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Long-term shifts in the phenology of rare and endemic

Rocky Mountain plants’
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PREMISE OF THE STUDY: Mountainous regions support high plant productivity, diversity, and endemism, yet are highly vulnerable to climate change. His-
torical records and model predictions show increasing temperatures across high elevation regions including the Southern Rocky Mountains, which can
have a strong influence on the performance and distribution of montane plant species. Rare plant species can be particularly vulnerable to climate change
because of their limited abundance and distribution.

METHODS: We tracked the phenology of rare and endemic species, which are identified as imperiled, across three different habitat types with herbarium
records to determine if flowering time has changed over the last century, and if phenological change was related to shifts in climate.

KEY RESULTS: We found that the flowering date of rare species has accelerated 3.1 d every decade (42 d total) since the late 1800s, with plants in sagebrush
interbasins showing the strongest accelerations in phenology. High winter temperatures were associated with the acceleration of phenology in low eleva-
tion sagebrush and barren river habitats, whereas high spring temperatures explained accelerated phenology in the high elevation alpine habitat. In
contrast, high spring temperatures delayed the phenology of plant species in the two low-elevation habitats and precipitation had mixed effects depending
on the season.

CONCLUSIONS: These results provide evidence for large shifts in the phenology of rare Rocky Mountain plants related to climate, which can have strong

effects on plant fitness, the abundance of associated wildlife, and the future of plant conservation in mountainous regions.
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Mountain ecosystems globally support high plant species richness
and endemism (Korner, 2002). These hotspots of diversity are the
result of high rates of species turnover across strong climatic and
edaphic gradients due to elevation changes, and are valued by soci-
ety as areas of high conservation value. Despite their importance,
mountain ecosystems are highly vulnerable to climate change, in
part, because many montane plant species have restricted geo-
graphic ranges and relatively narrow environmental tolerances
(Pauli et al., 1996; Thuiller et al., 2005). Climate change may place
plant species at risk for becoming increasingly endangered or subject
to extirpation and extinction, and yet there is little knowledge on
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the effects of climate on rare plants that may be the most vulnerable
to shifts in climate.

The Rocky Mountains in Colorado, USA have experienced an
unprecedented 1°C increase in minimum and maximum tempera-
tures per decade since the mid-1990s (Hoerling et al., 2008; Rangwala
and Miller, 2010), and regional climate models converge on projec-
tions for an average of > 2°C increase in minimum and maximum
temperatures by the mid-21st century (Rangwala et al., 2012), with
more pronounced temperature shifts at high elevation (Fyfe and
Flato, 1999). Like many mountainous regions at a global scale, these
temperature changes are expected to be associated with decreases
in snow cover, earlier and faster snowmelt, and reductions in soil
moisture during the growing season. The responses of plant species
to these environmental changes include range shifts mainly to
higher elevation (Pauli et al., 1996), altered dominance (Harte and
Shaw, 1995) and diversity (Pauli et al., 2012), and greater extinction
risk (Dullinger et al., 2012). Less understood is the capacity of mon-
tane plant species to accommodate and cope with climate change,
which may be particularly important for rare and endemic species
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that may have limited abundances, distributions, and abilities to
disperse long distances.

Experimental warming studies (Dunne et al., 2003) and long-
term observational studies (Inouye, 2008) documented an ear-
lier onset of green-up and flowering for many common alpine
species. Temperature is a main driver of plant physiology, and a
major constraint on plant growth and development in high ele-
vation regions (Larcher, 2003). For most angiosperms of the
Southern Rocky Mountains, it is not explicitly known how flow-
ering is cued, but we expect species to show shifts in flowering
date over time if climate is involved in their phenology. Pheno-
logical monitoring is an increasingly important method to track
how climate change is affecting the progression and timing of
plant life stages (Hudson and Keatley, 2010), which can have sig-
nificant effects on plant fitness. For example, three species of
herbaceous dicots in the Rocky Mountains have experienced an
earlier onset of the growing season over the last decade despite
no change in the final frost date. This earlier growing onset resulted
in frost damage to flower buds, reduced seed, and recruitment po-
tential (Inouye, 2008). Changes to flowering time, in particular, may
affect the resources available to pollinators already restricted to spe-
cific habitats or foraging at certain times of the year, which could
have significant effects on plant fitness (Aldridge et al., 2011). The
potential for climate-induced changes in plant phenology may
also result in altered competition, productivity, and have an ef-
fect on herbivores and other users of plant resources, including
humans.

Herbarium records are an important, but under-used, means to
track long-term changes in plant phenology (Vellend et al., 2013).
Specimens provide physical evidence that a species was flowering
in a specific place at a specific time, thus collection date has been
used as a proxy for flowering date, providing opportunities to
track changes over the last century (e.g., Primack et al.,, 2004;
Miller-Rushing et al., 2006; Bowers, 2007; Fig. 1). Despite this re-
cent advance, no studies to date have employed this method to
investigate long-term changes in phenology in the Rocky Moun-
tain region. An observational phenology study spanning four de-
cades at a high elevation site (2900 m) in Colorado found an
average 25-d earlier shift in peak flowering per 100 yr (CaraDonna
et al., 2014). This shift is dramatically greater than a 5-d shift
found in Boston (Primack et al., 2004), a 9-d shift observed in
Philadelphia (Panchen et al., 2012), or a 7-d shift recorded in the
United Kingdom (Amano et al., 2010) per 100 yr. It is as yet un-
clear why the site in the Southern Rocky Mountains should have
such dramatically different patterns, and if critically rare species
in this region are subject to similar shifts, with possibly increasing
severity at higher elevation.

Our study focuses on how the phenology of rare and endemic
species, which may be particularly vulnerable to environmental
shifts, has been affected by historical climate variability and
change. We use over a century of phenological information on 12
montane species of imperiled or critically imperiled conservation
status (“G1” or “G2” status, respectively, as determined by the
Colorado Natural Heritage Program) to help estimate the re-
sponse of geographically isolated plants in rapidly changing envi-
ronments. The specific objectives of our study were to: (1)
determine whether the phenology of rare plants in the Southern
Rocky Mountains of Colorado, USA, has changed in the last cen-
tury, and (2) assess whether observed changes in plant phenology
are related to climate.
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MATERIALS AND METHODS

Herbarium records—We first extracted specimen records for rare
Rocky Mountain biennial and perennial herbaceous dicots that are
primarily endemic to Colorado and identified as high priority for
conservation. The records—obtained from 20 herbaria across the
United States—had collection dates that spanned from 1862 to
2009. Ninety-four percent of the specimens came from four re-
gional herbaria, including Rocky Mountain Herbarium in Laramie,
WY; University of Colorado Herbarium in Boulder, CO; Colorado
State University Herbarium in Fort Collins, CO; and the Kathryn
Kalmbach Herbarium in Denver, CO. We identified 12 species that
had at least 10 herbarium specimens and spanned at least five de-
cades for analysis. Although specimen records were limited to
plants collected in Colorado, many of the oldest specimens were
housed at herbaria in other states.

Given the limited distribution of these rare species, they occur in
specific habitat types and elevation zones (Table 1). Eutrema pen-
landii Rollins (Brassicaceae), Ipomopsis globularis (Brand) W. A.
Weber (Polemoniaceae), and Saussurea weberi Hultén (Asteraceae)
are restricted to alpine meadows and flower from July to early August;
the specimens were collected from 3200-4203 m elevation in central
Colorado. Astragalus anisus M. E. Jones (Fabaceae), A. osterhoutii
M. E. Jones (Fabaceae), Lomatium concinnum (Osterh.) Mathias
(Apiaceae), Phacelia formosula Osterh. (Boraginaceae), and Physaria
obcordata Rollins (Brassicaceae) are endemic to mountain basins
dominated by sagebrush and/or perennial grasses and flower from
May to July, and were collected from 1524-2728 m in elevation
in northern and western Colorado. Lesquerella calcicola Rollins
(Brassicaceae), Mentzelia chrysantha Engelm. ex Brandegee (Loasa-
ceae), Mirabilis rotundifolia (Greene) Standl. (Nyctaginaceae), and
Townsendia fendleri A. Gray (Asteraceae) all occur in barren slopes
of the Arkansas River Valley, flower from May to September, and
were collected from 1463-2746 m in elevation. Separating species
by habitat allowed us to obtain a more generalized view of pheno-
logical changes within the context of plant species growing under
similar biophysical conditions.

Although many herbarium records were initially determined
through digital databases, we visually confirmed the phenologi-
cal status and label information of all specimens used in this
study through trips to the local herbaria or communication with
staff at more distant herbaria. Plant specimen names were care-
fully researched to include all synonyms by which the species
has been known. We initially included all plants in a reproduc-
tive status: flowering, flowering and fruiting, or fruiting. Fruit-
ing specimens with no flowers were omitted from the analysis
because fruits could have remained on the plant for an extended
period of time. Each specimen was geo-referenced by converting
from various location descriptions to latitude and longitude.
Duplicate specimens (those collected at the same place on the
same day but sent to multiple herbaria) were treated as a single
collection, and specimens with ambiguous location data or that
were collected from gardens or artificial landscapes were omit-
ted from analysis.

Climate—In most cases, it was not possible to use nearby weather
station records at the exact location and time of the plant collec-
tion because of their limited distribution in montane settings.
Instead, we extracted monthly temperature (maximum and mini-
mum) and precipitation from PRISM, a spatial climate model that
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FIGURE 1 Herbarium specimens of Rocky Mountain flora showing that more recent flowering dates occur earlier in the year compared to historical
flowering dates. Photo credit: Scott Dressel-Martin, Denver Botanic Gardens.

relies on interpolated weather station data (Daly et al.,2008) at4km  strong elevation and latitude gradient in precipitation and temper-
resolution, from 1895 to 2009 for the months prior to collection  ature across our study region, we differenced monthly temperature
using the coordinates of the herbarium records. To account for the  and precipitation amounts with the 30-yr (1981-2010) normal



TABLE 1. The number of herbarium specimens, elevation range, habitat, occurrence, lifespan, and status of rare Rocky Mountain plant species derived from herbarium specimens.

Elevation—m

Status*

Lifespan

Occurrence

Habitat

Alpine Meadow
Alpine Meadow
Alpine Meadow

(in collection)

Number of Specimens*

Species

Perennial

Mosquito Range (CO endemic)
Mosquito Range (CO endemic)
Middle Rockies (CO, WY, MT)
Gunnison Basin (CO endemic)

3642-4203
3207-3231

Eutrema penlandii

G2
not listed (rare)

Biennial

40

Ipomopsis globularis
Saussurea weberi

Perennial

3200-3936

G2

Perennial

nterbasin
nterbasin
nterbasin
nterbasin
nterbasin

Perennial

Middle Park, near Kremmling (CO endemic)

Tri-River Area (CO endemic)
North Park (CO endemic)

G2

Perennial

Biennial
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G1

Perennial

Piceance Basin (CO endemic)
Arkansas River Valley (CO, NM)

Sagebrush
Sagebrush
Sagebrush
Sagebrush
Sagebrush

2256-2728
2243-2591

26
22
32

Astragalus anisus

Astragalus osterhoutii

1524-2292
2407-2500

Lomatium concinnum
Phacelia formosola

814-2766
463-2542
497-2269
493-2061
509-2746

G2

Perennial

Barren River Slope
Barren River Slope
Barren River Slope
Barren River Slope

G2

Biennial

Arkansas River Valley (CO endemic)
Arkansas River Valley (CO endemic)

Arkansas River Valley (CO, NM)

G2

Perennial

G2

Biennial

Physaria obcordata

34

Lesquerella calcicola

Mentzelia chrysantha
Mirabilis rotundifolia

20
32

Townsendia fendleri

*94% of the specimens are from the Rocky Mountain Herbarium, Kathryn Kalmbach Herbarium, University of Colorado Herbarium, and Colorado State University Herbarium.

*Status: G1 = critically imperiled, G2

imperiled (source: http://explorer.natureserve.org/ranking.htm)
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precipitation and temperature amounts at the site of collection.
This difference calculation resulted in a precipitation and tempera-
ture anomaly for each specific site x monthly measurement, which
was well suited for comparing among sites.

Statistical Analyses—We first converted the herbarium collection
date to ordinal date (1-365), which served as our response variable
and a proxy for flowering date. To determine if flowering date changed
through time and whether this relationship was dependent on species
and habitat type (objective 1), we performed analysis of covariance
with year as a continuous variable and species (12 levels) and habitat
(3 levels) as class variables (R Core Team, 2014). When year was sig-
nificant in the model, we defined a negative slope between flowering
date and year as an acceleration in phenology, and a positive slope as
a delay in phenology. To determine if changes in plant phenology
were related to climate (objective 2), we performed multiple regres-
sions of flowering date on monthly temperature and precipitation
anomalies (January to August prior to collection). To avoid spurious
and collinear explanatory variables (Murray and Conner, 2009), we
only added climate variables to the multiple regression if they were
significantly related to flowering date on their own. Data were tested
and transformed for normality and homogeneity of variance.

RESULTS

Flowering date of all species combined was accelerated by approxi-
mately 3 d earlier every decade (slope = —0.31 d yr™!, r* = 0.08, P <
0.0001; Fig. 2). In the time span from 1872-2009 flowering date
across all species occurred 42 (+10 SE) days earlier. There was a
significant flowering date x habitat type interaction (F,, , = 4.39,
P <0.05), such that flowering date was 55 (+9 SE) days earlier (slope =
-0.53 d yr!) from 1901-2005 in sagebrush habitat (r* = 0.31, P <
0.0001) and 29 (+15 SE) days earlier (slope = —0.21 d yr!) from
1872-2009 in barren river habitat (r* = 0.07, P < 0.05), and there
was no significant change in flowering date in the alpine habitat.
There was no significant flowering date x species interaction when
all habitats were grouped together (F, . =1.10, P =0.37) or when
considering habitat types separately (all P > 0.20).

Temperature and precipitation anomalies at each site explained
variation in flowering date across species within habitat types (al-
pine: R* = 0.31, P < 0.001; sagebrush: R*> = 0.83, P < 0.0001; barren
river R* = 0.44, P < 0.0001). In the alpine habitat, flowering date
was negatively related to increasing minimum temperatures in
March to June (Fig. 3). This acceleration of flowering date with
warming temperatures became more pronounced as the year pro-
gressed, such that flowering date was accelerated by 2.1 + 0.7 d °C™*
in March, and 3.6 + 1.3 d °C™" in June. Alpine flowering date was
also accelerated by increasing maximum temperatures in April
and June, but showed no relationship with monthly precipitation.
All species in the alpine habitat showed similar responses to tem-
perature, as there were no monthly minimum or maximum tem-
perature anomaly x species interactions (P > 0.05).

In the sagebrush habitat, flowering date was accelerated by 2.1 +
0.8 d °C™" with increasing minimum and 5.2 + 1.0 d °C™" with in-
creasing maximum temperature in January, and by 2.0 £ 1.1 d °C™*
with increasing maximum temperature in March. However, ac-
celeration of flowering date switched to delays with increasing
temperature as the year progressed into April (min: delay of
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FIGURE 2 Flowering date of all rare species was negatively related to year (slope = -0.31d yr', r>=0.07,
P < 0.0001), but this relationship varied by habitat. Flowering date was 55 (+19 SE) days earlier from 1901-
2005 in sagebrush habitat (all species in gray, regression r> = 0.31, P < 0.0001) and 29 (+27 SE) days earlier
from 1872-2009 in barren river habitat (all species in white, regression r> = 0.07, P < 0.05), and there was no
significant change in alpine habitat (all species in black). Species codes in alpine: EUPE = Eutrema penlandii,
IPGL = Ipomopsis globularis, and SAWE = Saussurea weberi; sagebrush: ASAN = Astragalus anisus, ASOS =
A. osterhoutii, LOCO = Lomatium concinnum, PHFO = Phacelia formosula, PHOB = Physaria obcordata; and
alpine: LECA = Lesquerella calcicola, MECH = Mentzelia chrysantha, MIRO = Mirabilis rotundifolia, and TOFE =

Townsendia fendleri.

3.9+ 1.4 d°C" max: delay of 3.4 + 1.2 d °C™") and May (min: delay of
6.2 + 1.6 d °C™"). Conversely, increasing precipitation delayed flower-
ing date by 0.33 £ 0.12 d cm™ in January and by 0.38 £ 0.13d cm™ in
March, but accelerated flowering date by 0.26 + 0.10 d cm™ in
April and 0.24 £ 0.09 d cm™ in May. A significant April maximum
temperature x species interaction (F, ,, = 5.57, P < 0.001) indicated
that all species were accelerated except Lomatium concinnum. Signifi-
cant January (F4,98 =2.78, P < 0.05) and May (F4,98 =3.75,P<0.01)
precipitation x species interactions indicated that Phacelia formosula
was more delayed in the winter and accelerated in the spring rel-
ative to other species.

In the barren river habitat, flowering date was delayed by 4.5 £
1.6 d °C"! with increasing minimum temperature in March, 4.2 +
2.2d °C™'in June, and accelerated by increasing precipitation in
February (1.2 + 0.4 d cm™) and March (0.7 £ 0.2 d cm™). However,
there were significant temperature x species interactions (all P < 0.05)
such that higher minimum temperatures in January through March
and maximum temperature in March accelerated flowering date
in all species except Townsendia fendleri; Mirabilis rotundifolia
was more accelerated than other species. Similarly, a significant
January precipitation x species interaction (F, | = 2.72, P < 0.05)
indicated that Mentzelia chrysantha and Townsendia fendleri
had more delayed flowering dates relative to the other two
species.

DISCUSSION

We demonstrate an acceleration of flowering date of rare Rocky
Mountain plant species by 42 d (3.1 d decade™) over the last 137 yr.

sponse to climate over the last several
decades, continued warming and
alteration of precipitation patterns
may place already vulnerable rare
and endemic species at greater risk
to population declines if they are
unable to keep up with the climate
changes because of ecological and
evolutionary constraints.

We determined from herbarium
records that the acceleration of flower-
ing date over the last century was
dependent on habitat type. Montane
interbasins had the greatest accelera-
tion of flowering date, followed by barren river slopes, and there
were no significant changes in alpine habitat. Interbasins can pro-
duce stagnant cold air pools due to downward airflows off sur-
rounding slopes and inversion formation by surface cooling at night
when temperatures reach their minimum (Geiger, 1965). These
cold air masses can restrict plant growth or damage sensitive plant
parts, including flower buds and ovaries (Inouye, 2000) and may
help explain why more recent warmer years have had earlier phe-
nology, especially given the sensitivity to January and March
temperatures. Similarly, river basins can trap dense cold air masses
through similar processes. We are uncertain why the alpine plants
in our study showed no change through time, especially because
this is where some of the greatest warming has occurred (Fyfe and
Flato, 1999) and other alpine studies have documented large pheno-
logical shifts (CaraDonna et al., 2014). However, topographic fea-
tures in alpine habitats can create substantial variability in the
microclimatic conditions plants experience and may buffer plants
from extreme thermal conditions to some degree (Scherrer and
Korner, 2010). A lack of phenological change may also be attribut-
able to the chilling requirement (vernalization) needed to break bud
dormancy of some alpine species that may counteract the accelera-
tion of floral development induced by spring—early summer warm-
ing (Kimball et al., 2014).

Warming effects can be strong at high elevation, where plant
growth and phenology is limited by the short, snow-free growing
season (Holway and Ward, 1965). Previous studies have found
2-10 d °C™" changes in phenology (Primack et al., 2004), which is
comparable to our study of 2-6 d °C™'. We found that warm winter
temperatures were the most important for accelerating the phenol-
ogy of rare plant species in the interbasin sagebrush habitat,
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whereas warm spring-early summer temperatures were most im-
portant for influencing the phenology of alpine plant species (de-
spite a lack of relationship between flowering date and time). This
shift toward increasing importance of high temperature in later
months makes sense given that the average snowmelt and flowering
date is delayed at higher elevation. An indirect influence of tem-
perature on snowmelt in the sagebrush habitat is further supported
because high precipitation in January and March, which typically
falls as snow, delayed the phenology of plant species. In the alpine
habitats, the indirect effect of temperature on snowmelt may play a
role in accelerating phenology, but the lack of relationship between
flowering date and precipitation suggests that phenology might
also be tied to other influences of temperature, including cues on
budding and flowering development and floral persistence (Rathcke
and Lacey, 1985). The interaction between temperature and snow-
pack is likely to be of great importance to plant phenology in the
future, especially because warming temperatures can counterbal-
ance snowfall and cover, even in regions that are projected to have
increasing winter precipitation in the future.

Warmer temperatures from March to June generally delayed
phenology of plant species in the lower elevation sagebrush and
barren river habitats. This effect may be attributed to higher water
losses and less available soil moisture, which can cause plants to
delay phenology (Crimmins et al., 2011). Barren river slopes may
be particularly exposed to high solar radiation, which increases
temperatures and evaporative rates. The divergence of high tem-
peratures accelerating plant phenology early in the year and delay-
ing phenology later in the year has also been shown in the tallgrass
prairie (Sherry et al., 2007) and suggests that the assumption of
high temperatures accelerating phenology is not always the case.
Our results clearly demonstrate how temperature seasonality is an
important influence on plant phenological development, and that
warming temperatures in the same month may have different ef-
fects on plant species in different habitat types.

High precipitation in February and March considerably acceler-
ated phenology in barren river habitat. The species in this habitat
type occur in sparely vegetated dry hills, benches, and rock out-
crops with poor soil development above the Arkansas River (Neir,
2007), where mean annual precipitation ranges from 210-550 mm.
This limited water input coupled with high temperatures and evap-
orative rates likely creates greater water limitation compared to the
other two habitat types. With flowering times as early as May, ad-
ditional February and March precipitation in barren river slopes
may lead to soil water recharge and create suitable conditions for
plant reproduction.

We found convergence of plant phenological response to cli-
mate among plant species in the alpine habitat, and evidence for
divergence among plant species in the two lower elevation habitat
types. The extreme climatic conditions of the highest elevation sites
likely restricted the growing season of all plant species, whereas the
less restrictive climates at lower elevation allowed for more indi-
vidualistic phenological responses to climate. Unique shifts in flower-
ing date among plants species suggests that there are different
strategies and limits on reproduction, including temporally distinct
periods of resource utilization. For example, Phacelia formosula
may have accelerated its phenology to a greater degree than other
species with high spring precipitation because it typically grows in
steep ravines within interbasins (CNPS, 1997), and similar to species
in barren river habitats, may reproduce earlier to avoid water defi-
cits in areas with high exposure. In contrast to other barren river

species, Townsendia fendleri and Mentzelia chrysantha may have
been more responsive in their phenology because as biennials, their
fitness is tied to maximizing reproductive output in a relatively short
period of time. These responses may be plastic, although there can be
sufficient genetic variation for rapid response to selection on phenol-
ogy in natural populations (Franks et al., 2007).

Shifts in phenology can ultimately affect the survival, productiv-
ity, and fitness of plant species that already have low abundance and
a limited range in the Southern Rocky Mountains. Large changes in
climate can exceed ecological or evolutionary thresholds necessary
for successful plant reproduction, leading to local extirpation, pos-
sible extinction of already rare species, and altered plant commu-
nity composition. The effect of climate change may place additional
strain on species with limited abundance, which are already facing
threats from habitat degradation. The Arkansas River Valley, where
many rare plant species in our study occur, is facing rapid develop-
mental pressure, especially from new housing construction (TNC,
2001). Climate-induced phenological shifts for sagebrush interba-
sin species are occurring in tandem with widespread mining, and
energy and gas exploration, including the Williams Fork Formation
in the Piceance Basin where Physaria obcordata occurs (Johnson
and Rice, 1990).

The use of digital herbaria has a growing number of uses, includ-
ing tracking the phenology of plant species. We acknowledge that
there may be biases in our analysis, including the use of a limited
number of herbarium specimens, changes in sampling frequency,
and the possibility that the collection date may not always represent
flowering date. These biases are generally not apparent in long-
term observational studies (CaraDonna et al., 2014). However, rare
species, by definition, are limited in abundance and we attempted
to control for a limited number of specimens by more broadly as-
sessing phenological shifts according to the habitat type in which
the species occurred. Furthermore, the herbarium specimens of a
species were constrained to a small geographic region, and we used
climate anomalies so that it was possible to detect patterns of phe-
nological change directly associated with precipitation and tem-
perature and not elevation and latitude, which covary with climate.
Collection effort is enhanced during periods of plant reproductive
activity because of the value placed on showing identifiable features
of the plant species. This intensified effort may be especially true for
Rocky Mountain plants, which have short growing seasons and
phenologies driven by the rapid onset of spring after the melting of
snowpack (Inouye, 2008). We accounted for potential bias in using
the collection date from the digital herbaria record as a proxy for
flowering date by confirming the reproductive status of the plant
with a photograph or the actual specimen of the plant. We also did
not include fruiting records because of possible prolongment of
fruit attachment on the plant. There did not appear to be a general
bias in collectors changing their behavior over time (e.g., going out
earlier to collect in the more recent past) because the flowering date
of species in the alpine habitat did not change through time, but the
phenology of species in the other two habitats was accelerated.

CONCLUSIONS

Our results indicate that rare plant species in the Rocky Mountains
have accelerated their flowering date by over a month since the late
1800s, which represents a large departure relative to other reports
of altered phenology. These changes can ultimately affect plant fitness,
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and when coupled with the growing threats of land-use intensification,
raise concerns about the future viability of imperiled species. Im-
portantly, phenological shifts and their climatic drivers are not uni-
form across regions, and it is important to understand how the
unique habitats in which rare plants are growing influence their re-
sponse to climate. In our study, species in low elevation habitats ac-
celerated flowering date in relation to temperature cues earlier in
the year compared to high elevation habitats. However, these re-
sponses were countered by high snowfall in the winter months and
warm temperatures at lower elevations, both of which delayed plant
phenology. We demonstrate that phenological shifts of rare species
converge in high elevation alpine habitats, where extreme climates
strongly influence the growing season. In contrast, our results show
that shifts in flowering dates were species-dependent in lower eleva-
tion habitats. The degree of phenological convergence likely influ-
ences plant-plant interactions, including resource acquisition, and
plant-animal interactions, including pollinator activity. Understanding
the shifts in phenology of rare plants can help inform necessary
conservation actions, including seeding and translocation efforts,
by making sure the species are appropriate for the future climates
they will likely experience.
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