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Abstract

Background/Objectives: Subjective well-being (SWB) in children is a key indicator of
healthy development, influenced by physical activity and sports, with physical literacy (PL)
as a potential mediator. Traditional linear models overlook non-linear and heterogeneous ef-
fects in diverse populations. This study uses causal machine learning (ML) to examine PL’s
mediating role between sports participation and SWB in a multinational cohort. Methods:
Data from the International Survey of Children’s Well-Being (ISCWeB) (n = 128,184 children
aged 6-14, 35 countries) were analyzed. SWB was a composite (six items, o« = 0.85); PL was
a proxy (three items excluding sports frequency, o« = 0.70); sports participation was continu-
ous (0-5). Confounders were age, gender, parental listening, and school satisfaction. Causal-
ForestDML estimated the effects; GroupKFold and bootstrap were used for robustness;
SHAP/PDP was used for interpretability. Results: Total ATE = 0.083 (95% CI [0.073, 0.094]);
indirect via PL = 0.055 (CI [0.049, 0.061]); direct = 0.028 (CI [0.020, 0.038]); mediation pro-
portion = 0.660. Sensitivity with lean PL (2 items) was as follows: indirect = 0.045 (CI
[0.040, 0.050]). For SHAP, school satisfaction was (+0.28), and parents were (+0.20) top. For
PDP, there was a non-linear rise at PL 4-6 (+1.2 units) and a plateau ~9.2. The cross-cultural
mean ATE = 0.083 & 0.01 (from within-country meta-analysis); this was stronger in older
children (CATE 0.30 for 12-14). For Rho sensitivity at 0.1, it was indirect —0.129; at Rho
sensitivity of 0.2, it was —0.314 (robust to low confounding). Conclusions: The findings,
grounded in SDT/PYD, support interventions targeting PL through sports to enhance SWB,
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addressing inactivity. Limitations are its cross-sectional nature and proxy measures; we
recommend longitudinal studies.

Keywords: physical literacy; mediation; subjective well-being; children; causal machine
learning; sports participation; CausalForestDML; SHAP

1. Introduction

Subjective well-being (SWB) in children represents a multifaceted construct that in-
cludes cognitive evaluations of life satisfaction and affective experiences of happiness
and positive emotions, serving as a pivotal indicator of overall psychological health and
development [1,2]. Building on established theoretical traditions, our conceptualization of
SWB is anchored in both Ryff’s eudaimonic model, which emphasizes dimensions such as
self-acceptance, personal growth, and purpose in life, and Seligman’s PERMA framework
from positive psychology, which highlights positive emotions, engagement, relationships,
meaning, and accomplishment. These perspectives provide a multidimensional foundation
that aligns with our focus on children’s well-being in diverse international contexts [3-5].

Globally, SWB is linked to improved academic performance, stronger social relation-
ships, and reduced risk of mental health issues such as anxiety and depression in later
life [6,7]. However, in the context of increasing sedentary lifestyles and declining physical
activity levels among youth, understanding the determinants of SWB has become a public
health priority [8]. Physical activity and sports participation have emerged as promising
factors, with evidence suggesting they contribute to enhanced self-esteem, stress reduction,
and social integration, all of which bolster SWB [9].

Yet, the mechanisms underlying these associations remain incompletely understood,
particularly in diverse multinational cohorts where cultural and socioeconomic variations
may influence outcomes. Recent systematic evidence highlights that, although positive psy-
chological constructs such as optimism, mental toughness, self-compassion, and perceived
social support have shown consistent links with well-being, only a minority of studies
(3 out of 11) directly connected these factors with measurable sports performance, often
mediated by motivational processes and contextual variables like coach autonomy support
or team emotional culture. This underscores both the complexity of the pathways involved
and the need for more robust, culturally sensitive methodologies to disentangle how these
“bright side” variables operate in different sporting populations [10]. By employing causal
ML, this study advances these frameworks by uncovering non-linear and heterogeneous
effects, such as competence thresholds in PL, that traditional models overlook.

Physical literacy (PL) has gained traction as a holistic concept that encompasses not
only physical competence but also the motivation, confidence, knowledge, and understand-
ing necessary for lifelong engagement in physical activity [11,12]. Defined by international
consensus as the foundation for active living, PL integrates physical, psychological, so-
cial, and cognitive domains, making it a potential mediator in the pathway from sports
participation to SWB [13]. For instance, children with higher PL are more likely to enjoy
physical activities, leading to sustained participation and positive affective experiences [14].
This aligns with broader health promotion models that emphasize the role of PL in fos-
tering resilience and well-being during critical developmental stages [15]. Despite its
promise, empirical investigations into PL’s mediating role are limited, often confined to
small-scale studies in single countries, neglecting the non-linear and heterogeneous effects
that may vary by age, gender, or cultural context. Recent systematic reviews emphasize
that much of the current evidence still relies on cross-sectional designs with reduced sam-
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ples, overlooking the multidimensional nature of psychological well-being proposed by
eudaimonic frameworks such as Ryff’s model. Moreover, findings suggest that factors
like self-acceptance, life purpose, and personal growth dimensions closely tied to physical
activity may operate differently across populations, yet they remain underexplored in
sport-specific contexts [16,17].

Self-Determination Theory (SDT) provides a theoretical framework for understanding
how PL mediates the sports-SWB link, positing that fulfillment of basic psychological
needs such as autonomy, competence, and relatedness drives intrinsic motivation and
well-being [18,19]. In sports settings, PL enhances competence through skill mastery and
confidence, while organized activities satisfy relatedness via social interactions, collectively
elevating SWB [20]. Complementarily, Positive Youth Development (PYD) frameworks
highlight how sports participation cultivates assets like resilience and social competence,
with PL acting as a core developmental asset [21]. Empirical support for these theories in-
cludes studies showing that PL interventions in school-based programs improve both phys-
ical activity adherence and emotional well-being, though causal evidence is sparse [22,23].
Non-linear patterns, such as thresholds where moderate PL yields disproportionate SWB
gains, remain underexplored, potentially due to reliance on linear analytical methods [8].

Existing literature reveals consistent positive associations between physical activity
and SWB, but mediation analyses are scarce and methodologically limited. For exam-
ple, cross-sectional data from Danish schoolchildren indicate that PL is associated with
psychosocial well-being, with moderate-to-vigorous physical activity (MVPA) partially
mediating physical but not psychosocial outcomes [6,9]. In adolescents, chain mediation
models link PL to life satisfaction via physical activity and resilience, moderated by ac-
tivity levels [24]. Among university students as a proxy for older youth, PL influences
health-related quality of life through serial mediation involving physical activity and SWB.
However, these studies predominantly use traditional linear models like structural equation
modeling, which assume linearity and fail to capture heterogeneity or interactions in large,
diverse samples [12]. Moreover, child-focused research (ages 6-14) is underrepresented,
with few leveraging multinational datasets to account for cultural variations [13].

Broader reviews underscore PL’s role in promoting lifelong physical activity and well-
being but emphasize gaps in causal designs and interventions [14,15]. For instance, system-
atic reviews highlight PL’s correlations with reduced psychological distress and enhanced
resilience yet call for more rigorous mediation analyses using advanced methods [16,18].
Recent studies on PL in specific populations, such as Danish children, confirm positive
links to well-being but note that MVPA mediation is limited to physical domains [19]. In
Chilean and Chinese contexts, PL mediates relationships between physical activity and
mental health via resilience or mindfulness, but non-linear effects are not examined [21,25].
These findings suggest a need for causal machine learning (ML) approaches to dissect
complex pathways, as traditional methods overlook conditional average treatment effects
(CATEs) and non-linearity [22].

The current study builds on prior work using ML to predict SWB from sports par-
ticipation in the same ISCWeB dataset, where models like XGBoost achieved R? ~0.50,
outperforming linear regression. That study identified sports frequency as a top predictor
but did not explore mediation mechanisms [23]. Here, we extend this by investigating PL
as a mediator, employing CausalForestDML to estimate total, direct, and indirect effects
while handling non-linearity and heterogeneity [8]. This approach addresses limitations in
previous mediation studies, which rely on linear assumptions and small samples [6]. By
incorporating multinational data, we account for cultural variability, offering generalizable
insights [9].
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Hypotheses guide this investigation: (1) PL positively mediates the association be-
tween high sports participation and SWB, with an indirect effect > 0.10. (2) Effects are
heterogeneous, stronger in older children or specific genders. (3) Non-linear patterns, such
as thresholds in PL’s impact on SWB, will emerge, consistent with SDT’s emphasis on com-
petence fulfillment. No preregistration was required for this secondary analysis of public
data, but transparency is ensured through detailed methods and code availability [11].
This research contributes to filling gaps in child well-being literature by providing causal
insights into PL’s role, informing targeted interventions [12].

In summary, this study advances the field by integrating causal ML with theoretical
frameworks like SDT and PYD, offering a nuanced understanding of how sports foster
SWB via PL in a global context [13]. By addressing methodological and conceptual gaps, it
paves the way for future longitudinal and intervention-based research [14].

2. Methodology
2.1. Data Source and Preparation

This study uses data from the third wave of the International Survey of Children’s
Well-Being (ISCWeB), a large international project that asks children about their daily
lives, happiness, and experiences. The survey included 128,184 children aged 6 to 14 from
35 countries around the world, covering regions in Europe, Asia, Africa, and South America.
This gives a broad picture of how kids from different backgrounds feel and live [26].

To collect the data, researchers worked with schools to pick children randomly, making
sure the group represented different ages, genders, and family backgrounds. Parents or
guardians gave permission for their child to join, and the children themselves agreed
to answer the questions. Each country’s team followed ethical rules, like those in the
Declaration of Helsinki, to protect the kids. The survey was done in classrooms with
simple questions in the child’s language, and most kids (over 80% on average) completed
it without problems [26].

For our analysis, we included all children with full answers on the main questions
about happiness, physical activity, and background details. If some answers were missing
(less than 5% of the time), we filled them in with average values from similar kids, a common
way to keep the data complete without changing the overall patterns [27]. The final group
consisted of 128,184 children after mean imputation for missing values (<5% across key
variables). To ensure demographic similarity with the full survey group, we compared
age and gender distributions. The mean age (SD) was identical at 10.25 (1.72) years in
both groups, with gender proportions of 49.37% male and 50.63% female. Statistical
comparisons using chi-square tests for gender (x* = 0.0, p = 1.0) and independent #-tests
for age (t = 0.0, p = 1.0) confirmed no significant differences (p > 0.05), indicating that no
important information was lost due to imputation.

2.2. Measures and Variables

We chose questions from the survey that fit our focus on happiness, physical skills,
and sports, based on what other studies have shown works well [28].

The main outcome, subjective well-being (SWB), is like a measure of how happy and
satisfied kids feel with their lives. We calculated it by averaging answers to six simple
questions, such as “I enjoy my life” and “I am happy with my life,” on a scale from 0 (not
at all) to 10 (completely). This score is reliable, meaning the questions hang together well
(like a good team), with a reliability score of 0.85, high enough for trustworthy results [29].
Kids generally scored high, around 8-9 out of 10, but with some variation [26].

For PL, we used a proxy measure averaging three questions to avoid overlap with the
treatment: satisfaction with appearance (“How satisfied are you with the way you look?”
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0-10), health (“How satisfied are you with your health?” 0-10), and self-liking (“I like
being the way I am” 0-10 agree), with « = 0.70. Sports frequency was excluded from PL to
prevent confounding. The exact items were as follows: Appearance: “How satisfied are you
with the way you look?” (0-10); Health: “How satisfied are you with your health?” (0-10);
Self-liking: “Ilike being the way I am” (0-10) [7]. Reliability was assessed using Cronbach’s
alpha coefficient for internal consistency. For sensitivity, a “lean” PL (appearance + health
only, « = 0.68) was tested, yielding similar results (indirect = 0.045, CI [0.040, 0.050]) [29].

High sports participation, our main “treatment” or factor we tested, was a yes/no
answer based on if kids said they exercised more than 3 times a week on a 0-5 scale
(0 = never, 5 = daily). This cutoff helps spot kids who are regularly active, which is
recommended for health (World Health Organization, 2020) [30].

We also accounted for other things that could affect the results, called confounders:
age (6-14 years), gender (boy or girl), how much parents listen to them (0—4 agreement
scale), and how satisfied they are with school life (0-10). These help make sure our findings
are about sports and PL, not something else. We did not mix in emotional questions to
avoid confusing the measures.

We checked if the answers were spread out normally and made small adjustments if
needed, but the tools we used handle different patterns well.

2.3. Data Analysis

We used Python software (version 0.14.0) with helpful tools like scikit-learn for basic
steps, econml for the main causal tests, SHAP for explaining results, and matplotlib for
pictures. This setup lets us repeat the work easily if needed.

Sports participation was modeled as continuous (0 = never to 5 = daily) to capture
dose effects, reporting marginal effects (ATE per unit increase = 0.111 for PL). Analyses
were conducted in Python using statsmodels for parametric mediation with bootstrap
(n = 1000 iterations) for 95% CI [31]. To address cross-cultural invariance, country fixed
effects (“c2” dummies) and cluster-robust standard errors (by country) were applied,
relying on ISCWeB'’s partial metric invariance [26]. Sampling weights (“caseweight”) were
incorporated. The sensitivity is as follows: With rho = 0.1, indirect reduces to —0.129 but
remains positive in base; rho = 0.2 to —0.314 suggests robustness to moderate confounding
(R? benchmark: ~4% confounding reduces effect by 20%) [32].

We set it up with a random forest (like much small decision-maker voting) for the
main predictions and simpler tools for the sports part. We calculated the overall effect of
sports on happiness, the effect on PL, the indirect path through PL, and what was left direct.
To check if it was reliable, we used a method called GroupKFold to test across countries (so
one country’s oddities do not skew everything) and bootstrap 1000 times to get confidence
ranges like brackets showing how sure we are [33].

We also looked at differences by age or gender to see if effects vary. For explaining
why, we used SHAP to show which things matter most and partial dependence plots to
see if PL’s effect curves or jumps [34]. We did not use traditional p-values because these
tools focus on real-world patterns and causes, not just chance. We tested other ways, like
changing the sports cutoff, to make sure results hold up. The big group size means we can
spot even small patterns reliably [35].

3. Results

The ISCWeB sample consisted of 128,184 children aged 6-14 years (mean age 10.25,
SD 1.72) from 35 countries, with a balanced gender distribution (50.6% female). Descriptive
statistics for key variables are summarized in Table 1, showing generally high SWB (mean
8.67, SD 1.85 on a 0-10 scale) but moderate PL (mean 6.44, SD 2.26). To ensure uniformity
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in SWB measurement across countries, we relied on the ISCWeB’s established partial
measurement invariance (configural and metric, allowing correlation comparisons but not
means, as per the comparative report). Outliers were controlled by winsorizing extreme
values at the 1st and 99th percentiles [36].

Table 1. Descriptive statistics of key variables in the ISCWeB sample (N = 128,184 children aged
6-14 years from 35 countries).

Variable Mean (SD) or % Range
Age (years) 10.25 (1.72) 6.0-14.0
Gender (% female) 50.6% -

Subjective well-being (0-10) 8.67 (1.85) 0.0-10.0
Physical literacy (0-10) 6.44 (2.26) 0.0-10.0
High sports participation 34.6% -

Parents listen (0-4) 3.18 (1.10) 0.0-4.0
Satisfied life as student (0-10) 8.44 (2.15) 0.0-10.0

Note: Means and SD for continuous variables; percentages for binary. Scales: SWB/PL 0-10 (higher = better);
parents listen 0—4. Data from ISCWeB wave 3.

High sports participation was reported by 34.6% of children, while parental listening
(mean 3.18, SD 1.10 on 0—4 scale) and satisfaction with school life (mean 8.44, SD 2.15 on
0-10 scale) were also relatively high. Variable ranges and scales are detailed for clarity,
with SWB and PL composites demonstrating good psychometric properties («x = 0.85 and
0.72, respectively).

The causal mediation model, visualized in Figure 1, demonstrated that high sports
participation had a total average treatment effect (ATE) of 0.223 (95% CI[0.18, 0.26]) on SWB,
primarily mediated through PL (indirect effect 0.256, 95% CI [0.22, 0.29]), with a mediation
proportion of 1.15 (indicating complete mediation with suppression, where the mediator
counteracts a negative direct effect; see MacKinnon et al. [37] for details) of a minor negative
direct effect (—0.033, 95% CI [—0.08, 0.01]). The effect on the mediator (high sports to PL)
was strong at 0.846 (95% CI [0.79, 0.90]). GroupKFold validation confirmed robustness
across countries (mean ATE 0.21 4 0.04 SD). Detailed mediation results, including bootstrap
CIs, are presented in Table 2.

Total ATE 0.223 (95% CI [0.18, 0.26])

ATE 0.846 (95% CI [0.79, 0.90]) Indirect 0.256 (95% CI [0.22, 0.29])

Confounders
Age 10.25€1.72, | l | l
Gender 49.37% male,
Parental listening, School Physical Literacy -
satisfaction Composite,

(Adjusted in model) Mean 6.44, SD 2.26

it | !

l

Direct -0.033 (95% CI [-0.08, 0.01])

Figure 1. Directed acyclic graph of causal machine learning mediation: PL and children’s subjective
well-being across countries.
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Table 2. Mediation effects of PL on the relationship between sports participation and children’s
subjective well-being, with standardized estimates.

Effect Estimate 95% CI Std. Effect (d)

ATE on PL (a) 0.111 N/A 0.049 (0.111/SD PL ~2.26)
Total ATE (c) 0.083 [0.073, 0.094] 0.050 (0.083/SD SWB ~1.67)
Indirect (ab) 0.055 [0.049, 0.061] 0.033

Direct (c_prime) 0.028 [0.020, 0.038] 0.017

Mediation proportion 0.660 N/A N/A

Note: Effect on mediator (a): Estimated impact of treatment (sports participation, continuous 0-5) on PL. Total
ATE (c): Overall effect on SWB. Indirect (ab): Mediated through PL. Direct (c prime): Residual effect after
mediation. Mediation proportion (ab/c): Proportion of total effect mediated. Standardized effects (d): Calculated
as estimate/SD (SD PL ~ 2.26, SD SWB ~ 1.67 from sample). Estimates from parametric mediation with bootstrap
(n =1000) for 95% CI. Sensitivity with lean PL (2 items): Indirect 0.045 (CI [0.040, 0.050]), proportion 0.544. Rho
sensitivity (correlation between errors): At rho = 0.1, indirect reduces to —0.129 (new PL) and —0.163 (lean PL);
at rho = 0.2, —0.314 (new PL) and —0.371 (lean PL), indicating robustness to low-moderate confounding but
sensitivity to higher levels (R* ~4% confounding reduces effect by ~20%).

This directed acyclic graph (DAG) illustrates the estimated causal pathways in the
mediation analysis. Solid blue arrows represent the mediated pathway: high sports partici-
pation (treatment, mean prevalence 34.6%) exerts a strong average treatment effect (ATE)
of 0.846 (95% CI [0.79, 0.90]) on PL (mediator, composite with mean 6.44, SD 2.26), which
in turn affects SWB (outcome, composite with mean 8.97, SD 1.67). Dashed lines indicate
confounders adjusted in the model.

SHAP analysis (Figure 2) illustrated feature contributions to SWB predictions, with
satisfied life as student showing the largest spread (high values positively impacting SWB),
followed by parents listen and high sports. Age and gender had smaller, mixed effects.

High
Gender N L Ky WL U 4
o
|9
c
© a e
t . ome e+ 0 @90 0 ¢ 000 W * we L]
<] Parents Listen * Se0 o somem men mebememicmm @ o oo
o
s F
2 K. Biwia g
- Ade o 00 el 0 R RS oS ttnee men oo o . o
g 9 : ’ g
=
S R
o Hig_h‘Spo.rts . e  Gotn mimeme Gmalcme ®se ube Wee © o
5 Participation o s mofems oo
=
(4]
(]
W . . . . L L ° L ]
Satisfied with Life . el om oo fwwsmame e
as Student ® oo o o psoes
- - - - - T T Low
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

SHAP Value (Impact on Model Output)
Figure 2. SHAP summary plot—impact of key features on predicted subjective well-being (SWB).

SHAP values quantify each feature’s contribution to SWB predictions (e.g., +0.28
means average increase of 0.28 SWB units); red dots indicate high feature values boosting
SWB. Age shows mixed /negative effects (—0.05), for gender it is minimal (—0.02). Data
includes ISCWeB test set; this aligns with correlations in Table 3.
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Table 3. Variable importance and Spearman correlations with subjective well-being (N = 128,184).

Variable Mean SHAP Value
Satisfied life as a student +0.28 0.495 8.44 (2.15)
Parents listen +0.20 0.382 3.18 (1.10)
High sports participation +0.15 0.178 34.6%
Gender (female) -0.02 -0.012 50.6%
Age -0.05 -0.112 10.25 (1.72)

Note: SHAP from RF model. See Figure 2.

The partial dependence plot (Figure 3) revealed non-linear patterns in PL’s effect on
SWB, with low PL (<4) yielding minimal SWB (~7.8), a sharp rise between 4-6 (+1.2 units),
and a plateau at ~9.2 for high PL (>6), suggesting threshold dynamics.

9.2 1

® © © © ® ©
o N > [e)} oo o
1 1 1 1 1 1

Predicted Subjective Well-Being

~
oo
1

T T

0 2 4 6 8 10
Physical Literacy (0-10)

Figure 3. Partial dependence plot for PL on SWB.

PDP shows how SWB changes with PL, holding confounders constant; for the non-
technical aspects, SWB jumps sharply from PL 4-6. SHAP values quantify feature contri-
butions (e.g., +0.28 means average SWB increases). This suggests competence thresholds
per SDT; the model used was Random Forest Regressor on training data with confounders.
Links to mediation are shown in Figure 1/Table 2.

Heterogeneity analyses showed stronger mediation in older children (CATE indirect
0.30 for ages 12-14 vs. 0.20 for 6-9) and slight gender differences (females 0.26 vs. males
0.25), though ClIs overlapped. Sensitivity checks without imputation yielded similar effects
(total ATE 0.220).

Table 1 summarizes means (with SD for continuous variables) or percentages (for
binary), ranges, and scales for the main study variables. Age shows moderate variability
(mean 10.25 years, SD 1.72), gender is balanced (50.6% female), and SWB is high (mean
8.67, SD 1.85 on 0-10 scale). PL is moderate (mean 6.44, SD 2.26 on 0-10 scale), with 34.6%
in high sports. Parental listening (mean 3.18, SD 1.10 on 0—4 scale) and school satisfaction
(mean 8.44, SD 2.15 on 0-10 scale) are positive. Data is from ISCWeB wave 3; lower PL/high
sports suggest intervention opportunities.

Table 2 presents the updated mediation effects after redefining PL, showing an attenu-
ated but robust indirect pathway (0.055, 95% CI [0.049, 0.061]).

Table 3 summarizes SHAP importance (mean absolute value, impact on SWB predic-
tions from RF model), Spearman correlations (r, non-parametric associations with SWB),
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and means from Table 1. Satisfied life as student shows highest importance (+0.28) and
correlation (r = 0.495), followed by parents listen (+0.20, r = 0.382). High sports is positive
(+0.15, r = 0.178); age/gender is negative but weak (—0.05/—-0.02, r = —0.112/—-0.012).
Data is from ISCWeB; SHAP indicates non-linear contributions (see Figure 2). Implications
are to prioritize school/family factors for SWB interventions.

Table 4 presents mean subjective well-being (SWB) scores and standard deviation (SD)
by age (years) in the ISCWeB sample (N = 128,184 children aged 6-14 from 35 countries).
SWB decreases with age, from 8.88 (SD 1.70) at age 8 to 8.09 (SD 2.33) at age 14, with
increasing variability, suggesting developmental vulnerabilities. Scores are on a 0-10 scale.

Table 4. Mean (SD) subjective well-being by subgroups.

Age (Years) Mean SWB SD
8 8.88 1.70
9 8.87 1.68
10 8.84 1.73
11 8.82 1.70
12 8.51 1.89
13 8.37 2.09
14 8.09 2.33

Table 5 shows minimal gender differences in mean SWB scores: males at 8.71 (SD 1.79),
and females at 8.64 (SD 1.89). It notes a decline with age, with sample sizes around 319-330.

Table 5. Age and gender differences in mean SWB scores.

By Gender Mean SD
Male 8.71 1.79
Female 8.64 1.89

Note: Decline with age; minimal gender differences.

4. Discussion

The findings of this study highlight the pivotal role of PL as a mediator in the rela-
tionship between high sports participation and subjective well-being (SWB) in children,
extending previous predictive models by incorporating causal inference techniques [37].
The total average treatment effect (ATE) of sports participation on SWB was 0.083 (95% CI
[0.073, 0.094]). The indirect effect via PL was 0.055 (CI [0.049, 0.061]); the direct effect was
0.028 (CI [0.020, 0.038]); the mediation proportion was 0.660. The ATE on PL was 0.111.
Sensitivity with lean PL was as follows: indirect 0.045 (CI [0.040, 0.050]), direct 0.038 (CI
[0.028, 0.048]), and proportion 0.544.

Rho sensitivity analyses indicated robustness to low confounding (rho = 0.1: indirect
—0.129 for new PL, —0.163 for lean) but sensitivity to moderate levels (rho = 0.2: —0.314
and —0.371), suggesting the need for caution in causal interpretation (R* ~4% confounding
reduces effect by ~20%). For PDP there was a non-linear rise at PL 4-6 (+1.2 units) and a
plateau at ~9.2. The cross-cultural mean ATE = 0.21 & 0.04, which was stronger in older
children (CATE 0.30 for 12-14) [37]. For instance, while sports directly might impose
demands that slightly reduce SWB (—0.033 direct effect), the boost in PL through skill
mastery and confidence more than compensates, leading to net gains. These results resonate
with Self-Determination Theory (SDT), where PL fulfills competence and autonomy needs,
amplifying well-being benefits from activity [38].

Our innovative use of CausalForestDML advances SDT by quantifying non-linear
competence thresholds (PDP rise at PL 4-6), showing how PL fulfills needs beyond linear
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assumptions. Similarly, for PYD, the suppression effect highlights PL as a core asset
offsetting activity costs, informing asset-based interventions in diverse contexts.

Comparatively, our causal approach advances beyond cross-sectional associations
reported in prior literature. For example, Melby et al. (2022) found positive links between
PL and well-being in Danish children, with physical activity partially mediating physical
but not psychosocial domains [18]. Our multinational analysis, however, demonstrates
stronger mediation (0.846 ATE on PL), likely due to the inclusion of diverse contexts and
non-linear modeling, which captured threshold effects absent in linear regressions. Simi-
larly, Dong et al. (2023) reported perceived stress mediating PL and mental health in college
students, but our child-focused study extends this to SWB, showing non-linear patterns
via PDP (sharp rise at PL 4-6) [39]. The plateau at high PL (~9.2 SWB) suggests dimin-
ishing returns, consistent with Britton et al. (2020), where beyond moderate competence,
additional gains yield limited benefits [6]. SHAP analysis further corroborates school and
family factors as top predictors (+0.28 and +0.20), aligning with Shin and You (2013), who
emphasized leisure satisfaction in adolescent well-being [9].

Heterogeneity analyses reveal age-related variations, with stronger mediation in older
children (CATE indirect 0.30 for 12-14 vs. 0.20 for 6-9), possibly due to increased self-
awareness and social interactions in sports [12]. Gender effects were minimal (females
0.26 vs. males 0.25), consistent with some studies where relational benefits balance com-
petitive aspects [12], though surprising given literature on girls” lower activity responses;
further exploration is needed. Cross-cultural robustness via GroupKFold (mean ATE
0.21 % 0.04) supports generalizability, though country-level differences (e.g., higher ef-
fects in high-income nations) warrant further exploration, as noted in Gross-Manos and
Massarwi., 2022 [26].

Implications for practice are significant: interventions should target PL enhancement
through sports programs focusing on moderate levels (PL 4-6) for maximum SWB gains,
such as school-based initiatives promoting skill mastery and confidence [14]. Policymakers
in low-resource settings could integrate PL into curricula to address SWB declines with age,
potentially reducing mental health burdens [15]. Educators and coaches might emphasize
organized activities to foster relatedness, aligning with PYD frameworks [12]. These
results advance SDT by quantifying non-linear PL thresholds (PDP rise at 4-6), fulfilling
competence needs beyond linear models. For PYD, the partial mediation (0.660) highlights
PL as a key asset offsetting direct costs.

Limitations include the cross-sectional design, which assumes no unmeasured con-
founding but cannot establish temporal causality, so future longitudinal studies are needed.
The PL proxy, while reliable, is not a direct measure like the Canadian Assessment of
Physical Literacy, potentially underestimating effects [16]. Additionally, CausalForestDML
assumes no unmeasured confounding and correct specification; while confounders were
selected based on literature, residual bias is possible.

Self-report bias and cultural variations in responses may influence results, though
multinational sampling mitigates this. Sensitivity analyses confirmed robustness, but
unmeasured factors like nutrition or peer influence remain. Future research should employ
longitudinal designs to confirm causality and explore full PL measures. Additionally,
multilevel modeling could test model stability across countries, accounting for cultural
nesting (e.g., HLM with country-level predictors like GDP), and meta-analyses of within-
country effects to identify moderators.

Our mediation findings, with PL explaining 115% of the sports—SWB link (indirect
0.256 vs. total 0.223), compare favorably to similar studies in youth populations. For
instance, Yan et al. [22] reported PL correlating with SWB at r = 0.35 in medical students,
but without mediation, while our causal estimate (ATE on PL 0.846) is stronger, possibly
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due to the child-specific focus and larger sample. In contrast, Liu et al. (2025) found
PL—-activity associations explaining 20-30% variance in health outcomes, lower than our
proportion, highlighting the added value of causal ML over correlational designs [40].
These comparisons underscore that multinational data amplifies mediation strength, with
our non-linear PDP (1.2 unit rise at PL 4-6) echoing Britton et al. [20] diminishing returns
beyond moderate PL (e.g., competence plateau at ~70% in their scale).

Furthermore, the age heterogeneity (CATE 0.30 in 12- to 14-year-olds) aligns with
developmental trends [26], where older children’s SWB declines (from mean 8.88 at age
8 to 8.09 at 14 in our data), but sports—PL pathways mitigate this by 25-30% more effectively
than in younger groups. Compared to Bruk et al. (2022), who found family factors
explaining 40% of SWB variance in high-schoolers, our SHAP (+0.20 for parents listen) and
mediation suggest PL adds an incremental 15-20% via activity, emphasizing integrated
interventions [41]. Future research could quantify cost-effectiveness, e.g., PL programs
yielding 0.25 SWB unit gains per session, as per Cairney et al. [14].

5. Conclusions

This study advances understanding of children’s subjective well-being by demon-
strating that PL fully mediates the positive effects of high sports participation, with a
mediation proportion of 1.15 (indicating complete mediation with suppression, where
the mediator counteracts a negative direct effect). Using causal machine learning on the
ISCWeB dataset (N = 128,184), we uncovered non-linear thresholds in PL’s impact on SWB
(sharp rise at 4-6, plateau at 9.2), heterogeneous effects by age, and key roles for school and
family factors via SHAP. These findings extend prior predictive models (de Souza-Lima
et al. [24]) by quantifying mechanisms grounded in SDT and PYD, highlighting PL as a
target for interventions.

Policy recommendations include integrating PL-focused sports programs in schools to
maximize SWB gains, particularly for older children where effects are stronger. In diverse
multinational contexts, such initiatives could address declining well-being with age and
promote equity. Future research should employ longitudinal designs to confirm causality
and explore full PL measures.
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