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Figure S1. Schematic overview of GOTILWA+ of the ecophysiological and bio-geochemical growth 

module (a) and the forest management module (b). More details on each module can be found online by 

zooming in each module of the dynamic scheme available at https://prezi.com/to-nd8yjmbaa/gotilwa-a-

process-based-forest-growth-model. 

 



 

Figure S1. Measured leaf area index (LAI in m2 m-2) of beech (a) and fir (b) at Freiamt at the day of the 

year (DOY) 2017, 2018 and 2019 and simulated LAI in GOTILWA+ at stand age 40 to 60 years (GOTILWA 

40-60) (age range of the experimental forest) for (a) beech and (b) fir. In-built scatter plots show the 

regression equation and R2 of measured (LAImea) versus simulated LAI (LAIsim). LAIsim is calculated as 

the mean from the 20 years for stand age 40 to 60 at the same DOY as for LAImea. 

 

Figure S3. Standing wood volume (a) (SV, overbark in m3 ha-1) and tree density (b) (N) of modelled 

stands and of inventory plots nearby the Freiamt experimental site. 



 

Figure S4. Effect of four climate scenarios (noCC, RCP2.6, RCP4.5, RCP8.5) on total accumulated growth 

(TAG) (1) and current annual increment (CAI) (2) and harvesting volume (HV) of beech (a) and fir (b). 

For the noCC scenario, a climate file of 120 was generated with an in-built weather generator in 

GOTILWA+ using climate data of the past 40 years from a nearby meteorological weather station with 

constant CO2 concentration (370 ppm - global mean of 2018). For the three climate change scenarios 

RCP2.6, RCP4.5 and RCP8.5, changes in temperature, precipitation and CO2 were applied to the 

generated climate file - according to the MPI-ESM-LR global circulation model. 

 



 

Figure S5. Effect of the climate change scenario RCP8.5 with constant CO2 concentration (370 ppm - 

global mean of 2018) (RCP8.5-CO2) and with increasing CO2 concentration assuming photosynthetic 

downregulation by 25, 50, 75 and 100% (RCP8.5_PD25, RCP8.5_PD50, RCP8.5_PD75, RCP8.5_PD100) on 

standing volume (1), basal area (2), and dead wood volume (3) of beech (a) and fir (b). The climate 

scenario noCC is displayed for comparison assuming no change in precipitation and temperature and 

constant CO2 concentration. The climate data was generated with an in-built weather generator in 

GOTILWA+ with climate data of the past 43 years from a nearby meteorological weather station. The 

simulations started with juvenile forests (stand age 0), which corresponds to simulation year 2000. 
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Figure S6. Effect of four climate scenarios (noCC, RCP2.6, RCP4.5, RCP8.5) on water-use efficiency of 

beech (a)) and fir (b)). For the noCC scenario, a climate file of 120 was generated with an in-built weather 

generator in GOTILWA+ using climate data of the past 40 years from a nearby meteorological weather 

station with constant CO2 concentration (370 ppm - global mean of 2018). For the three climate change 

scenarios RCP2.6, RCP4.5 and RCP8.5, changes in temperature, precipitation and CO2 were applied to 

the generated climate file according to the MPI-ESM-LR global circulation model. The simulations 

started with juvenile forests (stand age 0), which corresponds to simulation year 2000. 

 

Figure S7. Effect of four climate scenarios (noCC, RCP2.6, RCP4.5, RCP8.5) with constant CO2 

concentration (370 ppm - global mean of 2018) on water-use efficiency of beech (a) and fir (b). For the 

noCC scenario, a climate file of 120 was generated with an in-built weather generator in GOTILWA+ 

using climate data of the past 40 years from a nearby meteorological weather station. For the three 

climate change scenarios RCP2.6, RCP4.5 and RCP8.5, changes in temperature, precipitation and CO2 

were applied to the generated climate file according to the MPI-ESM-LR global circulation model. The 

simulations started with juvenile forests (stand age 0), which corresponds to simulation year 2000. 

 

Figure S8. Four climate scenarios (noCC, RCP2.6, RCP4.5, RCP8.5) with increasing CO2 concentration 

on water-use efficiency with 100% photosynthetic downregulation of beech (a) and fir (b). The climate 

scenario noCC is displayed for comparison assuming no change in precipitation and temperature and 



constant CO2 concentration. The climate data was generated with an in-built weather generator in 

GOTILWA+ with climate data of the past 40 years from a nearby meteorological weather station. The 

simulations started with juvenile forests (stand age 0), which corresponds to simulation year 2000. 

 

Figure S9. Relationship of net primary productivity (NPP) with soil water content (SWC) for beech and 

for fir for three scenarios no climate change (reference scenario) and RCP8.5 with constant CO2 (370ppm) 

and RCP8.5 with photosynthetic downregulation of 100% (PD100). 

 

Figure S10. Monthly Standardized Precipitation Evapotranspiration Index (SPEI) of the climate 

scenarios no climate change (noCC), RCP2.6, RCP4.5 and RCP8.5. Positive values indicate that the 

difference between monthly precipitation and potential evapotranspiration is larger than the average for 

a given monthly period. Negative values thus represent conditions drier than average. The monthly 

periods used were 3, 6, 12 and 24 months for SPEI-3, SPEI-6, SPEI-6 and SPEI-24, respectively. 

 

 



Supplementary Tables 

Table S1. Parameters of beech and fir used for different submodules (a-g) in GOTILWA+. Reference 

indicates the source of the used parameter originating from a pre-setting of GOTILWA+ (GOT), the 

Freiamt experimental site (FRA), measured parameter (meas), calibrated parameter of a pre-setting of 

GOTILWA+ (cal), setting by the user (user). For alometric relationships and wood density in (e) 

following references were used [1],  [2], [3], [4], [5], [6]. 

Parameters for different GOTILWA+ 

Modules (a-g) Beech Fir Unit Reference 

a) Constants     

PAR to global radiation 0.42 0.42 joule/joule GOT 

µEinsteins per watt 4.6 4.6 µE/watt GOT 

Energy equivalence of organic matter 4700 4700 cal/g GOT 

Organic matter to carbon ratio 2 2 g/g GOT 

grams of N per 100 g of dry matter 1.2 1.2 g/g GOT 

Respiration rate of structural components 

25ºC 33.3 33.3 cal/g/d GOT 

Respiration rate of non-structural 

components 25ºC 55.5 55.5 cal/g/d GOT 

Respiration rate of living components of 

wood 25ºC 35 35 cal/g/d GOT 

Plant tissues formed by 1 g of carbon 0.68 0.68 g/g GOT 

     

b) Canopy structure     

Longitude 7.93 7.93 GG.mm FRA 

Latitude 48.2 48.2 GG.mm FRA 

Altitude 481 481 m a.s.l. FRA 

Slope 36 9 % FRA 

Aspect 17.5 17.5 º FRA 

Albedo of the canopy 0.15 0.076 - GOT 

Leaf PAR absorbance 0.92 0.92 - GOT 

Value X for the ellipsoidal distribution 1.35 1.34 - GOT 

     

b) Photosynthesis     

Vcmax at 25ºC 40 40 µmols/m2/s meas 

EaVcmax 75400 75400 J/mol GOT 

EdVcmax 175000 175000 Ppmv GOT 

Vomax at 25ºC 8.4 8.4 µmols/m2/s GOT 

EaVomax 75400 75400 J/mol GOT 

EdVomax 175000 175000 Ppmv GOT 

Jmax at 25ºC 70 75 µmols/m2/s meas 

EaJmax 65300 65300 J/mol GOT 

EdJmax 129000 129000 J/mol GOT 

SJmax 420 420 J/mol/ºK GOT 

Curvature of the function An/PPFD 0.7 0.7 - meas 

Kc at 25ºC 404 404 Pa GOT 

EaKc 59400 59400 J/mol GOT 

Ko at 25ºC 248000 248000 Pa GOT 

EaKo 36000 36000 J/mol GOT 



Compensation point (Γ*) at 25º 42.2 42.2 µmol/mol GOT 

EaGammast 37830 37830 J/mol GOT 

Rd at 25ºC 0.69 0.57 µmols/m2/s meas 

Q10 value at 25ºC 2.2 2.2 - GOT 

Mesophyll conductance Unlimited Unlimited - GOT 

     

c) Stomatal conductance (gs)     

Residual conductance 0.01 0.01 mols/m2/s GOT 

Leuning constant (g1) 7 7 - GOT 

Factor reflecting gs vs. VPD responses (gsDO) 0.8 0.8 - cal 

Wfac:   -  

Soil water content (SWC) at which gs=0 15 20 m3/m3 cal 

SWC at which gs=gs,max 65 65 m3/m3 cal 

Curvature (q) for photosynthetic response 

function 0.6 0.4 - GOT 

    GOT 

Leaf characteristical dimension 0.002 0.002 m GOT 

Parameter X for the ellipsoidal distribution 1.35 1.34 v/h GOT 

Differencial  transpiration rate (tall-short 

trees) 1.025 1.025 - GOT 

Trees leaf stomatal type 

Hypostomatou

s 

Hypostomatou

s - User 

     

d) Volatile Organic Compounds (VOC)     

VOC emissions Monoterpenes Isoprene & Monoterpene User 

VOC emission model Niinemets Niinemets - User 

Isoprens basal emission rate - 0.00416295 

µgramm 

C/g/h meas 

Monoterpens basal emission rate 0.01665182 4.829028 µmols C/g/h meas 

     

e) Tree structure     

Alometric relationships     

i) DBH - total aboveground biomass y = a * DBHb 
   

    Beech Fir 

a 0.125 0.1122 - [1] [2] 

b 2.2215 2.36 - [1] [2} 

ii) DBH - bark thickness y = a * DBHb 
   

a 0.04938 0.049 - GOT 

b 0.9196 0.9 - GOT 

    Beech Fir 

Wood density 0.6 0.39 g/cm3 [3, 4, 5] [5, 6] 

Bark density 0.44 0.38 g/cm3 GOT 

Morphic coefficient (tapering) 0.51 0.83 - cal 

Leaf area index in closed mature forests 7.5 10 m2/m2 meas & cal 

Leaf mass per area 5.72 12 mg/cm2 meas & cal 

Mean leaf life span 1 5 years  

Maximum mobile carbon stored in leaves 0.17 0.2 % cal 

Sapwood area in closed forests 20 22 m2/ha cal 

Sapflow treshold  for cavitation 12 14 kg/cm2/year GOT 

Fraction of respiring sapwood 0.06 0.06 % GOT 



Maximum mobile carbon stored in woody 

organs 0.2 0.2 % Cal 

Biomass of branches / Aboveground 

Biomass 0.18 0.2 kg/kg Cal 

Fine roots biomass in closed mature forests 280 310 g/m2  

P/B of fine roots in closed mature forests 1 3 year-1 GOT 

Belowground /Aboveground biomass 0.133 0.153 kg/kg Cal 

Gross litterfall/fine litterfall 9 10 g/kg/year GOT 

Regeneration tree species Seedler Seedler -  

     
f) Thermal inertia for photosynthesis and SOM 

decomposition    
Min. temperature treshold for 

photosynthesis 9 10 °C cal 

Max. temperature treshold for 

photosynthesis 15 15 °C cal 

Thermal inertia for photosynthesis 3 3 - cal 

Min temperature treshold for SOM 

decomposition 9 10 °C cal 

Max temperature treshold for SOM 

decomposition 15 15 °C cal 

Thermal inertia for SOM decomposition 3 3 - cal 

     

g) Soil Carbon efflux and Hydrology     

Initial L+F soil organic matter (SOC) 3268 2400 g/m2 meas 

SOC (% dry weight) in the top layer of 

mineral soil 5.36 5.00 %  

Bulk density (soil column average) 1.96 1.97 g/cm3  

Maximum soil water holding capacity 119.35 114.62 Mm  

k (L+F) 0.0066 0.0066 day-1 GOT 

k (A+B) 0.00005 0.0005 day-1 GOT 

Soil Q10 2.2 2.2 - GOT 

L+F to A+B transfer rate 1 1 - GOT 

W min 10 10 mm GOT 

W max 100 100 mm GOT 

Mean soil depth 0.8 0.8 m meas 

Relative volume of stones 32.5 33.0 % meas 

Field capacity (% of max. water filled 

porosity) 70 70 % GOT 

Drainage rate 0.22 0.22 1/day GOT 

     

h) Tree density     

Un- or evenaged population unevenaged unevenaged  user 

Response factor to canopy opening 2 2 - GOT 

Mobile C threshold for mortality 30 20 % cal 

DBH classes 2 2 cm user 

Initial DBH 0 0 cm user 

Initial tree density 1200 250 trees/ha user 

Trees per DBH class     

0-2 300 250 - user 

2-4 400 0 - user 

4-6 500 0 - user 



  



Table S2. Table displaying management interventions in GOTILWA+ for beech (a) and fir (b)with the 

year of intervention, the DBH class of intervention (small, big or all DBH classes), the mode of thinning 

(trees, basal area, standing volume, or biomass), the intensity of thinning (positive signs indicated the 

number of thinned trees and negative signs the tree number of the remaining stand after thinning), 

number of regenerated trees (regeneration), and the total tree number of the stand. Interventions are 

every five years except for the initialisation period (first 35 years). During the initialisation period a 

diameter distribution was created calibrated with inventory data from Freiamt. 

a) European Beech 

Year 

DBH 

classes 

Thinning 

Mode 

Thinning 

Intensity Regeneration 

Tree 

Number 

2 All trees -500 200 875 

6 Big trees 250 220 823 

10 All trees -700 200 900 

14 All trees -700 200 901 

16 Big trees 5 100 941 

18 Big trees 5 70 1006 

20 All trees -700 70 787 

25 All trees -650 70 720 

30 All trees -650 70 720 

35 All trees -620 70 689 

40 All trees -600  597 

45 All trees -550  552 

50 All trees -530  529 

55 All trees -500  499 

60 All trees -450  450 

65 All trees -400  400 

70 All trees -350  347 

75 All trees -300  303 

80 All trees -255  257 

85 All trees -220  219 

90 All trees -195  194 

95 All trees -175  176 

100 All trees -161  161 

105 All trees -147 400 547 

110 Big trees 3 400 796 

115 Big trees 3 400 1115 

120 Big trees 3  1112 

 

b) Silver Fir 

Year 

DBH 

classes 

Thinning 

Mode 

Thinning 

Intensity Regeneration 

Tree 

Number 

2 trees Big 50 800 1000 

4 trees Big 50 900 1850 

6 trees Small 600 0 1250 

8 trees Small 300 300 1250 

10 trees Small 250 250 1250 

12 trees All 200 250 1340 



14 trees All 200  1071 

16 trees All 100 100 1071 

18 trees All 100  980 

20 trees All 50 100 1030 

25 trees All -800 100 900 

30 trees All -750 50 800 

35 trees All -700 50 750 

40 trees All -650  649 

45 trees All -562  562 

50 trees All -495  496 

55 trees All -437  436 

60 trees All -389  388 

65 trees All -345  344 

70 trees All -296  295 

75 trees All -256  257 

80 trees All -220  221 

85 trees All -189  190 

90 trees All -163  162 

95 trees All -138  139 

100 trees All -115 100 214 

105 trees Big 15 50 249 

110 trees Big 15 50 237 

115 trees Big 17 50 270 

120 trees Big 10 50 270 

  



Table S3. Natural data per ha of business-as-usual simulations (noCC) at 5 year cycles for beech (a) and 

fir (b) displaying the tree number (N), standing volume (over bark), harvesting volume (over bark), 

diameter at breast height (DBH), height (H), basal area (BA), current annual increment (CAI), mean 

annual increment (MAI), total accumulated growth (TAG), total biomass (TBM, above- and 

belowground), deadwood volume (DWV), and number of dead trees (mortality). 

a) European Beech 

Stand age N SV HV DBH H BA CAI MAI TAG TBM DWV Mortality 

yr  m3 m3 cm m m2 m3 yr-1 m3 yr-1 m3 t m3  

5 793 7 0 6.4 7.1 2.8 0.0 17 10 12 0.009 82 

10 900 9 7 7.0 9.1 3.1 2.6 26 17 16  
 

15 845 27 7 9.1 11.0 5.4 3.4 52 25 33 0.006 56 

20 787 41 16 9.2 8.9 6.8 4.2 83 43 49 0.001 11 

25 720 71 14 11.7 13.3 9.3 5.2 129 58 67  
 

30 720 118 10 12.6 13.8 12.9 6.2 186 68 98 0.004 11 

35 689 146 23 15.0 15.9 14.8 6.8 238 93 122  
 

40 597 196 21 16.8 17.2 17.7 7.8 311 116 153 0.002 22 

45 552 214 17 18.4 18.6 18.3 7.7 348 135 179  
 

50 529 296 13 21.1 20.4 23.2 8.9 445 148 219  
 

55 499 328 18 22.6 21.4 24.5 9.0 496 168 238  
 

60 450 353 35 24.3 22.6 25.1 9.3 558 205 251  
 

65 400 354 39 25.5 23.4 24.3 9.2 601 247 248  
 

70 347 366 53 27.3 24.7 23.7 9.6 670 305 251  
 

75 303 380 51 29.2 26.1 23.3 9.9 739 359 257  
 

80 257 380 62 31.0 27.3 22.1 10.1 806 426 251  
 

85 219 360 61 32.4 28.3 20.2 10.0 851 492 236  
 

90 194 375 47 34.4 29.8 19.9 10.2 917 543 242  
 

95 176 389 35 36.1 30.9 19.7 10.2 969 581 246  
 

100 161 405 36 37.8 32.1 19.7 10.2 1024 619 253  
 

105 547 374 35 38.8 32.8 19.6 9.8 1030 656 249  
 

110 796 361 40 39.2 33.6 19.3 9.6 1060 699 250 0.016 148 

115 1115 368 51 40.4 34.9 20.0 9.8 1122 754 256 0.008 78 

120 1115 405 0 41.9 35.9 21.8 9.7 1159 754 282 
  

 

b) Silver Fir 

Stand age N SV HV DBH H BA CAI MAI TAG TBM DWV Mortality 

yr  m3 m3 cm m m2 m3 yr-1 m3 yr-1 m3 t m3  

5 1850 12 0 2.5 6.3 0.3 0.3 0.8 3.1 3 0 
 

10 1250 15 0 4.5 9.2 2.7 2.8 3.1 27.8 16 0 
 

15 1071 21 8 7.7 13.6 5.4 7.5 5.6 78.3 36 0.046 269 

20 1030 64 16 9.3 14.7 8.9 12.1 7.9 149.2 73 0 
 

25 900 126 30 12.9 18.5 12.0 16.7 10.2 245.5 134 0 
 

30 800 190 33 14.2 18.9 15.6 21.7 12.6 365.9 181 0 
 

35 750 241 31 16.9 21.3 18.6 23.2 14.0 477.6 223 0 
 

40 649 309 25 19.5 23.3 22.2 22.4 15.1 589.9 268 0.013 51 

45 562 332 45 21.5 24.8 22.9 21.0 15.6 687.3 307 0 
 

50 496 377 44 24.1 26.5 24.9 22.3 16.6 813.0 346 0 
 

55 436 390 47 26.0 27.7 25.0 19.1 16.3 878.7 347 0 
 



60 388 414 43 28.1 29.0 25.7 16.8 16.6 981.1 370 0 
 

65 344 412 47 29.7 29.9 25.1 18.0 16.5 1058.9 379 0 
 

70 295 422 60 32.2 31.3 25.0 17.8 16.8 1159.3 399 0 
 

75 257 432 57 34.6 32.6 25.0 20.7 17.1 1265.8 410 0 
 

80 221 423 61 36.7 33.7 24.0 21.3 17.4 1372.1 424 0 
 

85 190 408 60 38.7 34.8 22.8 16.9 17.1 1435.1 405 0 
 

90 162 404 61 41.5 36.2 22.2 16.7 17.3 1539.1 413 0 
 

95 139 388 56 43.8 37.3 21.1 18.7 17.3 1622.6 405 0 
 

100 214 361 68 46.5 38.4 20.0 16.9 17.3 1708.5 402 0 
 

105 249 314 68 46.7 38.6 17.5 14.2 17.0 1764.9 366 0 
 

110 237 281 71 48.0 39.3 15.8 11.7 16.7 1825.4 329 0.01 47 

115 270 246 78 50.2 40.2 14.0 15.7 16.9 1922.1 310 0 
 

120 270 280 
 

53.3 41.5 16.0 18.1 16.8 1986.1 262 0 
 

 

 



Table S4. Time table displaying stem density (N), standing volume (SV in m3 ha-1), harvesting volume (HV in m3 ha-1), total accumulated growth (TAG in m3 ha-1), diameter at 

breast height (DBH in cm), tree height (H in m) and basal area (BA in m2) of one rotation length of beech (a) and fir (b) simulated with GOTILWA+ assuming no climate change 

(noCC), climate change with RCP 2.6, RCP 4.0 and RCP 8.5 (changes in temperature, precipitation and CO2 as in Table S1). The thinning intensity for the three climate change 

scenarios was applied via stem number reductions keeping the same tree density at each interval as for the noCC scenario. Age of the stand was zero at the start of the simulation 

corresponding to year 2000. 

a) Beech 

 No CC RCP 2.6 RCP 4.5 RCP 8.5 

Age N SV HV TAG BHD H BA SV HV TAG BHD H BA SV HV TAG BHD H BA SV HV TAG BHD H BA 

5 1200 7 0 17 6.4 7.1 3 7 0 17 6.4 7.1 3 7 0 17 6.5 7.1 3 7 0 17 6.5 7.2 3 

10 900 9 7 26 7.0 9.1 3 9 7 27 7.0 9.1 3 9 8 35 7.2 9.3 3 12 8 31 7.7 9.8 4 

15 845 27 7 52 9.1 11.0 5 27 7 55 9.1 11.0 5 32 8 59 9.5 11.5 6 43 11 74 9.3 10.6 7 

20 728 41 16 83 9.2 8.9 7 41 16 88 9.2 8.9 7 54 21 104 9.8 11.4 8 75 28 137 12.2 13.7 10 

25 720 71 14 129 11.7 13.3 9 71 14 140 11.7 13.3 9 91 18 161 12.7 14.1 11 137 27 229 14.6 15.6 15 

30 720 114 10 182 12.6 13.8 13 114 10 200 12.6 13.8 13 152 15 239 13.7 14.7 16 237 20 350 17.8 18.0 21 

35 689 156 23 248 15.0 15.9 15 156 23 261 15.0 15.9 15 199 28 317 16.4 16.9 18 290 43 449 18.8 18.6 24 

40 597 196 21 311 16.8 17.2 18 196 21 330 16.8 17.2 18 238 28 386 17.5 17.7 20 335 46 544 19.4 18.9 26 

45 544 214 17 348 18.4 18.6 18 214 17 384 18.4 18.6 18 272 23 444 19.4 19.1 22 379 34 625 21.4 20.4 27 

50 529 296 13 445 21.1 20.4 23 296 13 448 21.1 20.4 23 334 10 518 21.6 20.7 25 455 20 723 23.7 22.0 31 

55 499 328 18 496 22.6 21.4 25 328 18 485 22.6 21.4 25 357 20 562 22.8 21.5 26 485 27 781 25.0 23.3 31 

60 450 353 35 558 24.3 22.6 25 353 35 534 24.3 22.6 25 375 35 618 24.3 22.5 26 499 48 847 26.4 24.7 31 

65 400 354 39 601 25.5 23.4 24 354 39 553 25.5 23.4 24 348 46 641 24.9 23.0 24 466 60 879 27.1 25.4 28 

70 347 366 53 670 27.3 24.7 24 366 53 603 27.3 24.7 24 361 43 700 26.6 24.4 23 478 59 955 28.7 27.2 27 

75 303 380 51 739 29.2 26.1 23 380 51 655 29.2 26.1 23 353 61 758 28.1 25.7 22 477 69 1028 30.3 29.0 25 

80 257 380 62 806 31.0 27.3 22 380 62 694 31.0 27.3 22 338 56 803 29.4 26.8 20 457 73 1086 31.7 30.5 23 

85 219 360 61 851 32.4 28.3 20 360 61 727 32.4 28.3 20 330 44 843 30.8 27.9 19 405 69 1108 33.1 31.8 21 

90 194 375 47 917 34.4 29.8 20 375 47 783 34.4 29.8 20 347 46 909 32.9 29.5 18 429 55 1191 35.6 34.6 20 

95 176 389 35 969 36.1 30.9 20 389 35 823 36.1 30.9 20 363 32 959 34.7 30.8 18 430 36 1232 37.1 35.9 20 

100 161 405 36 1024 37.8 32.1 20 405 36 853 37.8 32.1 20 363 32 993 35.8 31.6 18 417 36 1257 38.0 36.7 19 

105 147 374 35 1030 38.8 32.8 20 374 35 871 38.8 32.8 20 333 29 995 36.7 32.2 18 403 35 1280 38.8 37.4 19 

110 144 361 40 1060 39.2 33.6 19 361 40 902 39.2 33.6 19 323 40 1027 37.0 33.0 18 393 47 1320 39.3 38.7 19 



115 141 368 51 1122 40.4 34.9 20 368 51 932 40.4 34.9 20 306 42 1056 37.1 33.7 17 364 49 1344 39.2 39.3 19 

120 141 405 0 1159 41.9 35.9 22 405 0 955 41.9 35.9 22 327 0 1076 38.0 34.3 19 376 0 1356 39.7 39.7 20 

 

a) Fir 

 No CC RCP 2.6 RCP 4.5 RCP 8.5 

Age N SV HV TAG BHD H BA SV HV TAG BHD H BA SV HV TAG BHD H BA SV HV TAG BHD H BA 

5 1850 12 0 16 2.5 6.3 0 12 0 12 3.5 8.4 0 12 0 12 3.5 8.4 0 12 0 12 3.6 8.6 0 

10 1250 15 0 19 4.5 9.2 3 19 0 23 5.5 11.0 3 19 0 23 5.6 11.1 3 19 0 23 6.0 11.5 3 

15 1071 21 8 30 7.7 13.6 5 26 9 41 7.9 13.8 6 31 11 47 8.8 15.0 6 48 17 72 8.6 14.5 7 

20 1030 64 16 91 9.3 14.7 9 71 17 105 10.6 16.5 9 81 19 120 10.8 16.7 10 119 28 175 11.0 16.1 13 

25 900 126 30 188 12.9 18.5 12 144 32 216 13.3 18.8 13 145 43 233 13.7 19.1 13 207 62 330 15.5 20.5 17 

30 800 190 33 289 14.2 18.9 16 216 22 314 16.3 21.3 18 232 30 355 16.6 21.3 18 310 53 494 17.0 20.8 23 

35 750 241 31 376 16.9 21.3 19 273 33 409 17.9 22.2 20 294 37 458 18.3 22.4 21 394 49 635 20.2 23.5 27 

40 649 309 25 472 19.5 23.3 22 324 23 486 20.1 24.0 23 353 23 543 20.8 24.2 25 430 57 736 21.5 24.2 29 

45 562 332 45 547 21.5 24.8 23 334 45 548 21.8 25.2 23 365 50 614 22.6 25.5 25 452 62 829 23.8 25.8 29 

50 496 377 44 642 24.1 26.5 25 361 43 623 23.9 26.6 24 396 45 696 24.8 26.9 26 492 59 936 26.4 27.5 31 

55 436 390 47 709 26.0 27.7 25 367 41 677 25.5 27.6 24 404 49 759 26.5 28.0 26 501 60 1015 28.3 28.7 0 

60 388 414 43 782 28.1 29.0 26 379 43 737 27.3 28.7 24 422 42 825 28.5 29.2 26 526 58 1105 30.7 30.1 31 

65 344 412 47 833 29.7 29.9 25 361 39 765 28.2 29.2 23 401 45 856 29.4 29.7 25 504 55 1145 31.8 30.8 29 

70 295 422 60 912 32.2 31.3 25 359 51 821 30.1 30.3 22 394 59 916 31.4 30.8 24 494 73 1219 33.9 32.2 28 

75 257 432 57 988 34.6 32.6 25 351 50 870 31.9 31.3 21 391 53 973 33.3 31.9 23 480 65 1280 35.9 33.5 27 

80 221 423 61 1048 36.7 33.7 24 335 47 908 33.3 32.1 20 370 54 1014 34.8 32.7 21 458 63 1330 37.6 34.5 25 

85 190 408 60 1101 38.7 34.8 23 323 44 946 35.0 33.0 19 351 50 1053 36.5 33.6 20 433 65 1378 39.3 35.6 23 

90 162 404 61 1168 41.5 36.2 22 320 49 1000 37.5 34.4 18 363 50 1121 39.6 35.2 20 445 66 1465 42.9 37.7 23 

95 139 388 56 1215 43.8 37.3 21 305 45 1036 39.3 35.3 17 343 53 1162 41.7 36.2 19 411 61 1502 44.7 38.6 21 

100 114 361 68 1267 46.5 38.4 20 278 50 1066 41.1 36.1 15 309 57 1193 43.4 37.0 17 365 63 1527 46.1 39.4 19 

105 99 314 68 1297 46.7 38.6 17 244 50 1089 41.4 36.2 14 271 56 1219 43.9 37.1 15 317 71 1560 46.2 39.5 17 

110 84 281 71 1345 48.0 39.3 16 219 51 1122 42.5 37.0 12 249 59 1263 45.5 38.0 14 293 75 1622 48.1 40.7 16 

115 67 246 78 1399 50.2 40.2 14 183 54 1147 43.6 37.6 11 216 63 1303 47.4 38.7 12 246 78 1663 49.3 41.2 14 

120 67 280 0 1434 53 42 16 217 0 1181 47.3 39.1 13 249 220 1336 50.8 40.1 15 288 258 1704 53.0 43.0 16 
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Supplementary Notes 

Note S1: Leaf Sampling and Leaf Morphology 

We sampled twigs with a tree climber from the top crown in two measurement campaigns 

(08.06.–16.06.2017 and 10.08.-18.08.2017). The twigs were immediately re-cut under water in the field 

and stored in water buckets during gas exchange experiments (approximately two hours after 

cutting). Previous-year twigs of A. alba were used for the measurements. Twigs were positioned in 

the middle of the leaf cuvette avoiding gaps and overlays of needles sealing the gaskets with Blu-tack 

(Bostik SA, La Plaine St Denis, France). To correct the leaf area, the needles used in gas exchange 

experiments were collected and scanned to determine their leaf area (LA, cm-2) with Adobe 

Photoshop in the laboratory on the same day (following [7]). 60 leaves for F. sylvatica and 120 needles 

for A. alba were collected in sealed plastic bags and measured fresh weight (FW, mg) and LA. After 

oven-drying the leaves at 60°C for three days we determined dry weight (DW, mg), leaf water content 

[LWC (%) =DW*100/FW], the leaf mass per area [LMA (mg cm-2) =DW/LA]. 

Note S2: Photosynthetic Gas Exchange Measurements - CO2-Response Curves 

Foliar gas exchange measurements were carried out with two portable “GFS-3000 gas exchange 

systems” in parallel with chlorophyll fluorescence measurements on five replicates for each tree 

species per measurement campaign. We followed the same measurement protocol as in Sperlich et 

al. (2015b). Only one GFS-3000 was equipped with a “PAM-Fluorometer 3055-FL” (Heinz Walz 

GmbH, Effeltrich, Germany) reducing n for parameters based on chlorophyll fluorescence 

measurements. Before starting the CO2-response curves the leaf was kept in darkness for 

approximately 20 minutes and night respiration (Rn) was recorded. The photosynthetic photon flux 

density (PPFD) was then set to 1000 µmol photons m−2 s−1. We light-adapted the leaves for 10 minutes 

and after Anet and gs values stabilised we started the CO2-response curves by altering the CO2 

concentrations in the leaf cuvette (Ca) stepwise 400→300→200→100→50→400→ 

400→600→800→1000→1500→2000 µmol CO2 m−2 s−1. Acclimation time was 120 seconds between 

each step [9]. Additionally to the CO2-response curves we conducted light-response experiments 

(A/PPFD-curve) for the estimation of mitochondrial respiration of a leaf in light conditions (Rd) on 

several samples of each species using the CF-method as proposed by Yin et al. (2009). See 

supplementary material for details. Prior to our experiments, we tested the cutting-twig method on A. 

alba and F. sylvatica. We found that foliar Anet and gs of attached intact twigs did not differ significantly 

(P<0.05) to leaves on cut twigs for the period of our response curves (~2 hours) (see suppl. Material Fig. 

xx).  

With the chlorophyll fluorescence-derived effective quantum yield of photosystem II (ΦPSII), we 

estimated gm using the variable-J method by Harley et al. (1992): 

𝑔𝑚 =
𝐴net

𝐶i −
[𝛤∗ ∗ 𝐽CF + 8(𝐴net + 𝑅d)]

𝐽CF − 4(𝐴net + 𝑅d)

 
(S1) 

where Γ* is the CO2 concentration at which the photorespiratory efflux of CO2 equals the rate of 

photosynthetic CO2 uptake, Rd is the mitochondrial respiration of a leaf in light conditions, JCF, is the 

electron-transport rate based on ΦPSII (see suppl Material for details). The chloroplastic CO2 

concentration, Cc, was thereafter determined as [Cc=Ci–Anet/gm]. 
Photosynthesis Model 

We then fitted the Farquhar, von Caemmerer, and Berry (FvCB) photosynthesis model to the 

CO2-response curves based on Ci (A/Ci-curve) and on Cc (A/Cc-curve) to determine the ‘apparent’ and 
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‘true’ (respectively) maximum rate of Rubisco carboxylation (Vc,max), electron-transport rate (Jmax) and 

triose-phosphate use (TPU) [12,13] as in [8,14]. Vc,max, Jmax and TPU define the biochemical potential 

of photosynthesis.  

Statistical Analyses 

The different ecophysiological parameters (Anet, gs, gm Rn, Rd, Vc,max, Jmax, TPU, LMA) were tested 

with ANOVAs and Tukey’s HSD tests for significant differences between the experimental groups 

seasonal campaigns, species and, for A. alba, also leaf position with a significance level of P≤0.05. 

Linear regressions were conducted for several parameter combinations, such as Anet/gs, Jmax/Vc,max, 

gs/gm, and Anet/gm. To compare the difference of the regression slopes, ANCOVAs were used. All 

statistical analyses were conducted with the R software (Version 3.4.0, R Core Team 2017).  

Note S3: LAI Measurements  

We used the “LAI-2200C Plant Canopy Analyzer” (Li-Cor Inc., Lincoln, NE, USA) to measure 

the seasonal course of leaf area index (LAI) in groups of pure beech, pure fir and mixed beech-fir 

stands at our study site Freiamt. Additionally, we measured the LAI in a total of 40 stands of different 

age classes in a nearby forest district (Wittnau) (n=22 for F. sylvatica and n=18 for A. alba). We chose 

Wittnau forest district because it is characterised by similar site indices and altitude as our 

experimental site and it provides many pure stands of A. alba and F. sylvatica in a wide range of age 

classes. Also, stand information (location, productivity, yield tables etc.) was available due to a 

collaboration in an earlier project.  

Optical techniques such as the hemispherical images of the LAI-2200C overestimate LAI because 

signals from woody plant material (branches, twigs, stem etc) are also recorded. We corrected the 

effective LAI (Le) for F. sylvatica by substracting the Le recorded in the leaf-less period in winter in 

pure F. sylvatica stands. In conifer stands, LAI-2200C additionally underestimates LAI because the 

instrument is sensing projected area of shoots, rather than needles [15,16]. The Le is thus corrected for 

the woody-to-total leaf area ratio and the clumping of needles into shoots and branches as in [17] 

LAI =  
(1 − β) ∙  Le ∙  γE

ΩE

 (S2) 

        

where β is the woody-to-total leaf area ratio, Le is the effective LAI as measured by the LAI-

2200C, γE is the needle-to-shoot area ratio and ΩE is the element clumping index. We used β, ΩE and 

γE from Picea abies because no data for A. alba was available and multiplied Le with the correction 

factor 1.65 [18,19]. We masked the outer 2 rings and used only the three upper rings (0±43° from 

zenith) of the hemispherical sensor for LAI as in [20]. The outer one or two rings can be sensitive to 

the impact of scattered light, even under diffuse sky conditions, or to gap fraction saturation and are 

frequently excluded from analysis of LAI-2000 data [21–23].  

Note S4: GOTILWA+: Productivity, Drought and Mortality 

The photosynthesis model from Farquhar-vonCaemerer-Bell (FvCB) [12] calculates the foliar net 

assimilation rates depending on intercepted quantum flux density, leaf temperature, intercellular 

CO2 concentration (Ci) and photosynthetic potentials and is coupled to the Leuning et al. stomatal 

conductance model [24] to calculate gas exchange rates and Ci. The species-specific photosynthetic 

potential is critical for the assimilatory efficiency of leaf tissue and is defined by three major processes: 

maximum carboxylation rate of Rubisco (Vcmax), maximum rate of electron transport (Jmax) and triose-

phosphate use (TPU). A two-layer canopy microclimate model scales photosynthesis for sunlit and 

shaded leaves - with the amount of intercepted diffuse and direct radiation depending on the time of 

the day, season, and the area of leaf exposed to the sun [25] – to the whole canopy to calculate bulk 

gross primary production (GPP). NPP is calculated from GPP minus maintenance respiration (MR). 

GOTILWA+ assumes a rate of 0.32 gC lost by growth respiration (GR;[26]) per 1 gC of NPP invested 



Climate 2020, 8, x FOR PEER REVIEW 3 of 22 

 

in growth. The assimilated carbon is allocated to leaf, sapwood and fine roots – each with a 

temperature-dependant respiration rate. Leaf biomass depends on the ratio of leaf mass per leaf area 

(LMA, g cm-2) and the maximum leaf area of a stand expressed as leaf area per ground area (leaf area 

index, LAI in m2 m-2).  

Simulation of Drought in GOTILWA+ 

Water stress directly reduces the photosynthetic potential through a nonlinear relation to soil 

water content by using an empirical β coefficient [27,28]. When the leaf respiration rate exceeds the 

photosynthetic assimilation rate and the mobile carbon pools are exhausted, a number of leaves are 

shed until the carbon balance is positive. In spring, evergreen trees then produce new leaves when 

photosynthesis has recharged mobile carbon pools being expended in winter to maintain the living 

biomass. Deciduous trees unfold leaves in 10 days when the stage of development imposes values of 

photosynthesis higher than 90% of optimal condition. Leaf fall occurs gradually when day length is 

decreasing and the stage of development imposes values of photosynthesis lower than 95% of 

optimal condition.  

Mortality Submodule  

When NPP in GOTILWA+ turns negative due to insufficient carbon assimilation (e.g. stomatal 

closure under drought), the mobile carbon pool is gradually depleted for maintenance and/or growth 

respiration inducing eventually leaf shedding and die-off of fine roots to restore the balance in the 

carbon budget. Tree mortality occurs when the trees in a diameter class are completely defoliated 

and the mobile carbon pool falls below a specific threshold (Table S1h - mobile C threshold for 

mortality) – which is a percentage of the plant’s total mobile carbon pool set by the user. Tree number 

is reduced until the balance of demand and supply of carbohydrates is restored. See [29] and [30] for 

further details on the mortality sub-model of GOTILWA+.  
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