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Abstract

Despite the growing interest in predicting shifts in plant phenology to climate
change, advanced spring phenology by global warming remains open for debate.
Evidence documenting either small or large advancement of spring phenology to
rising temperature over the spatio-temporal scales implies a potential existence
of athermalthreshold in the responses of forests to global warming. We collected
a unique dataset of xylem cell-wall-thickening onset dates in 20 coniferous
species covering a broad mean annual temperature (MAT) gradient (-3.05 to
22.9°C) across the Northern Hemisphere (latitudes 23-66°N). We fit a generalized
segmented regression model with one breakpoint (AIC=17274.2 and
BIC=17302.2) that outperformed a generalized linear regression (AIC=17326.0
and BIC=17342.8). Such a result supported our hypothesis of athermal transition.
We identified a threshold temperature of 4.9+1.1°C along the MAT gradient, above
which the response to rising temperature would significantly decline. This
threshold segregates the Northern hemisphere conifers into cold and warm
thermal niches, with MAT and spring forcing being the main drivers for the onset
dates, respectively. The identified thermal threshold should be integrated into the
Earth-System-Models for an improved prediction of global carbon and energy

cycles under global warming.

Keywords:

xylem phenology, cell-wall-thickening, photoperiod, spring forcing, winter
chilling, Northern Hemisphere conifer

Introduction

As anintegrated response to the environmental changes, forest spring phenology
is interconnected with ecosystem functions and services, including forest
productivity (Cuny et al., 2015), species distribution (Kharouba et al., 2018), and
community assemblage (Piao et al., 2019). The advances in spring phenology

commonly observed as a major imprint of climate change impacts across all



biomes have received much attention (Menzel et al., 2006; Richardson et al.,
2013), but are mostly focused on the onset of primary growth (Delpierre et al.,
2016). Secondary growth, or xylem phenology, has been neglected until the
development of the microsampling approach (Deslauriers, Morin, & Begin, 2003).
Temperature has been widely recognized as a key driver for cambial reactivation
of northern hemisphere conifers (Huang et al., 2020; Rossi et al., 2016). Warmer
temperatures promote hormone production and the conversion of starch to sugar,
thus breaking the dormancy (i.e., ecodormancy) and inducing cell division in the
vascular cambium (Begum et al., 2018). These processes have been confirmed
from experiments of localized heating of the stem (Oribe et al., 2003) and field
observations of wood formation (Moser et al., 2010; Rossi et al., 2016). More
recently, studies on the onset of primary growth have demonstrated the declining
effects of global warming on spring phenology, indicating a slowdown in the
advancement of spring phenology, especially inwarm ecosystems (Fu et al., 2015;
Vitasse et al., 2018). For instance, larger advancements of spring phenology have
been observed at higher altitudes, colder sites, and rural areas (Meng et al., 2020;
Prevéy et al., 2017; Vitasse et al., 2018). Such differences in the advancing rates
raise questions about the occurrence of critical thresholds along thermal
gradients above which the process of advancement decreases significantly.
However, despite the ecological importance of a potential transition temperature
in shaping terrestrial biomes with climate warming, it has not been accurately
incorporated in global models (Delpierre et al., 2019; Huang et al., 2020), which
jeopardizes the model’s performance in predicting phenological responses under

future climate scenarios.

Trees require a sufficient forcing temperature above a threshold of 0-5°C for the
resumption of xylem growth (Antonucci et al., 2015). On one hand, a warming can
accelerate the advancing rate through the accumulation of forcing temperature.
On the other hand, warming impose a higher forcing temperature requirement

through the lower accumulation of chilling (i.e., the sum of low temperature



incidents informing that winter has passed) (Asse et al., 2018; Delpierre et al.,
2019). Such a dual effect of warming could play a role in slowing down the
advancement of spring phenology under warming conditions (Delpierre et al.,
2019; Meng et al., 2020; Montgomery et al., 2020). Growth reactivation is also
controlled by photoperiod over the northern hemisphere (Huang et al., 2020;
Rossi et al., 2016). Photoperiod could constrain the advancement under warming
conditions as spring phenological events tends to occur at a shorter photoperiod
(Fuetal.,2019; Menget al., 2020). Despite the numerous hypotheses raised in the
literature, the factors involved in the reduction of the advancement of tree spring

phenology remains to be disentangled.

Herein, we aimed to identify the threshold temperature at which the advancement
of spring phenology to rising temperature drop significantly, and to elucidate the
possible causes of the decline. “Space-for-time-approach” is widely used in
ecology for inference about future climate change impacts (Elmendorf et al.,
2015; Peters et al., 2019). One previous study showed that there is virtually no
spatial bias for predicting the timing of cambial resumption (Delpierre et al.,
2019). They suggest that the spring onset of wood formation is far less affected by
the species and the large environmental gradients. These findings were confirmed
by another study showing that species and site were not the main factor affecting
the onset of wood formation of conifers across the northern hemisphere (Huang
et al., 2020). Thus, with a scarcity of high-quality time series in xylem phenology,
applying a space-for-time approach could be a reasonable alternative to project
the impacts of climate change for wood phenology (Rossi et al., 2016). We
therefore proposed that the spatial pattern of the onset dates of xylem
phenological activities along the gradient of MAT revealed in our study can provide
a framework to examine the responses of secondary growth of forests to rising

temperatures.

In this study, we compiled a large and unique dataset of weekly cell-

wall-thickening phenological measurements of 20 coniferous species from 75



sites overthe Northern Hemisphere as surrogates for spring phenological activity.
These sites spanned across a broad mean annual temperature (MAT) gradient (-
3.05°C to 22.9°C), from 23°11' N to 66°12' N, including boreal, temperate,
Mediterranean, and subtropical biomes (Fig. 3a and table S1). The cell-
wall-thickening process is part of the secondary growth of trees representing the
progression from cell-enlargement to cell-wall-thickening, lignification, and
programmed cell death that generates the mature xylem (fig. S1) (Begum et al.,
2013). This process ultimately accounts for 90% of the woody biomass
production of forest trees (Cuny et al., 2015). Thus, weekly cell-wall-thickening
phenological measurements offer a unique opportunity to describe the dynamics
of the global carbon cycle and improve our ability to simulate the future of the

Earth’s system at a high temporal resolution.

Materials and Methods

Field experiments and sample collection

Xylogenesis was monitored throughout the growing season from January-April to
October-December according to the local climate of the sites. The monitoring
years varied among the sampling sites from 1998 to 2016 (table S1). At each site,
from 1 to 55 adult dominant trees with upright, healthy trunks were selected for
sampling. Wood microcores (2.5 mm in diameter x 25 mm long) were collected
weekly (90%) or, on occasion, biweekly, from around the stems at breast height
(1.3+0.3 m) using a Trephor microcorer (Rossi et al., 2006). The samples usually
contained several (or at least one) previous tree rings, as well as the developing
annual layer with the cambial zone and adjacent phloem tissues. The microcores
were stored immediately at 5°C in solutions of propionic or acetic acid mixed with
formaldehyde or ethanol to avoid tissue deterioration and were then transported
to the lab for further treatment. The microcores were dehydrated in ethanol and
D-limonene and then embedded in paraffin or glycol methacrylate. Transverse
sections 10-30 pm thick were cut from the samples with rotary or sledge

microtomes. Sections were stained with aqueous cresyl violet acetate or double-



stained with safranin and astra blue and observed with bright-field and polarized

light to differentiate the developing xylem cells.

In total, data were collected from 814 individuals of 20 conifers distributed across
75 sites that covered boreal, temperate, Mediterranean, and subtropical biomes
in North America, Europe, and Asia. The sites were distributed over latitudes from
23°11' N to 66°12' N and at elevations ranging from 23 m to 3850 m a.s.l. (Fig. 3a
and table S1).

Species classification

Early successional species are the shade-intolerant pioneers corresponding to
life history strategies of fast growth rate and an ability to grow in harsh conditions,
whereas late successional species are those that are shade tolerant and
characterized by a slow growth rate. There were 645 individuals belonging to the
early successional species, i.e. Juniperus przewalskii (JUPR), Juniperus thurifera
(JUTH), Larix decidua (LADE), Pinus halepensis (PIHA), Pinus heldreichii (PIHE),
Pinus leucodermis (PILE), Pinus longaeva (PILO), Pinus massoniana (PIMA), Pinus
peuce (PIPE), Pinus pinaster (PIPI), Pinus sylvestris (PISY), Pinus tabulaeformis
(PITA), Pinus uncina (PIUN). There were 1302 individuals belonging to the late
successional species, i.e. Abies alba (ABAL), Abies balsamea (ABBA), Abies
georgei (ABGE), Cedrus libani (CELI), Picea abies (PCAB), Picea mariana (PCMA),
Pinus cembra (PICE). In general, the two successional species overlap along the
MAT gradients, except the individuals of the early successional species located at
warmer sites (Fig. 1b). Three species, JUPR, JUTH, and PIHE, are unique species
that grow in harsh conditions, show a slow growth rate and a long-life history. They
cannot be grouped into early or late successional species according to classical
theory therefore, they were excluded when splitting the data into different

successional stages and associated downstream analyses.
Xylem phenology data

A common protocol for classifying xylem cells at different developmental phases

was followed at all sites. For each sample, the number of cells in the cambial



zone, and cells in the enlargement and secondary cell wall thickening phases
were counted along three radial rows. Thin-walled enlarging cells were
distinguished from cambial cells by their larger size, as they had a radial diameter
at least twice that of a fusiform cambial cell (Deslauriers et al., 2003). A wall-
thickening cell was differentiated from an enlarging cell by the presence of a
secondary cell wall that displayed birefringence under polarized light due to the

orientation of the cellulose microfibrils (Abe et al., 1997).

Color changes from violet to blue (simple cresyl violet acetate staining) or from
blue to red (double safranin-astra blue staining) demonstrated the entire
progression of wall thickening (fig. S1). Mature cells presented entirely lignified,
monochromatic walls, therefore, the absence of cytoplasm and a complete color
change over the whole cell wall marked the end of lignification and the full
maturation of the tracheid (Abe et al., 1997). The mean number of xylem cells in
the wall-thickening phase was obtained at each sampling date. The timing of the
onset of wall thickening, represented by the day of the year (DOY), was defined for
each tree, site, and year as the date of appearance of the first wall-thickening cell

and was referred to as the cell-wall-thickening DOY.
Statistical analyses

We also explored key drivers of cell-wall-thickening DOY among six selected
common potential predictors (MAT, photoperiod, forcing, chilling, scPDSI, and
spring temperature variation) using three classes of statistical models: boosted
regression trees (BRTs), linear mixed effect models (LMMs), and Bayesian mixed-
effects models (BMMs). We also performed a natural cubic spline to check for the
general trends among different predictor variables or between the cell-wall-

thickening DOY and a certain selected predictor.

General patterns: settings and diagnostics for BRTs

We assessed the relative importance of explanatory variables in predicting the

cell-wall-thickening DOY using BRTs (fig. S2a), as these have been used



extensively in ecological studies with an ensemble of ‘boosted’ multiple decision
trees for analysis of complex systems (Frey et al., 2016; McClanahan et al., 2019).
The fitting procedures for a BRT model do not make assumptions on data
distribution for a large dataset, and they have several advantages, such as
collinearity handling among predictors and robustness to outliers (Elith et al.,
2008), especially when accounting for nonlinear relationships and complex
interactions between explanatory variables of multiple classes during boosted
regression modeling (Venter et al., 2018). We used the following settings for our
BRT model: a tree complexity of 10, a learning rate at 0.005, and a bag fraction of
0.7. A smaller learning rate corresponds to a higher number of trees used in the
model, while the bag fraction was added as a stochastic component that
improves model performance by reducing variance in the final model. A final BRT

model with 5800 trees was chosen in our study.

A partial dependence plot following BRT modeling was then constructed to show
the general trending pattern of the relationship between the cell-wall-thickening
DOY and each predictor (fig. S2b-g). The R program packages “gbm” package,
“dismo,” and “pdp” were used for the BRT analyses and visualization (Muggeo,

2008).

After using the fitted BRT model to confirm MAT as the most important predictor
(fig. S1a), we fitted a natural cubic spline (Ortiz-Bobea et al., 2018) to provide a
nonlinear smoothed estimate of the other five predictors and frost frequency
along the MAT gradient (fig. S3). Cubic spline regressions make no assumptions
about the shape of a curve other than smoothness, and they are commonly
suggested for examination of the fitness and performance of natural selection on
a quantitative trait, such as the thermal performance traits (Logan et al., 2014).

Cubic splines were estimated using the “mgcv” package.

Breakpoint analysis: cell-wall-thickening DOY versus MAT

The preliminary analyses described above revealed an apparent transition of the



relationship between cell-wall-thickening DOY and MAT from the BRT-related
partial dependence plot (fig. S2b), indicating that the possible existence of a
thermal transition along the MAT gradient. We conducted a methodology for
threshold detection following (Berdugo et al., 2020). Specifically, we constructed
generalized linear and segmented regressions to the relationships between cell-
wall-thickening DOY and MAT with a log-linked Gaussian error distribution for the
full dataset using the R package “MASS” and the ‘Segmented’ R package (Muggeo,
2008) (Fig. 1), respectively. We used AIC to decide the model that provided the
best fit in each case (Hastie, 2017). This criterion lower than 2 indicates that the
model is significantly better (Berdugo et al., 2020). Only when non-linear
regressions were a better fit to the data, thresholds may be present. Therefore, we
explored the presence of thresholds only when non-linear models were a better fit
to the data. We fitted segmented regressions describing the point in the predictor
(MAT) that evidences the shift in the relationship (in slope, intercept or slope +
intercept) between cell-wall-thickening DOY and MAT. We consider a threshold as

the point in MAT in which the cell-wall-thickening DOY changes abruptly its value.

Next, to confirm the significance of the cell-wall-thickening trends (for overall
observations and species referring to each successional stage) before and after
the identified breakpoint (estimated at 4.9+1.1°C), the full dataset was split into
cold (£4.9°C) and warm (>4.9°C) temperature zones. Data in each temperature
zone were obtained by further splitting into different sub-datasets according to

their successional stages, that is, as early and late successional species.

Among the fitted segmented linear models, the statistical significance of the
differences between the slopes of regressions was tested with standardized major
axis estimation (SMA) (e.g., the difference in the regression slopes between
temperature zones or successional stages) as implemented in the smatr R
package (Fox & Weisberg, 2018). We also chose robust SMA estimation, which
handles outliers with Huber's M-estimator, because our SMA approaches are

highly sensitive to outliers (Warton et al., 2012). All analyses were performed in R



v.3.6.3 (Warton et al., 2012).
LMMs and BMMs settings and diagnostics

We further examined the direction and magnitude of the relationships between
environmental predictors and site covariates with cell-wall-thickening DOY by
fitting a linear mixed effect model and Bayesian mixed-effects model for both the
overall dataset and the sub-datasets. Summary statistics (raw mean, median and
quantiles) of all datasets were obtained (table S2) by fitting intercept-only LMMs
without fixed predictor variables, using “site” and “species” as random intercept

terms.

The LMMs were used to test for the main effects of the explanatory variables on
cell-wall-thickening DOY. We obtained a best model for each dataset by
performing model selection procedures to determine the best random-effects
structure and the optimized fixed-effect structure through a backward stepwise
model simplification, using all the explanatory variables in the fixed component
for the most complex models (table S3). Collinearity among variables was
detected by the variance inflation factor (vif), and the variables with vif <3 were

retained. The most complex model was fitted using the following formula:

Dijx = a+ BIMAT;j, + B2P;j + B3Fjjx + PACijx + B5SPDSI;j +

p6Tem_variation; j, + a; + b; + ¢,

where Dji is the date of onset of the first cell wall thickening of speciesi at sitejin
year k; MATi, Pix, Fix, Cix, PDSlj, and Tem_variationjx are fixed effects and
represent the mean annual temperature, photoperiod, forcing, chilling, scPDSI,
and spring temperature variation corresponding to Dy, respectively; a is the
intercept; B1, B2, Bs, B4, Bs, and Bs are the slopes; a; and b; are the random effects of

the site i and species j, respectively; and € is the error term.

Log-likelihood ratio tests and F tests were used to perform backward elimination
of non-significant random and fixed effects (Kuznetsova, Brockhoff, &

Christensen, 2014) (table S3). In particular, the fixed effects were retained or



removed based on changes in the AIC, with AAIC values of <-2 as a criterion to
drop variables and on a likelihood ratio test with a P value (based on Satterthwaite
approximation) higher than 0.05, through which a rigorous estimate of the most
parsimonious model was retained. The validity of the assumptions of hormality
and homoscedasticity was examined using residual plots (Burnham et al., 2011).
For each optimal LMM, the contributions of the fixed- and random-effects
variables in explaining variation in the dependent variable (i.e., cell-wall-
thickening DOY) were calculated by a variance-partitioning analysis to partition
the variances attributable to each variable into the best-fitting model (Hoffman &
Schadt, 2016). We reported the coefficients of the optimal model estimated by the
restricted maximum likelihood approach, the bootstrap confidence interval (90
and 95%) calculated based on 1,000 simulations, and the marginal and
conditional R?values, which account for fixed and fixed plus random effects. All
the statistical analyses associated with LMMs were conducted using the R

packages lme4, MuMlIn, and lmerTest.

The magnitude and significance of the six predictors in determining cell-wall-
thickening DOY were further examined by BMMs. The selected models were
similar to those obtained by LMMs. We standardized and centered the numerical
independent variables before analyses, thereby facilitating the direct comparison
of the resulting coefficients. All explanatory variables were considered in these
models, which we ran as four chains with 2000 iterations each, burning 1000
samples per chain, with analysis of 1000 post-warmup samples. Statistical
significance was obtained by means of the posterior distribution of the 95%
credible interval of its mean estimate (log odds ratio). Positive and negative values
of the log odds ratio denote positive versus negative effects, respectively, while a
significant effect occurs when no overlap exists between the 95% error bars and

Zero.



Results

Thermal transition across temperature (MAT) gradient

We identified MAT as the major driver of cell-wall-thickening DOY among selected
predictors with boosted regression tree (BRT) analyses (fig. S2a). Partial
dependence plot from BRT further showed that cell-wall-thickening DOY was a
decreasing function of the rising MAT gradient (i.e., phenological advance) and
responded in a nonlinear manner, with apparent thermal transitions along the
descending trend (fig. S2b). A generalized segmented regression model assuming
one breakpoint (AIC=17274.2 and BIC=17302.2) outperformed a generalized
linear regression (AlIC=17326.0 and BIC=17342.8) and supported such a
hypothesized thermal transition. Observed temperature-scaling of the cell-wall-
thickening DOY based on the piecewise model indicates a qualitative transition at
MAT=4.9+1.1°C (Fig.1a). The slopes of the segments to the left (-5.14) and to the
right (-2.89) of the observed breakpoint differed significantly (Davies’ test,
P =0.001). Consequently, this thermal transition separated our study sites into
the cold and the warm ecosystems, whereby a significantly greater phenological
advancement occurred in sites with MAT below 4.9 °C but a smaller advancement

occurred in sites with MAT above 4.9 °C, respectively (Fig. 1a, b).

Accordingly, species with sufficient coverage along the MAT gradient, e.g. Picea
abies (n= 447, fig. S4), exhibited a significantly greater advancement in cold
regions and a smaller advancement in warm areas (fig. S5; P=0.001). At the
biome level, both boreal and cold-temperate forests (MAT <4.9°C) showed a
significantly stronger advancement than did Mediterranean and warm-temperate
forests (MAT >4.9°C) (fig. S6; P =0.001). Previous studies have reported that early
successional species are more responsive to rising temperature than are the late
successional ones (13, 15), and therefore, we also considered them separately in
the current study (see Species classification in Materials and Methods for further
details). The early and late successional species also revealed similar patterns,

thatis, have smaller advancement when MAT >4.9°C (Fig. 1b).
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Fig 1. Changes in the cell-wall-thickening DOY (day of the year) along the mean annual temperature (MAT) gradients of the study sites
separate contrasting slopes between cold and warm sites. According to the determined break point (at 4.9+1.1°C), segmented regression
lines (the solid lines) were fitted with linear mixed-effect models separately for all observations (a) and for early successional species and
late successional species (b) at different temperature zones. The dashed orange line (a) was fitted with a generalized linear model for all
observations. Species are reported with the following acronyms and classified into early (JUPR, Juniperus przewalskii; JUTH, Juniperus
thurifera; LADE, Larix decidua; PIHA, Pinus halepensis,; PIHE, Pinus heldreichii; PILE, Pinus leucodermis; PILO, Pinus longaeva; PIMA,
Pinus massoniana; PIPE, Pinus peuce; PIPI, Pinus pinaster; PISY, Pinus sylvestris; PITA, Pinus tabulaeformis; and PIUN, Pinus uncina) and
late (ABAL, Abjes alba; ABBA, Abies balsamea; ABGE, Abies georgei; CELI, Cedrus libani; PCAB, Picea abies; PCMA, Picea mariana; PICE,
Pinus cembra) successional species types ((see (47) for further details)). Points (n=1948) represent individual trees from the 75 study sites
included in this study. Biomes include boreal (B), temperate (T), Mediterranean (M), and subtropical (S).



The partition of variance of the main drivers

By constructing linear mixed effect models (LMMs) and Bayesian mixed-effects
models (BMMs), we explored the reasons underlying the decreased advancement
torising temperature and assessed and quantified the main environmental drivers
for the onset of cell-wall-thickening in cold versus warm ecosystems (see LMMs
and BMMs settings and diagnostics in Statistical analyses for further details). The
onset of the spring phenology of forest trees is also strongly regulated by local
spring temperature variance and soil moisture availability (Huang et al., 2020;
Korner & Basler, 2010), and these parameters were included in the LMMs and

BMMs.

In the cold sites, MAT remained as the main driver for the cell-wall-thickening DOY,
while its relative importance substantially decreased in warm sites, where forcing
superseded MAT as the major driver (Fig. 2a, b, g). In determining the cell-wall-
thickening DOY, photoperiod was more important in warm sites than in cold sites
(Fig. 2 a, b, g). Similarly, chilling consistently explained higher variances of cell-

wall-thickening DOY in warm sites than that in cold sites (Fig. 2 a, b, g).

In addition, the relative importance of selected phenological predictors differed
between different successional stages, i.e., early- versus late-successional
species. MAT in regulating cell-wall-thickening DOY explained a higher variance
for both early and late species in cold sites than in warm sites, especially for the
early ones. Similarly, photoperiod was more important for the early species than
the late species in warm sites (Fig. 2c, d, e, f, g). Higher scPDSI delayed the cell-

wall-thickening DOY, again more pronounced for the early species (Fig. 2 ¢, d, e, f,

g)-

At the biome level, MAT played a much more important role in determining cell-
wall-thickening DQOY in the boreal and cold-temperate forests than in the
Mediterranean and warm-temperate forests (fig. S7). By contrast, forcing was the

dominant driver for the Mediterranean and warm-temperate forests (fig. S7).
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Fig 2. Summary of the direction and magnitude of the effect of all predictors on
cell-wall-thickening DOY (day of the year) in different systems using Bayesian
linear mixed effect models, shown in a-f, and including samples from different
temperature zones: the upper (a, c, €) and lower (b, d, f) panels were from cold and
warm sites, respectively. Samples were also assigned to different successional
stages: early species (c, d) and late species (e, f). Significant effects occur when
no overlaps exist between the 95% error bars and zero. The blue and red colors
denote positive versus negative effects, respectively. The Bayes factors are
provided to show significance. Marginal and conditional R squared (R?, and R,
respectively) values are provided. Based on the best-fitting linear mixed-effect
models (Table S3), variance partitioning of the selected fixed- and random-effects
variables, indicating the relative importance of each predictor, is also shown in Fig
g, and the sample sizes are reported for each model. The variance inflation factor
(vif) of each predictor variable in the linear mixed models is provided for all
observations and subset modellings in table S4. MAT: The mean annual
temperature at each site per year; Photoperiod: the length of time that an
organism is exposed to sunlight each day, was calculated as the interval between



sunrise and sunset for each site; Chilling: the length of the period (days or hours)
during which the temperature remains within the range of -5°C and 5°C, the
reference period starting from November 1% of the previous year to the onset day
of cell-wall-thickening; Forcing: the length of period (days or hours) during which
the temperature remains above 5°C, the reference period starting from January 1%
to the onset day of cell-wall-thickening; scPDSI: The self-calibrating Palmer
Drought Severity Index, representing soil moisture (scPDSI ranging from -4 to 4,
indicating from excessively dry to excessively moist); Tem_variation: the averaged
standard deviation of the mean daily temperature in a 60-day period over the
mean cell-wall-thickening DOY (60-day centered period) at each site and in the
same year, this value was employed to represent the local spring temperature
variance.

Discussion

Climate warming has resulted in a more uniform spring phenology between cold
(high latitudes or altitudes) and warm (low latitudes or altitudes) ecosystems
(Chenetal.,2018; Chenetal.,2019; Maetal., 2018; Meng et al., 2020), suggesting
a possible existence of athermalthreshold across ecosystems over a large spatial
scale. Such a threshold may separate the biomes into regions with diverging
advancing rates of tree spring phenology under global warming, i.e. a larger
advancement at the higher latitudes or altitudes due to the benefit of warming vs.
a smaller advancement at the lower latitudes or altitudes due to a higher forcing
requirement induced by the reduced chilling accumulation. Our dataset showed
evidence of an abrupt change in the advancement of cell-wall thickening of
conifers along the gradient in mean annual temperature (MAT) over the Northern

Hemisphere and corresponding with a threshold of 4.9+1.1°C in MAT (Fig. 1a, b).

The air temperature, represented by MAT in our analyses, was the primary factor
regulating the timings of cell-wall-thickening in cold ecosystems, whereas forcing
was the main trigger in warm ecosystems. Our results suggest that global warming
could continue to advance the onsetin cell-wall thickening, but this advancement
could slow down because of the increased requirement in forcing temperature in
warm ecosystems. Our results provide empirical evidence for introducing a
thermal transition into temperature-based models for a better understanding of
temperature mechanisms and their geographical context. This inclusion will
improve Earth System Models (ESMs) for predicting global forest phenology and

productivity and biogeochemical cycles under climate warming.



A critical thermal transition revealed in the Northern Hemisphere

The abrupt change in the slopes of the advancement of the onset of cell-wall
thickening at MAT of 4.9%1.1 °C (Fig. 1a) has important ecological implications,
implying divergent advancing rates of forest phenology events could be
quantitatively organized into a larger-smaller advancement spectrum: larger
advancements in cold sites and smaller advancements in warm sites. The
advancement of the onset of cell-wall thickening to rising temperatures would
significantly slow down at a MAT of 4.9°C. Our research extends and advances
prior research that the effects of climate warming on forest spring phenology are
dependent on whether conditions (Gunderson et al., 2012; Montgomery et al.,
2020). The greater advancement to rising temperature in cold ecosystems,
associated with the reduction in advancement in the warm ecosystems, could
reduce spatial variability. Therefore, we would expect a more uniform trend in
spring phenology between cold and warm ecosystems under the ongoing warming

conditions (Chen et al., 2019; Ettinger et al., 2020; Ma et al., 2018).

Atthe species level, early successional species showed a stronger advancing shift
in cold sites than was observed for the late successional ones, and thus these two
functional groups would shift further apart under rising temperatures. Hence, the
cold sites would face fundamental changes in the timing of cell-wall thickening
and the synchrony among tree species, with consequences for the plant
communities and the whole ecosystem (Kharouba et al., 2018). However, the two
successional groups showed a similar degree of shift in warm sites (Fig. 1b).
Consequently, the early species exhibited a more substantial and abrupt decline

in further advancement along the MAT gradient than did the late ones (Fig. 1b).

Drivers for cell-wall-thickening across the thermal threshold and underlying

mechanisms

We explored key drivers of cell-wall-thickening DOY among six selected common
potential predictors (MAT, photoperiod, forcing, chilling, scPDSI, and spring
temperature variation, see Climate data and photoperiod in Supplementary

Information Text for further details) using linear mixed effect models (LMMs) and



Bayesian mixed-effects models (BMMs). The main environmental drivers varied
greatly fortrees in the cold versus warm temperature regimes. MAT was the reason
behind most of the variance in the timings of cell-wall-thickening in cold
ecosystems, but its relative importance dropped in warm ecosystems (Fig. 2a, b,
g). This confirmed that cell-wall-thickening in cold regions is strongly regulated by
MAT. Therefore, the occurrence of the first xylem wall thickening cell becomes a
matter of tracking the appropriate temperature across ecosystems and species
(Begum et al., 2013; Rossi et al., 2016). Plants are submitted to a selective
pressure to match their spring phenology to favorable environmental conditions
and minimize the risk of frost (Mura et al., 2022), while at the same time
maximizing the length of the growing season to ensure trees to safely complete
secondary cell wall lignification before winter (Rossi et al., 2006). In cold and
temperate climates, temperature is a limiting factor, and tracking global warming
to obtain a long growing season and thus maximize annual carbon would become

the priority of spring phenology.

In warmer ecosystems, the raise in temperature would reduce the accumulation
of chilling (fig. S3b), which could decrease the advancement of forest spring
phenology to rising temperature (Chen et al., 2019; Ma et al., 2018; Meng et al.,
2020). The greater variance in the timings of cell-wall thickening explained by
chilling in warm ecosystems demonstrates the possibility that the reduced chilling
accumulation plays a role in reducing further advancement (Fu et al., 2015; Meng
et al., 2020; Vitasse et al., 2018). However, the contribution of this factor was
relatively small, suggesting that chilling was unable to explain completely the
declining advancement of forest spring phenology, which is in line with previous
studies (Ettinger et al., 2020; Fu et al., 2015). Instead, chilling exerted its influence
mainly by improving the forcing requirement (Delpierre et al., 2019; Ma et al.,
2018). Although increasing evidences ascribed the slowdown of the advancement
of the onset of forest primary growth to a higher forcing temperature requirement
induced by chilling insufficiency (Chen et al., 2019; Ma et al., 2018), it has only
rarely been reported for the onset of xylem growth (Delpierre et al., 2019). Trees

usually require exposure to a sufficient forcing temperature for the resumption of



xylem cell growth (Delpierre et al., 2019). The higher accumulation of forcing
temperatures in warm ecosystems (fig. S3c) was thus expected to advance the
onset of cell-wall thickening, but we observed declined advancing rate (Fig. 1). We
raise the hypothesis that a decreasing chilling exposure in warm sites (fig. S3b)
induced a higher forcing requirement (Chen et al., 2019; Delpierre et al., 2019; Ma
et al., 2018). Forcing is the most important factor in determining the timings of
cell-wall thickening in warm ecosystems (Fig. 2), which supported our hypothesis.
A photoperiod limitation for further advancement was also captured in our study,
as indicated by the greater variance explained by the photoperiod in warm
ecosystems compared with cold ecosystems (Fig. 2) (Basler & Korner, 2012;
Richardson et al., 2018; Zohner et al., 2016). The importance of the photoperiod
was relatively low compared with forcing accumulation, in line with other studies
showing that only a minor group (mainly from lower latitudes) of temperate trees
were constrained by day length (Zohner et al., 2016 Rossi et al., 2015). Our results
illustrated how the environmental factors interact in space and result in the
divergent advancing rates of forest spring phenology described in the literature
(Piao et al., 2019), and thus providing a new perspective for understanding the
potential trajectories of forest growth dynamics under global changes.

Notably, MAT had a dominant influence for early successional species in cold
sites (Fig. 2). This could be explained by the different life strategies, as they adopt
more risky life strategy (Korner & Basler, 2010) and can better benefit from
appropriate temperatures for cell-wall-thickening. By contrast, late successional
species adopt more conservative strategies, are less responsive to rising
temperatures, which reflects the process of natural selection in environments
characterized by greater temperature fluctuations and higher frost frequency (fig.
S8). There is evidence that early successional species are more likely to keep
tracking climatic warming than late successional species (Basler & Kérner, 2012;
Fu et al., 2019; Koérner & Basler, 2010). Moreover, once cross the transition,
photoperiod and forcing temperatures had similar importance for early
successional species.

To the best of our knowledge, this study is the first to provide a quantitative

indication of the existence of a thermal threshold at MAT= 4.9+1.1°C, based on a



unique dataset describing the onset of cell-wall-thickening in Northern
Hemisphere conifers. This thermal threshold classified all the studied sites into
cold and warm ecosystems (Fig. 3a), where air temperature (represented by MAT)
and forcing, respectively, were the primary drivers for triggering the onset of cell-
wall thickening. Rising temperature will continue to advance the onset dates, but
this advancement would significantly decline upon crossing the thermaltransition
toward warm ecosystems. For areas in current cold region (MAT < 4.9°C) that may
turn into warm region predicted by climatic models (Fig. 3b), we would expect to
see the advancing effects decline abruptly. The early and late successional
species would be expected to shift further apart in cold ecosystems due to
different advancing rates to rising temperatures. Conversely, in warm ecosystems,
future global warming would exert less influence on the phenological synchrony
of the early and late successional species due to their similar advancing rates. Our
results clearly demonstrate how forest spring phenology will respond to rising
temperature in two distinct phases, lending insights to the mechanisms behind
the divergent results regarding phenological responses (Piao et al., 2019). The
identified thermal threshold can be integrated into the Earth System Models to
allow more accurate and reasonable prediction of global carbon, water and
energy cycles under global warming (Montgomery et al., 2020; Wolkovich et al.,

2012).
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Fig 3. (a) Geographical distributions of global conifer cover (data from Global Forest Age Dataset (Poulter et al., 2019) and location of the
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Materials and Methods

Climate data and photoperiod

A meteorological station was installed in a forest gap beside or close to the sampled trees at
most sites. For the remaining sites, data from the nearest meteorological stations were
downloaded from NOAA (https://www.ncdc.noaa.gov/cdo-web/datatools/findstation) (table
S1). Temperature and precipitation were derived from sensors fixed at 2-3 m above the
ground. Temperature was measured every 15 min and stored in dataloggers as hourly
averages. From the recorded data, the minimum, mean, and maximum daily temperatures
were calculated for further analyses. Occasionally, a few missing or abnormal daily values
were estimated from the nearby weather stations from NOAA. The mean annual temperature
(MAT) represents one common and meaningful variable for describing the xylem dynamics
over the Northern Hemisphere (Gricar, Cufar, Oven, & Schmitt, 2005). MAT was then
computed to represent the local climate of the sites in the studied regions, from boreal to
subtropical biomes, and the thermal conditions occurring during the cell wall thickening
(Gricar et al., 2005). The self-calibrating Palmer Drought Severity Index (scPDSI), representing
soil moisture (scPDSI ranging from -4 to 4, indicating from excessively dry to excessively
moist), has been confirmed to drive the onset of xylem formation in Northern Hemisphere
conifers (Huang et al., 2020). The value taken the month before the onset had the best
performance in model building when compared to the scPDSI obtained from other months,
including January to June or combinations over multiple months (Huang et al., 2020). We
obtained scPDSI data in the month before the beginning of cell-wall thickening with a spatial
resolution of 0.5°from CRU scPDSI 4.03 (Rossi et al., 2016). Photoperiod, i.e. the day length,
was calculated as the interval between sunrise and sunset for each site using the R package

“insol” (http://www.meteoexploration.com/R/insol/).
Chilling and Forcing

The chilling requirement is normally defined as the length of the period (days or hours) during


http://www.meteoexploration.com/R/insol/

which the temperature remains within a specific range (Fu et al., 2015). The forcing
requirement is defined as the length of period (days or hours) during which the temperature
remains above a specific range (Cleland et al., 2007). Previous studies have reported that a
temperature range between -5°C and 5°C, for the reference period starting from November 1%
of the previous year to the onset day of cambium activity, is the most effective for a chilling
unit calculation (Huang et al., 2020). By contrast, the temperature threshold above 5°C, for
the period starting from January 15 to the onset day of cambium activity, is most effective for
the forcing unit calculation (Huang et al., 2020). We summed the number of days when the
daily temperature was within this range and above the threshold of 5°C following the same
abovementioned reference period for the calculation of both the chilling and the forcing

requirements for the appearance of the first wall-thickening cell.

Forcing was computed using a sigmoid function of the average daily air temperature

(Hanninen, 1990) as follow:

28.4
1+—0185(T¢—18.4)

FU = Zg(d) DFU lf Tt > Tth Where DFU =

where FU is the spring forcing unit for the cell-wall-thickening DOY, Dgy is the daily forcing unit,
to is the start date for forcing accumulation (here assumed to be January 1Y), t4 is the date of
appearance of the first wall-thickening cell, T: is the mean daily air temperature, and Ty is the
threshold temperature above 5°C for forcing accumulation (Huang et al., 2020). To avoid
misleading, it should be noted that there are up to eight models to calculate the spring forcing
unit (but see Wang et al. 2020), and it should be cautious that the maximum temperature
(28.4°C) defined here may not be universal for all study sites. For example, the FU in
subtropical areas (red dots in Fig. S4c) may be marginally underestimated; nonetheless, given
limited sampling points in these areas and a plateau phase of cell-wall-thickening onset
documented at the high FU (Fig. S2b), major findings from the overall analyses are verified to

be solid.



Local spring temperature variance and frost frequency

In cold climates, plants are exposed to large seasonal fluctuations in temperature. For
example, temperatures in the boreal region could range from +25 to -50 °C during the course
of the year (Murray et al., 1989), so simply tracking warming temperatures at the “wrong” time
of the year would lead potentially to frost damage. Trees in these regions have evolved to be
less responsive to rising temperature; consequently, the advancement of spring phenology
declines with increased variance in local spring temperature (Way & Montgomery, 2015).
Therefore, we modified a previous method (Wang et al., 2014) to calculate the local spring
temperature variance and frost frequency. Specifically, at each site and year, we centered the
averaged standard deviation (SD) of the mean daily temperature in a 60-day period over the
mean cell-wall-thickening DOY (60-day centered period), and we used this as the spring SD.
Thereafter, this value was employed to represent the local spring temperature variance
(hereafter referred as Tem_variation). The number of frost days, which are defined as days with
daily minimum temperatures <0°C over the 60-day centered period, was determined for each
year. Spring frost frequency was then calculated by dividing the mean number of frost days by

the length of the 60-day centered period (Frey et al., 2016).
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Fig. S1: (a) Northern Hemisphere regions with mean annual temperature (MAT) <4.9°C during the period of 1970-2000 (data from worldclim.org) and (b)

Northern Hemisphere regions with CMIP5 projected MAT >4.9°C during the period of 2061-2080.
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Fig. S2: Xylem growth rings of Norway spruce (Picea abies) in the middle of the growing season
showing tracheids at different differentiation stages. Just below the cambium (CC) are cells in
the enlargement stage (PC), followed by cells in the phase of secondary wall formation and
wall-thickening (SW), and then mature cells (MT).



a

MAT-
Photoperiod-

Forcing-

Temp variation-

=

20
Relative importance (%)

Chilling-
scPDSI-
b
180
160
140
120

=

3

5 d

£ 165

5

G

= 160

T 1ss

E

et 150

o

Q

s

<

g

S f
157.5
155.0
152.5
150.0

C
B 160
150
B 140
B 130
120
1 1 | L L 110
0O 5 10 15 20
MAT (°C)
c
180
~ 170
i 160
150
- ‘ | | 140
0 50 100 150
Chilling (days)

g
- 165
B 160
155

s | | | |

=50 =25 00 25 50
scPDSI

Figure S3. Variable importance from the boosted regression tree (a) showing the marginal
effect of the predictor on the cell-wall-thickening DOY probability. These predictors were
ranked by their relative importance; (b-g) Partial dependence plots of cell-wall-thickening
DOY (day of the year) on mean annual temperature (MAT), photoperiod, chilling, forcing,

= | | ] | |

12,5 15.0 17.5 20.0 22.5

Photoperiod (hrs)

|

\
0 1000 2000 3000

Forcing (FU)

Temp variation (°C)

scPDSI, and spring temperature variation (Temp_variation).



1
a 225 = 1 b
1
= 1
1
20.0 :
z i 2
< | B ES
5 175 i:ﬂ i g
E * B A % gﬂ
<9 LI =
o | - f=1
2 5
o
Species
0 5 10 15 20 o ABAL
& ABBA
3000 + ABGE
d so x JUPR
¢ JUTH
v LADE
8 PCAB
= ¢ PICE
=5 = @ PIHA
& 2 1o o PIHE
£ ERS ® PILE
(=]
= = PILO
1000 5 PIMA
2.5 = PIPE
+ PIPI
4 PISY
0 + PITA
=5.0 * PIUN
Biome
T - B
e 40 - *eb : - T
— = X * | A M
8 _ A 1 - 5
s = * @ !
= —_ 30 xx e o !
k=] = - * *7 k1
5 = — Axx |
> 5 =t % & @ 1
g £ - * o0 ¥ | a
E] ] = & koAb & 1
e 20 = x pxkw
5 £ b= kkx Ao |
= - b= [ e Ldembbior demy .
£ Z =Nk okeEDAmmE A
a £ = N ok ki .
E 10 - ok Kl s b &
o [ He ® =]
1) = NN S EA b
= %k b mueamters om
= kkokaaedE E
frme ﬁ#ﬁi# s B [}
0 L

0 5 10 15 20 0 5 10 15 20

Mean annual temperature (°C) Mean annual temperature (°C)

Figure S4: Variation in photoperiod (a), chilling (b), forcing (c), scPDSI (d), spring temperature
variance (e), and frost frequency (f), according to the mean annual temperature (MAT) at the
sites. Regression lines represent the predicted values estimated by natural cubic splines.
Shadowed areas indicate 95% confidence interval. Biomes include boreal (B), temperate (T),
Mediterranean (M), and subtropical (S).
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Figure S5: Boxplots, with jitter, displaying the distribution of selected tree species ranging
across the mean annualtemperature (MAT) gradients. Species are reported with the following
acronyms and classified into early (JUPR, Juniperus przewalskii; JUTH, Juniperus thurifera;
LADE, Larix decidua; PIHA, Pinus halepensis,; PIHE, Pinus heldreichii; PILE, Pinus
leucodermis; PILO, Pinus longaeva; PIMA, Pinus massoniana; PIPE, Pinus peuce; PIPI, Pinus
pinaster; PISY, Pinus sylvestris; PITA, Pinus tabulaeformis; and PIUN, Pinus uncina) and late
(ABAL, Abies alba; ABBA, Abies balsamea; ABGE, Abies georgei; CELI, Cedrus libani; PCAB,
Picea abies; PCMA, Picea mariana; PICE, Pinus cembra) successional species types (see
Species classification Materials and Methods).
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transition temperature at MAT=4.9%1.1°C across biomes: boreal sites excluded the few dots
above 4.9 °C (intercept: 167.86, slope: -4.96), cold-temperate sites (MAT below 4.9 °C; intercept:
178.68, slope: -5.24), warm-temperate sites (MAT above 4.9 °C; intercept: 183.22, slope: -4.04);
Mediterranean sites excluded the few dots below 4.9 °C (intercept: 147.60, slope: -0.515).
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Figure S8: Summary of the direction and magnitude of the effect of multiple predictors on cell-
wall-thickening DOY (day of the year) in different biomes at cold or warm sites, as fitted by linear
mixed effect models. The upper (a, b) and middle (c,d) panels were from cold and warm sites,
respectively. Significant effects occur when no overlaps exist between the 95% error bars and
zero; the blue and red colors denote the positive versus negative effects, respectively. Variance
partitioning for each model indicating the relative importance of each predictor is also shown in



e, and the sample sizes for each model are reported. B_Cold: boreal sites excluded the few dots
above 4.9 °C; T_Cold: temperate sites with MAT below 4.9 °C; T_Warm: temperate sites with MAT
above 4.9 °C; M_Warm: Mediterranean sites excluded the few dots with MAT below 4.9 °C.
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Figure S9: Variations (violin plots) and distributions (nested boxplots) of frost frequency and local
spring temperature variation for early versus late successional species in the cold (a and c) and
warm zones (b and d). Cold and warm sites were classified by the transition temperature at a

mean annual temperature of MAT=4.9+1.1°C. E: early successional species; L: late successional

species.



Tables S1-S4

Table S1: The sites, species, and years included in the analysis. The species were reported
with the following acronyms and classified into early (E) and late (L) successional species
type: ABAL, Abies alba, L; ABBA, Abies balsamea, L; ABGE, Abies georgei, L; CELI, Cedrus
libani, L; JUPR, Juniperus przewalskii, E; JUTH, Juniperus thurifera, E; LADE, Larix decidua, E;
PCAB, Picea abies, L; PCMA, Picea mariana, L; PICE, Pinus cembra, L; PIHA, Pinus
halepensis, E; PIHE, Pinus heldreichii, E; PILE, Pinus leucodermis, E; PILO, Pinus longaeva, E;
PIMA, Pinus massoniana, E; PIPE, Pinus peuce, E; PIPI, Pinus pinaster, E; PISY, Pinus
sylvestris, E; PITA, Pinus tabulaeformis, E; and PIUN, Pinus uncinata, E. The entire study area
was divided into subtropical (S), Mediterranean (M), temperate (T), and boreal (B) biomes. The
site temperature for each site was computed as the average of the mean annual temperatures
(MATs) across all years providing observations for the site. Sites with climate data obtained
from nearby weather stations are indicated by *



Successiona Site References
o]
L stage Numbe temperature(°C
Biom Longitud Altitude r )
1D Site e Latitude e (ma.s.l.) Studyyears Species of trees
DHS CN-Dinghu Mountain S 23°11'N 112°32'E 256 2015 PIMA E 4 22.9 (Huang et al.,
2018)
ZWY CN-SCBG 23°11'N 113°22'E 23 2015-2016 PIMA E 22.2
SMT  CN-Shimentai 24°24'N 113°12'E 261 2015 PIMA E 22.6
SYG  CN-Sygera Mountain T 29°39'N 94°42'E 3850 2007-2009 ABGE L 4.5 (Li et al,
2013)
JGS CN-Jigong Mountain S 31°51'N 114°5'E 811 2014-2015 PIMA E 3 16.2 (Zhang et al.,
2017)
M 36°34'N 29°57'W L 3 9.3 (Guney, Kerr,
Sokucu,
T2 TU-Cedar Research Forest 1960 2013 CELI Zimmermann
, & Kuppers,
2015)
o ' O ' .
T4 TU-Cedar Research Forest M 36°34N 29°%57'W 1055 2013 CELI L 3 ns g%:g;ey etal,
T1 TU-Cedar Research Forest M 36°34'N 29°57'W 1665 2013 CELI L 3 93 ;%:lg)ey et al.,
T3 TU-Cedar Research Forest M 36°34'N 29°57'W 1355 2013 CELI L 3 1.3 (2C(%)L11r51‘)ey et al,
HSM CN-Hasi Mountains T 37°02'N 104°28'E 2456 PITA E 9 5.9 (Zeng, Rossi,
2013-2014
& Yang, 2018)
GUA ES-Guardamar del Segura M 38°06'N 0°39'W 15 PIHA E 6 19.5 (Rossi et al.,
2005 2016)
SDL  CN-Sidalong Forestry Station T 38°27'N 99°56'E 3550 JUPR E 9 -0.6 (Zeng et al.,
2013-2014 2018)
MAI ES-Maimo M 38°31'N 0°38'W 845 2004-2005 PIHA E 10 16.9 (Cuny et al.,
2015)
SER  IT-Serra San Bruno M 38°46'N 16°31'E 1008 ABAL L 5 11.4 (Antonucci,
Rossi,
2015 Lombardi,
Marchetti, &

Tognetti,
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Biom

Latitude

Longitud
e

Altitude
(ma.s.l.)

Study years

Species

Successiona
L stage

Numbe
r
of trees

Site
temperature(°C

)

References

JAR

JAN
POL

TCH

VIL

TDR

VRN

PEN

MYH

MYL*

PES

ES

ES
IT-Pollino

PT

ES-Villarroya de los Pinares

BG-Bunderitsa valley
BG-Bunderitsa valley

ES-Penaflor

ES-Moncayo
ES

IT-Pescopennataro

39°15'N

39°19'N

39°54'N

40°22'N

40°31'N

41°26'N

41°27'N

41°47'N

41°47'N

41°47'N

41°52'N

1°15'W

1°15'W

16°12'E

8°49'W

0°39'E

23°25'E

23°15'E

0°58'W

0°43'W

1°49'W

14°30'E

571

850
2053

15

1690

1780

1850

340

1600

1600

1380

2005

2004
2003-2004

2010-2014

2005

2012-2014

2012-2014

2006-2010

2011-2013

2011-2012

2015

PIHA

PIHA
PILE

PIPI

PISY

PIHE, PIPE

PIHE, PIPE

JUTH, PIHA

PISY

PISY

ABAL

10

22

10

10

27

14.0

16.8

3.6

14.7

8.6

5.5

5.3

156.7

8.3

9.2

2019)

(Cuny et al,
2015)

(Cuny et al.,
2015)
(Deslauriers,
Rossi,
Anfodillo, &
Saracino,
2008)

(Vieira et al.,
2015)

1 Julio
Camarero,
Guada,
Sanchez-
Salguero, &
Cervantes,
2016)

(Cuny et al.,
2015)

(Cuny et al.,
2015)

(Jesus  Julio
Camarero,
Olano, &
Parras, 2010)
(Cuny et al.,
2015)

(Cuny et al.,
2015)
(Antonucci et



Successiona Site References
L stage Numbe temperature(°C
Biom Longitud Altitude r )
1D Site e Latitude e (ma.s.l.) Studyyears Species of trees
al., 2019)
SUS  IT-ValdiSusa T 45°3'N 6°40'E 2030 2003-2004 LADE, PICE, PIUN E, L, E 15 4.0 (Rossi et al.,
2006)
SAV*  |T-Lavaze T 45°34'N 11°02'E 667 2010 PCAB L 3 11 (Cocozza et
al., 2016)
PAN  Sl-Panska reka T 46°0'N 14°40'E 400 2009-2012 PCAB L 12 11.6 (Gricar et al.,
2014)
LAV IT-Lavaze T 46°13'N 11°18'E 1776 2010 PCAB L 3 2.4 (Rossi et al.,
2016)
MEN SI-Menina Planina T 46°16'N 14°48'E 1200 2009-2012 PCAB L 13 7.2 (Gricar et al.,
2014)
N22  CH-Lotschental-N22 T 46°22'52"  7°46'22"E 2182 2007-2010 LADE E 4 2.2 (Cuny et al.,
N 2019; Cuny et
al., 2015)
NO8 CH-Lo6tschental-N0O8 T 46°18'9"N  7°44'27"E 804 2008-2010 LADE, PCAB E,L 8 9.3 (Cuny et al.,
2019; Cuny et
al., 2015)
N13d CH-Létschental-N13d T 46°23'30"  7°45'40"E 1361 2007-2013 LADE, PCAB E,L 8 5.5 (Cuny et al.,
N 2019; Cuny et
al., 2015)
N13  CH-Lo6tschental-N13w T 46°23'36"  7°45'50"E 1321 2013 LADE, PCAB E,L 6 4.0 (Cuny et al.,
w N 2019; Cuny et
al., 2015)
N16  CH-Lotschental-N16 T 46°23'14"  7°45'52"E 1634 2007-2010 LADE, PCAB E,L 8 4.9 (Cuny et al.,
N 2019; Cuny et
al., 2015)
N19  CH-Loétschental-N19 T 46°23'13"  7°46'26"E 1961 2007-2010 LADE, PCAB E,L 8 3.1 (Cuny et al.,
N 2019; Cuny et
al., 2015)
S16 CH-Lo6tschental-S16 T 46°23'50"  7°45'19"E 1670 2007-2013 LADE, PCAB E,L 8 4.8 (Cuny et al.,
N 2019; Cuny et

al., 2015)



Successiona Site References
L stage Numbe temperature(°C
Biom Longitud Altitude r )
1D Site e Latitude e (ma.s.l.) Studyyears Species of trees
S19 CH-Lo6tschental-S19 T 46°23'48"  7°44'45"E 1928 2007-2013 LADE, PCAB E,L 8 3.7 (Cuny et al.,
N 2019; Cuny et

al., 2015)

S22 CH-Lo6tschental-S22 T 46°23'59"  7°44'33"E 2104 2007-2013 LADE E 4 3.1 (Cuny et al.,

N 2019; Cuny et

al., 2015)

SVT IT-San Vito di Cadore T 46°26'N 12°13'E 1000 2003 PCAB L 1 8.0 (Anfodillo et
al., 2012)

5T1 IT-Cinque Torri 1 T 46°27'N 12°8'E 2085 2001-2005 LADE, PCAB, PICE E, L, L 23 2.4 (Rossi,
Deslauriers,
Anfodillo, &
Carraro,
2007)

5T3 IT-Cinque Torri 3 T 46°27'N 12°8'E 2085 2004-2005 LADE, PCAB, PICE E, L, L 15 1.8 (Rossi,
Deslauriers,
Anfodillo, &
Carrer, 2008)

5T2 IT-Cinque Torri 2 T 46°28'N 12°8'E 2156 2002-2005 LADE, PCAB, PICE E,L, L 12 2.3 (Rossi et al.,
2007)

BOR IT-Borca di Cadore T 46°44'N 12°19'E 1150 2015 ABAL L 5 8.1 (Antonucci et
al., 2019)

TIM AT-Patscherkofel-timberline T 47°12'N 11°27'E 1950 2007 PICE L 6 3.7 (Gruber,
Wieser, &
Oberhuber,
2009)

TRE AT-Patscherkofel-treeline T 47°12'N 11°27'E 2110 2007 PICE L 4 2.4 (Gruber et al.,
2009)

KRU  AT-Patscherkofel-krummbholz T 47°12'N 11°27'E 2180 2007 PICE L 5 1.5 (Gruber et al.,
2009)

DRY  AT-Tschirgant dry-mesic T 47°14'N 10°50'E 750 2010-2011 LADE, PCAB, PISY E,L, E 29 9.0 (Gricar et al.,
2014)

SIM2 CA-Simoncouche?2 B 48°12'N 71°14'W 350 2010-2011 ABBA, PCMA L 12 2.6 (Lemay,

Krause, Rossi,
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Latitude
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e
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L stage

Numbe
r
of trees
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)

References

SIM

ABR

WAL

ARV

GRA

GRD

AMA

AMA*

BER

CA-Simoncouche

FR-Abreschviller

FR-Walscheid

CA-Arvida

FR- Grandfontaine

FR-Grandfontaine

FR-Amance forest

FR-Amance forest

CA-Bernatchez

48°13'N

48°21'N

48°22'N

48°26'N

48°28'N

48°29'N

48°44'52"
N

48°44'52"
N
48°51'N

71°15'W

7°4'E

7°5'E

71°9'W

4°08'E

7°9'E

6°19'30"E

6°19'30"E

70°20'W

338

430

370

80

650

643

270

270

611

2005-2014

2007-2009

2007-2009

1999-2000

2007-2008

2007-2009

2006-2007

2013-2014

2002-2014

ABBA, PCMA

ABAL, PCAB, PISY

ABAL, PCAB, PISY

ABBA

ABAL, PCAB, PISY

ABAL, PCAB, PISY

ABAL, PISY

PILO

PCMA

L LE

L LE

L LE

L LE

L,E

55

16

16

18

15

15

45

16

31

2.4

9.2

10.3

3.7

8.2

8.6

10.5

10.4

0.5

& Achim,
2017)

(Rossi, Morin,
Deslauriers, &
PLOURDE,
2011)
(Rathgeber,
Rossi, &
Bontemps,
2011)
(Rathgeber,
Rossi, et al.,
2011)

(Rossi et al.,
2006)
(Rathgeber,
Rossi, et al.,
2011)
(Rathgeber,
Rossi, et al.,
2011)
(Rathgeber,
Longuetaud,
Mothe, Cuny,
& Le
Moguédec,
2011; Taylor &
Cooper, 2007)
(Taylor &
Cooper, 2007)
(Rossi et al.,
2011)



Successiona Site References
L stage Numbe temperature(°C
Biom Longitud Altitude r )

1D Site e Latitude e (ma.s.l.) Studyyears Species of trees

SOB* CZ-Brno T 49°09'N 16°22'W 404 2013-2014 PISY E 6 10.5 (Deslauriers,
Morin, &
Begin, 2003)

RAJ CZ-Drahany highland T 49°26'N 16°41'W 620 2009-2011 PCAB L 6 8.1 (Gricar et al.,
2014)

MIS CA-Mistassibi B 49°43'N 71°56'W 342 2002-2014 PCMA L 28 1.1 (Rossi et al.,
2011)

01 DE-Bayreuth T 49°55'N 11°35'W 355 2013 CELI L 3 8.2 (Guney et al.,
2015)

L23 CA-Liberal 23 B 49°58'N 72°30'W 380 1998-2000 ABBA L 10 1.5 (Treml,
Kaspar,
Kuzelova, &
Gryc, 2015)

L24 CA-Liberal 24 B 49°58'N 72°30'W 430 1998-2001 ABBA L 20 1.0 (Treml et al.,
2015)

DAN  CA-Camp Daniel B 50°41'N 72°11'W 487 2002-2014 PCMA L 25 -0.7 (Lemay et al.,
2017)

LH1 CZ-Lucni Hora-timberline T 50°43'N 15°40'E 1310 2010-2012 PCAB L 10 3.4 (Treml, Hejda,
& Kaspar,
2019)

LH2  CZ-LucniHora-treeline T 50°43'N 15°41'E 1450 2010-2012 PCAB L 10 1.8 (Treml et al.,
2019)

BLS CZ-Bilé Labe Valley north T 50°44'N 15°39'E 1270 2013-2014 PCAB L 8 3.9 (Cuny et al.,
2019; Cuny et
al., 2015)

BLJ CZ-Bilé Labe Valley south T 50°44'N 15°39'E 1270 2013-2014 PCAB L 8 4.2 (Cuny et al.,
2019; Cuny et
al., 2015)

SISE CZ-Maly Sisak east T 50°45'N 15°39'E 1375 2014-2015 PCAB L 8 4.2 (Rossi, Girard,
& Morin,
2014)

SISW CZ-Maly Sisak west T 50°46'N 15°38'E 1360 2014-2015 PCAB L 8 4.1 (Rossi et al.,

2014)



Successiona Site References
L stage Numbe temperature(°C
Biom Longitud Altitude r )
1D Site e Latitude e (ma.s.l.) Studyyears Species of trees
MIR1 CA-Mirage B 53°47'N 72°52'W 384 2012-2014 PCMA L 10 -3.1 (Méakinen,
Jyske, & Nojd,
2018)
RUO* Fl-Ruotsinkyla B 60°12'N 25°0'E 60 2008-2010 PCAB, PISY L, E 15 5.6 (Jyske,
Kalliokoski,
Makinen, &
No6jd, 2013)
HYY* Fl-Hyytiala B 61°53'N 24°18'E 181 2008 PCAB, PISY L, E 6 4.9 (Jyske,
Makinen,
Kalliokoski, &
Nojd, 2014)
KIV*  Fl-Kivalo B 66°12'N 26°23'E 140 2009 PCAB L 5 1.1 (Jyske et al.,

2014)




Table S2. Descriptive summary statistics of cell-wall-thickening DOY (day of year) for all
observations, for observations at cold sites, and for observations at warm sites.

Cell-wall-thickening DOY

Summary statistic All data Cold Warm

Mean (DOY) 156.4 166.6 142

Median (DQY) 159 167 141

5% quantile (DQY) 120 147 105

95% quantile (DQOY) 187 187 179

Minimum (DQOY) 15 120 15

Maximum (DQY) 221 212 221
Intercept+S.E. mixed model 150.72+6.22 163.74+2.77 143.59+8.02
t-value 24.23 59.11 17.91

P-value <0.001 <0.001 <0.001




Table S3. Summary of linear mixed modeling of the effects of selected predictors on cell-wall-thickening DOY (day of year); Cl: confidence interval.

Model selection

Fixed effect of the selected model

P-

Coefficie

Models Fixed-effect structure* Effect dropped AAIC T Weight valuet Component nt 90% CI 95% CI

All nMAT+Photoperlod+Ch|LL|ng+Forcmg+scPDSI+Temp7var|at|0 0 1 (Intercept) 20.70 6.59, 35.07 3.85,37.79
MAT+Photoperiod+Forcing+scPDSI+Temp_variation Chilling 263.46 0 :0'00 Chilling 0.162 0.146,0.177 0.143,0.180
MAT+Photoperiod+Chilling+Forcing+Temp_variation scPDSI 354.95 0 :0'00 scPDSI 0.85 0.689, 1.012 0.658, 1.043
MAT+Photoperiod+Chilling+Forcing+scPDSI ;empf"a”at") 368.28 0 :0'00 ;empf"a”at"’ 218  -2.60,-1.76  -2.68,-1.68
MAT+Chilling+Forcing+scPDSI|+Temp_variation Photoperiod 431.86 0 :0‘00 Photoperiod 8.79 7.87,9.68 7.70,9.85
Photoperiod+Chilling+Forcing+scPDSI+Temp_variation MAT 752.32 0 TO‘OO MAT -4.92 -5.18, -4.65 -5.24, -4.60

<
MAT+Photoperiod+Chilling+scPDSI+Temp_variation Forcing 1670.26 0 10'00 Forcing 0.065 0.063, 0.067 0.063,0.068
Selected model:
MAT+Photoperiod+Chilling+Forcing+scPDSI+Temp_variatio
n
. o d+Chilling+ _— + .
Cold :'AT Photoperiod+Chilling+Forcing+scPDSI+Temp_variatio 0 0.681 (Intercept) 155.0  150.4,159.6  149.6,160.6
- ) . . 0.148
MAT+Chilling+Forcing+scPDSI+Temp_variation Photoperiod 1.51 0.319 5
MAT+Photoperiod+Chilling+Forcing+Temp_variation scPDSI 325 0 <0'0? scPDSI 0.826 0.618, 1.032 0.579, 1.071
MAT+Photoperiod+Chilling+Forcing+scPDSI ;emp-"a”at'o 59.05 0 <°'°? ;emp—"a”at'o 266  -3.22,-211  -3.32,-2.00
<
MAT+Photoperiod+Forcing+scPDSI+Temp_variation Chilling 92.2 0 0'0? Chilling 0.156 0.132,0.182 0.127,0.187
<

MAT+Photoperiod+Chilling+scPDSI+Temp_variation Forcing 545.28 0 0'0? Forcing 0.097 0.091, 0.103 0.090, 0.104
Photoperiod+Chilling+Forcing+scPDSI+Temp_variation MAT 548.84 0 <0'0? MAT -6.66 -7.06, -6.24 -7.14,-6.17
Selected model:
MAT+Chilling+Forcing+scPDSI+Temp_variation

Warm MAT+Photoperiod+Chilling+Forcing+scPDSI+Temp_variatio 0 1 (Intercept) 3619 -49.43, © 51.99,-20.20
n 22.76
Photoperiod+Chilling+Forcing+scPDSI+Temp_variation MAT 1121 0 <0'0? MAT -2.81 -3.21,-2.41 -3.29,-2.33
MAT+Photoperiod+Chilling+Forcing+scPDSI Eempf"a”a“o 128.81 0 0'04i ;empf"a”at'o 0.75  0.127,1.375  0.0068, 1.495
MAT+Photoperiod+Chilling+Forcing+Temp_variation scPDSI 271.18 0 0'002 scPDSI 0.44 0.190, 0.684 0.142,0.732
MAT+Photoperiod+Forcing+scPDSI+Temp_variation Chilling 275.18 0 <0.00 Chilling 0.22 0.196, 0.234 0.193, 0.238



Early_Cold

Early_ Warm

Late_Cold

MAT+Chilling+Forcing+scPDSI+Temp_variation

MAT+Photoperiod+Chilling+scPDSI+Temp_variation

Selected model:

MAT+Photoperiod+Chilling+Forcing+scPDSI+Temp_variatio
n

MAT+Photoperiod+Forcing+scPDSI+Temp_variation

MAT+Photoperiod+Chilling+Forcing+scPDSI+Temp_variatio
n

MAT+Chilling+Forcing+scPDSI+Temp_variation
MAT+Photoperiod+Chilling+Forcing+Temp_variation
MAT+Photoperiod+Chilling+Forcing+scPDSI
MAT+Photoperiod+Chilling+scPDSI+Temp_variation

Photoperiod+Chilling+Forcing+scPDSI+Temp_variation

Selected model:

MAT+Photoperiod+Chilling+Forcing+scPDSI+Temp_variatio
n
MAT+Photoperiod+Chilling+Forcing+Temp_variation

MAT+Photoperiod+Chilling+Forcing

MAT+Photoperiod+Chilling+Forcing+scPDSI
Photoperiod+Chilling+Forcing+scPDSI+Temp_variation
MAT+Photoperiod+Forcing+scPDSI+Temp_variation
MAT+Chilling+Forcing+scPDSI+ Temp_variation

MAT+Photoperiod+Chilling+scPDSI+Temp_variation

Selected model: MAT+Photoperiod+Chilling+Forcing
MAT+Photoperiod+Chilling+Forcing+scPDSI+Temp_variatio
n

MAT+Photoperiod+Chilling+Forcing+Temp_variation

MAT+Chilling+Forcing+scPDSIl+Temp_variation

MAT+Photoperiod+Forcing+scPDSI+Temp_variation
MAT+Photoperiod+Chilling+Forcing+scPDSI

Photoperiod

Forcing

Chilling

Photoperiod

scPDSI

Temp_variatio
n

Forcing

MAT

scPDSI
scPDSI+
Temp_variatio
n
Temp_variatio
n

MAT
Chilling
Photoperiod

Forcing

scPDSI
Photoperiod
Chilling

Temp_variatio

504.85

1151.35

3.07

23.39

43.73

61.11

167.42

181.72

35.08

39.24

203.5

437.08

6.31
56.1

74.22
250.39

0.823

0.177

0.53

0.288

0.182

0.959
0.041

<0.00

<0.00

0.045

<0.00

<0.00

<0.00

<0.00

<0.00

0.166

0.098
<0.00

<0.00

<0.00

<0.00

0.001
<0.00

<0.00

<0.00

Photoperiod

Forcing

(Intercept)
Chilling
Photoperiod

scPDSI

Temp_variatio
n

Forcing

MAT

(Intercept)

MAT
Chilling
Photoperiod

Forcing

(Intercept)
scPDSI
Photoperiod
Chilling

Temp_variatio

10.62

0.060

333.6

0.0623

-8.4

2.786

-5.93

0.1131

-83.19

-2.369

0.1472

14.29

0.04795

35.28
0.4131
7.584

0.1474
-3.081

9.80, 11.42

0.0578,
0.0615

282.00,
382.65
0.0124,
0.112

-11.45, -5.25

2.070,3.414

-7.40,-4.21

0.102,0.125

1317, -
10.61

-105.55, -
59.78

-2.99,-1.75

0.116,0.178

12.86, 15.64
0.0453,
0.0507

0.212,
72.820
0.208, 0.623

5.222,9.774

0.122,0.174
-3.63, -2.53

9.649, 11.581

0.0574,
0.0619

273.16,
393.80
0.00273,
0.122

-12.13, -4.69

1.940, 3.543

-7.70, -3.90

0.100,0.128

-13.42,-10.37

-109.94, -
55.36

-3.11,-1.626

0.110,0.184

12.59,15.91
0.0448,
0.0512

-6.950,
79.413
0.168, 0.663

4.807,10.220

0.117,0.179
-3.739, -2.427



n 1 n

. - - . <0.00 . 0.0750, 0.0738,
MAT+Photoperiod+Chilling+scPDSI+Temp_variation Forcing 365.98 0 1 Forcing 0.0811 0.0874 0.0886
Photoperiod+Chilling+Forcing+scPDSI+Temp_variation MAT 465.5 0 <0'0? MAT -5.98 -6.38, -5.58 -6.46, -5.51
Selected model:

MAT+Photoperiod+Chilling+Forcing+scPDSI+Temp_variatio
n
Late_Warm MAT+Photoperiod+Chilling+Forcing+Temp_variation scPDSI 0 0.759 0'085 (Intercept) -85.62 390;;4’ ) ;5160171:117’ )
:IAT+Photoperlod+Ch|LL|ng+Forcmg+scPDSI+Temp7var|at|0 2.99 0.241
MAT+Photoperiod+Chilling+Forcing+scPDSI Eempf"a”at'o 24.28 0 <°'O? ;empf"a”at"’ 1.937  1.286,2.581 1.161,2.706
. . . _— <0.00 -3.668, -
Photoperiod+Chilling+Forcing+scPDSI+Temp_variation MAT 82 0 1 MAT -3.177 2,684 -3.763, -2.589
<0.
MAT+Photoperiod+Forcing+scPDSI+Temp_variation Chilling 261.15 0 0 0? Chilling 0.23 0.212,0.248  0.208,0.252
- ) - . <0.00 . 12.167,
MAT+Chilling+Forcing+scPDSI+Temp_variation Photoperiod 273.52 0 1 Photoperiod 13.38 12.36,14.36 14.547

. - _— . <0.00 . 0.0581, 0.0576,

MAT+Photoperiod+Chilling+scPDSI+Temp_variation Forcing 490.33 0 1 Forcing 0.0609 0.0637 0.0643

Selected model:
MAT+Photoperiod+Chilling+Forcing+Temp_variation

*The structure of the fixed-effects model component was examined through a backward stepwise procedure, starting with a maximal model (M) with all the six candidate fixed covariates.
tSecond-order AAIC means the Akaike Information Criterion difference relative to the most complex model.
{Significance of the likelihood ratio test.



Table S4: Variance inflation factor (vif) of each predictor variable in the linear mixed models for all
observations and subset modelings corresponding to the results shown in Fig. 3.

Models Predictors
MAT Photoperiod Chilling Forcing scPDSI Temp_variation
vif(mod_all) 1.142 1.093 1.070 1.153 1.117 1.086
vif(mod_Cold_sites) 1.231 1.066 1.173 1.209 1.284 1.383
vif(mod_Warm_sites) 1.260 1.136 1.266 1.164 1.200 1.095
vif(mod_Early_Cold) 1.246 1.377 1.359 1.465 1.359 1.354
vif(mod_Early_Warm) 1.471 1.087 1.625 1.160 1.347 1.083
vif(mod_Late_Cold) 1.297 1.157 1.175 1.285 1.405 1.510
vif(mod_Late_Warm) 1.573 2.020 1.498 1.932 1.591 1.238
vif(mod_B_Cold) 1.295 1.042 1.197 1.353 1.513 1.894
vif(mod_T_Cold) 1.245 1.046 1.321 1.129 1.227 1.219
vif(mod_T_Warm) 1.500 1.263 1.280 1.367 1.475 1.184
vif(mod_M_Warm) 2.455 1.889 2.186 2.669 1.393 1.429
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