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Abstract

Many fruit and nut tree species depend on low temperatures during the cold
season to overcome dormancy. Lacking chill may result in diminished bud burst rates
and uncoordinated blooming, both of which can cause severe yield losses. With global
warming leading to rising winter temperatures in many growing regions, assessments
of temperature requirements during dormancy and projections of tree phenology have
gained renewed attention. A number of studies in recent decades have attempted to
improve the predictive performance of phenology models and to integrate eco-
physiological as well as genetic processes. Nevertheless, the development of modeling
frameworks that are readily applicable to data are still lacking. As a result, many
practitioners must use outdated models, which have not been parameterized for
specific species and/or varieties, and have also not been validated for the climate of
interest. To help close the gap between scientific developments and the need for
applied analyses, we recently re-implemented the Dynamic Model of chill accumulation
in the widely distributed programming environment R. We linked this sub-model with
a heat model to project bloom dates and developed a framework for automated model
fitting. Here, we present the application of the framework to long-term data sets of
bloom dates of sweet cherry (Prunus avium) to demonstrate the use of the model and
its predictive performance.
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INTRODUCTION

Many temperate fruit and nut trees evolved in regions that are characterized by cold
winters. To avoid the freezing of their leaves and flowers, trees fall dormant during the cold
season (Campoy et al.,, 2011). For dormancy to be broken, species- and variety-specific chill
(Vegis, 1964) and heat (Anderson et al., 1986) requirements have to be fulfilled. If these needs
are not met, production is usually not economically viable.

In recent years, evidence has been mounting that many tree species are severely
affected by climate change (Luedeling et al., 2011; Parmesan and Yohe, 2003; Benmoussa et
al,, 2018; Lorite et al., 2020). With given prospects for climate warming, it seems unlikely that
the current array of tree cultivars grown in many of the world’s orchards will allow
economically viable production over the coming decades (Benmoussa et al., 2018). Winter
warming has thus emerged as an important concern for management of fruit and nut trees in
many regions (Luedeling, 2012; El Yaacoubi et al., 2014). Consequently, assessments of
temperature requirements during dormancy and projections of tree phenology are of
increasing relevance for orchard management.

A number of recent studies have attempted to improve the quality of phenology models
and conducted comparative studies (e.g. Darbyshire et al., 2017; Gaeta et al., 2018; Kwon et
al, 2020; Fernandez et al., 2020b). However, the development of transparent and easily
applicable modelling frameworks has failed to keep up with this elevated process
understanding (Egea et al., 2020). Consequently, practitioners often end up using simple and
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outdated models. These are rarely parameterized for the species and/or varieties of interest
(Lorite et al., 2020), and are seldom validated in the climate of interest. These unvalidated
(Anderson et al., 1986) and mis-parameterized models have severely restricted the accuracy
of previous attempts to model tree responses to temperature, especially in warm growing
regions (Erez, 2000; Fado6n et al., 2020).

Here, we provide a synthesis of the state of the art on these issues and some possible
solutions. We propose an integrated phenology projection model that builds on the structure
of the most advanced chill (Fishman et al., 1987) and heat models (Luedeling and Brown,
2011) and allows for rapid and context specific parameterization and validation.

MATERIALS AND METHODS

Modelling framework

The model is an equation-based, dynamic model that predicts bloom dates in response
to hourly temperature data. It is implemented in the programming language R (R Core Team,
2019) to allow for easy handling. The model consists of three sub-models: (i) a chill model,
(ii) a heat model, and (iii) a link-model for the former two.

The chill model closely follows the ‘Dynamic model’ developed by Fishman et al. (1987).
In short, it describes the accumulation of chill as a two-step process. The first being a
reversible process of formation and destruction of some thermally labile virtual substance x
described by the following differential equation:

Lx () = x(t) = ko () = ky () X (8) )

Here, x(t) is the labile substance in units of its critical value and t the time. The equation
describes the change in the amount of x, where the first term, ko(t) represents the amount of
x that is formed and the second term, -k1(t)x(t), represents the amount of x that is destroyed,
which depends on both ki and the actual amount of x at time t. ko and k; are temperature-
dependent and species-specific rate constants for formation and destruction, respectively, and
are assumed to conform to the Arrhenius law:

k;=A; - e E/TMi=0,1 (2)

with T(t) the time-dependent temperature in Kelvin, A; time-independent amplitudes and E;
the time-independent activation energies measured in Kelvin. In the second step of the
accumulation of chill, once a certain amount of x is formed, a fraction of this amount is
converted to a quantum of a stable substance y. The size of the fraction is temperature-
dependent and follows a sigmoidal response curve, defined by the transition temperature T¢
and the slope s. For endo-dormancy to be broken, a species- and cultivar-specific amount of
the stable substance y has to be accumulated. For details, we refer to Fishman et al. (1987).

Once endo-dormancy is broken, a certain amount z. of heat needs to be accumulated
during eco-dormancy for the trees to flower, usually described by a heat model. Here, we use
the Growing Degree Hours model (GDH) developed by Anderson et al. (1986). According to
this model, there is a minimum temperature T», a maximum temperature T, and an optimal
temperature T, that define how effectively heat is accumulated at a given temperature T (see
Figure 1a). The total amount of accumulated heat is denoted as z and the weight function P, is
defined as:
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For linking the chill and heat models, we assume a gradual transition from endo- to eco-
dormancy. The more chill portions have been accumulated by the plant, the more effectively
the heat hours can be accumulated following a sigmoidal response (see Figure 1b):

S —Jc
RO =25, = exp (s, 22%) @

1+sy’ y

Here, y. is the critical value for y and s; is the slope at y=y.. Bloom takes place once a
critical amount z. is accumulated.
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a) The accumulation of heat P,(T) * Py(y) in response to temperature T for different
values of y following the GDH model. The dashed line denotes the optimal
temperature Ty . b) Sigmoidal function that describes the effectiveness of heat
accumulation Py(y) depending on the accumulated amount of chill y. The dashed
red line denotes y, the critical value of y for which the slope s1 is parameterized.

This model approach includes 12 model parameters that can be fitted to species- and
variety-specific responses to temperature regimes (Table 1).

Table 1. Model parameters with short descriptions and their starting values for
parameterization and fitted values.
Parameter Description SIELTE Fitted value
values
Eo (K) Activation energy of formation of the labile substance x 3372.8 3850.2
following the Arrhenius law
E: (K) Activation energy of destruction of x 9900.3 10462.0
Ao (1/h) Amplitude of formation of x 6319.5 9927 .4
A1 (1/h) Amplitude of destruction of x 5.9399 10*13 59398 10+
T: (°C) Transition temperature defining the transition from 4.0 3.94
labile substance x to stable substance y
s (1/K) Slope of sigmoidal response of transition 1.6 23
Ve Critical value for stable substance y indicating inflection 40.0 371
point of heat accumulation efficiency
st (1/K) Slope at y=y. defining the gradual shift from chill to heat 0.5 3.2
accumulation
T, (°C) Optimal temperature for heat accumulation 25.0 16.9
Ty (°C) Minimum temperature for heat accumulation 4.0 5.7
T: (°C) Maximum temperature for heat accumulation 36.0 18.9
Z: (h) Critical amount of heat for blooming 190.48 242.31
407



Data

Flowering and temperature data were recorded from 1984 to 2018 at Campus Klein-
Altendorf, a research station of Bonn University (6°59’ E, 50°37’ N, 150 m a.s.l.). This area lies
in the south of the Lower Rhine Bay; the climate is warm-temperate. For this study, we use
data from the sweet cherry (Prunus avium subsp. duracina) cultivar ‘Schneiders Spate
Knorpelkirsche’ This cultivar is a late-flowering cherry with high economic importance in
Germany. The flowering data were recorded yearly. The frequency of observations within
years is unknown. Full bloom was determined on the basis of the BBCH-scale (Blanke and
Kunz, 2009) and defined as level 65 when 50% of flower buds were blooming.

Air temperature was measured at 2 m height in a weather station on the campus,
following the measurement protocols of the German Meteorological Service. Gaps in the
temperature data were interpolated and the records were converted to an hourly time step
using the ‘stack_hourly_temps’ function from the ‘chillR’ R-package (Luedeling, 2018). Figure
2 shows average, minimum and maximum temperatures for the observation site in January,
the coldest month.
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Figure 2. Temperature in January across observation years. Solid line represents mean
temperature in January, dashed lines absolute maximum and minimum
temperatures and gray area the range between average daily minimum and average
daily maximum temperatures within months.

Parameterization and validation

The data set was split into a training set containing 24 data points (1984-2008, 1985
missing) and a validation set with 10 data points (2009-2018). We used the training set to
estimate the 12 parameter values of the model. This was done by minimizing the residual sum
of squares (RSS) using a generalized simulated annealing algorithm implemented in the
‘GenSA’ R-package (Xiang et al., 2013). RSS is defined as:

RSS = %(4)2 = ¥(Dayops — Daypreq)” (5)

Using the fitted parameters, we then projected the bloom days for the years 2009 to
2018 based on the temperature data and compared these projections with the observational
data.
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RESULTS AND DISCUSSION

Overall, we could demonstrate that it is possible to parameterize our phenology model
reasonably well to the observed bloom dates from 1984 to 2008, even though the relation of
the number of parameters to the number of data points is rather large. The best fit we obtain
has RSS=262 with the average deviation between model and data amounting to 2.33 days.
While the RSS-value is relatively large, the qualitative structure of the observed data, i.e. the
way in which trees respond to temperature regimes, is well reproduced by the model (Figure
3a). This qualitative match is confirmed by the strong correlation between model prediction
and observation data (Pearson’s r=0.89) (Figure 3b).
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Figure 3. a) Bloom date (Julian day) as a function of year. Blue circles represent the observed
blooming days, red squares indicate the model prediction. The vertical dashed line
marks the last year included in the parameterization of the model. b) Observed
bloom days versus predicted bloom days. Open symbols indicate data included in
the fit, filled symbols represent validation data.

The average deviation between projected and observed bloom dates for the years 2009
to 2018 was 3.6 days, being slightly larger than the average deviation in the training data.
Consequently, the correlation between data and model prediction for the years 2009 to 2018
was also slightly lower, but with a correlation coefficient of Pearson’s r=0.82. This is still
reasonably good, especially given the fact that we extrapolate to years with warmer average
temperatures.

When interpreting the results, apart from uncertainty in the model structure and
parameterization, another source of error that should be considered is error in the
observation data. Unfortunately, for our data, we do not know the frequency of observations
of the trees within years.

It may well be that trees were not checked every day, which would lead to a lack of
precision in the data. In this case, neither an improvement in the model structure itself nor in
the parameterization procedure could compensate for the potential error in the response
data.

When comparing the fitted parameter values to the initial guesses (Table 1), two aspects
attract attention. First, both, the optimal and the maximum temperature for heat
accumulation, T, and T, respectively, are quite low and the efficiency of heat accumulation
drops quickly above the optimal temperature (Figure 4a). While these low values warrant
further studies on a tree’s heat response during dormancy, they provide an indication that the
heat response function by Anderson et al. (1986), which - to the best of our knowledge — was
developed for non-dormant trees, is a poor description of how trees perceive heat during this
period. Second, the parameters of the link-model connecting chill- and heat-accumulation
indicate a very steep transition from endo- to eco-dormancy, almost resembling a step-
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function (Figure 4b). The flexibility of the modeling framework allowed us to find a response
here known as the sequential model (Ashcroft et al., 1977) as the best fitting model, even
though all other gradations between sequential and parallel chill and heat accumulation
would also have been allowed by the model structure. We note, however, that the climate at
Klein-Altendorf, with abundant chill accumulation and a long periods of low temperatures
beyond what is necessary for most trees to fulfill their chilling requirements, may not have
presented many situations where trade-offs between chill and heat would have manifested.
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Figure 4. a) Heat accumulation efficiency as a function of temperature and the amount of
accumulated chill portions y according to the link-model and the Growing Degree
Hours model. The dashed line indicates the optimal temperature T,. b) The weight
function P,(y) shows the transition between endo- and eco-dormancy as a function
of y, the amount of accumulated chill units. The dashed line indicates the critical
value y..

While both the model validation and identified parameter values indicate a solid
parameterization of the model, in the scope of this study, we did not check the robustness of
the parameterization procedure and the potential covariance of parameters. There are several
possibilities for increasing the quality of results. Longer time series comprising a wide range
of temperature regimes may ensure more stable and reliable fits. Another approach would be
to bundle data from different cultivars and assume some of the parameters to be constant
across them. These parameters can then be fitted with the pooled -cultivar-specific
observations and then be used to produce more stable values for the remaining parameters.
Finally, assessing the timing of the end of endo-dormancy, e.g. through forcing experiments,
would strongly restrict the number of potential parameter combinations leading to good fits
and hence enable more effective parameterization.

This study presents one of the first applications of a comprehensive bloom prediction
framework that combines the state of the art in chill and heat modelling. It allows for a gradual
transition between the chilling and forcing phases. This has been indicated experimentally
(Fernandez et al., 2020a; Harrington et al., 2010; Pope et al., 2014) but is not yet implemented
in the temperature models commonly used. The major innovation of this approach is that all
parameter values can be derived from data, including the interaction between chill and heat,
thus allowing comprehensive deduction of all important temperature response parameters
from observed temperature and bloom data.

ACKNOWLEDGEMENTS

We would like to thank the German Federal Ministry of Education and Research for
supporting this research (grant number 031B0467B). We also express our thanks to Achim
Kunz for collecting the bloom data on which our study is based.

410



Literature cited

Anderson, ].L,, Richardson, E.A., and Kesner, C.D. (1986). Validation of chill unit and flower bud phenology models
for “Montmorency” sour cherry. Acta Hortic. 184, 71-78 https://doi.org/10.17660/ActaHortic.1986.184.7.

Ashcroft, G.L., Richarson, E.A.,, and Seeley, S.D. (1977). A statistical method of determining chill unit and growing
degree hour requirements for deciduous fruit trees. HortScience.

Benmoussa, H., Ben Mimoun, M., Ghrab, M., and Luedeling, E. (2018). Climate change threatens central Tunisian
nut orchards. Int. J. Biometeorol. 62 (12), 2245-2255 https://doi.org/10.1007 /s00484-018-1628-x. PubMed

Blanke, M., and Kunz, A. (2009). Einfluss rezenter Klimaverdnderungen auf die Phanologie bei Kernobst am
Standort Klein-Altendorf - anhand 50-jdhriger Aufzeichnungen. Erwerbs-Obstbau 51 (3), 101-114
https://doi.org/10.1007 /s10341-009-0086-3.

Campoy, J.A,, Ruiz, D., and Egea, J. (2011). Dormancy in temperate fruit trees in a global warming context: a review.
Sci. Hortic. (Amsterdam) 130 (2), 357-372 https://doi.org/10.1016/j.scienta.2011.07.011.

Darbyshire, R., Farrera, I., Martinez-Liischer, ]., Leite, G.B., Mathieu, V, El Yaacoubi, A., and Legave, J.-M. (2017). A
global evaluation of apple flowering phenology models for climate adaptation. Agric. For. Meteorol. 240, 67-77
https://doi.org/10.1016/j.agrformet.2017.03.021.

Egea, ].A.,, Egea, ], and Ruiz, D. (2020). Reducing the uncertainty on chilling requirements for endodormancy
breaking of temperate fruits by data-based parameter estimation of the dynamic model: a test case in apricot. Tree
Physiol. https://doi.org/10.1093 /treephys/tpaa054. PubMed

El Yaacoubi, A, Malagi, G., Oukabli, A., Hafidi, M., and Legave, ].-M. (2014). Global warming impact on floral
phenology of fruit trees species in Mediterranean region. Sci. Hortic. (Amsterdam) 180, 243-253
https://doi.org/10.1016/j.scienta.2014.10.041.

Erez, A. (2000). Temperate Fruit Crops in Warm Climates (Springer Netherlands).

Fadon, E., Herrera, S. Guerrero, B.I, Guerra, M.E., and Rodrigo, J. (2020). Chilling and heat requirements of
temperate stone fruit trees (Prunus sp.)- Agronomy (Basel) 10 3, 409
https://doi.org/10.3390/agronomy10030409.

Fernandez, E., Luedeling, E., Behrend, D., Van de Vliet, S., Kunz, A., and Fadén, E. (2020a). Mild water stress makes
apple buds more likely to flower and more responsive to artificial forcing: impacts of an unusually warm and dry
summer in Germany. Agronomy (Basel) 10 (2), 274 https://doi.org/10.3390/agronomy10020274.

Fernandez, E., Whitney, C., and Luedeling, E. (2020b). The importance of chill model selection: a multi-site analysis.
Eur.]J. Agron. 119,126103 https://doi.org/10.1016/j.eja.2020.126103.

Fishman, S., Erez, A., and Couvillon, G.A. (1987). The temperature dependence of dormancy breaking in plants:
mathematical analysis of a two-step model involving a cooperative transition. J. Theor. Biol. 124 (4), 473-483
https://doi.org/10.1016/S0022-5193(87)80221-7.

Gaeta, L., Stellacci, A.M., and Losciale, P. (2018). Evaluation of three modelling approaches for almond blooming in
Mediterranean climate conditions. Eur. J. Agron. 97, 1-10 https://doi.org/10.1016/j.eja.2018.04.005.

Harrington, C.A., Gould, PJ., and St Clair, ].B. (2010). Modeling the effects of winter environment on dormancy
release of Douglas-fir. For. Ecol. Manage. 259, 798-808 https://doi.org/10.1016/j.foreco.2009.06.018.

Kwon, J.-H., Nam, E.-Y,, Yun, S.-K., Kim, S.-]., Song, S.-Y,, Lee, ].-H., and Hwang, K. (2020). Chilling and heat requirement
of peach cultivars and changes in chilling accumulation spectrums based on 100-year records in republic of korea.
Agric. For. Meteorol. 288-289, 108009 https://doi.org/10.1016/j.agrformet.2020.108009.

Lorite, 1.]., Cabezas-Luque, ].M., Arquero, O., Gabaldon-Leal, C., Santos, C., Rodriguez, A., Ruiz-Ramos, M., and Lovera,
M. (2020). The role of phenology in the climate change impacts and adaptation strategies for tree crops: A case
study on almond orchards in southern europe. Agric. For. Meteorol. 294, 108142
https://doi.org/10.1016/j.agrformet.2020.108142.

Luedeling, E. (2012). Climate change impacts on winter chill for temperate fruit and nut production: a review. Sci.
Hortic. (Amsterdam) 144, 218-229 https://doi.org/10.1016/j.scienta.2012.07.011.

Luedeling, E. (2018). Interpolating hourly temperatures for computing agroclimatic metrics. Int. ]. Biometeorol. 62
(10), 1799-1807 https://doi.org/10.1007 /s00484-018-1582-7. PubMed

Luedeling, E., and Brown, P.H. (2011). A global analysis of the comparability of winter chill models for fruit and nut
trees. Int. . Blometeorol. 55 (3), 411-421 https://doi.org/10.1007 /s00484-010-0352-y. PubMed

Luedeling, E., Girvetz, E.H., Semenov, M.A,, and Brown, PH. (2011). Climate change affects winter chill for temperate
fruit and nut trees. PLoS One 6 (5), e20155 https://doi.org/10.1371/journal.pone.0020155. PubMed

Parmesan, C., and Yohe, G. (2003). A globally coherent fingerprint of climate change impacts across natural systems.

411
N


https://doi.org/10.17660/ActaHortic.1986.184.7
https://doi.org/10.1007/s00484-018-1628-x
https://pubmed.ncbi.nlm.nih.gov/30368676
https://doi.org/10.1007/s10341-009-0086-3
https://doi.org/10.1016/j.scienta.2011.07.011
https://doi.org/10.1016/j.agrformet.2017.03.021
https://doi.org/10.1093/treephys/tpaa054
https://pubmed.ncbi.nlm.nih.gov/32348498
https://doi.org/10.1016/j.scienta.2014.10.041
https://doi.org/10.3390/agronomy10030409
https://doi.org/10.3390/agronomy10020274
https://doi.org/10.1016/j.eja.2020.126103
https://doi.org/10.1016/S0022-5193(87)80221-7
https://doi.org/10.1016/j.eja.2018.04.005
https://doi.org/10.1016/j.foreco.2009.06.018
https://doi.org/10.1016/j.agrformet.2020.108009
https://doi.org/10.1016/j.agrformet.2020.108142
https://doi.org/10.1016/j.scienta.2012.07.011
https://doi.org/10.1007/s00484-018-1582-7
https://pubmed.ncbi.nlm.nih.gov/30014205
https://doi.org/10.1007/s00484-010-0352-y
https://pubmed.ncbi.nlm.nih.gov/20730614
https://doi.org/10.1371/journal.pone.0020155
https://pubmed.ncbi.nlm.nih.gov/21629649

Nature 421 (6918), 37-42 https://doi.org/10.1038/nature01286. PubMed

Pope, K.S., Da Silva, D., Brown, PH., and DeJong, TM. (2014). A biologically based approach to modeling spring
phenology in temperate deciduous trees. Agric. For. Meteorol. 198-199, 15-23
https://doi.org/10.1016/j.agrformet.2014.07.009.

R Core Team. (2019). R: a Language and Environment for Statistical Computing (R Foundation for Statistical
Computing). https://www.R-project.org/

Vegis, A. (1964). Dormancy in higher plants. Annu. Rev. Plant Physiol. 15 (1), 185-224
https://doi.org/10.1146 /annurev.pp.15.060164.001153.

Xiang, Y., Gubian, S., Suomela, B., and Hoeng, J. (2013). Generalized simulated annealing for global optimization: the
GenSA package.R]. 5, 13.

412


https://doi.org/10.1038/nature01286
https://pubmed.ncbi.nlm.nih.gov/12511946
https://doi.org/10.1016/j.agrformet.2014.07.009
https://doi.org/10.1146/annurev.pp.15.060164.001153

	A new modelling framework for fruit and nut tree phenology
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Modelling framework
	Data
	Parameterization and validation

	RESULTS AND DISCUSSION
	ACKNOWLEDGEMENTS
	Literature cited

