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Abstract

Phenology—the timing of critical stages of growth and reproduction and
the transitions between them—determines environmental conditions and
biotic interactions. Hence, phenology is a key functional trait influencing
organisms’ survival and fitness; however, the role of phenology in com-
munity assembly processes has been less considered. Here we review the
importance of phenology in environmental and biotic filtering, structuring
priority effects, and species coexistence in the context of the assembly of
native communities, as well as in invasions and restoration. We highlight
the complexity of the life-history aspect of phenology, which makes simple
trade-offs—such as between growth timing and competitive ability—part of
larger plant strategies shaped by a framework of risk, reward, and investment
over multiple timescales. Embracing this complexity could yield insights into
how phenology shapes communities.
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1. INTRODUCTION

Phenology, defined here as the timing of growth and reproduction, is a key plant trait because it
is often closely tied to the fitness of individuals in seasonal environments (Verda & Traveset 2005,
Munguia-Rosas et al. 2011). Phenology determines both the environmental conditions and the
biotic interactions experienced by individuals during different stages of their life cycles (Donohue
2005) and hence the relative impact of these factors on survival and reproduction (Caruso et al.
2019). For instance, in temperate ecosystems, the timing of leaf emergence or flowering in spring
can determine fitness consequences of frost events (Inouye 2008, Augspurger 2013), or the impacts
of herbivores (Meineke et al. 2021), on plant performance.

Plant phenology has also garnered global attention because observations suggest that phe-
nology of many plant species has shifted in recent decades, associated with rising temperatures
and co-occurring global changes (Wolkovich et al. 2012, Parmesan & Hanley 2015, Menzel et al.
2020). In response to both experimental and observed warming, plants generally display earlier
spring events (e.g., leafout, flowering) and later fall events (e.g., senescence) (Henry & Molau 1997,
Menzel et al. 2020). However, there is considerable variation among species in how much they
shift their phenology (sometimes termed phenological sensitivity) (Cook et al. 2012, Wolkovich
etal. 2012, Konig et al. 2018). Species that track climate change by accelerating early-season phe-
nology appear to maintain or even increase their performance in experimental settings (Cleland
et al. 2012, Wolkovich & Donahue 2021). Hence, species-level phenological responses to global
changes have the potential to influence processes at population (Iler et al. 2021), community (Cook
etal. 2012, CaraDonna et al. 2014), and ecosystem (Piao et al. 2019) scales.

Phenology is one of many interacting functional traits that influence the suitability of an
organism to its environment. Functional traits—defined as morphological, physiological, or phe-
nological traits that “impact fitness indirectly via their effects on growth, reproduction and
survival” (Violle et al. 2007, p. 882)—are at the core of many theories in community ecology, es-
pecially those aiming to predict the assembly of local communities from a larger regional species
pool. Despite the recognized importance of phenology for understanding species responses to the
environment, and for structuring species interactions in communities, phenology is missing from
many frameworks seeking to identify major axes of global plant trait variation (e.g., Westoby 1998,
Wright et al. 2004, Diaz et al. 2016, Joswig et al. 2022). Yet other research recognizes that phenol-
ogy is essential in trait-based approaches to understanding species interactions and community
assembly (Cope et al. 2022).

Here we focus our review on the role that phenology plays in plant community assembly. We
examine how phenology enters into major theories of community assembly, including the po-
tential for phenology to influence competitive and facilitative interactions and to shape priority
effects and coexistence. Including phenology in such theories highlights a suite of ecological and
life-history trade-offs that may occur with different phenological events over different time spans
and in the many different environmental contexts humans have created today. We thus include
in our review studies that document community assembly following disturbance; shifting com-
munity composition in response to global environmental changes; and the role that phenology
plays in invasion by exotic species into resident communities, including efforts to assemble native
communities that are resistant to invasion through restoration.

Given our focus on community assembly, we consider mainly multispecies studies from
ecological perspectives. We therefore do not consider purely ecosystem-level measures of phe-
nology, the underlying environmental cues and cue systems for plant phenology (for a review, see
Chuine & Régniere 2017), or, relatedly, how multiple global change factors interact to influence
phenology (e.g., Zhou et al. 2023). Although evolutionary processes can influence community
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assembly (Cavender-Bares 2019), a review of evolutionary responses of phenology to global
changes is beyond the scope of this review. However, we take an evolutionary perspective to show
how selection may act on phenology in ways that shape assembly and trait trade-offs.

1.1. Defining Phenology

We define phenology as the timing of critical stages of growth and reproduction and the transi-
tions between them. This definition is intentionally more inclusive than some other definitions,
which focus on recurring or seasonal events and thus can narrow phenology to only certain plant
types or biomes (e.g., woody species in the temperate zone). We find this narrowing artificial and
think it can limit a broader understanding of the selective pressures on phenology that—as we
outline below—are critical for understanding the role of phenology in community assembly. Our
definition thus includes both leafout of trees and seed germination of annual plants, while en-
compassing fruiting, flowering, and transitions in and out of these phases, such as dormancy and
vernalization (Figure 1).

Our definition, like many, still obscures much of the underlying complexity of most phenologi-
cal events, such as leafout or fruiting. First, while event suggests an almost instantaneous timepoint,
this is a gross simplification. Phenology is an attempt to extract and simplify the temporal dimen-
sions of various developmental processes that can rarely (if ever) be one point in time. Instead,
phenology is generally a series of distributions. For any one event within one individual, there is
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adult stage
Figure 1

Phenology captures the timing of critical stages of growth and reproduction and the transitions between them, a definition that
highlights how phenology is not limited to recurring events (i.e., events that occur more than once in a lifespan) and thus spans

(@) annual to (b,c) perennial life-history strategies. Plants should optimize their phenology given the constraints (e.g., unfavorable
climate, herbivory, necessary developmental sequences) over their lifespans, which in turn may impact community assembly. For
example, the storage effect model focuses on the conceptual idea that species may demographically “store” survivorship during
environmentally favorable periods to persist through unfavorable environmental periods and can promote coexistence of
phenotypically similar species given that favorable periods also correspond to high intraspecific competition (Chesson 2000). We show
three examples of this storage: (#) annual plants, which generally must always invest first in growth and then in reproduction at the end
of their life and thus store good years through their seed banks; (5) deciduous woody species, which can generally flower and fruit at
various times but store good years through winter dormancy; and (¢) evergreen woody species, which can grow throughout the year and
store through long-lived life stages. We show reproduction midseason for the woody species, though it can occur before leafout or
much later in the season. While we show one annual cycle here, these mechanisms of storage often occur interannually (where some
years are unfavorable but not others) but can also occur within a growing season. Additionally, while we do not show seed banks for
woody species, they also have them and thus have multiple ways for the storage effect to act.
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a distribution of the process starting, peaking, and ending, which can be variously imagined as a
normal curve or sigmoid curve (imagine the event of a grape cluster ripening: The number of
berries ripening each day mapped over time would be normally distributed, while the progress
toward all berries ripened would be sigmoid). This then scales up across individuals within a pop-
ulation and across populations (Inouye et al. 2019). Such complexity is generally simplified into
an event that often represents the 50% point extracted statistically after repeated observations
over time.

Second, phenology—as a point in time—can appear highly flexible or strongly fixed—
depending on how time is defined. To date, much work has used calendar time for phenology:
A wildflower flowers on a certain day of the month in one year, for example, and on another day
another year. When measured this way, phenology appears highly flexible—jumping around in
temporal space from year to year or place to place—as the environment is variously warm, cool,
dry, or wet. Yet plant phenology can also appear highly deterministic when defined in biological
time, that is, when defined as relative to a set of known environmental triggers, such as accumu-
lated cool temperatures known to vernalize some flowering species. When the underlying triggers
or cues for phenological events are fairly well understood for some events (with perhaps flowering
in Arabidopsis thaliana being the best understood), phenology can be highly predictable and effec-
tively inflexible. The first definition is relevant for localized studies of community assembly, while
the second definition is preferred for predictive models because it removes some of the spatial and
interannual noise in the environmental cues that trigger phenology.

1.2. Phenological Assembly: From Abiotic to Biotic Environments

Communities assemble from a pool of potential species through a series of abiotic and biotic
sorting processes (HilleRisLambers et al. 2012). At the largest scale, a community’s assemblage
is limited by species present in a wider regional pool—species well suited to an environment will
thus not occur in any one local community unless they are present in this regional pool. From
this pool, species are filtered on the basis of the abiotic environmental conditions of a particular
location. Species must be able to persist through a local environment’s extremes of hot, cold, dry,
wet, and other factors to pass through this environmental filtering step of assembly. This collection
of potential species that could form a community is also filtered once more, by the now smaller,
local pool of species itself (HilleRisLambers et al. 2012).

Competitive, facilitative, predatory, and all other biotic interactions determine which species
can co-occur in the long term. If two species compete too strongly, then only the stronger com-
petitor will remain in the local community at this step. Similarly, obligate mutualists, predators,
and parasites will persist only if the other species they require are present in the community.
Opver its history as a subdiscipline, much of community ecology has focused on this final stage of
assembly—deriving theories of coexistence, including whether species even truly coexist or merely
are on a slow walk to extinction for all but one species in each community (Hubbell 2001).

Phenology enters community assembly at both the environmental (abiotic) and the biotic fil-
tering steps. Species phenologies must match the environment to pass the first filter: Their growth
and reproduction must be timed to match periods when the environment is mild and resource rich
enough for these events (Rathcke & Lacey 1985). Thus, in an environment with cold subfreezing
winters, species generally must have well-timed dormancy to avoid growing too much in the mid-
dle of the winter when they would lose new tissue. Similarly, arid and tropical environments impose
filters against certain phenologies. Once a set of species passes the environmental filter, phenology
matters again at the biotic filtering step, where species with too similar phenologies may compete
too strongly to co-occur (Gause 1932, Abrams 1983). Alternatively, species that overlap phenolog-
ically have the opportunity to develop facilitative interactions (Duchenne et al. 2021) promoting
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co-occurrence, while species with little phenological overlap are unlikely to interact via biotic
filtering processes. Interactions with predators (herbivory) may either limit or promote long-term
persistence, depending on the dynamics (such dynamics relate in part to a larger literature on
trophic synchrony, for which we refer readers to several recent reviews, e.g., Kharouba et al.
2018).

The importance of phenology to species passing the environmental filter of community assem-
bly has been long studied, though rarely framed in exactly these terms. Early studies of the controls
on species ranges stressed phenology as a major axis (Salisbury 1926). Today, process-based mod-
els developed almost entirely from species phenology are highly predictive of tree species ranges
(where they have been tested) (Chuine 2000; Morin et al. 2007, 2009). These models integrate
over both growth and reproduction: Trees in temperate systems leafout, flower, and fruit and then
lose tissue to frost if temperatures dip below their cold limits (which vary for leaves, flowers and
fruit); they then must have a long enough season for fruit development. Various species along var-
ious range edges are limited by tissue damage, fruit ripening, or carbon starvation, depending on
the summed outcome of a phenological model (Chuine 2010).

Range models based on phenology highlight the life-history challenges of phenology—species
must fit in a sequence of events to grow and reproduce within environmentally feasible periods.
Through this lens, the sequence and length of phenological events become critical, and prevalent
trade-offs from life-history theory become more relevant. For example, trade-offs between fruit
size and time available to grow (growing season length) may drive some species to flower before
they leaf (Buonaiuto et al. 2021). Similarly, trade-offs between growth, reproduction, and sur-
vival may determine how often an individual invests in reproduction (Schaffer 1974, Law 1979,
Stearns 1998). These complexities are present in many process-based models but rarely extend
beyond either life-history or community ecology theories. Process-based models similarly often
view phenology as a static trait that shapes broadscale (biogeographical) processes (Chuine 2010),
with little focus on the role it may play within communities. Yet plant invasions suggest this view
is overly narrow.

Recent work on plant invasions suggests a role for phenology beyond environmental filter-
ing and instead through biotic assembly mechanisms (Wolkovich & Cleland 2011, Fridley 2012).
Theory in invasion biology focuses both on the characteristics of the invading species and on
the community into which it invades, with the vacant niche model proposing that species should
invade if there is open space in a community and the invader fits that space (Elton 1958). Phe-
nologically, this predicts species do not pass through a filter simply based on their phenological
match to the abiotic environment, but on their match to the biotic environment as well. Invaders
should thus take advantage of open temporal space within communities, which some evidence
suggests they do—particularly at the start and end of seasons (see Section 1.3).

Findings from invasion biology support a potential, broader role of temporal niches in com-
munity assembly (Gotelli & Graves 1996). Static environments (e.g., a chemostat) cannot easily
support temporal niches, but even slightly more complex dynamics of resource availability across
a season can create the potential for temporal niches (see Chesson et al. 2004) (Figure 2), though
little work has examined this. Models that include a simple resource pulse that starts a growing
season can theoretically create space for temporal niches and thus phenological assembly (see
Wolkovich & Donahue 2021) (discussed further in Section 1.4). Such models, however, highly
simplify the resource dynamics of most environments, which is more aptly described as a multidi-
mensional mosaic of access to light, water, and nutrients variously present through abiotic factors
(e.g., weather, tree fall due to storms) and lost through uptake and use by other species (Craine &
Dybzinski 2013). This complexity leaves much room for the order of species arrival to matter.
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Theory suggests resource levels may determine temporal niche space. (4, 7) In a system where resources are constant (chemostat; species
can coexist only if each one is the superior competitor for a different limiting resource), species would be expected to show little
temporal fluctuation and there would be no real temporal niches (g, 7). (b, i) Many models of coexistence today, however, assume a
resource pulse that decays over time (e.g., water with evaporative loss, such as in snowpack systems): This resource then sets the
temporal window of each season and species compete within it (4, 7). (c) Most real systems, however, are more complicated; multiple
resource pulses could provide opportunities to partition niches temporally further. Hypothetical species’ temporal niches (i) based on
real soil moisture data (7) [data taken from Jornada Basin LTER site 302 (Duniway 2023), showing soil moisture at a depth of 10 cm
over the year 2018].

1.3. Priority Effects

In addition to the roles of environmental filtering and biotic interactions for determining the
temporal niches of species in assembled communities, the relative timing of arrival of a species
can influence community assembly through priority effects (Alford & Wilbur 1985, Chase 2003,
Fukami 2015). Priority effects have often been considered historical contingencies in the process
of community assembly, arising from the chance establishment of individuals of different species,
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resulting in different community compositions across sites that are otherwise similar in terms of
species pools, environmental conditions, and disturbance histories (e.g., Diamond 1975). In the
context of succession, early studies noted that the timing of disturbance relative to seasonality
of seed dispersal could result in different species initially colonizing sites and variation in later
species abundances (Keever 1950, Holt 1972). More recently, the seasonal order of species’
growth onset has also been found to influence species’ relative abundances in communities via
priority effects (Wainwright et al. 2012, Fukami 2015, Rudolf 2019). Phenology is a key aspect
of a species niche and hence should be key to niche-based predictions of community assembly
(Vannette & Fukami 2014).

The predictive power of priority effects for understanding community assembly suggests that
the potential for competitive exclusion is not equal across the growing season and should drive
patterns where phenologically earlier species are competitively dominant. For instance, the tim-
ing of germination is a trait that is highly linked to plant fitness because it determines both the
biotic and the abiotic environment experienced by the emerging seedling (Donohue et al. 2010).
Foundational studies demonstrated that earlier-germinating individuals achieved larger adult size,
likely via space and resource preemption, and competitive suppression of later-germinating indi-
viduals of the same species (Ross & Harper 1972), a type of asymmetric competition (Connolly &
Wayne 1996). Subsequent work has repeatedly found that earlier-germinating species gain a com-
petitive advantage over later-germinating species (Cleland et al. 2015, Waterton & Cleland 2016,
Blackford et al. 2020). Hence, it is unsurprising that seeds can sense the presence of neighboring
seeds and display accelerated germination in more competitive environments (Dyer et al. 2000).

However, a number of factors can reduce the benefit of early germination phenology. For
instance, apparency to herbivores (Waterton & Cleland 2016) or exposure to suboptimal con-
ditions such as early-season drought (Wainwright et al. 2012) can create trade-offs whereby
later-germinating species can achieve numerical dominance. Further, priority effects are not al-
ways competitive; experimental work with A. thaliana has shown that individuals germinating
during stressful periods of the growing season can be facilitated by neighbors (Leverett 2017).
This finding is broadly consistent with the prediction that competitive priority effects will be
stronger under conditions of high resource availability or low stress (Vannette & Fukami 2014),
opening the door for facilitative priority effects to arise under stressful conditions.

Priority effects arising via differential germination timing are likely to be most important in
herbaceous-dominated ecosystems, but they may also arise in woody-dominated ecosystems via
the timing of spring green-up due to light preemption by species with earlier growth dynam-
ics. For instance, the nonnative Amur honeysuckle (Lonicera maackii) invades the understory of
deciduous forests in the eastern United States, where its earlier leafout in the spring is likely asso-
ciated with its greater frost tolerance compared with that of co-occurring native shrubs (McEwan
et al. 2009). The potential for priority effects to arise directly from earlier-season flowering is less
clear mechanistically, and early-flowering species are more prone to frost damage in temperate
ecosystems (Inouye 2008). However, the timing of flowering can be indicative of the timing of
soil resource uptake, with important implications for community assembly (Gulmon et al. 1983,
Seabloom et al. 2003).

Climatic context also influences phenological priority effects. Interannual climate variation
(Levine et al. 2011), or directional changes in climate, can change the relative order of species sea-
sonal phenology or the correspondence of temperature and moisture cues (Kimball et al. 2010),
resulting in altered species interactions and species relative abundances (Kimball et al. 2010,
Thomson et al. 2017, Buonaiuto & Wolkovich 2023). Thus, seasonal priority effects will likely
play a key role in understanding changing species compositions in plant communities with future
climate change.
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PHENOLOGY AND COMMUNITY ASSEMBLY: IMPLICATIONS FOR RESTORATION

Environmental and biotic filters: To successfully establish, species must have phenology timed to take advantage of

favorable environmental conditions during the growing season, avoid consumers, and match activity with mutualists.

Priority effects: Early-active invasive species can be problematic; restoration efforts can target removals of early-

active invasive species or introduce native species at larger sizes to help them escape competition.

Coexistence theory: Competitively dominant species have greater fitness differences with nondominant species;
trait hierarchies may help identify native species that will establish strongly and suppress invaders (Funk & Wolf
2016, Wagg et al. 2017).

Trait correlations: Phenology represents one set of traits out of many that influence species’ performance. Phe-

nology will be most important for predicting success in restoration when it correlates with other traits, such as

competitive dominance and environmental tolerance.

478

Restoring native plant communities and preventing invasion by exotic species are two areas
where phenological priority effects can play a key role in optimizing desired end points of com-
munity composition (see the sidebar titled Phenology and Community Assembly: Implications for
Restoration). Nonnative species sometimes germinate (Marushia et al. 2010, Wilsey et al. 2011,
Wainwright et al. 2012) or flower (Cleland et al. 2013) earlier than co-occurring native species,
suggesting phenological priority effects may be one factor predicting the successful establish-
ment of invaders in resident communities (Wolkovich & Cleland 2011, Alexander & Levine 2019).
Mechanistically, earlier phenology may allow invaders to avoid competition by exploiting a vacant
phenological niche, or window of opportunity (Gioria & Osborne 2014). Or, priority effects can
be mediated by plant-soil feedbacks whereby earlier-active invaders can change the environmen-
tal conditions for later-active native species (Grman & Suding 2010). However, other reviews have
found that phenological differences between invading and resident species differ across regions
(Godoy et al. 2009) or have found limited evidence of phenological differences between native and
nonnative species (Zettlemoyer et al. 2022). There have also been cases where later-active invaders
that achieve larger size outcompete early-active native species (Godoy & Levine 2014). Together
these findings suggest that the role of phenology in invasion inherently depends on how phenology
correlates with other traits important for community assembly (as discussed in Section 1.5).

In the context of restoration, introducing target native plants into a recently disturbed site ei-
ther earlier in the season or as larger plants rather than as seeds can give them a priority advantage
over invasive species in the seed bank (Young etal. 2017, Wilsey 2021). Experimental studies some-
times find that phenological priority effects of invasive species are stronger under conditions of nu-
trient enrichment (Kardol et al. 2013, Valliere et al. 2022), consistent with theoretical predictions
(Vannette & Fukami 2014). Restoration strategies can help reduce the seasonal priority effects
of invading species on native communities, such as reducing nutrient availability through carbon
additions or planting early-active native species (Cleland et al. 2013, Hess et al. 2019). Addition-
ally, early-season exposure to herbivores (Waterton & Cleland 2016) or early-season herbicide
treatments (Marushia et al. 2010) could aid restoration goals by reducing priority effects of
invading species.

Evidence from restoration also suggests that the influence of priority effects is likely to be most
important in the initial years following seeding efforts but may fade over time. The studies high-
lighted in this section provide evidence that processes influencing establishment are critical for
predicting community assembly; however, different traits can be associated with the likelihood of
species establishment versus persistence (Larson & Funk 2016). For instance, Pywell et al. (2003)
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found that germination phenology was a key trait for predicting species abundances in the first
year of a restoration experiment but that other traits became important for predicting abundances
in future years, notably the potential for a high proportion of persistent seeds in the soil seed bank.
There is evidence for trade-offs between early/fast germination and potential for seed dormancy
(Waterton et al. 2021), and also between early germination and competitive ability (Kraft et al.
2015). These results again highlight that the relative importance of phenology for community
assembly depends not only on correlations between phenology and other traits but also on the
stage of assembly (initial versus established communities).

1.4. Phenological Coexistence

By defining the temporal niche, phenology links clearly to theories of species coexistence focused
on niche partitioning (Figure 2). Decades of theory have posited that plant communities are or-
ganized by a final critical filter where each species uses a unique set of temporal, spatial, and
otherwise environmental resources (Hutchinson 1959), which may be shaped in part by preda-
tors and mutualists (McPeek 2022). This allows each species to be uniquely superior in one
particular z-dimensional niche space and thus increases intraspecific competition above interspe-
cific competition—a critical component for species to coexist (Chesson 2000, HilleRisLambers
et al. 2012, McPeek 2022). Through differing vegetative phenologies, species could use similar
resources but occupy distinct temporal niches and thus coexist (Figure 2).

Coexistence through niche differences is often referred to as a stabilizing mechanism in the
canon of what is now often called modern coexistence theory (Chesson 2000). This theory di-
vides mechanisms of this final stage of community assembly into stabilizing mechanisms, which
increase intraspecific competition relative to interspecific and thus can contribute to coexistence
through species differences, and equalizing mechanisms, which decrease fitness differences. Equal-
izing mechanisms generally reduce true coexistence but can lead to apparent coexistence, as two
identical species will generally co-occur in nature for a long time (until one is lost to stochasticity)
(Hubbell 2001). This canon has dominated coexistence research of recent decades and underpins
recent work to integrate phenology.

Several recent studies leverage niche differences to argue that phenology is critical to coexis-
tence in plant communities. Godoy & Levine (2014) found that differences in phenology tended
to increase stabilizing niche differences (as estimated through a parameterized competition model,
which is commonly used today but does not link to clear mechanisms; see McPeek 2022) in exper-
imentally assembled grassland communities of native and exotic species, but this did not promote
coexistence. Instead, the phenological uniqueness of some invaders promoted their invasion, while
other invaders benefited from an apparent correlation between phenology and competitive abil-
ity (later-active species—both native and exotic—appeared competitively superior to early-active
species). Competitive dominance based on phenology has also been observed in other systems
(Wagg etal. 2017). Correlated phenology and competition was also used by Rudolf (2019) to insert
phenology into classical coexistence equations for competing species. In this approach, increased
phenological differences between competitors promote coexistence when the earlier species is
the inferior competitor. Wolkovich & Donahue (2021) apply a similar trade-off to show that a
species attribute strongly related to phenology—environmental tracking—can be critical to coex-
istence when it trades off with how well species convert resources to new biomass. Most recently,
Levine et al. (2022) added phenology to classical coexistence equations by allowing species to have
longer or shorter seasons; here, coexistence is possible if phenology trades off with a growth rate
advantage—effectively a type of competitive advantage.

As these studies highlight, recent research heralding the importance of phenology to co-
existence leverages a general trade-off between phenology and competitive ability. Given the
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domination of competition in current coexistence theory and research (McPeek 2022), this seems
the most obvious and natural point to insert phenology into coexistence. Superficially, the idea
that phenology and competition trade off is appealing: If species reduce their temporal overlap,
they should compete less and reduced interspecific competition should increase stabilizing niche
differences and promote coexistence—but this is not the exact angle these models are leveraging.
Instead they posit that earlier or later species (depending on the model) are competitively supe-
rior (through one parameter or another), thus invoking a rather simple trade-off. This trade-off
would work equally well for many plant traits; fundamentally, any plant trait added to a clas-
sic competition model so that it trades off with competitive ability will promote coexistence
through stabilizing niche differences. Our current insights into how phenology specifically affects
coexistence is thus still rather narrow and not terribly specific to phenology.

These models also generally insert phenology as a coexistence mechanism mostly independent
of environmental variation, even though phenology itself varies from year to year with environ-
mental variation. These current studies, like much of the work on modern coexistence theory, focus
on resource partitioning—a fluctuation-independent mechanism of coexistence—ignoring an ad-
ditional suite of likely relevant mechanisms that are fluctuation dependent: relative nonlinearity
and the storage effect (defined below). While not yet tackled (to our knowledge) and certainly
more complex to model and study, these two mechanisms seem highly relevant to phenology. Rel-
ative nonlinearity promotes coexistence through variation in competitive intensity over time or
space, given that species have different nonlinear responses to competition (Chesson 1994, 2000).
Recent work suggests relative nonlinearity may be an important and underappreciated mechanism
in plant communities but attempted to control for phenology rather than consider it (Hallett et al.
2019). Yet species’ varying phenologies could produce varying competitive intensity over time,
create the required nonlinear response for coexistence via relative nonlinearity, or both.

Similarly, the underlying mechanisms of the storage effect—where species vary in their re-
sponse to the environment and where that response covaries with competition—could clearly
relate to phenology. In this model, species experience favorable and unfavorable environmental
conditions (generally across periods of time), which must coincide with shifts in high intraspecific
(favorable) and interspecific (unfavorable) competition. Species must also have a way to buffer their
population growth through unfavorable periods, which is where the term “storage” come from.
“Storage” here is a conceptual term that can refer to many diverse mechanisms species use to store
favorable environmental periods long enough to survive unfavorable periods, which must coincide
with limited competition (Chesson 2000). While some methods of this storage relate to storing
resources, the critical attribute of all the methods is that they allow a species population to build up
in years where it has a fitness advantage, and the resulting larger population helps buffer the species
in years where it has a fitness disadvantage. Phenology is often theoretically proposed as a mech-
anism by which plants could “store” environmentally favorable periods (Chesson & Huntly 1993,
Chesson et al. 2004), but rarely tested. Instead, the model is almost always tested on interannual
timescales for annual plants, where the model prediction that species store environmentally fa-
vorable periods (buffered population growth) occurs through seedset into a seed bank (thus the
measure of storage is also a direct measurement of fitness, which is required for parameterizing
this model with empirical data).

Older work focused on “storage” outside of seed banks, however, has made phenological pre-
dictions. Kubo & Iwasa (1996) generated a model of coexistence for tropical forest trees where
species compete for spatial gaps—and their associated resources—at the start of climatically fa-
vorable periods each year. The model predicted phenological diversity across tree species that
depended both on the length of climatically unfavorable periods and on the phenological widths
of species—effectively the size of the temporal niches (Kubo & Iwasa 1996). “Storage” occurred
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through long-lived adult stages rather than through seed banks, which were assumed to have
weak dormancy (and thus could not provide storage of favorable environmental periods because
they could not last long enough to buffer population growth through unfavorable periods). Both
of these models, those using annual plants with longer seed banks (Chesson & Huntly 1993,
Chesson et al. 2004) and those using long-lived adult stages (Kubo & Iwasa 1996), allow storage
only interannually.

The storage effect model could also function intraannually—specifically across a growing sea-
son (Wolkovich & Donahue 2021)—if environmentally favorable and unfavorable periods vary
across a growing season and those periods covary with competition. Consider, for example, a case
where an early-season species grows much earlier than other species but flowers late in the season.
Such an early-season species could take up most of its resources early (“storing” this early-season
favorable period)—before other species (as appears to be the case for many understory forest
plants; Heberling et al. 2019)—and then persist without much growth for a long period of the
season until it uses the previously stored resources to flower later in the season. This species would
be buffering its population growth across the season—experiencing high intraspecific competition
early and then limiting its competition later in the season to mainly interspecific—as predicted by
the storage effect model. While this seems intuitive and potentially common across plant species,
itis effectively untested. Testing it would require examining how competition varies across a grow-
ing season, which is a nontrivial challenge but a potentially important one. If this type of storage
effect is common, then experiments commonly done today to test coexistence in plants (discussed
in McPeek 2022) would depend on the phenology of the experimental year (i.e., how early or late
species are relative to one another) and may not generalize across years.

Further, the complexity of species’ phenologies and overall life histories makes it seem likely
that they may use more diverse timescales and multiple types of “storage.” Indeed, the definition
of “storage” in the storage effect model highlights this complexity (Figure 1) and unites vary-
ing life histories under one model—storage can be through seed banks, long-lived life stages in
perennials, or dormancy periods (Chesson 2000). Most plant communities contain a mix of these
storage strategies across species, and within species multiple ways to store environmentally fa-
vorable periods seem common. Including this complexity in coexistence theory, however, likely
requires modeling phenology as a more nuanced and complex trait.

1.5. Plant Strategies: Phenology and Correlated Traits

Plant species do not have random combinations of functional traits; rather, traits are assorted in
predictable combinations because of inevitable trade-offs in form and function, resulting in dis-
tinct ecological and life-history strategies (Stearns 1998, Westoby et al. 2002, Adler et al. 2014).
Hence, as we have noted in the preceding sections, the role of phenology in environmental fil-
tering, priority effects, and coexistence likely depends critically on the association of phenology
with other functional traits. As correlations between phenology and individual traits have been
previously reviewed (e.g., Wolkovich & Cleland 2014, Segrestin et al. 2020), here we concentrate
on the role of phenology in plant strategies and the suites of traits associated with these strategies.

Phenology is a key trait in some classical theories of plant strategy (Figure 3). For instance,
Grime (1977) suggested that herbaceous plants could be classified according to three primary
strategies: competitive, stress-tolerant, or ruderal (CSR) (Figure 35). Leaf and flowering phenol-
ogy are traits associated with the original description of these strategies (see table 2 in Grime
1977). Competitive species are expected to flower later in the growing season, after their period
of peak vegetative growth, associated with a trade-off between growth and reproductive allocation
(Law 1979). In contrast, ruderal species adapted to growing in recently disturbed environments are
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Phenology links to ecological strategies and trade-offs. (#) In the LHS schema, greater plant height has been
linked to later flowering. (b) In the CSR plant strategy framework, earlier flowering is often observed in
ruderal species. (¢) Earlier flowering is also associated with drought escape, shade avoidance, and escape from
competition later in the growing season. Abbreviations: CSR, competitive, stress-tolerant, or ruderal; LHS,
leaf-height-seed; SLA, specific leaf area. Panel # adapted with permission from Laughlin et al. (2010). Panel 4
adapted with permission from Grime (1977).

defined as having strong associations with early seedling establishment, rapid growth, and repro-
duction. In Grime’s original formulation, stress-tolerant species were not defined by phenological
traits.

In another major plant strategy theory that includes woody as well as herbaceous species,
Westoby (1998) defined a leaf-height-seed (LHS) schema whereby a plant species’ strategy is
defined by its location in three dimensions, based on specific leaf area (SLA), height, and seed
mass. Subsequent work by Laughlin et al. (2010) found evidence supporting a LHS schema in
a diverse pine forest community and evidence that phenology correlated with plant height, with
taller plants flowering later (Figure 34). Bolmgren & Cowan (2008) investigated correlations be-
tween flowering time and height in a north-temperate flora and found that in a phylogenetically
controlled analysis, only perennial herbs, not woody species or annuals, showed the pattern of
later flowering in taller plants. This height-reproductive phenology relationship for herbaceous
species has been demonstrated in floras in botanical gardens (Sporbert et al. 2022, Horbach et al.
2023) and in naturally assembled communities (Du & Qi 2010, Liu et al. 2021).

Related to the LHS strategy, Bolmgren & Cowan (2008) also found that earlier-flowering
perennial herbs had larger seeds, a correlation not found for woody species, and the reverse pat-
tern was actually seen in annuals (although marginally significant). Across 11 plant communities in
Tibet, Du & Qi (2010) also found that earlier-flowering woody and perennial herbaceous species
had larger seeds, but they found no relationship for annual species. In a diverse Indiana Dunes
flora, Mazer (1990) found that only earlier-flowering species with a short flowering duration pro-
duced larger seeds and that this correlation was not as strong for earlier-flowering species with a
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In temperate systems where low temperatures generally define unfavorable periods, species may trade off along an axis of frost risk
versus a competitive environment. Early-active species (e.g., many Betula species) risk losing tissue to frost but gain access to more
available light and soil resources, whereas later-active species (e.g., some Quercus species) experience almost no risk of frost but leafout
and start resource uptake when many other species are active and thus competition is high. Photos provided by T. Savas.

longer flowering duration. These and other authors conclude that the relationship between flow-
ering time and seed size is likely driven by plant strategies for resource accumulation, storage, and
reproductive allocation.

In many systems, spring frost is likely a constraint on phenology that could lead to trait correla-
tions as part of plant strategies to deal with cold (Figure 4). In most temperate and boreal systems,
freezing temperatures limit growth throughout part of the year, shaping the spring phenology of
most species. Leafing or flowering before the last spring frost can mean losing tissue, but simply
pushing all phenological events well after frost has its own costs, as it means higher competition for
light and other resources. This temporal landscape of shifting frost risk and competition predicts
early species should have traits that allow them to cope with frost but be competitively inferior
under low-resource conditions, while later species should demonstrate the reverse. L. maackii is
an example of an invasive woody species that is likely successful because of a combination of early
phenology and frost tolerance (McEwan et al. 2009). Recent reviews suggest some evidence for
these trait trade-offs (Wolkovich & Cleland 2014, Wolkovich & Donahue 2021), but few have
directly tested traits related to frost tolerance and avoidance, possibly because of the diversity of
ways in which early-active species can deal with frost (Sakai & Larcher 1987). Species vary in what
temperatures can cause tissue damage (Lenz et al. 2013), but universally tissues are most vulner-
able during budburst and leafout (Sakai & Larcher 1987, Vitasse et al. 2014, Chamberlain et al.
2019); thus, species often have a suite of other mechanisms, including waxy or hairy leaves to slow
ice formation, rapid budburst to speed through the most dangerous period, and cheap-to-build
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tissues so that lost tissue can be quickly replaced (Sakai & Larcher 1987). This last mechanism fits
neatly with a competition trade-off, where species with leaf and vessel tissues that are cheap to
build are also those that generally cannot compete well under low-resource conditions (Larcher
1980, Diaz et al. 2016).

Similarly, phenology is a key component of some drought-adaptation strategies but not oth-
ers (Kooyers 2015). For instance, drought escape is associated with rapid growth and flowering
phenology and an annual life history, where dormant seeds can survive drought (Fox 1992). In
contrast, species with a drought-avoidance strategy are more likely to be perennial species, which
have a longer period of growth, greater investment in root growth in deeper soil with greater soil
moisture (Padilla & Pugnaire 2007), and later-seasonal flowering (Seabloom et al. 2003). Drought-
tolerant plants tend to be slow growing perennial species, often woody, with the potential for
varied seasonal flowering phenologies (Williams et al. 1997). A drought deciduous strategy can
allow drought-avoiding or drought-tolerant perennials to survive unfavorable periods through
dormancy, similar to winter-deciduous species for which the timing of senescence is critical to
survival (Gillespie & Volaire 2017). Thus, while phenology may play a key role in adaptations that
enable species to persist in arid environments or seasonal droughts, species with varied phenolo-
gies may coexist due to the different ways that phenology correlates with other traits to form these
strategies.

Further, a single phenological strategy can be associated with strategies that deal with multiple
stressors. For instance, early-season phenology is associated with fast growth and is key to plant
strategies (Figure 3¢) associated with escape from seasonal drought (Blumenthal et al. 2020), shade
avoidance in understory species (Augspurger et al. 2005), and escape from strong competition later
in the growing season (Gioria & Osborne 2014, Godoy & Levine 2014).

Some of the trait correlations discussed here are at least partially explained by shared evolu-
tionary history. Davies et al. (2013) found that closely related species had similar flowering and
vegetative phenology, underlain by evolutionarily conserved developmental responses to environ-
mental cues. Phylogenetic conservatism in phenology has important implications for community
assembly in changing environments. For instance, Davis et al. (2010) found that closely related
species had similar phenological changes over time, associated with rising temperatures, and that
phylogenetic relatedness was associated with an increased abundance of some nonnative plant
species. Hence, the role of phenology in shaping plant communities is likely best viewed in a
phylogenetic context.

1.6. Putting the Life History Back in the Timing of Plant Life-History Events

Phenology captures a major axis of how organisms deal with limited time. Time is inherently lim-
ited for all organisms—both during each season and over their lifetimes—by abiotic and biotic
drivers that shape each organism’s schedule of growth and reproduction. Most of the literature
on phenology focuses on the annual schedule—events that occur and often recur each year—but
the lifetime schedule also matters (Post et al. 2008, Park & Post 2022). Integrating this lifetime
perspective, however, requires bridging to life-history theory, which has worked to predict the
optimal schedule of growth and reproductive timing across an organism’s lifetime, generally ig-
noring finer scales within lifetimes, where many phenological events fall (but see Bazzaz et al.
1987, Ejsmond et al. 2010). Each field has thus focused on its own version of time—phenology
on the seasonal or annual version and life-history theory on the lifetime version—in part because
of the challenge of integrating across intra- and interannual timescales. Integrating across these
temporal perspectives is critical, we argue, since each is likely to affect the other.

Integrating across timescales highlights that phenological events are nonindependent in
ways critical for understanding phenology. Each individual phenological event is part of a larger
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schedule, constrained in multiple ways. First, most growing seasons have climatically unfavorable
periods for growth that make time a limited—and bounded—resource. Plants need to grow and
reproduce within these bounds while dealing with a second major constraint—certain immovable
sequences. A fruit cannot occur without flowering and leaves cannot senesce before they start
growth. These combined constraints create a geometric optimality problem well suited to
life-history theory, but one—we argue—that may also be imperative to solve for useful advances
in phenological community assembly.

Much current research on the role of phenology within plant community assembly treats phe-
nological events as independent of one another. Empirical work on trade-offs generally focuses
on only one event and often one part of the season (e.g., spring leafout). Similarly, models of the
role of phenology in coexistence generally simplify phenology to a single trait—though to what
event or events this conceptual trait links is rarely clear (even when studied with empirical data;
Godoy & Levine 2014). Because phenology generally trades off with resource competition in
most models, events related to growth, such as germination or leafout, seem likely candidates for
some models (e.g., Godoy & Levine 2014, Wolkovich & Donahue 2021), but others seem to im-
plicitly model phenology as total growing period (Levine et al. 2022). Further, most models appear
to ignore reproductive events, such as flowering and fruiting, which occur before leafout for many
species (Primack 1987, Buonaiuto et al. 2021) and may play a large role in determining the timing
of growth events (Ettinger et al. 2018). The complexity of this only increases when integrating
over how the timing of fruit development relates to the timing of pollination and seed dispersal,
both of which also appear under strong selection (Whitehead 1969).

This current focus in plant phenological assembly on growth events, with little mention of
reproduction, seems to miss increasing evidence that reproductive phenology is as or more im-
portant than growth phenology in determining tissue loss and fitness. While life-history theory
generally predicts growth before reproduction, many plants flower before they leaf, with research
suggesting this is driven by strong selection on flowering (Buonaiuto et al. 2021). Studies of full
sequences of phenological events within a year—including growth and reproduction—find lit-
tle evidence that leafout or senescence (growth events) affects flowering or fruiting (reproductive
events) but strong evidence that the development time of fruit may constrain senescence and other
growth events (Ettinger et al. 2018). Current studies of trade-offs focused on growth-related phe-
nological events may thus miss where selection is potentially acting on the trade-offs and highlight
the problem of simplifying a constrained sequence to a single unconstrained and independent
event. Better recognizing and integrating phenological sequences could solve part of this problem,
but doing so usefully will require more efforts to develop models and theory across timescales.

Integrating across intra- and interannual timescales is a common and challenging topic in both
community assembly and life-history theories. Most work generally focuses on one or the other
temporal scale, but plants clearly integrate risk and reward across these scales, leading to diverging
lifespans, growing season lengths, and fundamental strategies that likely operate within and across
years (Bazzaz et al. 1987). Building up to understand this requires models that incorporate storage
alongside growth and reproduction (i.e., plants may either use resources immediately for growth
or reproduction or store them). Earlier work by Iwasa & Cohen (1989) showed that multiple
strategies arise when organisms can allocate to growth or storage and there are both favorable
and unfavorable periods for growth; this finding suggested that diverging plant strategies may
depend on the productivity, stability, and reliability of the habitat. More recently, this area of life-
history theory has been focused on capital breeding animals (e.g., Varpe et al. 2009) but provides
insights into plants, including the benefits of reproduction before growth seasonally. Such models
can predict flowering before leafout if there is variation in the fitness of seeds across the season
(Ejsmond et al. 2010)—an idea relatively unstudied in community assembly but possible to add.
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Further developing models of the storage effect (i.e., storage of favorable environmental periods;
Figure 1) that operate within season as well as between seasons could provide insights into both
phenology and life history. While bet-hedging in plants is almost always discussed in terms of
seed banks and multiyear scenarios, it is likely to operate within seasons as well and may underlie
varying rates of leafout (percent of total budburst in spring) across species (Baumgarten et al.
2021).

Understanding trade-offs with phenology requires a reckoning with the complexity and vari-
ation of available time each year. With climate change, phenology research has focused strongly
on how climate variability in most habitats varies the length of a season from year to year, leading
to the high variability in observed phenology for any one location. Yet how long a plant grows for
varies additionally by species, population, and individual (Ettinger et al. 2018, Kérner et al. 2023).
These two layers of variation—environmental and genotypic—add significant and important com-
plexity to trade-offs. If time is a significant resource that varies strongly by year and species, this
variation will adjust how strong a trade-off is in each year for each species. Variation in the resource
could change the sign of the trade-off (Van Noordwijk & De Jong 1986) or, as life-history the-
ory stresses, “the environment can determine whether [a] trade-off appears at all” (Stearns 1998,
p- 81). Considering the full sequence of phenological events from a life-history perspective hints
that current assembly models focused on a trade-off between growth timing and competitive abil-
ity may be overly simplistic. These trade-offs may thus recapitulate broad plant strategies (Grime
1977) but give limited insights into how species assort phenologically and, fundamentally, what
limits and resources they experience (Stanton et al. 2000).

2. CONCLUSIONS

Theories, experiments, and empirical observations across many different ecosystems and species
with varying life histories show that phenology plays an important role in community assem-
bly, through species fit to the environment and through structuring biotic interactions. While
individual studies often find that phenology correlates with other traits, we find that these trait
correlations defy global generalization because they vary across species with different life histo-
ries and in different environmental contexts, or face different limiting factors (e.g., such as shade,
drought, and frost). We conclude that the role of phenology in community assembly depends on
how phenology correlates with other functional traits that are associated with strategies for avoid-
ing or tolerating the dominant stressors during the growing season. Understanding and predicting
these strategies will likely require increased efforts to develop theory to predict optimal phenology
over both seasonal and lifetime scales.
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