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Introduction
Rugby league is a ‘collision’ sport, involving prolonged periods of low-to-moderate intensity movement, interspersed by multiple sprints and contacts with the opposition (Waldron, Twist, Highton, Daniels & Worsfold, 2011; Gabbett, 2012; McLellan, Lovell & Gass, 2011; Sykes, Twist, Hall, Nicholas & Lamb, 2009). Physical collisions, such as tackling, and technical skills like ball-carries, are some of the most demanding aspects of rugby league match performance (Austin, Gabbett & Jenkins, 2011). Indeed, the addition of ‘contacts’ (i.e. contact with tackle pads) to team sport simulation protocols induces greater physiological stress compared to identical protocols performed without (Pointon & Duffield, 2012; Johnston & Gabbett, 2011). While systems capable of quantifying the ‘magnitude’ of collisions during match performance are still in development (see Gabbett, Jenkins & Abernethy, 2012; Kelly, Caughlan, Green & Caulfield, 2012), methods capable of identifying the frequency of collisions are well established. In this regard, video analysis techniques can reliably identify tackles, carries and their outcomes (successful or unsuccessful) during rugby league competition (Twist, Waldron, Highton, Burt & Daniels, 2012; Austin et al., 2011; King, Hume & Clark, 2010).

Ball-carrying is distinctly different skill to tackling in rugby league. The ability to carry the ball towards the opposition’s defensive line and progress forwards is a fundamental skill, common across all positional groups in rugby league. The skill requires a player to maintain a strong grip on the ball whilst moving forwards into contact with the opposing tackler. Thereafter, to optimise the continuity of the attacking phase, the player should attempt to contact the floor in a prone position, enabling a quick ‘play-the-ball’. A loss of ground (metres) during the ball-carry would be tactically inefficient for the team, while a loss of ball possession would result in a turnover to the opposing team. Unfortunately, there has been no analysis of ball-carrying and its relationship to physical qualities among junior players.     

Little is known about the link between the physical qualities and match performance of elite adolescent rugby league players, particularly with regard to tackling competence. The ability to successfully perform tackling actions during simulated tasks is judged to be higher skilled among elite compared to sub-elite junior players, and is mostly explained (r = 0.6) by acceleration over 10 m (Gabbett, Jenkins & Abernethy, 2010). However, there has been no investigation of such skills during actual match play or any attempt to identify the physical qualities that contribute to their successful execution among adolescent players. This is important since, for adults, 10 m and 40 m sprinting speeds are significantly related to tackling attempts (r = 0.53 – 0.56, respectively; Gabbett, Jenkins & Abernethy, 2011). Therefore, the ability to perform key game-specific skills during matches might be supported by the early development of certain physical qualities among adolescent rugby league players. Accordingly, it was the aim of this study to investigate the relationships between the physical abilities of adolescent rugby league players and their tackling and ball-carrying skills performed during competitive matches, across three consecutive seasons.   

Methods
Participants and design
A total of 28 elite youth rugby league Scholarship/Academy players consented to take part in a three-season longitudinal study. Ethical approval for the study was granted by the Faculty of Applied Sciences Ethics Committee. While the same squad of players were followed through each age group, only 13 were measured over three seasons. The remainder were either unselected at the conclusion of one year group or introduced at a later year group. Consequently, the sample size changed from the under-15 (n = 21; age = 15.1 ± 0.3 years; stature = 178.6 ± 3.9 cm; body mass = 79.6 ± 9.1 kg), through to the under-16 (n = 21; age = 16.2 ± 0.3 years; stature = 179.3 ± 3.8 cm; body mass = 81.4 ± 8.7 kg) and under-17 (n = 15; age = 17.0 ± 0.4 years; stature = 180.4 ± 4.2 cm; body mass = 86.3 ± 9.7 kg). Each player took part in an annual battery of tests, which was conducted within the same month of each year, before the start of the competitive playing season. The tests included anthropometric measurements of stature and mass, as well as performance tests of linear sprinting speed, acceleration and force, countermovement jump (CMJ) and aerobic capacity. Each of the performance tests (i.e. aerobic capacity, CMJ and sprints) were conducted on consecutive, separate days of the same week. In addition, each player was assessed for his tackling and ball-carrying performance during the competitive match period (beginning of March to the end of June) each year. The average ball-carrying and tackling frequencies performed across multiple matches were later calculated and related to scores from the physical performance tests.

Performance analysis
A total of 72 (distributed across six matches), 60 (distributed across six matches) and 68 (distributed across seven matches) individual player performances were analysed in the under-15 group, under-16 group and under-17 group, respectively. Each player took part in between two and four matches each season. Mean match times were 64.1 ± 2.3 min (under-15 group), 74.5 ± 3.3 min (under-16 group) and 85.2 ± 4.1 min (under-17 group). Of the 19 matches analysed, 17 were won and two were lost. The players were analysed only during the time they spent on the field (which differed for everyone). In rugby league, teams are permitted to interchange players at any given time point, often resulting in those from the forward group performing two separate bouts of play. An interchange allowance of 10 was permitted in the under-15 group and under-16 age groups, and eight in the under-17 age group. This is important since the number of tackles and ball-carries was subsequently normalised by the time spent on the field. 

For all matches, a camera (Mini DV90, Panasonic, Japan) was fixed to a tripod and positioned in a gantry at a height of approximately 15 m perpendicular to the half-way line. The zoom on the camera was set such that the ball and surrounding players were visible at all times. Prior to recording, the team coach marked the number of each player into a corresponding position on a pitch schematic, inclusive of interchange players. Players were later identified by the number on the back of their shirt or visual recognition. Raw footage of each match was downLoAded to a PC and imported to a manually operated behavioural recognition system (Dartfish TeamPro, 4.0.9.0, Switzerland). Post-match analysis of successful and unsuccessful carries and tackles was undertaken using the ‘tagging’ application and pre-defined by the research team (Table 1). 


***********************Table 1 near here**********************


All variables were expressed relative to the amount of playing time in order to normalise the data for each player (i.e. TaS·min-1 = successful tackles per playing minute). The intra-observer reliability of the selected match variables was assessed using the method of Cooper, Hughes, O’Donoghue and Nevill (2007) and is presented in Table 2. A randomly selected 60-minute match from the study was coded for the performance variables highlighted in Table 1 on two different occasions, separated by two weeks. The frequency data from each trial were later separated into 40 equal chronological time segments (i.e. the first 1.5 min through to the final 1.5 min) and aligned for analysis. Each performance indicator was evaluated for systematic bias over the two trials using a median-sign test. Random variation was evaluated based upon the proportion (%) of perfect agreement (PA) and agreement within a reference value of plus or minus 1 (± 1). These practical reference values represent the smallest possible error and were deemed appropriate given the experience of the analyst (six years in performance analysis) and familiarity with the sport and players involved.


***************************Table 2 near here***************************

The intra-observer reliability tests showed no systematic bias between trials 1 and 2 and 100% perfect agreement for successful and unsuccessful tackles. The PA for successful and unsuccessful carries was 91.9% and 94.5%, which improved to 100% when the practical reference value was considered. 

Sprinting speed, acceleration and force 
Sprinting performance was assessed using portable 5 Hz Global Positioning System (GPS) devices (GPSports, SPI-Pro, 5 Hz, Canberra, Australia). Testing took place across the centre of an open field, free from obstruction. The GPS units were simultaneously activated and left for 15 minutes prior to testing. The GPS units (size = 90 x 45 x 5 mm; mass = 86 g) sample at a rate of 5 Hz and are coupled with a 6 g tri-axial accelerometer, sampling at 100 Hz. The typical number of available satellite signals ranged between 9 and 11, with a mean horizontal dilution of position (HDOP) of 1.2 ± 0.4 throughout the testing period. Each GPS unit was placed between the scapulae within a vest (GPSports, Canberra, Australia) tightly fitted to each participant. Approximately 20 minutes before exercise, the players were taken for a structured warm-up led by the squad coach, consisting of moderate intensity movement, dynamic stretching procedures and two 10 m maximal sprints. The procedures for the assessment of sprinting performance replicated those of Waldron, Worsfold, Twist and Lamb (2011b), where the coefficient of variation (CV) and 95% Limits of Agreement (LoA) for test re-test reliability of 10-30 m sprinting performance ranged from 1.84 - 2.06% (95% LOA = -0.08 ± 1.75 m to -0.23 ± 1.42 m) and 1.92 - 2.06% (95% LOA = 0.05 ± 1.05 km·h-1 to -0.09 ± 0.84 km·h-1) for GPS measurements of distance and speed, respectively. While the reliability of the current GPS units is acceptable for the assessment of sprint performance, an approximate 2 km·h-1 underestimation of timing speed has been previously demonstrated (Waldron et al. 2011b).

The sprint protocol consisted of two maximal sprint efforts, starting from a standing position, separated by a period of three minutes of recovery. The sprinting course was marked with a pre-measured straight painted line. While speed was assessed at 10 m and 30 m distances, two cones were placed at the start (0 m) and at 35 m from the start line to prevent premature deceleration. The initiation of a sprint was determined by a continuous increase in speed from below 0-0.1 m·s-1 (Petersen, Pyne, Portus & Dawson, 2009). All data were analysed using Team AMS software (V2.1, GPSports, Canberra, Australia). Peak and mean sprinting speed (10 m and 30 m) were determined as the highest single speed sampled or highest average speed sampled across the two trials, respectively. Acceleration (m·s-2) from standing to 10 m and 30 m was calculated from the raw GPS data as /, where a = acceleration (m·s-2); Δv = velocity (m·s-1) and Δt = time (s). The calculations were performed using data recorded by the GPS during the over-ground sprinting protocol. Sprinting force (N) was calculated from the linear sprinting protocol over 10 m and 30 m as; f = m  a, where: f = force (N); m = body mass (kg); a = acceleration (m·s-2).

Counter-movement jump (CMJ) height and predicted vertical power
Maintaining a stance at shoulder width, participants flexed their knees in a rapid downward motion, reaching approximately 90º, before rapidly extending their knees and driving in an upward motion to complete the jump. To standardise the jump, the participant had to have been judged to have reached the specified 90 º flexion and was instructed to keep their hand in contact with their hips. The participants performed three jumps, interspersed by 30 s recovery, with the highest jump used for analysis. CMJ height (cm) was calculated as the difference between landing and take-off time recorded using a timing mat system (Just Jump System, Probotics Inc., Huntsville, AL). Vertical power (W) was estimated based on the equation of Harman et al. (1991); CMJ power (W) = 61.9  jump height (cm)  36.0 body mass (kg) – 1822. The equation of Harman and colleagues was selected since reports have demonstrated it to yield no systematic difference to power recorded on a force platform (Canavan & Vescovi, 2004). The reliability of the CMJ height was 2.1% (CV).

Aerobic endurance
Maximal aerobic endurance was estimated using the multistage fitness test (Leger & Lambert, 1982).  Players were required to run continuously back and forth between two cones placed 20 m apart, keeping in time with a series of audio signals played through a CD player. The frequency of the signals and subsequent running speed was progressed by 0.138 m∙s-1 (0.5 km∙h-1) increments, starting from 2.22 m∙s-1 (8 km∙h-1), until participants reached volitional exhaustion (i.e. not making the audio signal on two consecutive occasions). Maximal aerobic capacity (O2max) was later determined using the linear regression equation proposed by Ramsbottom, Brewer and Williams (1988). Among rugby league players ranging between the ages of 15 to 18 years, the test-retest CV for the multistage fitness test has previously been reported as 3.7% (Gabbett, Kelly & Pezet, 2008). Players wore standard straining kit and studded boots for the trial.

Statistical analyses
Violations of the assumption of normality were identified using the Shapiro-Wilk statistic (P < 0.05), necessitating the adoption of non-parametric statistical approach. Accordingly, Spearman’s rank coefficient (R) was used to assess the relationship between the average (across matches) tackling and ball-carrying frequency per minute of matches (successful or unsuccessful) and each of the physical performance tests (10 m and 30 m peak speed, mean speed, acceleration, force, CMJ height, predicted vertical power, and predicted O2max). The relationships were determined at each year of competition (under-15 to -17 age groups). The R value was interpreted according to the values suggested by Cohen (1992) where 0.1 = poor, 0.3 = moderate and 0.5 > = strong. Significance was initially set at P < 0.05 for all statistical procedures and analyses were performed with SPSS version 19.

Results
The descriptive data for the players’ CaS·min-1, CaU·min-1, TaS·min-1, TaU·min-1, CMJ height, aerobic power, predicted vertical power, 10 m – 30 m sprint speed, acceleration and force, are presented in Table 3, categorised by age group. 

*********************Table 3 near here ***********************

There were strong, significant relationships between successful carries per minute (CaS·min-1) and 10 m force in the under-15 (R = 0.61, P < 0.001), under-16 (R = 0.69, P < 0.001) and under-17 groups (R = 0.64, P < 0.001) (Figure 1). 

*********************Figure 1 near here ***********************

There were strong and moderate relationships between predicted vertical power and CaS·min-1 in the under-15 (R = 0.63, P = 0.011) and under-17 age groups (R = 0.40, P = 0.030), respectively, but a poor relationship (R = 0.09, P < 0.37) in the under-16 age group   

*********************Figure 2 near here ***********************

Across each of the age groups, there were no significant relationships (P < 0.05) observed between the performance measures of aerobic power, acceleration, CMJ height, peak speed (10-30 m), mean speed (10-30 m) and the carries or tackles performed during matches.  
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Discussion
The main finding of the current study was that 10 m sprinting force (mass acceleration) related positively to CaS·min-1 for each age group. These results suggest that the ability to accelerate, in accordance with gains in total body mass, is a better correlate of match-related contacts than sprinting speed or acceleration alone. Whilst there are a variety of other factors, such as upper and lower-body strength, that are likely to relate to ball-carrying ability, our findings partially validate 10 m force as a measurement of rugby league match performance among younger players. Force produced over 10 m, as measured in the current study, is likely to relate to successful carries since it would support the athlete in approaching the gain line with greater initial force, therefore overcoming the advance of the opposing player/s. As such, sprinting force is a physical capacity that best underlies the ability to execute ball carries in rugby league. Given the role of body mass and acceleration in optimising sprinting force, youth rugby league practitioners should focus on developing the propulsive (lean muscle) mass of players, which is likely to increase total body mass and enhance the generation of force during explosive movements (Baldari et al., 2009). 

There was no relationship between the force generated over 30 m and ball carries or tackles recorded during matches. Such findings provide further support for the requirement of rugby league players to generate acceleration over short distances. Indeed, the 10 m rule constrains players to retreat 10 m from the opposition gain line after the completion of each tackle before a rapid advancement in the opposite direction. Furthermore, two of the defending players would remain closer to the ‘play-the-ball’ as ‘markers’, thus leaving less than a 10 m distance with which to accelerate. Therefore, the ability to generate force over brief intervals is a logical asset of rugby league players, regardless of their position on the field. Similarly, over 85% of short sprinting bouts follow standing, walking, tackling or slow jogging starts during rugby league matches (Gabbett, 2012). Therefore, the ability of players to accelerate quickly from other modes of locomotion appears to be important. 

The predicted power generated by the players during the CMJ was also related to successful ball-carrying during matches. Previous studies have demonstrated the intimate relationship between vertical force generation and horizontal propulsion. For example, Slievert and Taingahue (2004) reported strong, significant relationships between the power produced per kilogram of body mass (W·kg-1) during jump squat exercise and speed over 5 m intervals among well-trained 20 year-old athletes. Given the anticipated relationship between predicted vertical power and sprinting force, it is logical that both of these measurements augment successful ball-carrying performance. Such evidence provides further support for the transfer between multi-joint exercises, such as counter-movement jumping and ballistic squatting action and rugby league performance (Gabbett & Seibold, 2013). Rugby league practitioners wishing to improve ball-carrying performance should consider training methods aimed to develop power during the counter movement jump, perhaps using exercises such as squatting, power clean and plyometric exercises. 

Interestingly, the relationship between successful ball-carrying and vertical jumping power was not found in the under-16 age group. We attribute this to the disproportionate development in body mass and CMJ height that occurred between the under-15 and under-16 age groups, which will have altered the power calculation and the resulting relationship to tackling and ball-carries. The re-establishment of the relationship in the under-17 age group perhaps reflects the large increase in body mass, yet small increase in CMJ. In this instance, those who are able to maintain their ability to jump, whilst increasing their mass between the under-16 and under-17 age groups, will generate greater vertical power. This finding highlights the important balance between gains in both jumping ability and body mass that needs to be closely monitored by rugby league practitioners.  

Interestingly, our findings did not show any relationship between tackling and any features of performance. Such findings suggest that the skill of tackling requires more than well-developed physical qualities and might relate better to the application of the appropriate technique amongst adolescent players (see Gabbett, Kelly & Pezet, 2007). Indeed, factors such as age and playing experience explain the largest degree of variance in tackling ability (Gabbett, 2009; Gabbett et al., 2011), which is a quality clearly lacking in youth players. Research in adult rugby league has also reported a relationship between the number of tackling attempts and both 10 m (r = 0.3) and 40 m (r = 0.4) speed (Gabbett et al., 2011), suggesting a more prominent physical dimension to tackling ability in adult players. It is possible that youth rugby league players require greater playing experience before they are able to utilize their physical abilities to facilitate the more technical skill of tackling, as opposed to ball-carrying. However, the moderate relationships (described above) found by Gabbett and colleagues might also suggest that the inclusion of force and power could be useful predictors of tackling ability in adult rugby league. Indeed, the product of body mass and sprinting velocity (momentum) differentiates between higher and lower division adult rugby league players (Baker & Newton, 2008). Therefore, mass-dependent sprinting variables may provide further value as indicators of match performance. 

That aerobic power was not related to any of the outcome measures (i.e. successful or unsuccessful tackling and ball-carrying) performed per minute of matches is in agreement with Gabbett et al. (2011), where adult rugby league players’ defensive and offensive in-game skills were unrelated to predicted O2max. Collectively, these results highlight the importance of explosive movements, above aerobic power, in supporting match-related contact skills, such as tackling and ball-carrying. Interestingly, other factors such as CMJ height and all other measures of speed also did not relate to ball-carrying or tackling ability. Therefore, only measurements that account for the individual body mass of the participant appear to predict such skills.  

There are a few potential limitations to the current study, such as the absence of positional grouping (i.e. forwards and backs), which was not feasible to investigate based on the current sample size. However, it has previously been shown that the combined number of hit-ups and tackles performed by Australian rugby league forwards and backs is not different (McLellan et al., 2011). Furthermore, given the common occurrence of tackling and ball-carrying across positions in rugby league, we do not expect this to alter the substantive conclusion presented herein. Similarly, it has been shown that the number of successful and unsuccessful ball-carries or tackles, either in absolute or relative terms, do not differ across progressive match quartiles (Sykes, Twist, Nicholas & Lamb, 2011; Waldron, Worsfold, Twist & Lamb, 2011c). Therefore, the effect of ‘fatigue’ on ball-carrying and tackling was not anticipated. It may be that ‘fatigue’ only manifests itself in other dimensions of skilled performance aside from tackles and ball carries, such as passing or kicking. Other potential limiting factors, such as the underestimation of speed on behalf of the GPS unit (Waldron et al, 2011b) are likely to render a reduction in the resulting force variables presented herein. As such, it is likely that the force generated by players in higher than presented.   

Conclusion
Ten metre sprinting force is strongly, and consistently, related to CaS·min-1 among elite youth rugby league players, whilst acceleration or speed are not. Similarly, predicted vertical power (accounting for the player’s mass) relates to CaS·min-1, which is not the case for CMJ alone. Our findings support the value of conditioning programmes that develop acceleration and speed over brief intervals in accordance with gains in ‘propulsive’ body mass. Whilst the isolated development of aerobic power, speed and CMJ height might be important, they do not support ball-carrying ability among youth rugby league players. Tackling ability does not relate to any of the physical tests that were performed in this study, which is likely to be explained by the higher technical demand of this skill compared to ball-carrying.  
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Table 1. Descriptions and acronyms for rugby league-specific performance indicators
	Code
	Performance Indicator 
	Definition

	CaS
	Carries successful
	The player in possession of the ball moves to an advanced pitch position that is deemed to be closer to the opponents’ try line from where the player originally received possession of the ball, without turning over possession or being propelled backwards by the tackler.

	CaU
	Carries unsuccessful
	The player in possession of the ball fails to move to an advanced pitch position that is deemed to be closer to the opponents’ try line from where the player originally received possession of the ball, which may result in that player turning over possession or being propelled backwards by the tackler.

	TaS
	Tackles successful
	When the opposition player in possession of the ball comes in to contact with, and is held by, a player under analysis, resulting in the player in possession being unable to make any further progress. The end of the tackle is signified by the referee. The ball may be dislodged during this time and the player in contact may be propelled to the floor and ‘held’. Other players may also join the tackle as second or third men but are not deemed to be the primary tackler.

	TaU
	Tackles unsuccessful
	When a defending player (under analysis) is deemed to have attempted to make a tackle on an attacking player by making visible and physical contact but fails to execute the actions that constitute a successful tackle. These may be that; the attacking player in possession offLoAds the ball; the attacking player advances whilst the tackle attempt is on-going; the defending players commits a foul during the process of the tackle.








Table 2. Intra-observer reliability of selected performance indicators 
	Indicator
	Median-Sign Test (P-value)
	PA = 0 (%)
	95% Confidence Interval (%)
	PA ± 1 (%)
	95% Confidence Interval (%)

	CaS
	1.000
	91.9
	78.9 to 100
	100
	100 to 100

	CaU
	0.500
	94.5
	83.8 to 100
	100
	100 to 100

	TaS
	1.000
	100
	100 to 100
	100
	100 to 100

	TaU
	1.000
	100
	100 to 100
	100
	100 to 100


Note: PA = perfect agreement; PA ± 1 = agreement within plus or minus 1. CaS = successful ball-carries; CaU = unsuccessful ball-carries; TaS = successful ball-carries; TaU = unsuccessful ball-carries


Table 3. Descriptive statistics (mean ± SD) for 10 m and 30 m peak speed, mean speed, acceleration, force, CMJ height, predicted vertical power, predicted O2max, carries and tackles (successful or unsuccessful).
	 Variable
	Under-15 (n = 21)
	Under-16 (n = 21)
	Under-17 (n = 15)

	10 m mean speed (m·s-1)
	4.6
	±
	0.2
	4.8
	±
	0.2
	4.9
	±
	0.4

	30 m mean speed (m·s-1)
	6.3
	±
	0.3
	6.6
	±
	0.2
	6.6
	±
	0.2

	10 m peak speed (m·s-1)
	6.8
	±
	0.4
	6.9
	±
	0.4
	6.9
	±
	0.4

	30 m peak speed (m·s-1)
	8.2
	±
	0.4
	8.2
	±
	0.5
	8.2
	±
	0.6

	10 m acceleration (m·s-2)
	3.1
	±
	0.3
	3.4
	±
	0.3
	3.4
	±
	0.2

	30 m acceleration (m·s-2)
	1.7
	±
	0.2
	1.8
	±
	0.2
	1.8
	±
	0.2

	10 m sprinting force (N)
	230.2
	±
	41.2
	279.6
	±
	37.2
	289.4
	±
	34.4

	30 m sprinting force (N)
	128.3
	±
	24.8
	145.0
	±
	21.1
	148.8
	±
	19.5

	CMJ (cm)
	45.5
	±
	4.2
	45.6
	±
	5.8
	47.0
	±
	5.5

	Predicted vertical power (W)
	3258.8
	±
	705.6
	3891.1
	±
	529.9
	4121.0
	±
	384.6

	Predicted O2max (ml·kg-1·min-1)
	47.0
	±
	2.9
	48.1
	±
	3.9
	51.7
	±
	3.8

	CaS·min-1
	0.12
	±
	0.06
	0.12
	±
	0.06
	0.18
	±
	0.12

	CaU·min-1
	0.02
	±
	0.01
	0.02
	±
	0.02
	0.43
	±
	0.26

	TaS·min-1
	0.23
	±
	0.13
	0.22
	±
	0.10
	0.20
	±
	0.14

	TaU·min-1
	0.04
	±
	0.04
	0.03
	±
	0.02
	0.09
	±
	0.05


Note: CaS = successful ball-carries; CaU = unsuccessful ball-carries; TaS = successful ball-carries; TaU = unsuccessful ball-carries; CMJ = counter-movement jump; 
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Figure 1. The relationship between 10 m sprinting force and successful carries·min-1 among under-15 (n = 21), -16 (n = 21) and -17 (n = 15) youth rugby league players.   
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Figure 2. The relationship between predicted jumping power and successful carries·min-1 among under-15 (n = 21), -16 (n = 21) and -17 (n = 15) youth rugby league players.   
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