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S1 Process-oriented models for autumn phenology 

In this study, we compared 21 process-oriented models for autumn phenology (Meier, 2022). In all models, the 

projected date for autumn phenology corresponds to the first day of year [doy] a daily accumulated senescence rate 

(Eq. S1) exceeds a corresponding threshold (Eq. S2): 

𝑆𝑑𝑛
= ∑ 𝑅𝑆𝑖

𝑑𝑛

𝑖=𝑑1

 

Eq. S1 

𝑆𝑑𝑛
≥ 𝑌𝑐𝑟𝑖𝑡  

Eq. S2 

 

Here, RSi is the senescence rate of the ith day of the accumulation period for RSi that consists of n consecutive days and 

starts with d1. Sdn is the senescence status at day dn, and Ycrit is the corresponding threshold value.  

Depending on the model, the daily senescence rate is formulated in one of three different ways and, with colder 

temperatures, follows either a monotonically increasing (Eqs. S3 and S4) or a sigmoidal (RS,Sig; Eq. S5) response 

curve, with the monotonous increase weakened (RS,Mon–; Eq. S3) or amplified (RS,Mon+; Eq. S4) with shorter days 

(Delpierre et al., 2009; Lang et al., 2019; Dufrêne et al., 2005). 

 

𝑅𝑆,𝑀𝑜𝑛−𝑖
= {

(𝑇𝑏𝑎𝑠𝑒 − 𝑇𝑖)
𝑥 × (

𝐿𝑖
𝐿𝑏𝑎𝑠𝑒

⁄ )
𝑦

, 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒

0 , 𝑇𝑖 ≥ 𝑇𝑏𝑎𝑠𝑒 ∨ 𝐿𝑖 ≥ 𝐿𝑏𝑎𝑠𝑒

 

Eq. S3 

𝑅𝑆,𝑀𝑜𝑛+𝑖
= {

(𝑇𝑏𝑎𝑠𝑒 − 𝑇𝑖)𝑥 × (1 −
𝐿𝑖

𝐿𝑏𝑎𝑠𝑒
⁄ )

𝑦

, 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒

0 , 𝑇𝑖 ≥ 𝑇𝑏𝑎𝑠𝑒 ∨ 𝐿𝑖 ≥ 𝐿𝑏𝑎𝑠𝑒

 

Eq. S4 

𝑅𝑆,𝑆𝑖𝑔𝑖
= 1

1 + 𝑒𝑎×(𝑇𝑖×𝐿𝑖−𝑏)⁄  

Eq. S5 
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Here, Ti and Li are the minimum temperature and day length of day i, Tbase and Lbase are the corresponding threshold 

values fitted during model calibration. The parameters x, y, a, and b are free parameters, which are also fitted during 

model calibration. For the DM1 and DM2 models, x and y are restrained to integers [∈ (0, 1, 2)] (Delpierre et al., 

2009), whereas for the SIAM model, x and y are fixed to 1 (Keenan and Richardson, 2015). Moreover, in the CDD 

model, RS depends linearly on daily minimum temperature and the response is neither decreasing nor increasing with 

shorter day lengths (i.e. x = 1 and y = 0; Dufrêne et al., 2005). We used the daily minimum temperature in all models 

for the reasons discussed in Sect. 4.5.2, rather than the daily mean temperature in the models CDD, DM1, DM2, 

SIAM, TDM1, TDM2, PDM1, PDM2, TPDM1, and TPDM2, which would have been in accordance to the 

corresponding original publications (Delpierre et al., 2009; Dufrêne et al., 2005; Keenan and Richardson, 2015; Liu 

et al., 2019). 

The first day of the accumulation period (d1) depends on the day of year, on daily minimum temperature, and/or on 

day length. Depending on the model, the earliest possible day for d1 is either the 173th or 200th day of year, with the 

former day corresponding to summer solstice. Thereafter, d1 is the first day with a lower temperature than Tbase (CDD 

and TPMt) or a shorter day length than Lbase (TPMp, SIAMZa20, TDMZa20, PDMZa20, TPDMZa20, PIAGSI, PIA+, and  

PIA−) or both (other models). Furthermore, in all models RS approaches or becomes 0 with high temperatures (Eqs. 

S3–S5). Therefore, even if d1 is theoretically independent of temperature in certain models, the accumulation of RS 

generally only starts after temperatures are sufficiently low. 

The threshold value (Ycrit; Eq. S6) is either a constant (c) which is optimized during model calibration (for the CDD, 

DM1, DM2, DM1Za20, DM2Za20, TPMt, and TPMp models) or depends linearly on one or two seasonal drivers. If Ycrit 

depends linearly on seasonal drivers (D1 and D2), the coefficients for the intercept (b0) and respective drivers (b1 and 

b2) are optimized during model calibration. 

 

𝑌𝑐𝑟𝑖𝑡 = 𝑏0 + 𝑏1𝐷1 + 𝑏2𝐷2 

Eq. S6 

 

Generally, the seasonal drivers correspond to a typical growing period which was defined before the calibration (e.g. 

observed spring phenology to averaged autumn phenology). But the seasonal drivers for the models by Liu et al. 

(2019; i.e. TDM1, TDM2, PDM1, PDM2, TPDM1, and TPDM2 models) correspond to the “leafy season”, defined as 

the period from the observed spring phenology to the first day of the accumulation period (d1). This day is the first 

day after summer solstice for which Li < Lbase. and it may change for each year at a given site and for a given species. 
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Table S1. The 21 process-oriented phenology models compared in this study with their functions, free parameters and 

corresponding boundaries for parameter optimization. 

Model Daily senescence rate (RS), starting day (d1),  

and threshold (Ycrit) 

Free parameters  

and boundaries 

CDD 

(Du05) 

RS = RS,Mon−  with x = 1 and y = 0 15 ≤ Tbase ≤ 30 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 200 ∧ 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒        

Ycrit = c 0 ≤ c ≤ 15000 

DM1 

(De09) 

RS = RS,Mon– 

15 

11 

≤ 

≤ 

Tbase 

Lbase 

x 

y 

≤ 

≤ 

∈ 

∈ 

30 

20 

(0,1,2) 

(0,1,2) 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒        

Ycrit = c 0 ≤ c ≤ 15000 

DM1Za20 

(Za20) 

RS = RS,Mon–  with x = 1 and y = 1 
15 

11 

≤ 

≤ 

Tbase 

Lbase 

≤ 

≤ 

35 

20 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒        

Ycrit = c 0 ≤ c ≤ 15000 

DM2 

(De09) 

RS = RS,Mon+ 

15 

11 

≤ 

≤ 

Tbase 

Lbase 

x 

y 

≤ 

≤ 

∈ 

∈ 

30 

20 

(0,1,2) 

(0,1,2) 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒        

Ycrit = c 0 ≤ c ≤ 15000 

DM2Za20 

(Za20) 

RS = RS,Mon+  with x = 1 and y = 1 
15 

11 

≤ 

≤ 

Tbase 

Lbase 

≤ 

≤ 

35 

20 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒        

Ycrit = c 0 ≤ c ≤ 15000 

SIAM 

(Ke15) 

RS = RS,Mon–  with x = 1 and y = 1 
15 

11 

≤ 

≤ 

Tbase 

Lbase 

≤ 

≤ 

35 

20 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒        

Ycrit = 𝑏0 + 𝑏1 × 𝑎. 𝑑𝑆𝑃  
0 

0 

≤ 

≤ 

b0 

b1 

≤ 

≤ 

15000 

5 

SIAMZa20 

(Za20) 

RS = RS,Sig 
0 

0 

≤ 

≤ 

a 

b 

≤ 

≤ 

0.1 

250 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒   10 ≤ Lbase ≤ 20 

Ycrit = 𝑏0 + 𝑏1 × 𝑎. 𝑑𝑆𝑃  
0 

0 

≤ 

≤ 

b0 

b1 

≤ 

≤ 

150 

5 

TPMt 

(La19) 

RS = RS,Sig 0 

0 

≤ 

≤ 

a 

b 

≤ 

≤ 

0.1 

250 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 200 ∧ 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒   0 ≤ Tbase ≤ 35 

Ycrit = c 0 ≤ c ≤ 150 

TPMp 

(La19) 

RS = RS,Sig 
0 

0 

≤ 

≤ 

a 

b 

≤ 

≤ 

0.1 

250 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒   10 ≤ Lbase ≤ 20 

Ycrit = c 0 ≤ c ≤ 150 
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Table S1. Continued. 

TDM1 

(Li19) 

RS = RS,Mon– 

10 

11 

0 

0 

≤ 

≤ 

≤ 

≤ 

Tbase 

Lbase 

x 

y 

≤ 

≤ 

≤ 

≤ 

35 

20 

2 

2 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒        

Ycrit = 𝑏0 + 𝑏1 × ∑ 𝑇𝑖
𝑑1
𝑖=𝑑𝑆𝑃

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
  

0 

−50 

≤ 

≤ 

b0 

b1 

≤ 

≤ 

15000 

15 

PDM1 

(Li19) 

RS = RS,Mon– 

10 

11 

0 

0 

≤ 

≤ 

≤ 

≤ 

Tbase 

Lbase 

x 

y 

≤ 

≤ 

≤ 

≤ 

35 

20 

2 

2 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒        

Ycrit = 𝑏0 + 𝑏1 × ∑ 𝐿𝑃𝐼𝑖
𝑑1
𝑖=𝑑𝑆𝑃

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
  

0 

−40 

≤ 

≤ 

b0 

b1 

≤ 

≤ 

15000 

15 

TPDM1 

(Li19) 

RS = RS,Mon– 

10 

11 

0 

0 

≤ 

≤ 

≤ 

≤ 

Tbase 

Lbase 

x 

y 

≤ 

≤ 

≤ 

≤ 

35 

20 

2 

2 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒        

Ycrit = 𝑏0 + 𝑏1 × ∑ 𝑇𝑖
𝑑1
𝑖=𝑑𝑆𝑃

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
+ 𝑏2 × ∑ 𝐿𝑃𝐼𝑖

𝑑1
𝑖=𝑑𝑆𝑃

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
  

0 

−50 

−40 

≤ 

≤ 

≤ 

b0 

b1 

b2 

≤ 

≤ 

≤ 

15000 

15 

15 

TDM2 

(Li19) 

RS = RS,Mon+ 

10 

11 

0 

0 

≤ 

≤ 

≤ 

≤ 

Tbase 

Lbase 

x 

y 

≤ 

≤ 

≤ 

≤ 

35 

20 

2 

2 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒        

Ycrit = 𝑏0 + 𝑏1 × ∑ 𝑇𝑖
𝑑1
𝑖=𝑑𝑆𝑃

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
  

0 

−50 

≤ 

≤ 

b0 

b1 

≤ 

≤ 

15000 

15 

PDM2 

(Li19) 

RS = RS,Mon+ 

10 

11 

0 

0 

≤ 

≤ 

≤ 

≤ 

Tbase 

Lbase 

x 

y 

≤ 

≤ 

≤ 

≤ 

35 

20 

2 

2 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒        

Ycrit = 𝑏0 + 𝑏1 × ∑ 𝐿𝑃𝐼𝑖
𝑑1
𝑖=𝑑𝑆𝑃

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
  

0 

−40 

≤ 

≤ 

b0 

b1 

≤ 

≤ 

15000 

15 
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Table S1. Continued. 

TPDM2 

(Li19) 

RS = RS,Mon+ 

10 

11 

0 

0 

≤ 

≤ 

≤ 

≤ 

Tbase 

Lbase 

x 

y 

≤ 

≤ 

≤ 

≤ 

35 

20 

2 

2 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝑇𝑖 < 𝑇𝑏𝑎𝑠𝑒 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒        

Ycrit = 𝑏0 + 𝑏1 × ∑ 𝑇𝑖
𝑑1
𝑖=𝑑𝑆𝑃

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
+ 𝑏2 × ∑ 𝐿𝑃𝐼𝑖

𝑑1
𝑖=𝑑𝑆𝑃

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
  

0 

−50 

−40 

≤ 

≤ 

≤ 

b0 

b1 

b2 

≤ 

≤ 

≤ 

15000 

15 

15 

TDMZa20 

(Za20) 

RS = RS,Sig 
0 

0 

≤ 

≤ 

a 

b 

≤ 

≤ 

0.1 

250 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒   10 ≤ Lbase ≤ 20 

Ycrit = 𝑏0 + 𝑏1 × ∑ 𝑇𝑖
𝑑𝐴𝑃̅̅̅̅̅

𝑖=𝑑𝑆𝑃
  

0 

−50 

≤ 

≤ 

b0 

b1 

≤ 

≤ 

150 

15 

PDMZa20 

(Za20) 

RS = RS,Sig 
0 

0 

≤ 

≤ 

a 

b 

≤ 

≤ 

0.1 

250 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒   10 ≤ Lbase ≤ 20 

Ycrit = 𝑏0 + 𝑏1 × 𝐿𝑃𝐼𝑍𝑎20  
0 

−15 

≤ 

≤ 

b0 

b1 

≤ 

≤ 

150 

40 

TPDMZa20 

(Za20) 

RS = RS,Sig 
0 

0 

≤ 

≤ 

a 

b 

≤ 

≤ 

0.1 

250 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒   10 ≤ Lbase ≤ 20 

Ycrit = 𝑏0 + 𝑏1 × ∑ 𝑇𝑖
𝑑𝐴𝑃̅̅̅̅̅

𝑖=𝑑𝑆𝑃

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
+ 𝑏2 × 𝐿𝑃𝐼𝑍𝑎20  

0 

−15 

−40 

≤ 

≤ 

≤ 

b0 

b1 

b2 

≤ 

≤ 

≤ 

150 

40 

15 

PIAGSI 

(Za20) 

RS = RS,Sig 
0 

0 

≤ 

≤ 

a 

b 

≤ 

≤ 

0.1 

250 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒   10 ≤ Lbase ≤ 20 

Ycrit = 𝑏0 + 𝑏1 × 𝑎. 𝐺𝑆𝐼𝑍𝑎20  
0 

0 

≤ 

≤ 

b0 

b1 

≤ 

≤ 

300 

5 

PIA+ 

(Za20) 

RS = RS,Sig 
0 

0 

≤ 

≤ 

a 

b 

≤ 

≤ 

0.1 

250 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒   10 ≤ Lbase ≤ 20 

Ycrit = 𝑏0 + 𝑏1 × 𝑎. 𝐴𝑛𝑒𝑡  
0 

0 

≤ 

≤ 

b0 

b1 

≤ 

≤ 

300 

5 

PIA− 

(Za20) 

RS = RS,Sig 
0 

0 

≤ 

≤ 

a 

b 

≤ 

≤ 

0.1 

250 

d1 = 𝑚𝑖𝑛(𝑖) for which 𝑖 > 173 ∧ 𝐿𝑖 < 𝐿𝑏𝑎𝑠𝑒   10 ≤ Lbase ≤ 20 

Ycrit = 𝑏0 + 𝑏1 × 𝑎. 𝐴𝑛𝑒𝑡−𝑤  
0 

0 

≤ 

≤ 

b0 

b1 

≤ 

≤ 

300 

5 

Note: The functions for the daily senescence rate (RS), starting day of the accumulation of the rate (d1), and respective 

threshold value (Ycrit) to determine the date of autumn phenology are listed together with the corresponding free 

parameters and their boundaries. Daily drivers of the senescence rate are minimum temperature (Ti) and/or day length 

(Li) of day i [doy]. Seasonal drivers of the threshold value for the senescence rate are averaged daily low precipitation 

indices (LPIi), minimum temperatures (Ti), and actual adapted low precipitation indices by Za20 (LPIZa20), as well as 

site-specific anomalies of spring phenology (a.dSP), of the growing season index by Za20 (a.GSIZa20), and of 

accumulated net daytime net photosynthesis without or with water limitation (a.Anet or a.Anet–w). The averaged drivers 

either correspond to the period from spring phenology (dSP) to the starting day of the accumulation of the rate (d1) or 
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to the site-specific average of autumn phenology (𝑑𝐴𝑃̅̅ ̅̅ ). Free parameters may be a threshold value for daily temperature 

and day length (Tbase and Lbase), shaping parameters of the monotonic decreasing or increasing or the sigmoid response 

function of the senescence rate (x, y, a, and b), a constant or coefficients of the linear function determining the threshold 

value for the senescence rate (c, b0, b1, and b2), depending on the model. References for the models are De09: Delpierre 

et al. (2009); Du05: Dufrêne et al. (2005); Ke15: Keenan and Richardson (2015); La19: Lang et al. (2019); Li19: Liu 

et al. (2019); Za20: Zani et al. (2020). 
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