POTENTIAL EFFECTS OF CLIMATE CHANGE ORENSTEMONPALMERIAT ZION

NATIONAL PARK, UTAH, U.S.A.

ATHESIS SUBMITTED TO THE FACULTY OF THE PROGRAM IRLANT BIOLOGY

AND CONSERVATION

BY EMILY M BOOTH

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THIDEGREE OF MASTER

OF SCIENCE IN PLANT BIOLOGY AND CONSERVATION FROM GRTHWESTERN

UNIVERSITY AND THE CHICAGO BOTANIC GARDEN

JULY 8, 2011



Abstract

Climate change, whether referring to historic igesaor contemporary shifts in global
climate patterns, has been linked to wide-rangimjyragionally variable changes in biotic
communities. Environmental shifts predicted for seathwestern United States include
increased temperature and aridity, elevated ledfed¢émospheric C®and increased risk of
wildfire. The impacts of these shifts on plant amsect communities on the Colorado Plateau are
currently poorly understood. Using elevation asaxyp for climate change, | tested the
following hypotheses to increase understandingefeffects of warming oRenstemon palmeri
(Plantaginaceae): 1) At lower elevations and higeemperatures?. palmerihas greater
vegetative and reproductive productivity; and 2lJiRator community composition fd?.
palmeridiffers along an elevation gradient. Data weréecteéd on vegetative and floral
phenotype, insect community composition and othgirenmental characteristics at 10 sites
along an elevation gradient in Zion National Paigh. An experimental study using two
growth chambers simulating current mean springtengperatures and forecasted springtime
temperatures for the year 2050 was conducted &sashrect effects of warming on plant
phenotypeP. palmeriindividuals at low elevations produced more, tadiems per plant, more
above- and below-ground biomass, larger fruits, seetls that germinate more quickly than
populations at higher elevations. However, cortllze volume was smallest at low elevations,
suggesting differential resource allocation thatlddoe a result of selective pressures from a
different pollinator community or other environmainftactors. While there was a low
germination rate (<0.1%) in the growth chamber expent, trends in the data suggest seeds
from low elevations germinate and leaf out and gnoeve quickly, and that production of

above- and below-ground biomass is greater at higingperatures and from low elevation



seedsResults from this study provide insight into theufie of P. palmeriand a springboard for
continued research on the effects of climate changeative plants used in restorations and

post-fire reseedings.
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Introduction/Background

Climate Change and the Colorado Plateau. Glacial to interglacial environmental shifts
have occurred over the past 2.5 million years hlaae been accompanied by large fluctuations
in temperature, COand precipitation (Davis and Sh&001). While many species went extinct
during these periods (Barnosky 2008), others wileta survive through adaptation or range
shifts (Daviset al.2005). Contemporary climate change is believedtse poleward-shifting
ranges of many biotic communities (Thomas et ad12@armesan and Yohe 2003). Shifting
plant-pollinator interactions due to phenotypicepblogical and range-related changes are
understudied (Burkle and Alarcén 2011) but are &deynents to understanding how these
interactions and resulting plant reproductive sasaceill be affected by climate change (Cleland

et al. 2007).

In addition, predicted rates of climate changeinegplants to adapt at a rapid rate
(Huntleyet al.1997), given that the rate of contemporary anthgepa climate change is
unprecedented over the past 22,000 years (JooSatthi 2008). Climate changes in the past
have been cyclical, rather than stochastic (MRI@06) and ice ages have appeared and subsided
in approximately 100,000-year cycles (Shackletod(20Projected mean annual temperature
increases in the 2century alone are far greater than what is repteddn the natural
variability of the past 1,000 years or what theafaifity since the last interglacial period would
have predicted (Crowley 2000). The effects of theent, rapid rate of climate change could be
made more unpredictable by temporally mimickingozlsastic event more closely than a

cyclical event.

The increase in regional and global temperatundsasmospheric levels of GO



associated with current anthropogenic climate cegiRCC 2007) has already had and will
continue to have diverse consequences on the sdastivity associated with plant
reproduction (Galen and Stanton 1993, Chapin Idl€2000, Visser and Holleman 2001,
Waltheret al.2002, Badeclet al. 2004, Visseet al.2003). These consequences can be difficult
to predict because they change in space and timdejiierentially affect the environment at
every scale, from species to ecosystem (Levin 18B2shallet al.2008). Predicted climate
change can have large effects on plant-pollinaationships, but there is a paucity of research
that explores these effects (Phillgisal. 2010), in particular in the southwestern Unitededa

including the Colorado Plateau.

The Colorado Plateau covers approximately 38 omilha of Utah, Colorado, Arizona
and New Mexico (Clements 2004) and encompasseseiyaf ecosystems including ponderosa
pine woodlands, sparsely vegetated pifion-juniperxdiands, shrublands and savannahs, red
rock desert ecosystems, high elevation plateaussatated mountain peaks (BLM 2009). The
elevation within the area ranges from about 610ovalsea level at the surface of the Colorado
River to nearly 3,660m above sea level in the La&dlHenry Mountains in Utah (BLM 2009).
Habitats in the Colorado Plateau typically exhitwt productivity, which leads to slow recovery
after disturbance (Schwinnirgg al.2008). The lower elevation scrublands have hisadlgic
experienced low total and highly variable precigata, low disturbance from fire and grazing
and are some of the most sensitive ecosystemghaglst and current climate change
(Schwinninget al. 2008, Vivoniet al.2009). The Colorado Plateau region is especialtisktfor
unpredictable climatic variation due to its geodpniapl position in the dry interior end of two
moisture trajectories (Schwinnirg al. 2008). The regional climate is predicted to become

warmer (IPCC 2007) and experience droughts of grestverity and possibly of greater duration
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in the future (Seageat al.2007). These factors combined with an increasevaegetation
activities on the Colorado Plateau and a lack ¢ sopply and understanding of locally adapted
native plant materials for use in restorations (feptal. 2010) makes it clear that more

research on native plants used in area restoragi@ngaluable to conservation efforts.

Simultaneous with increases in temperature ancedses in humidity within the past
century have led to less frequent and less voluasmainfall (Schwinningt al.2008).
Temperature and precipitation differ greatly throogt the semiarid southwest and have highly
variable effects at different locations, elevaticaxsd community compositions (Vivoet al.
2009). Warmer temperatures may affect phenologypaetotype of many plant and pollinator

species, and their relationships to each other.

If flowers are smaller, less abundant, or less &blproduce sufficient advertisements
and rewards, pollinators may be less likely totwlsem which could result in depressed
reproductive success (Willson and Price 1977, Ga889). In simulated ecosystems at higher
temperatures, more flowers and seeds have beengawih some herbaceous plant species
along with greater volumes and concentrations ofameand scent (Serreeéal. 2000, Sabatet
al. 2002, Hughes 2003). Other studies have found ighthtemperatures favor slow-growing,
cold-adapted species that germinate earlier isé¢lason (Kimbalkt al. 2009). Patterns of
temperature change are important to consider iextaenination of ecosystem and species
responses to climate change on the Colorado Plagspacially in light of the increased need for

restorations and post-fire reseedings (Coloradte&leNative Plant Initiative 2009).

Phenotypic shifts in plant traits may result frolmate change, including changes in
floral morphology (Pritcharét al. 1999), scent, color, display size, nectar (David3}0pollen,
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or oils, all of which are important advertisementsewards in plant-pollinator relationships
(Case and Taper 2000). For example, an increaamloment CQ can cause to a greater carbon-
nitrogen (C-N) ratio (Rastettet al. 1992), leading to greater production of secondary
compounds in nectar. Phenotypic changes causettigased C&mnay also include shifts in
composition or volume of plant volatile organic queands that produce fragrance (Yusral
2009). Temperature can also have physiologicattsffen species (Applet al 2000,Hou et al
2010, Poroshirt al. 2010) and quantifying those effects may proveafale for both prediction
of future patterns and for conservation effortsi@fns et al. 2008, Fulleret al. 2010).While
research has been conducted on some of the phénefigrts of climate change on plants,
much of it has concentrated on crops and grassestdteiet al. 1992, Ainsworthet al. 2008,
Traverset al.2010) rather than on native forbs (non-graminaddvéring herbaceous plant

species).

The phenotype of a plant species has the poteataffect mutualisms with pollinators.
Most angiosperms experience mutualisms with a fellinators that are important to their
continued fitness (Bond 1994, Wastal. 1996, Kearn®t al. 1998). Different pollinator
communities can also exert differential selectivespures on floral morphologpérez-Barrales
et al 2007, Sletvolceet al 2010),which can effect reproductive success due to tfierdnces in
the effectiveness of particular pollinators on feaung species (Sletvolet al. 2010). Phenotypic
or phenological mismatches between plants andnaadirs due to range shifts, warming, or other
environmental can be problematic to plant repragacuccess. About half of angiosperm
species are self-compatible dgind Kohn 2006), meaning they can produce vialitgohg by
self-fertilization with no pollinator present. Soraegiosperm species, especially those that are

self-incompatible, require effective pollinator i@tion for reproduction to occur. While



compensatory mechanisms such as vegetative prapagatd self-pollination may enable a
species to persist in the short tgfdBond 1994), plant and pollinator species may raotelthe
capacity to expand their ranges or adapt to enmgortal change quickly enough to avoid

reproductive isolation, inbreeding and potentiallyreeding depression.

Range shifts are a consequence of climate chéwagdas already been documented
across many taxa (Parmesan and Yohe 2003, Battisti2005, Beckagetal. 2008, Mariniet
al. 2009) and could lead to further changes in phgretwhether due to genetic variation or
phenotypic plasticity. Plants shift their range$igher latitudes and elevations in response to
warming conditions (Thomas 2010), but not all seecespond at the same rate in time or space
which can cause phenotypic and trophic mismatcBeksweigeret al. 2008, Walther 2010). This
means that geographically shifting plants will h&weontinually respond to new sets of
environmental conditions, both in terms of abisticroundings and biotic communities.
Different plant species may change phenotypicallgesponse to warming, either due to existing

genetic variation or plasticity (Nicotet al 2010).

Elevation is often used as a proxy for warming elimdate change because temperatures
are higher at low elevations and become cooleighieh elevations (Lookingbill and Urban
2005, Rodeghiero and Cescatti 2005, Gilbert 20R0linator and plant community
compositions have been shown to shift along grasliehtemperature, affecting their
interactions (Gonzalezt al.2009). Shifts in pollinator community compositidiorag elevation
gradient is also associated with changes in flmi@iphology, as in two hybridizing species of
Penstemoiand the associated pollinator communities up a aside (Kimball 2008) and

numerous other flowering species (Laverghal.2010). Studying how floral morphology shifts
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with pollinator communities in response to warminghe southwest is important to the

development of effective conservation strategiagkl® and Alarcén 2011).

Research on native plants that might be usedekiorations on the Colorado Plateau is
especially important as the need to restore thesgystems has increased over the past several
years (Colorado Plateau Native Plant Initiative 20Penstemon palme(A. Gray) is a short-
lived perennial forb (Cronquist et al. 1984) wigdfancompatible flowers (Walker-Larsen and
Harder 2001) that is found in the western Unitesite¥, often in disturbed areas with dry soils
such as washes and roadsides (Kitchen and Meyd) a9@levations ranging from 800m-
2750m (Kitchen and Meyer 1994). It is primarily bedlinated, with occasional bee and wasp
nectar robbers (Walker-Larsen and Harder 2001).tDuts status as a native early successional
forb that persists after disturbance and servegldbfe forage (Uncompahgre Project 2008,
National Resources Conservation Service 2011) ahdrees habitat for pollinators (Ogle et al.
2011),P. palmeriis desirable for conservation efforts throughtwat €Colorado Plateau including
restorations and post-fire reseedings (UncompaBmgect 2008). However, very few empirical
studies ofP. palmerihave been performed and no studies have attertgptedt for potential
phenotypic shifts and changes in pollinator comrtyuini response to climate change. This
object of this study is to test the following hypeses: 1) At lower elevations and higher
temperatures}. palmerihas greater vegetative and reproductive prodagtiand 2) Pollinator

community composition foP. palmeridiffers along an elevation gradient.

Materials and M ethods

Site selection. Eleven sites in Zion National Park were chosengamelevation
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gradient ranging from 1352m to 1762m (Fig. 1). Sikeere selected to be as accessible and
evenly spaced as possible and grouped into lowjumednd high elevation categories (Table 1).
Due to the nearly continuous distributionPofpalmeriindividuals along the slope rather than
independent populations, the elevation categorere wreated for clarity of analyses and to
reduce the number of post-hoc pairwise tests reduo test for differences in individuals
between elevations. Differences in both elevatioth distance within and between categories
were minimized to the extent possible. Sites ahedevation category exhibited the following
qualitative environmental differences: low sitegevim an area had been recently burned and
were located several meters away from a road; medites were rocky, close to or on a road,

and very windy; and high sites were close to oa@oad.

Phenotype. Floral morphology data were collected twice weellgach site in Zion
National Park, Utah from Junetflthrough July 1%, 2010. Traits were measured (Fig. 2) on
2.8+/-1.2, 1 s.d. haphazardly selected flowerspfant (n=273 total flowers and 24.7+/-12.8, 1
s.d. flowers per site) on 8.9+/-4.6, 1 s.d. fodahfs at each site: corolla tube length, two
measurements of corolla diameter (corolla diametensd 2), two measurements of anther
insertion (distal and proximal to ovary, respediiyestaminode length, mouth diameter, upper
and lower lip lengths and widths, and distance feorthers to corolla floor. These particular
traits were chosen for measurement following meaments for th&®enstemormgenus outlined in
Wilson et al 2004, modified foPenstemon palmerAll traits were measured to the nearest
0.5mm using a digital caliper. An attempt was midebtain nectar volume and sucrose levels
(as a measure of secondary compound productionpdonectar was present at the time of
measurement. Approximate fruit:flower ratios wezearded at each site on a total of 1179 stems

12



on 194 focal plants. Number of stems per plantahstem heights were recorded on each plant
used for floral morphological measurementg{F1242 from the same 204 plants used for
floral morphology). In early September 2010, frditsm ten plants at ten sites (sites 1-3 and 5-
11) were collected haphazardly from each site ®oessarily from the same plants used for
other data) and labeled by date, site and a unégrification number. Reproductive success
was measured by weighing 10 randomly selectedsfftom each of 5 random maternal lines per
site. Collected fruits were had not yet dehiscadl ratained all seeds.

To help account for other environmental differenbetween sites during analyses,

associated species within 5m of focal plants wecended at eight of the eleven sites.

Pollinator Visitation Rates and Community Composition. Pollinator visitation data
was collected through pollinator observations.t&tad end time, time of each observed visit and
morphospecies of each visitor were recorded. Fmseven pollinator observations (collected by
two to three human observers and two to four cashpevare conducted for 20 minutes twice a
week at each site for five weeks. Four hundred tesof observations were collected per week,
totaling 2,000 minutes over five weeks (200 minygessite). On the day of pollinator
observations at each site, temperature, relatinadity, precipitation and approximate cloud
cover were recorded.

Pollinator community composition was assessed wghct pan traps (30z Solo cups
spray-painted fluorescent yellow, fluorescent ugvhite and filled with a solution of water
and Ultra Dawn Original Dishwashing Liquid, followg LeBuhn et al. 2011) once a week at
each site. Four pan traps of each color were gehdbe evening and collected the following
morning, after approximately 16 hours. Trappeddts@ere stored in a 70% alcohol solution
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and brought back to the Chicago Botanic Garden (CB&&ncoe, lllinois, where they were
sorted by morphospecies, identified to the lowasbhomic level possible (to family for most

species), and analyzed by site to test for commuiiiterences.

Growth Chamber Experiment. An experiment was conducted using two growth
chambers at CBG to test for differences in grovdtiggns between current and future
temperatures and whether differences observeckifigld were due to genetic variation or
phenotypic plasticity. One growth chamber simulatedent mean springtime temperatures in
Zion National Park, based on a 30-year datasett@eRegional Climate Center 2011), and the
second growth chamber simulated temperatures peojéor the year 2060 (2-4°C higher) based
on regional projections for western North AmeritaQC 2007). In both chambers the lights
were set to mimic actual springtime sunrise angsutimes in Springdale, UT (Edwards 2010).
Eighteen seeds were randomly selected from eadgjheeifruit (see above) and on 30
November 2010 planted three seeds from the samerfreach of 2800 cells (28-16x30x18cm
flats of 200 cells each, Ray Leach “Cone-tainer’ig& Cell System) in a fully randomized
design. Every other cell contained a 12x2.5cm l@nsity plastic planting tube with UV
stabilizers and with a tapered bottom and draireyes. Germination date, date of first true leaf,
and heights of all seedlings were recorded eveoytbnthree days, which gave me days to
germination from planting, days to first true Ié@im germination, and growth rate. Growth rate
was calculated by dividing height at time of hatu®sthe number of growing days. At the same
time as data collection, flats were each rotaté@f H8d shifted one spot clockwise within the
growth chamber to avoid placement effects. AllSlakere bottom-watered every three to four
days. The two growth chambers were not identidentber A had higher relative humidity than

14



chamber B due to a mechanical issues until it waslved on day 52; in chamber A flats were
placed on the floor with lights lowered to them am@hamber B flats were placed on one tier of
a shelving unit with built-in lights. To avoid chaer effects, flats were moved and temperature
and lighting regimes were switched between chanmdezsy two weeks.

Seedlings were harvested 75 days after plantidgo@rdays after the first germination,
on 12 February 2011. Shoots were separated frota using a razor blade, root systems were
rinsed of as much soil as possible and dried oepapvels. Each root and shoot system was
placed in a separate coin envelope labeled wighasitd cell information which were then placed
overnight in a herbarium specimen dryer cabineh@ 8cience Equipment, NY) at 35.5°C.
Above- and below-ground dry biomass were weighed balance (A&D HR-200) the nearest
thousandth of a gram.

Because of the low germination rates, tetrazolihtorade assays were performed to test
for seed viability 154 days after harvesting seegdlifrom the growth chambers using a 1%
solution of 2,3,5-triphenyl tetrazolium chlorideT(T) seeds from the same collection as were

used in the growth chambers, but which had not Ip&erted.

Data Analysis. The software package R version 2.13.0 (R Core Deveént Team
2011) was used to run all statistical analysdisests were analyzed for differences between
elevation categories rather than individual sitedlie reasons stated above. Tukey Honest
Significant Difference (HSD) tests were performedest for differences in individuals between
each of the three elevation categories. To illtstilae strength of highly significant differences
found using the Tukey HSD test, post-hoc pairwitasts were performed using the conservative
Bonferroni correction for p-values. The Bonferraorrection was not used in cases when
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differences were shown to be insignificant by a@wkSD test.

To analyze floral morphology traits, certain meaguwents were combined in order to
create more meaningful variables for analysisatiga was defined as lip width multiplied by lip
length, and corolla volume was defined by the fdenfar an ellipsoid sphere:

4/13)([(1/2(corolla tube length))(1/2((corolla 1 + coeol)/2))(1/2(anthers to floor))
The values that were obtained through these cdilootawere tested using a one-way ANOVA.
Stem heights and fruit weights were analyzed theesaay. Fruit:flower ratios were also
analyzed by using one-way ANOVAs for percentag&uwfs present on stems at each site. To
analyze stem count per individual, a Chi-squarewes used first to check for overall
differences between individuals, then used a negdinomial generalized linear model and
ANOVA with Chi-square test.

Differences in data obtained from the growth chaméxperiment (time to germination,
time to first true leaf, and overall growth rategne tested by elevation category using linear
models with one-way ANOVAs for model simplificatio@verall growth rate was calculated by
difference in height between the first and last sneaments taken for an individual and divided
by the number of growing days. Above- and belowsgbbiomass, days to germination and
growth rates of seedlings from the growth chamBpegment were analyzed using one-way
ANOVAs. Bootstrap analyses were used to test tlaioaship between above- and below-
ground biomass to account for the small sample(8lg&minants= 17). Post-hoc tests were not run
for any variables from the growth chamber experinbecause of the small sample size.

Insect community composition data were analyzeegofor differences between sites
using PERMANOVA analyses on all species observebicatiected. The Shannon-Wiener index
was calculated as a measure of insect speciesitivat each elevation category. Proportion
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tests were performed on the 14 most common sptaties both in collections and observed
visiting flowers, so as only to include the mokely pollinators. For this analysis, insects were
broken down into small (<9mm long), medium (9-13hamg) and large (>13mm long) body
size categories to test for differences in propordf each insect size along the elevation
gradient. Associated plant species were analyzedoimmunity differences between sites using
a PERMANOVA with binomial distribution because tih&ta reflected only presence or absence

of plant species at each site.

Results

Phenotype. Corolla tube volume differed significantly betweslevations (F=5.05,
d.f.=2, p=0.007, Fig. 3). Volumes at low elevat®ites were significantly smaller than those at
medium (p<0.009) and high elevation (p=0.03) sitlesugh there was no difference between
medium and high elevation sites. When the traiégiue obtain corolla volume were analyzed
separately (Fig. 4), flowers at high sites werenfbto be not only larger in volume but
differently shaped. The distance between the anthued the corolla floor varied between
elevation categories (F=4.76, d.f.=2, p=0.009) @&ad significantly greater in individuals at high
elevation than low (p=0.01, Tukey HSD) and medip=0(04, Tukey HSD) elevation sites.
Corolla tube length did not differ between low drgh elevation sites but were significantly
longer at medium sites than low ( p<0.001) and Igp3#0.01) elevation sites. Average corolla
width and corolla width 1 did not differ among pdgdions according to a one-way ANOVA.
Corolla width 2 measurements were larger at higin fow elevation sites (F=5.08, d.f.=2,
p=0.006), and mouth diameters were significantlpltn at high than medium elevation sites
(F=5.58, d.f.=2, p=0.004).
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Upper and lower lip areas (Fig. 5) both variedhdigantly by elevation category (lower
lip area: F=12.86, d.f.=2, p<0.001; upper lip: 29[.d.f.=2, P<0.001). Though lip areas did not
differ between medium and low sites, individualfigh sites had significantly smaller lip areas
(p<0.001). Average anther insertion and antheriizgel did not differ significantly between
elevations, however, anther insertion 2 did (F=4drD=2, p=0.009), with anthers at high sites
being significantly more shallowly inserted tharitbmedium (p=0.01) and low elevation sites
(p=0.04). Staminode length was significantly shoatehigh than low (p=0.01) or medium
elevation sites (p<0.001).

Among sites, there was a significant differencetem height (F=76.85, d.f.=2, p<0.001)
and stem number (p<0.001). Stem height decreagbcdelevation (Fig. 6), with heights
decreasing significantly at each elevation catedloigh to medium p=0.01, medium to low
p<0.001, high to low p<0.001). Stem number pertpl&ig. 7) was significantly greater at
medium elevation sites (F=22.35, d.f.=2, p<0.00&ntat low and high elevation sites.

Fruit:flower ratios did not differ between low ahah elevation sites, but were
significantly lower at medium elevation sites (F=22 d.f.=2, p<0.001). Fruits collected from
low elevation sites weighed significantly more (R than fruits from medium or high elevation

sites (n=739, F=13.51, d.f.=2, p<0.001).

Associated plant and pollinator community. Pollinator community composition (Table
2) was significantly different among elevation gaees (F=0, d.f.=2, p<0.001). The Shannon-
Wiener diversity index was highest at low elevatsites and deceased up the elevation gradient,
from 2.7 at low sites to 2.4 at medium sites adat high sites. Proportion tests showed a
significantly greater number of large insects atdoelevations (p<0.001, Figs. 9a and 9b). No
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difference was found in associated plant speciabl€T3) among sites (F=0.86, d.f.=2, P=0.51).

Growth Chamber Experiment. Only 17 of 8400 seeds germinated throughout the
duration of the experiment. Days to germinatiorysda first true leaf, and growth rate differed
significantly between treatments (F=40.0, 29.7, 8P#.82 respectively, d.f.=1 and p<0.001 for
all variables). Days to first true leaf after gemation differed significantly between sites and
treatments (p<0.001) but not elevations (p=0.7®aMroot biomass (0.008 + 0.001, 95%ClI,
n=204) significantly varied with the mean of shbamass (.0174 £ 0.019, 95%CI, n=204)
according to a bootstrap test (p<0.001, 100000&mees). Shoot and root biomasses also
differed significantly in each treatment (F=41.981d.1.29 respectively, and d.f.=1, p<0.001 for
both). Of the seeds where viability could be deteeah with reasonable accuracy using TTC
viability assays, significant differences were fduetween elevations (F=11.01, d.f.=2,
p<0.001). Medium elevation sites had the highesbility (Fig. 10), followed by low (p=.28),
then high (p<0.001).

Seedlings took fewer days to germinate, grew faatet produced more above- and
below-ground biomasses in the elevated temperatumdition, and the same results were found
for seedlings from seeds collected at low elevati@x0.001 in all cases, Table 4). While
seedlings from low-elevation collections producegt teaves sooner from low elevations, they
also produced true leaves sooner in the controténtitemperature) treatment (p<0.001 for

both, Table 4).

Discussion
As hypothesized, individuals & palmeriproduced taller stems and more stems per
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plant, and larger fruits at lower elevations. Sietsvation is frequently used as a proxy for
elevated temperatures and climate change (LooKiragid Urban 2005, Rodeghiero and
Cescatti 2005, Gilbert 2010), these results magesigthaP. palmerimay become more robust
as temperature increases in the future. Polliraiormunity composition differed significantly
along the elevation gradient, supporting the sedgymibthesis, and low elevation sites contained
the greatest Shannon-Wiener diversity index ofdtssdn plants such & palmeriwhich

require an insect to at least partially enter theka tube to acquire nectar and pollen, larger

pollinators could be expected to coexist with gawmith larger flowers to fit their body sizes.

Phenotype. Flowers were smaller at lower elevations but défety shaped at each
elevation category and insects were larger at l@M@rations, indicating a more complex
relationship between flower size and pollinatoe tan be explained by size alone. The lower
lip of flowers ofP. palmeriand other members of the Plantaginaceae famityeseas both a
landing platform for visitors and a canvas for maeguides (Free 1970), which helps usher
visitors into the corolla vestibule. The small@sliseen at higher elevations could be indicative
of selective pressures placed on the plants bipehaviors or smaller size of pollinators at high
elevations. The bearded staminodes foun®&.qralmeriincrease effectiveness of pollen transfer
from anthers to pollinators by acting as a levet thcreases contact with the stigma, especially
for bees (Walker-Larsen and Harder 2001). Likeatier differences observed in floral
characteristics, the shorter staminodes foundgdt dlevations could be a result of selective
pressures from a different and less diverse paimeommunity than at lower elevations.

Another potential explanation for the inverse iieleghip between corolla size and
pollinator size could be that lower pollinator disiy at high elevation sites and a possibly lower
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density of flowers (which was not measured in #tigly) is linked to the production of larger
flowers that would increase overall floral dispfay more effective attraction of pollinators,
making the display potentially more attractive tdlipators (Makinoet al.2007, Makino and
Sakai 2007). Recent studies support this possityitshowing that pollinator community
diversity varies with floral morphological trait®(tigosa and Gomez 2009, Bluthgen and Klein
2011). Even given larger flowers at high elevatjareater pollinator community diversity can
contribute to greater predictors reproductive sssaecluding higher fruit set and lower pollen
limitation (Galloniet al.2008, Gomeet al.2010, Vergara and Badano 2009), though effects of
pollinator community diversity on fruit weight aséed viability are understudied. If lower
elevation sites represent conditions of warminglpoed by climate change, a greater diversity
in the pollinator community associated withpalmericould indicate greater reproductive
success for the species in the future.

The decrease in stem height up the elevation gmadnay indicate fewer resources going
towards production of vegetative material due tideotemperatures found at high elevations.
Data from weather stations at La Verkin, UT (981),54m10n National Park, UT (1234.4m), and
Lava Point, UT (2406.1m) show decreased mean tathpes in June and July at high
elevations (Fig. 11). Sites used in this studyifel the elevation range (1352-1762m) between
the Zion National Park and Lava Point weather aitati between which there was the largest
difference in temperatures in June and July. Fpaties in other systems have responded to
increasing temperature gradients with earlier plogical development and faster growth rates
(Xiao et al.2001, Hollisteret al.2005, Sherryet al.2008, Liet al.2011). Collection of wind
speed data would be necessary to determine whatimext there is a connection between wind
speed experienced at medium elevation sites aretatdge productiveness, in addition to other
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variables such as the possibly shallower, moraanitpoor soils at medium and high elevation
sites due to proximity to the road. However, thet that stem count was significantly greater at
middle and high elevations suggests that plantsgaier elevations may be producing the same
amount of above-ground biomass, but with diffeignoivth patterns (a greater number of shorter
stems), though data on above- and belowground lE®mvauld be necessary to definitively find
whether this is the case. Stem heights in othert glpecies have been shown to grow taller at
lower elevations and higher temperatures (Kliakal. 1996, Cuevas 2003), and if this trend
holds inP. palmerias it appears to do, the species may grow tallezsponse to climate change
in the future. Another explanation for greater stesights at lower elevations could be increased
nutrient uptake at lower sites due to a prescrilvedn 2009 (Cheryl Decker 2010, pers. comm.),
as soil nitrogen availability can increase aftghtito moderate fires (Vlamis and Gowans 1961,
Kutiel and Inbar 1993).

Fruits collected from low sites, as hypothesizeeighed more than fruits collected from
high sites. Possible explanations include higheperature at low elevations, greater soil depth
due to their location farther from the road beditfher temperature is the factor that has the
greatest effect on fruit weight, prospects for ggnpalmerisuccessfully in restorations in the
future could be positive since greater fruit weigbtild indicate more seeds within a capsule or
fewer but better provisioned seeds per capsule.possible explanation for lower fruit:flower
ratios at medium elevation sites is that these s@eded to be very windy (anecdotally, as wind
velocity was not quantified in this study). Pollioaobservations frequently showed insect
visitors attempting but failing to land on a floyweccasionally for several minutes, before being
blown away by the wind at medium elevation sitelsiclv may have decreased frequency or
effectiveness of pollination, and therefore explaia reduced fruit set at these sites. An
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expanded elevation range could clarify whether fiaut-to-flower ratios at medium elevation
sites could have been due to temperature, makegdit susceptible to climate change.

Differences in phenotype could be due to geneteneironmental factors including
temperature (Murcia 1990, Higuchi and Utsunomiy@9)%®r edaphic conditions (Mat al
1997)that were not accounted for in this study. Futesearch on the effects of climate change
on phenotype dP. palmeriand other species used in restorations shoulddech more
comprehensive survey of surrounding vegetationsailccharacteristics and temperatures to
assess whether vegetative and floral traits mighirtiked to these variables. Further germination
and viability analyses would clarify the relationsbetween fruit weight and seed set and

viability in P. palmeri

Growth Chamber Experiment. Although growth rate, days to germination and days
first true leaf differed by treatment and elevatigarmination rates were extremely low
(0.002%). However, data acquired from the expertraem suggestive of trends in whieh
palmeriseedlings may develop more rapidly at higher teatpees and elevations. These
findings, if they hold true at a larger scale, cblaéve important implications for restorations. If
seed is being sown in a disturbed area to anchicarsb prevent nutrient leaching, for example,
the development rate of resulting seedlings camlokict how well the plants fit the needs of the
management plan.

Root biomass increased at a slower rate than shoawoiass leading to root:shoot ratios
less than one in all seedlings, contrary to whatld/be expected from the limited work that has
been done on mature arid-environment plants, wisterally develop root:shoot ratios greater
than one according to meta-analyses of plants si¢uostional groups (Mokanst al 2005).
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Because not much work has been done on root-slhmogls relationships in arid environments
(Mokanyet al 2005), seedling root:shoot biomass ratio maybeandicative of mature plant
root:shoot ratio.

During the experiment, a film of fungi and alga&eleped on top of the soil, which
could have inhibited germination, as could posdialeterial infection. The low germination rate
could be due to low seed viability, as revealeghbst-experiment tetrazolium chloride assays.
Previous germination trials indicate tiatpalmeriseeds generally do not require cold
stratification or scarification to produce high igémation rates, though some populations benefit
from treatment (Meyer and Kitchen 1992, Meyer aiidhéen 1994, Meyeet al. 1995). It is
possible that seeds from the populations samplethi® study require or would benefit from
pre-treatment. Performing a similar growth changereriment after a germination trial and
applying fungicide or algicide to prevent their gth on cells might also yield higher
germination rates.

Another step that could be taken in this study wdad to test for genetic differences in
populations using molecular techniques and comnaodem studies to further understanding of
whether differences observed in the field were tdyghenotypic plasticity or genetic variation.
Future research should test for difference in ghopdtterns in ambient and elevated,CO
conditions to see what effects the predicted irsmean CQwill have on the growth and
phenotype oP. palmerj since this is an important factor in conjunctwith temperature in the
behavior of a species in the future climate (Colermwad Bazzaz 1992, Ahmed al. 1993,

Stirling et al. 1998, Williamset al.2000). Since the climate in the Colorado Platsaalso
predicted to become more arid, with less rainfatl emore evaporation (IPCC 2007),
experimental water limitation manipulations woulslaabe an interesting avenue for future

24



research. Expanding this study to other specidsiluserestoration is important to attain a suite
of species for which scientists and managers &oened about their behaviors and responses to
environmental changes.

A wide range of confounding biotic and abiotic fastmakes predicting responses of
plant species and populations to climate chandeuwif (Melleset al, 2011). The conclusions of
this study would be strengthened by a greater slityeof types of data including more detailed
information on plant and insect community compositisoil qualities and recent disturbances. It
would also be interesting to expand the elevatémge of sites to test whether patterns found in
this study intensify at range boundaries, as cknmaexpected to influence phenological

dynamics more at range boundaries than in rangeons (Parmesan and Yohe, 2003).

Conclusions. This study is a first step in understanding Hdyalmerimight respond to
climate change over its entire range and is mealgtto illustrate how the species might behave
in response to climate change at a local levelrééylts suggest phenotypic changes but no
apparently adverse effectsfpalmeriin response to elevation or warming (as exhibitedath
the growth chambers and the elevational temperditfexences) on productive capacity,
meaning it is likely to remain a strong candidateuse in restorations and reseedings at least 50
years into the future. Pollinator community comgosi and diversity may be affected by
temperature or by shifts in floral morphology ahd@d be monitored to better understand the
driving factors influencing plant reproductive ayiin response to climate change. This study
adds to the knowledge base of the plant specieplant-pollinator relationships in the semi-arid
southwestern U.S. and highlights the value of simiésearch given the typically slow recovery
time of these species post-disturbance and theaserg need for restoration and post-fire
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reseeding.

Accumulating knowledge on the vegetative and répctive response of plant species
used in restorations to climate change will alloanagement agencies to determine where and
when it would be most appropriate to use theseispat restorations, as well as informing them
of how they might be expected to fare in the fuiartheir native habitats. Siné&enstemoins
widespread genera throughout the western UnitegsStine findings from this study can be
used as a springboard for other similar studiesbengseful to the conservation and management
of these species both within and outside of Ziotidwal Park. The variability of ecosystem
types on the Colorado Plateau and the inclusionymational and state parks make conservation

of this area’s ecosystems valuable not only ecoblily, but socially and financially.

References

Ahmed, F.E., Hall, A.E. and Madore, M.A. (1993)drdctive effects of high-temperature and
elevated carbon dioxide concentration on cowpegné unguiculatgL) Walp). Plant
Cell and Environmentl6(7):835-842.

Ainsworth, E.A., Beier, C., Alfapietra, C., CeulensaR., Durand-Tardif, M., Farquhar, G.D.,
Godbold, D.L., Hendrey, G.R., Hickler, T., Kaduk, Kamosky, D.F., Kimball, B.A.,
Koerner, C., Koorneef, M., Lafarge, T., LeakeDA., Lewin, K.F., Long, S.P.,,
Manderscheid, R., McNeil, D.L., Mies, T.A., Migtte, F., Morgan, J.A., Nagy, J.,
Norby, R.J., Norton, R.M., Percy, K.E., Rogers,®oussana, J.F., Stitt, M., Weigel, H.J.
and White, J.W. (2008) Next generation of elev&l€d experiments with crops: A
critical investment for feeding the future worRlant Cell and Environmen81(9):1317-
1324.

Apple, M.E., Olszyk, D.M., Ormrod, D.P., Lewis, Aputhworth, D. and Tingey, D.T. (2000)
Morphology and stomatal function of Douglas fiedies exposed to climate change:
Elevated C@and temperaturénternational Journal of Plant Sciencel61(1):127-132.

Badeck, F.W., Bondeau, A., Bottcher, K., Doktor, Ducht, W., Schaber, J. and Sitch, S. (2004)
Responses of spring phenology to climate chaNgea. Phytologist162(2):295-309.

Barnosky, A.D. (2008) Megafauna biomass tradeo# ddver of Quaternary and future
26



extinctions.Proceedings of the National Academy of Scienctsedfnited States of
America 105(Suppl. 1):11543-11548.

Battisti, A., Stastny, M., Netherer, S., Robinet, 8&chopf, A., Roques, A. and Larsson, S.
(2005) Expansion of geographic range in the pioeessionary moth caused by
increased winter temperaturé&ological Applications15(6):2084-2096.

Beckage, B., Osborne, B., Gavin, D.G., Pucko, €c&na, T. and Perkins, T. (2008) A rapid
upward shift of a forest ecotone during 40 yedrsarming in the Green Mountains of
Vermont.Proceedings of the National Academy of Sciencdsedfnited States of
America 105(11):4197-4202.

Bluthgen, N. and Klein, A.M. (2011) Functional cdeypentarity and specialization: The role of
biodiversity in plant-pollinator interactionBasic and Applied Ecology2(4):282-291.

Bond, W.J. (1994) Do mutualisms matter? Assessiagrpact of pollinator and disperser
disruption on plant extinctio®hilosophical Transaction of the Royal Society B-
Biological Sciences344: 83-90.

Burkle, L.A. and Alarcon, R. (2011) The future ¢&pt-pollinator diversity: Understanding
interaction networks across time, space, and gldimnge American Journal of Botany
98(3):528-538.

Case, T.J. and Taper, M.L. (2000) Interspecific petition, environmental gradients, gene flow,
and the coevolution of species' bordémsierican Naturalist155(5):583-605.

Chapin lll, F.S., Zavaleta, E.S., Eviner, V.T., NayR.L., Vitousek, P.M., Reynolds, H.L.,
Hooper, D.U., Lavorel, S., Osvaldo, E.S., HobBid;., Mack, M.C. and Diaz, S. (2000)
Consequences of changing biodiverditgture 405:234-242.

Cleland, E.E., Chuine, I., Menel, A. and MooneyAH2007) Shifting plant phenology in
response to global chand&RENDS in Ecology and Evolutio®2(7):357-365.

Clements, A. (2004) An ecosystem approach to comsertification on the Colorado Plateau.
Environmental Monitoring and Assessmeé§(1-3):233-243.

Coleman, J.S. and Bazzaz, F.A. (1992) Effects o2 @ temperature on growth and resource
use of co-ocurring C3 and C4 annuésology 73(4):1244-1259.

Colorado Plateau Native Plant Initiative (CPNPD0Q. Five-Year Strategy and Action Plan.
Bureau of Land Management.

Cronquist, A., Holmgren, A.H., Holmgren, N.H., Ralje].L.,and Holmgren, P.K. (1984)
Intermountain flora: Vascular plants of the intermtain west, U.S.A.: vol. 4. New York
Botanical Garden, N.Y.

Crowley, T.J. (2000) Causes of climate change theepast 1000 yearScience
27



289(5477):270-277.

Cuevas, J.G. (2003) Gap characteristics in relaitorest structure and implications for
southern beech forest dynami€anadian Journal of Forest Reseay@3(10):1915-
1922.

Davis, A.R. (2003) Influence of elevated £&nhd ultraviolet-B radiation levels on floral necta
production: A nectary-morphological perspectiRé&ant Systematics and Evolution
238(1-4):169-181.

Davis, M.B. and Shaw, R.G. (2001) Range shifts ashaptive responses to quaternary climate
changeScience292(5517):673-679.

Edwards, S. (2010) Sunrise-sunset calendar, Utzadilable from
http://lwww.sunrisesunset.com/USA/Utah.asp

Free, J.B. (1970) Effect of Flower Shapes and Néstades on the Behaviour of Foraging
HoneybeesBehaviour 37(3/4):269-285.

Fuller, A., Dawson, T., Helmuth, B. and Hetem, RZR10) Physiological mechanisms in
coping with climate chang@hysiological and Biochemical Zoolgdg83(5):713-720.

Galen, C. (1989) Measuring pollinator-mediated &@a on morphometric floral traits:
Bumblebees and the alpine sky pilBglemonium viscosurecologia 74:20-23.

Galen, C. and Stanton, M.L. (1993) Short-term rasps of alpine buttercups to experimental
manipulations of growing-season lendgeology 74(4):1052-1058.

Galloni, M., Podda, L., Vivarelli, D., Quaranta, l&hd Cristofolini, G. (2008) Visitor diversity
and pollinator specialization in Mediterranearulegs.Flora, 203(1):94-102.

Gilbert, L. (2010) Altitudinal patterns of tick atbst abundance: A potential role for climate
change in regulating tick-borne diseas@s2ologia 162(1):217-225.

Gomez, J.M., Abdelaziz, M., Lorite, J., Munoz-PeagrA.J. and Perfectti, F. (2010) Changes in
pollinator fauna cause spatial variation in polienitation. Journal of Ecology
98(5):1243-1252.

Gonzéalez, A.M.M., Dalsgaard, B., Ollerton, J., Tienmann, A., Olesen, J.M., Andersen, L.,
Tossas, A.G. (2009) Effects of climate on pollinatnetworks in the West Indie®ournal
of Tropical Ecology25:493-506.

Higuchi, H. and Utsunomiya, N. (1999) Floral ditetiation and development in cherimoya
(Annona cherimolaill.) under warm (30/25 degrees C) and cool (B0d&grees C)
day/night temperaturedournal of the Japanese Society for Horticulturelédce
68(4):707-716.

28



Hollister, R.D., Webber, P.J. and Bay, C. (2002nPtesponse to temperature in northern
Alaska: Implications for predicting vegetation cgarEcology 86(6):1562-1570.

Hughes, L. (2003) Climate change and Australiandse projections and impacisustral
Ecology 28(4):423-443.

Huntley, B., Cramer, W., Morgan, A.V., Prentice,atd Allen, J.R.M. (1997) Past and future
rapid environmental changes: The spatial and ¢eolary responses of terrestrial biota.
NATO Advanced Science Institute Series, SeriewbabEnvironment Changé7:1-8.

Igi¢, B. and Kohn, J.R. (2006) Bias in the studiesui€mssing rate distributionEvolution
60:1098-1103.

Intergovernmental Panel on Climate Change. (200iM)a@e Change 2007: The Physical
Science Basis. Contribution of Working Group Ttee Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cargbri@ambridge University Press,
U.K.

Joos, F. and Spahni, R. (2008) Rates of changatural and anthropogenic radiative forcing
over the past 20,000 yeaPsoceedings of the National Academy of Scienc#seof
United States of Americd05(5):1425-1430.

Kearns, C.A., Inouye D.W. and Waser, N.M. (1998)&mgered mutualisms: The conservation
of plant-pollinator interaction®Annual Review of Ecology and Systema®&s83-112.

Kimball, S. (2008) Links between floral morphologyd floral visitors along an elevational
gradient in @enstemotybrid zoneOikos 117(7):1064-1074.

Kimball, S., Angert, A.L., Huxman, T.E. and VenagHeL. (2009) Contemporary climate
change in the Sonoran Desert favors cold-adapecies Global Change Biology
16(5):1555-1565.

Klinka, K., Wang, Q., Carter, R.E. and Chen, H.Y(ER96) Height growth-elevation
relationships in subalpine forests of interiortBh ColumbiaForestry Chronicle
72(2):193-198.

Kutiel, P. and Inbar, M. (1993) Fire impacts onl swoitrients and soil erosion in a Mediterranean
pine forest plantatiorCateng 20(1-2):129-139.

Lavergne, S., Mouquet, N., Thuiller, W., Ronce (2010) Biodiversity and climate change:
Integrating evolutionary and ecological resporefespecies and communitiesnnual
Review of Ecology, Evolution, and Systema#ds321-350.

LeBuhn, G., Griswold, T., Minckley, R., Droege, Rqulston, T., Cane, J., Parker, F.,
Buchmann, S., Tepedino, V., Williams, N., Krem€nand Messinger, O.J. (2003) A
standardized method of monitoring Bee Populationke-Bee Inventory (BI) Plot.
Available from http://online.sfsu.edu/~beeplot/

29



Levin, S.A. (1992) The problem of pattern and soalecologyEcology 73(6):1943-1967.

Li, N., Wang, G.X., Gao, Y.H. And Wang, J.F. (20Y¥rming effects on plant growth, soll
nutrients, microbial biomass and soil enzymesivtets of two alpine meadows in the
Tibetan PlatealPolish Journal of Ecologyb9(1):25-35.

Lookingbill, T.R. and Urban, D.L. (2005) Gradiemtadysis, the next generationL towards more
plant-relevant explanatory variabl€anadian Journal of Forest Reseay@b(7):1744-
1753.

Makino, T.T., Ohashi, K. and Sakai, S. (2007) Hawfldral display size and the density of
surrounding flowers influence the likelihood ofrblble bee revisitation to a plant?
Functional Ecology21(1):87-95.

Makino, T.T. and Sakai, S. (2007) Experience chamgdlinator responses to floral display size:
From size-based to reward-based foragiugctional Ecology21(5):854-863.

Mal, T.K., Lovett-Doust, J. and Lovett-Doust, L9@7) Effect of soil moisture and fertilizer
application on clonal growth and reproduction itnistylous weedl|.ythrum salicaria
Canadian Journal of Botany5:46-60.

Marini, M.A., Barbet-Massin, M., Lopes, L.E. Andjdet, F. (2009) Predicted climate-driven
bird distribution changes and forecasted consienvabnflicts in a neotropical savanna.
Conservation Biology23(6):1558-1567.

Marshall, J.D., Blar, J.M., Peters, D.P.C., Okin,Rango, A. and Williams, M. (2008)
Predicting and understanding ecosystem respoas#isiate change at continental
scalesFrontiers in Ecology and the Environmef{5):273-280.

Melles, S.J., Fortin, M.-J., Lindsay, K. and Badkiin D. (2011) Expanding northward:
Influence of climate change, forest connectivatyd population processes on a threatened
species' range shifelobal Change Biologyl7:17-31.

Meyer, S.E. and Kitchen, S.G. (1992) Cyclic seear@dmcy in the short-lived perennial
Penstemon palmerdournal of Ecology80(1):115-122.

Meyer, S.E. and Kitchen, S.G. (1994) Habitat-catesd variation in seed germination response
to chilling inPenstemorsection Glabri (Scrophulariacea@merican Midland Naturalist
132(2):349-365.

Meyer, S.E., Kitchen, S.G. and Carlson, S.L. (195&gd germination timing patterns in
intermountairPenstemoiiScrophulariaceaemerican Journal of Botany2(3):377-
389.

Millar, C.I. (2006) Climate change confronting thlebal experimentProceedings of the Forest
Vegetation Management ConferenBedding, CA.

30



Mokany, K., Raison, R.J. and Prokushkin, A.S. (20D&tical analysis of root:shoot ratios in
terrestrial biomesGlobal Change Biology12(1):84-96.

Murcia, C. (1990) Effect of floral morphology arehiperature on pollen receipt and removal in
Ipomoea trichocarpaEcology 71(3):1098-1109.

National Resources Conservation Service. 13 Aprl12 Conservation Plant Releases--Los
Lunas Plant Materials Center. http://plant-matenacs.usda.gov/nmpmc/releases.html

Nicotra, A.B., Atkin, O.K., Bonser, S.P., Davids@aM., Finnegan, E.J., Mathesius, E., Poot,
P., Purugganan, M.D., Richards, C.L., ValladaFeg\nd van Kleunen, M. (2010) Plant
phenotypic plasticity in a changing climaieends in Plant Scienc&5(12):684-692.

Ogle, D.,Tilley, D., Cane, J., St. John, L., Full&n, Stannard, M. and Pavek, P. (2011) Plants
for pollinators in the intermountain west. USDAR Materials Technical Note No. 2A.

Ortigosa, A.L. and Gomez, J.M. (2009) Differenaeshier diversity and composition of the
pollinator assemblage of two co-flowering congenalpine wallflowersErysimum
nevadensandE. baeticumFlora — Morphology, Distribution, Functional Ecolggf
Plants 205(4):266-275.

Parmesan, C. and Yohe, G. (2003) A globally cohteegerprint of climate change impacts
across natural systeni$ature 421:37-42.

Peppin, D.L., Fulé, P.Z., Lynn, J.C., Mottek-LucAd,. and Sieg, C.H. (2010) Market
perceptions and opportunities for native plantpistion on the southern Colorado
PlateauRestoration Ecologyl8:113-124.

Pérez-Barrales, R., Arroyo, J. and Armbruster, W2DQ(7) Differences in pollinator faunas may
generate geographic differences in floral morpggland integration itNarcissus
papyraceugAmaryllidaceae)Oikos 116:1094-1918.

Phillips, R.D., Hopper, S.D. and Dixon, K.W. (20E)llination ecology and the possible
impacts of environmental change in the Southwestralian biodiversity hotspot.
Philosophical Transactions of The Royal Societ@@5(1539):517-528.

Pritchard, S.G., Rogers, H.H., Prior, S.A. and Retg, C.M. (1999) Elevated G@nd plant
structure: a reviewslobal Change Biologyb(7):807-837.

Rastetter, E.B., McKane, R.B., Shaver, G.R. andIMgl.M. (1992) Changes in C-storage by
terrestrial ecosystems - how C-N interactiongi@stesponses to Gand temperature.
Water Air and Soil Pollution64(1-2):327-344.

Rodeghiero, M. and Cescatti, A. (2005) Main deteanis of forest soil respiration along an

elevation/temperature gradient in the Italian Afpbbal Change Biologyl1:1024-
1041.

31



Sabate, S., Gracia, C.A. and Sanchez, A. (2003)y.i&ffects of climate change on growth of
Quercus ilexPinus halepensj$inus pinasterPinus sylvestrigsndFagus sylvatica
forests in the Mediterranean regiéiorest Ecology and Managemet62(1):23-37.

Schweiger, O., Settele, J., Kudma, O., Klotz, $l léahn, I. (2008). Climate change can cause
spatial mismatch of trophically interacting spsckecology 89(12):3472-3479.

Schwinning, S. Belnap, J., Bowling, D.R. and Elmriger, J.R. (2008) Sensitivity of the Colorado
Plateau to change: Climate, ecosystems, and gdemilogy and Sociefyl 3(2):28.

Seager, R., Ting, M., Held, 1., Kushnir, Y., Lu, \lecchi, G., Huan, H.-P., Harnik, N., Leetmaa,
A., Lau, N.-C., Li, C., Velez, J. and Naik, N. 0 Model projections of an imminent
transition to a more arid climate in southwestdanth America.Science316:1181—
1184.

Serreze, M.C., Walsh, J.E., Chapin, F.S., Osterkd@mDyurgerov, M., Romanovsky, V.,
Oechel, W.C., Morison, J., Zhang, T. and Barr$.R2000) Observational evidence of
recent change in the northern high-latitude emvirent.Climatic Change46(1-2):159-
207.

Shackleton, N.J. (2000) The 100,000-year ice-agtedgentified and found to lag temperture,
carbon dioxide, and orbital eccentriciBcience289(5486):1897-1902.

Sherry, R.A., Weng., E.S., Arnone, J.A., Johnsahy.DSchimel, D.S., Verburg, P.S., Wallace,
L.L. And Luo, Y.Q. (2008) Lagged effects of expeental warming and doubled
precipitation on annual and seasonal abovegroigmddss production in a tallgrass
prairie.Global Change Biologyl4(12):2923-2936.

Sletvold, N., Grindeland, J.M. And Agren, J. (20R@)linator-mediated selection on floral
display, spur length and flowering phenology ia teceptive orchi@actylorhiza
lapponica New Phytologist188(2):385-392.

Stirling, C.M., Heddell-Cowie, M., Jones, M.L., Asiden, T.W. and Sparks, T.H. (1998)
Effects of elevated CO2 and temperature on gramthallometry of five native fast-
growing annual speciellew Phytologist140(2):343-354.

Thomas, C.D. (2010) Climate, climate change andedoundarieDiversity and
Distributions 16(3):488-495.

Thomas, C.D., Bodsworth, E.J., Wilson, R.K., SimsyohD., Davies, Z.G., Musche, M. and
Conradt. L. (2001) Ecological and evolutionaryqasses at expanding range margins.
Nature 411:577-581.

Travers, S.E., Tang, Z.W., Caragea, D., Garref, Kdulbert, S.H., Leach, J.E., Bai, J.F., Saleh,
A., Knapp, A.K., Fay, P.A., Nippert, J., Schnali#. and Smith, M.D. (2010) Variation
in gene expression éindropogon gerardiin response to altered environmental
conditions associated with climate chanimurnal of Ecology98(2):374-383.

32



Uncompahgre Plateau Project. Feb 2008. The ProBesgrt for the Uncompahgre Plateau
Native Plant Program FY 2007.

Vergara, C.H. and Badano, E.I. (2009) Pollinateedity increases fruit production in MExican
coffee plantations: The importance of rustic mamagnt systemggriculture
Ecosystems & Environmeri29(1-3):117-123.

Visser, M.E. and Holleman, L.J.M. (2001) Warmerirsgs disrupt the synchrony of oak and
winter moth phenologyroceedings of the Royal Society of London Serjes B
268(1464):289-294.

Visser, M.E., Both, C. and Lambrechts, M.M. (20@)bal climate change leads to mistimed
avian reproductiorBirds and Climate Chang&5:89-110.

Vivoni, E.R, Aragon, C.A., Malczynski, L. and Tidie/.C. (2009) Semiarid watershed
response in central New Mexico and its sensititotglimate variability and change.
Hydrology and Earth System Scient8(6):715-733.

Vlamis, J. and Gowans, K.D. (1961) Availabilitymifrogen, phosphorus, and sulfur after brush
burning.Journal of Range Managemed®(1):1961.

Walker-Larsen, J. and Harder, L.D. (2001) Vestigiglans as opportunities for functional
innovation: The example of tienstemostaminodeEvolution 55(3):477-487.

Walther, G.R. (2010) Community and ecosystem resg®to recent climate change.
Philosophical Transactions of the Royal Societyi@dgjical Sciences365(1549):2019-
2024.

Walther G.R., Post, E. and Convey, P. (2002) Eco&dgesponses to climate chanyature
416(6879):389-395.

Waser, N.M., Chittka, L., Price, M.V., Willams, N.Mnd Ollerton, J. (1996) Generalization in
pollination systems, and why it mattefsology 77(4):1043-1060.

Western Regional Climate Center. (2011) Zion Natidtark, Utah Climate Summary.
http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?ut9717

Williams, R.S., Norby, R.J. and Lincoln, D.E. (20®&Iifects of elevated CO2 and temperature-
grown red and sugar maple on gypsy moth perform&lobal Change Biology
6(6):685-695.

Williams, S.T., Shoo, L.P., Isaac, J.L., HoffmaAm\. And Langham, G. (2008) Towards an
integrated framework for assessing the vulnergtoli species to climate chanddoS
Biology, 6(12):2621-2626.

Willson, M.R. and Price, P.W. (1977) The evolutarinflorescence size iAsclepiaspecies.
Evolution 31:495-511.

33



Wilson, P., Castellanos, M.C., Hogue, J.N., Thomdsdp. and Armbruster, W.S. (2004) A
multivariate search for pollination syndromes agpenstemongikos 104(2):345-361.

Yuan, J.S., Himanen, S.J., Holopainen, J.K., CReand Stewart, C.N. (2009) Smelling global
climate change: Mitigation of function for plardlatile organic compound3rends in
Ecology and Evolutior24(6):323-331.

Xiao, C.W.,, Zhang, Z.S., Zhao, J.Z. and Wu, G. @@®esponse of seedlings of three dominant
shrubs to climate warming in Ordos plate@cta Botanica Sinicad3(7):736-741.

34



Tables

Table 1. Site numbers, locations, and grouped tt®vaategories used in analyses. Italicized nusiber
indicate elevation differences between categories.

Average difference

Site GPS Coordinates Elevation Elevation Elevation difference to e .
within elevation

Number (NAD 27) (m) category next highest site (m) categories (m) +/-1 s.d.
1 SLeeRsIt, 1352 Low 18 23.0+/-8.7
R :
;TR e e s --
COTESN e e w :
5 SrarelNy 1472 Medium 15 17.0+/-2.8
6 oo, 1487 Medium 19 .
7o Aoy 1506 Medium 81 .
8 13173%%%%22% 1587 High 73 58.3+/-37.2
o TN e e --
10 1317331%2225% ':'N 1746 High 16 .
;. 37304533N o High ~ B

113.101267 W

35



Table 2. Mean measurements of floral charactesi§ti=273) at each elevation
category. P-values indicate overall differencesvbet elevation categories.

Measurements Low Medium High P-value
Corolla length (mm) 15.7 16.9 16.1 <0.001
Staminode length (mm) 22.2 23.4 20.5 <0.001
Anthers to floor (mm) 12.1 12.2 12.8 0.009
Mouth diameter (mm) 13.4 13.6 13.9 0.004
Corolla 1 (mm) 12.5 12.7 12.8 0.36
Corolla 2 (mm) 13.3 13.7 13.8 0.007
Corolla volume (mr) 1301.3 1447.8 1426.1 0.002
Upper lip width (mm) 15.9 16.3 15.9 <0.001
Upper lip length (mm) 4.3 4.6 4.1 0.005
Upper lip area (mA) 69.4 74.9 64.1 <0.001
Lower lip width (mm) 17.6 17.6 15.1 <0.001
Lower lip length (mm) 10.1 10.4 9.5 0.01
Lower lip area (mr) 179.4 183.4 151.3 <0.001
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Table 3. Insects collected and observed, identtfietie lowest taxonomic
level possible, present at each elevation categorasterisk (*) next to a
name indicates an insect type used in proportisis te test for differences
in percentages of pollinator community size classesng sites.

Species Low Medium High
Agapostemon spp.* X X X
Ammophila procera* X X

Anthidium illustre* X X

Apidae 1* X

Apidae 2* X

Apidae 3* X X X
Apidae 4* X X X
Bombus ternarius* X

Bradonidae spp. X

Ceratina spp.* X X X
Cicadellidae 1 X X

Cicadellidae 2 X

Coleoptera 1* X X X
Coleoptera 2 X X X
Coleoptera 3 X

Coleoptera 4 X

Coleoptera 5 X X

Coleoptera 6 X X
Coleoptera 7
Diadasia spp.*
Diptera 1 X
Diptera 2 X
Diptera 3

Diptera 4

Diptera 5

Diptera 6

Diptera 7
Dorymyrmex bicolor
Euphilotes spp.*
Formicidae 1
Formicidae 2
Formicidae 3
Formicidae 4
Formicidae 5 X

X X X X
><><><><><><><

X X X X x X
X

Formicidae 6 X X
Hymenoptera 1 X
Hymenoptera 2 X X
Formicidae 7 X X
Osmia spp.* X
Perdita spp.* X X




Table 4. Associated species, identified to the kivaxonomic level
possible, present at each elevation category watBm radius of
focal plants.

Species Low Medium High
Arctostaphylos patula X
Asclepias spp. X
Asteraceae spp. X

Astragalus spp. X X

Bromus tectorum X X
Cryptantha spp. X

Datura stramonium X

Ephedra viridis X

Erigeron spp. X

Euphorbia albomarginata X X
Geranium spp. X
Helianthus spp. X

Juniperus osteosperma X X
Lotus utahensis X

Lupinus argentus X

Opuntia spp. X X X
Papaveraceae spp. X

Penstemon palmeri X X X
Poaceae spp. X X
Polygonum douglasii X

Quercus turbinella X
Senecio vulgaris

Sphaeralcea parvifolia
Swertia albomarginata X

x X




Table 5. Mean values for each measurement colléasdseedlings in growth chambers. Values in the
Control column come from growth chamber set toenirtemperatures, treatment values come from gri
chamber set to projected future temperatures. ¥atukow, medium, and high columns are measurements

from seeds collected at each elevation categohyaiies are significantly different between cohtrnd
treatment, and between low and high.

Measurements Control Treatment Low Medium High
Days to germination (days) 38.86+1.54 26.35+3.45 4.0B+1.57 -- 48.00 £ 2.54
Growth rate (mm/day) 0.20+0.01 0.37+0.03 0.24+£0.02 - 0.18+0.01
Days to first true leaf (days) 7.19+0.68 11.61¥0. 7.83+£0.69 -- 8.20+1.69
Root biomass (Q) 0.007£0.001 0.012+£0.004 0.0096D -- 0.008 £ 0.001
Shoot biomass (g) 0.014£0.001 0.031+£0.009 0.008862 -- 0.013 £ 0.002

e

Figure 1. Topographical map of study sites, alvbfch were located within Zion National Park.
Western Park boundary is marked by a red line @ed are marked with black circles. GPS
coordinates can be found in Table 1.
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E.

Figure 2. Floral measurements. A.) staminode ler@jtlanthers to floor, C) corolla length, D)
upper and lower lip widths, E.) upper and lowenddipgths, F.) mouth diameter. Two more
measurements of corolla width (corolla diameteand 2) were taken on the same axis as mouth
diameter, at 2/3 increments down the corolla tube.
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Fig. 3. Mean corolla volume (n=273, + S.E.) at egduped elevation category. Bars with
different letters are significantly different akB.05 based on Tukey HSD tests comparing traits
across elevations.
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Fig. 4. Mean length of floral variables used in tlaéculation of corolla volume (n=273, + S.E.)
at each grouped elevation category. Bars with mhffeletters are significantly different at P
<0.05 based on Tukey HSD tests comparing traitssacetevations.
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Fig. 5. Mean lip area (n=273, £S.E.) at each grdwgevation category. Bars with different
letters are significantly different at<$®.05 based on Tukey HSD tests comparing traitssacro
elevations.
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Fig. 6. Mean stem height (n=1790, +S.E.) at eaochged elevation category. Bars with different
letters are significantly different at<$®.05 based on Tukey HSD tests comparing traitssacro
elevations.
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Fig. 7. Mean number of stems per plant (n=1790E4&t each grouped elevation category.
Bars with different letters are significantly difémt at P<0.05 based on Tukey HSD tests
comparing traits across elevations.
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Fig. 8. Mean fruit weight (n=754, £S.E.) at eachbugred elevation category. Bars with different
letters are significantly different at<$®.05 based on Tukey HSD tests comparing traitssacro
elevations.
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Fig. 9. In each elevation category and from leftight, bars represent values for small insects
(<9mm), medium insects (9<<13mm), and large insgcd8mm). A) Number of insects of each
body size class found at each elevation categgrghBws the proportions of each insect size
class present at each elevation category.
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Fig. 10. Viability of seeds collected (n=403, +J.tfFom each elevation category. Bars with
different letters are significantly different akB.05 based on Tukey HSD tests comparing
viability across elevations.
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Park during June and July.
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