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S1 Non-converting calibration runs and NA values 

We calibrated 2 205 000 combinations of phenology models, optimization algorithms, and calibration samples in site-

specific mode as well as 139 230 such combinations in species-specific mode. Some of the calibrated models led to 

NA values in either the calibration or validation and some calibration runs did not convert or ran out of time (Fig. S1). 

In site-specific calibration, 136 500 runs did not convert or exceeded the time limit and further 373 120 models led to 

NAs. In species-specific calibration, 7 048 runs did not convert or exceeded the time limit and further 23 312 models 

led to NAs. The time limit ranged from 4 hours for a single site-specific calibration run to 2 weeks for a single species-

specific calibration run with the full sample of 500 sites.  
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Figure S1. Status of all calibration runs of the site- and species-specific calibration according to species (a), phenology model (b), 

optimization algorithm (c), sampling procedure (d) and sample size (e; only for species-specific calibration). The figures on the left 

show the actual number of runs and those on the right show the relative number. The colors indicate the status of the runs, which 

may have completed without modelled NA values (green; w/o NA), completed with 1 or more modelled NA values (blue; w/ NA), 

ran into an error (i.e. not completed; red; Error), or ran out of time (brown; Time expired). 
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S2 Model performance 

S2.1 Observed effects 

S2.1.1 Observed effects if NA values were substituted 

Table S1. Ranked observed statistics mean (μ), median, and standard deviation (σ) of the external (sample) root mean square error 

per phenology model, optimization algorithm, and sampling procedure (from left to right) as well as per site- and species-specific 

calibration validated within sample and within population (from top to bottom). 
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Table S1. Continued. 

 
 

 

 
Table S2. Observed statistics mean (μ), median, and standard deviation (σ) of the external (population) root mean square error 

(RMSE) and corresponding ratios per size bin or sample size in the site- or species-specific calibration (left or right), respectively. 

 
Note: The RMSE ratios in the site- and species-specific calibrations were derived by dividing the external by the internal RMSE 

and by dividing the external population RMSE by the external sample RMSE. Size bins are equally distributed over and defined 

according to the parameter ratio (i.e. number of observations per free parameter of the phenology model). Sample size is further 

translated into the site ratio, for which the number of sites per sample was divided by 500 (i.e. the number of sites in the entire 

population). 
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Figure S2. Observed distribution of the external root mean square error (RMSE) according to phenology model, optimization 

algorithm, or sampling procedure as obtained from the site-specific calibration and species-specific calibration validated within 

sample or population (a, b, and c, respectively). Thick horizontal lines and grey circles indicate the respective medians and means. 

Boxes cover the inner quartile range, whiskers extend to the most extreme observations or to 1.5 times the inner quartile range, and 

outliers are indicated as colored circles. Y-axes are log-transformed and modelled NA values were replaced with an error of 170 
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days. The abbreviations for the models, algorithms, and sampling procedures are explained in respective Tables Supplement S2: 

Table S1, Supplement S4: Table S1, and Supplement S4: Table S2/S3. 

 

S2.1.2 Observed effects if calibration runs with NA values were excluded 

 
Figure S3. Observed distributions of the external root mean square error (RMSE) according to the three dimensions (a) phenology 

model, (b) optimization algorithm, and (c) sampling procedure. The thick horizontal lines and grey circles indicate the respective 

median and mean. Boxes cover the inner quartile range, whiskers extend to the most extreme observations or to 1.5 times the inner 

quartile range, and outliers are indicated as colored circles. In all figures, the colors represent the calibration and validation modes. 

The y-axes were log-transformed and modelled NA values were ignored in the calculation of the RMSE. The abbreviations for the 

models, algorithms, and sampling procedures are explained in respective Tables Supplement S2: Table S1, Supplement S4: Table 

S1, and Supplement S4: Table S2/S3. 

 

Table S3. Ranked observed statistics mean (μ), median, standard deviation (σ), and skew of the external root mean square error 

per phenology model, optimization algorithm, and sampling procedure (from left to right) as well as per site- specific calibration 

and species-specific calibration validated within sample or population (from top to bottom). 
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Table S3. Continued. 

 
Note: The abbreviations for the models, algorithms, and sampling procedures are explained in respective Tables Supplement S2: 

Table S1, Supplement S4: Table S1, and Supplement S4: Table S2/S3. 
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Table S4. Observed statistics mean (μ), median, and standard deviation (σ) of the external (population) root mean square error 

(RMSE) and corresponding ratios per size bin or sample size in the site- or species-specific calibration (left or right), respectively. 

 
Note: The RMSE ratios in the site- and species-specific calibrations were derived by dividing the external by the internal RMSE 

and by dividing the external population RMSE by the external sample RMSE. Size bins are equally distributed over and defined 

according to the parameter ratio (i.e. number of observations per free parameter of the phenology model). Sample size is further 

translated into the site ratio, for which the number of sites per sample was divided by 500 (i.e. the number of site in the entire 

population). 

 

S2.2 Estimated effects 

S2.2.1 Analysis based on substituted NA values 

Table S5. Ranked coefficient estimates per phenology model, optimization algorithm, and calibration sample of the generalized 

additive models for the site-specific calibration mode. 

 
Note: Asterisks and dots indicate the significance level: ., *, **, or *** correspond to p < 0.1, 0.05, 0.01, or 0.001. Hashtags and 

crosses indicate the minimum Bayes factor with +, #, #+, ##, ##+, or ### corresponding to BF01 < 1/3, 1/10, 1/30, 1/100, 1/300, 

or 1/1000, respectively. Further, @ marks the models, algorithms, and sampling procedures that constituted the reference for the 

other coefficients. The abbreviations for the models, algorithms, and sampling procedures are explained in respective Tables 

Supplement S2: Table S1, Supplement S4: Table S1, and Supplement S4: Table S2/S3. 
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Table S6. Ranked coefficient estimates per phenology model, optimization algorithm, and calibration sample of the generalized 

additive models for the species-specific calibration mode validated within sample. 

 
Note: See Table S5 for details. 
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Table S7. Ranked coefficient estimates per phenology model, optimization algorithm, and calibration sample of the generalized 

additive models for the species-specific calibration mode validated within population. 

 
Note: See Table S5 for details. 
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Table S8. Estimated influence on variance according to type-III ANOVA in site- and species-specific calibration validated within 

sample or population (top to bottom, respectively). 

 
Note: For each factor, the explained variance in RMSE (Influence) is listed together with the corresponding p-value and minimum 

Bayes factor of the null to the alternative hypothesis (BF01). In the last row, the influence of each factor is accumulated. The size 

proxies are N:q and N̅:q, i.e. the (average) number of observations per sample relative to the number of free model parameter, and 

s:S, i.e. the number of sites in the sample relative to the number of sites in the population. 
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Table S9. Coefficient estimates for the phenology models, optimization algorithms, and calibration samples of the generalized 

additive models for site-specific calibration. 

 
Note: For each coefficient, the estimate, 99% confidence interval, standard error, t-value, p-value, and minimum Bayes factor of 

the null to the alternative hypothesis (BF01) are listed. The size proxies are N:q and N̅:q, i.e. the (average) number of observations 

per sample relative to the number of free model parameter, and s:S, i.e. the number of sites in the sample relative to the number of 

sites in the population, while the abbreviations for the models, algorithms, and sampling procedures are explained in respective 

Tables Supplement S2: Table S1, Supplement S4: Table S1, and Supplement S4: Table S2/S3. 
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Table S10. Coefficient estimates for the phenology models, optimization algorithms, and calibration samples of the generalized 

additive models for species-specific calibration, validated within sample. 

 
Note: See Table S9 for details. 

 

  



Process-oriented models of autumn leaf phenology (Meier & Bigler, 2023) 

Supplement S6: Results  14/42 

Table S11. Coefficient estimates for the phenology models, optimization algorithms, and calibration samples of the generalized 

additive models for site-specific calibration, validated within population. 

 
Note: See Table S9 for details. 
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S2.2.2 Analysis of converging calibration runs that did not led to NA values 
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Figure S4. The relative variance in the log-transformed external root mean square error (RMSE) explained by phenology models, 

optimization algorithms, and calibration samples (i.e. sampling procedures and sample sizes) and the effects of the individual 

factors together with the observed distribution of the RMSE according to sample size from converged calibration runs that did not 

lead to any NA value. (See Figure 3 for further description.) 

 

 

 

Table S12. Ranked coefficient estimates for site-specific calibration according to converging calibration runs that did not lead to 

any NA values. 

 
Note: See Table S5 for details. 
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Table S13. Ranked coefficient estimates for species-specific calibration validated within sample according to converging 

calibration runs that did not lead to any NA values. 

 
Note: See Table S5 for details. 

 

Table S14. Ranked coefficient estimates for species-specific calibration validated within population according to converging 

calibration runs that did not lead to any NA values. 

 
Note: See Table S5 for details. 



Process-oriented models of autumn leaf phenology (Meier & Bigler, 2023) 

Supplement S6: Results  18/42 

Table S15. Estimated influence on variance according to type-III ANOVA in site- and species-specific calibration validated within 

sample or population (top to bottom, respectively) when only converging calibration runs that did not lead to any NA values were 

considered. 

 
Note: See Table S8 for details. 
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Table S16. Coefficient estimates for phenology models, optimization algorithms, and calibration samples in site-specific 

calibration based on only converging runs that did not lead to NA values. 

 
Note: See Table S9 for details. 
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Table S17. Coefficient estimates for phenology models, optimization algorithms, and calibration samples in species-specific 

calibration validated within sample based on only converging runs that did not lead to NA values. 

 
Note: See Table S9 for details. 
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Table S18. Coefficient estimates for phenology models, optimization algorithms, and calibration samples in species-specific 

calibration validated within population based on only converging runs that did not lead to NA values. 

 
Note: See Table S9 for details. 

 

  



Process-oriented models of autumn leaf phenology (Meier & Bigler, 2023) 

Supplement S6: Results  22/42 

S3 Estimated effects on model projections 

Table S19. Range of coefficient estimates according to five samples and ranked according to their mean, for climate projection 

scenarios, phenology models, optimization algorithms, and calibration samples according to generalized additive models for 100-

shifts in autumn phenology projected with site-specific models. 

 
Note: The abbreviations for the climate projection scenarios are explained in Supplement S1: Sect. 2. See Table S5 for further 

details. 
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Table S20. Range of coefficient estimates according to five samples and ranked according to their mean, for climate projection 

scenarios, phenology models, optimization algorithms, and calibration samples according to generalized additive models for 100-

shifts in autumn phenology projected with species-specific models and within the sites of the sample. 

 
Note: See Table S19 for details. 
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Table S21. Range of coefficient estimates according to five samples and ranked according to their mean, for climate projection 

scenarios, phenology models, optimization algorithms, and calibration samples according to generalized additive models for 100-

shifts in autumn phenology projected with species-specific models and within the population. 

 
Note: See Table S19 for details. 
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Table S22. Relative variance in the 100-shifts of autumn phenology (influence) explained by the evaluated factors when projected 

with site-specific models (top) or species-specific models within sample (middle) and within population (bottom). 

 
Note: The mean influence together with the influence range according to the five ANOVA based on five samples are given and 

cumulated according to decreasing influence, together with respective ranges of the p-value and minimum Bayes factors (BF01). 

See Table S8 for further details. 
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Table S23. Coefficient estimates for the effects of 

climate projection scenarios, phenology models, 

optimization algorithms, and calibration samples 

on the 100-shifts of autumn phenology when 

projected with site-specific models. 

 
Note: The abbreviations for the climate projection 

scenarios are explained in Supplement S1: Sect. 2. 

See Table S9 for further details. 
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Table S24. Coefficient estimates for the effects of 

climate projection scenarios, phenology models, 

optimization algorithms, and calibration samples on 

the 100-shifts of autumn phenology when projected 

with species-specific models and within sample. 

 
Note: See Table S23 for details. 
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Table S25. Coefficient estimates for the effects of 

climate projection scenarios, phenology models, 

optimization algorithms, and calibration samples on 

the 100-shifts of autumn phenology when projected 

with species -specific models and within population. 

 
Note: See Table S23 for details. 
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S3.1 Estimated influence on variance in Δ100 per model 

Table S26. Kendall rank correlation between ranked coefficients of explanatory variables for log-transformed root mean square 

error (RMSE) and 100-year shift of autumn phenology (top row) and between ranked coefficients of phenology models for 

ln(RMSE) and the relative influence on Δ100 of the other factors (bottom row).  

 
Note: The 100-year shifts were projected with site-specific models (left) and with species-specific models within sample (middle) 

or within population (right). Correlations in the bottom row were visualized in Figure S5 and derived from five ANOVAs per 

model, each based on a corresponding generalized additive model fitted to random samples of 105 projected 100-shifts of autumn 

phenology per model and projection mode. These ANOVAs were plotted in Figures S6–S8 and results are listed in Tables S27–

S29. 
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Figure S5. Relative influence of aggregated climate projection scenarios (RCP & CMC), optimization algorithms, sampling 

procedures, sample size proxies (N:q, N̅:q, and s:S), sites and species per each of the 21 phenology models. The x-axis refers to the 

rank of the phenology models according to their estimated effect on model performance when only converging runs without NA 

values were considered. The y-axis refers to the relative influence, that was estimated with five ANOVAs based on a corresponding 

generalized additive model fitted to random samples of 105 projected 100-shifts of autumn phenology per model and projection 

mode. The entire range of estimated influence is plotted with error bars. The Kendall rank correlation (τ) between the influence 

and model rank is given together with the p-value and minim Bayes factor (see Figure 3 for the meaning of corresponding symbols). 
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Figure S6. Estimated influence of the climate projection scenarios (i.e. representative concentration pathways, RCP, and climate 

model chains, CMC), optimization algorithms, and calibration samples on the 100-year shifts of autumn phenology at site level 

derived from site-specific models. Influence was estimated from the analyses of variance per phenology model based on five 

generalized additive models (GAM) from random samples from site-specific projections. The bars indicate the estimated mean 

influence on the variance in Δ100, the connected dots show the cumulated mean influence, and the black error-bars indicate the 

range of estimated influence according to the five GAMs. The symbols for p-values and minimum Bayes factors are explained in 

the description of Figure 3 and abbreviations for the phenology models are explained in Supplement S2: Table S1.  



Process-oriented models of autumn leaf phenology (Meier & Bigler, 2023) 

Supplement S6: Results  32/42 

 
Figure S7. Estimated influence of the climate projection scenarios (i.e. representative concentration pathways, RCP, and climate 

model chains, CMC), optimization algorithms, and calibration samples on the 100-year shifts (Δ100) of autumn phenology at site 

level derived from species-specific models and projected within sample. (See Figure S6 for description.) 
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Figure S8. Estimated influence of the climate projection scenarios (i.e. representative concentration pathways, RCP, and climate 

model chains, CMC), optimization algorithms, and calibration samples on the 100-year shifts (Δ100) of autumn phenology at site 

level derived from species-specific models and projected within population. (See Figure S6 for description.) 
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Table S27. Relative variance in the 100-shifts of autumn phenology (influence) explained by the evaluated factors per model, when 

projected with site-specific models. 
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Table S27. Continued. 
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Table S27. Continued. 

 
Note: See Table S22 for further details. 
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Table S28. Relative variance in the 100-shifts of autumn phenology (influence) explained by the evaluated factors per model, when 

projected with species-specific models within sample. 
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Table S28. Continued. 
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Table S28. Continued. 

 
Note: See Table S22 for further details. 
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Table S29. Relative variance in the 100-shifts of autumn phenology (influence) explained by the evaluated factors per model, when 

projected with species-specific models within population. 
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Table S29. Continued. 
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Table S29. Continued. 

 
Note: See Table S22 for further details. 

 


