nature communications

Article

https://doi.org/10.1038/s41467-024-53382-3

Flowering in the Northern Hemisphere
is delayed by frost after leaf-out
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Late spring frosts, occurring after spring phenological events, pose a dire
threat to tree growth and forest productivity. With climate warming, earlier
spring phenological events have become increasingly common and led to
plants experiencing more frequent and severe frost damage. However, the
effect of late spring frosts after leaf-out on subsequent flowering phenology in
woody species remains unknown. Utilizing 572,734 phenological records of
640 species at 5024 sites from four long-term and large-scale in situ pheno-
logical networks across the Northern Hemisphere, we show that late spring
frosts following leaf-out significantly delay the onset of the subsequent flow-
ering by approximately 6.0 days. Late-leafing species exhibit greater sensitivity
to the frosts than early-leafing species, resulting in a longer delay of 2.5 days in
flowering. Trees in warm regions and periods exhibit a more pronounced frost-
induced flowering delay compared to those in cold regions and periods. A
significant increase in the frequency of late spring frost occurrence is observed
in recent decades. Our findings elucidate the intricate relationships among
leaf-out, frost, and flowering but also emphasize that the sequential progres-
sion of phenological events, rather than individual phenological stages, should
be considered when assessing the phenological responses to climate change.

Tree phenology, the periodic events of tree growth and development
during the year', influences species distribution and carbon, water, and
nutrient cycles®™. Under climate warming, advanced spring phenolo-
gical events, such as budburst and leaf-out have been widely reported
in recent decades®”. Late spring frost (LSF), defined as frost events
occurring after spring phenological events®’, affects tree growth and
causes disequilibrium in the terrestrial ecosystems®. Due to the
warming-induced earlier spring phenology, newly developed organs in
trees, such as buds and leaves, may be exposed to an increasing risk of
LSF in temperate and boreal forests>. Therefore, it is essential to

investigate the interaction between LSF events and tree spring phe-
nology to accurately predict frost damage to tree growth and forest
carbon cycling.

While trees are highly resistant to below-freezing temperatures in
winter and can survive cold frosts through the development of cold
hardiness during the endodormancy, newly emerging leaves and
flowers are susceptible and vulnerable to cold temperatures as trees
deharden and come into an active metabolism stage where freezing
resistance drops irreversibly after warm spells in spring> ™. Therefore,
LSF can cause more severe damage than frosts in winter and early
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spring. Freezing temperatures often result in severe tissue dehydration
due to extracellular ice formation'® and irreversible cellular damage as
the ice crystals inside the cells disrupt cell walls and membranes
mechanically, and then lead to cellular rupture and tissue necrosis,
impeding tree growth and life cycle” ™. In addition to structural
damage, LSF events also impair critical physiological processes. For
example, cold temperature conditions can induce the degradation of
chlorophyll and consequently lead to a reduction in photosynthetic
rate and carbon assimilation®.

LSF damage does not always diminish even though frost events
generally occur less often?, as damage occurrence is co-determined by
the timing of spring frost and freezing resistance of trees”. Trees need
to extend the growing season and optimize photosynthetic carbon
uptake by initiating leaf development as early as possible?, while they
have to, on the other hand, minimize severe spring frost damage as a
result of earlier spring budburst and leaf-out**?. Therefore, trees need
to balance maximizing photosynthetic productivity with mitigating
the risk of LSF**?. Overall, warming-induced advanced spring phe-
nology increases the risk of LSF exposure and aggravates the sub-
sequent potential damage”~°. However, responses of tree growth to
LSF are often regionally different and species-specific’**. Individuals
and species in colder regions face more severe and frequent cold
extremes, and their frost hardiness is often higher than those in war-
mer regions®*2, Besides, the widely observed significant correlation
between freezing resistance and leaf-out date manifests the possibility
that early-leafing species might have evolved stronger frost resistance
than late-leafing species in order to minimize the risk of frost damage
during leaf emergence®**. These varied frost responses emphasize the
importance of utilizing long-term and large-scale datasets across taxa
to provide valid and reliable insights into the effects of LSF on tree
phenology.

Flowering phenology, as the beginning of the reproductive pro-
cess, impacts plants’ mating pattern, gene flow among populations,
and interactions with pollinators, determines fruit and seed produc-
tion, and then influences species fitness, community dynamics, and
ecosystem structures®?>¢, Previous studies emphasize the effects of
warming temperature and photoperiod on flowering phenology.
However, extreme cold freezing events, especially occurring after
spring leaf-out, can also impact the reproductive phases®%. Most
studies focus on one single phenological phase and its shift, such as
budburst or flowering. However, the growth and development of trees
is an ongoing process and the phenological cycle is an integrated
system**°, One phenological phase is jointly influenced by environ-
mental conditions and the prior phenological phases, as evidenced by
the observed correlations between leaf-out and leaf senescence®*,
and between leaf-out and flowering®. For leafing-first trees, which
spread leaves first and then bloom flowers, LSF occurring in low-
freezing resistance phases causes more than severe foliage setback
and canopy destruction, which adversely impacts the photosynthetic
process and carbon uptake***°. This damage to leaves may carry over
to flowering and fruiting because the reproductive processes are clo-
sely linked to the prior growth of leaves*. Leaf-out timing and leaf
development are critical for flowering phenology as newly synthesized
carbohydrates by vegetative tissues provide energy to initiate and
maintain flowering®’. As such, LSF events after leaf-out might have an
extended effect on subsequent flowering events and even a lagged
effect on trees growth in subsequent years by altering resource allo-
cation and nutrient cycling'*®. However, the extent to which flowering
is affected by LSF damage on leaves at a large spatial scale, and the
interrelationships among leaf-out, flowering, and frost events remain
uninvestigated.

Using 572,734 records of 640 leafing-first species at 5024 sites
from four long-term and large-scale phenological observation datasets
in the Northern Hemisphere, we investigate the subsequent effect of
LSF-induced leaf damage on flowering phenology. Specifically, we

compare the differences in flowering timing between scenarios with
and without LSF occurrence. Furthermore, we compare the impact of
LSF on flowering across different species, regions, and periods. We
hypothesize that LSF occurrence would delay flowering because LSF
could impair photosynthetic carbon assimilation in foliage, conse-
quently leading to a carbon shortage for subsequent reproductive
processes.

Results

Effect of LSF on the timing of flowering

We collected 572,734 phenological records of 640 woody species
and from 5024 sites from four large-scale ground-observed pheno-
logical networks in Europe, the USA, China, and Russia across dif-
ferent climate regions in the Northern Hemisphere (see
Supplementary Data 1-3). The onset of leaf unfolding and first flow-
ering were appointed to represent leaf-out and flowering stages for
each phenological network. The timings of these phenophases were
recorded as or converted to the day of year (DOY). We defined late
spring frost (LSF) occurrence as the daily minimum temperature fell
below -2.2 °C during the period between leaf-out and flowering using
climate data from the E-OBS and CRU JRA v2.4 datasets. To examine
the effect of LSF-induced leaf damage on the subsequent flowering,
we calculated differences in leaf-out timing (ADOYjeaf.our) and in
flowering (ADOYqowering) fOr each consecutive two-year per species
at each site and compared the difference in flowering timing after
excluding the effect of leaf-out (ADOYgowering,Ls¢) When LSF occurred
and did not. Two additional baselines of long-term mean leaf-out and
flowering dates for all years and for years without LSF presence
were also utilized to calculate ADOYiear.outs ADOYgowerings and
ADOVYfqowering,Lsr- Positive and negative values of ADOYqowering sk
indicated delayed and advanced flowering timing, respectively. Lin-
ear mixed models were utilized to examine the differences in impacts
of LSF on flowering across species, regions and periods (see Methods
and Supplementary Data 4).

Using four ground-based phenological networks (i.e., the PEP725
network, USA-NPN, CPON, and RCNN), we observed a significant dif-
ference in the flowering timing between records with or without
LSF occurrence. ADOYqoweringsF remained centered at zero when LSF
was absent, while it exhibited positive (6.14 + 0.05 days) when LSF was
present (Fig. 1b). This implied that LSF-induced damage on the leaf
postponed flowering date significantly. Among all the four ground
phenological observation datasets, the PEP725 network exhibited the
most delayed flowering days, 6.30 £ 0.05 days, whereas RCNN showed
the least delayed days, 3.49 + 0.28 days (Fig. 1b and Supplementary
Data 5a). The flowering timing delayed 4.77+0.46 days and
3.56+0.40 days in USA-NPN and CPON, respectively (Fig. 1b and
Supplementary Data 5a). Using the long-term baselines, we also
observed that flowering was delayed by LSF after leaf-out in the
Northern Hemisphere (Supplementary Fig. 1ac). Additionally, flower-
ing timing in Europe showed consistent delay responses when LSF
occurred using CRU JRA v2.4 climate datasets (Supplementary Fig. 2).

To ensure the robustness of the results, we further employed
linear mixed models to exclude the effects of climate variations
between leaf-out and flowering on the date of flowering for each
phenological dataset (see Methods). The linear mixed model out-
comes highlighted that LSF significantly delayed flowering by
3.56 + 0.04 days after excluding the influences of precipitation, radia-
tion, and drought between leaf-out and flowering as well as leaf-out
date (Supplementary Data 6). Moreover, we extended the investiga-
tion by utilizing different temperature thresholds (i.e., -2 °C, -5 °C, and
-8 °C) to define frost occurrence. The flowering was observed delay in
all phenological observation networks under each frost temperature
threshold (Supplementary Data 7). Besides, the results underscored a
significant difference among temperature thresholds in the PEP725
network and USA-NPN and an escalation in frost-induced delayed
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flowering as lower temperature threshold indicated exacerbated frost
severity (Supplementary Fig. 3 and Supplementary Data 8).

Species-specific responses

For the PEP725 network, the largest ground phenological network used
in our study, all of the selected species postponed flowering timing
when LSF occurred (Fig. 1c and Supplementary Fig. 1bd). Among the
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seven species, Tilia platyphyllos and Aesculus hippocastanum delayed
flowering over seven days, followed by Tilia cordata and Sorbus
aucuparia, while Ribes uva-crispa, Fagus sylvatica, and Betula pendula
delayed less than five days (Fig. 1c and Supplementary Data 5b). We
categorized tree species into early-leafing and late-leafing groups
based on the mean leaf-out dates across all the species. We con-
sistently observed a delay in flowering for both early- and late-leafing
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Fig. 1| Distributions of the phenological observation sites in the study (a) and
effects of late spring frost events (LSF) on flowering based on phenological
observation records (b-c). Difference in ADOY between records in the presence
and absence of LSF from all networks, the PEP725 network, USA-NPN, CPON, and
RCNN (b) and for seven tree species in the PEP725 network (c). In a, Yellow dots
represent the 3,969 sites selected from the PEP725 network. Green, blue, and red
dots represent 918, 93, and 44 sites selected from USA-NPN, RCNN, and CNOP,
respectively. In b, there are 57,001, 4,991, 734, and 1,239 qualified matched records
in the PEP725 network, USA-NPN, CPON, and RCNN, respectively, in the presence of

LSF. In the absence of LSF, these numbers are 203,950, 2,970, 10,017, and 5,465,
respectively. In b and ¢, ADOY indicates ADOYfowering.Lsr- Y and N indicate the
presence and absence of LSF for each species in each year at each site, respectively.
The black dashed line denotes when ADOY equals to zero. The boxes span from the
first to the third quartile, with median values marked as the black lines in the middle
of the boxes. The whiskers extend from the 5th to the 95th percentile. Values
beyond the whiskers are hidden. The asterisk indicates a significant difference (two-
side t-test, p < 0.05) in ADOY between LSF presence and absence using linear mixed
models (Supplementary Data 5). Source data are provided in Source Data Fig. 1a-c.

a Early-leafing b 6- Late—leafing ¢ 304 *
9 [1N-0.74 éo 14} days N -0.98 (0.11) days
1Y 5.07 (0.06) days DY748( .08) days
81 )
54 20
74 *
£ 6l 2 4l g 10]
c c 1]
S | S S L. n
: : s : TH
o o
2 41 I e) (=]
a || £ < -10-
. i !
? il 1
i o
I|I| m |||| llll" ||||| | -301E3 Early-leafing B3 Late-leafing
|||I|||......, 1 L e,

Fig. 2 | Effects of late spring frost events (LSF) on flowering for different species
groups using four phenological observation datasets. ADOY indicates
ADOYfowering LsF- @-b The distributions of ADOY in the presence and absence of LSF
and the estimates of ADOY and se (in parentheses) for early-leafing (a) and late-
leafing species (b) using linear mixed models, respectively. ¢ Differences in ADOY
between early- and late-leafing species in the presence and absence of LSF. In a-c, Y
and N indicate the presence and absence of LSF for each species in each year at each
site, respectively. The asterisks indicate a significant difference (two-side t-test,

0 20 40 N Y
LSF Occurrence

p<0.05) in ADOY using linear mixed models (Supplementary Data 9). In ¢, the black
dashed line denotes when ADQY equals to zero. The boxes span from the first to the
third quartile, with intermediate values marked as the black lines in the middle of
the boxes. The whiskers extend from the 5th to the 95th percentile. Values beyond
the whiskers are hidden. In the presence of LSF, there are 39,350 matched obser-
vations in the early-leafing group and 24,615 in the late-leafing group. In the absence
of LSF, these numbers are 91,290 and 131,112, respectively. Source data are pro-
vided in Source Data Fig. 2.

groups using ground phenological datasets during LSF occurrence
(Fig. 2ab). When encountering LSF, early- and late-leafing species
delayed flowering by 5.05+0.07 days and 7.50 + 0.10 days, respec-
tively, and demonstrated a significant difference in ADOYgowering,LsF
(Fig. 2 and Supplementary Data 9a). However, in the absence of LSF,
flowering timing change remained stably centered at zero and showed
no evident difference between the two groups (Fig. 2c). We also
observed a more pronounced delay in late-leafing species compared to
early-leafing species using varying LSF temperature thresholds (Sup-
plementary Fig. 4 and Supplementary Data 9b). When exposed to more
severe LSF, indicated by lower frost temperature thresholds, both
early- and late-leafing species exhibited escalated delays in flowering
(Supplementary Data 10). The results of linear mixed models also
supported that late-leafing species experienced more delayed flower-
ing, as indicated by the positive interaction between LSF and leaf-out
date (Supplementary Data 11 and Supplementary Data 12).

Spatial and temporal variations

Using linear mixed models, we further examined the difference in the
effect of LSF on flowering across different climate regions and periods
(see Methods and Supplementary Data 4). We observed that when LSF
occurred, the extent of the delay in flowering increased from the
boreal region to the subtropical region (Fig. 3). The flowering timing of
trees in the subtropical, temperate, and boreal regions was delayed by
5.36, 3.53, and 2.13 days, respectively (Supplementary Data 11). The
positive interaction between LSF occurrence and mean temperature

per site also suggested that this delaying effect was significantly more
pronounced in warm regions than in cold ones (Supplementary
Data 12).

We also compared the difference in LSF-induced flowering delays
between the periods of 1950-1980 and 1981-2021 using linear mixed
models. We observed a significant increase in the delaying effect of LSF
on flowering timing, from 3.36 days to 3.68 days (Fig. 3 and Supple-
mentary Data 11). Furthermore, the positive interaction between LSF
occurrence and the calendar year in the linear mixed model also sug-
gested that the delay response of flowering timing to LSF intensified as
climate warming progressed (Supplementary Data 12).

LSF frequency, FSI, and GDD

To assess LSF severity and prevalence, we calculated the LSF fre-
quency occurring between leaf-out and flowering. We also calculated
the FSI and accumulated GDD to assess tree frost susceptibility and
vulnerability. The FSI was calculated as the number of days from leaf-
out to the last LSF, and GDD was calculated as the sum of daily mean
temperature above 5 °C from leaf-out date to the last LSF. Linear mixed
models were used to examine the differences in LSF frequency, FSI,
and GDD across species, climate regions, and periods. We found that
early-leafing species experienced more frequent LSF events than late-
leafing species. In addition, the LSF frequency between leaf-out and
flowering was higher in the boreal region, followed by the temperate
region, and lowest in the subtropical region. The LSF frequency during
1981-2021 was significantly higher than during 1950-1980 (Fig. 4 and
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Fig. 3 | Effect size of each predict variable for flowering timing extracted from
linear mixed models. In these models, all leafing-flowering matched observations
(286,367 in total) were included. Species, region, and period were categorized into
early-(130,640) and late-leafing (155,727) species, boreal (1994), temperate (6982),
and subtropical (276,989) region, and period 0f1950-1980 (118,591) and 1981-2021
(167,776), respectively. Numbers in the parentheses are the exact leafing-flowering
matched sample size for each group. Flowering timing was the response variable,
while species or region or period, LSF, and its interaction with each categorical
variable were the predictors, with species and sites as random intercepts. The red
and blue points indicate the negative and positive estimates of predictor effect size,
respectively. Error bars represent 95% confidence intervals (Cls). The black vertical
dashed line denotes when estimate of effect size equals to zero. The asterisks
indicate a significant difference (two-side t-test, p <0.05) from zero according to
the mixed models results. Variables in these mixed models are standardized in
order to compare the effect size within and between models. The detailed esti-
mations of the mixed models are provided in Supplementary Data 11. Source data
are provided in Source Data Fig. 3.

Supplementary Data 13). Both FSI and GDD were significantly higher
for early-leafing species than late-leafing species. Additionally, FSI and
GDD exhibited significant increases from boreal to subtropical regions.
The FSI and GDD were significantly lower in the period of 1950-1980
than in 1981-2021 (Fig. 4 and Supplementary Data 13). To test the
robustness of our results, we applied linear mixed models incorpor-
ating continuous variables of mean site-species leaf-out date, mean
temperature per site, and calendar year to examine the patterns of
frost prevalence and tree frost vulnerability (Supplementary Data 14).
We obtained similar results based on linear mixed models incorpor-
ating continuous and categorical variables.

Discussion

Delayed flowering timing induced by LSF

Utilizing four long-term and large-scale ground-based phenological
datasets, our study revealed that LSF, taking place after leaf-out but
before flowering, led to a delay in subsequent flowering in the North-
ern Hemisphere (Fig. 5). This observed LSF-induced delay in flowering
could be due to reduced carbohydrates from frost damage to leaves.
Leaf photosynthetic capacity is highly sensitive to temperature
variation*®. Chlorophyll, the photosynthetic pigment responsible for
capturing light energy, degrades during cold temperatures, which
leads to a decrease in light absorption rate®. In addition, energy from
light cannot be employed for CO, assimilation efficiently in below-
freezing conditions, resulting in a reduction in carbon fixation and
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Fig. 4 | Effect size of each predict variable for late spring frost (LSF) frequency,
FSI, and GDD extracted from linear mixed models. In the mixed models, LSF
frequency, FSI (the False Spring Index), and GDD (the accumulation of growing
degree days) were response variables, while species, region, and period were the
predictors, with species and sites as random intercepts. All records (81,093 in total)
used in these models were in the presence of LSF, including 33,413 records during
1950-1980 and 47,680 records during 1981-2021. LSF frequency, FSI, and GDD
were calculated as the proportion of days with LSF within the period between leaf-
out and the last LSF, the days from leaf-out to the last LSF, and the sum of daily
mean temperature above 5°C from leaf-out date to the last LSF, respectively.
Species, region, and period were categorized into early- and late-leafing species,
boreal, temperate, and subtropical region, and period of 1950-1980 and 1981-2021,
respectively. The red and blue points indicate negative and positive estimates of
predictor effect size, respectively. Error bars represent 95% confidence intervals
(Cls). The black vertical dashed line denotes when estimate of effect size equals to
zero. The asterisks indicate a significant difference (two-side t-test, p < 0.05) from
zero according to the mixed models results. Variables in these mixed models are
standardized in order to compare the effect size within and between models. The
detailed estimations of the mixed models are provided in Supplementary Data 13.
Source data are provided in Source Data Fig. 4.

photosynthate production®*'. Adequate carbon assimilation and sto-
rage are essential for early spring growth processes such as leaf-out
and flowering®. Nonstructural carbohydrates, comprising soluble
sugars and starch, reach their peak in autumn prior to dormancy and
subsequently diminish after the completion of spring growth®>**, LSF
events taking place after leaf-out can reduce the photosynthetic area,
thereby causing a shortfall in the supply of newly synthesized
photosynthate®™. After LSF events, tree leaves may require 16 to 34 days
to regrow®*°. This prolonged regrowth period significantly hinders
photosynthetic carbon assimilation®’. When confronted with extreme
climate events, trees typically prioritize survival by reallocating more
carbohydrates to sustain basic metabolic activities and reduce
investments to reproduce®”. In the context of LSF, trees are com-
pelled to invest more resources and stored carbon reserves in miti-
gating frost damage and facilitating the recovery of leaves and
canopy>**° to ensure survival, however, at the cost of growth and
reproduction. Therefore, LSF events occurring after leaf-out can lead
to a carbon shortage in flowering, adversely affecting the subsequent
reproductive processes and resulting in a delay in flowering timing'®®".

Freezing resistance often varies among tree species and geo-
graphic regions. For instance, a temperature of —8 °C is still safe for
conifers to grow young leaves in cold regions®>>, whereas -2 °C may

Nature Communications | (2024)15:9123


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53382-3

%[, °
Q«\age G'e/‘9
> <+ ° o

® o
Late Spring ° 3 o
Frost @
Y EN\ /@yl A
X — g\ N e

Fig. 5 | A graphic summary for the effect of late spring frost-induced shifts in
flowering timing. Late spring frost (LSF) occurring after spring leaf-out can delay
the subsequent timing of flowering. This delay is due to LSF impairing

photosynthetic carbon assimilation in foliage, which consequently leads to a car-
bon shortage for subsequent reproductive processes.

cause serious damage to less cold-hardy species in subtropical
region®. To evaluate the robustness of our conclusions, we further
applied various frost temperature thresholds (-2 °C, -5 °C, and -8 °C)
to define LSF presence. Across these thresholds, we consistently
observed a significant delay in flowering, underscoring the influence of
LSF irrespective of the specific temperature criteria. This confirmed
that the delay effect of LSF on flowering was widespread and held true
for most species. Additionally, the results from the linear mixed
models demonstrated that while temperature is considered the pri-
mary driver of spring phenological events, the significance of extreme
freezing events should not be disregarded. Substantial shifts might
occur, particularly with the presence of LSF. The LSF-induced delay in
flowering may have crucial ecological implications for ecosystem
structures and functions. A mismatch between the emergence of pol-
linators and resource availability brought by the delayed flowering
timing alters the dynamics of plant-pollinator interactions and results
in decreased reproductive success and recruitment, which potentially
declines both the abundance of plant and pollinator populations and
genetic diversity®**. Furthermore, the distinct extends of LSF-induced
flowering delay can affect interspecific competition®, trophic
cascades®’, community composition®®, and ecosystem functioning
including nutrient cycling and energy flow***>’°, And the observed
delay in flowering is detrimental to ecosystem services provided by
trees including carbon sequestration and biodiversity support”’2.
Therefore, it is essential to consider the LSF-induced delay in flowering
when assessing the impacts of climate change on tree phenology,
allowing for a more comprehensive understanding of the potential
cascading effects of climate extremes on the functions and services of
forest ecosystems.

Early- and late-leafing species

Our research indicated that, when LSF was present, late-leafing species
exhibited more pronounced delays in flowering timing compared to
early-leafing species. Early-leafing species generally experience more
frequent LSF events and accumulate more thermal units from leaf-out
to the last LSF. This suggests that early-leafing species often face a
higher risk of LSF than late-leafing species. However, in the presence of
LSF, early-leafing species exhibit less delay in flowering compared to
late-leafing species. This observed variation between early- and late-
leafing species can be largely attributed to the distinct levels of
freezing resistance found in these two groups of species. Early-leafing
species are often considered as ‘opportunists’ becaues they act quickly
to warming air temperatures and leaf-out with a low thermal accu-
mulation, resulting in rapidly responding to early spring warm spells
and optimizing photosynthesis through earlier leaf-out”. Due to
their frequent exposure to severe frost, early-leafing species are likely
to have undergone evolutionary adaptations, which equip them with

enhanced resilience against the severe impacts of frost events’”. In

contrast, late-leafing species such as F. sylvatica rely on strict photo-
period cues and higher chilling requirements to break bud dormancy,
a strategy potentially offering protection against LSF damage’®”’. This
aligns with research on frost resistance, which shows a high correlation
between freezing tolerances (measured as lethal temperature for 50%
mortality, LT50) and leaf-out dates, i.e., the earlier the leaf-out, the
greater the frost resistance’®, Therefore, early-leafing species, char-
acterized by a higher degree of freezing hardiness, are expected to
possess stronger frost resistance than late-leafing species. Conse-
quently, the species-specific variation in frost resistance may account
for the observed trend, wherein the flowering timing of early-leafing
species exhibits a relatively conservative response to LSF events. The
freezing resistance variations among species can provide cues to
mitigate the detrimental impacts of LSF events on trees, such as
breeding and selecting frost-resistant varieties capable of withstanding
extreme cold events*°,

Spatial and temporal variations

Our observations reveal varying effects of LSF on the timing of flow-
ering across subtropical, temperate, and boreal regions. Trees in
subtropical areas exhibited the most significant response to LSF,
resulting in the greatest delay in flowering timing, whereas trees in
boreal regions demonstrated the least delay. The observed spatial
escalating response of LSF-induced flowering delay could be due to the
distinct freezing resistances and thermal conditions of trees in each
climatic region. In colder regions, trees experience lower temperatures
and more fluctuating thermal conditions on average, resulting in
stronger resistance to frosts through adaptive evolution®*', However,
in warmer areas, trees typically have weaker freezing resistance due to
favorable thermal conditions with infrequent frost events. In addition,
trees in warm areas often accumulate more thermal energy before the
last frost event, making them more susceptible to frost damage.
Although frost events are less frequent and the climates are milder in
warm regions compared to cold regions, the LSF may cause devas-
tating damage when it occurs in these warmer areas. Therefore, the
delay in flowering induced by LSF is more pronounced in warmer
regions than in colder regions.

We observed an increasing trend in the delayed responses of
flowering to LSF from 1950-1980 to 1981-2021. This could be partly
attributed to increased LSF risks denoted by higher LSF frequency and
elevated prevalence. Besides, as indicated by the higher FSI and more
GDD, the potential frost damage during 1981-2021 is exacerbated as
the longer interval from leaf-out to the last frost and sufficient energy
supply and thermal accumulation, resulting in full leaf development
and vulnerable states’*®', which incurs more severe damage and more
flowering delay. These findings suggest that spatial variations and
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temporal changes in thermal accumulation are key factors in the
flowering response to LSF, explaining the distinct delays in flowering
between warm and cold regions or periods. The LSF frequency and
tree frost susceptibility are expected to become more intensified and
aggravated with global climate change®. Therefore, the observed
effect of LSF-induced damage on leaf-out on subsequent flowering
should be integrated into current process-based phenological models
to accurately predict changes in flowering phenology in the future.

Using in situ sequential phenological records of leaf-out and flow-
ering in the Northern Hemisphere, our study revealed that LSF occurring
after leaf-out significantly delayed the onset of the subsequent flowering
phase. Late-leafing species exhibited a more pronounced flowering
delay response compared to early-leafing species. Trees in warm regions
and periods exhibited more pronounced delays in response to frost-
induced damage compared to those in cold regions and periods, likely
due to diminished freezing resistance from adaptive evolution. More-
over, favorable thermal conditions and rapid loss of freezing resistance
also provide potential explanations for the pronounced LSF response in
warmer regions and periods. Since 1980, an elevated prevalence of LSF
has been observed, indicating a higher risk of LSF affecting flowering.
Our findings emphasize the importance of considering the sequential
progression of phenological stages when assessing responses to climate
change and the necessity of incorporating the observed effects of
extremes into current phenology models to enhance their accuracy,
particularly under global warming scenarios.

Methods

In situ phenological datasets

Phenological datasets used in this study were obtained from the Pan
European Phenology Network (the PEP725 network, www.pep725.eu),
USA National Phenology Network (USA-NPN, https://www.usanpn.org/
results/data), China Phenological Observation Network (CPON, http://
www.cpon.ac.cn), and Russian ‘Chronicles of Nature’ Network (RCNN,
https://doi.org/10.1038/s41597-020-0376-z). These datasets provide
access to in situ phenological observation records for multiple phe-
nophases of plant species across the Northern Hemisphere (Supple-
mentary Data 1). The PEP725 network, the largest one of the four
datasets, is comprised of 13 million phenological records of 201 spe-
cies across central Europe at over 26,000 sites from 1868 to the
present®. The CPON, RCNN, and USA-NPN provide records at 44 sites
in China, at 471 sites across the Russian Federation, Ukraine, Uzbeki-
stan, Belarus, and Kyrgyzstan, and at 3000 sites in the USA,
respectively®>®*, The onset of leaf unfolding and first flowering were
appointed to represent leaf-out and flowering stages. The definitions
for leaf-out and flowering were generally similar despite of subtle dif-
ferences in the descriptions among phenological observation net-
works (Supplementary Data 2). The timings of leaf-out and flowering
were recorded as or converted to the day of year (DOY).

Because we aimed to examine the effect of LSF-induced damage
to leaves on subsequent flowering phenophase, we only selected
leafing-first tree species observations, which spread leaves first and
then bloomed flowers, and removed records with flowering earlier
than leaf-out, and then matched leaf-out and flowering dates accord-
ing to species, site, and year, retaining time series that recorded both
timings of leaf-out and flowering. Records with leaf-out or flowering
dates exceeding 2.5 times the median absolute deviation (MAD) for
each species-site combination were removed to exclude potential
biases from outliers. We then selected species-site combinations with
at least 5-year records for USA-NPN, CPON, and RCNN during
1962-2021, 1964-2014, and 1950-2017, respectively (Supplementary
Data 3a). To examine temporal changes in the relationship between
phenology and LSF, we selected species with at least 100 sites for more
than 15 years of observations during 1952-2021 for long-term records
of seven widely distributed temperate tree species from the PEP725
network (Supplementary Data 3c). In total, we selected 572,734

qualified observations from 640 species (7, 98, 433, and 136 species
from the PEP725 network, USA-NPN, CPON, and RCNN, respectively) at
5024 sites (3969 sites from the PEP725 network, 918 sites from USA-
NPN, 44 sites from CPON, and 93 sites from RCNN) from 1950 to 2021
(Fig. 1a and Supplementary Data 3b).

Climate dataset and global climate zones

We obtained daily temperature data from a gridded climate
dataset E-OBS, which is based on the EU-FP6 project ENSEMBLES
and the ECA&D project (https://www.ecad.eu). E-OBS Version
28.0e data files contained daily minimum temperature between
1950 and 2021 for the European Continent, with a spatial reso-
lution of 0.1°, and were used to match the PEP725 network phe-
nological records considering the high-density distribution of
PEP725 sites. We matched the other three phenological datasets
with daily minimum temperature during 1950-2021 from the CRU
JRA v2.4 datasets at 0.5° spatial resolution®. To test the robust-
ness of the results and exclude the effect of spatial resolution, we
further re-examined the effect of LSF on flowering in Europe
using CRU JRA v2.4 datasets (Supplementary Fig. 2).

To exclude the potential effects of climate variables on the
spring phenological events, we obtained climatic data, including
daily mean temperature (TMP), daily total precipitation (PRE),
and daily downward solar radiation flux (DSWRF) data from the
global climate dataset CRU JRA v2.4 at a spatial resolution of 0.5°
during 1950-2021. We also acquired monthly potential evapo-
transpiration and precipitation from CRU TS4.06 at 0.5° spatial
resolution during 1950-2021 to estimate the standardized pre-
cipitation evapotranspiration index (SPEI)*®. The bilinear inter-
polation method and the terra package® were used to extract
climate data for each observation site in R*®. Then, the Global
Ecological Zone (GEZ) of the Forest Resources Assessment was
used to define the climate zone for each site with a spatial reso-
lution of 0.05°%°. We excluded tropical sites due to their aseaso-
nal phenological cycles and the insufficient number of
observations, and all sites were classified into subtropical, tem-
perate, and boreal regions based on the GEZ 2010 map.

Statistical analyses

Effect of LSF on the timing of flowering. We defined late spring
frosts (LSF) as frost events occurring after leaf-out and
before flowering, with the daily minimum temperature below
-2.2 °C*°°2_ This temperature criterion was used to qualify a
hard freeze as potential damage might occur under this thermal
condition®*%*, We also employed frost temperature thresholds
of =2 °C, -5 °C, and -8 °C to test the robustness of the results and
investigate the phenological responses across different inten-
sities of LSF through linear mixed models following ANOVA and
Tukey HSD tests (Supplementary Data 4). All linear mixed models
were performed using [merTest package®.

To analyze the effect of LSF after leaf-out on flowering timing,
we first calculated the difference in leaf-out date (ADOYeaf.0ur) and
difference in flowering date (ADOYfowering) Using Egs. 1 and 2,
respectively, for each consecutive two-year period. Considering the
correlation between leafing and flowering, we excluded the effect of
leaf-out date on flowering date and calculated ADOYfqowering,LsF
(Eq. 3).
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Where DOVYeat.ouee and DOYpowering, are leaf-out and flowering dates in
year t of specific site-species combination, DOVYiefoute: and
DOYfowering.r1 are leaf-out and flowering dates in year t-1. ADOYeaf.out
ADOYqowering: and ADOYgoweringisF represent change of leaf-out date,
change of flowering date, and flowering timing change after excluding
the effect of leaf-out, respectively. Positive and negative values of
ADOYfgowering 1sF indicated that flowering timing delayed and advanced,
respectively. For year without LSF, controlling for temperature,
precipitation, radiation, and dryness (SPEI), ADOYfoweringisF Was
expected to be zero. Linear mixed models were carried out to test the
statistical difference of ADOYgowering1sr between LSF presence and
absence and assess the magnitude of shifts in flowering dates due to LSF
for each dataset (Supplementary Data 4). In the models, the response
variable was the ADOYfoweringisr, and the fixed effect was the LSF
(presence or absence), with random intercepts among species and sites.

In addition, we examined the effect of LSF on flowering date using
the long-term mean leaf-out and flowering dates across all years, and
the mean leaf-out and flowering dates of years in the absence of LSF for
each site-species combination as two additional baselines to calculate
ADOYeatout» ADOYqiowerings aNd ADOYqowering, sk Specifically, we cal-
culated the ADOYgowering,.sF based on following Egs. 4 and 5.

ADOYﬂowering, LSF = (DOYﬂowering,t - DOYﬂowering, all) - (DOYIeaf—ou(,t - DOYIeaf—ou(, aII)
“)

Where DOYfowering,c aNd DOY ear.out c are the flowering and leaf-out
dates for species i at site j in year t, respectively. DOYgowering,an and
DOV eaf-out.an are the mean flowering and leaf-out dates of all years for
species i-site j combination, and ADOYqoweringisF iS the change of
flowering date in year t to the mean flowering timing for species i at site
j after excluding change of leaf-out date.

ADOYﬂowering, LSF = (DOYﬂowering,t - DOYﬂowering, absence)
- (DOYleaf—out,t - DOYIeaf—out, absence)

Similar to EQ- 4’ however, DOYﬂowering,absence and DOYIeaf—out,absence
are the mean flowering and leaf-out dates of species i-site j combina-
tion using years without LSF occurrence, which characterize more
normal leaf-out and flowering timings.

To ensure the robustness of results, we also examined the effect
of LSF on flowering by pooling all the phenological records across all
the selected species and sites using linear mixed models (Supple-
mentary Data 4). In the mixed models, the response variable was
flowering date, and the predictors were the LSF (presence or
absence), leaf-out date, and the temperature, precipitation, radia-
tion, and drought index calculated as the mean TMP (°C), PRE (mm),
DSWRF (kJ/m?), and SPElI between leaf-out and flowering for
each year, respectively, with random intercepts among species
and sites.

(©)

Species-specific responses of flowering to LSF

To investigate species-specific responses of flowering to LSF, we
compared the ADOYqowering,L.sF between the presence and absence
of LSF for each species in the PEP725 network. We categorized each
species into early-leafing and late-leafing groups based on the mean
leaf-out date across all the species of the four phenological obser-
vation networks and then tested the differences in ADOYaowering,LsF
differences between early-leafing and late-leafing species when LSF
was present and absent using linear mixed models (Supplementary
Data 4). In the models, the response variable was the
ADOYfoweringLsF» and the fixed effects were the LSF (presence and
absence), species type (early- and late-leafing species), and their
interaction, with random intercepts among species and sites.
Moreover, we compared ADOYqowering,LsF between early- and late-
leafing species when LSF occurred employing -2 °C, -5 °C, and -8 °C

as frost temperature thresholds. Tukey HSD tests following the lin-
ear mixed models were further applied to compare the differences
in ADOYfowering LsF across different temperature thresholds for each
species group.

To test the robustness of species-divergent responses, we further
conducted linear mixed models, in which the response variable was
flowering timing, and the categorical variable of species group and
continuous variable of leaf-out date, and their interactions with LSF
were incorporated as predictors, with random intercepts among spe-
cies and sites. In this and following mixed models with interaction
terms, all explanatory variables are standardized’® (Supplemen-
tary Data 4).

Spatial-temporal variation in the responses of flowering to LSF
To investigate the spatial difference in the response of flowering to
LSF, a linear mixed model was used to compare the difference in LSF
responses among different climate regions when LSF occurred and
when it was absent. In this mixed model, we included the categorical
variable of climate region and its interaction with LSF into the base
model with climate variables (Supplementary Data 4). We further
explored the temporal change in the LSF-induced effect on flower-
ing with climate warming. Specifically, we divided the time series
into two periods: 1950-1980 and 1981-2021, as the period since 1980
experienced unprecedented climate warming’” ¢, Then, we applied
the mixed model by including the category of period and its inter-
action with LSF into the base model with climate variables to test the
temporal difference of flowering response to LSF between
1950-1980 and 1981-2021 (Supplementary Data 4). To ensure the
robustness of our results, we updated the linear mixed models of
categorical variables to include continuous predictors, including
mean temperature per site and the calendar year, and their inter-
actions with LSF, and examined the phenological responses across
continuous time and space.

LSF frequency, FSI, and GDD across species, regions, and
periods

To evaluate the frost severity and prevalence across species, region,
and period, we calculated the LSF frequency as the proportion of days
with LSF within the period between leaf-out and flowering. The time
gap between the date of leaf-out and the last LSF was referred to as the
safety margin against frost or False Spring Index (FSI), which is used to
assess frost damage’*°>, A larger FSI indicates an increased potential
frost damage as trees further develop into susceptible states with
larger leaf area which may incur more severe damage®*®’. We calcu-
lated FSI for each observation with the occurrence of LSF to examine
the LSF potential damage. To assess tree frost vulnerability, the
accumulation of growing degree days (GDD) was calculated as the sum
of daily mean temperature above 5 °C from the leaf-out date to the last
LSF for each LSF-present record’. More GDD accumulated before the
last late spring frost (LSF) indicates higher frost vulnerability since
trees that experience more thermal availability are more susceptible to
frost damage™.

We applied linear mixed models to compare the difference in frost
severity and frost damage factors across species groups, regions, and
periods. In these models, all records were with the presence of LSF. The
response variables were standardized LSF frequency, FSI, and GDD,
and the predictors were categories of species groups, regions, and
periods, each participating in separate regression analyses, with ran-
dom intercepts among sites and species (Supplementary
Data 4 and 13). We updated the linear mixed models by repla-
cing categorical variables with standardized continuous predictors,
including the mean leaf-out date for each species, the mean tem-
perature per site, and the calendar year, and examined the differences
in LSF frequency, FSI, and GDD across species, regions, and periods
(Supplementary Data 4 and 14).
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data used for this work are publicly available. The PEP725 phe-
nological data was obtained from http://www.pep725.eu. USA-NPN
data was accessed from https://www.usanpn.org/results/data. CPON
data was accessed from http://www.cpon.ac.cn. RCNN data was
downloaded from https://doi.org/10.1038/s41597-020-0376-z. Cli-
mate data were downloaded from E-OBS Version 28.0e dataset
(https://surfobs.climate.copernicus.eu/dataaccess/access_eobs.
php), CRU TS4.06 dataset (https://catalogue.ceda.ac.uk/uuid/
eOb4ele56¢1c4460b796073a31366980), and CRU JRA v2.2 dataset
(https://catalogue.ceda.ac.uk/uuid/4bdf41fcl10af4caaa489b14745c6-
65a6). Source data are provided as Source Data files. Source data are
provided with this paper.

Code availability
The primary codes used in this study are available at https://doi.org/10.
6084/m9.figshare.25678371.
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