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experimental studies have provided insights (Montgomery et al., 2020; 
Richardson et al., 2018a), but are limited by the fact that phenological 
behavior in controlled laboratory- and field-based warming experiments 
differs from behavior observed in natural ecosystems (Clark et al., 
2014a; Wolkovich et al., 2012). Further, the manner in which envi
ronmental conditions are perturbed in such experiments (e.g., 2 C 
warming) is not representative of climate changes expected in the 
future, which are predicted to occur gradually, but with large year-to- 
year variability (Schewe et al., 2019; Walther et al., 2002). These is
sues are compounded by the fact that the geographic sampling of data 
sets used in these studies is often limited and does not reflect the full 
biogeographic range of species examined (Richardson et al., 2013). 
Hence, geographic variation in the relative importance of different 
climate drivers on phenology, both within and across plant commu
nities, is not well understood (Piao et al., 2019). 

One widely used strategy for investigating the response of plant 
phenology to climate change is to calibrate mechanistic models using 
weather data in combination with long-term records of phenology 
collected on the ground (Basler, 2016; Fu et al., 2019) or from remote 
sensing (Liu et al., 2017; Melaas et al., 2018). In addition to thermal 
controls, photoperiod is widely assumed to control the timing of leaf 
emergence by regulating the entrance of ecodormancy, triggering 
thermal forcing to stimulate bud swelling and leaf emergence (Chuine 
et al., 2016; Jackson, 2009; Korner and Basler, 2010). Hence, many 
models include explicit representation of photoperiod (e.g., Blümel and 
Chmielewski, 2012; Masle et al., 1989; Basler, 2016; Migliavacca et al., 
2012). To capture the role of thermal forcing, mechanistic models 
generally use aggregated bioclimatic variables such as growing degree 
days or winter chilling as their primary inputs. However, Clark et al. 
(2014a) have suggested that the use of such aggregated quantities is 
problematic because values for prescribed variables required by these 
models (e.g., start date of forcing accumulation) are not identifiable. 

In recent years, data-driven models based on state-space represen
tations of phenological processes have been developed that overcome 
many of the weaknesses of both mechanistic and experimental ap
proaches (e.g., Clark et al., 2014b; Qiu et al., 2020; Senf et al., 2017; 
Seyednasrollah et al., 2018). By modeling phenological dynamics 
directly from data, these models avoid issues arising from mis
specification of functional relationships between forcing variables and 
processes that regulate phenological development (Clark et al., 2014b). 
Building on this approach, here we use a data-driven spring onset model 
in combination with gridded weather data and time series of ground- 
based and remotely sensed observations of spring greenup dates to 
explore biogeographic patterns in photoperiod and thermal controls on 
the timing of spring greenup. Specifically, we use this model to: (1) 
quantify the relative importance of thermal forcing, photoperiod, and 
winter chilling in controlling spring greenup; (2) identify the pre-season 
period when plants are sensitive to bioclimatic controls; and (3) char
acterize how covariance among thermal forcing, photoperiod, and the 
length of the pre-season period control the biogeography of spring 
greenup in deciduous forests of eastern temperate and boreal North 
America. 

2. Methods 

2.1. Study region 

The study region includes the Northern Forests and Eastern 
Temperate Forest ecoregions included in Level I of the US EPA Ecor
egions of North America (Fig. A1). To distinguish deciduous forests from 
evergreen forests and other land cover types within the study area, the 
500 m Collection 6 MODIS Land Cover Type product was used. This 
product provides annual land cover maps based on machine learning 
that are post-processed using a multi-temporal state-space modeling 
framework that reduces spurious land cover change introduced by 
classification uncertainty in individual years (Abercrombie and Friedl, 

2016; Sulla-Menashe et al., 2019). 
The continuous development spring onset model (Section 2.3) is 

estimated on an equal-area grid, where each grid cell is 4.67 km 4.67 
km (10 10 MODIS pixels; ~22 km2). In each grid cell, only pixels 
labeled as deciduous broadleaf or mixed forests throughout the entire 
study period from 2001 to 2017 were included in the analysis. To ensure 
analyses were based on grid cells dominated by deciduous forest cover, 
we excluded model grid cells where the fraction of MODIS pixels labeled 
as deciduous broadleaf or mixed forests was less than 50% (Fig. A1). 

2.2. Spring greenup and meteorological data 

To identify the timing of springtime leaf emergence from 2001 to 
2017, we used the Collection 6 MODIS Land Cover Dynamics product 
(MCD12Q2; Gray et al., 2019). This product uses time series of the two- 
band Enhanced Vegetation Index (EVI2) to identify the timing of six key 
phenophase transition dates during each growing season in each 500-m 
MODIS pixel. Numerous studies have reported that this product provides 
a reliable measure of vegetation phenology (Moon et al., 2019; 
Richardson et al., 2018b) and seasonal changes in ecological function 
and surface biophysical characteristics (Melaas et al., 2013; Moon et al., 
2020). For this analysis, we use the MCD12Q2 ‘greenup metric, which is 
defined by the Land Cover Dynamics product as the day of year (DOY) 
during the greenup phase in spring when the EVI2 time series at each 
pixel crosses 15% of its seasonal amplitude (Gray et al., 2019). 

To provide the meteorological data required for model estimation, 
we used the Version 3 Daymet dataset for North America (Thornton 
et al., 2017) (https://daymet.ornl.gov). This data set uses digital 
elevation data in association with a land-water mask and meteorological 
observations collected at ground-based stations to create gridded time 
series of surface meteorological fields at daily time step and 1 km spatial 
resolution for the period 1980 to present. For this work, we used daily 
maximum and minimum 2-m air temperatures from 2000 to 2017 along 
with day-length, resampled to 500 m and co-registered to the MODIS 
data over all grid cells included in our analysis. 

2.3. Continuous Development Spring Onset Model 

To estimate the sensitivity of different climatological controls on 
springtime phenology, we developed a continuous development spring 
onset model (hereafter, CDSOM) based on a hierarchical Bayesian 
framework that predicts the timing of springtime greenup using three 
drivers: photoperiod, thermal forcing, and chilling units. The original 
form of this model was proposed by Clark et al. (2014b), who used the 
same general approach to show that because conventional process-based 
phenology models (e.g., Hufkens et al., 2018.) aggregate daily air tem
perature time series into cumulative sums or mean values for each year 
or season, they misrepresent how thermal forcing controls the timing of 
phenology. 

Similar to Clark et al. (2014b), the CDSOM we use here tracks the 
continuous response of phenological development to variation in envi
ronmental controls at daily time step. To do this, the model uses a state- 
space framework that includes an unobservable latent state (h), which 
responds continuously to environmental controls and captures ecolog
ical responses to bioclimatic forcing: 

(1)  

where hg, s, d is the latent state for grid cell g and sample (i.e., pixel) s on 
day d. In this framework, hg, s, d is the increment in h from day d to day d 

1, which is estimated using: 

(2)  

where Xg, s, d is a matrix of predictor variables that includes the daily 
mean temperature (Tg, s, d), day-length (i.e., photoperiod; Lg, s, d), and 
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chilling units (CUg, s; defined below) on each day, and where daily mean 
temperature is computed as the average of daily maximum and mini
mum temperatures from Daymet in each 500 m MODIS pixel. g is a 
vector of estimated model coefficients for each grid cell (g), and hmax is 
the final state value of h, which is prescribed to be 100. Note that: (1) 
even though a linear formulation is used to describe the relationship 
between model predictors and coefficients, the model accommodates 
nonlinear responses in phenological responses to environmental con
trols using an asymptotic limit for the latent state (i.e., hg, s, d/hmax); and 
(2) the latent state increment is always non-negative. 

To convert the continuous scale of the latent state (h) into a form that 
identifies discrete phenological events (i.e., the timing of spring greenup 
onset), a logit transformation is used: 

(3)  

where Pg, s, d is the probability that the onset occurs at sample pixel s in 
grid g on day d, and and are the intercept and slope of the trans
formation, respectively. Because greenup onset is defined to be a 
discrete event, Pg, s, d follows a Bernoulli distribution: 

(4)  

where Yg, s, d indicates whether or not greenup onset has occurred for 
sample s in grid g on day d. 

Following convention, chilling units (CUg, s) were defined as: 

(5) 

Hence, CUg, s is defined as the number of days below prescribed 
threshold Tb during the period after the onset of dormancy until an 
unobserved date cg, s when the chilling requirement is satisfied. Previous 
studies have suggested that boreal and temperate tree species respond to 
air temperatures ranging from 5 to 10 C as a threshold for chilling 
requirements (Hanninen et al., 2019). Here we used 0 C because the 
study area covers a large range of climate conditions. Further, and more 
importantly, sensitivity analyses revealed that model results were not 
sensitive to variation in Tb (not shown), which is supported by results 
indicating that chilling control on the timing of greenup is minor (see 
Results). 

2.4. CDSOM estimation 

As we described above, the CDSOM was estimated using a regular 
grid, with each grid cell composed of 100 MODIS pixels. We excluded all 
pixels with more than one land cover type label between 2001 and 2017 
(i.e., that nominally experienced change) and excluded all cells that 
were composed of less than 50% deciduous or mixed forests. Because the 
CDSOM is computationally expensive, we used a two-stage sampling 
approach to estimate the model for randomly selected grid cells in each 
of the 13 MODIS tiles that intersect the study region. In the first stage, 
we randomly sampled grid cells within each MODIS tile that met the 
criteria listed above. If less than 300 valid grid cells were available 
within a tile, we included all valid grid cells. If more than 300 grid cells 
were available in a tile, we randomly selected a sample of 300 cells. In 
the second stage, we randomly selected MODIS pixels located in each 
grid cell across time. To minimize the impact of spatial and temporal 
correlation, we used a sub-sample of 100 pixel-years (i.e., 100 unique 
greenup dates randomly selected across 17 years) to estimate a unique 
model for each cell. Each sample was selected from a total pool of be
tween 850 and 1700 sample points (i.e., 50 100 pixels per year in each 
grid across 17 years). 

For each year, December 1st of the previous year and DOY 250 
(~Sept. 7) of the current year were used as the start and end dates of 
latent state development, respectively. Posterior sampling was per
formed using the R2jags package in R (Su and Yajima, 2015), with 

10,000 iterations and 3000 burn-in periods. As a final step, to reduce 
noise in our results, we excluded grid cells where estimated model co
efficients were outside 95% of the range of estimated model coefficients 
across all grid cells. This yielded a final data set consisting of 1685 grid 
cells with valid results. 

Model results from a representative grid cell are shown in Fig. 1. 
Overall, predicted onset dates are well aligned with observed onset dates 
at this grid cell, with a root-mean-square error (RMSE) of 3.7 days across 
the time series (Fig. 1a). Because the input forcing data are normalized 
prior to model estimation (i.e., having a mean of 0 and a standard de
viation of 1 for each of the input variables in each grid g and sample s), 
the posterior distributions for each model coefficient, which reflect the 
dependence of phenological development on each input variable, show 
differences that are independent of the magnitude or units of each input 
variable (Fig. 1b). Time series of the latent state generated by the model 
(Fig. 1c) provide information regarding the timing and duration of the 
pre-season period prior to greenup onset. This period has been previ
ously described as as the most temperature-sensitive period preceding 
the phenological event (Güsewell et al., 2017) or the period before leaf 
unfolding for which the partial correlation coefficient between leaf 
unfolding and air temperature is highest (Fu et al., 2015). Here we 
define this period as corresponding to the time interval when pheno
logical development is affected by bioclimatic forcing, and we use the 
CDSOM to identify the pre-season period as starting on the DOY when 
the latent state variable (h) starts to increase and ending on the DOY 
when greenup onset occurs (i.e., the period indicated by the arrow in 
Fig. 1c). 

2.5. Quantifying the relative importance of bioclimatic forcing variables 

To address our goal of quantifying the relative importance (and 
geographic variation thereof) among bioclimatic controls on the timing 
of springtime phenology, we compute a normalized index with values 
that range from 1 to 1 that captures this effect. Because each of the 
input variables in each grid g and sample s have been normalized to have 
a mean of 0 and a standard deviation of 1, model coefficients can be 
directly compared to assess the relative importance of each control 
variable. To quantify this, we calculated the relative importance (RI) of 
each control variable relative to each other variable using a normalized 
index computed from CDSOM model results. For example, to compute 
the relative importance of photoperiod versus thermal forcing in any 
given grid cell, we computed: 

(6)  

where T and L are the average model coefficients for thermal forcing 
and photoperiod (respectively) during the pre-season period, which are 
estimated for each grid cell by the CDSOM. 

2.6. CDSOM assessment and comparison with conventional phenology 
models 

To provide a baseline comparison against previously developed and 
widely used springtime phenology models (hereafter, the ‘conventional 
models ), we compared results from the CDSOM with four widely used 
process-based phenology models included in the phenor package in R 
(Hufkens et al., 2018). Specifically, we compared our results against the 
thermal time (TT) model, the photo-thermal time (PTT) model, the 
exponential photo-thermal time model (M1), and the alternating (AT) 
model, as described by Hufkens et al. (2018). These models are funda
mentally different from the CDSOM in that they assume a linear rela
tionship between spring thermal forcing and the rate of phenological 
development, and that spring onset occurs when accumulated forcing 
(after a prescribed start date) reaches a critical threshold (F*). The TT 
model relies only on thermal forcing (daily air temperature in each 
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M O DI S pi x el, T g , s, d ) wit h n o a d diti o n al i n p ut s. I n t hi s m o d el, t h e st at e of 

f or ci n g (S f) i n c r e a s e s e a c h d a y u ntil F * i s r e a c h e d, w h e n l e a v e s e m er g e 

(C h ui n e et al., 1 9 9 9 ; H u nt er a n d L e c h o wi c z, 1 9 9 2 ): 

R
(
T g ,s,d

)
=

{
0 f or Tg ,s,d ≤ T b

T g ,s,d − T b f o r Tg ,s,d ≥ T b
( 7)  

S f =
∑ t

t0

R
(
T g ,s,d

)
( 8)  

w h e r e t0 i s t h e st a rt e d at e. F or c o n si st e n c y wit h t h e C D S O M, w e s et t0 
a n d T b t o D e c e m b e r 1 st a n d 0 ◦ C, r e s p e cti v el y. T h e P T T m o d el i n cl u d e s 

d a y-l e n gt h (i. e., p h ot o p eri o d; L g , s, d ) a s a n a d diti o n al f a ct or t h at r e g u -

l at e s t h e r at e of t h er m al f or ci n g (Č r e pi n š e k et  al., 2 0 0 6 ; M a sl e et al., 

1 9 8 9 ): 

S f =
∑ t

t0

R
(
T g ,s,d

)
×

L g ,s,d

2 4
( 9) 

T h e e x p o n e nti al M 1 m o d el al s o i n cl u d e s p h ot o p eri o d, b ut tr e at s t h e 

r el ati o n s hi p b et w e e n p h ot o p eri o d a n d S f a s a n e x p o n e nti al ( Bl ü m el a n d 

C h mi el e w s ki, 2 0 1 2 ): 

S f =
∑ t

t0

R
(
T g ,s,d

)
×

(
L g ,s,d

2 4

) k

( 1 0)  

w h e r e k i s  a n  e m piri c all y  e sti m at e d  c o n st a nt.  Fi n all y,  t h e  A T  m o d el 

i n cl u d e s  t h e  n u m b er  of  d a y s  w h e n  t h e  d ail y  m e a n  t e m p er at ur e  f all s 

b el o w T b (i. e., t h e n u m b er of c hilli n g d a y s; N C D), a n d tr e at s N C D a s a n 

e x p o n e nti al  f u n cti o n  t h at  r e d u c e s  t h e  t h er m al  f or ci n g  a c c u m ul ati o n 

r e q uir e d f or s pri n g o n s et t o o c c ur ( C a n n ell a n d S mit h, 1 9 8 3 ): 

F * = a + b × e x p [c × N C D (t) ] ( 1 2)  

w h er e a , b ,  a n d c ar e  e m piri c all y  e sti m at e d  c o n st a nt s,  a n d  N C D( t)  i s 

d e fl n e d  a s  t h e  n u m b er  of  c hilli n g  d a y s  si n c e  D e c e m b er  1 st.  A  t a bl e 

s u m m ari zi n g t h e v ari a bl e s a n d m ai n c h ar a ct eri sti c s of t h e C D S O M a n d 

c o n v e nti o n al m o d el s i s pr o vi d e d a s a n a p p e n di x ( T a bl e A 1 ). 

F or  t hi s  a n al y si s,  w e  a s s e s s e d  m o d el  p erf or m a n c e  f or  b ot h  t h e 

C D S O M  a n d t h e  c o n v e nti o n al  m o d el s i n t w o  w a y s.  Fir st,  w e a s s e s s e d 

r e s ult s fr o m m o d el- b a s e d pr e di cti o n s f or t h e ti mi n g of s pri n g gr e e n u p 

b a s e d o n all a v ail a bl e y e ar s (fr o m 2 0 0 1 t o 2 0 1 7). S e c o n d, t o pr o vi d e a 

m or e r o b u st a s s e s s m e nt of m o d el p erf or m a n c e, w e h el d o ut t w o y e ar s 

( 2 0 1 0 a n d 2 0 1 2) wit h a n o m al o u sl y w ar m s pri n g s i n m u c h of t h e st u d y 

r e gi o n ( Fri e dl et al., 2 0 1 4 ), a n d e v al u at e d m o d el p erf or m a n c e f or e a c h 

of t h e s e y e ar s. I n t hi s w a y, w e w er e a bl e t o a s s e s s n ot o nl y h o w w ell t h e 

m o d el s  p erf or m e d  u n d er  a v er a g e  c o n diti o n s,  b ut  al s o  h o w  w ell  t h e y 

p erf or m e d u n d er u n u s u al s pri n gti m e w e at h er c o n diti o n s t h at w er e n ot 

r e pr e s e nt e d i n t h e d at a u s e d t o e sti m at e t h e m o d el s. 

2. 7.  C D S O M esti m ati o n usi n g gr o u n d- b as e d o bs er v ati o ns 

A s a fl n al el e m e nt of o ur a n al y si s, t o c o m pl e m e nt m o d el r e s ult s b a s e d 

o n r e m ot el y s e n s e d gr e e n u p d at e s a n d t o pr o vi d e a n i n d e p e n d e nt b a si s 

f or a s s e s si n g t h e r e ali s m a n d r o b u st n e s s of o ur r e s ult s, w e e sti m at e d t h e 

C D S O M u si n g ti m e s eri e s of l e af u nf ol di n g d at e s f or cl o n e d lil a c ( S yri n g a 

x c hi n e nsis ‘ R e d R ot h o m a g e n si s’) (R o s e m arti n et al., 2 0 1 5 ). B y a p pl yi n g 

t h e m o d el t o d at a fr o m cl o n e d pl a nt s, g e n eti c v ari a bilit y i s eli mi n at e d, 

a n d w hi c h all o w s u s t o i n v e sti g at e h o w diff er e n c e s i n t h e ti mi n g of l e af 

u nf ol di n g  b et w e e n  diff er e nt  i n di vi d u al s  ar e  c a u s e d  b y  diff er e n c e s  i n 

l o c al e n vir o n m e nt al c o ntr ol s. U nli k e o ur a p pr o a c h u si n g M O DI S s pri n g 

gr e e n u p d at e s, t h e m o d el i s e sti m at e d b y p o oli n g sit e- y e ar s a cr o s s t h e 

r e gi o n b e c a u s e t h e n u m b er of lil a c l e af- o ut d at e s f or e a c h l o c ati o n i s t o o 

s m all t o a c c ur at el y e sti m at e m o d el s f or e a c h sit e. T h e d at a s et i n cl u d e s 

2 5 4  l e af  u nf ol di n g  d at e s  fr o m  6 0  l o c ati o n s  a cr o s s  t h e  st u d y  r e gi o n, 

s p a n ni n g t h e p eri o d fr o m 2 0 0 1 t o 2 0 0 8 ( Fi g. A 1 ). F or r e a s o n s w e e x pl ai n 

Fi g. 1. M o d el r e s ult s f or a r a n d o ml y s el e ct e d gri d c ell. ( a) R el ati o n s hi p b et w e e n t h e gr e e n u p o n s et d at e s fr o m M O DI S a n d o n s et d at e s e sti m at e d b y t h e m o d el. ( b) 

T h e di stri b uti o n of m o d el c o ef fl ci e nt s f or e a c h c o ntr ol v ari a bl e (i. e., t h e r el ati v e d e p e n d e n c e o n e a c h cli m at e c o ntr ol; T h er m.: t h er m al f or ci n g; P h ot o.: p h ot o p eri o d; 

C hill.: c hilli n g u nit s). ( c) Ti m e s eri e s of t h e l at e nt st at e (r e d li n e) a n d t h e l e n gt h of t h e pr e- s e a s o n (i d e nti fi e d b y t h e h ori z o nt al arr o w). I n p a n el ( a), e a c h d ot (t ot al n =

1 0 0) r e pr e s e nt s a n i n di vi d u al pi x el- y e ar s a m pl e d fr o m t h e gri d c ell c o m pri s e d of 1 0 b y 1 0 M O DI S pi x el s a cr o s s 1 7 y e ar s of t h e st u d y p eri o d (i. e., 1 0 0 o ut of t h e t ot al 

1 7 0 0 pi x el- y e ar s). ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.) 
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b el o w, w e str ati fl e d t h e d at a s et i nt o ‘ w ar m ’ v er s u s ‘ c ol d ’ sit e s b a s e d o n 

w h et h er t h e m e a n a n n u al t e m p er at ur e at e a c h sit e i s a b o v e or b el o w 

1 0 ◦ C. B a s e d o n t hi s str ati fl c ati o n, t h e m o d el w a s a p pli e d t o 1 8 2 a n d 7 2 

l e af u nf ol di n g d at e s f or t h e c ol d er a n d w ar m er r e gi o n s, r e s p e cti v el y. 

3.  R e s ult s 

T h e  C D S O M  a c c ur at el y  pr e di ct s  bi o g e o gr a p hi c  a n d  i nt er a n n u al 

v ari ati o n i n t h e ti mi n g of s pri n gti m e gr e e n u p a cr o s s t h e st u d y r e gi o n. 

T h e m e di a n R M S E b et w e e n pr e di ct e d a n d o b s er v e d s pri n g gr e e n u p d at e s 

w a s 4. 6 d a y s ( Fi g. 2 ), w hi c h i s r o u g hl y e q ui v al e nt t o t h e u n c ert ai nt y i n 

s pri n g  gr e e n u p  d at e s  e sti m at e d  fr o m  M O DI S  ( M o o n  et  al.,  2 0 1 9 ).  I n-

s p e cti o n of r e s ult s fr o m t h e c o n v e nti o n al s pri n g o n s et m o d el s s h o w t h at 

m e di a n R M S E s w er e ~ 2 0 % l ar g er ( ~ 5. 5 d a y s v s. 4. 6 d a y s) r el ati v e t o 

t h o s e o bt ai n e d fr o m t h e C D S O M (Fi g. 2 b). F urt h er, R M S E s f or y e ar s wit h 

a n o m al o u s s pri n g s ( 2 0 1 0 a n d 2 0 1 2) w er e u n c h a n g e d f or t h e C D S O M, 

b ut i n cr e a s e d b y r o u g hl y 2 d a y s f or c o n v e nti o n al m o d el s w h e n 2 0 1 0 a n d 

2 0 1 2 w er e e x cl u d e d d uri n g m o d el e sti m ati o n ( Fi g. 3 ). F or c o m pl et e n e s s, 

Fi g. A 2 s h o w s t h e r el ati o n s hi p b et w e e n a n o m ali e s i n M O DI S gr e e n u p 

d at e s a n d a n o m ali e s i n pr e di ct e d o n s et s et d at e s, a n d d e m o n str at e s t h at 

t h e C D S O M o ut p erf or m s t h e c o n v e nti o n al m o d el s i n c a pt uri n g y e ar-t o- 

y e ar  v ari ati o n s  i n  s pri n g  o n s et  d at e s.  T h e s e  r e s ult s  s u g g e st  t h at  t h e 

C D S O M n ot o nl y pr o vi d e s m or e a c c ur at e pr e di cti o n s of gr e e n u p r el ati v e 

t o  pr e di cti o n s  fr o m  c o n v e nti o n al  p h e n ol o g y  m o d el s,  b ut  t h at  t h e 

C D S O M m or e eff e cti v el y c a pt ur e s t h e i m p a ct of g e o gr a p hi c a n d y e ar-t o- 

y e ar v ari ati o n i n bi o cli m ati c c o ntr ol s. M or e g e n er all y, t h e a c c ur a c y of 

C D S O M r e s ult s i n di c at e s t h at t h e m o d el r e ali sti c all y c a pt ur e s t h e n at ur e 

a n d  m a g nit u d e  of  e c o p h y si ol o gi c al  r e s p o n s e s  t o  i nt er a n n u al  a n d 

bi o g e o gr a p hi c v ari ati o n i n cli m at e c o ntr ol s t h at r e g ul at e t h e ti mi n g of 

gr e e n u p. 

T h e d e p e n d e n c e of s pri n g gr e e n u p o n t h er m al f or ci n g e sti m at e d b y 

t h e  C D S O M  i s  hi g h er  i n  N ort h er n  F or e st s  t h a n  i n  E a st er n  T e m p er at e 

f or e st s (Fi g. 4 ), b ut o v er all diff er e n c e s, w hil e st ati sti c all y si g ni fl c a nt, ar e 

m o d e st  ( Fi g. 4 d).  I n  c o ntr a st, d e p e n d e n c e  o n p h ot o p eri o d c o ntr ol  e x -

hi bit s  s y st e m ati c  g e o gr a p hi c  v ari ati o n  a cr o s s  t h e  st u d y  d o m ai n,  wit h 

l ar g e diff er e n c e s  b et w e e n  e a c h e c or e gi o n.  E a st er n T e m p er at e F or e st s, 

w hi c h  ar e  w ar m er,  s h o w  s u b st a nti all y  hi g h er  d e p e n d e n c e  o n 

p h ot o p eri o d r el ati v e t o t h e N ort h er n F or e st s e c or e gi o n, w hi c h i s m u c h 

c o ol er  ( Fi g.  4 b  a n d  d).  T hi s  diff er e n c e  i s  e s p e ci all y  pr o n o u n c e d  i n 

E a st er n  C a n a d a  w h er e  d e p e n d e n c e  o n  p h ot o p eri o d  i s  l o w,  v er s u s  t h e 

S o ut h er n  U nit e d  St at e s,  w h er e  p h ot o p eri o d  d e p e n d e n c e  i s  hi g h. 

D e p e n d e n c e  of  s pri n g  o n s et  o n  c hilli n g  u nit s  i s  u nif or ml y  l o w 

t hr o u g h o ut  t h e  st u d y  r e gi o n,  w hi c h  i n di c at e s  t h at  t h e  i n fi u e n c e  of 

c hilli n g c o ntr ol, r el ati v e t o p h ot o p eri o d a n d t h er m al f or ci n g, i s eff e c -

ti v el y n e gli gi bl e (Fi g. 4 c a n d d). 

G e o gr a p hi c p att er n s i n t h e RI of p h ot o p eri o d v er s u s t h er m al f or ci n g 

i n di c at e s  t h at  p h ot o p eri o d  e x ert s  pr o p orti o n all y  m or e  c o ntr ol  o n  t h e 

ti mi n g of s pri n g gr e e n u p i n w ar m er r e gi o n s, w hil e t h er m al f or ci n g e x -

ert s pr o p orti o n all y m or e c o ntr ol i n c ol d er r e gi o n s ( Fi g. 5 a). B y pl otti n g 

t h e RI i n cli m at e s p a c e (i. e., a s a f u n cti o n of m e a n a n n u al t e m p er at ur e 

a n d  pr e ci pit ati o n)  ( Fi g.  5 b),  t h e p att er n  b e c o m e s  e v e n m or e cl e ar. I n 

r e gi o n s w h er e m e a n a n n u al t e m p er at ur e i s a b o v e ~ 1 0 ◦ C, p h ot o p eri o d 

e x ert s  str o n g er  c o ntr ol  o n  t h e  ti mi n g  of  s pri n g  gr e e n u p  t h a n  t h er m al 

f or ci n g. C o n v er s el y, i n r e gi o n s w h er e m e a n a n n u al t e m p er at ur e i s l e s s 

t h a n ~ 1 0 ◦ C, t h e r m al f o r ci n g i s m or e i m p ort a nt. RI v al u e s n e ar t h e 1 0 ◦ C 

i s ot h e r m i n m e a n a n n u al t e m p er at ur e ar e g e n er all y cl o s e t o z er o, i n di-

c ati n g e q u al i n fi u e n c e of t h er m al f or ci n g a n d p h ot o p eri o d ( pl ott e d a s 

p ur pl e p oi nt s i n Fi g. 5 ). T h e s e r e s ult s s u g g e st t h at t h e 1 0 ◦ C i s ot h e r m i n 

m e a n a n n u al t e m p er at ur e i d e nti fi e s a tr a n siti o n z o n e b et w e e n r e gi o n s 

w h er e t h er m al f or ci n g v er s u s p h ot o p eri o d i s m or e d o mi n a nt. 

R e s ult s fr o m a p pl yi n g C D S O M t o gr o u n d- b a s e d o b s er v ati o n s of l e af 

u nf ol di n g d at e s f or cl o n e d lil a c r e v e al t h at e v e n t h o u g h t h e i n di vi d u al 

lil a c  pl a nt s  ar e  g e n eti c all y  i d e nti c al,  t h e  r el ati v e  d e p e n d e n c e  of  l e af 

u nf ol di n g d at e s o n t h er m al f or ci n g v er s u s p h ot o p eri o d d e p e n d s o n l o c al 

bi o cli m ati c c o n diti o n s ( Fi g. 6 ). C o n si st e nt wit h pr e vi o u s st u di e s ( B a sl er 

a n d  K ö r n e r,  2 0 1 2 ; S c h w art z  et  al.,  2 0 0 6 ),  m o d el  c o ef fi ci e nt s  a n d RI 

v al u e s i n di c at e t h at l e af u nf ol di n g i n cl o n e d lil a c d e p e n d s m or e str o n gl y 

o n t h er m al f or ci n g t h a n o n p h ot o p eri o d, irr e s p e cti v e of l o c ati o n. H o w -

e v er,  t h er m al  c o ntr ol  i s  str o n g er  i n  c ol d er  r e gi o n s  a n d RI v al u e s  ar e 

si g ni fi c a ntl y  s m all er  (i. e.,  t h er m al  c o ntr ol  i s  l e s s  d o mi n a nt)  i n  w ar m 

sit e s  t h a n  i n  c ol d  sit e s.  I n  a d diti o n,  c o m p ari s o n  of  cl o n e d  lil a c  d at a 

a g ai n st  gr e e n u p  d at e s  fr o m  M O DI S  f or  t h e  s a m e  l o c ati o n  s h o w  t h at 

M O DI S  gr e e n u p d at e s  ar e  bi a s e d  l at e r el ati v e t o  lil a c  u nf ol di n g d at e s 

(Fi g. A 3 ), e s p e ci all y i n w ar m er ar e a s wit h e arli er gr e e n u p d at e s, w hi c h 

Fi g. 2. C o nti n u o u s D e v el o p m e nt S pri n g O n s et M o d el ( C D S O M) p erf or m a n c e. ( a) G e o gr a p hi c v ari ati o n i n m o d el r o ot- m e a n- s q u ar e err or ( R M S E) b et w e e n gr e e n u p 

o n s et d at e s o b s er v e d fr o m M O DI S a n d o n s et d at e s pr e di ct e d b y t h e C D S O M m o d el. ( b) B o x pl ot s s h o wi n g t h e di stri b uti o n of R M S E s f or t h e C D S O M m o d el a n d f o ur 

wi d el y u s e d c o n v e nti o n al s pri n g gr e e n u p m o d el s. M 1: T h e e x p o n e nti al p h ot o-t h er m al ti m e m o d el; P T T: T h e p h ot o-t h er m al ti m e m o d el; T T: T h e t h er m al ti m e m o d el; 

A T: T h e alt er n ati n g m o d el. I n p a n el ( b), b o x pl ot s ar e pr e s e nt e d i n i n cr e a si n g or d er of m a g nit u d e wit h r e s p e ct t o m e a n R M S E. 
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s u p p ort s t h e c o n cl u si o n t h at lil a c s ar e s e n siti v e t o t e m p er at ur e. 

Fi n all y, r e s ult s fr o m t h e C D S O M r e v e al p att er n s of c o v ari a n c e a m o n g 

pr e- s e a s o n p eri o d l e n gt h, p h ot o p eri o d, a n d t h er m al f or ci n g t h at j oi ntl y 

c o ntr ol  t h e  ti mi n g  of  gr e e n u p  t h at  ar e  n ot  c a pt ur e d  i n  c o n v e nti o n al 

m o d el s. I n p arti c ul ar, g e o gr a p hi c v ari ati o n i n t h e pr e- s e a s o n p eri o d i s 

str o n gl y  a n d  n e g ati v el y  c orr el at e d  wit h  g e o gr a p hi c  v ari ati o n  i n  t h e 

r el ati v e  i m p ort a n c e  of  p h ot o p eri o d  o n  s pri n g  gr e e n u p. Fi g.  7 b  s h o w s 

t h at t hi s r el ati o n s hi p f oll o w s a p o w er l a w, w h er e p h ot o p eri o d c o ntr ol 

d e cr e a s e s ( R 2 = 0. 7 0, p < 0. 0 0 1) a s t h e l e n gt h of t h e pr e- s e a s o n p eri o d 

i n cr e a s e s. Fi g.  7 b  al s o  r e v e al s  m o d e st  h et er o s c e d a sti cit y  i n  t h e  r el a -

ti o n s hi p  b et w e e n  pr e- s e a s o n  p eri o d  l e n gt h  a n d  p h ot o p eri o d  c o ntr ol, 

w hi c h r e fl e ct s t h e f a ct t h at s pri n g gr e e n u p i n l o c ati o n s wit h c o ol er m e a n 

a n n u al t e m p er at ur e s a n d l o n g er pr e- s e a s o n s h a v e l o w er d e p e n d e n c e o n 

p h ot o p eri o d  a n d  hi g h er  d e p e n d e n c e  o n  t h er m al  f or ci n g  ( Fi g.  5 ).  I n 

c o ntr a st, t h e r el ati o n s hi p b et w e e n pr e- s e a s o n p eri o d a n d d e p e n d e n c e o n 

t h er m al f or ci n g i s st ati sti c all y si g ni fl c a nt, b ut m u c h w e a k er ( R 2 = 0. 1 3; 

Fi g. A 4 ). 

4.  Di s c u s si o n 

W e  a s s e s s e d  t h e  r el ati v e  i m p ort a n c e  of  p h ot o p eri o d,  c hilli n g,  a n d 

t h er m al f or ci n g i n c o ntr olli n g t h e ti mi n g of l e af e m er g e n c e i n E a st er n 

T e m p er at e a n d B or e al F or e st e c or e gi o n s of N ort h A m eri c a. T o d o t hi s, 

w e u s e d a hi er ar c hi c al B a y e si a n m o d el i n c o m bi n ati o n wit h ti m e s eri e s 

of  l a n d  s urf a c e  p h e n ol o g y  m e a s ur e m e nt s  fr o m  r e m ot e  s e n si n g.  T h e 

f or m er pr o vi d e s a d at a- dri v e n fr a m e w or k f or i n v e sti g ati n g h o w diff er e nt 

bi o cli m ati c c o ntr ol s i n fl u e n c e t h e ti mi n g of l e af e m er g e n c e ( Cl ar k et al., 

2 0 1 4 b ; S e y e d n a sr oll a h  et  al.,  2 0 2 0 );  t h e  l att er  pr o vi d e s  a  r o b u st  a n d 

r e p e at a bl e m e a n s of m e a s uri n g a n d m o nit ori n g p h e n ol o gi c al d y n a mi c s 

o v er l ar g e ar e a s ( B olt o n et al., 2 0 2 0 ; Z h a n g et al., 2 0 1 8 ). 

T h e c or e h y p ot h e s e s t h at m oti v at e t hi s r e s e ar c h i n cl u d e t w o m ai n 

el e m e nt s. Fir st, t h e e c o p h y si ol o gi c al pr o c e s s e s t h at c o ntr ol l e af e m er -

g e n c e  r e s p o n d  c o nti n u o u sl y  t o  v ari ati o n  i n  e n vir o n m e nt al  c o ntr ol s 

t hr o u g h o ut pr e- s e a s o n p eri o d pri or t o gr e e n u p i n a m a n n er t h at i s n ot 

r e pr e s e nt e d i n c o n v e nti o n al m o d el s ( Cl ar k et al., 2 0 1 4 b ). S e c o n d, r at h er 

t h a n si m pl y a cti n g a s a c u e f or e nt eri n g e c o d or m a n c y, p h ot o p eri o d e x -

ert s c o nti n u o u s c o ntr ol o n t h e ti mi n g of gr e e n u p d uri n g t h e pr e- s e a s o n 

p eri o d. T h e r e s ult s pr e s e nt e d i n t hi s st u d y s u g g e st t h at b ot h h y p ot h e -

s e s  ar e  s u p p ort e d.  T h e  pr e s e a s o n  p eri o d,  w hi c h  c orr e s p o n d s  t o  t h e 

p eri o d w h e n t h e C D S O M l at e nt st at e v ari a bl e ( h ) r e s p o n d s t o bi o cli m ati c 

f or ci n g (Fi g. 1 c), r a n g e s fr o m r o u g hl y 2 – 1 2 w e e k s o v er t h e st u d y d o m ai n 

(Fi g. 7 a). T hr o u g h o ut t hi s p eri o d, c h a n g e s i n h r e fi e ct t h e n et eff e ct of 

d ail y  c h a n g e s  t h er m al  a n d  p h ot o p eri o d  c o ntr ol s.  B y  e sti m ati n g  t h e 

m o d el i n a s p ati all y e x pli cit f a s hi o n o v er a l ar g e g e o gr a p hi c a n d cli m ati c 

r a n g e,  C D S O M  r e s ult s  pr o vi d e  a n  e m piri c al  b a si s  f or  q u a ntif yi n g  n ot 

o nl y h o w t h er m al f or ci n g a n d p h ot o p eri o d i n di vi d u all y a n d j oi ntl y i n -

fi u e n c e t h e ti mi n g of gr e e n u p, b ut m or e g e n er all y, h o w t h e l e n gt h of t h e 

pr e s e a s o n p eri o d a n d r el ati v e i m p ort a n c e of p h ot o p eri o d v er s u s t h er m al 

f or ci n g v ar y o v er t h e st u d y d o m ai n. 

C o n v e nti o n al  m o d el s  c ali br at e d  u si n g  l o n g-t er m  o b s er v ati o n s  of 

p h e n ol o gi c al e v e nt s s u c h a s t h o s e u s e d i n t hi s st u d y h a v e b e e n wi d el y 

u s e d t o si m ul at e a n d f or e c a st p h e n ol o gi c al e v e nt s f or d e c a d e s ( C h ui n e 

a n d R é g ni è r e, 2 0 1 7 ). Li k e t h e C D S O M, t h e s e m o d el s g e n er all y u s e air 

t e m p er at ur e, p h ot o p eri o d, a n d c hilli n g u nit s i n diff er e nt c o n fi g ur ati o n s 

a n d c o m bi n ati o n s t o p ar a m et eri z e t h e r e s p o n s e of pl a nt s t o bi o cli m ati c 

c o ntr ol s a n d pr e di ct t h e ti mi n g of p h e n o p h a s e tr a n siti o n s ( B a sl er, 2 0 1 6 ; 

H uf k e n s et al., 2 0 1 8 ). H o w e v er, a s w e d e s cri b e d pr e vi o u sl y, Cl ar k et al. 

( 2 0 1 4 a,  2 0 1 4 b) ar g u e  t h at  m o st  c o n v e nti o n al  p h e n ol o g y  m o d el s  ar e 

f u n d a m e nt all y li mit e d b e c a u s e: ( 1) t h e y a g gr e g at e m e a s ur e m e nt s wit h 

s u b st a nti al d a y-t o- d a y v ari a bilit y o v er p eri o d s of w e e k s-t o- m o nt h s i nt o 

si n gl e  p ar a m et er s  a n d  t h er ef or e  d o  n ot  c a pt ur e  h o w  s h ort-t er m  v ari -

a bilit y i n c o ntr ol v ari a bl e s i n fi u e n c e s t h e ti mi n g of l e af e m er g e n c e; ( 2) 

t h e y r el y o n p ar a m et er s t h at ar e n ot i d e nti fi a bl e; a n d ( 3) t h e y d o n ot 

a c c o u nt f or u n c ert ai nt y i n m o d el pr e di ct or s or l e af e m er g e n c e d at a. A s a 

s ol uti o n, H ä n ni n e n et al. ( 2 0 1 9) ar g u e t h at c ar ef ull y d e si g n e d f a ct ori al 

e x p eri m e nt s pr o vi d e t h e m o st r o b u st b a si s f or i m pr o vi n g u n d er st a n di n g 

of pr o c e s s e s t h at c o ntr ol l e af e m er g e n c e, a n d h e n c e, f or d e v el o pi n g a n d 

t e sti n g  pr o c e s s- b a s e d  m o d el s.  H o w e v er,  i m pl e m e nti n g  s u c h  st u di e s  i s 

dif fi c ult a n d e x p e n si v e, a n d c oll e cti n g s uf fi ci e nt s a m pl e d at a t o s u p p ort 

r o b u st  a n d  g e n er ali z a bl e  m o d el s  i s  g e n er all y  n ot  p o s si bl e.  R e fl e cti n g 

t h e s e  c h all e n g e s,  r e s ult s  fr o m  a  m et a- a n al y si s  of  w ar mi n g  st u di e s 

s h o w e d t h at p h e n ol o gi c al c h a n g e s o b s er v e d i n s u c h e x p eri m e nt s d o n ot 

r e pli c at e t h e m a g nit u d e of p h e n ol o gi c al r e s p o n s e s t o n at ur al v ari ati o n i n 

air t e m p er at ur e o b s er v e d i n n at ur al s y st e m s ( W ol k o vi c h et al., 2 0 1 2 ). 

D at a- dri v e n m o d el s li k e t h e C D S O M ar e n ot a p a n a c e a, b ut t h e y d o 

r e s ol v e s e v er al of t h e i s s u e s di s c u s s e d a b o v e. I n a d diti o n t o a d dr e s si n g 

t h e t hr e e li mit ati o n s i d e nti fi e d b y Cl ar k et al. ( 2 0 1 4 a, 2 0 1 4 b) , f u n cti o n al 

r el ati o n s hi p s a m o n g c o ntr ol v ari a bl e s i n C D S O M ar e e ntir el y e sti m at e d 

fr o m d at a. H e n c e t h e C D S O M a v oi d s i s s u e s r el at e d t o mi s s p e ci fi c ati o n of 

f u n cti o n al  r el ati o n s hi p s  t h at  ar e  i n h er e nt  t o  c o n v e nti o n al  m o d el s. 

F urt h er,  b y  e x pl oiti n g  ti m e  s eri e s  of  r e m ot e  s e n si n g  o b s er v ati o n s 

c oll e ct e d  o v er  l ar g e  ar e a s  t h at  s p a n  n e arl y  t w o  d e c a d e s,  t h e  C D S O M 

r e s ult s  pr e s e nt e d  h er e  c a pt ur e  a n d  r e fl e ct  a  m u c h  br o a d er  r a n g e  of 

cli m at e r e gi m e s a n d cli m at e v ari a bilit y t h a n i s g e n er all y p o s si bl e u si n g 

d e si g n e d e x p eri m e nt s. I n d e e d, w e p o sit t h at n at ur al v ari a bilit y c a pt ur e d 

t hr o u g h i nt er a n n u al v ari a bilit y i n cli m at e o v er l ar g e g e o gr a p hi c s c al e s 

pr o vi d e s  a n  i m p ort a nt  a n d  u s ef ul  str at e g y  f or  c h ar a ct eri zi n g  a n d  u n -

d er st a n di n g t h e s e n siti vit y of pl a nt p h e n ol o g y t o cli m at e c h a n g e ( Fri e dl 

Fi g. 3. R M S E r e s ult s a cr o s s m o d el s f or a n o m al o u s y e ar s. ( a) B o x pl ot s of R M S E s f or e a c h m o d el f or 2 0 1 0 a n d 2 0 1 2. ( b) B o x pl ot s s h o wi n g i n cr e a s e i n R M S E s f or m o d el 

pr e di cti o n s f or all y e ar s v er s u s a n o m al o u s y e ar s (i. e., R M S E s f or 2 0 1 0 a n d 2 0 1 2 – R M S E s f or 2 0 0 1 – 2 0 1 7) at e a c h gri d c ell. C D S O M: c o nti n u o u s d e v el o p m e nt s pri n g 

o n s et m o d el; M 1: T h e e x p o n e nti al p h ot o-t h er m al ti m e m o d el; P T T: T h e p h ot o-t h er m al ti m e m o d el; T T: T h e t h er m al ti m e m o d el; A T: T h e alt er n ati n g m o d el. B o x pl ot s 

ar e pr e s e nt e d i n i n cr e a si n g or d er of m a g nit u d e wit h r e s p e ct t o m e a n R M S E. 
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et al., 2 0 1 4 ). 

M or e o v er,  a n d  p er h a p s  m o st  i m p ort a ntl y,  w hil e  t h e  p att er n s  pr e -

s e nt e d i n Fi g s. 4- 7 ar e s u p er fl ci all y c o n si st e nt wit h r e s ult s fr o m pr e vi o u s 

st u di e s s u g g e sti n g t h at t h e ti mi n g of s pri n g gr e e n u p i n d e ci d u o u s f or e st s 

h a s  b e c o m e  l e s s  s e n siti v e  t o  t h er m al  f or ci n g  a n d  t h at  t h e  s o- c all e d 

‘t e m p er at ur e s e n siti v e p eri o d’ of t e m p er at e a n d b or e al tr e e s i s c h a n g -

i n g  (F u  et  al.,  2 0 1 9,  2 0 1 5 ; Pi a o  et  al.,  2 0 1 7 ).  W e  s u g g e st  t h at  t hi s 

i nf er e n c e m a y b e s p uri o u s. S p e ci fl c all y, r e s ult s fr o m t h e C D S O M s h o w 

t h at t h er m al f or ci n g c o ntr ol o n t h e ti mi n g of gr e e n u p i s h et er o g e n e o u s 

a n d e x hi bit s w e a k c o v ari a n c e wit h pr e- s e a s o n p eri o d. H e n c e, a p p ar e nt 

d e cr e a s e s i n t e m p er at ur e s e n siti vit y a ct u all y r e fl e ct s h ort er pr e- s e a s o n 

p eri o d s  wit h  i n cr e a s e d  p h ot o p eri o d  c o ntr ol  ( K e e n a n  et  al.,  2 0 1 9 ). 

St at e d a n ot h er w a y, a s t h e cli m at e w ar m s, hi g h er t e m p er at ur e s t e n d t o 

i n cr e a s e t h e r el ati v e i m p ort a n c e of p h ot o p eri o d, w hil e d e p e n d e n c e o n 

t e m p er at ur e h a s r e m ai n e d r el ati v el y c o n st a nt. F urt h er, i n r e gi o n s w h er e 

m e a n  a n n u al  t e m p er at ur e  i s  b el o w  ~ 1 0 ◦ C,  w hi c h  e n c o m p a s s e s  a 

si g ni fi c a nt pr o p orti o n of t h e t e m p er at e z o n e a n d all of t h e b or e al z o n e, 

p h ot o p eri o d c o ntr ol i s m o d e st a n d t h er m al f or ci n g i s cl e arl y t h e d o mi -

n a nt c o ntr ol. I n d e e d, o ur r e s ult s s u g g e st t h at t h e bi o g e o gr a p hi c r a n g e i n 

w hi c h  t h e  r el ati v e  i m p ort a n c e  of  p h ot o p eri o d  c o ntr ol  i s  i n cr e a si n g  i s 

r e stri ct e d  t o  l o c ati o n s  wit h  m e a n  a n n u al  t e m p er at ur e s  b et w e e n 

~ 8 – 1 0 ◦ C, a n d h e n c e, i s r el ati v el y n arr o w. 

T h e  si m pl e st  e x pl a n ati o n  f or  w h y  p h ot o p eri o d  c o ntr ol  v ari e s 

g e o gr a p hi c all y i s pr o vi d e d b y t h e “ l a w of t h e mi ni m u m” , w hi c h st at e s 

t h at pl a nt gr o wt h i s c o ntr oll e d b y t h e s c ar c e st r e s o ur c e r at h er t h a n b y 

t h e t ot al r e s o ur c e s a v ail a bl e (Li e bi g, 1 8 4 1 ). O ur  r e s ult s ar e, t o a fir st 

or d er, c o n si st e nt wit h t hi s l a w. I n c ol d r e gi o n s (i. e., i d e nti fi e d h er e a s 

r e gi o n s w h er e  m e a n a n n u al t e m p er at ur e i s l e s s t h a n ~ 1 0 ◦ C; Fi g. 5 ), 

t e m p er at ur e i s t h e  pri m ar y li miti n g  f a ct or t h at c o ntr ol s  t h e ti mi n g of 

gr e e n u p. I n w ar m er r e gi o n s w h er e t e m p er at ur e i s l e s s li miti n g, li g ht ( or 

m oi st ur e)  b e c o m e s  t h e  pri m ar y  li miti n g  r e s o ur c e.  I n v o ki n g  a  si mil ar 

ar g u m e nt, P ar k et al. ( 2 0 1 9) s u g g e st t h at e xt e n si v e ar e a s of hi g h-l atit u d e 

Fi g. 4. G e o gr a p hi c v ari ati o n i n t h e d e p e n d e n c e of s pri n g gr e e n u p o n s et d at e t o: ( a) t h er m al f or ci n g, ( b) p h ot o p eri o d, a n d ( c) c hilli n g u nit s. I n p a n el ( d), b o x pl ot s 

s h o w t h e di stri b uti o n of m o d el c o ef fi ci e nt s f or e a c h c o ntr ol v ari a bl e d uri n g t h e pr e- s e a s o n p eri o d pri or t o l e af e m er g e n c e i n N ort h er n F or e st s ( bl u e) v er s u s E a st er n 

T e m p er at e F or e st s (r e d). Diff er e n c e s b et w e e n t h e m e a n s i n b ot h c a s e s ar e st ati sti c all y si g ni fi c a nt ( p < 0. 0 0 1). ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s 

fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.) 
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e c o s y st e m s  t h at  w er e  pr e vi o u sl y  c o n str ai n e d  b y  t e m p er at ur e  ar e 

b e c o mi n g m or e s e n siti v e t o p h ot o p eri o d. F urt h er, t h e r e s ult s fr o m o ur 

st u d y ar e c o n si st e nt wit h r e c e nt e x p eri m e nt al r e s ult s fr o m Z o h n er et al. 

( 2 0 1 6), w h o c o n cl u d e d t h at s pri n gti m e p h e n ol o g y i n d e ci d u o u s tr e e s at 

l o w er l atit u d e s t e n d e d t o d e p e n d m or e str o n gl y o n p h ot o p eri o d, w hil e 

s p e ci e s at hi g h l atit u d e s l e af e d o ut i n d e p e n d e nt of p h ot o p eri o d. H e n c e 

o ur r e s ult s ar e c o n si st e nt wit h b ot h l o n g- e st a bli s h e d a n d m or e r e c e nt 

e c ol o gi c al lit er at ur e. 

L a stl y, it i s i m p ort a nt t o n ot e s e v er al li mit ati o n s of t h e c urr e nt st u d y. 

Fir st,  r at h er  t h a n  m o d eli n g  t h e  r ol e  of  c hilli n g  i n  c o ntr olli n g  s pri n g 

gr e e n u p  u si n g c o nti n u o u s  (i. e.,  d ail y)  f or ci n g ( H ä n ni n e n et  al.,  2 0 1 9 ; 

M urr a y et al., 1 9 8 9 ), t h e C D S O M u s e s c hilli n g u nit s, w hi c h pr o vi d e a n 

a c c u m ul at e d m e a s ur e c hilli n g r e q uir e m e nt s. T hi s s u g g e st s t h at t h e r ol e 

of t h e c hilli n g u nit s m a y n ot b e f ull y a c c o u nt e d f or i n t hi s st u d y, a n d m a y 

e x pl ai n t h e r el ati v el y mi n or r ol e of c hilli n g u nit s i n pr e di cti n g t h e ti mi n g 

of s pri n g gr e e n u p t h at w e o b s er v e d i n t hi s st u d y ( Fi g. 4 c a n d d) ( c.f., 

H ei d e a n d Pr e str u d, 2 0 0 5 ; L a u b e et al., 2 0 1 4 ). S e c o n d, t o c a pt ur e t h e 

eff e ct of t h er m al f or ci n g, t h e C D S O M u s e d d ail y m e a n t e m p er at ur e a s 

o p p o s e d t o ot h er m e a s ur e s of t h er m al f or ci n g s u c h a s d ail y m a xi m u m 

a n d mi ni m u m t e m p er at ur e, w hi c h s o m e st u di e s h a v e s u g g e st e d m a y b e 

b ett er pr e di ct or s. H o w e v er, r e s ult s fr o m C D S O M u si n g d ail y m a xi m u m 

a n d  mi ni m u m  t e m p er at ur e s  a s  i n p ut s  di d  n ot  s h o w  si g ni fl c a nt  diff er -

e n c e s fr o m r e s ult s b a s e d o n d ail y m e a n t e m p er at ur e s ( n ot s h o w n), a n d 

m or e g e n er all y, r e s ult s fr o m st u di e s t h at h a v e e x pl or e d t hi s q u e sti o n ar e 

s o m e w h at i n c o n si st e nt ( c.f., H u a n g et al., 2 0 2 0 ; Pi a o et al., 2 0 1 5 ; S h e n 

et  al.,  2 0 1 8 ).  T h at  s ai d,  b e c a u s e  c o nti n u o u s  d e v el o p m e nt  m o d el s  ar e 

e x pli citl y  d e si g n e d  t o  c a pt ur e  t h e  eff e ct s  of  s h ort-t er m  v ari a bilit y  i n 

f or ci n g  v ari a bl e s,  s el e cti o n  of  o pti m al  m etri c s  t o  t hi s  v ari a bilit y  i s 

cl e arl y i m p ort a nt a n d m erit s m or e i n v e sti g ati o n. 

5.  C o n cl u si o n s 

C h a n g e s i n s pri n gti m e p h e n ol o g y ar e a m o n g t h e m o st o b vi o u s a n d 

o b s er v a bl e r e s p o n s e s  of or g a ni s m s  t o cli m at e  c h a n g e, b ut t h e m e c h a -

ni s m s b e hi n d t h e s e c h a n g e s ar e p o orl y u n d er st o o d ( P ar m e s a n a n d Y o h e, 

2 0 0 3 ; Pi a o  et  al.,  2 0 1 9 ).  B y  dir e ctl y  e sti m ati n g  a n d  m a p pi n g  t h e 

g e o gr a p hi c d e p e n d e n c e of gr e e n u p o n p h ot o p eri o d a n d t h er m al f or ci n g, 

r e s ult s fr o m t hi s st u d y el u ci d at e h o w t h e n at ur e a n d m a g nit u d e bi o cli -

m ati c c o ntr ol o n s pri n g p h e n ol o g y d e p e n d o n g e o gr a p h y a n d cli m at e, 

a n d pr o vi d e a n o v el a n d n u a n c e d e x pl a n ati o n f or w h y t h e t e m p er at ur e 

s e n siti vit y of d e ci d u o u s f or e st s a p p e ar s t o b e d e cr e a si n g. S p e ci fl c all y, 

o ur  r e s ult s  i n di c at e  t h at  a p p ar e nt  c h a n g e s  i n  t e m p er at ur e  s e n siti vit y 

m a y r e fl e ct a mi si nt er pr et ati o n of t h e d at a, a n d w h er e pr e s e nt, o b s er v e d 

d e cr e a s e s  a ct u all y  r e fi e ct  i n cr e a s e d  d e p e n d e n c e  o n  p h ot o p eri o d.  T h e 

r e s ult s al s o h el p t o cl arif y t h e m e c h a ni s m s b e hi n d o b s er v e d c h a n g e s a n d 

h a v e i m p ort a nt i m pli c ati o n s f or a v ari et y of e c ol o gi c al pr o c e s s e s, s u c h a s 

t h e r ol e of s af et y m e c h a ni s m s t h at ar e wi d el y a s cri b e d t o p h ot o p eri o d 

c o n str ai nt s o n s pri n g p h e n ol o g y ( K ö r n e r a n d B a sl er, 2 0 1 0 ). F or e x a m pl e, 

Fi g. 5 s h o w s t h at t h e r el ati v e i m p ort a n c e of p h ot o p eri o d d e cr e a s e s a s 

Fi g. 5. R el ati v e i m p ort a n c e ( RI ) of t h er m al f or ci n g v er s u s p h ot o p eri o d. Cir cl e s i n r e d a n d bl u e s h o w l o c ati o n s w h er e t h er m al f or ci n g a n d p h ot o p eri o d, r e s p e cti v el y, 

e x ert  str o n g er  c o ntr ol  o n  t h e  ti mi n g  of  s pri n g  gr e e n u p;  p ur pl e  cir cl e s  i d e ntif y  l o c ati o n s  w h er e  t h e  m a g nit u d e  of  t h er m al  f or ci n g  a n d  p h ot o p eri o d  ar e  r o u g hl y 

e q ui v al e nt. T h e si z e of e a c h cir cl e i s pr o p orti o n al t o t h e m a g nit u d e of RI i n e a c h c ell. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fi g ur e l e g e n d, t h e r e a d er i s 

r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.) 

Fi g. 6. D e p e n d e n c e of cl o n e d lil a c l e af u nf ol di n g d at e o n t h er m al f or ci n g a n d 

p h ot o p eri o d, a n d r el ati v e i m p ort a n c e ( RI ). 2 5 4 t ot al l e af u nf ol di n g d at e s fr o m 

cl o n e d lil a c w er e di vi d e d i nt o t w o gr o u p s b a s e d o n m e a n a n n u al t e m p er at ur e 

(≤ 1 0 ◦ C, n = 1 8 2; > 1 0 ◦ C, n = 7 2). T h e l eft p a n el pl ot s t h e m e a n d e p e n d e n c e 

of l e af u nf ol di n g o n t h er m al f or ci n g a n d p h ot o p eri o d e sti m at e d b y t h e C D S O M. 

T h e ri g ht p a n el pl ot s t h e m e a n RI i n e a c h gr o u p. P o siti v e RI i n di c at e s str o n g er 

c o ntr ol  b y  t h er m al  f or ci n g  r el ati v e  t o  p h ot o p eri o d.  V erti c al  li n e s  s h o w ± 1 

st a n d ar d d e vi ati o n. 
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m e a n a n n u al t e m p er at ur e d e cr e a s e s, w hi c h s u g g e st s t h at s af et y m e c h -

a ni s m s r el at e d t o p h ot o p eri o d pr o vi d e o nl y m o d e st pr ot e cti o n i n c ol d er 

cli m at e s ( Ri c h ar d s o n et al., 2 0 1 8 a ). M or e g e n er all y, o ur r e s ult s s u p p ort 

t h e  ar g u m e nt  p o sit e d  b y Z o h n er  et  al.  ( 2 0 1 6) w h o  r e p ort e d  t h at tr e e 

s p e ci e s wit h str o n g p h ot o p eri o d c o ntr ol o n l e af- o ut t e n d t o b e l o c at e d i n 

w ar m er  r e gi o n s,  a n d  c h all e n g e  t h e  i d e a  t h at  p h ot o p eri o d  pr o vi d e s  a 

s af e g u ar d a g ai n st e arl y l e af e m er g e n c e i n t e m p er at e w o o d y s p e ci e s. 

A ut h o r c o nt ri b uti o n s 

M. M.  a n d  M. A. F  d e si g n e d  t h e  a n al y si s  a n d  l e d  t h e  dr afti n g  of  t h e 

m a n u s cri pt.  M. M.  a n d  B. S.  d e v el o p e d  t h e  m o d el.  M M.  p erf or m e d  t h e 

a n al y si s. B. S. a n d A. D. R. c o ntri b ut e d a n al y si s i d e a s a n d p arti ci p at e d i n 

dr afti n g t h e m a n u s cri pt. 

D e cl a r ati o n of C o m p eti n g I nt e r e st 

T h e a ut h or s d e cl ar e n o c o m p eti n g i nt er e st s. 

A c k n o wl e d g e m e nt s 

T hi s r e s e ar c h w a s f u n d e d b y t h e M a cr o S y st e m s Bi ol o g y Pr o gr a m of 

N ati o n al  S ci e n c e  F o u n d ati o n  ( Gr a nt  n u m b er s  E F  1 7 0 2 6 2 7  a n d 

1 7 0 2 6 9 7). A D R a c k n o wl e d g e s s u p p ort fr o m N S F ’s ( U S N ati o n al S ci e n c e 

F o u n d ati o n)  L T E R  pr o gr a m  t hr o u g h  D E B- 1 6 3 7 6 8 5  a n d  a n d  D E B- 

1 8 3 2 2 1 0.  

A p p e n di x A.  A p p e n di x  

T a bl e A 1 

M o d el s d e s cri pti o n s.  

M o d el  M o d el t y p e  V a ri a bl e s M ai n c h a r a ct e ri sti c s & St ati sti c al a s s u m pti o n s of t h e m o d el 

C D S O M  D at e- dri v e n h ; δ h ; h m a x ; X ; T ; L ; C U; β ; P ; 

κ ; λ ; Y ; T b 

P h e n ol o gi c al d e v el o p m e nt r e s p o n s e s c o nti n u o u sl y t o v ari ati o n s i n e n vir o n m e nt al c o ntr ol s at d ail y ti m e st e p 

t hr o u g h o ut pr e- s e a s o n p eri o d; I n v o ki n g n o a s s u m pti o n s a b o ut f u n cti o n al r el ati o n s hi p s b et w e e n c o ntr ol v ari a bl e s 

T T  K n o wl e d g e- 

dri v e n 

F *; S f; T ; T b G r e e n u p o n s et o c c ur s w h e n a c c u m ul at e d f or ci n g r e a c h e s a criti c al t hr e s h ol d, w hi c h s or el y r eli e s o nl y o n t h er m al 

f or ci n g wit h n o a d diti o n al f a ct or s 

P T T  K n o wl e d g e- 

dri v e n 

F *; S f; T ; T b ; L G r e e n u p o n s et o c c ur s w h e n a c c u m ul at e d f or ci n g r e a c h e s a criti c al t hr e s h ol d, b ut t h e r at e of t h er m al f or ci n g i s r e g ul at e d 

b y p h ot o p eri o d 

M 1  K n o wl e d g e- 

dri v e n 

F *; S f; T ; T b ; L ; k G r e e n u p o n s et o c c ur s w h e n a c c u m ul at e d f or ci n g r e a c h e s a criti c al t hr e s h ol d, b ut t h e r at e of t h er m al f or ci n g i s r e g ul at e d 

b y p h ot o p e ri o d a s a n e x p o n e nti al 

A T  K n o wl e d g e- 

dri v e n 

F *; N C D; a ; b ; c Gr e e n u p o n s et o c c ur s w h e n a c c u m ul at e d f or ci n g r e a c h e s a criti c al t hr e s h ol d, b ut t h e r at e of t h er m al f or ci n g i s r e g ul at e d 

b y t h e n u m b er of c hilli n g d a y s 

C D S O M: C o nti n u o u s D e v el o p m e nt S pri n g O n s et M o d el; T T: T h er m al Ti m e m o d el ( T T); P T T: P h ot o- T h er m al Ti m e m o d el ( P T T); M 1: E x p o n e nti al P h ot o- T h er m al Ti m e 

m o d el ( M 1); A T: Alt er n ati n g m o d el; h : l at e nt st at e; δ h : d ail y l at e nt st at e i n cr e m e nt; h m a x : t h e o r eti c al fl n al st at e of h ; X : m atri x of pr e di ct or v ari a bl e s T , L , a n d C U ( d ail y 

m e a n t e m p er at ur e, d a y-l e n gt h, a n d c hilli n g u nit s, r e s p e cti v el y); β : v e ct or of e sti m at e d m o d el c o ef fl ci e nt f or T , L , a n d C U; P : pr o b a bilit y t h at gr e e n u p o n s et o c c ur s; κ a n d 

λ : i nt er c e pt a n d sl o p e f or l o git tr a n sf or m ati o n, r e s p e cti v el y; Y : B er n o ulli tri al i n di c ati n g w h et h er or n ot gr e e n u p o n s et h a s o c c urr e d; T b : b a s e t e m p er at ur e f or c hilli n g 

r e q uir e m e nt; F *: criti c al t hr e s h ol d t h at s pri n g gr e e n u p o n s et o c c ur s w h e n t h e st at e of f or ci n g ( S f) r e a c h e s it; k : e x p o n e nti al c o ef fl ci e nt f or M 1; N C D: n u m b er of c hilli n g 

d a y s; e sti m at e d c o n st a nt s f or A T.  

Fi g. 7. V ari ati o n i n pr e- s e a s o n p eri o d a n d t h e r el ati o n s hi p b et w e e n gr e e n u p d e p e n d e n c e o n p h ot o p eri o d a n d l e n gt h of pr e- s e a s o n p eri o d. ( a) G e o gr a p hi c p att er n i n 

pr e- s e a s o n p eri o d, a n d ( b) l o g-l o g r el ati o n s hi p b et w e e n t h e d e p e n d e n c e of gr e e n u p o n p h ot o p eri o d a n d t h e l e n gt h of t h e pr e- s e a s o n p eri o d. 
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Fi g. A 1. M a p of t h e st u d y ar e a. E xt e nt s of t h e U S E P A N ort h er n F or e st a n d E a st er n T e m p er at e F or e st L e v el I e c or e gi o n s, al o n g wit h t h e pr o p orti o n 5 0 0 m M O DI S 

pi x el s l a b el e d a s d e ci d u o u s f or e st s i n e a c h gri d c ell a c c or di n g t o t h e C oll e cti o n 6 M O DI S L a n d C o v er T y p e pr o d u ct. R e d cr o s s e s s h o w t h e U S A- N ati o n al P h e n ol o g y 

N et w or k sit e l o c ati o n s w h er e lil a c d at a ar e c oll e ct e d. N ot e t h at b e c a u s e t h e M O DI S L a n d C o v er T y p e pr o d u ct u s e s a t hr e s h ol d of 6 0 % c o v er t o d e fl n e f or e st cl a s s e s, 

t h e m a p s h o w n i n Fi g. A 1 m o d e stl y o v er-r e pr e s e nt s t h e a ct u al pr o p orti o n of d e ci d u o u s f or e st c o v er. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fl g ur e 

l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.)  
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Fi g.  A 2. R el ati o n s hi p  b et w e e n  a n o m ali e s  i n  M O DI S  o n s et  d at e s  a n d  a n o m ali e s  i n  m o d el- pr e di ct e d  o n s et  d at e s.  P a n el s  ( a)-( e)  s h o w  r e s ult s  f or  t h e  C o nti n u o u s 

D e v el o p m e nt S pri n g O n s et M o d el ( C D S O M), t h e t h er m al ti m e m o d el ( T T), t h e p h ot o-t h er m al ti m e m o d el ( P T T), t h e e x p o n e nti al p h ot o-t h er m al ti m e m o d el ( M 1), a n d 

t h e alt er n ati n g m o d el ( A T), r e s p e cti v el y. D a s h e d li n e s a n d c orr el ati o n c o ef fl ci e nt s ( r) s h o w t h e r e s ult s fr o m st a n d ar d m aj or a xi s r e gr e s si o n. 

Fi g. A 3. R el ati o n s hi p b et w e e n M O DI S gr e e n u p d at e s a n d l e af u nf ol di n g d at e s fr o m t h e U S A- N P N cl o n e d lil a c d at a s et. T h e c ol d er ( bl u e d ot s) a n d w ar m er (r e d d ot s) 

sit e s ar e di vi d e d b a s e d o n m e a n a n n u al t e m p er at ur e (i. e., c ol d er ≤ 1 0 ◦ C; w a r m e r > 1 0 ◦ C). n (= 1 9 8) i s diff er e nt fr o m t h e t ot al n u m b er of U S A- N P N l e af u nf ol di n g 

d at e s ( n = 2 5 4) d u e t o c a s e s w h er e n o M O DI S d at e s w er e a v ail a bl e b e c a u s e t h e lil a c sit e w a s n ot l o c at e d i n a l o c ati o n d o mi n at e d b y d e ci d u o u s or mi x e d f or e st at t h e 

s c al e of M O DI S pi x el s. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fl g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.)  
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1 2

Fi g. A 4. R el ati o n s hi p b et w e e n pr e- s e a s o n p eri o d l e n gt h a n d d e p e n d e n c e o n t h er m al f or ci n g.  

R ef e r e n c e s 

A b er cr o m bi e, S. P., Fri e dl, M. A., 2 0 1 6. I m pr o vi n g t h e c o n si st e n c y of m ultit e m p or al l a n d 

c o v er m a p s u si n g a hi d d e n M ar k o v m o d el. I E E E Tr a n s. G e o s ci. R e m ot e S e n s. 5 4, 
7 0 3 – 7 1 3. htt p s: / / d oi. or g / 1 0. 1 1 0 9 / T G R S. 2 0 1 5. 2 4 6 3 6 8 9 . 

B a sl er, D., 2 0 1 6. E v al u ati n g p h e n ol o gi c al m o d el s f or t h e p r e di cti o n of l e af- o ut d at e s i n 
si x t e m p er at e tr e e s p e ci e s a cr o s s C e nt r al E ur o p e. A gri c. F or. M et e o r ol. 2 1 7, 1 0 – 2 1. 

htt p s: / / d oi. or g / 1 0. 1 0 1 6 /j. a grf or m et. 2 0 1 5. 1 1. 0 0 7 . 
B a sl er, D., K ö r n e r, C., 2 0 1 2. P h ot o p eri o d s e n siti vit y of b u d b ur st i n 1 4 t e m p er at e f or e st 

tr e e s p e ci e s. A gri c. F or. M et e or ol. 1 6 5, 7 3– 8 1. htt p s: / / d oi. or g / 1 0. 1 0 1 6 /j. 

a grf or m et. 2 0 1 2. 0 6. 0 0 1 . 
Bl ü m el, K., C h mi el e w s ki, F.- M., 2 0 1 2. S h ort c o mi n g s of cl a s si c al p h e n ol o gi c al f or ci n g 

m o d el s a n d a w a y t o o v er c o m e t h e m. A g ri c. F or. M et e o r ol. 1 6 4, 1 0 – 1 9. htt p s: / / d oi. 
or g / 1 0. 1 0 1 6 /j. a grf or m et. 2 0 1 2. 0 5. 0 0 1 . 

B olt o n, D. K., Gr a y, J. M., M el a a s, E. K., M o o n, M., E kl u n d h, L., Fri e dl, M. A., 2 0 2 0. 

C o nti n e nt al- s c al e l a n d s urf a c e p h e n ol o g y fr o m h a r m o ni z e d L a n d s at 8 a n d S e nti n el- 2 
i m a g er y. R e m ot e S e n s. E n vir o n. 2 4 0, 1 1 1 6 8 5. htt p s: / / d oi. o r g / 1 0. 1 0 1 6 /j. 

r s e. 2 0 2 0. 1 1 1 6 8 5 . 
C a n n ell, M. G. R., S mit h, R.I., 1 9 8 3. T h er m al ti m e, c hill d a y s a n d p r e di cti o n of b u d b ur st i n 

Pi c e a sit c h e n si s. J. A p pl. E c ol. 2 0, 9 5 1 – 9 6 3. htt p s: / / d oi. o r g / 1 0. 2 3 0 7 / 2 4 0 3 1 3 9 . 
C h ui n e, I., R é g ni è r e, J., 2 0 1 7. Pr o c e s s- b a s e d m o d el s of p h e n ol o g y f o r pl a nt s a n d a ni m al s. 

A n n u. R e v. E c ol. E v ol. S y st. 4 8, 1 5 9 – 1 8 2. htt p s: / / d oi. o r g / 1 0. 1 1 4 6 / a n n ur e v- e c ol s y s- 

1 1 0 3 1 6- 0 2 2 7 0 6 . 
C h ui n e, I., C o ur, P., R o u s s e a u, D. D., 1 9 9 9. S el e cti n g m o d el s t o p r e di ct t h e ti mi n g of 

fl o w eri n g of t e m p er at e tr e e s: i m pli c ati o n s f or tr e e p h e n ol o g y m o d elli n g. Pl a nt C ell 
E n vir o n. 2 2, 1 – 1 3. htt p s: / / d oi. or g / 1 0. 1 0 4 6 /j. 1 3 6 5- 3 0 4 0. 1 9 9 9. 0 0 3 9 5. x . 

C h ui n e, I., B o n h o m m e, M., L e g a v e, J.- M., G ar cí a d e C ort á z a r- At a u ri, I., C h a r ri er, G., 

L a c oi nt e, A., A m é gli o, T., 2 0 1 6. C a n p h e n ol o gi c al m o d el s p r e di ct t r e e p h e n ol o g y 
a c c ur at el y i n t h e f ut ur e ? T h e u nr e v e al e d h u r dl e of e n d o d o r m a n c y b r e a k. Gl o b. 

C h a n g. Bi ol. 2 2, 3 4 4 4 – 3 4 6 0. htt p s: / / d oi. or g / 1 0. 1 1 1 1 / g c b. 1 3 3 8 3 . 
Cl ar k, J. S., M elill o, J., M o h a n, J., S al k, C., 2 0 1 4 a. T h e s e a s o n al ti mi n g of w a r mi n g t h at 

c o ntr ol s o n s et of t h e gr o wi n g s e a s o n. Gl o b. C h a n g. Bi ol. 2 0, 1 1 3 6 – 1 1 4 5. htt p s: / / d oi. 
or g / 1 0. 1 1 1 1 / g c b. 1 2 4 2 0 . 

Cl ar k, J. S., S al k, C., M elill o, J., M o h a n, J., 2 0 1 4 b. T r e e p h e n ol o g y r e s p o n s e s t o wi nt er 

c hilli n g, s pri n g w ar mi n g, at n ort h a n d s o ut h r a n g e li mit s. F u n ct. E c ol. 2 8, 
1 3 4 4 – 1 3 5 5. htt p s: / / d oi. or g / 1 0. 1 1 1 1 / 1 3 6 5- 2 4 3 5. 1 2 3 0 9 . 

Č r e pi n š e k, Z., K ajf e ž- B o g at aj, L., B e r g a nt, K., 2 0 0 6. M o d elli n g of w e at h er v ari a bilit y 
eff e ct o n flt o p h e n ol o g y. E c ol. M o d ell., S p e ci al I s s u e o n t h e F o u rt h E ur. C o nf. o n E c ol. 

M o d ell. 1 9 4, 2 5 6 – 2 6 5. htt p s: / / d oi. or g / 1 0. 1 0 1 6 /j. e c ol m o d el. 2 0 0 5. 1 0. 0 2 0 . 

Fri e dl, M. A., Gr a y, J. M., M el a a s, E. K., Ri c h a r d s o n, A. D., H uf k e n s, K., K e e n a n, T. F., 
B ail e y, A m e y, O ’K e ef e, J., 2 0 1 4. A t al e of t w o s p ri n g s: u si n g r e c e nt cli m at e 

a n o m ali e s t o c h ar a ct eri z e t h e s e n siti vit y of t e m p e r at e f o r e st p h e n ol o g y t o cli m at e 
c h a n g e. E n vir o n. R e s. L ett. 9, 0 5 4 0 0 6 htt p s: / / d oi. or g / 1 0. 1 0 8 8 / 1 7 4 8- 9 3 2 6 / 9 / 5 / 

0 5 4 0 0 6 . 
F u, Y. H., Z h a o, H., Pi a o, S., P e a u c ell e, M., P e n g, S., Z h o u, G., Ci ai s, P., H u a n g, M., 

M e n z el, A., P e ñ u el a s, J., S o n g, Y., Vit a s s e, Y., Z e n g, Z., J a n s s e n s, I. A., 2 0 1 5. 

D e cli ni n g gl o b al w ar mi n g eff e ct s o n t h e p h e n ol o g y of s p ri n g l e af u nf ol di n g. N at ur e 
5 2 6, 1 0 4 – 1 0 7. htt p s: / / d oi. or g / 1 0. 1 0 3 8 / n at u r e 1 5 4 0 2 . 

F u, Y. H., G e n g, X., H a o, F., Vit a s s e, Y., Z o h n er, C. M., Z h a n g, X., Z h o u, X., Yi n, G., 
P e ñ u el a s, J., Pi a o, S., J a n s s e n s, I. A., 2 0 1 9. S h ort e n e d t e m p e r at u r e-r el e v a nt p eri o d of 

s pri n g l e af- o ut i n t e m p er at e- z o n e tr e e s. Gl o b. C h a n g. Bi ol. 2 5, 4 2 8 2 – 4 2 9 0. htt p s: / / 

d oi. or g / 1 0. 1 1 1 1 / g c b. 1 4 7 8 2 . 
Gr a y, J., S ull a- M e n a s h e, D., Fri e dl, M. A., 2 0 1 9. U s er G ui d e t o C oll e cti o n 6 M O DI S L a n d 

C o v er D y n a mi c s ( M C D 1 2 Q 2) Pr o d u ct. htt p s: / / d oi. or g / 1 0. 5 0 6 7 / M O DI S / 
M C D 1 2 Q 2. 0 0 6 . 

G ü s e w ell, S., F urr er, R., G e hri g, R., Pi etr a g all a, B., 2 0 1 7. C h a n g e s i n t e m p e r at ur e 
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H ä n ni n e n, H., Kr a m er, K., T a ni n o, K., Z h a n g, R., W u, J., F u, Y. H., 2 0 1 9. E x p eri m e nt s ar e 

n e c e s s ar y i n pr o c e s s- b a s e d tr e e p h e n ol o g y M o d elli n g. Tr e n d s Pl a nt S ci. 2 4, 1 9 9 – 2 0 9. 

htt p s: / / d oi. or g / 1 0. 1 0 1 6 /j.t pl a nt s. 2 0 1 8. 1 1. 0 0 6 . 
H ei d e, O. M., Pr e str u d, A. K., 2 0 0 5. L o w t e m p er at ur e, b ut n ot p h ot o p eri o d, c o ntr ol s 

gr o wt h c e s s ati o n a n d d or m a n c y i n d u cti o n a n d r el e a s e i n a p pl e a n d p e ar. Tr e e 
P h y si ol. 2 5, 1 0 9 – 1 1 4. htt p s: / / d oi. or g / 1 0. 1 0 9 3 /tr e e p h y s / 2 5. 1. 1 0 9 . 

H u a n g, Y., Ji a n g, N., S h e n, M., G u o, L., 2 0 2 0. Eff e ct of pr e s e a s o n di ur n al t e m p er at ur e 
r a n g e o n t h e st art of v e g et ati o n gr o wi n g s e a s o n i n t h e n ort h er n h e mi s p h er e. E c ol. 

I n di c. 1 1 2, 1 0 6 1 6 1. htt p s: / / d oi. or g / 1 0. 1 0 1 6 /j. e c oli n d. 2 0 2 0. 1 0 6 1 6 1 . 

H uf k e n s, K., B a sl er, D., Milli m a n, T., M el a a s, E. K., Ri c h ar d s o n, A. D., 2 0 1 8. A n i nt e gr at e d 
p h e n ol o g y m o d elli n g fr a m e w or k i n r. M et h o d s E c ol. E v ol. 9, 1 2 7 6 – 1 2 8 5. htt p s: / / 

d oi. or g / 1 0. 1 1 1 1 / 2 0 4 1- 2 1 0 X. 1 2 9 7 0 . 
H u nt er, A. F., L e c h o wi c z, M. J., 1 9 9 2. Pr e di cti n g t h e ti mi n g of b u d b ur st i n t e m p er at e 

tr e e s. J. A p pl. E c ol. 2 9, 5 9 7– 6 0 4. htt p s: / / d oi. or g / 1 0. 2 3 0 7 / 2 4 0 4 4 6 7 . 

J a c k s o n, S. D., 2 0 0 9. Pl a nt r e s p o n s e s t o p h ot o p eri o d. N e w P h yt ol. 1 8 1, 5 1 7 – 5 3 1. htt p s: / / 
d oi. or g / 1 0. 1 1 1 1 /j. 1 4 6 9- 8 1 3 7. 2 0 0 8. 0 2 6 8 1. x . 

K e e n a n, T. F., Gr a y, J., Fri e dl, M. A., T o o m e y, M., B o hr er, G., H olli n g er, D. Y., M u n g er, J. 
W., O ’K e ef e, J., S c h mi d, H. P., Wi n g, I. S., Y a n g, B., Ri c h ar d s o n, A. D., 2 0 1 4. N et 

c ar b o n u pt a k e h a s i n cr e a s e d t hr o u g h w ar mi n g-i n d u c e d c h a n g e s i n t e m p er at e f or e st 
p h e n ol o g y. N at. Cli m. C h a n g. 4, 5 9 8 – 6 0 4. htt p s: / / d oi. or g / 1 0. 1 0 3 8 / n cli m at e 2 2 5 3 . 

K e e n a n, T. F., Ri c h ar d s o n, A. D., H uf k e n s, K., 2 0 1 9. O n q u a ntif yi n g t h e a p p ar e nt 

t e m p er at ur e s e n siti vit y of pl a nt p h e n ol o g y. N e w P h yt ol n p h 1 6 1 1 4. htt p s: / / d oi. or g / 
1 0. 1 1 1 1 / n p h. 1 6 1 1 4 . 
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Bi s s olli, P., Br a sl a v s k á, O., B ri e d e, A., C h mi el e w s ki, F. M., Cr e pi n s e k, Z., C ur n el, Y., 
D a hl, Å., D e fil a, C., D o n n ell y, A., Fil ell a, Y., J at c z a k, K., M å g e, F., M e str e, A., 
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