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Highlights

- Frost termination is very important for cover crops and needs to be simulated with crop models.

- Lacking a cover crop frost damage model, we review eight models simulating damage of cash crops, namely cereals.

- Three of these models are also applicable to cover crops and are described in more detail.

- The simulated crop frost tolerance temperature decreases and increases with hardening and dehardening, respectively.
- This tolerance temperature is compared with environmental temperature to calculate frost damage to the crop.
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Introduction

A cover crop is included in the annual rotation in the fallow
period between the harvest of a cash crop and the sowing of the
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following one. During this period, without the use of a cover crop,
the soil would be bare causing several problems such as nitrate
leaching and soil erosion (Justes, 2017). Cover crop cultivation
puts into effect one of the principles of conservation agriculture
that consists of maintaining a permanent soil cover. Indeed, cover
crops are not planted with the purpose of being harvested, and
therefore generating income, but to avoid the occurrence of a bare
soil period in the crop rotation and provide agro-ecological ser-
vices. Cover crops exert several agro-ecological functions that pro-
vide agronomic benefits such as: reduction of nitrate leaching
(Tonitto et al., 2006), soil erosion, weed growth (Osipitan et al.,
2018), and pest/pathogen pressure; nitrogen provision for the fol-
lowing cash crop; increase of soil organic matter (Poeplau and
Don, 2015), improvement of soil physical properties and increase
of agro-ecosystem biodiversity (Justes, 2017). Therefore, cover
crop cultivation is becoming increasingly relevant for conservation
and conventional cropping systems. Cover crop management con-
sists of two main operations (sowing and termination), and their
date and operational conditions strongly affect the agro-ecological
services provided by the cover crop (Justes, 2017).

This review focuses on termination, which is the process that
kills the cover crop and prevents its growth continuing during the
cash crop growing season. In most cases, cover crops are terminat-
ed before or during soil preparation for the sowing of the following
cash crop. Cover crop termination methods depend on the species
of cover crop, its development stage and environmental conditions
(rainfall and temperature in particular). Cover crop termination can
be carried out chemically (using a herbicide), mechanically by
mowing, harrowing or rolling (Creamer and Dabney, 2002), or be
caused by winter low temperatures (Labreuche and Bodilis, 2010;
Labreuche and Collet, 2010). Cover crop winterkill is particularly
convenient because it saves cultivation costs (fuel, manpower and
chemicals), avoids soil disturbance caused by tractor passes, and
avoids using herbicides that may be harmful to humans and the
environment. Therefore, cover crop winterkill is very important in
cultivation systems where herbicide applications are restricted or
forbidden (e.g., organic farming), or where mechanical termination
methods are limited (e.g., conservation agriculture). The possibili-
ty for a plant to be killed by frost depends on genotype, develop-
ment stage and weather conditions (Janska et al., 2010). Sowing
date is therefore important because it determines, together with
temperature and photoperiod, the development stage reached at the
moment of frost. In general, plant susceptibility to winterkill is
lower during the earlier phenological stages and increases over
time (Ambroise ef al., 2020).

Experimental trials may fail in exploring a wide range of pedo-
climatic conditions and agronomic management practices. Instead,
the effect of the complex interactions between genotype, develop-
ment stage and weather on cover crop winterkill can be effectively
represented with mechanistic dynamic simulation models. To the
best of our knowledge, existing cropping system models do not
simulate the process of cover crop damage by winter frosts. An
option to improve current models is to adapt to cover crops the
modules available for the simulation of frost damage on annual
crops like cereals (e.g. Byrns et al., 2020).

Therefore, the aim of this work is to review and compare exist-
ing frost damage modules incorporated in cropping systems mod-
els, to provide a basis for the development of a cover crop damage
simulation model. We first describe the physiological bases of frost
damage and frost tolerance of plants. We then describe the litera-
ture search aimed at the identification of the existing models for
cereal and dicotyledonous crops. Three of the models found in lit-
erature are then described in detail because they look particularly
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adequate for adaptation to cover crops. Finally, the outputs of the
three selected models are presented for test cases in different sites.

Physiological bases of frost damage and frost tolerance

Cold damage occurs when plants are exposed to low tempera-
tures which lay outside the optimal temperature range for growth
and development, but greater than 0°C, i.e. not low enough to lead
to ice formation. Cold damage gives rise to growth reduction, leaf
damage and withering due to root cooling (Smallwood and
Bowles, 2002). Low temperatures reduce cell membrane fluidity
and therefore cause membrane protein malfunctioning, and, as the
final result, the inhibition of several biochemical processes such as
energy transduction, solutes transport and H+-ATPase activity
(Muzi et al., 2016). Frost damage, on the contrary, occurs as a
result of the exposure to sub-zero temperatures and leads to extra-
cellular and then to intra-cellular ice crystal formation. Extra-cel-
lular ice crystals cause cell membrane damage due to cell dehydra-
tion since ice formation reduces apoplast water potential so that
water can move from the symplast (having higher water potential)
to the apoplast. Tissue damage due to extra-cellular ice crystals is
reversible as long as the plant is tolerant and the exposure time to
freezing temperatures is short. Later on, if exposure to frost contin-
ues, ice crystals form inside the cell (symplast), destroying both
cell membranes and cellular organelles leading to cellular death.
Intra-cellular ice crystal formation results in lethal damage to the
plant (Beck et al., 2004).

Plants can be divided into four frost sensitivity categories: ten-
der; slightly hardy; moderately hardy; and very hardy (Levitt,
1980). Tender plants are those that do not develop systems of
avoidance of intra-cellular freezing, while slightly hardy plants are
sensitive to freezing down to about —5°C. Moderately hardy plants
include those that are able to accumulate sufficient solutes to avoid
dehydration damage, thus resisting freeze injury at temperatures as
low as —10°C. Very hardy plants are the ones able to avoid frost
damage even at temperatures lower than —10°C through the avoid-
ance of intracellular freezing as well as cell desiccation (Snyder
and Melo-Abreu, 2005).

The duration of freezing temperature plays a key role in deter-
mining the extent of frost damage (Muzi et al., 2016). During their
evolution, most temperate plant species have developed a certain
degree of frost tolerance depending on the combination of the min-
imum temperature at which they have been exposed and the length
of exposure to cold stress itself (Janska et al., 2010). The adapta-
tion of herbaceous crops to the evolution of cold temperatures over
time involved both physiological permanent morphological struc-
tural changes and several other phenological and physiological
responses induced by low temperatures. The permanent changes,
evolved mainly by C3 herbaceous species, consist of height and
leaf area reduction, sugar storage in underground tissues, rapid
mobilisation of stored reserves (Guy, 1999) and meristematic tis-
sue position and protection adjustments. The timing of phenologi-
cal and physiological responses induced by low temperature stress
is subject to strict genetic control (Guy, 1999). Therefore, the vari-
ability of tolerance expressed by a plant is determined firstly by
genotype, and then by plant phenological stage and physiological
conditions at the time of exposure (Janska et al., 2010). Plant
organs differ in their low-temperature tolerance potential: the
crown, the meristematic tissue responsible for shoot and root pro-
duction, has been found to be less sensitive than roots (McKersie
and Leshem, 1994).

According to Janska et al. (2010), plants respond to low-tem-
perature stress adopting two strategies: i) stress avoidance, by
means of protection of sensitive tissues and supercooling; ii) stress
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tolerance, by means of cold acclimation. The meristematic tissues
are protected from freezing by coverage with leaves or below-
ground placement, while supercooling consists of inhibiting the
formation of ice nucleators (molecules around which ice crystals
are formed). Plant acclimation to low-temperature stress is known
as hardening and it is achieved through exposure to low tempera-
tures (Fowler et al., 1999). The hardening process allows plants to
increase their subsequent frost tolerance and involves several tran-
scriptional and physiological adjustments such as cold-regulated
genes activation, membrane fluidity alterations, photosynthesis
downstream regulation, osmoprotectant compound accumulation,
antioxidant system stimulation (Hassan et al., 2021). Fowler et al.
(1999) underline that, since cold acclimation of winter cereals is a
cumulative process (that begins with the exposure to low tempera-
tures and that can undergo interruptions, inversions and re-starts),
it is the series of temperatures to which the plant is exposed that
determines both the frost tolerance entity and its maintenance, and
the eventual subsequent degree of frost damage.

Materials and methods

We performed a literature search with the aim of finding crop
simulation models with algorithms for frost damage simulation.
The literature search was carried out on Scopus (http:/www.sco-
pus.com) and Web of Science (http://www.webofknowledge.com)
with the following query:

(freezing tolerance OR frost tolerance OR cold tolerance OR
low temperature tolerance OR frost resistance OR cold resistance
OR low temperature resistance OR winter survival OR low tem-
peratures survival OR frost damage OR frost injury OR freezing
damage OR freezing injury OR frost killing OR winterkill OR
winterkill risk OR winter damage) AND (model OR modelling OR
simulation OR simulating OR estimate OR estimating OR assess-
ment OR evaluation) AND (herbaceous crop OR herbaceous plant
OR crop OR cereal).
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As aresult of the search we collected 508 papers. After screen-
ing, we selected 11 frost damage models and a review (Barlow et
al., 2015) regarding the modelling of extreme weather events on
wheat production. The analysis of the 11 papers indicated that crop
simulation models represent frost damage by means of different
strategies; leading to various levels of detail for damage represen-
tation. Among the models emerging from the literature search, we
selected those with the following characteristics that make them
suitable for application to cover crops. Firstly, since frost tolerance
depends on development stage, the models need to estimate frost
tolerance and damage as influenced by crop phenological stage.
Secondly, since cover crops are not grown to produce fruits and
seeds, but are normally terminated at or before flowering, the mod-
els need to simulate the damage of vegetative organs. Therefore,
the models that evaluate only frost damage on reproductive organs
or the ones that assess only frost effects on crop yield were exclud-
ed from this review. The selected models will allow, after calibra-
tion, the evaluation of cover crop species and sowing date effects
on winterkill termination efficiency, defined as the percentage of
plants that do not overwinter.

The eight models selected, which are reviewed below, simulate
frost damage and the main physiological processes involved in low
temperature acclimation (cold hardening, from now on named
‘hardening’; dehardening; and other abiotic stresses affecting
acclimation).

Review of frost damage models

Presentation of the selected models

We present here a list of the selected frost damage models,
while a brief model description can be found in Table 1: FROS-
TOL (Bergjord et al., 2008); winter survival model (Byrns et al.,
2020); model proposed by Lecomte et al. (2003); ALFACOLD
(Kanneganti et al., 1998); CERES-Wheat (Ritchie, 1991); EPIC
(Sharpley and Williams, 1990); APSIM-Wheat (Zheng et al.,
2015); and STICS (Brisson et al., 2009). The first three models

Table 1. Selected frost damage models, with state, rate, auxiliary and driving (input) variables. All abbreviations are explained in the text and

Tables Al to A3 in online Appendix.

FROSTOL (Bergjord et al., 2008) Lethal temperature 50% Hardening rate; Daily average crown temperature;
dehardening rate; respiration snow depth
under a snow cover stress rate;
low temperature stress rate
(no name) (Byrns et al., 2020) Lethal temperature 50% Hardening rate; dehardening rate; Daily average crown temperature;
respiration under a snow cover daylength
stress rate; low temperature
stress rate
(no name) (Lecomte et al., 2003) Frost resistance temperature Hardening rate; dehardening rate Daily average air temperature
ALFACOLD (Kanneganti et al., 1998)  Cold tolerance temperature Hardening rate; dehardening rate Snow depth; daily maximum
and minimum air temperature;
daylength
CERES-Wheat  (Ritchie, 1991) Plant density Hardening index Daily average air temperature;
snow depth
EPIC (Sharpley and Biomass Frost damage factor Daily minimum air temperature
Williams, 1990)
APSIM (Zheng et al., 2015) LAI Frost stress factor Daily minimum air temperature
STICS (Brisson et al., 2009) Plant density; LAI Four frost stress indices, each for Daily minimum air temperature

a specific phenological phase
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were originally designed for winter wheat (7riticum aestivum L.),
ALFACOLD is dedicated to alfalfa (Medicago sativa L.), while the
other cropping system models simulate several different crops.

FROSTOL, the winter survival model by Byrns et al. (2020)
and ALFACOLD use soil temperature in the crown region to assess
cold hardening and dehardening rates as well as the occurrence of
winterkill events, since it is reported that in most climates crop
regrowth after overwintering is determined by the surviving tissues
located in the crown region itself (Fowler et al., 1999). FROSTOL
(Bergjord et al., 2008) and the winter survival model by (Byrns et
al., 2020) were both designed to evaluate winter wheat survival
during winter. FROSTOL implements some equations from the
first version of the winter survival model by Byrns et al. (2020)
which, in turn, is the latest version of the model proposed by
Fowler et al. (1999) and (2014).

ALFACOLD (‘alfalfa model for yield calculation in cold cli-
mates’, Kanneganti et al., 1998) integrates frost tolerance in an
existing model (ALSIM) used for alfalfa forage yield estimation.
ALFACOLD estimates soil temperature in the crown region by
means of Ritchie’s model (Ritchie, 1991). For freezing injury esti-
mation ALFACOLD adopts a similar approach to the one used by
Ritchie (1991) for winter wheat.

The model proposed by Lecomte ez al. (2003) predicts the evo-
lution of frost resistance of winter wheat. However, unlike FROS-
TOL and the model by Byrns et al. (2020), whose experimental
basis is an artificial frost hardiness test (in which plants are trans-
ferred to a controlled-temperature environment to measure their
frost tolerance), Lecomte et al. (2003) characterized frost hardiness
under natural conditions thanks to an experimental system of
rolling greenhouses. This system, which is located in Chaux-des-
Prés (Jura Mountains, France), is maintained by INRA since 1950
and is used to evaluate the frost hardiness of all new cereal cultivars
registered in France. This model includes several hypotheses about
maximal frost resistance at the coleoptile stage (Trx:) value, pheno-
logical stages for the increase of the maximal frost resistance, and
hardening rate. The combination of these hypotheses (2 equations
to calculate hardening rate x 2 Ty, thresholds x 6 leaf stage ranges)
led to the development of 24 different modelling solutions.

CERES-Wheat (Crop Estimation through Resource and
Environment Synthesis) was developed to simulate winter or
spring wheat growth and development (Ritchie and Otter, 1985),
and is now implemented as an individual crop module in DSSAT
(Decision Support System for Agrotechnology Transfer). The sub-
model of low temperatures acclimation and survival (Ritchie,
1991) utilizes principles and information for hardening and
dehardening acquired from previous artificial freezing experiments
(Gusta and Fowler, 1976) with five winter wheat cultivars and a
winter rye cultivar.

Similarities of the selected models

FROSTOL (Figure 1 and Table Al) and the winter survival
model (Figure 2 and Table A2) (Byrns et al., 2020) both express
frost tolerance as the ‘lethal temperature 50’ (7;s0, °C), which is
defined as the temperature at which 50% of the plants are killed in
an artificial freeze test (Bergjord et al., 2008). In both models the
death of the plants occurs when the average daily soil temperature
at crown level drops below the lethal temperature 77 5.

Lecomte et al. (2003) estimate the crop frost resistance on day
d (T, °C) which is defined as the temperature below which the
first leaf damage can occur (Figure 3 and Table A3). Similarly,
ALFACOLD quantifies the state of crop cold tolerance using CTT
(cold tolerance temperature, °C) which corresponds to the subzero
temperature that a crop can tolerate without being killed. ALFA-
COLD uses a crop death coefficient to estimate plant death to due
frost damage, while in the model by Lecomte et al. (2003) frost
damage occurs when the daily minimum air temperature is equal
or drops below the crop frost resistance, 7.

Finally, a common modelling approach is adopted in CERES-
Wheat, EPIC, APSIM and STICS. In these four models, a crop
characteristic (like biomass, leaf area index or crop density) is
modified daily by a stress factor that represents the damage by
frost. This stress factor is not treated in these models as a state vari-
able but it is calculated at each time step without reference to the
value of the previous time step. In all models, the state variable or
the stress index representing frost crop resistance is calculated
starting from sowing with a daily time step.

Figure 1. Relational diagram of FROSTOL model by Bergjord ez
al. (2008). State, rate and auxiliary variables are indicated with a
rectangle, a valve symbol and a circle, respectively. Parameters are
indicated with a short segment. Continuous lines indicate inputs
to and outputs from a state variable. Dotted lines indicate the
dependence of a rate or auxiliary variable from a parameter or
another variable. The description of model symbols is reported in
Table Al.
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Figure 2. Relational diagram of winter survival model by Byrns
et al. (2020). For the explanation of the symbols, see the caption
of Figure 1. The description of model symbols is reported in
Table A2.
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We will describe only the three models that fulfil the criteria
presented in paragraph 3 (tolerance simulated according to the
development stage; damage simulated also for non-reproductive
organs): FROSTOL, the winter survival model (Byrns et al., 2020)
and the model proposed by Lecomte et al. (2003). For these three
models, common symbols were used to describe variables and
parameters that have the same meaning (the common symbols
employed in this review and the original model symbols are report-
ed in the supplementary material, Table A4). The default values of
model parameters are reported respectively in Table A1 (FROS-
TOL), A2 (model by Byrns et al., 2020) and A3 (model by
Lecomte et al., 2003). Of course, these parameters need to be
adjusted to apply the models at different cultivars or species. The
other five models are described in the supplementary material.

The three models in detail

Frostol model

The initial value of the state variable 7.5y corresponds to the
‘lethal temperature 50° of an unacclimated crop. In FROSTOL this
value (7750, °C), Eq.1, depends on the maximum frost tolerance of
the cultivar of interest (7.s0., °C) which has been established
through a controlled-freeze test of cold hardiness performed by
Bergjord et al. (2008).

Tisoi=—10.6 +0.142 - Ts0. (1)

The state variable 7;s) ranges between 75, (upper limit) and
Tis0c (lower limit). In FROSTOL (Bergjord et al., 2008) the rate
variable that simulates the daily change of 7,5, is composed of four
equations describing two physiological processes (7, hardening,
and r7p, dehardening) and two stress responses (r7x, respiration
under a snow cover stress, and 7s, low temperature stress) involved
in the development or loss of frost tolerance (as reported in Figure
3). The equations for 7Ty, rTp and rTs have been formalised in
FROSTOL in agreement with Fowler et al. (1999). The term »T
(°C d) is the rate of hardening and it is the only term which is sub-
tracted from the value of the state variable to perform the numerical
integration, while the terms rTp, #Tx and rTs (°C d!) are added to
the state variable value (as reported in Eq. 2).

}"TL5():—VTH+ }"T/_) + }"TT + I‘Ts (2)

The rate of hardening decreases 775y and therefore increases
frost tolerance. Winter wheat hardening rate has been found to be
higher at the start of the acclimation period; this is represented in
the model (Eq. 3) by the proportionality between hardening rate
and the difference between the frost tolerance already acquired
(T1s04-1, °C) and the maximum frost tolerance that can be realised
by the simulated cultivar (7750, °C). In agreement with Fowler et
al. (1999), a crown temperature (7,) of 10°C is assumed as the
threshold (77};) for the initiation of cold acclimation in wheat (i.e.
no initiation above 10°C).

when T, < Tj; and fy < 0.99

{CH (T —To)- (TLEU(t—l) - TLsuc) 3
0 otherwise ( )

Ty =

Since hardening occurs until the fulfilment of the vernalisation
requirement, a variable describing the completion of vernalisation
(fv) is needed. FROSTOL determines the daily rate of vernalisation
(Wang and Engel, 1998) and then the accumulated effective ver-
nalisation days (Dy, days). The accumulated vernalisation days are
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used to estimate the vernalisation response f, in winter wheat
through Eq. 4 (Streck et al., 2003). This quantity is unitless and
ranges from 0, before the beginning of the vernalisation process, to
1, at the fulfilment of the vernalisation requirement (as reported in
Figure 4).

_ (Dy)®
v = tazsps vy 4)

The positive terms 77, #Tr and rTs account for the loss of frost
tolerance due to, respectively, dehardening, respiration under a
snow cover, and prolonged exposure to near-lethal temperatures.
Dehardening rate (»7p, Eq. 5) has been found to be higher during
the first 3 days of exposure at 15°C, both for non-fully vernalised
and fully vernalised winter wheat plants, collected respectively in
autumn and spring. The model accounts for this finding through
the difference between the 775, of an unacclimated plant (77s,) and
the one reached by the plant at the previous time step (7%s04-1)). The
dehardening rate of non-fully vernalised plants has been found to
remain constant after these first three days, while for fully ver-
nalised plants, that did not show the same stabilization, there was
a more rapid loss of tolerance. Therefore, after the fulfilment of
vernalisation requirements (f;>0.99), FROSTOL lowers the tem-
perature threshold for dehardening from 10°C (7}) to —4°C (7)),
and does not allow re-hardening (intended as further hardening
after dehardening).

Ty = {Eu . (TLSm' _TIE)SD (z—q)) (T + 4)°

(&)
if [fy <0.99and T, = Tylor [fy 20.99and TC = Ty]
otherwise

During winter, thick and persistent snow cover allows the soil
to remain unfrozen. Plants in unfrozen soils have been reported to
have a higher respiration rate than those in frozen soils; moreover,
snow cover can lead to anaerobic conditions. Therefore, plants liv-
ing in an unfrozen soil covered by a snow layer are subject to a loss
of frost tolerance, probably due to the accumulation to toxic levels
of metabolites deriving from anaerobic respiration, such as CO,,
ethanol and lactate. This accumulation of metabolites increases
plant stress causing a loss of frost tolerance. The rate of frost tol-
erance loss due to respiration under snow cover (r7x, Eq. 6) is
expressed with an empirical equation developed by Bergjord et al.

-
E ,,,,,,,,

£ ! ; —o—
Q

S

T

| Hypothesis 1
' jmmmm e 2

Hypothesis 2

Figure 3. Relational diagram of the model proposed by Lecomte
et al. (2003). For the explanation of the symbols, see the caption
of Figure 1. The description of model symbols is reported in

Table A3.
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(2008), that includes a respiration factor (fz,°C, Eq. 7 and Figure 4)
and a function of snow depth (fs, unitless, Eq. 8).
rTr=cr “fo * fs (6)

The respiration factor was developed on the basis of respira-

tion measurements, as a function of the crown temperature (Sunde,
1996).

(084 +0.051-T¢)_5

fe= 0

1.85

The snow depth function increases linearly from 0 to 1 with
snow depth (S, cm) up to a snow depth threshold (S-12.5 cm); for
snow depths exceeding this threshold the snow depth function
value is constant and equal to 1.

when S < S;

_{S/St
=11 when S > S,

@®)

Finally, since a decrease in winter survival following the expo-
sure to near-lethal temperature has been observed, FROSTOL also
calculates a loss of frost tolerance caused by low temperatures (77,
Eq. 9). This is accomplished as a function of the difference
between the lethal temperature at the previous time step (77s0—1),
and the temperature to which the crown tissue is exposed.

(TLsot-1)— Tc)
5 Tisoq—1)~ 7o) 3741

TTS = )
Model by Byrns et al. (2020)

In the winter survival model by Byrns et al. (2020) the rate
variable (r7;50,°C d™!) and the numerical integration of the state

variable are equal to those previously described for FROSTOL
(Eq. 2), as reported in Figure 2.

In Byrns et al. (2020) the initial value of Tysy (7%s0) corre-
sponds to —3°C and represents the 7,59 of an unacclimated crop.
The state variable has an upper limit, which corresponds to the ini-
tial value of the state variable itself, and a lower limit, that is rep-
resented by the 775 of a fully acclimated plant (7%se).

The increase of frost tolerance due to hardening (#74, Eq. 10)
is simulated in the model by Byrns et al. (2020) through a similar
approach to the one used by Fowler ez al. (1999) in the first version
of the winter survival model, which is also the same used in FROS-
TOL. In contrast to the other models, the hardening rate is equal to
zero when the plant is subjected to a loss of frost tolerance due to
stressful conditions: respiration under snow cover (#7x>0, Eq. 17)
and exposure to near-lethal temperatures (r7s>0, Eq. 18).
Otherwise, hardening rate is influenced by the vegetative/repro-
ductive transition factor (fizr2, Eq. 1). This empirical factor
describes the development rate from the vegetative to the repro-
ductive growth stage, which is the critical transition that starts the
down-regulation of the genes involved in low temperature toler-
ance and leads to a loss of cold hardiness.

0 ifrTy > 0
7Ty = | max (0. cy (T =T): (TLso(r—1) - TLSDEIi]')) X fyrrz ifrTs= 0 (10)
0 otherwise

The value of ¢y (0.014°C-'d"") used in Eq. 10 is different from
the one used in FROSTOL (c;=0.0093°C-1d"!1, Eq. 3), since the
models are parameterized for different winter wheat cultivars.
Since differences in the threshold induction temperature for the
start of cold acclimation (hardening) have been observed during a
field trial documented by the Authors, and since the expression of
genes regulated by low temperatures has been reported for plants
exposed to warmer temperatures than those in the induction range,
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Figure 4. Empirical functions, from the top: A) Vernalisation function (f) from FROSTOL model (DV represents the accumulated ver-
nalisation days); B) Respiration factor (fz) from FROSTOL and the model by Byrns ez al. (2020) (T. represents daily average crown
temperature); C) Vegetative/reproductive transition factor (fizr2) of the model by Byrns et al. (2020) with fizr; ranging from 0 (crop

sowing) to 1 (flowering stage).
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Byrns et al. (2020) used a calculated threshold induction tempera-
ture (73,°C) for hardening rate, rather than a fixed value (7;) of
10°C as in FROSTOL. This threshold induction temperature (Eq.
11) is estimated as a function of 7 5.

Ti=13.72135 — 0.401124 - Tyso. (11)

In contrast to similar models (FROSTOL; Fowler et al., 1999;
Fowler et al., 2014), Byrns et al. (2020) use T} s50qq; instead of T;sqc
for the acclimation rate: 775044 corresponds to the damage-adjusted
Tis0c (Eq. 12) and is calculated as the difference between 7750 and
the accumulated amount of dehardening due to low temperature
and respiration under a snow cover stresses (7ps, Eq. 13).

TLSOad/': Trs0c— TDS(:— 1 (12)
Tpsy = Tos—1)— (rTr+ rTy) (13)

The progress of the crop to the vegetative/reproductive transi-
tion (fyrr, Eq. 14) is described through the fulfilment of three
requirements regarding: minimum leaf number (fi;z, unitless), ver-
nalisation (fy, unitless) and photoperiod (fpz, unitless).

fVRTl = min (l,fML,fVR,fPR) (14)

Since fiu, frr and fpr range between 0 and 1 (as reported in
Figure 4), in the model the transition occurs when fyzr, reaches a
value of 1. The fyxr> used in Eq. 10 avoids the strict on and off con-
trol of hardening and dehardening found in FROSTOL (Eq. 3 and
5), thus allowing the two processes to take place at the same time.

_ 1
fvrr2 = T T (15)

Also, the formalisation of the loss of frost tolerance due to the
dehardening (r7p, Eq. 16) by Byrns ef al. (2020) differs from the
models of Fowler et al. (1999) and Bergjord et al. (2008). Indeed
the loss of tolerance due to dehardening is calculated using a dif-
ferent approach (Fowler et al., 2014), and depends on crown tem-
perature, 7,50 and the occurrence of stressful conditions due to res-
piration under snow cover.

if To > Ty and Tyso < Tysor
505

o=y (L~ furrz)  if Te > Tisesand Tpsp < Tisor (16)

5.05
rTp =
0 if rTr > 0 or else

In the model by Byrns et al. (2020), the rate of frost tolerance
loss due to plant respiration in unfrozen soils with snow cover (7T,
Eq. 17) is formalised according to the approach of FROSTOL (Eq.
6 and 7), but the influence of snow depth on the process is not rep-
resented in the rate equation through a function as in FROSTOL.
Indeed, the loss of frost tolerance due to this type of stress is
assumed to start after a deep snow cover that keeps the soil tem-
perature near zero for five days. In the model, these assumptions
are implemented in an empirical equation that, using the mean
crown temperature of the last five days (7.,) and its standard devi-
ation (7.), determines snow cover conditions that lead to loss of
frost tolerance.
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lf (Tcm < 1.5and Tom > —1 and Tesa < 075) (1 7)

¢k fi
rTp =1 R JR
R [ 0 otherwise

As in FROSTOL, Byrns et al. (2020) maintained the same
approach of Fowler ez al. (1999) to estimate the loss of frost toler-
ance caused by prolonged exposure to near-lethal temperatures
(rTs, Eq. 18). This estimate requires computation of the minimum
Tiso (Tisomin) achieved during the all the previous time steps. This
loss is assumed to take place when the following conditions occur
simultaneously (7150 < T, < Tisomin and Trso — Tps < Tiso and T, <
T1s0), while in every other condition T is equal to 0.

(18)

Trsomin—Tc

Ts = e~ (TLsomin-T0) - 3-”‘l

Model by Lecomte et al. (2003)

In the model by Lecomte et al. (2003), the initial value of the
state variable (7x) corresponds to the minimal frost resistance (7,
°C) measured when hardening has not yet begun. Lecomte ef al.
(2003) evaluated the frost resistance, prior to hardening, of nine
wheat cultivars. Since their observations did not allow them to
detect significant differences between wheat cultivars for the mini-
mal frost resistance, they assumed the same 7y value (—6°C) for all.

The value of the state variable expressing frost resistance (7%,
°C, Eq. 19) depends, as reported in Figure 3, both on the frost resis-
tance acquired at the previous time step (Tr.—;, °C) and on the
potential frost resistance that can be obtained during the current
time step (Trpor, °C). When Tr—;) is higher than Tgp,, frost resis-
tance (7x) is assumed to increase. In this situation, hardening
(rTu,°C d7!, Eq. 22 and 23) is simulated. For the opposite situation,
when Tr—; is lower than Trpe, the frost resistance (7k) is
assumed to decrease. In this case, dehardening (+75,°C d!, Eq. 24)
is simulated.

when Tpe—1) > Trpot

Trit—1) + 7Ty ), T,
R={max[( Rt-1) TT I-I) rPot] (19)

min [(TR(t—l) +1Tp), Trpot] when Tg—1) < Trpot

The potential frost resistance (Tzro, Eq. 20) depends only on
daily mean air temperature (7,°C) and ranges from Txy (°C,
parameter) to Try (°C, auxiliary variable, Eq. 21).

Trn when T, = 15°C
Treot(t) = {TRX + 2 (Tew — Ton) when 0 <T, <15°C  (20)
Trx when T, < 0°C

In the model by Lecomte et al. (2003), the maximal frost
resistance is assumed to be genotype dependant and, for a given
genotype, is simulated according to the crop phenological stage.
The development stage is expressed as leaf stage (N, expressed
as number of leaves) so that the maximal frost resistance
increases linearly from an initial (V) to a final leaf stage (Vy).
The simulated leaf stage is estimated on a daily time step; it
depends on the cumulated daily mean temperature above zero
and the phyllochron. The maximal frost resistance achievable, at
each phenological stage, is limited respectively by two parame-
ters: the maximal frost resistance achievable at the coleoptile
stage (Trx2, °C) and the one obtainable at the end of the harden-

ing process (Trxs, °C).
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Trx2 if N < Ny
Trx1=T) .
Tax = M'(NL_NLE)+TRXZ if Niy < N < Npg

(Nps—Npi) (21)
Trx1 if Ny <N,

The authors tested several stage ranges for the increase of the
maximal resistance, since they did not agree on the values of N
and N, the same has been done for the value of the maximal frost
resistance at the coleoptile stage (7zxz), while the value of the max-
imal frost resistance after hardening (7kx;) has been determined,
for each genotype, through experimental observations.

For the hardening rate, the authors implemented two different
equations (7y, Eq. 22 and Eq. 23), which are based on two differ-
ent hypotheses, assuming a variable or a constant hardening rate,
respectively. For both hypotheses, hardening rate is influenced by
the daily mean air temperature (7;) through the estimate of Trpor.
Each hypothesis gives rise to a different model configuration.

For the first hypothesis (Eq. 22), hardening rate is proportional
to the difference between the potential frost resistance (7xp,;) and
the frost resistance acquired at the previous time step (Zr-p).
According to this relationship, hardening rate is higher at the
beginning of the process (i.e. at the beginning of the hardening
period) and lower when frost resistance approaches the maximal
frost resistance achieved at the end of the hardening period.

1
Ty = {1 - e[m]}' (Treot(ty = Tree-1)) (22)

For the second hypothesis (Eq. 23), the constant hardening rate
is a function of the difference between the potential frost resistance
(Trpor) of the genotype and the minimal frost resistance (MinR).
The model employing this constant hardening rate was considered
by the authors (Lecomte et al., 2003) to be the best performing in
a 10-year simulation study.

Ty = (TRPo;;TRN) (23)

The dehardening rate (r7p, Eq. 24) is assumed to be propor-
tional to the daily average air temperature (7,). Lecomte et al.
(2003) do not consider differences, which are difficult to estimate,
in dehardening rate and its duration due to genotype, phenological
stage, and frost resistance previously acquired (Trq—;). The authors
estimate dehardening rate as a function of the difference between
the minimal frost resistance (7xy) and the maximal frost resistance
threshold (7zx;), which corresponds to the negative temperature at
which the first leaf necrotic damage occurs. This threshold is geno-
type-dependent but, differently from 7y which is a function of the
leaf stage, it is not dependent on the phenological stage.

rTp = [T, (24)

Model performance

We describe here the results reported in the literature, obtained
after calibrating the three models with field data in various sites.
FROSTOL was calibrated and then tested, by means of cross vali-
dation, using the experimental results derived from a two-year
field cold hardiness trial (Bergjord er al., 2008) performed by
means of artificial freezing. The trial involved two winter wheat
cultivars (Bjorke and Portal) and three sites in Norway (Stjerdal,
Selbu, and Oppdal). The sowing dates were September 4, 2003,
and September 1, 2004. The three sites differed in their climate: the
first one has an oceanic climate, while the other two sites are char-
acterized by lower temperatures and by persistent snow cover dur-
ing winter months. The authors reported good agreement between
measured and simulated 775, values, that ranged between —4°C
(during September) and —23°C (during November). The root mean
square error (RMSE) of T}s for the six combinations of site and
year (jointly for the two wheat cultivars) was on average 2.42°C
(with a standard deviation in cross validation of 0.38°C).

The model by Byrns et al. (2020) is available on-line
(https://wheatworkers.ca/wcsm.php) as an interactive tool that
allows the user to investigate production risks, breeding and crop
management strategies for Canada, Europe, and USA. Tests are
available for the two models on which Byrns et al. (2020) based
their development (Fowler et al., 1999; Fowler et al., 2014). The
model by Fowler ez al. (1999) was tested during two winter sea-
sons (1995 and 1996) for the wheat cultivar Norstar in a Canadian
site (Saskatoon) that has a warm summer continental climate.
Wheat was planted on September 15t and two treatments (seeding
on summer fallow and direct seeding in standing stubble) were
tested each year. Winterkill events were correctly simulated in both
years: the simulated 7.5 values followed the measured ones
(R?=0.96). The model of Fowler et al. (2014) was further tested in
Canada between 2003 and 2013 during 12 trials by collecting 129
T.s0 values for different cultivars, obtaining a good model perfor-
mance (RMSE equal to 2.43°C, Nash-Sutcliffe Model Efficiency
equal to 0.88). Lecomte et al. (2003) tested their algorithms and
parameter values for simulating frost resistance to the first frost
wave of nine winter wheat cultivars (their Ty, ranged from —12 to
—32°C). They compared simulated and measured frost resistance
temperatures (7%,°C) collected over 10 years (1989-1998) in the
field in a site (Chaux-des-Prés, France) that has a temperate ocean-
ic climate. The authors calculated the divergence between simulat-
ed and observed frost damage by comparing the simulated frost
resistance (°C) with the minimum air temperature recorded when
the frost stress occurred. The model configuration that obtained the
best agreement between simulated and observed values (i.e. the
lowest mean divergence, °C) was the one using: Tzy,=12°C;
N;=3.5 and constant hardening speed (Eq. 24). The mean diver-
gence over 10 years of this model configuration was 0.73°C (with
a standard deviation of 1.20°C).

Table 2. Weather conditions in the two sites for model application: crown temperature (simulated), air temperature (measured), snow
depth (simulated) and snow cover duration (simulated) for the period September-April.

+1.54
—12.12

Sant’Angelo Lodigiano, Italy ~ 2005/2006
Saskatoon, Canada 2007/2008

+0.21 0.00 10
-21.10 18.80 63
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Model application

Methodology

The three models designed to simulate winter wheat frost tol-
erance were implemented in Visual Basic for Applications in
Microsoft Excel. To compare the models’ behaviour, we applied
them in two locations with different climatic conditions
(Sant’Angelo Lodigiano, Italy, and Saskaatoon, Canada) with
respect to frost tolerance acquisition. For the Italian site, winterkill
is not reported in the literature for winter wheat, while it is a more
frequent event in the Canadian site (Fowler et al., 1999). A 20-year
temperature series (1999-2020) was analysed to select, for each
site, the autumn-winter season whose average value of the mini-
mum daily temperatures of four months (from November to
February) was between the fifth and the tenth percentile. The sea-
sons selected for model application are reported in Table 2.

In addition, to underline the key differences among the models,
for each location we applied them for a highly frost resistant wheat
variety and for a less resistant one (Norstar and Winter Manitou,
respectively). We used observed weather data (daily minimum and
maximum air temperature and precipitation) and calculated crown
temperature and snow depth according to Ritchie (1991). We then
ran the three models using the default parameter values (Table A1,
A2 and A3), except for the maximal frost resistance which was
assumed to be equal to —24 and to —12°C for the highly frost resis-
tant variety and for the less resistant one, respectively.

All the simulations started on the first day of September and
ended on the first day of May. Crop frost damage was identified for
the models by Bergjord et al. (2008) and Byrns et al. (2020) when
the average daily soil temperature at the crown level dropped
below the simulated lethal temperature 7759, and for the model by
Lecomte et al. (2003) when the daily minimum air temperature
was equal to or dropped below the simulated frost resistance Th.

pagepress

Italian case study

Sant’Angelo Lodigiano (45°13" N, 9°24" E, 73 m a.s.l.) is
located in the Po plain (northern Italy), where the climate is humid
subtropical (Cfa) according to the Kdppen classification. For the
period September 2005-April 2006 used in the simulations, the
average temperature was 8.7°C. The temperature of the coldest
month (January) was 0.3°C, and that of the warmest month
(September) was 20.3°C.

None of the models simulated the occurrence of wheat win-
terkill or frost damage (Figure 5), as the daily average crown tem-
perature and the daily minimum air temperature remained above
the simulated 7759 and T for all the simulation periods. According
to FROSTOL and to the model by Byrns et al. (2020), hardening
occurred mainly during November, while the model by Lecomte et
al. (2003) simulated hardening also until April. Dehardening rates
were generally higher than hardening rates, indicating that dehard-
ening was predominant on hardening. Furthermore, in the model
by Byrns et al. (2020) and in FROSTOL, dehardening took place
mainly from the beginning of January, while the simulations of
Lecomte et al. (2003) reported high dehardening rates already dur-
ing September. The loss of frost tolerance due to respiration under
snow cover was simulated only by Byrns et al. (2020), but its
extent was negligible. For all the simulations, the maximal frost
resistance, corresponding to the minimum value of the state vari-
able, was reached at the end of December / beginning of January
(Table 3).

Canadian case study

Saskatoon (52°07° N, 106° 38* W, 481.5 m a.s.l.) is located in
Saskatchewan (Canada) and its K&ppen climate classification is
warm summer continental climate (Dfb). For the period September
2018-April 2019 used in the simulations, the average temperature
was —4.9°C. The temperature of the coldest month (February) was
—16.5°C, and that of the warmest month (September) was 10.4°C.

Table 3. Model application example: simulation results for Sant’Angelo Lodigiano (northern Italy), season 2005/2006. TLs, is the lethal
temperature that kills 50% of the plants, while TR is the frost tolerance temperature of the crop.

Minimum value of the

Date of attainment

Date of the first winterkill

state variable of the minimum value or frost damage event
(T[.so and TR,OC)
Norstar Winter Norstar Winter Norstar Winter
Manitou Manitou Manitou
FROSTOL -22.98 -11.39 2006-01-01 2006-01-01 / /
Byrns et al. (2020) —23.99 -11.83 2006-01-01 2006-01-01 / /
Lecomte et al. (2003) —24.00 —-12.00 2005-12-31 2005-12-31 / /

Table 4. Model application example: simulation results for Saskatoon (Saskatchewan region of Canada), season 2007/2008. TLs, is the
lethal temperature that kills 50% of the plants, while TR is the frost tolerance temperature of the crop.

Minimum value of the
state variable

Date of attainment
of the minimum value

Date of the first winterkill
or frost damage event

(TLso and Tg,°C)
Norstar Winter Norstar Winter Norstar Winter
Manitou Manitou Manitou
FROSTOL —24.00 -11.38 2008-01-29 2007-11-25 / 2007-11-26
Byrns et al. (2020) —23.82 -10.78 2007-11-10 2007-11-10 2007-12-06 2007-11-21
Lecomte et al (2003) —24.00 -12.00 2007-11-19 2007-11-19 2007-11-26 2007-10-26
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Figure 5. Winter wheat models applied in Sant’Angelo Lodigiano (Italy) for two different winter wheat cultivars: Norstar (plot on the
top) and Winter Manitou (plot on the bottom). The scale of all the rate variables (°C d™!) is represented on the right axis. All hardening
and dehardening rates are represented in the graphs as positive, even if they act in opposite directions on the value of the state variable.
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In comparison with Sant’Angelo Lodigiano, all models pro-
duced relevant hardening rates starting from the first half of
September (Figure 6). For all the simulations, maximal frost resis-
tance and the first winterkill event dates are reported in Table 4.
For Winter Manitou cultivar (775 and Try,=—12°C), the model by
Byrns et al. (2020) and FROSTOL showed good mutual agreement
in the simulated date for winterkill: the former indicated 2007-11-
21, the latter 2007-11-26. For this cultivar, the model by Lecomte
et al. (2003) indicated the first damage to occur much earlier, on
2007-10-26. The early onset of the simulated damage with this
model is caused by the use of the daily minimum air temperature,
instead of the crown temperature. For the Norstar cultivar (775
and Try= —24°C), the model by Byrns et al. (2020) simulated a
winterkill event (2007-12-06), while in the simulation by FROS-
TOL the crop survived (no winterkill). A frost damage event was
also simulated by the third model (Lecomte et al., 2003) on 2007-
11-26. The difference between the simulations of the model by
Byrns et al. (2020) and FROSTOL was caused by the different
onset of the loss of frost tolerance induced by low temperature
stress (that was simulated by Byrns et al. (2020) and was not sim-
ulated by FROSTOL) and therefore by the different conditions
imposed for this stress in the two models. Low-temperature stress
is estimated at each timestep in FROSTOL and it assumes rele-
vance (i.e. its value is greater than zero) when the temperature at
which the crown is exposed is lower than the temperature corre-
sponding to the frost resistance acquired at the previous timestep,
while in the model by Byrns et al. (2020) low-temperature stress
occurs only if several conditions are met (Eq. 18).

Discussion and conclusions

Similarities and differences among the eight models
reviewed

Five (CERES-Wheat, ALFACOLD, FROSTOL, the model by
Byrns et al., 2020, and the model by Lecomte ef al., 2003) of the
eight studied models share a common approach to simulate the
dynamics of crop frost tolerance, based on the quantification of
frost tolerance acquisition (hardening) and loss (dehardening) in
response to crop genotype and environmental conditions. The three
winter wheat models (FROSTOL, the model by Byrns et al., 2020,
and the model by Lecomte et al., 2003) also consider crop devel-
opment as a variable that can affect frost tolerance acquisition. The
main difference between these models, apart from the definition of
the main model output, is the different number and type of inputs
required. The model by Lecomte et al. (2003) requires air temper-
ature, while the other two models require soil temperature in the
crown region and other weather inputs such as snow depth for
FROSTOL and day length for the model by Byrns et al. (2020).

Differences among the three wheat models

The three models applied in the examples differ for the number
of parameters required and for the type and number of processes
simulated.

Hardening and dehardening

All models simulate both hardening and dehardening, employ-
ing a different number of parameters. Hardening rate is estimated
in FROSTOL (Eq. 3) using three parameters (hardening coeffi-
cient, maximum frost tolerance of the cultivar, and a cultivar inde-
pendent threshold induction temperature). The model by Byrns et
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al. (2020) directly employs (Eq. 10) a hardening coefficient, and
four other indirect parameters (three are used to estimate a cultivar-
dependent threshold induction temperature, one is used to estimate
the damage-adjusted LT75,). The model by Lecomte et al. (2003)
employs (Eq. 23) two parameters to estimate the constant harden-
ing rate (a cultivar independent minimal frost resistance and a fixed
hardening duration). The dehardening rate in FROSTOL (Eq. 5) is
formalized using three parameters: a dehardening coefficient and
two different cultivar-independent threshold induction tempera-
tures (one used before the fulfilling of the vernalisation require-
ment, the other one used after), while the model of Byrns et al.
(2020) employs directly three empirical parameters for its rate (Eq.
16) and uses indirect parameters involved in the estimation of the
cultivar-dependent threshold induction temperature. The model of
Lecomte ef al. (2003) calculates the dehardening rate (Eq. 24) by
means of two explicit parameters (cultivar-dependent maximal
frost resistance threshold, minimal frost resistance) and an implicit
parameter (i.e. hard-coded). Dehardening estimated by this model
showed high variability in the examples, both in the rate values and
occurrence, due to its direct dependence on air temperature, while
the other two models use soil temperature which has a lower tem-
poral variability.

Effect of stresses on frost tolerance

Compared to the model proposed by Lecomte et al. (2003),
FROSTOL and the model by Byrns et al. (2020) differ because
they represent two types of stress that cause frost tolerance loss
that are not considered by Lecomte ez al. (2003): respiration under
snow cover, and exposure to low-temperature stress. In both mod-
els, the intensity of the stress due to respiration under snow cover
is not dependent on cultivar-specific parameters, while the mod-
elling approach of the two models differs on the basis of the input
variable (snow depth for FROSTOL and crown temperature for
the model by Byrns et al. 2020). It is possible to adopt FROSTOL
without measured snow depth values using a snow depth simula-
tion algorithm. Several snow depth models are available, such as
the one by Ritchie (1991). Low temperature exposure stress is
simulated differently in the two models: in FROSTOL it is simu-
lated at every time-step and its value becomes relevant when the
exposure temperature is near the frost tolerance acquired by the
plants, while in the model by Byrns et al. (2020) it is estimated
only when several conditions are met at the same time. Some of
these conditions regard environmental conditions (exposure tem-
perature comprised between the current frost tolerance tempera-
ture and the minimum frost tolerance temperature reached during
the simulation). Other conditions are involved in the model algo-
rithm (difference between the amount of dehardening due to low
temperature stress and current frost tolerance lower than the initial
frost tolerance, exposure temperature lower than the initial frost
tolerance temperature). For the Italian case study, both types of
stress were irrelevant and did not cause significant frost tolerance
losses, while low temperature stress was the cause of the sudden
frost tolerance loss that led to the winterkill events simulated in
the Canadian case study.

Potential for adaptation of these models to cover crops

Some of the reviewed models could be adapted to simulate
frost tolerance of frost-sensitive autumn-winter cover crops, thus
allowing the assessment of cover crop winterkill for a specific site
as a function of crop species and sowing date. Strengths and weak-
nesses of the three wheat models (FROSTOL, Lecomte et al.,
2003; Byrns et al., 2020) are reported in Table 5. Since the occur-
rence and efficiency of cover crop winterkill is strongly influenced
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by the development stage reached by the crop at the time of the
exposure to sub-zero temperatures, only models considering frost
tolerance to be influenced by crop development stage are suitable
for this type of application (FROSTOL, Lecomte et al., 2003;
Byrns et al., 2020). Attention should be paid to the fact that FROS-
TOL and Byrns et al. (2020) simulate the damage at the crown
level, while for Lecomte et al. (2003) the level considered is the
aerial part of the plants. Furthermore, the output of FROSTOL and
Byrns et al. (2020) (lethal temperature for the 50% of the plants)
can be practically utilised within a cropping system model to
reduce the number of plants and/or of the leaf area of the crop.
Therefore, these two models could be suitable to estimate crop
overwintering and survival, and the subsequent spring regrowth.
FROSTOL can only be applied to species with vernalisation
requirements since the development simulation of the model is
based on vernalisation, while the models by Byrns et al. (2020) and
Lecomte et al. (2003) do not have this restriction, since their devel-
opment stage is based respectively on the vegetative-reproductive
transition factor and on leaf-stage. The simulation of the two types
of stress, included both in FROSTOL and in the model by Byrns et
al. (2020), can be important for cover crop species, depending on
the combination of site, species and sowing/termination dates.
Indeed, in the case of late-planted cover crops, that still did not
reach their frost tolerance potential at the beginning of the winter
season, low temperature stress can lead to winterkill. This type of
stress can also cause the winterkill of early-planted cover crops at
the end of their growth cycle as they approach flowering, when
their frost tolerance decreases due to dehardening. For late-planted
cover crops that have meristematic tissues above the ground, the
stress imposed by respiration under snow cover could be relevant
for frost tolerance, since shorter plants have higher amounts of
biomass covered by snow in comparison to taller plants, and there-
fore be easily damaged. However, this type of stress is less relevant
for sites where the snow cover does not significant periods of time.

ALFACOLD provides a simulation of hardening and dehard-
ening for a dicotyledon species, but its application to dicotyledon
cover crops could be limited by the lack of consideration given to
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development stage and by some other model features: the maxi-
mum cold tolerance assigned by means of the crop fall growth
scores and the lack of the simulation of the first year after crop
seeding.

Several current model parameters were obtained by means of
calibration against measurements. Adapting the model to cover
crops would require careful modification of these parameter val-
ues, since three models were developed for wheat and one for
alfalfa. The selection of the parameters that should be calibrated to
allow model application to other cultivars and species could be
based on global sensitivity analysis of model outputs (Saltelli et
al., 2010). Sensitivity analysis should consider several sowing
dates in addition to several sites and years used to explore topo-
graphic, climatic, and meteorological variability. The calibration of
the most sensitive parameters will need to consider the sensitivity
to frost of cover crop species, their ability to acquire frost toler-
ance, and their loss of frost tolerance, through bibliographical
sources or experimental trials.

Once calibrated for cover crops, these models will support the
simulation of management scenarios in which the susceptibility to
‘winterkill” events of cover crops is used in cropping systems to
achieve a number of aims. For example, Lorin et al. (2015) have
intercropped oilseed rape with winterkilled legume cover crops to
achieve weed control, avoiding competition during the cash crop
growing season. Storr et al. (2021) have underlined that the termi-
nated cover crop biomass can release nitrogen during its decompo-
sition and, depending on environmental conditions, give rise to
undesired nitrate leaching at the end of winter/beginning of spring.
Simulation models therefore would be useful in cases like these to
evaluate advantages, disadvantages and best application conditions
of winterkilled cover crops.

In conclusion, we have shown that the frost damage models by
Bergjord er al. (2008), Byrns et al. (2020) and Lecomte et al.
(2003) are potentially suitable for simulating cover crop frost dam-
age. We are actively working on this topic and will report calibra-
tion results for white mustard in the near future.

Table 5. Strengths and weaknesses of the three winter wheat frost damage models.

FROSTOL 1. Output variable (TLs)) with clear effect on plant density,

suitable for winter survival assessment

2. Easily adaptable to other cereal crops (damage to the crown region)

3. Reduced complexity

1. and 2. of FROSTOL

3. More complete simulation (compared to FROSTOL)
of the vegetative-reproductive transition (vernalisation,
photoperiod and minimum leaf number requirements)
4. Smooth transition from acclimation to de-acclimation
5. As opposed to FROSTOL, it does not require snow
depth as a driving variable

Byrns et al. (2020)

1. Calibration with data obtained through artificial freezing test
2. Main driving variable (soil temperature in the crown region)
is not commonly measured, but can be simulated

3. Crop development is represented by vernalisation only
(therefore the model is not suitable for crops without a
vernalisation requirement)

4. Acclimation and de-acclimation processes have respective
abrupt ends and starts when vernalisation is completed

1. and 2. of FROSTOL
3. High complexity

Lecomte et al (2003) 1. Calibration with data obtained in field conditions

2. The driving variable (measured air temperature at 2 m) is easily obtained

1. Frost damage is not quantified by the model (effect on above
ground biomass or plant density to be further assessed)

3. Easily adaptable to other cereal crops, but also to non-cereal crops

(damage is simulated to the above ground biomass)
4. Reduced complexity
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