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Summary

� Traditional phenological models use chilling and thermal forcing (temperature sum or

degree-days) to predict budbreak. Because of the heightening impact of climate and other

related biotic or abiotic stressors, a model with greater biological support is needed to better

predict budbreak.
� Here, we present an original mechanistic model based on the physiological processes taking

place before and during budbreak of conifers. As a general principle, we assume that phenol-

ogy is driven by the carbon status of the plant, which is closely related to environmental vari-

ables and the annual cycle of dormancy–activity. The carbon balance of a branch was

modelled from autumn to winter with cold acclimation and dormancy and from winter to

spring when deacclimation and growth resumption occur.
� After being calibrated in a field experiment, the model was validated across a large area

(> 34 000 km2), covering multiple conifers stands in Québec (Canada) and across heated

plots for the SPRUCE experiment in Minnesota (USA). The model accurately predicted the

observed dates of budbreak in both Québec (�3.98 d) and Minnesota (�7.98 d).
� The site-independent calibration provides interesting insights on the physiological mechan-

isms underlying the dynamics of dormancy break and the resumption of vegetative growth in

spring.

Introduction

‘Phenology is the study of the timing of recurrent biological
events, the causes of their timing with regard to biotic and abiotic
forces, and the interrelation among phases of the same or differ-
ent species’ (Lieth, 1974). Considering the rapid change in global
climatic conditions, many studies have focussed on the effects of
abiotic factors on plant phenology (Piao et al., 2019). Environ-
mental cues such as temperature and photoperiod allow plants to
survive by synchronizing growth and dormancy cycles with
favourable environmental conditions (Badeck et al., 2004), and
many mathematical models have been developed to predict phe-
nology; however, the need for improved mechanistic models
remains (Delpierre et al., 2016; Piao et al., 2019). Indeed, the
history of modelling plant phenology extends from early statisti-
cal (empirical) approaches, which rely on the concept of ‘degree-
days’ or ‘thermal units’ (Sarvas, 1974; Hänninen, 1990), to more
refined process-based models (Chuine & Beaubien, 2001;
Chuine, 2010). The common denominator of all such models is
the direct link between environmental cues (mostly temperature
and photoperiod) to the progression of each phenological phase,

that is the modelled variables are the phenological phases them-
selves (Caffarra et al., 2011). Despite the classification of models
as ‘process-based’, they fail to accurately represent important phy-
siological processes such as primary growth, frost hardening and
dehardening, carbon balance and bud swelling. The poor integra-
tion of the above-mentioned processes into bud phenology mod-
els may produce an overestimation of the advance of spring
phenology under future climatic scenarios (Wang et al., 2020).

A more process-based model would improve predictions
of phenology under conditions of climate change (Tixier
et al., 2019; Wang et al., 2020) and biotic forest perturbations,
such as insect defoliation. An important example is represented
by spruce budworm outbreaks in the boreal forests of Canada, as
predictions suggest an increase in both duration and intensity of
such events (Gray, 2008). Indeed, insect herbivory is known to
alter budburst (Quiring & McKinnon, 1999; Deslauriers
et al., 2019). Defoliation by spruce budworm can significantly
advance the budbreak of spruce and fir trees resulting in desyn-
chronization between insects and host plants, although exposure
to warmer temperatures was observed to affect budworm’s larvae
more than plants, thus leading to higher synchronization (Ren
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et al., 2020). Current modelling approaches (for a recent review,
see Piao et al., 2019) mainly consider the developmental phases
from autumn to spring, where chilling (cold) and forcing (warm)
temperatures are required to break endodormancy and ecodor-
mancy, respectively (Hänninen, 1990; Chuine, 2000). However,
such models cannot appropriately track the complex interactions
between abiotic and biotic factors that influence budbreak. As cli-
mate change alters the relationships between insects and plants
(Hamann et al., 2021), more physiologically based models
should help to provide a better base to study any match or mis-
match between plants and herbivores.

The cycle of dormancy–activity states throughout the year is
mainly influenced by environmental cues regulating molecular
and physiological processes. In the context of boreal conifers,
temperature is recognized as the main driver of dormancy break
and growth resumption (Cooke et al., 2012; Singh et al., 2017),
whereas bud development and successive shoot elongation are
associated with sugar (or carbon) coming from either reserves
(i.e. hydrolysis of starch reserves (Stitt & Zeeman, 2012)) or
newly produced photosynthates (i.e. solar radiation conversion
into carbohydrates (Ainsworth & Bush, 2011)). Over a growing
season, photosynthetic acclimation occurs for changing light
(Niinemets & Valladares, 2004) and temperature conditions
(Way & Sage, 2008). These seasonal changes have substantial
biochemical feedbacks on plant carbon metabolism (Smith &
Dukes, 2013) and nonstructural carbohydrates (NSC). The regu-
lation of carbon metabolism over the year becomes biologically
meaningful for both dormancy and growth activities (Tixier
et al., 2019); these processes must be studied with a holistic view,
taking into account the energy needs in the form of soluble sugars
and starch, to sustain bud development and primary growth.

In the context of primary growth, terminal and axillary buds
represent the main functional units that produce new shoots
(Damascos et al., 2005) and compete for resources (Bonser &
Aarssen, 2003). Resource partitioning is expected to be influ-
enced by the number of active buds on a plant, leading to varia-
tions in phenology. In the boreal shrub Vaccinium angustifolium,
fewer leaf buds were related to earlier budbreak, whereas fewer
flowers per bud correlated with earlier flowering (Fournier
et al., 2020), showing how carbon partitioning among growth
units can have direct effects on phenology. In this context, nat-
ural defoliation has a legacy effect that induces changes in bud
and shoot–leaf allometry (Le Roncé et al., 2020). Defoliation in
Pinus sylvestris causes a reduced number of needle pairs in buds
(Millard et al., 2001) and fewer buds to set in autumn
(Rook, 1985). In Quercus ilex, fewer shoots form the year follow-
ing defoliation; however, a higher number of leaves are produced,
indicating a more significant carbon allocation to vegetative
growth (Le Roncé et al., 2020). Therefore, defoliation can be
used to test how carbon allocation to primary growth units
(buds) affects phenology through mechanistic modelling of the
plant carbon balance.

This work aimed to characterize and model bud phenology of
two conifer species (black spruce and balsam fir) in different
environmental conditions. Specifically, we focus on providing a
physiological basis for the progression of winter and spring

nonstructural carbohydrates (NSC) following the hypothesis that
the carbon balance of the tree will affect bud phenology, which
will also be driven by environmental factors (temperature and
solar radiation). Moreover, to further understand the impact of
NSC allocation on phenology and growth, source–sink dynamics
were manipulated using natural defoliation which decreases both
the sources (needles) and sinks (buds). To the best of our knowl-
edge, this model is the first attempt to fully characterize the effect
of carbon allocation on the dormancy–activity cycle of conifers to
predict budbreak in nondefoliated and naturally defoliated trees.

Materials and Methods

Model description

This model describes the phenology and growth dynamics of a sin-
gle conifer branch as representative of the average behaviour of the
whole tree. First, we assume that phenology is driven by the carbon
status of the plant (Park et al., 2009; Mason et al., 2014; Barbier
et al., 2015; Deslauriers et al., 2019; Tixier et al., 2019), which in
turn is controlled by environmental variables and the dormancy–
activity status of the plant. The second main assumption of the
model is represented by the response curves of the main processes
of the plant to temperature (Farquhar et al., 1980; Tjoelker
et al., 1998; Bigras et al., 2001; Cooke et al., 2012; Delpierre
et al., 2016), that is photosynthesis, cell division, tissue growth and
frost hardening, driving the temporal dynamics of the simulated
branch (Supporting Information Fig. S1).

Our modelled carbon balance focusses on the temporal
dynamics of six state variables: soluble sugars (S), starch (St), mass
of buds on the simulated branch (M), mass of the branch itself
(B), growth inhibitors that regulate branch growth (I) and the
plant’s carbon reserves outside the branch (C) (Fig. 1). The mass
of needles on the branch (N) is not represented as a state variable,
but it is assumed to be a fixed proportion (that can be reduced by
defoliation, see next section) of the branch mass B. First, soluble
sugars are produced by net photosynthesis (PS) which can be,
according to the season, locally accumulated as starch (St) when
there are no active sinks (ACCUMULATION), translocated to
other organs of the plant to support the primary and secondary
growth of roots and the stem and replenish the plant reserves
(TRANSLOCATION) or used in the spring for the resumption
of meristematic activity until budbreak (SWELLING) and subse-
quent growth of the branch and needles (GROWTH). When the
quantity of soluble sugars is insufficient to support the sink
demands, mobilization of local (MOBILIZATION) and plant
(MOBILIZATIONstock) starch compensates the carbon demand.
Moreover, from autumn to winter, lowering temperatures induce
cold acclimation where soluble sugars are accumulated in the
branches to increase frost resistance at the expense of starch
reserves accumulated both in the same branch (FROST HARD-
ENING1) or the rest of the plant (FROST HARDENING2). Dur-
ing the deacclimation phase, when the temperature increases
from winter to spring, the opposite process occurs where soluble
sugars are reconverted to starch both locally (FROST DEHAR-
DENING1) and in other organs (FROST DEHARDENING2).
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A complete description of the mathematical equations repre-
senting the above-mentioned processes and related biological
assumptions is provided in Methods S1.

Model inputs, outputs and numerical simulations

The presented model runs at daily scale, and the climatic inputs
considered were average air temperature (T) and photosyntheti-
cally active radiation (PAR). The only exception is the process of
net photosynthesis (PS, Eqn 1 in Methods S1), which is com-
puted using hourly inputs (both air temperature and PAR) and
then aggregated to provide the daily net amount of photo-
synthates produced. In all other equations, daily average air tem-
perature (T) is used to compute the functional responses (RC) of
the different processes as shown in Table S1.

To assess and predict the effect of defoliation by spruce
budworm, we used two inputs for the model. First, the percen-
tage of needles destroyed in the previous season (i.e. defolia-
tion intensity of the previous year, defined as defpast in
Table S2) influences the calculation of needle dry weight (N,
Table S1) and the intensity of self-shading and other compen-
sation phenomena related to photosynthesis (Iqbal
et al., 2012). Previous-year defoliation influences the initial
mass of needles on the plant, thus influencing the photosyn-
thetic capacity (Battaglia et al., 2011). Second, the intensity of
current year defoliation (defined as def in Table S2) is assumed
to influence the number of undamaged buds at the beginning
of the growing season in a nonlinear manner (variable d in
Table S1). At low levels of defoliation, the number of buds is
not influenced, as compensation can be observed with the for-
mation of epicormic buds (Piene, 1989). As defoliation severity
increases, there are fewer buds, influencing carbon allocation
and thus phenology at growth resumption (Fournier et al.,

2020; Le Roncé et al., 2020). All the above-mentioned data
inputs and their units are listed in Table S2.

To further explore the model behaviour and understand its
response to both abiotic and biotic factors, we performed a set of
theoretical simulations with different temperature and defoliation
regimes. The shift in budbreak (in days) was recorded in relation
to variable annual mean temperatures (between �2°C and +2°C)
and level of defoliation (between 0% and 100%). Therefore,
simulations of a virtual plant were performed using a theoretical
temperature curve calculated as a sinusoidal function to allow the
easy modulation of the mean annual temperature of each climatic
scenario as follows:

T ¼ T mean þ ampl � cos 2π

p
� t

� �
Eqn 1

where T is the calculated daily temperature (°C), Tmean is the cli-
matic scenario parameter changing between �2°C and +2°C,
ampl is the curve amplitude, which was set to 20°C, p is the per-
iod of the function, that is the number of days in a year (p=
365), and t is the time-independent variable that ranges from 1
to 396, that is the number of days of a simulation.

The main model outputs were branch mass (g, dry weight),
concentration of soluble sugars and starch (expressed in mg per g
of branch dry weight) and predicted day of budbreak expressed as
day of the year (DOY). As already described in the previous sec-
tion, the budbreak date was computed by the model algorithm as
the day in which the buds’ mass (M) reached a threshold value
equal to two times their initial mass (see SWV formulation in
Table S1).

To capture the dynamics of cold acclimation and dormancy,
followed by the resumption of growth until the cessation of the
vegetative season, each simulation run began on 1 August of one

4 3

Plant
Shoot 1

Bud meristems 
(M)

Branch 
(B)

5
Legend:
1 Photosynthesis
2 Accumulation
3 Mobilization
4 Frost hardening
5 Frost dehardening
6 Swelling
7.1 Budbreak
7.2 Branch growth
8 Translocation
9 Other sinks

4

7.2

6 3 9

Starch 
(St)

8

2
57.1

Sugar 
(S)

Carbon stock
(C)

Fig. 1 Schematic representation of model variables and main processes used to predict budbreak. 1, Photosynthesis: photosynthesis in the leaves (shoots),
as a source of carbon; 2, Accumulation: passive process of carbon allocation to starch reserves when sugar supply exceeds demand; 3, Mobilization: active
process of starch breakdown; 4, Frost hardening: sugars accumulate in leaves during cold acclimation; 5, Frost dehardening: conversion of extra sugars into
starch during the spring deacclimation; 6, Swelling: sugar allocation during the process of bud swelling; 7.1, Budbreak: opening of the bud and beginning
of branch growth; 7.2, Branch growth: sugar consumption for branch growth; 8, Translocation: sugar translocation (phloem loading) to other organs; 9,
Other sinks: relevant processes of other plant organs that require carbon (e.g. roots primary growth and secondary growth).
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year until 31 August of the next year. The equations were
numerically integrated using MATLAB R2020b (The MathWorks,
Natick, MA, USA) with a variable order solver (ode15s) based on
numerical differentiation formulas, which are particularly effi-
cient with stiff problems (Shampine & Reichelt, 1997).

Model calibration and validation

The presented model was calibrated and then validated separately
on four datasets, the first two for calibration and the second two
for validation. Calibrated parameters are reported in Table S3
and details of the experimental plots, data collection and calibra-
tion procedure are described in Methods S1; Tables S4, S5;
Figs S2 and S3.

The first calibration dataset (Deslauriers et al., 2019) was
obtained from a glasshouse experiment performed between 2015
and 2016 and included 4-yr-old saplings of white spruce (Picea
glauca (Moench) Voss), black spruce (Picea mariana B.S.P.
(Mill.)) and balsam fir (Abies balsamea (L.) Miller).

The second calibration dataset (Huang et al., 2014; Antonucci
et al., 2015) came from the long-term field monitoring experi-
ment of balsam fir and black spruce adult trees from 2011 to
2019 in Gaspard (Monts-Valin National Park, Canada) where
natural defoliation by spruce budworm began in 2016
(Table S4).

The third dataset (validation) comprised 20 experimental plots
in Québec (Canada) that were provided by the monitoring pro-
gramme of SOPFIM, La Société de Protection des Forêts contre
les Insectes et les Maladies. The sites were spread across different
locations and elevations within the eastern boreal forests of
Québec (Canada). Bud phenology was recorded between 2010
and 2021 for balsam fir and 2015 and 2021 for black spruce
(Table S4). Because weather stations were not available at each
site, the model simulations were performed using climate data
(temperature and solar radiation) extracted from the software
BIOSIM v.11 (Régnière et al., 2017) as explained in Methods S1.
The use of interpolated climate inputs (BIOSIM data) did not sig-
nificantly hinder model predictions at the long-term experimen-
tal plot (R2 = 0.95; Fig. S4); BIOSIM climate data were then used
to simulate budbreak for the 20 SOPFIM sites.

The fourth dataset (validation) comes from the long-term
observations of black spruce collected from 2016 to 2020 by
Spruce and Peatland Responses Under Changing Environments
(SPRUCE) experiment located within in the USDA Forest Ser-
vice Marcell Experimental Forest in Minnesota, USA (Hanson
et al., 2017; Richardson et al., 2018; Schädel et al., 2019, 2020,
2021). Statistical analyses (two-way ANOVA with DOY as
dependent variable and CO2 and temperature treatments as inde-
pendent variables and a GLM with DOY as response variable
and CO2 and temperature as categorical predictors) to test
whether treatments with elevated ambient CO2 influenced spring
phenology were performed. Only controls and experiments with
temperature treatments were considered in the presented work.

For all datasets, the stages of bud phenology were analysed as a
qualitative variable and expressed as their frequency observed
over each sampling day, expressed as DOY. We applied an

ordinal regression model for predicting the progression of stages
between years and sites for each species. We used the DOY at
which there is a 50% of probability of transition from the last
two stages, that is the transition to open buds. Details of the sta-
tistical procedure are reported in Methods S1.

Moreover, to set a benchmark to compare part of the predic-
tions provided by the presented model (i.e. spring phenology), a
standard Growing Degree Days (GDD) forcing model was also
calibrated and validated for black spruce and balsam fir using the
same datasets described previously. In particular, the second
(long-term field experiment in Gaspard, Canada) and the third
(monitoring programme of SOPFIM in Quebec, Canada) data-
sets were merged and divided in half to be used for calibration
and validation of the GDD model. Additionally, the fourth data-
set (SPRUCE experiment in Minnesota, USA) was used as
further validation. Details of the used forcing model and the cali-
bration/validation procedures are described in Methods S2.

Results

Model calibration: dynamics and defoliation effect in the
glasshouse experiment

The presented model has been first calibrated on both control
and defoliated saplings grown in a glasshouse. The simulation
shown in Fig. 2 has the purpose to illustrate the model behaviour,
including the temporal dynamics across the annual cycle of buds,
branch and needle mass, total soluble sugars and starch. As
expected for the calibration procedure, model simulations agreed
well with measured experimental data in both controls and defo-
liated plants (Fig. 2).

To explain the model functioning and rationale, we describe
below the behaviour of P. mariana saplings (Fig. 2) as representa-
tive of all species (Fig. S5). The simulation starts from the begin-
ning of August 2015 when the simulated sapling had already
ended the vegetative cycle, thus assuming no variation in bud,
branch and needle mass during this period (Fig. 2). The concen-
tration of sugars in the twig remained almost constant until the
end of November at c. 19 mg g�1 for control plants and c. 14 mg
g�1 for defoliated plants, whereas starch slowly accumulated to
23 mg g�1 in controls and 2 mg g�1 in defoliated treatments
because photosynthesis was still active, and primary growth had
ended. Until the end of winter, soluble sugars in the branch pro-
gressively increased, peaking at a concentration of c. 88 mg g�1

around the end of April, whereas in the same period starch con-
centrations were near zero for both control and defoliated plants.

Starting from May 2016, air temperature started to rise above
freezing, lowering the process of frost hardening, thus leading to
cold deacclimation. From this moment, sugar accumulated for
frost hardening dropped rapidly to 17.5 mg g�1 in both treat-
ments. Part of the soluble sugars deriving from cold deacclima-
tion were locally reaccumulated as starch in the branch up to a
concentration of 35.2 mg g�1 in controls and 19.9 mg g�1 in
defoliated plants. Another portion was translocated to the rest of
the plant to feed other sinks (i.e. root reactivation). During May,
increasing temperatures reactivated the meristems within the
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buds. Bud mass steadily grew until they reached the set threshold,
leading to budbreak on 1 June in controls and 8 d earlier (24
May) in defoliated plants (Fig. 2, bud mass).

The simulated number of buds (expressed as bud mass in
Fig. 2) at the beginning of the model annual cycle was lower in
defoliated plants (0.0046 g) than control plants (0.0069 g)
because of the direct effect of spruce budworm activity (see
‘Model description’ in the Materials and Methods section for
details). Moreover, owing to the lower needle mass (0.015 g in
defoliated vs 0.295 g in control plants) at the beginning of the
model annual cycle (Fig. 2, needle mass), photosynthesis pro-
duced less sucrose, resulting in lower accumulation of starch dur-
ing primary growth between the end of June and beginning of
July. Following budbreak, branch growth proceeded, resulting in
both lengthening of the shoot and production of new needles
until the beginning of July, with no marked difference between
treatments (Fig. 2, branch mass). Branch mass increased by 0.05
g, whereas needle mass increased by 0.10 g, although needle mass
started from 0.295 g in controls and 0.015 g in defoliated plants.

With the onset of twig growth, we observed a marked decrease
in starch (to a minimum concentration of 0.9 mg g�1 in controls
and 0.3 mg g�1 in defoliated plants). This starch was converted
to simple sugars and used to support the carbon needs of newly
produced biomass (Fig. 2, starch). When primary growth
stopped by the end of July, the concentration of soluble sugars
stabilized at c. 18 mg g�1 for both treatments, whereas starch con-
centrations were c. 11.7 and 10.3 mg g�1 for control and defo-
liated plants, respectively (Fig. 2, sugar and starch plots).

Model calibration of adult trees in the long-term field
experimental plot

The model was further calibrated for balsam fir and black spruce
adult trees within the long-term experimental plot in Gaspard
(plot SLSJ2, Table S4). In general, the calibrated parameters
(Table S3) allowed the model to correctly reproduce observed
dates of budbreak for both undefoliated (2011–2015) and defo-
liated trees (2016–2019) with an R2 = 0.93 (Fig. 3), and

Picea mariana
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Fig. 2 Model simulations including
nondefoliated control (black lines) and
defoliated saplings (grey lines) of Picea
mariana grown during the glasshouse
experiment. The simulations (continuous
lines) are compared with experimental data
across an annual cycle spanning from August
2015 to August 2016 for the nondefoliated
control (open circles) and defoliated plants
(crosses)� SD. The simulated variables
include bud mass (g) with the budbreak
threshold (dashed line), branch mass of
developing branch (wood) and needles (g),
total sugar and starch concentration within
the branch and buds (mg g�1 DW). The
square in the sugar plot represents
unpublished data.
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differences in phenology between fir (mean DOY of 158.0) and
spruce (mean DOY of 168.7), with an earlier bud opening in fir
of c. 10 d (Fig. 4). We also observed similar variations in the date
of bud opening from year to year for both species (Fig. 4) and, in
both cases, the inclusion of the effect of defoliation improved the
simulations of budbreak (Fig. 4), with a maximum divergence
between simulations and observation of 3 d. Regarding the other
simulated variables, the simulated branch mass (R2= 0.66) and
starch concentration in the branch (R2= 0.80) agreed well with
the measured data (Fig. 3). On the contrary, the model was

unable to reproduce the measured variations of soluble sugars in
the branch (R2= 0.10).

Model validation at a larger scale

To test the model’s predictive capability, we validated the model
using two different datasets of black spruce phenology and one
for balsam fir. The selected sites are in different biogeographical
areas, the first one in the eastern Canadian boreal shield and
Atlantic Maritime ecozones of Québec, and the second is at the
southern margin of the boreal peatland forest located in the
upper Midwest of USA (Minnesota; Fig. 5).

In relation to the data collected from 20 sites in Québec,
the model produced accurate predictions for both fir and
spruce with an overall mean absolute error of �3.98 d (R2=
0.62; inset in Fig. 5b). In general, mature balsam fir showed
an earlier budbreak than black spruce, and the mean absolute
error for balsam fir was slightly lower (�3.9 d) than black
spruce (�4.2 d).

The second validation test used the dataset from the SPRUCE
experimental chambers in Minnesota. Several plots of black
spruce with different temperature treatments were selected (ambi-
ent temperature, control chamber and chambers with +2.25°C,
+4.5°C, +6.75°C and + 9.0°C). The model performed well (R2 =
0.79) with an overall mean absolute error of 7.98 d (Fig. 5a). As
expected, the simulated budbreak was progressively anticipated
with increasing temperatures with an average difference between
the trees outside the chambers and the +9.0°C treatment of
almost 7 wk (48.2 d) with an average advance in phenology of
5.4 d °C�1.

To understand the predictive capability of the presented model
in comparison with classical models based on thermal sums, we
calibrated and validated a GDD forcing model whose results are
presented in Fig. S6. For the first validation test (randomly
selected half of the sites of the Monts-Valin National Park plus
the SOPFIM datasets), the GDD model performed similarly to
PhenoCaB, with an overall mean absolute error of �3.2 d (R2=
0.78). The second validation test using the SPRUCE experiment

Measured

detalu
miS

Budbreak (DOY) Branch mass (g)

Sugar (mg g–1) Starch (mg g–1)

R2

MAE
RMSE

RRMSE

R2

MAE
RMSE

RRMSE

R2

MAE
RMSE

RRMSE

R2

MAE
RMSE

RRMSE

Ctrl

Picea mariana
Abies balsamea

Def

= 0.93
= 1.39
= 1.75
= 0.08

= 0.66
= 0.01
= 0.02
= 0.15

= 0.10
= 14.15
= 17.14
= 0.84

= 0.80
= 8.43
= 11.14
= 0.13

Fig. 3 Measured vs simulated variables for the model calibration of the
long-term field experiments for both the nondefoliated control (Ctrl, black
symbols) and defoliated (Def, grey symbols) Abies balsamea and Picea

mariana plants. DOY, day of the year; MAE, mean absolute error; RMSE,
root mean square error; RRMSE, relative RMSE.

Fig. 4 Budbreak date observed for balsam fir
(left) and black spruce (right) trees at the
long-term field experimental site in Gaspard,
Québec (SLSJ2) from 2011 to 2019. Shoot
defoliation (%, and SE) occurred from 2016
to 2019 (grey histogram) after the first
presence of dead butterflies was detected in
August 2015. Phenological observations
(circles� SD) are compared with simulations
performed with the model including (black
lines) or not (grey lines) the effect of
defoliation. Differences (in days) between
observed and simulated phenology are
illustrated in the bottom plots. DOY, day of
the year.
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dataset resulted, among all temperature treatments, in a mean
absolute error of �7.05 d with a R2= 0.84 (Fig. S6).

Theoretical simulations of responses to abiotic and biotic
factors

We ran theoretical simulations to investigate the response (in
terms of days of shift in budbreak) of virtual plants to variations
in annual mean temperature (between �2°C and +2°C) and dif-
ferent levels of defoliation (between 0% and 100%). In the
model response to the abiotic and biotic factors, we observed
that, for both species, budbreak responded strongly (and mostly
linearly) to variations in mean annual temperature, showing that
this process is highly sensitive to temperature (Fig. 6). In the
absence of defoliation, an increase in temperature of 2°C

produced an earlier budbreak of 8 d for both species, whereas a
decrease of 2°C induced a delay of 8 d for P. mariana and 9 d for
A. balsamea. In general, these simulations showed an advance of
c. 4 d °C�1 of temperature difference. On the contrary, defolia-
tion had less of an effect on budbreak shift with some differences
for the two simulated species. For P. mariana, budbreak occurred
2 d earlier with a defoliation intensity ≥ 20%, whereas A. balsa-
mea exhibited the same shift of budbreak with defoliation ≥ 40%
(Fig. 6).

Effect of elevated ambient CO2 treatments on spring
phenology

To test whether elevated CO2 treatments influence spring phe-
nology, we analysed the datasets of the SPRUCE experimental

Fig. 5 Location in Québec (Canada) and in Minnesota (USA) of the experimental plots used for model development, calibration and validation. The map
shows the glasshouse experimental site (blue star), the long-term experimental site (yellow star), the field validation plots for balsam fir (black triangles)
and black spruce (black circles) in Québec and a second independent validation site for black spruce in the Minnesota (dark red pentagon). The insets on
the bottom right corner show the model predictive performance in the validation sets (a) SPRUCE Marcel Experiment Forest in Minnesota (USA) under
changing temperature and (b) SOPFIM under ambient air temperature in Québec (Canada). See Supporting Information Table S4 for the plot characteris-
tics. DOY, day of the year; MAE, mean absolute error; RMSE, root mean square error; RRMSE, relative RMSE; SOPFIM, La Société de Protection des Forêts
contre les Insectes et les Maladies; SPRUCE, Spruce and Peatland Responses Under Changing Environment.
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chambers. First, we plotted all the available observations of bud-
break dates in the different temperature (+0°C, +2.25°C,
+4.5°C, +6.75°C and +9°C) and CO2 (+0 and +500 ppm) treat-
ments (Fig. 7). As shown in Table S6, results of the two-way
ANOVA performed on the dataset confirms a highly significant
effect of the temperature treatments (F = 30.7, P< 0.001) while
revealing no significant effect of the elevated CO2 treatment (F =
0.6, P = 0.43). To further test the effect of temperature and

elevated CO2 as best predictor of DOY, we also built a GLM
with DOY as response variable and CO2 and temperature treat-
ments as categorical predictors (Table S7). The GLM results con-
firm a significant negative effect of high-temperature treatments
(+4.5°C, +6.75°C and +9°C) on budbreak DOY (P< 0.001),
while no effect of elevated CO2 and no effect of the interactions
of treatments except for the combination between elevated CO2

and the +9°C temperature (P= 0.0075).

Discussion

Carbon balance-based approach to simulating budbreak
and primary growth

The presented model PhenoCaB simulates the main carbon
fluxes of the plant and the responses of these fluxes to the envir-
onment, with particular focus on the translocation of carbon
within the plant (e.g. frost hardening and dehardening over win-
ter), the production of soluble sugars by photosynthesis and their
interconversion with starch, and meristematic activity with the
production of new shoots and needles. With this approach, phe-
nological phases are viewed simply as emergent properties of the
complex interactions of the plant’s physiological processes that
lead to events such as budbreak, which is the first manifestation
of the resumption of vegetative growth. Confirming our first
hypothesis, the branch carbon balance, driven by the dormancy–
activity state and environmental factors (temperature and solar
radiation), proved as a relevant mechanism driving spring phe-
nology. The acclimation phase during winter dormancy, that is
the accumulation of soluble sugars within the buds, provides
readily available substrates for the following spring deacclima-
tion, driving important physiological processes that influence the
resumption of meristematic activity and thus spring phenology.
This scenario highlights the importance to these trees of finely
tuning the carbon allocation across the annual cycle (Tixier

Picea mariana Abies balsamea

)d(t fihs
kaerbd uB

Days

Fig. 6 Surface plots showing the variation (in days) of the simulated budbreak date in relation to changes in annual mean temperature and defoliation
intensity for black spruce (left) and balsam fir (right).

Fig. 7 Analysis of the effect of elevated CO2 on budbreak dates of black
spruce at different temperature levels in the SPRUCEMarcel Experiment
Forest in Minnesota (USA). DOY, day of the year; MAE, mean absolute
error; RMSE, root mean square error; RRMSE, relative RMSE, SPRUCE,
Spruce and Peatland Responses Under Changing Environment.
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et al., 2019). The model simulated the continuous process of bud
mass increase by cell division and differentiation of leaves during
swelling (González-González et al., 2013), which is visually
observed in the phases leading to budbreak (Rossi & Isa-
bel, 2017). The validation performed in 21 sites across North
America demonstrated the model’s predictive capability, accu-
rately estimating observed phenology at large scale (> 34 000
km2) with a mean absolute error of 3.98 d for Québec and 7.98 d
for Minnesota, highlighting also the modelling approach poten-
tial to simulate climate warming scenarios.

Our model correctly simulated the pathway of conversion from
starch to sugar in fall and the opposite process in spring (Tixier
et al., 2019; Deslauriers et al., 2021). During autumn, when
decreasing photoperiod and temperature induce both endo- and
ecodormancy (Singh et al., 2017), the exposure to chilling pro-
motes sugar accumulation in all living cells, the sugars being mainly
sucrose and some other oligosaccharides (Meng et al., 2015; Taı̈bi
et al., 2018; Deslauriers et al., 2021). Our simulated starch and
sugar patterns during winter agree with the literature (Schaberg
et al., 2000), where the accumulated sugar can increase to > 25
times the concentrations observed during summer (Strimbeck
et al., 2015). During late winter and early spring, cold hardiness in
conifers is rapidly lost (Man et al., 2017) with temperature being
the primary factor driving this process (Bigras et al., 2001). As cold
hardiness decreases, a high sugar content triggers dehardening with
starch formation (Lunn et al., 2006). Starch is then hydrolysed
when carbon consumption for budburst and primary growth
increases (Decourteix et al., 2008; Klein et al., 2016). In all simula-
tions, measured starch concentrations agreed well with the simu-
lated data (Fig. 3). Differently, after parameter calibration the
model was not able to properly reproduce the observed patterns of
soluble sugars (Fig. 3), most probably because of the small scale of
variations observed during summer (Deslauriers et al., 2014). As
previously observed at larger temporal scales, the major differences
of sugar concentrations in buds are observed between the spring–
summer and autumn–winter periods increasing from c. 50 up to
300mg g�1 (Svobodová et al., 2000). However, the overall inter-
seasonal patterns of soluble sugars simulated here (Fig. 2) are con-
sistent with published data (Schaberg et al., 2000; Schoonmaker
et al., 2021).

Effect of resource partitioning

Our model explicitly considers buds as the main functional units
competing for carbon resources. Sucrose allocation is fundamen-
tal for sink development (Koch, 2004), and primary meristems
are the source of signal perception for growth resumption
responding to sugars (Park et al., 2009; Barbier et al., 2015) and
gene expression of growth regulators (Cooke et al., 2012). Inter-
estingly, a recent work by Zani et al. (2020) analysing the com-
bined effect of source–sink dynamics and environmental factors
on autumn phenology of temperate deciduous tree species found
that sink limitation plays a relevant role in regulating the length
of the growing season, suggesting that carbon allocation within
the plant is at least as important as environmental factors for the
modulation of phenological cycles.

The presented work considered the dynamics of a single aver-
age shoot as representative of the whole plant, a simplification
needed to simulate the growth and shoot dynamics at stand level.
Both budbreak and shoot growth are known to vary within the
crown and in relation to tree height (Seiwa, 1999; Woodruff &
Meinzer, 2011). Such effects are most probably caused by the
independent response of each branch to its specific microclimatic
conditions (Vitasse et al., 2021). In 60-m-tall Douglas fir, shoot
length was found to decrease linearly with height, while NSC fol-
lowed the opposite pattern (Woodruff & Meinzer, 2011). In
smaller white spruce (c. 8 m tall), no height pattern was found in
NSC concentration (Schoonmaker et al., 2021). Our modelling
approach could indeed be extended to consider the behaviour of
single branches in relation to tree height and their specific posi-
tion within the crown, while keeping track of the total NSC pool
of the plant (Schoonmaker et al., 2021).

The relevance of source–sink dynamics was further highlighted
by the simulation of defoliated plants that, having fewer sinks,
reduce interbuds competition. Because the mass of buds was
lower in defoliated plants, although the amount of stored carbon
remained considerable, the amount of sugar allocated per unit of
bud mass was slightly higher in defoliated plants than in controls
resulting in advanced bud opening. The modelled bud phenology
of defoliated trees is consistent with current knowledge on the
effects of spruce budworm on boreal species. In fact, earlier bud-
break was observed in different conifers (Deslauriers et al., 2019)
and poplar (Park et al., 2009) by manipulating the source–sink
balance or the expression of sucrose phosphate synthase, respec-
tively. In natural stands affected by spruce budworm, other inter-
nal or external factors might also influence the resource
partitioning to primary growth and thus the timing of bud phe-
nology. During insect attack, carbon could also be invested into
reproduction (Lauder et al., 2019; Bouchard & Pernot, 2021) or
the production of defence components (Celedon & Bohlmann,
2019) although for the latest, no trade-off was found between
NSC and terpene production, both decreasing under higher defo-
liation in balsam fir (Deslauriers et al., 2015). Important nutrient
changes in soil and leaves were also reported during spruce bud-
worm outbreaks (De Grandpré et al., 2022), with potential direct
effects on stomatal movement and photosynthesis via potassium
decrease (Wang & Wu, 2017) or indirect effects on phenology
via nitrogen increase (De Barba et al., 2016).

Model responses to combined abiotic and biotic factors

Bud phenology is strongly influenced by temperature. A phenolo-
gical data network in Europe and North America confirms that
plant phenology is highly responsive to increasing temperatures
(Menzel et al., 2006; Cook et al., 2012). Indeed, an increase in
monthly maximum temperature of 1°C between 1982 and 2011
advanced spring phenology by 3 d in the Northern Hemisphere
(Piao et al., 2015). A +2°C experimental warming advanced
spring phenology by an average c. 2 d in A. balsamea and P. mari-
ana (Bellemin-Noël et al., 2021), and natural black spruce stands
experienced earlier budbreak up to 3 d for each 1°C increase
(Pureswaran et al., 2019). A stronger effect was observed for
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P. mariana between 2016 and 2020 in the SPRUCE experiment
in Minnesota, USA (Hanson et al., 2017; Richardson
et al., 2018; Schädel et al., 2019, 2020, 2021), where an advance
of 5.4 d °C�1 of temperature increase was observed and correctly
simulated in the validation tests (Fig. 5).

Increased temperatures cause variations in leaf traits, induce
strong photosynthetic thermal acclimation (Way & Sage, 2008)
and alter the carbon balance, affecting bud phenology. A 2°C rise
can result in accelerating the exit of buds from winter dormancy,
reduce cold hardiness coupled with a parallel increase in starch
concentration (Adams et al., 2013) and increase photosynthesis
(Reich et al., 2018). Moreover, considering the legacy effects of
the previous autumn and winter temperature on phenology and
shoot growth (Beil et al., 2021), knowledge about the seasonal
changes in NSC pools and how they are related to phenology
might help in disentangling contrasting effects of specific warmer
or colder periods during the dormancy–growth cycle. Our theo-
retical model simulations detected these opposite effects of colder
and warmer temperatures on budbreak. An increase of 2°C pro-
moted an earlier budbreak of 8 d for both species, whereas tem-
peratures 2°C colder delayed budbreak by 8 d for P. mariana and
9 d for A. balsamea. Our results agree with phenological observa-
tions of extended time series across the Northern Hemisphere,
highlighting an asymmetric effect of warming and cooling tem-
peratures on budbreak (Liu et al., 2016; Signarbieux et al.,
2017). These findings emphasize the importance of a solid
understanding of the effect of interannual variations in tempera-
ture on the relevant physiological processes. Here, we provide
more biologically realistic representations of the effects of low
temperatures during dormancy (i.e. chilling) and warm spring
temperatures (i.e. forcing), linking their effect to starch
degradation–synthesis rates (Zwieniecki et al., 2015).

Considering the combination of defoliation and temperature
scenarios, we observed that P. mariana was more sensitive than
A. balsamea in terms of species’ immediate response to defoliation
levels over 20%. Abies balsamea, however, exhibited a 2-d
advance in budbreak only when defoliations increased to 40%;
this earlier budbreak increased to 3 d when the temperatures were
colder (�2°C scenario). Similarly, a study of black spruce showed
this host tree to be highly responsive to warmer temperatures that
counteracted an advance in the phenology of host trees subjected
to defoliation (Ren et al., 2020).

Comparison with other modelling approaches

Compared with traditional phenological models (Cannell &
Smith, 1983; Hänninen, 1990; Chuine, 2000), PhenoCaB is
more complex in terms of number of equations and parameters
because of the necessity to reproduce all relevant physiological
and growth processes involved in the plant dormancy–activity
cycle. Obviously, this complexity invokes some costs, mostly in
terms of data requirements for a proper calibration and computa-
tional performance that renders simulation and calibration proce-
dures more time-consuming. However, we believe that the
conceptual advantages and power of a more realistic representa-
tion of both abiotic and biotic effects on phenology justify such

costs. A physiological process-based model requiring calibration
at the species level (site independent) is clearly robust in its
potential application and capability of simulating phenology and
other NSC-dependent processes such as frost resistance and pri-
mary growth under dynamic environmental conditions.

In principle, one of the main advantages of the presented
approach is the site-independent calibration, solving one of the
main limitations of traditional phenological models (Bas-
ler, 2016). To test this advantage, we validated the model on a
much wider spatial scale than that for the calibration sites
(Fig. 5). At this larger scale, our budbreak simulation results pro-
duced a mean absolute error of 3.9 d for A. balsamea and 4.2 d
for P. mariana in Québec (Canada) and 7.98 d in Minnesota
(USA) for P. mariana.

We also applied a classical Growing Degree Days model as a
benchmark for the performance of the phenological predictions.
Interestingly, the GDD model tests yielded similar results com-
pared with PhenoCaB (Fig. S6), confirming that temperature is
the main driver of spring phenology in the studied sites. These
results probably come from the low heterogeneity of environ-
mental conditions that characterize the studied portion of North
America. Even providing similar predictions, our results bear
important consequences for the study and understanding of the
internal processes driving winter and spring phenology, providing
a potential physiological explanation for the concepts of chilling
and forcing which may drive further investigations on the direct
involvement of carbohydrates metabolism and their dynamics on
the internal plant clocks.

Basler (2016) tested several published traditional models of
leaf unfolding by running various combinations of photoperiod
and chilling and forcing temperatures using a large European
dataset of hundreds of sites covering over 40 yr and six species.
When each model was calibrated for all sites at the same time,
the overall error was c. 7–9 d, whereas the error decreased to
4–5 d when the models were separately calibrated for each site.
Piao et al. (2019) reported similar results in terms of perfor-
mance in a review of models. Comparatively, our model pro-
duced similar results although after calibration on a 9-yr series
at a single site.

Several factors were not considered in the present formulation
of the model that may have an impact on carbon allocation and
phenology. For instance, the effects of water or nutrient availabil-
ity could become relevant, especially for plants in environments
characterized by limited rainfall regimes or poor soil fertility.
Intraseasonal NSC variations during spring and summer are
indeed also influenced by the water status of the trees (Deslauriers
et al., 2014). Another example could be the effect of increased
atmospheric CO2 concentrations where contrasting effects have
been reported for conifer species. Most authors report no effect
of elevated CO2 on spring phenology of black spruce (Johnsen &
Seiler, 1996; Bigras & Bertrand, 2006), Norway spruce (Laitat
et al., 1994; Murray & Ceulemans, 1998), Douglas fir (Guak
et al., 1998), Engelmann spruce (Chomba et al., 1993), whereas
elevated CO2 resulted in advanced budbreak in Scots pine (Repo
et al., 1996; Jach & Ceulemans, 1999) and delayed budbreak in
Sitka spruce (Murray et al., 1994). The analysis of the SPRUCE
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experimental dataset presented here also revealed no significant
effect of the elevated CO2 treatment on spring phenology of
black spruce. The most probable cause for the lack of effects of
elevated CO2 on spring phenology of many boreal conifers may
lie in the specific adaptations of photosynthesis. For instance,
Way & Sage (2008) studied the response of photosynthesis of
black spruce to CO2 at different temperature regimes and found
that net CO2 assimilation is mostly saturated at current levels of
CO2. Further experimental work should focus on the combined
observations of phenology, branch growth and NSC dynamics at
different CO2 levels in order to extend the current formulation
of the PhenoCaB model and provide more insights on the con-
trasting observations reported for several conifer species.

Conclusions

The presented model was able to reproduce the general trends of
the annual dynamics of both internal (soluble sugars and starch)
and external (branch biomass) variables that drive phenology and
was successfully tested at different scales while also providing
insights into the internal regulatory processes involved in plant
development. Much work remains to be done; however, this is a
first step towards a new approach to the study of phenology that
considers the causal relationship between external factors – both
abiotic and biotic – and plant behaviour.
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Régnière J, Saint-Amant R, Béchard A, Moutaoufik A. 2017. BIOSIM 11 – user’s
manual. Quebec, QC, Canada: Canadian Forest Service.

Reich PB, Sendall KM, Stefanski A, Rich RL, Hobbie SE, Montgomery RA.

2018. Effects of climate warming on photosynthesis in boreal tree species

depend on soil moisture. Nature 562: 263–267.
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Schädel C, Pearson KJ, Nettles WR, Richardson AD, Hanson PJ. 2020.

SPRUCE ground observations of phenology in experimental plots 2019. Oak

Ridge, TN, USA: Oak Ridge National Laboratory, TES SFA, US Department

of Energy. doi: 10.25581/spruce.087/1693415.
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