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Abstract
Purpose This cross-sectional study investigated dynamic force–time variables and vaulting performance in young female 
gymnasts of different maturity status.
Methods 120 gymnasts aged 5–14 years were sub-divided into maturity groupings using percent of predicted adult height 
(%PAH) attained. Participants performed three jumping protocols, the squat jump (SJ), countermovement jump (CMJ) and 
drop jump (DJ), before completing straight jump vaults that were recorded using two-dimensional video.
Results Jumping performance improved with biological maturity evidenced by the most mature gymnasts’ producing sig-
nificantly more absolute force (P < 0.05; all d > 0.78), impulse (P < 0.05; all d > 0.75) and power (P < 0.05; all d > 0.91) than 
the least mature group, resulting in the greater jump heights (P < 0.05; all d > 0.70). While, no significant differences were 
observed in relative peak force across multiple tests, measures of relative peak power did significantly increase with maturity. 
Based upon regression analyses, maturation was found to influence vertical take-off velocity during vaulting, explaining 41% 
of the variance in each jumping protocol. Across all tests, the DJ was found to have the highest predictive ability of vaulting 
vertical take-off velocity, explaining 55% of the total variance.
Conclusion Biological maturation impacts jump height and underpinning mechanical variables in young female gymnasts. 
Vaulting vertical take-off velocity appears to be influenced by maturation and various dynamic force–time variables, par-
ticularly those during DJ, which had the highest explained total variance.

Keywords Youth · Maturation · Squat jump · Countermovement jump · Drop jump · Gymnastics
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Introduction

Jumping and rebounding are important prerequisites that 
underpin the high impact loading gymnastics skills (e.g. 
acrobatic series, tumbling etc.) [50]. Further, three of the 
four artistic disciplines that female gymnasts compete in 
(vault, beam and floor exercise) are heavily reliant on explo-
sive lower-limb rebounding and jumping activities, which 
all utilize various expressions of the stretch–shortening 
cycle (SSC) [36]. Consequently, rebounding and jumping 
performance of artistic gymnasts are commonly assessed to 
identify key determinants of the sport [8, 29, 31, 50], deter-
mine physical profiles [46, 53] and evaluate the efficacy of 
training interventions [7, 11, 28, 37].

The mechanisms that underlie slow-SSC (ground contact 
time > 250 ms) and fast-SSC (ground contact time < 250 ms) 
may differ depending on the force–time characteristics of 
the movement [23] as well as the athlete’s ability to per-
form efficient SSC mechanics [52]. For example, research 
indicates that the distribution and release of stored elastic 
energy is influenced by numerous factors including: the 
magnitude and rate of loading during the eccentric phase, 
stiffness and compliance of the muscle–tendon complex, and 
levels of pre-activation [2, 52]. Researchers have empha-
sized the importance of measuring different expressions of 
SSC function in gymnasts as gymnastics skills involve both 
slow- and fast-SSC [37, 50]. Protocols that examine fast-
SSC function include drop jumps, repeated-hopping tasks 
and sprinting [24, 45], whereas slow-SSC tests typically 
involve countermovement jumps (CMJ) and standing long 
jumps [23]. Further, concentric only jumps which do not 
involve SSC function are frequently used as part of jumping 
test batteries [i.e. squat jump (SJ)] [4, 25, 50]. Comparisons 
of jump height or flight time between CMJ and SJ tests ena-
bles researchers to evaluate how effective gymnasts are at 
utilizing the contribution of the elastic energy during the 
braking phase [4, 29, 50]. However, despite the sport hav-
ing high levels of early specialization, kinetic data in young 
female gymnasts is limited.

Previous age-related data comparing the jumping abil-
ity of female gymnasts aged 9–12 and 13–16 years has 
shown that jump height, maximal vertical force, as well 
as maximal and mean power all significantly increase 
with age [47]. Further, previous data has shown an 
increased age, a faster vault run-up speed and a shorter 
ground contact time during the handstand push off test, 
were important predictors of tumbling ability in female 
gymnasts aged 8–14  years [4]. Therefore, it appears 
that jumping performance in gymnasts increases natu-
rally with age; however, assessing physical performance 
by chronological age as opposed to biological maturity 
does not account for large inter-individual variation in 
maturity status within a given age group [10]. Research 

shows maturation influences the development of physical 
qualities and motor skills in youth, particularly following 
the pubertal growth spurt [27]. For example, significant 
differences in absolute isometric peak force [34], ver-
tical jump height [25] and sprint speed [32] have been 
reported between pre- and post-pubertal young athletes. 
As the timing and tempo of biological maturation dif-
fers between individuals of them same chronological age 
[27], analyzing testing data in young athletes according 
to maturity status has been recommended [21].

Existing gymnastics literature has often examined jump 
performance using field-based equipment such as contact 
mats [29, 30, 47], or methods which solely report perfor-
mance outcomes such as jump height [49, 53]. While these 
protocols provide surrogate measures of muscular power and 
SSC function in applied settings, superior insight can be 
gained from analyzing force–time data [38]. Specifically, 
this enables the identification of the mechanical variables 
that underpin jumping and rebounding performance, and 
ensures training prescription is more targeted to individual 
deficits. While some mechanistic [4, 35] and age-related 
jumping and rebounding data in young female gymnasts 
exists [4, 47], researchers have yet to examine such data 
in gymnasts grouped by different maturity status. Further-
more, the contribution of maturity and jumping force–time 
variables to vertical take-off velocity during vaulting per-
formance is yet to be explored. Therefore, the first aim of 
this study was to examine the influence of maturity status on 
force–time variables from CMJ, SJ and drop jump (DJ) tests 
in young female gymnasts. The second aim of this study was 
to determine how these variables influence take-off velocity 
during vaulting performance.

Methods

Participants

One hundred and twenty female artistic gymnasts aged 
5–14 years agreed to participate in the study. All participants 
had > 1 years of gymnastics experience and were partici-
pating in gymnastics training 2–6 times per week, totaling 
2–24 training hours per week. Participants were grouped 
according to biological maturity using percentage of pre-
dicted adult height (%PAH) [14]: < 75%PAH, early pre-
pubertal  (earlypre; n = 54); 76%–85%PAH, late pre-pubertal 
 (latepre; n = 47); and 86%–95%PAH, pubertal (n = 19). The 
groups were also matched by gymnastics-specific training 
hours per week (~ 11 h/w). Descriptive data for participants 
grouped by maturity status are shown in Table 1. Partici-
pants reported no injuries at the time of testing and were 
instructed to refrain from strenuous activity 24 h before 
testing. Written informed parental consent and participant 
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assent were obtained after ethical approval was granted by 
the local University Research Ethics Committee.

Study Design

This study used a cross-sectional design to examine jumping 
characteristics and vaulting performance in young artistic 
female gymnasts. All participants attended one testing ses-
sion whereby anthropometric, SJ, CMJ, DJ and vaulting per-
formance data were collected. Before testing commenced, 
participants performed a standardized 10-min dynamic 
warm-up led by the principal researcher, which included rel-
evant activation and mobilization exercises, before advanc-
ing to one set of three SJ, CMJ and pogo hops. Familiari-
zation of each testing protocol took place at the beginning 
of the testing session, which involved a demonstration and 
provision of standardized, child-friendly coaching cues. 
Participants then practiced the protocol until the principal 
investigator was satisfied with their technical competency.

Anthropometrics

Anthropometric data were collected, including standing 
and sitting height using a stadiometer to the nearest 0.1 cm 
(SECA, 321, Vogel & Halke, Hamburg, Germany) and body 
mass using scales to the nearest 0.1 kg (SECA, 321, Vogel 
& Halke, Hamburg, Germany). Standing height (m), body 
mass (kg), chronological age and parental height were used 
to determine participants’ biological maturity status, using 
%PAH [14].

Jumping Protocols

All jumping data were collected in a laboratory using two 
force plates sampling at a frequency of 1000 Hz (PASCO, 
2 Axis force platforms, Roseville, CA 95747, USA). Par-
ticipants were instructed to “stay as still as a statue” to 
optimize the stabilization of body weight during the first 
second of each test, before being given a countdown of “3, 
2, 1 go”. Gymnasts were instructed to keep their hands on 
their hips throughout and keep their legs extended during 

the flight phase of the jump. Three trials of each jumping 
protocol were completed with a minimum of 60 s passive 
rest between trials, to enable sufficient recovery [50]. All 
jumping data were filtered (MATLAB, R2018a or Labview 
LVRTE2014SP1; National Instruments) using a low-pass 
4th order recursive Butterworth filter. Based on residual 
analysis [54], the most appropriate cut-off frequency was 
found to be 13 Hz. For the SJ and CMJ, the best trial selected 
for further analysis was determined by the highest jump. For 
the DJ, the best trial was determined by the highest spring-
like behavior correlation (i.e. a perfect inverse relationship is 
indicated by r = − 1.0), which represents spring-mass model 
behavior [45]. All relative measures were calculated using 
body mass. Further information (abbreviations, units and 
descriptions) on the variables calculated from the SJ, CMJ 
and DJ tests can be found in Supplementary Tables 1–3.

Squat Jump

The SJ protocol required each participant to start in a semi-
squat position with approximately 90° of knee flexion (deter-
mined subjectively by the rater) [26, 50]. Gymnasts were 
instructed to keep their hands on their hips and jump for 
maximum height after a countdown of “3, 2, 1 jump”. Trials 
were discounted and repeated if the following occurred: a 
visible countermovement was present (either with the chest 
or lower limbs), hands did not remain on hips throughout the 
test, or if the lower limbs flexed during the flight phase. All 
SJ trials were analyzed by the same researcher using custom 
built analysis software (Labview, LVRTE2014SP1; National 
Instruments). Body weight was calculated by averaging the 
first second of force during the motionless period at the 
start of the jump when the participant was in the semi-squat 
position. Body weight plus 5 standard deviations (sd) was 
then used to identify the initiation of the jump [9]. Vari-
ables calculated included: jump height (JH), peak veloc-
ity  (Vpeak), relative vertical impulse  (Impulserel), absolute 
peak force  (PFabs), relative peak force  (PFrel), absolute peak 
power  (PPabs), relative peak power  (PPrel), absolute rate of 
force development  (RFDabs) and relative rate of force devel-
opment  (RFDrel). Using the highest RFD during a 20 ms 

Table 1  Descriptive statistics for all anthropometric variables (mean ± sd)

Significant at the level of P < 0.05
a Significantly greater than the early pre-pubertal group
b Significantly greater than the early and late pre-pubertal groups

Group n Age
(years)

Standing height
(cm)

Sitting height
(cm)

Leg length
(cm)

Body mass
(kg)

Predicted %
adult height

Training hours
per week

Earlypre 54 7.9 ± 1.1 124.5 ± 8.8 66.9 ± 3.8 57.7 ± 5.5 25.2 ± 4.5 70.1 ± 4.0 11.3 ± 5.2
Latepre 47 10.7 ± 0.8a 139.8 ± 6.8a 73.9 ± 4.1a 65.9 ± 3.9a 33.8 ± 6.4a 79.8 ± 2.8a 11.1 ± 5.3
Pubertal 19 12.8 ± 0.8b 150.4 ± 5.6b 78.2 ± 2.7b 72.3 ± 2.7b 45.1 ± 9.5b 89.2 ± 3.2b 11.0 ± 6.1
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time sampling window, absolute peak rate of force develop-
ment  (pRFDabs) and relative peak rate of force development 
 (pRFDrel) were also calculated.

Countermovement Jump

The CMJ protocol required each participant to squat to a 
self-selected knee, hip and ankle flexion angle and immedi-
ately jump for maximum height [50]. Trials were discounted 
and repeated if the gymnast’s hands did not remain on their 
hips or, if their lower limbs flexed during the flight phase. 
All CMJ variables were calculated using a spreadsheet run 
through Microsoft Excel for Mac version 16.9 [5]. To iden-
tify the initiation of the jump, the first force value less than 
5 sd of body weight was used to increase the accuracy of the 
correct start point [5]. Furthermore, to optimize the accuracy 
of the velocity calculations (and in-turn the displacement 
and power calculations), the point of integration was identi-
fied as − 30 ms from the initiation of the gymnasts’ jump, 
increasing the likelihood of the velocity being zero [5, 43]. 
To account for participant- or force plate-related noise, 5 sd 
of 300 ms flight force was used to identify the take-off and 
landing threshold [5]. Variables calculated included: jump 
height (JH), absolute peak force  (PFabs), relative peak force 
 (PFrel), braking average impulse  (Impulsebrake), propulsive 
average impulse  (Impulseprop), duration of braking phase 
 (Timebrake), duration of propulsive phase  (Timeprop), abso-
lute peak power  (PPabs), relative peak power  (PPrel), braking 
average power  (Powerbrake) and propulsive average power 
 (Powerprop). It should be noted that braking phase starts 
at the end of the unweighting phase (when impulse drops 
below the bodyweight baseline) and ends when the athlete’s 
velocity reaches zero or, when the impulse above baseline is 
equal to the impulse created during the unweighting phase 
[5]. Further, the propulsive phase occurs immediately after 
the braking phase and ends at the point of take-off and the 
athlete’s has velocity has peaked just before "flight" [5].

Drop Jump

The DJ protocol required the participants to step out and 
off a 30 cm platform (positioned 10 cm from the contact 
area), land on two force plates, and rebound as high as pos-
sible with a fast ground contact time [45]. Participants were 
cued to “step out off of the box and rebound as high and as 
fast as possible” [45]. Trials where the gymnasts notice-
ably stepped down or jumped up from the platform were 
discounted and repeated. All DJ data were analyzed by the 
principal researcher using a custom-built Matlab (MAT-
LAB, R2018a) analysis software. Variables calculated 
included: jump height (JH), ground contact time (GCT), 
reactive strength index (RSI), centre of mass displace-
ment (∆COM), relative vertical leg stiffness  (Stiffnessrel) 

spring-like correlation (SLC), take-off velocity (TOV), brak-
ing average power  (Powerbrake), propulsive average power 
 (Powerprop), braking average work  (Workbrake) and propulsive 
average work  (Workprop).

Vaulting

Two-dimensional video analysis was used to determine the 
gymnasts’ vertical take-off velocity (m/s) from the spring-
board during the execution of the straight vault. One station-
ary high-speed camera (Sony, RX10 mark 3) operating at 
250 Hz and a shutter speed of 1/500 of a second, was posi-
tioned 6 m perpendicular to the springboard where take-off 
occurred. The vaulting springboard was positioned 30 cm 
from the landing mat for all participants and adjusted after 
each trial to the same position using permanent floor mark-
ers. The approach run up distance was determined by the 
standard vaulting run-up distances for specific chronological 
age ranges; 10 m for 5–8 years old, 12.5 m for 8–13 years old 
and 15 m for 14–17 years old. All gymnasts performed three 
straight jump vaults from a springboard (Continental, Fast-
lift Model) onto a landing mat (Continental, Safety Mat). 
The straight vault is the most basic of vaulting exercises 
and was chosen to ensure all gymnasts were capable of per-
forming the skill regardless of competitive level or maturity 
status. An additional thin mat (Continental, Supplementary 
Soft-Landing Mat) which was shorter in length was placed 
on top of the landing mat, to encourage the gymnasts to 
perform the vault for maximum vertical jump height. All 
gymnasts received the standardized instruction “perform 
your highest straight jump to land on the thin mat.” Tri-
als were discounted and repeated if a participant; flexed 
their lower-limbs during the flight phase, fell forwards or 
backwards upon landing, or if they landed past the top mat. 
After each testing session, calibration was completed using 
a 4.0 m high calibration rod marked with 1 m intervals. All 
vaulting videos were analyzed using digitizing analysis soft-
ware (Tracker v.5.0.5) by the principal researcher. Digitizing 
was performed using a marker that was placed on the gym-
nasts’ greater trochanter at the time of testing to increase 
accuracy. Vaulting coordinate data were filtered (MATLAB, 
R2018a) using a low-pass 4th order recursive Butterworth 
filter. Based on residual analysis [54], the most appropriate 
cut-off frequency was found to be 10 Hz. Vertical take-off 
velocity from the springboard was calculated using the Cen-
tral Difference Method [54]. The best vault was determined 
as the highest straight jump (using the hip marker position) 
which was used for further analyses.

Statistical Analyses

Descriptive statistics (mean values ± sd) were calculated for 
all variables from the jumping and vaulting data for each 
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maturity group. Between-group differences in jumping and 
vaulting variables were assessed using a one-way analysis of 
variance (ANOVA). Homogeneity of variance was assessed 
via Levene’s statistic, and where violated, Welch’s adjust-
ment was used to correct the F-ratio. Post-hoc analysis was 
used to identify the groups that were significantly different 
to one another using either Bonferroni or Games-Howell 
test, where equal variances were and were not assumed, 
respectively. Effect sizes (Cohen’s d) were also calculated 
to establish the magnitude of any between-group differ-
ences [6] using the following classifications: < 0.2 trivial; 
0.2–0.59 small; 0.6–1.19 moderate; 1.2–2.0 large; 2.0–4.0 
very large; > 4.0 nearly perfect [13]. Pearson correlation 
coefficients were used to determine the strength of relation-
ships between all jump test variables and vertical take-off 
velocity for the whole sample. The strength of these relation-
ships was classified as either: < 0.2 no relationship; 0.2–0.45 
weak; 0.46–0.7 moderate; > 0.7 strong, based on previous 
recommendations [41]. For each jump test, stepwise multi-
ple regression analyses were employed separately to estab-
lish the contribution of jump variables and maturity status 
(%PAH) on vertical take-off velocity from the spring board 
across the entire sample. The assumption of independent 
errors during the multiple regression analyses was tested 
via a series of Durbin-Watson tests, whilst multi-collinearity 
was tested using variance inflation factor (VIF) and tolerance 
diagnostics (0.2 tolerance cut-off). All significance values 
were accepted at P < 0.05 and all statistical procedures were 
conducted using SPSS v.24 for Macintosh.

Results

Squat Jump

Data showed small to moderate, non-significant between-
group differences for JH (P > 0.05; Fig.  1). Results for 
all other SJ variables are presented in Table 2. Small to 

moderate significant increases in  Vpeak,  Impulserel,  PPabs and 
 PPrel between the  earlypre and pubertal groups and between 
the  earlypre and  latepre groups were observed (P < 0.05). For 
 PFabs, there was a moderate significant increase between 
the  earlypre and pubertal and  latepre groups (P < 0.05). No 
significant differences were indicated between any of the 
groups for  PFrel and all effect sizes were trivial.  RFDabs 
showed small-moderate significant increases between the 
 earlypre and pubertal groups (P < 0.05) and  latepre groups 
(P < 0.05). Between-group differences for all other RFD 
variables  (RFDrel,  pRFDabs and  pRFDrel) were all found to 
be non-significant and trivial or small. No significant differ-
ences were found between the  latepre and pubertal for any 
variables, and all effect sizes were trivial to small. 

Countermovement Jump

Moderate significant increases in JH were found between 
the  earlypre and pubertal groups (P < 0.05; Fig. 1) and  latepre 
groups (P < 0.05; Fig. 1). Results for all other CMJ vari-
ables are presented in Table 3. Moderate to large signifi-
cant increases were present between the pubertal group and 
both the  earlypre and  latepre groups for  PFabs,  ImpulseBrake, 
 ImpulseProp,  PPabs,  Powerbrake and  PowerProp (P < 0.05). For 
these variables, moderate to large increases were also found 
between the  earlypre and  latepre groups (P < 0.05). Significant 
moderate increases in  PPrel were present between the  earlypre 
and  latepre and between the  earlypre and pubertal groups 
(P < 0.05). Non-significant, trivial to small between-group 
differences were reported for  PFrel,  TimeBrake and  TimeProp 
(P > 0.05).

Drop Jump Results

Moderate significant increases in JH were shown between 
the  earlypre and pubertal groups (P < 0.05; Fig. 1); while, 
small significant increases were found between the  earlypre 
and  latepre groups (P < 0.05; Fig. 1). The remaining DJ 

Fig. 1  Maturity group analysis of jump height (m) from the squat jump, countermovement jump and drop jump tests respectively (mean ± sd)
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variables are displayed in Table 4. Moderate significant 
increases in  stiffnessrel were found between the  earlypre 
and pubertal groups only (P < 0.05). For ∆COM, a small, 
significant increase was present between the  earlypre and 

pubertal groups (P < 0.05) as well as the  earlypre and 
 latepre groups (P < 0.05). Large, significant increases in 
 Powerbrake,  Powerprop,  Workbrake and  Workprop were found 
between the  earlypre and pubertal groups (P < 0.05) and 

Table 2  Maturity group analysis of variables from the squat jump test (mean ± sd)

Significant at the level of P < 0.05
a Significantly greater than the early pre-pubertal group
Vpeak peak velocity, Impulserel relative vertical net impulse, PFabs absolute peak force, PFrel  relative peak force, PPabs absolute peak power, 
PPrel relative peak power, RFDabs absolute rate of force development, RFDrel relative rate of force development, pRFD absolute peak rate of force 
development
Small effect size (0.20–0.59); Moderate effect size (0.60–1.19); Large effect size (1.20–2.00)

Test variable Earlypre Latepre Pubertal Between group effect size (d)

Earlypre–Latepre Latepre–Pubertal Earlypre–
Pubertal

Vpeak (m/s) 1.97 ± 0.21 2.12 ± 0.17a 2.14 ± 0.12a 0.53 0.05 0.55
Impulserel (m·s) 1.72 ± 0.27 1.85 ± 0.34a 1.98 ± 0.15a 0.37 0.34 0.75
PFabs (N) 591.14 ± 206.91 756.25 ± 174.99a 793.18 ± 208.40a 0.76 0.18 0.84
PFrel (N/kg) 21.77 ± 3.41 21.54 ± 2.42 21.74 ± 1.40 0.06 0.06 0.02
PPabs (W) 933.37 ± 1302.96 1302.96 ± 387.24a 1360.64 ± 479.61a 0.89 0.09 0.91
PPrel (W/kg) 33.39 ± 5.71 36.65 ± 4.42a 37.44 ± 3.24a 0.48 0.13 0.60
RFDabs (N/s) 1160.20 ± 499.91 1457.19 ± 518.07a 1571.72 ± 549.38a 0.55 0.21 0.68
RFDrel (N/kg/s) 43.81 ± 18.09 42.14 ± 14.05 43.51 ± 13.11 0.10 0.09 0.05
pRFDabs (N/s) 3691.94 ± 4264.53 4069.38 ± 4303.35 3710.09 ± 1905.21 0.09 0.10 0.02
pRFDrel (N/kg/s) 135.56 ± 132.10 119.41 ± 138.07 102.98 ± 46.63 0.12 0.14 0.26

Table 3  Maturity group analysis of variables from the countermovement jump test (mean ± sd)

Significant at the level of P < 0.05
a Significantly greater than the early pre-pubertal group
b Significantly greater than the early pre-pubertal, and the late pre-pubertal groups
PFabs absolute peak force, PFrel relative peak force, Impulsebrake braking impulse, Timebrake braking phase duration, Impulseprop propulsive 
impulse, Timeprop propulsive phase duration, PPabs absolute peak power, PPrel relative peak power, Powerbrake braking average power, Power-
prop propulsive average power
Small effect size (0.20–0.59); Moderate effect size (0.60–1.19); Large effect size (1.20–2.00)

Test variable Earlypre Latepre Pubertal Between group effect size (d)

Earlypre–Latepre Latepre–Pubertal Earlypre–
Pubertal

PFabs (N) 350.84 ± 115.05 508.94 ± 156.42a 607.86 ± 111.55b 1.01 0.66 1.52
PFrel (N/kg) 13.95 ± 3.72 14.87 ± 3.08 14.11 ± 3.25 0.27 0.25 0.04
Impulsebrake (N·s) 22.07 ± 9.27 32.63 ± 9.03a 46.14 ± 9.17b 1.00 1.24 1.67
Timebrake (s) 0.373 ± 0.187 0.457 ± 0.434 0.358 ± 0.205 0.26 0.26 0.07
Impulseprop (N·s) 46.16 ± 10.83 68.32 ± 15.53a 88.45 ± 14.29b 1.29 1.14 1.82
Timeprop (s) 0.248 ± 0.068 0.246 ± 0.053 0.253 ± 0.062 0.03 0.13 0.07
PPabs (W) 894.37 ± 234.39 1343.09 ± 337.62a 1756.29 ± 303.03b 1.23 1.14 1.85
PPrel (W/kg) 35.35 ± 5.01 39.23 ± 4.97a 40.35 ± 4.95a 0.73 0.23 0.73
Powerbrake (W) − 99.12 ± 40.14 − 135.32 ± 54.66a − 200.12 ± 63.63b 0.72 1.01 1.51
Powerprop (W) 490.71 ± 148.27 726.78 ± 200.30a 947.21 ± 117.43b 1.12 1.07 1.77
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moderate, significant increases between the  earlypre and 
 latepre groups (P < 0.05). No significant differences were 
found between any groups for GCT, RSI, SLC and TOV 
and effect sizes ranged from trivial to moderate. Differ-
ences for all DJ variables between the  latepre and pubertal 
groups were non-significant and trivial to moderate.

Vaulting

Moderate, significant increases in vaulting vertical take-
off velocity were found between the  earlypre and  latepre 

groups (P < 0.05) and between the  earlypre and pubertal 
groups (P < 0.05). However, no significant differences 
were observed between the  latepre and pubertal groups 
for vertical take-off velocity and effect sizes were trivial.

Regression Analyses

Multiple stepwise regression analysis outputs for each jump-
ing test across the whole sample is shown in Table 5. For the 
SJ test, regression analysis showed that variation in verti-
cal take-off velocity during vaulting performance was best 

Table 4  Maturity group analysis of variables from the drop jump test (mean ± sd)

Significant at the level of P < 0.05
a Significantly greater than the early pre-pubertal group
GCT  ground contact time, RSI reactive strength index, ∆COM centre of mass displacement, SLC spring-like correlation, TOV take-off velocity, 
PFabs absolute peak force, Powerbrake braking average power, Powerprop propulsive average power, Workbrake braking average work, Workprop pro-
pulsive average work, Stiffnessrel relative vertical stiffness
Small effect size (0.20–0.59); Moderate effect size (0.60–1.19); Large effect size (1.20–2.00)

Test variable Earlypre Latepre Pubertal Between group effect size (d)

Earlypre–Latepre Latepre–Pubertal Earlypre–
Pubertal

GCT (s) 0.193 ± 0.049 0.191 ± 0.340 0.214 ± 0.077 0.10 0.32 0.29
RSI 0.80 ± 0.26 0.95 ± 0.29 0.96 ± 0.32 0.43 0.10 0.58
PF (N) 1549.00 ± 382.65 2070.72 ± 472.30a 1918.52 ± 629.35 1.04 0.29 0.78
∆COM (cm) 9.91 ± 2.67 11.34 ± 2.58a 12.11 ± 5.40a 0.59 0.01 0.53
Stiffnessrel (BW/m) 14.72 ± 4.58 17.54 ± 5.16 24.27 ± 18.27a 0.18 0.62 0.72
SLC − 0.92 ± 0.05 − 0.94 ± 0.05 − 0.94 ± 0.05 0.27 0.14 0.27
TOV (m/s) 1.91 ± 0.19 2.00 ± 0.17 1.84 ± 0.37 0.24 0.66 0.25
Powerbrake (W) − 901.10 ± 199.90 − 1278.17 ± 285.17a − 1402.65 ± 372.30a 0.91 0.43 1.21
Powerprop (W) 749.40 ± 176.02 1116.34 ± 259.12a 1252.18 ± 266.50a 1.12 0.49 1.45
Workbrake (J) 66.35 ± 17.42 103.60 ± 29.83a 125.59 ± 38.23a 1.14 0.50 1.51
Workprop (J) 46.35 ± 16.45 79.63 ± 29.20a 102.00 ± 50.50a 1.17 0.43 1.40

Table 5  Stepwise multiple linear regression equations explaining the variables that significantly (P < 0.05) contributed to vertical take-off veloc-
ity during vaulting from the SJ, CMJ and DJ tests for all maturity groups

PPabs absolute peak power, %PAH percent of predicted adult height attained, JH jump height, GCT  ground contact time, ∆COM centre of mass 
displacement

Jumping pro-
tocol

Dependent variable Independent vari-
ables

Regression equation (beta 
coefficients)

Adjusted R2 
value

Sig. value

SJ Vertical take-off velocity from springboard Constant − 0.787
%PAH 0.044 0.406 0.000
PPabs 0.000 0.454 0.003

CMJ Vertical take-off velocity from springboard Constant − 1.248
%PAH 0.046 0.406 0.000
JH 3.761 0.435 0.008

DJ Vertical take-off velocity from springboard Constant − 0.165
%PAH 0.053 0.406 0.000
GCT − 0.008 0.514 0.000
∆COM 0.067 0.548 0.002
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explained by %PAH (41%) and greater  PPabs (4%), account-
ing for 45% of the total variance. While %PAH (41%) and 
higher JH (3%) were the best predictors from the CMJ test, 
explaining 44% of the total variance. Finally, the DJ test was 
found to have highest explained total variance (55%) and was 
best explained by %PAH (41%), reduced GCT (10%) and 
greater ∆COM (4%).

Discussion

This study examined the influence of maturity status on 
force–time variables from CMJ, SJ and DJ tests and the 
influence of these variables on vaulting performance in 
young female gymnasts. Overall, the main findings of this 
study were that jumping performance (i.e. jump height being 
the outcome measure) improves with biological maturity. 
This was evidenced by the most mature gymnasts’ producing 
significantly more  impulseprop, power (both peak and average 
power) and faster  Vpeak than the least mature group, result-
ing in the greater jump heights in all jump tests. While, no 
significant differences were observed in relative peak force 
across multiple tests, measures of relative peak power did 
significantly increase. Jumping variables across the different 
tests explained only a small amount of the variance in verti-
cal take-off velocity during vaulting which appeared to be 
more strongly associated with %PAH, indicating its potential 
role in vaulting performance.

Small and moderate increases in JH, albeit non-signif-
icant, were reported between the least mature group and 
the  latepre and pubertal groups for the SJ testing. Our find-
ings are consistent with previous SJ data, which found no 
significant difference in jump height between under-11 s 
and under-13 s (both groups were pre-peak height velocity 
(PHV)), albeit in male youth soccer players [25]. In contrast, 
SJ jump height was significantly greater between under-16 s 
(post-PHV) and both less mature groups of boys [25]. With 
further growth and maturation, post-pubertal female gym-
nasts could produce greater amounts of force, impulse and 
power, resulting in significantly higher jump heights than 
less mature girls. However, the natural increases in fat-mass 
females experience with biological maturation could nega-
tively impact jumping height [27].

The observed increases in jump height can be explained 
by the significant increases in  Impulserel and  Vpeak young 
gymnasts experience with maturity.  Impulserel provides 
insight into athletes’ velocity capacity, which directly influ-
ences vertical jumping performance [15, 51]. Further, sig-
nificant increases in  PFabs,  PPabs, and  RFDabs were evident 
between the least mature group of gymnasts and both  latepre 
and pubertal groups. These results are likely due to the 
maturity-associated increases in force-producing capabilities 
that occur as children approach adolescence [48]. However, 

when normalized to body mass, only  Impulserel and  PPrel 
significantly increased with maturity between the  earlypre 
and more mature groups, while all other relative measures 
 (PFrel,  RFDrel and  pRFDrel) remained unchanged. This find-
ing corroborates with existing age-related SJ literature, 
which has shown a significant age effect for  PPrel but not 
 PFrel in young female gymnasts [4]. Given that the amount of 
relative force produced appears stable with advancing matu-
rity, these data could indicate that maturity-related increases 
in SJ height may be attributed to faster movement velocities 
as evidenced by the difference in  PPrel and  Vpeak. Specifi-
cally, these increases in movement velocity appear to be due 
to greater changes in contraction distance which, might be 
driven by growth (i.e. longer levers and fascicle lengths) and 
jumping strategy (i.e. taller, more mature gymnasts move 
a greater distance to get to a similar optimal depth prior to 
push-off) [1, 48].

Small to moderate significant increases in CMJ height 
between successive maturity groups was found in this study. 
These results support previous researchers who have shown 
CMJ height increases with advancing age and maturity 
throughout childhood and adolescence [12, 19, 22, 27]. 
While data from the present study aligns with existing lit-
erature, less is known about the underlying kinetics. Moder-
ate to large increases were reported in absolute kinetic vari-
ables  (PFabs,  Impulsebrake,  Impulseprop,  PPabs,  Powerbrake and 
 Powerprop) between successive groups. It is therefore likely 
that the significantly greater impulse more mature gymnasts 
produced resulted in higher jump heights, than their imma-
ture counterparts. This is further evidenced by the moderate 
to large significant increases in  Impulsebrake and  Impulseprop 
gymnasts experience with increasing maturity while, the 
duration of these phases remains unchanged.

For  PFrel and  PPrel a similar pattern to the results from 
the SJ was observed, with no significant differences between 
any groups for  PFrel and only a significant increase in  PPrel 
from the least mature gymnasts to the  latepre and pubertal 
groups, respectively. Previous data in young female gym-
nasts has also shown  PFrel is unchanged with maturation 
during this period of development, albeit during an isometric 
mid-thigh pull protocol [35]. Together, these results sug-
gest young female gymnasts could benefit from strength and 
conditioning that offers an alternative training stimulus to 
enhance relative strength and movement velocity, beyond 
that of sport-specific training.

Maturation appears to enhance young gymnasts’ abil-
ity to rebound higher during the DJ protocol, evidenced 
by moderate, significant increases in jump height between 
the  earlypre group and both  latepre and pubertal cohorts of 
gymnasts. The significantly greater amount of PF, work, 
power and  stiffnessrel more mature gymnasts produce, likely 
explains their superior ability to jump higher than their more 
immature peers. All maturity groups were able to meet the 
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required GCT < 250 ms for fast-SSC function which is note-
worthy, and may reflect selection and/or training effect of 
gymnastics in this population. Fast-SSC actions are thought 
to promote greater movement speed via mechanisms inclu-
sive of; elastic energy reutilization, greater pre-activation, 
stretch-reflex contributions and greater neural excitation [3, 
16, 20, 48]. Thus, maturity-related increases in kinetic vari-
ables in this study are likely attributed to structural and neu-
ral adaptations [48]. Specifically, natural increases in tendon 
CSA and stiffness [17, 40], increases in preactivation [18, 
42], reduced co-contraction ratios [18] and so forth, may 
enhance SSC function in youth. However, it should be noted 
that no significant differences between the two most mature 
groups for jump height, or any other DJ variables were 
detected which, could be due to the significant increases in 
%PAH and body mass in the more mature cohort.

The results for RSI and SLC revealed no significant dif-
ferences between all maturity groups, although some small 
increases with advancing maturity were present. Specifi-
cally, the trend of increasing RSI with maturation appears 
to be driven by primarily increases in jump height as no 
significant differences in GCT were observed. While RSI 
can increase through a potentially undesirable strategy (i.e. 
as it is a ratio determined by JH and GCT), the inclusion of 
the SLC allows further evaluation of athletes’ SSC capabili-
ties [45]. Current research suggests that spring-like behavior 
is represented by a SLC of above 0.8, whereby effective 
SSC mechanisms facilitate storage and reutilization of elas-
tic energy within connective tissues [44]. Importantly, data 
from this study shows that all three cohorts of gymnasts 
display good spring-like behavior (> 0.9), and this remains 
stable throughout the development period examined.

Regression Analyses

Based upon our data it appears that maturation most strongly 
influences vertical take-off velocity during vaulting, evi-
denced by %PAH appearing in all regression equations and 
explaining ~ 41% of variance in each jumping test. Fur-
ther, regression analysis revealed only one other variable 
predicted vertical take-off velocity during vaulting perfor-
mance from the SJ and CMJ tests,  PPabs (4%) and JH (3%) 
respectively. However, for the DJ protocol both a shorter 
GCT (10%) and greater ∆COM (4%) were identified as pre-
dictors. Together with %PAH, these variables explained 55% 
of common variance in vertical take-off velocity, resulting in 
the DJ test explaining the most variance in the vault straight 
jump. These results are perhaps unsurprising given the simi-
larities between the gymnasts’ interaction with spring-board 
during take-off and the drop jump protocol, albeit on dif-
ferent types of surfaces. From a dynamic correspondence 
perspective, both require fast-SSC function owing to the 
constrained amount of time in contact with the ground or 

spring-board [39, 45]. These results highlight the importance 
of maturation and the ability to produce high amounts of 
force at faster rates for successful vaulting performance in 
young female gymnasts.

One limitation of this study is that the between group 
differences reported for the maturity groups were identified 
from a cross-sectional data set. Therefore, future research is 
required to track the natural development of youth female 
gymnasts across a longitudinal timeframe (i.e. from pre- to 
post-puberty) to confirm this study’s findings. While the 
authors recognize this limitation, the current study makes 
a significant and novel contribution to the pediatric (and 
gymnastics) literature by examining differences in jump 
kinetics during jumping and vaulting, which can be used to 
help inform training prescription.

Conclusion

This study shows the value of using a jumping test battery 
that includes underpinning mechanical variables in young 
female gymnasts at different stages of maturation. Many 
absolute kinetic variables appear to significantly increase 
with advancing maturity across multiple tests however, we 
observed no differences in relative peak force while relative 
power and velocity significantly increased. Further, no sig-
nificant differences were observed between maturity groups 
in braking and propulsive phase times for the CMJ test, or 
GCT for the DJ. Overall, this suggests more mature gym-
nasts have a higher movement velocity due to greater con-
traction distances over similar amounts of time. Therefore, 
as relative measures of strength do not appear to naturally 
increase with maturation, strength and conditioning provi-
sion for youth female gymnasts should target this physical 
quality throughout childhood and adolescence. This finding 
supports previous gymnastics-based literature which has 
demonstrated the effectiveness of resistance training inter-
ventions to increase levels of muscular strength and conse-
quently, jumping performance [28, 33]. Providing technical 
competency is maintained, long-term training programs 
should aim to provide gymnasts with an effective training 
stimulus that differs to their sports-specific training in an 
integrative and individual manner (e.g. using higher load-
ing schemes via resistance training, weightlifting derivatives 
etc.).

As this study has shown biological maturation influ-
ences vertical take-off velocity during vaulting, practitioners 
should monitor and consider maturational status in testing 
batteries for youth gymnasts. Further, greater absolute peak 
power during the SJ, higher CMJ height and shorter GCTs 
and greater ∆COM during the DJ, appear to be the most 
important variables for vaulting performance in the jump-
ing tests examined. Targeting performance improvements 
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in these measures within the training programs of young 
gymnasts seems logical. However, it is crucial that train-
ing programs are always developed holistically and must 
be inclusive of exercises which enhance gymnasts’ overall 
athleticism and reduce the relative risk of gymnastics-related 
injuries.
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