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ABSTRACT

Ecologicalsystems are inherently dynanmamda primaryway inwhichthey are dynamic
is throughtime. Individual organisms, populations, communities, species interactions, and
ecosystenfunctions all follow atemporalprogression from the past, to the present, and into the
future. This temporal progression can occur over the coursa@raftes, hoursdays, weeks,
months years, decadesr various other timescaleln this senseemporaldynamics ar@n
intrinsic propertyof all biological systemdn fact, ae of the most prominent signalsretent
global climate change the significantthangen the timing of biological event®er adiversity
of organismsin light of thiswidespreadattern thereis a renewed interest in undéanding the
multifacetedmportance of time inalogy. In this dissertation,ihvestigate the temporal
ecology of a subalpine ecosystespecifically focusing ofilowering plant communities and
plantpollinator interactions. examinethetemporal dyamicsof this systenover multiple
decadesn response to ongoing climate chamgewell aover shorter time scales within a
growing seasorlJsing a39-yearrecord offlowering phenology, show that speciespecific
shifts in the timing of flowering in response to climate change can substantially reshape a
subalpine plant community ovthis time periodCommunity phylogenetic analyses reveal that
these changearelargely independent of evolutionary histokysing a laboratory experiment, |
show that the timing of an importamarshabiotic evenblow temperatures that caufsest
damage to plascan differentially affectlowering plant species, with implicatiofar plant
demography, community structure, and interactions with pollinakamally, | show that plant
pollinator interactions exhibit substantial witkseason temporalirnover and thathis temporal

flexibility of plantpollinator interactions from one week to the niextonsistent and predictable



across yeard.aken together, this dissertation provides a multifaceted investigation of the
temporal ecology of plant communities and plpoliinator interactios, revealing the important

consequences of ecological timing at stiertnand longr-term scales.



INTRODUCTION

The changing of the seasons has long been of human interest. lrdelkeeen observer
can provide an account of the timing dfialogical event that is important to her or hiior
example, when flowers appear each year in the spring, when certain fruits begin to ripen during
the summer, or when leaves start to change color in the autin@iGreek root worghainomai
meanso appear, and phenology is the study of the timing of seasonal evilgarly 2,000
years ago,ite Roman natural historiaGaius PliniugPliny the Elderyecognized phenology as a
usefulindicator ofweather conditionand used thegghenological observations to geithe
planting of certain croppeciegBostock and Thomak855) Similarly, CarlLinnaeusfavored
the phenological observations ldfaf and fower budding of certain speciasfar better
indicators of the changing seas@asnpared t@rigid Western alendar(Linnaeus 1737)Even
more recentlyfarmesOphrase point to an appreciation fepeciesspecific phenological
observations, for examplepl@nt corn when oak leaves are as large as a squirrel's earO

A combination of abiotic and biotic conditions ultimately determine an organismOs
phenology(Forrest and MilleiRushing 2010, Post 2013, Wolkovich et al. 2018}his sense,
phenology is a primary axis of the niche, across which organisms can partition resources ranging
from light and water to pollinators and seed disper3érs . seasonal timing dife history eversg
is intimately tiedto growth, reproductionand surviva(Forrest and MilletRushing 201Q)From
humans, to polar bears, to subalpine pldaiture of any organisrto recognize andespond to
changing seasonal conditions ¢ave considerable consequences for their growth, reproduction,
and survivalRathcke and Lacey 1985, Inouye 20B8st and Forchhammer 2008, MiHer

Rushing et al. 2010, Cherry et al. 2013)



Temporal dynamics aman intrinsicpropertyof all biological systemdndividual
organisms, populations, communities, species interactiongcasgstem functiorall follow a
temporalprogression from the past, to the present, and into the flitiisetemporal progression
can occur over the course of seconds, minutes, hours, days, weeks, months, years, decades,
centuries, millenniagr longer Now, as global climi@ change is significantly altering the
phenology of many org@éms across the globe, theraisenewed interest imderstanding the
multifacetedmportance of time in ecolog{parks and Menzel 2002, Milk&ushing and
Primack 2008, Forrest and Mill&tushing 2010, Wolkovich et al. 2013, Post 2013, Wolkovich
et al. 2014)

Indeed, penologyis one of the strongest biadicators of global climate emge(Sparks
and Menzel 2002, Parmesan and Yohe 20@B¢nological events are generally occurring earlier
in accordance witlvarmer temperatures unddimate chang, althoughseveraktudies have
now highlighted the speciespecific nature of phenological responses to climate change
(Bradley et al. 1999, Menzel et al. 2006, Parmesan 26@7%ye makeprogress to understand
howthe phenology obrganismss responding to rapidchanges in climateve arealsolearning
for the first time about many basic aspecttheir phenology and temporal ecology. Why is
there so much variation in spediephenologal responses to abiotic variatioAPe responses
similar among closely related taxa? How dpkenological variatiomfluence interactions with
otherspeciever the shorterm {.e., within agrowingseason) and over the l@rdime scales
(i.e.,acrossyears or decadgaMore broadlyhow do changes in phenology influertbe
structure and function of communitiaad ecosysterf?sAll of these questions can be addressed
within a climate change context, but tresnultaneouslyepresent gaps in ounderstanding of

basictemporal eclmgy. For exampleunderstanishg the likelihood and potential consequences



of a phenological mismatch between plants and pollinators under climate cegoges an
understanding of the temporal ecology of plants and pollinators in the first place.

In this dissertation, investigate the temporal ecology of a subalpine ecosystem
specifically focusing offilowering plant communities and plapollinator irteractions! ask how
the ecology of thisubalpine ecgystem has changed owsaveral decadéas response to ongoing
climate chage, and also how this systeraturally fluctuate overrelativey shorttime scales
within a seasonlThroughout this work, émploy longtermphenological recordshortterm
observations of plaftollinator interaction networkeommunity phylogenetic analysesd
manipulative laboratory experiment&he first two componentsf thisresearch represent the
investigation of the temporal ecology of a subalpine plant community from aritarq,
contemporarylimate change perspectivdere, linvestigate how climatedriven shifts in
flowering phenology may affect plant community patseoverthe last 3%ears inresponse to
local climate changeNext, © further explore these findingsasked whether thghenological
shiftsobserved in this communitgflectevolutionary relationships among taXdne second two
components of thidissertation research represent two different investigations of temporal
ecology ashortertime scalegi.e., within a growing seasanjhe first study investigates how
harsh episodifrost eventgan differentiallyaffectplant species, and whether tiegative
effects of frost damage relateqtant phenologyThe second studgxplores the withirseason
temporal dynamics of plaiollinator interactions,skingwhether variation in thedateractions
follows aconsistensequence over the course of gnewing seasorand what ecological factors
may ultimately constrain thetemporalvariation

All of this dissertation research was conducted at the Rocky Mountain Biological

Laboratory(RMBL) in the Colorado Rocky Mountains, USA. This mountain ecosyhiEsn



served as an exceptional study system for the investigation wefntip®ral ecologyf plant
communities, planpollinator interactions, and the effects of climate chdongseveral reasons.
First, theecosystem can be charactedis rapid season#dansitiong(sensu Pau et al. 2011)
The growing season is brief, typicaixtending on\8E6 months, and is otherwise hemmed in
on either side by harsh winter conditions. Therefore, not only does the season have a clear start
and end, buthe bulkof the ecosystemOs ecology can be observed over the course of a few
months. Secondhe RMBL hasarich legacy of longermrecordg(i.e., several decades)the
ecology of thesurroundingareasincluding records of plant and animal phenology, as well as
detailed local weather observatiqisllick and Price 201Q)In particular, the 39ear flowering
phenology datasétitiated and collectetly David Inouye has served a integral foundation
for this researchNot only does thisnformationprovidea solidbasis for developindetailed
ecological questionabout the ecosysterhut it also serves as a basis for directly askimg
climate paterns have changed and how particular organisms are respémadunch changes
Finally, high elevation (and also high latitude) ecosystems are some of the most sensitive
ecological systems to climate change. Thus, understanding their temporal ecofogytical
importance as these systeans predicted toontinue to change rapidly.

Taken togethethis dissertatioprovides a multifaceted investigation of the temporal
ecology of subalpine plant communities and plawitinator interactios, revealirg the important

consequences of ecological timing at both start longterm scales.



PRESENTSTUDY

The studies discussed here are each presented in the form of manuscripts appended to this

dissertation. The following is a summary of the most important findings from each.

2.1 Shifts in flowering phenology restpe a subalpine plant community (Appendy)

In this studywe employ a uniguely comprehensive-g8ar flowering phenology dataset
from the Colorado Rocky Mountaing ask how speciespecific phenological shifts can reshape
plant community structuréeWe reveal a diversity of specidsvel phenological shifts that bring
into question the accuracy of previous estimates ofteng phenological chang@/e show that
first, peak, and last flowering rarely shift uniformly and instead usually shift independéntl
one another, resulting in a diversity of phenological changes through time. Shifts in the timing of
first flowering on average overestimate the magnitude of shifts in the timing of peak flowering,
fail to predict shifts in the timing of last floweringnd underrepresent the number of species
changing phenology in this plant community. Ultimately, this diversity of spémies
phenological shifts contributes to alteredflmwvering patterns within the community, a
redistribution of floral abundancemss the season, and an expansion of the flowering season by
more than one month during the course of our study period. These results demonstrate the
substantial reshaping of ecological communities that can be attributed to shifts in phenology.
Finally, we proposed the novel idea that climate induced shifts in phenology can lead to temporal
no-analogue communities (i.e., novel combinations of species in time, analogous to spatial no
analogue communities) that are likely to precede the loss or gain oésfrecn the community.

This research was published2014 inthe Proceedings of the National Academy of Sciences of



the United States of America.

2.2 Phenological responses to climate change do not exhibit phylogenetic sigaasubalpine
plant communty (Appendix B)

In this study, weexplored phylogenetic signal in flowering phenology and in
phenological sensitivity to temperature and snowmelt usingye&8record of flowering from
the Colorado Rocky MountainBhylogenetic relationships mayderlie speciespecific
phenological sensitivities to abiotic variation and may help to predict these responses to climate
change. Although shared evolutionary history may mediate both phenology and phenological
sensitivity to abiotic variation, few stig$ have explicitly investigad whether this is the case.
Consistent with other studiese found evidence in support of phylogenetic signal in first
flowering date. However, the strength and significance of that signal were inconsistent across
other meagres of flowering in this plant community: peak flowering date exhibited the strongest
phylogenetic signal, followed by first flowering date; last flowering date and duration of
flowering exhibited patterns indistinguishable from random trait evolutiocortrast to first
and peak flowering date, phenological sensitivities of all flowering measures to temperature and
snowmelt did not exhibit a phylogenetic signal. These findings show that within ecological
communities, phylogenetic signal in phenologysinet necessarily imply phylogenetic signal in
phenological sensitivities to abiotic variatidrurthermore, this suggests that evolutionary
relationships among taxa may not be sufficient to predict complex responses to climate change.

This study was puldhed in 2015 iEcology.



2.3 Frost sensitivity of leaves and flowers of subalpine plants is related to tissue type and
phenology (Appendix C)

In the Colorado Rocky Mountainearmer temperatures le&ml earlier snowmelt, which
drives earlier plant phenologkarly phenology can expose plai a high risk of frost damage
because there are more nights with befoeezing temperatures during the early part of the
season. Episodic frost evertan havestrong negative consequences for plant growth, survival
and reproduction. Despite the predicted increase in episodic frost events under continued climate
change in some ecosystems, our general understanding of the factors associated with frost
sensitivityof reproductive and vegetative plant structures in natural plant communities is limited.
Variation in the timing ofjrowth and reproduain may be an important strategy by which plants
can avoid frost.

In this studywe experimentally investigated the frost sensitivity of eight ined
perennial herbaceous plant specidse study taxa represent four congeneric pairs from four
flowering plant families; within each pair, there is a species with early and late growth and
reproductive phenology. Thusge control for evolutionary historipand therefore additional
traits shared through common ancefitg some degree, while examining the influence of
phenology on frost sensitivity. Specificallye compared frost sensitiyi of vegetative and
reproductive structures for each species and asked whether frost sensitivity was similar between
species within congeneric pairs or, instead, was related to phenology (i.e. differences in the
timing of growth and reproduction). For ni@pecies (6 of 8), flowers were more sensitive to
frost than leaves. Within most cgeneric pairs (3 of 4), the leaves of species with later
phenology were significantly more sensitive to frost than the leaves of species with earlier

phenology. For flowes, the later flowering species were more sensitive in two of the four



congeneric pairs. This study contributes to our general understanding of factors related to
interspecific differences in plant sensitivity to episodic frost events of naturally occurring
species. The increased frost sensitivity of reproductive structures compared to vegetative
structures may be a widespread pattern for-loregl perennial plants. Furthermoree found

evidence for a tradeff between phenology and frost sensitivity, weisr species with later
phenology exhibit higher frost sensitivity compared to species with earlier phenology. These
results have implications for plant populations, species interactions and ecological communities.

This experimentastudy was published ir026 inJournal of Ecology.

2.4Within-season temporal dynamics of plapbllinator interactions: patterns, consistency,
and ecological constraint§Appendix D)

In this studywe investigate the withinseason temporal dynamics of plant
pollinator interactionsising weekly censuses of plgrtllinator interactiongver three
years in a subalpine ecosystem in the Colorado Rocky Mountains,3®Aifically,we
asled (1) what are the relative contributions of species turnoveirdgadactionrewiring
to the withinseason temporal turnover of interactiof2y how does interaction turnover
vary from week to week within a seasoand (3) aravithin-season patterns of intetan
turnover consistent from one year to the n&¥tthenemployed a series pirobability-
based simulation models &sk (4) whethewithin-seasonnteraction turnover and
rewiring areconstrained byhenology, abundance, morphological size matglontheir
joint combinationsWe found thathe magnitude oivithin-seasonriteraction turnover
was consistently higand primarily driven by rewiring in all three years of the stuiyr

simulation models suggest that phenology and species abundance ajygearitnary



ecological constraints underlyingmporalinteraction turnovein this systemThese
results providelearevidence that plartollinator interactions exhibgtrongwithin-
season temporal dynamics that appear to be consistently constrasyetias
phenology and relative abundandegrthermorethese results underscore the dynamic
nature of species interactionssabrttime scales and providesefulinformation for

beter understanding how complex assemblages of speagsspond to dramatic

global changeThis research im final preparation for submission Krology Letters.
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Phenology N the timing of biological events N is highly sensitive to
climate change. However, our general understanding of how phe-
nology responds to climate change is based almost solely on
incomplete assessments of phenology (such as first date of flow-
ering) rather than on entire phenological distributions. Using
a uniquely comprehensive 39-y flowering phenology dataset from
the Colorado Rocky Mountains that contains more than 2 million
flower counts, we reveal a diversity of species-level phenological
shifts that bring into question the accuracy of previous estimates
of long-term phenological change. For 60 species, we show that
first, peak, and last flowering rarely shift uniformly and instead
usually shift independently of one another, resulting in a diversity
of phenological changes through time. Shifts in the timing of first
flowering on average overestimate the magnitude of shifts in the
timing of peak flowering, fail to predict shifts in the timing of last
flowering, and underrepresent the number of species changing
phenology in this plant community. Ultimately, this diversity of
species-level phenological shifts contributes to altered coflower-
ing patterns within the community, a redistribution of floral abun-
dance across the season, and an expansion of the flowering
season by more than | mo during the course of our study period.
These results demonstrate the substantial reshaping of ecological
communities that can be attributed to shifts in phenology.

growing season | no-analogue community | phenological mismatch |
phenology curve | species interactions

pnenology, the timing of biological events, is intimately tied to
the reproduction and survival of organisms (1). Phenological
events generally are occurring earlier in temperate environments
in accordance with climate change, although several recent
studies have emphasized species-specificity in the direction and
magnitude of change (2E5). The great majority of these long-
term datasets contain a single measure of phenology for in-
dividual species, most often the first day on which a biological
event is observed (i.e., Gphenological firstsOsuch as first flow-
ering) (Fig. 14). In addition to phenological firsts, basic com-
ponents of an entire phenological response include the timing of
the ending of a biological event and details of intermediate
stages, such as the timing and magnitude of peak abundance or
activity (Fig. 14). Given that phenological firsts represent the
early tail of a population-level response, most assessments of
phenological change to date may provide an incomplete view of
the magnitude of change, the number of responsive species, and
how species-level shifts contribute to change at higher levels of
biological organization.

We have amassed a unique long-term record of flowering
phenology that allows us to investigate complete phenological
responses for a plant community. Over a 39-y period (1974
2012), we have sampled a montane site (2,900 m elevation) in
Colorado, USA, counting the total number of flowers of 121
plant species across a series of permanent plots approximately
every other day throughout the entire growing season [a map of
the 30 permanent 2 X 2 m plots and description of the study
site are published elsewhere (6, 7)]. Because flowering phe-
nology is shaped by the abiotic environment as well as biotic

491604921 | PNAS | April 1,2014 | vol. 111 | no. 13

interactionsN plantEplant competition, attraction of mutualists,
and avoidance of antagonistsN changes in flowering phenology
have broad implications for ecological interactions and their
evolutionary consequences, including those among plants and
with higher trophic levels (8). Here we report on 60 common
plant species representative of the meadow communities at our
site [mostly perennial herbs, excluding less-common species for
which data are insufficient (9, 10)]. This portion of the phenology
census yields more than 2 million flower counts from which we
can assess (i) multiple aspects of changes in flowering phenology
for individual species, (ii) how accurately shifts in first flowering
predict shifts in peak and last flowering, and (iii) how species-
specific shifts in first, peak, and last flowering, as well as changes
in floral abundance, contribute to altered patterns of interaction
potential among species and changes in community-level distri-
bution of flowers across the season.

Results and Discussion

Here we focus on changes in flowering phenology that have
occurred over our 39-y record, a timeframe during which sum-
mer air temperatures increased by 0.4 + 0.1 °C per decade
(JunePAugust mean air temperature: R> = 0.32, P = 0.0002) and
the date of spring snowmelt advanced by 3.5 + 2.0 d per decade
(R?*=10.07, P = 0.10) (10). Both temperature and the timing of
snowmelt are strongly associated with shifts in flowering
phenology in this study system (6, 7, 11P13), independently

Significance

Seasonal timing of biological events, phenology, is one of the
strongest bioindicators of climate change. Our general un-
derstanding of phenological responses to climate change is
based almost solely on the first day on which an event is ob-
served, limiting our understanding of how ecological commu-
nities may be responding as a whole. Using a unique long-term
record of flowering phenology from Colorado, we find that the
number of species changing their flowering times likely has
been underestimated and the magnitude of phenological
change overestimated. In addition to earlier first flowering, we
document a diverse assortment of other changes, such as
delayed last flowering, as temperatures warm. This variety of
species-level phenological shifts has ultimately reshaped vari-
ous temporal components of the plant community.
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Fig. 1. Conceptual representation of shifts in multiple phenological mea-
sures for individual species through time. (A) Multiple measures of flowering
phenology available for 60 species from a 39-y study of a plant community in
the Colorado Rocky Mountains, USA. (B) If shifts in first flowering change at
a rate similar to changes in other measures of phenology, then the distri-
bution shifts forward uniformly through time. (C and D) In contrast, shifts in
first flowering may be unrepresentative of both the direction and magni-
tude of changes in peak and last flowering (C), and peak and last flowering
may shift while first flowering remains unchanged (D). Arrows indicate
a shift in phenology. For simplicity of conceptual illustration, initial speciesO
distributions are represented as a Gaussian curve, and the area under the
curve is held constant.

explaining on average 66% and 68% of the interannual variation
in flowering phenology, respectively (10).

We find striking diversity in the phenological shifts of in-
dividual plant species through time. First flowering on average
advanced by 3.3 + 0.24 d per decade, peak flowering by 2.5 +
0.20 d per decade, and last flowering by 1.5 + 0.42 d per de-
cade; significant shifts were observed in 50%, 38%, and 30% of
species’ first, peak, and last flowering, respectively, and some
form of change occurred in 68% of species (41/60). Thus,
basing assessments of phenological change on a single measure
of phenology underestimated the number of responsive spe-
cies by 18-38%, depending on the measure (first, peak, or last

CaraDonna et al.

flowering) used. Many species exhibit inconsistent shifts in first,
peak, and last flowering (Fig. 2), resulting in changes in flowering
duration for 27% of species (Table S1). Of all of the species
exhibiting a significant change in flowering, only 17% (7/41)
shifted all aspects of their phenology uniformly forward through
time, as indicated by significant temporal advancements in
first, peak, and last flowering (Figs. 1B and 2). In contrast,
56% (23/41) of these species showed earlier first flowering in
combination with disparate changes in peak and last flowering
(Figs. 1C and 2). Finally, 27% (11/41) exhibited significant
changes in peak or last flowering with no significant change in
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Fig. 2. Shifts in flowering phenology over 39 y (1974E2012). Each symbol
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ering throughout the growing season.
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first flowering (Figs. 1D and 2), indicating that classifications
of species as responsive or nonresponsive based on pheno-
logical firsts can be inaccurate. Intraspecific variation in
phenological sensitivity to changing abiotic conditions likely
accounts for these independent shifts in first, peak, and last
flowering at the population level. For example, the pop-
ulation-level pattern in Fig. 1C (Top) could result from the
earliest-flowering individuals advancing their flowering at a
faster rate than later-flowering individuals; alternatively, this
pattern could result from several individuals advancing only
their onset of flowering while maintaining open flowers for a
longer timeframe. Although very little is known about in-
traspecific variation in phenological shifts, interspecific varia-
tion has emerged as a general pattern across the globe (2-5).
Our results demonstrate a more nuanced type of species speci-
ficity than has been shown before. Observing this diversity of
population-level responses dispels the overly simplistic notion
that species’ composite phenologies are advancing, delaying, or
not changing through time (Fig. 1).

The probability of detecting phenological shifts in long-term
data can be affected by changes in abundance (14). Indeed, one
benefit of collecting abundance-based phenological data is the
ability to examine evidence for biases in estimates of phenolog-
ical shifts. For example, if a species’ floral abundance is in-
creasing through time, its flowers are more likely to be observed
both earlier and later in the season simply because there are
more flowers to observe. Thus, apparent advances in first flow-
ering and delays in last flowering potentially could reflect in-
creased floral abundance instead of an actual phenological shift;
the opposite would be expected with decreasing floral abun-
dance. One third (20/60) of the species in our study exhibited
significant changes in peak floral abundance over the timeframe
of our study (Table S1). However, in only six cases (first flow-
ering in two species and last flowering in four species) did we
detect evidence that advanced phenology could be an artifact of
changes in peak floral abundance (Table S2). The great majority
of species showing a significant shift in flowering phenology did
so independently of a change in peak floral abundance.

A paucity of long-term abundance-based phenological data-
sets has led to the implicit or explicit assumption that a single
phenological measure represents an entire population-level
phenological response (Fig. 1B) (13-15), but our results do not
support this assumption. In this plant community, for every day
that species-level first flowering advanced, the timing of peak
flowering advanced by only 0.55 + 0.09 d (R* = 0.42, F;_ 55 =
41.8, P < 0.0001). Furthermore, shifts in species-level first
flowering failed to predict shifts in last flowering (R* = 0.05,
Fi, ss = 3.20, P = 0.079, slope = 0.40 + 0.22 d). The ability of
changes in first flowering to predict changes in peak and last
flowering is nearly identical when phenological sensitivities to
temperature or snowmelt are used in place of change through
time (Table S3). Our results for 60 plant species, combined with
information on first vs. mean arrival dates of three migratory bird
species (16), are suggestive of a general pattern in which phe-
nological firsts change at a faster rate than other measures of the
same phenological event. Although additional abundance-based
phenological studies will lend insight into the generality of our
results, we can make recommendations for refining models of
phenological change. Current predictive models based on phe-
nological firsts are likely to exaggerate the magnitude of pheno-
logical change; to account for this potential source of bias, models
should allow for a dampening of the response of the timing of
peak abundance relative to phenological firsts. When modeling
the end of life history events, variability in both the direction and
magnitude of shifts in phenology should be incorporated.

Species-specific phenological shifts are widely hypothesized to
affect patterns of temporal overlap among species, but the extent
of such changes for entire communities has remained elusive
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(17-19). We contend that the consequences of species-specific
phenological change for interactions within trophic levels are
generally underappreciated, especially in light of widespread
concern about trophic mismatch (20-22). Interactions within
trophic levels are important because they can affect community
structure and stability (23-25) as well as regulate the response
of ecological communities to climate change (26). In this study,
23.2% (725/3,119) of species’ pairwise coflowering interactions
changed significantly over the 39-y record (of 3,540 possible
pairwise coflowering interactions, 3,119 were realized) (Fig. 3).
A total of 10.5% (329) of all plant species pairs increased in
coflowering, and 12.7% (396) decreased (Fig. 3). A change in
coflowering represents altered interaction potential (27), which
can affect various ecological processes (19). Increased coflowering
between plant species can exacerbate direct interspecific compe-
tition for abiotic resources (28) and can affect plant reproductive
success indirectly via competition for or facilitation of pollination
(29, 30). Because of its effect on plant reproduction, competition
for pollination is thought to promote selection for sequential
flowering (29, 31-33). Therefore it is probable that the changes in
coflowering patterns shown here differ from those that have been
shaped over longer timescales by natural selection.

Although climate-induced changes in community composition
have been attributed mainly to species loss and colonization
in association with shifting geographic ranges (34, 35), these
coflowering shifts provide an example of an altered composition
in the temporal community in the absence of species’ extinction
or colonization. No-analog communities are defined as those
with no contemporary analog, formed through the dissolution of
contemporary species assemblages and the formation of new
ones via species-specific range shifts (36, 37). Our results present
a similar scenario over modern climate-change time scales in the
temporal rather than the spatial dimension. Parallel to the way
that species-specific range shifts can lead to novel patterns of
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Fig. 3. Community-level change in interaction potential over 39 y. Each cell
represents the proportional change in interaction potential, or coflowering
overlap, between species pairs over the 39-y study period (1974 -2012).
Coflowering was calculated annually as the total number of flowers of every
species pair that overlap in time, divided by the total number of flowers of

the focal species (see main text for an example). To represent change in
coflowering visually for all species, we multiplied each rate of change by

39 y; thus, a proportional change of 0.25 indicates a 25% increase in overlap

of a focal species with an interacting species over the course of our study
period. Proportional changes in overlap values are binned (e.g., 0.25 =0.01-
0.25). Colored cells indicate significant changes in interaction potential
through time ( P < 0.05), gray cells indicate no change, and white cells in-
dicate cases in which species pairs did not coflower in any years of the study.
Species are ordered by mean first flowering date (as in Fig. 2).
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spatial co-occurrence, species-specific phenological shifts can
lead to novel patterns of temporal co-occurrence (Fig. 3).

Our abundance-based phenology record also allows us to
describe change in aggregate community-level phenology (i.e.,
a seasonal flowering curve for the entire community; Fig. 44).
Aggregate community-level responses are associated with the
timing of snowmelt and air temperature, in directions consistent
with climate change (Table S4). First flowering at the community
level has advanced by 25.0 d over the course of this 39-y study at
a rate of 6.4 = 2.1 d per decade (R2 =023, F13 =913, P =
0.005) (Fig. 4B). The timing of the spring peak in floral abun-
dance has advanced by 20.7 d, at a rate of 5.3 + 1.7 d per decade,
whereas the number of flowers composing this peak has re-
mained constant (R* = 0.26, Fy 9 = 10.11, P = 0.0035 and R* =
0.02, Fy 29 = 0.70, P = 0.41, respectively) (Fig. 4B). Similarly, the
timing of summer peak floral abundance has advanced by
12.9d, at a rate of 3.3 = 1.6 d per decade, with no change in the
number of flowers composing this peak (R* = 0.12, F 3; = 4.3,
P = 0.047 and R? = 0.03, Fi31 = 0.81, P = 0.38, respectively)
(Fig. 4B). In contrast, the date of community-level last flow-
ering has delayed by 12.1 d at a rate of 3.1 £ 1.3 d per decade
(R* = 0.13, Fy 35 = 5.37, P = 0.026) (Fig. 4B). The length of the
flowering season has expanded by 34.7 d, at a rate of 8.9 = 1.9 d
per decade (R* = 0.42, Fy 3, = 22.72, P < 0.0001) (Fig. 4C), but
total floral abundance across the season has remained constant
(R2 < 0.001, Fy3 = 0.003, P = 0.96), indicating that the same
number of flowers is spread across a longer growing season.

Species-level changes underlie the month-long expansion of
the flowering season. Earlier-flowering species advanced their
first and peak flowering more rapidly than later-flowering
species, a trend not exhibited in last flowering (first: R* = 0.25,

3000

1974 - 1983
® 2003 -2012

2OPO

Mean number of flowers 3>
10|00

0

B B T T T T T
100 125 150 175 200 225 250 275
Day of year

9
O

160

140

120

Day of year
100 150 200 250 300
Season length (days)

100
°
°

1980 1990 2000 2010 1980 1990 2000 2010
Year Year

Fig. 4. Aggregate community-level shifts in flowering phenology. (  A)
Comparison of the season-wide flowering curves for the first and last 10 y of
the dataset; 10-y means were used to visualize the amount of change that
has occurred in the community flowering curve. Each dot is the 10-y mean
number of flowers; error bars are +1 SEM. B) Phenological shifts through
time for first flowering of the community (cyan), last flowering for the
community (dark blue), and timing of community-level spring peak (orange)
and summer peak (green); each dot represents a community-level pheno-
logical measure in 1 y. (C) Change in the length of the flowering season;
each dot represents the total number of days on which open flowers were
present in each year.
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Fly 58 = 1942, P< 00001, peak: R2 = 017, Fl, 58 = 1197, P=
0.001; last: R* = 0.019, Fy, 53 = 1.16, P = 0.29). Although the
advancing onset of spring plays a clear role in the expansion of
growing seasons in plant communities, the role of end-of-sea-
son events is less clear: hypothetically, the end of the season
could advance at a slower rate than onset, could not change, or
could be delayed (38). In our study, end-of-season flowering is
delayed. The two species largely responsible for this delay of
end-of-season flowering show significant delays in last flower-
ing with either an advance or no change in first flowering (Figs.
1 C and D and 2), again highlighting how phenological firsts can
misrepresent overall phenological change. The flowering
season is brief in this subalpine plant community (9), so
a month-long expansion represents an approximately 30%
increase. Redistribution of flowers across this expanded
flowering season likely has repercussions for community
structure, interactions within and among trophic levels, and
ecosystem function (Figs. 3 and 4) (39B41).

Here we show that the classification of species-specific phe-
nological responses to climate change as advancing, delaying, or
not changing is an oversimplification when such assessments are
based solely on phenological firsts (Figs. 1 and 2). Assuming that
phenological firsts represent overall phenological change can
lead to inaccurate assessments of the magnitude of change and
the number of responsive species within an ecological community,
with implications for forecasting phenological shifts under future
climate scenarios. We demonstrate that first, peak, and last flow-
ering rarely shift uniformly but instead tend to shift independently
of one another, resulting in a wide range of phenological changes
through time in individual species. This diversity of species-level
shifts in phenology ultimately leads to altered patterns of coflow-
ering (Fig. 3), expansion of the flowering season, and community-
level redistribution of floral abundance (Fig. 4). Our results high-
light both the importance of considering phenology more broadly
than first observations and the substantial reshaping of ecological
communities that can be attributed to climate-induced shifts
in phenology.

Methods

Study Site and Dataset. This study was conducted at the Rocky Mountain
Biological Laboratory (RMBL) in the Colorado Rocky Mountains, USA (38i57.5 '
N, 106j59.3’'W, 2,900 m above sea level). For each of the 121 flowering plant
species that occur in our thirty 2 x 2 m plots, either the number of flowers
per stalk or the number of flowering inflorescences (for species with many
small flowers) were counted every other day throughout the growing sea-
son from 1974 £2012. Copies of the flowering phenology dataset and met-
adata are archived at www.rmbl.org and in the Digital Repository at the
University of Maryland ( http://drum.lib.umd.edu/ ). We limited the analysis to
species that were present in at least half of the years of the dataset (19 y),
leaving a total of 60 species that represent the meadow plant communities

in and around the RMBL (see ref. 10 for more information about plant
species). There was no census in 1978 and 1990. Thus, there was a maximum
of n = 37 y for each species, and a minimum of n = 19 y because not all
species flower in every year. Five of the 30 plots were added in later years:
two in 1985 and three in 1998. The addition of five plots should not alter
estimates of phenological change, because the magnitude of phenological
change generally is not affected by changes in peak floral abundance ( Table
S2. Furthermore, we find no relationship between changes in peak floral
abundance and shifts in the timing of peak flowering for the 60 species
studied here (r = 0.038, n = 60 species). These five plots were excluded from
analyses that used floral abundance: species-level change in peak floral
abundance, coflowering patterns, and aggregate community-level respon-
ses. Records for the annual timing of snowmelt come from a permanent 5 X
5 m snow plot at the RMBL in which the first day of bare ground is recorded

as the date of snowmelt. Mean temperatures used in analyses are the av-
erage of the daily minimum and maximum temperatures at the Crested
Butte National Oceanic and Atmosphere Administration weather station
(ca. 9 km south of the RMBL).

Species-Level Analyses. For each species, the number of flowers was summed
across all 30 plots on each census day to create one annual flowering
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distribution per species. First flowering was the first day on which a flower for
that species was observed, and last flowering was the last day on which
a flower was observed, taken from the across-plot sum. Peak flowering for
individual species was the day on which 50% of the flowers were counted
(following refs. 9 and 10). Peak floral abundance was the maximum number
of flowers counted annually in one census. Years in which the census started
late (1976, 1982, 1985, 1992, and 1994) were excluded from analysis when
the response variable of interest was affected (first flowering and occa-
sionally peak flowering for the earliest-flowering species). Linear regression
was used to analyze change through time, with phenology or peak floral
abundance as a response and year as a continuous predictor. We tested for
temporal autocorrelation in the time series of species showing significant
phenological change through time, using the Ljung-Box test with a lag time
of 1 y. We found evidence of significant temporal autocorrelation in only
three cases (Table S5). We reanalyzed these three cases with an autore-
gressive linear model, which allows the error structure to be correlated. The
rates of change in these models were very similar to the rates of change in
our simple linear regression analysis, and change through time was still
significant in all three cases (Table S6). We therefore conclude that temporal
autocorrelation in this dataset does not bias our results.

To determine whether phenological shifts could have been an artifact of
changes in peak floral abundance (14), we ran correlation analyses for
species showing significant shifts in both phenology and peak floral abun-
dance (defined as the maximum number of flowers counted annually in
a census for individual species). We looked for increasing peak floral abun-
dance in correlation with earlier first flowering and later last flowering; we
also looked for decreasing peak floral abundance in correlation with later
first flowering and earlier last flowering. These relationships indicate the
possibility of detecting what appears to be a phenological shift that actually
is caused by a change in flower abundance (14). We assume that changes in
peak floral abundance are indicative of changes in floral abundance because
we do not track individual flowers through time. There is no mathematical
reason to expect a change in peak abundance to alter the probability of
detecting for shifts in the timing of peak flowering.

A thorough analysis of associations of temperature and snowmelt with
first, peak, and last flowering has been presented elsewhere; interannual
variation in temperature and the timing of snowmelt independently account
for a significant amount of variation in first, peak, and last flowering in 93—
98% of the species in this study, depending on the flowering response (10).
To ensure that our conclusions about phenological predictions based on
change through time are not affected by using sensitivities to climate vari-
ables in place of year, we used linear regression to assess how well sensitivity
of first flowering to climate predicts sensitivity of peak and last flowering to
climate (Table S3).

Interaction Potential. For each year, coflowering was calculated as the number
of flowers of every pair of species that overlap in time, weighted by the total
number of flowers of the focal species. For each pair of species, the minimum
number of open flowers of the two species was summed on each census day,
representing the total number of flowers for the two species that were open
at the same time. We then weighted this minimum value by the total number
of flowers for each species in each year, so that coflowering values represent
overlap relative to each species’ annual floral abundance. For example, the
total number of Claytonia lanceolata and Mertensia fusiformis flowers that
overlapped through time in 2012 was 633. A total of 3,909 C. lanceolata
flowers were counted across all plots in this season, compared with 1,287
flowers of M. fusiformis. C. lanceolata’s flowering overlap score with

. Forrest J, Miller-Rushing AJ (2010) Toward a synthetic understanding of the role of
phenology in ecology and evolution. Philos Trans R Soc Lond B Biol Sci 365(1555):
3101-3112.

. Parmesan C (2007) Influences of species, latitudes and methodologies on estimates of
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change. Proc Natl Acad Sci USA 110(33):13434-13439.

. Fitter AH, Fitter RS (2002) Rapid changes in flowering time in British plants. Science
296(5573):1689-1691.

. Inouye DW (2008) Effects of climate change on phenology, frost damage, and floral
abundance of montane wildflowers. Ecology 89(2):353-362.
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M. fusiformis was 633/3,909 (0.162), and M. fusiformis’ overlap with
C. lanceolata was 633/1,287 (0.492). These calculations resulted in 3,540
potential overlap scores for each year (a matrix of 60 species by 60
species, minus the diagonal of same-species interactions). Linear re-
gression was run for each pair of species to examine the amount of
change in coflowering overlap through time. We conducted a permuta-
tion test of 5,000 runs to obtain P values for each regression. Because we
already have shown that species-specific phenological shifts are strongly
associated with climate (10), we did not analyze the response of coflow-
ering to climate.

Aggregate Community-Level Phenology. Floral abundance was summed across
all species and plots on each census day for each year to create an annual
community-level phenology curve. Linear regression was used to assess
changes in community phenology (first day of flowering, day of spring peak
flowering, day of summer peak flowering, last day of flowering, and flow-
ering duration) and community-level floral abundance (spring and summer
maximum number of flowers, total number of flowers counted, and average
number of flowers counted per census) through time. The onset of the
flowering period was missed in 12 y because the census started after flow-
ering had already begun in some of the earliest-flowering plots. In five of
these years (1974, 1976-77, 1992, and 1994), peak abundance of the first
species to flower and an important component of spring peak flowering,
C. lanceolata was missed also. These 5 y were excluded from analysis of
flowering season length, timing and abundance of spring peak, and start of
the flowering season (similar to species-level analyses). For the remaining 7 y
(1979, 1982-1983, 1985-1986, 1991, and 1993), we estimated the start of the
flowering season based on the slope of a line of flower accumulation from
years with known start dates and similar floral abundance. We applied the
same procedure to estimate the end of the flowering season for 5y in which
the end of the flowering season was missed (1976-1977, 1984, and 1992-
1993). We used ANCOVAs to verify that these estimations did not bias our
results by comparing the slopes of regressions using estimated vs. missing
values (Table S7).

Two community-level peaks in floral abundance were clearly evident in
almost every year, with the exception of 4 y that were excluded from analysis
(1985, 1987, 1994, and 2012) (Fig. 4A) (7). Additionally, in 5y (1989, 1991-92,
2002, and 2007) there was some evidence of a third peak in floral abundance
between the spring and summer peaks. We determined the summer peak in
these years based on the species that typically compose the summer peak of
floral abundance. There was virtually no turnover in species present in the
first and last 10 y of the dataset (Fig. 4A), although Pedicularis bracteosa was
absent in the last 10 y of the dataset. Because this species is relatively rare in
this community, we do not expect its absence to affect the community-level
patterns shown in Fig. 4A.
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Table S1. Phenological shifts of 60 subalpine plant species in the Colorado Rocky Mountains,
USA (1974-2012). Shifts are reported as the slope values from simple linear regressions of flowering
time vs. year (days/yr + 1 SE); changes in peak floral abundance are shown as percent change over the
39-yr dataset. Species are listed in order of mean first flowering date, with significant changes in bold.
Years in which no flowers were observed for a species were included as zeros in the analysis of floral
abundance. However, for three species that are difficult to see in the field, we discarded records of years
with zero flowers for analysis (Androsace septentrionalis, Collomia linearis, and Descurainia richardsonii).
Transformation was required to improve normality of residuals for most species’ floral abundance through
time; in these cases we added one and then applied a natural log transformation. To report a consistent
measure of change in floral abundance, these results are presented as percent change. Outliers were
removed to normalize the residuals of floral abundance (15 species) and duration of flowering (10
species). We present results with the outliers removed because this slope should be more representative
of long-term change. For only three species did floral abundance results change from significance to
marginal significance or vice versa. The trend for Draba aurea changed from a significant to a marginally
significant increase in peak floral abundance, and Erysimum asperum and Vicia americana changed from
a marginally significant to a significant increase in peak abundance through time. Removal of outliers did
not affect the results of changes in duration of flowering through time.

*Response Species Shift R P-value 'n
first Claytonia lanceolata -0.68 +0.22 0.23 0.0053 32
first Mertensia fusiformis -0.54 £0.19 0.21 0.0077 32
first Erythronium grandiflorum -0.45 +0.16 0.21 0.0065 34
first Noccaea montana -0.42 £0.19 0.14 0.034 32
first Androsace septentrionalis -0.57 £0.22 0.18 0.0144 32
first Mahonia repens -0.56 +0.22 0.19 0.015 31
first Taraxacum officinale -0.46 +0.20 0.14 0.029 33
first Viola praemorsa -0.48 +0.17 0.19 0.0096 34
first Ranunculus inamoenus -0.48 +0.18 0.19 0.011 33
first Hydrophyllum capitatum -0.49 £0.15 0.25 0.0027 34
first Lomatium dissectum -0.61 +£0.23 0.23 0.014 25
first Delphinium nuttallianum -0.42 +0.15 0.2 0.0078 35
first Valeriana capitata -0.54 +0.17 0.25 0.0034 33
first Boechera stricta -0.47 +0.18 0.18 0.018 35
first Draba aurea -0.38 £0.17 0.13 0.032 35
first Pseudocymopterus montanus -0.17 £0.17 0.036 0.31 30
first Amelanchier pumila -0.31+£0.14 0.12 0.038 37
first Fragaria virginiana -0.32+0.14 0.13 0.032 37
first Lathyrus leucanthus -0.42 +£0.16 0.17 0.011 37
first Senecio integerrimus -0.26 £0.15 0.087 0.085 35
first Valeriana edulis -0.53 +0.16 0.25 0.0018 37
first Eriogonum umbellatum -0.29 £0.15 0.088 0.074 37
first Dodecatheon pulchellum -0.33+£0.14 0.14 0.023 37
first Sedum rosea -0.11+£0.14 0.024 0.45 26
first Cardamine cordifolia -0.83 £0.12 0.6 < 0.0001 34
first Mertensia ciliata 0.041 +£0.12 0.0033 0.73 37
first Pedicularis bracteosa -0.15+£0.20 0.028 0.46 22
first Maianthemum stellatum -0.3+0.13 0.16 0.027 30
first Erysimum capitatum -0.2+0.21 0.031 0.35 30
first Hydrophyllum fendleri -0.13+0.18 0.017 0.48 31
first Potentilla pulcherrima -0.24 £0.14 0.072 0.11 37



first Lupinus sp. -0.2+0.12 0.076 0.099 37
first Potentilla hippiana -0.12+0.16 0.02 0.47 29
first Vicia americana -0.21 £0.15 0.057 0.15 37
first Eriogonum subalpinum -0.27 £0.16 0.079 0.091 37
first Ligusticum porteri -0.35+0.16 0.16 0.035 28
first Erigeron flagellaris -0.21 £0.21 0.043 0.33 24
first Geranium richardsonii -0.16 £0.12 0.051 0.18 36
first Arenaria congesta -0.49 £0.30 0.088 0.12 29
first Linum lewisii -0.43 +0.16 0.18 0.0098 37
first Castilleja sulphurea -0.12+0.17 0.016 0.48 33
first Delphinium barbeyi -0.16 £0.16 0.03 0.31 36
first Dugaldia hoopesii -0.29 £0.15 0.1 0.056 36
first Anticlea elegans -0.21 £0.13 0.076 0.1 36
first Collomia linearis -0.23 £0.16 0.065 0.15 33
first Heracleum maximum -0.47 £0.20 0.19 0.025 26
first Amerosedum lanceolatum -0.25+0.14 0.094 0.078 35
first Heterotheca villosa -0.36 £0.13 0.17 0.011 37
first Descurainia richardsonii -0.69 +0.31 0.2 0.036 22
first Erigeron speciosus -0.39 +0.14 0.19 0.0085 36
first Aconitum columbianum -0.061 +£0.14 0.0057 0.66 35
first Helianthella quinquenervis -0.22 £0.13 0.093 0.095 31
first Galium boreale -0.29 £0.17 0.076 0.098 37
first Achillea millefolium 0.024 +0.14 0.0009 0.87 32
first Pyrrocoma crocea -0.36 +0.12 0.25 0.0041 31
first Oreochrysum parryi -0.51 +0.14 0.3 0.0007 35
first Campanula rotundifolia -0.046 +0.19 0.0019 0.81 35
first Ligularia bigelovii -0.17 £0.11 0.077 0.11 34
first Heliomeris multiflora -0.052 +0.20 0.0022 0.8 32
first Gentiana parryi -0.26 £0.19 0.055 0.19 33
peak Claytonia lanceolata -0.49 +0.17 0.21 0.0086 32
peak Mertensia fusiformis -0.41 +£0.15 0.18 0.0097 37
peak Erythronium grandiflorum -0.34 £0.15 0.14 0.029 34
peak Noccaea montana -0.3+£0.17 0.084 0.091 35
peak Androsace septentrionalis -0.26 £0.20 0.05 0.2 35
peak Mahonia repens -0.49 +0.16 0.22 0.0054 33
peak Taraxacum officinale -0.3+0.15 0.11 0.053 35
peak Viola praemorsa -0.29 £0.15 0.096 0.062 37
peak Ranunculus inamoenus -0.35+0.16 0.12 0.036 37
peak Hydrophyllum capitatum -0.4£0.15 0.16 0.015 36
peak Lomatium dissectum -0.42 £0.18 0.17 0.031 27
peak Delphinium nuttallianum -0.32+0.14 0.14 0.022 37
peak Valeriana capitata -0.26 £0.15 0.079 0.091 37
peak Boechera stricta -0.47 £0.17 0.17 0.01 37
peak Draba aurea -0.22 £0.15 0.061 0.14 37
peak Pseudocymopterus montanus -0.006 +0.11 0 0.96 30
peak Amelanchier pumila -0.33+£0.13 0.15 0.017 37
peak Fragaria virginiana -0.22+£0.14 0.062 0.14 37
peak Lathyrus leucanthus -0.21 +£0.18 0.035 0.27 37
peak Senecio integerrimus -0.24 £0.15 0.077 0.11 35
peak Valeriana edulis -0.37 +0.18 0.1 0.051 37



peak Eriogonum umbellatum -0.3+0.16 0.097 0.061 37
peak Dodecatheon pulchellum -0.34 £0.13 0.17 0.012 37
peak Sedum rosea -0.22 +0.13 0.11 0.11 25
peak Cardamine cordifolia -0.76 £0.12 0.56 < 0.0001 34
peak Mertensia ciliata -0.16 £0.12 0.046 0.21 35
peak Pedicularis bracteosa -0.28 £0.16 0.14 0.09 21
peak Maianthemum stellatum -0.23 +£0.13 0.1 0.096 28
peak Erysimum capitatum -0.074 +£0.20 0.0047 0.72 30
peak Hydrophyllum fendleri -0.095 +0.18 0.011 0.6 28
peak Potentilla pulcherrima -0.30 £0.15 0.11 0.05 37
peak Lupinus sp. -0.02 £0.15 0.0006 0.89 35
peak Potentilla hippiana -0.15+£0.20 0.021 0.46 29
peak Vicia americana -0.18 £0.13 0.056 0.16 37
peak Eriogonum subalpinum -0.25+0.18 0.054 0.17 37
peak Ligusticum porteri -0.29 £0.17 0.096 0.11 28
peak Erigeron flagellaris -0.40 £ 0.38 0.044 0.31 25
peak Geranium richardsonii -0.23 £0.12 0.1 0.053 37
peak Arenaria congesta -0.41 £0.19 0.15 0.045 28
peak Linum lewisii -0.22 £0.17 0.047 0.2 37
peak Castilleja sulphurea -0.10 £ 0.14 0.017 0.47 32
peak Delphinium barbeyi -0.11+£0.16 0.015 0.48 35
peak Dugaldia hoopesii -0.25+£0.13 0.1 0.055 36
peak Anticlea elegans -0.28 £0.12 0.15 0.021 36
peak Collomia linearis 0.10 £0.19 0.009 0.6 32
peak Heracleum maximum -0.37 £ 0.14 0.22 0.016 26
peak Amerosedum lanceolatum -0.32 +0.14 0.13 0.035 34
peak Heterotheca villosa -0.05 £0.15 0.0038 0.72 37
peak Descurainia richardsonii 0.018 +0.35 0.0002 0.96 21
peak Erigeron speciosus -0.18 £0.16 0.037 0.26 36
peak Aconitum columbianum -0.078 +£0.13 0.01 0.55 36
peak Helianthella quinquenervis -0.14 £0.15 0.033 0.33 30
peak Galium boreale -0.39 +0.16 0.15 0.02 36
peak Achillea millefolium -0.028 +0.18 0.0009 0.87 32
peak Pyrrocoma crocea -0.33+£0.13 0.19 0.016 30
peak Oreochrysum parryi -0.47 £0.15 0.23 0.0038 34
peak Campanula rotundifolia -0.17 £0.15 0.038 0.26 35
peak Ligularia bigelovii -0.19 £0.12 0.074 0.12 33
peak Heliomeris multiflora 0.13+£0.15 0.025 0.4 31
peak Gentiana parryi -0.19 £0.23 0.028 0.42 26
last Claytonia lanceolata -0.39 £0.16 0.15 0.02 36
last Mertensia fusiformis -0.36 £0.17 0.11 0.046 37
last Erythronium grandiflorum -0.28 £0.14 0.11 0.047 36
last Noccaea montana -0.28 £0.19 0.065 0.14 34
last Androsace septentrionalis 0.23 +£0.48 0.0068 0.64 35
last Mahonia repens -0.23+£0.14 0.077 0.11 35
last Taraxacum officinale -0.28 £0.32 0.022 0.39 37
last Viola praemorsa -0.2+0.17 0.04 0.24 37
last Ranunculus inamoenus 0.29 +£0.30 0.025 0.35 37
last Hydrophyllum capitatum -0.34 £ 0.17 0.11 0.054 35
last Lomatium dissectum -0.36 £0.19 0.13 0.063 27



last Delphinium nuttallianum -0.32+£0.17 0.093 0.067 37
last Valeriana capitata -0.011 £0.17 0.012 0.53 34
last Boechera stricta 0.18 +0.36 0.0074 0.61 37
last Draba aurea -0.14 £0.18 0.018 0.44 36
last Pseudocymopterus montanus -0.18 £0.19 0.032 0.33 31
last Amelanchier pumila -0.66 +0.16 0.32 0.0025 37
last Fragaria virginiana 0.22 +0.20 0.035 0.27 37
last Lathyrus leucanthus -0.11 £0.20 0.0083 0.59 37
last Senecio integerrimus -0.36 +0.18 0.11 0.047 35
last Valeriana edulis -0.38 £0.22 0.079 0.92 37
last Eriogonum umbellatum -1.13+0.28 0.32 0.0003 37
last Dodecatheon pulchellum -0.33+£0.13 0.16 0.014 37
last Sedum rosea -0.33+0.14 0.19 0.027 26
last Cardamine cordifolia -0.55 +0.14 0.33 0.0042 34
last Mertensia ciliata -0.8£0.18 0.38 < 0.0001 37
last Pedicularis bracteosa -0.21 +£0.18 0.067 0.26 21
last Maianthemum stellatum -0.32 +0.13 0.18 0.019 30
last Erysimum capitatum 0.14+£0.20 0.017 0.49 30
last Hydrophyllum fendleri 0+0 0 0.97 31
last Potentilla pulcherrima -0.16 £0.19 0.021 0.39 37
last Lupinus sp. 0.23 +£0.21 0.033 0.28 37
last Potentilla hippiana 0.35+0.25 0.07 0.16 29
last Vicia americana -0.094 £ 0.22 0.0054 0.66 37
last Eriogonum subalpinum -0.3+0.21 0.055 0.16 37
last Ligusticum porteri -0.31 +£0.19 0.094 0.11 28
last Erigeron flagellaris 0.35+0.48 0.023 0.47 25
last Geranium richardsonii -0.19 £0.15 0.043 0.22 37
last Arenaria congesta 0.26 +0.43 0.014 0.55 29
last Linum lewisii 0.19 £0.21 0.022 0.38 37
last Castilleja sulphurea -0.14 £0.17 0.02 0.43 33
last Delphinium barbeyi -0.24 £0.20 0.042 0.23 36
last Dugaldia hoopesii -0.005 +0.17 0 0.98 36
last Anticlea elegans -0.37 £+ 0.14 0.18 0.0095 36
last Collomia linearis 0.13+0.27 0.008 0.62 33
last Heracleum maximum -0.31+£0.15 0.15 0.05 26
last Amerosedum lanceolatum -0.45+0.19 0.15 0.024 34
last Heterotheca villosa 0.43 £0.17 0.15 0.018 37
last Descurainia richardsonii -0.88 £ 0.45 0.16 0.067 22
last Erigeron speciosus -0.094 +0.20 0.068 0.63 36
last Aconitum columbianum -0.1 £0.15 0.013 0.51 36
last Helianthella quinquenervis 0.04 +£0.23 0.001 0.86 31
last Galium boreale -0.51 £0.21 0.14 0.022 37
last Achillea millefolium 0.55+0.22 0.17 0.02 32
last Pyrrocoma crocea -0.39 £0.19 0.12 0.05 33
last Oreochrysum parryi -0.33 £0.23 0.059 0.16 35
last Campanula rotundifolia 0.20 +£0.20 0.028 0.34 35
last Ligularia bigelovii -0.24 £0.17 0.06 0.16 34
last Heliomeris multiflora -0.049 £ 0.19 0.0021 0.8 32
last Gentiana parryi -0.021 £ 0.21 0.0004 0.92 31
duration Claytonia lanceolata 0.12 +0.09 0.057 0.2 31



duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration
duration

duration

Mertensia fusiformis
Erythronium grandiflorum
Noccaea montana
Androsace septentrionalis
Mahonia repens
Taraxacum officinale
Viola praemorsa
Ranunculus inamoenus
Hydrophyllum capitatum
Lomatium dissectum
Delphinium nuttallianum
Valeriana capitata
Boechera stricta

Draba aurea

Pseudocymopterus montanus

Amelanchier pumila
Fragaria virginiana
Lathyrus leucanthus
Senecio integerrimus
Valeriana edulis
Eriogonum umbellatum
Dodecatheon pulchellum
Sedum rosea
Cardamine cordifolia
Mertensia ciliata
Pedicularis bracteosa
Maianthemum stellatum
Erysimum capitatum
Hydrophyllum fendleri
Potentilla pulcherrima
Lupinus sp.

Potentilla hippiana

Vicia americana
Eriogonum subalpinum
Ligusticum porteri
Erigeron flagellaris
Geranium richardsonii
Arenaria congesta
Linum lewisii

Castilleja sulphurea
Delphinium barbeyi
Dugaldia hoopesii
Anticlea elegans
Collomia linearis
Heracleum maximum
Amerosedum lanceolatum
Heterotheca villosa
Descurainia richardsonii
Erigeron speciosus
Aconitum columbianum

Helianthella quinquenervis

-0.033 £ 0.09
0.13 £0.051
0.059 +0.10
0.48 +0.53
0.25+0.12
0.016 +0.33
0.19+£0.13
0.60 +0.31
0.22 +0.11
0.13 £0.11
0.078 +0.11
0.25 +0.093
0.77 £0.39
0.22 +0.15
-0.026 +0.17
-0.35 £0.11
0.54 £0.11
0.31 +£0.14
-0.097 +£0.13
0.14+£0.20
-0.84 £0.20
00
-0.22 £0.10
0.29 +£0.11
-0.85+0.18
0.34 +£0.15
-0.016 +£0.07
0.28 +0.19
0.18 £0.15
0.073 +0.12
0.43 +£0.16
0.47 £0.22
0.12+0.21
-0.025 +0.14
-0.014 £ 0.08
0.86 +0.45
0.10 £0.10
0.75+0.42
0.62 +0.20
-0.019 £ 0.21
-0.08 £0.16
0.28 +0.19
-0.16 £0.10
0.37 £0.32
0.16 £0.19
-0.24 £0.13
0.79+£0.17
-0.19 £ 0.48
0.10 £0.16
-0.041 £0.14
0.26 +0.16

0.005
0.19
0.01
0.03
0.13

0.063
0.11
0.11
0.064
0.015
0.2
0.1
0.066

0.24
0.42
0.12
0.017
0.014
0.34

0.17
0.18
0.41
0.21
0.0017
0.072
0.046
0.0099
0.17
0.14
0.0094
0.001

0.13
0.027
0.11
0.22

0.007
0.06
0.07

0.039

0.028
0.09
0.38

0.008
0.01

0.0027

0.086

0.7
0.014
0.57
0.38
0.046
0.96
0.15
0.059
0.061
0.22
0.49
0.011
0.059
0.14
0.88
0.0021
< 0.0001
0.036
0.46
0.48
0.0002
0.93
0.039
0.013
<0.0001
0.033
0.83
0.15
0.24
0.56
0.011
0.044
0.57
0.85
0.85
0.082
0.35
0.085
0.0034
0.94
0.63
0.15
0.12
0.27
0.42
0.081
< 0.0001
0.69
0.53
0.76
0.11

31
32
30
31
31
33
34
33
34
25
35
31
35
34
30
37
37
37
35
37
37
37
26
34
36
22
30
30
31
37
37
29
37
37
27
25
35
29
37
33
36
36
36
33
26
33
37
22
35
36
31



duration Galium boreale -0.21 +£0.18 0.041 0.23 37
duration Achillea millefolium 0.61+0.19 0.26 0.0034 31
duration Pyrrocoma crocea -0.013 £0.15 0.0003 0.93 31
duration Oreochrysum parryi 0.19+0.18 0.03 0.32 35
duration Campanula rotundifolia 0.24 +0.24 0.029 0.33 35
duration Ligularia bigelovii -0.067 +£0.15 0.0058 0.67 34
duration Heliomeris multiflora 0.10 £0.15 0.004 0.73 32
duration Gentiana parryi 0.24 +0.14 0.093 0.084 33
abundance Claytonia lanceolata 43.1 0.06 0.14 37
abundance Mertensia fusiformis -40.9 0.086 0.077 37
abundance Erythronium grandiflorum -34.0 0.045 0.21 37
abundance Noccaea montana -15.5 0.04 0.23 36
abundance Androsace septentrionalis -15.6 0.054 0.19 34
abundance Mahonia repens 12.4 0.02 0.42 35
abundance Taraxacum officinale 0.0 0 0.99 37
abundance Viola praemorsa -2.2 0 0.94 37
abundance Ranunculus inamoenus 29.7 0.24 0.0022 37
abundance Hydrophyllum capitatum -46.5 0.065 0.13 37
abundance Lomatium dissectum -213.4 0.22 0.0038 37
abundance Delphinium nuttallianum -39.0 0.036 0.26 37
abundance Valeriana capitata 11.7 0.037 0.25 37
abundance Boechera stricta -20.0 0.085 0.08 37
abundance Draba aurea 12.3 0.1 0.057 36
abundance Pseudocymopterus montanus 25.3 0.015 0.47 37
abundance Amelanchier pumila -57.1 0.43 <0.0001 37
abundance Fragaria virginiana 36.6 0.1 0.052 37
abundance Lathyrus leucanthus -19.2 0.082 0.086 37
abundance Senecio integerrimus 3.3 0.0009 0.86 36
abundance Valeriana edulis -2.6 0 0.88 34
abundance Eriogonum umbellatum -88.8 0.16 0.016 37
abundance Dodecatheon pulchellum 13.7 0.013 0.49 37
abundance Sedum rosea -104.2 0.14 0.021 37
abundance Cardamine cordifolia -13.7 0.007 0.61 37
abundance Mertensia ciliata -196.5 0.33 0.0002 37
abundance Pedicularis bracteosa -307.7 0.52 <0.0001 37
abundance Maianthemum stellatum -28.4 0.016 0.46 36
abundance Erysimum capitatum 61.5 0.14 0.026 36
abundance Hydrophyllum fendleri -52.0 0.039 0.24 37
abundance Potentilla pulcherrima 34.9 0.037 0.26 37
abundance Lupinus sp. -6.1 0.0026 0.76 37
abundance Potentilla hippiana 11141 0.31 0.0004 37
abundance Vicia americana 28.3 0.15 0.018 36
abundance Eriogonum subalpinum -14.7 0.034 0.27 37
abundance Ligusticum porteri 116.3 0.3 0.0005 37
abundance Erigeron flagellaris 67.0 0.11 0.042 37
abundance Geranium richardsonii -88.5 0.12 0.036 37
abundance Arenaria congesta 159.0 0.2 0.013 31
abundance Linum lewisii 168.1 0.33 0.0002 37
abundance Castilleja sulphurea -48.9 0.1 0.056 36
abundance Delphinium barbeyi -4.9 0.009 0.59 36



abundance
abundance
abundance
abundance
abundance
abundance
abundance
abundance
abundance
abundance
abundance
abundance
abundance
abundance
abundance
abundance
abundance

abundance

Dugaldia hoopesii
Anticlea elegans

Collomia linearis
Heracleum maximum
Amerosedum lanceolatum
Heterotheca villosa
Descurainia richardsonii
Erigeron speciosus
Aconitum columbianum
Helianthella quinquenervis
Galium boreale

Achillea millefolium
Pyrrocoma crocea
Oreochrysum parryi
Campanula rotundifolia
Ligularia bigelovii
Heliomeris multiflora

Gentiana parryi

11.7
-43.1
-45.4
122.5
229
-13.9
37.9
11.3
-32.9

26.1
-163.6
30.8
31.1
0.0
21.2
-7.3
10.2
-28.8

0.02
0.18
0.085
0.2
0.023
0.005
0.01
0.012
0.27
0.013
0.38
0.014
0.012
0.004
0.022
0.002
0.093
0.023

0.42
0.0084
0.1
0.0049
0.38
0.69
0.69
0.52
0.0011
0.5
<0.0001
0.48
0.53
0.72
0.38
0.8
0.066
0.37

35
37
33
37
37
37
18
36
36
37
37
37
37
37
37
37
37
37

* Response variables include first, peak, and last flowering date, duration of

flowering (last minus first day of flowering), and peak number of flowers.
" n = number of years.



Table S2. Effects of floral abundance on detecting phenological shifts. Shown are species
that exhibited significant shifts in phenology and significant changes in peak floral abundance
through time. A negative correlation between first flowering and peak abundance in species
flowering earlier suggests that earlier flowering is a result of increased floral abundance.
Conversely, a positive correlation between last flowering and peak abundance in species with
earlier last flowering suggests that earlier last flowering is a result of decreased floral abundance.
Significant correlations between flowering phenology and peak floral abundance that indicate an
effect of changes in floral abundance on detection probability of phenological shifts are
highlighted in bold (n = # years).

Flowering

response Species r P
first Heracleum maximum -0.44 0.02
first Ranunculus inamoenus -0.42 0.014
first Eriogonum umbellatum 0.48 0.0027
first Amelanchier pumila 0.24 0.16
first Ligusticum porteri 0.12 0.55
first Linum lewisii -0.28 0.09
first Lomatium dissectum 0.17 0.41
last Amelanchier pumila 0.53 0.0008
last Anticlea elegans 0.56 0.0003
last Eriogonum umbellatum 0.62 < 0.0001
last Mertensia ciliata 0.67 < 0.0001
last Galium boreale 0.31 0.07
last Heracleum maximum 0.07 0.73
last Sedum rosea 0.28 0.17




Table S3. The ability of sensitivity in first flowering to climate to predict the sensitivity of
peak and last flowering to climate. Climate is expressed as mean June-August air
temperature and timing of spring snowmelt. For example, for every day that first flowering
advances per 10C increase in air temperature, peak flowering advances by only 0.54+ 0.09 days
per increase in 0C.n = 60 species for all tests. Change in first flowering was a better predictor of
change in last flowering when sensitivities to snowmelt were used in place of temperature or year,
but note that the relationship between first and last is still quite variable, with a general trend of
firsts over-predicting other phenological responses.

Slope = SE R Fi ss P
Shift in peak in response to temperature 0.54 £ 0.09 0.39 36.8 <0.0001
Shift in peak in response to snowmelt 0.56 £ 0.08 0.46 49.1 <0.0001
Shift in last in response to temperature 0.40+0.18 0.08 5.0 0.029

Shift in last in response to snowmelt 0.42£0.13 0.14 9.6 0.0029




Table S4. Responses of aggregate community flowering phenology and abundance to
climate. Slopes are from simple (if one predictor) and multiple (if two predictors) linear
regression. Temperature is mean summer air temperature from June-August ("C), and snowmelt
is the first day of bare ground in a permanent snowmelt plot (day of year). It is widely supported
that temperatures in the months prior to flowering are good predictors of flowering phenology (5,
10), and in subalpine and alpine habitats, the timing of snowmelt is also strongly associated with
flowering phenology (11-14). The timing of snowmelt and spring temperatures are negatively
correlated (10), as are snowmelt and summer temperatures (June—August mean temperature; r =
- 0.41, P =0.014). However, air temperature after snowmelt occurs in May does not represent a
causal effect of temperature on the timing of snowmelt, which is also affected by the amount of
winter snowfall and dust deposition from storms in the Western USA. Therefore, for these
analyses we used mean summer air temperature from June-August and excluded air temperature
from analysis of spring events in light of strong support for snowmelt as a driver of spring
phenology from our other work (e.g., 9, 10).

Response Predictor R Slope = SE t df P
First flowering Snowmelt 0.79 0.89 +£0.083 116.5 1, 31 < 0.0001
Spring peak Snowmelt 0.86 0.74 £ 0.056 172.6 1,29 <0.0001
Summer peak 0.60 2,29 < 0.0001
Snowmelt 0.53 +0.095 5.61 < 0.0001
Temperature -2.45 +£1.77 -1.39 0.18
Last flowering 0.25 2,33 0.0090
Snowmelt 292 +1.93 1.52 0.14
Temperature 0.37 £0.11 3.30 0.0024
Flowering season 0.41 2,30 0.0004
Snowmelt -0.50 +0.16 -3.15 0.0037
Temperature 4.70 £ 2.71 1.74 0.093
# Flowers (Spring peak) Snowmelt 0.17 31.7+13.2 5.79 1,29 0.023
# Flowers (Summer 0.19 2,29 0.051
peak) Snowmelt 43.9+17.8 2.45 0.020
Temperature 42.9 +331.4 0.13 0.90
Total # flowers 0.16 2,30 0.079
Snowmelt 629 + 296 212 0.042
Temperature -278 + 5060 -0.06 0.96
Mean # Flowers per 0.36 2,30 0.0011
census Snowmelt 16.1 £4.7 3.41 0.0019

Temperature -61.6 £ 80.9 -0.76 0.45




Table S5. Tests for temporal autocorrelation in species showing a significant change in
flowering phenology. P-values correspond to the Ljung-Box test for autocorrelation in time
series with a lag time of one year. P-values less than 0.05 indicate significant temporal
autocorrelation and are shown in bold (only three cases).

Flowering

response Species P
first Amelanchier pumila 0.71
first Androsace septentrionalis 0.56
first Arabis drummondii 0.65
first Cardamine cordifolia 0.56
first Claytonia lanceolata 0.25
first Delphinium nuttallianum 0.27
first Descurainia richardsonii 0.46
first Dodecatheon pulchellum 0.60
first Draba aurea 0.68
first Erigeron speciosus 0.56
first Erythronium grandiflorum 0.70
first Fragaria virginiana 0.34
first Heracleum maximum 0.91
first Heterotheca villosa 0.31
first Hydrophyllum capitatum 0.64
first Lathyrus leucanthus 0.72
first Ligusticum porteri 0.21
first Linum lewisii 0.23
first Lomatium dissectum 0.74
first Mahonia repens 0.84
first Maianthemum stellatum 0.23
first Mertensia fusiformis 0.95
first Noccaea montana 0.78
first Oreochrysum parryi 0.27
first Pyrrocoma crocea 0.56
first Ranunculus inamoenus 0.16
first Taraxacum officinale 0.68
first Valeriana capitata 0.34
first Valeriana edulis 0.80
first Viola praemorsa 0.91
peak Amelanchier pumila 0.61
peak Amerosedum lanceolatum 0.52
peak Anticlea elegans 0.27
peak Arabis drummondii 0.08
peak Arenaria congesta 0.40
peak Cardamine cordifolia 0.61
peak Claytonia lanceolata 0.89

peak Delphinium nuttallianum 0.34



peak Dodecatheon pulchellum 0.32
peak Erythronium grandiflorum 0.84
peak Galium boreale 0.07
peak Geranium richardsonii 0.047
peak Heracleum maximum 0.11
peak Hydrophyllum capitatum 0.22
peak Lomatium dissectum 0.32
peak Mahonia repens 0.68
peak Mertensia fusiformis 0.31
peak Oreochrysum parryi 0.13
peak Potentilla pulcherrima 0.47
peak Pyrrocoma crocea 0.76
peak Ranunculus inamoenus 0.52
peak Taraxacum officinale 0.69
peak Valeriana edulis 0.99
last Achillea millefolium 0.22
last Amelanchier pumila 0.88
last Amerosedum lanceolatum 0.28
last Anticlea elegans 0.62
last Cardamine cordifolia 0.45
last Claytonia lanceolata 0.54
last Dodecatheon pulchellum 0.08
last Eriogonum umbellatum 0.12
last Erythronium grandiflorum 0.36
last Galium boreale 0.06
last Heracleum maximum 0.17
last Heterotheca villosa 0.64
last Hydrophyllum capitatum 0.60
last Maianthemum_stellatum 0.44
last Mertensia ciliata 0.78
last Mertensia fusiformis 0.053
last Pyrrocoma crocea 0.65
last Sedum rosea 0.033
last Senecio integerrimus 0.10




Table S6. Comparison of results from simple linear regression models containing
significant temporal autocorrelation vs. autoregressive linear models. Results shown are
for the three species where a significant phenological shift also exhibited significant temporal
autocorrelation (P < 0.05; see Table S5). Slope values generated from autoregressive linear
models were fit using generalized least squares. P < 0.05 for all slopes, indicating significant
change through time regardless of model type.

Speci Flowering Basic linear model  Autoregressive linear
pecies

response slope + SE model slope + SE
Geranium richardsonii peak -0.23 +0.12 -0.24 £0.10
Mertensia fusiformis last -0.36 +0.17 -0.35+0.14

Sedum rosea last -0.33+0.14 -0.32 £0.11




Table S7. ANCOVAs showing that slopes of change through time in community level flowering
phenology are not affected by the use of estimated vs. missing values (Category). Missing values
were estimated based on known start dates and similar floral abundances. For example, there were 840
flowers on the first census in 1993. We used flowering data for years with a known onset date and a
census period with a similar number of flowers (700-1000 flowers) to determine the average slope or rate
of flower accumulation up to 840 flowers. We applied this rate of flower accumulation to estimate the start
date of the flowering season. Using the subset of the dataset containing missing values (NA’s in place of
estimated values), the length of the flowering season has extended by 36.3 days over the course of our
record (R2 =0.41, F12» =15.42, P=0.0007; 9.3 + 2.4 days per decade). The start of flowering has
advanced at a rate of 6.4 + 2.7 days per decade (R?=0.20, Fi23=5.69, P=0.026), and the end of
flowering has delayed at a rate of 3.2 + 1.5 days per decade (R° = 0.13, Fi 5 = 4.57, P = 0.041). Total
flower abundance counted throughout the season has not changed (R°=0.0, Fi21=0.11, P=0.74), nor
has average flower abundance per census (R?=0.08, Fi21=1.85, P=0.19).

Response Coefficient Slope = SE t P
First flowering Intercept 1405.73 + 438.04 3.21 0.0022
Year -0.64 + 0.22 -2.91 0.0053
Category 10.50 + 674.83 0.016 0.99
Year*category -0.005 +0.34 -0.016 0.99
Last flowering Intercept -358.25 £ 271.58 -1.32 0.19
Year 0.31£0.14 2.28 0.026
Category 66.64 +415.48 0.16 0.87
Year*category -0.033 £ 0.21 -0.16 0.87
Flowering season Intercept -1652.0 + 380.5 -4.34 < 0.0001
Year 0.89 +0.19 4.68 < 0.0001
Category -80.18 £ 599.9 -0.13 0.89
Year*category 0.040 +0.30 0.13 0.89
Total # Flowers Intercept 25,467 + 766,466 0.033 0.97
Year 20.99 +384.17 0.055 0.96
Category -282,880 + 1,238,752 -0.23 0.82
Year*category 140.65 + 620.14 0.23 0.82
Mean # Flowers Intercept 26,425 + 12,969 2.04 0.047
per census Year -12.66 + 6.50 -1.95 0.057
Category -4171.22 + 20,960 -0.20 0.84
Year*category 2.07 +10.49 -0.20 0.84
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Abstract. Phylogenetic relationships may underlie species-specific phenological sensitiv-
ities to abiotic variation and may help to predict these responses to climate change. Although
shared evolutionary history may mediate both phenology and phenological sensitivity to
abiotic variation, few studies have explicitly investigated whether this is the case. We explore
phylogenetic signal in flowering phenology and in phenological sensitivity to temperature and
snowmelt using a 39-year record of flowering from the Colorado Rocky Mountains, USA that
includes dates of first, peak, and last flowering, and flowering duration for 60 plant species in a
subalpine plant community. Consistent with other studies, we found evidence in support of
phylogenetic signal in first flowering date. However, the strength and significance of that signal
were inconsistent across other measures of flowering in this plant community: peak flowering
date exhibited the strongest phylogenetic signal, followed by first flowering date; last flowering
date and duration of flowering exhibited patterns indistinguishable from random trait
evolution. In contrast to first and peak flowering date, phenological sensitivities of all
flowering measures to temperature and snowmelt did not exhibit a phylogenetic signal. These
findings show that within ecological communities, phylogenetic signal in phenology does not

necessarily imply phylogenetic signal in phenological sensitivities to abiotic variation.

Key words:

Blomberg’s K; flowering time; Pagel’s Lambda; phenological shifts; phenology,

phylogenetic niche conservatism; Rocky Mountain Biological Laboratory; species specificity.

INTRODUCTION

Shifts in phenology have emerged as one of the
strongest bio-indicators of changing abiotic conditions
across the globe (Sparks and Menzel 2002, Parmesan
and Yohe 2003). Although there is an overwhelming
trend for earlier phenological events in many ecosys-
tems, considerable species-specific variation is evident in
phenological responses to climate change (Fitter and
Fitter 2002, Parmesan 2007, Crimmins et al. 2010,
CaraDonna et al. 2014). If closely related taxa within
ecological communities resemble each other in their
phenological sensitivity to abiotic variation, then relat-
edness may help to predict species vulnerability, as well
as community and ecosystem change, under future
climate change scenarios (Willis et al. 2008, Cleland et
al. 2012, Wolkovich et al. 2013a).

Investigation of phylogenetic relationships in plant
phenology from a wide range of taxa from across the
globe has revealed that phenological events in plants
generally exhibit nonrandom phylogenetic patterns: that
is, closely related taxa tend to resemble each other in the
timing of their life-history events (e.g., Wright and
Calderon 1995, Davies et al. 2013, Wolkovich et al.
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2013b). Accordingly, the hypothesis has emerged that
phenological sensitivity to changing abiotic conditions
(i.e., climate-driven phenological shifts) likely exhibits
phylogenetic signal as well. This hypothesis is based on
the idea of conserved physiological responses to
environmental cues among closely related taxa that
mediate both phenology and phenological change
(Davis et al. 2010, Davies et al. 2013). Despite this
logical prediction, the little evidence available does not
consistently support it. For example, Davis et al. (2010)
reported that closely related taxa from two plant
communities showed similar phenological sensitivities
to temperature, but these same taxa did not show similar
shifts in first flowering date through time. Similarly,
Wolkovich et al. (2013b) found no evidence of phylo-
genetic signal for shifts in first flowering for taxa from
several different plant communities in North America.

Furthermore, no studies to date have investigated
whether phylogenetic patterns exhibited in mean dates
of first flowering are consistent with other measures of
phenology, in part due to a paucity of long-term records
for which multiple phenological measures are available
for the majority of taxa in a community. First, peak, and
last flowering, and duration of flowering have been
shown to shift independently of one another under
climate change (CaraDonna et al. 2014), leaving open
the potential for phylogenetic signal to vary across these
component measures.
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Herein we explore phylogenetic patterns in plant
phenology and phenological sensitivity to abiotic factors
using a 39-year flowering phenology data set from the
Colorado Rocky Mountains, USA that includes infor-
mation on dates of first, peak, and last flowering, as well
as flowering duration. We focus our investigation on 60
representative taxa from this subalpine plant community
for which we have sufficient data to assess phenological
change accurately. Specifically, we test for phylogenetic
signal in flowering time and in phenological responses to
climate change. We define flowering time as mean
flowering date across years, and we define phenological
responses to climate change as shifts in flowering
phenology through time, and sensitivity of flowering
time to snowmelt date and temperature. We ask two
primary questions: (1) are phylogenetic patterns similar
between phenology and phenological change within this
community, and (2) are phylogenetic patterns consistent
among the different component measures of a phenol-
ogy distribution (first, peak, last, and duration)? Based
on previous findings (Davies et al. 2013), we expected
flowering time to exhibit nonrandom phylogenetic
patterns, in part due to conserved evolutionary respons-
es associated with the appropriate abiotic conditions for
optimal timing of reproduction. However, because of
the considerable variation in phenological responses to
climate change among species in this community (Iler et
al. 2013a, CaraDonna et al. 2014), we did not expect
closely related taxa to exhibit similar phenological
sensitivity to abiotic variation. For this same reason,
we expected to observe differences in phylogenetic
patterns among first, peak, last, and duration of
flowering.

MATERIALS AND METHODS
Flowering phenology data

Flowering phenology data were collected at the
Rocky Mountain Biological Laboratory (RMBL) in
Gothic, Colorado, USA (38°57.5' N, 106°59.3" W, 2900
m above sea level). The subalpine landscape surrounding
the RMBL is a mosaic of wet and dry meadows, and
aspen and spruce forest. For each flowering plant species
that occurs in our 30 2 X 2 m plots, either the number of
open flowers per stalk or the number of flowering
inflorescences (for species with many small flowers) were
counted every other day throughout the entire growing
season from 1974 to 2012. This allowed us to examine
multiple components of a phenological distribution:
first, peak, and last day of flowering, as well as flowering
duration. Although 121 species occur in these permanent
plots, we limit our analyses of phylogenetic signal in
flowering traits to the 60 species for which we have
sufficient data to assess phenological shifts accurately.
This sampling of 60 species includes 54 genera repre-
senting 80% (24 out of 30) of the vascular plant families
present in this plant community (see Appendix A: Table
Al for details). For additional details about the data set,
study site, and quantification of phenological change,
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see Inouye et al. (2002), Inouye (2008), Iler et al. (2013a),
and CaraDonna et al. (2014).

Climate data

Over the course of our study period (1974-2012),
summer air temperatures have increased by 0.4° + 0.1°C
(mean = SE) per decade, and the date of spring
snowmelt has advanced by 3.5 = 2.0 days per decade
(Tler et al. 2013a). These changes in abiotic conditions
are consistent with global patterns of climate change
that have occurred since the 1970s (IPCC 2007). We use
both mean summer temperature and the date of
snowmelt in our analyses because they represent two
biologically independent abiotic factors important for
flowering phenology in this ecosystem. Mean summer
temperatures used in analyses (June—August) are the
average of the daily minimum and maximum tempera-
tures at the Crested Butte National Oceanic and
Atmosphere Administration weather station, Colorado
(~9 km south of the RMBL). Furthermore, June, July,
and August temperatures are all positively correlated
with one another; thus, they represent a composite
measure of summer temperature. Records for the annual
timing of snowmelt in this ecosystem come from a
permanent 5 X 5 m plot at the RMBL, in which the first
day of bare ground is recorded as the date of snowmelt
(snowpack measurements are recorded daily).

Quantifying flowering phenology and phenological
responses to climate change

We quantified mean date of flowering for first, peak,
last, and duration of flowering in two ways: (1) averaged
across the first 10 years of the data set (1974-1984), and
(2) averaged across all 39 years of the data set (1974—
2012). Averaging flowering time values across all 39
years, a time period when phenological shifts are known
to have occurred (CaraDonna et al. 2014), introduces
more error into our measures of flowering time for each
taxon, which can influence estimates of phylogenetic
signal (Blomberg et al. 2003). Furthermore, flowering
time values averaged across the first 10 years of the data
set more likely represent a pre-climate-change baseline
(sensu Iler et al. 2013b). The date of first flowering
reported here is the first day on which a species is
observed in flower in any of our permanent plots; peak
flowering was calculated as the day on which 50% of
flowers of a given species were recorded as open; last
flowering is the last day on which a species was observed
in flower in any plot; and duration of flowering is the
number of days a species was recorded as in flower
(CaraDonna et al. 2014).

We quantified phenological responses of flowering
time to climate change in three ways: (1) shifts in
flowering phenology through time (1974-2012), (2)
shifts in flowering phenology in response to snowmelt
date (snowmelt sensitivity), and (3) shifts in flowering
phenology in response to summer temperature (temper-
ature sensitivity). The timing of snowmelt date and
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temperature are strongly associated with shifts in
flowering phenology in this study system (Inouye et al.
2002), independently explaining on average 68% and
66% of the interannual variation in flowering phenology
across species, respectively (Iler et al. 2013a). Compared
to phenological sensitivities to snowmelt date and
summer temperature, shifts in flowering phenology
through time provide the most conservative measure of
phenological change and the measure with the highest
variation. We include phenological shifts through time
in our analyses because such shifts are a widely used
metric of phenological change, especially when infor-
mation on local abiotic factors is unavailable or
unreliable. Trait values for shifts in flowering phenology
through time for each plant species were quantified as
the slope of a linear regression model of flowering date
vs. year; trait values for phenological sensitivity to
snowmelt were quantified as the slope of a linear
regression model of flowering date vs. snowmelt date;
and trait values for phenological sensitivity to temper-
ature were quantified as the slope of a linear regression
model of flowering date vs. June-to-August mean
temperature. All flowering time data used in analyses
are reported in Appendix A: Table Al and Appendix B:
Table B1, and are available elsewhere, i.e., Iler et al.
(2013a) and CaraDonna et al. (2014.)

Testing for phylogenetic signal

To conduct phylogenetic analyses, we used a pruned
molecular phylogeny that is fully resolved down to
genus for 1246 taxa and includes the vast majority of the
taxa in this study (see Davies et al. [2013] for the
complete phylogeny and the Supplement for our
community phylogeny). The two taxa from our com-
munity that were not included in the molecular
phylogeny were placed within the nearest clade. We
tested for phylogenetic signal in flowering phenology
and phenological responses to climate change using two
commonly employed metrics: Blomberg’s K and Pagel’s
A (Pagel 1999, Blomberg et al. 2003). Because Blom-
berg’s K and Pagel’s A differ in the way they test for
phylogenetic signal, which can generate some degree of
inconsistency in results, we use both metrics to ensure
appropriate interpretation of patterns in our plant
community (Miinkemiiller et al. 2012). Our intention
was not to explicitly compare inconsistencies between
methods, but instead, to reveal cases in which we
obtained inconsistent results, and to treat them with
caution. To test the robustness of our results to variation
in phylogenetic branch length and topology, we
compared our results from the molecular genus tree
(Table 1; Supplement) to those generated from a less
well-resolved phylogeny (Wikstrém et al. 2001, follow-
ing Davies et al. 2013); the two phylogenies differ in
branch lengths and topology above the genus level (see
Appendix D: Table D1 for details).

Both Pagel’s A and Blomberg’s K compare the
observed distribution of trait values with the analytical
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expectation based on the topology of the phylogeny and
assume trait evolution under Brownian motion (Pagel
1999, Blomberg et al. 2003, Ackerly 2009). K values that
are approximately equal to 1 match trait evolution
under the Brownian motion expectation, and indicate
phylogenetic signal; K values much less than 1 and closer
to 0 indicate little or no phylogenetic signal associated
with random trait evolution or convergence; K values
greater than 1 indicate strong phylogenetic signal and
conservatism of traits. We evaluated the statistical
significance of phylogenetic signal in Blomberg’s K by
comparing the observed patterns of phylogenetic inde-
pendent contrasts of each trait value relative to a null
model of randomly shuffling trait values across the
phylogeny, as implemented in the R package Picante
(Kembel et al. 2010, R Development Core Team 2014).
In contrast, Pagel’s A is a scaling parameter that ranges
from 0 to 1. Lambda values of 0 indicate no
phylogenetic signal, whereas values of 1 indicate perfect
phylogenetic signal, matching trait evolution under
Brownian motion (Pagel 1999). We estimated the
statistical significance of phylogenetic signal using
Pagel’s L by comparing our observed trait values to
those expected on a phylogeny with A values of 0 (i.e., no
phylogenetic signal); thus statistical significance indi-
cates that trait values are nonrandomly distributed
across the phylogeny. Calculations of Pagel’s A and
significance tests were conducted using the R package
Geiger (Harmon et al. 2008, R Development Core Team
2014).

RESULTS

Overall, our tests of phylogenetic signal using Blom-
berg’s K and Pagel’s A were consistent: in only one case
did we detect significant phylogenetic signal using one
metric and not with the other (first flowering time; Table
1). Similarly, phylogenetic signal was quantitatively and
qualitatively consistent using either mean flowering time
values across the first 10 years of the data set (1974—
1984) or mean values across the entire 39 years of the
data set (1974-2012; Table 1 and Appendix C: Table
C1); additionally, phylogenetic signal in flowering time
(peak) did not vary directionally across the 39-year
study period (R*=0.037, P =0.253). We therefore focus
further discussion of flowering time on the mean date of
flowering calculated over the first 10 years of the data set
because less error is associated with this measure, and
because it more likely represents a pre-climate change
baseline compared to the 39-year mean over which
phenological shifts are known to have occurred (Cara-
Donna et al. 2014).

The strength and significance of phylogenetic signal in
flowering phenology varied across each of our different
measures of flowering time (first, peak, last, and
duration of flowering; Table 1). Peak flowering exhibited
the strongest phylogenetic signal using either Blomberg’s
K or Pagel’s A (Fig. 1); first flowering exhibited a
similarly strong nonrandom phylogenetic pattern, but
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TasLe 1. Phylogenetic signal of flowering phenology traits for
60 species from a subalpine plant community in the
Colorado Rocky Mountains, USA.

Blomberg’s K Pagel’s A
Phenological trait Value P Value P

Flowering time

First flowering 0.683 0.041 0.434  0.120

Peak flowering 0.748 0.016 0.587 0.041

Last flowering 0.498 0.514 0.011 0.952

Duration of flowering ~ 0.449 0.692  <0.001 0.999
Shift through time

First flowering 0.342 0.907  <0.001  0.999

Peak flowering 0.351 0.894  <0.001 0.999

Last flowering 0.467 0.482  <0.001  0.999

Duration of flowering ~ 0.445 0.563  <0.001  0.999
Snowmelt sensitivity

First flowering 0.512 0.370 0.147  0.597

Peak flowering 0.413 0.701  <0.001  0.999

Last flowering 0.511 0.366  <0.001  0.999

Duration of flowering ~ 0.633 0.060  <0.001 0.999
Temperature sensitivity

First flowering 0.480 0.490  <0.001 0.999

Peak flowering 0.441 0.591  <0.001  0.999

Last flowering 0.485 0.393  <0.001 0.999

Duration of flowering  0.569 0.157 0.279  0.565

Notes: K significant from random at P < 0.05 and A
significant from zero at P < 0.05 are shown in bold. Flowering
times shown here are calculated from the mean date of
flowering for each species over the first 10 years of the data
set (1974-1984); results for flowering time across all 39 years
(1974-2012) are quantitatively similar and shown in Appendix
C: Table Cl1. Values for shifts in flowering phenology through
time, and phenological sensitivities to snowmelt date and
temperature, are based on slopes of linear regression models
from CaraDonna et al. (2014); all values used in analyses are
reported in Appendix A: Table Al and Appendix B: Table B1.

only when calculated with Blomberg’s K (values for
Pagel’s A were qualitatively similar but marginally
significant; Table 1). Last flowering and flowering
duration exhibited no phylogenetic signal (Table 1). In
contrast to first and peak flowering date, shifts in
flowering phenology through time, phenological sensi-
tivity to snowmelt date, and phenological sensitivity to
temperature did not show phylogenetic signal for any
measure of phenology (Table 1, Fig. 1b—d). Both
Blomberg’s K and Pagel’s A values were low, and in all
cases were not significantly different from a random
pattern of trait evolution (Table 1). In general, our
estimates of phylogenetic signal were robust to variation
in branch length and tree topology (Appendix D: Table
DI).

DiscussioN

Although phylogenetic signal in phenological respons-
es to climate change may be present in some commu-
nities, even among those that are geographically distinct
(Davis et al. 2010), our results provide evidence that this
is not necessarily a ubiquitous phenomenon present in
all plant communities. Shifts in flowering phenology
through time and phenological sensitivities to snowmelt
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date and temperature did not exhibit phylogenetic
signal, indicating that more closely related taxa in this
subalpine plant community do not share similar
phenological sensitivities to abiotic variation (Table 1,
Fig. 1). However, consistent with other studies (e.g.,
Davies et al. 2013, Wolkovich et al. 20135), our results
reveal that more closely related taxa do tend to
commence flowering at more similar times during the
growing season in this community than would be
expected by a random pattern of trait evolution. It is
important to note that our results pertain to phyloge-
netic patterns within an ecological community, rather
than for species within a well-sampled clade; a commu-
nity phylogeny inevitably represents a subsample of taxa
from multiple clades, the results of which can provide
insight into ecological patterns (e.g., species vulnerabil-
ity, community change) rather than mechanisms under-
lying trait evolution.

The strength and significance of evidence for phylo-
genetic signal varied across different measures of
flowering phenology. Mean date of peak flowering
showed the strongest and most consistent pattern of
phylogenetic signal (Table 1). Peak flowering may be the
most robust measure of phylogenetic signal in flowering
time because peak abundance represents an aggregate
population response (Miller-Rushing et al. 2008).
Although mean date of first flowering showed qualita-
tively similar patterns to peak flowering, only Blom-
berg’s K detected significant phylogenetic signal in first
flowering (Table 1). This discrepancy between first and
peak flowering using Pagel’s A is likely attributed to two
factors. First, unlike peak flowering, the date of first
flowering is often represented by only a few individuals
instead of representing an aggregate property of the
population; this can introduce more variability into this
measure of flowering time (sensu Miller-Rushing et al.
2008), which can decrease the likelihood of detecting
phylogenetic signal (Blomberg et al. 2003). Second,
simulation studies have shown that Pagel’s A is a more
conservative measure of phylogenetic signal when
compared to Blomberg’s K (Miinkemiiller et al. 2012).

In contrast to first and peak flowering, we found no
evidence for phylogenetic signal in mean date of last
flowering or mean duration of flowering (Table 1).
Unlike first and peak flowering, last flowering and
flowering duration are affected by a suite of abiotic and
biotic factors occurring after flowering onset, which can
affect floral longevity (Primack 1985). For example,
while warmer temperatures may advance the onset of
flowering, resource availability (e.g., water and nutri-
ents) can alter floral production, delay the end of
flowering, and extend overall flowering duration (Camp-
bell and Halama 1993). Similarly, biotic factors such as
pollination may extend or contract the end of the
flowering period (Primack 1985, Bolmgren et al. 2003).
Furthermore, similar to first flowering date, last
flowering, and by logical extension, flowering duration,
is also often represented by a few individuals, rather
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than an aggregate property of the population. These
results suggest that different component measures of a
phenological distribution do not necessarily exhibit
identical phylogenetic patterns. Therefore, measures of
phenology that best capture aggregate population-level
patterns (e.g., peak flowering) may provide the most
reliable signal of phylogenetic patterns in phenological
traits, compared to measures that represent only the
carly and late tail-ends of a population-level response
(e.g., first and last flowering).

For all measures of changes in flowering phenology,
more closely related taxa did not resemble each other in
their phenological responses to climate change in this
subalpine plant community (Table 1, Fig. 1b-d).
Measurement error in both rates of phenological change
and sensitivity to abiotic factors can influence the ability
to detect phylogenetic signal. However, this is unlikely
here because approximately 70% of the variation in
flowering phenology in this ecosystem is independently
explained by the timing of snowmelt and summer
temperatures (Iler et al. 20134). Furthermore, in all
cases, tests of phylogenetic signal in phenological change

using either Blomberg’s K or Pagel’s LA revealed
consistently low values that were indistinguishable from
random patterns of trait evolution (Table 1, Fig. 1b-d).
The only near exception was the sensitivity of flowering
duration to snowmelt, which was marginally significant
(using Blomberg’s K; Table 1). Snowmelt date is
correlated with snowpack and hence the amount of
water entering this ecosystem in the spring (Inouye et al.
2002). The ability of a species to flower for more or less
time during the growing season may be influenced by
floral longevity and other physiological mechanisms
related to drought stress (Primack 1985), which may be
relatively conserved among some taxonomic groups.
The hypothesis that conserved evolutionary responses
to abiotic conditions mediate both phenology and
phenological responses to local abiotic variation is
logical; however, the evidence presented in this study
does not support it. Our results provide a clear
counterpoint to the expectation that phenological
responses to climate change show strong phylogenetic
patterns within plant communities. We propose two
non-mutually exclusive explanations that may underlie
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the discrepancy between phylogenetic signal in phenol-
ogy vs. the absence of phylogenetic signal in phenolog-
ical sensitivity to abiotic factors.

First, the presence of phylogenetic signal in flowering
time does not imply strong phylogenetic conservatism
(i.e., phylogenetic niche conservatism; Losos 2008), nor
does it preclude closely related taxa from occupying
different abiotic environments via differences in season-
ality or habitat even if they share similar physiological
pathways related to phenology. Differences in seasonal-
ity or habitat can act as environmental filters by which a
phenological response can be mediated. In this subalpine
ecosystem, the growing season is brief and changes
rapidly within a year, thus slight differences in flowering
time can represent considerably different abiotic envi-
ronments, which have been shown to contribute to
differences in phenological change among closely related
taxa in this plant community (Miller-Rushing and
Inouye 2009, Iler et al. 20134, CaraDonna et al. 2014).
Similarly, closely related taxa flowering at very similar
times can occupy microhabitats that represent different
abiotic environments, which can also mediate pheno-
logical shifts. For example, Potentilla pulcherrima and P.
hippiana (Rosaceae) flower at virtually the same time
during midsummer (peak flowering: 22 July = 11 days
and 23 July = 10 days, respectively), but occupy wet
meadows and dry rocky meadows, respectively, and do
not exhibit similar phenological shifts (Iler et al. 2013a,
CaraDonna et al. 2014).

Second, because phenology is highly heritable and
closely tied to survival and reproduction, it plays a
major role in determining the geographic ranges of
plants (Rathcke and Lacey 1985, Chuine and Beaubien
2001, Etterson 2004, Franks et al. 2007, Forrest and
Miller-Rushing 2010). Phenological sensitivity to local
abiotic variation is likely shaped by interactions between
local and regional climate conditions experienced by a
species across its range. The strength of local vs. regional
effects will in part depend on the balance between local
adaptation and gene flow among populations. Assuming
that all of the closely related, co-occurring species in a
community do not have identically overlapping ranges,
their phenological sensitivities likely differ, as do the
climate conditions experienced across their ranges; thus,
closely related taxa may exhibit different phenological
sensitivities to local abiotic variation, despite similar
physiological mechanisms that may underlie flowering
time.

In sum, we hypothesize that local and regional climate
conditions, combined with processes occurring during
community assembly, will mediate phylogenetic patterns
of both phenology and phenological responses to
climate change within ecological communities. In
contrast to previous work, the findings presented in this
study show that within a plant community, phylogenetic
signal in phenology does not necessarily imply phyloge-
netic signal in phenological sensitivities to abiotic
variation. Assuming that phenology represents pheno-
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logical change could lead to potentially inaccurate
conclusions about the effects of shared evolutionary
history on phenological traits and their responses to
future abiotic change.
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Appendix A (Table A1). Taxa list and flowering time data for the 60 plant species used in phylogenetic analyses. Flowering time
data shown here include the mean date of flowering averaged over the course of the first ten years of the data set (1974—1984) and
mean date of flowering averaged over the entire 39-yr study period (1974—2012; when phenological shifts are known to have
occurred). First, peak, and last flowering time measurements are recorded as day of year; flowering duration is recorded as the
number of days a species is in flower. This 60 species subsample of the plant community represents 54 genera and 24 vascular plant
families, compared to the full 121 species community, which contains 97 genera and 30 plant families.

Family Species Mean flowering time (1974-1984) Mean flowering time (1974-2012)
First Peak Last Duration First Peak Last Duration

Asteraceae Achillea millefolium 196 226 243 46.8 201 223 247 51.8
Ranunculaceae Aconitum columbianum 198 211 232 33.6 195 209 228 37.9
Rosaceae Amelanchier pumila 169 176 194 24.8 163 170 183 24.8
Crassulaceae Amerosedum lanceolatum 196 204 235 21.6 192 199 213 27

Primulaceae Androsace septentrionalis 165 175 226 67.8 150 168 225 83.3
Melanthiaceae Anticlea elegans 193 205 222 28.7 189 201 215 31.3
Brassicaceae Arabis drummondii 169 178 213 41.1 161 174 216 59.7
Caryophyllaceae | Arenaria congesta 188 206 231 51.4 184 199 236 59.3
Campanulaceae Campanula rotundifolia 205 223 241 36.1 207 219 237 36.2
Brassicaceae Cardamine cordifolia 187 193 194 17 175 183 195 26.3
Orobanchaceae Castilleja sulphurea 192 204 224 31.7 187 202 219 37

Montiaceae Claytonia lanceolata 146 156 171 27.3 136 147 163 34.2
Caryophyllaceae Collomia linearis 195 200 234 39 190 205 239 55

Ranunculaceae Delphinium barbeyi 192 208 232 40.8 188 204 225 423
Ranunculaceae Delphinium nuttallianum 163 174 178 27.3 156 169 183 32.4
Brassicaceae Descurainia richardsonii 204 212 251 31 193 202 220 37

Primulaceae Dodecatheon pulchellum 179 186 196 16.3 174 180 189 19.9
Brassicaceae Draba aurea 170 181 210 39.6 162 177 207 49.7
Asteraceae Dugaldia hoopesii 195 213 235 40.1 188 209 234 51.5
Asteraceae Erigeron flagellaris 193 207 215 46.8 183 200 233 58.6
Asteraceae Erigeron speciosus 200 222 251 50.7 193 216 242 54.8
Polygonaceae Eriogonum subalpinum 185 198 214 28.9 181 192 206 30.9
Polygonaceae Eriogonum umbellatum 176 190 234 58.6 171 184 214 47.8
Brassicaceae Erysimum asperum 179 188 199 24.7 176 186 202 31.6
Liliaceae Erythronium grandiflorum 155 161 167 13.7 148 153 161 18.8
Rosaceae Fragaria virginiana 169 174 184 15.5 164 169 184 24.3
Rubiaceae Galium boreale 201 223 242 41.3 199 217 234 40.3
Gentianaceae Gentiana parryi 235 242 251 15.6 231 238 246 22.7
Geraniaceae Geranium richardsonii 189 208 239 41.8 183 203 227 48.6
Asteraceae Helianthella quinquenervis 200 210 225 24.9 195 207 223 333
Asteraceae Heliomeris multiflora 214 229 251 36.5 217 231 245 34.3
Apiaceae Heracleum maximum 204 212 224 20 190 203 218 34.9
Asteraceae Heterotheca villosa 198 222 218 53.1 193 219 254 67.4
Boraginaceae Hydrophyllum capitatum 162 171 178 17.9 154 163 171 22.2
Boraginaceae Hydrophyllum fendleri 178 185 237 18.6 177 183 193 21.9
Fabaceae Lathyrus leucanthus 173 184 214 41.1 164 179 207 47.9




Apiaceae Ligularia bigelovii 213 223 238 24.7 208 219 233 30.8
Apiaceae Ligusticum porterii 188 200 240 27.5 182 194 208 32.6
Linaceae Linum lewisii 193 202 231 38.1 186 199 230 50.1
Apiaceae Lomatium dissectum 169 170 190 15.3 155 162 169 20.3
Fabaceae Lupinus sericeaus 181 190 198 28.1 178 189 208 354
Berberidaceae Mahonia repens 160 168 175 18.1 152 159 169 23.9
Asparagaceae Maianthemum stellatum 182 184 203 8.8 176 178 184 14.1
Boraginaceae Mertensia ciliata 178 193 224 46.5 175 190 215 43.8
Boraginaceae Mertensia fusiformis 151 164 185 37.7 142 157 178 43
Brassicaceae Noccaea montana 157 165 179 25.4 149 159 176 33.2
Asteraceae Oreochrysum parryi 213 224 239 26.1 207 218 234 33.1
Orobanchaceae Pedicularis bracteoasa 182 187 191 17 176 183 194 26.6
Rosaceae Potentilla gracilis 182 208 209 55.7 178 202 234 61.8
Rosaceae Potentilla hippiana 187 215 240 53 178 203 231 59.1
Apiaceae Pseudocymopterus montanus 163 179 210 47.2 163 181 206 49.6
Asteraceae Pyrrocoma crocea 210 218 232 21.4 202 211 224 27.7
Ranunculaceae Ranunculus inamoenus 163 170 192 33 153 164 200 54.2
Crassulaceae Sedum rosea 178 184 203 15.7 175 180 188 19.9
Asteraceae Senecio integerrimus 169 179 193 23.6 166 175 188 27.3
Asteraceae Taraxacum officionale 161 174 177 60.9 152 168 215 68.2
Caprifoliaceae Valeriana capitata 165 176 203 41.4 157 172 198 47.5
Caprifoliaceae Valeriana edulis 181 200 239 59 170 194 230 65.3
Fabaceae Vicia americana 183 198 223 39.7 181 194 218 42.6
Violaceae Viola praemorsa 161 167 217 19 153 161 172 25.7




Appendix B (Table B1). Phenological change and phenological sensitivity to snowmelt date and summer temperature data for the 60
plants species used in phylogenetic analyses. All values are the slope of a linear regression with year, snowmelt date, or summer
temperature, as predictor variables.

Species Shift through time (1974-2012) Snowmelt sensitivity Temperature sensitivity
First Peak Last Duration First Peak Last Duration First Peak Last Duration
Achillea millefolium 0.02 -0.03 0.55 0.61 0.45 0.61 0.53 0.08 -2.38 -4.73 -1.23 1.16
Aconitum columbianum -0.06 -0.08 -0.10 -0.04 0.47 0.53 0.58 0.10 -3.00 -3.73 -5.22 -2.76
Amelanchier pumila -0.31 -0.33 -0.66 -0.35 0.62 0.58 0.70 0.08 -4.46 -4.33 -6.67 -2.50
Amerosedum lanceolatum -0.25 -0.32 -0.45 -0.24 0.56 0.58 0.65 0.10 -4.76 -5.60 -7.78 -2.84
Androsace septentrionalis -0.57 -0.26 0.23 0.48 0.99 0.86 1.05 0.00 -5.25 -5.65 -4.82 2.52
Anticlea elegans -0.21 -0.28 -0.37 -0.16 0.54 0.54 0.55 0.00 -4.94 -5.89 -6.12 -1.72
Arabis drummondii -0.47 -0.47 0.18 0.77 0.77 0.61 0.37 -0.32 -5.67 -7.98 -2.47 3.83
Arenaria congesta -0.49 -0.41 0.26 0.75 0.69 0.69 0.64 -0.06 -4.15 -3.73 -2.61 3.21
Campanula rotundifolia -0.05 -0.17 0.20 0.24 0.49 0.61 0.48 -0.01 -3.48 -5.06 0.41 3.61
Cardamine cordifolia -0.83 -0.76 -0.55 0.29 0.66 0.66 0.62 -0.04 -7.18 -8.09 -7.59 -0.61
Castilleja sulphurea -0.12 -0.10 -0.14 -0.02 0.49 0.47 0.39 -0.11 -2.76 -1.86 -3.13 0.34
Claytonia lanceolata -0.68 -0.49 -0.39 0.12 0.94 0.83 0.78 -0.14 -8.08 -6.16 -5.98 0.34
Collomia linearis -0.23 0.10 0.13 0.37 0.48 0.42 -0.15 -0.63 -2.77 0.48 -0.12 6.07
Delphinium barbeyi -0.16 -0.11 -0.24 -0.08 0.57 0.63 0.71 0.14 -4.52 -5.55 -7.99 -4.35
Delphinium nuttallianum -0.42 -0.32 -0.32 0.08 0.62 0.63 0.78 0.16 -3.81 -5.65 -6.30 -2.70
Descurainia richardsonii -0.69 0.02 -0.88 -0.19 0.73 0.28 0.39 -0.34 -13.22 -5.52 -8.84 3.06
Dodecatheon pulchellum -0.33 -0.34 -0.33 0.00 0.63 0.61 0.56 -0.07 -5.37 -5.66 -5.93 -0.37
Draba aurea -0.38 -0.22 -0.14 0.22 0.81 0.68 0.53 -0.22 -5.96 -4.47 -6.26 -0.44
Dugaldia hoopesii -0.29 -0.25 -0.01 0.28 0.53 0.50 0.44 -0.08 -5.14 -3.70 -1.00 432
Erigeron flagellaris -0.21 -0.40 0.35 0.86 0.51 0.97 0.64 0.13 -10.53 -10.06 -2.21 10.71
Erigeron speciosus -0.39 -0.18 -0.09 0.10 0.58 0.56 0.44 -0.14 -5.05 -2.86 -2.89 1.08
Eriogonum subalpinum -0.27 -0.25 -0.30 -0.03 0.71 0.76 0.82 0.11 -5.63 -7.06 -7.17 -2.02
Eriogonum umbellatum -0.29 -0.30 -1.13 -0.84 0.73 0.71 1.08 0.35 -5.70 -5.89 -12.07 -6.40
Erysimum asperum -0.20 -0.07 0.14 0.28 0.81 0.81 0.63 -0.18 -5.84 -4.33 0.99 6.71
Erythronium grandiflorum -0.45 -0.34 -0.28 0.13 0.75 0.68 0.59 -0.09 -5.02 -4.06 -3.98 0.44
Fragaria virginiana -0.32 -0.22 0.22 0.54 0.67 0.66 0.71 0.04 -5.25 -5.32 -2.54 1.70
Galium boreale -0.29 -0.39 -0.51 -0.21 0.64 0.62 0.75 0.11 -6.86 -7.56 -10.89 -3.21
Gentiana parryi -0.26 -0.19 -0.02 0.24 0.74 0.69 0.50 -0.24 -5.23 -5.84 -3.12 3.14
Geranium richardsonii -0.16 -0.23 -0.19 0.10 0.27 0.42 0.55 0.29 -2.50 -3.83 -4.99 -3.12
Helianthella quinquenervis -0.22 -0.14 0.04 0.26 0.39 0.51 0.60 0.21 -4.61 -3.60 -5.47 -2.27
Heliomeris multiflora -0.05 0.13 -0.05 0.10 0.30 0.18 0.10 -0.20 -1.21 1.38 4.06 5.82
Heracleum maximum -0.47 -0.37 -0.31 0.16 0.33 0.45 0.42 0.08 -3.93 -4.80 -5.35 -1.92
Heterotheca villosa -0.36 -0.05 0.43 0.79 0.59 0.37 0.37 -0.22 -6.39 -2.37 3.47 10.17
Hydrophyllum capitatum -0.49 -0.40 -0.34 0.22 0.70 0.77 0.72 0.02 -4.29 -5.48 -5.66 -2.02
Hydrophyllum fendleri -0.13 -0.10 0.00 0.18 0.40 0.53 0.60 0.11 -4.93 -4.08 -3.30 0.51
Lathyrus leucanthus -0.42 -0.21 -0.11 0.31 0.68 0.77 0.61 -0.08 -5.27 -6.47 -3.44 0.96
Ligularia bigelovii -0.17 -0.19 -0.24 -0.07 0.34 0.50 0.55 0.21 -2.01 -4.42 -4.01 -2.49
Ligusticum porterii -0.35 -0.29 -0.31 -0.01 0.59 0.64 0.64 0.06 -5.35 -5.75 -6.03 -1.05
Linum lewisii -0.43 -0.22 0.19 0.62 0.66 0.70 0.42 -0.24 -6.79 -6.75 -2.05 3.92
Lomatium dissectum -0.61 -0.42 -0.36 0.13 0.85 0.71 0.65 -0.13 -4.44 -4.41 -5.41 -1.00
Lupinus sericeaus -0.20 -0.02 0.23 0.43 0.49 0.48 0.57 0.08 -4.42 -2.94 -0.21 3.87




Mahonia repens -0.56 -0.49 -0.23 0.25 0.94 0.78 0.55 -0.39 -8.06 -6.39 -2.96 4.20
Maianthemum stellatum -0.30 -0.23 -0.32 -0.02 0.52 0.50 0.47 -0.05 -4.53 -3.87 -3.10 1.46
Mertensia ciliata 0.04 -0.16 -0.80 -0.85 0.38 0.41 0.60 0.22 -1.47 -3.06 -8.63 -8.00
Mertensia fusiformis -0.54 -0.41 -0.36 -0.03 0.86 0.73 0.76 -0.02 -7.58 -5.65 -6.87 -2.16
Noccaea montana -0.42 -0.30 -0.28 0.06 0.83 0.78 0.73 -0.08 -7.49 -5.41 -7.38 -0.07
Oreochrysum parryi -0.51 -0.47 -0.33 0.19 0.51 0.64 0.79 0.28 -7.60 -8.14 -9.16 -1.27
Pedicularis bracteoasa -0.15 -0.28 -0.21 0.34 0.43 0.58 0.60 0.09 0.34 -2.67 -2.87 0.42
Potentilla gracilis -0.24 -0.30 -0.16 0.07 0.66 0.66 0.69 0.04 -4.49 -5.92 -6.74 -2.36
Potentilla hippiana -0.12 -0.15 0.35 0.47 0.45 0.51 0.36 -0.09 -2.71 -3.72 -0.03 1.14
Pseudocymopterus montanus -0.17 -0.01 -0.18 -0.03 0.69 0.53 0.53 -0.11 -4.28 -3.91 -5.75 -2.30
Pyrrocoma crocea -0.36 -0.33 -0.39 -0.01 0.49 0.59 0.58 0.12 -3.64 -5.30 -6.48 -2.33
Ranunculus inamoenus -0.48 -0.35 0.29 0.60 0.80 0.72 0.75 -0.12 -6.27 -5.79 -4.78 3.01
Sedum rosea -0.11 -0.22 -0.33 -0.22 0.53 0.56 0.59 0.06 -2.72 -3.69 -4.68 -1.98
Senecio integerrimus -0.26 -0.24 -0.36 -0.10 0.60 0.59 0.54 -0.06 -4.84 -5.57 -6.29 -1.59
Taraxacum officionale -0.46 -0.30 -0.28 0.02 0.89 0.68 0.34 -0.61 -5.42 -5.13 -3.26 3.59
Valeriana capitata -0.54 -0.26 -0.01 0.25 0.81 0.66 0.56 -0.26 -6.24 -5.44 -3.87 -1.86
Valeriana edulis -0.53 -0.37 -0.38 0.14 0.55 0.55 0.60 0.05 -6.49 -6.56 -6.50 -0.14
Vicia americana -0.21 -0.18 -0.09 0.12 0.52 0.46 0.65 0.14 -5.28 -4.24 -3.96 0.90
Viola praemorsa -0.48 -0.29 -0.20 0.19 0.77 0.70 0.65 -0.10 -3.06 -4.93 -4.38 -2.06




Appendix C (Table C1). Strength and significance of phylogenetic signal in flowering time for
60 species from a subalpine plant community in the Colorado Rocky Mountains. Flowering

time values reported here are averaged across the entire duration of the 39-year study period
(1974-2012).

Flowering phenology trait Blomberg’s K | P-value Pagal’s L P-value
First flowering (1974-2012) 0.668 0.038 0.405 0.153
Peak flowering (1974-2012) 0.697 0.044 0.512 0.052
Last flowering (1974-2012) 0.635 0.162 0.456 0.069
Duration of flowering (1974-2012) 0.538 0.310 <0.001 >0.999




Appendix D (Table D1). To test the robustness of our results to variation in branch length and
topology, we compared our results from the molecular genus tree (Table 1; Appendix E) to those
generated from a less well-resolved phylogeny (Wikstrom et al. 2001, following Davies et al.
2013); the two phylogenies differ in branch lengths and topology above the genus level. Values
reported in this table are from phylogenetic signal tests from the less well-resolved phylogeny
(Wikstrom et al. 2001). Overall, phylogenetic signal results were qualitatively similar across the
two different phylogenetic trees, indicating that our results on the molecular tree are robust to
variation in branch length and topology. In general, the strength and significance of
phylogenetic patterns was similar, especially using Blomberg’s K. However, we note that results
for Pagel’s A for flowering time were somewhat sensitive, but this is not surprising, and is
expected to some degree. Pagel’s A tends to be a more conservative test (Miinkemdiller et al.
2012), and the results presented here are generated from a phylogeny where branch length and
topology estimates are less reliable as compared to the molecular tree. Thus, because the results
of Pagel’s A are qualitatively similar across both trees, we argue they are reasonably robust to
variation in phylogenetic branch length and topology.

Phenological trait Blomberg’s K P Pagel’s A P
Mean flowering time (1974—1984) first 0.470 0.042 0.181 0.267
peak 0.518 0.020 0.285 0.107
last 0.470 0.049 <0.001 0.999
duration 0.461 0.167 <0.001 0.999
Mean flowering time (1974-2012) first 0.479 0.028 0.222 0.221
peak 0.529 0.011 0.310 0.086
last 0.543 0.023 0.279 0.117
duration 0.469 0.171 <0.001 0.999
Shift through time first 0.362 0.437 <0.001 0.999
peak 0.309 0.897 <0.001 0.999
last 0.366 0.487 <0.001 0.999
duration 0.363 0.539 <0.001 0.999
Snowmelt sensitivity first 0.403 0.215 0.106 0.586
peak 0.289 0.945 <0.001 0.999
last 0.449 0.069 <0.001 0.999
duration 0.443 0.056 <0.001 0.999
Temperature sensitivity first 0.329 0.719 <0.001 0.999
peak 0.291 0916 <0.001 0.999
last 0.399 0.201 <0.001 0.999
duration 0.372 0.383 <0.001 0.999
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Summary

1. Harsh abiotic conditions such as low temperatures that lead to spring and summer frost events
in high-elevation and high-latitude ecosystemsan have strong negative consequences for plant
growth, survival and reproduction.

2. Despite the predicted increase in episodic frost events under continued climate change in some
ecosystems, our general understanding of the factors associated with frost sensitivity of reproductive
and vegetative plant structures in natural plant communities is limited. The timing of growth and
reproduction may be an important strategy by which plants can avoid frost.

3. In this study, we experimentally investigated the frost sensitivity of eight long-lived perennial
herbaceous plant species from a subalpine ecosystem in the Colorado Rocky Mountains, USA. The
study taxa represent four congeneric pairs from ftmwering plant families; within each pair, there

is a species with early and late growth and reproductive phenology. Thus, we control for evolution-
ary history— and therefore additional traits shared through common ancedtysome degree,

while examining the ifiuence of phenology on frost sensitivity. Spieeily, we compared frost sen-
sitivity of vegetative and reproductive structures for each species and asked whether frost sensitivity
was similar between species within congeneric pairs or, instead, was related to phenology (i.e. dif-
ferences in the timing of growth and reproduction).

4. For most species (6 of 8jlowers were more sensitive to frost than leaves. Within most con-
generic pairs (3 of 4), the leaves of species with later phenology werécsigtly more sensitive to

frost than the leaves of species with earlier phenology fiBavers, the lateflowering species were

more sensitive in two of the four congeneric pairs.

5. Synthesis. This study contributes to our general understanding of factors related to inté&rspeci
differences in plant sensitivity to episodic frost events of naturally occurring species. The increased
frost sensitivity of reproductive structures compared to vegetative structures may be a widespread
pattern for long-lived perennial plants. Furthermore,find evidence for a trade-off between phe-
nology and frost sensitivity, whereby species with later phenology exhibit higher frost sensitivity
compared to species with earlier phenology. These results have implications for plant populations,
species interactions and ecological communities.

Key-words: climate change, freezing, frost resistance, phenology, phylogeny;diilmate inter-
actions, Rocky Mountain Biological Laboratory

Introduction
In many ecosystems, the potential for plants to be exposed
‘Low temperature represents, together with drought and to unfavourable abiotic conditions that can have negative con-
salt stress, one of the most important environmental Sequences for their survival, growth and reproduction is high
constraints limiting the productivity and distribution of ~ (Sakai & Larcher 1987; Inouye 2000). This is particularly the
plants on Earth -Sakai & Larcher (1987) case in high-elevation and high-latitude ecosystems with the
occurrence of episodic spring and summer frost events. His-

. o torically, many studies have investigated frost dam n
*Correspondence author: E-mail: paulcaradonna@email.arizona.edu orically any studies have estigated frost damage and
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freezing sensitivity of economically important plant species,
with an emphasis on understanding freezing tolerance during
winter (e.g. Sakai & Larcher 1987). Only more recently have
studies explicitly focused on episodic frost events that occur
during the growing season for plants in natural communities
(e.g. Inouye 2008; Augspurger 2009; Lenz et al. 2013;
Vitasse er al. 2014). These episodic frost events — despite
their infrequent nature — have considerably different ecologi-
cal and evolutionary implications than freezing winter temper-
atures (Inouye 2000). For example, a single frost event during
the growing season can have strong detrimental effects on
plants, including the destruction of vegetative and reproduc-
tive structures (Inouye 2000; Augspurger 2009; Lenz et al.
2013; Vitasse et al. 2014), with implications for reproduction
(Forrest & Thomson 2010), demography (Inouye 2008) and
species interactions (Nixon & McClain 1969). Under recent
climate change, the probability of plant exposure to extreme
episodic frost events has increased in many high-elevation
and high-latitude ecosystems, including our own study site in
Colorado (e.g. Hanninen 1991; Inouye 2008; Augspurger
2012; Wheeler et al. 2014; but see Scheifinger er al. 2003
and Bennie ef al. 2010 for counter examples), making it
increasingly important to understand the ecological conse-
quences of frost. This seemingly paradoxical phenomenon
occurs when late winter and early spring conditions are partic-
ularly warm, or spring snowmelt is early, which advances the
timing of plant growth and reproduction; the probability of
frost damage is high under these conditions because plants
are growing earlier in the season at a time when night-time
temperatures can dip well below freezing (Inouye 2000, 2008;
Augspurger 2012). For example, in our study system in Col-
orado, substantial frost damage to plants is associated with
early snowmelt dates (Inouye 2008). In particular, there is still
much to be learnt about how frost sensitivity may differ
among vegetative and reproductive structures, interspecific
differences in frost sensitivity within natural communities,
and the potential population and community-level conse-
quences of episodic frost events.

It is generally assumed that reproductive structures are
more sensitive to frost than vegetative structures (Sakai &
Larcher 1987). However, available evidence from observa-

tions in natural plant communities is limited and relatively
ambiguous: some studies find evidence for higher sensitivity
in flowers compared to leaves (e.g. Inouye 2000; Inouye,
Morales & Dodge 2002), others find no difference (e.g. Nixon
& McClain 1969; Augspurger 2009), and yet another finds
the opposite pattern (Augspurger 2011). It is possible that epi-
sodic frost events occurring during the growing season repre-
sent such an extreme abiotic condition that both vegetative
and reproductive structures are damaged equally. Still, it
remains unclear how vegetative and reproductive structures
differ in response to episodic frost events occurring through-
out the growing season.

When the negative consequences of episodic frost events
are severe, plants may invest in a phenologically mediated
frost avoidance strategy over a tolerance strategy (Sakai &
Larcher 1987; Cannell 1997; Lenz et al. 2013). It has been
proposed that optimal timing of life-history events (e.g.
growth and reproduction) in temperate ecosystems should be
a balance between avoiding the negative effects of abiotic
extremes — which are more likely early in a growing season —
and biotic competition, which should increase the later a spe-
cies becomes active (Iwasa & Levin 1995; Post 2013). Under
this logic, plant traits, as well as evolutionary history, will
constrain this optimum: plants with the greatest ability to
withstand harsh abiotic conditions should have earlier pheno-
logical events that relieve the effects of biotic competition to
some degree and provide a longer growing season. However,
if evolutionarily conserved physiological limitations constrain
frost sensitivity (sensu Zanne et al. 2014), then related taxa
may show no difference in frost sensitivities despite differ-
ences in phenology.

To explore the roles of phenology (timing of growth and
reproduction) and shared evolutionary history as they relate to
the ability of plants to cope with episodic frost events, we
experimentally investigated frost sensitivity of leaves and flow-
ers of eight long-lived perennial herbs from a subalpine ecosys-
tem in the Colorado Rocky Mountains, USA. These eight taxa
comprise four congeneric pairs from four flowering plant
families; each of these pairs includes a species with early and
late growth and reproductive phenology within the season
(Table 1). This sampling of taxa controls for evolutionary his-

Table 1. Taxonomic information, habitat preference, mean flowering date (1974-2014), peak flowering date for the 2014 study season and frost
trial number for the eight subalpine plant species used in this study. For each species, mean date of flowering is the average of peak flowering

date across the 41-year study period (1974-2014); standard error (SE) in all cases is standard error of the mean. Mean flowering date is signifi-
cantly different between each early and late pair (P < 0.05). Frost trial number corresponds to the date range for each experimental frost trial

(see Table 2 for specific dates)

Mean flowering Peak flowering

Species Family Habitat date + SE date, 2014 Frost trial
Mertensia fusiformis Boraginaceae Wet and dry meadows 06 June + 1.8 09 June 1
Mertensia ciliata Boraginaceae Wet meadows 09 July + 1.3 13 July 2
Hydrophyllum capitatum Hydrophyllaceae Wet and dry meadows 11 June + 1.8 13 June 1
Hydrophyllum fendleri Hydrophyllaceae Wet meadows, aspen forest 01 July + 1.8 27 June 2
Delphinium nuttallianum Ranunculaceae Wet and dry meadows 18 June + 1.5 19 June 1
Delphinium barbeyi Ranunculaceae Wet meadows 23 July + 1.6 29 July 3
Erigeron flagellaris Asteraceae Dry meadows 17 July + 4.1 12 July 2
Erigeron speciosus Asteraceae Wet and dry meadows 03 Aug + 1.7 06 Aug 3

© 2015 The Authors. Journal of Ecology © 2015 British Ecological Society, Journal of Ecology, 104, 55-64



tory — and therefore other traits shared through common
ancestry — to some degree, while investigating how phenology
relates to frost sensitivity. Specifically, we examined the tem-
peratures at which vegetative (leaves) and reproductive (flow-
ers) structures are sensitive to frost and asked two primary
questions: (i) Are frost sensitivities similar among vegetative
and reproductive structures within species, and (ii) are frost sen-
sitivities similar among closely related species (congeneric
pairs), or do closely related species with early vs. late phenol-
ogy exhibit differences in frost sensitivity? We discuss the
implications of our findings from the perspectives of population
dynamics, species interactions and community ecology.

Materials and methods

To determine temperatures at which species exhibit signs of frost
damage and to relate interspecific variation in frost sensitivity to eco-
logical and evolutionary patterns and processes, we selected eight
subalpine plant species that varied in phenology (timing of growth
and reproduction) and evolutionary relationships (Table 1). Our
experimental procedure for examining the frost sensitivity of these
taxa had three stages: (i) plant tissue collection in the field, (ii) expo-
sure of plant tissue to experimental temperature treatments in the lab-
oratory and (iii) assessment of frost damage following each treatment.

STUDY SITE AND STUDY SPECIES

All plant specimens used in this study were collected at the Rocky
Mountain Biological Laboratory (RMBL) in Gothic, Colorado, USA
(38°57.5'N, 106°59.3’W, 2900 m above sea level). The area sur-
rounding the RMBL is a subalpine ecosystem consisting of a mosaic
of wet and dry meadows, and aspen and spruce forest. This ecosys-
tem is snow-dominated for much of the year; thus, the growing sea-
son is relatively brief, lasting approximately 3—5 months (CaraDonna,
Iler & Inouye 2014). Snowmelt date in this ecosystem is highly vari-
able from year to year, ranging from mid-April to mid-June, although
the date of snowmelt is getting earlier in accordance with climate
change (Anderson et al. 2012; Iler et al. 2013a). Freezing tempera-
tures during springtime are common in this plant community: from
1973 to 2005, minimum temperatures in June ranged from —1.7 to
—8.3 °C (mean = —4.3 °C; Inouye 2008). The frequency of freezing
temperatures has not changed over the course of this time period
(1973-2005; Miller-Rushing & Inouye 2009); instead, there is an eco-
logically relevant interaction between earlier snowmelt dates, plant
phenology and frost damage. When snowmelt is early, flowering phe-
nology is advanced (Iler et al. 2013b), and as a result, plants are
exposed to a greater occurrence of freezing temperatures during
growth and reproduction (Inouye 2008; Miller-Rushing & Inouye
2009). For example, at our study site in Colorado, Inouye (2008)
found that when snowmelt date is early, a substantial proportion of
flowers of three herbaceous species experience severe frost damage;
such frost damage does not occur when snowmelt date is later. As
snowmelt dates are predicted to become earlier and earlier in this
ecosystem, the severity and frequency of frost damage to plants are
also likely to increase (Inouye 2008).

Our eight taxa represent four congeneric pairs from four flowering
plant families: Erigeron flagellaris and E. speciosus (Asteraceae);
Mertensia fusiformis and M. ciliata (Boraginaceae); Hydrophyllum
capitatum and H. fendleri (Hydrophyllaceae); and Delphinium nuttal-
lianum and D. barbeyi (Ranunculaceae). Each of these congeneric
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pairs includes a species with early and late-flowering phenology
(Table 1), which allows us to explore the relationship between phe-
nology and frost sensitivity while controlling for evolutionary rela-
tionships to some degree. Each early and late pair has significantly
different flowering dates (z-test, Mertensia spp. t= —14.85,
P < 0.001; Hydrophyllum spp. t = —=7.9, P < 0.001; Delphinium spp.
t=—16.17, P < 0.001; Erigeron spp. t = —4.10, P < 0.001; Table 3,
Fig. 2). All eight taxa are native and widely distributed across western
North America in subalpine and montane ecosystems. Furthermore,
all taxa are long-lived perennial herbs, which is the dominant life-his-
tory strategy of the plant taxa in this subalpine community. For these
species, at the end of each growing season, the above-ground biomass
senesces. All species overwinter below-ground and upon snowmelt at
the start of each new growing in the spring, the growth of vegetative
and reproductive structures occurs once again.

PLANT TISSUE COLLECTION

Vegetative (leaves) and reproductive (flowers) plant tissues were col-
lected from approximately 100-120 randomly chosen plant individu-
als around the RMBL. The total number of samples collected for
each plant species varied based on the availability of plant tissue dur-
ing each collection period (see Tables S1 & S2 in Supporting Infor-
mation); for one plant species, we had difficulty collecting this
amount of plant tissue, and the sample size is reduced (Hydrophyllum
capitatum: n = 62). For all species, plant tissue was collected at the
same developmental stage. Specifically, for leaves, only mature, fully
expanded leaf tissue was collected, and for flowers, only newly
opened floral tissue was collected. From each individual plant, a sin-
gle undamaged leaf and a single undamaged flower were collected
and then immediately placed inside a plastic bag with a damp paper
towel and placed inside a cooler. For consistency, and so we did not
damage leaf tissue or floral tissue, all leaves were cut near the base of
the petiole, below the leaf blade, and flowers were cut near the base
of the pedicel, below the receptacle. Within 2 h of collection, all
detached leaf and flower tissues were transferred from the field cooler
to a laboratory refrigerator and stored at 5 °C until prepared for an
experimental temperature treatment. The treatments were applied
within 24 h of field collection. We collected fresh plant tissue each
day prior to each experimental treatment to control for plant tissue
senescence that may occur after collection from the field. In addition,
the temperatures experienced by herbaceous plants during the growing
season may influence their frost sensitivity (e.g. Sakai & Larcher
1987; Rapacz & Janowiak 1998). In our subalpine ecosystem, temper-
atures fluctuate between warm daytime (i.e. > 15 °C) and cool night-
time temperatures (i.e. <5 °C) for the vast majority of the growing
season (see Fig S1). Thus, all of our study taxa experienced relatively
similar temperature regimes, and it is therefore unlikely that tempera-
tures experienced prior to field collection would strongly bias our
results. Air temperatures at the RMBL before and during plant sam-
pling and frost trials are reported in Figure S1.

FROST EXPERIMENT

We used a Sigma M26-C4 programmable temperature chamber
(Sigma Systems Corporation, Mansfield, MA, USA) to expose plant
tissue to five independent temperature treatments: 0, —2.5, —5.0,
—7.5 and —10 °C. Our selection of these temperature treatments
encompasses the range of night-time freezing temperatures that occur
at our study site in Colorado during early spring after snowmelt (min-
imum temperature range from 1973 to 2005: —1.7 to —8.3 °C;
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Inouye 2008); our lowest temperature treatment was meant to repre-
sent an extreme condition that lies just beyond what is observed in
our ecosystem. The actual target temperatures reached during each
treatment are reported in Table 2 and are the temperatures used in all
subsequent analyses. For each complete experimental frost trial — that
is, all five temperature treatments — approximately 100 samples of
flowers and leaves were used for each species; approximately 20 sam-
ples were used for each individual temperature treatment (i.e. 20 sam-
ples at five temperature treatments = 100 samples per species).
Across the growing season, three complete experimental frost trials
were conducted that coincided with the availability of vegetative and
reproductive tissue for our focal taxa at our field site (Table 1).
Because we had only one temperature chamber, individual tempera-
ture treatments within a complete frost trial occurred on separate days
(or at night) during this time period, assignment of each treatment
was random within each complete frost trial to prevent any biases that
may arise as a result of experimental treatments being conducted on
separate days. Because liquid CO, is the cooling agent for the tem-
perature chamber, all plant tissues were wrapped in aluminium foil to
prevent CO, poisoning and to prevent excess water loss and desicca-
tion during the experiment (Sakai & Larcher 1987; Wheeler et al.
2014). Each leaf and flower sample was wrapped individually in its
own foil packet.

Temperature treatments were programmed to model the rate and
duration of night-time frost events at our field site, based on tempera-
ture data from a weather station at the study site (see Fig. S2). All
frost simulations began at 5 °C. Plant tissue was placed inside the
temperature chamber, and over the course of 6 h, the temperature
ramped down from 5 °C to one of the five target temperatures (0,
—2.5, =5.0, =7.5 or —10 °C; Table 2). Once the target temperature
was reached, it was held for 2 h and then brought back up to 5 °C in
1 h. The total time for each temperature treatment was 9 h. Thus, we
controlled for time, rather than cooling rate, because this better
matches what occurs in our ecosystem during a frost event (Fig. S2).

ASSESSMENT OF FROST DAMAGE

Once each temperature treatment was complete, individual plant
specimens were removed from the temperature chamber and visually
examined for frost damage. Frost damage to leaves and flowers is
generally obvious due to discoloration and wilting associated with
oxidation of polyphenols, or a characteristic odour caused by the
decompartmentalization and autolysis of the protoplast (Sakai &

Table 2. Target and actual temperatures reached during each of the
three frost trials. During each treatment, the temperature in the cham-
ber began at 5 °C and then over the course of 6 h was brought down
to the each target temperature, held for 2 h and then brought back up
to 5 °C in 1 h; with this design, we controlled for time, rather than
cooling rate, because this more closely resembles what occurs at our
study site in the Colorado Rocky Mountains, USA (Fig S2). ‘Frost
trial 3’ occurred over fewer days compared to the other frost trials
because some of the individual temperature treatments were con-
ducted at night

Frost

trial Treatment temperature (°C) Frost trial date range
Target 00 —-25 -50 -75 —-10.0 NA

1 00 -25 —-49 -7.1 —9.8  19-26 June 2014

2 00 -23 —-48 -69 —7.4  02-09 July 2014

3 00 -25 —-48 -74 —9.4  28-31 July 2014

Larcher 1987). For consistency, assessment of frost damage was
always conducted by the same three researchers (P.J.C., J.A.B. and
R.M. Brennan). In addition, all experimentally manipulated plant
tissue was compared to freshly collected plant tissue for reference.
Frost damage was scored on a binary scale where 1 = frost dam-
age, and 0 = no frost damage. For flowers, we examined frost dam-
age to the entire flower (i.e. all floral parts were assessed
simultaneously without distinction among specific floral parts). We
used a binary damage scale over a continuous damage scale,
because in the vast majority of cases, if frost damage occurred, it
was either complete or extensive throughout the plant tissue (e.g.
Fig. 1). Finally, visual inspection of frost damage has been shown
to correspond with electrolyte leakage methods (Obrist 2001;
Vitasse et al. 2014).

ASSESSMENT OF PLANT PHENOLOGY

Data on plant phenology for our study species come from a long-
term study of flowering phenology at the RMBL (1974-2014). In
this long-term study, the number of open flowers per stalk was
counted every other day from 1974 to 2014 for all flowering plant
species that occur in 30 2 x 2 m plots. In our study of frost sensi-
tivity, we define phenology for each species as the mean date of
peak flowering averaged across the 41-year study period (Table 1)
(Inouye 2008; Iler et al. 2013b; CaraDonna, Iler & Inouye 2014).
Specific peak flowering dates for each species during the 2014 study
year are reported in Table 1. Peak flowering date is the day on
which 50% of the flowers were counted as open for each species.
We do not have species-level data on vegetative phenology; thus,
we use flowering phenology as an approximate measure for overall
vegetative and reproductive phenology for each species. Reproduc-
tive and vegetative traits are often highly correlated (Primack 1987),

Delphinium barbeyi (Ranunculaceae)

0°C -10°C

Fig. 1. The flowers of Delphinium barbeyi and Erigeron speciosus
after the warmest (0 °C) and the coolest (—10 °C) experimental tem-
perature treatments. Plant tissue was collected from a subalpine
ecosystem near the Rocky Mountain Biological Laboratory in the
Colorado Rocky Mountains, USA (2900 m above sea level).
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and indeed, flowering and leaf-out times appear to be highly corre-
lated in many species (sensu Schwartz & Reiter 2000; Post et al.
2008 Polgar, Gallinat & Primack 2014; Zohner & Renner 2014).
Based on our (P.J.C. and J.A.B.) personal observations for our study
taxa, plants that flower early tend to be plants that begin vegetative
growth earlier in the season; additionally, because the growing sea-
son is brief, the duration between emergence of vegetative structures
and the timing of reproduction is relatively short. Therefore, in this
study, we are assuming that flowering phenology and vegetative
phenology are correlated to some degree.

DATA ANALYSIS

We analysed the relationship between experimental temperature and
frost damage to leaves and flowers using standard logistic regression
models (implemented in R using the glm function; R Development
Core Team 2014). The lethal temperature at which 10%, 50% and
90% of the individuals across temperature treatments experienced frost
damage (LT, LTsp, LTop) and the standard error (standard error of
inverse prediction) were calculated from each logistic regression
model. In one case (leaf frost sensitivity analyses of Hydrophyllum
fendleri), a standard logistic regression model could not be fit due to
perfect separation of data; here, we used a Bayesian logistic regression
model that accounts for this standard logistic model violation (imple-
mented in R using the ARM package).

We analysed differences in frost sensitivity between leaves and
flowers within species, and between species within congeneric pairs,
by comparing the intercepts of each logistic regression model fit via a
Wald test. Specifically, different logistic regression intercepts indicate
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different relationships between temperature and the probability of
frost damage (which is conceptually analogous to comparing slopes
in a linear regression); in other words, a significantly different inter-
cept means that plant tissue types, or species within congeneric pairs,
differ in their frost sensitivity. In the few cases where one species in
a comparison did not exhibit any frost damage within the experimen-
tal treatments (i.e. frost sensitivity occurred below —10 °C), we used
a one-sided r-test to examine whether LTs, of the damaged species
was significantly less than —10 °C. Furthermore, we limit our analy-
ses of frost sensitivity to within species comparisons (leaf vs. flower)
or within congeneric pair analyses (early- vs. late-flowering species)
because our selection of taxa is necessarily a biased sample from the
community. Thus, we did not analyse data in a continuous framework
using a linear regression model because our selection of species does
not represent independent samples.

Results

Frost sensitivity varied considerably among the eight study
species. For leaves, frost damage ranged from —5.1 °C to
below —10.0 °C, and for flowers, frost damage ranged from
—1.9 °C to below —10.0 °C (Figs 2 and 3; Table 3). (A
complete list of logistic regression model fit coefficients is
reported in Tables S1 & S2). For the majority of species, leaf
and flower frost sensitivity (LT;o, LTsy and LTg,) occurred
within the experimental temperature range. However, in four
cases, frost damage did not occur within the experimental
temperature range (leaves and flowers of Erigeron flagellaris,

Model fit —
LT50 ——-

Leaf frost damage

Experimental frost temperature ("C)

Fig. 2. Leaf frost sensitivities of subalpine plant species from the Colorado Rocky Mountains, USA. (a—h) Logistic regression model estimates
showing the relationship between leaf frost damage and experimental temperatures. Black lines represent logistic regression model fits; points rep-
resent actual data points, which are jittered for clarity and visualization purposes; dashed lines indicate LTs, (dashed lines are shown at the end
of the x-axis in cases where LTs, did not occur prior to —10 °C). Species are ordered by relative phenology (Table 1), and congeneric pairs are
stacked on top of each other. Four letter species abbreviation codes are as followed: MEFU = Mertensia fusiformis, HYCA = Hydrophyllum cap-
itatum, DENU = Delphinium nuttallianum, ERFL = Erigeron flagellaris, MECI = Mertensia ciliata, HYFE = Hydrophyllum fendleri,
DEBA = Delphinium barbeyi and ERSP = Erigeron speciosus. Note that the x-axis has been reversed so that an increase in freezing temperature
is shown from left to right.
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Experimental frost temperature ("C)

Fig. 3. Floral frost sensitivities of subalpine plant species from the Colorado Rocky Mountains, USA. (a—h) Logistic regression model estimates
showing the relationship between floral frost damage and experimental temperatures. Black lines represent logistic regression model fits; points
represent actual data points, which are jittered for clarity and visualization purposes; dashed lines indicate LTs, (dashed lines are shown at the
end of the x-axis in cases where LTs, did not occur prior to —10 °C). Four letter species abbreviation codes are the same as in Fig. 2. Note that
the x-axis has been reversed so that an increase in freezing temperature is shown from left to right.

Table 3. Leaf and flower frost sensitivities of eight subalpine species from the Colorado Rocky Mountains. Standard error (SE) in all cases is

standard error of the mean. Temperature values for species that did not experience leaf or flower frost damage within the experimental treatments

are reported as occurring below —10 °C (see Materials and Methods for details). For Delphinium nuttallianum, LTy, for flowers fells outside of

the experimental treatments and is thus an extrapolated model estimate

Leaf frost sensitivity ("C)

Floral frost sensitivity (°C)

Species LTy + SE LTso = SE LTy + SE LT,y £ SE LTsy = SE LTy + SE
Mertensia fusiformis < —10.0 < —10.0 < —10.0 —-57 £ 0.5 —69 £ 04 —8.1 £ 0.7
Mertensia ciliata —6.5+ 0.3 —7.7+0.2 —8.8 £ 04 —42+04 —6.7 £ 0.2 —-9.3 £0.2
Hydrophyllum capitatum —-5.1+£0.7 —63 £ 04 —-7.6 £04 —23+£0.7 -37+£04 —50=+04
Hydrophyllum fendleri —58+05 7.0+ 03 —8.12 £ 0.5 -19+05 —37+03 55405
Delphinium nuttallianum < —10.0 < —10.0 < —10.0 —8.0 £ 0.6 —10.0 £ 0.4 —11.9 £ 0.9
Delphinium barbeyi —6.4 + 0.6 —8.0+ 04 —9.7 £ 0.6 33+ 0.6 —56+04 —7.8 £ 0.6
Erigeron flagellaris < —10.0 < —10.0 < —10.0 < —10.0 < —10.0 < —10.0
Erigeron speciosus —54 +£0.7 —8.0 £ 04 —10.5 £ 0.8 —32+05 -50+03 —6.7 £ 0.5

and leaves of Mertensia fusiformis and Delphinium nuttal-
lianum), indicating frost resistance even at the most extreme
treatments; in these cases, frost sensitivity values are reported
as less than —10.0 °C (Table 3). In one case (flowers of Del-
phinium nuttallianum), LTgy only did not occur within the
experimental temperature range, and the reported LTy value
is based on extrapolated logistic regression model estimates
(Table 3).

FLORAL & LEAF FROST SENSITIVITY AMONG SPECIES

Floral tissue was significantly more sensitive to frost than leaf
tissue in six of the eight study species (Table 4, Figs 2 and

3). For the remaining two species (Delphinium nuttallianum
and Erigeron flagellaris), little or no frost damage occurred
within the experimental treatments, making it unclear in these
cases whether leaves and flowers differ in frost sensitivity.

COMPARISON OF LEAF AND FLOWER FROST
SENSITIVITY WITHIN CONGENERIC PAIRS

There was a significant difference in leaf frost sensitivity
between species within three out of the four congeneric pairs
(Fig. 2). In these three cases, the later flowering species was
more sensitive to frost (one-sided t-test, Mertensia spp.
t =114, P < 0.0001; Delphinium spp. t = 49.5, P < 0.0001;
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Table 4. Logistic regression analyses results comparing frost sensitiv-
ity between leaf tissue and floral tissue for each species. For all cases
where there is a significant effect, floral tissue is more sensitive to
frost than leaf tissue (Table 3, Figs 2 and 3). Significant comparisons
are indicated in bold. We did not compare leaf and flower frost sensi-
tivity for Delphinium nuttallianum and Erigeron flagellaris because
LTsy occurred outside of the experimental temperature range (See
Materials and methods for details)

Wald test coefficients

Species x> d.f. P
Mertensia fusiformis 23.50 1 < 0.0001
Mertensia ciliata 5.40 1 0.02
Hydrophyllum capitatum 22.20 1 < 0.0001
Hydrophyllum fendleri 25.70 1 < 0.0001
Delphinium nuttallianum NA NA NA
Delphinium barbeyi 18.50 1 < 0.0001
Erigeron flagellaris NA NA NA
Erigeron speciosus 21.10 1 < 0.0001

Erigeron spp. t = 50, P < 0.0001; Table 3, Fig. 2), suggest-
ing a relationship between plant phenology and frost sensitiv-
ity independent of evolutionary history. However, there was
no statistical difference in sensitivity of leaves to frost
between the two Hydrophyllum species (Wald test, y° = 2.5,
d.f. =1, P =0.11; Table 3, Fig. 2), suggesting that at least
some closely related species exhibit similar leaf frost sensitiv-
ity.

For two sets of congeneric pairs, flowers of the later flow-
ering species were more sensitive to frost than the earlier
flowering species (Wald test, Delphinium spp.: %° = 30.00,
df. =1, P<0.0001; Erigeron spp. y>=27.60, df. =1,
P < 0.0001; Table 3, Fig. 3). In contrast, for the remaining
two congeneric pairs, there was no difference in floral frost
sensitivity between species (Wald test, Mertensia spp.
x> =040, d.f. =1, P = 0.53; Hydrophyllum spp. x? =0.85,
d.f. = 1, P = 0.77; Table 3, Fig. 3).

Discussion

In this study, we experimentally investigated the frost sensi-
tivity of vegetative and reproductive structures for a series of
eight long-lived perennial herbs from a subalpine ecosystem
in the Colorado Rocky Mountains, USA. Specifically, we
explored two primary questions: (i) whether frost sensitivity
differed between leaves and flowers within species, and (ii)
whether phenology (timing of growth and reproduction) or
evolutionary history was related to interspecific variation in
frost sensitivity. Overall, frost sensitivity varied considerably
among species and plant structures. Within species, flowers
were consistently more sensitive to frost than leaves (Tables 3
and 4, Figs 2 and 3). Within congeneric pairs, the leaves of
species with later-season phenological events were generally
more sensitive to frost than the species with early-season phe-
nological events. For flowers, the relationship between phe-
nology and frost sensitivity was less clear: in two of the
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congeneric pairs, the species with later-season phenological
events were more sensitive to frost than the species with
early-season phenological events, as predicted; for the remain-
ing two congeneric pairs, frost sensitivity was virtually identi-
cal despite differences in the timing of phenological events.
Thus, our results provide evidence in support of a phenology-
frost sensitivity trade-off, but also show that, in some cases,
more closely related taxa may exhibit physiological con-
straints related to frost sensitivity.

Our assessment of frost sensitivity was within controlled
experimental conditions and was conducted on detached
plant tissues. Detachment of plant tissues may prevent
recovery after minor frost damage, especially if physiologi-
cal processes involved in recovery are inhibited. However,
in this study, plant tissue was most often severely damaged
(e.g. complete discoloration and wilting) or unaffected
(Fig. 1); in these cases, recovery of destroyed plant tissue
is unlikely. Frost sensitivities of plants under naturally
occurring conditions are likely to vary with cooling and
warming rates, microclimate and other habitat hetero-
geneities (e.g. slope, aspect and humidity) that may buffer
or further expose plants to freezing temperatures (Inouye
2000). Thus, our findings from our controlled experimental
temperatures are not directly applicable to natural settings
but still have important implications for natural plant popu-
lations and communities. Furthermore, in a few cases, we
were unable to determine specific frost sensitivity values for
some species because frost damage did not occur within
our experimental temperature treatments (Table 3). However,
this limitation does not influence the interpretation of our
results because we can infer that frost sensitivity for these
species is below —10.0 °C, a freezing temperature that is
beyond what is observed in our ecosystem during spring
(Inouye 2008).

FLOWERS ARE MORE SENSITIVE TO FROST THAN
LEAVES

Reproductive structures are assumed to be more sensitive
than vegetative structures, in part because rapidly differentiat-
ing and actively growing plant tissues tend to be most sensi-
tive to frost events (Sakai & Larcher 1987). However, the
limited evidence for plants from natural communities does
not consistently support this assumption (e.g. Nixon &
McClain 1969; Inouye 2000; Augspurger 2009, 2011). In our
experimental study, we found that flowers were generally
more sensitive to frost than leaves (Table 3, Figs 2 and 3).
We propose that our finding of greater frost sensitivity in
flowers compared to leaves is consistent with demographic
life-history trade-offs for long-lived perennial plant species
(Franco & Silvertown 2004). All eight of the study species
are long-lived iteroparous herbs. Such plants should invest in
strategies that ensure survival and growth over short-term
reproductive success in order to increase overall population
growth (A). This is because survival and growth characteristi-
cally contribute more strongly to population growth for long-
lived perennial herbs compared to reproduction (Franco &
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Silvertown 2004). In other words, there is less incentive to
invest in protection of ephemeral reproductive structures
compared to vegetative structures because when vegetative
structures survive, another reproductive cycle is possible in
the following year.

VARIATION IN FROST SENSITIVITY WITHIN
CONGENERIC PAIRS: EVIDENCE FOR THE IMPORTANCE
OF PHENOLOGY

Recent work has highlighted a trade-off between plant phe-
nology and frost sensitivity (e.g. Lenz er al. 2013; Vitasse,
Lenz & Korner 2014; Vitasse et al. 2014). Plants that are
sensitive to freezing temperatures should be selected to have
later phenological events (e.g. leaf-out time and flowering
time) that decrease the probability of experiencing a detri-
mental frost event (Lenz er al. 2013). We hypothesize that
selection should be more extreme for vegetative structures
compared to reproductive structures because the destruction
of vegetative structures via frost damage may partially or
completely retard growth, which can subsequently lead to
partial or complete reproductive failure. Furthermore, this
hypothesized relationship between plant phenology and frost
sensitivity is consistent with theoretical expectations for opti-
mal timing in seasonal environments. Plant species with ear-
lier phenological events should receive a fitness benefit
because they can withstand unfavourable abiotic conditions,
and as a result, can avoid more intense biotic competition
(Iwasa & Levin 1995; Post 2013) and simultaneously take
advantage of a longer growing season (Lockhart 1983).
However, this general hypothesis does not account for the
possibility that related taxa may have evolutionarily con-
served physiological constraints that prevent them from cop-
ing with harsh abiotic conditions despite flexibility in their
phenological events. In this study, we found strong evidence
for a relationship between plant phenology and frost sensitiv-
ity, and only limited evidence that, in some cases, closely
related taxa may exhibit physiological constraints related to
frost sensitivity (Tables 1 and 3, Figs 2 and 3). These results
suggest that the related taxa in our study may not have
strong physiological constraints related to frost sensitivity, or
the benefits of earlier growth and reproduction are strong
enough to override any physiological constraints shared
among related taxa. Additional research on species represent-
ing broader taxonomic coverage and from different ecosys-
tems will be important to further evaluate these findings.
Nonetheless, our results from four congeneric pairs suggest
that within many clades, taxa may show divergence in phe-
nological traits that mediate frost sensitivity, supporting the
phenology—frost sensitivity relationship, whereas in some
cases in other clades, related taxa may exhibit no difference
in frost sensitivity, despite variation in the timing of pheno-
logical events, which may be related to evolutionarily con-
served physiological constraints. Our study adds to a
growing body of evidence that highlights the relationship
between ecological timing and harsh abiotic events (e.g.
Inouye 2000, 2008; Augspurger 2009; Forrest & Thomson

2010; Lenz et al. 2013; Vitasse, Lenz & Komer 2014;
Vitasse et al. 2014).

IMPLICATIONS FOR SPECIES INTERACTIONS AND
COMMUNITY DYNAMICS

The differences in frost sensitivities between vegetative and
reproductive structures we report here have implications for
species interactions and community dynamics. Our findings
suggest that a single episodic frost event may not be detri-
mental for plant growth and survival, but can severely
reduce floral production via frost damage and reduce repro-
duction in these subalpine plant species (e.g. Forrest &
Thomson 2010; Thomson 2010). Frost sensitivity of flowers
among our eight species was highly variable, with some spe-
cies experiencing frost damage at relatively mild freezing
temperatures (—1.9 jC), while others remained undamaged
by freezing temperatures exceeding —10.0 jC (Table 3). This
means that a frost event at any given time during the grow-
ing season is likely to have variable effects on species,
depending on their specific frost sensitivity and phenology,
as well as evolutionary history. Assuming that plants under
natural conditions exhibit a similar range of frost sensitivity
to those observed in our experiment, this variation in frost
sensitivity has the potential to alter flowering plant commu-
nity composition and hence the floral resource landscape
available to pollinators following an episodic frost event.
Changes in flowering plant community composition can
affect pollinator visitation patterns (Waser 1978; Ghazoul
2006), as well as plant—plant competition for abiotic
resources (Veresoglou & Fitter 1984), both of which can
influence plant reproductive output. Importantly, changes in
floral resource composition and abundance are also likely to
have consequences for pollinator population dynamics (e.g.
Roulston & Goodell 2011; Burkle, Marlin & Knight 2013).
Indeed, episodic frost events have been linked to subsequent
population declines in squirrels due to reductions in food
resources (Nixon & McClain 1969), and a similar scenario
is possible for pollinator populations. In this subalpine plant
community, coflowering patterns have been shown to be
reshuffled under climate change conditions (Forrest, Inouye
& Thomson 2010; CaraDonna, Iler & Inouye 2014). As the
climate continues to warm in this subalpine ecosystem, and
snowmelt and plant phenology continue to become earlier,
detrimental frost events are likely to increase, especially for
plants commencing growth early in the season (Inouye 2008;
Miller-Rushing & Inouye 2009; Forrest & Thomson 2010).
The findings presented here are consistent with the interpre-
tation that at least some of the reshuffling observed within
this flowering plant community may be attributed to the
effects of frost damage.

Conclusions

Harsh abiotic conditions, such as freezing temperatures, are a
key challenge limiting the distribution and abundance of
plants (Sakai & Larcher 1987; Zanne et al. 2014). As climate
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change continues to alter the frequency and magnitude of
extreme abiotic events, it is increasingly important to under-
stand interspecific variation in species’ responses to these
events, and ultimately, how these responses may influence
both population and community patterns. This study con-
tributes to our general understanding of factors related to
interspecific differences in plant sensitivity to episodic frost
of naturally occurring species. The increased
sensitivity of reproductive structures to frost compared to veg-

events

etative structures may be a widespread pattern for long-lived
perennial plants, as is evidenced here, but this hypothesis
needs to be experimentally examined in more species and in
more ecosystems. As we hypothesized, interspecific variation
in plant frost sensitivity may represent different strategies
employed by different clades. Our results suggest that the
timing of important life-history events (e.g. growth and
reproduction), more so than evolutionary history, is likely to
influence how plant species respond to harsh abiotic
conditions.
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Figure S1. Snowmelt date, daily maximum and daily minimum air
temperatures before and during plant sampling and temperature
manipulation.

Figure S2. Examples of night-time cooling rates that occur during the
spring after snowmelt at the Rocky Mountain Biological Laboratory,
Gothic, Colorado, USA.

Table S1. Logistic regression model coefficients for the relationship
between experimental temperature and leaf frost damage for the eight
plant taxa in this study.

Table S2. Logistic regression model coefficients for the relationship
between experimental temperature and floral frost damage for the
eight plant taxa in this study.
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Figure S1: Snowmelt date, daily maximum and daily minimum air temperatures before and

during plant sampling and frost manipulation for the 2014 field season at the Rocky Mountain

Biological Laboratory (RMBL), Gothic, Colorado, USA. Frost trial date range is the time period

over which plant tissue was collected and each individual frost treatment was applied (See

Materials and methods for details). The third frost trial occurred over fewer days compared to the

other frost trials because some of the individual temperature treatments were conducted at night.

Daily maximum and minimum temperature data come from the Billy Barr Weather Station at the

RMBL and are available at: http://www.wrcc.dri.edu/cgi-bin/rawMAIN.pl?corbil.
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Figure S2: (a—d) Examples of nighttime cooling rates that occur during the spring after
snowmelt at the Rocky Mountain Biological Laboratory (RMBL), Gothic, Colorado, USA.
These examples begin at approximately the same temperature as our frost trials (ca. 5°C) and
reach a similar minimum temperature as our different frost treatments (0.0, —2.5, -5.0, —7.5, and
—10.0°C). Hourly temperature data at our field site are only available from 2010 and during this
time, no nighttime temperatures that occurred after snowmelt and began near 5°C dropped to our
most extreme temperature treatments (our lowest temperature treatment was meant to represent
an extreme condition that is beyond what is observed in our ecosystem). Hourly temperature data
come from the Billy Barr Weather Station at the RMBL and are available at:

http://www.wrcc.dri.edu/cgi-bin/rawMAIN.pl?corbil.



Table S1: Logistic regression model coefficients for the relationship between experimental temperature
and leaf frost damage (lethal temperature, LT) for the eight plant taxa in this study. Notes: (1) slope and
intercept values are not reported in cases were the logistic regression model was non-significant; (2) due
to perfect separation of the data, Hydrophyllum fendleri is analyzed using a Bayesian generalized linear

model, which accounts for this logistic regression model violation.

Logistic regression model coefficients Leaf frost sensitivity ("C)

Species n Slope + SE P Intercept + SE P LT LTso LTy

Mertensia fusiformis 110 na 1.000 na 1.000 < -10.0 < -10.0 < -10.0
Mertensia ciliata 120 -2.33+0.58 <0.0001 -17.81+4.33 <0.0001 -6.70 —7.65 -8.59
Hydrophyllum capitatum 62 -2.27+0.67 0.001 -14.30+4.04 <0.0001 -5.34 -6.31 -7.27
Hydrophyllum fendleri 100 -1.15+0.21 <0.0001 -8.06 + 1.52 <0.0001 -5.10 —6.99 -8.90
Delphinium nuttallianum 110 na 1.000 na 1.000 < -10.00 < -10.00 < -10.00
Delphinium barbeyi 100 -1.62+0.39 <0.0001 -13.03 £3.14 <0.0001 —6.67 —-8.024 -9.38
Erigeron flagellaris 100 na 1.000 na 1.000 < -10.00 < -10.00 < -10.00

Erigeron speciosus 100 -0.84 +0.19 0.001 —6.75 + 1.51 <0.0001 -5.41 -8.04 —-10.66




Table S2 Logistic regression model coefficients for the relationship between experimental temperature
and floral frost damage for the eight plant taxa in this study. Slope and intercept values are not reported in

cases were the logistic regression model wasggnificant.

Logistic regression model coefficients Floral frost sensitivity (0C)

Species n Slopet SE P Intercept+ SE P LT1o LTso LTgo

Mertensia fusiformis 110 £0.86+ 0.17 < 0.0001 £6.81+1.09 < 0.0001 £4.18 £6.72 £0.27
Mertensia ciliata 120 B1.79+ 0.48 0.0002 P12.32+ 3.35 0.0002 £5.66 £6.89 £8.12
Hydrophyllum capitatum 62 B1.64+ 0.48 0.0007 £6.99+ 2.15 0.0053 £r.32 £8.66 £6.01
Hydrophyllum fendleri 100 B1.22+0.24 < 0.0001 P4.47+£0.99 < 0.0001 P1.86 £8.66 £6.47
Delphiniumnuttallianum 110 B1.11+0.37 0.0028 P11.09+ 3.51 0.0016 Br.99 £0.96 b11.94
Delphinium barbeyi 100 £0.97+£0.19 < 0.0001 £6.43+1.09 < 0.0001 £8.32 £6.58 Br.84
Erigeron flagellaris 100 na 0.9965 na 0.9963 < P10.00 < B10.00 < B10.00

Erigeronspeciosus 100 B1.23+0.27 < 0.0001 £6.09+ 1.38 < 0.0001 £8.17 B§4.95 £86.74
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ABSTRACT

Interactions between species are ubiquitous in nature and play a fundamental role
in ecological and evolutionaprocesses that generate and maintain biodiveBégpite
the fact thaecological systems are inherently dynamic throtirgle, our current
understanding of this aspectggfeciesnteractions idacking.In this study, we
investigate the withiseason temporal dynamics of plgatlinator interactions over
three years in a subalpine ecosystem in the Colorado Rocky Mout&risnd strong
evidence that species interactions exhibit predictable wéasa turnover that is
consistent across years. These temporal patterns are in large part driven by interaction
rewiring and appear to be a product of changes in the relative abundaspesie§rom
one week to the nexthese results have direct implicatsfor understanding how

species interactionsill respond to continued disturbances related to global change



INTRODUCTION

Interactions between species are ubiquitous in nature and play a fundamental role
in ecological and evolutionaprocesses that generate and maintain biodiversity
(Bascompteet al.2006; Bascompte 2009; Thompson 200&erspecific interactions
influence population dynamics, communstgbility, speciesanges, and ecosystem
functions(Brooker 2006; Ives & Carpenter 2007; Suéteal.2007; Brosi & Brggs
2013; Burkleet al.2013 Afkhami et al.2014; EhrlZret al.2016) Interactions link
species togethavithin communitiesforming complex ecological networks, and a major
goal of community ecology is to understand how and why species interact.

Most empirical workon species interaction networks has come fratatc
perspective, either describimgtworksas a snapshot in time o asingle network
pooled across tim@Polis 1991 reviewed inBascompte & Stouffer 2009y et, it is
broadly recognized th&tological systems are inherently dynarhicoughtime.
Individuals, populations, and communiteéfollow a progression of events from the
past, to the present, and into fh&ure (Wolkovich et al.2014) Despite the fact that time
is a fundamental axis of all ecological systefag studies have explicitly investigated
thebasic seasonal progression of species interaéegpgcially at fine time scales such
asfrom day-to-day or weekio-weekwithin a seagn (Olesenret al.2008 Bascompte &
Stouffer 2009; Simanonok & Burkle 2014herefore our currentunderstanding ahis
basicaspect of ecological interactiorsdacking, whichimpedes our ability to make
reliable predictions about homnd when species will interatipw interactions will

respond to natural variatioandtheir flexibility and resilience to natarand



anthropogeniperturbationgKaiserBunburyet al.2010; Burkleet al.2013 Poisotet al.
2015)

Interaction turnover, or interaction bedaversity, provides framework for
examining the temporal dynamics of species interac{ioisotet al.2012) Unlike the
turnover of species, the turnover of interactions is ultimately driven bdifferent
componentgPoisotet al.2012) The first is species turnoventeractions are lost or
gainedbecause of the loss or gain of speckgg.(1). The second imteraction rewiring
interactionsare lost or gainetdecause of changes in who is interacting with whioen,
the same species interact in differeambinationsacross time or sparé-ig. 1). To date,
however, we have a poor understanding of the relative contributiohess# two
component$n explaininghow species interactions change throtigte and space
(Burkle et al.2015; Poisoet al.2015) Co-occurrence is an obvious prequsite for the
formation of interactions but is insufficient for understanding who interacts with whom
(Poisotet al, 2015); indeedinteractionrewiring has beedocumentedhn several
ecologicalcommunitiegKaiserBunburyet al.2010; Olesenet al.2011a; Poisogt al.
2012; Carstensest al.2014; Simanonok & Burkle 2014)easing apart these two
contributions to interaction turnover will provide insight ihtmv and whyspecies
interactions change through time.

If few ecologicalconstraints exist, patterns of interaction turnover through time
may ultimately be related to a neutkased process whereby species simply interact
proportionally to their abundan§€azquezet al.2009a; Poisoet al.2015) In contrast,
species traits such as phenology and morphological size matching may act as ecological

constraints on who interacts with whom (i.e., a baised processPhenologyis an



obvious trait that constrains which interactions can occur, because species must overlap
in time and space to interact (Vazquez et al. 2009a, b; Olesen et al. 2011a). Once
temporal co-occurrence is accounted for, additional factors such as abundance and
morphological size matching may further determine which interactions are realized
within temporally cumulative networks (Vazquez et al. 2009b; Poisot et al. 2015).
Therefore, neutral and trait-based processes may act independently or together to explain
the temporal dynamics of species interactions, but to our knowledge this has never been
empirically addressed.

In this study, we investigated the within-season temporal dynamics of plant-
pollinator interactions over three years in a subalpine ecosystem in the Colorado Rocky
Mountains. Specifically, we asked: (1) how does interaction turnover vary from week-to-
week within a season, (2) what are the relative contributions of species turnover and
rewiring, and (3) are seasonal patterns of interaction turnover consistent from one year to
the next? Additionally, (4) we used probability-based simulation models to ask whether
interaction turnover and rewiring depend on phenology, abundance, or morphological
size matching. Our study provides strong evidence that plant-pollinator interactions
exhibit predictable within-season turnover that is consistent across years. These temporal
dynamics were in large part driven by interaction rewiring and appear to be a product of

both trait-based (phenology) and neutral-based (abundance) processes.

METHODS
Study system. This study was conducted at The Rocky Mountain Biological Laboratory

(RMBL) in Gothic, Colorado, USA (38°57.5IN, 106°59.3'W, 2900 m a.s.l.). RMBL is



surrounded by a mosaic of wet and dry meadawd aspen and conifer forest. The area
is snowdominated for much of the yeaesulting in a relatively short summer growing

season of 8b months(CaraDonnaet al.2014)

Plant-pollinator observations.We observed plafollinator interactions at weekly
intervals across most of the growing season in 2013, 20d4£Girb.All observations

took place in two adjacent dry meadows that measured approximately 2&e@ 8015

m?, respectively, and were separated by ca. 100m of f@bservations began about one
week after snowmelt in each year (Table S{ithin eachweek, we conducted 32 15
minute plartpollinator interaction observatio(® hours per weekach complete

weekly interaction censuse., all 32 observation periods) occurred over the cours® of 2
3 consecutive days and, weather depending, was sepfioatethe starof the next
weeklycensus by 86 days. We assigua each observation peritmione offour
guadrantswithin each meadown a random fashionVithin each madow quadrate, a
permanent 25 1m transect was set up to monitor floral abundancelskesv) and

served as a reference point for interaction observatiuréng each observation period,
we walked around the meadow quadramd recorddthe frequency of all observed
plantpollinator interactions. We define an interaction iag @ollinator specieslearly
contacting theeproductive structures of flower@Nectar robbing was not observed
during te threeyear study periodAll interactionobservations took place between
0901700 during favorable weather conditidos pollinator activity(ambient
temperature > 80C, not snowing or raining). Our observations spanned 11 weeks in 2013,

15 weeks in 2014nd 16 weeks in 2015¢mpling did not occur during the second week



of the 2015yrowingseason due to poor weather conditions). From eaxtplete set of
weekly observation§.e., all 32 observation periodske constructed a single plant
pollinator interaction matrix. Interaction rarefaction curves and abundsassl richness
estimators showed that this level of sampling was consistergsasmeekly observation
periods and sufficient to document the majority of pairwise gpaliinator interactons
occurring in each weelE{g. S1 Table ).

All flowering plants were identified to species. All pollinators were identified to
species or tthe lowest taxonomic level possibl@uring observations, pollinators were
identified to either species or morphospecies on the wing. A refespecanen was
collected for inseamnorphospecies ardter identified using the RMBL Entomology
Reference Colletion (RMBL_ENT). Otherwise, pollinators were not collected during
observations to prevent amffects ofdestructivesamplingon patterns of interaction
turnover. A list of all plant and pollinator taxa present in the study is includeabie

S3

Plant and pollinator abundancaVithin eacr meadow quadrant, a permanent 2ZEm

transect was established to monitor floral abundance and flowering phenology. Once per
week, all open flowersr flowering heads (for species with small clustered floweese
cowunted for all species present within eadnsec{following CaraDonnaet al.2014)
Thenumber ofobservatiorsampling periods in which a pollinatspeciesvas dserved
interacting with any plant speciess used as a proxy for pollinator abundafece, if a
species was present in @032 observation periods in a giverek, its abundance value

was 10. We opted to use this as our estimate of pollinator abuedastead of



interaction frequency, because it is less dependent upon floral abundance (Vazquez et al.

2009b).

Plant and pollinator morphology. Plant and pollinator morphology were measured in
2015 for all species present during the three-year study period (Table S3). For plants,
functional nectar depth (following Stang et al. 2009) was measured on 10-20 individual
flowers in the field. For insect pollinators, tongue length was measured on 2—15
individuals using the RMBL Entomology Reference Collection (sample sizes for
pollinators varied depending on specimen availability). For the one hummingbird
pollinator (Selasphorus platycercus) in our dataset, bill length was measured in 1978 on
specimen from the RMBL, University of Arizona, and University of University of Utah
vertebrate collections (N.M. Waser unpublished data). Because hummingbirds can
extend their tongues beyond their bill to reach nectar (Paton & Collins 1989), we
estimated tongue length by adding one-third to the bill length (following Vizentin-Bugoni

etal. 2014).

Quantification of interaction turnover. Our approach for quantifying interaction
turnover (i.e., interaction dissimilarity or interaction beta diversity) builds upon classic
community dissimilarity metrics, but explicitly focuses on the compositional differences
among interactions instead of on species (Poisot ef al. 2012). Specifically, we used
Whittaker’s (1960) dissimilarity index to quantify absolute turnover of interactions from
week to week across the growing season:

a+b+c 0o
O R

Bw



wherea is the number of pairwise interactions shared between two successive weekly
networks, andb andc are the number of pairwise interactions unique to each of these
networks, respectivelftherefore this indexultimatelyusesbinary plantpollinator
interactioninformation). Values for this index range from 0 to 1; higher vaindgcate
higher interaction turnoveHigh interaction turnover means that there is a lot of change
from one wek tothe next in who is interactingith whom.We focus on the absolute
turnover of interactions (as opposed to frequency based dissimilarity), because we are
interested in changes in the presence and absence of interactions froin-week
across theeason (still, however, interaction turnover using a frequency based metric of
dissimilarity yields qualitatively similar resulits our plantpollinator community.

A unique aspct of interaction turnovet ) is that it can be partitioneinto two
addtive componentsspecies turnovet §1) and interaction rewirind os) (Fig. 1, Poisot
et al.2012. In other words! iyt =! st + ! 0s. By partitioning planpollinator interaction
turnover into these two additive components we can directly assess why interactions are
changingrom weekto-week across the seas@mply because the composition of
species is changin@e., the effect ofspecies turnovet,st), because of interaction

rewiring (! os), or a combination of both.

Simulation models We constructed a series of probability based simulation mamlels t
explore potential ecological drivers of withseason interaction turnovéiirst, we built a
series oplantpollinatorinteractian probability matrices in whichlihe probability of
pairwise interactions wadetermined by different ecological constraifitdlowing

Vazquezet al.2009b) Theseecological constraints includglantpollinator phenology



(weekly temporal co-occurrence), abundance, morphology, and abundance x morphology
(described in detail below). Because our plant-pollinator observations occurred in the
same general location, we do not explore spatial constraints. Second, we used these
probability matrices to simulate interactions for each week in each year. We simulated
1000 binary interaction matrices based on the underlying probability matrix for each
ecological constraint. For example, if the probability of interaction between plant i and
pollinator j is 0.5, this means that these two species will interact in approximately 500 of
the 1000 simulated matrices. For all simulations we held constant the total number of
observed links between species (i.e., network connectance is always the same), as well as
the presence (and absence) of plants and pollinators in each week. Therefore, our
simulations do not deviate from actual species composition, but allowed for changes in
interactions among temporally co-occurring species. Last, we calculated expected
interaction turnover using these simulated interaction matrices and compared these
expected values to the observed values from our actual interaction matrices.

We created four different simulation models based on the following ecological
constraints:
(i) Phenology- the probability of interaction was equal among all temporally co-
occurring plants and pollinators (i.e., completely randomized interactions, or a null
model).
(i) Abundance- the probability of interaction was constrained according to the relative
abundance of temporally co-occurring species. Specifically, the probability of interaction

between plant i and pollinator j was the product of their weekly relative abundances.



(iif) Morphologicalsizematchingbthe probability of interaction was constrained by
whether or not a pollinator could gain access to a nectar reward for temporally co
occurring species. Specifically, the probability of interaction between ipdauok
pollinatorj is al (i.e., a matchif the length of the pollinator tongue is as long as the
functional nectar depth of the flower (x1mm) and O if the length of the pollinator tongue
is less than the nectar depth.

(iv) Abundanceé morphologybthe probability of inéraction was constrained bgth
abundance and morphological simatching of temporally coccurring species. fie
abundance and morphology probability matrices were multiplied together tottisate
probability matrix Specifically, he probability of interaction betwe¢emporally ce
occurringplanti and pollinatolj was proportional according to their abundance, given

that they also exhited morphological sizenatching.

Data analysis & model comparisonsWeekto-week patterns of tuover within each
yearwere analyzedsing linear regression or ndinear regression (when appropriate)

for all turnover metrics!s,! inT,! os, and! s1). Because time is directional, we analyzed
interaction turnover across successive weeks within each growing $eesio-

week) Therefae, our predictor variable is each successieekto-week temporal

transition and our response variable is the specific turnover ma&feitested for

temporal autocorrelation among the residuals of turnover variables within each season to
ensure our timseries data met the assumption of independence for each regression

model; in all cases, temporal autocorrelation was not detectable among the residuals. We



compared the average contribution of species turnbggrand interaction rewiring
(! 09) in eachyea of the study usingtwo-sidedt-test

We compared the simulat@tteractionturnover patterns from each model to the
observed turnover patterns using a standardized effect size (SES) afffoitawing
Sander®t al.2003) The SES provides a measure of the number of standard deviations
that the observed interaction turnover valugd is above or below the mean index of
the simulated model valuég(,,) for eachweekto-weektransition in each year.
Specifically, the standardized effect size is calculated as:

IR TIRTRYI

11 e |

Assuming a normalistribution of deviations, approximated% of the SES values

should fall betweeB2.0 and+2.0. Therefoe, for each weeko-week transition, values

that fall outside of this range indicate that the observed interaction turnover values differ
significantly from those generated in the model simulation; values that fall within this
range indicate that the olrged values areansistent with the model simulatidm. other
words points that fall within thisange provide support for the hypothesis that the
ecological constraint included in the simulation masgilains some aspect of

interaction turnover.

RESULTS

Over the three annual growing seasaves observed a total of 566 unique
pairwise interactions betweeb flowering plant species and péllinator species,
representing 28,959 individual plapdllinator visitation eventsTable S4. Interaction

turnover from weeko-week within each growing season was consistently High ).



In all three years of the study, the relative effect of rewiring on total interaction turnover
was greater than the relative effect of species turnover (281377,d.f.= 18,P =

0.012; 2014t =3.91,d.f.= 26,P < 0.001; 2015t = 5.65,d.f. = 26,P < 0.001). On

average, rewiring accounted for about 64% of the turnover in interactions within the
season, whereas species turnover accounted for aboufTa®% S4)Furthermore, all
patterns were qualitatively similar even when rare interactianstfilose occurring only
once within a week) were removebaple $), or when sampling periods were pooled at

a broader temporal interval (Table S@yicating that theseesults wer@obust to various

sampling artifacts

Temporal dynamicef interactionswithin the growing seasabThe magnitude ofveek
to-weekinteradion turnover variegbredictablyacrosshe growing seasarand these
temporalpatterns weréargely consistent across all three years of the stiéty. Q). Plant

and pollinator species turnover) declinedacross the growing season (20®3= 0.54,

P =0.016; 2014R?= 0.50,P = 0.005; 2015R?= 0.69,P = 0.002); in 2015, this general
pattern wasiccompanied by a slight increase in species turnover at the end of the season
(i.e., a noHdinear decline across the seas@ijnilarly, total interaction turnover ()
declinedaaoss the season; in 2013, probabdécause sampling ended earlier in the
season, this pattern was weak and-sigmificant (2013~ = 0.10,P = 0.376; 2014R*=
0.65,P < 0.001; 2015R*= 0.77,P < 0.001). The effect of species turnovies on total
interaction turover declinedacros the season (2018°= 0.62,P = 0.006; 2014R =

0.31,P = 0.039; 2015R*= 0.89,P < 0.001); in 2015, as was the case for species turnover

itself, there was a slight increase in the effect of species turnover on interaction turnover



at the end of theeason. In contrast, the effect of rewirihgd) on total interaction

turnover exhibited a consistent, nlimear pattern across the growing season with a peak
during midseason in all three years (2088= 0.52,P = 0.07; 2014R?= 0.50,P = 0.02;
2015:R*= 0.62,P = 0.005). A full list of all regression model coefficientpi®videdin

Table 9.

Simulation nedelsBPhenology simulation mode{se., fully randomized interactions for
temporally ceoccurring specieg)roduced interaction turnover valubsit were a poor
match toobservedralues. In general, the phenology simulations -gredictectotal
interaction turnover and rewiringigs. 4, Fig S2. This indicates that simple temporal
co-occurrence is insufficid to predict interaction turnovandrewiring. Morphological
sizematching simulation modeldso yielded a poor match to observed pattefns
interaction turnove(Fig. 4, Figs. 3).

In contrast, abundance simulations yield#dractionturnover(! \\t) and
rewiring (! o) values that matchetie observed patterns reasonably well in all yekig.(
4, Fig. ). Abundancé morphology models also matchég: observatiorpatterns but
not substantially better thaabundance models alorfénis can likely be explained by the
overwhelming effect of species abundance and the relatively weak effect of species
morphology.

All models provided a moderate fit to the observed pattfrtige contribution of
species turnovet §1) to overall interation turnover Fig. 4, Fig. S however, thigesult
is inherent in the way we specified the simulations, because species composition in all

modek was set to be identical dvservedspecies composition



Yearto-year turnove Species compositions of the meadow flora and pollirfatora
were similar across yearsn@verage, 76% of plant and pollinator spewiese present
from yearto-year(Table B). The identity of planpollinator interactions vaed more
strongly across y@s:.on average only about 42% of intefans were observeitiom
yearto-year As a result, only about 20% oft@naction turnovewas due to differences in

species compositigrthe remaining 80% reflectgaarto-yearrewiring of interactions.

DISCUSSION

A primarymeansby which ecological systenare dynamic is through time
(Wolkovich et al.2014) Yet, our basic understanding of the temporal ecologpeties
interactiongs lacking,impeding our ability to make predictioabouthow and why
species interact, as well as howeractiongespond to natural variatiand
anthropogeniglobalchangs (Bascompte & Stouffer 2009; Rotet al.2015)
Substantial amounts of variation in plgndllinator interactions acrossonths and years
(Medanet al.2006; Alarcon & Waser 2008; Petanideiual. 2008; Olesert al.2011a b;
CuartasHernindez & Medel 2015jas led to themplicit notion thattheseinteractions
may be even more viable and difficult to predicat finetime scalesvithin a season
Here we show thaindeed plantpollinator interactions exhibit consideraldgnporal
variation from one weeko the nextHowever this variationfollows a predictable pattern
of turnoverfrom weekto-week acrosthe growingseasorihat isconsistenticross years
(Fig 3),despiteinterannualariationin interactions and abiotic conditiofifables 3 &

S7). Not onlywasinteraction turnovepredictablérom weekto-week but so too were



thetwo component®f interaction turnoverewiring and the effect of species turnover)
Both traitbased (phenology) and neutkased (abundance) processes agukargive
rise tothe temporal dynamics of interaction turnover and rewirirttis subalpineplant
pollinatorcommunity(Fig. 4). Below we discuss how finescaletemporalperspective
on plantpollinatorinteractiors improves our understandimg the drivers ofnteraction
variation patterns ofnteraction flexibility, andtheresilience of ecological networks to
loss of species under global change.

Our results demonstrate that interaction rewiring is an important driver of fine
scale temporalrnoverof plantpollinator interactiongn this subalpine community
Changes in species composition from one week to the next were insufficient to explain all
of the changes in interactions; instead, the extent to which interactions changed over the
season weri large partdue torewiring, especiallyduring themiddle ofthe seasofFigs
2 & 3). Rewiring accounted for nearly twihirds of the observed changes plant
pollinator interactions from weeto-weekacross all three years of the studiiiere is
currentlyno clear expectation regarding tbegree to which changes in species turnover
versus rewiringshouldcontibute to interaction turnove€hanges in the presence and
absence of speciedgll always influence interaction turnover to some degree: when
species turnover is high, the contribuatiof species turnover to interaction variation will
also be highlf species turnovecontributes to most of theehanges innteracton turnover
within a seasofSimanonok & Burkle 2014}his suggest that the same mechanisms
underlieturnoverof bothspecies and their interactions. Alternativéfyewiring

accounts for an equivalent or greadgerount ofinteraction tirnover,as we find hergthen



other ecological processes unique to the formation ofactiens are likely to drivéheir
turnover(Poisotet al.2012; Carstensest al.2014; Poisott al.2015)

Indeed, esults from our simulation models suggest that bothhiesed
(phenology) and neutrdlased (abundance) processederliewithin-season interaction
turnoverand rewiringin this systen{Fig. 4, Fig. S2 That is, f planti and pollinatol]
temporally ceoccur andare in high abundance, they anere likely to interact in week
than two species that occur at low abundabeglines in the abundance of pollinagor
and/or the floral abundance of plaim weekt + 1 arelikely to bring about a change in
their interactions, even without their complete absence from the commitimgyimplies
thatbeyond phenology and abundaradditionaltraits are unnecessaiigyr predicing
who interacts with whom in this plapbllinator community. Howeventhertraitsare
likely important for predicting thirequency of particular interactions that do ocsuch
asmorphology, nectar concentratidiower color, andfloral scent The influence of
flower color and scent on interactions at the commuletyel remais poorly explored
and representan area of promising future research.

Theimportance of neutralversts traitbased processes underlying interaction
turnover should depend on the degree of specialization and the amount of variation in
traits within a given communityDur subalpine plarpollinator community is relatively
generalized, and most species iatgéwith at least a few other species across the season
(Tables S3 &$4). Among all possible plafgollinator pairs studied in this community,
83% meet the criteria of a morphological size match based on functional nectar depth and
pollinator tongue length. Therefore, temporallyamzurring plants and pollinators have

few emlogical barriers in the way of their interactions, and as a result, once species have



overlapping phenologiesgutral processes predominate (i.e., who interacts with whom is
proportionalto species abundanceéh contrastin plantpollinator communitiesvith a

higher degree of specialization, suctBaazilian planthummingbird networksthere are
strong morphological constrainti8laruyamaet al.2014; VizentinBugoniet al.2014)

Here once species have overlapping phenologies;tesed processes like

morphological size matching mayedominaten accountingor interaction turnover

through time However, neutral processes may come into play within the constraints of
phenology and morphological size matching, whereby species interact based on the
abundances of with whom they match. Further stsisheeded to elucidate hdvait-

based and neutrblased processesayad jointly or independentlyo explain how and

why interactions change in time, but our study suggests that phenology and abundance
may predominate in highly generalized interactietworks.

The withinseason temporal dynamics of plgatlinator interactions we report
here have direct implications for our general understanding of interaction flexibility,
community resiliencéand stability) andplantpollinator responses to global change. If
strong temporal dynamics areegularcomponent of the seasonal progression of
interactions, then this suggests that these ecological syatermherently flexible to
within-seasorperturbation®f gainsand losses of species, as vasthanges in species
relative abundancélany plantpollinator systems are highly generalii&daseret al.

1996; Petanidoet al.2008; Ollertoret al. 2009 Burkle et al. 201Band our results
provide one mechanism by which interactions can be genefliagithe-scale temporal
changes in who interacts with whoRurthermoreif rewiring isa key component to

changes in interdionswithin a seasomas we show here, themodels ofcommunity



resilience likely mderpredict community stabilityKaiserBunburyet al.2010) This is
because most models of community resiliersasume that interactiotetween species
are inflexible and do not change durimgrturbationswhich does not capture the regular
process ofnteraction turnover and rewiring that may benceonto manyecological
systems

The prevalence of rewiring and neutkased processésalsoimportantfor
understandinghe potential consequendes phenological shifts of plants and pollinators
under climate change.g.,Miller-Rushinget al.2010; Rafferty & Ives 2011; McKinney
et al.2012; Kudo& Ida 2013) According to the phenological mismatiefpothesis,
speciesspecific changes in the phenology of plants and pollinators may ultimately result
in temporal decoupling of preferréaod resources for pollinatoesxdpollination
servicedor plants with potentially severe negative consequeritésmmottet al. 2007;
Heglandet al.2009; Burkleet al.2013. However, f plants and pollinators regularly
switchwith whom they interact based on a constantlytélating resource landscape,
they may beable to copevith climate driven changes in temporal overdaquspecies
abundnce Indeed, Burkle et al. (2018)und that many novel interactions were formed
between plants and pollinators as a result of clifrmatacedphenological shifts, and
generalisplants and pollinators appeared to béfdred from extinctionHowever, it is
critical to note thaspecialized pollinatoB®vhich may not have the same degree of
interactionflexibility Bare mordikely to experience negative consequenaka change in
temporalsynchrony withflowering plants (Burkle et al. 2013\Ithough complete

temporal decoupling gilants and pollinators has yet to be clearly demonstrated, this



would obviously have negative implications for plants and pollinators regardless of

specialization level.

Conclusions

There has been a general call for more studies that explicitly investigaseéilee
temporal dynamics of species interactifBascompe & Stouffer 2009; Burkle &
Alarcon 2011; Poisat al.2015) This study of planpollinator interactions from a
subalpine ecosystem provides strong evidence that species interactions exhibit
predictable withirseason temporal dynamidshis is of paticular importance as we
consider how communities will respond to continued distuces related to global
changgTylianakiset al.2008; Bascompte & Stouffer 2009 order to make accurate
predictions aboutow and why species interaate must keep in mind thatteractions

arein constant flux
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Figure 1. Conceptual diagram illustrating the two components of interaction turnover.
The gain or loss of interactions (interaction turnoVgg;) can ke the result of the gain or
loss of specief.e., the effect of species turnovegy). Or, the gain or loss of interactions
can betheresult of changes in who is interacting witham (i.e., interaction rewiring,
the same species interact in differeambinationsacross time or spageBoth of these

processes can occacross time or spacbut are shown here separately for clarity.






Figure 2. Comparison of the two componentspidintpollinatorinteraction
turnoveBspecies turnovdl st) and rewiring(! os)bacross all three years of the
studypeiiod. Asterisks indicatstatistical significanceR < 0.05)etween stand

| osVia a twotailed ttest.
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Figure 3. Within-season temporal dynamics ddupt-pollinator speciesurnover
(w), interaction turnovef! 1), the effect of species turnover on interaction
turnover(! s1), andthe effect ofrewiring on interaction turnove os) across all
three years of the study perideach panel illustrates thelagonship between
eachsuccessivaveekto-week temporal transition and each metric of species or
interaction turnoverEach grey point indicates a single waekveek turnover
value.Solid black lines indicate significant relationships<{0.05) and daked
black lines indicate marginally significant relationshipPs<(0.09) using linear or

nonlinear regression.
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Figure 4. Standardized effect sizeSES showing how well the observed interaction
turnover valuesnatch the expected values under each probabidised simulation

mockl for the 2015 growing seasargults for 2013 and 2014 are qualitatively similar

and are shown in Fig. $2The grey shaded region represents + 1.96 standard deviations,
the approximatéevel of statistical significance (P < 0.0%pints that fall within theyrey
region indicate that th&imulation model values anlde observed valueare statistically

indistinguishable.
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Table S1.The date of snowmelt and the start date of gbentiinator interaction

observations in each year of the study at the Rocky MouBtalagical Laboratory,
Gothic, Colorado, USA.

Year Snowmelt date Observation start date
2013 15 May 24 May
2014 26 May 03 June
2015 07 May 12 May




Table S2.0bserved and estimated interaction richness for weekly-pldtihator observations.
We assessed our weekly plgttllinator interaction sampling consistenaydacompleteness by
comparing thebserved interaction richness with estimated interactionegdhaccording to two
nortparametric abundance based richness estimators, Chao 1 and ACE (abinagaxce
coverage estimatof).ee & Chao 1994; Chao 2009) e usd the Chao 1 and ACE richness
estimators over other presence/absence richness estimatarsébeadnteractiondata are
inherently abundance basg@dolwell & Coddington 1994; Gotelli & Colwell 2001; Chao 2005)

Year | Week | Observed Chao 1 Fligjeie) ACE Fligjeiel)
sampled sampled
2013 1 10 12 0.833 11 0.952
2 30 30 0.993 31 0.979
3 26 28 0.920 28 0.921
4 19 23 0.826 20 0.943
5 28 30 0.940 30 0.947
6 35 38 0.929 38 0.923
7 28 31 0.897 31 0.900
8 24 25 0.947 25 0.957
9 25 25 0.984 26 0.980
10 38 39 0.987 39 0.980
11 24 27 0.885 25 0.950
2014 1 15 19 0.781 17 0.879
2 13 26 0.510 16 0.839
3 31 35 0.883 33 0.926
4 30 55 0.550 32 0.936
5 47 63 0.745 53 0.894
6 30 31 0.962 32 0.950
7 51 58 0.887 55 0.921
8 46 58 0.793 50 0.915
9 64 74 0.861 71 0.899
10 56 72 0.775 61 0.923
11 33 35 0.936 35 0.951
12 29 30 0.954 30 0.954
13 43 53 0.811 46 0.929
14 45 53 0.847 47 0.950
15 30 36 0.824 32 0.935
2015 1 10 10 1.000 10 1.000
2 28 39 0.725 31 0.906
3 24 29 0.842 25 0.968
4 41 45 0.911 44 0.936
5 69 71 0.976 72 0.965
6 71 82 0.867 81 0.872
7 84 96 0.875 90 0.929
8 78 90 0.869 85 0.917
9 80 89 0.903 88 0.913
10 86 104 0.827 95 0.907
11 96 105 0.914 101 0.952
12 89 103 0.868 95 0.936
13 69 73 0.943 72 0.962
14 47 55 0.861 51 0.923
15 38 46 0.826 39 0.977
16 22 35 0.638 24 0.936
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Table S3. Plant and pollinator species list for all species present in the three year study at the
Rodky Mountain Biological Laboratory, Gothic, CO, USA. Interaction degree indicates the
number of interaction links a particular plant or pollinator has with other pollinators or plants.

Plants Pollinators
functional
Interaction nectar depth Interaction tongue
species Family degree (mm) species Family degree length (mm)
achillea millefolium Asteraceae 9 0.80 andrena costillensis Andrenidae 3 2.09
agoceris aurantiaca Asteraceae 2 0.90 andrena cyanophila Andrenidae 8 241
agoceris glauca Asteraceae 1 0.90 andrena sp 02 Andrenidae 5 2.40
androsace septentrionalis Primulaceae 18 1.84 andrena transnigra Andrenidae 5 2.92
arenaria congesta Caryophyllaceae 35 1.38 andrena vicinoides Andrenidae 7 2.24
boechera stricta Brassicaceae 6 3.41 anthidium emarginatum Megachilidae 1 5.09
campanula rotundifolia Campanulaceae 14 1.77 anthophora terminalis Apidae 5 6.75
castilleja sulphurea Orobanchaceae 1 9.52 arctophila flagrans Syrphidae 11 2.52
claytonia lanceolata Montiaceae 19 1.49 bombus appositus Apidae 12 9.50
delphinium nuttallianum Ranunculaceae 19 9.17 bombus bifarius Apidae 24 8.16
draba aurea Brassicaceae 13 2.34 bombus californicus Apidae 11 10.17
erigeron flagellaris Asteraceae 46 1.07 bombus flavifrons Apidae 18 8.42
erigeron speciosus Asteraceae 41 2.76 bombus mixtus Apidae 3 7.17
eriogonum subalpinum Polygonaceae 16 0.63 bombus nevadensis Apidae 5 11.19
eriogonum umbellatum Polygonaceae 21 0.90 Bombus occidentalis Apidae 4 5.7
erythronium grandiflorum Liliaceae 4 3.42 bombus sylvicola Apidae 10 8.44
fragaria virginiana Rosaceae 2 1.25 callophrys affinis Lycaenidae 1 5.69
galium boreale Rubiaceae 3 0.81 cartosyrphus sp 02 Syrphidae 3 2.06
gentiana parryi Gentianaceae 4 8.04 cartosyrphus tarda Syrphidae 14 2.06
helianthella quinquenervis Asteraceae 17 4.27 chrysotoxum ventricosum Syrphidae 10 1.85
heliomeris multiflora Asteraceae 43 2.49 coelioxus funeraria Megachilidae 4 4.51
heterotheca villosa Asteraceae 54 3.38 coenonympha ochracea Nymphalidae 2 6.32
hydrophyllum capitatum Hydrophyllaceae 8 5.53 colias alexandra Lycaenidae 3 11.00
hydrophyllum fendeleri Hydrophyllaceae 1 5.53 colletes kincaidii Colletidae 8 2.25
ipomopsis aggregata Polemoniaceae 3 20.15 colletes nigrifrons Colletidae 5 1.74
lathyrus leucanthus Fabaceae 9 4.35 cryptopogon sp 01 Asilidae 2 1.39
linum lewisii Linaceae 4 2.76 eristalis latifrons Syrphidae 9 1.80
lomatium dissectum Apiaceae 4 1.32 eupeodes lapponicus Syrphidae 8 1.25
mahonia repens Berberidaceae 2 2.99 eupeodes volucris Syrphidae 14 0.89
mertensia ciliata Boraginaceae 2 6.50 euphydras anicia Nymphalidae 4 7.92
mertensia fusiformis Boraginaceae 7 4.36 glaucopsyche lygdamus Lycaenidae 11 6.40
phacelia heterophylla Hydrophyllaceae 4 5.00 halictus confusus Halictidae 11 1.99
potentilla gracilis Rosaceae 17 0.49 halictus rubicundus Halictidae 15 2.70
potentilla hippiana Rosaceae 36 0.79 halictus virgatellus Halictidae 10 2.09
pseudocymopterus montanus Apiaceae 9 1.32 hoplitus fulgida Megachilidae 8 3.76
ranunculus inamoenus Ranunculaceae 1 0.00 hoplitus robusta Megachilidae 3 3.17
rosa woodsii Rosaceae 3 0.00 lasioglossum inconditum Halictidae 29 1.64
sedum lanceolatum Crassulaceae 12 1.43 lycaena cupreus Lycaenidae 5 4.99
senecio integerrimus Asteraceae 48 3.72 megachile frigida Megachilidae 5 5.88
senecio serra Asteraceae 5 4.57 megachile melanophea Megachilidae 5 6.26
senecio sp. 2 Asteraceae 2 3.72 megachile pugnata Megachilidae 7 5.50
solidago multiradiata Asteraceae 22 2.22 megachile relativa Megachilidae 12 4.75
taraxacum officinale Asteraceae 30 0.81 melanostoma kelloggi Syrphidae 1 1.38
vicia americana Fabaceae 6 6.58 melanstoma caerulescens Syrphidae 2 1.88
viola praemorsa Violaceae 7 3.33 melissodes confusa Apidae 1 5.83
mesembrina latreillei Muscidae 4 2.61
muscidae spp 01 Muscidae 17 1.76
ochlodes sylvanoides Hesperiidae 10 7.72
osmia bucephala Megachilidae 19 6.65
osmia coloradensis Megachilidae 11 4.37
osmia grindeliae Megachilidae 5 4.32
osmia iridis Megachilidae 6 4.81
osmia lignaria Megachilidae 1 5.26
osmia montana Megachilidae 11 5.44
osmia proxima Megachilidae 2 4.18
osmia sp. 6 Megachilidae 3 3.70
osmia subaustralis Megachilidae 6 5.46
osmia tristela Megachilidae 2 3.64
panurginus ineptus Andrenidae 12 1.46
papilio gothica Papilionidae 4 14.81
pieris rapa Pieridae 8 7.19
polygonia zephyrus Nymphalidae 1 10.38
psithyrus insularis Apidae 6 9.35
rhamphomyia sp 01 Empididae 3 1.25
scathophagidae sp 01 Scathophagidae 5 1.48
selasphorus platycercus Trochilidae 4 3191
speyeria mormonia Nymphalidae 7 11.27
sphaerophoria robusta Syrphidae 17 1.32
sphecodes sp 01 Halictidae 6 1.66
syrphidae 02 Syrphidae 2 1.32
systoechus sp Bombyliidae 16 5.40
tachinidae sp 01 Tachinidae 7 2.19
tephritidae 01 Tephritidae 1 0.56
thricops septentrionalis Muscidae 23 1.11
villa eumenes Bombyliidae 7 0.94




Table $4. General summary of plapbllinator interactions at the Rocky Mountain Biological
Laboratory, Gothic, CO, USA. For OAll yearsO, the number of visitaténis pollinator
species, flowering plant species, and pairwise interactions are summed kh¢hose gears of
the study. Network metrics are calculatedall years combined and for each year separately.

Year Visitation Pollinator Flowers Pair-wise Connectance Network Links per
events spp. spp. interactions (season -wide) | generalization species (mean)
(H2)
2013 3496 42 35 192 0.131 0.330 34
2014 12037 56 36 266 0.132 0.433 4.3
2015 13426 73 38 433 0.124 0.415 4.2
All years | 28959 76 45 547 0.140 0.400 4.5




Table S5 Correlation coefficients for the relationship between wieekeek turnover

values when rare interactions are inclugdetsus when rare interactions are excluded.

For these analyses, rare interactions are those that occurred only once within a given
week (i.e., a singleton within a week). These same interactions may have been observed
more frequently in other weeks. Givtrat allturnovervalues are highly correlated,gh
strongly suggests that rare interactiongtheir own ar@ot accounting for all of the

rewiring or overall interaction turnover patterns. Put another way, these results suggest
that the observed patternobust tasampling artifacts associated with rare interactions.

For all correlations, P < 0.05.

Year Turnover metric Correlation coefficient
2013 I 5 0.781
I T 0.850
I os 0.949
I ot 0.863
2014 I 5 0.821
I T 0.927
I os 0.895
Vst 0.846
2015 I 5 0.953
I wi 0.890
I os 0.599
o7 0.935




Table S6.Comparison of season wide averages for each turnover metric between pooled
one week and pooled two week sampling periods. All turnover valugsialigatively

similar between pooled one week and pooled two week sampling periods and in all cases
are statistically indistinguishable {&st,P > 0.20)

S * INT + ST - OS

2013
week 0.3662 0.6635 0.2681 0.3954
two week 0.4172 0.7276 0.2795 0.4480

2014
week 0.3288 0.5817 0.2223 0.3593
two week 0.3535 0.6377 0.2220 0.4157

2015
week 0.257 0.544 0.183 0.361
two week 0.292 0.613 0.203 0.410




Table S7 Regression model coefficients for all turnover meticinear and a notinear

regression model was run for each turnover metric (i.e., the relationship between turnover values
and time). Linear and nelimear models were compared using AIC. Lower AIC values indicate a
better fitting modelnd are highligled in bold A! AIC of 2 was used as a cutoff for model
comparisons; if models were withirt 2IC of 2, linear model (the more simple model) was

selected as the best fit.

turnover Linear el Quadratic QuUEEIElE
Year . model standard standard R? P AlIC
metric term term
error error
2013 | ! os linear 0.016 0.014 na na 0.135 0.2962 -9.0
2013 | ! os non-linear 0.131 0.050 -0.010456 0.004 0.5188 0.07727 | -12.9
2013 | ! linear -0.020 0.006 na na 0.5392 0.0156 -24.7
2013 |!g non-linear -0.024 0.254 -0.004008 0.002 0.6825 0.01894 | -26.4
2013 | ! o7 linear -0.028 0.008 na na 0.6229 0.006632 | -20.8
2013 | ! o7 non-linear -0.036 0.037 0.0007042 0.003 0.6254 0.03217 | -18.8
2013 | !Nt linear -0.013 0.014 na na 0.09883 0.3763 -9.7
2013 | !Nt non-linear 0.095 0.050 -0.009752 0.004 0.4712 0.1076 -13.1
2014 | ! os linear -0.015 0.009 na na 0.1921 0.1169 -13.6
2014 | ! os non-linear 0.074 0.031 -0.005503 0.002 0.5443 0.01326 | -19.6
2014 |!g linear -0.017 0.005 na na 0.5013 0.00461 | -29.6
2014 |!g non-linear -0.015 0.023 -1.12E-04 0.022 0.5016 0.02246 | -27.6
2014 | ! g7 linear -0.015 0.006 na na 0.3745 0.02002 | -26.0
2014 | ! g7 non-linear -0.058 0.023 0.002689 0.001 0.5328 0.01521 | -28.0
2014 | VNt linear -0.029 0.006 na na 0.6367 0.000626 | -21.9
2014 | VNt non-linear 0.016 0.027 -0.002813 0.002 0.7116 0.001071 | -23.1
2015 | ! os linear -0.004 0.005 na na 0.03932 0.4968 -26.4
2015 | ! os non-linear 0.056 0.019 -0.003671 0.001 0.4922 0.02406 | -37.4
2015 |!g linear -0.014 0.006 na na 0.3039 0.04101 | -23.7
2015 |!g non-linear -0.078 0.018 0.0043 0.001 0.6852 0.00173 | -32.8
2015 | ! g7 linear -0.015 0.006 na na 0.3598 0.02335 | -24.0
2015 | ! g7 non-linear -0.093 0.011 0.0052009 0.001 0.8855 6.66E-06 | -46.1
2015 | !Nt linear -0.019 0.003 na na 0.7645 4.31E-05 | -42.4
2015 | !Nt non-linear -0.036 0.013 0.0011 0.001 0.7967 0.00015 | -42.4




Table S8.Year to year turnover of plapollinator communities and interactionsthe

Rocky Mountain Biological Laboratory in Gothic, CO, USA.

Comparison lg LiNT ot I os ! ST/! INT ! 05/! INT
2013 v. 2014 0.220 0.579 0.093 0.486 0.161 0.839
2014 v. 2015 0.291 0.565 0.143 0.422 0.191 0.809
2013 v. 2015 0.221 0.584 0.112 0.472 0.253 0.747
Mean 0.244 0.576 0.116 0.460 0.202 0.798




Figure S1.Plantpollinator interaction rarefaction curves for eagkek in each year of

the study. Rrefaction analyses were conducted in R using the package(gegahable

S2 for details)Dotted lines indicate the estimated interaction richness according to the
ACE estimator (abundandmsed coverage estimator; Chao and Lee 1@32)y shading

indicates 95% confidence interval.
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Figure S2.Standardized effect sizes (SES) showing how well the observed interaction
turnover values match the expected values under each probbhgig simulation

model for 2013 (A) and 2014 (B). The grey shaded region represents = 1.96 standard
deviations, thepproximate level of statistical significance (P < 0.0®)jnts that fall

within this region indicate that the observed values do not differ significantly from the

model simulation values.
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48%/,7<),71(66)25 % 3$57,&8/ $5 385326( 86%$%/,7<
,17(*5$7,21 25121 ,1)5,1*(0(17%$1" $// 68&+: $55%$17,(6
$5( +(5(%< (; & 8" (' %< : J(<$1' ,76/,&(16256$1" : $,9("
U< <28

o /(< \KDEKDYHWHUIKWR WP LADMWKLY$ JUHP HQAP P HADMD XSRQEUIK R
WLYS$ JUHP HB \ RX

o <RX\KDWQEP Ql\ CHHIGDQGKRGKOP GW: ,/ (< W/ IFHQRYDGWHU
UASHRAYHQURRY RAPHY DIHQVOQGHP SR HY |URP DQGDIDQXQ CRXOCRU
\WUDMI-GFOQIP V GP OB/ FDAAVR CRIRQRUSIRFHHEQIVOIMQ) 1P D) BHIK
R WMLV$ JUHP HWB \ RX

e 112 (9(176+3$//: ,/(<25,76/,&(16256% /,$% ( 72 <28 25
$1<27+(53$57< 25 $1<27+(53(5621 25 (17,7<)25 $1<
63(&,$/ &216(48(17,%/ ,1&,' (17%/ ,1'" ,5(&7 (; (03/3$5<25
381,7,9( "' $0%$*(6 +2: (9(5&%$86(' $5,6,1* 2872) 25,1
8&211(&7,21: 7+ 7+( ' 2: 1/2%$' ,1* 3529,6,21,1* 9,(: ,1* 25
86( 2) 7+( 0$7(5,$/65(*$5"' /(662) 7+( )250 2) $&7,21
D H(7+H(5)25 %5 ($&+ 2) &2175$&7 Y ($&+ 2) 1 $55817< 7257
1(*/,*(1&( ,1)5,1*(0(172527+(5: ,6( ,1& 8" ,1* : ,7+287
/,0,7$7,21 ' $0$* (6%B6(' 21/2662) 352),76 ' $7% ),/ (6 86(
986,1(6623325781,7<25&/$,062) 7+,5' 3$57,(6 $1' : +(7+(5
25127 7+( 3$57<+$6% (1 $' 9,6(' 2) 7+( 3266,%/,7< 2) 68&+
"$0%*(6 7+,6/,0,7$7,21 6+$// $33/<127: ,7+67%1' ,1* $1<
)$,/85(2) (66(17,%/ 385326( 2) $1</,0,7(" 5(0 (' <3529, ('
+(5(,1

o BKRXGDQ) SRMMROR \MV$ JUHP HOAEHKHBE. DFRXAWR FRP SHADAMUMARIRY
\R EHLADIDOLQYDIG RUXQHI RIFHTE®! WDABURYIMRQ\KDUEHGHP HEIP HG-GWR
CAKIHYHD/QHO® DV SRMEBIWH\IP HHARGRP LE H 1 HADAKHRIWLADCSIRYMRD OQG
\KHGIDDW YDIAW DQGHI RAHEONV R \WHUP DQQ) SIRMMRYV/R WLV$ JUHP HOV
\KDDGRAEHD | HAMGRUP SDUHG\WHIE

o 7KHIDOWHR HWHUSOW \RHIRFHDQ WP RUFRIEMROR \WLY/$ JUHP HUWKDDRW
FROAMAMDZ CLYHUR HWWHUSDUY VUL KVWR HQ RUPHIHDRK DOGHYHY WP DOGFRQAMRY
R WMLV$ JUHP HQVL R BBAK XQGHALY DI UH-P HQNVKDOEHGHP H3Z DYHGRU
H PAHGE. HWHUSDIW XQBW\KAK Z DYHURUFRQHQAVLQZ UMY MIGQHGE \KHSDW
JUDQIY \KFK Z DYHURUFRQHQA7 KHZ DIYHUE. RUFRQHQAR DSDWV\R DEUHK R
D0 SIRIMRQR \KV/$ JUHP HONKDOGRARSHDMRUBHFRQWMKHG D/DZ DYHUR RU
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FROHOAR Q. RMHURMEHDHMEBIFK B\ \KFK RMHUSDW

o 7KIV$IJUWHP HQWP D REHDAMIGHS LGFOAQ) B RSHDIRQR @Y RURKHZ \H B
\ RXZ WKRXW ,/ ( < VSURUZ UMM FRQUHQV

e $Q IHHBHNXUHGI RIWLY SHIP DMRQVKDOEHRQ UH XQAEDID MWL Qv
[P UHFHSWA WH&&&

o 7KAHWMP VDQGFREBWROARIHKHIZ W & &:& VOAA) DOG3D P HOAMP VDG
FROAMRYY Z KIFK DHLGFAR SR DAGKHIHQ [RP WHHMHDI UHP HOAEHE HHD\ RX DQG
-] (< FRFHOQ WY ORHMQ) WRQUANRQDQG LQWHIEVHIHR 1UXG \KSHYHHY/
DOSUR DI UHHP HQWOQG UHBUAHQEBIROVR \WHSDMEY RIDCRUZ UMRD 7 KLV$ JUHP HQWV
PD QRAEHIP HGGH AW Z LMY VIGHGE. ERK SOV 7 KLV$ JUHP HYWKDOEH
HQAQ) XSRODIGLOUHWR\WHEHHAWR \WHSDWY \KFFRXRY B3 DOU-SUAHIBIAYHY/
DQGDXANR I HEDAIQY

o QWHHHAR DQ FROAFWEHE HHD\ RXUREQI DARQVHATEQKHGE. \KHVH\MP VDG
FROAMRQYDOG\WRHHAEEQKHGE. &&& VYA DYG3D P HYWMP VDG FRQAMRY/
\WHHWLP VDG FRIAWROAKDTSYOO

o /(< H SO UWHYH/DOWKWQRNSHARDD JWQMSLQWHFRP ECQDIRQR L
\WHOEHQHGBOY'SIRYIGGE \ RX DOGOFR-BAGLQWHFRUHR WY QEHIQ)
MDQOANRD LU \WHHWLP VDG FRQAMRY/DG UL &&& VO] DOG3D P HOMWP V
DG FRAMRY

o 7KWV$ JUHP HQZ LGEHYRGL WH7\ SHR 8 \H ) RIP DABLUXONRY RUS HIXHXRU
7\ SHZ DVP IMBHSUAHQIMG GUQ) \WHAFHMQ) SURFHW

o 7KV$ JUHP HQNKDOEHIRYHOQHGE DOGFRQWKHGLODAFR GJAHZ W \WH@Y VR
WHEVBMR 1 HZ <RN 86$  Z WWRANIHI DLB/AR KK WEMVFRALIFVR @7 LXBV $ Q
GIDCCANRY \MWWRUSIRAHHAQ) DUIMQ) RAAR RUUHIMGY \RWHH7HIP VDG & RBMRY/
RUWHEUOFK \WHIHR \KDOEHLQMMAMGLQDFRXWR FRP SHAQAMUMGRNROLO1 HZ
<RIN&RXQN L.OWHB\BMR 1 HZ <RINIQWHS QWGEVBAV/R $ P HIFDDQGHTK SOW
KHIE FRQHQIVDQG\XEP IW\R WHSHYROWUVARIRQR \KRK FRXWZ DLYH/DQ

REMRNRQ\R YHOXHLQVKFK FRAVIOGE FROHVMR VHYIFHR SIRFHWVE. UIIMMIHGRU
FHWMAHG P DO UM Q UHFHSWHNXHIMG DAKHOWWIRZ QOEAHNR KK SDW

: 1 (<23(1%$&&(667(506%1" &21' ,7,216

;11 3XEMKH/2 SHR$S FFHWS WIFBVLQI XA 2 SHR$ FRHW/- RADY DG LQ6 XEVRUSINRY
VXDV R T HIQ 2 QCH2 SHR $ AKRXIK P RWIR WHIX@ 2 SHRS$ FRHWNRXUIIDY SXEDWK
RSHQ CFFHW/ DMV XQGHMWHWLP VR WHE& WDIYH&RP P RQ/$S WHEXWNRD && %</ LFHQH
RO \WHEVUISWRQNAXUDYDQGDIHZ. R WH2 SHR$ FFHW-RAUCDYR I HUDAKRIFHR
&UDIYH&RP P R/ IEHQWHY 7 KHAFHQHWSHLYFROD® LGHRMHG RQ\KH DG

7 KH& UHDWYH& RP P RQVS WUEXWRY/ LFHQWH

7 KH&UDIYH&RP P RV$ WIEXWNRY/ LFHOH && %< DIBRZ VHY\RFRS. GMWUEXMDOG
WDQWP IR DMF®! DEDSVWH DMF®I DG P DNHARP P HADOX\VHR \WHDYWF®! 7 KH&& %<

QHHQHSHP IWFARP P HADCDQG QRO
&UDAYH&RP P RV$ WIEXWRD 1 RQ &RP P HADO LHHQH
7 KH&WDAYHE RP P RV$ WIEXWNR)1 RQ&RP P HADD && %< 1 & / IEHQHSHP IWX\H

AWIEXNR DG WHSIRGANRQIOI) PHIXP  SIRMGHEWHRIWLQIY RINLYSURSH® AWG
DQGLVQRANVHG I RUFRP P HIADOSXUSRAY \HHEHDZ
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&UDAYH&RP P RV$ WUEXWRQ 1 RQ &RP P HIADOL R HUYV/ LFHQH
7 KH&WDAYHE RP P ROV$ WIHIEXWR)1 RQ&RP P HIADDL R HIVW/ FHDH && %< 1& 1

SHP IWXVH GMMEXWNRQ DG UHBIRGANRIQDY PHAXP SIRMG-G\WHRIWLQDY RINLY
SIRSH® AWG LVQRAXVHE I RUFRP P HIADOSXUSRAY DG QR P RAAFDINRY/RUDEBBNRYY DA
POCH HHEHBZ

8 \HE\ ARP P HADO |RUSURAW RUIDQ] DWRY/

8\VHR : 1Bl 2 SHR$ FAHWDMFGY I RUFRP P HIADD SURP RIRDDO RUP DNHIY SXUSRAHY
WU I XWWHUH STAVSHP IWRQIURP @ L DQGZ LOEH\KEWAMR DI HH

) XUKHUGHRIYFDQEHIRXQGRY: 1B 2 QIXH/ LRy

KWB ROERAW I FRP : 1B &' $ 6HRNROILG KW O

2 WHJ7HP VDQG & RRAWRYV

Y | DINKSCDWMGS6HSWP EHJ

4 XHWIRQV" FXWRP HUFDWUH# FRS\ W KWFRP RU VROIUHH IQVKH 86 RU
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5LIKW LON3UQBEDY LFHQH

2241 ,/(<$1' 6216/,&(16(
7(506 $1' &21',7,216

-XQ

7KVS$ JUHP HVWEHEHD3DXC &0D RID <RX DOG-RQ: Bl DIG6RY/ -RKQ: LG\
DOG6RY/ ARQIMVR \ RAUCEHHGARY DOGWH\MP VDOGFRGMRY/SIRVIGGE -R<Q
: L\ DUG6RQY/DIG&RS: WKV GODIFHEHOMJ

/ IFHQWH 1 XP EHU
/ LFHQVH GDWA

/ IFHQVHG &ROWIQWBXEQVKHU

-XQ
-RKQ: 1B\ DQG 6 RQV

/ IFHQVHG &RQWIQWBXETQFDVRQ - RXUQDOR! ( FRERJ\
) IRWWHQVIMYIW RI BIDYHV DQG | ®&RZ HW/ Rl VXEDGIQH SOQW LV LHDVWG

/ IFHQVHG &RQUWAQWT VB

/ IFHQVHG & RQWAQWS XVKRU
/ IFHQVHG &RQWAQW DVM

| IFHQVHG & RQWAQWEDJ HV
7\ SHRI XVH
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7(506%$1' &21',7,216
7KVARS, WKWMGP DMIDOVRZ GGE. RUH FOMYHD GBHOHG\R-RKQ: It 6RY/ ,&F RJ
RHR IWJIURXS FRP SDOHY HKD: 1B &RP ) RUKDOBBGROEHKDD R D\RAHIV Z W
ZKIKD: LB &RP S KDVH FOMYHSXEDKLY WKWIQUADMRQ\R DSOMFXDUZ RN
FRIBAMHD : /(< 9% FIINQ DFAHBWIQRRQUHRIRQZ LW FRP SBU) WMV AEHQIQ)
MBQLRANRY \ RX DI UHWWDAHI RTBZ LQ) \MUP VDG FROGMRQ/CESO \R WL \BQLRIRD
DRQ) Z W WHELAY DOGSD P HYWWP VDG FRQAWRY/HAEQKHGE. WH&RS, UKW
&ODDFHEHMAM, G &&& VUMY DYG3D P HYMWLP VOQGFRIAUWRY,  DAKHWP HWDN
\ RX RSHIHG\ RXUS LIKW LN CFFRXQMKHHDHDYD@EGIDAIY. WP HDV
KWB P\ CFFRXQFRS. WKWRP

7H.P VDQG & RQAMRY/

e 7KHP DMIDM\ RX KDYHUHNXHWMS SHIP BMRQWR UHBUIRGAHRUUKVH WH LA
0 DMIDY DHSRMWGE FRS WKW

o <RXDHKHIE JUQAMGDSHIRIOQRQH FOMYH QRQKE CFHQLE®! RQDWENG
DRHEDLY GRQWDQMHIE®! Z RO 1GH QP MG TFHIHWR BBIRGEHWH: Lot
0 DMIDYI RAMHSXSRH\SHAHGLOWHEFHMQ) SURFHW 7 KLVAOFHQH DQG DQ
&217(17 3') RJIP DIHA®! SXUAKDWHGDVSDUAR \ RXURUGHU LVIRUDRHWP H
XVHRI® DIGAP MG\RDQ PO P XP GWEXIRQQP EHNSHAAHGIQWHAFHQH 7KH
ANNOQXDIFHR  UBSXECEDMRQRUBHIWIQAGE. \KLY QEHQHP XWEHFRP SOWMG
Z QW R\ HIWR WH@MR WHIWOAR MY OEHQH DNRXIK FRILVSUWHEDUHG
EH RHWHHG@MP D EHAMEXMG\WHIDWMU 7KH: LG\ 0 DMIDY\KDODQRAEH
XVHGIQODQ RKHUP DOCHURUIRUDD RAHUSXUSRH EH RQGZ KDAYJUIRMGLOWWH
QHRH 3HP DWIRQLY.JUDQMG\XEWMA/MR DQ CESURSUDM OANGRZ GG HP HQAILYHWR\KH
DAKRU\MBIR \KHP DRUDOERRN NRXUDCDOGWHSXEQKH < RX \KDIDOR GXSTFDM\KH
RS, WKWRIFH\WDAZSSHOWIQWH: LB SXETFDIRQLO\ RAUXVHR \WH: L
0 DMIDO3HP DRQLYDOR JUQME ROWHXQEHMENAQ) WDNRZ KHHLQWHW \W/D
VRO SEDKHZ\RXUFHIA\GRZ GEIHSI RUDCRUSOVR \MY: LB 0 DMIDDS Q
\KLLG SOV FRQMIAVH SURXO H FOGHGIRP MY SHP DWIRQ

e MNUASPARWH: LO! 0 DAUDY DOWKWOHUWAYHG ( [ F-BADVH SO
JUIQAGE. \WHWP VR WHORHOH RSOWR \WH: LGB! 0 DMIDYP D EHFRSHG
P RAAHS DEBMG H AFBWRUP LQRUUH RUP DY WHNXUMGE. WHQZ 3XECFDARD
WIQMAMS UBIRGE-G WD HIHGRUGMUEXAG QD) IRP RUA ) P HXV DGR
GHUYDIYHZ RIWP D EHP DGHEDHGRQWH: LBl 0 DMIDYZ MKRXVAWHSURU
SHP MRQR \WHUASHRYHFRS, WKWRZ GHJ) RUB70 6LIQDWR). 3XEQKHY
FODUQ) SHP MRQXQG-UWHWLP VR WH6B70 3HP MRV XIGHIOH/RI® WH
WLP VR WHQFHVHDUHH WQGHS VR LOFOXGH\KEVHNXHIAHE MRV DQG | RJHAMRYY
LQRMHIDQIXDIHY SLRYLGHE KK HAMRQVDHI RUWHZ RN DVD Z KRBILQ VY DQG
RV QRNQYRYHWH\FSDLDMH SBVARQR WHSH.P MG AJXUR/RUH WORW
<RXP D QRAIGAU WP RYHRAKSSUIANLQDD P DQOHUDQ ARS\ WKWWEGP DINRU

RNHUGRIFHVQ\SD HGE \WH: L1 0 DAUDY <RXP D (RMEHQH BQMHD BD
GDH SBEIH RIHIDAHRXUW WD HURUDKMIQWH: L1 0 DAUDYRQDWEG DRGH

EDIY RUDQ R \WHUWKWIWQAMGWR\ RX KHIXQEHMRDD RAHUSHIRQ

e 7KH: LG\ 0 DMIDYDQGDUR WHLQMBRNOOSURSHW W KIMKHHO\KDTDADDDIP HY/
UP DQWHH FOMYHSIRSHWR -RKQ: It 6RYV/,F WH: LB\ &RP SDQH/ RU
WHUUAGHRYHOEFH)RY DG\ RAULQMMAWHHOL/RID WDAR KDQ) SRAHMRQR
DOGWHUIKWR U-BUIRGFEH\RH: L1 0 DAMIDY SXUMXOQARGHAIRD  KHIHQGKUQ) \KH
FROMXOGHR WLV$ JUHP HQAK RX DI UHH\KDV RX RZ QR U KWANE RULQMIMNQ RU

KBV V. RS WKWRP $SS NSDRKEHYBW
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to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or

FRS\ WKWARP $SS VEDRKGHY®W
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FROHOAR Q. RMHURMEHDHMEBIFK B\ \KFK RMHUSDW

o 7KIV$IJUWHP HQWP D REHDAMIGHS LGFOAQ) B RSHDIRQR @Y RURKHZ \H B
\ RXZ WKRXW ,/ ( < VSURUZ UMM FRQUHQV

e $Q IHHBHNXUHGI RIWLY SHIP DMRQVKDOEHRQ UH XQAEDID MWL Qv
[P UHFHSWA WH&&&

o 7KAHWMP VDQGFREBWROARIHKHIZ W & &:& VOAA) DOG3D P HOAMP VDG
FROAMRYY Z KIFK DHLGFAR SR DAGKHIHQ [RP WHHMHDI UHP HOAEHE HHD\ RX DQG
-] (< FRFHOQ WY ORHMQ) WRQUANRQDQG LQWHIEVHIHR 1UXG \KSHYHHY/
DOSUR DI UHHP HQWOQG UHBUAHQEBIROVR \WHSDMEY RIDCRUZ UMRD 7 KLV$ JUHP HQWV
PD QRAEHIP HGGH AW Z LMY VIGHGE. ERK SOV 7 KLV$ JUHP HYWKDOEH
HQAQ) XSRODIGLOUHWR\WHEHHAWR \WHSDWY \KFFRXRY B3 DOU-SUAHIBIAYHY/
DQGDXANR I HEDAIQY

o QWHHHAR DQ FROAFWEHE HHD\ RXUREQI DARQVHATEQKHGE. \KHVH\MP VDG
FROAMRQYDOG\WRHHAEEQKHGE. &&& VYA DYG3D P HYWMP VDG FRQAMRY/
\WHHWLP VDG FRIAWROAKDTSYOO

o /(< H SO UWHYH/DOWKWQRNSHARDD JWQMSLQWHFRP ECQDIRQR L
\WHOEHQHGBOY'SIRYIGGE \ RX DOGOFR-BAGLQWHFRUHR WY QEHIQ)
MDQOANRD LU \WHHWLP VDG FRQAMRY/DG UL &&& VO] DOG3D P HOMWP V
DG FRAMRY

o 7KWV$ JUHP HQZ LGEHYRGL WH7\ SHR 8 \H ) RIP DABLUXONRY RUS HIXHXRU
7\ SHZ DVP IMBHSUAHQIMG GUQ) \WHAFHMQ) SURFHW

o 7KV$ JUHP HQNKDOEHIRYHOQHGE DOGFRQWKHGLODAFR GJAHZ W \WH@Y VR
WHEVBMR 1 HZ <RN 86$  Z WWRANIHI DLB/AR KK WEMVFRALIFVR @7 LXBV $ Q
GIDCCANRY \MWWRUSIRAHHAQ) DUIMQ) RAAR RUUHIMGY \RWHH7HIP VDG & RBMRY/
RUWHEUOFK \WHIHR \KDOEHLQMMAMGLQDFRXWR FRP SHAQAMUMGRNROLO1 HZ
<RIN&RXQN L.OWHB\BMR 1 HZ <RINIQWHS QWGEVBAV/R $ P HIFDDQGHTK SOW
KHIE FRQHQIVDQG\XEP IW\R WHSHYROWUVARIRQR \KRK FRXWZ DLYH/DQ

REMRNRQ\R YHOXHLQVKFK FRAVIOGE FROHVMR VHYIFHR SIRFHWVE. UIIMMIHGRU
FHWMAHG P DO UM Q UHFHSWHNXHIMG DAKHOWWIRZ QOEAHNR KK SDW

: 1 (<23(1%$&&(667(506%1" &21' ,7,216

;11 3XEMKH/2 SHR$S FFHWS WIFBVLQI XA 2 SHR$ FRHW/- RADY DG LQ6 XEVRUSINRY
VXDV R T HIQ 2 QCH2 SHR $ AKRXIK P RWIR WHIX@ 2 SHRS$ FRHWNRXUIIDY SXEDWK
RSHQ CFFHW/ DMV XQGHMWHWLP VR WHE& WDIYH&RP P RQ/$S WHEXWNRD && %</ LFHQH
RO \WHEVUISWRQNAXUDYDQGDIHZ. R WH2 SHR$ FFHW-RAUCDYR I HUDAKRIFHR
&UDIYH&RP P R/ IEHQWHY 7 KHAFHQHWSHLYFROD® LGHRMHG RQ\KH DG

7 KH& UHDWYH& RP P RQVS WUEXWRY/ LFHQWH

7 KH&UDIYH&RP P RV$ WIEXWNRY/ LFHOH && %< DIBRZ VHY\RFRS. GMWUEXMDOG
WDQWP IR DMF®! DEDSVWH DMF®I DG P DNHARP P HADOX\VHR \WHDYWF®! 7 KH&& %<

QHHQHSHP IWFARP P HADCDQG QRO
&UDAYH&RP P RV$ WIEXWRD 1 RQ &RP P HADO LHHQH
7 KH&WDAYHE RP P RV$ WIEXWNR)1 RQ&RP P HADD && %< 1 & / IEHQHSHP IWX\H

AWIEXNR DG WHSIRGANRQIOI) PHIXP  SIRMGHEWHRIWLQIY RINLYSURSH® AWG
DQGLVQRANVHG I RUFRP P HIADOSXUSRAY \HHEHDZ
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&UDAYH&RP P RV$ WUEXWRQ 1 RQ &RP P HIADOL R HUYV/ LFHQH
7 KH&WDAYHE RP P ROV$ WIHIEXWR)1 RQ&RP P HIADDL R HIVW/ FHDH && %< 1& 1

SHP IWXVH GMMEXWNRQ DG UHBIRGANRIQDY PHAXP SIRMG-G\WHRIWLQDY RINLY
SIRSH® AWG LVQRAXVHE I RUFRP P HIADOSXUSRAY DG QR P RAAFDINRY/RUDEBBNRYY DA
POCH HHEHBZ

8 \HE\ ARP P HADO |RUSURAW RUIDQ] DWRY/

8\VHR : 1Bl 2 SHR$ FAHWDMFGY I RUFRP P HIADD SURP RIRDDO RUP DNHIY SXUSRAHY
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