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Abstract
Vegetation phenology in spring has substantially advanced under climate warming, 
consequently shifting the seasonality of ecosystem process and altering biosphere– 
atmosphere feedbacks. However, whether and to what extent photoperiod (i.e., day-
length) affects the phenological advancement is unclear, leading to large uncertainties 
in projecting future phenological changes. Here we examined the photoperiod effect 
on spring phenology at a regional scale using in situ observation of six deciduous tree 
species from the Pan European Phenological Network during 1980– 2016. We disen-
tangled the photoperiod effect from the temperature effect (i.e., forcing and chilling) 
by utilizing the unique topography of the northern Alps of Europe (i.e., varying day-
length but uniform temperature distribution across latitudes) and examining phenologi-
cal changes across latitudes. We found prominent photoperiod- induced shifts in spring 
leaf- out across latitudes (up to 1.7 days per latitudinal degree). Photoperiod regulates 
spring phenology by delaying early leaf- out and advancing late leaf- out caused by tem-
perature variations. Based on these findings, we proposed two phenological models 
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1  |  INTRODUC TION

Phenological stages, such as leaf- out and flowering, are sensitive to 
weather and climate variability, serving as indicators of integrative 
biological impacts of climate change (Menzel & Fabian, 1999). Finely 
tuned to the seasonality of the surrounding environment, phenol-
ogy plays two apparently conflicting but equally important roles in 
minimizing the risk of damage from late frost events and maximiz-
ing the length of the growing season for carbon fixation (Basler & 
Körner, 2012; Larcher, 2003). Temperature directly drives the devel-
opmental rates of deciduous trees in spring but has large interannual 
variations (Peñuelas & Filella, 2001). In contrast, photoperiod (i.e., 
daylength) is astronomically controlled and predictable, serving as 
a reliable cue for seasonal progression and changing of freezing risk 
(Körner & Basler, 2010). Greater incidence of extreme climate events 
and climate warming has pushed spring phenology to new limits of 
interannual variation, exposing deciduous trees to increased risks on 
both ends (Richardson et al., 2018). However, it is unclear whether 
photoperiod would constrain the warming- induced variation of 
spring phenology (Basler & Körner, 2012; Way & Montgomery, 
2015), leading to considerable uncertainties in the projection of phe-
nological changes and associated land– atmosphere interactions and 
feedbacks (Peñuelas & Filella, 2009; Richardson et al., 2013). These 
uncertainties have hindered the development of effective adapta-
tion strategies to reduce ecosystem vulnerability under the ongoing 
climate change (Gu et al., 2008; Hufkens et al., 2012).

Empirical evidence is inconclusive with respect to the photo-
period effect on spring phenology (Flynn & Wolkovich, 2018; Way 
& Montgomery, 2015; Zohner et al., 2016). Temperate and boreal 
forests experience dormancy in winter to withstand unfavorable 
environmental conditions. Environmental factors, including the 
degree of winter chilling, photoperiod, and spring forcing (degree- 
day accumulation), trigger the dormancy release and onset of the 
growing season (Richardson et al., 2013). Under the same daily 
forcing temperature, manipulated longer photoperiod was found to 
advance spring phenology of late- successional species by counter-
balancing the effects of lack of chilling (Caffarra & Donnelly, 2011; 
Laube, Sparks, Estrella, Höfler, et al., 2014). Photoperiod may also 
constrain the phenological development until daylength exceeds a 
threshold (Heide, 1993; Wareing, 1953; Zohner & Renner, 2015). 

In addition, the phenological variability of some species seems not 
to be strongly constrained by photoperiod (Richardson et al., 2018; 
Zohner et al., 2016). Besides the physiological variations among tree 
species, such divergent results could also be caused by the design 
of experimental manipulations, for example, the use of seedlings or 
cuttings cultivated indoors as a substitute for mature trees and the 
use of fixed, rather than gradually extended daylength under con-
trolled conditions (Saxe et al., 2001). Experimental studies are also 
limited to certain species and locations, leaving potentially large dis-
crepancies across species and space in the photoperiod effect to be 
poorly understood.

Observational datasets that cover a wide geographic range and 
include abundant tree species allow for regional- scale investigations 
of the photoperiod effect on phenology (Vitasse & Basler, 2013). For 
example, the spring phenology of European beech (Fagus sylvatica) was 
found to be mainly controlled by photoperiod for southern and lower 
elevation populations and by temperature for northern and higher 
elevation populations (Wareing, 1953). Photoperiod effects are also 
found to be highly species- specific across European temperate zone 
tree species (Fu et al., 2019). However, the photoperiod effects from 
these studies are often challenging to interpret, given the covariation 
of temperature and photoperiod within a year (Flynn & Wolkovich, 
2018). As a result, the complex interactions of temperature and photo-
period on spring phenology remain unclear (Chuine et al., 2010).

The topography of central Europe, from the Alps to northern 
Germany, offers a unique opportunity to disentangle the photope-
riod and temperature effects on spring phenology in a natural set-
ting. The coincidence of the increase in latitude but the decrease 
in elevation provides a relatively uniform temperature distribution 
in the background of gradual changes in daylength across latitudes. 
Taking advantage of this coincidence, we aim to answer the follow-
ing questions: (1) Is there a photoperiod- induced latitudinal change 
in spring leaf- out of deciduous forests? (2) To what extent does pho-
toperiod interact with temperature in affecting spring leaf- out? (3) 
How does photoperiod affect the spring leaf- out and frost risk under 
the projected future climate warming?

To answer these questions, we used the geographical charac-
teristics of the study area combined with a stratification approach 
to maximally constrain the effects of temperature variation and 
isolate the effects of photoperiod on phenology. Specifically, we 

that consider the photoperiod effect through different mechanisms and compared 
them with a chilling model. We found that photoperiod regulation would slow down 
the advance in spring leaf- out under projected climate warming and thus mitigate the 
increasing frost risk in spring that deciduous forests will face in the future. Our findings 
identify photoperiod as a critical but understudied factor influencing spring phenology, 
suggesting that the responses of terrestrial ecosystem processes to climate warming 
are likely to be overestimated without adequately considering the photoperiod effect.
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stratified all data into nine temperature groups and examined the 
latitudinal changes in spring leaf- out of six deciduous tree species 
in each temperature group. To test whether photoperiod causes 
the temperature- independent phenological changes across lati-
tudes, we developed two photoperiod- enabled phenology mod-
els and compared them with a conventional chilling- alone model 
(without photoperiod effect) in predicting the changes in spring 
leaf- out. Finally, we examined the photoperiod effect on frost 
risk of the deciduous tree under future warming scenarios by 
projecting spring leaf- out and frost days (days from spring leaf- 
out to the summer solstice when daily minimum temperature 
<0°C) until 2100 using temperatures from the Coupled Model 
Intercomparison Project 5 (CMIP5).

2  |  MATERIAL S AND METHODS

2.1  |  Study area

Study sites of phenological observations are located in central Europe, 
from the Alps to northern Germany (47– 55°N, Figure 1), spanning an 
elevation range of 0– 1100 m above the sea level. Elevation in this re-
gion decreases with latitude increases, resulting in similar temperatures 
but gradually changing daylength (Figure 2). The long- term mean spring 
temperature (January 1 to April 30) during 1980– 2016 only ranges be-
tween 3.0 and 4.2°C in 50% of the study sites (Figure S1). Seasonal 
changes in daylength are larger in the north compared to in the south 
of the study region (Figure S2). For example, the ranges of daylength in 
a given year at 55°N and 45°N are 10.2 and 6.9 h respectively.

2.2  |  Datasets

Phenological observations were collected from the Pan European 
Phenological Network (PEP725; Templ et al., 2018), which is a 

large, long time series, and open access phenology dataset. This 
dataset has been widely used to investigate the effects of envi-
ronmental factors on phenology. Spring leaf- out of six deciduous 
tree species, comprising Aesculus hippocastanum (horse chest-
nut), Alnus glutinosa (alder), Betula pendula (birch), Fagus sylvatica 
(beech), Fraxinus excelsior (Ash), and Quercus robur (oak), was 
analyzed. These species have the most complete records during 
the study period 1980– 2016, and have been used in a variety of 
phenology studies (Fu et al., 2019). In total, 8653 site- year- species 
observations at 1851 sites were used in this study. We used the 
phenophase leaf- out (first visible leaf stalk) in this study. We ex-
cluded records of spring leaf- out later than June 30 to reduce po-
tential bias due to outliers.

The time series of daily mean air temperature for the study sites 
during the period 1980– 2016 was derived from the E- OBS grid-
ded observational dataset version 19.0 at a 0.1° spatial resolution 
(Cornes et al., 2018). The temperature was used to calculate forc-
ing and chilling accumulations, mean temperature during winter and 
spring, and to run phenological models.

Future daily minimum and mean temperatures during the pe-
riod 2006– 2100 for the study area were derived from the CMIP5 
for the experiment of Representative Concentration Pathway 8.5 
(RCP 8.5) scenario from the model of Community Climate System 
Model (CCSM) 4.0 of U.S. National Center for Atmospheric Research 
(NCAR). We used the experiment of RCP 8.5 to show the largest 
possible phenological changes under projected future climate warm-
ing. We calculated the regional mean time series of daily mean and 
minimum temperatures. The daily minimum temperature was then 
used to calculate frost days and the daily mean temperature was 
used to run phenological models.

We used a 90 m digital elevation dataset that provides continu-
ous topography surfaces (Jarvis, 2008) from NASA's Shuttle Radar 
Topography Mission (SRTM).

Daylength was calculated as a function of latitude (L) and day of 
the year (DOY) using Equation (1; Forsythe et al., 1995):

F I G U R E  1  Location of phenological 
observations for six species
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where D is daylength, φ is the sun's declination angle, θ is revolution 
angle, and φ and θ are measured in radians.

2.3  |  Experimental design

To minimize the temperature effect on spring leaf- out across lati-
tudes, we stratified the data into nine temperature groups based on 
three forcing and three chilling accumulations at high, medium, and 
low levels for each deciduous tree species. Forcing accumulation was 
defined as an integration of daily mean temperature above a tem-
perature threshold (5°C) throughout the preseason (from November 
1 in the preceding year to leaf- out; Fu et al., 2015). Chilling accu-
mulation was defined as the number of days when the daily mean 
temperature was below 5°C (Kramer, 1994). First, we divided all 
data into three forcing levels using 33.3% and 66.6% quantiles of all 
forcing accumulations during the period 1980– 2016. Then, within 
each forcing level, we further divided data into three chilling levels 
using 33.3% and 66.6% quantiles of all chilling accumulations of that 
forcing level during the period 1980– 2016. We analyzed changes 
in spring leaf- out across latitudes in each temperature group. This 
stratification approach also enables us to investigate the interaction 
between photoperiod and temperature by comparing the magnitude 
of latitudinal leaf- out changes across temperature groups.

To evaluate phenological models in terms of predicting the lati-
tudinal trend of spring leaf- out, we ran models and compared model 
performance using data from the 65%– 75% quantiles of forcing accu-
mulations and 25%– 35% quantiles of chilling accumulations. These 
criteria were used because we found the delay trends of spring 
leaf- out across latitudes were the most pronounced in high forcing 
and low chilling groups. We also examined the latitudinal trends in 

forcing and chilling to test whether there are effects of forcing and 
chilling on the latitudinal trends in spring leaf- out. We further con-
ducted two sensitivity analyses using a wider band (60%– 80% quan-
tiles of forcing accumulations and 20%– 40% quantiles of chilling 
accumulations) and a narrower band (70%– 75% quantiles of forcing 
accumulations and 25%– 30% quantiles of chilling accumulations) to 
test the effect of samples size on results.

Frost risk was represented by the number of frost days during 
the first half of the growing season, that is, from spring leaf- out to 
the summer solstice on June 22. Frost days were calculated as days 
when the daily minimum temperature was below 0°C (Liu et al., 
2018). To quantify the role of photoperiod in mitigating frost risks, 
we compared the spring leaf- out and total frost days using daily min-
imum temperatures from CMIP5 during the period 2007– 2100 pre-
dicted by three phenological models.

2.4  |  Phenological models

We proposed two photoperiod- enabled models, comprising a 
photo- threshold model and a photo- chilling model, which incor-
porated the photoperiod effect in predicting spring leaf- out. The 
photo- threshold model includes photoperiod and forcing pro-
cesses while the photo- chilling model includes photoperiod (but 
different from the photo- threshold model), chilling, and forcing 
processes. Specifically, the photo- threshold model assumes the 
forcing process starts when the daylength is above a minimum 
threshold; spring leaf- out is predicted to occur when (1) forc-
ing accumulation reaches its threshold or (2) daylength is above 
a maximum threshold (Melaas et al., 2016). The photo- threshold 
model was developed from the growing- degree- day model that 
only considers the forcing process, which used an arbitrary date 
(e.g., January 1) as the start date for the forcing accumulation. We 
replaced the arbitrary date with a minimum daylength threshold 
to account for the spatial variation of the start of the forcing pro-
cess. We also added a maximum daylength threshold as the latest 
end date of the forcing process to ensure spring leaf- out could be 
triggered in the case when forcing cannot reach its requirement 
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F I G U R E  2  Latitudinal variations of elevation (a), temperatures (b), and daylength (c). Winter- spring temperature is the mean temperature 
from November 1 in the preceding year to April 30. Winter temperature is the mean temperature from November 1 in the preceding year to 
January 31 and spring temperature is the mean temperature from February 1 to April 30. Solid lines and shaded areas in (a) and (b) represent 
mean and variation (i.e., 25% and 75% quantiles) at 0.1° latitude bin, respectively
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in extreme cold years. The photo- chilling model assumes trees 
accumulate forcing and chilling starting from winter, and spring 
leaf- out is predicted to occur when forcing accumulation reaches 
a threshold (determined by chilling accumulation). The effective-
ness of forcing accumulation is affected by photoperiod, which is 
chilling- dependent (i.e., strong photoperiod effect under low chill-
ing; Caffarra et al., 2011). The photo- chilling model was developed 
from a widely used chilling model, that is, parallel model, which 
considers the forcing and chilling processes (Hänninen, 1990), and 
we added a chilling- dependent photoperiod variable to this model 
to adjust the efficiency of forcing accumulation. We also include 
the original parallel chilling model as a representation of a mod-
eling scheme without consideration of the photoperiod effect and 
hereafter termed it as chilling- alone model.

We calibrated models using 80% of observations (i.e., data 
during the period 1980– 2010 across all sites) for each deciduous 
tree species respectively. The objective function of the calibration 
process was the minimum root mean square error (RMSE) between 
prediction and observation. The calibrated parameters are shown 
in Table 1. We evaluated models using the remaining 20% of ob-
servations (i.e., data during the period 2011– 2016 across all sites) 
for each deciduous tree species, and then applied three models to 
predict spring leaf- out and its latitudinal trends. We further com-
pared the model performance in simulating the historical interan-
nual variation in phenology in terms of RMSE for each species. We 
also used the models to project future changes in spring leaf- out 
using projected daily average temperatures from CMIP5 for the 
period 2007– 2100. We then used the predicted spring leaf- out to 
calculate frost days.

The phenological models are shown below.

2.5  |  Photo- threshold model

Spring leaf- out is predicted to occur when Sf(t) ≥ F∗ or DL(t) ≥ DLend
∗. 

The forcing process starts at t0, that is when D(t) ≥ DLstart
∗. t is day of 

year, x (t) is daily temperature, DL(t) is daily daylength, DLstart
∗ is the 

minimum daylength threshold to trigger the forcing process, DLend
∗ 

is the maximum daylength threshold, F∗ is the forcing requirement, 
Rf(t) is the rate of forcing. Sf(t) is the state of forcing, calculated as 
the summation of Rf(t) from DLstart

∗ to the predicted spring leaf- out. 
Tbase is base temperature (5°C). DLstart

∗, DLend
∗, and F∗ are parameters 

to be calibrated.

2.6  |  Photo- chilling model

Spring leaf- out is predicted to occur when Sf(t) ≥ a ∗ exp
(
b ∗ Sc (t)

)
, 

where b < 0. t is the day of year, x (t) is daily temperature, DL(t) is 
daily daylength, Topt is the optimum temperature for chilling ac-
cumulation, Sf(t) and Sc(t) are the states of forcing and chilling re-
spectively. Rf(t), Rc(t), and Rp(t) are the rates of forcing, chilling, and 
photoperiod respectively. Forcing and chilling accumulations start 
at t0, that is, November 1 in the preceding year in this study. Tbase 
is base temperature (5°C). a, b, c, and Topt are parameters to be 
calibrated.

Rf (t) =

⎧
⎪⎨⎪⎩

x (t)−Tbase x (t)>Tbase

0 x (t)≤Tbase

,

Sf (t) =
∑
t0

Rf (x (t)) .

Rf (t) =

⎧
⎪⎨⎪⎩

28.4

1+exp (3.4−0.185∗x (t))
x (t)>Tbase

0 x (t)≤Tbase

,

Sf (t) =
∑
t0

Rf (x (t)) × Rp,

Rc (t) =

⎧⎪⎪⎨⎪⎪⎩

0 x (t)≥10.4orx (t)≤−3.4

x (t)+3.4

Topt+3.4
−3.4<x (t)≤Topt

x (t)−10.4

Topt−10.4
Topt<x (t)<10.4

,

Sc (t) =
∑
t0

Rc (x (t)) ,

Rp (t) =
DL (t)

12
× ec× Sc(t).

TA B L E  1  Parameters and statistics of model calibration

Models Photo- threshold model Photo- chilling model Chilling- alone model

Species D*start D*end F* RMSE a b c Topt RMSE a b Topt RMSE

Aesculus hippocastanum 10.7 15.5 90 9.92 518 −0.008 −0.12 −2.5 9.53 515 −0.0055 −3 12.04

Alnus glutinosa 10.7 15.5 86 14.30 500 −0.007 −0.01 −3.2 13.76 515 −0.0055 −3.2 15.87

Betula pendula 10.7 15.5 86 9.15 509 −0.008 −0.21 −3.2 8.92 515 −0.0055 −3.2 11.9

Fagus sylvatica 11.9 15.3 107 9.41 629 −0.011 −0.89 −3.2 8.81 579 −0.0055 −3 11.8

Fraxinus excelsior 11.7 15.5 176 9.95 630 −0.008 −0.9 −3.3 9.95 667 −0.0055 −3.2 11.66

Quercus robur 11.6 15.6 152 8.83 640 −0.008 −0.3 −3.3 8.82 635 −0.0055 −3.3 10.7

Abbreviation: RMSE, root mean square error.
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2.7  |  Chilling- alone model

 

 

Spring leaf- out is predicted to occur when Sf(t) ≥ a ∗ exp
(
b ∗ Sc (t)

)
, 

where b < 0. This model shares the same parameters with the photo- 
chilling model but without the photoperiod variable.

3  |  RESULTS

3.1  |  Photoperiod- induced shifts in spring leaf- out

We found significant latitudinal shifts in spring leaf- out (p < 0.05) 
in 49 of the 54 temperature– species groups (i.e., 9 tempera-
ture × 6 species groups, Table 2). Among these 49 groups, spring 
leaf- out delayed with increasing latitude in 44 groups (i.e., ear-
lier spring leaf- out in the southern region), as indicated by posi-
tive slopes (day oL−1, i.e., number of days delayed in spring leaf- out 
per latitudinal degree increase, p < 0.05). The greatest delays 
occurred in the medium forcing and low chilling groups, that is, 
spring leaf- out delayed >1.2 day oL−1 across the six deciduous tree 
species (largest delay in Q. robur: 1.7 day oL−1, p < 0.05, Figure 3; 
Table 2). In contrast, spring leaf- out advanced, up to −0.3 day oL−1, 
in the high forcing and high chilling groups of A. hippocastanum, 

A. glutinosa, F. excelsior, Q. robur, and in the low forcing and high 
chilling group for B. pendula (p < 0.05, Figures S3 and S4; Table 2). 
The degree of latitudinal changes was very different among spe-
cies, ranging from 0.8 ± 0.6 day oL−1 (mean ± standard deviation, 
Q. robur) to 0.5 ± 0.5 day oL−1 (A. glutinosa) across all temperature 
groups (Table 2).

Modeling results directly supported that the photoperiod 
effect is the main contributor to the temperature- independent 
latitudinal shifts in spring leaf- out. All three models captured the 
historical interannual variation of spring leaf- out (Figure S5; Table 
S1). Both photoperiod- enabled models showed improvements in 
predicting spring leaf- out for all six deciduous tree species in 
terms of RMSE (photo- threshold: 8.3 ± 1.1 days; photo- chilling: 
8.3 ± 0.9 days) and correlation (photo- threshold: 0.62 ± 0.07; 
photo- chilling: 0.60 ± 0.06), compared to the chilling- alone 
model (RMSE: 9.7 ± 0.8 days; correlation: 0.55 ± 0.07; Figure 4). 
More importantly, both photoperiod- enabled models reproduced 
the observed latitudinal delay in spring leaf- out (i.e., positive 
slopes) for all six deciduous tree species (p < 0.01; Figure 5; see 
Section 4), although the photo- chilling model underestimated 
and the photo- threshold model overestimated the magnitude of 
the latitudinal delay for most species. In contrast, the chilling- 
alone model only reproduced 30% (0.39 day oL−1) and 32% 
(0.33 day oL−1) of magnitudes of the latitudinal delay for F. excel-
sior and Q. robur (p < 0.01), respectively, and predicted no trends 
for the remaining four species (Figure 5). The differences in slope 
between the photo- chilling and chilling- alone models (Figure 5) 
indicate the photoperiod effect, since these two models are the 
same except that the former considers the photoperiod effect. 
The chilling- alone model predicted no trends in spring leaf- out 
across latitudes, which was expected because the chilling- alone 
model depends solely on forcing and chilling and neither of them 
showed a trend across latitudes (Table S2). Such homogenous 
distribution of forcing and chilling further supports that the lati-
tudinal shifts in spring leaf- out were not caused by a temperature 
effect.

Rf (t) =

⎧
⎪⎨⎪⎩

28.4

1+exp (3.4−0.185∗x (t))
x (t)>Tbase

0 x (t)≤Tbase

,

Sf (t) =
∑
t0

Rf (x (t)) ,

Rc (t) =

⎧⎪⎪⎨⎪⎪⎩

0 x (t)≥10.4orx (t)≤−3.4

x (t)+3.4

Topt+3.4
−3.4<x (t)≤Topt

x (t)−10.4

Topt−10.4
Topt<x (t)<10.4

.

TA B L E  2  Slopes of spring leaf- out across latitudes in nine temperature groups. Slopes represent the number of days changed in spring 
leaf- out per latitudinal degree increase. Positive or negative slopes represent delayed or advanced spring leaf- out northward respectively. 
Forcing accumulation was defined as an integration of daily mean temperature above 5°C from November 1 in the preceding year to leaf- 
out. Chilling was calculated as the number of days when daily mean temperature is below 5°C from November 1 in the preceding year to 
leaf- out

Species Low forcing Medium forcing High forcing

Chilling Low Medium High Low Medium High Low Medium High

Aesculus hippocastanum 0.882*** 0.853*** 0.145** 1.424*** 0.443*** 0.276*** 0.891*** 0.858*** −0.197**

Alnus glutinosa 0.414*** 1.035*** 0.035 1.445*** 0.281*** 0.211*** 0.972*** 0.542*** −0.268**

Betula pendula 0.998*** 0.905*** −0.135** 1.629*** 0.509*** 0.291*** 0.894*** 1.029*** 0.1

Fagus sylvatica 0.588*** 0.676*** 0.322*** 1.209*** 0.416*** 0.17*** 1.061*** 1.118*** −0.122

Fraxinus excelsior 0.722*** 0.62*** −0.015 1.611*** 0.407*** 0.13 1.441*** 0.912*** −0.286***

Quercus robur 0.769*** 1.033*** 0.473*** 1.646*** 0.574*** 0.287*** 1.353*** 1.066*** −0.196**

**p < 0.05, ***p < 0.01. 
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F I G U R E  3  Changes in spring leaf- out 
across latitudes in the medium forcing 
group. Points and shaded areas represent 
mean and uncertainty (i.e., 50% of standard 
deviation), respectively, of spring leaf- out at 
a 0.1° latitude. We stratified the data into 
nine temperature groups based on three 
forcing and three chilling accumulations 
at high, medium, and low levels for each 
deciduous tree species based on the 33.3% 
and 66.6% quantiles of forcing or chilling 
accumulations during the period 1980– 
2016. Chilling is calculated as the number 
of days when daily mean temperature 
is below 5°C from November 1 in the 
preceding year to leaf- out. Fitted linear 
regression lines for spring leaf- out with 
latitude are shown in each chilling group. 
Results for high and low forcing groups are 
shown in Figures S3 and S4

F I G U R E  4  Evaluation of the photo- 
threshold (a), photo- chilling (b), and 
chilling- alone (c) models. Color of pixels 
represents the number of observations. 
The black 1:1 line, root mean square 
error (RMSE), and correlation (r) are 
shown
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3.2  |  The underlying mechanism of the 
photoperiod effect

The photo- threshold model well captured the observed spatial 
variation in spring leaf- out for the six deciduous tree species (e.g., 
later leaf- out at higher latitudes, depicted by the gray curve in 
Figure 6), but neither the photo- chilling model nor the chilling- 
alone model did the same (Figure 6). Such contrast in model per-
formances indicates that photoperiod affects the spatial variation 
in spring leaf- out mainly by imposing a threshold to trigger the 
forcing process, rather than varying with chilling conditions to 
influence the effectiveness of forcing accumulation. The photo- 
chilling and chilling- alone models predicted a similar latitudinal 
distribution pattern (depicted by the gray curve), but the former 
showed a considerably improved prediction of latitudinal trends 
of spring leaf- out (Figure 6c,d) by simply adding photoperiod as 
an additional variable. We obtained similar results using either a 
wider or a narrower forcing and chilling threshold to select data 
(Figures S6 and S7), indicating that the general patterns are robust 
for different selection criteria and sample sizes. These results il-
lustrate that incorporating the photoperiod effect into phenologi-
cal models greatly improves the predictability of spring leaf- out 
and its spatial variation.

In addition, model performance in predicting latitudinal delay 
in spring leaf- out varied greatly across species, indicating a highly 
species- specific phenological dependence on the photoperiod effect. 
Specifically, the photo- chilling model best predicted the magnitude 
of delay for A. hippocastanum, A. glutinosa, B. pendula, and F. sylvat-
ica, while the photo- threshold model best predicted the magnitude 
of delay for F. excelsior and Q. robur (Figure 5). The photo- threshold 
model overestimated the magnitudes, especially for A. hippocastanum, 
A. glutinosa, and B. pendula, whereas the photo- chilling model under-
estimated the magnitudes of delay for four out of six species (ranging 
from 65% for F. excelsior to 86% for A. hippocastanum; Figures 5 and 6).

3.3  |  Interactions between photoperiod and 
temperature

The photoperiod effect on spring leaf- out showed clear interactions 
with temperature (Figure 7). How and to what extent photoperiod 
changed spring leaf- out across latitudes depended on tempera-
ture, as represented by the nine forcing and chilling accumulation 
groups. As shown in Figure 7, spring leaf- out either remained un-
changed or significantly advanced across latitudes (negative slopes) 
in the high forcing and high chilling group (i.e., the upper right por-
tion of the data point, e.g., F. sylvatica showed the largest advance at 
−0.3 day oL−1), while leaf- out mostly showed significant delay north-
ward in other temperature groups (positive slopes, earlier leaf- out 
in the southern region; p < 0.05). There were greater delays in the 
low chilling group (i.e., the left portion of the data point in Figure 7, 
1.1 ± 0.4 day oL−1, mean ± standard deviation of slopes across six de-
ciduous tree species and forcing groups) than in the medium chilling 
group (0.7 ± 0.3 day oL−1), and the delay effect gradually diminished 
or became nonsignificant toward high chilling and low forcing groups 
(i.e., the bottom right portion in Figure 7; 0.1 ± 0.2 day oL−1). When 
putting together the changes in photoperiod effect with spring leaf- 
out, we found the advancing effect of photoperiod (negative slopes, 
Figure 7) occurred when spring leaf- out was relatively late (i.e., brown 
in the upper right portion in Figure 7 subfigures) while the delaying 
effect existed for the mid-  to early spring leaf- out (gray and green in 
Figure 7 subfigures). The results are relatively consistent across all 
six deciduous tree species despite differences in magnitude.

3.4  |  Mitigation of frost risks

All three models show that spring leaf- out will be significantly ad-
vanced under climate warming (p < 0.001; Figure 8). More impor-
tantly, models show that photoperiod slows down the advancement 

F I G U R E  5  Observed and predicted slopes of spring leaf- out across latitudes for six deciduous tree species. The slopes (derived from 
the linear regressions in Figure 6) represent the number of days changed in spring leaf- out per latitudinal degree increase. Positive slopes 
represent delayed spring leaf- out northward. Spring leaf- out data were selected from all site- year data during the period 1980– 2016 
based on the following two criteria: (1) forcing accumulation was within 65%– 75% quantiles of all forcing accumulations and (2) chilling 
accumulation was within 25%– 35% quantiles of all chilling accumulations. Significance is shown (p < 0.01)
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of spring leaf- out and reduces the frost risk of deciduous trees under 
the projected warming climate. The advancing rate of spring leaf- out 
predicted by the chilling- alone model (−4.12 to −3.15 days decade−1) 

was around twice than that predicted by two photoperiod- enabled 
models (−2.00 to −1.61 days decade−1; p < 0.001, Table 3). According 
to the chilling- alone model, spring leaf- out was predicted to advance 

F I G U R E  6  Observed (a) and predicted spring leaf- out by the photo- threshold model (b), photo- chilling model (c), and chilling- alone 
model (d) across latitudes. Color of pixels represents the number of observations. Spring leaf- out (day of year) was selected from all site- 
year data during the period 1980– 2016 based on the following criteria: (1) forcing accumulation was within the 65%– 75% quantiles of all 
forcing accumulations and (2) chilling accumulation was within the 25%– 35% quantiles of all chilling accumulations. Gray lines represent 
the boundary of data distribution, fitted by a Loess smooth approach using the maximum and minimum spring leaf- out at each 0.1° latitude. 
Linear regression lines, slopes, and p- values for spring leaf- out against latitudes are shown. The results based on different selection criteria 
and sample sizes are shown in Figures S6 and S7
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up to 36 days by 2100, in contrast to only 17 days predicted by 
the two photoperiod- enabled models across six deciduous species 
(Figure 8). Consequently, the chilling- alone model (mean ± stand-
ard deviation: 22 ± 11 days) predicts 21 more accumulated frost 
days than the photoperiod- enabled models (mean ± standard devia-
tion: 1 ± 0.5 days) for the six deciduous tree species from 2007 to 
2100 (Figure 8), demonstrating the effective mitigation of frost risk 
by photoperiod. The spring leaf- out of F. sylvatica, F. excelsior, and 
Q. robur showed less advance by 2100, compared to that of A. hip-
pocastanum, A. glutinosa, and B. pendula (Table 3). In addition, the 

accumulated frost days for F. sylvatica, F. excelsior, and Q. robur were 
significantly fewer compared to those for A. hippocastanum, A. glu-
tinosa, and B. pendula, indicating highly species- specific risk of frost 
damage, with higher risks for earlier phenology species.

4  |  DISCUSSION

The photoperiod effect on phenology we reported here is a two- way 
effect, that is, advancing excessive late spring leaf- out and delaying 

F I G U R E  7  Interaction between 
photoperiod and temperature on 
spring leaf- out. Colors represent slopes 
(number of days changed in spring 
leaf- out per latitudinal degree increase) 
derived from Table 2 (p < 0.01). Positive 
slopes represent spring leaf- out was 
delayed northward. Gray indicates a 
nonsignificant trend at p > 0.05. The 
color of the subfigures represents spring 
leaf- out (day of the year) with the same 
axes as the main figures. Spring leaf- out 
and the calculated forcing and chilling 
accumulation are from observation 
data

F I G U R E  8  Model prediction of spring 
leaf- out and frost days during the period 
2007– 2100 for six deciduous tree species. 
Fitted linear regressions are shown for 
each model (p < 0.001). The subfigures 
are the accumulated frost days during 
the period 2007– 2100. All three models 
predict no frost days for Fraxinus excelsior 
and Quercus robur

TA B L E  3  Slopes of predicted spring leaf- out during 2007– 2100 by three phenological models. The slopes are from fitted linear regression 
in Figure 8 (p < 0.001)

Slope (days/decade)
Aesculus 
hippocastanum Alnus glutinosa Betula pendula Fagus sylvatica

Fraxinus 
excelsior

Quercus 
robur

Photo- threshold model −1.86 −1.92 −1.87 −1.68 −1.80 −1.61

Photo- chilling model −1.97 −2.00 −2.00 −1.63 −1.65 −1.64

Chilling- alone model −4.12 −4.12 −4.12 −3.70 −3.15 −3.3
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excessive early spring leaf- out caused by temperature variation. The 
advance and delay effects of photoperiod have been proposed and 
discussed conceptually in previous studies (Basler & Körner, 2014; 
Vitasse & Basler, 2013; Way & Montgomery, 2015), and the delay 
effect has been reported from experimental studies (Zohner & 
Renner, 2015). However, this is the first study to reveal photoperiod 
advances excessive late spring leaf- out at the regional scale based 
on field observational datasets. Our finding points to the necessity 
of considering photoperiod together with temperature in predict-
ing phenological changes under climate warming. Previously, it has 
been often assumed that temperature has a prominent effect on 
spring phenology at the current climate regime; as a result, the pho-
toperiod effect and its interaction with temperature have not been 
as widely studied as the temperature effect itself (Basler & Körner, 
2014; Meng, Mao, et al., 2020; Tang et al., 2016). As the scientific 
communities focus on the considerable advancement of spring phe-
nology driven by climate warming, our study calls attention to the 
fact that photoperiod actually mitigates and may eventually limit 
such advancement in the future. As the warming trend continues, 
the temperature effect on phenology may decline whereas photo-
periodic cues may become increasingly critical to spring phenology. 
Our findings also have significant implications for forecasting forest 
vulnerability in a warming world. Although extreme climate events 
may lead to increased risks of spring leaf- out (Gu et al., 2008), pho-
toperiod may reduce the risk of frost damage associated with pre-
mature onset of tree growth by decelerating the advance in spring 
phenology.

This study addressed the challenge to disentangle the photope-
riod and temperature effects on spring leaf- out by using the natu-
ral topography of the Alps, that is, spatially relatively homogenous 
temperatures caused by higher elevations at lower latitudes and a 
significant latitudinal gradient of daylength. We further constrained 
temperature variation to the minimum by dividing all site- year data 
into nine temperature groups according to forcing and chilling accu-
mulation. Although there was possibly still minor temperature vari-
ation within each group, the trend of spring leaf- out in Figure 3 was 
mainly caused by photoperiod, not temperature, for two reasons. 
First, the photo- chilling model simulated the latitudinal trend of leaf- 
out, but the chilling- alone model did not (Figures 5 and 6). Having 
the same model structure, these two models only differ in whether 
considering photoperiod effect. Therefore, photoperiod mainly 
caused the difference in simulated spring leaf- out between these 
two models, that is, the latitudinal trend of spring leaf- out. Second, 
we used observational data within a very narrow temperature range 
(i.e., 65%– 75% quantiles of forcing and 25%– 35% quantiles of chill-
ing) without latitudinal trend of forcing and chilling (Table S2), and 
we still see the same magnitude in the latitudinal trend of spring leaf- 
out (Figure 6a), as compared to in the 33% quantile group in Figure 3. 
This indicates temperature variation is not the main reason for the 
observed leaf- out trend.

The two photoperiod- enabled models proposed in our study are 
advantageous to correlative analyses between spring leaf- out and 
photoperiod to disentangle the photoperiod effect and understand 

the underlying mechanisms. This is because a photoperiod model 
describes the photoperiod effect as a complete and continuous 
process over a period, while the correlative analyses only depict 
the photoperiod effect of a single date. The biases resulted from 
this single date approach are particularly pronounced if the study 
areas extend over wide latitudinal ranges, due to the distinct sea-
sonal changes in daylength across latitudes (e.g., relatively longer 
daylength occurs before the spring equinox at lower latitudes and 
after the spring equinox at higher latitudes; Figure S2). In contrast, 
our models precisely account for the reversing of relative daylength 
before and after the spring equinox across latitudes. A photoperiod 
model also allows hypothesis testing on the underlying mechanisms 
of the photoperiod effect and predicting phenological changes 
under contrasting future scenarios so that the photoperiod effect 
on frost risk mitigation can be quantified.

Both the photo- threshold and photo- chilling models reproduced 
the observed patterns in spring leaf- out, but they represent contrast-
ing underlying mechanisms of photoperiod effects (Basler & Körner, 
2014; Caffarra & Donnelly, 2011; Vitasse & Basler, 2013; Vitasse 
et al., 2018). In the photo- threshold model, the observed delay and 
advance effects of photoperiod are represented by the minimum 
and maximum daylength thresholds respectively. Specifically, trees 
in the south of this study area reach the minimum threshold and start 
the forcing process earlier than trees in the north (Figure S2), result-
ing in an earlier spring leaf- out in the south (i.e., delay effect). In an 
extremely cold year when the forcing threshold cannot be reached, 
trees in the north reach the maximum threshold earlier than trees in 
the south (Figure S2), leading to an earlier spring leaf- out at higher 
latitudes (i.e., advance effect). In addition, the photo- threshold 
model assumes that the daylength does not affect phenology before 
the minimum threshold is reached, which is consistent with the find-
ings from experimental studies (Zohner & Renner, 2015). In terms of 
the photo- chilling model, longer daylength in the south before the 
spring equinox contributes to a stronger photoperiod effect, which 
causes faster forcing accumulations and leads to an earlier spring 
leaf- out. On the contrary, in extreme cold years, the efficiency of 
forcing accumulation gradually increases as the photoperiod length-
ens through spring (especially prominent at higher latitudes, e.g., 
55°N in Figure S2), mitigating late spring leaf- out and causing the 
advancing trend across latitudes.

In general, photo- threshold and photo- chilling models show sim-
ilar performance, indicating that despite the photo- chilling model 
has an additional chilling process than the photo- threshold model, 
including such a process does not always lead to the improved pre-
diction for all species in our study area. For instance, the photo- 
chilling model shows better prediction on the latitudinal trend of 
spring leaf- out for four out of six species (e.g., A. hippocastanum, A. 
glutinosa, B. pendula, F. sylvatica; Figure 5) than the photo- threshold 
model. Moreover, previous studies also showed the model complex-
ity did not necessarily lead to improved accuracy, partly because 
not all species require chilling explosure (Hänninen et al., 2019). 
For example, Basler (2016) reported simple models (e.g., models 
only consider forcing process) showed similar performance to more 
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complex models such as chilling- alone models in six temperate tree 
species across central Europe. The two photoperiod- enabled models 
serve as examples to incorporate photoperiod to improve phenology 
prediction, but they are not the only model structures and do not 
exclude other possible representations of the photoperiod effect in 
phenological models.

The underlying mechanisms and/or the strength of the photope-
riod effect are highly species- specific. Such a species variation may 
be linked to the inherently different tolerant levels to the trade- off 
between late- season frost risk and productivity evolved in species’ 
life history (Borchert et al., 2005; Hänninen et al., 2019; Vitasse & 
Basler, 2013), that is, opportunistic and freezing- resistant species 
are more temperature- dependent and “risky” while late- successional 
species are more photoperiod sensitive and “conservative” to follow 
temperature variation (Basler & Körner, 2012). The photoperiod ef-
fect may also vary among populations within one species (Vitasse & 
Basler, 2013), which is not considered in this study. The sensitivity 
of the photoperiod effect may interact with other factors such as 
nutrition; trees with abundant nutrition tend to follow a more risky 
strategy to maximize growing season length probably due to higher 
concentrations of proteins that resist the formation of icicles (Tateno 
& Takeda, 2003). These different photoperiod sensitivities may po-
tentially lead to more divergent frost risks that different species will 
experience under climate warming (Basler & Körner, 2012). Plant- 
community structures and geographical distribution of species may 
even be changed in the long run due to the unevenly increased risks.

Adaptation or acclimation of trees to environments under cli-
mate change has been reported and discussed (Bennie et al., 2010). 
However, the capacity of deciduous trees to genetically or physio-
logically adapt to warmer conditions in terms of the timing of growth 
is unclear. Understanding the degree of adaptation of deciduous 
trees to photoperiod effect across the wide range of latitudes will 
enable further advances in phenological modeling. Experimental 
studies on manipulating temperature and daylength are needed to 
ascertain the photoperiod mechanisms controlling phenology, so 
that more credible model extrapolations can be undertaken. In addi-
tion, extending the findings of this regional study to the global scale 
would require consideration of interactions with other environmen-
tal factors, such as precipitation, soil moisture, and diurnal tempera-
ture range (Laube et al., 2014; Meng, Zhou, et al., 2020). Besides 
climate conditions, physical and chemical properties of soil such as 
the concentration of exchangeable soil potassium and soil acidity are 
also shown to have a significant impact on spring phenology at the 
scale of small forest watersheds (Lapenis et al., 2017).

This study provides observational and model- based evidence 
that photoperiod decelerates the advance in spring phenology 
and thus reduces the frost risks under climate warming. The 
delay effect of photoperiod limits the risk of damage from late 
frost events, while the advance effect allows trees to take full ad-
vantage of the growing season for carbon fixation. The advance 
effect suggests that the underlying mechanisms on photoperiod– 
temperature interaction may be more complex than the notion 

that photoperiod may substitute chilling requirements as previ-
ously reported (Caffarra & Donnelly, 2011; Laube, Sparks, Estrella, 
Höfler, et al., 2014). As warmer climate pushes spring phenology 
to the edge of the interannual variation especially the early edge, 
the delay effect of photoperiod will become more prominent while 
the advance effect will be reduced. Our results reconcile contra-
dictory hypotheses about the interaction between photoperiod 
and temperature in regulating spring leaf- out (Flynn & Wolkovich, 
2018; Way & Montgomery, 2015; Zohner et al., 2016). Current 
earth system models need to accurately incorporate the photope-
riod effect on spring phenology, since it may substantially change 
the trajectory of the land feedbacks to the earth system under fu-
ture warming. Increased understanding of the photoperiod effect 
on phenology is also crucial to ascertain whether climate warming 
will increase the risk of spring frost damage to terrestrial ecosys-
tems (Ault et al., 2013; Gu et al., 2008).
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