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Synopsis Climate change has resulted in increased temperature means across the globe. Many angiosperms flower

earlier in response to rising temperature and the phenologies of these species are reasonably well predicted by models

that account for spring (early growing season) and winter temperatures. Surprisingly, however, exceptions to the general

pattern of precocious flowering are common. Many species either do not appear to respond or even delay flowering in,

or following, warm growing seasons. Existing phenological models have not fully addressed such exceptions to the

common association of advancing phenologies with warming temperatures. The phenological events that are typically

recorded (e.g., onset of flowering) are but one phase in a complex developmental process that often begins one or more

years previously, and flowering time may be strongly influenced by temperature over the entire multi-year course of

flower development. We propose a series of models that explore effects of growing-season temperature increase on the

multiple processes of flower development and how changes in development may impact the timing of anthesis. We focus

on temperate forest trees, which are characterized by preformation, the initiation of flower primordia one or more years

prior to anthesis. We then synthesize the literature on flower development to evaluate the models. Although fragmentary,

the existing data suggest the potential for temperature to affect all aspects of flower development in woody perennials.

But, even for relatively well studied taxa, the critical developmental responses that underlie phenological patterns are

difficult to identify. Our proposed models explain the seemingly counter-intuitive observations that warmer growing-

season temperatures delay flowering in many species. Future research might concentrate on taxa that do not appear to

respond to temperature, or delay flowering in response to warm temperatures, to understand what processes contribute

to this pattern.

Introduction

“Phenological shifts have been among the most ob-

vious and thoroughly documented biological

responses to the climate warming of the last

150 years” (Forrest and Miller-Rushing 2010). For

plants, the timing of flowering is a critical life history

event (Rathcke and Lacey 1985), especially for spe-

cies dependent on interactions with animals for pol-

lination and seed/fruit dispersal (e.g., Hegland et al.

2009; Singer and Parmesan 2010). Many angio-

sperms flower earlier in response to increased tem-

peratures (e.g., Amano et al. 2010; meta-analysis in

Wolkovich et al. 2012) but the responses can be

complex. The magnitude of precocious flowering

relative to seasonal temperatures can be highly vari-

able even among closely related taxa in the same area

(Fitter et al. 1995; Calinger et al. 2013; Iler et al.

2013; CaraDonna et al. 2014). And paradoxically, a

significant number of species either do not respond

or in fact delay flowering in association with elevated

temperatures (e.g., Bradley et al. 1999; Sherry et al.

2007; Ge et al. 2011; Cook et al. 2012; Mulder et al.

2017). In some communities, plants show the

expected advance in the onset of flowering in

warm years, but no change in mean flowering date

on a multi-decadal timescale, despite significant

increases in summer temperatures (e.g., Hart et al.

2014; Davis et al. 2015). Such individualistic species
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responses have the potential to result in profound

disturbances at the population and community lev-

els, as patterns of co-flowering (e.g., CaraDonna

et al. 2014) and interactions with animal pollinators

and dispersers are disrupted (e.g., Calinger et al.

2013; Høye et al. 2013; Ovaskainen et al. 2013).

Temperature is clearly an important cue for flow-

ering time, and accumulation of warm days (e.g.,

measurements of degree days) predicts flowering

date reasonably well for many species (e.g., Chuine

2000; Pope et al. 2014). What then, can explain the

many exceptions to the general pattern of advancing

spring phenologies with warming temperatures?

Other environmental cues such as photoperiod or

soil moisture may oppose the effects of warming

(e.g., Cook et al. 2012; Dorji et al 2013), increased

snow fall may result in delayed snow melt (e.g.,

Semenchuk et al. 2013), or warmer winter temper-

atures may result in unmet chilling requirements

that affect emergence from dormancy (e.g., Yu

et al. 2010; Cook et al. 2012; but see Shen 2011).

The environmental cues and physiological responses

that determine flowering time, however, are not well

understood. Research on phenological responses of-

ten measures or manipulates an environmental cue,

such as photoperiod, mean temperature, or growing

degree days, in relation to specific and easily ob-

served events such as bud break and the onset or

peak of flowering. Leaf emergence or anthesis, how-

ever, are but brief phases within a complex develop-

mental trajectory that often begins one or more years

previously (e.g., Foerste 1891; Diggle 1997): a process

known as preformation.

Preformation

Preformation of leaf and flower primordia is charac-

teristic of temperate forest trees, shrubs, and herba-

ceous perennials, and ubiquitous for high elevation

and high latitude species (Sørenson 1941; Hodgson

1966; Billings and Mooney 1968). Much of the de-

velopment of preformed leaves and flowers occurs

during the year (or years) before maturation and

function (Foerste 1891; Sørenson, 1941; Diggle

1997; Aydelotte and Diggle 1997; Meloche and

Diggle 2001; Albani and Coupland 2010). Figure 1

summarizes a typical two-year developmental trajec-

tory of flower development associated with prefor-

mation. Preformation begins as plants emerge from

dormancy; meristems resume activity and initiate

new flower primordia. Additional initiation and sig-

nificant morphogenesis of structures occur as the

season proceeds until ultimately development ceases

with primordia packed into condensed apical and

lateral buds. Following growth cessation, dormancy

must be induced, maintained, and then released

(typically by cold winter temperatures, followed by

warming spring temperatures; Lang et al. 1987;

Cooke et al. 2012; Ding and Nilsson 2016). Once

plants are released from dormancy, preformed flower

primordia resume development, and for most spe-

cies, flower maturation occurs in this second year.

How temperature influences the onset of meristem

activity, the rate of primordium initiation, and mor-

phogenesis (i.e., the speed of preformation), and the

cessation of development prior to dormancy are not

well studied. As a result, the potential for develop-

mental responses in one year to affect flowering phe-

nology in the following year are difficult to evaluate.

For this symposium contribution, we develop a

series of conceptual models (Fig. 2) that explore po-

tential developmental responses to warming

growing-season temperatures and the effect of those

responses on the timing of anthesis. We then syn-

thesize information from a variety of studies to sum-

marize what is known about the effects of

temperature on flower development during prefor-

mation. Because the majority of large-scale analyses

of changing phenologies focus on the woody peren-

nials (mostly trees) that dominate temperate ecosys-

tems, our synthesis concentrates on the most well

studied tree systems: species of the genus Populus,

and fruit-crop trees of the Rosaceae (Malus,

Prunus, Pyrus). For each system, the summaries are

based on studies of multiple species and cultivars.

For some processes, information on preforming her-

baceous perennials is also included.

Models of potential developmental
responses to growing-season tempera-
ture (Fig. 2)

Our models explore the consequences of changes in

onset, rate, and cessation of development across the

two-year trajectory of flower development character-

istic of preforming species.

Model 1: Early warm spring temperatures in year 2

result in early emergence of preformed flower pri-

mordium from dormancy, with no necessary

change in rate of development, resulting in ad-

vanced timing of anthesis.

Model 2: Warm spring temperatures in year 2 in-

crease the rate (with no necessary change in onset)

of preformed flower development in year 2 and

anthesis is advanced.

Model 3: Warm temperatures during the growing

season of year 1 accelerate flower development in

year 1 with no effect on cessation of development.
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Accelerated development could either advance

(3A) or delay (3B) flowering in year 2.

3A: Accelerated development in year 1, as long

as developmental cessation and dormancy oc-

cur prior to flower maturation, would result

in flower primordia in more advanced stages

of development at dormancy. Following

emergence from dormancy, primordia have

less development to complete and could reach

anthesis early in year 2, regardless of the tem-

perature that year. Model 3A may explain the

strong signal of phenological responses that

lag warm temperatures by 1 year (Arft et al.

1999; Khorsand Rosa et al. 2015).

Fig. 1 Two-year trajectory of flower development and the potential effects of growing-season temperature. The text above arrow

notes the processes of flower development, from initiation to anthesis. Below the arrow are possible cues that may affect the

developmental processes. The red symbols below the cues show the potential effect of greater temperatures on the process. The

symbol ? indicates that the effect is unknown. For many taxa a period of cold temperature is required for plants to emerge from

dormancy and a period of warm temperature is required for meristems to resume activity.

Fig. 2 Summary of models. Top panel shows expected 2-year flower development with emergence from dormancy (E) stages of

development (1–6), cessation of development (S), dormancy (D) in year 1, and resumption of development (E) followed by anthesis

(stage 6) in year 2. Lower panels show how variation in development could result in changes in the time of flowering in year 2. Models

3B and 4A require within plant variation in developmental stages of primordia, denoted by two trajectories in each panel. Vertical blue

lines denote the beginning of the year. Vertical red line is anthesis of a “normal” year.
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3B: Warm temperatures accelerate development

of some (but, critically, not all) flower primor-

dia such that they mature in the fall of the year

they were initiated, leaving less advanced pri-

mordia to mature later in the following spring.

This model requires that flower buds are in

different stages of development. Model 3B is

consistent with the occurrence of second flow-

ering with warm temperatures (Foerste 1891;

Ge et al. 2011 and anecdotal observations of

species flowering in the fall during years with

above-average summer temperatures, as well as

phenological delays that lag warm temperatures

by a year [Mulder et al. 2017]).

Model 4: Warm temperatures late in the growing

season of year 1 affect the cessation of primor-

dium development. Given the divergent physio-

logical responses to late season temperatures (see

section on “dormancy” below), growth cessation

might be either delayed (4A) or accelerated (4B)

by warming, depending on the species. Either de-

velopmental response in year 1 could result in

later flowering in year 2.

4A. Warm temperatures delay growth cessation

in year 1 to such an extent that some, but not

all, flowers continue developing and mature

before the onset of dormancy in late fall. As

described for model 3B, an observed response

of delayed flowering in year 2 requires flowers

in different stages of development.

4B: Warm temperatures induce early cessation

of development and dormancy in year 1.

Consequently, flower primordia are in earlier

stages of development at dormancy and re-

quire longer to reach anthesis in year 2.

Model 5: Warm temperatures early in the growing

season of year 1 delay initiation of reproductive

development, but with no effect on rate, such that

flowers are in earlier stages of development at dor-

mancy. Following resumption of development in

year 2, flowers require a longer time period to

reach anthesis.

Preformation in Populus and Rosaceous
fruit-crop trees

Below we summarize what literature is available to

evaluate the models. Because our summary of the

literature will concentrate on Populus and

Rosaceous fruit-crop trees as exemplars of temperate

woody trees, we first provide a summary of their

reproductive development as context. For both

Populus and Rosaceous fruit-crop trees, anthesis is

the end point of a 3-year developmental trajectory

(Figs. 3 and 4). Inflorescences of Populus are lateral

on long or short shoots (Fig. 3; based on Boes and

Strauss 1994; Yuceer et al. 2003). Development of an

annual increment of a shoot that will ultimately bear

inflorescences begins with the initiation of bud scales

and leaf primordia by the apical meristem, forming

an apical bud. Vegetative axillary meristems are ini-

tiated in association with the basal most (“early”)

leaf primordia before the bud, enclosed by the bud

scales, becomes dormant. In year 2, as the preformed

leaf primordia begin to expand at bud break in early

spring, inflorescences are initiated in the axils of the

distal (“late”) preformed leaves. Those inflorescence

meristems initiate a succession of bracts, and ap-

proximately 2 months after inflorescence initiation,

individual flower primordia form in the bract axils.

At dormancy of year 2 flowers have initiated all flo-

ral organs. The gynoecium consists of ovary, style,

and stigma, and within the ovary ovules have been

initiated, however, meiosis has not yet occurred.

Stamens are differentiated into filament and anthers,

with clearly defined sporocytes in each locule. In year

3, flowers undergo the final stages of morphogenesis

and reach anthesis in the early spring, before foliage

emerges.

Inflorescences of Rosaceous fruit-crop trees are

terminal and, for most taxa, are borne primarily

on sympodial short shoots. As for Populus, each an-

nual shoot increment undergoes a 3-year process of

preformation (Fig. 4; based on Foster et al. 2003);

however, the timing and relationship between vege-

tative and reproductive structures are quite different.

In year 1, within an apical bud, a renewal-shoot

meristem is initiated in the axil of a foliage leaf pri-

mordium (the subtending leaf and meristem are ini-

tiated in the same year). The preformed leaf and

axillary meristem then undergo a period of dor-

mancy still within the apical bud. In year 2, as the

subtending leaf expands and matures, the renewal-

shoot meristem in its axil initiates a set of protective

bud scales and foliage leaf primordia, and then

makes a transition from vegetative to reproductive

capacity. In Malus the transition from vegetative to

inflorescence meristem occurs in late summer,

�100 days after full bloom of the preformed inflor-

escences that had developed during the preceding

year (Foster et al. 2003), however this interval differs

among genera, cultivars, and location (Forshey and

Elfving 1989; Fulford 1966; Rivero et al. 2017).

Following the transition to reproductive activity, flo-

ral primordia are initiated. Similar to Populus, flow-

ers of most taxa have all organs initiated and

development has proceeded to the presence of spor-

ocytes within ovules and anthers prior to dormancy
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(Pratt 1988; Fad�on et al. 2018 [specific time to rest];

Felker et al. 1983; Julian et al. 2011). The inflores-

cence and the subjacent foliage leaves, protected by

the basal most bud scales, become dormant in the

fall. Flower and leaf maturation occur in year 3.

What is known about the effect of temperature

over the 3-year course of development for these

two systems? Development during preformation is

difficult to study. It occurs deep within axillary

and apical buds, and analyses generally require de-

structive sampling and light or scanning-electron

microscopy.

Temperature effects on inflorescence
and flower initiation

In Populus, inflorescences are initiated in the axils of

preformed leaves at bud break (Fig. 3). Whether

meristem initiation follows leaf expansion inevitably,

or is triggered by a separate cue, is not known. If

initiation invariably follows leaf expansion, then the

timing of inflorescence initiation would be directly

related to the environmental cues, including temper-

ature, that affect vegetative budburst. Conversely,

if bud break and inflorescence initiation respond to

Fig. 3 Three-year developmental trajectory of a reproductive shoot of Populus. Based on Boes and Strauss (1994) and Yuceer et al.

(2003).

Fig. 4 Three-year developmental trajectory of a reproductive

shoot of Malus. Dormant bud enclosed by bud scales contains

leaf and flower primordia on a renewal shoot that had been

initiated in the preceding year and that will mature in the fol-

lowing year. Based on Foster et al. (2003).
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(at least partially) separable cues then initiation

could vary with respect to bud burst.

The transition from vegetative to reproductive de-

velopment in Rosaceous fruit trees has been de-

scribed as “autonomous” (e.g., Wilkie et al. 2008).

Some reports, however, are suggestive of a role for

external environmental cues. Because inflorescences

are terminal on vegetative shoots (Fig. 4), environ-

mental cues such as temperature that affect vegeta-

tive vigor (duration of leaf initiation) may also affect

the timing of inflorescence initiation. Fulford (1965,

1966) and Luckwill (1974) suggest that the transition

from vegetative to inflorescence development is de-

pendent on the initiation of a particular number of

leaves (and this varies among cultivars). Evidence for

an effect of temperature on the rate of vegetative

growth (the length of time to initiate the prescribed

number of leaves), however, is contradictory (com-

pare Fulford 1966; Verheij 1996). Other work shows

that decreasing temperatures in late summer may be

required for the transition to reproductive develop-

ment (Tromp 1976; Zhu et al. 1997; Rivero et al.

2017), suggesting that warm temperatures could de-

lay this transition. Considering all of the evidence for

Rosaceous fruit trees, warmer temperature might ei-

ther advance initiation indirectly by a positive effect

on the rate of vegetative development, or delay in-

florescence initiation by affecting induction of repro-

ductive development.

Insight into the relationship between temperature

and the timing of inflorescence initiation in woody

species may soon come from molecular genetics. In

Arabidopsis, regulation of flowering time, including

inflorescence initiation, is well understood (e.g.,

Amasino and Michaels [2010] and references

therein). Although the pathway is complex and af-

fected by both photoperiod and temperature, one

protein, FT, appears to be a “master integrator” of

various pathways that converge to control the tran-

sition from vegetative reproductive development.

The expression of FT in Arabidopsis is temperature

sensitive and levels of FT link variation in inflores-

cence initiation to temperature (e.g., Bl�azquez et al.

2003; Amasino and Michaels 2010). Orthologs of FT

have been found in both Populus and Malus

(Böhlenius et al 2006; Hsu et al. 2011; Mimida

et al. 2011). PtFT1 expression in Populus is activated

by cold temperatures and suppressed by warm tem-

peratures. While temperature and PtFT1 levels affect

meristem identity (vegetative vs. reproductive) in

Populus, we do not know whether the timing or level

of PtFT1 expression might, in turn, influence the

timing of meristem initiation. In Malus, inflorescence

initiation is associated with increased expression of

MdFT (also an ortholog of the Arabidopsis FT) in

leaf primordia and the shoot apex (Mimida et al.

2011) at the time of transition to reproductive de-

velopment. Whether MdFT expression affects the

timing of this transition and whether expression is

affected by temperature is not known.

Temperature effects on the rate of
flower development following initiation
(Year 1)

Temperature is well-known to affect the rate of bio-

logical processes such as cell division and expansion

(e.g., H€anninen and Tanino 2011; Körner 2015). The

effects of temperature on these processes form the

basis for many models of phenology (e.g., Chuine

et al. 2016); however, such models focus on the

year of flower maturation, not the preceding year(s).

The effects of temperature on the rate of develop-

ment during the first year have not, to our knowl-

edge, been studied.

Temperature effects on the transition to
dormancy

Physiologists have long known that critical short

photoperiods trigger the cessation of growth and

the onset of dormancy in many species (e.g.,

Kramer 1936; Vaartaja 1954; Wareing 1956; Nitsch

1957; Weiser 1970; reviewed in Singh et al. 2017).

Recent experimental evidence, however, demon-

strates more complex and interactive effects of pho-

toperiod and temperature on dormancy in a large

number of woody species (e.g., 25 studies summa-

rized in Table 1 of Tanino et al. 2010; Kalcsits et al.

2009; H€anninen and Tanino 2011). This research

finds that during the short day-lengths that are char-

acteristic of late summer, high temperatures can in-

duce earlier growth cessation and deeper dormancy

for many species (references in Tanino et al. 2010;

Rohde et al. 2011). In contrast, warm temperatures

and short days delay the onset of dormancy in

Populus (Rohde et al. 2011; Rinne et al. 2018).

Other species, including Rosaceous fruit trees, are

insensitive to photoperiod and require low night

temperatures to induce growth cessation and dor-

mancy (H€abørg 1972; Junttila 1980, 1982; Heide

and Prestrud 2005; Svendsen et al. 2007; Heide

2008; Wilkie et al. 2008; Tanino et al. 2010;

H€anninen and Tanino 2011; Cooke et al. 2012). In

such non-photoperiodic species, warmer tempera-

tures may cause an extension of the growing season

into the autumn. Given these divergent physiological

responses, dormancy might be either delayed or
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accelerated by late season warming, depending on

the species.

What is the relationship between flower
development, growth cessation, and
dormancy?

Prior to dormancy, both reproductive and vegetative

development cease. The relationships among the vis-

ible cessation of vegetative growth, the appearance of

apical or axillary buds (typically enclosed by bud

scales; this stage is often recognized as bud set),

and the developmental processes occurring within

those buds are not often examined. When vegetative

and floral development actually cease, and what en-

vironmental cues (if any) might affect that timing

relative to visible signs of bud set or the induction

of dormancy are largely unknown.

In Rosaceous fruit trees, the maturation of foliage

leaves on the reproductive short shoots is completed

(i.e., apparent vegetative growth stops) about

4 weeks after full bloom (Forshey and Elfving

1989), yet preformation of leaf and flower primordia

on that same shoot continues well into late fall with-

out visible changes to the enclosing bud (Fad�on et al.

2018). Thus, termination of visible vegetative growth

(at least for reproductive shoots) occurs well before

cessation of leaf and floral development within buds.

The cues that determine the time that development

stops, and whether leaf and flower primordia, which

are on the same shoot in the same bud in these taxa

(Fig. 4), respond to the same cue, is not known.

For Populus, because preforming reproductive and

vegetative buds are spatially separated (Fig. 3), ter-

mination of their development may be quite inde-

pendent. When vegetative shoots of Populus deltoides

are induced experimentally into dormancy by trans-

fer to short days, the stipules of the first leaf primor-

dia initiated after transfer differentiate into bud

scales, and visible signs of vegetative growth cease.

Initiation of leaf primordia within the buds contin-

ues, however, and an average of 16 leaf primordia

are present before vegetative development ceases

prior to dormancy (Goffinet and Larson 1981). In

field trials of Populus nigra, vegetative growth

stopped in mid-August in northern Europe and

mid-September in the Mediterranean, while the stage

recognized as bud set, with mature, hardened bud

scales, took place about 2 months later (Rohde et al.

2011). How long leaf primordium initiation contin-

ued within those buds, and whether bud set corre-

sponds to termination of development within the

buds was not examined. Inflorescence development

was not monitored in these trials, but studies of trees

from the NW USA find that floral development

within lateral buds continues well into late fall

(Boes and Strauss 1994; Yuceer et al. 2003). Again,

the cues for cessation of inflorescence development

are not known. Based on these studies of Populus,

the environmental cues associated with the cessation

of leaf and flower development within buds clearly

cannot be inferred from the termination of visible

vegetative growth or even from the stage typically

recognized as bud set.

Temperature effects on developmental
stage at dormancy

Development of preforming flower primordia ceases

at some point prior to dormancy. Populus and

Rosaceous fruit trees enter dormancy with all floral

organs well developed but before meiosis has oc-

curred in ovules or anthers (see description of pre-

formation above). Julian et al. (2014) suggest that for

most temperate woody species, including both flow-

ering plants and conifers, flower development ceases

just prior to, or just after meiosis. However, the

number of taxa that have been examined is quite

small. The stage at which development ceases

appears to be characteristic for a particular species

or cultivar, suggesting that stage may not be subject

to the effects of temperature. Conversely, the unifor-

mity of stage at dormancy may indicate that flower

primordia are incapable of responding to the envi-

ronmental cues that induce growth cessation until

they have reached a particular developmental stage.

In contrast to the prevalence of pre-/post-meiosis

stages at dormancy of temperate trees, Sørenson’s

(1941) comprehensive study of the arctic tundra

flora showed that the developmental stage of flower

primordia at dormancy varies widely among species,

ranging from floral meristems with no evidence of

organ initiation to fully developed (but unexpanded)

flowers with mature pollen. Similarly, Mark (1970)

found many different stages of development at dor-

mancy in a survey of alpine plants of New Zealand.

These studies suggest that no particular stage of de-

velopment is particularly favored for persistence over

winter; however, it must be noted that dormant buds

of tundra species were at or below ground level and

may be insulated from extreme cold temperatures by

snow.

Variation among flowers and
inflorescences at dormancy

Although variation in developmental stage among

flowers on an individual is rarely reported, it may

be more common than published studies suggest.
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Flowers within inflorescences are initiated sequen-

tially, and at least early in development must differ

in developmental stage. Inflorescences of an individ-

ual may also begin developing at different times.

Similarly, flowers and inflorescences on the same in-

dividual often reach anthesis at different times.

Given this variation at the initial and final stages

of flower development, it would not be surprising

to find variation in developmental stage at dor-

mancy. Among the few studies to explicitly analyze

such variation, Mirgorodskaya et al. (2015) found

that flowers of distal inflorescences of

Rhododendron ledebourii are in more advanced stages

of development at dormancy and that these flowers

may reach anthesis in the autumn of unusually warm

years. Reports of anomalous fall flowering are in-

creasingly common (Ge et al. 2011; personal obser-

vation and many anecdotal reports). The frequency

of variation in developmental stage among flowers

and whether this is associated with anomalous fall

flowering cannot be evaluated with the available

data.

Temperature effects on release from
dormancy and subsequent bud burst

For many species, release from dormancy and the

expansion of overwintering buds in the spring are

clearly sensitive to temperature (e.g., Singh et al.

2017 and references therein). For most temperate

perennials, some period of low temperature is re-

quired before plants are capable of responding to

warming spring temperatures. Following release

from dormancy, bud break occurs after some accu-

mulation of warm temperatures. The specific tem-

perature requirements to release dormancy and

then to resume growth differ among taxa, and even

among individuals within species that are distributed

at different latitudes.

Early flowering in warm springs is commonly at-

tributed to early release from dormancy, and release

from dormancy is often assessed by bud break. What

is known about the relationship between release

from dormancy, resumption of development of pre-

formed structures, and bud break? Bud break, recog-

nized as the separation of bud scales and emergence

of green leaf tips (e.g., Ettinger et al. 2018), must

necessarily be preceded by some period of growth

(cell division and/or expansion) of preformed struc-

tures within those buds. Information about when

development within preformed buds actually

resumes, however, is scarce, and it is difficult to

evaluate the extent to which early onset of develop-

ment explains advanced phenologies. We also do not

know whether the resumption of vegetative and re-

productive development occur at the same time and

in response to the same environmental cues. Or, do

flower primordia require a specific environmental

cue to resume growth?

An association between the timing of bud burst

and flowering across years might suggest that re-

sumption of vegetative and reproductive develop-

ment respond to the same cues. The temporal

relationship among various phenological events,

however, is rarely examined. In fact, a meta-

analysis of phenological studies showed that a mere

5 of 51 studies assessed both vegetative and repro-

ductive phases (Wolkovich et al. 2012, cited by

Ettinger et al. 2018). Two recent studies provide crit-

ical evidence that resumption of vegetative and

flower development may be independent. Mulder

and Spellman (2019) examined bud burst and flow-

ering for 41 boreal understory species over 3 years.

They found no correlation between dates of bud

burst and flower emergence, and only a marginally

significant correlation between changes in the onset

of these two events across years that had very differ-

ent early spring temperatures. Similarly, data from

25 temperate tree species recorded over a single

year (Ettinger et al. 2018) show only a very weak

association between the time of bud burst and flow-

ering. The lack of relationship between the two is

consistent with a different onset or rate of develop-

ment for vegetative and reproductive development.

Identifying the time at which development actu-

ally resumes within preformed buds requires destruc-

tive sampling over time. In Rosaceous fruit trees,

such analyses show that considerable development

of preformed floral primordia occurs before any ex-

ternal changes are visible. For example, in Prunus

avium flowers develop for nearly 3 weeks before

buds begin to swell and bud scales separate.

During this time, meiosis occurs and microsporo-

genesis is completed within the anthers (Fad�on

et al. 2018). The effects of early spring temperatures

on the resumption of preformed flower development

in Prunus or other Rosaceous fruit trees have not, to

our knowledge, been examined. For Populus, the on-

set of flower development in the year of anthesis has

not been studied (Brunner et al. 2014).

Temperature effects on rate of
development in year 2

Is early flowering in response to warm spring tem-

peratures associated with more rapid development?

As noted above, temperature generally affects the

rate of biological processes such as cell division
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and expansion and it would be surprising if warm

temperatures did not increase at least the final pro-

cesses of cell expansion responsible for emergence of

flowers from buds. In a study of earlier processes of

development, Julian et al. (2014) compared flower

development of five cultivars of Prunus armeniaca

over the course of one cold and one warm year.

For all five cultivars, preformed flowers resumed de-

velopment later following the warm winter due to

unmet chilling requirements, but subsequent devel-

opment (meiosis and microsporogenesis) was more

rapid and flowering time was ultimately unchanged

compared with the colder year. Spring temperatures

were also higher following the warm winter and may

have caused the rapid pre-anthesis development

(J. Rodrigo, personal communication). We found

no information on the rate of floral development

in year 2 for Populus.

The studies of Prunus relied on destructive sam-

pling over time to identify onset and rate of flower

development. Another approach is to focus on an

environmental cue associated with the onset of de-

velopment and ask whether the interval between re-

sumption of development and anthesis varies with

temperature. The difficulty with this approach is

identifying a reliable estimator of when development

within buds resumes. In tundra environments,

growth is often assumed to begin at snow melt. In

a meta-analysis of 41 studies of snow and tempera-

ture manipulation of tundra species Wipf and Rixen

(2010) found that the time interval between snow

melt and anthesis was quite plastic for many taxa

(these were manipulative experiments that could in-

fer plasticity as opposed to genetic differences). The

later the snow melt, and by inference the later that

development resumed, the more rapidly plants

reached anthesis following bud break. In contrast,

when snow was removed earlier (simulating earlier

snow melt), anthesis was earlier, but the rate of pre-

anthesis development was unchanged compared with

controls. In these snow removal experiments, earlier

flowering is due to earlier onset of spring snow melt,

and by inference earlier resumption of development,

but not faster development. Although the effects of

ambient temperatures were not analyzed, presumably

development following late snow melt occurs at

higher temperatures than controls, which may ex-

plain the greater developmental rate. Conversely, de-

velopment following early snow removal may occur

at lower than usual temperatures. In an experiment

that manipulated spring temperature independently

of snow melt, warm spring temps accelerated flower-

ing date regardless of snowmelt treatment (and by

inference, onset of growth; Aerts et al. 2004).

For herbaceous perennials of the tundra, the stage

of development at dormancy varies among species

and is negatively correlated with the time of anthesis

the following spring, with more advanced stages as-

sociated with earlier flowering (Sørenson 1941;

Molau et al 2005; Wagner et al. 2012). Among 12

tundra species studied by Wagner et al. (2012), re-

gardless of the developmental stage at dormancy, the

time between flower initiation and anthesis (not in-

cluding dormancy) was 6–8 weeks. That is, there is

little difference among species in duration/rate of

development even though development may occur

at very different times and temperatures; later flow-

ering species likely complete development in warmer

air and soil temperatures than earlier flowering spe-

cies. In contrast, experimental warming of grassland

species (Sherry et al. 2007) showed that warm sum-

mer temperatures prolonged the pre-anthesis devel-

opmental stages of late blooming perennials. The

authors speculated that unusually warm summer

temperatures may have actually suspended reproduc-

tive development in these plants. For the herbaceous

perennials summarized here, evidence of temperature

effects on flower development in year 2 is mixed.

Snow melt experiments suggest that developmental

rate responds positively to increased temperature,

but comparison of species that develop at different

times suggests that rate is insensitive, and finally,

high temperatures may even inhibit development.

Conclusion

Although fragmentary, the existing data suggest the

potential for temperature to affect all aspects of

flower development in woody perennials. None of

the models can be rejected based on the existing

evidence. Temperature may affect initiation (model

1), rate of development in year 1 (model 3A, B),

cessation of development (model 4A, B), emergence

from dormancy in year 2 (model 1), and rate of

development in year 2 (model 2). Note that these

models explore the consequences of changing single

variables, while warming temperatures are likely to

change multiple aspects of development, and changes

in one process may well affect other processes. For

example, if initiation is delayed, flower primordia

will be developing later in the season, perhaps with

higher temperatures than usual. Populus and

Rosaceous fruit trees respond to warm temperatures

by flowering earlier (e.g., Beaubien and Freeland

2000; Wolfe et al. 2005; Rivero et al. 2017). But,

even for these relatively well studied taxa, the critical

developmental responses that underlie this pattern

are difficult to identify. Clearly, far more research
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on the processes occurring within preforming buds is

required. Our proposed models explain the seem-

ingly counter-intuitive observations that warmer

growing season temperatures delay flowering in

many species. Future research might compare devel-

opmental dynamics of taxa with divergent responses

to temperature under controlled temperature and

daylength conditions. In addition, the actual temper-

ature regime experienced by meristems could be ex-

plored in greater detail. The temperature, and

temperature fluctuations, in the crown of a large

tree may be quite different from the conditions in

a shrub understory, or for herbaceous perennials that

are insulated by soil or snow.

Understanding and predicting species’ responses

to climate change is a critical imperative of ecolog-

ical research. The discovery of a strong role for de-

velopment could dramatically improve predictability

of phenological responses of the temperate and bo-

real communities dominated by preforming species.

Species-specific shifts in flowering phenology can

lead to novel patterns of co-flowering (e.g.,

CaraDonna et al. 2014) and can have profound

effects on the pollinator and florivore communities.

Shifts in flowering phenology also are likely to affect

the timing of fruit production, and late flowering

may even preclude complete ripening of fruit and

cause declines in plant fitness. A mechanistic under-

standing of how flowering phenology responds to

temperature over multiple years will allow for better

predictions of changing community dynamics.
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