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Appendix A. Stability Analysis of SHAP Feature Importances

We assessed the stability of the top 10 SHAP features across cross-validation folds and years.
Jaccard@10 quantifies the set overlap between two top 10 lists, J = |A∩B|

|A∪B| (0 = no common features,
1 = identical sets; we also report the overlap count = Jaccard@10×10). Spearman’s ρ evaluates the
rank-order agreement on the union of features using the fold-wise mean |SHAP| ranks (ρ ∈ [−1, 1];
higher = more consistent ordering). Kendall’s τb measures pairwise rank concordance while adjusting
for ties (robust when many features have similar importance; τb ∈ [−1, 1]). Appendix Tables A1 and A2
report (i) cross-fold Jaccard overlaps and rank correlations (Spearman, Kendall) and (ii) year-to-year
persistence. Overall, governance (G) shows the highest stability, while social (S) is comparatively more
variable.
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Table A1. Cross-fold stability of the top10 SHAP features by year (mean ± standard deviation
across all fold pairs).

Target Year Jaccard@10 Spearman ρ (ranks) Overlap Count (0–10)

Environmental

2012 0.64 ± 0.11 0.72 ± 0.08 6.4 ± 1.1
2013 0.65 ± 0.10 0.73 ± 0.08 6.5 ± 1.0
2014 0.66 ± 0.10 0.74 ± 0.07 6.6 ± 1.0
2015 0.67 ± 0.09 0.75 ± 0.07 6.7 ± 0.9
2016 0.68 ± 0.09 0.76 ± 0.07 6.8 ± 0.9
2017 0.69 ± 0.08 0.77 ± 0.06 6.9 ± 0.8
2018 0.70 ± 0.08 0.78 ± 0.06 7.0 ± 0.8
2019 0.71 ± 0.08 0.78 ± 0.06 7.9 ± 0.8
2020 0.68 ± 0.10 0.75 ± 0.07 7.6 ± 1.0
2021 0.73 ± 0.07 0.81 ± 0.05 8.1 ± 0.7
2022 0.69 ± 0.09 0.77 ± 0.06 7.7 ± 0.9

Social

2012 0.55 ± 0.12 0.66 ± 0.10 5.5 ± 1.2
2013 0.57 ± 0.12 0.67 ± 0.10 5.7 ± 1.2
2014 0.58 ± 0.11 0.68 ± 0.09 5.8 ± 1.1
2015 0.59 ± 0.11 0.69 ± 0.09 5.9 ± 1.1
2016 0.60 ± 0.11 0.70 ± 0.09 6.0 ± 1.1
2017 0.61 ± 0.11 0.70 ± 0.09 6.1 ± 1.1
2018 0.61 ± 0.11 0.71 ± 0.09 6.1 ± 1.1
2019 0.62 ± 0.11 0.71 ± 0.09 7.0 ± 1.1
2020 0.66 ± 0.10 0.73 ± 0.08 7.3 ± 1.0
2021 0.64 ± 0.12 0.72 ± 0.09 7.1 ± 1.2
2022 0.67 ± 0.09 0.74 ± 0.08 7.4 ± 0.9

Governance

2012 0.71 ± 0.09 0.80 ± 0.07 7.1 ± 0.9
2013 0.72 ± 0.08 0.81 ± 0.06 7.2 ± 0.8
2014 0.73 ± 0.08 0.81 ± 0.06 7.3 ± 0.8
2015 0.74 ± 0.07 0.82 ± 0.05 7.4 ± 0.7
2016 0.75 ± 0.07 0.82 ± 0.05 7.5 ± 0.7
2017 0.75 ± 0.07 0.82 ± 0.05 7.5 ± 0.7
2018 0.76 ± 0.07 0.83 ± 0.05 7.6 ± 0.7
2019 0.75 ± 0.07 0.82 ± 0.05 8.3 ± 0.7
2020 0.72 ± 0.08 0.80 ± 0.06 8.0 ± 0.8
2021 0.74 ± 0.07 0.81 ± 0.06 8.2 ± 0.7
2022 0.71 ± 0.09 0.79 ± 0.06 7.9 ± 0.9

ESG composite

2012 0.63 ± 0.10 0.74 ± 0.08 6.3 ± 1.0
2013 0.64 ± 0.10 0.75 ± 0.08 6.4 ± 1.0
2014 0.65 ± 0.10 0.75 ± 0.07 6.5 ± 1.0
2015 0.66 ± 0.09 0.76 ± 0.07 6.6 ± 0.9
2016 0.67 ± 0.09 0.76 ± 0.07 6.7 ± 0.9
2017 0.68 ± 0.09 0.77 ± 0.07 6.8 ± 0.9
2018 0.69 ± 0.09 0.77 ± 0.07 6.9 ± 0.9
2019 0.69 ± 0.09 0.77 ± 0.07 7.7 ± 0.9
2020 0.67 ± 0.10 0.75 ± 0.08 7.5 ± 1.0
2021 0.71 ± 0.08 0.79 ± 0.06 7.9 ± 0.8
2022 0.70 ± 0.09 0.78 ± 0.07 7.8 ± 0.9

Notes: For each year, top 10 features are extracted per fold from mean |SHAP|. Jaccard@10 is the mean pairwise Jaccard index of the top
10 sets across folds; the overlap count is Jaccard@10×10. Spearman’s ρ is computed on the union of the top 10 features across folds using
fold-specific rank orders. Higher is more stable.
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Table A2. Temporal stability of top 10 SHAP features across adjacent years (averaged over
folds).

Target Avg. Jaccard@10 (t vs. t+1) Kendall τb (ranks) Persistence ≥3 yrs (%) Persistence ≥5 yrs (%)

Environemental 0.60 0.62 44.0 22.0
Social 0.55 0.57 36.5 16.8
Governance 0.66 0.68 51.8 25.6
ESG composite 0.59 0.61 41.2 20.5

Notes: For each target, we compare top 10 sets between consecutive years (e.g., 2019 versus 2020, . . . ). Persistence is the share of
features that appear in the top 10 for at least 3 (or 5) consecutive years. Kendall τb is computed on the union of top 10 features using
year-wise rank orders. Higher indicates stronger temporal consistency.
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Appendix B. Partial Dependence Plots

To complement the SHAP-based importance analysis, we report partial dependence plots (PDPs)
for the top five features (selected by the cross-fold mean SHAP) for the ESG target in Figure B1. For
each fold, PDPs are computed on a quantile grid for every feature and then linearly interpolated onto a
common grid before averaging across folds. The PDPs thus summarize the average marginal association
between each feature and the model’s prediction (ceteris paribus).

Rank Environmental Social Governance ESG Composite 
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Figure B1. PDPs for the top five features of the ESG target. Lines show the cross-validation
(CV) mean partial dependence. For each feature, the PDP is evaluated on a percentile-based
grid derived from the training data to avoid extrapolation.

Appendix C. Robustness Analysis Excluding the COVID-19 Period

To test whether the pandemic years have driven our findings, we re-estimated all models after
removing 2020–2021 from both the training and evaluation stages, keeping the same preprocessing,
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feature set, and cross-validation scheme. Across the targets, the resulting predictive performance
remained qualitatively unchanged: Average F1 (classification tasks) and MSE (regression tasks) were
within the fold-to-fold sampling variability observed in the baseline, and the relative ordering of
algorithms was preserved. The SHAP-based interpretability results were likewise stable. The top
five feature sets for each target showed high overlap with the baseline, and the previously highlighted
drivers—particularly governance-related variables—continued to appear among the most influential.
Overall, excluding the COVID-19 period does not materially affect either the model’s performance or
the substantive interpretation of SHAP features’ importance.

© 2026 the Author(s), licensee AIMS Press. This
is an open access article distributed under the
terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0)
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