Supplementary information: Calibration and evaluation of the crop growth model LINTUL-POTATO-DSS for potato in Indonesia
Abstract
The LINTUL-POTATO-DSS crop growth model was calibrated on five field experiments in two sites of West Java, Indonesia. The sprout growth rate and the maximum average daily temperature for photosynthesis was increased. Furthermore, the dry matter concentration in the tubers was adapted to the type of potato variety modelled, being a table and a processing potato variety. After model calibration, three independent field experiments were used to evaluate the model. Model evaluation showed that modelled yields were in good agreement with measured yields.
Introduction
Potato is the third major staple food crop after rice and wheat (FAOSTAT) and rapidly gaining importance in (sub) tropical regions, which is also true in the emerging economy of Indonesia (Taylor and Dawson 2021). The country is targeting the improvement of potato production and the Dutch Embassy in Indonesia has supported this endeavor over a number of decades, through special programs such as VegImpact (www.vegimpact-e-learning.com/). Despite these efforts, potato yield increases remain modest (FAOSTAT 2023) and in some areas, such as West Java, no yield increase was found (BPS 2023).
The major question that arises is why potato yields are not increasing in Indonesia. Where programs aim to train farmers and to optimize inputs, potato yields show limited increases. Estimating potential yields for the major potato producing regions in West Java, Pangalengan and Cikajang, can unravel the contribution of climate variability and change to potato yields. However, there is limited documentation on estimating potential yields of potato in Indonesia with crop growth simulation models. Therefore, this report aims to apply the crop growth model LINTUL-POTATO-DSS (Haverkort et al. 2015) for estimation of the potential yield of potato in Indonesia.

In the highlands of Indonesia, potato is planted year-round when irrigation is available in the dry season (Pronk et al. 2020; Saptana et al. 2022). To apply the model to the specified potato producing regions in Indonesia, there is a need to calibrate and evaluate the model under the particular climate and soil conditions (De Koning et al. 1995; van Ittersum et al. 2013), which is done and explained in this report. 
Methodology
Model description
The LINTUL-POTATO model was simplified to LINTUL-POTATO-DSS to allow the estimation of potato yield and quality under commercial production settings (Haverkort et al. 2015). The number of input parameters in LINTUL-POTATO-DSS was reduced compared to the LINTUL-POTATO model and the model thus requires less input data. Temperature is the main driver of crop development. Canopy closure is reached when temperature sum equals 650 Cd and 100% ground cover pertains until harvest. The tuber yield is estimated from the accumulated dry matter assuming that 75% of the total aboveground dry matter production is allocated to the tubers. An additional simplification of LINTULL-POTATO-DSS compared to LINTUL-POTATO is the end of the crop growth, which is a parameter that depends on maturity features of the potato variety and climate conditions during the growing season, and which is not related to leaf senescence due to temperature, mutual shading, and/or dry matter partitioning. 
Data description
The model was calibrated using field data from four experiments at three locations for the potato varieties Granola and Atlantic and evaluated against independent field data from two field experiments at Pangalengan (Table 1). The calibration data included planting and harvesting dates, emergence date, canopy closure at different times during crop growth, fresh tuber yields, and dry matter content of freshly harvested tubers derived from specific gravity measurements (Table 2). Experiments 1, 2, 3 and 6 were led by our co-author Dr. N. Gunadi where experiments 4, 5, 7 and 8 were led by his colleagues of the currently named National Research and Innovation Agency (BRIN), Indonesia. The potential yields were in some cases derived from yield measurements of individual plants multiplied by the provided plant densities practiced. In some cases, these yields were higher than reported yields because (1) not all plants survived due to disease incidences and (2) sometimes an efficiency of 90% was applied to correct for small plots as they have a relatively larger area of paths compared to cropped areas. Some experiments were designed to evaluate optimal fertilizer application rates (experiments 1 and 6) where pest and disease control was sufficiently supplied, the crop was irrigated when needed and only the maximum yield levels were included. Some experiments were designed to evaluate yield and quality of potato varieties for processing (experiments 2 to 5) where both fertilizers and pest and disease control were sufficiently supplied and the crop was irrigated when needed. Experiments 7 and 8 were designed to evaluate and compare the performance of newly developed late blight (Phytophthora infestans) resistant potato varieties with the standard potato variety Granola under optimal production conditions, e.g., fertilizers and pest and disease control were sufficiently supplied. These experiments were therefore considered to have no nutrient stress nor water stress and that pests and diseases were fully controlled and as such measured yields approach the potential yield. 

[bookmark: _Ref118967548]Table 1	General information of field experiments used for calibration and evaluation of LINTUL-POTATO-DSS in Indonesia
	Number
	Code
	Location
	Year
	Variety
	Usage
	Source

	1
	2003PanG
	Pangalengan
	2003
	Granola
	Calibration
	 (Gunadi et al. 2003)

	2
	2012PanG
	Pangalengan
	2012
	Granola
	Calibration
	 (Gunadi et al. 2012)

	3
	2012LemG
	Lembang
	2012
	Granola
	Calibration
	

	4
	2017CikG
	Cikajang
	2017
	Granola
	Calibration
	 (Kusmana and Aswani 2020)

	5
	2017CikA
	Cikajang
	2017
	Atlantic
	Calibration
	

	6
	2016CikG
	Cikajang
	2016
	Granola
	Evaluation
	 (Gunadi et al. 2016)

	7
	2018PanG
	Pangalengan
	2018
	Granola
	Evaluation
	 (Ambarwati 2018)

	8
	2021PanG
	Pangalengan
	2021
	Granola
	Evaluation
	 (Kusmana and Handayani 2023)



[bookmark: _Ref156481890]Table 2	Overview of data used for model calibration and evaluation
	Number
	Code
	Location
	Planting/
harvesting date
	Emergence 
date
	Canopy closure
	Fresh tuber weight
	Dry matter concentration tubers

	1
	2003PanG
	Pangalengan
	X
	X
	X
	X
	X

	2
	2012PanG
	Pangalengan
	X
	X
	X
	X
	X

	3
	2012LemG
	Lembang
	X
	X
	X
	X
	X

	4
	2017CikG
	Cikajang
	X
	
	
	X
	X

	5
	2017CikA
	Cikajang
	X
	
	
	X
	X

	6
	2016CikG
	Cikajang
	X
	
	
	X
	

	7
	2018PanG
	Pangalengan
	X
	
	
	X
	

	8
	2021PanG
	Pangalengan
	X
	
	
	X
	



Weather data
Weather data were obtained from NASA-POWER (https://power.larc.nasa.gov). The data refer to weather conditions on a daily basis. The weather data included the daily minimum temperature (°C) and daily maximum temperature (°C), precipitation (mm), daily all sky surface shortwave downward irradiance (MJ m-2), and altitude corrected relative humidity (%). With these data the daily reference evapotranspiration Penman-Monteith was calculated with the R package ‘simET’ (Liu and Yang 2022).
Calibration and evaluation of LINTUL-POTATO-DSS for potato yields under potential conditions in West Java, Indonesia
The model calibration procedure of Wang et al. (2018) was followed. The starting point of the model calibration was the phenological development of the crop, followed by the leaf area related parameter, ground cover, and subsequently by the temperature related photosynthesis parameters. The sprout growth rate of 0.7 mm per degree day was calibrated using the planting dates and corresponding observed emergence dates. Thereafter, simulated ground cover up to 100% was evaluated and finally, the maximum daily average temperature at which photosynthesis ceased was increased to 33 °C. The important crop parameters in LINTUL-POTATO-DSS and their default values are presented in Table 3. 

[bookmark: _Ref119672037]Table 3	LINTUL-POTATO-DSS model parameters prior to model calibration
	Parameters
	Units
	Default value
	Data sources

	Harvest index
	-
	0.75
	0.75

	Sprout growth rate
	mm per degree day
	0.7
	Haverkort (2015)
Van Delden (2000)

	Degree days emergence to 100% crop cover
	Degree days
	650
	Haverkort (2015)
Haverkort (1985)
Kooman (1995)

	LUE (all radiation)
	g MJ-1 light intercepted
	1.25
	Haverkort (2015)

	Min temp photosynthesis (Daily average temperature)
	C
	3
	Haverkort (2015)

	Min temp optimal photosynthesis (Daily average temperature)
	C
	15
	Haverkort (2015)

	Max temp optimal photosynthesis (Daily average temperature)
	C
	20
	Haverkort (2015)

	Max temp photosynthesis (Daily average temperature)
	C
	28
	Haverkort (2015)

	Dry matter concentration of tuber
	%
	21
	Haverkort (2015)




Results
Calibration of LINTUL-POTATO-DSS
The model was first run with the original/default model parameters for the calibration experiments (number 1 to 5, Table 1). Results for measured and simulated canopy closure for experiments number 1 to 3 (Table 2) from emergence to 100% ground cover are presented in Fig. 1, left panel, and results on measured and simulated fresh potato yields are presented in Fig. 1, right panel. On average, the modeled ground cover development was in agreement with the measured ground cover development (R2 = 0.97), although the model overestimated canopy closure by 5% on average. Yet, the modeled time from planting to emergence was 7 days whereas the observed time from planting to emergence was 19 days (data not shown). At final harvest, the modeled tuber weight (27.3 t/ha) was lower than the actual tuber weight (36.0 t/ha), a difference of 8.6 t/ha, and the regression showed an underestimation of the modeled yield of 24% relative to measured yields (Fig. 1, right panel).
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	[bookmark: _Ref119672995]Fig. 1	Observed and modeled ground cover development (left) and total tuber fresh weight with measured dry matter content of tubers (right) for the calibration experiments. Modeled data assumed default (i.e., not calibrated) model parameters



Calibrated parameters
The default and adapted model parameters are provided in Table 4. The sprout growth rate was reduced to 0.37 (standard deviation = 0.079) mm per degree day and the maximum daily average temperature for photosynthesis, was increased from 28 to 33 C.
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	[bookmark: _Ref119673067]Fig. 2	Observed and modeled total tuber fresh weight for the calibration experiments (left panel) and evaluation experiments (right panel) with calibrated parameters



[bookmark: _Ref119673028]Table 4	LINTUL-POTAT-DSS model parameters before and after calibration with the calibration experiments
	Parameters
	Units
	Before calibration
	After calibration

	Harvest index
	-
	0.75
	0.75

	Sprout growth rate
	mm per degree day
	0.7
	0.37

	Degree days emergence to 100% crop cover
	Degree days
	650
	650

	LUE (all radiation)
	g MJ-1 light intercepted
	1.25
	1.25

	Min temperature photosynthesis (Daily average temperature)
	C
	3
	3

	Min temp optimal photosynthesis (Daily average temperature)
	C
	15
	15

	Max temp optimal photosynthesis (Daily average temperature)
	C
	20
	20

	Max temp photosynthesis (Daily average temperature)
	C
	28
	33

	Dry matter concentration of tuber at harvest
	%
	21
	Granola: 18%
Atlantic: 20%



Evaluation of LINTUL-POTATO-DSS
Model simulations with the calibrated parameters from the 4 calibration experiments are presented in Fig. 2. The modeled number of days between planting and emergence was 19 days, and in agreement with the measured time from planting to emergence. At final harvest, the simulated tuber fresh weight was 38.0 t/ha, largely in agreement with the measured fresh tuber weight of 36.0 tons/ha (R2  1), corresponding to a yield overestimation by the model of 5.6%.
Discussion
Field experiments
Calibration and evaluation of crop models for potato in Indonesia is a challenging task due to limited data availability. Although potato field experiments are performed and published regularly (Basuki et al. ; Kusandriani 2014; Kusmana 2005; Kusmana and Basuki 2004; Yusdian et al. 2022), exact planting dates are often not recorded and instead only the planting month is specified. The number of growing days is mostly indicated, but planting a potato crop on the first, the 15th, or the last day of the month makes a profound difference on modelled crop yield as potato is very sensitive to high temperatures. Therefore, many published experiments are not suitable for crop model parametrization and evaluation.
The very few field experiments of potential potato production in West Java that had planting dates available were used for this study. Besides lack of planting dates, additional reasons complicate field experiments to represent potential production levels as simulated by crop models. Potato is a widely planted crop in combination with tomato, another Solanaceae with comparable production bottlenecks. Soil-borne diseases and the fungal disease late blight contribute to depressed potato production. Finally, potato seed of good quality are difficult to obtain. Yet, the 5 experiments used for model calibration provided sufficient details on production practices such as exact planting and harvesting dates, emergence dates, fertilizer inputs, irrigation practices and disease control, as well as field observations on e.g., canopy development. 

Evaluation of the calibrated parameters
The default value for sprout growth rate of 0.7 mm per degree day (Table 3) was derived from regions with a temperate climate where air temperature in spring increases gradually (Haverkort, 2015) and soil temperature lacks behind. In Pangalengan, Lembang and Cikajang however, temperature varies relatively little throughout the year and air and soil temperature are in closer agreement with an overestimation of the sprout growth rate as a result. Therefore, the sprout growth rate was reduced according to the observations provided in the experiments. 
Observed canopy closure was in good agreement with the modelled canopy closure. The simulated yield was consistently lower than observed yields (Fig. 1, right panel) as temperatures in the regions were frequently above the optimum maximum daily average temperature of 20 C. Following Wang et al. (2018), the maximum temperature (as daily average temperature) for photosynthesis was increased to 33 C. The simulated yield with the adapted parameters was on average 38.0 t/ha and closer to observed value of 36.0 t ha-1 (Fig. 2). The modifications of the model parameters were modest and in agreement with modifications made by Wang et al. (2018) for warmer climates.  

Perspective and limits of LINTUL-POTATO-DSS
The LINTUL-POTATO-DSS model was calibrated following the strategy of Wang et al. (2018). That study proved that model calibration and evaluation was sufficiently done for potential yield modelling. In line with those results and the evaluation conduced, the LINTUL-POTATO-DSS model is sufficiently modified to study the potential production in West Java, Indonesia. There is, however, a consideration when crop production fails and is harvested prematurely. Dry matter concentration is used to convert modelled dry tuber weight to fresh tuber weight. This may overestimate modelled fresh tuber weight as the dry matter concentration of immature tubers is lower than of matured tubers (Haverkort 2018).
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