
HAL Id: hal-03144794
https://hal.inrae.fr/hal-03144794

Submitted on 15 Mar 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Seasonal changes in carbohydrates and water content
predict dynamics of frost hardiness in various temperate

tree species
Romain Baffoin, Guillaume Charrier, Anne-Emilie Bouchardon, Marc

Bonhomme, Thierry Ameglio, André Lacointe

To cite this version:
Romain Baffoin, Guillaume Charrier, Anne-Emilie Bouchardon, Marc Bonhomme, Thierry Ameglio, et
al.. Seasonal changes in carbohydrates and water content predict dynamics of frost hardiness in various
temperate tree species. Tree Physiology, 2021, 41 (9), pp.1583-1600. �10.1093/treephys/tpab033�.
�hal-03144794�

https://hal.inrae.fr/hal-03144794
https://hal.archives-ouvertes.fr


Tree Physiology 41, 1583–1600
https://doi.org/10.1093/treephys/tpab033

Research paper

Seasonal changes in carbohydrates and water content predict
dynamics of frost hardiness in various temperate tree species

Romain Baffoin1, Guillaume Charrier 1,2, Anne-Emilie Bouchardon1, Marc Bonhomme1,
Thierry Améglio1 and André Lacointe1

1Université Clermont Auvergne, INRAE, PIAF, Clermont-Ferrand 63000, France; 2Corresponding author (guillaume.charrier@inrae.fr)

Received April 22, 2020; accepted February 16, 2021; handling Editor Dr Marilyn Ball

Predicting tree frost tolerance is critical to select adapted species according to both the current and predicted future
climate. The relative change in water to carbohydrate ratio is a relevant trait to predict frost acclimation in branches from
many tree species. The objective of this study is to demonstrate the interspecific genericity of this approach across nine
tree species. In the studied angiosperm species, frost hardiness dynamics were best correlated to a decrease in water
content at the early stage of acclimation (summer and early autumn). Subsequently, frost hardiness dynamics were more
tightly correlated to soluble carbohydrate contents until spring growth resumption. Based on different model formalisms,
we predicted frost hardiness at different clade levels (angiosperms, family, genus and species) with high to moderate
accuracy (1.5–6.0 ◦C root mean squared error (RMSE)) and robustness (2.8–6.1 ◦C prediction RMSE). The TOT model,
taking all soluble carbohydrate and polyols into account, was more effective and adapted for large scale studies aiming
to explore frost hardiness across a wide range of species. The ISC model taking the individual contribution of each
soluble carbohydrate molecule into account was more efficient at finer scale such as family or species. The ISC model
performance also suggests that the role of solutes cannot be reduced to a ‘bulk’ osmotic effect as could be computed
if all of them were located in a single, common, compartment. This study provides sets of parameters to predict frost
hardiness in a wide range of species, and clues for targeting specific carbohydrate molecules to improve frost hardiness.

Keywords: frost acclimation, modeling, perennial plants, soluble carbohydrates, starch, water content.

Introduction

In frost-exposed areas (i.e., alpine, boreal and temperate
biomes), perennial plants have to transiently increase their
frost hardiness (FH) to tolerate potentially damageable freezing
temperatures. This process, called frost acclimation, is induced
by seasonal changes in meteorological conditions (Christersson
1978). In autumn, frost acclimation is induced by the decreasing
photoperiod and cold, but non-freezing, temperatures (Arora
and Rowland 2011, Pagter et al. 2011). In late winter, frost
deacclimation is mainly driven by increasing temperature
(Welling et al. 2002, Kalberer et al. 2006) and occurs at a
much faster rate than acclimation (Kalberer et al. 2007).

Current climate models predict an increase not only in the
mean surface air temperature but also in the frequency and
severity of erratic temperature events (IPCC 2014). Extended
warm periods during autumn may, therefore, prevent timely
frost acclimation, while the probability of early (‘autumn’) frost
events remains high (Charrier et al. 2015). Furthermore, higher
temperatures during mid-winter are likely to induce prema-
ture loss of FH (deacclimation), resulting in increasing plant
vulnerability facing late (‘spring’) frost events (Kalberer et al.
2006, Pagter and Arora 2013). Late winter temperatures also
promote within-bud ontogenetic development towards bud-
burst, exposing tender organs, namely the flushing leaves and
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blooming flowers, to late frost events (Saxe et al. 2001, Cham-
berlain et al. 2019). The transition periods in autumn and spring
are the riskiest, as FH is relatively low and highly responsive to
climate, while the probability of damageable freezing events is
not negligible (Hanninen 2006, Charrier et al. 2018a).

Perennial tree species usually tolerate freezing events through
two complementary mechanisms that can be tissue specific:
(i) avoidance of intracellular ice formation by supercooling
and (ii) tolerance to extracellular ice formation and to frost-
induced desiccation (Levitt 1980). In many species, these
mechanisms are often both present but in different tissues. In
the extracellular compartment (apoplasm), solutes are expelled
from the ice lattice towards a layer of up-concentrated unfrozen
water (Hansen and Beck 1988). The difference in chemi-
cal potential between apoplasm and symplasm thus drives
water efflux through plasma membrane in order to restore the
osmotic balance, further concentrating symplasm, resulting in
cell shrinkage (plasmolysis) and solute up-concentration (Arora
2018). Factors promoting extracellular ice formation as well
as increased tolerance to desiccation are low molecular weight
compounds (soluble sugars, organic acids, amino acids, lipids)
and proteins (dehydrins; Sauter and van Cleve 1991, Sauter
and Wellenkamp 1998, Hoch et al. 2002). These compounds
protect cells, organelles, membranes and macromolecules by
maintaining or replacing the solvation layer and maintaining their
stability (Yoon et al. 1998, Kasuga et al. 2006, 2007). Solutes
can also act as substrates for different metabolic pathways,
when trees live on their own reserves.

Throughout the acclimation/deacclimation period, starch is
hydrolyzed into soluble carbohydrates and resynthesized before
budbreak (Sauter and van Cleve 1991, Sauter et al. 1998,
Kaplan et al. 2006, Pagter et al. 2015, Charrier et al. 2018b).
A concomitant decrease and re-increase in water content (WC)
is also observed in various species (Salzman et al. 1996,
Badulescu Valle 2003, Charrier et al. 2013a). Bulk water and
solute contents are therefore crucial in predicting the change
in FH at the branch and tissue level as observed in many
species (Sakai 1960, Gusta et al. 2004, Morin et al. 2007,
Charra-Vaskou et al. 2012, Charrier et al. 2013a).

Beyond the qualitative description of the relation between
FH and these two factors (WC and solute content), both of
them have been used as input variables to predict FH in various
organs and tissues of Juglans regia L. cv Franquette (Poirier
et al. 2010, Charrier et al. 2013b). Furthermore, temperature-
induced carbohydrate synthesis allowed significant increase
in FH even under cold deprivation treatment (Charrier and
Améglio 2011). Despite the potential genericity of the involved
mechanisms, this approach has not been extended to other
species yet. One limitation lies in the chemical variability of
soluble carbohydrates across species. Glucose, fructose and
sucrose (GFS) have been selected in walnut as they represent
over 90% of the total soluble carbohydrate content, but in

other species, different molecules can be found, such as polyols
in Rosaceae (Sakai 1966) or raffinose family oligosaccharides
(RFOs) in some other tree species (Van Labeke and Volck-
aert 2010). Furthermore, different carbohydrate compounds
showed contrasted effect with respect to FH (Sakai 1962).

As the contributions of WC and soluble carbohydrates and
polyols (SCP) to FH have been demonstrated in many tree
species as well as various organs and tissues, we hypothesize
that this model can be further extended to a wide range of
tree species. Moreover, as SCP composition differs across tree
species, taking this composition into account could improve the
robustness of the model. The aim of this study is, therefore, to
demonstrate the interspecific genericity of the osmotic model
through interaction between SCP and WC and to explore the
relative contribution of each soluble carbohydrate in controlling
FH in a wide range of tree species from different environments
and sampling years. Four models were tested, differing in the
way the SCP composition is taken into account, and calibrated
both on each species separately and on the full dataset including
all species. Models were compared using different statistical
indexes and validated following two different approaches: a
statistical validation on a random subset of the relevant dataset,
and a cladistic approach using phylogenetically close species as
the validation dataset.

Materials and methods

Plant material

The studied species were mainly angiosperm tree species,
distributed among three orders from the rosids clade, sup-
plemented with one conifer. One current year branch (longer
than 40 cm) was sampled every 3 weeks per individual tree
during two different periods: P1 (October 2010–May 2011)
and P2 (August 2017–April 2018). During P1, tree species
were sampled in different locations: Juglans regia cv Franquette
(n = 5 trees), Juglans regia L. × nigra L. (n = 10) and Prunus
persica L. cv Redhaven (n = 5) in Crouel (45◦ 46.39′, 3◦ 8.67′,
338 m above sea level (a.s.l.)), Fagus sylvatica L. (n = 5) and
Prunus avium (L.) L. (n = 5) in Fontfreyde (45◦ 42.23′, 2◦
58.89′, 925 m a.s.l.), Quercus petraea (Matt.) Liebl. (n = 5)
in Theix (45◦ 42.87′, E 3◦ 01.68′, 838 m a.s.l.), Quercus
robur L. (n = 5) in Vic le Comte (45◦ 42.27′, E 2◦ 58.87′,
682 m a.s.l.) and Larix decidua Mill. in Lamartine (45◦ 42.95′,
E 3◦ 01.74′, 829 m a.s.l., n = 5) and Orcival (45◦ 39.57′, 2◦
49.44, 1148 m a.s.l., n = 5). During P2, J. regia cv Franquette
(n = 3), J. regia × nigra (n = 6) and Malus domestica Borkh.π
cv Ariane (n = 5) were sampled in Crouel (Table 1). All trees
were growing under natural conditions without irrigation nor
fertilization.

Frost hardiness

Frost hardiness of living cells was assessed using the electrolyte
leakage conductivity method on internodes (Zhang and Willison
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Table 1. Species, location, periods and other information related to sampled species.

Species Period n Age (years) Site Environment Elevation (m a.s.l.)

Larix decidua P1 5 24 Lamartine Mountain 829
5 26 Orcival 1148

Quercus petraea P1 5 ∼40 Theix Mountain 838
Quercus robur P1 5 ∼40 Vic le comte Mountain 682
Fagus sylvatica P1 5 – Fontfreyde Mountain 925
Juglans regia cv Franquette P1 5 18 Crouel Lowland 338

P2 3 26
Juglans regia × nigra P1 10 16 Crouel Lowland 338

P2 6 24
Prunus persica cv Redhaven P1 5 ∼15 Crouel Lowland 338
Prunus avium P1 5 6 Fontfreyde Mountain 925
Malus domestica P2 5 ∼15 Crouel Lowland 338

1987, Sutinen et al. 1992). One current year branch per tree
was cut into six 5-cm long pieces and exposed to different
temperatures. Two samples were used as negative (unfrozen)
and positive (fully damaged) controls at +5 and –80 ◦C,
respectively. Four samples were exposed to four different sub-
zero temperatures, depending on the expected FH range. During
low FH period (i.e., May–September), −5, −10, −15 and
−20 ◦C were typically used, whereas during high FH period
(i.e., December–February), −10, −20, −30 and −40 ◦C were
used. During frost acclimation (i.e., October and November)
and deacclimation periods (i.e., March and April), samples were
exposed to −7.5, −15, −22.5 and –30 ◦C. Samples were
put in temperature-controlled boxes connected to a circula-
tor bath (Ministat Huber, Offenburg, Germany). Temperature
was controlled by an external Pt100 probe inserted in the
chamber. Samples were exposed to one freeze–thaw cycle
with temperature changes set at a steady rate of 5 K. h−1.
Once the target temperature was reached, it was held for an
hour before thawing back to +5 ◦C. Air and sample surface
temperatures were monitored every 20 s and averaged every
1 min using copper-constantan thermocouples and recorded by
a data logger (CR1000, Campbell, Logan, CT, USA).

After temperature treatment, internodal sections were sliced
into 1–2 mm thick slices and immersed into 15 ml of distilled–
deionized water (Labwater, Veolia, Le Plessis-Robinson, France)
in glass vials. The capped vials were placed on a horizontal
gravity shaker plate (ST5, CAT, Staufen, Germany) for 24 h
at +5 ◦C to limit bacterial growth and metabolic activity. The
initial electric conductivity of the solution (C1) was measured
after warming the samples back to room temperature using an
electric conduct meter (Portable conductivity meter ProfiLine
Cond 3310, Bellingham + Stanley, Tunbridge Wells, UK). Vials
were then autoclaved at 120 ◦C, 1 bar for 30 min and
cooled down to room temperature before a second conductivity
measurement was performed (C2). Relative electrolytic leakage
(REL) was computed as the ratio between C1 and C2 (Zhang
and Willison 1987). The relation between REL and the minimum

temperature reached by the sample (θ) was fit assuming a
sigmoid relationship between both variables:

REL = a

1 + eb(c − θ)
+ d (1)

where θ is the temperature (in ◦C), b the slope at the inflection
point c and a and (a + d) the lower and higher asymptotes of
the relation, respectively.

Parameters were fitted by minimizing the sums of squares
using non-linear regression analysis (ExcelStat software
ver.2019.3.2). Frost hardiness was defined as the temperature
at the inflection point c (i.e., corresponding to 50% induced
damages; Repo and Lappi 1989).

Water content

Internodal sections of the samples were weighed using a
microbalance (Sartorius, BP 210 S, accuracy = 0.1 mg) to
obtain fresh matter (FM) and frozen in liquid nitrogen. Samples
were then freeze-dried using a freeze dryer SMH 50, put in a
proofer for 1 h and weighed again using the same microbalance
to measure dry matter weight (DM). Water content was thus
computed as:

WC = FM − DM

DM
(2)

with WC being the water content, FM and DM the fresh and dry
weight, respectively.

Carbohydrate extraction and measurement

Freeze-dried samples (m > 1 g) were ground into a 0.12-
mm grain size powder using a ball mill and 30 mg for each
sample was used for carbohydrates extraction. The powder
was mixed with 1 ml of mannitol solution (5 g. l−1) in 80%
ethanol in a micro vial and warmed at 80 ◦C in a water bath
(Lauda Aqualine AL18, Lauda-Königshofen, Germany). Micro
vials were shaken in a vortex mixer after 15 min of warming
and centrifuged after 30 min (10 min, Hettich Mikro 220). The
supernatant was purified by a vacuum filtration in a cartridge
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containing 150 μl of AGX-1 anion-exchange resin, 100 μl
of polyvinylpoly-pyrrolidone and 200 μl of activated charcoal.
Two consecutive extractions were performed onto the solid
using 1-ml ethanol–water (80–20 V/V), and an additional one
with using 1-ml ethanol–water (50–50 V/V). The cartridge
was finally rinsed using 1-ml ethanol–water (80–20 V/V). The
liquid fraction was dried for SCs analysis (Thermo Scientific™
Savant™ SpeedVac™ DNA130 vacuum concentrator, Thermo
Fisher Scientific Inc., Waltham, MA, USA) and the solid fraction
for starch analysis.

Soluble carbohydrates and polyols (SCP) were diluted into
1 ml of distilled deionized water and measured using high-
performance liquid chromatography with an amperometric
detector (CLHP 817 Bioscan, Metrohm) coupled with a
Metrosep column (Metrosep Carb2–250 × 4.0 mm, Metrohm
Ltd, CH-9101 Herisau, Switzerland).

For starch measurement, the solid was mixed with 1 ml of
NaOH (0.02 N) and autoclaved (1 h, 120 ◦C, 1 bar, AL02-
01, Advantage-Lab). Starch samples were hydrolyzed with
amyloglucosidase (EC 3.2.1.3, 150 U ml−1) diluted in a citrate
buffer (0.32 M, pH 4.2) and incubated in a water bath (1.5 h,
52 ◦C). In each well of a 96-well microplate, 12 μl of sam-
ple supernatant mixed with 180 μl of buffer (triethanolamine
0.75 M pH 7.6, NADP 0.015 M, ATP 0.040 M, NaHCO3

0.003 M) were added. Starch content was measured using
a spectrophotometer (Power Wave 200, Biotek, Winooski, VT,
USA) in a first time at wavelength 340 nm (initial measurement).
A second measurement was performed after 40-min incubation
under shaking with 10 μl of a solution containing 42 μl of
hexokinase (EC 2.7.1.1, 30,000 U ml−1), 100 μl of glucose-6-
phosphate dehydrogenase (EC 1.1.1.49, 10,000 U/3 ml) and
a buffer (NH4)2SO4 (2.5 M, pH = 6).

Across species, the diversity in carbohydrate composition was
assessed through the Shannon Index, an index usually used for
measuring specific diversity in ecological studies:

H′ = −
S∑

i=1

pi × log2 (pi) (3)

where S is the total number of individual SCP detected in the
study and pi is the relative amount of carbohydrate or polyol i.

Correlations between physiological variables and FH

Four different functions were tested to model the relation
between FH and the different variables either for all species
combined into a bulk dataset (Table 2) or separately (see
Table S1 available as Supplementary data at Tree Physiology
Online). The first model, i.e., the JUG model, was originally
calibrated on J. regia and considers the interaction of the sum
of glucose, fructose and sucrose contents (GFS) with water

content (WC) as:

FH = α × ln (GFS)

WC
+ I (4)

where FH is the frost hardiness in ◦C, GFS the sum of glucose,
fructose and sucrose in mg. g DM−1 and WC the water content
in g. g DM−1, with parameters α (slope) and I (intercept).

The TOT model is similar to the JUG model but considers
total soluble carbohydrates and polyols content (SCP), including
glucose, fructose, sucrose, stachyose, raffinose, sorbitol, xylose,
quebrachitol, myoinositol and an unidentified compound (N.I., in
L. decidua) as the solute input variable:

FH = α × ln (SCP)

WC
+ I (5)

The OSMO model is similar to the TOT model, with the
additional assumption that the cryoprotective effect of each
solute (#i) is mediated by its partial osmotic potential πi:

πi = ci × R × θ (6)

where R is the perfect gas constant (8.314 J. mol−1. K−1), θ

the temperature set to 293.15 K for any compound (i ranging
from 1 through 9, corresponding to glucose, fructose, sucrose,
stachyose, raffinose, sorbitol, xylose, quebrachitol, myoinositol
and an unidentified compound N.I., in L. decidua, respectively).

We further assumed that the compound volumic concen-
tration (Ci, mol. m−3) was proportional to its molar tissue
content:

Ci ∝ SCPi

MMi
(7)

where SCPi is the mass tissue content of solute #i (g. g−1) and
MMi the molar weight (g. mol−1). Note that the molar weight of
the non-identified SCP could not be computed and was assumed
equal to the mean of the molar weights of other SCP.

The OSMO model was thus expressed as:

FH = α ×
ln

(∑(
SCPi × R × θ

MMi

))
WC

+ I (8)

The ISC model (for individual soluble carbohydrates) consid-
ers that the contribution of different carbohydrate molecules to
FH is variable but not necessarily linked to π :

FH = α × ln
(∑

(pi × SCPi)
)

WC
+ I (9)

where the pi are free parameters additional to α and I.

Calibration and validation

The parameters α and I in the JUG, TOT and OSMO models
were fitted by minimizing the sums of squares using a non-linear
regression procedure (nls function in R ver.3.4.1; R Development
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Table 2. Spearman’s correlation coefficient (ρ) and P-value between frost hardiness (FH) and water content (WC), and the glucose, fructose and
sucrose (GFS), soluble carbohydrates and polyols (SCP) and starch content (P-value, ∗∗∗<0.001, ∗∗<0.01, ∗<0.05, ns > 0.05).

Species Factor ρ P-value

J. regia FH ∼ WC 0.645 ∗∗∗

FH ∼ GFS −0.790 ∗∗∗

FH ∼ SCP −0.777 ∗∗∗

FH ∼ Starch 0.741 ∗∗∗

J. regia × nigra FH ∼ WC 0.630 ∗∗∗

FH ∼ GFS −0.853 ∗∗∗

FH ∼ SCP −0.845 ∗∗∗

FH ∼ Starch 0.782 ∗∗∗

F. sylvatica FH ∼ WC 0.100 ns
FH ∼ GFS −0.812 ∗∗∗

FH ∼ SCP −0.809 ∗∗∗

FH ∼ Starch 0.803 ∗∗∗

Q. petraea FH ∼ WC 0.091 ns
FH ∼ GFS −0.763 ∗∗∗

FH ∼ SCP −0.795 ∗∗∗

FH ∼ Starch 0.505 ∗∗

Q. robur FH ∼ WC 0.190 ns
FH ∼ GFS −0.815 ∗∗∗

FH ∼ SCP −0.885 ∗∗∗

FH ∼ Starch 0.480 ∗∗∗

M. domestica FH ∼ WC 0.294 ∗

FH ∼ GFS −0.841 ∗∗∗

FH ∼ SCP −0.564 ∗∗∗

FH ∼ Starch 0.663 ∗∗∗

P. avium FH ∼ WC −0.275 ns
FH ∼ GFS −0.837 ∗∗∗

FH ∼ SCP −0.822 ∗∗∗

FH ∼ Starch 0.075 ns
P. persica FH ∼ WC 0.289 ∗

FH ∼ GFS −0.765 ∗∗∗

FH ∼ SCP −0.726 ∗∗∗

FH ∼ Starch 0.790 ∗∗∗

L. decidua FH ∼ WC 0.392 ∗

FH ∼ GFS −0.461 ∗∗

FH ∼ SCP −0.435 ∗∗

FH ∼ Starch −0.100 ns
All species FH ∼ WC 0.431 ∗∗∗

FH ∼ GFS −0.610 ∗∗∗

FH ∼ SCP −0.772 ∗∗∗

FH ∼ Starch 0.540 ∗∗∗

Core Team 2019). The ISC model had k = 7 to 11 individual
parameters, reflecting the number of individual carbohydrates
included in the relevant dataset. Considering that the cryopro-
tective effect, if any, should be positive, the k parameters pi

corresponding to each carbohydrate detected were assigned
a lower bound of 0.0001 (under which threshold it would be
considered non-effective) and estimated with the port algorithm
of the nls non-linear least square fitting function in R. If the port
algorithm could not converge when all k solutes were included
as input variables, the (k − 1) restricted models including
only (k − 1) solutes were tested for convergence, leading to
a stepwise procedure discarding non-effective variables. Thus,
each SCP could be considered in three ways in the ISC model:

non-detected (ND) in the dataset, detected but non-effective
(pi < 0.0001) and effective.

The models were compared using different indexes such as
root mean squared error (RMSE), adjusted R-squared (Adj.R2),
and corrected Akaike index criterion (AICc, Akaike 1974, Hur-
vich and Tsai 1995), computed as:

RMSE =
√∑n

i = 1

(
ŷi − yi

)2

n
(10)

Adj.R2 = 1 − n • (n − 1) • RMSE2

(n − k) • ∑n
i = 1(yi − y)2 (11)
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AICc = 2 n

[
log (RMSE) + k

n − k − 1

]
(12)

with ŷi the values simulated by the model for an individual i, yi the
observed values for an individual i, k the number of parameters,
n the number of observations and y their mean.

When two models are evaluated on the same dataset, the
better is the one that has lower RMSE and AICc and/or higher
Adj.R2. Bias was assessed comparing the slope of the regression
of the predicted values against the observed values (pred. vs
obs.) and the y = x line (see Figure 4).

Two different approaches were used to validate the models,
namely the statistical and the cladistic validations. The statistical
validation was performed (i) at the species level, (ii) at the
botanical family level, merging all species belonging to a given
family (Fagaceae, Juglandaceae and Rosaceae) and (iii) at
the full angiosperm species dataset level. For each dataset,
the models were calibrated on one randomly selected half of
the dataset (calibration dataset) and tested on the other half
of the dataset (validation dataset). This operation was inde-
pendently performed 1000 times and tested the quantitative
homogeneity of the variables. The cladistic validation checked
the validity of the models for each species independently, testing
the homogeneity of the parameters according to the clades
on which the models were calibrated. The cladistic validation
was performed on datasets merging the species (i) by genus
(Juglans, Prunus and Quercus), (ii) by family (Juglandaceae,
Fagaceae and Rosaceae) and (iii) all of the angiosperms. For
each dataset, the models were validated according to the one
clade (species, genus or family) left out cross-validation, i.e.,
calibration was performed on all but one clade and validation
on that remaining clade.

The RMSE was computed as the mean distance between
observed and simulated values on the calibration dataset.
Prediction RMSE (RMSEP) was computed through observed vs
simulated values obtained on an external (validation) dataset.
The model validation was discussed in relation to the difference
between RMSE and RMSEP.

Statistical analysis

The normality of each variable distribution was tested using
the Shapiro–Wilk test with alpha = 0.05. The homogeneity
in variance was tested for each variable using the Fisher test
with alpha = 0.05. Differences in means were compared using
Student’s t test or Welch test when variances were not equal.
The tests of correlations between variables were performed
using Spearman’s test. All statistical analysis were performed
using R software ver.3.4.1 (R Development Core Team 2019).

Results

Seasonal changes in FH and physiological variables

All species exhibited a similar pattern, regardless of the
period and location, including frost acclimation in autumn and
deacclimation in late winter and spring (Figure 1). However,
frost acclimation rate was highly variable across species: from
−0.26 ± 0.01 to −0.17 ± 0.01 ◦C. day−1, for J. regia × nigra
(P1) and J. regia (P2), respectively. Maximum FH was also highly
different across species: from −39.3 ± 0.5 for J. regia × nigra
(P1) through −26.6 ± 0.5 ◦C for J. regia (P2).

Seasonal changes in water, soluble carbohydrates, polyols
and starch contents exhibited similar patterns across species,
locations and periods (Figures 1 and 2): high hydration state
during the summer, dehydration during autumn (mostly during
September) and spring rehydration (from March in L. decidua,
until April in Q. petraea, Q. robur, F. sylvatica and J. regia).
In August and September, starch content for J. regia (P2), J.
regia × nigra (P2) and M. domestica strongly increased while
the SCP contents remained constant (Figure 2). From October
until December, starch content decreased for all species while
SCP concomitantly increased. The SCP and starch contents
remained relatively constant during December and January. The
maximum SCP contents (Table 3) observed in winter were
normally distributed (W = 0.91, P = 0.23), ranging from
60.7 ± 1.9 (P. avium) to 94.3 ± 4.7 mg. g−1 DM (L. decidua).
In February, starch content increased while SCP decreased in all
species.

The SCP composition (Table 3) was highly contrasted across
species. A low diversity was observed in the Juglandaceae family
(H′ ≤ 1.3; Table 3), with GFS representing more than 90% of
the SCP. Higher diversity was observed in the Fagaceae family
(1.38 ≤ H′ ≤ 1.73), although GFS also represented more than
90% of SCP. In this family, sucrose was the main carbohydrate
but was highly variable across species (ca 70, 55 and 40%, for
F. sylvatica, Q. robur and Q. petraea, respectively; see Figure S1
available as Supplementary data at Tree Physiology Online).
In the Rosaceae family, the diversity in SCP was lower in M.
domestica (H′ = 1.39) than in Prunus species (H′ ≥ 2.00), in
relation to the high amount of sorbitol (ca 70, 35 and 50%,
for M. domestica, P. avium and P. persica, respectively). High
diversity in SCP (H′ = 2.12) was observed in L. decidua (see
Figure S2 available as Supplementary data at Tree Physiology
Online). Seasonal peaks in the relative distribution of SCP were
mainly observed for glucose (F. sylvatica, J. regia, J. regia × nigra,
L. decidua, Q. petrae, Q. robur and P. persica) and fructose (J.
regia and J. regia × nigra). For further tests, L. decidua (two
locations), J. regia (P1 and P2) and J. regia × nigra (P1 and
P2) were pooled at the species scale, as they did not exhibit
significant differences.
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Frost hardiness, carbohydrates and water content 1589

Figure 1. Seasonal changes in frost hardiness and water content for F. sylvatica (n = 5), J. regia P1 (n = 5), J. regia P2 (n = 3), J. regia × nigra P1
(n = 10), J. regia × nigra P2 (n = 6), L. decidua (n = 10), M. domestica (n = 5), P. avium (n = 5), P. persica (n = 5), Q. petraea (n = 5) and Q.
robur (n = 5). Symbols and bars represent means ± standard errors per sampling date in n replicates.

Frost hardiness depending on physiological variables

On the whole dataset, FH was positively correlated to WC
(Table 2; ρ = 0.43; P < 0.001), although, at the species level,
the correlation was not significant for some species such as F.
sylvatica, P. avium, Q. petraea and Q. robur (P = 0.71; 0.18;
0.56; 0.17) and relatively weak for L. decidua, M. domestica
and P. persica (P = 0.01; 0.04; 0.04). Frost hardiness was
negatively correlated with GFS (ρ = −0.61; P < 0.001) and
even more with SCP (ρ = −0.77; P < 0.001). Correlations
between FH and GFS or SCP were similar in all species (means
of Spearman’s ρ = −0.77 ± 0.04 and −0.74 ± 0.05,
P = 0.37; for GFS and SCP, respectively), with the notable
exception of M. domestica (ρ = −0.56 and −0.84 for GFS

and SCP, respectively). Spearman’s ρ coefficients between FH
and SCP or GFS were significant but lower in L. decidua than in
all other species (Spearman’s ρ = −0.45 for both GFS and
SCP). Considering all species, correlation of FH with starch
was weaker than with GFS and SCP content but stronger than
with WC (Table 2; ρ = 0.540; P < 0.001). At the species
level, the correlation coefficients of FH with starch content
were very close to or lower than with GFS or SCP but higher
than with WC. The significance of WC with respect to FH was
highlighted by the comparison between M. domestica, J. regia
and J. regia × nigra. Malus domestica was more frost tolerant
in August compared with Juglans sp. with lower WC and similar
SCP in the three species (Figure 2). During winter, although J.
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1590 Baffoin et al.

Figure 2. Seasonal changes in soluble carbohydrate and polyols content for F. sylvatica (n = 5), J. regia P1 (n = 5), J. regia P2 (n = 3), J. regia × nigra
P1 (n = 10), J. regia × nigra P2 (n = 6), L. decidua (n = 10), M. domestica (n = 5), P. avium (n = 5), P. persica (n = 5), Q. petraea (n = 5) and Q.
robur (n = 5). GFS represents the sum of glucose, fructose and sucrose; ‘other SCP’ represents the remaining measured soluble carbohydrates and
polyols. Symbols and bars represent the means ± standard errors per sampling date in n replicates.

regia and J. regia × nigra exhibited similar levels of GFS for all
sampling dates, J. regia × nigra had lower WC and FH.

Modeling FH depending on the interaction between
carbohydrates and WC

Four different models were calibrated on the whole dataset
and at the species level through four different computations
of carbohydrates and polyols (Figure 3). The JUG model, using

GFS as the solute input variable, exhibited a good efficiency
in most species (Table 4) with RMSE lower than 3 ◦C for P.
avium (2.65 ◦C) and F. sylvatica (2.67 ◦C), and lower than 4 ◦C
in J. regia (3.42 ◦C), M. domestica (3.62 ◦C) and P. persica
(3.93 ◦C). The accuracy remained limited but still reasonable
in the other species: J. regia × nigra (4.37 ◦C), Q. petraea
(4.54 ◦C) and Q. robur (5.29 ◦C). However, in L. decidua, GFS
model failed to predict FH correctly (RMSE = 8.18 ◦C).
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Frost hardiness, carbohydrates and water content 1591

Table 3. Different indicative values with respect to ecophysiological winter parameters: frost hardiness (frost acclimation rate, FAR; frost deacclimation
rate, FDR; maximum of frost hardiness, FHMax), water content (minimum of water content, WCMin) and soluble carbohydrates and polyols (maximum
of glucose, fructose and sucrose, GFSMax; maximum of soluble carbohydrates and polyols, SCPMax; GFS on SCP, GFS/SCP; Shannon index of SCP,
H′). Numbers are means ± standard error (SE) in n replicates. Minimum values are in italic and maximum values are in bold.

Species FAR (◦C.
day−1)

FDR
(◦C.
day−1)

FHMax

(◦C)
WCMin

(g. g
DM−1)

GFSMax

(mg. g
DM−1)

SCPMax

(mg. g
DM−1)

GFS/SCP H′

F. sylvatica NA 0.14 ± 0.01 −34.5 ± 0.7 0.80 ± 0.01 65.03 ± 1.53 70.64 ± 0.85 94.8 ± 0.8 1.38
Q. petraea −0.22 ± 0.03 0.22 ± 0.02 −36.5 ± 0.9 0.85 ± 0.01 49.03 ± 1.72 85.83 ± 2.27 94.4 ± 0.4 1.73
Q. robur −0.19 ± 0.01 0.21 ± 0.01 −36.7 ± 0.7 0.83 ± 0.02 53.27 ± 3.17 86.67 ± 2.51 93.3 ± 0.5 1.65
J. regia −0.20 ± 0.01 0.14 ± 0.02 −27.7 ± 0.5 0.92 ± 0.02 64.83 ± 1.77 69.42 ± 1.55 94.2 ± 0.3 1.27
J. regia (P1) −0.22 ± 0.01 0.16 ± 0.02 −28.5 ± 0.5 0.94 ± 0.02 67.25 ± 2.64 70.44 ± 2.78 96.1 ± 0.3 1.30
J. regia (P2) −0.17 ± 0.01 0.10 ± 0.01 −26.6 ± 0.5 0.88 ± 0.01 60.78 ± 0.42 67.70 ± 0.29 91.2 ± 0.5 1.28
J. regia × nigra −0.26 ± 0.01 0.19 ± 0.01 −36.8 ± 0.9 0.76 ± 0.01 69.86 ± 2.78 74.50 ± 2.77 95.4 ± 0.2 1.11
J. regia × nigra (P1) −0.26 ± 0.01 0.22 ± 0.01 −39.3 ± 0.5 0.76 ± 0.01 74.99 ± 3.27 78.63 ± 3.57 96.3 ± 0.3 1.11
J. regia × nigra (P2) −0.25 ± 0.02 0.14 ± 0.01 −32.7 ± 0.6 0.76 ± 0.00 61.29 ± 2.54 67.62 ± 2.78 93.6 ± 0.4 1.09
M. domestica −0.18 ± 0.01 NA −31.3 ± 0.4 0.94 ± 0.01 23.25 ± 1.59 65.85 ± 4.29 30.5 ± 1.4 1.39
P. avium NA 0.20 ± 0.01 −33.8 ± 0.4 0.89 ± 0.00 37.35 ± 0.86 60.75 ± 1.88 59.4 ± 1.6 2.19
P. persica −0.19 ± 0.02 0.22 ± 0.01 −35.1 ± 0.9 0.88 ± 0.02 46.42 ± 2.10 75.41 ± 3.29 58.4 ± 0.8 2.00
L. decidua NA 0.20 ± 0.03 −35.2 ± 1.3 1.00 ± 0.01 73.79 ± 3.76 94.33 ± 4.75 75.0 ± 0.8 2.12

The TOT model predicted lower errors than the JUG model in F.
sylvatica and Q. robur (RMSE = 2.66 and 5.10 ◦C, respectively).
In J. regia, J. regia × nigra and L. decidua, accuracy remained
similar to the JUG model. In P. avium, P. persica, M. domestica
and Q. petraea, the model was less accurate than the JUG model.
Finally, the TOT model was efficient for F. sylvatica, J. regia and J.
regia × nigra, but not for the Rosaceae family and the Quercus
genus. Surprisingly, the JUG model was more efficient than the
TOT model in the Rosaceae species although these species
contained a high proportion of sorbitol (30–86%). Seasonal
changes in sorbitol content were indeed relatively low in this
clade (Figure 2).

The OSMO model exhibited higher RMSE and AICc and lower
Adj.R2 than the JUG and TOT models for all species. The ISC
model was the most accurate in all species providing relatively
good predictions in all angiosperm species (between 1.82 and
3.83 ◦C for P. avium and J. regia × nigra, respectively). Despite a
higher number of parameters (8 vs 2), the ISC model had also
lower AICc than the other models for all angiosperm species.
As suggested by the mono-factorial correlations in L. decidua
(Table 2), the models did not predict FH properly in this species
(mean RMSE = 8.08 vs 3.92 ◦C in L. decidua and all other
species, respectively) and lower Adj.R2 (Adj.R2 = 0.298 vs
0.644 in L. decidua and all species, respectively; Table 2). This
species has thus been discarded for the next steps of calibration
and validation at different levels, restricting the dataset to
angiosperm species.

The JUG model calibrated on the full angiosperm dataset pre-
sented lower Adj.R2 and higher RMSE (5.98 ◦C) and AICc than
the other models (Table 5; Figure 4A). The TOT (Figure 4B)
and OSMO (Figure 4C) models exhibited similar accuracy (4.81
and 5.03 ◦C for SCP and OSMO, respectively), Adj.R2 and AICc.

The ISC model exhibited lower RMSE (4.07 ◦C) and AICc and
higher Adj.R2 (Figure 4D). According to these results, glucose,
sucrose, raffinose and sorbitol are significantly correlated to
FH, whereas fructose, stachyose, myoinositol and quebrachitol
can be considered as less or ineffective. Among the signifi-
cantly effective carbohydrates, glucose and raffinose exhibited
higher parameter values (1.26 ± 0.40 and 1.00 ± 0.40,
respectively) than sucrose and sorbitol (0.22 ± 0.04 and
0.39 ± 0.10, respectively), meaning that, for the same con-
centration, FH is enhanced. Surprisingly, the non-identified
carbohydrate, although present sporadically and in very small
proportions in P. avium and P. persica (0.73 < % < 2.57), was
considered effective for FH (7.15 ± 3.60, P = 0.06).

Model validation

The different models were statistically validated in almost all
species with RMSEP < 1.5 × RMSE (Table 6), except the
ones with very low degree of freedom for the ISC model such
as F. sylvatica (1.49 ± 0.01 and 3.48 ± 0.05 ◦C for RMSE
and RMSEP, respectively) and P. avium (1.64 ± 0.01 and
2.78 ± 0.03 ◦C for RMSE and RMSEP, respectively). The RMSE
on the calibration dataset was approximately 3.0 ◦C for ISC,
4.4 ◦C for JUG and TOT and 4.9 ◦C for OSMO. On the validation
dataset, the accuracy was lower but remained in the same range
for all species and clades: RMSEP ca 3.7 ◦C for ISC, 4.7 ◦C
for JUG 4.8 ◦C for TOT and 5.3 ◦C for OSMO. Across models,
the rank between models was conserved in all species and
clades for both RMSE and RMSEP (ISC < JUG < TOT < OSMO),
meaning that ISC was the most accurate and OSMO the least
accurate.

For further insight into the genericity of the models, the
predictive ability of models calibrated on subset of species
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1592 Baffoin et al.

Figure 3. Frost hardiness (FH) depending on the interaction between water content and different expressions of soluble carbohydrates and polyols
according to sum of GFS (A), the sum of SCP (B) or the sum of SCP, each soluble carbohydrate i being weighted by its osmotic potential π i (C) or
by a parameter pi fitted by the ISC model (D) calibrated on angiosperms data.

was measured on an independent species from the same clade.
For the Juglans and Quercus genus, the ISC model exhibited
lower RMSE and RMSEP than the other models (Table 7). The
models calibrated on J. regia × nigra were more accurate
on J. regia, but the reverse was not true. In the Fagaceae
family, RMSEP was lower than RMSE when JUG, TOT and
OSMO models were not calibrated on F. sylvatica, due to the
limited number of observations for this species. Conversely,
for the ISC model, removing this species in the calibration
dataset gave higher RMSEP than RMSE (3.11 and 7.49 ◦C,
for RMSE and RMSEP, respectively). In the Rosaceae family,
contrasted results were obtained depending on the composi-
tion of the calibration dataset. When P. avium was included
in the calibration dataset, the JUG and ISC models failed to
predict accurate values, whereas the reverse was not necessarily
observed.

For all angiosperms, each species, except M. domestica,
allowed accurate FH prediction. The ISC model exhibited lower
RMSE and RMSEP (4.06 ± 0.02 and 4.42 ± 0.19 ◦C for
RMSE and RMSEP, respectively) than the JUG (5.92 ± 0.06
and 6.46 ± 0.72 ◦C for RMSE and RMSEP, respectively),
the TOT (4.06 ± 0.04 and 5.01 ± 0.38 ◦C for RMSE and
RMSEP, respectively) and the OSMO model (5.03 ± 0.04 and
5.18 ± 0.37 ◦C for RMSE and RMSEP, respectively).

Discussion

Despite inter-specific and inter-annual variabilities in winter
ecophysiological parameters, this study highlighted the link
between tissue composition and FH of living cells over vari-
ous tree species, among three orders from the rosids clade.
The relationship between WC and SCP was shared across
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Table 4. Calibration of four frost hardiness models (JUG, TOT, OSMO and ISC) at different cladistics scale (species, family, angiosperm): degree of
freedom (Df), root mean squared error (RMSE), adjusted R2 (Adj.R2) and corrected Akaike information criterion (AICc). All models for all species
were highly significant (P < 0.001). For each species, the best model is in bold characters.

Species Model Df RMSE Adj.R2 AICc

J. regia JUG 88 3.42 0.755 482.7
TOT 88 3.49 0.744 486.5
OSMO 88 3.58 0.731 491.1
ISC 82 3.03 0.793 474.5

J. regia × nigra JUG 192 4.37 0.766 1129.1
TOT 192 4.38 0.766 1129.5
OSMO 192 4.65 0.736 1152.8
ISC 186 3.83 0.815 1089.9

Juglandaceae JUG 282 4.14 0.781 1623.2
TOT 282 4.16 0.780 1621.2
OSMO 282 4.42 0.751 1660.3
ISC 276 3.67 0.829 1562.3

F. sylvatica JUG 14 2.67 0.714 83.8
TOT 14 2.66 0.716 83.7
OSMO 14 3.05 0.629 88.0
ISC 8 1.93 0.824 87.4

Q. petraea JUG 42 4.54 0.570 264.3
TOT 42 5.11 0.455 274.7
OSMO 42 5.83 0.289 286.4
ISC 36 3.16 0.756 248.3

Q. robur JUG 53 5.29 0.376 345.5
TOT 53 5.10 0.418 341.6
OSMO 53 5.54 0.315 350.6
ISC 47 2.63 0.825 283.8

Fagaceae JUG 113 4.89 0.470 701.7
TOT 113 4.91 0.467 698.4
OSMO 113 5.44 0.346 725.8
ISC 107 3.33 0.741 622.3

M. domestica JUG 48 3.62 0.754 276.8
TOT 48 4.96 0.539 308.2
OSMO 48 5.62 0.407 320.7
ISC 42 3.23 0.796 280.6

P. avium JUG 23 2.65 0.832 126.2
TOT 23 4.04 0.609 147.4
OSMO 23 5.07 0.386 158.6
ISC 16 1.90 0.874 135.0

P. persica JUG 48 3.93 0.564 285.0
TOT 48 4.16 0.512 290.7
OSMO 48 4.83 0.342 305.7
ISC 41 2.91 0.719 273.4

Rosaceae JUG 123 4.51 0.610 741.3
TOT 123 4.66 0.584 745.7
OSMO 123 5.28 0.466 781.0
ISC 116 3.92 0.688 716.4

L. decidua JUG 39 8.18 0.276 295.0
TOT 39 8.21 0.271 295.3
OSMO 39 8.47 0.224 297.8
ISC 33 7.45 0.287 303.5

this whole range of species, but not with a conifer species.
Thanks to the specific composition in carbohydrate molecules,
this study also highlighted that the differential effect of inde-
pendent carbohydrate molecules was not only linked to their
‘bulk’ osmotic potential as computed from their average tissue
content.

Frost hardiness vs physiological variables

Frost hardiness in the studied species presented classical
dynamics in over-wintering branches (Morin et al. 2007,
Charrier et al. 2011, Mayoral et al. 2015). Acclimation and
deacclimation were observed in Juglans sp., Quercus sp, M.
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1594 Baffoin et al.

Table 5. Comparison between the four different models of FH depending on grouped or individualized soluble carbohydrate and polyols: JUG (1),
TOT (2), OSMO (3) and ISC model (4) calibrated on all data. SCPi, MMi, pi and WC represent the sugar and polyol content, the osmotic potential
and the parameter adjusted of the carbohydrate i, respectively. R and θ are parameters representing the perfect gas constant (8.314 J. Mol−1. K−1)
and the temperature (293.15 K), respectively. The degree of freedom (Df), the root mean squared error (RMSE), adjusted R2 (Adj.R2), corrected
Akaike information criterion (AICc), slope (α) and intercept (I) with their respective estimate, standard errors (SE) and degree of significance (P-
value, ∗∗∗<0.001, ∗∗<0.01, ∗<0.05, ns >0.05). ND means that the sugar was not detected in the tree. Parameters adjusted for individual soluble
carbohydrates i are presented for fructose (fr), glucose (gl), myoinositol (mi), quebrachitol (qu), raffinose (ra), sorbitol (so), sucrose (su), stachyose
(st) and non-identified (n.i.).

Model Df RMSE Adj.R2 AICc Parameter (Estimate ±SE)

(1) FH = α ×
ln

(
GFS

)
WC + I 522 5.98 0.486 3367 α = −6.13 ± 0.27∗∗∗

I = 0.28 ± 1.13 ns

(2) FH = α ×
ln

(
SCP

)
WC + I 522 4.81 0.668 3140 α = −8.24 ± 0.25∗∗∗

I = 11.74 ± 1.13∗∗∗

(3) FH = α ×
ln

(∑(
SCPi × R × θ

MMi

))
WC + I 522 5.03 0.636 3187 α = −5.92 ± 0.20∗∗∗

I = 16.49 ± 1.37∗∗∗

(4) FH = α ×
ln

(∑(
Pi × SCPi

))
WC + I 516 4.07 0.758 2982 α = −9.63 ± 0.54∗∗∗

I = 5.92 ± 1.76∗∗∗

fr = 0.15 ± 0.10 ns
gl = 1.27 ± 0.42∗∗

mi < 0.0001
qu < 0.0001
ra = 1.01 ± 0.41∗

so = 0.39 ± 0.10∗∗∗

st < 0.0001
su = 0.22 ± 0.04∗∗∗

n.i. = 7.15 ± 3.75 ns

Significant parameters, relative estimates and standard errors are indicated in bold.

domestica and P. persica and only deacclimation in F. sylvatica,
L. decidua and P. avium. The seasonal changes in FH could be
correlated to the changes in WC through a relatively weak but
significant correlation, explaining ca 26% of the variance in FH
(Table 3), as observed in different organs of J. regia (Charrier et
al. 2013b). Stronger correlations have been observed in more
homogeneous plant material like branch from the same species
(Poirier et al. 2010, Saadati et al. 2019). Starch and SCP
contents exhibited similar dynamics across species and periods,
with hydrolysis during acclimation and resynthesis during
deacclimation. Significant and negative correlations between
FH and GFS or SCP were observed in all species (Table 2). The
composition in SCP was contrasted among species and clades,
qualitatively and quantitatively (H′ range from 1.11 to 2.19).
Correlations between FH and GFS was observed in P. persica
(Shin et al. 2015) and J. regia (Charrier et al. 2013b), while
other compounds such as raffinose family oligosaccharides
were mentioned in Rubus idaeus (Palonen and Junttila 2002)
or Hydrangea sp. (Pagter et al. 2008). In L. decidua, despite
significant correlation between FH and GFS or SCPs, the four
models exhibited very low accuracy and efficiency. Although
the changes in WC and SCP were similar to other angiosperm
species, it may suggest that other components could affect FH

(e.g., polyphenols or amino acids; Bilkova et al. 1999, Zwiazek
et al. 2001). The genericity of the tested models thus remained
limited to angiosperm trees.

Model structure and calibration

Considering the time lapse between changes in WC to SCP,
WC is more strongly correlated to FH during the early stage of
acclimation and late stage of deacclimation, whereas SCP during
the late stage of acclimation and early stage of deacclimation.
This temporal gap is translated into the non-linear formalism of
the models, through reverse and logarithm transformation for
WC and GFS/SCP, respectively.

Depending on the scale, the different formalisms exhibited
contrasting accuracies. The JUG model was relatively efficient
at the species and family level (RMSEP < 5 ◦C), except for
Quercus species. This model uses, as input variable, the main
carbohydrates from J. regia to predict FH across organs and
tissues (Améglio et al. 2004, Charrier et al. 2013b). Using the
total amount of carbohydrates and polyols as an input variable
did not improve the accuracy at the species scale, although GFS
to SCP varied from less than 60% in the Rosaceae to more
than 90% of the SCP in Juglandaceae and Fagaceae. Glucose,
sucrose and fructose indeed co-varied with FH in all species.
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Frost hardiness, carbohydrates and water content 1595

Figure 4. Correlations between frost hardiness observed (FH observed) and frost hardiness simulated (FH simulated) by the JUG model (A), the TOT
model (B), the OSMO model (C) and the ISC model (D) calibrated on angiosperm data. Symbols and bars represent means ± standard errors per
sampling date and species: F. sylvatica (n = 5), J. regia (n = 5 for P1 and n = 3 for P2), J. regia × nigra (n = 10 for P1 and n = 6 for P2), L. decidua
(n = 10), M. domestica (n = 5), P. avium (n = 5), P. persica (n = 5), Q. petraea (n = 5) and Q. robur (n = 5).

At the broadest scale (i.e., angiosperms), the TOT model
was the most robust and accurate (ca 4.8 ◦C). However, in
the Rosaceae family, the lower accuracy and efficiency of the
TOT model with respect to JUG implies that sorbitol (ca 35%
of SCPs) would not contribute to change in FH. Different com-
pounds would differently contribute to FH as previously shown
by infiltration of different compounds at the same concentra-
tion (Sakai 1962). Such a differential effect of carbohydrate
and polyol molecules onto FH was further tested via other
formalisms (i.e., OSMO and ISC models).

The OSMO model assumed that each solute would exhibit
homogeneous concentration across tissues and cells and trigger
a proportional effect to its osmotic potential in decreasing the
freezing point (−1.86 ◦C. mol−1. l; Hansen and Beck 1988,
Chang 1991, Cavender-Bares 2005). Although the OSMO
model performed better than the JUG and not much worse than
the TOT model at the angiosperm scale, the systematic lower
accuracies and efficiencies at the species or clade scale did not

support the assumption of osmotic control of bulk branch FH.
Furthermore, the highest accuracies and efficiencies provided by
the ISC model at each tested scale suggest differential contribu-
tion of individual molecules, although carbohydrates have sug-
gested to act non-specifically (Klotke et al. 2004). Several other
roles have been highlighted to protect cells from frost damage.
Solutes stabilize membranes and macromolecules, replacing
water molecules within a solvation layer under extended frost-
induced desiccation (Yoon et al. 1998, Pearce 1999, Arora
2018). Carbohydrates can also be used as a substrate sup-
plying various metabolic pathways for the synthesis of other
cryoprotectants or to respond to frost damages.

To consider these various roles, each compound was
assumed to independently correlate with FH (ISC model).
The contribution of each compound may vary depending on
the acclimation or deacclimation period but the procedure
used, combining statistical and biological validation, provided
robust results at different scales. At the species scale,
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Table 6. Statistical validation of the four models at the angiosperms (all species), family (Fagaceae, Juglandaceae and Rosaceae) and species scales.
For each species, parameters were fitted on the half of the data randomly selected and RMSE was computed. Parameters were applied on the other
half of the data and RMSEP was computed. Means of RMSE and RMSEP ± standard error (SE) were computed on 1000 replicates. Angiosperms
groups all species; Fagaceae groups F. sylvatica, Q. petraea and Q. robur; Juglandaceae groups J. regia and J. regia × nigra; and Rosaceae groups
M. domestica, P. avium and P. persica. Parameters is the number of parameters and Df the residual degree of freedom for the model of calibration.
Data in bold represent when RMSEP is 50% higher than RMSE.

Clade Model Parameters Df RMSE ± SE RMSEP ± SE

F. sylvatica JUG 2 6 4.02 ± 0.02 4.53 ± 0.02
TOT 2 6 4.14 ± 0.02 4.67 ± 0.02
OSMO 2 6 4.61 ± 0.03 5.28 ± 0.03
ISC 7 1 1.49 ± 0.01 3.48 ± 0.05

Q. petraea JUG 2 20 4.79 ± 0.01 5.21 ± 0.01
TOT 2 20 4.98 ± 0.01 5.41 ± 0.01
OSMO 2 20 5.51 ± 0.01 6.11 ± 0.01
ISC 7 15 2.94 ± 0.01 3.82 ± 0.02

Q. robur JUG 2 26 5.15 ± 0.02 5.59 ± 0.02
TOT 2 26 5.01 ± 0.01 5.32 ± 0.01
OSMO 2 26 5.41 ± 0.01 5.86 ± 0.02
ISC 7 21 2.49 ± 0.01 3.14 ± 0.01

Fagaceae JUG 2 56 4.85 ± 0.01 5.01 ± 0.01
TOT 2 56 4.85 ± 0.01 5.04 ± 0.01
OSMO 2 56 5.38 ± 0.01 5.58 ± 0.01
ISC 8 50 3.20 ± 0.01 3.67 ± 0.01

J. regia JUG 2 43 3.71 ± 0.01 4.07 ± 0.01
TOT 2 43 4.00 ± 0.01 4.40 ± 0.01
OSMO 2 43 4.46 ± 0.01 4.96 ± 0.02
ISC 7 38 2.93 ± 0.02 3.26 ± 0.02

J. regia × nigra JUG 2 95 3.78 ± 0.02 4.19 ± 0.02
TOT 2 95 4.12 ± 0.02 4.57 ± 0.01
OSMO 2 95 4.65 ± 0.02 5.23 ± 0.02
ISC 7 90 3.75 ± 0.01 4.02 ± 0.01

Juglandaceae JUG 2 140 4.48 ± 0.01 4.60 ± 0.01
TOT 2 140 4.53 ± 0.01 4.67 ± 0.01
OSMO 2 140 5.01 ± 0.01 5.14 ± 0.01
ISC 7 135 3.62 ± 0.01 3.79 ± 0.01

M. domestica JUG 2 23 3.70 ± 0.01 4.05 ± 0.01
TOT 2 23 4.12 ± 0.01 4.49 ± 0.01
OSMO 2 23 4.62 ± 0.01 5.09 ± 0.01
ISC 8 17 3.06 ± 0.01 3.67 ± 0.01

P. avium JUG 2 11 3.65 ± 0.02 4.13 ± 0.02
TOT 2 11 4.06 ± 0.02 4.61 ± 0.02
OSMO 2 11 4.66 ± 0.02 5.35 ± 0.02
ISC 7 6 1.64 ± 0.01 2.78 ± 0.03

P. persica JUG 2 23 3.73 ± 0.01 4.08 ± 0.01
TOT 2 23 4.01 ± 0.01 4.39 ± 0.01
OSMO 2 23 4.49 ± 0.01 4.98 ± 0.01
ISC 7 18 2.81 ± 0.01 3.96 ± 0.01

Rosaceae JUG 2 61 4.66 ± 0.01 4.81 ± 0.01
TOT 2 61 4.73 ± 0.01 4.90 ± 0.01
OSMO 2 61 5.31 ± 0.01 5.48 ± 0.01
ISC 9 54 3.83 ± 0.01 4.28 ± 0.01

Angiosperms JUG 2 260 5.96 ± 0.00 6.02 ± 0.01
TOT 2 260 4.80 ± 0.00 4.84 ± 0.00
OSMO 2 260 5.02 ± 0.00 5.07 ± 0.00
ISC 9 253 4.03 ± 0.00 4.17 ± 0.00
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sucrose, glucose and fructose were considered efficient (i.e.,
exhibiting a significantly non-null parameter estimate) in all
species. Raffinose and stachyose were considered efficient in
Juglandaceae (both) and Fagaceae (raffinose only) families.
Myoinositol, quebrachitol and sorbitol were not considered
efficient, except sorbitol in P. avium. At the angiosperm scale,
all SCPs were considered efficient but myoinositol, quebrachitol
and stachyose. Sucrose and raffinose have been reported to
enhance FH in many species, including herbaceous and woody
species (Taulavuori et al. 1997, Palonen et al. 2000, Cox and
Stushnoff 2001, Gusta et al. 2004). Sucrose and raffinose were
the only two compounds significantly correlated to change in
FH in both xylem and bark tissues in Hydrangea (Pagter et
al. 2011). This would explain why they are the most relevant
compounds in our study, performed on bulk branches, whereas
other compounds can exhibit different dynamics across tissues.

The ISC model was the more informative, exhibiting the
highest accuracy and efficiency, but, due to higher number
of parameters, was more complex to calibrate. The parameter
convergence towards lowest RMSE required a close analysis
of the SCP composition depending on the dataset (Winde
et al. 2017). Lower limits for each parameter were set to
10−4 forcing the algorithm to converge. In some cases, the
parameter estimates were equal to this bound, suggesting that
the mathematically optimal value could have been null or even
negative. Negative parameter values have been observed using
unbound calibration procedure (data not shown). Mechanisti-
cally, this would suggest that some compounds could decrease
FH. However, this could only been verified if we would have
access to the whole metabolome without spatial discrimination
at the tissue and cell scales.

The approach used here was limited to carbohydrate and
polyol compounds. However, other osmotically active molecules
have been previously identified in FH or desiccation tolerance
studies, such as such as proline (Withers and King 1979), other
amino acids (Smith 1968), fructo- and gluco-oligosaccharides
(Hincha et al. 2002). The spatial distribution of solutes across
tissues or within the cell may also affect their activity. At the
cellular scale, vacuole is a major compartment, representing up
to 90–95% of the cell volume. Various compounds can cross
the tonoplast, e.g., by passive diffusion down a concentration
gradient or through active transport for sucrose (Pollock and
Kingston-Smith 1997, Neuhaus 2007). Carbohydrates accu-
mulate in the vacuole during cold acclimation treatment in
Arabidopsis thaliana (Nägele and Heyer 2013). However, there
is no clear picture if it could result in over-accumulation of
carbohydrate in the cytosol compared with vacuole (Nägele and
Heyer 2013, Weiszmann et al. 2018). Another uncertainty may
arise from the water content measurement as this method is very
sensitive to the delay between sampling and weighing in relation
to specific density of the sample. The WC data did not exhibit
large spatio-temporal variability, although the calibration of the
different models did support the significance of this factor.

Existing models have been developed for non-stressed plants,
through empirical relations between FH and environmental
drivers (temperature and photoperiod, e.g., Timmis et al. 1994,
Leinonen 1996, Ferguson et al. 2011, Charrier et al. 2018a).
To our knowledge, the only model that takes physiological
measurements into account uses pH of the cell effusate as
an input variable (Taulavuori et al. 1997). However, how this
pH would be affected by environmental conditions is not clear.
On the contrary, the interconversion between starch and GFS
has been successfully modeled in walnut and an extension to
other species would be feasible (Charrier et al. 2018b). Based
on physiological measurement, this model can explicitly take
into account the cumulative effect of stress factor, entailing
water and carbon status and therefore frost acclimation (Charrier
et al. 2020).

Conclusion and perspectives

This study highlighted the interaction between water content
and soluble carbohydrates and polyols contents for frost hardi-
ness prediction in various angiosperm species. The ISC model
explicitly assessed the individual impact of compounds on
frost hardiness. Sucrose and raffinose appeared as the best
predictors of changes in frost hardiness, whereas polyols did
not appear to be efficient. Finally, the TOT model was the most
effective for large-scale studies aiming to compare FH across
species, while the ISC model was the most efficient at the
family or species scales. The respective contribution of each
compound provides a clue as to which metabolic pathways
to target to improve frost resistance in different angiosperm
species.

Supplementary data

Supplementary data for this article are available at Tree Physiol-
ogy Online.
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