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1 | INTRODUCTION

Climate change is a defining element of the current ecological landscape, with consequences ranging from global to
local environments. One of the first indices of the ecological impact of the ongoing environmental changes was mea-
surement of their effects on phenology, the seasonal timing of recurring annual events such as the beginning of the
growing season, timing of flowering, and breeding seasons of animals. Research has now moved beyond simple descrip-
tions of these temporal changes to investigations of their root causes, impacts, and consequences at both ecological and
evolutionary time scales. The changing landscape, environmental, ecological, and evolutionary, makes this an exciting,
albeit sometimes depressing, time to be a scientist, with no shortage of pressing ecological changes to species and their
interactions to investigate.

Shifts in phenology have the potential to offset negative effects of climate change, or they may create carryover
effects and mismatches that decrease fitness (Cappello & Boersma, 2021). Quantifying such shifts is thus essential to
understanding and predicting the consequences of climate change for ecological communities. These shifts are typically
relatively slow, matching the tempo of change in climate variables driving them, and thus long-term studies of both cli-
mate and ecological variables are essential to gaining insights into how phenology is changing and what the conse-
quences are. The interaction of spatial and temporal components of change is increasingly recognized as a significant
aspect of phenological change (O'Leary et al., 2020).
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2 | HOWIS THE CLIMATE CHANGING?
2.1 | Changes in temperature and precipitation (but not uniform geographically)

The ongoing changes in the climate include primarily increases in temperature from historical averages, a variety of
shifts in precipitation patterns, and changes in the variability of these measures (Chan et al.,, 2020; Pendergrass
et al., 2017), and we have a growing understanding of anthropogenic influences behind these climate changes
(IPCC, 2021). Relatively little attention has been paid to the potential impacts of changes in climatic variability, which
will have consequences at both ecological and evolutionary time scales (Vazquez et al., 2017), and affect species at pop-
ulation, community, and ecosystem scales. There are substantial spatial variations because of the impact of regional
processes affecting climate (van der Wiel & Bintanja, 2021), so that large-scale generalizations will have limited applica-
bility. For example, surprising regional differences, with local hotspots, have been identified in temperature changes
across the United States (Eilperin, 2020). As we come to understand better the influence of climate variables on phenol-
ogies, and the spatial variation in climate changes, we can make more accurate predictions of how phenologies will
change in the future.

2.2 | Different time scales of change: Cycles versus linear changes

In the few recent decades during which scientists have begun to observe the environment changing due to global
warming, and to record the phenological consequences, many of the changes have been linear in nature, but climato-
logical models suggest that the environmental changes will eventually plateau, and consequently, the phenological
changes will at some point also approach new equilibria, or even reverse direction if the climate changes do. Some of
the regional-scale climate drivers are cyclical in nature, including the Pacific Decadal Oscillation, Quasi-biennial Oscil-
lation, Atlantic Multi-decadal Oscillation, and El Nifio Southern Oscillation, and it is likely that they in turn are being
affected by climate change. For example, the intensity and frequency of ENSO events are likely to change
(Cai et al., 2015; Power et al., 2013). There is some evidence that regional climates in North America have developed a
cyclical pattern ( Ault & St. George, 2010), that can in turn produce cycles in flowering abundance and phenology. A
potential major tipping point, rather than a changing cycle, is the possibility of a collapse of the Atlantic Meridional
Overturning Circulation (AMOC), which would greatly change temperature regimes in a large part of the northern
hemisphere (Boers, 2021).

3 | WHAT ELEMENTS OF LIFE HISTORY PHENOLOGY ARE RESPONSIVE
TO CLIMATE?

Temperature is a major environmental determinant of many aspects of life histories for both plants and animals. Both
invertebrate and vertebrate animals, and aquatic and terrestrial species of plants and animals, have optimal tempera-
tures, and preferences for precipitation amount and timing, so as these environmental variables change, there are con-
sequences for the distribution, growth, reproduction, and survival of plants and animals. Precipitation and temperature
can interact in complex ways across landscapes to affect plant phenology (Jin et al., 2019), and given that both of these
variables are changing it is not surprising that phenologies are as well.Phenology is integral to so many aspects of life
histories, including foraging behavior, interactions with parasites, predators and competitors, and reproductive biology,
that it is not surprising that there can be significant fitness consequences for not optimizing the seasonal timing of these
activities. In this section, I will address some life history attributes, how they are changing in response to climate
change, and how fitness is being affected.

3.1 | Growth and reproduction—animals
An example of the effects of temperature on growth and reproduction is provided by a long-term study of two sym-

patric and closely related bird species in Belgium, the blue tit (Cyanistes caeruleus) and the great tit (Parus major;
Matthysen et al., 2011). Both advanced their mean first-egg dates by 11-12 days from 1997 to 2007. Time from first
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egg to fledging was reduced by 2-3 days, in large part through decreases in nestling development time. The average
time until fledging advanced by 15.4 and 18.6 days for blue and great tits, respectively. Further south, Magellanic
penguins (Spheniscus magellanicus) have shifted median hatch dates 10 days from 1983 to 2017 (Cappello &
Boersma, 2021). Because median fledge dates did not shift over the 34 years, median nestling period decreased by
14%, impacting chick growth.

A mammalian example comes from a long-term study of red deer (Cervus elaphus) on the Isle of Rum, Scotland,
which found that phenological traits of oestrus date and parturition date in females, and antler cast date, antler clean
date, rut start, and end dates in males all advanced by between 5 and 12 days across a 28-year study period (Moyes
et al., 2011). A more recent study found that decreases in rainfall have affected red deer rutting behavior (F. Millan
et al., 2021). Another example is the increased body mass of marmots entering hibernation as a consequence of the
lengthening growing season in montane meadows in Colorado, which results in a decrease in mortality during hiberna-
tion (Ozgul et al., 2010). Reproductive phenology in smaller mammals (e.g., Peromyscus mice) is also influenced by tem-
perature (McLean & Guralnick, 2021), creating the potential for effects of climate change.

Almost four decades of data for Great Tits (Parus major) in the Netherlands found that phenological mismatch has
a strong effect on individual fitness, although not in population demography (Reed et al., 2013). Study of a marine
example, the guillemot (Uria aalge), found that females deviating significantly from the population's mean laying date
each year had reduced breeding success (Reed et al., 2009). A study of host-parasite interactions found that the joint
product of infection load and phenological synchrony influenced the pathological consequences of infections, pointing
to the sensitivity of disease outcomes to shifts in climate (McDevitt-Galles et al., 2020).

Our understanding of these consequences of the changing climate points to the value of long-term longitudinal data,
as decades of observations are often required to reach substantive conclusions about changes in growth and reproduc-
tion, two important aspects of life history, and the consequences for fitness.

3.2 | Migration

Migration is typically associated with reproduction and growth, and thus observed changes in the phenology of migra-
tion suggest that there are significant alterations ongoing in these important components of species ecology and fitness.
Both terrestrial and aquatic migratory species are being influenced by climate change, resulting in changes in their phe-
nology, with potential consequences for abundance too. Phenological changes can decouple previously synchronized
interactions such as mutualisms, competition, and predation that migratory species will experience. Some of these can
be local effects, but others can potentially affect interactions over large distances.

Probably the best-known migrations are those of birds, moving from breeding to overwintering grounds. They also
provide some of the best data, since both scientists and naturalists have tracked bird migrations for centuries. As a gen-
eralization, migration dates are changing, typically earlier, in response to climate change. We're beginning to under-
stand how individual behavior, generational changes, and changes in temperature are creating these new phenological
patterns (Gill et al., 2019; Kolarova et al., 2017; Therrien et al., 2017). New tools, including radar, have provided insights
into how nocturnal migrations have changed at continental scales (Horton et al., 2020). Long-term records show that
changes are occurring in migration phenology, typically concluding that increasing temperatures are responsible
(Cadahia et al., 2017; Kluen et al., 2017; Kullberg et al., 2015).

In addition to these terrestrial examples, there are also fish migrations that have historically served as phenological
markers. For example, “shadbush” (Amelanchier species) was historically associated with anadromous shad migrations
in the eastern USA because the shrubs flowered about the same time that the fish appeared. Fish migrations, and the
associated spawning, are changing in response to warmer ocean and river temperatures (Kovach et al., 2012; Kuczynski
et al., 2017; Sims et al., 2004). Migration phenology of adult and fry pink salmon (Oncorhynchus gorbuscha) has changed
in response to warming water temperatures (Taylor, 2008; van Leeuwen et al., 2016), and there has been rapid micro-
evolution of earlier adult migration timing (Kovach et al., 2012).

Many species of large mammalian herbivores that migrate do so to take advantage of changes in the phenology of
their food plants (Merkle et al., 2016). Antelope, caribou, red deer, and reindeer have large-scale migrations that appear
to track closely plant growth that occurs in the spring, “surfing the green wave” (Aikens et al., 2017). The green wave
hypothesis is that these animals should follow high-quality forage at the leading edge of green-up in the spring; 7 of
10 populations of large herbivores were found to move in ways that supported this hypothesis (Merkle et al., 2016). In
some cases, they may follow the wave, while in others (e.g., red deer) they may move rapidly from winter to summer
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ranges, in effect “jumping the green wave” (Bischof et al., 2012). Snowmelt has also been shown to be a way for caribou
to track vegetation phenology (Laforge et al., 2021), but green wave surfing can be modified by the effects of predation
(Rivrud et al., 2018). Shorter altitudinal migrations occur as herbivores move from winter range to higher-elevation
breeding grounds, for example, deer and elk in North America, are more likely to track the green wave closely. These
kinds of insights have been facilitated by the use of GPS collars in concert with remote sensing to track phenological
changes across landscapes (Fisher et al., 2006; O'Leary et al., 2020).

A model of how surfing the green wave affects fitness in a migratory population of elk (Cervus elaphus) in the
Greater Yellowstone Ecosystem predicts up to a 20% decrease in pregnancy rates, a 2.5% decrease in population growth,
and a 30% decrease in abundance over 50 years if green-wave surfing deteriorates by 5-15 days (Middleton et al., 2018).
Mule deer (Odocoileus hemionus) migration is also proposed to have an energetic benefit if they follow the green wave
(Aikens et al., 2017), but this species does not appear to be as plastic in its migration behavior (both routes and phenol-
ogy) as elk (Sawyer et al., 2019), which might have future fitness consequences.

Migratory species interact with both predators and parasites along their routes, and if those species are not all
responding identically to the changing environment, their interactions may change (as they will for stationary
populations). Interestingly, brood parasitic cuckoos and their host bird species may exhibit more of a temporal mis-
match in populations that migrate short distances, compared to those migrating long distances, making the point that it
may be difficult to generalize across all of a species’ range (Saino et al., 2009).

Migration is typically linked with reproduction for migratory birds. One study of long-term data for 73 boreal spe-
cies looked at both beginning and end of the breeding period and found that 31% of species contracted their breeding
period in at least one bioclimatic zone, as the end of the breeding period advanced more than the beginning (Hillfors
et al., 2020). This contraction was found almost exclusively in resident and short-distance migrating species, which gen-
erally breed early in the season. This study is additional evidence for the value of collecting data beyond just the first
observation of phenological events, in order to determine the whole distribution of phenological responses and the con-
sequences for fitness.

3.3 | Hibernation

A variety of mammal species use hibernation as a strategy for surviving winter in ecosystems with significant cold and
snow. As the climate warms, it is not surprising that these species might respond, given that hibernation poses some
risks, such as running out of energy reserves and starving to death. One of the first publications about changes in hiber-
nation was from a long-term study of phenology at the Rocky Mountain Biological Laboratory (at 2900 m in southwest
Colorado), which showed that marmots (Marmota flaviventris) were emerging 38 days earlier than they used to (Inouye
et al., 2000). Long-term studies of Columbian ground squirrels (Urocitellus columbianus) in Alberta, Canada showed
contrasting results (Lane et al., 2012). Over a 20-year period emergence from hibernation showed a significant delay:
0.47 day per year in the hibernation emergence date of adult females. Females emerged later during years of lower
spring temperature and the resulting delayed snowmelt (Lane et al., 2012). The later snowmelt is responsible for a con-
sequent decline in individual fitness and population growth rate during the study period. Hibernation in another
Sciurid, the Uinta ground squirrel (Urocitellus armatus), is showing a different pattern. A comparison of historical
(1964-1968) and recent (2014-2017) data showed that the squirrels' phenology did not change over time, but that sur-
vival rates were influenced by season-specific climate variables; older age classes had lower survival when winters or
the following springs were warm, while juveniles benefited from warmer winter temperatures (Falvo et al., 2019). Thus,
it may be important to consider age classes independently in future studies of how hibernation is changing. A study of
the effects of a March heatwave on reproduction of Urocitellus richardsonii), Richardson's ground squirrel, makes the
point that differences in phenological responses of males and females to the same environmental event can have signifi-
cant consequences for reproductive fitness (Kucheravy et al., 2021).

Warming temperatures have also been shown to affect the phenology of hibernation in animals as diverse as
toads and bears. Shorter winters with warmer temperatures were found, in an experimental study, to increase the
survival of hibernating toads, and there was a positive synergistic effect on body mass changes during hibernation
(Uveges et al., 2016). Warmer temperatures also influenced hibernation of bears, which delayed entering hiberna-
tion (Johnson et al., 2018); the authors speculated that this increase in length of the activity period has the potential
to increase human-bear conflicts, and human-caused mortalities, so the benefits of future warmer temperatures for
bears are uncertain.
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Hibernating animals underground could be responding to biological clocks or environmental cues to determine the
appropriate time to exit hibernation, and potentially increase their fitness. Yellow-bellied marmots at the Rocky Moun-
tain Biological Laboratory were found to be emerging 38 days earlier than 23 years ago, apparently in response to
warmer spring air temperatures (Inouye et al., 2000). One consequence of their changing phenology, which now
includes a later start to hibernation, is that winter mortality is not as common as it used to be, because marmots are
able to put on more fat than previously due to the longer growing season (Ozgul et al., 2010). A more recent analysis of
40 years for the same population showed that summer and winter survival can be affected differently by climate
change, with increased summer survival accompanying a longer growing season, and decreased winter survival in
response to conditions the previous summer (Cordes et al., 2020). This result shows that researchers will have to con-
sider seasonal differences in order to understand the future impacts of climate change on population dynamics.

Not much is known about how the phenology of other species that hibernate, or at least become inactive during the
winter, such as some other mammals, snakes, lizards, turtles, amphibians, or insects, in response to the changing cli-
mate (Uveges et al., 2016). It seems likely that all those other categories of animals are likely to be affected, since tem-
perature almost undoubtedly plays a role in the timing of their hibernation. Even within a group as restricted as just
insects, there can be a wide variety of ways that phenology can be influenced by climate change (Forrest et al., 2010), so
only broad generalizations may be possible.

3.4 | Growth and reproduction—Plants

The phenology of flowering can result from intrinsic physiology and genetics, or a dependence on an external envi-
ronmental cue. External cues can be invariant, such as photoperiod, or vary from year to year, such as accumulation
of growing degree days, date of snowmelt, or the timing of monsoon rains. Plants dependent on one or more of these
latter clues are changing their flowering phenology as those environmental cues change. The most common pattern
of response is to advance the timing of flowering, compared to historical flowering times, but that response is not
universal. Changes are not distributed equally across the growing season, as some early-flowering species have been
found to be changing their phenology more than later-flowering species (Kopp et al., 2020; Miller-Rushing &
Inouye, 2009).

As winter temperatures warm, the accumulated time below freezing that is a requirement for normal flowering by
some plants, including some fruit trees, may no longer be met. This loss of time of winter chilling can delay flowering,
counteracting the effect of warming temperatures that can advance phenology (Martinez-Liischer et al., 2017), and if
chilling hours fall below a critical threshold some areas may no longer be able to support some kinds of fruit trees.
Many deciduous tree species also require chilling hours to release dormancy for leafing out. A study of seven European
tree species found that the response of leaf opening to climate warming decreased significantly from 1980 to 2013, a
likely response to reduced chilling (Fu et al., 2015). The mechanism for this kind of change in temperature sensitivity
has been modeled, including the increased temperature sensitivity with altitude and reduction in years with warmer
springs (Glisewell et al., 2017).

A consequence of earlier snowmelt can be an earlier start to plant growth, and potentially a longer growing season.
A study of experimental warming and consequent earlier snowmelt found earlier plant growth, but aboveground pro-
duction varied among species (Livensperger et al., 2016), with early growing species benefiting the most.

The effect of changing phenology on plants can thus be significant, as when they grow will influence interactions
with herbivores and their ability to sequester resources for growth and reproduction, and when they flower will influ-
ence their interactions with pollinators and seed predators, and their susceptibility to environmental events like late
spring or early fall frosts (Iler et al., 2019; Inouye, 2000, 2008; Pardee et al., 2019).

4 | DIFFERENCES BETWEEN PLANTS AND ANIMALS

Many plants and animals use cues related to temperature and/or precipitation for phenological timing related to growth
and reproduction, and to the degree that these environmental cues change, so will phenology. Another major cue used
by some species of plants and animals is photoperiod, and for at least some animals, the timing of lunar cycles and tides
can play a role. One difference between plants and animals, however, is related to their mobility. Many species of ani-
mals are mobile enough that they can move as the climate changes, in order to remain in their preferred climate and
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maintain historic phenology. Few plants can respond as quickly to spatial gradients, even as seeds. Thus, it is possible
that phenological responses to climate change, once the ability to respond with the plasticity inherent in their genomes
is exhausted, may require more plants than animals to respond with evolutionary changes to avoid local or even global
extinction.

5 | HOW CAN DIFFERENTIAL RESPONSES OF INTERACTING PARTNERS
(MISMATCH) AFFECT FITNESS?

One of the potential consequences of phenological changes in response to climate change is that interacting species will
not respond identically, disrupting interactions such as pollination, herbivory, competition, predation, and so forth. A
migratory hummingbird may be timing its migration based in part on the climate in its overwintering ground, which
may not match what is happening in the summer breeding grounds (McKinney et al., 2012). Bumble-bee queens over-
wintering underground may not respond to the same cues as the flowers they typically visit upon emergence
(Thomson, 2010), although it may take decades of data to confirm whether this is or is not occurring (Thomson, 2019).
Studies of phenologically mismatched pollinators and their plants have included both observational (Forrest &
Thomson, 2011) and experimental (Morton & Rafferty, 2017; Rafferty & Ives, 2011) studies, sometimes taking advantage
of elevational gradients (Benadi et al., 2014).

Even within a community of flowering plants, not all species respond identically to the changing climate, making it
difficult to generalize about the consequences and forecast what the community will look like in the future. For exam-
ple, species may or may not start earlier, change the shape of their flowering curves, extend or shorten their flowering
period, and change the ending date of flowering (CaraDonna et al., 2014). Even within a category of pollinators, such as
bumble bees, different species in the same area can respond differently to environmental cues and their impacts on flo-
ral resources, making it difficult to generalize (Ogilvie et al., 2017). At least in some systems, significant decreases in
reproductive fitness have been observed or predicted for both pollinators and plants (Hutchings et al., 2018; Schenk
et al., 2018).

Mismatches for herbivores can have significant consequences, for both plants and the animals, with examples com-
ing from birds (Choi et al., 2019; Wann et al., 2020), roe deer (Rehnus et al., 2020), and insects (Huang & Hao, 2018;
Kharouba et al., 2015; Schwartzberg et al., 2014), although warming may in some cases increase synchrony
(Pureswaran et al., 2019; Ren et al., 2020). Tri-trophic interactions have the potential for even more complex interac-
tions, such as those among oak trees, herbivorous caterpillars that eat their leaves, and insectivorous birds that eat the
caterpillars (Burgess et al., 2018), and also increased opportunities for phenological mismatch.

6 | COMMUNITY-LEVEL EFFECTS OF CLIMATE ON PHENOLOGY

Species do not exist in isolation, but interact in communities. As each species in a community may respond in a unique
way to the changing environment, its interactions with the other species may change, altering patterns of competition,
predation, mutualism, or other connections. Studies of such community-level changes are becoming more common as
we have learned more about how individual species are responding to climate change.

6.1 | Phylogenetic influence

In the search for generalities in ecological functions, which could help to make ecology a predictive science, investiga-
tions of phylogenetic influence have extended to phenological studies. For example, the mean and variance of flowering
times of tropical species were found to be similar among congeners in an early study, while variance of flowering times
was similar among confamilials (Wright & Calderon, 1995). A more recent study found that more closely related plant
species tend to leaf out and to flower at similar times, due to their similar responses to abiotic cues, and bird communi-
ties also show a phylogenetic component to their phenological responses (Davies et al., 2013). Leaf-out times of woody
plants were found to have a phylogenetic component, as well as relationships to deciduousness, growth habit, and wood
anatomy (Panchen et al., 2014).
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In contrast, a study of a sub-alpine flowering community found some support for a phylogenetic signal in flowering
time in a 39-year record of flowering, when examining dates of first flowering (as most other studies have done), but
the results for peak and last flowering dates, and duration of flowering, were inconsistent. Peak flowering date had the
strongest phylogenetic signal, followed by the first flowering date, while the last flowering date and duration of
flowering did not have a significant phylogenetic component. The sensitivities of all these measures to temperature and
snowmelt date had no phylogenetic signal (CaraDonna & Inouye, 2015). Thus, when looking for evidence of a phyloge-
netic effect on phenology, it will be essential to specify which component of a phenological distribution is under
consideration.

A regional (China) examination for phylogenetic effects of plant flowering phenology found that the signal became
stronger toward temperate regions and that growth form plays a role (Du et al., 2015), while a global survey of shifts in
flowering time found an effect for both whether species had shifted, and the magnitude of their response (Rafferty &
Nabity, 2017). Finally, a global synthesis of animal phenological responses to climate change looking at hundreds of
time series from around the planet, found that temperature primarily drives phenological responses at mid-latitudes,
while precipitation became important at lower latitudes. There was an association between phylogeny and the strength
of the phenological shifts (Cohen et al., 2018).

6.2 | Changes in competitors and mutualists

Species can only interact if they overlap spatially and temporally, so changes in temporal activity patterns have the
potential to increase or decrease the opportunities for interactions such as competition and mutualism. Phenologi-
cal separation should create temporal niche differences that reduce interactions, and potentially favor one species
over another in terms of competition. This can hold true for both plants and animals. An example involving two
annual grass species of Vulpia and the timing of their germination showed that increasing the separation of their
germination resulted in parallel changes in their niches and fitness. Earlier germination provided a competitive
advantage, to the degree that a 4-day head start allowed competitive exclusion of the generally superior competitor
(Blackford et al., 2020). Thus, phenological differences can structure competitive interactions and influence species
coexistence. A study of coexistence theory came to a similar conclusion, that differences in species’ phenologies
can have a strong influence on persistence and coexistence of competing species (Rudolf, 2019).

An additional example of how competitive interactions are influenced by phenology is a study of an introduced
European annual plant. Prickly lettuce (Lactuca serriola) flowers earlier in arid climates such as those of southern
California, and an experimental common-garden study showed that this earlier flowering resulted in stronger competi-
tion with native annuals than resulted from later-flowering plants (Alexander & Levine, 2019). Thus, this phenological
interaction could facilitate a biological invasion. This example of how evolution resulting from new climate conditions
can influence the success of invasive species in natural communities is a cautionary tale about what the future may
bring if the climate continues to change.

Another recent study, but with a more global perspective, used a new database of long-term studies of phenological
events and their influence on pairwise species interactions. The authors found evidence of substantial changes in the
relative timing of these interactions, with the magnitude of shifts increasing as the climate has changed (Kharouba
et al., 2018). Their meta-analysis approach provides support for the conclusion that additional research is needed to
refine our ability to predict the direction of change, and to interpret results, so that we can make predictions about the
consequences of these changes for ecological communities.

6.3 | Changes in predation

Climate change can affect multiple selective pressures, leading to a necessity to balance the need to stay in synchrony
with the timing of maximum food, for example, and the benefits of minimizing predation, which may not result in a
single optimum. Reduced fitness from a lack of plasticity to alter phenology in response to climate change can be detri-
mental, but a long-term study of an oak-caterpillar—songbird-sparrowhawk food web revealed that disruption of tro-
phic interactions could also be important (Brook, 2009). The multiple selective pressures involved in trophic networks
like this create “a tug-of-war between the need to stay in synchrony with the timing of maximum food, and the benefits
of minimizing predation.” (Brook, 2009).
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Effects of climate change on phenology and consequent impacts on predator-prey interactions have been docu-
mented in aquatic systems such as fish and zooplankton (Ohlberger et al., 2014), seed predation (Straka &
Starzomski, 2015), and nest predation by polar bears (Dey et al., 2017). A model of synchrony of zooplankton prey and
their Arcto-boreal fish predators indicates that frequent desynchronization of the predators and prey may lead to a pro-
nounced population decline of the fish, but also suggests that temperate fish may be better able to track prey phenology
(Durant et al., 2019). Such responses in predator-prey interactions are not surprising given that climate change is gener-
ating new spatial distributions as species change or expand their historical ranges, encountering new communities of
interacting species.

The behavioral plasticity inherent in individuals can provide significant latitude to respond to environmental
changes, as was found in a long-term study of great tits (Parus major; Charmantier et al., 2008). In this population
individual adjustment of behavior in response to the environment has enabled the birds to track a rapidly changing
environment very closely. At some point, however, the ability of predators and prey to respond based on the plastic-
ity in their current genomes will be exceeded, requiring responses such as changes in range, or evolution, to avoid
extinction. Charmantier et al. point out that understanding the limits of plasticity is an important goal for future
research.

7 | A CASE HISTORY: CLIMATE EFFECTS ON ROCKY MOUNTAIN
WILDFLOWERS AND POLLINATORS

7.1 | Changes in local climate

Most aspects of phenology in the montane habitats at 2900 m near the Rocky Mountain Biological Laboratory, in south-
western Colorado, are controlled by one environmental variable, snowmelt date, which in turn, is a consequence of
how much snow falls during the winter, spring temperatures, and more recently, the effects of dust-on-snow events
(Maurer & Bowling, 2014). In recent years, the ratio of annual precipitation that falls as rain versus snow has been
changing, with rain earlier in the spring and later in the fall, spring temperatures are increasing, and dust-on-snow
events are becoming more common (Maurer & Bowling, 2014; Painter et al., 2018). The net effect of these changes is
earlier snowmelt (Figure 1), and hence an earlier start to the growing and flowering seasons (Figure 2), and longer
growing seasons (Figure 3).

The environmental changes we are seeing are in part the effects of global warming, in part probably the effects of
regional changes including the Pacific Decadal Oscillation, El Nifio Southern Oscillation, Quasi-Biennial Oscillation,
and probably more-local effects too. These regional effects occur on different time scales, ranging from 2 years for the
QBO, a few years (ENSO), and as long as 40-60 years (PDO). Acting in concert, the net effect appears to be responsible

Snowmelt date at the Rocky Mountain Biological Laboratory
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The day of year when the last snow melts in a permanent site at the Rocky Mountain Biological Laboratory at 2,921m in
southwest Colorado. Dates have ranged from 23 April to 19 June and are getting earlier. Data courtesy of billy barr
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for a 12-14 year cycle in the central Rocky Mountains (Ault & St. George, 2010) that is reflected in snowmelt dates and
flowering by at least some species.

7.2 | Effects on flowering phenology and abundance

Flowering phenology at this high-altitude montane site is driven largely by the date of snowmelt, which signals
the beginning of the growing season (although a few early species can grow up through the last few cm of snow).
The earlier dates of snowmelt are resulting in flowering beginning as early as mid-April, in contrast to dates as late
as early June only a few decades ago (Figure 2). Although it might seem that a longer growing season would be
beneficial, the earlier start has led to an increase in damage from frost (Inouye, 2008), as the date of the last spring
frost has not been advancing (although it has in some parts of the world; Zohner et al., 2020). When the growing
season did not start until late May or early June, a frost around 10 June had little effect on the wildflowers. But
when it starts in mid-April, many frost-sensitive plant species can lose their buds with a June frost. This can have
a major effect on flower abundance, affecting pollinators, and seed production, affecting seed predators
(Inouye, 2000).

170

r2 = 0.681 ;
p< 0.001 Claytonia lanceolata 14 June

- - = =

(=3 = o -]
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1 1 L L

Mean day of year of first flower
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Day of year of bare ground 19 June

FIGURE 2 The mean day of year when the first flower of Claytonia lanceolata (Portulacaceae) has opened in permanent plots at the
Rocky Mountain Biological Laboratory, 1975 - 2014. Data from the RMBL phenology project
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FIGURE 3 The length of the growing season, defined here as the interval between snowmelt at the RMBL measuring station in the
spring until the first recorded temperature < 25° F (3.9° C) in Crested Butte, Colorado (2,703m, 9.4 km from RMBL)
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This loss of flowers due to frost damage can have subsequent effects on plant demography—if there are no seeds
produced, there will be no seedlings the next spring (Campbell, 2019). Drought risk associated with earlier snowmelt
may also contribute to the potential for negative demographic effects on wildflower populations (Iler et al., 2019). The
increasingly common occurrence of “false springs”, with an unusual early spring warm spell triggering flowering,
followed by a frost event, is also having consequences for agriculture around the world (Andrew et al., 2015; Ault
et al., 2013; Chamberlain et al., 2019; Chmielewski et al., 2018; Gu et al., 2008; Ladwig et al., 2019; Marino et al., 2011;
Peterson & Abatzoglou, 2014).

7.3 | Effects on bumble bees

Queen bumble bees (Bombus spp.) overwinter underground and emerge in the spring to establish colonies. Temper-
ature plays a role in their emergence times (Goodwin, 1995), as it does for flowering times, and in an alpine commu-
nity in Japan flowering was found to advance more than bee emergence times in early springs, so that early-
flowering p had lower seed production (Kudo, 2014; Kudo & Ida, 2013). Other studies at our Colorado field site have
also found that changes in resource phenology are likely to impact bumble bee populations and communities
(Ogilvie & Forrest, 2017), and that bumble bee altitudinal distributions are changing, likely in response to warming
temperatures and the consequent changes in floral resources (Pyke et al., 2011, 2012, 2016). A long-term study of
bumble bee abundances found that they were driven primarily by the indirect effects of climate on the temporal dis-
tribution of floral resources (Ogilvie et al., 2017). This study also found that even within bumble bees there are
species-specific differences in response to the changes in precipitation, temperature, and flower availability, making
it difficult to generalize from a single species. Temporal gaps in availability of floral resources can have a negative
impact on populations of bumble bees and other pollinators (Timberlake et al., 2019), and may be becoming more
pronounced (Aldridge et al., 2011).

7.4 | Effects on a butterfly species

Speyeria mormonia is a butterfly with unusual dependence as an adult on a single nectar food source, Erigeron
speciosus (aspen fleabane; Asteraceae; Figure 4). The number of eggs a female can lay depends in large part on how
much nectar she collects. Its populations can vary by an order of magnitude or more from year to year, but most of
this variation can be explained by the ratio of butterflies to flowers; if there are a lot of flowers the population grows,
and if not, it shrinks. The abundance of Erigeron speciosus flowers is in turn strongly affected by the interaction of
snowmelt date and frost, as the flower buds are frost sensitive (Figure 5). In years in which snow melts early, there

FIGURE 4 A Speyeria mormonia the butterfly on a flower its preferred nectar plant, Erigeron speciosus (Boggs & Inouye, 2012)
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Erigeron speciosus flower number vs. snowmelt date
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FIGURE 5 The number of Erigeron speciosus flower at peak flowering is strongly influenced by when the snow melts. In years with
early snowmelt there is likely to be frost damage to flower buds, which sometimes results in the loss of almost all flowers in this long-lived
perennial daisy. Data from the RMBL Phenology Project, 1974 — 2011

is a greater probability of frost damage, fewer flowers, and consequently, of the butterfly population declining the
next year (Boggs & Inouye, 2012).

7.5 | Effects on hummingbirds

Most of the breeding bird species at the Rocky Mountain Biological Laboratory are migratory, and as has been docu-
mented elsewhere, migration times are trending earlier, most likely in response to warming temperatures at lower alti-
tudes and latitudes where the birds are overwintering. For example, the arrival dates of male Broad-tailed
Hummingbirds (Selasphorus platycercus) between 1975 and 2011 advanced by 1.5 + 0.93 days per decade (McKinney
et al., 2012). However, the change in phenology of the first wildflower to bloom that the hummingbirds visit,
Erythronium grandiflorum, was not matched by the hummingbirds. First and peak flowering advanced by 4.6 + 1.6 and
2.7 + 1.4 days per decade during this same time period, and flowering by the second species of flower visited by the
hummingbirds, Delphinium nuttallianum, advanced by 4.3 + 1.5 and 2.8 + 1.4 days. If these trends continue, at some
point the birds will miss the flowering by these early floral resources.

Nonmigratory species may be able to respond more quickly to the changing environment, as they are more closely
tied to local conditions, rather than changes occurring over widely-spaced winter and summer habitats. For example, a
long-term study of Parus major in the UK found that “individual adjustment of behavior in response to the environ-
ment has enabled the population to track a rapidly changing environment very closely.” (Charmantier et al., 2008).

8 | NEEDS FOR RESEARCH TO IMPROVE OUR UNDERSTANDING

Many phenological events occur annually, which means that you can only collect one data point per year. One conse-
quence is that it can take many years of observation before a significant trend can be discerned; loss of a year's datum,
due to events such as the COVID-19 pandemic, or a gap in research grant funding, is a significant risk of such studies.
One impediment to such long-term studies is that most research grants are for 2-3 years, so multiple grants may be
required in order to fund a project for long enough to obtain significant data. Even in environments with significant
environmental variation, it will likely take multiple years to span a sufficient range of temperature, precipitation, snow-
melt date, or a combination of them, to identify the dependence of phenology on these variables (Kudo & Ida, 2013).
Experimental manipulations, such as changing snowpack in order to influence snowmelt date, could shorten the time
required to gain such insights (Kudo & Cooper, 2019).
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Most phenological studies have emphasized observations of the first occurrence of an event each year, such as the
arrival date of the first migratory bird, or first flower. Yet reliance on these first dates has multiple problems, ranging
from needing to be present when they occur, to statistical issues (Inouye et al., 2019; Miller-Rushing et al., 2008). In
addition, a more complete investigation of the full suite of phenological markers, for example for the beginning, peak,
and end of flowering, has shown that not all of the phenological measures are changing uniformly within or among
species (CaraDonna et al., 2014). This lack of congruence makes it essential for researchers to begin collecting more
complete phenological datasets.

Species do not exist in isolation in ecological communities, but interact with competitors, mutualists, parasites, and
predators. To date, there are enough studies of individual species for us to know that there can be significant variation
within and among individuals (Forrest & Thomson, 2010), so that sample sizes need to be large enough to encompass
such variation. But there are still relatively few studies of enough species to constitute community-level studies, and
very few consider how changes in phenology are impacting community-level interactions of multiple species.

There is an opportunity for an increased use of two resources available for phenological studies. One is the use of
herbaria and other museum collections, which serve as archives of the phenological history of specimens. Although the
value of herbaria for this purpose was recognized at least 25 years ago (Borchert, 1996), there is still a lot of untapped
potential. As an increasing amount of museum collection data becomes available digitally, the analysis of their pheno-
logical data is becoming more feasible (Brooks et al., 2014; Denney & Anderson, 2020). Finally, citizen scientists are
now collecting a lot of phenological data that are available to scientists. For example, a variety of phenological data are
now being archived through the USA National Phenology Network, and bird data through the Cornell Lab of Ornithol-
ogy and Audubon Society.

9 | CONCLUSION

The ongoing changes in the planet's climate are altering historical patterns of variation in temperature and precipita-
tion, the two major environmental cues that influence the phenological components of most species’ life histories.
Not surprisingly, this sets the stage for alterations in the variety of ecological interactions among members of com-
munities. We now know enough about how some species have responded that it is clear that not all species in exis-
ting interactions are responding the same way. This means that some interactions are likely falling apart, while new
ones are being created, both spatially and temporally. Interactions like competition, predation, and mutualisms are
changing in ways that we are just beginning to understand. Terrestrial, freshwater, and marine ecosystems are
dynamic entities even when the environment is relatively stable, and with the ongoing changes, they are all evolving
rapidly as species adapt, move, or go extinct. This is undoubtedly an interesting (if depressing) time to be studying
ecology.
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