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Summary

Wood growth is key to understanding the feedback of forest ecosystems to the ongoing
climate warming. An increase in spatial synchrony (i.e., coincident changes in distant
populations) of spring phenology is one of the most prominent climate responses of forest
trees. However, whether temperature variability contributes to an increase in the spatial
synchrony of spring phenology and its underlying mechanisms remain largely unknown. Here,
we analyzed an extensive dataset of xylem phenology observations of 20 conifer species from
75 sites over the Northern Hemisphere. Along the gradient of increase in temperature
variability in the 75 sites, we observed a convergence in the onset of cell enlargement roughly
toward the 5" of June, whereas a convergence in the onset of cell wall thickening toward the
summer solstice. The increase of rainfall since the 5" of June is favorable for cell division and
expansion, and the most hours of sunlight around the summer solstice allows optimizing
carbon assimilation for cell wall thickening. Hence, the convergences can be considered as
the result of matching xylem phenological activities into favorable conditions in regions with
high temperature variability. Yet, forest trees relying on such consistent seasonal cues for
xylem growth could constrain their ability to respond to climate warming, with consequences
for the potential growing season length and ultimately forest productivity and survival in the
future.



Introduction

Wood formation in forest trees involves the progression from cell enlargement to cell wall
thickening, lignification, and programmed cell death *, and the carbon allocated to long-lived
woody tissues stays in the ecosystem for decades to centuries *°. Given warming-induced
decoupling between growth timing and annual woody growth °, the subtle responses of wood
formation (e.g., xylem phenology) to multiple facets of global warming should be quantified
to improve our understanding of forest growth dynamics; however, this task remains
challenging. One of the largest uncertainties in the responses of wood formation to global
warming is the inferences derived solely from mean annual temperatures “*_ However,
temperature fluctuates at various time scales, including daily and seasonal variations "*. The
prediction of future xylem phenological shifts requires knowledge of the effects of
temperature variability on the timing of xylem spring phenology; however, such knowledge
is scarce at large spatial scales **°, and the underlying mechanisms remain to be quantified.
Previous attempts to explicitly link spring phenology to local temperature variability have
assumed that large variations in spring temperature cause high frost risk °. In such
unpredictable climates, simply following temperatures at the “wrong” time of the year causes
fatal consequences for forest trees, being particularly dangerous for tree populations growing
in seasonally cold climates. Tree species are under continuous selective pressure to match
their phenology to favorable environmental conditions to minimize the risk of frost damage
" The selection pressure from frost risk should drive plants to rely on consistent, reliable
seasonal cues that could provide favorable environmental conditions to initiate the xylem
spring phenological phases.

The spring resumption of cambium activity requires the information that winter has passed,
obtained from the dose of low temperatures experienced by the forest trees . A growing
body of hypotheses has suggested that forest trees would extend the duration of chilling
exposure **, so that wait until the risk of frost damage has passed in climates with high
temperature variability. It has been reported that chilling temperatures between =5 °C and
5 °C are most effective for the onset of cambium activity °. However, larger variations in spring
temperature may increase the probability of exceeding this chilling temperature range (=5 °C
and 5 °C), lowering chilling accumulation. As such, if forest trees avoid frost damage via
extending chilling exposure when temperature variability is high?

In this study, we leveraged the developments in microsampling wood approaches that enable
the direct monitoring of xylem phenology “. We compiled a large dataset of weekly
observations of xylem cell enlargement and cell wall thickening of 20 conifer species from 75
sites distributed throughout the Northern Hemisphere across boreal, temperate,
Mediterranean, and subtropical biomes (Fig. S1 and Table S1). Utilizing this unique high-
temporal-resolution data set, we aimed to provide the first spatial pattern of the onset dates
of xylem cell enlargement and wall thickening along the gradients of temperature variability
across the 75 sites, and to elucidate if forest trees rely on consistent, reliable seasonal cues to
start the xylem growth in regions with high temperature variability. If yes, then what are the
seasonal cues and what are the underlying mechanisms?

Results

Convergence in the onset of xylem spring phenology with the increase in temperature
variability (PTV) across the sites

The slopes of the different quantile regressions of the PTV with the onset dates of cell
enlargement (Celle DOY) and wall thickening (Cells DQOY) across all preseason periods are



shown in Figs. S3—4. Convergences in the responses of xylem cell enlargement and cell wall
thickening with the increase in PTV across the 75 sites in the current study were observed
(Figs. S3—4). With an increase in the PTV, we observed a convergence in the Cell. DOY roughly
toward the 5" of June, whereas a convergence in the Cell. DOY occurred near the summer
solstice (Figs. 1a—b). Rainfall increased since the 5" of June as shown by significantly higher
mean daily precipitation (Fig. 2). The slopes varied across these different quantiles: in the
lower quantiles, where the Celle DOY and Celly DOY generally appeared in relatively warm
areas, the PTVs were positively associated with the DOY (Figs. 1a—b). In contrast, in the higher
quantiles, where Celle DOY and Cellw DOY occurred in relatively cold regions, this relationship
was negative (Figs. 1a—b). In addition, the steepest slopes were associated with the lowest and
highest quantiles.

We defined the optimal preseason as the period, ranging between 20 and 140 days before
the Cell. DOY and Cell., DOY, with 20-day steps, with the most convergence trend of the DOYs
with the increase in PTV. The most convergence trend was selected by identifying the
preseason period with the largest difference between the slopes of the highest and lowest
quantiles for both cell enlargement and cell wall thickening. The preseason 80-day
temperature variability (PTV_80) presented the most distinct slopes for both DOYs and was
selected as the optimal preseason for analyses (Figs. S3—-4).

Structural equation models (SEMs)

We selected the quantiles lower than the 15" quantile and higher than the 85" quantile of the
Cell. DOY and Cellw DOY to represent early and late onset dates, respectively (Figs. 1a—b). The
quantiles below the 15" one appeared in relatively warm areas, whereas the quantiles greater
than the 85" corresponded to relatively cold regions (Figs. 3a—b).

Elevated PTV_80 generally increased frost days except for Cell. DOY in relatively cold regions,
which was not statistically significant, as indicated by the standardized coefficients (Figs. 4a—
d). Increased frost days were associated with later Cell. DOY in relatively warm regions but
with earlier Cell. DOY in relatively cold regions (standardized coefficients of 0.45 and -0.81,
respectively). In contrast, the increased frost days were associated with earlier Cell. DOY in
relatively warm regions (standardized coefficients of —0.35) (Fig. 4a). Similarly, elevated
PTV_80 generally accelerated forcing accumulation, except for Celle DOY in relatively cold
regions, which was not statistically significant (Figs. 4a—d). The accelerated forcing
accumulation was associated with later Celle DOY and Cell. DOY. In contrast, elevated PTV_80
generally decreased chilling accumulation for Celle DOY, which was linked to earlier onset
dates. Only for the Cell. DOY in relatively warm regions, chilling accumulation increased and
was linked to later onset dates (Figs. 4a—d).

Discussion

Along the gradient of increase in temperature variability in the 75 sites across boreal,
temperate, Mediterranean, and subtropical biomes, we observed a convergence in the onset
of cell enlargement roughly toward the 5" of June, and a convergence in the onset of cell wall
thickening toward the summer solstice (Figs. 1a—b). This indicated that, in regions with high
temperature variability, forest trees prefer to rely on the 5" of June and the summer solstice
to initiate xylem cell enlargement and wall thickening, respectively. The cambium resumption
changes according to variations in environmental factors and is usually delayed at high
altitudes and latitudes in comparison with low altitudes and latitudes *. Thus, the earlier spring
phenological activities occurred in relatively warmer areas in comparison to the later ones *,



which is also known as a phenomenon referred to as Hopkins’ bioclimatic law **. However, our
observation of the convergence in the onset of xylem growth indicated an increase in the
spatial synchrony of xylem spring phenology with the increase in temperature variability (Figs.
la—b). The increase in spatial synchrony in plant phenology has been increasingly reported
across altitudes, latitudes, and urban-rural gradients *°**; however, to the best of our
knowledge, this spatial synchrony has never been linked to increases in temperature variability.
Sufficient water availability is necessary to support xylem cell division and expansion %, and
thus, the 5" of June, since when rainfall increased (Fig. 2), acts as a favorable seasonal cue for
trees to initiate cell enlargement. In contrast, cell wall thickening is based on the supply of
sugars *°, which are mainly regulated by carbon assimilation through photosynthesis “%.
Photosynthetic performance is more closely linked to the length of the day than to
temperature; that is, warm short-day conditions reduce photosynthetic performance **.
Summer solstice, during which the Northern Hemisphere receives the most hours of daylight,
is the optimal time to maximize carbon assimilation *. Moreover, the 5" of June and the
summer solstice provided relatively consistent seasonal cues for xylem cell enlargement and
cell wall thickening and thus could prevent forest trees from simply tracking the unpredictable
temperature signal in regions with high temperature variability. Therefore, the convergence
on the 5" of June and the summer solstice exhibited by the onset dates of cell enlargement
and cell wall thickening, respectively (Figs. 1a-b), can be considered as the result of matching
xylem phenological activities into favorable environmental conditions.

Previous attempts to explicitly link spring phenology to local temperature variability have
assumed that a large temperature range increases the probability of frost risk °. We observed
consistent results showing that high temperature variability generally increases the number
of frost days (Figs. 4a—d). Consequently, long-lived tree species are expected to have evolved
“cautious” phenological strategies that onset the spring phenological activities later with
higher temperature variability to avoid frost damage *°, which should be especially important
in cold regions. Yet, we observed that forest trees initiate xylem growth earlier with higher
temperature variability regardless of the increase in the number of frost days in relatively cold
sites (Figs. 1a—b; Figs. 4b, d). This indicated that forest trees bear the risk of frost damage to
initiate the xylem growth around the 5" of June and the summer solstice. It has also been
proposed that tree species from regions with high temperature variability are expected to
experience a longer period of chilling temperatures for dormancy release in spring until the
risk of frost damage has passed . However, our results indicated that forest trees in areas
with high temperature variability generally experienced lower amounts of chilling
temperatures (Figs. 4a—d). These findings contradict previous assumptions indicating that
minimizing frost damage is the priority for forest trees to initiate xylem growth in regions with
high temperature variability °. Instead, guiding the xylem growth activities into favorable
amounts of precipitation and sunlight is the priority for forest trees located in areas with high
temperature variability.

In areas with low temperature variability, the advent of xylem spring is rather variable over
space, as indicated by the high overall variation in the onset dates of both xylem cell
enlargement and cell wall thickening (Figs. 1a—b). However, in the context of increase in
temperature variability under global warming *, if forest trees would rely on the 5" of June
for the onset of xylem cell enlargement and the summer solstice for the cell wall thickening,
as such to guarantee favorable conditions in the future? If so, the xylem spring phenological
activities that appeared in relatively warm regions could be potentially delayed and the ones
in relatively cold areas could be advanced (Figs. 1 a—b and 3 a-b). We assume that the onset
of xylem cell enlargement and wall thickening in extremely warm and cold regions are the
most significantly affected phases (Figs. la—-b). Our results question previous findings



indicating that increases in temperature variability would delay the onset of spring phenology
* In contrast, we propose a substantial variation in the direction and magnitude of the
potential changes in the onset dates of xylem spring phenology in areas with low temperature
variability.

By contrast, in areas with high temperature variability, forest trees adopt relatively consistent
onset dates for both xylem cell enlargement and cell wall thickening (Figs. 1la-b), trees’
phenological flexibility is therefore expected to be lower. Other studies have indicated that
genotypes from harsher environments have less phenological flexibility than those from more
mesic sites ***"**. Thus, the low phenological flexibility of forest trees that rely on consistent
seasonal cues despite climate warming in areas with high temperature variability, could
potentially constrain the lengthening of the potential growing season, and ultimately forest
productivity and survival in the future *. Further, due to the ongoing changes in global
precipitation patterns , the low phenological flexibility of forest trees could bring trees into
unfavorable conditions for cell enlargement in regards of water availability. By contrast, the
onset of cell wall thickening has been reported to be less affected by precipitation *, so that
should not be affected. This implies potential mismatches between the xylem cell enlargement
and wall thickening in the context of climate change. While xylem cell wall thickening is a
process accounting for 90% of woody biomass production, cell enlargement is responsible for
cell production, or size growth *. The decoupling therefore could potentially influence the
fitness, structure and functioning of forest ecosystems, especially when interacting with local
factors (e.g., geographic, edaphic and vegetational factors), and bring large uncertainty to
carbon sinks in forests in areas with highly fluctuated temperatures. The low phenological
flexibility is also highly linked to invasion success %, migration potential for future populations
and the ability to acclimate to the new thermal environment, and forest productivity and
survival .

Conclusion

We provided empirical evidence to show an increase in spatial synchrony of xylem spring
phenology with the increase in temperature variability across the 75 sites in the current study
over the Northern Hemisphere, with the convergence of the xylem cell enlargement around
the 5" of June, and wall thickening around the summer solstice. The 5" of June, since when
rainfall increases, guarantees favorable amounts of precipitation for turgor-driven cell division
and expansion, while the summer solstice with the most hours of sunlight is favorable for
carbon assimilation and enhances cell wall thickening. We observed that forest trees even
bear the risk of frost damage to initiate xylem growth earlier with higher temperature
variability in relatively cold sites, to rely on the 5" of June for cell enlargement, and the summer
solstice for cell wall thickening. It therefore suggests that guaranteeing favorable conditions
is the priority for forest trees to initiate the xylem growth when temperature variability is high.
In areas with low temperature variability, the advent of cell enlargement could be potentially
guild into the 5" of June, and cell wall thickening into the summer solstice in future context
of increasing temperature variability under global warming. By contrast, in regions with high
temperature variability, forest trees rely on the fixed dates to initiate xylem growth, which
could in turn constrain the ability of trees to respond to climate warming, consequently the
lengthening of the potential growing season, and ultimately forest productivity and survival
in future. Furthermore, due to the ongoing changes in global precipitation patterns, such low
flexibility in xylem phenological strategies could bring trees into unfavorable conditions for
cell enlargement, but not for the onset of cell wall thickening that is less affected by
precipitation. This implies potential mismatches between the onsets of xylem cell enlargement
and wall thickening, which consequently affect the fitness, structure and functioning of forest



ecosystems, in the context of climate change.
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FIGURE LEGENDS

Fig. 1. Cell enlargement day of the year (DOY) (A) and cell wall thickening DOY (B) as a
function of the preseason temperature variability (PTV)

PTV is calculated as the standard deviation during a period of 80 days before the day of onset
of cell enlargement and cell wall thickening, respectively, for each tree, site, and year). Model
fits of Bayesian quantile regression analysis for multiple quantiles (1%, 5", 10", 15", 25" 50",
75" 85" 90", 95" and 99" percentiles) are visualized as solid blue lines with credible intervals
(95%) shown in gray. We also obtained the mean regression (denoted by the thick red line),
which can be used as a central regression line similar to the mean regression estimated using
ordinary least squares regression. The purple lines indicate the 5" of June (A) and the summer
solstice (B).

Fig. 2. Frequency distributions of the mean daily precipitation (MDP)

The MDP were calculated before the 5" June (starts from the first day of year to the 5" June)



and after 5" June (starts from the 6" June to the end of cell wall thickening).
Fig. 3. Frequency distributions of the mean annual temperature

The mean annual temperature were calculated for the values of the cell-enlargement day of
the year (DOY) (a) and cell-wall-thickening DOY (b) lower than the 15" quantile and higher
than the 85" quantile, respectively. Es: the onset dates of cell enlargement; Ws: the onset
dates of cell wall thickening.

Fig. 4. Direct and indirect effects of the preseason temperature variability (PTV_80) on
the cell-enlargement day of the year (Cell. DOY) and wall-thickening DOYs (Cell. DOY)
based on their influences on frost days, chilling accumulation, and forcing accumulation.

(A) The SEM for Cell. DOY values below the 15" quantile, which represent 15% of earliest Celle
DOY; (B) The SEM for Cell. DOY values above the 85" quantile, which represent 15% of latest
Celle DOY; (C) The SEM for Cells DOY values below the 15th quantile, which represent 15% of
earliest Cell. DOY; (D) The SEM for Cell, DOY values above the 85" quantile, which represent
15% of latest Cell.DOY. PTV_80 is the PTV calculated as the standard deviation during a period
of 80 days before the day of onset of cell enlargement and wall thickening for each tree, site,
and year; The arrows illustrate the direction and magnitude of the paths; the solid red and
green arrows represent significant positive and negative standardized path coefficients (P <
0.05), respectively, and the dashed arrows represent non-significant standardized path
coefficients.
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LEGEND for Data S1
Data 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
georgel, L; CELI, Cedrus libani, L; JUPR, Juniperus przewalskii, &, 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; PIPl, 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 temperature for each site was computed as the average of the MATs across all years for
which observations were recorded for the site. The sites for which data was obtained from
nearby weather stations are indicated by *.
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Materials availability
This study did not generate new unique reagents.

Data and code availability

® Data on the onset dates of cell enlargement, the onset dates of cell wall thickening, site-
level temperature variability, precipitation, mean annual temperature, the number of
Frost days, chilling and forcing used in the statistical analysis of this study are available
as supplemental Excel spreadsheets. DOlIs are listed in the key resources table.

® This paper does not report original codes.

® Any additional information required to reanalyze the data reported in this paper is
available from the lead contact upon request

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The micro-sampling technique used in our study provides weekly-resolved data of
xylogenesis and a detailed firsthand assessment of changes in cell structure, which is an
important information that is difficult to collect and mainly been conducted in Europe.
Although anatomical methods have been gradually applied in other parts of the world, such
as Asia, the data accumulation is still slow since the methods are quite complicated and time-
consuming. A massive weekly-resolved xylogenesis data collected from 814 trees that
covered boreal, temperate, Mediterranean, and subtropical biomes in North America, Europe,
and Asia were used in the current study.

METHOD DETAILS

Field experiments and sample collection

At each site, 1-55 adult dominant trees with upright, healthy stems were selected and
sampled throughout the growing season, from January-April to October-December,
according to the local climate of the sites and the monitoring years from 1998 to 2016 (Table
S1). Wood microcores (2.5 mm in diameter x 25 mm in length) were collected weekly or,
occasionally, biweekly from around the stems at breast height (1.3 + 0.3 m) using a Trephor
borer >*. The microcores were then treated according to the protocol described in detail by
Rossi et al. (2006) *.

The sites were distributed across latitudes 23°11' to 66°12'N and at elevations ranging from
23 to 3,850 m as.l. (Fig. S1 and Table S1).

Xylem phenology data

A common protocol was followed for classifying xylem cells at different differentiation phases
at all sites. For each sample, the number of cells in the cambial, as well as cells in the
enlargement and secondary cell-wall-thickening zones were counted along three radial rows.
Cells in different differentiation phases were distinguished using the method explained by
Rossi et al. (2006) *.

The mean number of xylem cells in the enlargement and wall-thickening phases was obtained
for each sampling date. The timing of the onset of the cell-enlargement and wall-thickening
processes, represented as the day of the year (DOY), was defined for each tree, site, and year
as the dates of the appearance of the first radially enlarging and wall-thickening tracheids,
respectively, and were referred to as cell-enlargement and cell-wall-thickening DOY.

Climate data



The meteorological stations were installed at 72 sites to measure in situ climate conditions—
in a gap in the forest beside or close to the sampled trees. For the remaining 3 sites, we
collected data from the nearest meteorological station, NOAA
(https:.//www.ncdc.noaa.gov/cdo-web/datatools/findstation) (Table S1). The temperature
values were derived from sensors installed 2—3 m above the ground. The temperature was
measured every 15 min and stored in data loggers as hourly averages. From the recorded
data, the minimum, mean, and maximum daily temperatures were calculated for further
analysis.

Preseason chilling and forcing
Previous studies have used different chilling thresholds for modeling analysis, with daily mean

temperatures ranging between 0 °C and 5 °C, =5and 0 °C, or —10 °C and 0 °C, and found

that the temperature range between —5° C and 5° C is the most effective for chilling unit
calculation °. We calculated preseason chilling accumulation for cell enlargement and wall
thickening during the preseason period, corresponding to 80 days before the cell-
enlargement and cell-wall-thickening DOY, respectively *. In contrast, a temperature
threshold above 5° C is the most effective for the forcing unit calculation °, and we calculated
the forcing accumulation for the same preseason periods.

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

t
- _ 28.4

FU = Z DFU lf Tt > Tth WheT'e DFU = 1+ e_0.185(Tt_18_4)
to

Here, FU is the spring forcing unit for the cell-enlargement DOY and cell-wall-thickening DOY,
D is the daily forcing unit, to is the start date for the forcing accumulation (here, assumed to
be January 1st) °, t is the date of appearance of the first wall-thickening cell, T: is the mean
daily air temperature, and Tw is the threshold temperature above 5 °C for the forcing
accumulation.

Preseason temperature variability (PTV) and frost days

To represent the day-to-day variation in preseason temperature, we adopted the method of
Wang et al. (2014) °, calculating the standard deviation (SD) of mean daily temperatures. The
SD was calculated over a specific preseason period for each tree, site, and year, and is
hereafter referred to as the PTV. The preseasons were defined as 20, 40, 60, 80, 100, 120, and
140 days before the onset dates of cell enlargement and wall thickening. Therefore, we
referred to these PTVs as PTVz to PTV .

The number of frost days was defined as the days in which the daily minimum temperature
was below 0 °C ° during the selected preseason period, which is the same as the above. We
counted the frost days for each tree, site, and year during a specific preseason period.

QUANTIFICATION AND STATISTICAL ANALYSIS

To quantify the range of variations in xylem onset dates (cell enlargement DOY and cell wall
thickening DOQOY) expected from different temperature variability, we performed
nonparametric quantile regression analysis instead of conventional least square methods to
account for the heterogeneity of data from individual observations *’. Quantile regression has
been widely used for data showing unequal variances in response distributions due to
complex interactions between multiple variables, many of which cannot be accounted for */,
and thus allows to avoid assumptions of homoscedasticity and normally distributed errors *-
. We fitted multiple quantile levels (1%, 5", 10", 15", 25" 50", 75" 85" 90" 95" and 99"



percentiles) of the xylem onset dates as a function of temperature variability in Bayesian
hierarchical quantile regression models. We used the asymmetric Laplace distribution
implemented in R packages “brms” “', with sites and species nested within sites as random
effects and allowing the effects of temperature variability to vary with tree species to estimate
species-specific slopes. We assigned weakly informative priors (normal distribution with mean
of zero and standard deviation of ten) for fixed effects to speed up model convergence. The
posterior distributions of model parameters were estimated using Hamiltonian Monte Carlo
methods by using four chains of 2,000 samples, including 1,000 samples as a warm-up, which
was sufficient to achieve adequate mixing and convergence. Thus, a total of 4,000 draws were
used to estimate posterior distributions. The convergence and fit of the models were verified
by examining the posterior prediction plots (Fig. S2). These probability resampling procedures
ensure that the unequal sample size of different sites or species did not affect the regression
estimates.

To link observed onset trends of xylem phenology with rising temperature variability, we
defined changes in the lower and upper onset dates, represented by the 15% and 85%
quantiles of observed cell-enlargement/wall-thickening DOY, respectively. We then used the
lower 15" quantile and the upper 85" quantile data for both the cell-enlargement DOY and
the cell-wall-thickening DOY to construct four different Structural equation models (SEMs),
which generally enable the testing of causal processes that create variations in the onset of
cell enlargement and cell wall thickening. We fitted piecewiseSEMs to test the relative
importance of the different mechanisms represented by preseason frost days, chilling, and
forcing in driving the cell-enlargement DOY and cell-wall-thickening DOY using
“piecewiseSEM” package “. The marginal and conditional R” values, which correspond to the
variance of both the fixed and fixed plus random effects (sites and species nested within sites),
respectively, were then calculated “. We suspect that factors such as local edaphic and
topographic factors, geology and vegetational factors were features related to site-specific
random effects, which conceivably may interact with temperature variability and could be
measured in future studies. Although such factors are technically beyond the present scope
of phenological thermal optimum, we expect the inclusion of site-specific random effects to
be important both in current and many future studies of spring phenology. We tested whether
missing paths exist using Fisher’s C statistic, and it is assumed that when the Fisher’s C statistic
is larger than 0.05 missing paths in the SEM are negligible “.
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Fig. S1. Location of the study sites across the Northern Hemisphere according to biome
type and global temperature variation (Tariation, Obtained from WorldClim Global Climate
Data repository using the “bio4-temperature seasonality,” spatial resolution: 10"). A high
Tuariation Value denotes high temperature variability in certain area for years.
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Fig. S2. Scatterplots of the observed data (y) vs the average simulated data (y-p) from the posterior predictive distribution for the species-level. (a)
Cell-enlargement DOY; (b) Cell-wall thickening DOY. Dashed line represents a slope of 1.
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Fig. S3. Plot of the onset dates of cell enlargement (Cell. DOY) versus the preseason
temperature variability (PTV) over different pre-season periods. (A) Pre-season period of
20 days before the Cell. DOY. (B) Pre-season period of 40 days before the Cell. DOY. (C)
Pre-season period of 60 days before the Celle DOY. (D) Pre-season period of 80 days before
the Celle DOY. (E) Pre-season period of 100 days before the Celle DOY. (F) Pre-season period
of 120 days before the Celle DOY. (G) Pre-season period of 140 days before the Cell. DOY.
The red line indicates the Grain-in-Ear; DOY stands for “day of the year.” We obtain the
median regression with the quantile value of 0.5 (the thick blue line), which can be used as a
central regression line similar to the mean regression estimated with OLS regression.
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Fig. S4. Plot of the onset dates of wall thickening (Cell., DOY) versus the preseason
temperature variability (PTV) over different pre-season periods. (A) Pre-season period of
20 days before the Cell. DOY. (B) Pre-season period of 40 days before the Cell. DOY. (C)
Pre-season period of 60 days before the Cell, DOY. (D) Pre-season period of 80 days before
the Celly DOY. (E) Pre-season period of 100 days before the Cell. DOY. (F) Pre-season period
of 120 days before the Cells DOY. (G) Pre-season period of 140 days before the Cell, DOY.
The red line indicates the summer solstice; DOY stands for “day of the year.” We obtain the
median regression with the quantile value of 0.5 (the thick blue line), which can be used as a
central regression line similar to the mean regression estimated with OLS regression.



