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Summary

Climate change causes both temporal (e.g. advancing spring phenology) and geographic (e.g.

range expansion poleward) species shifts, which affect the photoperiod experienced at critical

developmental stages (‘experienced photoperiod’). As photoperiod is a common trigger of

seasonal biological responses – affecting woody plant spring phenology in 87% of reviewed

studies that manipulated photoperiod – shifts in experienced photoperiod may have important

implications for future plant distributions and fitness. However, photoperiod has not been a

focus of climate change forecasting to date, especially for early-season (‘spring’) events, often

assumed to be driven by temperature. Synthesizing published studies, we find that impacts on

experienced photoperiod from temporal shifts could be orders of magnitude larger than from

spatial shifts (1.6 h of change for expected temporal vs 1 min for latitudinal shifts). Incorporating

these effects into forecasts is possible by leveraging existing experimental data; we show that

results from growth chamber experiments onwoody plants often have data relevant for climate

change impacts, and suggest that shifts in experienced photoperiod may increasingly constrain

responses to additional warming. Further, combining modeling approaches and empirical work

on when, where and how much photoperiod affects phenology could rapidly advance our

understanding and predictions of future spatio-temporal shifts from climate change.

Introduction

Shifts in phenology (i.e. the timing of recurring biological events,
including budburst, leafout and flowering in plants, as well as bird
arrival, egg hatching and myriad other biological activities) are some
of the most widely documented signals of climate change. Spring
phenology in particular has shifted, occurring earlier as temperatures
increase, with average shifts of 1.2–5.1 d earlier per decade (Bradley
et al., 1999; Parmesan& Yohe, 2003; Root et al., 2003; Poloczanska
et al., 2013) or 1.3–5.6 d earlier per degree of warming (Wolkovich
et al., 2012; Polgar et al., 2013). These changes are some of the largest
climate change-induced shifts observed, with early spring phenology
shifting more rapidly than later season phenology in most cases
(Bradley et al., 1999; Menzel et al., 2006).

Phenology is not controlled solely by temperature, however.
Photoperiod is also a critical cue, signaling changes in growth and
reproduction across diverse species (e.g. Solbakken et al., 1994;Howe

et al., 1996; Bradshaw&Holzapfel, 2007; Lagercrantz, 2009; Flynn
& Wolkovich, 2018). Even spring phenology, which is highly
temperature-sensitive, is thought to be determined interactively by
photoperiod and temperature (Fu et al., 2019, see also Box 1).
Photoperiod is a useful cue to synchronize activities with seasonal
climatic changes (e.g.Hsu et al., 2011; Basler&K€orner, 2012; Singh
et al., 2017) because it is consistent across years, especially compared
to other cues such as temperature and precipitation (Saikkonen et al.,
2012). For example, relying on a threshold photoperiod (see
Table 1), rather than temperature alone, may prevent woody plants
from leafing out during ‘false spring’ events (unusually warm periods
during winter and early spring that are followed by a return to low
temperatures, Gu et al., 2008).

Recent studies suggest that photoperiod cues may eventually
restrict phenology in a warmer world. With additional climate
change, photoperiod may limit phenological shifts of certain species
such that they will not track rising temperatures (K€orner & Basler,
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Box 1 Are photoperiod effects widespread? A case study of woody plant spring phenology

Photoperiod responses are well studied in woody plant phenology, making this a useful case study to consider climate change-induced shifts in
photoperiod. Spring woody plant phenology in particular has critical implications for global carbon cycling and feedbacks to the climate system
(Richardson et al., 2013), and has been at the center of an important and controversial debate on the relative effects of photoperiod vs temperature on
phenology (e.g. Chuine et al., 2010; K€orner & Basler, 2010a,b; Fu et al., 2019).

Experimental growth chamber studies have shown that photoperiod is an important cue for spring budburst phenology inwoody plants (e.g. Heide,
1993b;Basler&K€orner, 2014;Flynn&Wolkovich,2018). Theseexperimentsoftenmanipulatephotoperiod incombinationwith temperature toaddress
basic questions about how these twoenvironmental conditions act as biological cues. Temperature has a dual role in regulatingwoodyplant phenology:
chilling – the prolonged exposure to low temperatures after growth cessation in the autumn is required to initiate budburst, and forcing – prolonged
exposure to high temperatures – is required for budburst to occur. Different photoperiod treatments are typically applied during the forcing treatment
phase in growth chamber experiments (e.g. Campbell & Sugano, 1975; Heide, 1977; Falusi & Calamassi, 1990; Spann et al., 2004; Laube et al., 2014).
Woodyplant growth chamber studies havebeen conducted for decades, but haveonly recently been synthesized to show that photoperiod sensitivity is
widespread, with large variation across studies and species. These studies were aggregated in Observed Spring Phenology Responses in Experimental
Environments (OSPREE), a newdatabase of plantgrowthchamber studies thatmanipulatephotoperiodand temperature tomeasureplant phenological
responses, suchasbudburst andflowering (Wolkovichet al., 2019). Thedatabase includes studies thatmanipulatephotoperiod (by applying treatments
with different daylength durations, applying long-day vs short-day conditions for different lengths of time, and/or applying varying vs constant
photoperiods) and temperature (by imposing different chilling and/or forcing treatments). The OSPREE database spans 201 woody plant species;
experiments in the database use dormant plant tissue (grown in glasshouses or taken directly from the field) exposed to experimental conditions for
whichwe could identify forcing, photoperiod and chilling treatments quantitatively. See Supporting InformationMethods S1, Ettinger et al. (2020) and
Wolkovich et al. (2019) for details.

Box Fig. 1 Nonlinearities in phenological responses to daylength are apparent in spring woody plant phenology experiments. Shown are responses from all
experiments fromWolkovich et al. (2019) in which three or more photoperiod treatment levels were applied. The shape of the response curves for Betula
pubescens (Caffarra et al., 2011b), Fagus sylvatica (Heide, 1993b) and Tilia americana (Ashby, 1962) differs depending on the amount of winter chilling
received(measured inChillportions (Fishmanetal.,1987),withdarkerblue indicatingmorechilling).Speciesandchilling levelswithmultiple linesrepresentplant
material from different populations. See ‘Nonlinearities in phenological responses to daylength’ in Supporting InformationMethods S1 for additional details.
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2010a; Basler&K€orner, 2012; Fu et al., 2015;Way&Montgomery,
2015). The idea of photoperiod constraints is controversial, however,
as other studies suggest that photoperiod will not slow responses to
warming for most species (Chuine et al., 2010; Zohner et al., 2016).
Resolving this debate requires a greater understanding of the extent to
which daylength constrains phenology and how rapidly photoperiod
responses can acclimate or adapt to new environmental conditions
(Grevstad & Coop, 2015).

Perhaps because of these variable and uncertain responses,
photoperiod is often not included in forecasts of biological responses
to climate change, especially in the spring, even though it is known to

be an important cue for biological activity (but see Caffarra et al.,
2011a;Duputi�e et al., 2015;Grevstad&Coop, 2015).The exclusion
of photoperiod may be problematic: although photoperiod itself is
stable over time, the photoperiod that species experience at critical
developmental stages (henceforth, ‘experienced photoperiod’), as
theyundergo climate change-induced shifts in space and time, is likely
to bemuch less stable (Fig. 1). This shift in experienced photoperiod
extends to distributional shifts due to climate change, asmany species’
distributions have moved poleward and upward in elevation (i.e.
range shifts, Pe~nuelas&Boada, 2003; Parmesan, 2006;Harsch et al.,
2009; Chen et al., 2011).

Growth chamber experiments in OSPREE suggest that the dominant photoperiod response in woody plant species is earlier and more rapid budburst
with longer days (e.g. Caffarra & Donnelly, 2011). Thirty of the 72 studies in the OSPREE database included two or more different photoperiod
treatments. Of these, 26 (87%) found significant photoperiodmain effects or significant interactive effects with temperature (i.e. photoperiod9 tem-
perature effects), across 176 species (Table S1). Main effects included responses such as growth (e.g. higher growth rates with longer days, Ashby,
1962) and reproduction (e.g. increased flowering with longer days Heide & Sønsteby, 2012).

Growth chamber experiments highlight that responses to photoperiod vary depending on temperature conditions. For example, an accelerated
advance of budburst was observed under long vs short days with low chilling, relative to bubdburst with high chilling in Betula payrifera (Hawkins &
Dhar, 2012, see Box Fig. 1). Similarly, across species, as chilling accumulates fromwinter to spring, sensitivity to both forcing andphotoperiod sensitivity
candecrease (Malyshevet al., 2018). Frequently, longphotoperiods can compensate for lowamounts of chilling (Heide, 1993a;Myking&Heide, 1995;
Caffarra et al., 2011b).

Woody plant growth chamber experiments also demonstrate that, though photoperiod responses are common, they are variable, as shown in
Box Fig. 1. Responses to photoperiod differ by species (e.g. Heide, 1993b; Howe et al., 1996; Basler & K€orner, 2012, 2014; Zohner et al., 2016; Flynn &
Wolkovich, 2018). For example, with longer chilling treatments some species seem insensitive to daylength (e.g.Hammamelis spp., Prunus spp., Zohner
etal.,2016),whereasothers seemtobehighly sensitive todaylength (e.g.Fagus spp., BoxFig.2(a), evenwith longchilling treatments (Zohneretal., 2016).
In addition, some species demonstrate a response to photoperiod opposite to that typically observed: Tilia, for example, showed delayed budburst with
longer daylengths (see Box Fig. 1; Ashby, 1962). Photoperiod sensitivity also varies by population and ecotype (e.g. Box Fig. 1). For example, photoperiod
effects on budburst were more significant for lower latitude populations of Betula pendula and B. pubescens (Partanen et al., 2005).

Box Fig. 2 Photoperiods experienced in growth chamber experiments differ from those in the natural world, shown here by latitude (left panels) and by
day of budburst (right panels) for Fagus sylvatica (a, upper panels) and Quercus robur (b, lower panels). Triangles show experimental treatments of
photoperiod in Wolkovich et al. (2019). To illuminate potential gaps between experiments and the natural world, we show the photoperiod when
budburst occurs in its current (1981–2000) andprojected ranges (2081–2100, using theA1Fi Phenofit scenario, seeDuputi�e et al., 2015).We scaled the
days to budburst for all data points inWolkovichet al. (2019) by adding the dayof budburst from thefirst Phenofit observation. See ‘Comparing shifts in
experienced photoperiod in experiments to those in the natural world with climate change’ in Supporting Information Methods S1 and Duputi�e et al.
(2015) for additional details.

Box 1 continued.
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The implications of potential climate change-induced shifts in
experienced photoperiod are unclear, as the magnitudes of potential
shifts have not been described. The effects of photoperiod shifts may
be relatively minor, especially compared to the substantial year-to-
year variation in experienced photoperiod (Fig. 2). Alternatively,
photoperiod may begin to constrain species’ responses to climate
change (K€orner & Basler, 2010a; Basler & K€orner, 2012; Fu et al.,
2015; Way &Montgomery, 2015; Huffeldt, 2020).

Here, we ask:
(1) How will climate change alter experienced photoperiod for
plants?
(2) What are the implications of altered experienced photoperiods
for plant responses to climate change?
(3) Can researchers apply data from experiments that alter
photoperiod to improve forecasts of biological implications of
climate change?

Ourquestionsarebroadlyrelevant fordiverse speciesandseasonal
events. We use a case study of spring woody plant phenology to
illustrate several of our points (Boxes 1 and 2). We focus on spring
events, as phenology during this time is one of the most widely
observed and rapidly changing biological responses to climate
change (Parmesan,2006). Inaddition, the roleofphotoperiod is less
well understood in spring phenology compared with autumn
phenophases (reviewed in, for example, Allona et al., 2008;
Lagercrantz, 2009; Azeez & Sane, 2015; Gallinat et al., 2015; Gill
et al., 2015), but recent studies showing declines in responses of
spring budburst to warming (e.g. Yu et al., 2010; G€usewell et al.,
2017; Fu et al., 2019) suggest that photoperiod constraints may be
imminent.

How will climate change alter experienced
photoperiod for plants?

Species experience different photoperiod regimes depending on
their location on Earth, the seasonal timing of their activity and
inter-annual variation in climate (Fig. 1). Consider, as an example,
the daylength experienced by plants on the date that spring ‘green-
up’ occurs. We use green-up date as an example because it
represents an important spring event, signaling the start of the
growing season, and global estimates are available. Photoperiod on
green-up date varies with latitude (Fig. 2a), in part because
latitudinal variation in green-up date, which occurs earlier toward
the equator and later toward the poles, is strongly driven by climatic
differences that affect phenology, and in part because of latitudinal
variation in photoperiod (e.g. at the poles, the daylength at the
summer solstice is 24 h; see also Fig. 1). (See ‘Quantifying and
mapping differences in green-up across the United States and
Europe’ in Supporting Information Methods S1 for additional
details of this analysis.)

Some consistent patterns in experienced photoperiod are
apparent at a broad scale. Across years, photoperiod at green-up
is longer toward the poles (i.e. on the day of the year when green-up
occurs close to the north pole, daylength approaches 24 h in both an
average year (Fig. 2a) and in an early year (Fig. 2b). In addition,
green-up does not appear to occur at daylengths less than 10 h
across North America and Europe.

Despite these consistent broad-scale patterns, there is also strong
spatiotemporal variation in experienced photoperiod across years.
Comparing the photoperiod at green-up in an ‘early’ vs an ‘average’
year (Fig. 2a,b) shows that experienced photoperiod at green-up
can vary by 2–3 h from one year to the next in the same location
(Fig. 2c).

Against this existing background variation, climate change will
cause shifts in experienced photoperiod as species respond to
increasing temperatures. Spatial shifts in species’ ranges and
temporal shifts in phenology will alter the photoperiods experi-
enced by organisms with future climate change. The magnitude of
these alterationswill vary depending on the organism’s location and
the type of shift(s) it undergoes. For example, poleward shifts in
species’ ranges cause plants to experience awider range of daylength
throughout the year (Fig. 1), which may pose challenges to
organisms undergoing temperature-induced poleward range shifts
(Huffeldt, 2020). Elevational shifts, by contrast, cause minimal
change to the range of daylength throughout the year.

To date,most focus on shifts in photoperiodwith climate change
has centered on how spatial range shifts will affect photoperiod (e.g.
Saikkonen et al., 2012; Way & Montgomery, 2015; Huffeldt,
2020). However, shifting phenology – especially the large changes
seen in spring phenology –will also alter experienced photoperiod,
because of the seasonal patterns of daylength (Fig. 1).

Current data suggest that temporal shifts will yield much larger
changes in experienced photoperiod than latitudinal shifts (Fig. 1).
Consider a tree species that bursts its buds at latitude45°, on average
around day of year 91 (April 2), when daylength is 12.8 h. If the
species’ phenology shifts 30 d earlier over the next century (i.e. a rate
of 3 d per decade, as has been observed, Parmesan&Yohe, 2003), it
will experience a daylength that is 1.6 h shorter. This 1.6 h decrease
in daylength is equivalent tomoving up28.5° in latitude on this day
of the year.However, if the same species shifts its rangeup in latitude
0.5° (i.e. 60 kmover thenext century, comparable to observed rates,
Chen et al., 2011; Parmesan & Yohe, 2003), it will experience a
daylength that differs by <1 min on the same day of the year.

Temporal shifts in temperate areas are likely to yield larger
changes in experienced photoperiod for autumn phenology, as
well. Consider again the tree at latitude 45°, which may senescence
on day of year 300 (October 27), on average (Gill et al., 2015),
when daylength is 10.5 h. If senescence shifts 33 d later over the
next century (i.e. a rate of 3.3 d per decade, as has been observed,
Gill et al., 2015), it will experience, at the end of the growing season,
a daylength that is 1.3 h shorter. This is equivalent to moving up
16° in latitude on this day of year.

What are the implications of altered photoperiods for
plant responses to climate change?

Climate change alters the experienced photoperiod, but the
implications of this change for plants are currently unclear, in part
because phenology both affects and is affected by experienced
photoperiod: climate change-induced shifts in phenology alter
experienced photoperiod, which in turn affects phenology.
Daylength, often in combination with temperature, can play a
role in controlling critical biological functions, including vegetative
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growth, cell elongation, budburst and flowering in plants (Ashby,
1962; Erwin, 1998; Linkosalo & Lechowicz, 2006; Mimura &
Aitken, 2007; Sidaway-Lee et al., 2010; Heide, 2011; Hsu et al.,
2011; Heide & Sønsteby, 2012; Fu et al., 2019). Climate change-
induced shifts in photoperiod are therefore likely to alter these
functions.

Growth chamber studies show that the magnitude of daylength
shifts expected with climate change (i.e. 1–2 h of difference in
daylengthwith temporal shifts over the next century) are substantial
enough to affect spring phenology in trees (Table S1). The
direction and magnitude of responses will vary, however, because
of variation in photoperiod sensitivity, and because photoperiod

often interacts with other environmental drivers, such as temper-
ature, to affect phenology (Box 1).

The climate change-induced trend toward ever-earlier springs
means that experienced photoperiod may increasingly approach
threshold photoperiods (see Table 1) for many species, potentially
constraining their ability to respond to additional warming
(Nienstaedt, 1966; Morin et al., 2010; K€orner & Basler, 2010a;
Vitasse & Basler, 2013; Fu et al., 2019). Interactions between
photoperiod and temperature may therefore result in muted
phenological shifts, compared to what would be expected based on
temperature change alone (Wareing, 1956; Mimura & Aitken,
2007; K€orner & Basler, 2010a). This has been a topic of much

Table 1 Glossary.

� budburst: one or more leaf buds have visible green tips.
� chilling: the intensity and duration of winter temperature, often a certain sum of chilling (e.g. amount of hours or days of low temperatures, defined by a

specific critical temperature or range of temperatures, such as between 0 and 7.2°C, Richardson, 1974) that is required to iniate budburst.
� daylength: the period of time during a 24-h period during which an organism receives light.
� dormancy: halted or reduced growth or activity.
� forcing:warmspring conditions, oftena certain sumof forcing (e.g. amountof hoursor days abovea specific temperature) that is requiredbeforebudburst

can occur.
� green-up: the beginning of a new cycle of plant growth, usually evaluated at the landscape scale.
� phenology: the timing of life cycle events in organisms.
� photoperiod: the daily duration of light (daylength) and dark to which an organism is exposed; often used synonymously with daylength.
� photoperiod sensitivity: the degree to which phenology is controlled by daylength; may be a nonlinear, or ‘threshold’, response in plants (Box 2).
� photoperiodism: the ability of anorganism to assess or respond to lengthof dayor night in its behavior, physiology, growth, development or reproduction.
� thresholdphotoperiod: lengthof day that causes anorganism to switch froma short- to a long-day response (or vice versa). For example, in European larch

(Larix decidua), budburst development may be constrained under short-day conditions, when daylengths are less than a threshold photoperiod of
10–11 h (Migliavacca et al., 2008). Above this threshold photoperiod, the long-day response of unconstrained budburst development can occur.
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Fig. 1 Temporal (i.e. phenological) shifts inactivityyield larger changes inexperiencedphotoperiodcompared to spatial (i.e. latitudinal) shiftson thesamedayof
the year, due to patterns in photoperiod variationwith latitude andby day of year. Here,we show this variation at two latitudes (22.5°, 45°), using hypothetical
spatial and temporal shifts. These shifts are based on observed rates with recent global warming: for spatial shifts, 6–17 kmper decade, or c. 0.5–1.5° in 100 yr
(Parmesan&Yohe, 2003;Parmesan,2006); for temporal shifts, 3 dper decade, or 30 d in100 yr (Parmesan, 2006;Chenet al., 2011). Thesepotential, plausible
shiftshighlightthegreatermagnitudeindaylengthchangesfromtemporalshifts intheearlyspring,closetothevernalequinox(e.g.dayofyear 91),vsclosetothe
summersolstice (e.g.dayofyear182)at temperate latitudes. It isalsoapparentthatearlyspringtemporal shiftsathigh latitudes result inmoreextremechanges in
daylength than shifts at lower latitudes (e.g. a temporal shift 30 d earlier results in a reduction in daylength of 94.5 min at 45° vs 39.5 min at 22.5°).
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interest in the climate change literature because it predicts that as
photoperiod becomes limiting, average trends of earlier spring
phenology (Menzel, 2000; Pe~nuelas et al., 2002; Polgar et al., 2013)
and later autumn senescence (Gill et al., 2015; Richardson et al.,
2018) with warming may stop.

A challenge in predicting if or when the trends of shifting
phenology with warming may slow or stop abruptly is the wide
range of observed photoperiod sensitivity (see Table 1) across
events (e.g. spring vs fall events, Mimura & Aitken, 2010), species
(Sanz-Perez et al., 2009; Zohner et al., 2016; Flynn &Wolkovich,
2018), latitudes (Johnsen & Seiler, 1996; Partanen et al., 2005;
Ettinger et al., 2020), populations (Viher€a-Aarnio et al., 2006;
Bradshaw & Holzapfel, 2007; Caffarra et al., 2011b; Saikkonen
et al., 2012; Gauzere et al., 2017) and ecotypes (Howe et al.,
1995). How much genotype vs environment explains this
variation is an active area of research (e.g. Gould et al., 2010;
Mimura & Aitken, 2010; Franks et al., 2014; Fr�ejaville et al.,
2019). Environmental conditions clearly play a role: different
combinations of ambient temperature and photoperiod may
explain some of this variation, and temperature cues can override

photoperiod requirements under certain conditions (e.g. Tanino
et al., 2010). In such cases, future climate change-induced
phenological shifts may occur at different rates than past shifts
with warming. On the other hand, some of this variation may be
due to underlying genetic differences driven by local adaptation,
because photoperiod responses can be under strong genetic
control (Bradshaw & Stettler, 1995; Weih, 2004; Keller et al.,
2011, see also Boxes 1 and 2). Differences in genetic control of
photoperiod may be pronounced across spring vs fall events, as
research suggests stronger local adaptation in photoperiod cues for
budset than for budburst (Mimura & Aitken, 2010), although to
date much research has focused on spring or fall events separately,
making a robust comparison difficult. Valuable advances in the
field may be achieved by increased efforts to compare controls on
phenological events across the growing season and how they may
be connected, through carbon dynamics or other factors (Ettinger
et al., 2018; Zani et al., 2020). Further teasing out the relative
roles of genetics vs environmental conditions on phenology will
be critical to accurate forecasts under climate change (Pau et al.,
2011).

(a) (b)

(c)

Fig. 2 Photoperiodon ‘green-up’datevariesover spaceandbetweenyears. ‘Green-up’date is thebeginningof seasonalgreening, identifiedby satellite remote
sensing measurements, taken regularly throughout the year, of concentrations of green leaf vegetation. Hours of daylight are shown on the date of spring
green-up (here fromMODIS satellite data) across NorthAmerica and Europe for an average (2009 (a)) and early (2012 (b))NorthAmerican start of spring. The
differences between the years (in hours of daylength) are shown in (c). A negative difference signifies earlier green-up in 2012 vs 2009; a positive difference is
the result of later green-up in 2012 compared with 2009. See ‘Quantifying and mapping differences in green-up across the United States and Europe’ in
Supporting Information Methods S1 for additional details.
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Species- and population-level variation in photoperiod sensitiv-
ity may scale up to alter communities as climate change progresses.
For example, a species or population that is relatively insensitive to
photoperiod can take advantage of warmer springs by having an
earlier start to its growing season. Indeed, phenological tracking of
temperature (e.g. earlier flowering, leafout or migration with
warming) has been linked to higher performance in plants and
animals (Muir et al., 1994;Willis et al., 2010; Cleland et al., 2012).
Species or populations that are sensitive to temperature but
relatively insensitive to photoperiod may therefore outcompete
slower growing or later emerging ones that are limited by
photoperiod and thus cannot take advantage of longer growing
season conditions. Not all studies, however, find links between
performance and high sensitivity to temperature (e.g. Block et al.,
2020), and early-season species in most temperate zones risk losing
tissue to frost (Sakai & Larcher, 1987). Thus, the advantages of
tracking warming may depend on how quickly mean temperatures
vs last frost dates shift (e.g. Inouye et al., 2002), such that in some
systems photoperiod cues could prevent species from starting
growth or reproduction too early (when they risk losing their
investments in new tissue). To identify where, when and how
communities may be altered therefore requires quantifying species-
and potentially population-specific temperature and photoperiod

sensitivities, and developing methods that incorporate both
photoperiod and environmental events that impact fitness (such
as frosts).

Future directions: outstanding questions and
incorporating photoperiod into forecasting

The complexity of photoperiod effects on phenology and how
warming alters experienced photoperiod highlights that future rates
of phenological shifts are unlikely to be straightforward extrapola-
tions from past and current rates. Statistical and process-based
models – the two broad categories of forecasting approaches – both
acknowledge this difficulty, but differ importantly in how they relate
phenology to climate change. Statistical models relating phenology
to climate change typically assume linear relationships between
species’ responses and environmental variables (e.g. Ib�a~nez et al.,
2010; Flynn & Wolkovich, 2018), whereas process-based models
often incorporate nonlinear threshold relationships (e.g. Chuine &
Beaubien, 2009; Morin & Thuiller, 2009). Further, statistical
models of phenology under climate change often ignore photope-
riod, focusing instead on seasonal or annual temperature (e.g. Diez
et al., 2012; Ib�a~nez et al., 2010, but see Richardson et al., 2013),
whereas process-based models of phenology more frequently

Box 2 Dominant models of how photoperiod affects spring woody plant phenology

The cues and molecular pathways underlying photoperiod sensitivity are poorly understood for most organisms, even in relatively well-studied
phenophases and taxa, such as spring budburst in woody plants (Ding & Nilsson, 2016). Decades of growth chamber experiments demonstrate that
threemain cues – chilling, forcing and photoperiod – control spring budburst for woody species (Heide, 2008; Zohner et al., 2016; Flynn &Wolkovich,
2018), with many models suggesting a dominant role of forcing in most natural conditions. Forcing requirements, however, appear to increase given
shorter photoperiods or lower chilling (Chuine et al., 2010; Caffarra et al., 2011a). Research has yet to fully tease out effects of these three cues, their
interactionsand their prevalence; photoperiod responsesappear variableacross species andpopulations, aswell aswithdifferent chilling treatments (see
Box 1). Not surprisingly, there is currently little agreement on the underlying model for how photoperiod affects spring phenology for most species
(Chuine et al., 2016; H€anninen et al., 2019). More physiological research will probably be necessary for major advances, as understanding the exact
cellular pathways through which chilling, forcing and photoperiod act appears increasingly critical to accurate modeling (van der Schoot et al., 2014;
H€anninen et al., 2019).

Additional cellular and molecular studies may quickly advance understanding and scale up to improved photoperiod models. While our
understanding of how plants interpret photoperiod at the molecular level comes from few species, largely from studies of flowering in the model plant
Arabidopsis thaliana (e.g. Su�arez-L�opez et al., 2001) and fall budset in woody plant species (e.g. Howe et al., 1996), these studies have proved useful
across other species. For example, the ‘external coincidencemodel’ (where plants sense light via blue light receptors and phytochromes, then interpret
photoperiod through a coordinated response to light in relation to the time of day, see Lagercrantz, 2009) has beenmostwidely studied inArabidopsis,
but appears to be a relevantmechanism for photoperiod responses in diverse perennial andwoodyplant species (B€unning, 1936;Davis, 2002; Bastow&
Dean, 2002; Kobayashi & Weigel, 2007; Andr�es & Coupland, 2012; Petterle et al., 2013; Singh et al., 2017). The model proposes the existence of a
circadian rhythmof light sensitivity, inwhich the night-phase is sensitive to light and the day-phase is insensitive to light. As days get longer in the spring,
daylight illuminates the light-sensitive phase, triggering a response. This provides a clear mechanistic pathway to build into models (Burghardt et al.,
2015).

Weexpect progress on spring phenologywill benefit from similar physiological research that spans themolecular towhole-plant levels. To date, little
is knownabout the genetic pathways responsible for the light-sensingapparatuses involved in springbudburst, andhow theymayvary across species or
populations. Somegeneshavebeen identified that playa role in coordinatingbudburst in poplar (Populus spp.), andmayoccur inotherwoodyspecies as
well. Many similarities exist between the proposed regulatory networks of vegetative growth in Populus and those controlling floral initiation in
Arabidopsis (Ding&Nilsson, 2016). For example, vegetative growth and inhibition of budset are promotedby the FLOWERINGLOCUST2 (FT2) gene,
a homolog of the Arabidopsis thaliana gene FLOWERING LOCUS (FT). FT2 expression appears to be controlled by a pathway that is effective in long
days and high temperatures, marking the onset of the growing season (Hsu et al., 2011). Its loss of expression in autumn, when the days are getting
shorter, is associated with the onset of dormancy (Glover, 2014).

Efforts to bettermap the genetic and cellular pathways of spring phenology combinedwith commongarden studies can provide a powerfulmethod
to test mechanistic understanding and improvemodels (e.g. Burghardt et al., 2015; Fournier-Level et al., 2016). Here we havemainly outlined how to
combinegrowth chamber studieswith long-termdata to improvemodels and forecasting; a greater physiological understandingof at least a few species
will probably also be necessary for generating robust predictions with climate change.
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incorporate photoperiod, along with temperature (Morin &
Thuiller, 2009; Zhao et al., 2013; Duputi�e et al., 2015; Lundell
et al., 2020). Process-based models may thus seem superior for
integrating photoperiod, but they can be challenging to develop,
requiring detailed data that are often not readily available (e.g. daily
climate data, nonlinear biological responses to fine-scale changes in
temperature). Perhaps because of this, statistical models remain
more commonly used in climate change forecasts of biological
responses (e.g. Ib�a~nez et al., 2010; Basler&K€orner, 2012;Diez et al.,
2012; Zhu et al., 2012; Garc�ıa-Vald�es & Morales-Castilla, 2016).

Future modeling of spring plant phenology can incorporate
photoperiod by leveraging the large amount of experimental data
on photoperiod responses (e.g. for woody plants, see Fig. 3, Box 1;
Table S1), especially when process-based approaches are used.
Researchers can use these data to first learn whether the study
species (or a phylogenetically closely related species) shows a
photoperiod effect and, ideally, identify its threshold photoperiod
and how it varies by population, ecotype or other factors (Bradshaw
& Holzapfel, 2006; Tobin et al., 2008). If there is evidence of a
photoperiod response (e.g. Fagus grandifolia, or Tilia americana
with low chilling, shown in Fig. Box 1-1), daylength should be
added to forecasting models. We suggest that initial models could
use a threshold photoperiod to define short-day and long-day
conditions (Fig. 4, Box 1), then test how much the addition alters
forecasts. Given the large change in experienced photoperiod with

temporal shifts (Fig. 1), this may be particularly important for
phenological forecasting. Because spatial shifts are associated with
smaller changes in experienced photoperiod, it may be less
important for distribution forecasts. Many species, however, may
shift in both space and time simultaneously. Thus, even though
experienced photoperiod changes little as species distributions shift
in space, phenology may be altered significantly if the newly
expanded portions of the range contain novel environmental
conditions (e.g. Martin et al., 2014).

For some species, experimental data can be immediately used in
forecasting because experiments manipulate photoperiod at
relevant scales (e.g. Basler & K€orner, 2014; Heide & Sønsteby,
2015; Fig. 3; Box 1; Table S1). For example, photoperiod
treatments from growth chamber experiments with Fagus
sylvatica span the variation in both current and expected future
ranges (Box 1; Duputi�e et al., 2015), and may allow identification
of threshold photoperiods (Fig. 4). In other cases, attempting to
incorporate photoperiod into forecasts of future phenology will
reveal gaps in our understanding of many aspects of photoperiod
responses. For example, photoperiod treatments from existing
experiments of Quercus robur do not accurately represent experi-
enced photoperiods from current or future estimates (Box 1),
making fine-scale projections difficult, even for this relatively well-
studied species. This gap extends to many species, as most
experiments manipulate photoperiod much more dramatically

Fig. 3 Amap of experimental photoperiod treatments from a meta-analysis of woody plant spring phenology and their equivalent spatial and temporal shifts
demonstrates that many experiments manipulate photoperiodmore dramatically than will occur with climate change.Mapped points (circles and crosses) are
locations of experiments in Wolkovich et al. (2019) that manipulated photoperiod (30 experiments in total; see Box 1). In 11 out of 30 cases, the difference
between experimental treatments exceeded the range in photoperiod experienced across the entire year at the study latitude (crosses; circles mark temporal
shifts within a possible range). Note that many studies occur at high latitudes, which experience a wide range of photoperiod across the year. In 13 out of 30
cases, the experimental treatment differences exceeded the photoperiod change thatwould be experiencedwith a latitudinal shift of up to 40° (red lines; black
lines represent spatial shifts within a possible range). See ‘Mapping temporal and spatial shifts in space and time’ in Supporting Information Methods S1 for
additional details.
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than will occur with climate change (Fig. 3; Box 1). Although these
studies can be useful for a mechanistic understanding of
photoperiod responses, extrapolating them to climate change
models may not be reasonable.

Photoperiod is not fully integrated intomost forecasts of biological
responses to climate change (but see Tobin et al., 2008, for an
example in insects), an omission that could affect forecast accuracy.
Photoperiod is incorporated into some ecosystem models (e.g. the
Ecosystem Demography model, Jolly et al., 2005; Medvigy et al.,
2013) used for forecasting but not others (e.g. Richardson et al.,
2012), and is rarely included in species distribution models (e.g.
Morin & Thuiller, 2009; Zhu et al., 2012). The sensitivity of model
outcomes to assumptions made regarding experienced photoperiod
and threshold responses to photoperiod needs further study,
including understanding how variation in photoperiod responses
across ecosystems, species, populations and life stages impacts
forecasts. We have focused here on spring phenology, but future
work could also address the sensitivity of model outcomes to shifts in
experienced photoperiod at the end of the growing season (e.g. leaf
senescence and onset of dormancy). Fall photoperiod affects
photosynthesis, growth and budset in woody plant species, and
photoperiod-induced declines in photosynthetic capacity may con-
strain carbon sequestration even if warming prolongs leaf senescence
(Howe et al., 1996; Bauerle et al., 2012; Stinziano &Way, 2017).

As researchers more fully integrate experienced photoperiod
into forecasting, a critical area of further study is understanding
how photoperiod acts as a cue. For some species, photoperiod
responses are qualitiative (i.e. there is a threshold photoperiod
with long-day responses differing from short-day responses; see
Table 1), whereas other species appear to exhibit quantitative
responses to photoperiod (Wareing, 1956). Photoperiod seems to
interact with temperature to affect phenology (e.g. Zydlewski
et al., 2014); this would explain the divergent effects of
photoperiod observed across studies in woody plants (Box 1).
However, exactly how it interacts with temperature is not well
defined for most taxa. For many species, additional experimental
and physiological research is necessary, because the dormancy-
breaking processes that photoperiod affect require detailed
physiological approaches to observe. Although the main eco-
physiological processes involved in regulating phenology of
woody plants are relatively well documented, a mechanistic
understanding of the physiological, molecular and genetic bases
of dormancy is lacking (Box 2; Chuine et al., 2016; H€anninen
et al., 2019). In addition, photoperiod and temperature cues can
differentially affect the phenology of distinct physiological
processes in woody species, decoupling, for example, responses
of growth or leaf development and carbon uptake to warming
(Bauerle et al., 2012; Stinziano & Way, 2017). Accounting for

Accounting for photoperiod to improve forecasts of biological responses to climate change

Standard approach Add photoperiod across populations

SD

LD

Temperature

D
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Y
D
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+ experimental data
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1960     1980     2000     2020     2040

Year

D
O
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1960     1980     2000     2020     2040

Raw data

Year

D
O

Y
1960     1980     2000     2020     2040

Add basic photoperiod

Feedback

+ experimental data
across populations

Temperature

Model

Forecast

D
O

Y

Temperature

D
O

Y

SD conditions

LD conditions

Fig. 4 Conceptual diagram of how to include photoperiod in forecasting biological responses to climate change. Current approaches for forecasting spring
phenologywith climate change frequently relyon linear relationships betweenhistorical temperaturedataandobserveddatesof springphenology (left panels).
Adding responses to photoperiod, which may operate as threshold responses to short days (SD) vs long days (LD, see ‘photoperiod sensitivity’ in Table 1 and
Box 2 for details), will alter these forecasts (center panel) in ways that differ across species with divergent threshold photoperiods. Other factors that interact
with photoperiod, such as population-level variation in photoperiod responses, can be incorporated into forecasts to further improve their accuracy (right
panel).
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ecophysiological effects of photoperiod can result in quantifiable
declines on modeled global gross primary production (Bauerle
et al., 2012), suggesting that including temporal and spatial shifts
in experienced photoperiod with climate change may also alter
global model estimates.

Understanding the drivers, as well as the consequences, of
variation in photoperiod responses within and across individuals,
populations and species will be critical for forecasting. Incorpo-
rating trait and/or phylogenetic frameworks may provide useful
avenues for improving forecasts (Buckley & Kingsolver, 2012).
For example, what traits are associated with photoperiod
sensitivity and does variation in photoperiod sensitivity or related
traits have a strong genetic component? If so, are species or
populations from some locations or lineages more likely than
others to be constrained by photoperiod in their responses to
climate change? More accurate forecasts will facilitate improved
understanding of the implications of shifts in experienced
photoperiod for carbon sequestration under climate change at a
global scale.

Conclusions

Organisms may undergo large changes to the photoperiod they
experiencewith climate change, even if they donot shift their ranges
spatially. Here we have highlighted that these altered photoperiods
may stall phenological shiftswith futurewarming (e.g.Table S1;Yu
et al., 2010; G€usewell et al., 2017; Fu et al., 2019), with cascading
effects on growth, fitness and community composition due to the
large variation in photoperiod responses across species and popu-
lations (Box 1). We have focused on woody plant phenology, but
shifts in photoperiod with climate change have implications for a
variety of plant and animal responses, as daylength affects critical
activities for species frominsects (Bradshaw&Holzapfel, 2006) and
salmon (Taranger et al., 2003) to birds (Dawson et al., 2001) and
marsupials (Mcallan et al., 2006). Given what we know, incorpo-
rating photoperiod into forecasting of climate change responses
should improve model accuracy (Fig. 4), and will illuminate
additional experiments that could improve our mechanistic under-
standing of photoperiod as a critical cue for diverse biological
responses.
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