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A B S T R A C T   

Climatic warming is currently changing the spring phenology of extratropical trees, and this has several 
important effects on the trees and ecosystems. The major climatic cues regulating the spring phenology are 
winter chilling, spring forcing, and photoperiod. The interactions between these three remain largely unstudied 
because most studies concentrate on the effects of one cue, or maximally two, at a time. We studied the effects 
and interactions of chilling duration, forcing temperature, and forcing photoperiod simultaneously in four 
subtropical tree species. The main emphasis in our experiments was on the interaction of chilling duration and 
forcing temperature. The existence of this interaction was suggested in the ‘Vegis theory’, put forward decades 
ago but largely forgotten since. We also introduced a novel method for testing the theory experimentally. We 
found support for the Vegis theory in two of the four species examined. In the other two species the leaf-out 
timing was largely controlled by spring forcing. The effects of photoperiod were generally minor. Our results 
show that there are major differences between sympatric subtropical tree species in their phenological responses 
to environmental cues. These differences need to be addressed in the development of process-based tree 
phenology models. Our results further suggest that different subtropical trees respond differently to climatic 
warming because of differences related to the Vegis theory. This hypothesis remains to be tested in further 
studies.   

1. Introduction 

The spring phenology of perennial plants is critical for the func
tioning of terrestrial ecosystems and ultimately for the global cycling of 
carbon (Richardson et al., 2009). During the last few decades, spring 
leaf-out has accelerated as a result of the global warming (Chuine et al., 
2000; IPCC, 2014), though it has also been found that the temperature 
sensitivity of leaf phenology has recently declined in some cases (Fu 
et al., 2015). Assessing the future effects of climatic warming on the 
spring phenology of trees is crucial, for these effects not only are 
important for the survival, growth and reproduction of trees but also 
scale up to impacts on ecosystem productivity and carbon cycling 
(Wang et al., 2019). Unfortunately, the current tree phenology models 
are not yet realistic and accurate enough for projecting tree phenology 
under climatic warming (Wang et al., 2020a), so that further 

experimental studies are needed to improve our understanding of the 
effects of climatic cues on the spring phenology of trees (Flynn and 
Wolkovich, 2018; Hänninen et al., 2019). 

The occurrence of spring leaf-out in boreal and temperate trees is the 
result of two major dormancy processes that occur over a prolonged 
time, starting in the previous autumn. First, leaf-out is prevented during 
autumn and winter endodormancy by growth-arresting physiological 
conditions inside the bud (Fuchigami et al., 1982; Lang et al., 1987). 
These conditions are removed mainly by the accumulation of low 
chilling temperatures (Fuchigami et al., 1982). After that, the trees are 
in the state of ecodormancy, so that their leaf-out is prevented solely by 
the low air temperatures typically occurring at that time of the year 
(Hanninen, 2016). In this phase, high forcing temperatures are required 
for ontogenetic development, i.e., the microscopic anatomical devel
opment in the buds, which finally leads to the occurrence of visible 
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leaf-out (Lang et al., 1987; Basler and Körner, 2014). 
The effects of chilling and forcing temperatures on the spring 

phenology of temperate trees are well-established for boreal and 
temperate trees (Way and Montgomery, 2014; Delpierre et al., 2016; 
Flynn and Wolkovich, 2018) and more recently, for subtropical trees as 
well (Du et al., 2019; Song et al., 2020; Zhang et al., 2021a). There is a 
well-known interaction of chilling and forcing, where the amount of 
forcing required for leaf-out declines exponentially with increased pre
vious chilling accumulation (Harrington and Gould, 2015; Fu et al., 
2015; Wang et al., 2020b; Zhang et al., 2021a). Thus insufficient chilling 
accumulation during autumn and winter may delay or even prevent the 
spring leaf-out because of incomplete endodormancy release (Petri and 
Leite, 2004). 

According to Vegis (1964), the interaction of chilling and forcing 
temperatures in determining the spring phenology is more complex than 
the exponential decline of the amount of forcing required for leaf-out 
with increased chilling. Vegis (1964) put forward a generalized theory 
suggesting that the changes taking place during endodormancy release 
are more profound. Accordingly, the growth-promoting temperature 
range changes along with changes in the dormancy status of the plants. 
In trees evincing endodormancy and a chilling requirement, this means 
that the lower threshold temperature allowing leaf-out decreases when 
dormancy is released as a result of accumulation of chilling (Hänninen, 
1990). Vegis’ (1964) theory has been addressed frequently in seed 
dormancy studies (Vegis, 1964; Junttila, 1970), but in bud dormancy 
studies it has remained largely forgotten. This is unfortunate, for the 
phenomenon suggested by Vegis (1964) may have crucial implications 
for the effects of climatic change (Hänninen, 2016). Junttila & 
Hänninen (2012), however, found support for the theory with Betula 
pendula and B. pubescens seedlings: the seedlings required higher forcing 
temperatures for leaf-out after a short duration of chilling than after a 
long one. 

Vegis’ (1964) original theory addresses the categorical question of 
whether or not leaf-out is observed in a given forcing temperature. For 
brevity’s sake, this phenomenon will be referred to here as the Vegis 
occurrence effect. Lundell et al. (2020) broadened the scope of the theory 
to cover the rate of development towards leaf-out. According to this 
second effect, the difference in the rate of development between a low 
and a high forcing temperature is large after a short duration of chilling 
and decreases with additional chilling accumulation. Accordingly, the 
forcing temperature has a large effect on the rate of development after a 
short duration of chilling, but the effect decreases with prolonged 
chilling. Rather than affecting the occurrence of leaf-out, the rate of 
development affects its timing; so, this second effect will be referred to 
here as the Vegis timing effect. On the basis of their experimental results, 
Lundell et al. (2020) concluded that five out of the seven boreal plant 
species examined showed the Vegis timing effect. 

Contrary to the studies of the effects of chilling and forcing, there are 
fewer studies of the role of photoperiod in regulating the spring 
phenology of trees, and that role remains to be debated (Chuine et al., 
2010; Körner and Basler, 2010; Fu et al., 2019b; Meng et al., 2021). In 
many tree species, an interaction of photoperiod and chilling is 
observed, as long photoperiods compensate for lack of chilling in 
non-chilled or partially chilled trees but have no effect after the chilling 
requirement has been met (Myking and Heide, 1995; Caffarra and 
Donnelly, 2010; Meng et al., 2021; Zhang et al., 2021b). However, there 
is also increasing evidence for an independent role of photoperiod in 
regulating the endodormancy release and leaf-out in many temperate 
(Zohner and Renner, 2015; Singh et al., 2016; Fu et al., 2019a; Meng 
et al., 2021) and subtropical (Zhang et al., 2021b) tree species. In most 
boreal trees, leaf-out seems to show little sensitivity to photoperiod 
(Zohner et al., 2016; Richardson et al., 2018). 

Due to practical limitations, mainly concerning labor and growth 
chamber facilities, experimental studies on the environmental regula
tion of tree spring phenology have usually been carried out by simul
taneously addressing only one, or maximally two, of the three major 

environmental cues (chilling, forcing, photoperiod) that regulate spring 
phenology. In particular, the two Vegis effects have been studied only 
rarely because studies addressing the effects of chilling usually apply 
one standard forcing temperature only. This is unfortunate, for this 
limited approach disallows the finding of potential interactions among 
the three factors (Ettinger et al., 2020). Here we examined the effects of 
the three climatic cues on leaf-out in four subtropical tree species 
simultaneously. The experimental seedlings and twigs were first exposed 
to varying durations of chilling at +6◦C and then to six combinations of 
three forcing temperatures and two forcing photoperiods. This allowed 
us to examine not only the effects of each of the three factors but also 
their interactions. Our main emphasis was on the two Vegis effects, 
previously almost unaddressed. To that end, we introduce a novel 
method for testing the Vegis timing effect. To the best of our knowledge, 
neither of the two Vegis effects has been tested with subtropical trees 
before. Our study provides novel information about the environmental 
regulation of tree leaf-out in subtropical conditions. 

2. Material and methods 

2.1. Study site 

The study was conducted on the campus of Zhejiang A&F University 
(30◦14′N, 119◦ 42′E), in Hangzhou, China. The plant materials were 
obtained from the nearby Tianmushan Forest Station (30◦18′N, 
119◦39′E). The location has a subtropical, monsoonal climate. The mean 
annual precipitation is 1614 mm, the mean annual air temperature 
+15.6◦C, and the mean monthly air temperature +4.5◦C in January and 
+28.9◦C in July (Zhang et al., 2021b). 

2.2. Plant material and growth conditions 

We examined the effects of the environmental cues on leaf-out in four 
tree species commonly growing in subtropical south-eastern China: 
Castanopsis sclerophylla, Phoebe chekiangensis, Pseudolarix amabilis, and 
Torreya grandis. Since it is practically impossible to transfer whole trees 
to growth chambers, seedlings or twigs are commonly used in experi
mental phenology research (Vitasse and Basler, 2014; Partanen et al., 
2016). In our experiments we used first-year seedlings of Castanopsis, 
Phoebe, and Torreya. For Pseudolarix, twigs detached from mature trees 
were used since seedlings were not available. Castanopsis and Phoebe are 
evergreen broadleaved tree species with leaf-out occurring in early 
March. Torreya is an evergreen conifer species, and its leaf-out occurs in 
late April. Pseudolarix is a deciduous tree species with bud burst 
occurring in late March. In our experimental site, the air temperature 
generally drops dramatically in the time window of late November to 
early December, so that chilling accumulation starts at that time (Zhang 
et al., 2021b). 

Dormant first-year seedlings of Castanopsis, Phoebe and Torreya were 
transported from the nursery to our campus on 23 November 2020. The 
seedlings were transplanted into 2 L polyethylene pots (12*16 cm) filled 
with a soil substrate containing 5 peat: 2 vermiculite: 1 perlite: 2 organic 
matter by volume (Universal potting soil, Hangzhou, China). For Pseu
dolarix, approximately 20-cm-long twigs were sampled randomly for the 
experiments in a Pseudolarix plantation. The twigs were detached with 
scissors from the trees and disinfected with a hypochlorite solution (200 
ppm active chlorine). The cut end of each twig was then cut once more in 
tap water and put in test tubes (3 cm in diameter and 20 cm in height), 
one twig per tube, with 40 μg L− 1 of the broad-spectrum antibiotic 
gentamicin sulfate added (Zohner et al., 2016). 

2.3. Experimental design 

The experiment was designed to examine the effects of the envi
ronmental cues on the two main physiological processes leading to leaf- 
out, i.e., endodormancy release and ontogenetic development (Fig. 1). 
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At the start of the experiment on 3 December 2020 (early winter on the 
study site), the experimental seedlings and twigs were first put in 
controlled chilling conditions (+6◦C) in growth chambers for endo
dormancy release, and after 0 – 80 days of chilling accumulation, a 
subsample of the seedlings and twigs was transferred to each of the six 
forcing conditions created by combining three air temperatures (10, 20, 
30◦C) with two photoperiods (SD = 10 h, LD = 14 h) (Fig. 1). In the 
forcing conditions, a regrowth test was performed by observing the 
occurrence and timing of leaf-out (see below). 

The chilling treatments were implemented in growth chambers (E- 
Lotus Technology Co., Beijing, China). The relative humidity was 
60–75%, photoperiod 10 h, and photosynthetic photon flux density 
during the light periods 400 μmol m− 2s− 1 (Zhang et al., 2021a,b). The 
chilling accumulation was varied between the treatment groups by 
transferring the seedlings/twigs from the chilling conditions to the 
forcing conditions at six different moments, i.e., after 0, 10, 20, 40, 60, 
and 80 days of chilling. The six forcing treatments were implemented in 
corresponding six growth chambers (E-Lotus Technology Co., Beijing, 
China). The relative humidity was 60–75% and photosynthetic photon 
flux density during the light periods 400 μmol m− 2s− 1. In order to avoid 
any systematic effect of the chamber, the six treatments were rotated 
among the six chambers once every two weeks. Similarly, in order to 
avoid the effects of any systematic environmental gradients in the 
chambers, the seedlings and twigs were rotated in each chamber every 
week. The sample size in each experimental group was ten (n = 10), so 
that for each species, 10 × 6 (durations of chilling) x 3 (forcing tem
peratures) x 2 (forcing photoperiods) = 360 seedlings/twigs were used. 
The seedlings were watered once a week in the chilling and the 10◦C 
forcing conditions and every two to three days in the 20◦C and 30◦C 
forcing conditions. In order to prevent callusing, the water in the test 

tubes of the twigs was changed every four to seven days, and every time 
this was done the cut end of the twig was cut once more under water. 

2.4. Observations of leaf-out 

In the forcing conditions, bud development was monitored every 
three to four days with a categorical scale of four developmental stages: 
bud closed, bud swelling, leaf emergence, leaf-out (wrinkled leaves were 
not considered to reach this stage). The stage of leaf-out of non-wrinkled 
leaves served as the phenological event to be examined because reaching 
this stage shows the development is normal, so that cases of abnormal 
development caused by insufficient chilling were excluded from the 
analysis of the results. The earlier three stages were observed because 
observations on them improved the precision of determining the stage of 
leaf-out (Zhang et al., 2021a). For Phoebe and Castanopsis, only the 
terminal buds were observed since these species had no lateral buds. For 
other species, the timing of bud burst in each seedling/twig was deter
mined by the date when >50% buds reached the last developmental 
stage, i.e., leaf-out (Harrington and Gould, 2015, Zhang et al., 2021a). 
The observations of bud burst ended on 9 June, so that they lasted for 
188 days from the start of our experiment. 

2.5. Statistical analyses 

For each seedling/twig showing leaf-out, the timing of leaf-out was 
determined as the days to bud burst, DBB, required for leaf-out in the 
forcing conditions. Subsequently, for each treatment group (combina
tion of chilling duration, forcing temperature, and forcing photoperiod), 
the final bud burst percentage, BB%, was used to quantify the occur
rence of leaf-out and the mean DBB (±SE) to quantify the timing of leaf- 

Fig. 1. Experimental design of the study. Dormant seedlings and twigs were sampled in natural conditions on 3 December 2020. The seedlings and detached twigs 
were first transferred into a chilling treatment at +6◦C. After 0–80 days of chilling, a subsample of the seedlings and twigs was transferred from the chilling con
ditions to each of the six forcing conditions created by combining two photoperiods (SD = 10 h, LD = 14 h) with three air temperatures (+10, +20, and +30◦C). In 
the forcing conditions, a re-growth test was carried out by observing the occurrence and timing of leaf-out. 
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out. (Note that in connection with the standard acronyms BB% and DBB, 
the generic concept ‘bud burst’ is used to refer to leaf-out). The differ
ences in BB% between the treatments were analyzed in each of the four 
species by logistic regression with a binary response (bud burst / no bud 
burst; Partanen et al., 2016). The differences in DBB among the treat
ments were analyzed in each of the four species with a three-way 
analysis of variance (ANOVA) (Partanen et al., 2016). For the 
response variable, a log transformation of DBB was used. In the analyses 
of both BB% and DBB, the explanatory variables were the duration of 
chilling, the forcing temperature, and the forcing photoperiod. The 
two-way and three-way interactions of the explanatory variables were 
also examined. All statistical analyses were carried out with the SPSS 
software (Version 16.0, SPSS Inc., Chicago, USA). 

2.6. Testing the two vegis effects 

The Vegis occurrence effect was tested by the prediction directly 
implied in its definition (Junttila and Hänninen, 2012): with a short 
duration of chilling, which does not meet the chilling requirement, the 
value of bud burst percentage, BB%, is lower for a low forcing temper
ature than for a high one, but with longer chilling, which meets the 
chilling requirement, this difference vanishes, so that BB% is at or near 
100 % regardless of the forcing temperature (Fig. S1). 

For testing the Vegis timing effect (Lundell et al., 2020), a novel 
method for examining the effect graphically was introduced in the 
present study. For any given constant forcing temperature Tforc, the rate 
of ontogenetic development towards leaf-out is calculated with the 
timing of bud burst, i.e., the number of days to bud burst observed in 
that temperature, DBB(Tforc) (Campbell, 1978; Hänninen, 2016): 

Ro

(

Tforc) =
100

DBB(Tforc)
(1) 

The value of DBB decreases with increasing value of Tforc, but also 
with increased duration of previous chilling, x, implying that the rate of 
ontogenetic development is a function of both Tforc and x: 

Ro (Tforc, x) =
100

DBB(Tforc, x)
(2) 

In the absence of the Vegis timing effect, the rate of ontogenetic 
development towards leaf-out increases with increasing Tforc in relative 
terms equally with all durations of chilling (Lundell et al., 2020). This 
implies that the ratio, R, of the rate of development obtained in any two 
forcing temperatures, Tforc-low and Tforc-high, does not depend on the 
accumulated chilling, x (Supplementary Information Method 1; 
Fig. S2a). We had three forcing temperatures 10, 20, and 30◦C, so that in 
the absence of the Vegis timing-effect we get: 

R10,20 =
Ro(10, x)
Ro(20, x)

= c1 = constant (3)  

R20,30 =
Ro(20, x)
Ro(30, x)

= c2 = constant (4) 

The values of both c1 and c2 are below 1, indicating a higher rate of 
development at the higher than at the lower temperature. 

In the presence of the Vegis timing effect, on the contrary, the rate of 
ontogenetic development increases with increasing Tforc in relative 
terms more with a short than with a long duration of chilling, x (Lundell 
et al., 2020). This implies that the ratio R of the rate of development 
obtained in any two forcing temperatures, Tforc-low and Tforc-high, in
creases when the duration of previous chilling, x, increases from zero, 
and reaches a constant value (but still <1) with a sufficiently high x 
(Fig. S2b). So, if the Vegis timing effect is present between 10 and 20◦C, 
that implies the following: 

R10,20 1) increases when x increases from zero and 2) reaches a 
constant value with a sufficiently high x. This happens, at the latest, 

when the accumulated chilling x meets the chilling requirement of 
endodormancy release. 

Correspondingly, if the Vegis timing effect is present between 20 and 
30◦C, that implies the following: 

R20,30 1) increases when x increases from zero and 2) reaches a 
constant value with a sufficiently high x. This happens, at the latest, 
when the accumulated chilling x meets the chilling requirement of 
endodormancy release. 

The rate of ontogenetic development for each forcing temperature, 
Tforc, and chilling duration, x, was first calculated with Eqn. (1). Sub
sequently, the values of the two ratios were calculated and plotted 
against the duration of chilling, x. With no Vegis timing effect assumed, 
an approximately constant horizontal line is predicted for both ratios, 
whereas the Vegis timing effect predicts that the value of one or both of 
the ratios increases with increasing duration of previous chilling, x 
(Fig. S2). 

3. Results 

3.1. Occurrence of leaf-out 

The occurrence of leaf-out, measured by the budburst percentage, BB 
%, showed different responses to the three environmental cues exam
ined in the different species (Fig. 2, Table 1). In Phoebe, all seedlings 
showed leaf-out, i.e., BB% was 100 % in all treatments (Fig. 2b). In 
Castanopsis, too, all seedlings reached the stage of leaf-out, but at the 
lowest forcing temperature 10◦C the leaf-out was abnormal in part of the 
seedlings. This did not meet the criterion set for bud burst, so that the BB 
% values in the 10◦C forcing remained somewhat below 100 % in Cas
tanopsis (Fig. 2a). In Pseudolarix and Torreya, BB% showed a similar 
pattern, in broad terms, in 20 and 30◦C forcing: BB% increased with 
increasing duration of chilling; and with short durations of chilling, BB% 
was higher in LD than in SD forcing, so that LD compensated for lack of 
chilling (Fig. 2c,d). For Pseudolarix, however, with forcing at 30◦C, the 
pattern was not very clear because BB% was at or close to 100 % in both 
photoperiods and with all chilling durations (Fig. 2c). 

In addition to Castanopsis (see preceding paragraph), Pseudolarix and 
Torreya also showed results in 10◦C forcing that differed from those 
obtained at the two higher forcing temperatures. In Pseudolarix, BB% in 
10◦C forcing was 100 % for both photoperiods and all chilling durations 
(Fig. 2c). In Torreya, BB% in 10◦C forcing fluctuated rather irregularly 
between about 25 and 75 % with different durations of chilling, but the 
compensating effect of LD with no or short duration of chilling was seen 
in Torreya even in 10◦C forcing (Fig. 2d). 

The BB% results obtained for Pseudolarix and Torreya evinced several 
significant interactions of the three environmental cues (Table 1). 
Because of the deviating results found for 10◦C forcing, there was a 
strong interaction between forcing temperature and chilling duration in 
both species, and for Pseudolarix the interaction between forcing tem
perature and forcing photoperiod was also significant (Table 1). Because 
of the compensating effect of LD for lack of chilling, the interaction 
between chilling duration and forcing photoperiod was significant in 
Torreya. In Pseudolarix, the compensating effect was seen clearly in the 
20◦C forcing only (Fig. 2c), and for that reason the interaction of all 
three environmental cues was significant for Torreya (Table 1). 

The Vegis occurrence effect predicts that after no or short chilling, 
the bud burst percentage, BB%, increases with increasing forcing tem
perature, but after prolonged chilling this temperature dependence of 
BB% disappears (Fig. S1a). This predicted pattern was not realized with 
any of the four species examined (Fig. 3). With Phoebe, no pattern of BB 
% was seen at all because BB% was 100 % in all treatments (Fig. 3b). 
With the exception of the abnormal bud burst in the 10◦C forcing, BB% 
was also 100 % in all treatments with Castanopsis (Fig. 3a). For Pseu
dolarix and Torreya, various patterns for BB% were found (Fig. 3c,d), but 
they did not follow the one predicted by the Vegis occurrence effect 
(Fig. S1a). However, if the BB% value for 10◦C forcing had been at or 
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near zero in the non-chilled Pseudolarix (0 days of chilling, Fig. 2ci), then 
the pattern predicted by the Vegis occurrence effect would have been 
approximately realized in that species (see Discussion for the possible 
explanation of that deviating data point). 

3.2. Timing of leaf-out 

The timing of leaf-out, as measured by days to bud burst, DBB, was 
affected significantly by the forcing temperature and chilling duration in 
all species and, for Phoebe and Pseudolarix, by the forcing photoperiod as 
well (Table 2, Fig. 4, S3). The forcing air temperature had the biggest 
quantitative effect in that DBB decreased by rising forcing temperatures 
(Fig. 4). The decrease was especially pronounced in the range of 10 to 

20◦C, whereas less dramatic reduction was seen in the range of 20 to 
30◦C. DBB also decreased with prolonged chilling, especially at the 
forcing temperature of 10◦C (Fig. 4, S3). With short durations of chilling, 
the value of DBB was sometimes lower in LD than in SD, but the effect 
was not consistent and usually not very big. With Pseudolarix, however, 
forcing at 20◦C was an exception as the DBB values with short durations 
of chilling were 10–45 days shorter under LD than under SD (Fig. 4c-ii). 

Quite a few of the interactions between the environmental cues were 
also statistically significant. Most importantly, similar to the BB%, the 
interaction of forcing temperature with chilling duration was significant 
in all species (Table 2). This was seen in all species as flattening of the 
DBB curve in forcing temperatures of 10 to 30◦C (Fig. 4). 

The Vegis timing effect predicts that one or two of the ratios of the 

Fig. 2. Dependence of bud burst percentage, BB%, on the duration of chilling at +6◦C (horizontal axes), the forcing air temperature (the three columns of the 
panels), and the forcing photoperiod (red lines = LD, blue lines = SD) in four subtropical tree species. The LD (14 h) and SD (10 h) forcing photoperiods were 
designed with reference to the natural seasonal variation of the day length at our subtropical study site. In the forcing conditions, the occurrence and the timing of 
bud burst was determined on the basis of leaf-out. (A) Seedlings of Castanopsis sclerophylla, (B) seedlings of Phoebe chekiangensis, (C) detached twigs of Pseudolarix 
amabilis, (D) seedlings of Torreya grandis. For details, see Fig. 1 and Material and methods. 
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rates of development, calculated with the DBB values observed for the 
three forcing temperatures, increases when the duration of chilling, x, 
increases from zero and reaches a constant value with a sufficiently high 
value of x (Supporting Information method 1; Fig. S2). No such effect 
was found for Castanopsis or Phoebe (Fig. 5a,b). In Pseudolarix, a clear 
Vegis timing effect was found in the upper temperature range of 20 to 
30◦C in that depending on the photoperiod, R20,30 rose from 0.3 – 0.4 at 
10 days of chilling to 0.6 – 0.8 at 60 days of chilling (Fig. 5c). A less 
dramatic increase was found in Torreya for R20,30 from 10 to 40 days 
(Fig. 5d). The patterns of the two ratios were similar in general for SD 
and LD, though there were differences in the exact values of the ratios 

between the two photoperiods. In Torreya, R10,20 increased with 40 to 80 
days of chilling (Fig. 5d), but this increase, observed with long durations 
of chilling only, is not the one predicted by the Vegis timing effect. In all, 
these results provide support for the existence of the Vegis timing effect 
in Torreya and Pseudolarix within the higher temperature range of 20 to 
30◦C but not within the lower temperature range of 10 to 20◦C. 

In some cases the values of one or both of the two ratios also 
decreased with increased duration of chilling because of random vari
ation in the data. A clear case of this was seen in Pseudolarix R10,20 under 
SD forcing after 10 – 20 days of chilling (Fig. 5c). The value of R10,20 was 
exceptionally high after 10 days of chilling: R10,20 = 0.958 (Fig. 5c). This 
indicates that the rates of development under SD were almost equal in 
10◦C (Fig. 4ci) and 20◦C (Fig. 4cii) forcing. The outlying observation 
obtained in 20◦C forcing was probably caused by the low BB% = 50 % 
(Fig. 2cii), indicating that only 5 twigs showed leaf-out in that 
treatment. 

4. Discussion 

Our aim was to conduct a simultaneous study of the effects and in
teractions of the duration of chilling, forcing temperature, and forcing 
photoperiod on the occurrence and timing of leaf-out in four subtropical 
tree species. In particular, we examined the interaction of chilling 
duration and forcing temperature, which had been suggested by Vegis 
(1964) already but has received little attention since. In addition to the 
interaction originally suggested by Vegis (1964) for the occurrence of 
leaf-out, we also examined the corresponding interaction suggested by 
Lundell et al. (2020) for the timing of leaf-out. To facilitate the testing of 
the latter, we introduced a novel method. Our results show that all three 

Table 1 
A logistic regression analysis with a binary response (bud burst / no bud burst) of 
the factors affecting the percentage of bud burst, BB%, in detached twigs of 
Pseudolarix amabilis and seedlings of Torreya grandis. No statistical analysis of 
BB% was carried out with seedlings of Castanopsis sclerophylla and Phoebe 
chekiangensis because in these two species the value of BB% was at or near 100 
% in all treatments. ‘Chilling’ denotes the duration of the chilling treatment; and 
‘Photoperiod’ the photoperiod (10 h, 14 h) and ‘Temperature’ the air temper
ature (+10, +20, +30◦C) prevailing in the forcing conditions after the chilling 
treatment. Statistically significant P values <0.05 are indicated with a bold font.    

Pseudolarix Torreya 

Chilling P <0.001 <0.001 
Photoperiod P 0.132 <0.001 
Temperature P <0.001 <0.001 
Chilling * Photoperiod P 0.151 0.159 
Temperature * Photoperiod P 0.027 0.047 
Temperature * Chilling P <0.001 <0.001 
Chilling* Photoperiod * Temperature P 0.020 0.047  

Fig. 3. Test of the Vegis occurrence effect with four subtropical tree species: the bud burst percentage, BB%, as a function of the forcing temperature after 0 – 80 days 
of chilling indicated by the six columns of the panels. (A) Seedlings of Castanopsis sclerophylla, (B) seedlings of Phoebe chekiangensis, (C) detached twigs of 
Pseudolarix amabilis, (D) seedlings of Torreya grandis. For the patterns predicted by the Vegis occurrence effect, see Materials and methods and Fig. S1. 

L. Zhang et al.                                                                                                                                                                                                                                   



Agricultural and Forest Meteorology 327 (2022) 109227

7

environmental cues affected leaf-out both individually and interactively. 
However, there were considerable differences, both between the cues in 
the mode and the extent of their effects and between the four tree species 
in their responses to the cues. These results suggest that the responses of 
different subtropical tree species to climatic warming will be different. 

4.1. Dominance of forcing temperature in castanopsis and phoebe 

In our study the occurrence of leaf-out in Castanopsis and Phoebe was 
not dependent on chilling duration, as even unchilled seedlings showed 
leaf-out (Fig. 2a,b). In Castanopsis, leaf-out in part of the seedlings was 
abnormal in 10◦C forcing, but this was probably because for Castanopsis, 
10◦C is close to the lower threshold temperature for ontogenetic 
development towards leaf-out (Zhang et al., 2022). On the basis of 
similar findings of BB% = 100 % with all durations of chilling, Zhang 
et al. (2021a) concluded that these two species have a relatively shallow 
endodormancy. As Zhang et al. (2021a) used only one forcing temper
ature and one forcing photoperiod in their study, the present study, with 
six different combinations of two photoperiods and three forcing tem
peratures, confirms the robustness of the conclusion of Zhang et al. 
(2021a). Despite some statistically significant effects and interactions of 
photoperiod, in quantitative terms the timing of leaf-out in Castanopsis 
and Phoebe was affected mainly by the forcing temperature and its 
interaction with chilling duration (Fig. 4). The interaction of these two 
cues, however, was not the of the kind predicted by the Vegis timing 
effect. 

Overall, with the earlier findings of Zhang et al. (2021a), these re
sults suggest that the leaf-out phenology of Castanopsis and Phoebe is 
dominated by the ecodormancy release, i.e., the microscopic ontoge
netic development towards leaf-out in the buds rather than the endo
dormancy release, i.e., the removal of the growth-arresting 
environmental conditions inside the buds (Fuchigami et al., 1982; Lang 
et al., 1987). This is because leaf-out was observed in all treatments and 
its timing was affected mainly by the forcing temperature. Accordingly, 
the non-linear effect of the forcing temperature on the rate of ontoge
netic development (Zhang et al., 2022) is crucial for the timing of 
leaf-out in Castanopsis and Phoebe. 

4.2. Complex interactions of cues in pseudolarix and torreya 

In Pseudolarix, all twigs, including unchilled ones, showed leaf-out 
when forced at 10◦C but not when forced at 20◦C (Fig. 2c). The leaf- 
out seen in 10◦C forcing with unchilled twigs was most probably the 

result of the endodormancy-releasing effect of this low forcing temper
ature. This notion is supported by the findings of Zhang et al. (2022), 
who showed that 10◦C causes endodormancy release in Pseudolarix. 
Hänninen (1990) found a similar phenomenon in boreal Picea abies, as 
unchilled seedlings showed bud burst when forced at 12◦C but not when 
forced at 17 or 22◦C. 

Without the endormancy-releasing effect of the forcing temperature 
10◦C, the BB% value of the unchilled Pseudolarix twigs (0 weeks of 
chilling) could have been 0 %. If that value is assumed for BB% with 
0 days of chilling (Fig. 3ci), then a pattern arises that is roughly similar 
to the one predicted by the Vegis occurrence effect. This reasoning 
suggests that the Vegis occurrence effect may occur in Pseudolarix, but 
this notion is far from being conclusive. On the contrary, a strong and 
long-lasting (20 to 60 days of chilling) Vegis timing effect was seen in 
Pseudolarix twigs in the temperature range of 20 to 30◦C (Fig. 5c). Lastly, 
in Pseudolarix, LD was found to compensate for lack of chilling in both 
the occurrence (Fig. 2) and the timing (Fig. 4) of leaf-out. 

In Torreya seedlings, BB% fluctuated irregularly in 10◦C forcing 
(Fig. 2d). These deviating results probably came about because 10◦C is 
close to the lower limit of the temperature range allowing ontogenetic 
development towards leaf-out in Torreya (Zhang et al., 2022). At the two 
higher forcing temperatures, results similar to those found by Zhang 
et al. (2021b) were obtained for the occurrence of leaf-out: BB% 
increased with increased duration of chilling, and LD compensated for 
insufficient chilling with short durations of chilling (Fig. 2d). No evi
dence for the Vegis occurrence effect was found for Torreya (Fig. 3d). 

The results obtained for DBB in Torreya were in line with those found 
by Zhang et al. (2021b), who used only one forcing temperature in their 
study: DBB decreased with prolonged chilling and LD compensated for 
insufficient chilling (Fig. 4d). Furthermore, our results for Torreya pro
vided evidence for the Vegis timing effect in the temperature range of 20 
to 30◦C (Fig. 5d), but the effect was not so strong and long-lasting as it 
was in Pseudolarix (Fig. 5d). 

In all, contrary to the relatively simple results obtained for Casta
nopsis and Phoebe, quite complex interactions of the three environmental 
cues were found in the regulation of leaf-out in Pseudolarix and Torreya. 
In contrast to Castanopsis and Phoebe, not only the timing of leaf-out but 
also its occurrence was affected by the interactions of the environmental 
factors in Pseudolarix and Torreya. This suggests that the interactions 
were related not only to the ontogenetic development towards leaf-out 
the buds (Wang et al., 2020b) but also to the endodormancy release, i. 
e., the removal of growth-arresting conditions. 

4.3. Implications for process-based modeling and the effects of climate 
change 

The environmental regulation of the endodormancy release and the 
spring phenology of trees has been addressed in past few decades with 
process-based tree phenology models, which are widely used in assess
ing the ecological effects of climatic change (for reviews, see Hänninen, 
2016; Chuine & Régnière 2017; Hänninen et al., 2019; Zhao et al., 
2020). However, to the best of our knowledge, the interaction suggested 
by Vegis (1964) almost sixty years ago has only been addressed in the 
model developed by Lundell et al. (2020) for boreal field layer plants. 
For subtropical trees, process-based tree spring phenology models were 
published by Chen et al. (2017) and Zhang et al. (2022), and neither of 
the Vegis effects examined in the present study was addressed in those 
studies. Our limited yet novel results suggest that one or both of the 
Vegis effects appear in some, but not in all, subtropical tree species, so 
that the effects need to be addressed in further experimental studies 
aiming at developing realistic process-based tree phenology models for 
subtropical trees. Furthermore, as the Vegis effect has been shown to 
affect the trees’ response to climatic warming (Hänninen, 2016), our 
species-specific results suggest that the different subtropical tree species 
respond to climatic warming differently. 

Lundell et al. (2020) found experimental evidence for the Vegis 

Table 2 
Analysis of variance of the factors affecting the days to bud burst, DBB, in 
seedlings of Castanopsis sclerophylla, Phoebe chekiangensis, and Torreya 
grandis and in detached twigs of Pseudolarix amabilis under the forcing con
ditions. ‘Chilling’ denotes the duration of the chilling treatment; and ‘Photope
riod’ the photoperiod (10 h, 14 h) and ‘Temperature’ the air temperature (+10, 
+20, +30◦C) prevailing in the forcing conditions after the chilling treatment. 
Statistically significant P values <0.05 are indicated with a bold font.    

Castanopsis Phoebe Pseudolarix Torreya 

Chilling F 118.668 172.884 280.531 33.043 
P <0.001 <0.001 <0.001 <0.001 

Photoperiod F 0.02 15.664 69.721 0.569 
P 0.888 <0.001 <0.001 0.452 

Temperature F 3120.931 8743.044 1878.436 1034.428 
P <0.001 <0.001 <0.001 <0.001 

Chilling * Photoperiod F 1.088 7.788 7.01 6.136 
P 0.367 <0.001 <0.001 <0.001 

Temperature * 
Photoperiod 

F 0.501 1.797 19.386 4.824 
P 0.607 0.168 <0.001 0.009 

Temperature * 
Chilling 

F 19.716 84.763 46.499 8.608 
P <0.001 <0.001 <0.001 <0.001 

Chilling* Photoperiod 
* Temperature 

F 1.246 3.467 4.583 5.927 
P 0.262 <0.001 <0.001 <0.001  
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theory for some, but not for all, of the boreal field layer plant species 
they examined. Now we found a similar result for subtropical tree spe
cies. Considered together, these results highlight the need to develop 
species-specific process-based tree phenology models. In real trees the 
responses to environmental cues vary between species, so that any 

research strategy aiming at a generalized ‘consensus model’ for all 
species would not be successful. 

The process-based tree phenology models developed for subtropical 
trees (Chen et al., 2017; Zhang et al., 2022) do not address the effects of 
photoperiod. For Castanopsis we did not find any effects of photoperiod, 

Fig. 4. Dependence of days to bud burst, DBB (mean ± SE), on the duration of chilling at +6◦C (horizontal axes), the forcing air temperature (the three columns of 
the panels), and the forcing photoperiod (red lines = LD, blue lines = SD) in four subtropical tree species. The LD (14 h) and SD (10 h) forcing photoperiods were 
designed with reference to the natural seasonal variation of the day length at our subtropical study site. In the forcing conditions, the occurrence and the timing of 
bud burst was determined on the basis of leaf-out. (A) Seedlings of Castanopsis sclerophylla, (B) seedlings of Phoebe chekiangensis, (C) detached twigs of Pseudolarix 
amabilis, (D) seedlings of Torreya grandis. For details, see Fig. 1 and Material and methods. The case where data point was missing indicated none of seedlings had 
bud burst. 
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but for the other tree species examined, our results implied a need to 
include photoperiod in the model development. This need remains to be 
evaluated in further modeling studies. This is because due to the prin
ciple of parsimony, relatively small yet statistically significant effects 
may be neglected in modeling studies, where simplifications are always 
needed. Even so, in the subtropical Liriodendron chinense, photoperiod 
has been found to regulate the occurrence of leaf-out (Zhang et al., 
2021b), so that for that subtropical tree species at least, photoperiod 
needs to be included in the development of process-based phenology 
models. The effects of photoperiod have been included in some previous 
models developed for boreal and temperate trees (Caffarra et al., 2011; 
Vitasse and Basler, 2013; Meng et al., 2021), so that they may be used as 
a starting point when the effect of photoperiod is introduced into 
process-based models developed for subtropical tree species. 

5. Conclusion 

This study provides first-time multifactorial experimental evidence 
for the effects and interactions of three environmental cues, i.e., chilling 
duration, forcing temperature, and forcing photoperiod, in regulating 
leaf-out in subtropical trees. In particular, we addressed the specific 
interaction that was introduced almost sixty years ago (‘Vegis effect’; 
Vegis, 1964) but has been largely forgotten since. We introduced a 
method for testing the Vegis effect against experimental results. The 
environmental cues were found to display several effects and in
teractions. Most importantly, our results show big differences among the 
four sympatric tree species growing in our subtropical study site in re
gard to their responses to the environmental cues. For instance, Pseu
dolarix amabilis and Torreya grandis showed evidence for the Vegis effect 

but Castanopsis sclerophylla and Phoebe chekiangensis did not. These 
species-specific findings show the importance of well-designed multi-
factorial experiments for developing process-based phenology models 
for subtropical and other extratropical tree species. Lastly, the 
species-specific findings also suggest that different subtropical trees 
respond quite differently to climatic warming, but the particular dif
ferences between species remain to be tested in forthcoming studies. 

Conflict of interest 

Authors claim no conflicts of interest. 

Author contributions 

RZ, JW and HH planned and designed the experiment. LZ conducted 
the experiment. LZ, RZ, JZ and HH analyzed the data and drafted the 
manuscript with input from RB and JW. All authors contributed to the 
article and approved the submitted version. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper 

Data Availability 

Data will be made available on request. 

Fig. 5. Test of the Vegis timing effect with four subtropical tree species: the values of the ratios R10,20 (continuous lines) and R20,30 (dashed lines) as a function of 
the duration of the previous chilling. The results are shown separately for LD (red symbols) and SD (blue symbols). (A) Seedlings of Castanopsis sclerophylla, (B) 
seedlings of Phoebe chekiangensis, (C) detached twigs of Pseudolarix amabilis, (D) seedlings of Torreya grandis. For the patterns predicted by the Vegis timing effect, 
see Materials and methods, Supporting information method 1, and Fig. S1. 

L. Zhang et al.                                                                                                                                                                                                                                   



Agricultural and Forest Meteorology 327 (2022) 109227

10

Acknowledgements 

The study was financed by the Chinese National Natural Science 
Foundation (32171832), the National Forestry and Grassland Techno
logical Innovation Program for Young TopNotch Talents (2020132604), 
the Youth Elite Science Sponsorship Program of CAST (YESS, 
2020QNRC001), the "Pioneer" and "Leading Goose" R&D Program of 
Zhejiang (2022C02009), the Torreya grandis breeding program 
(2021C02066–11), and Overseas Expertise Introduction Project for 
Discipline Innovation (111 Project D18008). We thank Pekka Hirvonen 
(www.toisinsanoen.eu) for revising the language of the manuscript. 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.agrformet.2022.109227. 

References 

Basler, D., Körner, C., 2014. Photoperiod and temperature responses of bud swelling and 
bud burst in four temperate forest tree species. Tree Physiol 34, 377–388. https:// 
doi.org/10.1093/treephys/tpu021. 

Caffarra, A., Donnelly, A., 2010. The ecological significance of phenology in four 
different tree species: Effects of light and temperature on bud burst. Int. J. 
Biometeorol. 55, 711–721. https://doi.org/10.1007/s00484-010-0386-1. 

Caffarra, A., Donnelly, A., Chuine, I., 2011. Modelling the timing of Betula pubescens 
budburst. II. Integrating complex effects of photoperiod into process-based models. 
Climate Res. 46, 159–170. https://doi.org/10.3354/cr00983. 

Campbell, R.K., 1978. Regulation of bud-burst timing by temperature and photoregime 
during dormancy. In: Proceeding 5th North American Forest Biology Workshop, 
pp. 19–33. 

Chen, X.Q., Wang, L.X., Inouye, D., 2017. Delayed response of spring phenology to global 
warming in subtropics and tropics. Agric. For. Meteorol. 234, 222–235. https://doi. 
org/10.1016/j.agrformet.2017.01.002. 

Chuine, I., Cambon, G., Comtois, P., 2000. Scaling phenology from the local to the 
regional level: Advances from species-specific phenological models. Global Change 
Biol. 6, 943–952. https://doi.org/10.1046/j.1365-2486.2000.00368.x. 

Chuine, I., Morin, X., Bugmann, H., 2010. Warming, Photoperiods, and Tree Phenology. 
Science 329, 277–278. https://doi.org/10.1126/science.329.5989.277-e. 

Delpierre, N., Vitasse, Y., Chuine, I., et al., 2016. Temperate and boreal forest tree 
phenology: from organ-scale processes to terrestrial ecosystem models. Ann For Sci 
73, 5–25. https://doi.org/10.1007/s13595-015-0477-6. 

Du Y., Pan Y., Ma K., 2019. Moderate chilling requirement controls budburst for 
subtropical species in China. Agricultural and Forest Meteorology 278, 107693. 10 
.1016/j.agrformet.2019.107693. 

Ettinger, A.K., Chamberlain, C.J., Morales-Castilla, I., et al., 2020. Winter temperatures 
predominate in spring phenological responses to warming. Nat. Clim. Change 10, 
1137–1142. https://doi.org/10.1038/s41558-020-00917-3. 

Flynn, D.F.B., Wolkovich, E.M., 2018. Temperature and photoperiod drive spring 
phenology across all species in a temperate forest community. New Phytol. 219, 
1353–1362. https://doi.org/10.1111/nph.15232. 

Fu, Y., Zhang, X., Piao, S., et al., 2019a. Daylength helps temperate deciduous trees to 
leaf-out at the optimal time. Global Change Biol. 25, 2410–2418. https://doi.org/ 
10.1111/gcb.14633. 

Fu, Y.H., Piao, S., Zhou, X., et al., 2019b. Short photoperiod reduces the temperature 
sensitivity of leaf-out in saplings of Fagus sylvatica but not in horse chestnut. Global 
Change Biol. 25, 1696–1703. https://doi.org/10.1111/gcb.14599. 

Fu, Y.H., Zhao, H., Piao, S., et al., 2015. Declining global warming effects on the 
phenology of spring leaf unfolding. Nature 526, 104–107. https://doi.org/10.1038/ 
nature15402. 

Fuchigami L.H., Weiser C.J., Kobayashi K., Timmis R., Gusta L., 1982. A degree growth 
stage (◦GS) model and cold acclimation in temperate woody plants. Plant Cold 
Hardiness and Freezing Stress 2, 93–116. 10.1016/B978-0-12-447602-8.50012-X. 

Hänninen, H., 1990. Modelling bud dormancy release in trees from cool and temperate 
regions. Acta For. Fenn. 213, 1–47. https://doi.org/10.14214/aff.7660. 

Hänninen, H., 2016. Boreal and Temperate Trees in a Changing climate: Modeling the 
Ecophysiology of Seasonality. Springer Science+Business Media, Dordrecht, the 
Netherlands. https://doi.org/10.1007/978-94-017-7549-6.  

Hänninen, H., Kramer, K., Tanino, K., Zhang, R., Wu, J., Fu, Y.H., 2019. Experiments are 
necessary in process-based tree phenology modelling. Trends Plant Sci. 24, 199–209. 
https://doi.org/10.1016/j.tplants.2018.11.006. 

Harrington, C.A., Gould, P.J., 2015. Tradeoffs between chilling and forcing in satisfying 
dormancy requirements for Pacific Northwest tree species. Front. Plant Sci. 6, 120. 
https://doi.org/10.3389/fpls.2015.00120. 

IPCC, 2014. Climate Change 2014: Impacts, Adaptation and Vulnerability. In. 
Cambridge. Cambridge University Press, UK and New York, NY, USA.  

Junttila, O., 1970. Effects of stratification, gibberellic acid and germination temperature 
on the germination of Betula nana. Physiol. Plant. 23, 425–433. https://doi.org/ 
10.1111/j.1399-3054.1970.tb06432.x. 

Junttila, O., Hänninen, H., 2012. The minimum temperature for budburst in Betula 
depends on the state of dormancy. Tree Physiol. 32, 337–345. https://doi.org/ 
10.1093/treephys/tps010. 

Körner, C., Basler, D., 2010. Response—Warming, Photoperiods, and Tree Phenology. 
Science 329, 278. https://doi.org/10.1126/science.329.5989.278. 

Lang, G.A., Early, J.D., Darnell, R., Martin, G.C., 1987. Endo-, para-, and eco-dormancy: 
physiological terminology and classification for dormancy research. HortScience 22, 
371–377. https://doi.org/10.21273/hortsci.22.3.371. 

Lundell, R., Hänninen, H., Saarinen, T., Åstrom, H., Zhang, R., 2020. Beyond rest and 
quiescence (endodormancy and ecodormancy): A novel model for quantifying plant- 
environment interaction in bud dormancy release. Plant, Cell Environ. 43, 40–54. 
https://doi.org/10.1111/pce.13650. 

Meng, L., Zhou, Y.Y., Gu, L.H., et al., 2021. Photoperiod decelerates the advance of 
spring phenology of six deciduous tree species under climate warming. Global 
Change Biol. 27, 2914–2927. https://doi.org/10.1111/gcb.15575. 

Myking, T., Heide, O.M., 1995. Dormancy release and chilling requirement of buds of 
latitudinal ecotypes of Betula pendula and B. pubescens. Tree Physiol. 15, 697–704. 
https://doi.org/10.1093/treephys/15.11.697. 

Partanen, J., Häkkinen, R., Hänninen, H., 2016. Significance of the root connection on 
the dormancy release and vegetative bud burst of Norway spruce (Picea abies) 
seedlings in relation to accumulated chilling. Silva Fennica 50. https://doi.org/ 
10.14214/sf.1443. 

Richardson, A., Hufkens, K., Milliman, T., et al., 2018. Ecosystem warming extends 
vegetation activity but heightens vulnerability to cold temperatures. Nature 560, 
368–371. https://doi.org/10.1038/s41586-018-0399-1. 

Petri, J.L., Leite, G.B., 2004. Consequences of insufficient winter chilling on apple tree 
bud-break. Proceedings of the VII International Symposium on Temperate Zone 
Fruits in the Tropics and Subtropics 662, 53–60. https://doi.org/10.17660/ 
ActaHortic.2004.662.4. 

Richardson, A.D., Hollinger, D.Y., Dail, D.B., Lee, J.T., Munger, J.W., O’keefe, J., 2009. 
Influence of spring phenology on seasonal and annual carbon balance in two 
contrasting New England forests. Tree Physiol. 29, 321–331. https://doi.org/ 
10.1093/treephys/tpn040. 

Singh, R.K., Svystun, T., Aldahmash, B., Jönsson, A.M., Bhalerao, R.P., 2016. 
Photoperiod and temperature mediated control of phenology in trees – a molecular 
perspective. New Phytol. 213, 511–524. https://doi.org/10.1111/nph.14346. 

Song, Z., Song, X., Pan, Y., et al., 2020. Effects of winter chilling and photoperiod on leaf- 
out and flowering in a subtropical evergreen broadleaved forest in China. Forest 
Ecol. Manag. 458, 117766 https://doi.org/10.1016/j.foreco.2019.117766. 

Vegis, A., 1964. Dormancy in higher plants. Annu. Rev. Plant Physiol 15, 185–224. 
https://doi.org/10.1146/annurev.pp.15.060164.001153. 

Vitasse, Y., Basler, D., 2013. What role for photoperiod in the bud burst phenology of 
European beech. Eur. J. Forest Res. 132, 1–8. https://doi.org/10.1007/s10342-012- 
0661-2. 

Vitasse, Y., Basler, D., 2014. Is the use of cuttings a good proxy to explore phenological 
responses of temperate forests in warming and photoperiod experiments? Tree 
Physiol. 34, 174–183. https://doi.org/10.1093/treephys/tpt116. 

Wang, H., Wu, C., Ciais, P., et al., 2020a. Overestimation of the effect of climatic 
warming on spring phenology due to misrepresentation of chilling. Nat. Commun. 
11, 4945. https://doi.org/10.1038/s41467-020-18743-8. 

Wang, H.J., Wang, H., Ge, Q.S., Dai, J.H., 2020b. The interactive effects of chilling, 
photoperiod, and forcing temperature on flowering phenology of temperate woody 
plants. Front. Plant Sci. 11, 12. https://doi.org/10.3389/fpls.2020.00443. 

Wang, X., Xiao, J., Li, X., et al., 2019. No trends in spring and autumn phenology during 
the global warming hiatus. Nat. Commun. 10, 2389. https://doi.org/10.1038/ 
s41467-019-10235-8. 

Way, D.A., Montgomery, R.A., 2014. Photoperiod constraints on tree phenology, 
performance and migration in a warming world. Plant, Cell & Environment 38, 
1725–1736. https://doi.org/10.1111/pce.12431. 

Zhang R., Lin J., Wang F., et al., 2022. Spring phenology in subtropical trees: Developing 
process-based models on an experimental basis. Agricultural and Forest Meteorology 
314, 108802. 10.1016/j.agrformet.2021.108802. 

Zhang R., Lin J., Wang F., et al., 2021a. The chilling requirement of subtropical trees is 
fulfilled by high temperatures: A generalized hypothesis for tree endodormancy 
release and a method for testing it. Agricultural and Forest Meteorology 298-299, 
108296. 10.1016/j.agrformet.2020.108296. 

Zhang, R., Wang, F., Zheng, J., Lin, J., Hänninen, H., Wu, J., 2021b. Chilling 
accumulation and photoperiod regulate rest break and bud burst in five subtropical 
tree species. Forest Ecol. Manag. 485, 118813 https://doi.org/10.1016/j. 
foreco.2020.118813. 

Zhao, H., Fu, Y., Wang, X., Zhang, Y., Liu, Y., Janssens, I., 2020. Diverging models 
introduce large uncertainty in future climate warming impact on spring phenology 
of temperate deciduous trees. Sci. Total Environ. 757, 143903 https://doi.org/ 
10.1016/j.scitotenv.2020.143903. 

Zohner, C., Benito, B., Svenning, J.-.C., 2016. Day length unlikely to constrain climate- 
driven shifts in leaf-out times of northern woody plants. Nat. Clim. Change 6, 
1120–1123. https://doi.org/10.1038/nclimate3138. 

Zohner, C.M., Renner, S.S., 2015. Perception of photoperiod in individual buds of mature 
trees regulates leaf-out. New Phytol. 208, 1023–1030. https://doi.org/10.1111/ 
nph.13510. 

L. Zhang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.agrformet.2022.109227
https://doi.org/10.1093/treephys/tpu021
https://doi.org/10.1093/treephys/tpu021
https://doi.org/10.1007/s00484-010-0386-1
https://doi.org/10.3354/cr00983
http://refhub.elsevier.com/S0168-1923(22)00414-2/sbref0004
http://refhub.elsevier.com/S0168-1923(22)00414-2/sbref0004
http://refhub.elsevier.com/S0168-1923(22)00414-2/sbref0004
https://doi.org/10.1016/j.agrformet.2017.01.002
https://doi.org/10.1016/j.agrformet.2017.01.002
https://doi.org/10.1046/j.1365-2486.2000.00368.x
https://doi.org/10.1126/science.329.5989.277-e
https://doi.org/10.1007/s13595-015-0477-6
https://doi.org/10.1016/j.agrformet.2019.107693
https://doi.org/10.1016/j.agrformet.2019.107693
https://doi.org/10.1038/s41558-020-00917-3
https://doi.org/10.1111/nph.15232
https://doi.org/10.1111/gcb.14633
https://doi.org/10.1111/gcb.14633
https://doi.org/10.1111/gcb.14599
https://doi.org/10.1038/nature15402
https://doi.org/10.1038/nature15402
https://doi.org/10.1016/B978-0-12-447602-8.50012-X
https://doi.org/10.14214/aff.7660
https://doi.org/10.1007/978-94-017-7549-6
https://doi.org/10.1016/j.tplants.2018.11.006
https://doi.org/10.3389/fpls.2015.00120
http://refhub.elsevier.com/S0168-1923(22)00414-2/sbref0020
http://refhub.elsevier.com/S0168-1923(22)00414-2/sbref0020
https://doi.org/10.1111/j.1399-3054.1970.tb06432.x
https://doi.org/10.1111/j.1399-3054.1970.tb06432.x
https://doi.org/10.1093/treephys/tps010
https://doi.org/10.1093/treephys/tps010
https://doi.org/10.1126/science.329.5989.278
https://doi.org/10.21273/hortsci.22.3.371
https://doi.org/10.1111/pce.13650
https://doi.org/10.1111/gcb.15575
https://doi.org/10.1093/treephys/15.11.697
https://doi.org/10.14214/sf.1443
https://doi.org/10.14214/sf.1443
https://doi.org/10.1038/s41586-018-0399-1
https://doi.org/10.17660/ActaHortic.2004.662.4
https://doi.org/10.17660/ActaHortic.2004.662.4
https://doi.org/10.1093/treephys/tpn040
https://doi.org/10.1093/treephys/tpn040
https://doi.org/10.1111/nph.14346
https://doi.org/10.1016/j.foreco.2019.117766
https://doi.org/10.1146/annurev.pp.15.060164.001153
https://doi.org/10.1007/s10342-012-0661-2
https://doi.org/10.1007/s10342-012-0661-2
https://doi.org/10.1093/treephys/tpt116
https://doi.org/10.1038/s41467-020-18743-8
https://doi.org/10.3389/fpls.2020.00443
https://doi.org/10.1038/s41467-019-10235-8
https://doi.org/10.1038/s41467-019-10235-8
https://doi.org/10.1111/pce.12431
https://doi.org/10.1016/j.agrformet.2021.108802
https://doi.org/10.1016/j.agrformet.2020.108296
https://doi.org/10.1016/j.foreco.2020.118813
https://doi.org/10.1016/j.foreco.2020.118813
https://doi.org/10.1016/j.scitotenv.2020.143903
https://doi.org/10.1016/j.scitotenv.2020.143903
https://doi.org/10.1038/nclimate3138
https://doi.org/10.1111/nph.13510
https://doi.org/10.1111/nph.13510

	Differences between four sympatric subtropical tree species in the interactive effects of three environmental cues on leaf- ...
	1 Introduction
	2 Material and methods
	2.1 Study site
	2.2 Plant material and growth conditions
	2.3 Experimental design
	2.4 Observations of leaf-out
	2.5 Statistical analyses
	2.6 Testing the two vegis effects

	3 Results
	3.1 Occurrence of leaf-out
	3.2 Timing of leaf-out

	4 Discussion
	4.1 Dominance of forcing temperature in castanopsis and phoebe
	4.2 Complex interactions of cues in pseudolarix and torreya
	4.3 Implications for process-based modeling and the effects of climate change

	5 Conclusion
	Conflict of interest
	Author contributions
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	Supplementary materials
	References


