


Appendix A – Model equations and further descriptions
[bookmark: _Ref201064387]Plant development
Maize development is regulated by the effective temperature (Teff) – with a base temperature (T1) of 6°C (Pagès and Pellerin 1994; Verheul, Picatto, and Stamp 1996; Bonhomme, Derieux, and Edmeades 1994). The development process is separated into five stages further named XStage, following HYBRID-Maize (Yang et al. 2016). Development rates (DevRateS0 – 4, A 1, A 4) between these XStages are calculated as simple ratio of Teff and the temperature sum (GDD). Compared to the approach of Yang et al. (2016), an additional GDD is introduced from emergence till silking (DevRateS3, A 3). The GDDs are known to vary in dependence of the maturity class and were assigned according to the assumptions of Bignon (1990) for mid-early hybrid at a soil with medium warming dynamics, harvested at the dough stage, which is the harvest date of whole crop silage maize with a typical DM content of 35%.
Growth of leaf number is calculated according to the approach of HYBRID- and CERES-Maize (Yang et al. 2016; Jones and Kiniry 1986). Thereby, leaf growth is the ratio between Teff and the parameter phyllochron (phy, A 6). For the early growth period in which the plant has less than five leaves (< BBCH15), growth rate is assumed to be higher. Therefore, a factor (fphy) is reducing phy (A 7). However, in the field trials, growth stages were recorded according to the BBCH scale of Lancashire et al. (1991), hence, were converted into XStages for model evaluation.
	
	[bookmark: _Ref228202829][bookmark: _Ref228199838](A 1)


[bookmark: _Ref161220496]DevRateS0: Development rate between sowing and emergence [1/°C d], Teff: effective temperature [°C], GDDemer: corresponding growing degree days [°C d]
	
	[bookmark: _Ref228200129](A 2)


DevRateS1: Development rate between emergence and tassel initiation [1/°C*d], Teff: effective temperature [°C], GDDtasini: growing degree days from emergence till tassel initiation [°C d]
	
	[bookmark: _Ref228202884][bookmark: _Ref228202880](A 3)


DevRateS2: Development rate between tassel initiation and silking [1/°C*d], Teff: effective temperature [°C], GDDS2: growing degree days from tassel initiation till silking [°C d]
	
	[bookmark: _Ref228202839](A 4)


DevRateS3: Development rate silking and grain filling [1/°C*d], Teff: effective temperature, GDDS3: growing degree days from silking till grain filling [°C d]
	
	(A 5)



DevRateS4: Development rate between grain filling and maturity [1/°C*d], Teff: effective temperature [°C], GDDtotal: growing degree days from sowing till maturity [°C d], GDDemer: growing degree days from sowing till emergence [°C d], GDDsilk: growing degree days from emergence till silking [°C d], GDDS3: growing degree days from silking till grain filling [°C d]
	
	[bookmark: _Ref228202904](A 6)


LeafNo: number of leaves [-], Teff: effective temperature [°C], phy: phyllochron [°C d/leaf], fphy: reduction factor for early growth phase [-]. 
	
	[bookmark: _Ref228202922](A 7)


fphy: reduction factor for early growth phase [-], LeafNo: number of leaves [-], constants (0.66, and 0.068) are parameters according to Yang et al. (2016), Jones and Kiniry (1986).

Dry matter production
Total dry matter production (DMtot) is initialized at emergence by DMini, which is the weight of the seed (DMseed) corrected by the weight fraction of the hypocotyl (fhypo) and the loss due to transformation and translocation processes (ftrans, A 8). The DMini decreases constantly after sowing (A 22). The DMseed is always subtracted from total dry matter production (DMtot, A 9).
	
	[bookmark: _Ref228202995](A 8)


DMini: initial dry matter value for starting the model [g/m²], DMseed: seed dry matter [g/m²], ftrans: fraction of seed dry matter lost by transformation processes [-], fhypo: fraction of the hypocotyl [-]
	
	[bookmark: _Ref228203024](A 9)


DMini: initial dry matter value [g/m²], DMtot: total dry matter [g/m²]
	
	(A 10)



Q: absorbed radiation [MJ/m²d], LUEpot: potential light use efficiency [g/MJ PAR], fT: temperature weight factor for photosynthetic activity [-], fSWDF: soil water deficit factor [-]
	
	(A 11)



Q: absorbed radiation [MJ/m²d], PAR: photosynthetic active radiation (0.5 * global radiation) [MJ/m²d], kPAR: extinction coefficient [-], GAI: green area index [m²/m²]
	
	(A 12)


LUEpot: potential light use efficiency [g/MJ PAR], LUE0, LUEslope: regression parameters
	
	(A 13)


fSWDF: soil water deficit factor [-], Tact: actual transpiration [mm/d], Tpot: potential transpiration [mm/d], SWDF: power value describing the non-linear relation of drought stress [-]

	
	[bookmark: _Ref228203839](A 14)


fT: temperature weight factor for photosynthetic activity [-], Tmean: daily averaged effective temperature [°C], T1: base temperature [°C], T2, T3, T4: cardinal temperatures of trapezoid function [°C]

Dry matter partitioning
	
	[bookmark: _Ref228203884](A 15)


DMtot: total dry matter [g/m²], DMroot: root dry matter [g/m²], DMshoot: shoot dry matter [g/m²]
	
	[bookmark: _Ref228203886](A 16)


DMtot: total dry matter [g/m²], DMroot: root dry matter [g/m²], DMshoot: shoot dry matter [g/m²]
The increase of DMroot through the season is determined by the allocation coefficient (ACroot), calculated according to Yang et al. (2016), including a upper limit of root growth shortly after silking (DSstop, A 17, A 18).
	
	[bookmark: _Ref228203091](A 17)


ACroot: proportion of root dry matter [-], ACEroot: allocation coefficient of root dry matter proportion [-], DS: development stage of root growth [-], DSstop: highest development stage of root growth [-]
	
	[bookmark: _Ref228203092](A 18)


DMroot: root dry matter [g/m²], DMtot: total dry matter [g/m²], ACroot: proportion of root dry matter [-]
	
	(A 19)


DMshoot: shoot dry matter [g/m²], DMtot: total dry matter [g/m²], ACroot: proportion of root dry matter [-]
	
	[bookmark: _Ref228203919](A 20)



DMshoot: shoot dry matter [g/m²], DMleaf: leaf dry matter [g/m²], DMstem: stem dry matter [g/m²], DMcob: cob dry matter [g/m²]
	
	(A 21)


DMshoot: shoot dry matter [g/m²], DMleaf: leaf dry matter [g/m²], DMstem: stem dry matter [g/m²], DMcob: cob dry matter [g/m²]
	
	[bookmark: _Ref228203017](A 22)


DMleaf: leaf dry matter [g/m²], DMshoot: shoot dry matter [g/m²], fleaf: fraction of leaf dry matter [-]
	
	(A 23)



fleaf: fraction of leaf dry matter [-], fleafslope: slope of linear leaf dry matter growth [-], fleaf0: intercept of linear leaf dry matter growth [-], decaya: coefficient of leaf dry matter decay [-], decayb: power coefficient of leaf decay [-], GAI: green area index [m²/m²], GAImax: maximum green area index, at which leaf dry matter starts decreasing [m²/m²].
	
	(A 24)



DMcob: cob dry matter [g/m²], DMshoot: shoot dry matter [g/m²], fcob: proportion of cob dry matter [-]
	
	
(A 25)


fcob: proportion of cob dry matter [-], fcobslope: slope of the linear cob dry matter growth [-], fcob0: intercept of the linear cob dry matter growth [-], fstemmin: threshold of dry matter allocated in the stem [-],
	
	(A 26)


DMstem: stem dry matter [g/m²], DMshoot: shoot dry matter [g/m²], fleaf: proportion of leaf dry matter [-], fcob: proportion of cob dry matter [-]
	
	[bookmark: _Ref228203954](A 27)


GAI: green area index [m²/m²], LAI: green area index of leaves [m²/m²], SAI: green area index of stems [m²/m²]
	
	[bookmark: _Ref228203960](A 28)


GAI: green area index [m²/m²], LAI: green area index of leaves [m²/m²], SAI: green area index of stems [m²/m²]
	
	[bookmark: _Ref228203180](A 29)


LAI: green area index of leaves [m²/m²], SLA: specific leaf area [m²/g], DMleaf: leaf dry matter [g/m²]
	
	[bookmark: _Ref228203185](A 30)


SAI: green area index of stems [m²/g], SSA: specific stem area [m²/g], DMstem: stem dry matter [g/m²]
	
	[bookmark: _Ref228203131](A 31)


SLA: specific leaf area [m²/g], SLAini: upper limit of SLA [m²/g], SLAmin: lower limit of SLA [m²/g], SLAa: coefficient of exponential decrease of SLA [-], SLAb: power coefficient of exponential decrease of SLA [-]
	
	[bookmark: _Ref228203132](A 32)


SSA: specific stem area [m²/g], SSAini: upper limit of SSA [m²/g], SSAmin: lower limit of SSA [m²/g], SSAa: coefficient of exponential decrease of SSA [-], SSAb: power coefficient of exponential decrease of SSA [-]. Daily leaf and stem area growth rate () is calculated according to A 29 and A 30 using the chain rule, since SLA and SSA are functions of LAI and SAI (A 31, A 32). A 33 and A 34 provide the derivation of the outer and the inner functions of A 29 and A 30.
	
	[bookmark: _Ref228203154](A 33)


LAI: green area index of leaves [m²/m²], SLAa, SLAb: coefficients of exponential decrease of SLA via LAI [-], DMleaf: leaf dry matter [g/m²]
	
	[bookmark: _Ref228203162](A 34)



SAI: green area index of stems [m²/g], SSAa, SSAb: coefficients of exponential decrease of SSA via SAI [-], DMstem: stem dry matter [g/m²]
	
	[bookmark: _Ref228204036](A 35)



fsen: proportion of green area turning to senescent plant material [-], GAI*: actual GAI [m²/m²]
	
	[bookmark: _Ref228204037](A 36)


fsen: proportion of green area turning to senescent plant material [-], sena, senb: coefficients of exponential increase of senescent plant area [-]
	
	(A 37)



GAI*: actual GAI [m²/m²], fcropheight: slope of linear regression between GAI and crop height [-]

Root growth
The root growth component was introduced first by Kage, Kochler, and Stützel (2000) for cauliflower. Hence, all components were refitted for silage maize. As a function of DMroot and specific root length (SRL, Table B 1), root length (RLtot) increases linear until maximum root depth (zrmax) or until DSstop is reached (A 38). DSstop was introduced in the dry matter partitioning component and zrmax is a site-specific model parameter for the maximum rooting depth. Root depth growth starts with sowing depth (zr0) and proceeds in a linear manner with a temperature dependent fitted parameter (kzr, A 39).
The exponential decrease of root length density with soil depth, depicting the vertical root distribution, is calculated with the coefficients kr, and RLD0 (A 40). RLD0 is the RLD at zr = 0. kr is the fractional decrease with increasing soil depth z, determined by ratio between RLDzr and RLD0 (A 42). To avoid iterative steps, the ratio is set as a fix parameter rRLD (Table B 1).
The calibration of the root growth parameters was done with independent data of the field trials with a newer hybrid only (KWS Stefano, field trials in 2021-22 at the experimental farm Hohenschulen of Kiel University (54.18°N, 9.58°E, 18 m a.s.l.). All simulations in the current study were performed using the same Root component parameterisation, meaning that the results were not influenced. 
Root length (RL) and root length density (RLD) were monitored to a soil depth of 120 cm, either by soil pits or by soil cores. Soil cores were sampled at silking and grain filling and divided into 10 cm sections. After washing the samples, extracted roots were scanned using the Epson Perfection V850 Pro. The scans were analysed using RhizoVision Explorer v2.0.3 (Seethepalli et al. 2021). Rooting depth (zr) was investigated at four timepoints during the growing period of 2022 measuring the deepest visible root in the soil pit.
[image: ]
Figure A 1 Panel A: Root depth growth. Linear relation of root depth z to thermal time (dzr/dt = kzr*Teff, kzr=0.0703). Panel B: Vertical root growth is described by an exponential function over soil depth z (RLD=RLD0*ekr*zr). Panel C: Specific root length (SRL) depicted as the regression between root dry matter [g/m²] (DMroot) and root length (RL).
	
	[bookmark: _Ref228203227](A 38)


RLtot: total root length [cm], DMroot: root dry matter [g/m²], SRL: specific root length [cm/g]
	
	[bookmark: _Ref228203237](A 39)


zr: rooting depth [cm], kzr: slope of linear root depth growth [-], Teff: effective temperature [°C], zrmax: maximum root depth [cm]
	
	[bookmark: _Ref228203249](A 40)


RLD: root length density [cm/cm3], RLD0: root length density at zr=0 [cm/cm3], kr: exponential coefficient describing vertical root growth [-], z: soil depth [cm]
	
	(A 41)


kr: rooting coefficient, describing vertical root growth [-], RLDzr: root length density at rooting depth [cm/cm3], RLD0: root length density at zr=0 [cm/cm3], the ratio of RLDzr and RLD0 is fitted as a model parameter rRLD [-] to avoid iterative steps, zr: rooting depth [cm]
	
	[bookmark: _Ref228203272](A 42)



RLD0: root length density at zr=0 [cm/cm3], RLtot: total root length [cm], kr: rooting coefficient describing vertical root growth [-], zr: rooting depth [cm]

Evapotranspiration
Required input for this component are weather data; daily mean temperature, global radiation (GR), windspeed, precipitation and vapour pressure deficit (VPD). Necessary external variables are provided by the dry matter partitioning component (GAI, crop height) and by the dry matter production component (kPAR).
Potential evapotranspiration (ETpot) is calculated by the Pennman-Monteith equation (Monteith 1973), being the sum of potential transpiration (Tpot), potential evaporation (Epot) and interception (I, A 45). Epot is calculated by the fraction of radiation, which is transmitted, calculated with an exponential function of GAI and kPAR. Calculation of interception is described in Kage, Alt, and Stützel (2003). Tpot is derived as the difference of Epot and I from ETpot.
	
	(A 43)


ETpot: potential evapotranspiration [mm/d], Δ: slope of relation between saturation vapor pressure and temperature [-], Rnet: net radiation [MJ/m²d], ρ: air density [kg/m3], cp: specific heat of the air [MJ/kg °C], VDP: vapour deficit pressure [kPa], ra: aerodynamic resistance [s/m], γ: psychometric constant [kPa/°C], rcmin: minimal stomatal resistance [s/m], λ: latent heat of water vaporisation [MJ/kg]
	
	(A 44)



Epot: potential evaporation [mm/d], ETpot: potential evapotranspiration [mm/d], kPAR: extinction coefficient [-], GAI: green area index [m²/m²]
	
	[bookmark: _Ref228203351](A 45)



Tpot: potential transpiration [mm/d], ETpot: potential evapotranspiration [mm/d], Epot: potential evaporation [mm/d], I: interception [mm/d]

Soil water component
Vertical soil water movement is calculated based on Richards equation (A 46) along an diffusion approach, more detailed by Johnen, Boettcher, and Kage (2014), Neukam, Böttcher, and Kage (2016) and Böttcher et al. (2020). Soil textures are set site-specific and were determined in the field for each of four defined soil layers (Eckelmann, Sponagel, and Grottenthaler 2005). The van Genuchten (1980) parameters following Mualem (1976) parameterisation (α,ϴs, ϴr, n) and saturated hydraulic conductivity Ks are derived from soil textures (Renger, Bohne, and Wessolek 2014). To each soil layer, a sink term S[i] considering the water uptake by plants, is calculated by splitting Tpot (as external variable from the evapotranspiration component) across the four soil layers (A 47). The distribution of Tpot is oriented on the prevailing root length of each soil layer (i). A parameter for root competition (CompF) is added, to explain reduced water uptake due to root competition (Kage and Ehlers 1996; Kage, Alt, and Stützel 2003; Ehlers et al. 1991). Soil water potential may limit the water uptake as well, if it exceeds the critical soil water potential (ψcrit). Therefore, n reduction factor fsinkred is included when estimating S[i], following the assumptions of Feddes (1980) and Belmans, Wesseling, and Feddes (1983) (A 48). Actual transpiration (Tact) is the sum of the soil layers sink terms (A 49). Actual evaporation (Eact) is determined by reducing Epot when the soil water potential in the top soil layer (ψarr[1]) falls below a critical threshold (ψcritevap, A 50, A 51).To ensure an adequate representation of starting values, model was already started at the first of November of the previous year, respectively.
	
	[bookmark: _Ref228203389](A 46)


θ: volumetric soil water content [cm³/cm³], t: time [d], z: soil depth [cm], Dw: diffusivity of water [cm²/d], k: unsaturated hydraulic conductivity [cm/d], S: sink term for water uptake by plant roots [cm/d], ψ: soil water potential [hPa]
	
	[bookmark: _Ref228203403](A 47)


S: sink term for water uptake by plant roots [cm/d], Tpot: potential transpiration [mm/d], RL: root length [cm], i: certain soil layer [-], j: all soil layers [-], CompF: root competition factor [-], fsinkred: reduction factor [-]
	
	[bookmark: _Ref228203416](A 48)


fsinkred[i]: reduction factor for each soil layer i [-], ψ: soil water potential [hPa], ψ0: soil water potential when water uptake is 0 [hPa], ψcrit: soil water potential from which water uptake decreases [hPa]
	
	[bookmark: _Ref228203454](A 49)


Tact: actual transpiration [mm/d], S: sink term [cm/d], j: all soil layers [-]
	
	[bookmark: _Ref228203468](A 50)


Eact: actual evaporation [mm/d], Epot: potential evaporation [mm/d], fevap: reduction factor [-]
	
	[bookmark: _Ref228203472](A 51)



fevap: reduction factor correcting Epot by low soil water content in the top soil layer[-], ψarr[1]: soil water potential in the top soil layer [hPa], ψcritevap: soil water potential at which evaporation decreases [hPa].

[bookmark: _Ref196311406]Appendix B – List of model parameters
In total, 20 crop-specific parameters for aboveground plant growth and three parameters for root growth were fitted with the calibration data set (Table 1), based on the old hybrid (KWS Ronaldinio). Parameters for the development, besides phy, and soil water dynamic components were derived from literature.
[bookmark: _Ref158737799]Table B 1 Model parameter values derived from literature and fitted by empirical regression (no literature entry). The table is structured following the model components: Evapotranspiration, Soil water dynamics, Development, Dry matter production, Dry matter partitioning and Root growth.
	Parameter
	Value
	Unit
	Description
	Literature

	Development

	T1
	6
	[°C]
	Base temperature for calculating Teff 
	Pagès and Pellerin (1994), Verheul, Picatto, and Stamp (1996), Bonhomme, Derieux, and Edmeades (1994)

	GDDemer
	100
	[°C d]
	Temperature sum from sowing until emergence
	All GDD’s derived according to Bignon (1990)

	GDDtasini
	320
	[°C d]
	Temperature sum from emergence until tassel initiation
	

	GDDS2
	510
	[°C d]
	Temperature sum from tassel initiation until silking
	

	GDDS3
	200
	[°C d]
	Temperature sum from silking until grain filling
	

	GDDsilk
	830
	[°C d]
	Temperature sum from emergence till silking
	

	GDDtotal
	1890
	[°C d]
	Temperature sum from sowing till maturity
	

	phy
	50.8
	[°C d/leaf]
	Phyllochron
	

	Dry matter production

	DMseed
	3.7
	[g/m²]
	Weight of the sown seeds 
	

	fhypo
	0.24
	[-]
	Weight fraction of the hypocotyl
	

	ftrans
	0.3
	[-]
	Weight fraction lost by transformation and translocation
	

	T2
	16
	[°C]
	Cardinal temperatures of trapezoidal temperature function to calculate fT
	Yang et al. (2016)

	T3
	28
	[°C]
	
	

	T4
	34
	[°C]
	
	

	kPAR
	0.654
	[-]
	Constant extinction coefficient
	Rose, Rose, and Kage (2023)

	Evapotranspiration

	rc0
	75
	[s/m]
	Stomatal conductance
	Rochette et al. (1991), Sinclair et al. (1975),  Irmak and Mutiibwa (2008)

	Soil water dynamics

	psi0
	15000
	[hPa]
	Water tension at permanent wilting point
	Neukam, Böttcher, and Kage (2016)

	psicritEvap
	20
	[hPa]
	
	Beese et al. (1978)

	psicri
	500
	[hPa]
	Critical soil water potential
	Neukam, Böttcher, and Kage (2016)

	CompF
	0.5
	[-]
	Root competition factor reducing water uptake
	Ehlers et al. (1991)

	Dry matter partitioning

	ACEroot
	0.35
	[-]
	Dry matter allocation coefficient for root dry matter
	Yang et al. (2016)


	DSstop
	1.15
	[-]
	Development stage when root growth stops
	Yang et al. (2016)

	fleafslope
	-0.293
	[-]
	Slope of linear leaf growth (fleaf)
	

	fleaf0
	1.032
	[-]
	Intercept of linear leaf growth (fleaf)
	

	GAImax
	5.5
	[m²/m²]
	maximum green area index, at which leaf dry matter starts decreasing
	

	decaya
	3.232*10-15
	[-]
	Coefficients calculating fleaf after silking due to dry matter translocation to stem (fleaf)
	

	decayb
	22.32
	[-]
	
	

	fcobslope
	0.5687
	[-]
	Slope of the linear growth of fcob
	

	fcob0
	-1.095
	[-]
	Intercept of the linear growth of fcob
	

	fstemmin
	0.248
	[-]
	Proportion of DM remaining in the stem at harvest
	

	SLAini
	0.032
	[m²/g²]
	Upper limit of the negative exponential relation between LAI and SLA
	

	SLAmin
	0.016
	[m²/g]
	Lower limit of the negative exponential relation between LAI and SLA
	

	SLAa
	0.022
	[m²/g]
	Coefficients of the negative exponential relation between LAI and SLA
	

	SLAb
	-0.135
	[-]
	
	

	SSAini
	0.004
	[m²/g]
	Upper limit of the negative exponential relation between SAI and SSA
	

	SSAmin
	0.0006
	[m²/g]
	Lower limit of the negative exponential relation between SAI and SSA
	

	SSAa
	0.0006
	[m²/g]
	Coefficients of the negative exponential relation between SAI and SSA
	

	SSAb
	-0.379
	[-]
	
	

	sena
	0.00013
	[-]
	Coefficients of exponential growth of senescent proportion of GAI (fsen)
	

	senb
	1.734
	[-]
	
	

	heighta
	0.2894
	[-]
	Coefficients of quadratic equation to calculate crop height by DMshoot
	

	heightb
	0.0027
	[-]
	
	

	heightc
	7.7982*10-7
	[-]
	
	

	Root Growth

	zr0
	6
	[cm]
	Sowing depth
	

	SRL
	6790
	[cm/g]
	Specific root length
	

	zrmax
	120
	[cm]
	Maximum rooting depth
	

	kzr
	-0.0703
	[cm/°C]
	Coefficient of linear root growth
	

	rRLD
	0.128
	[-]
	Ratio between RLDzr and RLD0 for computing kr
	



Appendix C – Simulations of Site B, C and D[image: ]
[bookmark: _Ref207358939]Figure C 1 Simulated (lines) and observed (points) values of biomass growth (DMShoot, DMLeaf, DMStem, DMCob; in g/m²) and green area expansion (GAI, LAI, SAI; in m²/m²) across phenological stages (XStages) for the old and the new hybrid across Sites B, C, D (Table 1) and respective trial years (2007-2008, 2021-2022). Depicted are the two model approaches, baseline model (solid line, parameterized by the old hybrid) and the hybrid specific model (dashed line, parameterized for both hybrids individually).
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