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Abstract
The dearth of investigations utilising cohorts from the highest performing international female rugby union teams in the world, prompted this thesis, which provides the first insights into the match and physical performance characteristics of such cohorts. The thesis also explored the interactions between key technical performance indicators during specific collision events, and physical characteristics. Initially longitudinal investigations were constructed (chapters 3 and 4) to describe changes in match physical demands and physical performance characteristics of international female rugby union matches and players respectively. chapter 3 highlighted longitudinal increases in high intensity acceleration and deceleration demands, and greater collision and locomotive outputs during short epochs, when competing against higher standard opposition. The magnitude of differences between positions, for physical characteristics such as sprint speed and aerobic running performance, increased over time, indicating disproportionate evolution of physical characteristics in certain positions, to underpin the capability to meet positional demands at a greater level of intensity. The physical characteristics demonstrating largest longitudinal increases were those typically related to performance in contact events, such as mass, strength, power, and acceleration momentum. Chapter 5 subsequently investigated the relationships between physical characteristics and carry and tackle performance outcomes, showing that variability in these outcomes, could be accounted for by combinations of physical characteristics which were specific to position. This evidence inferred that the variation in technical demands of collision events according to tactical context, such as field position, determines which physical characteristics are related to collision performance outcomes. Chapter 6 revealed that different physical characteristics underpin different technical collision performance indicators. Chapter 6 concludes that bespoke training methods should firstly consider the typical collision events encountered according to a player’s tactical role. Subsequently, to perform effectively during these events, the development of specific technical capability and the relevant supporting physical characteristics, should be prioritised on an individual basis.   
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Chapter 1: Introduction to the programme of work

1.1. [bookmark: _Toc173169588]Research Overview
Rugby Union is an invasion team sport, played over two 40-min halves, with both teams competing to score the highest points. Historically played by men, the number of women playing rugby has increased, mainly since 1994, when the International Rugby Board (IRB) included the female version within the union and is now played in over 100 countries by over 200,000 women (International Rugby Board 2011; Suarez-Arrones et al., 2014). It has identical laws and pitch size as the male version but is far younger and less professionalised than male rugby union. Rugby union requires diverse physical attributes and skill sets, with 15 different field positions, which are individually named to reflect their distinct roles. These positions can be broadly categorised as ‘forwards’ and ‘backs’, reflecting the general roles and characteristics of players during matches. Much like male rugby union, there is a female Premiership, as well as a variety of amateur, geographically determined championship female teams. These teams all compete across a competitive season in England, which is governed by the Rugby Football Union (RFU). Players can be selected to play for their country and might also obtain a professional contract, but many players have amateur status. The recent introduction of professional contracts may have instigated developments in the female game, in relation to both the physical attributes of players and their performance on the field (Fuller et al., 2012; Hill et al., 2018). Indeed, the women’s game has progressed significantly in recent years in terms of both sport science and financial support (World Rugby Year in Review 2021). 

Considerable research has been conducted within male rugby union, documenting the morphological and physical performance characteristics of players (Fontana et al., 2014; Posthumus et al., 2019; Smart et al., 2013), match physical demands (Beard et al., 2019; Cunningham et al., 2016; Reardon et al., 2017) and notational match analysis (Colomer et al., 2020), at various standards of performance, thus, providing a robust body of descriptive literature.  Furthermore, research within male rugby union, reveals how certain match actions, such as metres made in attack and successful tackles relative to opposition (Bennett et al., 2019; Sella et al., 2019) underpin match winning performance, and are therefore referred to as performance indicators (PIs). The successful execution of such PIs is associated with certain physical characteristics, such as acceleration, leg power output and intermittent aerobic running capacity, among male players (Cunningham et al., 2016; Smart et al., 2013). Guidelines to practitioners, who must physically prepare male rugby players for the physical demands of competition and mitigate against injury, are therefore, well supported by an extensive research base within male rugby union. 

Despite the recent growth of participation levels in female rugby union, there remains a dearth of research conducted on females (Emmonds et al., 2019). The absence of a credible body of female-specific research literature stunts the development of performance enhancement and injury reduction strategies (Heyward et al., 2022). This is because; technical, tactical and physical support services may depend on findings from research using male samples on which to base their performance development programmes. However, the assumption that male and female rugby share identical technical, tactical, and physical characteristics is flawed. The male game became professional in 1995, whilst female rugby did not receive its first professional contracts until 2017, and there are currently only a small number of international female teams that are fully professional. It is well established that professionalism brought significant changes in the physical characteristics of players and match physical demands in male rugby union (Hill et al., 2017; Quarrie & Hopkins., 2007), presumably because of higher volumes and intensities of physical, technical and tactical training. It is unsurprising, therefore, that differences have been reported in the technical and tactical demands of elite female rugby union compared to elite male rugby (Hughes et al., 2017). The effective preparation of female players to meet the specific physical demands of the game, and mitigate against specific risk factors, is at best, based on anecdotal evidence. This is particularly true of the elite female game, for which, at the time of writing, there were no studies to provide practitioners with normative data regarding player physical performance characteristics, match physical demands, or injury risk factors. This is a concern given male reports suggest that these factors change with increasing performance levels (Beard et al., 2019; Smart et al., 2013; Viviers et al., 2018). Such significant disparity between resources and subsequent performance level in the female game means there are fewer competitive matches compared to male international rugby. Elite standard performance level within published female rugby union research, was defined by the sampled team’s recent performances (within the previous 2 seasons of publication) that were classified as close or balanced (0-9 and 10-26 final points difference respectively) (Gabbett et al., 2012; Ungureanu et al., 2021) during international matches against nations with top 2 world rankings, and/or were known to have currently awarded professional rugby union contracts and training programs.

1.2. Thesis objectives
The initial objective of this thesis was to describe, for the first time, the longitudinal changes in physical performance, and match performance characteristics, of female rugby union players who compete at the highest standard of international rugby union. This foundational evidence was deemed to be seminal in informing the direction of future research within female rugby union, and to provide the growing population of professional rugby union coaches and players with elite-standard normative data. Such data would inform the development of evidence-based physical preparation strategies to optimise rugby player’s capacity to tolerate the imposed demands and potential risk factors of elite-level matches. Consequently, the thesis aimed to further investigate the interaction between physical and technical characteristics and identify how these might underpin the ability to achieve positive outcomes in the collision zone. Such evidence would advance the specificity of elite-standard teams’ physical and technical performance frameworks for collision zone performance and provide clear guidelines to developmental nations regarding the fundamental skills and physical characteristics required to increase their international competitiveness. 

The wider, and ultimate objective of this thesis was to drive the underpinning theory and evidence to support physical preparation practices in both domestic and international standard female rugby union.   

1.3. Development of the research questions
The precise development of the research questions was informed by an initial systematic review of the current published research literature, which related to the physical performance characteristics and match physical performance, in the female rugby codes (union, sevens and league). The following sections describe the systematic review process that was undertaken and subsequently provides a comprehensive overview of the peer-reviewed sports science and medicine research literature. 

Subsequently, the following research questions were developed concurrently to the investigations and in accordance with their outcomes.
I. What are the physical match characteristics and physical performance characteristics of elite standard international female rugby union matches and players respectively, and how do these characteristics vary between discrete positions and when competing against higher or lower ranked opposition? 
II. How have these match and performance characteristics changed longitudinally, and with the introduction of professionalism?
III. Can anthropometric and physical abilities explain variance in match collision performance, among elite-standard international female rugby union players?
IV. How are technical match characteristics associated with successful collision performance outcomes, in the specific tactical context of carry and tackle events? 
V. How are physical characteristics associated with technical indicators of performance during the tackle and carry, among elite standard international female rugby union players?

1.4. Organisation of chapters

Chapter 2: Review of the literature

2.1. Systematic review of the literature
A systematic review was initially conducted to investigate the literature documenting the physical, physiological, and biomechanical characteristics of female rugby players across all playing levels (i.e. novice to elite). The methodology of the review was aligned to the PRISMA (preferred reporting items for systematic and meta-analysis) guidelines (Moher et al., 2015).

2.1.1. Data sources
Four electronic databases were systematically searched (PubMed, Sport Discuss, Medline and Google Scholar) using the following search terms either in isolation or in various combinations: ‘physiological’ AND ‘kinematic’ AND ‘kinetic’ AND ‘notational analysis’ AND ‘biomechanical’ AND ‘global positioning systems’ AND ‘movement’, ‘demands’ AND ‘female’ AND ‘rugby union’. 

2.1.2. Study selection
The titles and abstracts of articles yielded by the initial searches were scanned for eligibility according to the following criteria: 1) include rugby playing participants in both league and union (sevens and fifteens) and either sex, 2) encompassed elements of physical, physiological, notational (such as video footage analysis) or biomechanical factors in rugby league or union (sevens and fifteens). The complete texts of eligible studies were accessed, and pearling of each article’s reference list was undertaken to gather further relevant studies. Eligible studies were then reviewed according to the inclusion criteria listed in section 1.4. Following the initial review, the process was repeated by two independent reviewers for ratification purposes.



2.1.3. Outcome measures
The outcome measures were not strictly specified in this review. However, peer-reviewed studies were included if they contained: 1) female rugby players participating in rugby league or union (sevens and fifteens); 2) a training intervention or comparison involving female rugby players; 3) elements of: physical, physiological or biomechanical characteristics of female players. 

2.1.4. Results
The various search combinations yielded 5602 results. Further title scanning for relevance within each search, and removal of duplicates left 353 articles, of which 49 met all the inclusion criteria described in section 1.4. Due to the scarcity of female rugby literature, unpublished research articles were also included in the final search results. This equated to 3 research theses. The below PRISMA (Preferred Reporting Items for Systematic Review and Meta-Analyses) flow diagram highlights the systematic review process.
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Figure 2.1: A PRISMA (Preferred Reporting Items for Systematic Review and Meta-analyses) flow diagram to depict the identification and inclusion process of the review

Following the systematic review, those studies which met the inclusion criteria were critically analysed and interpreted in accordance with the thesis objectives and is described in the following sections. Throughout the text, comparisons and references are made to the male rugby literature to create context regarding the dearth of knowledge within the female codes. 

2.2. Match physical demands
Notational and time-motion analysis are fundamental components of sports performance analysis and investigate the type and frequency of player actions, and the temporal characteristics of matches (Hughes et al., 2004). Such analysis has provided fundamental insights into the match composition of the rugby codes, which, primarily consists of multiple repeated high intensity bouts of; high speed running, sprinting, accelerating, decelerating, and contact events including tackling, rucking, mauling, and scrummaging in rugby union and sevens. These bouts are interspersed with low intensity activity such as jogging, walking and standing still, and the duration of these high and low intensity bouts is highly variable (Henderson et al 2018; Johnston et al 2014; Higham 2013; Duthie 2003; Gabbett 2005). Investigations of temporal characteristics within female rugby remain sparse compared to the male codes, but it has been shown that the average duration of a passage of play, commonly termed ‘ball in play duration’, in provincial standard female rugby union (~31 seconds) (West et al., 2021), is comparable with those reported in male rugby union and sevens of ~32 and ~34 seconds respectively (Read et al., 2018; Reardon et al., 2017; Ross et al., 2014). The peak ball in play duration in this female report (~132 seconds), was, however, notably lower than the values reported for professional male rugby union players (~160) (Read et al., 2018; Reardon et al., 2017). Although the lower relative standard of play and amateur status of the female sample may explain these differences (Eaves et al., 2005; Fuller et al., 2013; Smart et al., 2013), sex specific nuances in technical abilities and tactical play might also be implicated (Hughes et al., 2017) (section 3.1.6). Male reports show that compared to rugby union and sevens, greater average and peak ball in play durations (~60 seconds and ~300 seconds respectively) occur in rugby league (Gabbett., 2015), whilst insufficient evidence exists in female rugby to make such comparisons. Indeed, male reports show that total ball in play during rugby league matches (~54 min) accounts for a larger proportion of total match time (~94 mins) (Gabbett & Hulin., 2018), compared to rugby union (~37 and ~90 minutes respectively) (Quarrie et al., 2011; World Rugby., 2017) and sevens (~8 min and ~17 minutes respectively) (Ross et al., 2014) resulting in typical ratios of ball in play: ball out of play, of ~1:0.7, ~1:1.5, and ~1:1.1 respectively (Duthie et al., 2003; Gabbett & Hulin., 2017; Ross et al., 2014; Suarez-Arones et al., 2012; World Rugby., 2017). That is, for every 1 minute of ball in play during a match, there would be 1.07, 1.5 and 1.1 minutes of ball out of play respectively. Female international and provincial standard rugby union investigations, however, report greater ball in play durations (51%) during matches (~41 minutes) (West et al., 2021; World Rugby., 2017), which might be accounted for by a bias towards attacking in wider spaces, and less kicking, resulting in a more continuous match structure, compared to male rugby union (Hughes et al., 2017) (section 3.1.6). 

Rugby league and sevens are, therefore, more continuous games than rugby union, and evidence of sex specific nuances in tactical behaviours and temporal characteristics also exist, which may impact the match physical demands of female players differently compared to their male counterparts. These general trends of variation in temporal composition between codes are largely accounted for by differences in the laws, and the number of players per team, with fifteen, thirteen and seven players in union, league and sevens respectively. These factors translate to greater competition to win the ball from the lineout, ruck, maul and scrum within rugby union compared to league and sevens (Glassbrook et al., 2022; Johnston et al., 2014; Virr et al., 2013; West et al., 2021). Subsequently, rugby union forwards, in particular the props, hookers and locks, are not only exposed to comparable absolute collisions, albeit at a lower frequency, than their rugby league counterparts (Gabbett et al., 2012; Glassbrook et al., 2022; Reardon et al., 2017; Schoeman et al., 2016), but they also spend additional time (~9 minutes) engaged in static exertions such as mauls, rucks, and scrums which accounts for 70% and 89% of their total intensive activity respectively (Roberts et al., 2008; Virr et al., 2013). Subsequently, the homogeneity of activity profile between forwards and backs is typically least in rugby sevens, followed by rugby league, and most polarised in rugby union (Johnston et al., 2014; Roberts et al., 2008; Schoeman et al., 2016; Sella et al., 2019; Virr et al., 2013; West et al., 2021). 

Fundamentally, therefore, fatigue resistance whilst performing intermittent high intensity actions with brief rest periods, is critical to the outcome of rugby matches, and playing ability (Black et al 2015). However, action type and match temporal characteristics are both specific to the rugby code and player position. The volume, intensity and density of such actions comprise the external physical load placed on players and have been measured using methods such as wearable microtechnology (Cummins et al 2013; Henderson et al 2018; Waldron et al 2011; Furlan et al 2015), biomechanical analysis (Milburn 2008; Swaminathan 2015; Brown et al 2015; Herrington & Horsley 2009; Harper & Kiely 2018; Buchheit & Simpson 2017), and notational analysis (Hughes et al 2004; Schoeman et al 2015). Such insights allow coaches and sports science practitioners to achieve greater alignment between training and match physical demands. Furthermore, whilst male and female rugby are subject to identical match parameters such as pitch dimensions, match duration and rules of play, evidence suggests that technical and tactical demands in elite female rugby union are not the same as male rugby union (Hughes et al., 2017; World Rugby., 2017). Subsequently, the absolute and relative match physical demands may also differ between sexes (Sheppy et al., 2019; Suarez-Arrones et al., 2013), suggesting that training design for elite female players, should not depend on reports of external load demands using male samples. The following section describes the current evidence regarding the match physical demands placed on female players across the rugby codes. 



2.2.1. Locomotor characteristics
The application of wearable micro-technology to all rugby codes across the last decade has provided a more instantaneous and less subjective method of quantifying movement compared to performance analysis alone (Henderson et al., 2018; Cummins et al., 2013; Waldron et al., 2014; Higham 2013). At the time of writing this review in 2019, the literature had reported on the movement profiles of female rugby players from a variety of standards in female sevens (Clark et al 2017; Goodale et al 2017; Portilla et al 2014; Reyneke & Thomas 2016; Suarrezz-Arrones 2012; Clarke et al 2015; Vescovi & Goodale 2015), with only two studies reporting on female rugby union (Sheppy et al., 2019; Suarrez Arrones et al., 2014) and none in rugby league. This is in stark contrast to male rugby, which has been extensively researched, and leaves the training and preparation of female players less informed. Therefore, the following sections will primarily address the paucity of literature within female rugby union and includes findings from modern research which has been published since the initiation of this review. 

2.2.1.1. Absolute distance
Wearable microtechnology provides instantaneous measurements of locomotor variables (Cummins et al 2013; Henderson et al 2018; Waldron et al 2011; Furlan et al 2015), amongst which, absolute distance appears to be the most valid and reliable (Jennings et al 2010). Studies utilising micro-technology and manual time-motion analysis, show female backs, accumulate greater absolute distance (~6100m) compared to forwards (~5500m), and front row to cover the least distance of any position (Callanan et al., 2021; Suarrez-Arrones et al., 2014; Virr et al., 2014). The deconstruction of absolute distance into arbitrary speed zones shows backs accumulate greater distance walking (0-1.7 m/s) and running at medium to high speeds (>4 m/s), compared to forwards, who accumulate more distance jogging (1.7-3.3 m/s) (Bradley et al., 2021; Callanan et al., 2021; Suarrezz-Arrones 2014). These patterns are consistent with male reports (Beard et al., 2019; Cahill et al., 2013; Cunningham et al 2016; Jones et al., 2014; Read et al., 2018; Roe et al., 2016; Toda et al., 2015) and may reflect the very specific roles fulfilled by front row forwards in particular, compared to all other positions. 

Absolute distance reported for female players, is lower than males from premier club, International and provincial standard cohorts (Beard et al., 2019; Cahill et al 2013; Coughlan et al 2011; Lacome et al 2016). Of note, some studies have reported equivalent or lower distances covered among males compared to these female reports, particularly at university, age group international, sub elite English and Spanish clubs, and English regional Academy standards (Cunningham et al 2016; Jones et al 2014; McLaren et al; 2015; Read et al., 2018; Reardon et al 2015; Suarrezz Arrones 2012; Swaby et al 2016). 

Although absolute distance may reflect the general locomotive volume accumulated by rugby players, and could be informative for coaches and sports science practitioners, it provides little insight into the type, frequency and intensity of movement. Furthermore, comparing absolute distance between studies, given the confounding impact of substitutions on individual match duration, is extremely questionable for team sports, and requires a more detailed analysis of movement. 

2.2.1.2. Average speed
Expressing absolute distance covered relative to time on pitch (average speed), accounts for differences in match time between players and provides a global indication of movement intensity. For example, although significantly greater absolute distances are covered in male and female rugby union compared to sevens, average speed is ~50% lower in rugby union (Ball et al., 2019; Beard et al., 2019; Sella et al., 2019; Suarez Arrones et al., 2014; West et al., 2021) owing to the extremely short match duration and subsequent extreme running intensities of sevens (>120 m/min) (Clark et al., 2016; Ross et al 2013). 

Average speed has been reported among Spanish and Welsh female international rugby union players, of ~69 m/min (Sheppy et al., 2019; Suarez-Arrones et al., 2014), whilst investigations of international, provincial, elite and sub elite club standard male players, report values of 67.6 – 80.5 m/min (Beard et al., 2019; Cuniffe et al 2009; Lindsay et al., 2015; McLaren et al 2018; Pollard et al 2015). Contextual factors such as opposition, weather and pitch conditions, tactics employed and standard of play (Beard et al., 2019; Gabbett et al., 2013; Read et al., 2018), alongside the noteworthy error associated with GPS analysis (Jennings et al., 2010; Rawstorn et al., 2014), may account for the large variation across male reports. Indeed, the typical within-player match to match variation in average speed has been reported (average ~10%) (McLaren et al., 2016), and, if applied to female reports, suggests they are comparable to male values from the bottom of the reported range (Cuniffe et al., 2009; McLaren et al., 2018; Pollard et al., 2015), but lower than those at the top (Beard et al., 2019; Lindsay et al., 2015). 

Front row forwards generally display the lowest average speed in male rugby, whilst scrum halves and outside backs show the highest (Beard et al., 2019; Cunningham et al 2015; Finegan 2015; Tee et al 2015; Toda et al., 2015). Similar patterns are, however, not shown among females. Evidence from club and provincial standard matches show outside backs to run at comparable average speeds to front row, and greater average speeds among scrum half are not consistently observed (Bradley et al., 2020; Callanan et al., 2021). These reports suggest the female game may be less defined by positional roles and may relate to the different game behaviours employed in female matches compared to male (Hughes et al., 2017). However, given the sub-elite standard teams sampled in these reports, further research, particularly among high ranking international cohorts, is required to understand the match-to-match variation of average speed in female rugby, and the differences between positions and standards of play.    



2.2.1.3. High intensity variables
Quantification of movement at higher intensities has been typically classified using the following metrics: high speed running (distance >5.8-6 m/s), number of sprint entries (>6 m/s), peak velocity, and the number of high threshold accelerations and decelerations (>2.75 m/s2). Sampling rates of 10 Hz and above are typically advocated to obtain acceptable levels of reliability (CV <5%) for peak velocity, moderate and high speed running (Beato & Kejzer., 2019; Johnston et al., 2017; Rampinini et al., 2014). However, the measurement of high intensity accelerating and decelerating, sprinting over short distances (10 m), and very high speed running are associated with lower levels of reliability (CV 5-33%) (Brosnan et al., 2021) even at higher sampling rates (Johnston et al., 2014; Vickery et al., 2014). Such evidence should be considered within the interpretation of match physical characteristics in the context of performance decision making and academic investigation. Furthermore, differences in the classification of speed zones preclude direct comparison between studies (Mclaren et al., 2018) and arbitrary speed thresholds, often supplied by the micro-technology manufacturer, can lead to unrealistic comparisons between sexes, owing to the lower maximum velocities observed among females compared to males (Clark et al., 2015). Some researchers have accounted for this discrepancy by reducing high intensity thresholds for females by approximately 1 m/s (Misseldine et al., 2018), and, the adoption of individualised speed thresholds, relative to player’s physical or physiological capacity, which is routine practice in elite sports clubs. 

Limited female investigations have reported high intensity variables for whole matches among international female rugby players (Bradley et al., 2020; Callanan et al., 2021; Suarez Arrones et al., 2014), suggesting that like male rugby union, backs cover ~40% greater distance in high intensity zones (>5 m/s) compared to forwards (Cunningham et al., 2016; Portilla et al., 2014; Suarrez-Arrones et al., 2014; Tee et al., 2015; Toda et al., 2015). There are also trends among female backs, suggesting more frequent maximal accelerations (13 ± 13.1 and 24 ± 21.1 for forwards and backs respectively), and sprints (1.8 ± 1.7 and 8.7 ± 2.9), over greater distances (10.1 ± 3.5 and 26.2 ± 12.7), compared to forwards (Suarez-Arronnes et al., 2014). However, the magnitude of difference between forwards and backs, for such variables, is greater in male rugby at all standards of performance (Suarez-Arrones et al 2012; Tee et al 2015; Toda et al 2015; Read et al., 2016; Finegan 2015), suggesting game demands are more distinct between positions, in male rugby. This apparent difference in match physical demands between sexes might be accounted for by multiple factors, such as greater physical homogeneity between positions among females compared to males (Argue et al., 2012; Fontana et al., 2015; Hene et al., 2011; Nyberg & Penpraze., 2016; Smart et al., 2013), sex specific differences in technical and tactical behaviours (Hughes et al., 2017), or the error associated with comparing sexes using arbitrary zones for high intensity variables (Clark et al., 2014; Reardon et al., 2015). Furthermore, high intensity microtechnological variables show high between match variability in rugby union (McLaren et al., 2015) of up to ~40%. Arbitrary speed zones may be preferable to relative speed zones for practitioners to understand player physical outputs compared to ‘known’ elite-standard match requirements, whilst relative zones may provide greater insight around individual specific running demands and subsequent physical responses imposed by matches. A greater body of research is therefore required to credibly describe the high intensity demands of elite-standard female players. 

2.2.1.4. Collisions
Physical collisions include tackles, carries into contact, and scrums, in all the rugby codes, with the addition of rucks, and driving mauls, which are exclusive to rugby union and sevens (Smart, Hopkins, Quarrie & Gill 2016, Villarejo 2015; Cummins & Orr 2015). Rugby league and sevens require greater collision frequency than rugby union (~0.5, ~0.7 and ~0.4 per minute respectively) whilst sevens requires lower absolute collisions per match than rugby league and union (~7, ~26 and ~30 respectively) among males and females (Barkell et al., 2016; Cummins & Orr 2015; Gabbett & Siebold 2013; Higham et al 2014; Paul et al., 2022; Reyneke et al., 2016; Ross et al., 2015; Smart et al., 2016, Schoeman et al., 2015; Suarrezz-Arrones 2013, Villarejo 2015). Collision actions account for between 6 and 15% of total match duration in male and female rugby union, with forwards typically engaged in ~40-75% more collision events than backs (Austin et al., 2011; Docherty et al., 1998; Duthie et al., 2005; Eaton & George 2005; Reardon et al., 2016; Ross et al., 2015; Suarrezz-Arrones et al., 2014; Virr et al., 2013). When high intensity locomotive activity such as sprinting and striding are also considered, collision events still account for ~60% of total high intensity activity among forwards, and ~27% among backs (Virr et al., 2013). 

The majority of the scarce female reports available, suggest collision frequency is comparable between sexes in sevens and rugby union (Austin et al., 2011; Barkell et al., 2016; Hughes et al., 2017; Kempton et al., 2015; Virr et al., 2013). However, compared to their male counterparts, larger deficits exist between losing and winning female teams, for collision performance variables such as tackle completion, carries into contact, the number of clean breaks conceded, and possessions lost in contact (Barkell et al., 2016; Higham et al., 2014; Hughes et al., 2017). Sex specific technical and tactical nuances may underpin this relative superiority of winning female teams compared to males. However, it is equally plausible that the largely amateur female rugby union playing population, perform less effectively during collision events compared to their professional male counterparts, owing to less developed technical skills and physical abilities (Speranza et al., 2017). 

Collisions are subjectively implicated as among the most physically fatiguing actions in rugby union and league (Naughton et al., 2023), which is substantiated by evidence suggesting inflammatory responses are specific to collision action and are dose dependent in male rugby (Takarda 2003; Smart et al., 2016; Morel et al., 2015; Johnston et al., 2013). Indeed, impact forces of between 1,279 and 5,200 N (~1.4 and 5.4 times player body mass respectively) are generated in under 100 ms during tackling (Faria et al., 2017; Pain et al., 2008; Seminati et al., 2017; Usman et al., 2011), which requires rapid pre-activation and maximal muscular output to appropriately stiffen the shoulder girdle and trunk (Seminati et al., 2017; Herrington & Horsley 2014). Whilst no studies have investigated the forces applied during female collision events, the number of high magnitude impacts (<10 g), more clearly distinguishes elite from sub-elite standards in male sevens, compared to female sevens (Clark et al., 2016), and in rugby union, similar impact frequencies are reported between males and females in each progressive impact zones, up to 10 g, after which females report less (Coughlan et al., 2011; Cunniffe et al., 2009; Suarezz-Arrones et al., 2016). This is unsurprising given the lower body mass and speed of female players compared to males (Clark et al., 2016). However, only amateur female populations have been investigated (Suarezz-Arrones et al., 2016), and the microtechnology and methods used to detect collisions in these studies, were not sufficiently validated (Naughton et al., 2020). Therefore, further research in this area is required among both sexes.  

Rugby union also exposes forwards to the unique demand of competitive 16 player scrums, during which, axial spinal loads of between 16,500 and 8,500 N, are produced primarily by the front row forwards and locks, during the initial engagement and sustained phases of pushing respectively (Brooks & Kemp 2011; Milburn 1989; Preatoni et al 2012). Up to 75% of these forces are directed through the tight head prop and hooker (Milburn et al., 2015), which explains their highly developed neck strength compared to other positions (Chavarro-Nieto et al., 2021). In amateur female rugby, these forces are lower than International and elite standard males (Preatoni et al., 2012). However, when normalised to body mass, only peak compressive engagement forces separate professional males from amateur females, suggesting the physical and technical abilities of male forwards are specialised to facilitate greater relative peak scrummaging demand than their female counterparts.  

In summary, the collision characteristics of elite female rugby union have not been thoroughly investigated, but it is speculated that the frequency of collision events is comparable to males, albeit at lower peak magnitudes. Furthermore, females may be less proficient in the contact area compared to males, and scrums may elicit lower relative forces, as a result of their amateur status and subsequently less mature physical capacities and technical skills. Given that the contact area is the most common cause of injury in the female game (Starling et al., 2022; Taylor et al., 2011., Kaux et al., 2015), players must be equipped to mitigate such risk, especially when amateur players compete against professional teams, which is typical in female rugby union. Furthermore, the growth of professional contracts in female rugby union, may be accompanied by increased player body mass and fitness levels (Hill et al., 2017), and subsequent changes in game demands, such as more frequent high intensity collision events (Quarrie & Hopkins., 2007). Therefore, further research and greater awareness of collision characteristics and subsequent risk factors in elite female rugby is required, which will support performance and player welfare. 

2.2.1.5. Repeated high intensity efforts and worst-case scenarios
Owing to the intermittent nature of rugby, a typical match is composed of multiple passages of play, of varying duration, action type, and intensity, which are not captured by estimates of whole match average running demand. Attempts have been made to quantify peak physical demands during matches, using various methods which are discussed in the following passages.    

The performance of multiple high intensity locomotive actions in quick succession, with minimal decline in speed, and often with short recovery durations, has been popularised in soccer as repeated sprint ability (RSA) (Chaouachi et al., 2010), and is also associated with physical performance in rugby union matches (Glaise et al., 2022). Because of the additional contact events that are unique to the rugby codes, the repeated high intensity effort (RHIE) was proposed as an alternative to RSA (Gabbett et al., 2012). RHIE combines both locomotive and collision events and may therefore have greater construct validity than RSA. RHIEs are defined as a bout of at least two high intensity activities (>2.75 m/s2 acceleration, >5 m/s velocity sprint exposure, contact event), separated by less than 21 seconds (Black & Gabbett., 2015; Gabbett et al., 2012). The application of acceleration zones derived from male populations is not supported by sufficient evidence to ensure validity among female populations. Suarez-Arrones et al (2014) reported only the absolute number of accelerations >2.75 m/s2 among a sub-elite standard cohort, whilst at the time of writing this review, no other female investigations had reported accelerations or decelerations. The research literature would firstly, therefore, benefit from insights into the distribution of entries into different acceleration and deceleration intensity zones, within elite-standard match play, prior to determining the parameters of RHIEs for females. Elite male rugby league and union players are subject to ~14 RHIEs during match play, whilst repeated sprints occur much less frequently (Gabbett et al., 2012). In rugby union, forwards and inside backs perform more RHIEs, with shorter recovery times between bouts, than outside backs (~16 and 7, and ~300 sec and 512 sec respectively), and peak RHIE duration is higher among the forwards compared to backs (165 sec and 64 sec respectively). RHIEs therefore, provide credible representation of the maximum demands of rugby match play, and directly inform the methods employed for physical training. Although RHIEs are well researched in male rugby league, reports in rugby union, and particularly among females, do not include collision events or accelerations and decelerations in the calculation of RHIEs, and are derived from sub-elite standard cohorts (Bradley et al., 2020). Given the considerable intensity of collision events described previously, and the specific fatigue induced by these events (Morel et al., 2015), further investigations of RHIE demand are warranted. 

An alternative method for estimating peak match physical demands is the sampling of shorter match epochs, typically between thirty seconds and ten minutes, described as worse case scenarios (Cunningham et al., 2018; Read et al., 2018; Reardon et al., 2017; Sheppy et al., 2019). Reports from female and male rugby show that average speed and high speed running, decline with increasing epoch duration (Cunningham et al., 201; Sheppy et al., 2019). Furthermore, the number of contact events is inversely related to average speed during various epoch lengths in rugby league (Johnston et al., 2019). It is unsurprising, therefore, that in female and male rugby union, front five forwards (prop, hooker, lock) cover the least distance at all epoch durations (Cunningham et al., 2018; Read et al., 2018; Sheppy et al., 2019), and also engage in more frequent static, and dynamic contact events compared to backs (Quarrie et al., 2012). The lower average speeds among male front five forwards may be partly accounted for by fatigue induced by more frequent heavy contact events (Norris et al., 2016), and the larger body mass and lower aerobic fitness of these forwards compared to other positions (Posthumus et al., 2020). However, such physical differences between discrete positions have not been shown among female rugby union players.   

The effects of epoch time and position on average speed, are consistent between sexes, but average speed among females (~143 – 161 m/min) is lower compared to males (154 – 184 m/min) (Cunningham et al., 2018; Read et al., 2018; Sheppy et al., 2019). Elite standard male players also engage in 0.28 – 0.89 collisions/min in worst case scenarios, depending on position (Reardon et al., 2017), but there are currently no similar reports among females.    

2.2.2. Internal load and fatigue
The imposed external load variables described in the previous passages induce various internal psycho-physiological perturbations (Naughton et al., 2021), which result in transient (acute) and residual (greater than 72 hours) fatigue (Waldron & Highton., 2014), defined as a reduction in the capacity to produce and apply force (Vollestad et al., 1997). Residual changes in muscle function following exercise are often associated with biochemical inflammatory markers, which follow a dose-response relationship with specific external load variables such as high speed running and collisions (McLellan et al., 2011; Oxendale et al., 2016; Twist et al., 2012). This differs to the transient reductions in physical performance observed immediately following exercise bouts during matches. Peripheral biochemical changes and reduction in central motor drive cause these adverse responses, which are highly task specific (Waldron & Highton, 2014). Short- and long-term fatigue responses and mechanisms are described in detail elsewhere (Aben et al., 2020; Naughton et al., 2021). It is therefore critical for sports science practitioners and coaches to understand the interaction between external and internal load characteristics. This insight allows the optimisation of recovery following match-play (Naughton et al., 2021) and validates whether external training load parameters, invoke the required magnitude, volume, and specificity of stimulus to develop the physiological and neuromuscular systems which ultimately, underpin match fitness (Smart et al., 2015; Gabbett & Wheeler., 2015; Cunningham et al., 2018). Acute internal responses during, and immediately following rugby matches, have typically been measured using heart rate and blood lactate analysis to assess cardiovascular and metabolic responses respectively, subjective reporting of effort, stress and emotional responses, and electromyography to indicate changes in voluntary neural drive to the muscular system (Hug et al., 2015; Naughton et al., 2021). 

In female and male rugby union, league, and sevens, players typically spend approximately 65-90% of total match time with heart rate responses elevated >80% of maximum (Cuniffe et al., 2009; Dubois et al., 2017; Suarrez-Arrones et al., 2012; Suarrez-Arrones et al., 2014; Virr et al., 2014). The average heart rate responses shown in rugby union of ~80% (Cuniffe et al., 2009; Dubois et al., 2017; Suarrez-Arones et al., 2014) are lower than those reported in league of ~83% (Waldron et al., 2013; Waldron et al., 2011), which are subsequently lower than sevens (~88%) (Higham et al., 2013; Suarrez-Arrones et al., 2012). Although blood lactate levels have not been reported in female rugby union, reports among males show that similar to heart rate responses, average post-match blood lactate is typically low (~3.0 mmol.L-1) (Docherty et al., 1988; Van Rensburg et al., 1984) compared to those observed in male rugby league of ~7 mmol.L-1 (Coutts et al., 2003) and both male and female sevens of 9-11.6 mmol.L-1 (Couderc et al., 2017; Granatelli et al., 2017; James et al., 2023). These differences in cardiovascular and metabolic responses are explained by the shorter average work bouts and longer rest periods observed in rugby union compared to league and sevens (section 3.1). However, the relatively large magnitude of cardiovascular and metabolic responses across codes, suggests the development of the aerobic system to facilitate systematic blood flow and the peripheral capacity to tolerate repeated high intensity bouts, is critical among rugby players (Brazier et al., 2020). 

Although average cardiovascular and metabolic responses are typically similar between forwards and backs across both sexes (Higham et al., 2013; Johnston et al., 2014; McLellan et al., 2011; Suarezz-Arrones et al., 2013), the causation and intermittent composition of internal load is not fully represented by average response. This is particularly evident among rugby union forwards and backs who are known to have more distinctive demands compared to rugby league and sevens players, who show greater homogeneity of demand (section 3.1). Consequently, female and male rugby union forwards spend a disproportionate amount of time in very high heart rate zones (85-95%) (Deutsch et al., 1998; Suarrez-Arrones et al., 2012; Dubois et al., 2017; Virr et al., 2014), and are subject to greater average work to rest ratios compared to backs (Deutsch et al., 1998; Lacome et al., 2013). This trend among forwards occurs despite evidence to suggest that compared to backs, forwards undertake a greater proportion of their match running volume, at intensities lower than individual maximal aerobic velocity (Lacombe et al., 2014). These greater peak heart rate responses and lower average running speeds observed among rugby union forwards are therefore, attributed to their unique role, which requires a higher magnitude and frequency of collisions and static exertions, compared to rugby union backs, and compared to their fellow forwards in rugby league and sevens (Paul et al., 2022; Lacombe et al., 2014; Schoeman & Coetzee., 2015). Such collision events are shown to induce peak heart rate spikes among males (Norris et al., 2016), and to compromise subsequent average running velocity (Johnston & Gabbett., 2011) and force production, associated with reduced neural drive and increased blood lactate accumulation of ~12 mmol.L-1 (Deutsch et al 1998; MacLean., 2007; Mechinnelli et al., 1992; Morel et al., 2015). The lower collision demand of backs compared to forwards in the rugby codes (section 3.1.2) suggests that elevated lactate responses which are related to subsequent losses in neuromuscular performance (Morel et al., 2015), may be invoked primarily by the greater density and average distance of repeated high intensity running bouts to which they are exposed (Beard et al., 2019; Duthie et al., 2003; Gabbett et al., 2011; Malone et al., 2018; Missledine et al., 2018; Virr et al., 2013; Waldron et al., 2011).   

The position specific collision and high intensity running demands are therefore critical internal load response mediators in the rugby codes, and training methods implemented for the development of the physiological and neuromuscular systems should be aligned appropriately. A current limitation with regard to the sparse female reports in this area, particularly in rugby union and league, is that although the rules governing male and female rugby do not differ, it cannot be assumed that the internal load responses are identical. This is because match physical demands, particularly with regard to the contact area, may differ as a consequence of sex specific technical and tactical nuances (Hughes et al., 2017) (section 3.1.2). Subsequently, physical preparation of female players remains poorly informed compared to males and requires further investigation.   

2.2.3. Within game pacing and fluctuations
Fatigue in team sports is typically described as, a reduction in movement intensity and/or distance during match-play, compared to a defined baseline (Black & Gabbett, 2014; Waldron & Highton, 2014). It is induced by reductions in maximal force or power generating capacities of athletes, in response to match physical demands (Waldron & Highton., 2014). Fatigue is shown to be progressive, with gradual performance decay throughout a match, and temporary, whereby partial, or full recovery from a brief intensive bout, is attained during a subsequent period of play, during which, players self-regulate their physical outputs, at a lower intensity (Mohr et al., 2004). This management of energy resources throughout matches is proposed as a centrally governed mechanism, known as ‘pacing’, in which peripheral and environmental cues are used to balance the immediate demands of match-play, with the potentially catastrophic risk of disruption to physiological homeostasis (Tucker et al., 2009). This dynamic process is highlighted by the slower pacing strategies adopted in stressful environmental conditions in soccer (Loxston et al., 2019), and, among full match players and losing teams in rugby, compared to substitutes and winning teams respectively (Black & Gabbett., 2013; Lacome et al., 2015; Waldron et al., 2013). 

Indeed, the average running speed of female rugby union players, who complete >60 min of match-play, decays between the first and second half (Sheppy et al., 2019), which is described as a ‘slow positive’ pacing strategy (Waldron et al., 2014). Atypically however, higher average speeds have also been reported in the second half compared to the first half in female rugby union (Suarezz-Arrones et al., 2014). The authors reported a typical ‘slow positive’ pattern during the first half, followed by a return to baseline at the start of the second half. Thereafter, average speed did not sequentially decline, as has been shown in male rugby (Jones et al., 2015). This finding is confusing, but considerable limitations may have adversely affected the validity of this report, such as the small sample size and single match sample. 

In female and male rugby union, progressive decay in average speed is accomplished by a reduction in low intensity running volume, as players ‘preserve’ their physical resources for higher intensity efforts, which remain consistent throughout matches (Jones et al., 2015; Roberts et al., 2008; Suarezz-Arrones et al., 2014). This ‘flat’ pacing of high intensity running (Waldron et al., 2013), is distinct from other team sports such as football, which show progressive decline (Datson et al., 2017). This difference could be explained by the longer recovery periods in rugby union compared to the other rugby codes (Gabbett & Hulin., 2017; Quarrie et al., 2011; Ross et al., 2014; Suarez-Arones et al., 2012; World Rugby., 2017). However, the greater variability of highly fatiguing physical actions, such as static exertions and contact events (Morel et al., 2015), in rugby union compared to other team sports, may diminish the demand for, and importance of high speed running, particularly among forwards. Future analyses of decay in more common physical actions, particularly contact events, may therefore, assist more comprehensive interpretation of fatigue and pacing in rugby union.  

2.2.4. Performance indicators and winning and losing  
Certain technical and tactical match characteristics are associated with winning performance in the male rugby codes, and, are therefore referred to as performance indicators (PIs) (Colomer et al., 2020). Evidence suggests that those PIs most consistently associated with winning, such as tries scored and successful conversions, provide little novel or actionable outcome, as they relate directly to points accumulated, and as such, are labelled as “common sense” (Watson et al., 2017). Micro PIs’, however, represent more discrete physical actions, such as tackle completion, kicks in play, defenders beaten, and the average metres carried in attack (Bennett et al., 2019; Sella et al., 2019). These actions show weaker statistical association with winning performance but may underpin the accumulation of points, and therefore, form ‘lower order’ PIs. This information may benefit rugby coaches and sports science practitioners, in designing bespoke programmes to enhance the physical and technical capabilities, which support the performance of these ‘micro’ PIs (Cunningham et al., 2016; Speranza et al., 2017; Watson et al., 2017). 

Comparisons between female and male rugby show that although typical ‘global’ PIs, such as tries scored, discriminate between winning and losing performance in both sexes, the underpinning ‘micro’ PIs are not consistent (Barkell et al., 2016; Hughes et al., 2017). For example, male rugby union teams kick and carry the ball more than females (Hughes et al., 2017), and female sevens teams implement a lower range of kicking options compared to males (Barkell et al., 2016). In comparison to males, larger effect size differences are shown between winning and losing female rugby union and sevens teams, for tackle completion rates, the number of clean breaks and carries, and possessions lost in the tackle (Barkell et al., 2016; Hughes et al., 2017). Furthermore, sex differences are evident for the most common kick and carry types, and primary ruck locations on the pitch (Hughes et al., 2017). It should not, therefore, be assumed that PIs from male rugby are apply to the female game, and performance strategies should only be derived using data from the appropriate sex.  

It is speculated these sex dependent tactical nuances, reflect discrepancies between professional male, and largely amateur female populations, in technical skills such as kicking, handling and winning physical contests. Such specific actions are underpinned by physical characteristics such as lean body mass and relative strength (Speranza et al., 2017; Cunningham et al., 2016), which may be less developed among the amateur female rugby playing population (Clark et al., 2016). Regardless, further research is required to investigate the value of specific PIs in elite female rugby performance. 


2.2.5.  The influence of contextual factors
Contextual factors such as fixture congestion, margin of victory, and the performance level of competing teams, have been shown to affect match physical characteristics in the rugby codes (Beard et al., 2019; Gabbett. 2013; Gabbett. 2014; Gabbett & Hulin., 2017; Goodale et al., 2017; Higham et al., 2012; Murray & Varney., 2015; Portillo et al., 2014; Ross et al., 2015; Twist et al., 2017). High intensity variables such as high speed running, repeated high intensity efforts and high intensity accelerations and decelerations increase at higher standards of performance, but, average speed, low intensity accelerations and decelerations, and slow speed running, do not consistently share this relationship among males or females in any of the rugby codes (Beard et al., 2019; Clark et al., 2016; Gabbett et al., 2015; Higham et al., 2012; Murray & Varney., 2015; Portillo et al., 2014; Ross et al., 2015). This may be accounted for by the greater physical capacity to produce and repeat tasks requiring large power outputs, observed among elite compared to sub-elite players (Argus et al., 2012; Baker & Newton. 2008; Clark et al., 2016; Ross et al., 2014; Smart et al. 2013), and the ability to perform sport specific skills with accuracy and at high frequencies (Gabbett. 2015; Gabbett & Hulin., 2017; Ross et al., 2015; Vaz et al., 2010). Standard of performance is therefore a critical mediator of match physical output, as superior teams sustain longer periods of play, which may be attributed to greater fatigue resistance to high intensity actions, and subsequent preservation of skill execution (Gabbett. 2015). 

Although evidence exists to suggest the effects of factors such as match outcome, margin of victory and the standard of the opposition, on match physical characteristics, findings are equivocal and predominantly limited to male rugby. In elite-standard male rugby league, average speed and absolute high speed running are shown to be both positively and negatively related to winning and losing among similar study designs (Gabbett. 2015; Gabbett. 2013; Kempton & Coutts. 2015). Greater relative high speed running outputs are, however, more consistently reported when competing against lower ranked opposition in male rugby league and male and female sevens (Gabbett. 2015; Gabbett. 2013; Goodale et al., 2017; Murray & Varley., 2015). This is presumably because of the greater speed of skill execution in attack, ability to gain metres and subsequently make clean breaks and score tries, among higher ranked teams (Gabbett. 2015; Gabbett & Hulin., 2017; Higham et al., 2014). Similarly, relative high speed running is greater in matches that are lost (Gabbett. 2015; Gabbett. 2013; Goodale et al., 2017; Kempton & Coutts. 2015), which may be underpinned by the elevated physical demands of defensive performances, particularly among forwards compared to backs, and lower ranked teams who concede more metres and entries into their own third of the field and undertake more collisions than stronger teams (Gabbett & Hulin., 2017; Higham et al., 2014). Indeed, the increased frequency of repeated high intensity efforts when teams defend close to their try line in both male rugby union and league, (Gabbett & Hulin., 2017; Gabbett. 2014; Read et al., 2018), may affect weaker teams more so than stronger teams, who may defend further from their try line, where average speed and high speed running demand is greater (Gabbett et al., 2013). This disproportionate effect of phase and location on physical characteristics may explain why tackle output is inversely associated with whole-match average speed and high speed running demands, but not with acceleration and deceleration demands among elite-standard rugby league teams (Johnston et al., 2019; Kempton & Coutts, 2015). 
Additionally, factors such as fixture congestion and extensive travel before competition have been associated with reductions in high intensity, but not low intensity activity in elite-standard male rugby league and sevens, which may be associated with incomplete recovery from match-induced neuromuscular fatigue, and the impact of poor sleep (George et al., 2015; Johnston et al., 2013; Twist et al., 2018; Ullersperger et al., 2022). In warm weather conditions, elite-standard male sevens and rugby league teams are shown to increase and sustain their high intensity running outputs (Henderson et al., 2019; Ullersperger et al., 2022). This is presumably because dry conditions may facilitate more optimal surface stiffness for sprint performance and successful skill execution compared to softer surfaces, as shown in rugby union, and other sports (Choi & Sum., 2015; Pedregal Brito et al., 2017). This suggestion may be strengthened by evidence of superior repeated sprint performance on artificial compared to natural grass surfaces (Ammar et al., 2019). However, such increased performances may depend on the magnitude of ambient conditions as similar investigations across different sports show conflicting effects of temperature on match physical characteristics (Chumra et al., 2021; Esmaeili et al., 2020).    
This evidence highlights that progressive levels of performance are separated by the ability to produce and sustain high intensity sport specific actions, whilst the exposure to specific high intensity activity during matches is highly nuanced depending on position, technical capability, and tactical behaviours of teams. Although the research is sparse in the rugby codes, environmental conditions, surface type and travel may also affect the match physical outputs of teams.

2.3. Physical characteristics
The physical characteristics of male rugby league (Gabbett 2005; Johnstone et al., 2014), rugby union (Duthie et al., 2003) and sevens players (Ross et al., 2013), have been reported at all performance levels, from youth to international standard (Jones et al., 2015; La Monica et al., 2016; Ross et al., 2014; Till et al., 2010; Darrall-Jones et al., 2015; Clarke et al., 2016; Smart 2011; Clarke et al., 2016; Waldron et al., 2014). The introduction of professionalism within the male rugby codes resulted in more regular and advanced, physical, technical and tactical training practices; which, most likely underpin the long-term evolution of general physical characteristics observed among elite male players (Hill et al., 2018; Olds., 2000). This evolution of physical characteristics also reflects the necessity for elite players to meet the increasing match physical demands, and unique positional requirements of the professional game (Duthie et al., 2003; Quarrie & Hopkins 2007; Smart et al., 2011). It would, however, be erroneous to assume that the evolution of physical characteristics among elite females would match the trends shown among males without consideration of sex-specific differences in physiology and adaptations to training. For example, males are predisposed to superior physical performances compared to females because of social and genetic physiological differences, with the latter being underpinned by greater circulating testosterone levels of ~15 times those of females after the onset of puberty (Handelsman et al., 2018). This hormonal divergence is suggested to account for the greater relative lean mass and type 2 muscle fibre area observed among males compared to females (Nuzzo et al., 2023). Subsequently, males produce greater absolute and relative force and power, particularly in the upper body, whilst females may be less fatigable at relative submaximal loads and show strength gains of greater magnitude in response to upper body strength training, compared to males (Nuzzo et al., 2023). 

At the time of this review, significantly fewer investigations and no published reviews have been conducted into the physical characteristics of female rugby players compared to males. Whilst the number of published studies investigating the physical characteristics of elite standard female rugby sevens and rugby league has expanded in recent years (Agar-Newman et al., 2015; Jones et al., 2015; Newans et al., 2021; Scantelbury et al., 2024; Sella et al., 2019) the physical characteristics of female fifteen players are far less comprehensively documented.

2.3.1.  Body mass 
In comparison to the wider population of trained athletes, a large body mass is necessary for certain positions in rugby and is a characteristic that differentiates elite from sub-elite standard senior male players in rugby league, union and sevens (Beard et al., 2019; Clark et al., 2016; Gabbett 2011; Kine et al., 2009; Quarrie & Hopkins 2007). Forwards in male and female rugby union and league are heavier than backs, and props and second row are the heaviest of forward positions in both codes (Meir et al., 2001; Crewther et al., 2009; Posthumus et al., 2019(a); Posthumus et al., 2019(b)). In contrast, reports for female and male sevens players, show forwards and backs to exhibit similar body mass (Smart 2011, Clarke et al 2016), presumably because of similar match physical demands across positions in sevens compared to union and league (Clarke et al., 2016; Cunningham et al., 2016; Smart 2011). 

The nature of forward play in union and league constitutes the need to scrummage, ruck, maul, tackle and carry the ball into contact to gain territory (Deutsch 2007; Van Rooyen 2011), all of which require the capacity to apply large external forces under static and dynamic conditions. Therefore, a high body mass is beneficial for forwards given the positive relationship between lean body mass and maximum strength (Stone et al., 2003; Speranza, 2015), stability (Hay 1993) and momentum (Baker & Newton, 2008). More specifically, high body mass is associated with scrummaging force (Quarrie & Wilson., 2000) and the likelihood of carrying the ball into contact (Baker & Newton 2008, Hendricks et al 2014), the effective performance of which, contributes to winning elite-level matches (Bennett et a., 2019; Sella et al., 2019; Sedeaud 2016) and is a requirement of most rugby playing positions, to varying degrees. Given that high body mass differentiates elite players from their sub elite counterparts (Beard et al., 2019), it is unsurprising that the introduction of professionalism to male rugby union in 1995, brought significant increases in player body mass (Hill et al., 2018). Furthermore, collective team body mass is associated with international tournament success in male rugby (Olds., 2000; Sedeaud et al., 2012), highlighting the performance advantage of this characteristic.  
 
Similar to male rugby union and league, the body mass of international female forwards is ~10 to 22% (~8 to 20 kg) greater than backline players (Fuller & Taylor., 2017; Gabbett et al; 2007; Hene et al., 2011; Jones et al., 2015; Kirby & Riely., 1993; Posthumus et al., 2019; Suarrezz-Arrones 2014) in both codes. However, differences between forwards and backs in female rugby union, are less clear among club standard players (Nyberg & Penpraze., 2016), suggesting a lack of evolution in the body mass of forwards at lower standards of play (Table 2.1). Male rugby union forwards are typically heavier than their rugby league counterparts, but body mass is comparable between codes among female forwards (Table 2.1) (Cunningham et al., 2016; Fontana et al., 2015; Fuller et al., 2017; Gabbett., 2007; Jones et al., 2015; Posthumus et al., 2019; Suarrezz-Arrones 2014). This might be explained by the largely amateur status of the female game, preventing sufficient physical training volume to elicit significant body mass increases among forwards, which are typical with increasing professional practice (Hill et al., 2018).

More recently, female forwards and backs from the number one ranked nation at the time of publication, were reported as being ~15% and ~6% heavier, respectively, than all previous female investigations (Table 2.1) (Posthumus et al., 2019). The considerably heavier forwards in this report may reflect an increase in the volume of strength training to underpin the demands of forward play, or natural selection of larger players who are more suited to the contact demands of the game. Indeed, a rapid increase in body mass corresponded with the introduction of professionalism to rugby union in 1995 (Hill et al., 2018). It is plausible, therefore, that body mass among elite-standard female teams has increased quickly since the introduction of professionalisation to female rugby union in 2017. Figure 2.1 highlights this hypothesis, showing small longitudinal increases in body mass of between 7 and 14 kg over a 30-year period, followed by a large magnitude increase after 2017, particularly among forwards. Furthermore, given the high ranking nature of this study’s cohort compared to all previous reports, which are either outdated (Riely et al., 2003), or have sampled low ranking international (>8 in the World Rugby official rankings) or club-standard teams (Hene et al., 2011; Nyberg & Penpraze., 2016; Suarrezz-Arrones 2014), it could be conceived that like the male game (Smart 2011; Quarrie 1996), higher body mass, particularly among the forwards, is associated with team success. However, there is no direct evidence to confirm this suggestion.   


Figure 2.2: Body mass changes across time (years), among female rugby union and league forwards and backs, at all competitive levels. Lines represent best fit



Differences between discrete positions within the forward and backs groups are also evident within female rugby (Table 2.2). International tight five forwards (prop, hooker and lock) are reported as being ~5-13% heavier than loose forwards (number eight and flankers) (Fuller et al., 2010; Posthumus et al., 2019). The corresponding difference in male rugby is only ~0-8% (Cunningham et al., 2016; Fontana et al., 2015; Fuller et al., 2019). These larger discrete position differences among female forwards may reflect early physical specialisation among props and hookers, who typically show disproportionate mass gain compared to other forward positions, following the introduction of professional practices (Hill et al., 2018). Scum halves are the lightest of the back-line positions in both sexes, but female scrum halves are ~5% lighter than inside backs (centres and fly-half), compared to males who are ~10-15% lighter (Cunningham et al., 2016; Fontana et al., 2015; Fuller et al., 2019). Again, this may reflect trends evident following the dawn of professionalism in male rugby union (Hill et al., 2018), whereby centres gained more mass than other back-line positions, presumably to underpin the intensive collision requirements of this position (Van Rooyen et al., 2012; Schoeman et al., 2015; Villarejo et al., 2015; Hendricks et al., 2014).

Table 2.1: Physical characteristics of female rugby players from seven’s fifteens, and league codes
	Author, date & country
	Code
	Standard
	Position
	Subjects (n)
	Body mass (kg)
	Height (cm)
	Sum of 7 Skinfolds (mm)
	% Body Fat

	Yao et al (2020) England
	Union
	Club
	Forwards
Backs
	10
12
	80.4 ± 12.8*
69.6 ± 6.0
	169.0 ± 4.0
168.9 ± 5.9
	
	32.4 ± 8.4*
25.2 ± 6.3

	Posthumus et al (2019) New Zealand
	Union
	International
	Forwards
Backs
	15
15
	93.7±10.9*
73.3±7.5
	175.6±6.3*
167.0±6.6
	
	26.5±3.1*
20.8±3.0

	Fuller & Taylor (2017) WC Injury Audit
	Union
	International
	Forwards
Backs
	191
150
	80.1±11.2*
67.3±7.5
	171.2±6.8*
167.1±5.6
	
	

	Nyberg & Penpraze (2016) Scotland
	Union
	Club
	Forwards
Backs
	19

	78.3±9.3
68.7±10.1
	169.9±5.0
163.9±3.4
	
	

	Suarrez-Arrones (2014) Spain
	Union
	International
	Forwards 
Backs
	4
4
	76.8±10.4
68.3±3.6
	173.8±5.9
170.0±2.3
	99.3±18.2
89.3±11.4
	

	Newman (2013) Wales
	
	Collegiate
	Forwards
	8
	82.5±10.8
	169.4±7.7
	
	

	Summerall (2013) Wales
	Union
	International & Club
	All
	8
	75.7±13.2
	167.4±5.1
	
	

	Hene et al (2011) South Africa
	Union
	International
	Forwards
Backs
	17
15
	78.94±13*
62.97±1
	165.2±6.5
160.9±6.4
	137.4±30.1*
106.7±19.1
	30.8±4.6*
26.1±3.8

	Newton (2011) Wales
	Union
	International
	All
	8
	80.65±15.01
	170.4±4.9
	
	24.91±5.4

	Newton (2011) Wales
	Union
	National
	All
	8
	71.84±9.3
	165.6±7.3
	
	24.73±4.5

	Taylor et al (2010) WC Injury Audit
	Union
	International
	Forwards
Backs
	153
132
	79.3±8.1*
67.2±6.4
	172.5±7*
166.1±6.1
	
	

	Schnick et al (2006 WC Injury Audit)
	Union
	International
	Forwards
Backs
	

	80.1±10.1*
68.6±5.9
	170.0±6.7*
165.6±5.9
	
	

	Quarrie et al (1995) New Zealand
	Union
	Club 
	Forwards
Backs
	35
31
	75.6
61.4
	166.7
164.1
	
	

	Kirby & Rielly (1993) England
	Union
	International
	Forwards
Backs
	20
19
	68.9±6.6*
60.8±5.7
	168.5±7.9
165.5±3.9
	
	26.1±4.6
21.2±1.7

	Townsend et al., (1992) USA
	Union
	International
	Forwards
Backs
	14
10
	70.9±9.5
65.4±6.5
	166.9±5.6
166.9±5.4
	
	25.0±5.6
22.3±5.0

	Sedlock et al (1988)
	Union
	Club
	Forwards
Backs
	13
6
	69.2±9.3
54.1±6.8
	166.4±4.6
162.2±5.6
	
	

	Williams (1984) USA
	Union
	Club
	Forwards
Backs
	27
29
	68.9±6.1
60.7±5.7
	166.0±5.4
164.9±5.4
	
	

	Jones et al. (2015) England
	League
	International
	Forwards
Backs
	12
15
	80.7±14.3*
66.0±7.3
	167.4±6.8*
163.1±4
	

	33.5±5.6*
27.7±4.8

	Gabbett (2007) Australia
	League
	International
	Hit Up
Interchangeable
Backs
	11
11
10
	79.4±10.8*
65.0±9
63.8±6.5
	169.9±4.6*
166.3±6.4
165.9±7.4
	148.7±39.5*
115.4±18.9
115.8±21.2
	

	Griffin et al (2017) Unspecified
	Sevens
	International
	All
	24
	68±6
	168±5
	
	

	Reyneke (2016)  New Zealand
	Sevens
	International
	All
	15
	67.5±6.3
	168±7.1
	
	

	Clark et al (2016) Australia
	Sevens
	International
Club
	All
	11
22
	68.6±4.4
70.4±9.3
	169±0.04
170.±0.07
	67±14*
89±20
	

	Ohya et al (2015) Japan
	Sevens
	International
	All
	23
	64.2±7.3
	165.0±4.7
	
	16.7±3.5

	Goodale et al (2014) Australia
	Sevens
	International
	All
	
	69.4±5.2
	168.2±5.6
	
	

	Portillo et al (2014) Spain
	Sevens
	International
	All
	10
	65.39±5.01
	166.7±6.7
	
	19.3±4.1

	Suarrez-Arrones (2014) Spain
	Sevens
	International
	All
	8
	63.7±4.8
	165.5±6.2
	
	

	Agar-Newman (2010) Australia
	Sevens
	International
	Forwards
Backs
	11
13
	72.87±4.8*
66.4±3.48
	170.46±4.3
166.32±6.0
	94.97±12.26
84.35±26.14
	


*Denotes large effect size or statistically significant difference to comparative group within same study
[image: ]Table 2.2: Physical characteristics of individual positions among female rugby union and league players

The current literature indicates that a longitudinal increase in body mass may have occurred 
among female rugby union and league playing populations, but larger discrete positional increases in body mass have occurred primarily among female rugby union forwards in recent years. It is speculated that this trend may be exclusive to high ranking teams who have adopted professional standard practices in training and preparation. However, methodological issues, such as small sample sizes, scarce representation of high ranking international players in the current literature, and the absence of longitudinal studies, limit the validity of these assertions.

2.3.2. Stature
The earliest female studies show only trends towards greater stature among forwards compared to backs (Sedlock et al., 1988; Townsend et al., 1992; Kirby & Riely., 1993; Williams et al., 1994), whilst more recent reports show this difference is statistically significant (Posthumus et al., 2019; Fuller & Taylor., 2017). Figure 2.2 shows that over time, the magnitude of difference between the forwards and backs has increased primarily because of the growing stature of forwards. It is presumed this pattern also underpins the changes in body mass among forwards noted in section 3.1, due to the linear relationship between stature and body mass. Currently, the average stature of elite-standard female forwards (~173 cm) is greater than the population average (~164 cm), perhaps demonstrating the increased need for a successful lineout which can disrupt the opposition’s ability to maintain possession (Ortega et al., 2009).


Figure 2.3: Stature changes over time (years), among female rugby union and league forwards and backs, at all competitive levels. Lines represent best fit

Despite a dearth of reports describing insignificant differences between discrete positions in female rugby union; trends suggest that loose forwards are taller than front row, locks are the tallest forward position, and inside and outside backs, are taller than scrum halves (Newman et al., 2013; Taylor et al., 2011). Identical positional differences are shown in elite male rugby union (Beard et al., 2019; Cunningham et al., 2016; Fontana et al., 2015; Smart et al., 2011), but with significant magnitudes; and further differences are shown, such as greater stature among props compared to hookers (Fontana et al., 2015). 

This evidence suggests the rate of increase in stature has accelerated in recent years among female rugby union forwards, and that the differences observed between and within forward and backs positional groups, match those of male rugby union. However, female positional differences are much smaller compared to males which suggests further evolution may occur in the female game. A significant limitation within the current literature is that relevant studies primarily report mean values for multiple teams of varying standards, and may, therefore, not be representative of elite standard normative values. This is highlighted by the homogenous stature of forwards and backs reported among club- or low ranking international-standard cohorts, (Hene et al., 2011; Nyberg & Penpraze., 2016), whilst investigations including only higher-ranking international teams show forwards to be significantly taller than backs (Posthumus et al., 2019).  

2.3.3. Body composition
Low body fat levels are associated with performance in sports requiring speed, agility and endurance (Silva et al., 2022; Stankovic et al., 2023). Reduced body fat increases the ratio between strength, power and body weight, which is greater among athletes who display enhanced levels of these motor abilities (Delaney et al., 2015). Since the turn of professionalism of male rugby union in 1995 and following a number of rule changes to increase game speed (Williams 2005), the number of passes, tackles and duration of ball in play time has increased (Quarrie 2007). These changes increase the volume of playing time and the intensity of game activities, placing greater movement demands on players (Duthie 2003). Therefore, although high body mass may be desirable because of its association with successful performance in rugby union and league, this characteristic might be less advantageous if it is accompanied by significant increases fat mass (Withers 1986). 

Similar to the trends evident among males, female forwards have higher body fat than backs in union and league (Fontana et al., 2015; Hene et al., 2011; Posthumus et al., 2019; Zemski et al., 2015). Differences between discrete positions in female rugby union and league also mirror the trends among males, whereby tight five forwards (prop and second row) typically display the highest body fat levels and loose forwards are the leanest among forward positions, whilst little differences exist between other positions (Fontana et al., 2015; Gabbett et al., Meir et al., 2005; Posthumus et al., 2019; Smart et al., 2013; Van Gent & Spamer., 2005). Sevens are generally the leanest of the codes, with little difference between forwards and backs (Agar-Newman et al., 2015; Ross et al., 2014). 



[bookmark: OLE_LINK2]Figure 2.4: Body fat changes over time (years), among female rugby union and league forwards and backs, at all competitive levels. Lines represent best fit

Figure 2.4 depicts how the body fat levels of female forwards and backs in union and league, have become more distinct over time. However, in contrast to female sevens (Table 2.1), the longitudinal trend suggests female union and league players have not become leaner. For example, in 1993, Kirby and Riely reported lower body fat percentage among a high ranking international team compared to a similar standard cohort in 2019 (Posthumus et al., 2019). This apparent stability in body fat levels over ~30 years among female union and league players is not in agreement with evidence from male rugby, showing that players have become leaner over time (Bevan et al., 2022; Olds., 2001). Whilst female sevens are professionally supported by the majority of unions, female rugby union and league remain largely amateur, which may limit the capacity to adopt professional practices of training, nutrition and physical development. These practices most likely support the lower body fat levels observed among professionals compared to amateur players, in all male codes, and in female sevens (Clark et al., 2016; Jones et al., 2015; Ross et al., 2014; Smart et al., 2013).

The progression of body composition in female rugby union and league may, therefore, be stunted by the capacity of players to adopt professional practices and train more frequently. This suggestion is supported by the substantial body fat differences between professional male and amateur female rugby players. For example, greater body fat levels were reported among International female players (111.3 ± 37.6 mm) in comparison to professional male players (68.3 ± 16.9 mm), during the same sampling season and using identical methodologies (Posthumus et al., 2019(a); Posthumus et al., 2019(b)). Similar trends can also be observed in rugby league and sevens (Clark et al., 2016; Gabbett et al., 2013; Jones et al., 2015), and although genetic factors associated with sex, such as greater relative body fat levels among female compared to male athletes, may account for the magnitude of these differences (Bartolomei et al., 2021), the effect of professionalism on female rugby union player’s body composition remains unclear.

Body composition assessment is associated with high measurement error (Muller & Malina 1987, Hume & Marfell-Jones 2008, Aandstadt 2014) due to methodological inconsistencies such as tester experience, measurement devices, and calculation methods (Kasper et al., 2021). Furthermore, seasonal variation (Mitchell 2015, Harley et al 2011, Gabbett 2005), ethnicity (Zemski et al., 2015), also add significant variation to body composition measurement. These factors, coupled with the diminutive number of credible reports for elite-standard cohorts in female rugby, mean the understanding of longitudinal changes and current status of body composition among elite female rugby players, is speculative at best. 
  
Although parallels in the trends of physical characteristics exist between male and female rugby players, there appears to be a lack of specialisation of body mass, stature and fat levels according to position. This could be accounted for by the lower training ages and lack of professionalism among the small samples of largely amateur female players within the existing literature, compared to male professional players. This dearth of evidence merits further investigation of female rugby players’ physical characteristics using elite-standard, professional cohorts.

2.4. Physical performance characteristics

Accordingly, the diverse range of physical abilities required to meet the demands of the elite rugby environment, are also superior amongst elite performers compared to lesser standards of play (Argus et al., 2012; Quarrie et al., 1995; Smart et al., 2013). The advent of professionalism in the male game has resulted in longitudinal position-specific changes in morphological characteristics, such as greater height and body mass and lower fat mass (Fuller et al., 2012; Hill et al., 2018). Physical performance characteristics such as strength, power, sprint speed and momentum, and aerobic running ability (Argus et al., 2012; Smart et al., 2013) are also greater among professionals compared to lower-level male rugby union players. Whilst professionalism was introduced in female rugby union in 2017, with many nations currently supporting part-, and full-time training programmes, there is no longitudinal evidence of either the magnitude or type of physical adaptations amongst elite-level female players.
 
Fewer differences appear to exist between female forwards and backs compared to the male game (Quarrie et al., 1995; Smart et al., 2013) and are limited to greater jump and sprint performance amongst backs, and greater total mass and fat mass amongst forwards (Hene et al., 2011; Nyberg et al., 2016). These positional differences are also less clear at lower levels, suggesting that physical performance and anthropometrical characteristics in female rugby are less pronounced, perhaps due to the specialised training and selection processes at international level (Hene et al., 2011; Nyberg et al., 2016). However, the rudimentary categorisation of players into forwards and backs positional groups may limit the current understanding of specific positional characteristics in the female game, as differences in anthropometric and physical performance characteristics between more discrete positions are evident in male rugby (Smart et al., 2011). A recent study by Posthumus et al. (2020) showed that tight-five forwards were heavier and had greater body fat than loose forwards within a top 2 World-ranked female rugby union cohort, suggesting that more discrete positional differences are apparent at the elite level of female rugby. However, there have been no reports for elite-level female physical performance characteristics using more discrete positional categorisation, subsequently limiting the specificity of training programmes delivered to these athletes. Furthermore, the absence of longitudinal data spanning the transition from amateur to professional status in elite-level female players limits understanding of the impact of professionalism on physical and performance characteristics.


























	Author, date & country
	Code
	Standard
	Position
	Subjects
(n)
	10m 
sprint (s)
	30m
Sprint (s)
	40m 
sprint (s)
	Vertical jump (cm)
	1RM Bench
 Press (kg)
	Estimated
VO2max 
(mL/kg/min)

	Yao et al (2020)
	Union
	Club
	Forwards
Backs
	10
12
	1.86 ± 0.1
1.78 ± 0.1
	
	
	24.1 ± 3.1
30.4 ± 5.7*
	67.5 ± 9.2*
58.9 ± 7.8
	

	Nyberg & Penpraze (2016) 
Scotland
	Union
	Club
	Forwards
Backs
	19

	2.1 ± 0.1
2.1 ± 0.1
	
	7.1 ± 0.3 
6.8 ± 0.5
	
	59.1
55.9
	35.9±3.6
35.7±2.1

	Quarrie (2001)
	Union
	Club
	Forwards 
Backs
	4
4
	
	5.3*
5.0
	
	39.6*
44.8
	

	41.2*
47.4

	Hene et al (2011) South Africa
	Union
	International
	Forwards
Backs
	17
15
	2.0 ± 0.1*
1.9 ± 0.1
	
	6.4 ± 0.3*
5.9 ± 0.1
	39.3±5.7*
47.3±2.9
	63.6±15.7
55.8±9.2
	41.1±9.3*
46.5±4.8

	Newton (2011) Wales
	Union
	International
	All
	8
	1.94 ± 0.1
	
	6.12 ± 0.2
	
	46.4 ± 5.5
	42.4 ± 3.5

	Newton (2011) Wales
	Union
	National
	All
	8
	2.07 ± 0.1
	
	6.59 ± 0.2
	
	42.19 ± 2.8
	36.4 ± 2.0

	Jones et al (2015) England
	League
	International
	Forwards
Backs
	12
15
	2.01 ±  0.2*
1.87 ± 0.1
	5.05 ± 0.4*
4.68 ± 0.3
	6.59 ± 0.6*
6.13 ± 0.3
	24.0 ±0.1*
29.0 ± 0.1
	

	

	Gabbett (2007) Australia
	League
	International
	Hit Up
Interchangeable
Backs
	11
11
10
	2.06 ± 0.1
1.98 ± 0.1
1.94 ± 0.1*
	
	6.70 ± 0.4*
6.39 ± 0.2
6.22 ± 0.2
	34.3 ± 8.6
35.6 ± 5.5
37.0 ± 7.0*
	
	31.2 ± 3.3*
36.2 ± 4.6*
34.5 ± 2.2*

	Minahan (2021) Australia
	League
	International
	Forwards
Backs
Adjustable
	
	1.90
1.98
1.92
	
	
	34.2
28.8
35.5
	85.2
99.3
87.6
	47.2
42.7
46.3

	Clark et al (2016) Australia
	Sevens
	International
Club
	All
	11
22
	1.76 ± 0.1
1.82 ± 0.1*
	
	5.50 ± 0.2
5.79 ± 0.2*
	47.4 ± 5.5
49.6 ± 3.8*
	
	

	Ohya et al (2015) Japan
	Sevens
	International
	Forward
Backs
	11
12
	
	4.74 ± 0.1
4.64 ± 0.2
	
	37.4 ± 4.0
38.4 ± 4.2
	
	

	Agar-Newman (2010) Australia
	Sevens
	International
	Forwards
Backs
	11
13
	
	
	
	
	68.79 ± 7.1*
61.85 ± 7.2
	


Table 2.3: Physical characteristics of individual positions among female rugby union and league players 
*Denotes large effect size or statistically significant difference to comparative group in the same study
                                                                                                                                                                                         




2.5. Summary of literature review
The previous passages describe the findings of investigations into the match physical demands and physical performance characteristics of the female rugby codes. Additional published investigations have been added to the previous dearth of published literature, At the commencement of this thesis, investigations into elite female rugby were sparse, and although subsequent studies have been published, there remains a dearth of published literature in this regard. This review suggests that in female rugby union, a larger proportion of matches are spent with the ball in play compared to males, whilst similar average speeds and collision frequencies are reported, albeit at lower peak magnitudes among females. This indicates a more continuous match composition among females, whilst the male game may be characterised by more kicking, and higher relative intensity, evidenced by the greater relative forces experienced in the set piece, and longer peak ball in play epochs which are paced at higher average speeds compared to females. Indeed, the more homogenous physical characteristics of female rugby union players compared to their male counterparts, align with a more continuous, running based format, with less emphasis on set piece and collision dominance. However, the extrapolation of this evidence to training prescription for female players would be highly erroneous without validation from additional investigations of elite-standard female cohorts, which do not currently exist. This is because professional contracts, coaches and training habits are now commonplace in the female game. These developments are associated with changes in technical and tactical behaviours, physical characteristics, and match physical demands, which also differ between elite and sub elite-standard players and matches. It is therefore imperative that the current status of elite-standard female match-play, and player physical profiles, are investigated to ensure precise, contemporary normative data in the first instance. Subsequently, training guidelines for players may be more accurately formulated by coaches, according to a population-specific evidence base. The initial investigations of this thesis, therefore, sought to describe the match physical characteristics and physical performance characteristics among an elite-standard female rugby union cohort.  

Chapter 3: Elite international female rugby union physical match demands: A five-year longitudinal analysis by position and opposition quality

This chapter comprises the following manuscript that was published in the Journal of Sports Science and Medicine.
Woodhouse. L, Patterson. S, Tallent. J, Waldron. M. (2021). Elite international female rugby union physical match demands: A five-year longitudinal analysis by position and opposition quality. Journal of Science and Medicine in Sport, 24(11), 1173-1179

3.1. Lead Summary
The previous chapter described the dearth of descriptive literature with regard to the match physical characteristics among elite-standard female rugby union populations, according to discrete positions, and standard of performance. Furthermore, the impact of professionalism on these characteristics is undocumented. This lack of evidence stunts the global development and subsequent competitiveness of international female rugby union as coaches and players are unable to define training parameters that reflect peak match physical outputs. Therefore, this study aimed to evaluate changes in rugby union physical match characteristics across five seasons of International female competition, according to field position and opposition quality. A total of 78 players from a top 2 ranked International team, each with a minimum of five international appearances, were analysed using global positional systems and performance analysis methods between 2015 and 2019. Mixed-linear-modelling was used to investigate the effects of season, opposition and position during 969 individual match performances from 53 International matches. The investigation revealed that running demands increased between 2015 and 2017 (World Cup year) and plateaued thereafter, except for sprints among the outside backs, which declined between 2017 and 2019, and accelerations and decelerations >3 m/s2 which increased between 2017 and 2019. Collision demand was higher in forwards than backs, and whole-match collision demand was higher against stronger opposition. Running demand was greater against weaker opposition, but the ‘most intense periods’ of running were greater against stronger opposition in 2017. It was concluded that despite average speed and sprint demands of elite-level female rugby plateauing across time, high intensity accelerating and decelerating continue to increase, whilst sprint demands and collisions during maximum intensity periods may be decreasing among certain positions. Opposition quality also influences physical match characteristics and should be accounted for in match preparation.         

3.2. [bookmark: _Hlk94008246]Introduction
Rugby union is a demanding, intermittent team sport, where frequent bouts of static and dynamic collision-based exertions and high intensity running are interspersed with periods of lower-intensity activities (Delaney et al., 2012; Hughes et al., 2017). While the physical match characteristics of elite male rugby union players has been thoroughly described and incorporated into training practices, much less in known about international female players, with the only published studies providing data for low ranking teams (World ranking of 8 or below according to World Rugby official rankings) and using small sample sizes (Sheppy et al., 2019; Suarez-Arrones et al., 2013). This is unfortunate, since within-player variation observed across multiple matches in male rugby union (McLaren et al., 2016) suggests that longitudinal observations and higher sample sizes might be necessary to ensure peak physical match characteristics are reported with greater certainty. Longitudinal variation could be partly explained by quality of the opposition (Kemton & Coutts., 2016; Old et al., 2001), or changes occurring across longer developmental periods, such as the recent transition from amateur to professional rugby among female players. Longitudinal increases in physical match characteristics such as average speed, high speed running and collision frequency have also been reported in male rugby league (Evans et al., 2018). Thus, the current literature provides limited insight into the imposed demands on International female players during matches and lacks understanding of contextual factors, which has been raised as a concern in other codes, which has been raised as a current concern in female sport (Cummins et al., 2020; Emmonds et al., 2019). Based on the above reasoning, the primary aim of the current study was, therefore, to conduct the first extensive, longitudinal analysis of physical match characteristics among elite international female rugby union players. The differences in physical match characteristics were evaluated between: i) positional group ii) matches against teams of high and low ranks (opposition quality), and iii) five consecutive seasons of competitive match performance (2015-2019).    

3.3. Methods
3.3.1. [bookmark: _Hlk94008372]Participants
Following institutional ethical approval, a five-year longitudinal analysis of physical match characteristics was conducted between 2015 and 2019, with a total sample of seventy-eight international female rugby union players (age 25 ± 4 years, stature 170.6 ± 6.0 cm, body mass 76.6 ± 9.8 kg) from a single team, ranking in the top 2 nations across the study period (World cup finalists in 2014 and 2017). Each player had a minimum of five international caps (players observed; 2015, n = 40; 2016, n = 38; 2017, n = 47; 2018, n = 39; 2019, n = 39). A total of 967 match files were analysed from 53 matches (19.7 ± 3.0 observations per match, 12.3 ± 9.4 observations per player) over the five seasons. Individual positions were split into six positional groups, comprising front-row forwards, consisting of props and hookers (FR) (n = 16), locks (L) (n = 10), back-row forwards consisting of flankers and number eights (BR) (n = 15), scrum-halves (SH) (n = 6), inside backs consisting of fly-halves, inside and outside centres (IB) (n = 17) and outside backs consisting of wingers and full-backs (OB) (n = 14). To analyse opposition strength, the 9 opposing teams encountered during the study period were categorised as top or bottom 5, based on current World-ranking at the time of competition (28 and 26 matches against top and bottom 5 respectively). 

3.3.2. Procedures
All matches took place between 12:30 pm and 10:00 pm, across three continents (Europe, America and Australasia), with differences in environmental conditions. To quantify running demands during matches, each player was fitted with a Global Positioning System (GPS) device, integrated with micro-mechanical electrical systems (MEMS). Between 2015 and August 2017, a Viper device was used (STATSports Viper; STATSports, Newry, Northern Ireland). This was changed to the Apex unit in August 2017 until 2019 (STATSports Apex; STATSports, Newry, Northern Ireland). Measurement errors of these devices is typically < 5%, with close (< 2%) comparisons to sport specific criterion measurements (Beato & Keijzer., 2019). The GPS files were gathered from 53 matches and all values were included in the analysis, regardless of time on the pitch (68.5 ± 28.7 min). The files were downloaded using the manufacturer’s software, and truncated post-hoc to remove half-time periods. Raw speed traces were inspected and removed from the analysis if damaged or incomplete. Normality was inspected and outliers were removed using the Shapiro-Wilk method and visual inspection using box plots in SPSS. 

3.3.3. Kinematic variables
All kinematic variables selected for analysis were expressed in absolute and relative to playing time and thresholds were set according to the mean aerobic running and maximum speeds of the cohort and previous female reports (Suarez-Arrones et al., 2013). These included: total distance (m), and distance at low speed (< 3 m/s), moderate-speed (3-5.5 m/s) and high speed (> 5.5 m/s), as well as high speed zone entries. The number of entries into the following acceleration and deceleration zones were also recorded: moderate zones (2-3 m/s2), high (3-4 m/s2) and very high (> 4m/s2) (Cunningham et al., 2016). Absolute and relative collision values were derived from the GPS-micro-technology devices (McLaren et al., 2016). To provide an additional metric for collision event, the sum of tackles, carries and scrums were also coded by an expert performance analyst (PA) with over five years of experience in elite-level rugby union, and recorded as absolute and relative collision events (Total collisions (PA) and Collisions/min (PA) respectively). Maximum-intensity periods (MIP) for collision frequency and average speed, were calculated for each player, for a fixed period of 2.75 min in each match. This segment duration was chosen as it represented the average of maximum ball in play periods in international female rugby and aligned with previous reports for ‘worst case scenarios’ in elite-level male rugby (Reardon et al., 2017). 

3.3.4. Statistical analysis
Linear mixed-modelling was conducted (SPSS v.22.NY.IBM Corporation) using separate models for each match dependant variable, to evaluate the effects of the following fixed factors: season (2015-2019), position and opposition quality (top 5 and below) all of which were entered into the model. The random effects were individual players for all analyses. Where fixed factors were significant (p < 0.05), post-hoc Bonferroni comparisons were conducted to determine differences between levels. Significance was accepted as p < 0.05. The pooled match-to-match variability was calculated for each variable eliciting coefficient of variations between 9 and 34%.

3.4. Results
[bookmark: _Hlk94008541]Linear mixed modelling revealed effects of positional group across all variables, with the exception of accelerations and decelerations (3-4 m/s2). Effects of season were shown for average speed (p < 0.001), total distance (p < 0.001), average distance <3 m/s (p < 0.001), total distance <3 m/s (p < 0.001), average distance 3-5.5 m/s (p < 0.001), total distance 3-5.5 m/s (p < 0.001), average distance >5.5 m/s (p < 0.001), total distance >5.5 m/s (p < 0.001), sprints/min (p < 0.001), total sprints (p < 0.001), MIP m/min (p < 0.001), accelerations/min >4 m/s2 (p < 0.001), decelerations/min >4 m/s2 (p < 0.001), accelerations/min 2-3 m/s2 (p < 0.001) and decelerations/min 2-3 m/s2 (p <0.001). There were effects (p < 0.001) of opposition for average speed, average distance <3 m/s, average distance 3-5.5 m/s, average distance >5.5 m/s and collisions/min. Match playing time was not affected by any factors (p > 0.001). Pairwise effects are shown in tables 3.1, and illustrated in figures 3.1, 3.2, 3.3 and 3.4. 




[bookmark: OLE_LINK3]

Season x Position interactions showed differences between positions within the same season, and differences between seasons within the same position, for distance >5.5 m/s (m) (p < 0.05), sprint/min (p < 0.05), total sprints (p < 0.001), MIP collisions/min (p < 0.01), collisions/min (microtechnological) (p < 0.05), accelerations/min >4 m/s2 (p < 0.05), decelerations/min >4 m/s2 (p < 0.05), accelerations/min 3-4 m/s2 (p < 0.05), decelerations/min 3-4 m/s2 (p < 0.05), accelerations/min 2-3 m/s2 (p < 0.05) and decelerations/min 2-3 m/s2 (p < 0.05),  Pairwise differences are shown in tables 3.2 & 3.3 and are illustrated in figures 3.1, 3.2, 3.3 and 3.4.







Significant interactions were observed between season and opposition for total collisions (PA) and collisions/min (PA), and for MIP m/min (p < 0.01). Pairwise comparisons showed that total collisions (PA) and collisions/min (PA) were higher when playing top five opposition compared to bottom five opposition in 2015 and 2017. MIP m/min was higher when playing bottom five opposition compared to top five opposition in 2016, and in 2017, was higher when playing top five opposition compared to bottom five opposition. MIP m/min in matches against top five opposition was also higher in 2017 compared to all years, and higher in 2019 compared to 2015 and 2016, while in matches against bottom five opposition, 2015 was lower compared to all years.


Table 3.1. Fixed effect pairwise comparisons for season, position and opposition rank, among elite-level female rugby union players across five seasons.
	
	Season effect
	Position effect
	Opposition effect

	Average speed (m/min)
	2016,2017,2018,2019>2015;  2017>2016,2019
	SH>FR,L,BR,IB,  IB,OB>FR,L, BR>FR
	Bottom 5 > Top 5

	Total distance (km)
	2016,2017,2019>2015
	BR,IB,OB>FR
	-

	Average Distance (m/min <3 m/s)
	                    2016,2017,2018,2019>2015
	OB>FR,L,BR,SH,IB
	Bottom 5 > Top 5

	Total distance <3 m/s (m)
	2016>2015
	L,BR,SH,IB,OB>FR,  SH>IB,OB
	-

	Average Distance (m/min 3-5.5 m/s)
	2016,2017,2019>2015
	L,BR,SH,IB,OB>FR
	Bottom 5 > Top 5

	Total distance 3-5.5 m/s (m)
	2017>2015,2016,2019
	SH>FR,L,BR,IB,OB,  BR>FR,OB
	-

	Average Distance (m/min >5.5 m/s)
	2017>2016
	OB>FR,L,BR,SH,IB,  SH,IB>FR,L,BR
	Bottom 5 > Top 5

	Total distance >5.5 m/s (m)
	2017>2015,2016;  2019>2015
	SH, OB>FR,L,BR,SH,  OB>IB, BR>FR
	-

	Sprints/min
	2017>2015,2016,2018
	SH,IB,OB>FR,L,BR,  OB>SH,IB
	Bottom 5 > Top 5

	Total sprints
	2017>2015,2016,2019;  2018>2015
	IB,OB>FR,L,BR,SH,  BR,SH>FR
	-

	Collisions/min
	-
	L,BR>IB,OB,  L>SH, FR>OB
	-

	Total collisions
	-
	FR,L,BR>SH,IB,OB,  L,BR>FR
	-

	Collisions/min (PA)
	-
	FR,L,BR>SH,IB,OB
	-

	Total collisions (PA)
	-
	-
	Top 5 > Bottom 5

	MIP (m/min)
	2017>2015,2016,2018,2019;  2016,2018,2019>2015;  2019>2016
	BR,SH,IB,OB>L,  SH,IB,OB>L
	-

	MIP (collisions/min)
	-
	L,BR>SH,IB,OB
	-

	Accelerations/min 2-3 m/s2
	2016,2017,2018,2019>2015;  2017>2016,2019;  2018>2019
	SH>IB,OB
	-

	Accelerations/min 3-4 m/s2
	2018,2019>2015,2016,2017;  2017>2015,2016;  2016>2015
	-
	-

	Accelerations/min >4 m/s2
	2018,2019>2015,2016,2017;  2017>2015
	IB>FR,L,OB
	-

	Decelerations/min 2-3 m/s2
	2016,2017,2018,2019>2015;  2017>2016,2019
	SH>IB,  FR,L,BR,SH>OB
	-

	Decelerations/min 3-4 m/s2
	2016,2017,2018>2015;  2017,2018,2019>2016;  2019>2017
	-
	-

	Decelerations/min >4 m/s2
	2018,2019>2015,2016,2017;  2017>2015
	L,BR,SH,IB,OB>FR,  SH,OB>L
	-


– denotes no fixed effect found. FR, L, SH, IB, OB denote Front row, Lock, Scrum half, Inside back, Outside back respectively. PA, collisions derived from performance analysis.

	
	
	FR
	L
	BR
	SH
	IB
	OB

	2015
	Average speed (m/min)
	59.1 ± 1.3bd
	50.5 ± 2.2acdef
	64.2 ± 1.7b
	67.5 ± 2.4ab
	64.0 ± 1.6b
	62.2 ± 1.7b

	
	Total distance (m)
	2410 ± 314c
	2968 ± 498
	4115 ± 383a
	2740 ± 582
	4777 ± 378
	4605 ± 397

	
	Average distance (m/min <3 m/s)
	42.0 ± 1.0b
	34.8 ± 1.5ac
	43.0 ± 1.2b
	42.9 ± 1.8b
	43.1 ± 1.1b
	44.8 ± 1.2b

	
	Total distance <3 m/s (m)
	1858 ± 219
	2152 ± 348
	2484 ± 267
	1811 ± 404
	3218 ± 263a
	3341 ± 277a

	
	Average distance (m/min 3-5.5 m/s)
	16.0 ± 0.9d
	15.0 ± 1.4d
	19.7 ± 1.1f
	23.8 ± 1.7abf
	18.1 ± 1.1
	14.7 ± 1.1cd

	
	Total distance 3-5.5 m/s (m)
	614 ± 104ce
	770 ± 160
	1210 ± 126a
	874 ± 193
	1338 ± 123a
	1047 ± 129

	
	Average distance (m/min >5.5 m/s)
	0.4 ± 0.3ded
	0.6 ± 0.4ef
	0.9 ± 0.3ef
	2.3 ± 0.5a
	2.7 ± 0.3abc
	2.9 ± 0.3abc

	
	Total distance >5.5 m/s (m)
	2 ± 2ef
	35 ± 26ef
	50 ± 21ef
	63 ± 33ef
	196 ± 21abcd
	185 ± 22abcd*

	
	Sprints/min
	0.03 ± 0.01def
	0.05 ± 0.02ef
	0.08 ± 0.02ef
	0.10 ± 0.03a
	0.20 ± 0.02abc
	0.21 ± 0.02abc*^

	
	Total Sprints
	0.7 ± 1ef
	2.3 ± 1.6ef
	4.3 ± 1.3ef
	4.2 ± 2e
	12.7 ± 1.3abcd
	11.3 ± 1.3abc#

	2016
	Average speed (m/min)
	62.5 ± 1.5d
	62.8 ± 2.8
	64.2 ± 1.6
	72.5 ± 3.0a
	64.9 ± 1.6
	66.6 ± 1.8

	
	Total distance (m)
	3246 ± 355f
	5078 ± 618
	4727 ± 374
	4498 ± 683
	4703 ± 525
	5476 ± 432a

	
	Average distance (m/min <3 m/s)
	44.9 ± 1.1
	44.0 ± 1.9
	44.0 ± 1.1
	46.2 ± 2.1
	45.0 ± 1.6
	46.6 ± 1.3

	
	Total distance <3 m/s (m)
	2401 ± 248
	3604 ± 431
	3278 ± 261
	2986 ± 477
	3317 ± 367
	3855 ± 301a

	
	Average distance (m/min 3-5.5 m/s)
	16.9 ± 1.0d
	17.8 ± 1.7
	18.8 ± 1.1
	23.8 ± 1.7af
	18.1 ± 1.1
	14.7 ± 1.1d

	
	Total distance 3-5.5 m/s (m)
	811 ± 116c
	1404 ± 199
	1361 ± 122a
	1418 ± 221
	1247 ± 168
	1324 ± 140

	
	Average distance (m/min >5.5 m/s)
	0.5 ± 0.3def
	0.4 ± 0.4ef
	1.1 ± 0.3f
	2.2 ± 0.5
	2.1 ± 0.4a
	3.4 ± 0.3abc

	
	Total distance >5.5 m/s (m)
	26 ± 20ef
	31 ± 33f
	91 ± 20f
	94 ± 37f
	127 ± 27abf*
	255 ± 23abcde*

	
	Sprints/min
	0.04 ± 0.02ef
	0.04 ± 0.02ef
	0.10 ± 0.02f
	0.10 ± 0.03abc
	0.20 ± 0.02
	0.21 ± 0.02abc*

	
	Total Sprints
	2.1 ± 1.2cef
	2.5 ± 1.9f
	7.7 ± 1.1af
	6.5 ± 2.3f
	9.5 ± 1.7a
	15.3 ± 1.4abcd#

	2017
	Average speed (m/min)
	64.5 ± 1.0cd
	65.9 ± 1.5def
	69.7 ± 1.3ad
	78.0 ± 2.1abc
	71.9 ± 1.1ab
	73.0 ± 1.3ab

	
	Total distance (m)
	2960 ± 259bcef
	4712 ± 352a
	4981 ± 314a
	4121 ± 514
	4898 ± 284a
	5472 ± 303a

	
	Average distance (m/min <3 m/s)
	44.8 ± 0.8f
	43.8 ± 1.1f
	45.8 ± 1.0
	44.8 ± 1.6
	45.5 ± 0.9
	48.5 ± 0.9ab

	
	Total distance <3 m/s (m)
	2073 ± 179bc
	3166 ± 245a
	3304 ± 218a
	2338 ± 357e
	3110 ± 197a
	3634 ± 211 ad

	
	Average distance (m/min 3-5.5 m/s)
	17.8 ± 0.7cde
	19.8 ± 1.0d
	21.8 ± 0.9ad
	30.0 ± 1.5abf
	21.3 ± 0.8ad
	19.4 ± 0.9d

	
	Total distance 3-5.5 m/s (m)
	788 ± 88bcdef
	1385 ± 116a
	1529 ± 104a
	1614 ± 171a
	1458 ± 95a
	1403 ± 100a

	
	Average distance (m/min >5.5 m/s)
	0.5 ± 0.2def
	0.8 ± 0.3def
	1.2 ± 0.2ef
	2.6 ± 0.4abf
	3.2 ± 0.2abcf
	4.3 ± 0.2abcde

	
	Total distance >5.5 m/s (m)
	18 ±16cdef
	63 ± 19.9ef
	93.3 ± 17.9aef
	132.3 ± 30af
	224.1 ± 17abcf¥
	326.8 ± 17abcde#¥$

	
	Sprints/min
	0.05 ± 0.1def
	0.07 ± 0.2ef
	0.11 ± 0.01ef
	0.20 ± 0.02af
	0.21 ± 0.01abc^$
	0.31 ± 0.1abcd#¥$

	
	Total Sprints
	1.9 ± 1.0cdef
	5.5 ± 1.2ef
	6.7 ± 1.1aef
	8.3 ± 1.8af
	14.5 ± 1.0abcf
	19.4 ± 1.1abcde#¥$

	2018
	Average speed (m/min)
	59.1 ± 2.0df
	61.5 ± 2.6
	63.4 ± 2.3
	73.2 ± 4.2a
	64.3 ± 2.2
	68.3 ± 2.3a

	
	Total distance (m)
	2817 ± 447ef
	3703 ± 586
	4742 ± 512
	4429 ± 943
	5090 ± 502a
	4993 ± 519a

	
	Average distance (m/min <3 m/s)
	41.7 ± 1.4
	42.6 ± 1.8
	43.6 ± 1.5
	44.4 ± 2.8
	44.8 ± 1.5
	47.3 ± 1.6

	
	Total distance <3 m/s (m)
	2110 ± 314
	2694 ± 410
	3330 ± 358
	2725 ± 661
	3529 ± 351a
	3512 ± 362

	
	Average distance (m/min 3-5.5 m/s)
	16.8 ± 1.3a
	18.5 ± 1.6
	19.1 ± 1.4
	44.4 ± 2.8af
	44.8 ± 1.5
	47.3 ± 1.6

	
	Total distance 3-5.5 m/s (m)
	689 ± 143ce
	974 ± 186
	1358 ± 162a
	1528 ± 298
	1406 ± 160a
	1213 ± 166

	
	Average distance (m/min >5.5 m/s)
	0.4 ± 0.3def
	0.5 ± 0.4ef
	0.7 ± 0.3ef
	2.5 ± 0.6a
	2.3 ± 0.4abc
	3.3 ± 0.4abc

	
	Total distance >5.5 m/s (m)
	16.2 ± 23.5ef
	33.9 ± 30ef
	63.5 ± 26.1ef
	132.0 ± 47.8
	188.5 ± 26abc
	240.2 ± 27.2abc

	
	Sprints/min
	0.03 ±0.02def
	0.04 ± 0.02def
	0.06 ± 0.02def
	0.18 ± 0.04abc
	0.14 ± 0.02abcf*
	0.23 ± 0.2abce#

	
	Total Sprints
	1.6 ± 1.4def
	2.7 ± 1.8ef
	4.6 ± 1.6ef
	11.6 ± 3.0a
	11.8 ± 1.6abc
	16.5 ± 1.7abc

	2019
	Average speed (m/min)
	62.1 ± 1.2d
	63.6 ± 1.7df
	64.0 ± 1.3df
	72.9 ± 2.1abc
	67.1 ± 1.4
	70.9 ± 1.4abc

	
	Total distance (m)
	3240 ± 287ef
	4287 ± 397
	4429 ± 942
	3468 ± 496f
	5158 ± 328a
	5283 ± 320ad

	
	Average distance (m/min <3 m/s)
	44.9 ± 0.9
	44.7 ± 1.2
	43.4 ± 0.9f
	43.1 ± 1.5
	45.2 ± 1.0
	47.9 ± 1.0c

	
	Total distance <3 m/s (m)
	2349 ± 199
	3034 ± 276
	2932 ± 215
	2087 ± 344ef
	3469 ± 228ad
	3636 ± 223 ad

	
	Average distance (m/min 3-5.5 m/s)
	16.8 ± 0.8d
	18.9 ± 1.1d
	19.9 ± 0.9d
	26.0 ± 1.4 abcef
	19.1 ± 1.0d
	18.2 ± 1.0d

	
	Total distance 3-5.5 m/s (m)
	875 ± 95
	1235 ±130
	1334 ± 102
	1193 ± 165
	1479 ± 108
	1303 ± 105

	
	Average distance (m/min >5.5 m/s)
	0.3 ± 0.2def
	0.6 ± 0.3def
	1.1 ± 0.2def
	2.6 ± 0.4abc
	2.6 ± 0.3abcf
	3.8 ± 0.2abce

	
	Total distance >5.5 m/s (m)
	14.5 ± 16.7bcdef
	48.4 ± 21.8ef
	83.8 ± 17.3aef
	118.4 ± 18.6af
	25.0 ± 18.7abcf
	281 ± 17.6abcde*

	
	Sprints/min
	0.03 ± 0.01def
	0.04 ± 00.2def
	0.07 ± 0.01ef
	0.14 ± 0.02ab
	0.16 ± 0.02abc*
	0.22 ± 0.01abc*

	
	Total Sprints
	1.1 ± 1.0cef
	3.3 ± 1.3ef
	5.4 ± 1.1aef
	6.5 ± 1.8ef
	12.9 ± 1.1abcd
	15.7 ± 1.1abcd#


Table 3.2. Changes in physical match characteristics between season and position among elite-level female rugby union players. Pairwise comparisons show within and between season differences for position
FR = front row, L = lock, BR = back row, SH = scrum half, IB =inside back, OB = outside back. a, b, c, d, e, f = significantly different to front row, lock, back row, scrum half, inside back, outside back respectively, within the tabulated year. #, ¥, *, ^, $ = significantly different to 2015, 2016, 2017, 2018, 2019 respectively, within the tabulated position. 



Table 3.3. Changes in physical match characteristics between season and position among elite-level female rugby union players. Pairwise comparisons show within and between season differences for position
	
	
	FR
	L
	BR
	SH
	IB
	OB

	2015
	Collisions/min
	0.38 ± 0.3f
	0.41 ± 0.06f¥*
	0.40 ± 0.04f
	0.40 ± 0.06f
	0.21 ± 0.04
	0.14 ± 0.04abcd

	
	Total collisions
	17.7 ± 2.7
	22.3 ± 4.5
	25.1 ± 3.3
	19.9 ± 5.0
	17.1 ± 3.3
	10.3 ± 3.6

	
	Collisions/min (PA)
	0.47 ± 0.02
	0.50 ± 0.04
	0.47 ± 0.03
	0.27 ± 0.04
	0.22 ± 0.03
	0.11 ± 0.03

	
	Total collisions (PA)
	21.1 ± 1.8
	30.7 ± 2.9
	33.1 ± 2.2
	10.0 ± 3.3
	15.3 ± 2.2
	9.1 ± 2.4

	
	MIP (m/min)
	97.0 ± 2.3
	98.4 ± 3.6
	107.0 ± 2.8
	107.5 ± 4.3
	109.2 ± 2.8
	106.3 ± 3.0

	
	MIP (collisions/min)
	1.2 ± 0.07¥*
	1.3 ± 1.1
	1.4 ± 0.1e
	1.4 ± 0.13$
	0.9 ± 0.09c
	1.0 ± 0.09

	
	Accelerations/min 2-3 m/s2
	0.73 ± 0.5*$
	0.67 ± 0.3*^$
	0.62 ± 0.3*$
	0.62 ± 0.4*^$
	0.68 ± 0.3*$
	0.61 ± 0.3$

	
	Accelerations/min 3-4 m/s2
	0.17 ± 0.1*
	0.13 ± 0.1^
	0.17 ± 0.2*^
	0.16 ± 0.2
	0.17 ± 0.1*^
	0.14 ± 0.1^

	
	Accelerations/min >4 m/s2
	0.03 ± 0.03$
	0.04 ± 0.04^$
	0.02 ± 0.01$
	0.02 ± 0.02$
	0.03 ± 0.03*^$
	0.01 ± 0.02$

	
	Decelerations/min 2-3 m/s2
	0.72 ± 0.5*
	0.67 ± 0.2*^
	0.61 ± 0.3¥*^$
	0.56 ± 0.3*^$
	0.61 ± 0.3*
	0.52 ± 0.4

	
	Decelerations/min 3-4 m/s2
	0.21 ± 0.1*^$
	0.19 ± 0.1^$
	0.21 ± 0.1*^$
	0.14 ± 0.1*^$
	0.17 ± 0.1*^$
	0.18 ± 0.1

	
	Decelerations/min >4 m/s2
	0.06 ± 0.07$
	0.04 ± 0.04$
	0.05 ± 0.05*^$
	0.04 ± 0.04$
	0.08 ± 0.06*^$
	0.06 ± 0.06*^$

	2016
	Collisions/min
	0.31 ± 0.04
	0.48 ± 0.07f#$
	0.44 ± 0.04f
	0.19 ± 0.08
	0.23 ± 0.4
	0.14 ± 0.04bc

	
	Total collisions
	15.6 ± 3.2
	37.4 ± 5.6
	33.7 ± 3.3
	10.7 ± 6.6
	26.7 ± 4.8
	17.8 ± 3.8

	
	Collisions/min (PA)
	0.42 ± 0.03
	0.41 ± 0.05
	0.53 ± 0.03
	0.16 ± 0.06
	0.22 ± 0.04
	0.11 ± 0.3

	
	Total collisions (PA)
	22.8 ± 2.1
	34.1 ± 3.4
	37.2 ± 2.2
	10.9 ± 4.0
	14.3 ± 3.1
	8.6 ± 2.5

	
	MIP (m/min)
	103.2 ± 2.5
	101.1 ± 3.9
	113.7 ± 2.5
	118.9 ± 4.6
	108.2 ± 3.6
	116.2 ± 3.0

	
	MIP (collisions/min)
	1.01 ± 0.08c
	1.41 ± 0.13#
	1.43 ± 0.08af
	1.17 ± 0.16
	1.07 ± 0.12
	1.02 ± 0.1c

	
	Accelerations/min 2-3 m/s2
	0.86 ± 0.4$
	0.88 ± 0.3*
	0.94 ± 0.5
	0.94 ± 0.4*
	0.74 ± 0.4*
	0.79 ± 0.38

	
	Accelerations/min 3-4 m/s2
	0.21 ± 0.2
	0.21 ± 0.1$
	0.24 ± 0.2*¥$
	0.19 ± 0.1$
	0.22 ± 0.1*¥$
	0.23 ± 0.1#

	
	Accelerations/min >4 m/s2
	0.03 ± 0.03
	0.03 ± 0.03^
	0.05 ± 0.03
	0.03 ± 0.03$
	0.08 ± 0.07*^$
	0.04 ± 0.03

	
	Decelerations/min 2-3 m/s2
	0.85 ± 0.4
	0.87 ± 0.3
	0.9 ± 0.4#
	0.92 ± 0.3
	0.72 ± 0.3
	0.71 ± 0.4

	
	Decelerations/min 3-4 m/s2
	0.32 ± 0.2
	0.23 ± 0.1
	0.28 ± 0.2$
	0.23 ± 0.1$
	0.21 ± 0.1*^$
	0.26 ± 0.1

	
	Decelerations/min >4 m/s2
	0.06 ± 0.06$
	0.07 ± 0.06$
	0.12 ± 0.08^$
	0.09 ± 0.06$
	0.08 ± 0.06*^$
	0.11 ± 0.06^$

	2017
	Collisions/min
	0.32 ± 0.03f
	0.43 ± 0.04f¥$
	0.43 ± 0.04f
	0.26 ± 0.03f
	0.26 ± 0.03
	0.21 ± 0.03abcd

	
	Total collisions
	14.3 ± 2.1
	28.0 ± 3.0
	33.1 ± 2.6
	11.2 ± 4.3
	17.1 ± 2.3
	15.8 ± 2.6

	
	Collisions/min (PA)
	0.45 ± 0.02
	0.46 ± 0.05
	0.51 ± 0.02
	0.21 ± 0.04
	0.22 ± 0.02
	0.18 ± 0.02

	
	Total collisions (PA)
	19.9 ± 1.4
	29.9 ± 2.0
	35.2 ± 1.8
	7.7 ± 2.9
	12.8 ± 1.6
	10.7 ± 1.7

	
	MIP (m/min)
	110.9 ± 1.8
	113.0 ± 2.4
	117.4 ± 2.1
	131.0 ± 3.5
	122.4 ± 1.9
	120.1 ± 2.1

	
	MIP (collisions/min)
	1.12 ± 0.05ab#
	1.41 ± 0.07adef
	1.53 ± 0.6adef
	1.01 ± 0.11bc
	1.17 ± 0.06bc
	0.95 ± 0.06bc

	
	Accelerations/min 2-3 m/s2
	0.98 ± 0.4#$
	1.10 ± 0.4#¥$
	1.10 ± 0.2#
	1.44 ± 0.3f#¥$
	1.12 ± 0.3#¥
	0.81 ± 0.3d

	
	Accelerations/min 3-4 m/s2
	0.31 ± 0.2#
	0.26 ± 0.1
	0.34 ± 0.1#¥
	0.29 ± 0.1
	0.36 ± 0.1abdf#¥
	0.25 ± 0.2e*

	
	Accelerations/min >4 m/s2
	0.05 ± 0.05e$
	0.03 ± 0.03e^$
	0.05 ± 0.03
	0.03 ± 0.03e$
	0.08 ± 0.07#¥$
	0.04 ± 0.03e$

	
	Decelerations/min 2-3 m/s2
	0.99 ± 0.4f#^$
	0.95 ± 0.4f#
	1.01 ± 0.2f#
	1.21 ± 0.3f#
	0.92 ± 0.2d#$
	0.72 ± 0.4abcd

	
	Decelerations/min 3-4 m/s2
	0.28 ± 0.1#
	0.28 ± 0.1
	0.33 ± 0.1#
	0.31 ± 0.1#$
	0.35 ± 0.1#¥
	0.27 ± 0.1

	
	Decelerations/min >4 m/s2
	0.08 ± 0.06cef$
	0.07 ± 0.06e$
	0.13 ± 0.06a#^$
	0.09 ± 0.07$
	0.15 ± 0.08ab#¥
	0.13 ± 0.08a#^$

	2018
	Collisions/min
	0.38 ± 0.03
	0.53 ± 0.07f
	0.41 ± 0.06
	0.22 ± 0.12
	0.32 ± 0.06
	0.24 ±0.06b

	
	Total collisions
	17.8 ± 4.2
	27.2 ± 5.5
	31.5 ± 4.8
	11.4 ± 9.2
	24.1 ± 4.7
	17.3 ± 4.8

	
	Collisions/min (PA)
	0.37 ± 0.04
	0.38 ± 0.05
	0.48 ± 0.04
	0.12 ± 0.08
	0.17 ± 0.05
	0.18 ± 0.04

	
	Total collisions (PA)
	18.3 ± 2.7
	23.4 ± 3.5
	34.2 ± 3.1
	8.4 ± 5.6
	13.5 ± 3.3
	10.9 ± 3.1

	
	MIP (m/min)
	104.2 ± 3.1
	105.1 ± 4.1
	111.0 ± 3.6
	125.0 ± 6.6
	112.9 ± 3.5
	118.2 ± 3.6

	
	MIP (collisions/min)
	1.11 ± 0.1
	1.41 ± 0.14
	1.32 ± 0.12
	0.95 ± 0.22
	1.08 ± 0.1
	0.91 ± 0.12

	
	Accelerations/min 2-3 m/s2
	0.84 ± 0.2d
	1.02 ± 0.2#
	1.02 ± 0.2
	1.33 ± 0.3a#
	1.01 ± 0.2
	0.92 ± 0.2

	
	Accelerations/min 3-4 m/s2
	0.31 ± 0.1
	0.34 ± 0.1#
	0.42 ± 0.1#¥
	0.41 ± 0.2
	0.42 ± 0.1#¥
	0.35 ± 0.1#¥*

	
	Accelerations/min >4 m/s2
	0.05 ± 0.04e
	0.07 ± 0.05#¥*
	0.12 ± 0.1
	0.08 ± 0.07
	0.13 ± 0.07a#¥
	0.07 ± 0.04

	
	Decelerations/min 2-3 m/s2
	0.79 ± 0.2*
	0.91 ± 0.3#
	0.81 ± 0.2#
	1.12 ± 0.3#
	0.82 ± 0.2
	0.63 ± 0.1

	
	Decelerations/min 3-4 m/s2
	0.27 ± 0.1#
	0.34 ± 0.1#
	0.37 ± 0.1#
	0.42 ± 0.2#
	0.39 ± 0.1#¥
	0.28 ± 0.1

	
	Decelerations/min >4 m/s2
	0.12 ± 0.1cef$
	0.12 ± 0.08c
	0.21 ± 0.12ab#¥*
	016 ± 0.08
	0.19 ± 0.08a#¥
	0.22 ± 0.06a#¥*

	2019
	Collisions/min
	0.33 ± 0.03f
	0.35 ± 0.04f¥*
	0.34 ± 0.03f
	0.24 ± 0.05
	0.24 ± 0.04
	0.17 ± 0.04abc

	
	Total collisions
	17.1 ± 2.4
	23.1 ± 3.4
	28.4 ± 2.7
	11.4 ± 4.2
	20.5 ± 2.8
	15.3 ± 2.8

	
	Collisions/min (PA)
	0.48 ± 0.02
	0.48 ± 0.03
	0.53 ± 0.02
	0.15 ± 0.04
	0.15 ± 0.02
	0.14 ±0.03

	
	Total collisions (PA)
	23.1 ± 1.6
	32.9 ± 2.3
	32.0 ± 1.8
	7.5 ± 2.9
	11.1 ± 1.9
	11.1 ± 1.9

	
	MIP (m/min)
	106.8 ± 2.0
	112.1 ± 2.7
	113.1 ± 2.1
	121.4 ± 3.4
	121.0 ± 2.3
	120.5 ± 2.2

	
	MIP (collisions/min)
	1.22 ± 0.06c
	1.28 ± 0.09df
	1.43 ± 0.07bc
	0.91 ± 0.1c#
	1.07 ± 0.07
	0.94 ± 0.07bc

	
	Accelerations/min 2-3 m/s2
	0.78 ± 0.3d¥$
	0.86 ± 0.3*
	0.92 ± 0.3
	1.34 ± 0.4af*#
	0.82 ± 0.3
	0.74 ± 0.2d

	
	Accelerations/min 3-4 m/s2
	0.31 ± 0.1dd#
	0.32 ± 0.2d#¥
	0.36 ± 0.1#¥
	0.51 ± 0.2abf#¥*
	0.33 ± 0.1#¥
	0.31 ± 0.1d#

	
	Accelerations/min >4 m/s2
	0.06 ± 0.06de#*
	0.09 ± 0.04e#*
	0.06 ± 0.04de#
	0.10 ± 0.07ac#¥*
	0.13 ± 0.07abcf#¥*
	0.08 ± 0.05e#*

	
	Decelerations/min 2-3 m/s2
	0.79 ± 0.2dd*
	0.84 ± 0.2f
	0.81 ± 0.2df#
	1.15 ± 0.2acef#
	0.71 ± 0.2df*
	0.61 ± 0.2bcde

	
	Decelerations/min 3-4 m/s2
	0.34 ± 0.2d#
	0.34 ± 0.2d#
	0.41 ± 0.2f#¥
	0.51 ± 0.3abef#¥*
	0.34 ± 0.2d#¥
	0.28 ± 0.1cd

	
	Decelerations/min >4 m/s2
	0.17 ± 0.11#¥*^
	0.16 ± 0.13#¥*
	0.19 ± 0.1#¥*
	0.24 ± 0.11#¥*
	0.17 ± 0.07#¥
	0.20 ± 0.08#¥*


FR = front row, L = lock, BR = back row, SH = scrum half, IB =inside back, OB = outside back. a, b, c, d, e, f = significantly different to front row, lock, back row, scrum half, inside back, outside back respectively, within the tabulated year. #, ¥, *, ^, $ = significantly different to 2015, 2016, 2017, 2018, 2019 respectively, within the tabulated position. 
3.5. Discussion
The current study is the first to report physical match characteristics of female rugby players from an international team ranked in the top 2 nations between 2015-2019. This is also the first study to demonstrate an increase in average running demands, sprints and high intensity accelerating and decelerating, among female rugby union players across a five-year period, spanning the transition from amateur to professional status. Furthermore, evidence is provided that match-running demands and collisions of this high ranking international team are affected by their field position and the quality of their playing opposition.

The average speed reported in the current study (65.9 m/min) was similar to that reported in female rugby (68.3 m/min) (Suarez-Arrones et al., 2013) and comparable to the lower values found in male rugby (Cahill et al., 2013; Cunningham et al., 2016), yet below the highest reported (~ 81 m/min) (Beard et al., 2019; Lindsay et al., 2015). Despite this parity with previous female reports (Suarez-Arrones et al., 2013), the same study found that ~ 1.2% of total distance was spent at high speeds (>5.5 m/s) and sprint frequency was reported as 0.02/min and 0.1/min (for forwards and backs, respectively). This was markedly lower than the 2.7 % high speed running and sprint frequency of 0.18 /min and 0.54 /min in the current study. It was also shown that average speed during MIP in the same season, was slightly higher than that reported by Sheppy et al. (2019) using a similar duration of rolling epochs (115.8 ± 13.5 vs. 111.4 ± 10.4 m/min). However, during 2017, the average speed during MIP were higher (118.4 ± 12.9 m/min), particularly when playing top 5 opposition (120.5 ± 12.8 m/min). Although factors such as team playing style, sample size differences, and the elapsed time between studies may have impacted the differences between studies (Dalton-Barron et al., 2020), the findings of this investigation suggest that previous reports may not fully account for the total variation of running demands in elite-level female matches.

Differences in physical match characteristics between forwards and backs have been reported in bottom 5 ranked international female teams (Sheppy et al., 2019; Suarez-Arrones et al., 2013), which is confirmed in this investigation for top 5 ranked teams. Our findings also agree with those of Sheppy et al. (2019), in that FR covered the least total distance in matches but are similar to SH. FR and SH typically played fewer minutes (53 ± 26 min and 54 ± 28 min, respectively) than other positions, indicating that typical substitution strategies, rather than lower average match demands, account for this pattern. FR and L had the lowest average running outputs, particularly in higher speed zones, while backrow players were generally comparable with IB but performed less high speed efforts, and SH run at the highest average speed. SH produced the greatest and OB the least number of average accelerations and decelerations 2-3 m/s2 (1.2 ± 0.5 and 0.8 ± 0.5, respectively). These findings may reflect the constant running demand of SH at moderate intensities and frequent match involvements (Delaney et al., 2012) and the relatively low running activity of OB in 2-3 m/s running zones (Suarez-Arrones et al, 2013). Average speed during MIP was similar to those of Sheppy et al. (2019) for forwards but higher for backs during similar duration match segments in the same season. Although these differences may be due to the slightly lower epoch in this study (3 min vs. 2 min 45 s), greater technical skill and physical ability amongst this elite standard cohort could have caused these observations. Whilst this data also agrees with reports that FR have the lowest average speed during MIP (Reardon et al., 2017), no differences were found between L and FR during similar duration segments. This is a discrepancy that may be a result of the higher-level front five forwards in this cohort being specialised for their critical role in intensive collisions and static exertion (Hill et al., 2015; Olds et al., 2001; Sedeaud et al., 2012).

For the first time, the current study reports collision outputs during International female rugby. For micro-technologically-derived collisions, similar demand was shown between forward positions. OB were lower than all forward positions, IB were lower than L and BR, and SH were lower than only L. These findings contrast reports utilising the same technology (McLeod et al., 2018), which show greater average collision demand for forwards positions compared to backs in an elite male cohort, with half-backs also lower than centres. Average collision values by position were similar, albeit slightly lower than previous reports (McLeod et al., 2018), but the demand for SH was higher (0.25 ± 0.2 and 0.18 ± 0.1 collisions/min, respectively). Collisions/min (PA) also showed SH to be comparable with other backline positions, which is also not in agreement with studies in male rugby, where centres were found to be higher than SH (Reardon et al., 2017; Sedeaud et al., 2012). This might be a by-product of the more open style of play seen in the female game (Hughes et al., 2017), demanding greater tackling among SH. However, position by season interactions showed average collisions during MIP to diminish among SH between 2015 and 2019. It is therefore acknowledged that although the collision demands of SH appear higher in female rugby, this may be changing to align more closely with the corresponding demand of SH in male rugby. Average collisions during MIP were higher than those reported by Reardon et al., (2016) in a professional male cohort (range 0.97 ± 0.3 to 1.46 ± 0.5 and mean 0.3 to 0.9 respectively), and albeit with different analytical methods (microtechnological vs. performance analysis derived, respectively). This may have important implications for specific training methods and safety interventions amongst female rugby players, given the increasing awareness of head injury management in rugby union (Cunningham et al., 2016). 
   
Analysis by season showed that sprints/min, average speed, average distance at 3-5 m/s, accelerations and decelerations 2-3 m/s2 /min and average speed during MIP were lowest in 2015, peaked during the 2017 World Cup year and declined in 2019. The team and many other higher ranked nations were professional or trained more regularly during 2017 compared to previous years, there-after losing their professional status in 2018 and regaining it in 2019. This may account for the observed pattern, assuming professional status facilitated developments in physical fitness and skill of players (Evans et al., 2018; Ross et al., 2015). This is suggested to be the case as average speed during MIP was greater against top 5 opposition in 2017 compared to all other years, but only higher than 2015 when playing bottom 5 opposition, suggesting the strength of top 5 teams increased in 2017. However, the 2019 decline in average running values was mirrored only by corresponding absolute values for sprints amongst the backs and average speed during MIP, whilst other variables plateaued after 2017. Lower total sprint demands of IB and OB, therefore, most likely accounts for the overall decline in average running output, and suggests these positions were utilised frequently to deliver a more intermittent, high intensity game format during 2017. Indeed, intensive running is a typical differentiation between higher and lower levels in male rugby (Beard et al., 2019; Gabbett et al., 2013; Reardon et al., 2017), and is, therefore, consistent with a more effective playing style. In contrast, however, it was shown that acceleration and deceleration frequency in 3-4 m/s2 and >4 m/s2 zones increased between 2017 and 2018 and plateau in 2019, suggesting the intensity of movement over short distances has increased in the latter seasons. Increasing fitness levels over time could have led to more frequent intensive movement capacity (Gabbett et al., 2013). Indeed, more frequent acceleration and deceleration efforts are shown among successful compared to less successful rugby teams (Kempton et al., 2017), possibly explaining this trend in this elite cohort. 

In matches against top 5 opposition, average collisions were higher, but average speed was higher in matches against bottom 5 opposition. Both findings agree with evidence from other rugby codes (Kempton & Coutts., 2016; Old et al., 2001), and are presumably, due to more clean breaks and tries when playing poorer teams, as well as more effective defences when playing better teams (Bennett et al., 2019; Gabbett et al., 2013; Hughes et al., 2017). However, in contrast, the finding that average speed during MIP, was higher against top 5 opposition in 2017, despite the higher collisions, demonstrates the capacity to maintain an expansive running game, irrespective of the negative effect of collisions on running (Kempton & Coutts., 2016; Olds et al., 2001). Thus, coaches should be aware of the need for players to endure similar or higher running intensities during the most demanding match scenarios, whilst tolerating the same frequency of collisions. 

In most cases, the magnitude of difference in physical match characteristics found during pairwise comparisons of position, season or opposition strength was greater than the pooled match-match variability. However, for variables such as collisions and average speed during MIP, the magnitude of change was lower and often less than the typical between-match variation, thus reducing the certainty of the finding. The higher variation in collisions and MIP average speed could be explained by the changing playing style of the opponents and reactive tactical variation of the current team. Indeed, playing styles have been shown to influence match running and contact demands (Kempton et al., 2017).  Subsequently, variables, such as collisions and average MIP speed, are less predictable and can range in their magnitude, irrespective of player’s position or opponents. Therefore, players should be physically and tactically prepared to react to the more variable demands of international rugby.  Finally, it is a possible limitation that the current analysis included only one team (Dalton-Barron et al., 2020). Extrapolating the current findings to the wider elite-level female rugby population should be taken with caution, as changes may have been specific to one team and their tactical preferences.

In conclusion, the investigation provides evidence of considerable seasonal variation in physical match characteristics. Average running demands peaked during 2017, a World cup year, and may be underpinned by changes in sprint outputs among inside and outside backs, and greater running demands during maximum intensity periods when competing against top 5 opposition. Opposition strength also affected average running and collision outputs. In the main, running outputs plateaued after 2017, but high intensity accelerating and decelerating demand increased, whilst collision demand declined over time among SH. These findings suggest that training methods designed for elite-level female rugby players, should account for the variation in physical match characteristics highlighted in this study, which may be associated with multiple contextual influences.  



Chapter 4: International female rugby union players’ morphological and physical performance characteristics: A five-year longitudinal analysis by individual positional groups

This chapter comprises the following manuscript that was published in the Journal of Sports Sciences.
Woodhouse. L, Patterson. S, Tallent. J, Waldron. M. (2021). International Female Rugby Union Players’ Morphological and Physical Performance Characteristics: A Five-Year Longitudinal Analysis by Individual Positional Groups. Journal of Sports Sciences. Oct 21

4.1. Lead Summary
The findings from chapter 3 implied that whilst the volume of locomotive activity undertaken by elite-standard female rugby union players may not have progressed in a linear fashion, the capacity to execute a high density of intensive physical actions is a critical prerequisite of elite-standard performance. This was evident in the longitudinal increase in high intensity acceleration and decelerations, combined with the greater collision frequency and running outputs during MIP, when competing against higher-, compared to lower-standard opposition. Furthermore, longitudinal, position specific evolution was evident among SH and OB, whereby collision and sprint demand declined respectively, presumably reflecting the need to fulfil more specific positional roles, as shown in male rugby. Subsequently, the evolution of player physical characteristics during the same timeframe, was investigated. It was hypothesised that such adaptations would support the ability to deliver position specific actions at a higher level of intensity and density. Longitudinal changes in anthropometric and physical performance characteristics of International female rugby union players were evaluated across 5-seasons, according to discrete field positions. A total of 68 international female rugby union players undertook anthropometric and physical performance measurements across five seasons. Morphological and physical performance changes occurred with skinfolds decreasing between 2015 and 2017 and body mass increasing between 2017 and 2019. Single-leg isometric squat (SL ISO), 0-10 m momentum (0-10 Mom) and 20-30 m momentum (20-30 Mom) were higher in 2018 and 2019 than all years. Front-row forward’s endurance declined in 2019, but one-repetition maximum (1-RM) bench press increased between 2017 and 2019. Front-row were characterised by greater SL ISO and 1-RM bench press than inside and outside backs, and higher skinfolds and lower endurance levels than all positions. Forwards positions had the highest 0-10 Mom and 20-30 Mom, and scrum-half the lowest, while outside backs had faster 0-10, 30-40, and 40 metre (TT40 m) times, and greater peak velocity (Vmax) compared to forward positions. These longitudinal findings show that physical performance has increased, and morphological and performance characteristics have become more distinctive between positions, among elite-level female rugby union players.

4.2. Introduction
Elite rugby union combines skilled actions with forceful physical contact and varying locomotion intensities, ranging from walking to sprinting (Cuniffe et al., 2009; Duthie et a., 2003), with the volume of intensive linear high speed running, accelerating and decelerating greater at International level compared to club level (Beard et al., 2019). Accordingly, the diverse range of physical abilities required to meet the demands of the elite rugby environment, are also superior amongst elite performers compared to lesser standards of play (Argus et al., 2012; Quarrie et al., 1995; Smart et al., 2013). The advent of professionalism in the male game has resulted in longitudinal position-specific changes in morphological characteristics, such as greater height and body mass and lower fat mass (Fuller et al., 2012; Hill et al., 2018). Physical performance characteristics such as strength, power, sprint speed and momentum, and aerobic running ability (Argus et al., 2012; Smart et al., 2013) are also greater among professionals compared to lower-level male rugby union players. Whilst professionalism was introduced in female rugby union in 2017, with many nations currently supporting part-, and full-time training programmes, there is no longitudinal evidence of either the magnitude, or type of physical adaptations amongst elite-level female players.
 
Fewer differences appear to exist between female forwards and backs compared to the male game (Quarrie et al., 1995; Smart et al., 2013), and are limited to greater jump and sprint performance amongst backs, and greater total mass and fat mass amongst forwards (Hene et al., 2011; Nyberg et al., 2016). These positional differences are also less clear at lower levels, suggesting that physical performance and anthropometrical characteristics in female rugby are less pronounced, perhaps due to the specialised training and selection processes at international level (Hene et al., 2011; Nyberg et al., 2016). However, the rudimentary categorisation of players into forwards and backs positional groups may limit the current understanding of specific positional characteristics in the female game, as differences in anthropometric and physical performance characteristics between more discrete positions are evident in male rugby (Smart et al., 2011). A recent study by Posthumus et al. (2020) showed that tight-five forwards were heavier and had greater body fat than loose forwards within a top 2 World-ranked female rugby union cohort, suggesting that more discrete positional differences are apparent at the elite level of female rugby. However, there have been no reports for elite-level female physical performance characteristics using more discrete positional categorisation, subsequently limiting the specificity of training programmes delivered to these athletes. Furthermore, the absence of longitudinal data spanning the transition from amateur to professional status in elite-level female players limits understanding of the impact of professionalism on physical and performance characteristics.

The primary aim of this study was to conduct the first longitudinal analysis of anthropometric and physical performance characteristics in elite international female rugby union players. The differences in physical characteristics were evaluated between: i) discrete field positions ii) five consecutive seasons of competitive match performance (2015-2019).    



4.3. Methods
4.3.1. Participants
To evaluate changes in physical characteristics across time, a five-year longitudinal analysis of anthropometric and physical performance assessment scores was conducted between 2015 and 2019. A total of 68 international female rugby union players took part across the five seasons (2015, n = 40; 2016, n = 40; 2017, n = 38; 2018, n = 35; 2019, n = 36), with a minimum of five international caps per player set as the inclusion criteria for an established international player (age 25 ± 4 years, stature 170.6 ± 7.0 cm, body mass 76.9 ± 9.8 kg). Players undertook an extensive annual periodised physical training programme during the study period, consisting of strength (1-6 per week), conditioning (1-4 per week), and skill-based (0-5 per week) sessions, and rugby matches (1-2 per week). During each season, a full battery of anthropometric and physical performance assessments was carried out three times with a total of 567 individual samples for the full battery of assessments (2015, n = 120, 2016, n = 120, 2017, n = 114, 2018, n = 105, 2019, n = 108). For comparative purposes, players were grouped into six positional roles, comprising front-row forwards (FR) (n = 16), locks (L) (n = 10), back-row forwards (BR) (n = 15), scrum-halves (SH) (n = 6), inside backs (IB) (n = 17) and outside backs (OB) (n = 14). Players provided informed consent to allow data to be used for analysis purposes through their contractual agreement with the national governing body. Institutional ethical approval was granted for the study (SMEC_2018-19_057).   

4.3.2. Procedures
Assessments were conducted at three specific points during each season, which corresponded with the ‘late physical development’ stage prior to major competitions (early-September, early-January, late-June). Assessments were conducted at standardised training facilities, which were consistent throughout the five seasons and were delivered by the same practitioners.

Players undertook anthropometric and strength and power assessment protocols in the morning and completed sprint and endurance running assessment in the afternoon, with a break of approximately 2.5 h between sessions. The following test protocols were administered in the listed order beneath. 
  
4.3.2.1. Body mass and skinfolds 
Participants were weighed in shorts, vests and undergarments only, using calibrated electronic scales (Seca, London, UK). The mass of clothing was uncorrected in the final measurement. The sum of eight skinfolds (bicep, tricep, subscapular, supraspinale, suprailiac, abdomen, mid-thigh, medial calf) was taken using Harpenden calipers (British Indicators, Hertfordshire, United Kingdom) and standardised protocols according to the International Society for the Advancement of Kinanthropometry (ISAK) were implemented by a level 3 ISAK practitioner with sampling experience of over 500 athletes, and a technical error of measurement of <2%. 

4.3.2.2. Single leg isometric squat
Participants completed a general warm-up, consisting of dynamic mobility exercises, bodyweight lunges, squats and good mornings, followed by three progressive submaximal single-leg isometric pushes against a pre-loaded barbell, suspended on fixed pins in a power rack. All participants were familiarised with the assessment protocol two days prior to the test. Participants then performed a maximum of 3 trials of the single leg isometric squat (Hart et al., 2012), with 5 min rest between trials. The reliability of the protocol has been previously established for elite level rugby players (CV <4.7% and ICC >0.96) (Hart et al., 2012). A customised power rack with integrated isometric rig and a force platform installed at floor height was used. The force platform and analysis software used between 2015 and 2016 (400-series, Ballistic Measurement System, Fitness Technology, Adelaide, Australia) differed to that used between 2017 and 2019 (FD4000, Force Decks, Vald Performance, Brisbane, Australia) and whilst the former had a lower sampling frequency (600 and 1000 Hz respectively), differences in sampling frequency when measuring peak force show sufficient levels of agreement (CV <3.7% and ICC >0.96) (Dos Santos et al., 2016). Absolute peak force (SL ISO) and force relative to body mass (SL ISO/kgBM) were used for analysis.      

4.3.2.3. Single leg drop-jump
Single-leg drop jumps (SL DJ) were used to indirectly assess reactive stiffness under fast stretch-shortening cycle (SSC) conditions (Schmidtbleicher 2002), which is associated with sprint speed and change of direction (Maloney et al., 2017). Participants hopped from a 20 cm box, with hands fixed on their hips, onto a jump mat (Kinematic Measurement Systems, Innervations, Australia), landing on the same leg from which they hopped. Upon landing participants rebounded as high as possible with minimal ground contact time (Maloney et al., 2017) and instructions were given to jump ‘high and fast’. Participants carried out 6 jumps per leg, alternating between left and right with 30 s separating each trial. The initial 3 jumps per leg was used for task familiarisation (Maloney et al., 2017) and the average of the final 3 jumps used for analysis. Trials were discarded and repeated if ground contact time was greater than 250 ms (Schmidtbleicher., 2002). The reactive strength index (RSI) was quantified by the software package automatically (Kinematic Measurement Systems, Innervations, Australia) through the division of flight (ms) time by contact time (ms) and the maximum RSI was recorded for analysis (Bishop et al., 2019). RSI has shown adequate levels of measurement reliability (CV ~5%, ICC ~0.95; Beattie & Flanagan, 2015). 

4.3.2.4. Counter-movement jump
Counter-movement jump peak power output (CMJ PPO) and relative power output (CMJ PPO/BM) were derived from jumps on a force platform (Joffe & Tallent., 2020), the reliability of which has been demonstrated (CV < 2.9% and ICC > 0.97; Markovic et al., 2004). Participants stood on a force platform (Fitness Technology, Adelaide, Australia between 2015 and 2017, and Vald Performance, Brisbane, Australia, between 2017 and 2019) with a self-selected stance width, and hands on hips to reduce contribution of the upper body to jump outcomes (Mosier et al., 2019). Participants performed a counter-movement to a self-selected depth and jumped as high as possible, with the legs remaining straight during the flight phase, before landing with straight knees to ensure consistency of measurement (Markovic et al., 2004). A maximum of 5 trials were performed until participants achieved their highest score, separated by 1 min rest and the average of the trials was taken for analysis. 

4.3.2.5. One-repetition maximum bench press 
Participant’s maximum upper-body strength was assessed using a one-repetition maximum (1RM) bench press protocol (Appleby et al., 2012, Hene et al., 2011) which has demonstrated sufficient reliability (CV ~5%, ICC ~0.94; Ritti-Dias et al., 2011; Dong-il et al., 2012).  Prior to maximal attempts, participants carried out a progressive warm up of 10 repetitions at 60% maximum, 5 repetitions at 80%, 3 repetitions at 80% and 1 repetition at 90%, with a 3-min rest period between warm-up sets. A maximum of 5 progressive 1RM attempts were then permitted with a minimum of 5 minutes rest between attempts until a 1RM was achieved. Grip width was standardised between 150 and 200% of bi-acromial breadth for optimal performance (Wagner et al., 1992). Participants were required to maintain contact between their hips and the bench, and their feet and the floor, and to touch the barbell on their chest for each attempt to be counted. The absolute and relative weight lifted in kg (Bench 1RM & Bench 1RM/BM) was recorded for analysis.
 
4.3.2.6. Acceleration and peak speed 
Participants performed three trials of a maximal 40 m sprint on a 110 m indoor sprint track in trainers with a minimum of 5-min rest between trials. Timing gates (Brower timing systems, Utah, USA) were positioned at 0, 10, 20, 30 and 40 m, with the first gate lowered to 50 cm and the start line positioned 50 cm behind the first gate to minimise the risk of false signals (Haugen & Bucheit., 2016). Subsequent gates were set at 85 cm, or approximately hip height for this population (Cronin & Templeton., 2008; Yeadon et al., 1999). Participants initiated the sprints from a two-point stance with the front foot placed 0.5 m behind the start line. The best 40 m sprint (TT40 m) was recorded and splits for 0-10 m and 30-40 m were used to represent acceleration and maximum running ability respectively. Such split measurements are shown to be reliable (CV ~5%, Darrall-Jones et al., 2016). Prior to the sprints, participants performed a standardised warm-up consisting of general dynamic mobility and jogging, and progressive intensity running.  

4.3.2.7. Momentum and mechanical acceleration variables 
Momentum was calculated for both 0-10 m (0-10 Mom) and 20-30 m (20-30 Mom) splits due to the decisive role of this variable for winning collisions (Cunningham et al., 2018; Baker & Newton., 2008). For the calculation of mechanical sprint variables, 0.5 s was added to the initial split to correct for initial triggering (Haugen et al., 2019) due to the athlete’s start position being 0.5 m behind the first speed cell. This mitigated for any additional momentum that may have been built prior to the triggering of the sprint start as the initiation of force in propulsion and the triggering of the initial speed cell must be closely aligned as a condition for accurate F-V profiling (Morin & Samozino, 2016). 

The following variables were then calculated using a purpose-built spreadsheet (Morin & Samozino, 2016) integrating body mass, split times and atmospheric pressure and ambient temperature set at 760 mm Hg and 17 0C respectively, to allow the modelling of the entire power-force-velocity relationship. The maximum theoretical horizontal force (F0) per unit of body mass, corresponding to the initial push off in sprint acceleration, and computed as the y-intercept of the linear F-V relationship. The maximum mechanical power output in the horizontal direction (Pmax), referring to the apex of the Power-Velocity 2nd degree polynomial relationship. The maximum ratio of force (RFmax), calculated as the maximum ratio of the step averaged horizontal component of the ground reaction force to the corresponding resultant force. The rate of decline in the ratio of force with increasing speed (DRF) computed as the slope of the RF-V relationship. These variables are shown to be higher in elite-level sprinters due to a superior ability to efficiently apply propulsive force and have been shown to be sensitive to specific training interventions (Cahill et al., 2020; Haugen et al., 2019). Although it is generally acknowledged that the force-velocity relationship is an important contractile property of sprinting performance (Miller et al., 2012), the efficacy of extrapolating this relationship to underpin individual sprint development models has been criticised (Ettema., 2024; Goodwin & Cleather., 2023). It is suggested that the F-V relationship provides an oversimplified approach to diagnosing an athlete’s individual neuromuscular capabilities. This is because of limitations associated with calculating step-averaged force from kinematic data and assumptions regarding vertical force production (Goodwin & Cleather., 2023). However, these limitations were accepted given that RFmax and DRF are trainable characteristics that may underpin longitudinal changes in gross characteristics such as acceleration and peak speed (Hicks et al., 2022). This evidence aligns with the purpose of this investigation, and thus, justifies the inclusion of these parameters.    

4.3.2.8. Endurance Testing
Participant’s aerobic running fitness was assessed using a 1200 m continuous run on a 100 m indoor running track (12 x 100 m shuttles). The maximum number of participants per trial was limited to eight to ensure finish individual time was recorded accurately, and participants were not at risk of colliding. Mean aerobic speed was calculated by dividing total distance by the time to completion in seconds (m/s). Continuous shuttle running assessments have been associated with gold standard indicators of maximal oxygen uptake (Magee et al., 2021) and are reliable (CV ~2%) when implemented among rugby union populations (Hamlin et al., 2018). 

4.3.3. Statistical Analysis
Linear mixed-modelling was conducted (SPSS v.22.NY.IBM Corporation) to evaluate the fixed effects of season (2015-2019) and positional roles consisting of front-row forwards (FR), locks (L),  back-row forwards (BR), scrum-halves (SH), inside backs (IB), and outside backs (OB). The random effects were individual players for all analyses. All 24 dependant variables were analysed using separate models. Where fixed factors were significant (P < 0.05), post-hoc Bonferroni comparisons were conducted to determine differences between levels. Significance was accepted as P < 0.05 for all null hypothesis testing.

4.4. Results
Linear mixed modelling revealed significant effects of season for body mass (F(4,139.2) = 20.6, p < 0.001), skinfolds (F(4,130.4) = 11.0, p < 0.001), SL ISO (F(4,141.5) = 29.2, p < 0.001), SL ISO/BM (F(4,133.6) = 11.7, p < 0.001), CMJ height (F(4,131.5) = 8.4, p < 0.001) CMJ PPO (F(4,132.1) = 6.8, p < 0.001), bench press 1 RM (F(4,119.2) = 8.3, p < 0.001), 0-10 m (F(4,138.0) = 10.6, p < 0.001), 30-40 m (F(4,111.0) = 3.4, p < 0.05), TT40 m (F(4,109.6) = 9.5, p < 0.001), 0-10 Mom (F(4,133.0) = 5.7, p < 0.001), 20-30 Mom (F(4,130.7) = 4.7, p < 0.001), Pmax (F(4,130.6) = 8.9, p < 0.001), F0 (F(4,136.2) = 5.9, p < 0.001), RFmax (F(4,138.0) = 7.8, p < 0.001) and DRF (F(4,147.8) = 2.7, p < 0.05). Pairwise effects are shown in Table 4.1.





Effects of position were shown for body mass (F(5,111.1) = 32.4, p < 0.001), skinfolds (F(5,82.2) = 7.5, p < 0.001), SL ISO (F(5,81.9) = 7.7, p < 0.001), SL DJ (F(5,95.7) = 4.9, p < 0.001), CMJ height (F(5,91.0) = 6.9, p < 0.001), CMJ PPO/BM (F(5,85.5) = 5.5, p < 0.001), 0-10 m (F(5,80.4) = 9.2, p < 0.001), 30-40 m (F(5,83.4) = 12.6, p < 0.001) and TT40 m (F(5,89.5) = 15.8, p < 0.001), Vmax (F(5,76.24.8) = 1, p < 0.001), 0-10 Mom (F(5,85.1) = 17.6, p < 0.001), 20-30 Mom (F(5,86.0) = 13.9, p < 0.001), F0 (F(5,76.2) = 10.6, p < 0.001), Pmax (F(5,82.0) = 13.1, p < 0.001), RFmax (F(5,78.4) = 9.5, p < 0.001) and endurance (F(5,84.6) = 10.9, p < 0.001). Pairwise effects are shown in  tables  4.1, and are illustrated in figures 4.1, 4.2, 4.2 and 4.4. 


There were season x position interactions for CMJ height (F(4,119.2) = 8.3, p < 0.001), bench press 1RM/BM (F(20,117.7) = 1.98, p < 0.05), 0-10 m (F(20,136.7) = 1.7, p < 0.05), 30-40 m (F(20,107.9) = 1.8, p < 0.05), RFmax (F(20,136.9) = 1.8, p < 0.05), DRF (F(20,148.2) = 1.7, p < 0.05) and endurance (F(20,133.6) = 1.9, p < 0.05). Pairwise differences are shown in Tables 4.2 and 4.3 and are illustrated in figures 4.1, 4.2, 4.3 and 4.4. 





	
	Season effect
	Position effect

	Stature (cm)
	-
	-

	Body mass (kg)
	2017,2018,2019 > 2015,2016, 2019 > 2017
	abc > def, a > c

	Skinfolds (mm)
	2016,2017,2018,2019 > 2015, 2019 > 2016
	a > bcdef

	Endurance (m/s)
	-
	bcdef > a, f > b

	Sl DJ (ft/ct)
	-
	ef > a, e > c

	CMJ height (cm)
	2019 > 2015,2016,2017
	f > bce, d > bc

	CMJ PPO (W)
	2019 > 2015,2016,2017, 2018 > 2015
	-

	CMJ PPO/BM (W/kg)
	-
	f > abc

	SL ISO (N)
	2016,2017,2018,2019 > 2015, 2018,2019 > 2016,2017
	a > def, b > df

	SL ISO/BM (kg/kgBM)
	2017,2018,2019 > 2015, 2018,2019 > 2016
	-

	Bench 1RM (kg)
	2019 > 2015,2016,2017,2018
	a > ef

	Bench 1RM (kg/kgBM)
	-
	d > b

	0-10 m (s)
	2018 > 2015,2017,2019, 2016 > 2015
	abc > f, a > e

	30-40 m (s)
	2018 > 2015
	abc > ef, d > f

	TT40 m (s)
	2016,2017,2018 > 2015, 2018 > 2019
	abc > ef

	Vmax (m/s)
	-
	f > abce, e > ab

	0-10 mom (kg/m/s)
	2019 > 2015,2016,2017,2018
	abcef > d, ab > ef, a > c

	20-30 mom (kg/m/s)
	2019 > 2015,2016,2017
	abcef > d, ab > ef

	F0 (N)
	2019 > 2016, 2018, 2017 > 2018
	ab > def, c > d

	Pmax (W/kg)
	2015,2017,2019 > 2018, 2015 > 2016
	abc > ef

	RFmax (%)
	2015,2017,2019 > 2018
	f > abc, e > a

	DRF (%)
	2018 > 2017
	f > a



Table 4.1. Fixed effect pairwise comparisons for season and position among elite-level female rugby union players across five seasons.
FR, L, SH, IB, OB denote Front row, Lock, Scrum half, Inside back, Outside back respectively. SL DJ = single leg drop jump, CMJ height = counter movement jump height, CMJ PPO = counter movement jump peak power output, CMJ PPO/BM = counter movement jump relative power output, SL ISO = single leg isometric squat peak force, SL ISO/BM = single leg isometric squat relative peak force, Bench 1RM = bench press 1 repetition maximum, Bench 1RM/BM = relative bench press 1 repetition maximum, 0-10 m = sprint time from 0 to 10 metres, 30-40 m = sprint time from 30 to 40 metres, TT40 m = total 40 metre sprint time, Vmax = theoretical maximal velocity, 0-10 mom = average momentum from 0 to 10 metres, 20-30 mon = average momentum from 20 to 30 metres, F0 = theoretical maximal force, Pmax = theoretical maximal power, RFmax = maximal ratio of force, DRF = ratio of decline in the ratio of horizontal force. – denotes no fixed effect found, > denotes greater than
Table 4.2. Interactions between season and position among elite-level female rugby union players. Pairwise comparisons show within and between season differences for position
	
	
	FR
	L
	BR
	SH
	IB
	OB

	2015
	Stature (cm)
	169.0 ± 4.4
	180.8 ± 1.1
	172.8 ± 5.4
	163.8 ± 6.2
	171.3 ± 5.0
	167.7 ± 3.2

	
	Body Mass (kg)
Skinfolds (mm)
	80.9 ± 5.8
107.0 ± 19.5
	84.9 ± 7.8
110.9 ± 61.1
	78.5 ± 4.5
88.2 ± 18.8
	62.5 ± 1.8
84.9 ± 10.3
	71.3 ± 7.6
93.6 ± 18.3
	66.4 ± 3.2
83.0 ± 13.4

	
	Endurance (m/s)
	3.8 ± 0.2f
	3.7 ± 0.3f
	4.0 ± 0.1
	4.0 ± 0.2
	4.0 ± 0.2
	4.1 ± 0.2ab

	
	SL DJ (ft/ct)
	1.2 ± 0.3
	1.1 ± 0.2
	1.1 ± 0.1
	1.3 ± 0.2
	1.5 ± 0.3
	1.4 ± 0.2

	
	CMJ height (cm)
	30.8 ± 4.7f$
	29.0 ± 3.1f
	29.8 ± 1.9f
	35.1 ± 1.1
	34.4 ± 4.6
	37.9 ± 4.1abc

	
	CMJ PPO (W)
	3287.3 ± 515.4
	3789.3 ± 848.5
	3456.9 ± 429.2
	3140.5 ± 477.3
	3286.3 ± 313.1
	3325.3 ± 358.3

	
	CMJ PPO/BM (W/kg)
	40.8 ± 7.8
	44.3 ± 7.4
	44.2 ± 3.8
	49.4 ± 7.7
	46.4 ± 5.6
	49.9 ± 6.0

	
	SL ISO (N)
	1830.7 ± 364.6 
	1885.0 ± 423.6
	1737.8 ± 236.1
	1616.6 ± 365.6
	1761.7 ± 318.6
	1688.1 ± 244.3

	
	SL ISO/BM (kg/kgBM)
	2.39 ± 0.5
	2.41 ± 0.6
	2.39 ± 0.4
	2.62 ± 0.6
	2.58 ± 0.6
	2.81 ± 0.3

	
	Bench 1RM (kg
	74.7 ± 12.6*$
	66.3 ± 10.3$
	69.5 ± 9.4
	72.7 ± 3.5
	66.5 ± 6.5
	66.0 ± 9.6

	
	Bench 1RM/BM (kg/kgBM)
	0.92 ± 0.1
	0.78 ± 0.1
	0.91 ± 0.2
	1.15 ± 0.1
	0.90 ± 0.1
	0.99 ± 0.2

	2016
	Stature (cm)
	168.7 ± 4.1
	181.2 ± 0.5
	172.7 ± 4.6
	163.8 ± 6.2
	171.8 ± 5.4
	168.0 ± 3.1

	
	Body Mass (kg)
Skinfolds (mm)
	83.7 ± 6.0
114.6 ± 28.6
	86.5 ± 4.5
98.1 ± 27.9
	79.0 ± 3.2
83.6 ± 8.3
	63.8 ± 2.3
74.8 ± 9.2
	71.7 ± 6.7
82.2 ± 18.0
	65.0 ± 2.7
67.2 ± 4.3

	
	Endurance (m/s)
	3.7 ± 0.2cdef^
	3.9 ± 0.4e^
	4.0 ± 0.1a
	4.1 ± 0.3a
	4.1 ± 0.2ab#$
	4.1 ± 0.2a

	
	SL DJ (ft/ct)
	1.2 ± 0.1
	1.3 ± 0.3
	1.1 ± 0.2
	1.3 ± 0.0
	1.3 ± 0.3
	1.6 ± 0.2

	
	CMJ height (cm)
	29.4 ± 3.0f
	28.1 ± 4.4df*^$
	29.5 ± 4.0f
	35.0 ± 5.5b
	31.5 ± 6.0
	37.9 ± 5.0abc

	
	CMJ PPO (W)
	3692.6 ± 410.1
	3800.2 ± 543.7
	3500.9 ± 380.9
	3252.8 ± 290.0
	3261.6 ± 382.1
	3353.7 ± 478.4

	
	CMJ PPO/BM (W/kg)
	44.1 ± 4.1
	44.1 ± 5.5
	44.0 ± 3.8
	51.0 ± 4.7
	46.7 ± 6.2
	51.3 ± 6.0

	
	SL ISO (N)
	2189.0 ± 256.3
	2025.1 ± 337.3
	2117.7 ± 249.2
	1450.3 ± 120.7
	1782.5 ± 210.8
	1834.5 ± 295.8

	
	SL ISO/BM (kg/kgBM)
	2.77 ± 0.4
	2.37 ± 0.5
	2.74 ± 0.3
	2.58 ± 0.4
	2.65 ± 0.4
	2.88 ± 0.5

	
	Bench 1RM (kg)
	77.6 ± 13.2ef^$
	68.5 ± 5.5^$
	72.2 ± 9.4
	71.7 ± 8.0
	63.0 ± 10.5a
	67.6 ± 9.6a

	
	Bench 1RM/BM (kg/kgBM)
	0.92 ± 0.1
	0.80 ± 0.1
	0.91 ± 0.12
	1.10 ± 0.1
	0.84 ± 0.1
	1.04 ± 0.1

	2017
	Stature (cm)
	169.1 ± 4.1
	180.4 ± 1.4
	170.5 ± 4.4
	166.3 ± 4.2
	171.5 ± 5.5
	169.5 ± 4.5

	
	Body Mass (kg)
Skinfolds (mm)
	84.7 ± 7.1
95.7 ± 19.4
	86.5 ± 3.9
93.2 ± 14.1
	79.3 ± 2.0
93.5 ± 24.3
	64.6 ± 1.0
80.0 ± 8.6
	73.6 ± 6.1
76.7 ± 13.4
	68.3 ± 4.7
72.4 ± 10.7

	
	Endurance (m/s)
	3.8 ± 0.2ef
	3.9 ± 0.2ef
	3.9 ± 0.1
	4.1 ± 0.0
	4.0 ± 02ab¥
	4.1 ± 0.2ab

	
	SL DJ (ft/ct)
	1.3 ± 0.3
	1.2 ± 0.2
	1.3 ± 0.2
	1.5 ± 0.2
	1.5 ± 0.2
	1.5 ± 0.2

	
	CMJ height (cm)
	32.0 ± 3.8
	30.8 ± 3.4¥
	30.5 ± 3.8
	33.4 ± 6.2
	33.8 ± 3.2
	34.2 ± 4.7^ 

	
	CMJ PPO (W)
	3632.3 ± 373.5
	3801.1 ± 512.7
	3407.8 ± 502.1
	3148.3 ± 382.1
	3583.0 ± 283.3
	3430.4 ± 363.1

	
	CMJ PPO/BM (W/kg)
	43.2 ± 3.5
	44.0 ± 5.5
	42.8 ± 6.1
	48.9 ± 6.2
	49.0 ± 4.9 
	50.6 ± 3.9

	
	SL ISO (N)
	2286.3 ± 352.2
	2206.3 ± 340.9
	2033.3 ± 440.3
	1622.8 ± 125.1 
	1961.8 ± 307.6
	1904.7 ± 296.1

	
	SL ISO/BM (kg/kgBM)
	2.87 ± 0.4
	2.59 ± 0.4
	2.60 ± 0.6
	2.80 ± 0.4
	2.73 ± 0.5
	2.88 ± 0.6

	
	Bench 1RM (kg
	85.6 ± 11.1ef#$
	71.6 ± 5.5
	70.9 ± 13.3
	65.8 ± 10.1
	64.0 ± 7.3a
	63.0 ± 9.0a

	
	Bench 1RM/BM (kg/kgBM)
	1.01 ± 0.1
	0.83 ± 0.1
	0.89 ± 0.2
	1.03 ± 0.2
	0.88 ± 0.1
	0.95 ± 0.2

	2018
	Stature (cm)
	170.1 ± 4.4
	180.7 ± 0.8
	169.8 ± 5.3
	161.7 ± 8.6
	170.7 ± 5.6
	172.1 ± 4.4

	
	Body Mass (kg)
Skinfolds (mm)
	89.7 ± 6.1
95.9 ± 13.8
	86.6 ± 2.7
92.3 ± 11.5
	79.4 ± 2.2
90.2 ± 17.5
	64.7 ± 2.4
70.7 ± 15.1
	75.0 ± 4.9
84.7 ± 7.6
	70.3 ± 4.0
77.4 ± 7.7

	
	Endurance (m/s)
	3.6 ± 0.2def¥
	3.7 ± 0.2df¥
	3.8 ± 0.2
	4.2 ± 0.0ab
	4.0 ± 0.2a
	4.2 ± 0.2ab

	
	SL DJ (ft/ct)
	1.2 ± 0.1
	1.2 ± 0.2
	1.3 ± 0.2
	1.5 ± 0.1
	1.4 ± 0.2
	1.5 ± 0.2

	
	CMJ height (cm)
	31.5 ± 2.9df
	30.0 ± 4.1df¥
	26.9 ± 3.4df
	43.5 ± 6.1abce
	31.0 ± 2.2df
	38.8 ± 5.1abce*$

	
	CMJ PPO (W)
	4094.0 ± 391.5
	3663.9 ± 396.7
	3379.8 ± 476.5
	3438.0 ± 361.0
	3328.7 ± 276.3
	3781.3 ± 447.8

	
	CMJ PPO/BM (W/kg)
	45.4 ± 3.3
	42.7 ± 4.3
	43.0 ± 6.6
	51.6 ± 6.1
	43.9 ± 2.6
	53.7 ± 7.7

	
	SL ISO (N)
	2499.3 ± 253.6
	2439.5 ± 235.0
	2085.5 ± 199.0
	1976.1 ± 146.2
	2154.0 ± 180.3
	1983.5 ± 209.3

	
	SL ISO/BM (kg/kgBM)
	2.82 ± 0.4
	2.09 ± 0.2
	2.55 ± 0.4
	3.11 ± 0.1
	2.97 ± 0.1
	2.86 ± 0.4

	
	Bench 1RM (kg)
	85.4 ± 12.3cdef#¥
	69.9 ± 6.0
	63.6 ± 5.2a
	69.2 ± 7.6a
	70.0 ± 6.1a
	65.4 ± 9.6a

	
	Bench 1RM/BM (kg/kgBM)
	0.96 ± 0.1
	0.81 ± 0.1
	0.80 ± 0.1
	1.07 ± 0.1
	0.93 ± 0.0
	0.93 ± 0.2

	2019
	Stature (cm)
	170.3 ± 5.3
	180.6 ± 1.0
	170.3 ± 5.9
	165.3 ± 5.5
	172.6 ± 7.0
	170.1 ± 3.1

	
	Body Mass (kg)
Skinfolds (mm)
	91.7 ± 7.3
97.1 ± 14.0
	87.7 ± 4.7
86.9 ± 10.0
	80.8 ± 7.6
83.6 ± 19.5
	65.8 ± 1.1
61.7 ± 9.8
	78.2 ± 5.6
79.1 ± 5.7
	70.7 ± 5.0
70.4 ± 6.4

	
	Endurance (m/s)
	3.7 ± 0.2cdef
	3.7 ± 0.1f
	3.9 ± 0.2af
	4.1 ± 0.1a
	3.9 ± 0.2a¥
	4.2 ± 0.2abc

	
	SL DJ (ft/ct)
	1.1 ± 0.2
	1.2 ± 0.2
	1.3 ± 0.3
	1.5 ± 0.2 
	1.3 ± 0.2
	1.5 ± 0.2

	
	CMJ height (cm)
	32.9 ± 3.2#
	32.1 ± 5.1¥
	32.2 ± 4.9f
	39.6 ± 2.9
	35.2 ± 2.9
	36.7 ± 3.8c*

	
	CMJ PPO (W)
	4045.3 ± 333.4
	3786.2 ± 409.4
	3463.3 ± 466.7
	3569.0 ± 131.3
	3597.2 ± 131.3 
	3538.9 ± 407.7

	
	CMJ PPO/BM (W/kg)
	44.5 ± 3.8
	43.3 ± 4.4
	42.9 ± 4.8
	54.1 ± 2.7
	46.2 ± 2.66
	50.1 ± 5.9

	
	SL ISO (N)
	2534.5 ± 328.1
	2394.3 ± 279.2
	2175.1 ± 181.0
	1905.4 ± 247.0
	222.4 ± 183.5
	2128.6 ± 170.9

	
	SL ISO/BM (kg/kgBM)
	2.81 ± 0.4
	2.79 ± 0.3
	2.65 ± 0.5
	2.98 ± 0.4
	2.97 ± 0.1
	3.08 ± 0.4

	
	Bench 1RM (kg)
	86.3 ± 11.3cdef#¥*
	73.9 ± 4.8#¥
	71.5 ± 8.4a
	69.2 ± 8.3a
	69.4 ± 9.2a
	61.1 ± 6.2a

	
	Bench 1RM/BM (kg/kgBM)
	0.94 ± 0.2
	0.86 ± 0.1
	0.89 ± 0.1
	1.05 ± 0.1
	0.89 ± 0.1
	0.86 ± 0.1


FR = front row, L = lock, BR = back row, SH = scrum half, IB =inside back, OB = outside back. SL DJ = single leg drop jump, CMJ height = counter movement jump height, CMJ PPO = counter movement jump peak power output, CMJ PPO/BM = counter movement jump relative power output, SL ISO = single leg isometric squat peak force, SL ISO/BM = single leg isometric squat relative peak force, Bench 1RM = bench press 1 repetition maximum, Bench 1RM/BM = relative bench press 1 repetition maximum. a, b, c, d, e, f = significantly different to front row, lock, back row, scrum half, inside back, outside back respectively, within the tabulated year. #, ¥, *, ^, $ = significantly different to 2015, 2016, 2017, 2018, 2019 respectively, within the tabulated position. > denotes greater than
Table 4.3. Interactions between season and position among elite-level female rugby union players. Pairwise comparisons show within and between season differences for position
	
	
	FR
	L
	BR
	SH
	IB
	OB

	2015
	0-10 m (s)
30-40 m (s)
TT40 m (s)
Vmax (m/s)
0-10 mom (kg/m/s)
20-30 mom (kg/m/s)
F0 (N)
Pmax (W/kg)
RFmax (%)
DRF (%)
	1.93 ± 0.07e^
1.34 ± 0.12ef^
6.16 ± 0.39
7.75 ± 0.68
421.6 ± 25.4
582.1 ± 38.6
457.4 ± 34.4
11.0 ± 1.3
37.0 ± 2.0ef^
-7.0 ± 0.8f^
	1.95 ± 0.05^
1.39 ± 0.05ef
6.18 ± 0.16
8.02 ± 0.55
423.9 ± 41.7
588.1 ± 44.5
461.5 ± 65.1
11.0 ± 0.4
36.0 ± 1.0
-6.6 ± 0.9
	1.9 ± 0.08
1.31 ± 0.07ef
5.94 ± 0.24
8.63 ± 0.89
417.2 ± 19.9
586.0 ± 41.5
429.4 ± 25.1
11.8 ± 1.0
37.0 ± 2.0
-6.1 ± 1.0
	1.87 ± 0.07
1.35 ± 0.10f
5.91 ± 0.25
8.97 ± 0.73
334.1 ± 9.0
492.2 ± 15.1
343.1 ± 18.0
12.3 ± 0.9
38.0 ± 1.0
-5.8 ± 0.8
	1.81 ± 0.07a¥^
1.25 ± 0.11abc¥$
5.69 ± 0.24
8.78 ± 0.36
395.6 ± 38.9 
563.4 ± 56.2
427.8 ± 47.0
13.2 ± 1.1
40.0 ± 2.0a¥
-6.4 ± 0.5
	1.81 ± 0.07
1.22 ± 0.03abcd
5.60 ± 0.14
9.26 ± 0.39
367.6 ± 24.0
541.2 ± 29.0
385.3 ± 34.7
13.4 ± 0.9
39.0 ± 2.0a
-5.9 ± 0.5a

	2016
	0-10 m (s)
30-40 m (s)
TT40 m (s)
Vmax (m/s)
0-10 mom (kg/m/s)
20-30 mom (kg/m/s)
F0 (N)
Pmax (W/kg)
RFmax (%)
DRF (%)
	1.96 ± 0.06f
1.41 ± 0.04f^
6.27 ± 0.22
7.79 ± 0.69
427.5 ± 24.8
588.4 ± 73.9
466.4 ± 34.2
10.8 ± 0.8
36.0 ± 1.0f
-7.0 ± 1.0e^
	1.97 ± 0.10f
1.40 ± 0.03f
6.22 ± 0.20
7.97 ± 0.30
441.9 ± 20.5
624.7 ± 22.9
471.0 ± 25.0
10.7 ± 1.1
36.0 ± 2.0
-6.4 ± 0.4
	1.92 ± 0.04
1.32 ± 0.06f
5.99 ± 0.27
8.54 ± 0.71
415.8 ± 21.0
633.2 ± 90.2
435.1 ± 18.1
11.5 ± 0.7
37.0 ± 1.0
-6.2 ± 0.7
	1.92 ± 0.4
1.29 ± 0.10
5.93 ± 0.17
8.56 ± 0.53
337.2 ± 16.9
484.1 ± 31.9
350.1 ± 14.6
11.7 ± 0.7
37.0 ± 1.0
-6.1 ± 0.4
	1.95 ± 0.13f#
1.31 ± 0.06#
5.97 ± 0.26
8.76 ± 0.42
382.4 ± 27.5
567.1 ± 32.1
386.9 ± 47.0
11.4 ± 1.6
36.0 ± 3.0f#
-5.7 ± 0.7a
	1.81 ± 0.07abe
1.22 ± 0.03abc
5.57 ± 0.16
9.41 ± 0.21
378.8 ± 57.6
534.0 ± 32.3
378.9 ± 37.0
13.6 ± 1.0
40.0 ± 2.0ae
-6.0 ± 0.4

	2017
	0-10 m (s)
30-40 m (s)
TT40 m (s)
Vmax (m/s)
0-10 mom (kg/m/s)
20-30 mom (kg/m/s)
F0 (N)
Pmax (W/kg)
RFmax (%)
DRF (%)
	1.97 ± 0.07f
1.34 ± 0.09f^
6.15 ± 0.34
8.08 ± 0.90
429.1 ± 31.3
608.5 ± 61.0
451.3 ± 48.7
10.8 ± 1.0
36.0 ± 1.0f
-6.5 ± 1.0
	2.00 ± 0.18e
1.39 ± 0.08ef
6.27 ± 0.26
8.10 ± 0.41
435.5 ± 44.0
624.6 ± 34.2
453.9 ± 77.9
10.6 ± 1.4
35.0 ± 3.0
-6.2 ± 1.1
	1.95 ± 0.11
1.38 ± 0.08
6.25 ± 0.39
7.75 ± 0.79
408.5 ± 28.6
559.6 ± 45.7
445.8 ± 56.3
10.9 ± 1.7
36.0 ± 3.0f
-7.0 ± 1.2
	1.84 ± 0.04
1.28 ± 0.09
5.79 ± 0.24
8.65 ± 0.61
349.9 ± 11.5
489.3 ± 20.6
381.7 ± 19.3
12.8 ± 0.8
39.0 ± 1.0
-6.5 ± 0.6
	1.87 ± 0.05b
1.28 ± 0.05bc
5.81 ± 0.22
8.75 ± 0.69
396.1 ± 29.9
573.2 ± 67.1
415.8 ± 28.4
12.4 ± 1.0
38.0 ± 1.0
-6.2 ± 0.7
	1.83 ± 0.06a
1.25 ± 0.05abc
5.68 ± 0.18
9.07 ± 0.51
375.7 ± 28.2
538.8 ± 37.0
401.2 ± 42.2
13.2 ± 1.1
39.0 ± 2.0ac
-6.1 ± 0.6

	2018
	0-10 m (s)
30-40 m (s)
TT40 m (s)
Vmax (m/s)
0-10 mom (kg/m/s)
20-30 mom (kg/m/s)
F0 (N)
Pmax (W/kg)
RFmax (%)
DRF (%)
	2.02 ± 0.08f#
1.46 ± 0.12df#¥*
6.44 ± 0.27
7.96 ± 0.46
443.8 ± 40.0
632.9 ± 49.7
460.6 ± 62.2
10.2 ± 1.0
35.0 ± 2.0f#
-6.2 ± 0.6#¥
	2.07 ± 0.11f#$
1.43 ± 0.03f
6.51 ± 0.18
8.19 ± 0.49
423.0 ± 25.5
632.2 ± 31.5
418.7 ± 33.0
9.9 ± 1.2
34.0 ± 2.0$
-5.6 ± 0.3$
	2.05 ± 0.06f
1.42 ± 0.06f
6.36 ± 0.22
8.03 ± 0.59
387.5 ± 10.9
571.1 ± 32.3
390.6 ± 17.0
9.9 ± 0.8
34.0 ± 1.0f
-5.9 ± 0.6
	1.95 ± 0.05
1.32 ± 0.03a
6.05 ± 0.09
8.54 ± 0.19
332.6 ± 19.9
478.1 ± 9.3
345.4 ± 34.6
11.4 ± 0.8
37.0 ± 1.0
-5.9 ± 0.5
	1.98 ± 0.08#
1.40 ± 0.04
6.29 ± 0.02
8.13 ± 0.27
383.8 ± 26.6
552.8 ± 29.5
401.5 ± 44.6
10.7 ± 1.1
36.0 ± 2.0
-6.2 ± 0.6
	1.83 ± 0.06abc
1.24 ± 0.02abc
5.65 ± 0.12
9.29 ± 0.56
387.1 ± 27.2
563.3 ± 22.0
403.2 ± 36.8
13.3 ± 1.4
39.0 ± 2.0ac
-5.8 ± 0.4

	2019
	0-10 m (s)
30-40 m (s)
TT40 m (s)
Vmax (m/s)
0-10 mom (kg/m/s)
20-30 mom (kg/m/s)
F0 (N)
Pmax (W/kg)
RFmax (%)
DRF (%)
	1.96 ± 0.06ef
1.36 ± 0.03f
6.12 ± 0.08
8.16 ± 0.24
459.3 ± 37.9
653.6 ± 50.0
480.8 ± 62.5
10.9 ± 0.7
36.0 ± 1.0ef
-6.3 ± 0.6
	1.91 ± 0.12^
1.39 ± 0.05f
6.05 ± 0.18
7.98 ± 0.38
461.0 ± 40.2
631.6 ± 34.6
504.3 ± 73.5
11.4 ± 1.2
37.0 ± 2.0^
-6.9 ± 0.9f^
	1.93 ± 0.10
1.35 ± 0.10f
6.03 ± 0.37
8.27 ± 0.69
404.5 ± 16.6
579.6 ± 40.5
427.5 ± 44.6
11.3 ± 1.5
37.0 ± 3.0
-6.4 ± 1.0
	1.80 ± 0.04
1.34 ± 0.03f
5.94 ± 0.10
8.76 ± 0.62
369.1 ± 16.7
507.7 ± 36.7
385.4 ± 46.2
13.6 ± 1.0
40.0 ± 1.0
-6.4 ± 0.6
	1.87 ± 0.11a
1.31 ± 0.09f#
5.82 ± 0.29
8.58 ± 0.39
419.6 ± 35.3
588.82 ± 52.1
450.1 ± 50.2
12.4 ± 1.7
38.0 ± 3.0a
-6.3 ± 0.7
	1.81 ± 0.07a
1.20 ± 0.04abcde
5.50 ± 0.16
9.53 ± 0.39
398.8 ± 33.2
596.0 ± 20.0
415.4 ± 52.6
13.7 ± 1.1
39.0 ± 2.0a
-5.7 ± 0.6b


FR = front row, L = lock, BR = back row, SH = scrum half, IB =inside back, OB = outside back. , 0-10 m = sprint time from 0 to 10 metres, 30-40 m = sprint time from 30 to 40 metres, TT40 m = total 40 metre sprint time, Vmax = theoretical maximal velocity, 0-10 mom = average momentum from 0 to 10 metres, 20-30 mon = average momentum from 20 to 30 metres, F0 = theoretical maximal force, Pmax = theoretical maximal power, RFmax = maximal ratio of force, DRF = ratio of decline in the ratio of horizontal force. a, b, c, d, e, f = significantly different to front row, lock, back row, scrum half, inside back, outside back respectively, within the tabulated year. #, ¥, *, ^, $ = significantly different to 2015, 2016, 2017, 2018, 2019 respectively, within the tabulated position. > denotes greater than
4.5. Discussion
The aim of the current study was to assess, for the first time, the physical characteristics of elite international female rugby union players i) across time (seasons 2015-2019), and ii) between positions. The main findings of the study were that body mass, strength, power and sprint momentum increased across time, while body fat decreased. Anthropometric and physical performance characteristics were, in many cases, specific to position, and for FR and OB, positional characteristics became more distinct across time. 

Body mass was shown to increase across time among elite female players despite no change in stature, which agrees with previous longitudinal observations of senior international male players, transcending amateur to professional generations between 1955 and 2015 (Hill et al., 2017). However, the rate of increase across a 5-year period (~ 6.5%) amongst this elite female cohort is greater than the first 10 years following professionalism in male rugby (~ 3.8%, Hill et al., 2017). Despite no significant position x time interactions, similar trends to male rugby were shown, whereby the rate of mass gain is descriptively fastest amongst FR and IB. Furthermore, skinfolds were reduced in 2016 followed by a further drop in 2019, suggesting that total lean mass has increased amongst elite female players across consecutive seasons. Presumably, this is accounted for by progressive volume and specificity of training with professionalism, alongside more specific selection practices (Fuller et al., 2012; Hill et al., 2017). 

Greater lean body mass can differentiate between elite and sub-elite male rugby athletes (Fontana et al., 2015; Jones et al., 2015) and is associated with the ability to win collisions due to greater momentum and perform repeated high intensity efforts (Baker & Newton., 2008; Cunningham et al., 2018). Indeed, the current investigation showed greater 0-10 m momentum and upper- body -strength, particularly amongst FR and L, in 2019 compared to any other year. 

The increase in momentum may be underpinned by the greater absolute leg force and power in 2019 compared to all years except 2018, whilst players maintained relative leg power and reactive leg stiffness over the five seasons. Therefore, the increase in body mass was not at the detriment of 40 m sprint performance and maximal velocity which remained unchanged. Despite this longitudinal trend in sprint performance, a decline in initial acceleration (0-10 m), particularly among FR, L and IB, was evident between 2017 and 2018 but improved in 2019. This improvement in acceleration may be partly explained by increases in the mechanical sprint characteristics of RFmax, and Pmax, suggesting that players optimised their power application during the initial sprint start, perhaps due to greater training emphasis on acceleration development during 2019. 

The decline in endurance ability of FR, L and IB in the final two years of testing occurred in parallel with the increased mass, strength and momentum profile of players, which may accommodate their specific positional demands. Furthermore, the magnitude of difference in endurance performance between positions also increased in 2018 and 2019. For example, unlike any other years, in 2019 FR showed poorer endurance performance than all positions except L, and OB were superior to all forwards positions in this regard. IB also had greater endurance than L in 2016 and 2017, but not in 2018 or 2019. The finding that the endurance capacity of OB was maintained and was comparable with SH is in agreement with previous reports among female players (Kirby & Riley, 1993) and similar to trends reported in male rugby (Quarrie et al.,1996; Smart et al., 2013). OB also had greater relative leg power, acceleration, peak velocity, Pmax and RFmax and lower DRF values compared to all forward positions, which highlights the varied qualities required to perform as an OB in the modern female International game. 

Other positional groups also displayed distinctive characteristics, which would support their ability to perform specific match actions. For example, FR were stronger than all backline positions and had greater body mass, skinfolds and momentum over 10 m than all other positions except L, reflecting the forceful demands of the set piece, mauling and talking actions (Duthie et al., 2003). Similar trends of greater strength and lower aerobic fitness among forwards have been reported for female players (Kirby & Riley 1993). The higher body mass among FR is also consistent with male rugby players (Quarrie et al., 1996; Smart et al., 2013) and supports the high scrummaging forces necessary for this positional group (Quarrie et al., 2000). 

In agreement with male research (Quarrie et al., 1996), SH had lower acceleration momentum than all other positions, but jumped higher than L and BR. This suggests the requirement for explosive agility to move quickly between rucks and distribute the ball effectively (Quarrie et al., 1996). Differences between L, BR and IB were less pronounced, with IB showing greater peak velocity and RFmax compared to L and BR, and greater SL DJ, compared to BR, whilst L had greater acceleration momentum than IB. These positional characteristics are consistent with trends in male rugby, where IB were faster than forwards (Smart et al., 2013). However, in contrast to findings of this investigation, male BR have been reported as lighter and leaner than L (Fontana et al., 2015), whilst SH are also lighter than centres (Durandt et al., 2006). Although identical inter-positional trends were shown in the current study, statistical significance was not reached, suggesting that body mass is a more homogenous physical characteristic amongst elite female players, with the exception of FR. The female game is less mature in its professional status and, subsequently, player stature is less specialised according to positional demand and will partly determine body mass differences (Hill et al., 2017). Furthermore, the female game is historically associated with lower kicking outputs and a tendency to attack more with the ball in hand (Hughes et al., 2017), perhaps resulting in a more continuous style of play. If this is the case, a more homogenous body shape might be expected, as reported among Seven’s players, which is a rugby code characterised by a greater density of play and minimal requirement for specialised body shapes for the set-piece (Agar-Newman et al., 2015; Ross et al., 2015).      

Higher relative strength and power levels among male players are associated with critical match performance indicators at the elite-level (Cunningham et al., 2019) suggesting that these physical characteristics are vital. Elite-level male strength athletes typically have ~25% greater relative strength and power outputs than elite level-females (Owens., 2011; Zupan et al., 2009). The current study showed that relative upper-body strength amongst elite females was ~20% lower than previously reported for elite male rugby players (Smart et al., 2013; Appleby et al., 2016), whilst relative lower-limb force and power was ~15% lower than elite male rugby league players (Speranza et al., 2016) using similar testing methods. The larger gender discrepancy between upper-limb capabilities might have been anticipated, since female athletes have a smaller volume of their total lean tissue distributed in the upper-body compared to males (Marcovic & Sekulic, 2006). On the assumption that strength and power characteristics have a similar importance among female players, it is suggested that further development of relative upper-limb strength and power may provide a good return on training investment. Further research is required to understand the role of these physical characteristics on match performance.

In conclusion, preliminary data of physical characteristics among elite-level international female rugby players at a positional level, and how these have changed across seasons, is provided to rugby practitioners for the first time. Changes in body composition, strength and power occurred, across the last five years, particularly amongst FR players, while endurance declined for FR, L and IB. These changes likely underpin the progression in sprint momentum and may be associated with performance during contact events and set piece (Baker et al., 2008; Cunningham et al., 2018), and rapid speed and directional changes, which are commonplace in modern female rugby. These findings can be used to develop future normative data on some of the World’s most elite female players and provide training guidance for players of different positional groups. 


Chapter 5: The relationship between physical characteristics and match collision performance among elite international female rugby union players

This chapter comprises the following manuscript that was published in the European Journal of Sports Science. 
Woodhouse. L, Patterson. S, Tallent. J, Waldron. M. (2022). The Relationship between Physical Characteristics and Match Collision Performance among Elite International Female Rugby Union Players. European Journal of Sports Science. 23(9), 1849-1858. 

5.1. Lead summary
The longitudinal progression of lean mass and strength and power characteristics shown in chapter 4, particularly among forwards, suggests that the evolution of elite-standard female rugby union players is primarily driven by physical characteristics which underpin acceleration momentum. Subsequently, acceleration momentum is suggested to relate to collision performance, although this has not been demonstrated among elite females. Subsequently, chapter 5 investigated whether anthropometric and physical abilities explained variance in match collision performance among international female rugby union players. Physical performance and anthropometric data for fifty-one international female rugby union players, and collision actions categorised as ‘effort’ or ‘performance’ variables, from 20 international matches, were analysed using partial least squares regression. Among forwards, variance in carries/min was explained (R2 = .22) by a combination of; body mass, skinfolds, acceleration momentum and negative associations with mean aerobic speed and single-leg isometric squat relative force (SLISO/kgBM). Variance in collision dominance among forwards was explained (R2 = .21) by lower skinfolds and higher acceleration momentum, while tackles/min (R2 = .19) were explained by greater jumping power and single-leg isometric squat (SLISO). Among backs, variance in tackles/min (R2 = .54) was explained by greater bench press, SLISO and SLISO/kgBM. Variance in collision dominance among backs was explained (R2 = .23) by negative and positive associations with body mass and SLISO/kgBM, respectively. These findings suggest the development of physical characteristics, such as body mass and composition, strength and power contribute towards successful collision actions among international female rugby union players. The contribution of different physical characteristics towards collision events is dependent on position, and whether the collision event is categorised by ‘performance’ or ‘effort’. It is suggested that physical training programmes should reflect this level of specificity. 

5.2. Introduction
In rugby union, the outcome of a match can be partly determined by selected on-field technical and tactical actions, collectively referred to as ‘performance indicators’ (PIs) (Hughes et al, 2017). For example, the effective performance of actions involving collisions have been consistently associated with match outcome, with tackle success rate, metres carried, number of defenders beaten, clean breaks and turnovers on opposition ball are also related to successful performance (Bennett et al., 2019; Gaviglio et al., 2013; Hughes et al., 2017; Ortega et al., 2009; Sella et al., 2019). However, it is important to recognise that individual on-field collision actions of rugby players contribute to successful performance in different ways, with some PIs characterised by their high frequency, defined as ‘effort’ variables, whilst others are dependent on successful outcome, defined as ‘performance’ variables (Cunningham et al., 2018). For example, the number of tackles, rucks, or carries performed per unit of playing time, are classed as ‘effort’ variables, whilst ‘performance’ variables are expressed as the ratio of successful or positive actions to the total number across the whole match, such as tackle success rate, collision success rate, and effective ruck rate (Cunningham et al., 2018). Given the differences between these types of variables, effort-based or performance-based actions are likely to be underpinned by different physical abilities. 

Successful execution of ‘effort’ and ‘performance’ match collision actions often depends upon the physical abilities of players within the team (Cunningham et al., 2018; Gabbett et al., 2011; Smart et al., 2013; Speranza et al., 2015; Waldron et al., 2013). For example, endurance capacity has been positively associated with the frequency of ‘effort’ variables, such as rucks, tackles and possessions (Cunningham et al., 2018), presumably because of the ability to cover greater low and high speed distance during match-play. Similarly, physical characteristics are associated with ‘performance’ variables. For example, lower-limb power during jumping and sprint acceleration is positively associated with the capability to beat defenders in attack (Cunningham et al., 2018; Gabbett et al., 2013; Smart et al., 2013; Waldron et al., 2013), which highlights the importance of lower-limb power when performing a variety of athletic movements required during dyadic match actions. In addition, upper- and lower-body strength and power have also been associated with tackling performance among rugby players (Gabbett et al, 2010; Redman et al., 2021; Speranza et al, 2015). These characteristics may increase the ability to tolerate the high impact forces to the shoulder girdle during tackling (Faria et al., 2017) and underpin the ability to achieve simultaneous leg-drive at the point of collision, whilst maintaining a strong upper-body wrap around the attacker to prevent an offload (Hendricks et al., 2014). Furthermore, in collision sports, greater acceleration momentum has been reported as a critical physical characteristic which discriminates elite- and sub-elite players in rugby league (Baker & Newton., 2008). Heavier players with greater momentum carry the ball into contact more regularly in rugby union (Hendricks et al., 2014). Unsurprisingly, this momentum is positively related to collision wins and the number of offloads in elite-level male rugby union players (Cunningham et al., 2018). It is therefore well established, that physical characteristics in male rugby are critical to the outcome of contact and collision events (Cunningham et al., 2018; Gabbett et al., 2011; Redman et al., 2021; Smart et al., 2013; Speranza et al., 2015), which may subsequently have a bearing on winning or losing matches (Bennett et al., 2019; Sella et al., 2019). This information can guide match strategies and highlights that training programs designed for elite rugby players should develop physical characteristics that are associated with effective performance of specific collision actions.

There has been limited research to confirm whether physical characteristics might also relate to the performance outcome and frequency of such collision events in elite female rugby. Match tactical behaviours are different between males and females (Hughes et al., 2017) and, therefore, it should not be assumed that the relationships between physical characteristics and the performance of collision actions are consistent between sexes. Winning performance in international female matches is characterised by a more expansive running-based game, with less kicking than international male matches (Hughes et al., 2017). Therefore, it is possible that the performance of collision actions in the female game is more closely related to a range of characteristics that underpin high locomotive outputs, and the ability to make tackles and beat defenders in wide spaces. 

Based on the above reasoning, the current study aimed to investigate which combination of anthropometric and physical abilities explained variance in match collision performance, using both effort and performance variables, in international female rugby union matches. 

5.3. Methods
5.3.1. Participants
To evaluate the relationship between selected match collision performance indicators and physical characteristics, physical performance assessment scores and match-collision variables from the 2017, 2018 and 2019 seasons were sampled from an international team ranked in the top 2 nations across the study period. A total of 51 international female rugby union players took part (age 25 ± 4 years, stature 170.6 ± 7.0 cm, body mass 79.1 ± 10.7 kg). A minimum of five international caps per player was set as the inclusion criteria. During each season, a full battery of anthropometric and physical performance assessments was carried out three times (228 total observations for the full battery of assessments, mean and SD 4 ± 2 observations per player). Due to variation in the squad personnel throughout the study, players were involved in three (n = 15), two (n = 28) and one (n = 9) seasons of data collection. Collision performance was analysed during 20 full international matches (438 individual player performances, mean and SD matches per player; 9 ± 4). Substitute appearances below 20-min were excluded from the analysis (Cunningham et al., 2016). Players provided informed consent to allow data to be used for analysis and institutional ethical approval was granted for the study.   

5.3.2. Procedures
Assessment days were conducted at three consistent time points each year, corresponding with the ‘late physical development’ stage prior to major competitions (early-September, early-January, late-June). Assessment days were composed of multiple physical tests, delivered by the same practitioners and conducted at the same standardised training facilities throughout the sampling period. For each specific physical assessment, individual participants’ best scores from each of the assessment sessions they attended across all years were combined; and the average was calculated for each test and used within the analysis. 

Anthropometric and strength and power assessment protocols were undertaken in the morning, followed by a 2.5-h break. Sprint and endurance running assessments were then completed in the afternoon. Specific protocols and rationale for the summarised assessments listed below, are described in detail within chapter 4.  
  
5.3.2.1. Body mass and skinfolds 
Participants’ body mass was measured before breakfast, wearing shorts, vests and undergarments only using calibrated electronic scales (Seca, London, UK). The sum of eight skinfolds (bicep, tricep, subscapular, supraspinale, suprailiac, abdomen, mid-thigh, medial calf) was measured using Harpenden callipers (British Indicators, Hertfordshire, United Kingdom) by a level 3 ISAK practitioner. 



5.3.2.2. Single-leg isometric squat
Following a standardised progressive warm-up, participants performed a maximum of 3 trials of the single leg isometric squat (Hart et al., 2012) within an integrated isometric rig secured above a force platform installed at floor height (FD4000, Force Decks, Vald Performance, Brisbane, Australia). Absolute peak force (SL ISO) and force relative to body mass (SL ISO/kgBM) were recorded for analysis (see chapter 4). 

5.3.2.3. Single leg drop jump
Single leg drop jump (SL DJ) reactive strength index (RSI) from a 20 cm box was recorded using a jump mat and its associated software package (Kinematic Measurement Systems, Innervations, Australia). Participants hopped onto the jump mat from the box, with hands fixed on their hips, landing and rebounding on the same leg from which they hopped. Participants were instructed to jump ‘high and fast’ with minimal ground contact time. Participants carried out six jumps per leg, alternating between left and right, with the maximum of the final three jumps recorded for analysis. Trials were discarded and repeated if ground contact time was greater than 250 ms. RSI was calculated as; flight (ms) time/contact time (ms). 

5.3.2.4. Counter-movement jump
Participants performed a maximum of five counter-movement jump (CMJ) trials on a force platform (Vald Performance, Brisbane, Australia). The maximum power output (CMJ PPO) and relative power output (CMJ PPO/BM) were recorded for analysis. 

5.3.2.5. One-repetition maximum bench press 
Following a standardised progressive upper body warm-up, participants performed a one-repetition maximum (1-RM) bench-press protocol with the absolute weight lifted in kg (Bench 1-RM) recorded for analysis (Hene et al., 2011). 
 

5.3.2.6. Acceleration and momentum
Following a standardised warm-up, participants performed three trials of a maximal 10 m sprint on an indoor sprint track with 5 min rest between trials. The 10 m distance was chosen due to previous associations with collision performance (Gabbett, 2011; Waldron et al., 2013). Timing gates were positioned at 0 and 10 m (Brower timing systems, Utah, USA) and participants initiated the sprints from a two-point stance with the front foot placed 0.5 m behind the first gate line. Average acceleration velocity was calculated from the best 0-10 m time (distance/time) and average acceleration momentum was calculated for 0-10 m. 

5.3.2.7. Endurance testing
Participants performed a 1,200 m continuous run on a 100 m indoor running track (12 x 100 m shuttles) from which the mean aerobic speed (MAS) was derived (1,200 /  time to completion (s)) and reported as m/s. 

5.3.2.8. Collision variables
Collision metrics from notational analysis of all international matches undertaken during the sampling period as part of standard operating procedures were derived from the Rugby Football Union performance analysis department. All matches were coded by the same performance analyst. Definitions of collision variables are provided in Table 5.1.










Table 5.1. Definitions of collision variables (adapted from Cunningham et al. (2018)
	Performance variables 
	Definition

	Collision Dominance (%)
	Percentage of collisions (attack and defence) in which the carrier & tackler (together) move towards the opposition try line after the collision

	Effective Rucks (%)

	Percentage of times the player was effective at the ruck (attack and defence) as one of the first three support players to arrive at the breakdown. 
Effective is defined as entering the ruck at speed, in a low body position and/or actively driving the opposition or preventing them from stealing the ball

	Tackle Completion (%)
	Percentage of attempted tackles that resulted in a breakdown or maul

	Effort variables
	Definition

	Tackles/min 
	Total number of tackles attempted per minute of playing time

	1st 3 Ruck Arrivals/min
	Total number of rucks (attack and defence) where the player was one of the first three support players arriving at the breakdown per minute of playing time

	Carries/min
	Total carries into contact per minute of playing time



5.3.3. Statistical analysis
Preliminary statistical analysis was performed to account for the potential influence of positional groups when evaluating relationships between physical characteristics and collision actions in rugby (Cunningham et al., 2016; Smart et al., 2013). Therefore, Principle-Components Analysis (PCA) was initially carried out to establish between-position variance in collision actions. Players were split into six position groups; front row (FR) (n = 12) consisting of prop and hooker, locks (L) (n = 6), back-row forwards (BR) (n = 8) consisting of open- and blind-side flanker and number 8, scrum-halves (SH) (n = 5), inside backs (IB) (n = 9) consisting of fly half and centre, and outside backs (OB) (n = 12) consisting of wing and full-back (see chapter 3). The six collision variables were entered into the PCA with position as a qualitative variable, using RStudio (version 1.4.1106, RStudio package FactoMineR 2.4). The PCA grouped individuals according to their loadings on three principle-components which explained 60% of the variation in collision performance. The Bhattacharyya distance (RStudio package fpc 2.2-9) was subsequently calculated, demonstrating statistically significant differences in collision behaviours between all forward positions (FR, L, BR) and all back positions (SH, IB, OB) (p ≤ 0.05), and that all back positions were different to each other (p ≤ 0.05). Therefore, these initial results demonstrated that typical collision behaviours differ between back positions but are similar between forward positions; and all back positions are different to all forward positions. Subsequently, individual player data for both physical characteristics and collision variables were standardised using Z-scores calculated with the means and standard deviations from these groups (Forwards, and SH, IB, OB). This controlled for the position-specific collision behaviours, prior to the next stage of analysis. 

For the main research question, standardised data were split into forwards and backs position groups, and partial least squares regression (PLSR, RStudio package pls 2.8-0) models were constructed for each group, to explain the common variance between physical characteristics and each of the six collision variables. PLSR finds components that are optimised for both the variability of predictors and the strength of correlation with the response variable; and is robust in instances where a large number of independent variables is combined with a relatively small number of data points (Hair et al., 2018). The root mean squared error of prediction (RMSEP) was calculated for each PLSR component model using k-fold cross validation, to determine the number of model components with the lowest residual error of prediction. This was then taken as the most appropriate model for prediction of each collision variable. The statistical significance of the PLSR coefficients within each model were then calculated by applying the Jack-knife T-test function and visualised using bar charts (RStudio package pls 2.8-0). 

5.4. Results 
The results of the PLSR are presented in tables 5.2 and 5.3, and an example of the visual representation of the output using bar charts, is presented in figure 5.1. PLSR showed that among forwards, a one-component model accounted for 22% of the variance in carries/min (Table 5.2). Five predictor variables contributed significantly to the model. Of these, body mass, skinfolds and 0-10 m acceleration momentum, were positively associated with carries/min, whereas SL ISO/kgBM and MAS were negatively associated with carries/min (Table 5.2). For tackles/min, 18.9% of the variance was accounted for by a one-component model, explained by higher CMJ PPO/BM and SL ISO/kgBM values. For collision dominance, 21.4% of the variance was accounted for by a one-component model, where positive associations with skinfolds and 0-10 m acceleration momentum were found (Table 5.2).

Among backs, a larger proportion of the variance was explained, where a two-component model accounted for 54% of the variance in tackles/min, within which SL ISO, 1RMBench and SL ISO/kgBM were positively associated (Table 5.3). For collision dominance, 18% of the variance was accounted for by a one-component model comprising positive and negative associations with SL ISO/kgBM and body mass respectively (Table 5.3).
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Figure 5.1. Bar chart to describe the standardised coefficients of a partial least squares regression analysis of collision dominance among backs
Table 5.2. Partial least squares regression models for collision variables among forwards
	Model
	Carry/min
	Tackles/min
	Collision dominance

	Components
	1
	1
	1

	RMSEP CV
	10.19
	9.92
	10.0

	R2
	0.22
	0.19
	0.21

	Predictor Variables
	Estimate
	t
	P
	Estimate
	T
	P
	Estimate
	t
	p

	Body mass (kg)
	0.08
	3.37
	0.01**
	-0.07
	-1.50
	0.16
	0.10
	2.17
	0.06

	Skinfolds (mm)
	0.09
	2.85
	0.02*
	-0.07
	-2.02
	0.07
	0.10
	2.57
	0.03*

	Bench press 1 RM (kg)
	-0.09
	-1.14
	0.29
	0.02
	0.41
	0.69
	0.01
	0.12
	0.91

	Counter movement jump peak power (W)
	0.04
	0.78
	0.45
	0.04
	0.74
	0.48
	0.06
	1.06
	0.32

	Counter movement jump relative peak power output (W/kgBM)
	-0.05
	-2.03
	0.07
	0.10
	4.50
	0.00**
	-0.02
	-0.34
	0.74

	Single leg drop jump RSI (ft/ct)
	-0.08
	-1.91
	0.09
	0.07
	1.82
	0.10
	-0.05
	-1.54
	0.16

	Single leg isometric squat peak force (N)
	-0.00
	-0.10
	0.09
	0.05
	0.86
	0.42
	0.03
	0.53
	0.61

	Single leg isometric squat relative force (N/kgBM)
	-0.08
	-3.13
	0.01*
	0.09
	2.50
	0.03*
	-0.07
	-1.24
	0.25

	0-10m acceleration velocity (m/s)
	-0.01
	-0.16
	0.87
	-0.08
	-1.92
	0.09
	-0.03
	-0.49
	0.64

	0-10m acceleration momentum (kg/m/s)
	0.09
	2.38
	0.04*
	-0.03
	-0.66
	0.53
	0.11
	2.55
	0.03*

	MAS (m/s)
	-0.10
	-2.41
	0.04*
	0.02
	0.28
	0.78
	-0.07
	-1.49
	0.17



Table 5.3. Partial least squares regression models for collision variables among backs
	Model
	Tackles/min
	Collision dominance

	Components
	2
	1

	RMSEP CV
	8.15
	9.66

	R2
	0.54
	0.23

	Predictor Variables
	Estimate
	t
	P
	Estimate
	t
	P

	Body mass (kg)
	0.18
	1.95
	0.08
	-0.16
	-3.16
	0.01*

	Skinfolds (mm)
	0.09
	0.81
	0.44
	-0.01
	-0.21
	0.84

	Bench press 1 RM (kg)
	0.32
	3.52
	0.00*
	0.04
	0.53
	0.61

	Counter movement jump peak power (W)
	-0.07
	-0.70
	0.50
	-0.03
	-0.32
	0.75

	Counter movement jump relative peak power output (W/kgBM)
	-0.19
	-2.01
	0.07
	0.09
	1.64
	0.13

	Single leg drop jump RSI (ft/ct)
	-0.05
	-0.40
	0.69
	-0.04
	-0.45
	0.67

	Single leg isometric squat peak force (N)
	0.25
	2.58
	0.03*
	0.05
	0.62
	0.55

	Single leg isometric squat relative force (N/kgBM)
	0.16
	3.13
	0.01*
	0.13
	2.27
	0.05*

	0-10m acceleration velocity (m/s)
	0.14
	1.29
	0.23
	0.01
	0.24
	0.82

	0-10m acceleration momentum (kg/m/s)
	0.09
	0.92
	0.38
	-0.12
	-1.86
	0.10

	MAS (m/s)
	0.16
	1.23
	0.25
	0.12
	1.65
	0.13



5.5. Discussion
The current study demonstrates, for the first time among an elite female rugby population, that physical characteristics such as body mass and composition, and strength and power, explain between ~18% and ~54% of the variance in collision performance. It was also shown that performance and effort variables are associated with different physical characteristics. Finally, the contribution of different physical characteristics towards specific collision events is dependent on position, presumably because of the variation in typical collision demands across positions. 

Among forward positions, it was shown that carries/min were positively associated with body mass, skinfolds and 0-10 m acceleration momentum, and inversely related to mean aerobic speed and relative leg force. However, combining these characteristics accounted for only ~22% of the variance in carries/min. It was also shown that acceleration momentum and skinfolds explain ~21% of the variance in collision dominance among these elite forwards. The association between acceleration momentum and both collision dominance and carry frequency is consistent with evidence from male rugby union and league (Baker & Newton., 2008; Hendricks et al., 2014). Given that player’s body mass contributes to their acceleration momentum (i.e., velocity x body mass), and that over-ground velocity alone did not contribute to the regression models reported here, it is likely that increased body mass was largely responsible for the proposed role of momentum in collision dominance and carries/min. Indeed, greater body mass is reported among higher performing forwards (~87-94 kg) compared to lower performers (~78 kg) in female rugby union (Hene et al., 2011; Nyberg & Penpraze., 2016; Posthumus et al., 2020), and it was confirmed that this characteristic is specifically advantageous, for female forwards who are required to carry the ball into contact and dominate collisions. The fact that skinfolds was also positively associated with collision dominance and carries/min suggests these forwards can, therefore, possess more additional body fat to increase mass and momentum (assuming no reduction in over-ground speed) for carrying and winning collisions. 
 
It might be expected that ‘effort’ variables, such as carries/min, would be positively associated with aerobic running performance, as reported in elite male rugby (Cunningham et al., 2018). Higher aerobic endurance may facilitate the capacity to maintain higher average speeds of locomotion during match play and recover quickly from high intensity efforts (Gabbett et al., 2013; Vachon et al., 2021). However, the findings of this investigation show that lower mean aerobic running performance is associated with more carries/min. This may be explained by the greater body mass and skinfolds observed among forwards who carry frequently, which might negatively affect running capacity because of the greater energy cost of movement among players with higher fat mass (Meir et al., 2001). It was also shown that mean aerobic speed did not contribute to the regression model for tackles/min. Instead, greater relative leg strength and power positively contributed towards the model, which accounted for ~19% of the variance in tackles/min. These forwards are likely to exhibit a greater force to body mass ratio (A = F / M), which may underpin the ability to repeat bouts of high intensity actions common in collision sports (Gabbett & Siebold., 2013). 

Whilst the findings in regard to running endurance are contradictory to previous reports among elite males (Cunningham et al., 2016), it should be considered that the continuous, shuttle-based aerobic test adopted in this study was different to the intermittent running tests used in these previous reports (Cunningham et al., 2016; Smart et al., 2013). Continuous running tests may not represent the range of physical capacities required by rugby players, such as strength and power, whilst intermittent and repeated sprint tests may represent multiple factors, such as speed and aerobic fitness (Pyne et al., 2008). It is suggested that whilst the assessment of endurance that was implemented in this study, is a valid measure of cardiovascular performance and therefore useful as a surrogate of specific running capabilities in rugby union, it might have lacked the necessary specificity compared to previous methods. 

Physical characteristics accounted for ~22% of the variance in collision dominance among the backs. But in direct contrast to the forwards, it was show that collision dominance was negatively associated with body mass, and positively associated with relative leg force production. The women’s game has historically biased ball-in-hand running as the primary attacking means (Hughes et al., 2017), suggesting that backs may typically attack and defend with more space around them. Among backs, winning collisions could, therefore, be more strongly related to characteristics that underpin movement speed and agility, than mass and momentum characteristics, which are more strongly associated with winning collisions among forwards. Although acceleration over 10 m did not contribute to collision dominance, as shown in male rugby (Cunningham et al., 2016; Gabbett et al., 2010), it is well established that high levels of relative strength and power are strongly related to acceleration speed and agility in elite male rugby players (Delaney et al., 2015; Cunningham et al., 2013; Hansen et al., 2011). Greater relative strength could, therefore, underpin the ability to achieve high speed prior to the collision in defence (Hendricks et al., 2012) and apply powerful leg-drive at the point of contact when carrying and tackling (Gabbett & Ryan., 2009). 

It was also shown that ~54% of the variance in tackles/min was accounted for by a combination of bench press 1RM, single-leg peak and relative force among backs. Higher strength levels are associated with a reduced decrement in tackle technique when fatigue levels are high (Davidow et al., 2020; Gabbett, 2016), and a greater capacity to maintain running outputs between high intensity efforts (Gabbett & Wheeler, 2014). Therefore, tackle impacts and grapples may be executed at a lower relative intensity by stronger players compared to weaker players and are subsequently tolerated with less induced fatigue (Gabbett et al., 2011). The methodology accounted for the fact that different positions may typically show physical characteristics that predispose them to the greater or lesser collision demands, specifically among backs. For example, centres may be bigger and stronger than other positions (Quarrie et al., 1996) and their tactical placement means they also make more tackles (Schoeman & Coetzee, 2015). Therefore, these findings do not represent a bias of tactical opportunity for stronger players and it is suggested that absolute and relative strength and power characteristics should be developed to optimise collision performance among elite female rugby union backs. 

This is the first study to show that physical characteristics are associated with the ability to perform a high ‘density’ (high frequency per min) of tackles, and to win collisions among elite female rugby players. However, the extrapolation of these findings to other female rugby populations should be approached with some caution. The number of nations providing professional contracts to female players is also increasing, and subsequently, the physical, technical and tactical capabilities of players may also increase as was demonstrated in chapter 4. Therefore, these findings might only represent the sampling period, and future research should investigate whether the physical characteristics associated with collision performance have changed over time. Practitioners should also be mindful that physical characteristics accounted for only ~ 19-54% of the variance in collision performance. This is consistent with previous reports (Speranza et al., 2017) and suggests that factors, such as training volume, might also account for variance in collision performance (Gabbett et al., 2011). The findings of this investigation, therefore, concur with previous suggestions that the development and maintenance of physical characteristics such as leg strength, should be viewed as an adjunct for optimal collision skill development during training and match play exposures (Speranza et al., 2017). 

These findings are informative for elite female rugby sports performance coaches. It is suggested that strength and conditioning practitioners can improve collision performance by advancing specific gross physical characteristics, according to a player’s position and the tactical role they are expected to fulfil. The R2 values for each regression model and the coefficients within each model can support objective decision-making for physical development programmes. For example, according to the regression coefficients, a 2.38 kg/m/s increase in acceleration momentum may elicit a 1% increase in collision dominance among forwards. Practitioners should estimate whether this magnitude of change in performance justifies the investment required to achieve such physical changes. 

In conclusion, the findings of this investigation indicate that the development of acceleration momentum could benefit the performance of forwards, based on its association with ball carrying frequency and collision dominance. Relative strength and power characteristics can also contribute positively towards effort variables such as tackles/min among forwards. Among backs, well-developed upper- and lower-body strength is important for increased tackle frequency, and relative lower-body strength may facilitate the ability to dominate attacking and defensive collisions. 

















Chapter 6: The relationship between technical collision behaviours and physical characteristics among elite female rugby union players

6.1. Lead summary

Chapter five confirmed the importance of well-developed physical characteristics for attaining successful collision performance outcomes, whilst highlighting that a relatively small proportion of the variability in these outcomes can be accounted for by gross physical characteristics. Furthermore, it was hypothesised that the different tactical contexts of forward and back’s collision events, require different physical profiles. Subsequently, to provide a more precise understanding of the interaction between the technical characteristics of specific collision events and gross physical characteristics, further investigation was required. The following chapter, therefore, firstly investigated how the probability of winning collision events is affected by technical characteristics among international female rugby union players, and secondly, whether enhanced performance of these technical characteristics was related to physical attributes. Carry and tackle events were analysed from 16 international matches played by one team ranked within the top two in the world, and against teams with a top five world ranking were analysed. (3,367 events during 438 individual player match performances). Carry and tackle events were defined according to specific tactical contexts, then coded according to technical characteristics and performance outcomes. Binary classification tree models were built to show whether technical variables could predict successful carry and tackle outcomes. Carry models that significantly predicted successful outcomes (p <0.01) with probabilities of between 52 and 99%, included combinations of the variables: carrier velocity at the line, change of direction and straightening angle, leg drive, body mass and system mass (the combination of carrier and assistance from one or more team-mate). Tackle models that predicted successful outcomes with probabilities of between 50 and 99%, included combinations of the variables: initial line-speed, tackle direction, tackle type, collision zone entry, body mass, system mass, arm use and leg drive. Technical characteristics that contributed significantly towards carry and tackle models were retained, and their relationship with physical attributes was then investigated using cumulative link mixed effects models. Increases of ~2% in relative single-leg isometric squat, relative counter-movement jump peak power output, absolute bench press performance, single-leg drop jump reactive strength index, 10 m acceleration momentum and velocity, and skinfolds and body mass; were associated with both increasing and decreasing likelihoods of superior technical performance, of between 5 and 31%, depending on the investigated variable. These findings may increase the precision of practices, drills, physical assessment frameworks, and physical training methods in alignment with individual player performance objectives, among elite-standard female rugby union players.  

6.2. Introduction
Rugby union is a complex evasion game in which territorial gain towards the opposition try line is critical for maximising scoring opportunities (Watson et al., 2017). Territory can be made by running through or around the opposition to cross an imaginary advantage line, known as the ‘gain-line’, or by kicking the ball to achieve better field position from which to defend or attack. Indeed, match actions that underpin territorial gain, such as kicking frequency, and average metres gained per carry, are greater among winning teams compared to their losing counterparts (Bennett et al., 2019; Sella et al., 2019; Watson et al., 2017). Regardless of the specific tactics chosen by a team, the ability to defend or breach the gain-line with ball in hand is inextricably related to performance during collision events, as defenders attempt to physically halt the attacker’s momentum towards the try line. The practical value of positive collision outcomes, such as tackle breaks, metres made per carry, defenders beaten, and tackle completion, is highlighted by their direct association with winning performance in male rugby (Bennett et al., 2019; Sella et al., 2019; Van Rooyen & Viljoen., 2014). 

Because of the relative importance of collision performance, and the large variety of carry and tackle types that occur in match play (Sayers & Washington King., 2005); more forensic analyses of collision events have been conducted (Sayers &  Washington King., 2005; Wheeler et al., 2010). These analyses show that collision events are composed of different technical behaviours which increase the likelihood of successful carry and tackle performance. For example, tackle breaks are more likely if attackers can create one-on-one scenarios, receive the ball at high speed, and use footwork in advance of the collision (Sayers &  Washington King., 2005; Wheeler et al., 2010). Despite this evidence, 57% of carries in matches do not include footwork prior to the contact, and positive breakdown outcomes are associated with straight running lines (Wheeler et al., 2010). This suggests that a variety of different technical behaviours can determine subsequent collision success, depending on the tactical context of the collision event. 

Enhanced physical characteristics such as upper- and lower-body strength, power output, lean mass, and sprint momentum are associated with positive collision outcomes in both male and female rugby (Cunningham et al., 2016; Gabbett et al., 2011; Redman et al, 2022; Speranza et al., 2016), However, investigations of the interaction between physical characteristics and the specific technical behaviours that underpin the final collision outcome are sparse (Redman et al., 2021; Speranza et al., 2017) and rudimentary in male rugby, and do not exist in female rugby. It is possible that such knowledge would enhance the specificity of physical development practices among rugby coaches and strength and conditioning coaches, and the collaboration between the two disciplines. For example, from the limited published literature in this area, it is understood that tacklers increase their likelihood of a dominant outcome if they adopt a square body position relative to the carrier (Hendricks et al., 2014). Square body positions are positively related to relative strength in male rugby league players (Speranza et al.,2017). Therefore, developing the capability to track the carrier and dynamically re-orientate into an optimal square position, prior to the collision, is critical, whilst the development of relative strength may further underpin this ability. To provide a thorough understanding of how technical behaviours underpin specific collision performance outcomes, it is important that the variation in technical collision behaviours between different positions and tactical contexts in rugby union are considered (Schoeman et al., 2015; Wheeler et al., 2010). The same level of rigour should also be applied to the subsequent investigation of how these technical behaviours are related to physical characteristics (Cunningham et al., 2018). 

Based on the above reasoning, a novel two-stage analysis of international female rugby union matches was conducted, to understand the technical and physical attributes associated with successful ball-carrying and tackling. Firstly, binary classification trees were built to identify which technical characteristics were associated with successful carry and tackle performance outcomes, in the specific tactical context of carry and tackle events. Secondly, cumulative link mixed effects models were implemented to identify which physical characteristics were associated with these technical characteristics among international female rugby union players.  

6.3. Stage 1: The relationship between technical characteristics and collision performance

6.3.1. Stage 1 Methods
6.3.1.1. Stage 1 participants
Following ethical approval from the researcher’s academic institution, match footage was obtained with approval from England Rugby (Rugby Football Union; RFU), for sixteen senior International women’s matches, played between 2018 and 2021 (438 individual player performances, mean and SD matches per player; 9 ± 4). To account for the increased physical intensity when competing against superior opposition in elite-standard female rugby union, demonstrated in chapter 3, only matches played against opposition teams with a World ranking of five and above, at the time of competition were analysed.

 

6.3.1.2. Stage 1 procedures
Prior to the analysis, coding templates for both tackle and carry performance were built within performance analysis software (Longomatch 1.10.26). Carries and tackles were divided into seven specific classifications (modified from Wheeler et al., 2010) to account for the considerable contextual variation in these actions during matches. These classifications were defined according to the origin of the carry or tackle, the number of passes from the breakdown, and the relative state of the defensive line (Table 6.1). 

	Carry & Tackle Type
	Definition

	Immediate (I)
	Origin: breakdown, scrum, or lineout
Passes from origin: none
Defensive line: unbroken   

	Close (C)
	Origin: breakdown, scrum, or lineout
Passes from origin: one
Defensive line: unbroken  

	Middle (M)
	Origin: breakdown, scrum, or lineout
Passes from origin: two
Defensive line: unbroken  

	Wide (W)
	Origin: breakdown, scrum, or lineout
Passes from origin: more than two
Defensive line: unbroken  

	Kick off & counter-attack (KO & CA)
	Origin: kick receipt/chase or pass from kick receipt
Passes from origin: zero to two
Defensive line: unbroken  

	Open play (OP)
	Origin: carry or tackle after clean break or offload
Passes from origin: zero and greater
Defensive line: broken  


Table 6.1. Carry and tackle type definition criteria (modified from Wheeler et al., 2010)

The specific technical characteristics of each tackle and carry were selected according to two criteria: prior published evidence of a relationship with tackle or carry outcome (Table 6.2), and the opinion of eight elite-standard rugby coaches and performance analysts (Table 6.2). The coaches and analysts were provided with definitions and visual examples of each carry and tackle category and were requested to list the technical components they believed most strongly underpinned successful and unsuccessful outcomes, the definitions of which were also provided (Table 6.2). These outcome variables included: collision, post-contact metres, territory, and result, which were classified using a binary score of win or loss. The definitions and coding criteria for each variable are shown in Table 6.2. A total of 1603 tackles (n = 102 ± 27 per match) and 1764 carries (n = 112 ± 29 per match) were coded. To increase the validity and reliability of coding, the number of matches analysed per day was restricted to a maximum of one, and coding sessions were restricted to a maximum duration of two hours, with a minimum of one hour rest between sessions (Bloomfield et al., 2004; Eaves et al., 2005; Wheeler et al., 2010). Following the analysis of the sixteen matches, the first match that was analysed was re-coded to calculate coder reliability using Cohen’s Kappa statistic, which was classed as excellent (>0.8) (McHugh. 2012) for all coded carry and tackle variables. Spaces and errors were removed from the data in Microsoft Excel, before filtering according to carry type. Second order, metrics which were derived from a comparison between two other variables (such as velocity at the line vs line-speed), were also calculated at this stage. 




	Table 6.2. Definitions of technical collision characteristics

	
	
	Source
	Tackle Coding Definition
	Carry Coding Definition

	Outcome KPIs
	Collision
	McKenzie et al. (1989)
	Win/Neutral:  Ball carrier travels towards own try line or does not progress in either direction after collision
Loss/Neutral: Ball carrier travels towards opposition try line after collision
	Win: Ball carrier travels towards opposition try line after collision
Loss/Neutral: Ball carrier travels towards own try line or does not progress in either direction after collision

	
	Post-contact metres
	Bennett et al. (2018), Watson et al. (2017)
	Win: Tackler drives carrier back >1 metre towards opposition try line from after collision
Loss/Neutral: Carrier advances >1 metre toward tackler try line after collision
	Win: Carrier advances >1 metre towards tackler try line after collision
Loss/Neutral: Tackler drives carrier back >1 metre towards opposition try line after collision

	
	Territory
	Hendricks et al. (2013)
	Win: Tackle is completed in front of the gain-line
Loss/Neutral: Tackle is completed behind or on the gain-line
	Win: Carrier is tackled behind the gain-line
Loss/Neutral: Carrier is tackled in front or on the gain-line

	
	Result
	Bennett et al. (2018), Hollander et al. (2016), Wheeler et al. (2010)
	Incomplete: Carrier breaks the line or offloads in the tackle
Complete: Tackle results in a breakdown
	Incomplete: Carrier breaks the line or offloads in the tackle
Complete: Tackle results in a breakdown

	Technical Variables
	Initial defensive line-speed
	Hollander et al. (2016)
	Fast:  Tackler accelerates maximally when ball leaves ruck
Medium: Tackler jogs when the ball leaves the ruck
Slow: Tackler is stationary or walks when ball leaves ruck
	Fast:  Tackler accelerates maximally when ball leaves ruck
Medium: Tackler jogs when the ball leaves the ruck
Slow: Tackler is stationary or walks when ball leaves ruck

	
	Carry reception velocity
	Hollander et al. (2016), Wheeler et al. (2010)
	N/A
	Fast:  Ball carrier running, sprinting, or accelerating maximally at ball reception
Medium: Ball carrier jogging or cruising at ball reception
Slow:  Ball carrier stationary or walking at ball reception 

	
	Carry velocity at line
	Hollander et al. (2016), Wheeler et al. (2010)
	N/A
	Fast:  Ball carrier running, sprinting, or accelerating maximally at point of meeting defensive line 
Medium:  Ball carrier jogging or cruising at point of meeting defensive line
Slow:  Ball carrier stationary or walking at point of meeting defensive line

	
	Velocity at line vs line-speed
	Hendricks et al. (2014)
	N/A
	Carrier: Carrier velocity at line > defensive line-speed
Neutral: Carrier velocity at line is equal to defensive line-speed
Tackler: Carrier velocity at line < defensive line-speed

	
	Reception velocity vs Line-speed
	
	N/A
	Carrier: Carrier velocity at point of ball reception > defensive line-speed
Neutral: Carrier velocity at point of ball reception equal to defensive line-speed
Tackler: Carrier velocity at point of reception < defensive line-speed

	
	Distance from carrier/defence at reception
	Hollander et al. (2016), Wheeler et al. (2010)
	Close: Tackler <1 body length of carrier at ball reception
Near: Tackler 1 to 2 body lengths away from carrier at ball reception
Far: Tackler >2 body lengths away from carrier at ball reception 
	Close: Carrier <1 body length of tackler at ball reception
Near: Carrier 1 to 2 body lengths away from tackler at ball reception
Far: Carrier >2 body lengths away from tackler at ball reception

	
	Pre-contact agility
	Sewry et al. (2015), Wheeler et al. (2010)
	N/A
	Side-step: Ball carrier changes direction on outside leg to breakdown
Cross-over:  Ball carrier changes direction on inside leg to breakdown
Straight: Ball carrier runs straight at the defensive line

	
	Change of direction angle
	Wheeler et al. (2010)
	N/A
	Great: Ball carrier’s displacement after direction change, is >600 from their initial direction of travel.
Moderate: Ball carrier’s displacement after direction change is 20-600 from their initial direction of travel.
Slight:  Ball carrier’s displacement after direction change is <200 from their initial direction of travel.

	
	Straightening angle
	Wheeler et al. (2010)
	N/A
	Great: Immediately following a direction change, carrier performs a second direction change with displacement >600 from their direction of travel
Moderate: Immediately following a direction change, carrier performs a second direction change with displacement 20-600 from their direction of travel
Slight:  Immediately following a direction change, carrier performs a second direction change with displacement <200 from their direction of travel.

	
	Collision zone entry
	Gabbett et al. (2011), Hendricks et al. (2010), Hendricks et al. (2014) 
	Accelerate Optimal: Pre-impact, tackler is moving forward, with COM in front of BOS, hitting with shoulder
Accelerate Upright:  Pre-impact, tackler is moving forward, in upright position, hitting with chest or arms
Static Optimal: Pre-impact, tackler is static, with COM in front of BOS, hitting with shoulder
Passive Absorb: Pre-impact, tackler is static, with COM over or behind BOS, and concedes metres passively in the tackle
	N/A

	
	Tackle direction
	Gabbett et al. (2011), Hendricks et al. (2018)
	Front: Tackler enters collision zone front on to carrier
Oblique: Tackler enters collision zone at an angle
Side/Behind: Tackler enters collision zone from the side or behind
	N/A

	
	Body height
	Wheeler et al. (2009)
	Upright: Tackler is upright with knees & hips extended
Medium: Knees and hips are slightly flexed; chest higher than hips
Low: Knees and hips are flexed; chest is level or lower than hips
	Upright: Carrier is upright with knees & hips extended
Medium: Knees and hips are slightly flexed; chest higher than hips
Low: Knees and hips are flexed; chest is level or lower than hips

	
	Fend
	Hendricks et al. (2014), Hendricks et al. (2018), Wheeler et al. (2009)
	N/A
	Strong: Carrier demonstrates an active, strong fend
Weak: Carrier demonstrates a weak, passive fend
Absent: Carrier demonstrates no fend

	
	Tackle type
	Gabbett et al. (2011), Hendricks et al. (2014), Sewry et al. (2015) Wheeler et al. (2009)
	Shoulder: Tackler uses shoulder to make initial contact with carrier
Smother: Tackler uses chest to make initial contact with carrier
Collision: Tackler does not use arms in the tackle
Arm/Jersey: Tackler uses arms to make initial contact, or grabs the jersey of the carrier
	N/A

	
	Hit point
	Gabbett et al. (2011), Hendricks et al. (2014),  Wheeler et al. (2009)
	Legs: Tackler makes contact between carrier’s hips and ankles
Mid Torso: Tackler makes contact between carrier’s hip
Shoulder/Arm: Tackler makes contact between carrier’s shoulder/arm
Head/Neck:  Tackler makes contact between carrier’s Head/neck
	N/A

	
	Arm use
	Sewry et al. (2015), Hendricks et al. (2014)
	Strong Wrap & Pull: Tackler wraps arms and does not release grip or slide lower down tackler’s body than initial wrap height
Weak Wrap & Pull: Tackler wraps arms but releases grip and/or slides lower down tackler’s body than initial wrap height
No Wrap & Pull: Tackler does not wrap arms
	N/A

	
	Mass
	Hendricks et al. (2014)
	Advantage: Primary tackler is visibly larger than primary carrier
Neutral:  Primary tackler and carrier are of similar size
Disadvantage:  Primary carrier is visibly larger than primary tackler
	Advantage: Primary carrier is visibly larger than primary tackler
Neutral:  Primary tackler and carrier are of similar size
Disadvantage:  Primary tackler is visibly larger than primary carrier 

	
	Assistance
	
	Many: Two or more additional tacklers assist the primary tackler immediately following the initial collision with the carrier
Double: One additional tackler hits the carrier immediately following the initial collision with the primary tackler
Single: The primary tackler is not assisted in stopping the carrier
	Many: The carrier’s is assisted by two or more team mates immediately following the initial collision with the primary tackler
Double: The carrier is assisted by one team mate immediately following the initial collision with the primary tackler
Single: The carrier is not assisted in carrying past the tackler

	
	System mass
	
	Advantage: Tackler + assistance > carrier + assistance
Neutral: Tackler + assistance is equal to carrier + assistance
Disadvantage: Tackler + assistance < carrier + assistance
	Advantage: Carrier + assistance > tackler + assistance
Neutral: Carrier + assistance is equal to tackler + assistance
Disadvantage: Carrier + assistance < tackler + assistance

	
	Leg-drive
	Sewry et al. (2015), Hendricks et al. (2014)
	Strong: Tackler takes > 2 driving steps following the collision
Moderate: Tackler takes 1-2 driving steps following the collision
Absent: Tackler takes no driving steps following the collision
	Strong: Carrier takes > 2 driving steps following the collision
Moderate: Carrier takes 1-2 driving steps following the collision
Absent: Carrier takes no driving steps following the collision  


  Abbreviations: COM = centre of mass, BOS = base of support, > = greater than, < = less than 	

6.3.2. Stage 1 statistical analysis
To determine which technical variables increased the probability of successful outcomes in carry and tackle events, binary classification analysis was undertaken using statistical analysis software (RStudio, version 1.4.1106, package party). Raw categorical data for all variables were converted into factors and partitioned into training (70%) and testing (30%) data sets, and bar-plots were used to visualise the distribution of the outcome classes. Binary classification trees were built using the training data set, with outcome and technical variables entered as dependent and independent variables, respectively. To reduce the risk of type one error, and to increase the interpretability of the outcomes through reduced tree complexity, an alpha level of 0.01 was integrated into each model. Models were created to investigate the effects of pre- and post-collision variables on collision and post-contact metres outcomes, and to investigate the effects of all variables on territory and result outcomes. An example of a binary classification tree is depicted in figure 6.1.

[image: ]
Figure 6.1. Binary classification tree showing the relationship between pre-collision technical variables and collision outcomes during close tackles


Sensitivity of the target binary class (e.g. tackle or carry win) and overall model accuracy were calculated using confusion matrix’ and receiver operating characteristic (ROC) curves with an acceptance threshold set at 70% (Hosmer & Lemeshow., 2013). The binary outcome classes for carry and tackles are typically imbalanced in rugby union (Wheeler & Sayers., 2009). Therefore, to optimise the accuracy of the analysis and avoid degradation of the sample, training data sets which produced predictive models with a sensitivity less than 70% (Hosmer & Lemeshow., 2013) (see below) were balanced using classification analysis (package Rose). The balanced data sets were then re-entered into the predictive model.   

For the next stage of the analysis, the following technical variables which incorporated the relative actions of opposition players in their scoring levels were discarded, as they did not solely represent the physical actions of the carrier or tackler: reception velocity vs. line-speed, carrier velocity at the line vs. line-speed, tackler assistance, system mass, defensive line-speed (for carries). The remaining variables were carried forward to stage 2. 



 

Table 6.3. Binary classification tree outcomes by carry type
	Model
	Carry type
	1st Split variable
	2nd Split variable(s)
	3rd Split variable(s)
	Probability

	Pre-contact variables
Collision outcome 
	Immediate
	Model did not reach accuracy threshold

	
	Close
	Carrier velocity at line – Moderate/Fast
	Carrier velocity at line – Fast
	
	85%

	
	Middle
	Carrier velocity at line – Moderate/Fast
	Velocity at line vs. line-speed – Attack win
	
	82%

	
	Wide
	Carrier velocity at line – Fast
	Body height – Upright
Change of direction angle – Moderate/Great
	
	99%
77%

	
	KO & CA
	Carrier velocity at line – Slow/Moderate
	Change of direction angle – Moderate/Great
	
	98%

	
	OP
	Model did not reach accuracy threshold

	Pre-contact variables
Post-contact metres outcome
	Immediate
	Reception velocity vs. line-speed – Attack win/Equal
	
	
	77%

	
	Close
	Model did not reach accuracy threshold

	
	Middle
	Model did not reach accuracy threshold

	
	Wide
	Model did not reach accuracy threshold

	
	KO & CA
	Carrier velocity at line – Slow/Moderate
	Straightening angle – Moderate/Great
	
	90%

	
	OP
	Carrier velocity at line – Fast
	Velocity at line vs. line-speed – Attack win
	Running line – Straight
	93%

	Post-contact variables
Collision outcome
	Immediate
	Model did not reach accuracy threshold

	
	Close
	Leg drive – Moderate/Strong
	Leg drive – Strong
	
	78%

	
	Middle
	Leg drive – Moderate/Strong
	Tackler assistance – Single
	
	82%

	
	Wide
	Leg drive – Moderate/Strong
Leg drive – Absent
	
Mass – Advantage
	
	89%
61%

	
	KO & CA
	Leg drive – Moderate/Strong
	
	
	64%

	
	OP
	Model did not reach accuracy threshold

	Post-contact variables
Post-contact metres outcome
	Immediate
	Collision – Carrier win
	Leg drive – Moderate/Strong
	
	92%

	
	Close
	Collision – Carrier win
	Leg drive – Moderate/Strong
	System mass – Attack
	90%

	
	Middle
	Leg drive – Moderate/Strong
	Collision – Carrier win
Collision – Tackler win
	
	90%
52%

	
	Wide
	Collision – Carrier win
	Leg drive – Moderate/Strong
	Mass – Advantage
Mass – Disadvantage 
	99%
61%

	
	KO & CA
	Collision – Carrier win
	Leg drive – Moderate/Strong
	
	95%

	
	OP
	Collision – Carrier win
	Leg drive – Moderate/Strong
	
	81%

	All variables
Territory outcome
	Immediate
	Post-contact metres – Carrier Win 
Post-contact metres – Tackler win
	
Collision – Carry win
	
	98%
50%

	
	Close
	Post-contact metres – Carrier win
Post-contact metres – Tackler win
 
	
Velocity at line vs. line-speed – Attack win
Defensive line-speed – Moderate/Slow
	Reception velocity vs. line-speed
	90%
55%
73%

	
	Middle
	Collision – Carrier win
	Carrier velocity at line – Carry win
	
	87%

	
	Wide
	Model did not reach accuracy threshold

	
	KO & CA
	Model did not reach accuracy threshold

	
	OP
	Post-contact metres – Carry win
Post-contact metres – Tackle win
	Change of direction angle – Moderate
Carrier velocity at line – Fast
	
	99%
50%

	All variable
Result outcome
	Immediate
	Fend
	
	
	62%

	
	Close
	Straightening angle – Moderate/Great
	Fend – Strong 
	
	55%

	
	Middle
	Leg drive – Strong 
Leg drive – Strong 
	Pre-contact agility – Side-step 
Pre-contact agility – Cross-over/Straight
	
	88%
52%

	
	Wide
	Leg drive – Strong
	
	
	60%

	
	KO & CA
	Leg drive – Strong
Leg drive – Absent/Moderate



	
Straightening angle – Moderate/Great

Straightening angle – None/Slight

	
COD angle – Moderate/Great
COD angle – Slight
System mass – Defence
System mass – Attack/Equal
	90%
92%
62%
55%
92%

	
	OP
	Model did not reach accuracy threshold


Abbreviations: KO = kick off, CA = counterattack, OP = open play
Table 6.4. Binary classification tree outcomes by tackle type
	Model
	Tackle type
	1st Split variable
	2nd Split variable(s)
	3rd Split variable(s)
	Probability

	Pre-contact variables
Collision outcome
	Immediate
	Model did not reach accuracy threshold

	
	Close
	Collision zone entry – SO/AU/AO
	Mass – Advantage/Neutral
	Tackle Direction – Front
	80%

	
	Middle
	Tackle direction – Front
	Collision zone entry – AU/AO
	
	50%

	
	Wide
	Tackle direction – Oblique/Front
	Distance from carrier – Near/Close
	
	96%

	
	KO & CA
	Model did not reach accuracy threshold

	
	OP
	Collision zone entry – SO/AU
	
	
	62%

	Pre-contact variables
Post-contact metres outcome
	Immediate
	Collision zone entry – AO
	
	
	63%

	
	Close
	Collision zone entry – SO/AO
	Mass – Advantage/Neutral
	
	57%

	
	Middle
	Model did not reach accuracy threshold

	
	Wide
	Model did not reach accuracy threshold

	
	KO & CA
	Model did not reach accuracy threshold

	
	OP
	Body height – Low
	Distance from carrier – Near
	
	55%

	Post-contact variables
Collision outcome
	Immediate
	Model did not reach accuracy threshold

	
	Close
	Leg drive – Strong
Leg drive – Absent
	
Mass – Advantage
	
Hit point – Shoulder/Neck/Legs
	75%
55%

	
	Middle
	Model did not reach accuracy threshold

	
	Wide
	Model did not reach accuracy threshold

	
	KO & CA
	Model did not reach accuracy threshold

	
	OP
	Model did not reach accuracy threshold

	Post-contact variables
Post-contact metres outcome
	Immediate
	Collision – Tackler win
	
	
	78%

	
	Close
	Collision – Tackler win
Collision – Carrier win
	
System mass – Advantage
	
Arm use – Strong/No wrap
	72%
88%

	
	Middle
	Collision – Tackler win
	
	
	73%

	
	Wide
	Collision – Tackler win
	Arm use – Strong wrap
	
	86%

	
	KO & CA
	Collision – Tackler win
Collision – Carrier win
	
Arm use – Strong wrap
	
	88%
59%

	
	OP
	Tackle type – Shoulder
Tackle type – Arm/Jersey/Collision/Smother
	
Collision – Tackler win
	
	73%
50%

	All variables
Territory outcome
	Immediate
	Collision – Tackler win
	System mass – Advantage/Disadvantage
System mass – Equal 
	
	81%
97%

	
	Close
	Post-contact metres – Tackler win
Post-contact metres – Carrier win
	
Initial line-speed – Moderate/Fast
	
Collision -Tackler win
	83%
70%

	
	Middle
	Initial line-speed – Moderate/Fast
	Collision – Tackler win
Collision – Carry win
	
	89%
50%

	
	Wide
	Model did not reach accuracy threshold

	
	KO & CA
	Model did not reach accuracy threshold

	
	OP
	Post-contact metres – Tackler win
	
	
	72%

	All variable
Result outcome

	Immediate
	Tackle direction – Front/Behind

Tackle direction – Oblique/Side
	Collision zone entry – AB/AU/AO

Collision zone entry – AO
	Tackle type – Shoulder/Smother
Tackle type – Arm/Collision

	98%
71%
73%

	
	Close
	Arm use – Strong/Weak wrap
Arm use – No wrap
	
Tackler assistance – Double 
	
	92%
96%

	
	Middle
	Model did not reach accuracy threshold

	
	Wide
	Arm use – Strong/Weak wrap
Arm use – No wrap
	
Tackle height – Arm/Shoulder
	
	78%
70%

	
	KO & CA
	Arm use – Strong wrap
Arm use – Weak/No wrap

	
System mass – Tackler
System mass – Carrier/Equal
	

Collision – Tackler win
	90%
99%
83%

	
	OP
	Arm use – Strong/Weak wrap
 
	Arm use – Strong wrap
Arm use – Weak wrap
	

	91%
67%


Abbreviations: KO = kick off, CA = counterattack, OP = open play, SO = static optimal, AU = accelerate upright, AO = accelerate optimal, AB = absorb

6.4. Stage 2: The relationship between technical and physical characteristics

6.4.1. Stage 2 methods
6.4.1.1. Stage 2 participants
Physical performance assessment scores were derived for each of the 67 players (age 24 ± 4 years, stature 171.1 ± 7.6 cm, body mass 80.5 ± 10.5 kg) who were members of this elite squad during the three-season sampling period (181 total observations for the full battery of assessments, mean and SD 3 ± 1 observations per player). Variation in the individuals selected in the squad throughout the study meant that players were involved in either three (n = 23), two (n = 27) or one (n = 17) season/s of data collection. Each player was sampled between two and three times per year, depending on injuries. 

6.4.1.2. Stage 2 procedures
For the second stage of the analysis, the relationship between physical characteristics, and the retained technical variables from stage one of the study was evaluated. Specific physical performance assessment scores were selected according to evidence of their relationships with collision performance, presented in chapter 4. Physical assessments were delivered in a split-day format, with players undertaking anthropometric, strength and power assessments during the morning, and sprint and endurance running assessments completed in the afternoon, following a 2.5-h break. Specifically, the assessments consisted of: body mass and sum of 8 skinfolds, single-leg isometric squat, single leg drop jump, counter-movement jump, one-repetition maximum bench press, and 10 m sprint, from which, average velocity (distance/time)  and acceleration momentum (body mass x average velocity) were calculated. Specific protocols and rationale for the summarised assessments are described in chapter 3.  




6.4.2. Stage 2 statistical analysis
Physical performance data were checked for multicollinearity using a correlation matrix. No correlation coefficients exceeded 0.7, therefore no multicollinearity was assumed (Shrestha et al., 2020). Each player’s mean annual performance for each assessment was then calculated and these scores were split into forwards and backs to reduce the likelihood of false positive relationships, resulting from positional bias towards specific collision behaviours as demonstrated in chapter 5. Data were then standardised as Z-scores, for each season, and matched to individual collision actions in games played in the same season, using a custom-built database (Microsoft Excel 2021). To ensure the sample size recommendations of a minimum ten events per prediction variable (Riley et al., 2020), carry and tackle types were combined based on the similarity of their characteristics (see Table 1): Close, Middle and Set-piece, and Wide, Open play and Kick-off counterattack. The Immediate carry and tackle category was analysed independently because it was deemed unique to all other classifications. For model compatibility, all technical variables were converted to factors and their levels were given an ordinal structure according to the findings of stage one. Cumulative link mixed effects models were then built for each technical variable (Rstudio, version 1.4.1106, package ordinal, function clmm), with physical assessment scores entered as independent variables. Brant tests for parallel lines were conducted for each model to assess the assumption of proportional odds, which held for all models. Regression estimates were then exponentialized to produce odds ratios. 

6.5. Results 
For stage 1 of the analysis, 18 and 12 variables contributed significantly to the carry and tackle classification models respectively. Tables 6.3 and 6.4 present summaries of the carry and tackle classification model structures, according to the probability of achieving a positive outcome. For example, during close carries, and before the collision, if the carrier attacks the defensive line at a fast-running speed, the probability of winning the collision is 85%.

For stage 2 of the analysis, Tables 6.6 and 6.7 summarise the findings from the mixed effects ordinal regression carry and tackle models respectively, for each technical variable among forwards and backs. With the exception of straightening angle, each of the other seven technical carry variables were significantly associated with physical characteristics among forwards. Among backs, except for body height and change of direction angle, six of the eight technical carry variables were significantly associated with physical characteristics. For the tackle, each of the eight technical variables were significantly associated with physical characteristics among forwards. Among the backs, five of the eight technical variables were significantly associated with physical characteristics. The variables that did not reach significance were initial line-speed, body position and tackle type. 


Table 6.5. Mixed effects ordinal regression model outcomes for carry categories, by position
	
	Forwards Carry Models

	
	Close, Middle, Set Piece
	Wide, Kick off & Counterattack, Open Play
	Immediate

	
	
	B
	SE
	p
	95% CI
	OR
	
	B
	SE
	p
	95%CI
	OR
	
	B
	SE
	p
	95%CI
	OR

	Mass Advantage
	
	
	
	
	
	
	CMJ RELPPO
	0.12
	0.04
	0.03
	1.0-1.3
	1.04
	Body Mass
	0.40
	0.16
	0.03
	1.0-2.0
	1.3

	Body height
	SLDJ RSI
	0.05
	0.02
	0.02
	1.0-1.2
	1.06
	
	
	
	
	
	
	
	
	
	
	
	

	Carrier velocity at line
	Bench AB
	-0.05
	0.02
	0.00
	0.9-1.1
	0.95
	
	
	
	
	
	
	
	
	
	
	
	

	Fend
	Bench AB
	0.05
	0.02
	0.05
	0.8-1.1
	1.05
	10 m SPR
Bench AB
10 m MOM
	0.10
0.10
-0.30
	0.03
0.04
0.04
	0.02
0.05
0.11
	0.7-1.1
0.8-1.1
0.9-2.1
	1.12
1.10
0.70
	
	
	
	
	
	

	Leg drive
	Body mass
Bench AB
10 m MOM
	-0.2
0.04
0.13
	0.04
0.01
0.04
	0.00
0.00
0.00
	0.4-0.9
0.9-1.3
1.1-2.0
	0.86
1.04
1.14
	Body mass
10 m MOM
	-0.10
0.40
	0.03
0.02
	0.16
0.16
	0.5-0.9
1.0-2.0
	0.80
1.4
	
	
	
	
	
	

	Pre-contact agility
	
	
	
	
	
	
	Body mass
Skinfolds
10 m MOM
	0.30
-0.10
-0.31
	0.02
0.02
0.03
	0.11
0.07
0.16
	0.8-1.5
1.0-1.2
0.6-1.1
	1.31
0.93
0.76
	
	
	
	
	
	

	COD angle
	RELIS
	-0.04
	0.02
	0.02
	0.9-1.1
	0.96
	
	
	
	
	
	
	
	
	
	
	
	

	Straightening angle
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
			Backs Carry Models

	
	Close, Middle, Set Piece
	Wide, Kick off & Counterattack, Open Play
	Immediate

	
	
	B
	SE
	p
	95% CI
	OR
	
	B
	SE
	p
	95%CI
	OR
	
	B
	SE
	p
	95%CI
	OR

	Mass Advantage
	Body mass
	-0.22
	0.10
	0.01
	0.6-1.0
	0.8
	
	
	
	
	
	
	N/A

	Body height
	
	
	
	
	
	
	
	
	
	
	
	
	

	Carrier velocity at line
	Body mass
Skinfolds
RELIS
Bench AB
10 m MOM
	-0.21
0.05
-0.05
0.05
0.26
	0.08
0.02
0.02
0.02
0.08
	0.01
0.03
0.03
0.03
0.02
	0.7-1.0
1.0-1.1
0.9-1.0
1.0-1.1
0.9-1.3
	0.85
1.05
0.95
1.05
1.15
	Body mass
Bench AB
10 m SPR
10 m MOM
RELIS
	-0.30
0.09
-0.15
0.04
-0.06
	0.03
0.02
0.03
0.05
0.02
	0.04
0.02
0.03
0.01
0.00
	0.8-1.1
0.9-1.1
0.9-1.1
0.8-1.1
0.9-1.0
	0.95
1.09
0.86
1.31
0.94
	

	Fend
	Skinfolds
	-0.06
	0.03
	0.03
	0.9-1.0
	0.94
	Body mass
Bench AB
10 m MOM
	-0.21
0.05
0.20
	0.09
0.02
0.08
	0.01
0.02
0.00
	0.7-1.0
1.0-1.1
1.1-1.4
	0.92
1.06
1.10
	

	Leg drive
	
	
	
	
	
	
	Skinfolds
RELIS
	-0.04
0.06
	0.02
0.02
	0.01
0.03
	0.9-1.0
0.9-1.0
	0.89
1.06
	

	Pre-contact agility
	
	
	
	
	
	
	Body mass
	0.13
	0.06
	0.01
	1.0-1.3
	1.14
	

	COD angle
	
	
	
	
	
	
	
	
	
	
	
	
	

	Straightening angle
	
	
	
	
	
	
	Body mass
CMJ RELPPO
10 m MOM
	0.30
0.09
-0.27
	0.10
0.04
0.10
	0.00
0.02
0.00
	1.1-1.6
1.0-1.2
0.6-0.9
	1.31
1.10
0.78
	


Abbreviations & measurement units: SLDJ RSI (flight time (sec)/contact time (sec))= single leg drop jump reactive strength index, CMJ RELPPO (Watts/kg) = counter movement jump relative power output, RELIS (Newtons/kg) = single leg relative isometric squat, 10 m MOM (kg/m/sec) = 10 metre momentum, 10 m SPR (sec) = 10 metre sprint, Bench AB (kg) = absolute bench press 
Table 6.6. Mixed effects ordinal regression model outcomes for tackle categories, by position
	
	Forwards Tackle Models

	
	Close, Middle, Set Piece
	Wide, Kick off & Counter, Open Play
	Immediate

	
	
	B
	SE
	p
	95% CI
	OR
	
	B
	SE
	p
	95%CI
	OR
	
	B
	SE
	p
	95%CI
	OR

	Mass Advantage
	
	
	
	
	
	
	SLDJ RSI
RELIS
	-0.06
0.07
	0.02
0.03
	0.00
0.02
	0.9-1.0
1.0-1.1
	0.94
1.07
	
	
	
	
	
	

	Initial Line-speed
	
	
	
	
	
	
	Skinfolds
	0.07
	0.03
	0.02
	1.0-1.1
	1.08
	
	
	
	
	
	

	Collision Zone Entry
	SLDJ RSI
	0.03
	0.03
	0.02
	0.9-1.1
	1.04
	Body mass
Skinfolds
	0.07
-0.10
	0.07
0.03
	0.01
0.02
	1.0-1.3
0.8-1.0
	0.14
0.91
	
	
	
	
	
	

	Tackle Direction
	CMJ RELPPO
	0.04
	0.01
	0.02
	0.8-1.1
	1.05
	RELIS
	0.06
	0.04
	0.03
	0.9-1.0
	1.05
	
	
	
	
	
	

	Body Position
	SLDJ RSI
10 m SPR
	0.07
-0.10
	0.02
0.04
	0.00
0.02
	1.0-1.1
0.8-1.0
	1.06
0.91
	Body mass
Skinfolds
	0.23
-0.1
	0.08
0.03
	0.00
0.00
	1.1-1.5
0.8-1.0
	1.25
0.89
	10 m SPR
RELIS
	-0.12
0.06
	0.04
0.03
	0.00
0.02
	0.8-1.0
1.0-1.1
	0.90
1.05

	Tackle Type
	SLDJ RSI
Bench AB
	0.05
-0.03
	0.12
0.13
	0.00
0.01
	1.0-1.1
0.9-1.0
	1.04
0.97
	
	
	
	
	
	
	
	
	
	
	
	

	Arm Use
	Bench AB
	-0.04
	0.01
	0.02
	0.9-1.0
	0.96
	
	
	
	
	
	
	
	
	
	
	
	

	Leg Drive
	Bench AB
10 m SPR
RELIS
	-0.04
0.07
0.04
	0.02
0.03
0.02
	0.03
0.00
0.01
	0.9-1.0
1.0-1.1
1..0-1.1
	0.96
1.06
1.05
	
	
	
	
	
	
	
	
	
	
	
	

	
			Backs Tackle Models

	
	Close, Middle, Set Piece
	Wide, Kick off & Counter, Open Play
	Immediate

	
	
	B
	SE
	p
	95% CI
	OR
	
	B
	SE
	p
	95%CI
	OR
	
	B
	SE
	p
	95%CI
	OR

	Mass Advantage
	
	
	
	
	
	
	CMJ RELPPO
	0.07
	0.02
	0.03
	1.0-1.1
	1.08
	N/A

	Initial Line-speed
	
	
	
	
	
	
	
	
	
	
	
	
	

	Collision Zone Entry
	Skinfolds
	-0.06
	0.06
	0.00
	0.9-1.0
	0.94
	
	
	
	
	
	
	

	Tackle Direction
	Skinfolds
	-0.04
	0.02
	0.01
	0.9-1.0
	0.96
	
	
	
	
	
	
	

	Body Position
	
	
	
	
	
	
	
	
	
	
	
	
	

	Tackle Type
	
	
	
	
	
	
	
	
	
	
	
	
	

	Arm Use
	
	
	
	
	
	
	RELIS
	-0.06
	0.02
	0.00
	0.9-1.1
	0.94
	

	Leg Drive
	Skinfolds
10 m MOM
	-0.08
0.10
	0.02
0.05
	0.00
0.04
	0.9-1.0
1.0-1.2
	0.92
1.11
	
	
	
	

	

	

	


Abbreviations & measurement units: SLDJ RSI (flight time (sec)/contact time (sec))= single leg drop jump reactive strength index, CMJ RELPPO (Watts/kg) = counter movement jump relative power output, RELIS (Newtons/kg) = single leg relative isometric squat, 10 m MOM (kg/m/sec) = 10 metre momentum, 10 m SPR (sec) = 10 metre sprint, Bench AB (kg) = absolute bench press 

	


6.6. Discussion
For the first time among elite female rugby union players, the primary findings reveal positive associations between technical characteristics and collision outcomes during the carry. These technical characteristics include carrier velocity at the line, individual body mass and system mass, leg drive, evasive footwork with less acute straightening angles, and fending. Similarly, during the tackle, technical characteristics that were positively associated with collision outcomes included: line-speed, tackle direction, body position and acceleration immediately before contact, leg-drive and arm use. It was subsequently demonstrated that positive and negative associations existed between these technical factors and physical characteristics. These characteristics included: body mass, peak relative leg strength and power, body fat levels, acceleration velocity and momentum, and upper body strength.  
Greater body mass has been associated with dominant collisions among backs in both elite male and female rugby union but, among forwards, body mass has only been associated with the frequency of possessions and collision events (Cunningham et al., 2018; Hendricks et al., 2014). Consistent with this evidence, the current classification findings demonstrated that a body mass advantage contributed to the post-contact variables, collision wins and post-contact metres, but only in wide carries, which were mainly observed among backs. This may be explained by the greater range in body mass among backs compared to forwards (Cunningham et al., 2018). In the subsequent ordinal regression analysis, however, it was found that neither body mass nor any other physical characteristics were related to gaining a body mass advantage during carries among backs. Because a body mass advantage was only advantageous during wide carries, it is suggested that the methods, in which carry categories were combined, may have masked this relationship. Furthermore, because a mass advantage was a lower-order variable in the classification analysis, typically secondary to leg-drive, it is suggested that coaches should consider the negative effects of gaining body mass (Silva et al., 2022) on other physical characteristics that underpin higher-order variables, such as leg drive. Greater relative counter-movement jump power enabled forwards to gain a mass advantage during W, CA & OP carries. Relative leg power is associated with speed of movement in male rugby players (Cronin & Hansen et al., 2005) so, presumably, this characteristic was advantageous for the evasion of heavier tacklers and gaining one versus ones with smaller defenders, among this elite standard female cohort. Whilst both chapter 5 and previous literature, show heavier forwards carry the ball more often than lighter forwards (Cunningham et al., 2018), the majority of these carries may be opposed by players of similar mass. For this reason, assistance from fellow players is critical in providing the additional mass advantage to produce a successful collision outcome during carries at close proximity to the breakdown (Table 6.2). 
The classification analysis showed that moderate and strong leg-drive was associated with ~30% greater probability of achieving collision wins compared to no leg-drive. Subsequently, leg-drive underpinned territorial gains and positive carry outcomes, such as line-breaks and off-loads. It was also shown that even if the initial collision is lost, carriers can still achieve a 55% probability of winning post-contact metres if a strong leg-drive is present. Previous evidence from male rugby shows that peak relative leg force is associated with carries over the gain-line (Cunningham et al., 2016). The findings of this investigation build on this evidence, more specifically identifying that relative single leg isometric squat performance among backs underpins the ability to leg-drive after the collision during W, CA & OP carries. Among forwards, leg-drive was positively related to acceleration momentum during all carry types, but negatively related to body mass, except during immediate carries. Therefore, in the absence of relative explosive leg capabilities, high body mass may be detrimental to leg-drive, except during immediate carries. Furthermore, only a positive trend was observed between leg-drive and relative counter-movement jump power, suggesting acceleration momentum is a higher order indicator of leg-drive compared to ‘one-off’ propulsive efforts. This may relate to the importance of a combination of cyclical thigh velocity (Clark et al., 2020) and ankle power (Bezodis et al., 2015) in the skilful application of force to the ground to optimise forward propulsion (Loturco et al., 2018). Given that heavier forwards were more likely to be at a mass disadvantage, these findings could also suggest that such forwards are unable to achieve strong leg-drive because they are targeted by tacklers of comparable mass with low tackles. 
The positive relationship between bench press performance and leg-drive among forwards during C, M & SP carries could be interpreted to infer that systemically stronger players have an advantage during physical contacts, rather than the bench press strength relating directly to leg-drive performance However, bench press performance was also positively related to fending among both forwards and backs across most carry classes (Table 6.1). Strong fending may, therefore, facilitate leg-drive after the initial contact, by maintaining space between the tackler and the carrier’s legs. Maximum upper-body pushing strength may indirectly increase the likelihood of exhibiting this capability, which would explain why pushing power is also positively associated with metres after contact (Redman et al., 2021). This concept of maintaining space between carrier and defender has been described previously (Dos Santos et al., 2022), and it is suggested this is enhanced by a combination of footwork and fending. For example, during close carries, the combination of fending with large straightening angles after the initial change of direction, was associated with clean breaks and offloads. Fending was also positively related to acceleration velocity among forwards during wide carries, but negatively related to acceleration momentum, suggesting faster forwards are more likely to exhibit strong fending and evade tacklers, whilst players who are fast and heavy may bias direct carries. Similarly, when strong leg-drive was present, the likelihood of clean breaks and offloads during middle carries was enhanced by sidestepping before contact, compared to running straight or using a cross over-step (88% and 53% respectively). Backs with higher relative counter-movement jump power and lower acceleration momentum were more likely to produce great straightening angles and forwards with higher acceleration momentum were less likely to demonstrate pre-contact footwork, suggesting these physical characteristics underpin evasive and direct carry preferences respectively. In support of this suggestion, forwards with superior single leg drop-jump and relative counter-movement jump performance were more likely to carry in medium or upright positions in which greater speed can be attained. In conflict with these findings, however, pre-contact agility among forwards and backs, and straightening angle among backs, were positively related to body mass in W, CA & OP carries. Greater lean mass has been observed among rugby players with enhanced change of direction ability (Silva et al., 2022), which might explain this finding because players with enhanced muscle mass in the large hip muscles that underpin speed and change of direction ability (Falch et al., 2020; Miller et al., 2020) may also have greater absolute mass. However, it should also be considered that other factors, such as collision experience may be more strongly related to physical skills in rugby (Gabbet et al., 2011), although this assertion cannot be confirmed within this sample.    
Higher body mass also reduced the likelihood of attacking the line at moderate and fast velocities, compared to slow, by ~20% for all carry type among backs. Heavier backs may not need to achieve maximal relative sprint intensity to generate sufficient momentum to achieve positive collision outcomes compared to smaller backs. However, faster backs also attacked the line at slower relative speeds during W, CA & OP carries. To account for this finding, the classification analysis showed that a combination of moderate or slow velocities at the line, and moderate or great direction change, is associated with ~90% probabilities of collision wins and post-contact metres during CA & KO carries. Faster players carrying in wider spaces may, therefore, implement the strategy of slowing down before contact or taking a moderate approach speed to facilitate change of direction according to the angle-velocity trade-off (Dos Santos et al., 2018), whereby the velocity of approach is compromised as the magnitude of direction change increases. Increased acceleration momentum among backs raised the likelihood of carrying at moderate and fast velocities at the line by 15-30% for both carry types. This evidence agrees with existing findings among males (Cunningham et al., 2018) but goes further in demonstrating that the technical mechanism by which high momentum carriers gain positive collision outcomes is by attaining high velocities at the line and achieving leg-drive after the collision. 
The ability to demonstrate greater relative velocity before contact and strong leg-drive after the collision are critical for players who typically carry directly through the collision zone. Such players should practice catching the ball at high velocities before the defensive line and producing strong leg-drive after the initial collision. The development of these technical skills may be further complimented by the enhancement of acceleration momentum by increasing relative explosive leg capabilities, which are proportional to any increases in body mass. The ability to utilise a combination of large change of direction angles, fending and leg-drive; are important skills among players who carry in wider spaces. It is suggested that such players should develop relative leg force, maximum upper-limb pushing force and relative propulsive and reactive power; and should be optimised by reducing body fat. In practice, an increase in single leg isometric squat, counter-movement jump power, or a reduction in skinfolds, by one T-score among backs, which equates to approximately 3 kg, 0.5 W/kg and 1.6 mm in this cohort, respectively, would increase the likelihood of moving into a higher performance classification by 6, 10 and 11% respectively. Strength and conditioning practitioners should therefore consider the magnitude of change in specific physical characteristics that is attainable based on the athlete’s training status, with consideration for the error of the test, and whether the likelihood of enhancing performance by the modification of such characteristics, is sufficient to ensure performance transfer.
Given that higher probabilities of successful collision outcomes were typically underpinned by combinations of technical characteristics, it is suggested that these combinations are practiced in their entirety for each player’s common carry type. These include: the ability to produce multiple large angle changes of direction, in close succession following kick receipt; the ability to catch the ball whilst accelerating to ensure high velocities at the line, and subsequently, the ability to change direction at high velocity after receiving the ball, particularly during wide carries; the ability to simultaneously fend whilst producing successive direction changes; and, the ability to assist a carrier at the point of contact to increase system mass and gain a momentum advantage.  
In agreement with findings from male rugby, it was shown that fast line-speeds are positively related to territorial gains (Hendricks et al.,  2013), and post-contact metres, and collision wins among forwards were more likely when the tackler accelerated into the collision zone, preferably, leaning forwards with a front-on or oblique body position relative to the carrier (Hendricks et al., 2018; van Rooyen et al., 2014). The attainment of fast initial line-speeds prior to simultaneously decelerating, reorientating to a square body position in response to the carrier’s movement and maintaining sufficient velocity to match or exceed the carrier’s momentum immediately before the collision, is a highly complex and dynamic task (Hendricks et al., 2012; Hendricks et al., 2013, Hendricks et al., 2014; Hopkinson et al., 2022; Sewry et al., 2015). The successful performance of this sequence of events is most likely underpinned by high levels of relative strength and both propulsive and reactive power, given the same characteristics are positively related to acceleration, deceleration, change of direction ability, and fatigue resistance when repeating high intensity efforts in rugby (Cronin & Hansen 2005; Delaney et al., 2015; Harper et al., 2022; Speranza et al., 2017). Indeed, relative strength and power characteristics were positively related to optimal performance in the pre-contact area among forwards. For example, during C, M & SP tackles, greater single leg drop jump performance was related to accelerating square and low into the carrier, with forward body lean and hitting with the chest or shoulder. Higher relative counter-movement jump power and single leg relative isometric squat performance were also related to square tackle entry positions, and faster initial line-speeds during all tackle types except immediate. Among backs, only skinfolds was related to pre-contact performance variables, with lower body fat benefitting collision zone entry and tackle direction during C, M & SP tackles. The same pattern was observed for forwards, but only for W, CA & OP tackles. The evidence from this investigation shows that those specific physical characteristics associated with performance during conventional assessments in speed and agility performance, also underpin the ability to attain optimal body positions prior to the tackle, which is subsequently related to positive tackle outcomes. These characteristics include relative leg force, propulsive and reactive power, and lower body fat. 
Heavier forwards were also more likely to enter the collision zone in optimal positions during W, CA & OP tackles, perhaps because of an enhanced ability to tolerate the large peak impact forces experienced during tackling (Faria et al., 2017) compared to smaller players. The present findings, in agreement with others (Speranza et al., 2017) show that stronger players are more likely to adopt square body positions prior to the tackle, which was subsequently related to collision wins. This may explain the slightly counterintuitive finding, that stronger forwards and backs with greater bench press performance and single leg relative isometric squat performance, respectively, were less likely to use their arms effectively in the tackle. Stronger players who achieve square body positions may not need to wrap the arms strongly to complete the tackle. This is in contrast to weaker players who are more likely to execute side-on tackles during which forces are lower (Seminati et al., 2017), but require more arm use to complete the tackle. Therefore, whilst these findings substantiate previous evidence that a strong wrap and pull is critical for preventing clean breaks, half breaks, offloads (Hendricks et al., 2014) and gaining post-contact metres, whether a player wraps effectively or not, may be more strongly driven by contextual and technical factors compared to physical characteristics. Furthermore, it is suggested that other technical tackling skills may be more valuable than arm use in the pursuit of dominant tackles.  

Leg-drive during the tackle is associated with tackle completion and preventing offloads (Hendricks et al., 2017; Hendricks et al., 2014; Sewry et al., 2015). Whilst the findings of this investigation do not confirm this evidence exactly, it is shown for the first time in a rugby union study, that strong leg-drive is associated with collision wins among elite female forwards and is underpinned by enhanced single leg relative isometric squat performance and acceleration ability. Peak relative leg force facilitates optimal pre-contact body positions and increases the ability to maximise power output when high external resistances must be overcome (Suchomel et al., 2016), such as tackling. Acceleration ability most strongly matches the kinematic profile of leg driving in the tackle compared to other assessments, again suggesting that like carry performance, the ability to produce ‘reactive power’ in a cyclical fashion (Clark et al., 2020; Mann & Murphy, 2018) is more important than ‘one off’ propulsive jump efforts. Among backs, lower body fat was the only physical characteristic related to stronger leg drive during C, M & SP tackles, which mirrored the findings with regard to pre-contact factors. This limited impact of physical characteristics on pre- and post-contact variables suggests that other factors such as match experience (Gabbett et al., 2011) are more important to the defensive performance of backs. However, body fat should be reduced to optimise pre- and post-contact performance among backs, presumably because of an indirect enhancement of relative strength and power, which was shown to be directly related to carry and tackle performance. Although the primary objective was to investigate performance characteristics, this study may provide further implications regarding injury risk mitigation strategies in the collision zone. For example, technical collision performance indicators, identified in the current study, such as shoulder contact, optimal collision zone entry and leg drive, are also associated with head impact injuries during the tackle such as concussion (Cross et al., 2019; Davidow et al., 2018; Hendricks et al., 2014). Subsequently, the development of these specific technical skills and the physical characteristics that underpin them, may benefit both performance enhancement and mitigate collision injury risk. 
 
Whilst the findings of this investigation are novel and informative, the following limitations should be considered during interpretation. Firstly, only one team was analysed, and although the methodology was robust and subject matter sufficient to demonstrate statistically significant outcomes at each stage of analysis; caution should be taken when applying these data to other rugby playing populations. Secondly, similar carry and tackle types were combined during stage two of the analysis to ensure the sample size assumption of regression analysis was not violated. Whilst it is not suggested that this altered the fundamental outcomes of the study, it is recommended that more matches are analysed from a larger player population, to ensure that the physical characteristics which underpin specific carry and tackle types can be more thoroughly evaluated. Finally, it cannot be discounted that other methods of physical assessment might be more strongly associated with technical characteristics of the carry and tackle than those used in this study. It was decided that only those physical characteristics which were previously reported to underpin collision performance among elite females, would be analysed, to ensure that the number of predictor variables relative to the sample size was appropriate for regression analysis. However, other characteristics such as upper-body pushing power output have also been reported to positively associate with collision outcomes (Redman et al., 2021). Therefore, future analyses should investigate a wider range of assessments.

In conclusion, the findings of this investigation highlight the individual and combined technical characteristics that increase the probability of successful performance outcomes during specific carry and tackle types, among elite female rugby union players. From a practical standpoint, this evidence enables rugby coaches and strength and conditioning professionals to precisely collaborate in the construction of practices, drills, and physical training methods that are specifically aligned to individual player’s essential technical skills. 










Chapter 7: General discussion

7.1. Introduction
The primary objective of this thesis was to investigate the match and physical performance characteristics of elite-standard female rugby union - a subject matter which had previously received little academic attention. Chapters 3 and 4 sought to provide evidence of the longitudinal changes in physical and match performance characteristics, with regard to contextual factors such as opposition quality and discrete playing positions. Not only did this provide the female rugby union research literature with the first normative data for a top two international cohort, but also highlighted the longitudinal changes in physical performance and match physical characteristics among elite-standard female players. These trends directed chapters 5 and 6 towards the collision-zone and prompted the ultimate outcome of the current thesis. This was to provide tangible performance recommendations to rugby coaches, sports scientists and strength and conditioning coaches regarding the development of physical characteristics that specifically relate to performance during different types of carry and tackle events. The following chapter amalgamates and provides interpretation of the thesis outcomes, with reference to the initial research questions posed in chapter 1. Furthermore, critical reflections and recommendations for future investigations within this area of research, are provided.

7.2. Addressing the research questions

I. What are the physical match characteristics and physical performance characteristics of elite standard international female rugby union matches and players respectively, and how do these characteristics vary between discrete positions and when competing against higher or lower ranked opposition? 

The primary objective of the initial investigations in chapters 3 and 4 was to present, for the first time, normative data by discrete position, for physical match characteristics and physical performance characteristics, among elite-standard female rugby union players. The studies revealed that match running and collision demands are important characteristics of higher-standard performance, particularly during maximum intensity periods (MIP), and were inherently related to the observed polarisation of physical performance characteristics, according to discrete position. Presumably, disproportionately developed characteristics reflect an enhanced capability to perform the specific technical and tactical roles that typically distinguish individual positions (Virr et al., 2013). For example, FR and SH were typically substituted earlier than other positions, which may reflect a planned pacing strategy to mitigate against the fatigue induced as a consequence of the high relative contact and running demands placed on these positions respectively (Naughton et al., 2021; Paul et al., 2022; Waldron & Highton., 2014). Consequential to their low absolute match minutes, FR and SH covered the least total distance, but SH had the highest average speed and undertook more moderate intensity accelerations and decelerations than any other position. Such a high density of locomotive demand was supported by relatively low body mass and high endurance levels compared to most other positions. In contrast, the lowest average running speeds, particularly in high speed zones, were observed among FR. These inferior average speeds were attributed to the greater collision demands observed among the forwards, but more specifically to L and FR, the significant demands of static pushing events such as mauls and scrums (Quarrie et al., 2000), which may negatively impact running output (Mohr, Krustrup & Bangsbo., 2003; Norris et al., 2016). Chapter 4 confirmed that FR and L displayed a distinct combination of relatively high body mass, strength, and body fat, and relatively low endurance levels compared to other positions. Indeed, the world-class forwards sampled in this investigation were heavier compared to lower standards of female performance (~87 kg vs. ~80 kg, respectively) and produced average- moderate-, and high speed running outputs, that were comparable and greater than provincial- and club-standard female FR respectively, but played fewer average match minutes than their sub-elite counterparts (~53 and ~85 min, respectively) (Bradley et al., 2019; Callanan et al., 2021). This suggests the adoption of an ‘all-out’ pacing strategy (Waldron & Highton., 2014), whereby the earlier substitution of heavier forwards allowed them to maximise intensity during contact events whilst maintaining a relatively high average speed. It was, therefore, highlighted that both physical performance characteristics, and tactical substitution strategies for these world-class forwards, are orientated around attaining and sustaining maximal anaerobic outputs, particularly during frequent collision events and static exertions. Whilst continuous running performance may not be a significant barrier to performance, the pursuit of strength and mass gains should not negate the ability to enter and maintain output in moderate and higher speed running zones among FR and L. 

The typically large work capacity required among BR forwards, as shown in male rugby (Cunningham et al., 2016; Paul et al., 2022), was also evident in o investigation. High frequencies and volumes of collisions and running, particularly at moderate speeds, during whole matches and MIP, was underpinned by lower body mass, body fat and momentum compared to FR, confirming the hybrid role of BR among elite-standard female cohorts. The match physical characteristics of OB’s were also strongly distinguished by greater low speed movement than all other positions, combined with relatively high outputs for sprints and high speed running. This pattern more closely reflected that observed in elite-male rugby than to lower standards of female rugby (Beard et al., 2019; Bradley et al., 2020) and similar to other positions, was strongly aligned to OB’s physical characteristics, notably, their higher peak running speed and endurance levels compared to most other positions.  

The outcomes from the initial investigations not only provided novel normative data in a previously under-represented population, but also highlighted how match physical characteristics among elite-standard females are influenced by a complex interplay between position specific technical and tactical actions, and the physical characteristics that underpin successful performance of these actions. Whilst further research is required in this area, the existing literature combined with the evidence we have presented, suggests that greater homogeneity of match physical characteristics and physical performance characteristics, particularly with regard to the mass and strength levels of the forwards, may exist between positions, among sub-elite compared to elite-standard cohorts (Penraze et al., 2016; Posthumus et al., 2019, Yao et al., 2021). The capacity to attain and sustain high intensity physical actions, particularly during maximum intensity periods, static exertions, and collision events, may, therefore, be critical determinants of world-class performance. Indeed, greater collision demand is evident at higher standards of performance in male rugby union, and the findings from Chapters 3 and 4 confirm that female rugby shares this trend. These findings could not, however, confirm that physical characteristics were directly associated with performance during collision events, as has been demonstrated in male rugby (Cunningham et al., 2016; Smart et al., 2016). There can also be no assumption of uniformity in such relationships across all discrete positions, given the nuanced collision behaviours, and divergent range of physical characteristics observed in the first and second investigations of this thesis, respectively. 

II. How have these match and performance characteristics changed longitudinally, and with the introduction of professionalism?

Longitudinal study designs were adopted during chapters three and four, using multi-level modelling, thus controlling for changes in individual participants throughout the duration of the studies. This methodology highlighted disproportionate magnitudes of evolution among certain match physical characteristics and physical performance characteristics, compared to others, which fundamentally informed the subsequent direction of chapters 5 and 6. The progression in relative match running output across most running intensity thresholds during the years leading into the 2017 world cup, may have resulted from the greater physical preparedness of this elite standard cohort following the introduction of professional contracts during this particular year. Indeed, this trend is typical of progressive performance levels in rugby union (Beard et al., 2019; Cunningham et al., 2016) and is presumably an outcome of greater training volume and intensity at higher performance standards. Longitudinal performance adaptations in rugby union and league also include increases in the density of sport specific actions such as rucks and tackles (Schoeman & Coetzee., 2017) and passes and tackles (Gabbett & Hulin., 2011), respectively. Whist technical actions during matches were not reported, nor the typical activity and recovery cycles, the plateauing of most linear running variables following the world cup, particularly sprint demand among OB, combined with a year on year increase in relative high intensity acceleration and deceleration demand among FR, L, SH and OB in particular, suggests that intensive movement over shorter distances may constitute the primary progressive locomotive demand placed on players, whilst linear running variables remain stable. The decline in ball in play duration, and ball in play : ball out of play ratio, following the world cup (~53% to ~43%, respectively), further strengthens this supposition, as a greater number of intensive actions are performed in a shorter timeframe (Rugby World Cup statistical reports: 2014, 2017, 2021).  

The gross physical changes demonstrated during chapter four, were similarly aligned to the capacity to exhibit greater absolute and relative anaerobic outputs. For example, an average increase in body mass of ~6.5% between the first and last year of the study, was accompanied by reduced body fat, and a greater capacity to produce large absolute and relative forces and power outputs. These changes were most pronounced among FR, L and IB, presumably enhancing performance during maximal static exertions such as scrums and mauls, whilst also translating into greater acceleration momentum, which underpins collision wins (Baker et al., 2008; Cunningham et al., 2016). Further specialisation according to technical and tactical demand was evident from the disproportionate rates of change in certain physical characteristics between discrete positions. The magnitude of difference in endurance and strength levels increased among FR, L and IB in particular, compared to other positions, whilst OB and SH demonstrated greater changes in speed, leg power and endurance levels compared to the other positions. 

Ultimately, the longitudinal investigations of the current thesis indicated that the match physical characteristics and physical performance characteristics of elite-standard female rugby union players, have evolved quickly with the introduction of professional contracts. This evolution primarily comprised of an increase in the physical capacity to produce higher absolute and relative force and power outputs, which may relate to an enhanced ability to execute greater densities of high threshold accelerating and decelerating during match-play. Furthermore, higher performance standards are characterised by greater collision demand, and locomotive demand during short duration epochs. The findings suggest that the ability to exhibit high peak physical intensity during sport specific actions, and the ability to sustain high frequencies of such actions during short duration passages of play, should be regarded as critical performance mediators at progressive performance standards in elite-standard female rugby union. Subsequently, this evidence prompted the following investigation into the relationship between physical characteristics and collision performance.  
 
III. Can anthropometric and physical abilities explain variance in match collision performance, among elite-standard international female rugby union players?

The greater volume of collisions when competing against higher ranked opposition, evidenced in chapter three, coupled with the evolution of specific physical performance characteristics which typically underpin collision performance, demonstrated in chapter four, supported previous evidence highlighting the critical importance of collisions at higher standards of play in male rugby (Tierney et al., 2021). These findings, however, could not draw a tangible link between these physical characteristics and the performance of specific collision actions. Subsequently, chapter 5 confirmed that physical characteristics such as body mass, body fat, acceleration momentum and relative lower limb force and power production, accounted for variation in collision quality and frequency variables. Importantly, these relationships were largely independent of the confounding effect of discrete positional role requirements, which was controlled for, by implementing principal components analysis to account for specific collision behaviours, and by standardising collision performance and physical characteristics according to discrete position groups. Furthermore, the use of partial least squares regression as the primary method of analysis provided a greater level of exploration of the regressor space, subsequently extracting relationships within a relatively small cohort, that previous methods employed in similar studies, may not have identified. 

It was concluded that higher relative strength and power characteristics, and although not statistically significant, a trend towards lower body fat, accounted for variation in the number of tackles performed per minute. Albeit a relatively small proportion of the variation in tackle frequency was explained by this model, the enhanced mechanical efficiency and ability to decelerate from high velocities (Harper et al., 2022; Jones et al., 2017; Keiner et al., 2014; Spiteri et al., 2014) associated with greater relative strength and power, most likely underpin the significant acceleration and deceleration demands during frequent defensive efforts in rugby union. This suggestion is also supported by contemporary research. Recently, Ungureanu et al. (2024) investigated the relationships between technical match actions and kinematic characteristics, demonstrating that tackling in rugby union is more strongly associated with decelerations compared to other actions, such as carries.

If these relationships are extrapolated to the earlier findings of chapter 4, these specific physical characteristics also demonstrated longitudinal increases, similar to that shown for the volume of high intensity accelerations and decelerations in chapter 3. Speculation that relative strength and power and body composition are inherently related to the capability to execute frequent high intensity acceleration and deceleration efforts, is therefore, further strengthened by this evidence. Subsequently, whilst it might be intuitive to develop aerobic running performance, to enhance the tolerance of repeated rugby specific actions, it is likely that aerobic running represents a ‘lower order’ physical performance indicator among elite players, who should optimise lean mass to support relative strength and power as a primary focus. This suggestion is supported by research to suggest that the capacity to repeat sport specific anaerobic efforts, for example, repeated sprint and repeated high intensity effort ability may be ‘higher order’ indicators of rugby specific collision action frequency (Glaise et al., 2022; Smart et al., 2014), to which, relative strength and power output (Gabbett & Wheeler., 2014; Gabbett & Seiold., 2013) and aerobic capacity (Glaister et al., 2005; Ulupinar et al., 2021) should be classed as physiologically supportive.

Principle components analysis revealed that collision behaviours were specific to position, and the findings from chapter 5 expanded on this evidence, suggesting that collision performance according to position specific behaviours, were supported by different physical characteristics. For example, collision dominance among forwards and the frequency of carries was associated with higher body mass and a subsequently superior momentum profile. Among backs, however, body mass was negatively related to collision dominance, whilst relative strength was positively related to collision performance in both groups. Different physical profiles may, therefore, be more or less likely to achieve success in collision actions, depending on the technical characteristics of the collision event, which vary significantly in rugby union (Fuller et al., 2008). Chapter 5 revealed important oversights with regard to the critical physical characteristics which underpin collision performance, which can subsequently be disseminated into physical development programmes. However, such application should be considered as a ‘blunt’ intervention, and to optimally enhance collision performance, the precision of training programmes should account for how physical characteristics underpin critical technical actions that occur during role specific collision events.  

IV. How are technical match characteristics associated with successful collision performance outcomes, in the specific tactical context of carry and tackle events? 

Chapter 5 revealed that the physical characteristics associated with collision performance varied according to typical collision behaviours but did not identify the specific technical characteristics of these behaviours. It was considered that this lack of precision undermined the quality of the practical guidelines emerging from this study. This was because physical characteristics alone could only account for between 19 and 54% of the variability in collision performance within the PLSR models, suggesting that other factors, including those of a technical nature, required further investigation. Subsequently, the exact technical mechanisms underpinning collision performance, with consideration of different tactical contexts, were account for in chapter 6. The unique findings from chapter 5 demonstrated that successful performance during direct carries through the collision zone, are principally underpinned by the maximisation of velocity before the contact. Other contributory factors, such as a body mass advantage and effective assistance from team mates to gain a system mass advantage, were ‘lower order’ contributors to direct carry performance. High pre-contact velocity is a precursor to collision wins and may underpin the opportunity to attain leg drive, which subsequently elicits a broader range of positive collision outcomes such as offloads and tackle breaks. Therefore, the longitudinal increases in the volume of high intensity accelerations, demonstrated in chapter 3, may, be inherently related to an increase in the velocity required to penetrate the defensive line, assuming that general defensive performance in female rugby union has improved over time, particularly among weaker international nations (Barkell et al., 2016; Hughes et al., 2017). Subsequently, the lack of longitudinal increase in collision frequency demonstrated in chapter 3, could mask an increase in the average magnitude of these collisions as a consequence of the enhanced body mass demonstrate in chapter 4, and increased speed of entry into the collision zone, particularly among forwards during carries closer to the ruck. Given that the analyses of defensive performance also showed that factors such as initial line-speed and acceleration into the collision zone in an optimal ‘hitting’ position, were critical indicators of positive tackle outcomes, progressive defensive intensity may also be implicated in these longitudinal kinematic trends of increasing intensive accelerations and decelerations.  

The optimisation of skill development is multi-factorial in nature, with ecological models suggesting that physical movement possibilities are largely an outcome of a complex interplay between the specific characteristics of the individual, environment, and task (Davids et al., 2021). In the context of the findings in chapter 6, the ability to exhibit the appropriate technical behaviours that raise the likelihood of positive collision outcomes, are inevitably influenced by uncontrollable environmental factors such as the weather, pitch conditions and opposition team (Woods et al., 2020). Furthermore, task demands such as the context of the carry or tackle, will also influence the bias towards certain technical behaviours. This phenomenon was demonstrated within the finding that both fast and slow carrier velocities at the line have varying success as strategies for gaining positive collision outcomes, depending on carry context, and are independent of player position. Such evidence strengthens the need for highly specific perceptual and skill related stimulus within tackle and carry development drills that enhance both the volume of exposure and intensity of movement, during these critical technical collision behaviours. For example, forwards who are tactically instructed to make direct carries close to the ruck, should practice catching the ball whilst accelerating as a fundamental skill, but maintaining a low body position at the point of catch, and by adding the perceptual stimulus of a fast-moving defensive line approaching. Similarly, players who typically use evasion skills prior to contact, particularly during carries from kick offs or kick returns, should develop their ability to maximise the distance and angles of multiple side-steps as a fundamental skill, and by adding the perceptual stimulus of the kick chasers immediately following a high catch. Indeed, the range of technical behaviours that were highlight as collision performance indicators, should be referred to by professional coaches, when validating the efficacy of the skills they choose to develop as precursors for collision performance.

In line with these ecological theories of movement skill development, the investigation concluded by demonstrating how individual factors, in this case, enhanced physical characteristics, contribute to the ‘potential’ to display those technical behaviours that were shown to be critical for collision performance. 

V. How are physical characteristics associated with technical indicators of performance during the tackle and carry, among elite standard international female rugby union players? 
 
Chapter 5 demonstrated that physical performance characteristics could account for variability in collision quality and frequency indicators, such as collision dominance, tackles and carries per minute. The subsequent findings in chapter 6 expand on these relationships, by identifying how the critical technical behaviours that underpin such collision performance outcomes, are related to physical performance characteristics. For example, chapter 5 revealed, rather counterintuitively, that backs with lower body mass and higher relative leg strength were more likely to dominate collisions. Chapter 6 accounted for this finding by identifying the capability to utilise a combination of large change of direction angles, fending, and leg-drive, as critical technical behaviours for gaining positive collision outcomes. This range of technical behaviours was underpinned by certain physical characteristics, which are typically greater among smaller players in rugby union, when adjusted for body mass (Posthumus et al., 2020), namely, relative leg force, relative propulsive and reactive power, and lower body fat. This evidence shows that smaller players may be pre-disposed to utilise evasive footwork as a strategy (‘weapon’) to dominate attacking collisions, but such technical capability may also be enhanced by increasing relative strength and power capabilities. These outcomes, ultimately, suggested that the balance of physical characteristics is inherently related to a player’s capability to perform critical actions that underpin performance during collision events. Coaches and strength and conditioning practitioners should develop a keen comprehension of how the enhancement of certain characteristics may affect others, and the subsequent balancing of physical characteristics should, in the first instance, account for a player’s primary strengths and tactical role(s). In the case of the relatively small, athletic player with a bias towards evasive footwork described above, physical development strategies should be implemented to raise relative leg strength and power. For example, maximum strength development in specific regions of the legs such as the quadriceps, hamstrings, and calves, which are closely related to change of direction and deceleration performance (Falch et al., 2020; Harper et al., 2021; Zhang et al., 2021), moderating upper body hypertrophy to ensure lower body relative power output is not compromised by excess upper body mass, and maintaining low body fat to optimise power to body weight ratio. The precision of the findings permitted the development of a novel framework for physical development and complementary critical skill sets, which is presented in Chapter 8. 

Further conclusions from chapter 6 included the importance of leg drive in the attainment of positive collision outcomes, which was attained by using a combination of footwork prior to the contact, and fending, or by carrying the ball to the defensive line at high velocity, either between defenders and targeting ‘weak’ shoulders, or by dominating the collision front on by running directly at the tackler. In each scenario, the carrier’s objective is to create space between the attempted tackle and the carrier’s legs, thus maintaining the ability to leg drive. With regard to the underpinning physical characteristics of leg drive during the carry, increasing body mass was shown to compromise leg drive in all types of carries except those directly from the ruck. Whilst it is suggested that increases in body mass should, therefore, be accompanied by proportionate changes in relative explosive force and power in the pursuit of carry performance, these findings should not be interpreted as a suggestion to lower the body mass of heavy players to facilitate their collision performance. The interaction between absolute mass and performance, therefore, requires further clarity for the following reasons. Firstly, the ‘role dependent’ nature of absolute mass was evidenced in chapter four, showing disproportionate longitudinal increases in absolute lean mass, and subsequently absolute mass, particularly among FR (~12%). It was speculated that the larger magnitude of gains in strength among FR compared to other positions, was also directly related to these changes in lean mass. Such evidence highlights that peak force production may take priority over relative power for FR forwards, to facilitate performance during static pushing and set piece events. Chapter 5 showed that heavier forwards carried more often, but body mass was not an indicator of collision dominance, suggesting that these heavier forwards may be used in attacking and defensive roles that build momentum by attempting to ‘dent’ the opposition line. Indeed, ~62% of FR forward carries were classified as ‘close’ to the ruck, compared to ~55% among BR forwards. Such carries may be met, predictably, by opposition of similar, or greater stature, or by multiple tacklers, as the findings from in chapter 6 suggest. This suggests the attainment of consistent positive collision wins from such events is more difficult compared to other types of carries. An advantage in body mass also consistently increased the likelihood of obtaining positive tackle outcomes close to the ruck, with this effect diminishing for tackles further away from the ruck. Finally, although body mass reduced the likelihood of positive collision outcomes during most carry types, this was not the case for immediate carries, which were typically undertaken by heavier forwards. Mass may therefore become the principal driver of momentum and collision wins because velocity is low by default, due to the technical constraints of such carries (McLeod et al., 2018; Paul et al., 2022). Once again, this evidence highlights that each player’s primary role should be considered prior to the modification of physical characteristics to solely enhance collision outcomes. The rapid evolution of absolute body mass among FR forwards evident in chapter 4 and the determining role of heavy forwards in successful rugby teams (Sedeaud et al., 2011, Tucket et al., 2021), highlights the need for a hierarchical approach to development of physical characteristics, defined by principal-tasks. The physical development of FR forwards is, therefore, a critical objective for rugby coaches and strength and conditioning professional in rugby union and should prioritise reaching the maximal strength capabilities required for static pushing, by increasing absolute lean mass, despite the reduced likelihood of achieving leg drive during the majority of carry types.

7.3. Critical reflections and recommendations
The primary limitation that was acknowledged during Chapters 3 and 4 was that these analyses sampled only one team. It has been observed that playing style is associated with varying physical outputs, which are observed in soccer, but not currently rugby union. Certain match actions within rugby union are associated with specific kinematic variables, for example, accelerations and carries (Ungureanu et al., 2024), and it is well documented that higher performing male and female rugby union teams produce different technical and tactical outputs compared to their weaker counterparts (Hughes et al., 2017; Nichols et al., 2023; Vaz et al., 2010). This might suggest that, for example, a playing style in which teams choose to maintain possession and kick less, might require greater acceleration frequency than a team who choose to kick more often. However, high inter-match variation in high intensity kinematic actions (CV >20%) are evident in rugby union (McLaren et al., 2018), which, as was also demonstrated in chapter 3, are related to different opposition strength and match outcomes in the rugby codes (Gabbett et al., 2014; Henderson et al., 2019). Whilst playing style induced differences among kinematic outputs cannot be ruled out, capturing a wide range of opposition quality and match outcomes, which was obtained in chapter 3, may provide sufficient representation of the range of kinematic exposures according to playing style. It is however suggested that future similar studies report confidence intervals to capture the range of kinematic outputs, and the investigation of multiple teams to determine whether different playing styles can account for differences in kinematic outputs, is encouraged.  

During chapter 5, statistical methods were utilised that mitigated against small sample sizes, and subsequently discrete positions were combined during the analysis of the forwards and back positional groups to obtain the insightful outcomes yielded by this investigation. The same methodology applied to discrete positional analysis would have heterogenized the groups to a greater extent than the methodology implemented, and possibly delivered more meaningful relationships between collision performance and physical characteristics. Therefore, it is recommended that future similar investigations utilise larger sample sizes that allow for discrete positional analysis. Chapter 6 also suffered some limitation in a failure to produce classification models for certain and tackle carry types. Because of the complexity of splitting carries and tackles into multiple contextual groups, the variation of these groups may have been compromised for less common carry and tackle events. Again, similar analysis in which a greater range of athletes and matches are sampled may add further depth to this topic. 

The physical assessments applied in Chapters 4, 5 and 6 were suitable in describing the gross physical characteristics which had demonstrated longitudinal adaptation, and ultimately underpinned critical technical actions within successful collision performance. Recent studies within male rugby union and league have demonstrated that additional characteristics such as upper body power output, and repeated sprint ability (Glaise et al., 2022; Redman et al., 2021) are similarly associated with collision performance variables. The investigations within this thesis were limited to the range of assessments implemented by this top 2 ranked international team’s science and medical team, and subsequently, additional physical characteristics that could underpin collision performance outcomes, may not have been accounted for. This thesis therefore provides the basis for how critical gross characteristics relate to collision performance, upon which, more sophisticated diagnostic methods may add further insights within future investigations,  

7.4. Thesis conclusions and practical outcomes
This thesis concludes that the ability to execute match physical performance actions, at progressively higher intensities, is a hallmark of the longitudinal progression of elite-standard female rugby union. Furthermore, the disproportionately greater longitudinal development of certain physical characteristics compared to others, also supports the ability to deliver intensity, specifically during collision and contact events. Because these collision and contact events are highly specific to position and tactical role in the team, rugby union players should prioritise the development of the critical physical characteristics that underpin the technical behaviours necessary to successfully perform the typical collision types to which they are exposed. Practical frameworks for physical development in relation to the technical components of critical collision event are provided in Chapter 8. These frameworks clarify the fundamental components of the training process to optimise collision performance among elite-standard female rugby union players, enlightening rugby coaches and strength and conditioning practitioners. 










Chapter 8: Practical guidelines

The following section synthesises the thesis findings into five physical development frameworks according to the technical characteristics that increase the probability of attaining carry and tackle performance outcomes (chapter 6). The frameworks highlight specific training methodologies that are used within strength and conditioning and skill development practices in rugby, and which could be implemented to individualise player programmes according to the performance of principle technical role during match-play, namely: evasive carry performance, direct carry performance, direct carry frequency, direct carry performance, tackle frequency & territorial gain. 

The frameworks are organised hierarchically according to the following tiers: 
Technical role: The collision event objective(s) for each technical role. For example, for carry events, this refers to positive outcomes such as carry dominance & offloads.    
Action KPI(s): The key performance indicator(s) (KPIs) most strongly associated with attaining the above positive collision performance outcomes during each technical framework. For example, leg drive.
Technical KPI(s): The specific technical behaviours that are most strongly associated with attaining the above performance indicator(s). For example, velocity at the line during carries. 
Physical KPI(s): The physical characteristics that are associated with the above technical KPIs. 

These frameworks also suggest the primary physical stimulus which may elicit the required morphological and neuromuscular adaptations. However, further factors which underpin these adaptations such as nutrition and recovery interventions, although not included in the frameworks, should not be overlooked by coaches as they are also central to a successful training process.        

[image: ]
Figure 8.1. Physical development framework for the attainment of performance outcomes during evasive ball carries. KPIs = key performance indicators, COD = change of direction, BM = body mass. Font size represents relative size of effect for physical KPIs. 
[image: ]Figure 8.2. Physical development framework for the attainment of performance outcomes during direct ball carries. KPIs = key performance indicators, Accel = acceleration, BM = body mass. Font size represents relative size of effect for physical KPIs.
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Figure 8.3. Physical development framework for the attainment of performance outcomes for direct carry frequency. KPIs = key performance indicators, Adv = advantage, Accel = acceleration. Font size represents relative size of effect for physical KPIs.
[image: ]Figure 8.4. Physical development framework for the attainment of performance outcomes for dominant tackles. KPIs = key performance indicators, CZ = collision zone, Adv = advantage, BM = body mass, SSC = stretch shortening cycle. Font size represents relative size of effect for physical KPIs.
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Figure 8.5. Physical development framework for the attainment of performance outcomes for tackle frequency and territorial gain. KPIs = key performance indicators, BM = body mass, SSC = stretch shortening cycle. Font size represents relative size of effect for physical KPIs.
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Appendix B: Correlation plots for principal components analysis (PCA)
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Figure B.1: A: PCA plot of collision variables. B: PCA plot of collision behaviours by position, with confidence ellipses.






Appendix C: Bar charts of the standardised coefficients of partial least squares regression (PLSR) analysis
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Figure C.1: A: PLSR model for carries/min among forwrds, B: PLSR model for collision dominance among forwards, C: PLSR model for tackles/min among forwards, D: PLSR model for collision dominance among backs, E: PLSR model for tackles/min among backs.       

Chapter 2
A systematic review of the research literature within the rugby codes, deemed relevant to support the structure and direction of the thesis. The temporal characteristics and technical requirements of the rugby codes are summarised, and the subsequent match physical demands and physical characteristics of rugby players are described. 


Chapter 3
A longitudinal investigation into the changes in match physical characteristics of a top 5 ranked, international female team, by discrete position and opposition quality. This investigation provided evidence of the specific evolution of individual positional demands and the different requirements when competing against higher and lower standard opposition


Chapter 4
A longitudinal investigation of the changes in physical performance characteristics of a top 5 ranked, international female team, by discrete position and opposition quality, This chapter highlighted the magnitude of change of specific physical characteristics according to position. 


Chapter 5
An investigation to determinine the relationships between physical characteristics and collision ‘effort’ and ‘performance’ variables. This investigation identified how different combinations of physical characteristics could account for variance in collision performance between forwards and backs positional groups. 


Chapter 6
A two part investigation. Firstly, binary classification analysis to identify how collision performance outcomes were underpinned by technical characteristics, depending on the tactical context of the collision event. Secondly, ordinal regression analysis to investigate the relationships between technical characteristics and physical characteristics


Chapter 7
Chapter 7 reviews and synthesises the findings from chapters 3, 4, 5 and 6 in relation to the research questions. Practical guidelines are provided according to specific collision actions. Finally, the limitations within this body of work are discussed, and suggestions are made for future directions of work. 


Chapter 8
A series of practical frameworks for the development of physical characteristics which are directly related to the performance of those technical characteristics, shown in the previous chapters, to increase the probability of attaining carry and tackle performance outcomes.   
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(2011)  WC 2% Row (n = 34) 80.6+7.4 178.815.6
Injury Audit Back Row (n = 55) 755163 171.046.0
Halves (n = 43) 65.746.7 164.6+6.1
Inside Backs (n = 31) 68.4162 166.3+6.2
Outside Backs (n = 58) 67.6:6.1 167.3+5.3
Gabbett League International  Hit Up (n = 11) 79.4+108  160.0+46
(2007) Interchangeable (n = 11) 659 166.3+6.4
Backs (n = 10) 63.8:6.5 165.9+7.4
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Figure 3.1.

 Relative and total distance in all speed zones by positions and season. A. metres per minute at velocities >5.5 m/s, B. metres per minute at

velocities 3-5.5 m/s, C. metres per minute at velocities <3m/s, D. total metres per minute, E. total metres at velocities >5.5 m/s, F. total metres at velocities

3-5.5 m/s, G. total metres at velocities <3m/s, H. total metres. # ¥ * ^ $, significantly different (p < 0.05) to 2015, 2016, 2017, 2018 and 2019 respectively. §

significant overall effect of position, ~ significant overall effect of season.
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Figure 3.3.

 Accelerations and decelerations by positions and season. A. accelerations at velocities >4 m/s, B. accelerations at velocities 3-4 m/s, C.

accelerationsat velocities <3m/s, D. decelerations at velocities >4 m/s, E. decelerations at velocities 3-4 m/s, F. decelerations at velocities <3m/s, # ¥ * ^ $,

significantly different (p < 0.05) to 2015, 2016, 2017, 2018 and 2019 respectively. § significant overall effect of position, ~ significant overall effect of season.

a front row, b lock, c back row, d scrum half, e inside back, f outside back
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 Height, mass, sum of 8 skinfolds and 1200m average aerobic running speed by position and season. A. height (cm), B. mass (kg), C.

skinfolds (mm). D.aerobic running speed (m/s). # ¥ * ^ $, significantly different (p < 0.05) to 2015, 2016, 2017, 2018 and 2019 respectively. § significant
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Figure 4.2.

 Single leg drop jump (SLDJ), counter movement jump height  (CMJ Ht), counter movement jump peak power output (CMJ PPO), counter

movement jump peak power relative to body mass (CMJ PPO/BM), single leg isometric squat (SL ISO), single leg isometric squat relative to body mass

(SL ISO/BM) by position and season. A. SLDJ (FT/CT), B. CMJ Ht (cm), C. CMJ PPO (W). D. CMJ PPO/BM (W/kg), E. SL ISO (N), F. SL ISO/BM (N/N). #

¥ * ^ $, significantly different (p < 0.05) to 2015, 2016, 2017, 2018 and 2019 respectively.§ significant overall effect of position, ~ significant overall effect of

season. a front row, b lock, c back row, d scrum half, e inside back, f outside back
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Figure 4.3.

 Maximum and relative bench press performance by position and season. A. bench press 1 repetition maximum (kg), B. bench press 1

repetition maximum relative to body mass (kg/kg). # ¥ * ^ $, significantly different (p < 0.05) to 2015, 2016, 2017, 2018 and 2019 respectively. § significant
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