend to overestimate their abilities at the beginning of the race,
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leading to a significant decline in speed as the race progresses (Hubble & Zhao, 2016). Therefore,
overconfidence can be considered as a psychological factor contributing to the less efficient PS
observed in male runners (ibid.).

Less pace variability observed in female runners may also be influenced by social factors. According
to a recent review study by Proverbio (2021), there are social differences in the level of interest in
social stimuli. Women tend to show a greater interest in interacting with other people (ibid.), which
can contribute to a more enjoyable running experience as they have the opportunity to spend time
with other runners.

7.3.3. Analysis of Pacing Strategies Based on Age

Research aim 3c was to analyze PS among marathon runners based on age. Significant differences
were observed between almost every segment CS among all age groups in both sexes. Age group was
found to have a significant influence on segment CS as well. The highest ES was noticed in the
youngest age group among male runners, while both the oldest and youngest age groups exhibited a
higher ES compared to others among female runners. Female runners demonstrated lower ACS and,
consequently, a more consistent PS compared to male runners across all age groups up to the age of
69. The significant influence of age group on ACS was demonstrated by the middle-aged runners
(3049 years old) exhibiting a more even PS compared to the younger and older runners in both sexes.
However, despite the minimal or trivial practical significance of all these differences, we partially
validated Hypothesis 3c, suggesting that middle-aged runners of both sexes pace more evenly
compared to younger and older runners in the marathon.

The results of our study indicated a positive PS with an ES in all age groups of both sexes.
Furthermore, each segment was slower than the previous one, except for the last segment, indicating
an ES. These findings are consistent with previous studies (Cuk et al., 2019; Nikolaidis et al., 2019;
Nikolaidis & Knechtle, 2018a, 2019). Previous research has also noted differences in PSs among age
groups (Kais et al., 2019; March et al., 2011; Nikolaidis & Knechtle, 2017), which also aligns with
our results.

The age group of 4049 had the highest number of runners, with 23,826 male and 5,537 female
runners. Similar findings were reported in other studies (Cuk et al., 2019). These results are not
surprising since there has been a significant increase in the participation of both sexes over the age of
40 in marathon events since 1980 (Lepers & Cattagni, 2012). In Serbia, the age group of 30-39
exhibited the highest participation rate in the Belgrade marathon from 2007 to 2019 (Stojiljkovi¢ et
al., 2019). This data can be attributed to factors such as physical requirements, social influences, and
the availability of time for individuals within these age ranges (Anthony et al., 2014).

The fastest runners were those aged 30-39, both among males (11.29 km/h) and female runners
(10.20 km/h), while the slowest group consisted of the oldest runners. These results align with the
data suggesting that peak endurance running performance remains consistent until approximately 35
years of age, after which there are gradual declines until the late 50s, followed by greater decrements
(Tanaka & Seals, 2003, 2008). Different results were observed in the study conducted by Nikolaidis
et al. (2019). In their study, the youngest group aged up to 25 was the fastest, while runners aged over
54 were the slowest. Since the oldest group in their study consisted of runners older than 54 years of
age, the result of the slowest performance aligns with our findings. However, the result of the fastest
group does not align with our findings, which may be attributed to the larger number of participants
in our study spanning 17 years, compared to their study that focused on a single year. Consequently,
the age groups participating in the marathon may have changed over time due to the increasing
number of participants (Reusser et al., 2021). Data indicate a noticeable decline in performance
(ranging from 1:52 to 3:02 min:s per year) across all age groups up to 50 years old. However,
marathoners aged over 50 demonstrated relatively consistent performances during the years. Contrary
findings were presented in the study conducted by Stojiljkovic¢ et al. (2022), which explored running
performances of age groups in the Belgrade Marathon from 2007 to 2019. The study found that the
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fastest group in the overall sample consisted of individuals aged 40-49, while the slowest group
comprised participants under the age of 30. However, this study revealed that the age group of 30-39
is the fastest when considering the top 10 finishers in each age group, which aligns with our findings.
As expected, the oldest age group of >60 naturally had the slowest participants.

The difference in average race speed between sexes in our study was highest among individuals aged
40-49 (10.37%), but decreased in younger and older age groups, reaching 7.3% in the oldest age
group. These findings provide partial support for recent studies that observed a gradual reduction in
the performance disparity between sexes as individuals enter older age groups (Nikolaidis et al., 2021;
Waldvogel et al., 2019; Yang et al., 2022).

The results of our study indicate that middle-aged runners exhibit a more evenly distributed PS
compared to both younger and older runners among both sexes. These findings are consistent with
other studies on the same topic, where the oldest age group consisted of runners younger than in our
study (65 and older, 60 and older, and 54 and older) (Cuk et al., 2021; Cuk et al., 2019; Nikolaidis et
al., 2019). Moreover, several studies (Nikolaidis & Knechtle, 2018a, 2019) suggest negligible
differences in speed variability through the race among various age groups, which is consistent with
our findings. One study observed no significant difference in pace variability across age groups
among female runners, whereas male runners younger than 30 and male runners older than 60
demonstrated higher pace variability compared to other age groups (Cuk et al., 2019). These slightly
differing results may be attributed to the considerably lower number of participants in our study,
particularly among female runners (N = 1276). The study by Nikolaidis and Knechtle (2017) found
that younger age groups had greater speed variability during the race compared to older age groups,
particularly among slower runners. In their study, they compared runners of different ages but within
the same race finish time groups. It is expected that the differences would be smaller when
considering the entire sample within an age group, regardless of the final race result. Therefore, if
they found significant differences in this analysis, it can be concluded that young people have a less
consistent pace.

The study by Kais et al. (2019) categorized participants into two age groups: veterans (runners over
40) and non-veterans (up to 40 years old) who took part in the World Marathon Majors races in 2015.
They specifically compared the pace between the first and second half of the race and found that the
veterans had a more consistent pace when considering race results and sex. However, it is important
to consider narrower ranges of age groups for a more detailed analysis. Therefore, it is crucial to
differentiate between different age categories, such as 40-49 and 50 years and older, when referring
to older runners. In our study, middle-aged runners were approximately between the ages of 30 and
49 years old, younger runners were under 30, and older runners were 50 years old and above.

All age groups of runners in our study show a decrease in speed variability up to the fourth segment,
followed by a negative increase in the fourth segment, and then another decrease in the fifth segment,
indicating the presence of an ES. Similar pace at the start was observed in most age groups between
sexes. However, female runners showed a slightly higher decrease in the second segment, followed
by maintaining a more stable speed in the third segment and showing less decrease in the fourth
segment. As a result, female runners conserved more energy for a higher ES compared to male
runners. Very similar findings were observed by Nikolaidis and Knechtle (2018a) among age groups
of male and female runners in the 2015 New York City Marathon. A higher ES in females was also
observed when analyzing 11 years of the New York City Marathon (2006-2016) (Nikolaidis &
Knechtle, 2017).

More significant differences between age groups were observed in the first and fourth segments
among female runners of our study, while smaller significance was noticed in the other segments
(Table 14). This may indicate a tendency for different starting performances among most age groups,
followed by a similar stabilization of speed in the second and third segments of the race caused by
the accumulation of fatigue (Cuk, Nikolaidis, & Knechtle, 2019; Hanley, 2015). Furthermore, there
appear to be varying levels of fatigue resistance between age groups in the fourth segment, with
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similar final accelerations when the finish line is very close. The challenge of fatigue resistance in
older runners may arise due to the morpho-physiological changes that occur with age (Hawkins &
Wiswell, 2003; Tanaka & Seals, 2008; Visser, 2021), as will be explained later in this section.

As observed in Figures 22 and 23, the youngest age group among male runners and the oldest and
youngest groups among female runners, demonstrated the most pronounced ES compared to other
age groups. The findings regarding the most pronounced ES in male runners align with the study by
Cuk et al. (2019), where the percentage faster or slower than the average speed in the fourth segment
was used. When calculated in the same manner, the results of our study, as presented in Table 7,
revealed that among male runners, the highest ES of 2.77% was observed in the youngest group. This
was followed by the oldest group and runners aged 60-69, 30-39, and 50-59 (with ES values of 1.11%,
1.1%, 1%, and 0.81% respectively). The smallest ES of 0.5% was observed in the 40-49 age group.
Table 9, shows quite different results in female runners, with the highest ES in the oldest group
(3.91%). This was followed by the youngest group (3.62%) and runners aged 30-39, 50-59, 40-49
and 6069 (2.9%, 2.5%, 2.48% and 2.34%, respectively). A much higher ES was observed in female
runners compared to males across all age groups, which aligns with the study by Nikolaidis et al.
(2019). Greater stability in pace and reduced decline observed in recreational female runners during
the marathon can be attributed to their characteristic approach (De Leeuw et al., 2018; Hernando et
al., 2020; Hubble & Zhao, 2016; March et al., 2011; Stojiljkovi¢ et al., 2020). This suggests that
females exercise more caution and conserve energy during the race, which provides them additional
energy for the ES (Koning et al., 2011). In the study conducted by Hernando et al. (2020), it was
discovered that female runners exhibited a speed advantage of up to 4.5% over male runners during
the final kilometers, specifically from the 40" km to the finish line. This finding further confirms the
previously mentioned observations.

Since we analyzed age decades in our study, we calculated average values for compatible decades
based on the results of the Cuk et al. (2019) study. In their study, the youngest group among male
runners showed the most pronounced ES (2.04%). This was followed by the runners aged 30-39
(0.82%), 50-59 (0.75%), 40-49 (0.38%), and the lowest value, shown in the oldest group, aged >60
(0.31%). Among female runners, the most pronounced ES was observed in the youngest group
(2.73%). This was followed by the group aged 40-49 (2.67%), 30-39 (2.62%), 50-59 (1.99%), and
the lowest value, in the oldest group aged >60 (1.88%). When we combined the findings from the
two oldest female groups in our study to create a single age category of 60 and above, with the
intention of comparing these outcomes to the results in the same age category in the study conducted
by Cuk et al. (2019), we also observed the highest ES in the youngest group. Therefore, the results
showing the highest ES in the youngest age groups in both sexes from the study by Cuk et al. (2019)
fully align with ours, but only partially with other data. Considering that the characteristics of age
groups participating in marathons can vary over time (Reusser et al., 2021), the partial consistency
observed may be attributed to the larger participant pool in our study, which spanned 17 consecutive
years, compared to their study, which only considered a single year. Similar results to those among
male runners in our study were found in the study conducted by Nikolaidis et al. (2019). It also
showed the lowest ES among female runners in the youngest and oldest groups, which is completely
different from the results from our study. However, it is important to note that the oldest group in
their study consisted of individuals older than 54, so we could not observe any further differences in
this age range. Moreover, the distinct configuration of the running tracks in the Ljubljana and Vienna
Marathons could have influenced pace variability in specific age groups, considering the morpho-
physiological changes that occur with age (Hawkins & Wiswell, 2003; Tanaka & Seals, 2008; Visser,
2021). These changes will be described in the following text.

A study done by Nikolaidis and Knechtle (2019) which examined data spanning 2006 to 2016 from

the New York City Marathon, revealed that older age groups exhibited less even pacing compared to

younger ones, despite having similar performance levels. These performance levels were defined

within each age group separately. The comparison between younger and older high-performing

runners points to the distinction between faster and slower runners, as younger individuals are faster
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than their older counterparts (ibid.). Therefore, the researchers attributed these differences in PS to
the age-related variation in physiological and training characteristics (Hawkins & Wiswell, 2003;
Tanaka & Seals, 2008; Visser, 2021).

Given that VO2max, lactate threshold, and running economy are crucial factors affecting endurance
performance (Joyner, 1991; Joyner et al., 2011), it's worth noting that the former two decrease with
age (Lee et al., 2019; Tanaka & Seals, 2008), while running economy remains stable in trained adults
until around age 60 (dos Anjos Souza et al., 2023). It is considered that the main cause of performance
decline in older runners is the gradual reduction of VO2max, estimated to decrease by approximately
10% per decade due to central and peripheral changes (Hawkins & Wiswell, 2003; Tanaka & Seals,
2008). Morphological changes, such as decreased lean body mass and increased infiltration of fat into
muscles, also have an impact on performance (Maharam et al., 1999; Visser, 2021). Age-related
muscle atrophy becomes noticeable around the age of 50, with an annual loss of skeletal muscle mass
ranging between 0.26% and 0.56% for individuals up to the age of 70 (Faulkner et al., 2008; Visser,
2021).

It has been suggested that aging leads to a decline in endurance exercise performance, primarily due
to a decrease in the intensity and volume of exercise that can be sustained during training (Nikolaidis
& Knechtle, 2019). Taking this evidence into consideration, older runners may face challenges in
maintaining their training levels as they age.

There is evidence that aerobic capacity may help in maintaining speed during long-distance races
(Nikolaidis & Knechtle, 2018b). Since the younger and older runners in our study demonstrated lower
overall race speed compared to middle-aged runners, a lower aerobic capacity of these groups may
be attributed to higher speed variability (Nikolaidis & Knechtle, 2018b). Younger runners, due to
their relative youth, typically have less experience in comparison to middle-aged and older
individuals, especially in long-distance running. This limited running experience can result in less
consistent PS (Deaner et al., 2015). All of the aforementioned findings regarding age-related
differences align with the results of our study, which showed higher speed variability throughout the
race in runners aged up to 30 and 50 and older compared to middle-aged individuals.

Certain findings suggest that regular exercise plays a role in mitigating the decline of performance in
experienced athletes who are at a master’s age (>40 years) (Nikolaidis et al., 2018). This was
supported by the observation that skilled master cross-country skiers employ PS comparable to those
used by younger skiers, indicating the beneficial effects of regular physical activity (ibid.). These
findings may partially explain the similarity in PS between the youngest and oldest age groups
observed in our study, despite the morpho-physiological changes that come with aging.

The impact of increasing outside temperatures on runners varies depending on their age, with a greater
negative impact observed in males aged 30-64 and females aged 40-64 (Weiss et al., 2022). Since
older runners typically run at a slower pace than younger ones due to physiological and morphological
changes associated with aging, they spend more time covering the same distance. Higher outside
temperatures during a race may have a greater effect on their decrease in speed and overall PS.

Concerning the age-related variation in physiological and training characteristics (Hawkins &
Wiswell, 2003; Tanaka & Seals, 2008; Visser, 2021), psychological factors such as overconfidence
and competitiveness (Dechow & Allen, 2023; Hubble & Zhao, 2016) may not be the primary reasons
for the faster race start observed in older runners compared to other age groups. Since running a
marathon distance can cause severe muscle damage (Del Coso et al., 2013, 2017) and intolerable
homeostatic disturbances (Berndsen, Lawlor, & Smyth, 2020; Smyth, 2021), it is not a race that can
or should be undertaken frequently. Considering the gradual decline in performance as age advances,
planning the PS from race to race can be challenging for older runners. In addition, each marathon
experience brings unique sensations, differing from those at training sessions, which means that older
runners may face their declining capabilities during the race.
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8. LIMITATIONS OF THE STUDY AND FUTURE RESEARCH

One limitation of this study is the absence of supplementary information regarding other factors that
might influence pacing, such as prior training regimen, experience in distance running and racing, or
anthropometric characteristics. It should be noted that over the 17 years of the Vienna City Marathon,
performance groups were established separately for sexes and races, and variations in weather
conditions and participant numbers across different years could potentially impact the consistency of
these divisions.

Conducting a comprehensive investigation into the PSs of half-marathons and marathons,
encompassing additional data on previous training routines, motivation, running and racing
experience, and anthropometric characteristics, is recommended. Moreover, since the weather has
been changing slightly over the years, which may impact PSs, it may be worth exploring the
possibility of making a more comprehensive subdivision of performance groups for each year. It
would also be interesting to examine PS in non finishers since it is likely that they experienced
difficulties due to an unsuccessful PS or suffered injuries that hindered their progress.
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9. POTENTIAL SIGNIFICANCE AND PRACTICAL
APPLICATION OF THE RESEARCH

The fact is that half-marathon and marathon running is a widespread physical activity worldwide with
increasing participation each year. Since PS plays an important role in reducing the risk of significant
homeostatic imbalances and achieving results in these disciplines, the analysis of these strategies has
significant practical implications. Since a substantial portion of the participants in the Vienna City
Marathon were international runners, we may eliminate the influence of a single nation. With a large
and diverse sample, which likely represents the overall population of runners, the results can be
generalized.

The novelties of this study are:
1. Analysis of a large sample of participants.

2. Analyses of half-marathon PSs were conducted by considering three factors: performance
levels, sex and age — an approach adopted due to the limited availability of studies incorporating
these specific factors in the context of half-marathons.

3. Comparison of half-marathon and marathon races held on the same day, on the same track, and
under similar external conditions.

4. Analysis and comparison of half-marathon and marathon PSs were conducted based on three
factors: performance level, sex and age.

The even pacing profile observed across different editions of the same race enables effective PS to
be planned. The research results may provide valuable information to experts, coaches, athletes, and
recreational runners when it comes to controlling fatigue during efforts to achieve the best possible
race results. This information is specific to the length of the race, performance level, sex and age of
the runners. The practical significance of this research lies in its ability to adopt a specific approach
to the entire training process, individual training sessions, and races based on these subcategories.
One potential approach is to focus on educating the specific subcategories that have shown
insufficient knowledge and experience in PS during long-distance races. These particular
subcategories include marathon runners in comparison to half-marathon runners; slower runners
compared to faster ones; female runners compared to male runners in half-marathons; male runners
compared to female runners in marathons; younger and older runners in contrast to male runners aged
40-59 and female runners aged 40-49, in half-marathons; younger and older runners compared to
runners aged 3049, in marathons.

By developing awareness and skill in managing fatigue during the training process and race, the risk
of intolerable homeostatic disturbances and injuries could be reduced, allowing runners in every
category to achieve better results and more positive subjective feelings during the race. Since the
majority of participants in mass races are recreational runners, it is crucial to educate them properly
so that running helps enhance their well-being in terms of health and quality of life rather than the
opposite. This way, negative health consequences resulting from poor PS would be avoided, and the
motivation of runners to continue engaging in running would be increased.

Besides theoretical education, a significant focus should be placed on training these runners to
practice running at an even pace. This approach would allow them to utilize their energy efficiently
and distribute it effectively from the very beginning of the race. Failure to do so increases the risk of
early energy depletion or overly conservative pacing, which can negatively impact performance and
lead to compensatory “end spurts”. Since a highly pronounced end spurt can pose health risks to
runners, it is crucial to target certain subgroups based on race, performance level, sex, and age and
provide them with the specific education they may need. The subgroups we compare that require
particular attention regarding the health implications of an ES include half-marathon runners
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compared to marathon runners, slower runners compared to faster ones, younger runners compared
to older ones, and female runners compared to male runners. Among these subgroups, the youngest
male and female half-marathon runners, as well as the slowest runners in the half-marathon category,
are considered the most critical.

Specific practical approach to individual training sessions for runners in these subcategories could be
applied in the so-called “long runs” Long runs are typically performed once in a microcycle (which
usually lasts 7 days), at a consistent pace, covering the longest distance and lasting the longest. During
certain long runs, runners can practice appropriate target speed for a half-marathon or marathon race,
depending on the performance level, sex and age of the runner.

Since achieving an even PS can be challenging to master, it is advisable to suggest beginners and less
experienced recreational runners to maintain a negative PS. Specifically, they should avoid letting
the adrenaline rush, the presence of other runners, and the initial feeling of being well-rested make
them start the race at an excessively rapid pace. Instead, they should begin the race at a slower pace
than the anticipated average race pace. This slower pace can be sustained throughout the initial one-
third of the race, followed by a gradual speed increase in the second third to reach the planned average
race pace. In the final one-third of the race, runners may consider increasing their pace a bit, either
slightly exceeding the originally planned average race pace or maintaining their current pace if they
find it appropriate. By adopting a negative PS, runners can help prevent homeostatic imbalances and
potentially improve their overall performance, considering that achieving an even PS is more
challenging to master.

Since PS also depends on external conditions, the research results could be significant in choosing a
race where the runner could achieve the best result based on terrain configuration, weather forecast,
time of year, etc. Additionally, they could provide the foundation for effective planning of PS during
the race itself, resulting in an optimal pace and better final race result for the specific category of the
runner.

Any runner from a specific category, equipped with the necessary knowledge and skills to plan an
optimal PS, could choose a better pace at the beginning of the race to maintain the planned strategy
until the end. Since pace depends on both internal and external factors at any given moment, the
runner could better predict their capabilities in any given conditions and follow the planned PS to
achieve the best result. Furthermore, the influence of other runners’ paces on the race, which might
be less favorable for maintaining optimal PS throughout the race, would be reduced.
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10. CONCLUSIONS

10.1. Comparison of Pacing Strategies in the Half-Marathon and
Marathon

Our findings indicate that both races displayed a positive PS with an ES, considering the overall
sample. We observed a significant practical impact of the segment CS influence, although only a non-
significant difference was noted between the fourth and fifth segments in the marathon. Half-
marathon runners demonstrated a more evenly distributed PS throughout the race but exhibited a
more pronounced ES compared to marathon runners. The difference in ACS between races was
significant, but had limited practical significance.

Our findings also revealed that the influence of performance level had significant practical
implications on ACS. Faster runners exhibited a more evenly distributed PS compared to slower
runners in both races and among both sexes. Among men, half-marathoners displayed a more
consistent PS compared to marathoners within each performance group, while among female runners,
the opposite trend was observed. However, the difference in ACS between races was of minimal
importance in both sexes.

The findings indicate that female runners exhibited smaller speed variability in longer race compared
to male runners, whereas male runners displayed lower speed variability in shorter race. The
disparities between sexes were more pronounced in the marathon compared to the half-marathon, but
the difference between the races had minimal practical significance.

Male runners aged 40-59 and female runners aged 40-49 exhibited a more evenly distributed PS
compared to younger and older groups in the half-marathon. The observed data showed a notably
distinct situation within the group aged 30—49 in both sexes in the marathon, as they maintained a
more evenly distributed PS than younger and older runners. Based on these findings, we can conclude
that the specific age groups with the lowest ACS differed depending on the race type, and in the half-
marathon, it also varied based on sex. Within each age group among male runners, more consistent
PS was observed in the half-marathon compared to the marathon. However, all these differences had
minimal practical significance. When it comes to female runners, the collected data showed no
significant difference in ACS between the half-marathon and marathon races.

10.2.  Analysis of Pacing Strategies in the Half-Marathon

A positive PS was observed in the overall sample of half-marathon runners, indicating that each
segment’s average speed was slower than the previous, except the last one, where a noticeable ES
was observed. The practical significance of the differences in mean speed between segments was
shown to be substantial.

Our findings revealed a positive PS with an ES in all performance groups and both sexes in the half-
marathon. A notable practical significance of the segment CS influence was observed. In addition,
the influence of the performance level on ACS was found to have a noteworthy level of practical
significance as well. Faster runners demonstrated a more evenly distributed PS through the race
compared to the slower runners also in both sexes, while slower runners exhibited a higher ES
compared to the faster ones. Male runners had more evenly distributed PS compared to female runners
within each performance group, but the differences between sexes had minimal practical significance.

A positive PS with an ES was observed in the half-marathon in both male and female runners. The
significant practical impact of the influence of segment CS was observed, with each segment differing
significantly from another in both sexes. Male runners demonstrated a more evenly distributed PS
throughout the race compared to female runners, with smaller speed changes in most race segments.

97



Female runners exhibited a higher ES compared to male runners. However, the differences between
sexes had trivial practical significance.

Our study found a positive PS with an ES in all age groups and both sexes during the half-marathon
race. Male runners aged 40-59 and female runners aged 40—49 exhibited a more evenly distributed
PS compared to the younger and older groups. The youngest age group showed the most pronounced
ES in both sexes, with females showing a more pronounced effect. Female runners exhibited
significantly greater speed variability throughout the race compared to male runners in the age groups
of 40-69. In the age group of 30—39, the situation was reversed, showing slightly more speed changes
in male runners than in female runners. However, all of these differences had minimal practical
significance.

10.3.  Analysis of Pacing Strategies in the Marathon

Our findings revealed positive PS with an ES in the overall sample of marathon runners. A significant
difference and substantial practical impact were observed in the mean speed between segments, with
each segment, except the last one, being slower than the previous one.

Our observations revealed a positive PS with an ES in most performance groups and both sexes in
the marathon race. However, it is worth noting that an absence of an ES was only noticed in the male
HL performance group. A significant practical impact was observed in the influence of segment CS,
indicating a considerable difference in the CS between each segment for both sexes. The performance
level of participants significantly influenced their ACS throughout the race, with medium practical
significance, irrespective of sex. Faster runners demonstrate a greater consistency in their pace
compared to slower runners. Female runners generally exhibited a more evenly distributed PS within
each performance group, although the practical significance of differences between sexes was limited.

The study observed a positive PS with an ES in both male and female marathon runners. A significant
influence of segment CS was observed, with a medium practical significance, as each segment
showed notable differences from one another in both sexes. Female runners showed a more evenly
distributed PS compared to their counterparts, with lesser variations in speed throughout each
segment of the race. Moreover, female runners displayed a greater ES when compared to male
runners. Nevertheless, the disparities between the sexes held minimal practical significance.

A positive PS with an ES across all age groups and both sexes was observed. The middle-aged group
(3049 years old) displayed a more evenly distributed PS compared to the younger and older groups,
regardless of sex. The youngest group of male runners showed the most pronounced ES, while both
the oldest and youngest groups of female runners exhibited a higher ES compared to the other age
groups. Male runners showed significantly greater speed variability than female runners across all
age groups up to 69 years. However, the practical significance of all these differences was found to
be trivial.
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buorpadmja

Pucranosuh ([yman) JbyOuma, pohena 08.09.1995. romune y CmenepeBy, pemybonuka Cpouja,
3aBpIImMia OCHOBHY mikoiy , KuBomup CaBkoBuh y KoBauesity, kao ,.hak reneparuje” u cpeamy
mkoiy I'mMHa3ujy y MiazieHoBIy ca oanudHuM ycrnexoM, 2014. roaune.

Ha VYuuBepsutery y beorpany — ®akynrery cropta U (DU3HYKOT BacIHUTama je IUILIOMHpAla
mkosicke 2017/18. rogune Kao ,,cTyAeHT reHepanuje”. Ha ucrom dakynrety je 3aBpmmia Mactep
akaneMcke ctyauje mkojcke 2018/19 u ynucana JIokTopcke akajgeMcKe cTyauje. YIopeIo ca OBUM
cTyaujama je 3aBpmuia Macrep akamemcke cryauje, mkoicke 2020/21, na YHuBep3uteTy y
beorpany — Memunuackom ¢dakynrery. Tokom oBux Mactep akaIeMCKHX CTyIdja je IPEKO
ERASMUS+ npojexra npoena jenan cemecrap, mkoicke 2019/20, Ha YHuUBep3UTETY 3a CIOPTCKE
Hayke y Pumy — dakynrery ,,Dopo Uranuko®, Ha cTpydyHOM ycaBpiiaBamwy. TokoMm J[OKTOpcKux
aKaJeMCKUX CTyHja je MPEeKO HCTOT MpojeKTa MpoBela jeJaH cemecrtap, mmkoicke 2022/23, Ha
Yuusepsutety y I'panaqu — DakyiTeTy 3a CIIOPTCKE HAYKE, HA CTPYYHOM yCaBpIIaBamby.

Tokom OcHOBHHX akajgeMckux cryauja, 2016. roguHe, mpoBena je YeTUpH Mecena Ha AJbaciu y
CAl-y, npexo ,,Work and Travel* nporpama 3a ctyzeHnre. Y TOKy OBOT IlepHO/ia j€ CTeKJIa 3Ha4ajHO
’KHBOTHO UCKYCTBO, pajaehu BaH cBoje cTpyKe, Kao XocTeca, MOMONHU KyBap M KacHupKa.

Tpenupana je kapare 10 roguna y xapare Kiyoy ,,MitageHoBai™ 1 HOCWIAIl je mpHor nojaca 1. Jlan
U TUuTYyJe ,,MajcTop Kaparea“. OcBajay je HallMOHAIHUX U Mel)yHapOJIHHUX Me/Iajba y OBOM CIIOPTY.
On Tama ce pekpeaTHBHO 0OaBU TpUameM, a IMOCICABUX IMET TOJWHA W TPUATIOHOM. PemoBHO
y4eCTBYj€ Ha TPKaMa Pa3IHUUTHX AUCTAHIIH.

TpenyTHO je 3amocieHa Ha ojapeheHO BpeMe, Kao acucTeHT, Ha DakynreTy cropra U (GU3NIKOT
BacnuTama, Ha Kareapu 3a Teopujy u MeToi010rHjy ciopTa u pekpeanuje. Ha ncroj Kareapu je Ouna
aHT@)XOBaHA Y HACTaBU Kao CapaJHUK BaH pagHOr OJHOCA (IeMoHcTpaTop) of mmkoicke 2018/19.
roguHe. Panu xao tpenep y ,,BRAVEHEARTS® pekpeatuBHoM kityOy on maprta 2023. roauHe, a
HajBehe MpakTUYHO UCKYCTBO je CTeKa y ,,beorpaackom Tpkaukom KiyOy*, rae je paauia 6 roguHa
Kao TpeHep peKpeaTUBHUX Tpkaua. [lopen rpynmHuX TpeHUHTa, paay U UHIWBHIyallHE TPEHUHTE ca
pekpeatuBnuma y putHecy ox 2017. ronune.
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The pacing differences in
performance levels of marathon
and half-marathon runners

Ljubica Ristanovié!, Ivan Cuk®, Elias Villiger?, Stanimir Stojiljkovié!,
Pantelis T. Nikolaidis®**, Katja Weiss® and Beat Knechtle*®*

‘Faculty of Sport and Physical Education, University of Belgrade, Belgrade, Serbia, “Elinik fir Allgemesine
Innere Medizin, Kantonsspital St. Gallen, 5t Gallen, Switzerland, *Exercise Physiology Laboratory, Mikaia,
Greece, “School of Health and Caring Sciences, University of West Attica, Athens, Greece, *Institute of
Primary Care, University of Zurich, Zurich, Switzerland, *Medbase St Gallen Am Vadianplatz, 5t Gallen,
Switzerland

Introduction: Many studies indicate a considerable impact of optimal pacing on
long-distance running performance. Given that the amount of carbohydrates in
metabolic processes increases supralinearly with the running intensity, we may
observe differences between the pacing strategies of two long-distance races
and different performance levels of runners. Accordingly, the present study aimed
to examine the differences in pacing strategies between marathon and half-
marathon races regarding the performance levels of runners.

Methods: The official results and split times from a total of 208,760 (marathon,
N=75492; half-marathon, N = 133,268} finishers in the "Vienna City Marathon”
between 2006 and 2018 were analyzed. The percentage of the average change
of speed for each of the five segments (C5 1-5], as well as the absclute change
of speed (ACS) were calculated. The CS 1-5 for the marathon are as follows:
up to the 10th km, 10th — 20th km, 20th — 30th km, 30th — 40th km, and from
the 40th km to the 42.195km. For the half-marathon, the CS 1-5 are half of
the marathon values. Four performance groups were created as quartiles of
placement separately for sexes and races: high-level (HL), moderate to high-level
{MHL), moderate to low-level (MLL), and low-level {LL).

Results: Positive pacing strategies (i.e, decrease of speed) were observed in
all performance groups of both sex and race. Across CS 1-5, significant main
effects (p<0.001) were observed for the segment, performance level, and their
interaction in both sex and race groups. All LL groups demaonstrated higher ACS
{men 79 and 6.05%, as well as women 5.83 and 545%, in marathon and half-
marathon, respectively), while the HL performance group showed significantly
lower ACS {men 4.14 and 2.97%, as well as women 3.16 and 2.77%, in marathon
and half-marathon, respectivelyl. Significant main effects {p<0.001) for the race
were observed but with a low effect size in women (nf = 0.001).

Discussion: Better runners showed more even pacing than slower runners. The
half-rnarathoners showed more even pacing than the marathoners across all
performance groups but with a trivial practical significance inwomen.
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Nwme u pesume aytopa: Jbyouna Pucrtanosuh

Bbpoj unnekca: 5006/2019
UsjaBibyjem
71 je TOKTOpCKa ucepTaluja Mo HaCJI0BOM

»Pacing strategy in half-marathon and marathon based on performance level, sex and age*
(»,CTparernja remna Tpyama MOJyMAPATOHA M MAPATOHA Y 3aBUCHOCTH O/ TAKMUYapCKe
YCIIEIHOCTH, 110J1a U CTAPOCTH*)

® pPE3yiTaT COICTBEHOI UCTPAKUBAYKOL Pasia;

e J1a IWCEpTalHja y MEITUHU HH Y JISJIOBHMA HUje OWJia MPEUI0KECHA 33 CTUIALE JIPYTe
JMIUIOME TIpeMa CTYANjCKUM ITPOrpaMUMa JAPYTUX BUCOKONIKOJICKHX YCTaHOBA,;
e J1a Cy pe3ysITaTH KOPEKTHO HABEICHH U

® J1a HUCaM KpI_I_II/IO/ JIa ayTOpCKa IIpaBa u KOpI/ICTI/IO/ JIa UHTCJICKTYyaJIHYy CBOj HUHY ApYyTux Jmga.
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M3jaBa 0 HCTOBETHOCTH IITAMIIAHE U €JIEKTPOHCKE Bep3Hje JOKTOPCKOT pajaa

Nwme u pesume aytopa: Jbyouna Pucrtanosuh
bpoj unnekca: 5006/2019
Crynujcku mporpam: EkcriepuMeHTalIHe METO/IE HCTPAKUBAkha XyMaHEe JJOKOMOITH]e

Hacnos pana: ,,Pacing strategy in half-marathon and marathon based on performance level, sex
and age“ (,Crpareruja Temma Tp4Yamka IOJYMApaTOHAa M MAapaTOHA y 3aBHCHOCTH O]
TAKMHYAPCKe YCIEIHOCTH, 110J1a U CTAPOCTU )

MenTopu:
1. np Craaumup CrojuspkoBuh, pernoBHH podecop

2. np VBan Ryk, noueHT

W3jaBspyjeM na je mrammana Bep3uja MOT TOKTOPCKOT pajia HCTOBETHA €JICKTPOHCKO] BEP3HjH KOJy caM
npeao/na paau noxpamusama y JJururannom penosuropujymy YHuBep3utera y beorpany.

Jlo3BoJbaBaM Ja ce 00jaBe MOjH JIUYHHU TIOJJAIM BE3aHH 3a I0OHjambe akaJeMCKOT Ha3uBa JIOKTOpa HayKa,
Kao IIITO Cy M€ U TIPe3rMe, TOAMHA U MECTO pol)era 1 JaTyM oJi0paHe paja.

OBM JIMYHU TMOJAaUM MOTYy ce O00jaBUTH Ha MPEXKHUM CTpaHMIAMa [UTHUTaIHEe OHOIHOTeKe, Y
€JIEKTPOHCKOM KaTajory U y nmyOiukanujama Y HuBepautera y beorpany.
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N3jaBa o kopumhemwy

Ognamthyjem YHuBep3urercky oubnmorexy ,,CBerozap MapkoBuh® na y Jlurutannu peno3uTopujym
VYuusep3urera y beorpany ynece Mojy JOKTOPCKY TMCEPTAIH]y 11O/ HACIOBOM:

»Pacing strategy in half-marathon and marathon based on performance level, sex and age*
(»,CTparernja remna Tpuama MOJyMAPaTOHA M MAPATOHA Y 3aBUCHOCTH O/ TAKMUYapCKe
YCHELHOCTH, M0JIa U CTapOCcTH)

KOja je MOje ayTOPCKO JEO.

Jlucepranyjy ca CBUM IpHJIO3UMa Tpeao/aa caMm y eJIeKTPOHCKOM (GopMaTy MOTOJHOM 3a TPajHO
apXUBUPAIHE.

Mojy HOKTOPCKY IUCepTaldjy IMOXpameHy y JWTUTaTHOM pEeno3uTOpHjyMy YHHBEpP3UTETA Y
beorpany u nocTymHy y OTBOPEHOM MPHUCTYIy MOTY Jia KOPUCTE€ CBU KOjU TOWITYjy onpenode
caapkane y omabpanom tuiry juinenne Kpearusae 3ajeqauie (Creative Commons) 3a Kojy caMm ce
OJlTYy4YHO/Ta.

1. Ayropctso (CC BY)

2. AytopctBo — Hekomepujainao (CC BY-NC)

@AYTOpCTBO — HekomepirjaiHo — 6e3 npepaaa (CC BY-NC-ND)

4. AyTopcTBO — HEKOMEpIHjaHo — neiutu moja uctum yciaosuma (CC BY-NC-SA)

5. AytopctBo — 6e3 npepana (CC BY-ND)

6. AytopcTBo — nenutr o uctuM ycnosuma (CC BY-SA)

(Monumo 1a 3a0Kpy’KUTE caMo jeAHY O]l IIeCT MOHYHEeHUX JIUIEHITH.
Kparak onuc nurieHIu je cacTaBHU JIE0 OBE M3jaBe).
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1. AytopcTBo. /[03BOJbaBaTE YMHOKABAKE, TUCTPUOYIIM]Y U JaBHO CAOIIITABAKE JIeJia, U TIpepaje,
aKo ce HaBeJIe MME ayTopa Ha HauuH ojpeheH ol cTpaHe ayTopa WM JaBaolia JUIICHIIE, YaK U Y
KoMepirjanHe cBpxe. OBO je HajcI000IHH]ja O CBUX JIUIICHIIH.

2. AyrtopcTBO — HekoMepuujaaHo. Jlo3BosbaBaTe YMHOXKaBamke, AUCTPUOYIU]y U jaBHO
caomInTaBame Jeja, ¥ pepaje, ako ce HaBeJle UMe ayTopa Ha HauuH oJipel)eH 0J] CTpaHe ayTopa Wil
nasaoria jauienie. OBa JIMIEHIIa He 103B0JbaBa KOMEPIIHMjaHy yIoTpeOy nena.

3. AYyTOpCTBO — HeKOMepIHjajHo — 0e3 nmpepajaa. /[03BoJbaBaTe YMHOKaBaWkE, TUCTPUOYIH]Y U
JaBHO CaoMILTaBame Jena, 0e3 MpoMeHa, MPeodIMKOBakba N YIOTpede /1ena y CBOM JeTy, ako ce
HaBeJle Me ayTopa Ha HauuH oJipel)eH o cTpaHe ayTopa Wiu aaBaona juireHie. OBa JuleHIa He
7I03BOJbaBa KOMEPLMjaIHy yIOTpeOy /ena. Y OIHOCY Ha CBE OCTalle JIUICHIIe, OBOM JIMLIEHIIOM Ce
orpanuvaBa Hajsehn oO6um mpaBa kopuithema jena.

4. AYyTOPCTBO — HEKOMEPUHjaJTHO — JIeJIUTH MO UCTUM yca0BUMA. [[03BOJbaBaTe yMHOKABamE,
IUCTPUOYILIM]Y U JaBHO CAOIIITaBame Jelia, U Mpepajie, ako ce HaBee UMe ayTopa Ha HauuH ojpehen
0]l CTpaHe ayTopa WJIM JaBaola JUIEHIIE U aKo ce Ipepaja AUCTPUOyHpa MO UCTOM WIN CIUYHOM
muneHnoM. OBa JIMIEHIa He T03BOJbaBa KOMEpIUjalHy yIoTpeOy Jena u npepaja.

5. AyTopcTBO — 0e3 mpepajaa. /[03BosbaBaTe YMHOXKaBaWke, JUCTPUOYIIM]Y U JABHO CAOIIITABAHE
nena, 6e3 mpoMeHa, IpeoOIMKOBamka WK yIIOTpeOe Jiea y CBOM JIeiy, aKO Ce HaBe/le MMe ayTopa Ha
HauuH ozpeheH of cTpaHe ayTopa WM naBaona jureHie. OBa JMIeHIa 103B0JbaBa KOMEPIIH]jaTHY
ynotpeOy nena.

6. AyTOpCTBO — 1eJINTH MO HCTUM ycaoBuMAa. [[03BoJbaBaTe yMHOKABAKE, JUCTPUOYITN]Y U jJABHO
CaoIITaBame Jeia, U pepaje, ako ce HaBe/Ie UMe ayTopa Ha HauuH oJpeleH o1 cTpaHe ayTopa uiu
JlaBaolia JULEHIIE U aKo ce Ipepaja JUCTpuOyrpa ol UCTOM WM CIIMYHOM JinieHIioM. OBa JInleHna
J103BOJbaBa KOMEPLIUjaTHy yrnoTpeOy aena u npepaaa. CinyHa je cCoPTBEpCKUM JIMILIEHIIaMa, OTHOCHO
JUIEHIIaMa OTBOPEHOT KO/1a.
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