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ABSTRACT

Aim: Climate change is reshaping plant phenology and species distributions, especially in temperate and boreal ecosystems,
where advances in spring events have already extended the growing season. While temperature has been the primary focus of
many studies, the role of photoperiod—a stable, latitude-dependent cue—remains underexplored. This review aims to assess the
combined effect of both photoperiod and temperature on plant responses to climate change.

Location: Northern hemisphere.

Taxon: Spermatophytes.

Methods: In this review, we synthesise evidence from 68 studies covering 344 taxa to evaluate how photoperiod interacts with
rising temperatures to influence plant phenology.

Results: Key life cycle events such as bud burst, flowering and senescence are shown to be shaped by complex photoperiod-tem-
perature interactions. Spring phenology seems to be the most affected by this interaction, with long photoperiods counterbalanc-
ing insufficient winter chilling in many species. Moreover, photoperiod constraints may limit the adaptive potential of certain
species, particularly in high-latitude regions, and act as a barrier to range expansion under climate warming.

Conclusions: Understanding temperature—photoperiod interactions is essential for predicting species responses, guiding con-
servation strategies and improving ecosystem management in a changing climate. For example, this interaction might affect the
choice of suitable plant material for assisted colonisation.

1 | Introduction and Hanley 2015; Park and Talbot 2018). This extension in

growing seasons, due to earlier springs and delayed autumns,

Global mean temperatures are projected to rise by up to 4.5°C
by 2100, with even greater warming expected at northern lat-
itudes (Collins et al. 2013; IPCC 2023). This climate change
is affecting key plant traits, including phenology, nutrient
uptake, plant defence mechanisms and interactions with mu-
tualists, antagonists and competitors (Toby Kiers et al. 2010;
Becklin et al. 2016; Steinbauer et al. 2018). Phenological
shifts—such as earlier flowering—although varying widely
across species, have been shown in many taxa, with ~70% of
plants advancing their phenology in the past decades (Menzel
etal. 2006; Amano et al. 2010; Wolkovich et al. 2012; Parmesan

could enhance forest productivity (Keenan et al. 2014), yet
these benefits may be counteracted by mid-summer heat stress
and drought (Stinziano and Way 2014), as well as by changed
snowfall (Bokhorst et al. 2016). Such changes in flowering
and fruiting have significant implications for agriculture,
forestry, and carbon cycling (Menzel 2002; Piao et al. 2008).
For instance, European spring events advanced by 2.5days
per decade between 1971 and 2000, potentially affecting eco-
logical interactions (Menzel et al. 2006). Shifts in phenology
have been one of the strongest and most consistent responses
to climate change and are likely to play an important role in

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2025 The Author(s). Journal of Biogeography published by John Wiley & Sons Ltd.

Journal of Biogeography, 2026; 53:¢70113
https://doi.org/10.1111/jbi.70113

1of 14


https://doi.org/10.1111/jbi.70113
https://doi.org/10.1111/jbi.70113
mailto:
https://orcid.org/0009-0004-4200-1447
https://orcid.org/0000-0002-8597-8221
https://orcid.org/0000-0003-3096-2035
mailto:martina.tarascio@unipv.it
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjbi.70113&domain=pdf&date_stamp=2025-12-13

mediating population dynamics within and beyond species’
ranges (Zettlemoyer and Peterson 2021). Shifts in species
distributions towards higher latitudes and elevations are re-
shaping community assemblages, potentially leading to spe-
ciation events, extinction and species turnover (Parmesan and
Yohe 2003; Gottfried et al. 2012; Alcala and Vuilleumier 2014;
Rogora et al. 2018; Porro et al. 2022), eventually leading to
reduced plant fitness (Nicotra et al. 2010).

Beside rising temperature, photoperiod, a consistent latitudinal
cue, plays a particularly crucial role in temperate and polar zone
plant phenology (Korner and Basler 2010). Unlike temperature,
which fluctuates unpredictably, photoperiod follows a stable
annual cycle dictated by Earth's axial tilt (Jackson 2009). Near
the equator, photoperiod remains constant at 12h, whereas at
higher latitudes, day length varies significantly throughout the
year. This seasonal predictability allows plants to anticipate en-
vironmental changes, with photoperiod perception occurring in
leaves and regulated by the circadian clock (Jackson 2009; Singh
and Mas 2018). As a critical seasonal cue, photoperiod regu-
lates flowering, dormancy and growth cessation (Heide 1993a;
Partanen et al. 1998; Basler and Korner 2012) and may ulti-
mately limit species’ ability to shift poleward in response to cli-
mate change (Way and Montgomery 2015).

This interaction may strongly affect the outcome of climate
change on impacted species and ecosystems, especially on
cold-adapted high-latitude ones (Hdnninen and Tanino 2011;
Saikkonen et al. 2012). While temperature is often seen as the
primary driver of early-season phenology, photoperiod con-
straints may limit species’ adaptation to warming (Ettinger
et al. 2021). Understanding the interactions between photope-
riod and temperature, alongside their genetic and ecological
foundations, is crucial for predicting how plants will respond
to climate change. While longer growing seasons can enhance
plant growth and productivity (Oleksyn et al. 1992; Richardson
et al. 2009), photoperiod mismatches may constrain these bene-
fits (Way and Montgomery 2015).

In this review, we examined how the interaction between pho-
toperiod and temperature influences plant phenology under
climate change. Our goal was to synthesise current evidence of
this interaction and identify knowledge gaps by addressing the
following questions:

1. Given that photoperiod provides a stable seasonal cue
while temperature varies under global warming, do phe-
nological shifts arise from the altered relationship between
these two drivers?

2. If such shifts occur, are they more pronounced in spring
(budburst) or autumn (senescence) phenophases?

3. Do responses differ across taxonomic groups, growth
forms or habitat types in terms of the combined effects of
photoperiod and temperature?

By addressing these questions, we aim to highlight key patterns
in plant phenological responses to shifting climatic and photo-
periodic regimes, which may affect plant range shifts, and to
suggest future directions for research on the temporal and spa-
tial consequences of these interactions.

2 | Methods

To answer the above-mentioned questions, we searched rele-
vant articles using the following queries in Scopus and Web of
Science: photoperiod AND climate change, AND plants, AND
migration, AND latitude. The search included all publication
years up to September 2024 and was limited to English-language
journal articles. We also considered other articles found through
cross-referencing, to ensure comprehensive coverage of rele-
vant research. Given the extensiveness and heterogeneity of the
studies found, and the complexity of the photoperiod-climate
interaction, we focused exclusively on temperature as a direct
and consistent proxy for climate change in relation to plant
phenology, excluding other climate-related variables, such as
precipitation, snowfall or drought, to ensure more clarity and
comparability among studies. We excluded papers that focused
solely on molecular pathways and mechanisms, physiological
aspects or methodological papers, as well as studies addressing
light quality rather than daylength. We also excluded papers
that did not investigate any phenological phases. Since only
two papers focused on the Southern Hemisphere, we excluded
them as well and only considered data regarding the Northern
Hemisphere. After this search, we analysed review, descriptive
and experimental papers covering at least one taxon, one pheno-
logical phase (budburst, flowering or senescence) and consider-
ing both temperature and photoperiod.

From each article, we extracted information about the response
of each phenological phase(s) considered, categorising the dif-
ferent phenophases into three response categories: photoperiod
control, temperature control and photoperiod-temperature in-
teraction. To identify differences in response at the life form
level, the response categories were separately assessed for herbs,
shrubs and trees. Finally, we investigated taxonomical patterns
in the response categories at the family level. Only families rep-
resented by at least five records were included in the analyses (19
out of 70 families).

3 | Results

Starting from 141 papers, after applying the abovementioned
criteria, we included 68 articles in our review, covering 344 taxa
and 70 families. A total of 497 records were compiled across
three phenological phases (budburst, flowering, senescence),
of which trees accounted for 277 observations, shrubs for 114
and herbs for 106 (Supporting Information S1). Across the 68
studies reviewed, temperature emerged as the dominant driver
of plant phenology (52%), while photoperiod (21%) and photope-
riod-temperature interactions (27%) showed variable influence
depending on the phenophase and life form.

3.1 | Budburst

The combined effects of temperature and photoperiod on bud-
burst were investigated across 209 records, with trees being by
far the most represented group (n=196), followed by shrubs
(n=12). Herbs were excluded from the analysis of bud burst,
given that only one record for this group was found. Overall,
budburst appeared to be primarily temperature-driven, with
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half of the records showing a dominant temperature control,
and only a small percentage relying solely on photoperiodic con-
trol (Figure 1A). For this phenological phase, a clear interaction
between photoperiod and temperature emerged, especially on
trees, which showed the greatest variability in response, with
almost half of the cases controlled by temperature and 38% ex-
hibiting a temperature-photoperiod interaction, while only 15%
were predominantly photoperiod-driven. Shrubs, in contrast,
were more clearly governed by temperature, with only a mi-
nority showing an interaction or a pure photoperiodic response.

3.2 | Flowering
A total of 103 records investigated the regulation of flowering,

with herbs being the most represented growth form (n=79),
followed by shrubs (n=16) and trees (n=38). Across all forms,
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temperature was again the most frequent driver, although the
proportion of photoperiod-controlled responses was noticeably
higher than for budburst (Figure 1B).

Herbaceous species showed an equal distribution between tem-
perature and photoperiod control, suggesting that both cues play a
comparable role in the timing of flowering, whereas photoperiod-
temperature interactions accounted for only 15% of studied cases.
In shrubs and trees, temperature remained the dominant factor,
with photoperiodic regulation being comparatively rare, and in-
teraction emerging only in a small percentage of cases in shrubs.

3.3 | Senescence

Sixty-one records investigated autumnal phenological events,
of which trees were the most represented life form (n=40),
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FIGURE1 | Relative role of temperature (grey), photoperiod (yellow) and their interaction (blue) on budburst (A), flowering (B) and senescence

(C) across different life forms.
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followed by herbs (n=17) and shrubs (n=4). Across all life
forms, the contribution of photoperiod was more pronounced
than for spring phenophases (Figure 1C): a third of all cases
were primarily photoperiod-controlled, a third reflected
an interaction with temperature, and another third were
temperature-driven.

Trees showed a relatively balanced distribution between pho-
toperiod and temperature control, while 27.5% exhibited in-
teractive effects. In herbs, temperature and interaction effects
were equally represented, whereas pure photoperiodic control
accounted for only a minority of cases. Shrubs, though repre-
sented by only four records, showed combined or photoperiodic
control (50% each) and no exclusively temperature-driven cases.
These results suggest that photoperiod becomes increasingly
important in controlling the end of the growing season, espe-
cially in woody species where senescence must precede dor-
mancy induction.

3.4 | Taxonomy

In total, the dataset included 70 plant families, but a limited
number were particularly well represented. Rosaceae (56 re-
cords), Betulaceae (48), Fagaceae (43), Salicaceae (37), Pinaceae
(32), Sapindaceae (26), Poaceae (19) and Fabaceae (17) together
accounted for more than 65% of all records (315 out of 476) en-
compassing many dominant temperate taxa and key model spe-
cies commonly used in phenological research. Across all taxa,
temperature control predominated, followed by photoperiod-
temperature interactions and exclusively photoperiodic regula-
tion. However, this general pattern masked strong family-level
contrasts. In fact, marked taxonomic differences emerged in the
relative influence of temperature, photoperiod, and their inter-
action on plant phenology (Figure 2).

Among woody lineages, Betulaceae, Fagaceae, Juglandaceae
and Pinaceae showed the most pronounced evidence of inter-
active effects (over 40% of records), reflecting the high degree
of photoperiodic regulation typical of temperate and boreal
trees such as Fagus sylvatica, Quercus robur and Abies alba.
However, while temperature was also a dominant factor for
Betulaceae, photoperiod exerted a strong influence in the

other families.
I 44%

100%

80%
60%
15%
40%
20%

0%

Salicaceae, including Populus and Salix, showed an uneven dis-
tribution among temperature (51.4%), photoperiod (27.0%) and
interactive control (21.6%).

In contrast, several taxa showed no evidence of photoperiodic
regulation, indicating a predominantly temperature-driven phe-
nological strategy. Brassicaceae, Ericaceae, Hydrangeaceae and
Ulmaceae all lack records of photoperiod control, with pheno-
logical timing instead governed by temperature alone or by tem-
perature—photoperiod interactions.

Herbaceous-dominated families such as Asteraceae and
Poaceae, exhibited primarily temperature-driven control, with
minor contributions from photoperiodic sensitivity.

Other families exhibit a relatively even distribution among pho-
toperiodic, temperature and interactive controls, indicating flex-
ible or transitional phenological strategies. Hamamelidaceae,
for instance, show a nearly uniform representation across the
three categories, suggesting mixed control mechanisms possi-
bly linked to its wide temperate distribution and early-flowering
habit. Similarly, Juglandaceae and Cornaceae display compara-
ble proportions, reflecting an intermediate response where nei-
ther cue predominates, and phenological timing likely adjusts to
local climatic conditions.

Families containing both woody and herbaceous representa-
tives, such as Rosaceae and Sapindaceae, were predominantly
temperature-driven (75.0% and 52.0%, respectively) but still re-
tained measurable photoperiodic or interactive components. For
Rosaceae, in particular, the high number of records (56) strength-
ens the results concerning their low photoperiod sensitivity.

4 | Discussion

Phenology, the study of life cycle events in plants, is affected
by key ecological factors, like temperature, precipitation,
light availability, etc. and is a key indicator signal of plant re-
sponse to climate change due to its integration of long-term
climatic signals (Chuine 2010; Ranjitkar 2013; Svystun and
Jonsson 2022). In the context of global warming, interactions
between different environmental cues are crucial to shap-
ing plant species phenology, range shifts and evolutionary
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FIGURE 2 | Relative influence of temperature, photoperiod and their interaction on phenology across plant families (nomenclature according to

the ICN).
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dynamics. Among the several possible interactions on plant
response to climate change, the one between photoperiod (a
stable cue) and temperature (rising under global warming)
is often overlooked in the literature (Saikkonen et al. 2012;
Singh et al. 2017), with only spring phenophases in arboreal
species being sufficiently investigated.

Sensitivity to photoperiod varies across species and ecotypes
(Howe et al. 1995; Partanen 2005; Sanz-Pérez et al. 2009; Gauzere
et al. 2017); some taxa are strictly regulated by daylength, while
others rely more on temperature cues (Heide and Prestrud 2005;
Tanino et al. 2010).

In this review, we analyse phenological data from 68 articles
and 344 taxa, to investigate the combined role of photoperiod
and temperature on plant phenology and the consequences that
might arise under a change scenario.

4.1 | Budburst

Our results reinforce that, although air temperature is the
dominant driver of budburst timing, photoperiod may act as
a modulatory factor, fine-tuning thermal sensitivity in species
from temperate and boreal zones, as suggested by the rela-
tively high frequency of combined responses that we found.
The interaction between temperature and day length is partic-
ularly relevant in trees, accounting for over a third of studied
records.

In seasonally cold climates, temperate and boreal trees synchro-
nise their annual growth cycles with environmental cues, enter-
ing dormancy in autumn and resuming growth in spring. This
synchronisation ensures survival through harsh winters and op-
timal resource use during the growing season (Singh et al. 2017).
Species that rely more on temperature cues than photoperiod to
resume growth may gain a competitive advantage in warming
climates (Ettinger et al. 2021).

However, early-season species that initiate growth too soon face
a heightened risk of frost damage, reinforcing the importance
of photoperiodic constraints in preventing premature budburst
against unpredictable frost events (Kramer 1936; Withrow 1959;
Sakai and Larcher 1987; Ettinger et al. 2021).

Interestingly, our results show how even within temperate de-
ciduous tree families occupying similar geographic ranges,
such as Betulaceae and Fagaceae, contrasting strategies in the
regulation of budburst are evident. In Betulaceae, species such
as Betula pendula show a stronger response to spring tempera-
ture forcing, reflecting an opportunistic strategy that maximises
early-season carbon gain under favourable thermal conditions
(Hékkinen et al. 1998). In contrast, members of the Fagaceae,
particularly Fagus sylvatica, display a pronounced photoperi-
odic control of budburst (Heide 1993b; Basler and Korner 2012;
Vitasse and Basler 2013; Laube et al. 2014), which functions as
a conservative mechanism to prevent frost damage in unpre-
dictable springs (Vitasse et al. 2009; Davi et al. 2011). These
differences likely reflect divergent adaptive strategies to simi-
lar climatic conditions: temperature-sensitive taxa adopt a ‘risk-
prone’ approach, advancing growth to exploit early warmth,

whereas photoperiod-sensitive taxa follow a ‘risk-avoidant’ strat-
egy, relying on daylength cues to ensure phenological stability.

Bud dormancy consists of two main phases: Endodormancy, an
internally regulated state in which growth is suppressed, and
ecodormancy, imposed by external unfavourable conditions
(Lang et al. 1987; Chuine et al. 2016; Lundell et al. 2020).

The release of endodormancy requires sufficient accumu-
lation of chilling (prolonged exposure to low temperatures),
whereas ecodormancy is terminated once forcing tempera-
tures—a period of sustained warmth—are met (Caffarra and
Donnelly 2011; Caffarra et al. 2011; Basler and Korner 2012;
Fu et al. 2012). Photoperiod alone cannot break dormancy, but
it provides a stable and reliable cue that interacts with tem-
perature to regulate the transition between dormancy and ac-
tive growth (Espinosa-Ruiz et al. 2004; Rinne et al. 2011; Way
and Montgomery 2015).

Chilling requirements vary among different taxa. For instance,
the Populus genus requires prolonged cold exposure to break
dormancy, whereas Betula spp. and Picea glauca can resume
growth even with less chilling requirements (Myking and
Heide 1995).

The role of photoperiod also depends on the species, with
taxa such as Ulmus spp., Aesculus hippocastanum and Picea
abies exhibiting weak photoperiodic control, relying instead
on chilling and forcing temperatures (Ghelardini et al. 2010;
Basler and Korner 2012; Vitasse and Basler 2013; Laube
et al. 2014).

In some cases, however, long photoperiods can compensate for
insufficient chilling, facilitating budburst despite mild winters
(Wareing 1953; Heide 1993a, 1993b). Ulmus populations also dis-
play a latitudinal cline in photoperiodic response, with north-
ern ecotypes more sensitive to daylength than southern ones
(Habjerg 1978; Ghelardini et al. 2010).

Species from oceanic climates often depend more on photoperi-
odic cues due to high variability in spring temperature (Koérner
and Basler 2010), while invasive species with lower chilling re-
quirements and greater phenological plasticity—such as mem-
bers of Pinus and Rosaceae—may gain a competitive advantage
under climate change, being less constrained by photoperiod
and capable of extending their growing season (Hulme 2011;
Wolkovich and Cleland 2011; Richardson and Rejméanek 2011;
Laube et al. 2014).

Photoperiod can therefore interact with temperature cues to
regulate budburst, sometimes compensating for insufficient
chilling by promoting dormancy release when daylength
reaches a critical threshold, thereby ensuring timely spring
growth, even when chilling requirements are not met (Laube
et al. 2014).

The interplay between chilling, forcing and photoperiod is
therefore a strong driver of spring phenology, especially in
woody plants (Heide 1993a; Korner and Basler 2010; Polgar
and Primack 2011; Basler and Korner 2012; Laube et al. 2014;
Flynn and Wolkovich 2018). Insufficient chilling or restrictive
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photoperiod thresholds may delay budburst despite higher
temperatures (Heide 1993a; Basler and Korner 2012; Laube
et al. 2014).

This trade-off explains why, despite global warming, budburst
has advanced less than expected—a likely consequence of re-
duced winter chilling and delayed dormancy induction during
warmer autumns (Murray et al. 1989; Yu et al. 2010; Heide 2003;
Laube et al. 2014; Malyshev 2020).

Finally, intraspecific variation in the relative influence of
temperature and photoperiod further complicates predic-
tions. Genotypes from harsher climates tend to show re-
duced plasticity compared to those from milder environments
(Vitasse 2013), suggesting that populations locally adapted to
narrow photoperiodic regimes may be less able to track chang-
ing conditions. This reinforces the need to account for geno-
typic variation in chilling and photoperiodic responses when
forecasting phenological shifts or planning assisted migration
strategies.

4.2 | Flowering

Similarly to budburst, photoperiodic regulation of flowering
also varies widely among plant species. Unlike budburst, tem-
perature and photoperiod generally act independently in deter-
mining flowering time, with a clear interaction only emerging in
a minority of cases (Figure 1B).

A strong temperature control of flowering emerges in species
studied by Geissler et al. (2023) (see Supporting Information S1),
who confirmed a strong correlation between rising temperatures
and earlier flowering, with a flowering advancement of 2.26 days
per 1°C increase in annual temperature and of 2.93 days per 1°C
increase in spring temperature.

When it comes to photoperiod regulation, plants can show an
obligate photoperiodic response, where flowering occurs only
under specific daylengths, or a facultative response, where pho-
toperiod enhances but does not strictly determine flowering
(Jackson 2009). For example, short-day plants (SDPs) flower
under decreasing daylength, while long-day plants (LDPs) re-
quire extended photoperiods; exceptions exist, such as Xanthium
strumarium, an SDP capable of flowering under long days, and
some Lolium cultivars, LDPs that bloom even under short days
(Thomas and Vince-Prue 1997).

The critical daylength (CDL) is not fixed but depends on
plant age and environmental conditions; for instance, a case
in which an interaction between thermal and photoperi-
odic conditions emerges is represented by Hyoscyamus niger,
which exhibits shorter CDL under cooler night temperatures
(Jackson 2009).

Long-term observations conducted by Zeng et al. (2024) in-
dicate that flowering shifts under climate change differ
among photoperiodic groups: short day species (e.g., Glycine,
Phaseolus, Desmodium) by ~1.4days per decade; day-neutral
species (e.g., Geum) have advanced their flowering time by
0.9days per decade, and long day species (e.g., Calibrochoa,

Pisum, Trifolium) have only shown slight delays (~0.2 days per
decade).

Precise flowering timing is particularly crucial for repro-
ductive success in arctic and alpine environments, where
the growing season is short (~8-12weeks). The pattern in
flowering reflects shorter life cycles and the need to syn-
chronise reproduction with seasonal windows of suitable
conditions. Entomophilous species must align flowering
with pollinator activity, while anemophilous species tend to
flower immediately after snowmelt, responding primarily to
temperature cues rather than daylength (Heide 2001; Keller
and Korner 2003). Recent studies have shown that warming
temperatures are advancing the emergence and main flight
periods of bumblebees (Pawlikowski et al. 2020), while alter-
ing snowpack and thermal conditions in alpine habitats are
disrupting bumblebee community composition and phenology
(Miller-Struttmann et al. 2022). This phenological mismatch
could reduce pollination success in species whose flowering
remains constrained by daylength. Plant-pollinator interac-
tions may, in particular, be influenced by herbaceous plant
species losing pace with climate change, leading to biotic mis-
matches (Rauschkolb et al. 2024).

Experimental studies in alpine snowbeds show that late snow-
melt reduces the heat requirement for flowering in species
such as Salix herbacea, allowing them to bloom under cooler
conditions (Carbognani et al. 2016). However, photoperiod
becomes limiting once daylength exceeds species-specific
thresholds, reinforcing flowering synchrony (Carbognani
et al. 2016; Inouye 2008; Kawai and Kudo 2018).

Under climate change scenarios, alpine species that rely heav-
ily on photoperiod may struggle to adjust to earlier snowmelt,
while nonphotoperiod-sensitive species, which respond pri-
marily to temperature, may initiate flowering earlier but face
an increased risk of frost damage (Wadgymar et al. 2018).

A slight interaction between photoperiod and temperature
emerges in the flowering time of herbaceous species, with
both cues contributing to variable degrees depending on the
species (Figure 1A). In contrast, no such interaction emerges
in the tree taxa analysed in our study. For this life form, tem-
perature acts as the primary cue for flowering time, while pho-
toperiod accounts for fewer than one-third of the cases. For
instance, long-day deciduous trees like Acer and Fraxinus ini-
tiate flowering primarily in response to increasing daylength.
Conversely, early-spring flowering trees, like Salix and Betula,
rely more on temperature cues to initiate flowering.

In general, photoperiod-sensitive species, particularly long-
lived trees and late-successional plants, regulate flowering to
prevent premature responses to transient warming (Korner
and Basler 2010; Zeng et al. 2024) and late-flowering species
are more influenced by photoperiod than early-flowering ones
(Schaber and Badeck 2003).

Overall, while photoperiod can modulate flowering timing,
its interaction with temperature is less pronounced than in
budburst, and flowering phenology is largely constrained by
species-specific genetic programs.
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4.3 | Senescence

The impact of the different drivers of autumn senescence has
mostly been studied in trees, with our results confirming that
autumn leaf senescence in temperate and boreal deciduous ar-
boreal species is primarily triggered by photoperiod, which sig-
nals growth cessation, bud formation and the onset of dormancy
as winter approaches (Cooke et al. 2012; Olsen et al. 1997;
Ruttink et al. 2007). This process allows nutrient reallocation
from leaves to storage organs, avoiding the need for frost-hardy
foliage and ensuring survival (Chabot and Hicks 1982; Chapin
III et al. 1990). As senescence progresses, chloroplast degrada-
tion reduces photosynthetic efficiency (Gan and Amasino 1997;
Keskitalo et al. 2005), representing a trade-off between carbon
gain and nutrient conservation: early senescence limits photo-
synthesis, while delayed senescence increases frost risk and can
impair xylem function (Wirtz 2000; Fracheboud et al. 2009).

Although short photoperiods dictate the onset of senescence,
our results indicate a relevant role in the interaction between
day length and temperature, which modulates the rate and pro-
gression of this phenophase (Jiang et al. 2022; Rohde et al. 2011).
For example, studies on Betula show that moderately warm tem-
peratures (15°C-18°C) can accelerate dormancy establishment
even under short-day conditions (Junttila et al. 2003). Similarly,
chlorophyll degradation rates vary with latitude: Northern
populations of Populus tremula enter senescence later but de-
grade chlorophyll more rapidly, balancing carbon acquisition
and nutrient remobilisation (Fracheboud et al. 2009). In con-
trast, species like Larix decidua and Quercus robur maintain
photoperiod-driven timing of senescence, though thermal or
drought stress can advance leaf fall, shortening the effective
growing season (Keskitalo et al. 2005).

Photoperiod-sensitive genera such as Populus and Fagus ex-
hibit strong genetic control over bud set and growth cessation,
with northern ecotypes responding more sharply to decreas-
ing daylength than southern ones (Heide 1974; Espinosa-Ruiz
et al. 2004; Fracheboud et al. 2009; Singh et al. 2017). This
variability influences species’ responses to climate warming:
while growing seasons are generally lengthening, photoperiod
remains the dominant cue for autumn phenology, and tempera-
ture primarily affects the speed of leaf senescence (Keskitalo
et al. 2005; Junttila 2007; Fracheboud et al. 2009).

Contrary to results in arboreal species, our data set indicates that
temperature is the primary driver of senescence in many herba-
ceous species, like Agropyron cristatum, Festuca ovina and Poa
alpina, although it is important to underline how herbaceous
species are underrepresented in our database, when it comes to
this phenophase (17 records in herbs against 40 in trees).

By contrast, a few species exhibit strict photoperiodic control,
including Carex przewalskii, Oxyria digyna and Stipa sareptana.
In these plants, daylength serves as the dominant cue, regulat-
ing developmental transitions independently of temperature
fluctuations.

A significant portion of herbaceous species, however, demon-
strates interaction between photoperiod and temperature, high-
lighting the complexity of environmental regulation. Elymus

nutans, Koeleria cristata, Leymus secalinus and Medicago sativa
rely on both cues, with photoperiod setting a temporal window
and temperature modulating the rate or magnitude of develop-
mental processes (Supporting Information S1). These taxa may
be particularly responsive to climate change, as shifts in tem-
perature or daylength could differentially affect growth and re-
production depending on the balance of these cues.

Overall, the interaction between photoperiod and temperature
in autumn senescence is less pronounced than in budburst, but
it remains ecologically relevant: Photoperiod triggers the pro-
cess (particularly in temperate deciduous trees) while tempera-
ture modulates its rate, influencing carbon allocation, nutrient
cycling and plant resilience under changing climates.

4.4 | Taxonomy

Our comparative analysis revealed clear taxonomic differences
in phenological control, reflecting variation in life form, eco-
logical strategy and evolutionary history. Across all families,
temperature regulation dominated (51%), while photoperiod-
temperature interactions and pure photoperiodic control ac-
counted for 29% and 20%, respectively. These contrasts indicate
that phenological strategies are not randomly distributed among
lineages but reflect adaptive trade-offs between environmental
predictability and life-history traits.

Families dominated by herbaceous or evergreen taxa, such as
Brassicaceae and Ericaceae, were largely temperature-driven,
suggesting adaptive advantages in thermally variable envi-
ronments where rapid responses to transient warmth favour
early growth and reproduction. Similarly, Hydrangeaceae
and Ulmaceae, composed mainly of woody deciduous species,
showed strong thermal dependence, indicating reliance on tem-
perature thresholds for dormancy release and spring reactiva-
tion rather than on genetically constrained photoperiodic cues.
The lack of photoperiodic control in Ericaceae and Ulmaceae
suggests a more opportunistic phenological strategy, prioritising
flexibility over strict seasonal synchronisation—an advantage
in temperate or subalpine climates where temperature provides
a more reliable signal of seasonal progression.

In contrast, woody lineages with broad geographic distri-
butions, such as Betulaceae and Fagaceae, displayed a pro-
nounced integration of photoperiod and temperature cues,
consistent with the need to coordinate growth cycles across
wide latitudinal gradients. Despite overlapping habitat ranges,
these families exhibit opposing cue hierarchies: Betulaceae
respond predominantly to temperature, while Fagaceae are
more photoperiod-sensitive. This divergence likely reflects
distinct risk-management strategies, with temperature-
sensitive species adopting a ‘risk-prone’ approach to maximise
early carbon gain, and photoperiod-sensitive taxa following
a ‘risk-avoidant’ strategy to prevent frost damage—poten-
tially facilitating their coexistence through ecological niche
differentiation.

Other lineages showed distinctive patterns. Salicaceae com-
bined both cues, supporting the idea that temperate decid-
uous trees coordinate growth onset and cessation through
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dual regulation under variable spring and autumn conditions.
Rosaceae were predominantly temperature-dependent, consis-
tent with their ecological diversity and prevalence in open habi-
tats where temperature is a reliable predictor of seasonal change.
Fabaceae exhibited high variability, ranging from temperature-
driven to photoperiod-sensitive responses, reflecting their
broad latitudinal distribution and diversity of growth forms.
Poaceae and Asteraceae were largely temperature-controlled,
in line with their short life cycles and high phenological plas-
ticity. Conversely, Solanaceae showed the strongest photoperi-
odic regulation (42.9%), in agreement with the circadian and
photoreceptor-mediated control of flowering and growth de-
scribed in both wild and cultivated representatives of the family
(Miiller et al. 2016).

Taken together, these results reveal a clear functional gradient:

« Woody taxa from temperate and boreal zones (e.g., Fagaceae,
Betulaceae, Pinaceae) exhibit strong photoperiod-tempera-
ture coupling.

+ Herbaceous families rely primarily on temperature cues,
maximising growth and reproduction under favourable
thermal conditions.

« Photoperiodic regulation is most prevalent among long-
lived species with marked seasonal dormancy, emphasising
its role in determining the onset and cessation of growth
cycles.

Overall, these taxonomic contrasts support the view that pho-
toperiod sensitivity predominates in long-lived woody spe-
cies, while temperature dependence characterises short-lived
herbs (Saikkonen et al. 2012; Zohner et al. 2016; Flynn and
Wolkovich 2018). This divergence reflects evolutionary adapta-
tions linked to lifespan, growth form and latitude, which ulti-
mately shape each lineage's capacity to track or buffer ongoing
climate warming. Photoperiod-sensitive taxa may maintain phe-
nological stability under rising temperatures, whereas thermally
responsive species exhibit greater plasticity but face increased
risks of frost exposure and seasonal mismatch.

4.5 | Research Gaps and Future Directions

Our review highlights that the effects of photoperiod-climate
interactions on plant responses to climate change remain
insufficiently explored. Many studies investigating climate
change impacts on plants have used fixed photoperiods,
limiting the ability to fully assess their role in phenological
responses (e.g., Oleksyn et al. 1992). Experimental manipu-
lations of photoperiod are challenging, particularly in the
field, requiring complex setups or reciprocal transplanting
across latitudes, which is logistically and legally demanding
(movement of living material across borders), especially for
tree species. Seedlings or twig cuttings facilitate experimen-
tal manipulations and transportation. Twig cuttings, specif-
ically, are vastly used in manipulative studies, as they have
been shown to precisely mirror the phenology of donor trees
because dormancy release is controlled at the bud level and
not influenced by hormonal signals from other parts of a tree,
such as the stem or the roots (Zohner et al. 2016).

However, these approaches introduce additional variability:
Phenological responses differ with life stage (e.g., juvenile cut-
tings are more sensitive to photoperiod than adults, as observed
in Prunus avium by Besford et al. 1996), collection time and
whether experiments are conducted in situ or ex situ (Zohner
et al. 2016; Taulavuori et al. 2017). Such methodological dif-
ferences likely contribute to the often-equivocal results found
in the literature, even when considering the same species (See
Supporting Information S1).

Furthermore, research on this topic to date has focused largely
on trees, likely because of their importance in forestry, with
budburst predominantly studied in arboreal species and flow-
ering in herbaceous ones, limiting our ability to draw general
conclusions across different life forms. Experimental data on
other phenophases, as well as on shrubs, herbs and cold-adapted
species, remains scarce. This highlights the need for targeted
studies addressing understudied taxa and phenophases to un-
derstand the broader ecological consequences of photoperiod-
temperature interactions.

Additionally, understanding interactions between photoperiod
constraints and other abiotic and biotic factors—such as water
and nutrient availability, competition, pollination and soil mi-
crobiomes—will be crucial for predicting future species and
ecosystem dynamics.

Standardised, coordinated research networks, such as the
Global Observation Research Initiative in Alpine Environments
(GLORIA), the International Long-term Ecological Research
(ILTER) or the International Tundra Experiment (ITEX), could
improve comparability, replicability, and generality of findings
across species, life forms and phenophases.

5 | Implication Under Climate Warming

Climate change is reshaping plant distributions, exposing spe-
cies to environmental conditions that may exceed their physio-
logical limits. While gene flow and local adaptation can buffer
these effects, the current rate of warming often outpaces the
natural migratory capacity of many taxa, especially long-lived
ones like trees (Ward and Kelly 2004; Loarie et al. 2009; Kremer
et al. 2014). As global temperatures rise, suitable habitats shift
poleward and upward (Parmesan 2006; Pauli et al. 2012), but
many populations may fail to track these changes if their phe-
notypic plasticity is limited (Aitken et al. 2008; Anderson
et al. 2012; Shaw and Etterson 2012; Burrows et al. 2014; Franks
et al. 2014).

However, range shifts are constrained not only by tempera-
ture but also by photoperiodic regimes, which change pre-
dictably with latitude. As species migrate northward in the
northern hemisphere, they encounter longer summer days and
greater seasonal variation in daylength, potentially decoupling
thermal cues from photoperiodic regulation (Huffeldt 2020).
Misalignment between thermal and photoperiodic cues can
create ‘photic barriers’, limiting northward expansion and alter-
ing ecological interactions such as pollination and competition
(Settele et al. 2016; Huffeldt 2020, 2021; Tougeron 2021), though
the influence of photoperiod on latitudinal shifts in species
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distributions varies greatly between taxa (Saikkonen et al. 2012;
Huffeldt 2020, 2021; Tougeron 2021). Therefore, while warm-
ing facilitates the poleward expansion of thermophilus taxa
(Parmesan 2006), adaptation to nonclimatic factors—partic-
ularly photoperiod, soil and biotic interactions—can strongly
limit the establishment and persistence of other taxa (Alberto
et al. 2013; Corlett and Westcott 2013; Bjorkman et al. 2017).
Thus, photoperiod emerges as a key determinant of migration
capacity (Tomiolo and Ward 2018). This is particularly true for
trees, where natural migration is often temporally decoupled
from climate change because dispersal and selection processes
are too slow to achieve rapid adaptation (Savolainen et al. 2007;
Petit et al. 2008).

As shown by our results, species differ widely in their photo-
periodic sensitivity. In a climate change context, species less
constrained by photoperiodic control may gain a competitive
advantage under global warming, as they can respond more
directly to temperature increases, extend their growing sea-
son, and thus achieve greater carbon gain and competitive
dominance (Zohner and Renner 2014; Zohner et al. 2016;
Ettinger et al. 2021). This is, for example, the case of most
Rosaceae, which have been shown to respond to tempera-
ture, independently of the photoperiodic regimes (Heide and
Prestrud 2005) and Rhododendron arboreum, a species with
reduced photoperiod sensitivity and lower chilling require-
ments (Ranjitkar 2013). Conversely, species with strong pho-
toperiodic regulation, like Fagus sylvatica, may struggle to
adjust to new latitudes where critical daylength thresholds no
longer coincide with local climatic conditions, potentially re-
ducing their range or requiring assisted colonisation (sensu
TUCN/SSC 2013) to preserve ecosystem stability.

Moreover, intraspecific variation in photoperiod sensitivity
can be substantial, especially in species with broad latitudinal
ranges, leading to local ecotypes that differ in their photoperi-
odic thresholds and seasonal timing. These dynamics have crit-
ical implications for assisted migration, increasingly adopted in
forest management and conservation (McLachlan et al. 2007;
Aitken et al. 2008; Leech et al. 2011). Successful translocation
requires selecting genotypes adapted not only to the target cli-
mate but also to its photoperiodic regime, since maladaptation
to daylength can severely impair survival and growth. Such dif-
ferentiation has direct implications for this type of conservation
strategy, as the success of translocated material depends not
only on thermal adaptation but also on matching photoperiodic
regimes. For instance, in Pinus sylvestris, core range populations
(54°-57°N) exhibit greater photoperiodic plasticity than north-
ern ones (57°-67°N), which rely on earlier and sharper declines
in daylength to trigger growth cessation (Giertych 1981; Oleksyn
and Giertych 1984).

Photoperiod also acts as a selective filter for non-native species.
Although alien taxa may benefit from reduced biotic pressures
(Aitken et al. 2008; Van der Putten et al. 2010), their expansion
may be limited by photoperiod mismatches. Ambrosia artemi-
siifolia, for example, requires specific photoperiod-temperature
combinations for flowering, which currently restrict its spread in
northern Europe despite suitable temperatures (Deen et al. 1998;
Scalone et al. 2016). Nevertheless, repeated introductions and

high genetic diversity may allow gradual adaptation of northern
genotypes (Dlugosch and Parker 2008; Chun et al. 2011).

6 | Conclusions

Our analysis indicates that photoperiod-temperature interactions
exert variable influences depending on phenological phase and
life form. Spring phenology, particularly budburst, is most strongly
affected, especially in trees, where photoperiod can often compen-
sate for a lack of chilling requirements under warming scenarios.
Flowering, predominantly studied in herbaceous species, appears
to be genetically regulated and less sensitive to these interactions,
often relying primarily on either temperature or photoperiod. Leaf
senescence, by contrast, is largely photoperiod-driven, particularly
in trees, whereas temperature mainly affects the rate of photosyn-
thetic apparatus degradation and progression towards the end of
the growing season.

Herbaceous and short-lived taxa generally relied on tempera-
ture as their main cue, reflecting adaptive advantages in envi-
ronments with high thermal variability. In contrast, long-lived
woody species exhibited stronger photoperiodic regulation or
combined cue integration, strategies that promote stability but
may constrain flexibility under rapid climate warming. Such
differences highlight that phenological sensitivity is not uni-
form across lineages but is shaped by evolutionary trade-offs
between plasticity and predictability.

In the context of climate change, as warming shifts climatic
niches poleward, species that are primarily temperature-
driven may expand their ranges more rapidly but risk mis-
matches with photoperiodic constraints, frost events or
pollinator activity. Conversely, photoperiod-sensitive spe-
cies may maintain phenological stability but exhibit reduced
competitiveness in longer and warmer growing seasons.
Understanding these contrasting strategies is therefore essen-
tial for predicting range shifts, community reassembly and
species competitiveness under future climates. Furthermore,
this knowledge is critical for guiding assisted migration and
restoration strategies, where selecting genotypes or species
with appropriate photothermal sensitivities will determine
the success of translocations.

In summary, plant phenology represents a finely tuned balance
between temperature-driven flexibility and photoperiodic sta-
bility. Recognising how these cues interact across species and
life forms is fundamental for forecasting ecological responses to
global change and for developing adaptive management strate-
gies that sustain biodiversity and ecosystem function in an in-
creasingly unpredictable climate.
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