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d fruit quality, e.g. due to ‘frost rings’ on the peel. With 

thinning, after June drop, and four weeks before harvest). Using a case study on ‘Gala’ apple 

necessarily increase farmers’ revenues. 



–

reduzierter Fruchtqualität, z. B. durch „Frostringe“ auf der Schale. Mit dem fortschreitenden 

or der Ernte). Anhand einer Fallstudie über den Apfel ‚Gala‘ im Rheinland zeigen wir die 
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–
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growing regions in Germany are the “Altes Land” in the north, the “Lake Constance 
region” in the south, Saxony in the east and the “Rhineland” in the west of the country. In total, apples 

The major part of the apple production area is managed according to the guidelines of “Integrated 
production”, developed by the 

‘Elstar’, ‘Gala’ and ‘Braeburn’ (Destatis, 2025). Domestic production is sufficient for a self

2017, the flowering of ‘Cox orange’ and ‘Golden Delicious’ began on average 
on April 26, while ‘Roter Boskoop’ started 
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August (e.g. ‘Delbarestivale®’) and the beginning of November (e.g. ‘Cripps Pink‘) 



–

(Pajač et al., 2011)
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(Aras and Keles, 2019; Pérez‐

Pérez‐

(Jemrić et al., 2017)
(Jemrić et al., 2017; Torres et al., 2024)
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y, 1998). Radiation frost can be further categorized into ‘hoar frost’ 
) and ‘black frost’. Hoar frost occurs when atmospheric moisture condenses and freezes on 

crystals form on the surface are called ‘black frosts’. This occurs when air humidity is low and surface 
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(Aygün and Şan, 2005)

: Damaged apple flower bud (‘Gala Alvina’) on 18

is the formation of “frost rings”, a russeted 

(Hudina and Štampar, 2006)
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According to the Intergovernmental Panel on Climate Change (IPCC), climate change is defined as: ”A 

position of the atmosphere or in land use.” (IPCC, 2023). 

of the world’s society and can be used for climate research. The SSPs outline alternative trajectories of 

(O’Neill et al., 2016)
O’Neill et al. 








–



(O’Neill et al., 2016)

(O’Neill et al., 2016)
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(Skendžić et al., 2021)

–14 days in the flowering of apple (‘Boskoop’, ‘Golden Delicious’ and 
‘Cox orange’) and pear (‘Alexander Lucas’) in the Rhineland (Germany) between 1958 and 2015. Similar 
trends were observed for ‘Idared’ and ‘Golden Delicious’ apples in Dresden
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(Bharti et al., 2023; Cheng et al., 2017; Črtomir et al., 2012)
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apple yield for a ‘Gala’ orchard in the German Rhineland. We compared scenarios with and 
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‘Gala’ apple yields in the Rhineland region. 

rs’ incomes, as it affects the 
fruits’ overall marketability and price (Badiu et al., 2015; Carew, 2000). External quality parameters 

(Jemrić et al., 2017)

predicted the fruit size at harvest of ‘Delicious’ and ‘Winesap’ apples, based on its correlation to the 



–

estimates. We illustrated the functionality of the model using a case study of ‘Gala’ apple production 

participatory online workshop held in May 2022, the following questions were addressed: Q1: “
?”, Q2: “ ?” and 

Q3: “ ?”. The questions were chosen 
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stage (BBCH 74, underside of fruit and stalk forming a ‘T’, 

s, which describe the fruits’ growth and ripening 



–



–

‘integrated production’ with average success. Other management options can be selected when 

fruit drop. This is usually not done in ‘Gala’ apple production. 

) and an estimate of the apples’ volumetric mass 
ρ



–

𝑡𝑜𝑡𝑎𝑙 𝑦𝑖𝑒𝑙𝑑 = 𝑛 ∗ ((43 ∗ (𝑑2)3 ∗ 𝜋) ∗ 𝜌)
If the model runs from the forecasting time points ‘at full bloom’, ‘before fruit thinning’ or ‘after June 
drop’, it also returns intermediate results for the mean number of fruits per tree and the percentage 

techniques to improve estimation skills (Equivalent bet (Hubbard 2014), Klein’s premortem (Klein, 

nts ‘before fruit thinning’, ‘after June drop’ and ‘four weeks before harvest’ an estimate 



–

For the case study, we parameterized the model to predict yield and quality of ‘Gala’ apples in the 

‘Gala’ is a well
2022 (Destatis, 2022). It was originally bred in New Zealand as a cross between ‘Kidd's Orange’ and 
‘Golden Delicious’ 
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We chose the management measures according to common practices in ‘Gala’ apple production in the 
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Applying our model to a ‘Gala’ apple orchard in the Rhineland, we forecasted a median number of 
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time points ‘at full bloom’, ‘before fruit thinning’ and ‘after June drop’, but bimodal ‘four weeks before 
harvest’. Without anti
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‘at full bloom’, ‘before fruit thinning’, ‘after June drop’ and ‘four weeks before harvest’.

results that go beyond farmers’ practical knowledge. ProbApple does not only show the wide range of 

‘Gala’ yield and quality predicted with ProbApple 

growing experts for ‘Gala’ yields of a ‘typical farm’ in the Rhineland of 50 t/ha (Muder et al., 2024). 

are rare in reality but not entirely unrealistic in ‘Gala’ apple production. Privé et al. (2011) observed 
yields up to 62.7 kg/tree in an experiment with ‘Gala’ on M9 rootstocks in Canada. The same 

across the forecasting time points ‘at full bloom’, ‘before fruit thinning’ and ‘after June drop’ (Figure 



–

growing region (Puskeiler, 2013). Hail events between the forecasting time points ‘at full bloom’ and 
‘before fruit thinning’ are rare. If hail does strike during this period, however, hail events may occur 

the time points ‘at full bloom’, ‘before fruit thinning’ and ‘after June drop’. At the last forecasting time 
point ‘four weeks before harvest’, the unimodal distribution changes to a bimodal distribution. As in 

last forecasting time point ‘four weeks before harvest’, the percentage of visibly damaged apples was 
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parameters should be adapted. For another orchard of ‘Gala’ or another season in the Rhineland, only 

length of the time periods between forecasting time points also differs between varieties. ‘Gala’ 
apples, for example, have a considerably shorter development time than apples of the ‘Cripps Pink’ 
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produced in orchards covering 33,106 ha, which constitutes 67% of the country’s tree fruit production 



–

ripening varieties are for the cultivar “Klarapfel” and 45 % of reports for 
ripening varieties for “Boskoop” (Deutscher Wetterdienst (DWD), 2021). From all available dat

(also known as “Kriging with external drift”). We used the mean spring temperature du

𝑧 − 𝑆𝑐𝑜𝑟𝑒 = 𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑑𝑎𝑡𝑎 𝑝𝑜𝑖𝑛𝑡−𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑑𝑎𝑡𝑎 𝑝𝑜𝑖𝑛𝑡√𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒
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2007, we found strong frost events with frequencies of ≥25% and ≥50% in 



–



–

during the second period. The proportions of raster cells with a frequency of strong frosts of ≥25% and 
≥50% were also similar (Fig. 3). 



–

number: 28DE111B18) as part of the project “Experimentierfeld Südwest” and by the Deutsche 
Forschungsgemeinschaft (DFG, German Research Foundation) under Germany’s Excellence St
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Kunz, A., and Blanke, M. (2022). “60 Years on”— —
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2022. The experts defined a relevant decision question for fruit growers in Germany: “In which frost 
otection measure should I (as a farm manager) invest, and would an investment be worthwhile?”. 



–



–

300,000 €/ha are 

protection, 90% of the outcome ranged from a loss of 7,869 €/ha to a gain of 287,363€/ha, with a 

32,752 €/ha 
and 289,329 €/ha, with a probability of 88.3% of reaching positive outcomes

advantage in 25.5% of the cases. Ninety percent of the simulated NPV values lay between 28,325 €/ha 
285,120 €/ha. 

€/ha to a gain of 
252,175 €/ha, with a 78% chance of obtaining positive outcomes. The highest chance of 43% of 



–

67 €/ha and 233,256 €/ha. The chance of 
outperforming the ‘no protection’ scenario was 3.0% with candles. 

999 €/ha to 59,222 €/ha for candles and from 26,392 €/ha to 79,257 €/ha for below
The initial cost of stationary wind machines to protect 3 ha amount to 79,176 € to 237,772 €, 
corresponding to costs of 17,874 €/ha to 55,486 €/ha. M
cost between 13,620 € and 694,924 €, corresponding to costs of 4,540 €/ha to 231,641 €/ha. In the 



–

less than ⅙ of the lower bound for the input variable “mean_yield” (mean yearly apricot yield [kg/ha])



–

2019). The investment costs for stationary wind machines are higher (median 84,084 €) than for mobile 
wind machines (median 51,133 €) (Fig. 4). When deciding on an investm

costs (median 42,043 €/ha) (Fig. 4). However, parts of th



–

This research was part of the project “Experimentierfeld Südwest” funded by the German Federal 

– –
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1999). Unskilled and Unaware of It: How Difficulties in Recognizing One’s Own 

–
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–

protection measures on an orchard’s economic performance (Net Present Value, NPV) and apple yield, 

necessarily increase farmers’ revenues in the current economic situation. Howe

Paltineanu, 2020; Kalvāne et al., 2021; Kunz and Blanke, 2022; Lee et al., 2023). In Germany, both 



–

managers’ decisions about which pr



–

agreed that the question “
” is relevant for fruit growers in Germany. To gather experts’ 



–

h Klein’s premortem (Klein, 2008

) varieties ‘Elstar’ and ‘Braeburn’

le orchards in Germany’s Rhineland 

0.55 €/kg to 0.60 €/kg 

0.40 €/kg to 0.45 €/kg (90% 



–

’



–

as “Frostbuster”) has to be driven through the 

Portable gas heater: The portable version of gas heaters (mostly known as “Frostguard”) has 



–

–



–



–



–

the options overhead irrigation (upper row) or stationary wind machine (bottom row) and the ‘no protection’ scenario. The 



–

49,457 €/ha (5% Quantile (Q5): 115,494 €/ha; 
Q95): 22,936 €/ha) in the Rhineland and 87,645 €/ha (Q5: 154,093 €/ha; Q95: 

€/ha) in the Lake Constance region (Supporting Information 4). Comparing the NPV with and without 

Figure 6: Difference in Net Present Value [€/ha] of several decision options of implementing frost protection measures in 
apple orchards compared to ‘no protection’ (i.e. 

s heaters in the Rhineland at 6498 €/ha (Q5: 
348 €/ha; Q95: 12,386 €/ha). The highest investment was needed for overhead irrigation in the Lake 

Constance region at 26,975 €/ha (Q5: 21,399 €/ha; Q95: 34,194 €/ha) (Supporting Information 7). 



–

In our baseline model, a farmer needs 0.65 €/kg apples (Q5: 0.53 €/kg; Q95: 0.86 €/kg) in the Rhinel
and 0.61 €/kg (Q5: 0.45/kg €; Q95: 0.96 €/kg) in the Lake Constance region to cover all apple production 
costs (Fig. 8). At Lake Constance, an investment in overhead irrigation (Q5: 0.47 €/kg; Q95: 0.86 €/kg) 
or stationary wind machines (Q5: 0.47 €/kg; Q95: 0.90 €/kg) did not change the median returns needed 

a median of 0.55 €/kg (Q5: 0.45 €/kg; Q95: 0.72 €/kg) covered the yearly costs 

(Q5: 0.45 €/kg; Q95: 0.68 €/kg) and stationary wind machines (Q5: 0.45 €/kg; Q95: 0.69 €/kg) could 
reduce this to 0.54 €

median return of 0.49 €/kg (Q5: 0.36 €/kg; Q95: 0.78 €/kg) to cover cost
frost protection. The use of overhead irrigation (Q5: 0.35 €/kg; Q95: 0.65 €/kg), stationary wind 
machines (Q5: 0.35 €/kg; Q95: 0.68 €/kg), mobile wind machines (Q5: 0.36 €/kg; Q95: 0.71 €/kg) or 

36 €/kg; Q95: 0.72 €/kg) reduced this value to 0.45, 0.46, 0.47 and 0.48 
€/kg respectively. The projected average cost per kg of apples using a tractor



–

orchard’s lifetime could be increased by up to 12% at Lake 



–

implementing frost protection measures in apple orchards compared to ‘no protection’ (i.e. accumulated yield of the 

values range from 0.07 €/ha for the numbe 625.55 €/ha for frost risk at 



–

Table 2: Expected Value of Perfect Information (EVPI) [€/ha] for the decision to invest in active frost protection measures i

EVPI [€/ha]

–

– stationary wind machine [€]

Apple price increase in frost years [€/kg]
– stationary wind machine [€]

–
Mean apple price [€/kg]

[€/year]

Price stationary wind machine [€]
Hourly wage [€/worker]



–

EVPI values indicate that it would be worthwhile to invest up to 1,625.55 €/ha to reduce the 

(up to 1,167.20 €/ha), 
(up to 1,161.53 €/h

€/ha (Q5: 9,323 €/ha; Q95: 31,907 €/ha) in 
wind machines, which cost 21,117 €/ha (Q5: 18,101 €/ha; Q95: 26,351 €/ha), despite lower purchase 

canopy irrigation of 22,532 €/ha (Q5: 17,847 €/ha; Q95: 29,026 €/ha) is lower than for overhead
irrigation (median: 26,970 €/ha, Q5: 21,427 €/ha, Q95: 34,196 €/ha) in the Rhineland (Supporting 



–

8,476 €/ha (Q5: 3,765 €/ha; Q95: 13,869 €/ha) and 6,498 €/ha (Q5: 4,348 €/ha; Q95: 12,386 €/ha), 

on without frost protection of 84,775 €/ha (Q5: 30,359 €/ha; Q95: 186,212 €/ha) in the 
Rhineland and 103,764 €/ha (Q5: 36,034 €/ha; Q95: 227,225 €/ha) in the Lake Constance region. A 

0.56 €/ha (Rhineland) to 0.82 €/ha (Lake Constance region) in more precise knowl

they contribute to securing yields as they increase the yield compared to the ‘no protection’ scenario 

with the economic advantage of the frost protection measures compared to the ‘no protection’ 

7,450 €/ha for overhead irrigation and 7,000 €/ha for wind machines in Slovenia, which is considerably 
alculations of 26,975 €/ha (Q5: 21,399 €/ha; Q95: 34,194 €/ha) and 21,117 €/ha (Q5: 

18,101 €/ha; Q95: 26,351 €/ha), respectively, for the Rhineland and similar values for the Lake 



–

protection, i.e. to make the NPV advantage of the measures compared to the ‘no protection’ scenari
(Fig. 6) positive. To achieve this, a median amount of 1,109 €/ha would be sufficient to support the use 
of stationary wind machines at Lake Constance, but a median value of 18,332 €/ha would be needed 

fitable compared to the ‘no protection’ scenario 



–
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– Decision Analysis in support of farmers’ investments in Central Chile. 
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specific shares of the trees’ heat requirements that had to be fulfilled. We assessed the probability of 

–



–

developed various adaptations to withstand frost temperatures, such as “supercooling” or the 

intensified alternate bearing in the following years, starting with an extreme “off” year in the frost year 
and an “on” year in the following year (Büchele, 20



–

ripening varieties are for the cultivar ‘Klarapfel’ and 45% of reports on late
es for ‘Boskoop’ (Deutscher Wetterdienst (DWD), 2021). From all available data for those two 



–



–

fuel driven development (O’Neill et al., 

ranging from a low forcing level of 2.6 W/m² up to a severe forcing level of 8.5 W/m² (O’Neill et al., 

constant as they contributed little to model performance (θ



–



–

‘green tip’, ‘half inch green’, ‘tight cluster’, ‘first pink’, ‘full pink’ and ‘start of bloom’ based on 
observations by Chaves et al. (2017) for the apple cultivars ‘Cripps Pink’, ‘Gala’ and ‘Red Delicious’ 



–

𝑓𝑟𝑜𝑠𝑡𝑑𝑎𝑚𝑎𝑔𝑒(𝑥) = 𝐿(1+𝑒−𝑘∗(𝑥−𝑥0))
stage of ‘green tip’ or further developed, we inserted the observed minimum temperature (x) into the 



–

For each SSP, summarized GCM and ripening time, we used regression Kriging (also known as “Kriging 
with external drift”) to spatially interpolate the probability of years with frost damage (>10% and >5



–



–



–

depending on the SSPs) by 2050. Mainly for the coastal regions in the North, parts of Saxony (“Ore 
Mountains”) and Bavaria in the East as well as parts of the Alps in the South, the predicted frost 



–

sensitive ‘green tip’

phenology stations for the historical weather data, the ‘green tip’



–



–



–



–



–

11 “average”). 

“Altes Land” in 
the North, Saxony in the East, the Lake Constance region in the South and the “Rhineland” in the West) 



–

frost damage. This finding implies that the ripening period is not a suitable marker of a cultivar’s 



–

such as ‘Boskoop’ 
also worth noting that ‘Boskoop’ and ‘Klarapfel’ are not among the most import
commercial apple production. While ‘Boskoop’ was grown on 719 ha (2% of the apple production area) 
in 2024 (Destatis, 2025), ‘Klarapfel’ is of no importance for the production of dessert apples. 

phenology studies, it may be beneficial to analyze specific varieties, such as ‘Boskoop’ and ‘Weißer 
Klarapfel’, in greater detail. The PhenoFlex model focuses on the effect of temperature on phenology



–

related research (O’Neill et al., 2016). Althou

sease pressure (Skendžić et al., 2021) also 
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