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ABSTRACT

DETERMINANTS OF GEOGRAPHIC DISTRIBUTION IN WESTERNORTH AMERICAN

MONKEYFLOWERS

The geographic range of a species representsatie it of biogeography. Despite
ample evidence that properties of geographic ramggsamong species, we do not fully
understand the ecological and evolutionary processderlying these patterns, thereby
hindering our ability to forecast changes in spgaikstributions in response to changing
environments. Key hypotheses about variation irggggghic range size among species
emphasize the roles of ecological niche propedrekthe connectivity of suitable habitat. In the
first study of my dissertation, | combined primagcurrence data with climate variables to test
the relative importance of these hypotheses inpéziss of western North American
monkeyflower (genuMimulug. Climatic niche breadth, via its effect on thecamt of suitable
habitat, was a strong predictor of geographic ramge, whereas climatic niche position (relative
to regional climate) and connectivity of climatigesuitable habitat were not.

Given the role of climatic niche breadth in shgpgeographic range sizesMimulus
the goal of the second study of my dissertation iwwasxamine the relationship between thermal
tolerance (an important axis of niche breadth) ramdje size experimentally using 5 pairs of
closely relatedMimulusspecies with differing range sizes. Within fouesies pairs, the more
geographically widespread species had a broadené#h¢olerance than the narrowly distributed
species, providing further support for the hypoth#sat species with broader niches are able to

achieve larger geographic ranges. Further, witaohespecies pair, the species with broader



thermal tolerance encompassed greater variatiemperature across its geographic range and
higher genetic variation for thermal tolerance thaspecies with narrower thermal tolerance,
supporting the hypotheses that climatic variabgityl genetic variation in ecologically important
traits can explain variation in environmental talezte among species.

Although species vary in range size, every spdwssa limited geographic range,
leading to the question of what prevents a spdmes expanding its range via niche evolution.
Thus, in the third study of my dissertation, | gestvhether adaptation at geographic range
margins is constrained by insufficient evolutionpotential. To do so, | used artificial selection
experiments to quantify genetic variation in flowgrtime for populations from the northern
edge, center, and southern edge of the geograginge rof the scarlet monkeyflowe
cardinalis). Contrary to prediction, southern populationsibited significantly greater
responses to selection (and thus evolutionary piatgthan northern or central populations.
Together, these results highlight an important obleiche breadth in explaining variation in
geographic range size among species, and revaatioarin evolutionary potential that

facilitates niche and range expansion within andragrspecies.
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1. INTRODUCTION

Most species are rare, and all species occupyiteti number of areas, yet the causes of
variation in the sizes and limits of species’ gegipic distributions are poorly understood.
ldentifying constraints on species’ ranges providgsortant insights into ecological and
evolutionary processes such as dispersal, spatiaxinction, and adaptation. Specifically,
species’ distributions are contingent on the gealyyaf speciation and extinction (Mayr 1963),
and the overlap of species’ ranges across geog@ehyes variation in spatial patterns of
diversity. Many early works expressed interestim processes driving variation among species
in the size, structure, placement, and limits afggaphic ranges (e.g., Hooker 1853, Darwin
1859, Wallace 1876, among many others). In the_/ézﬂll‘ century, Willis (1922) compared the
geographic distributions of endemic and non-enddioia in Sri Lanka (then known as
“Ceylon”), and formulated the “Age and Area” hypesis, which predicts that all else being
equal, on average, older species should have heeltimee to disperse, and thus should have
larger geographic ranges than younger species.hipisthesis was quickly refuted, largely due
to its dismissal of the role of local adaptationl aatural selection in shaping species’ ranges
(Stebbins and Major 1965). What Willis failed td&kaowledge is that range expansion occurs
not only via dispersal into suitable habitat, bgbay means of local adaptation to previously
unsuitable habitat at and beyond range marginkgitrick and Barton 1997).

Thus, fundamental to understanding mechanismsriyimtg species’ ranges is the
concept of the ecological niche, which can be aefias the set of environmental conditions
across which species can achieve non-negative giopuigrowth (Hutchinson 1957, Chase and

Leibold 2003). If geographic range and ecologidaha boundaries are in equilibrium, then the



edges of geographic ranges should coincide witltogmal niche limits (Pulliam 2000).
However, there is widespread evidence that spéeidsr ample genetic variation in
ecologically relevant traits (Dudley et al. 197dnd niche evolution can occur rapidly (Schluter
1996). Conversely, niches may be conserved ovdugwoary timescales (Peterson et al. 1999,
Wiens 2004). Although some species’ ranges aratequilibrium with current environments
(Svenning and Skov 2004), many species show reditoeds and negative population growth
beyond current range boundaries (reviewed in Seat@h 2009). Concordance between range
and niche limits indicates constraints on nichd@wn via adaptation to novel conditions
beyond the range (Antonovics 1976). In the earf{) @ntury, much effort was dedicated
towards associating environmental variables withggaphic range limits (Brown et al. 1996).
For example, the altitudinal boundaries of the gaplgic distributions of several desert plant
species coincide with winter temperature variatweve 1914). By the later part of thé"20
century, the study of geographic ranges and tlaioekships among niche and range variables
received considerable attention (e.g., MacArthut2)9with much work focusing on latitudinal
gradients in range size and niche breadth (e.gzehal967).

Variation among species in range properties haa bgtensively documented (Gaston
2003), yet we still do not fully grasp the processaderlying these patterns, thereby hindering
our ability to forecast changes in species’ disttitns in response to changing environments.
For my dissertation, | studied the mechanisms uyidgrtwo main aspects of species’
geographic ranges: 1) the overall size and spatiaint of species’ distributions, and 2) the
geographic margins of these distributions.

Though every species has a limited geographidhiligion, range limitation among

species can vary by up to 12 orders of magnitudewB et al. 1996). Even closely related



species with similar biogeographical and evolutrgrtastories can differ dramatically in range
size (Darwin 1859, Willis 1922). Several factoryédeen implicated in driving variation in
range size among species, including body size jespage, properties of species’ ecological
niches, and colonization ability, among othersigered in Gaston 2003), but the strength and
relative importance of each factor in explaininglswuariation remains uncertain. Properties of
species’ ecological niches, defined as the sehaf@nmental conditions under which births
exceed deaths, may explain differences in geogtaphge size among species (Hanski 1982,
Brown 1984). The niche breadth hypothesis posésttie range of environmental conditions
under which species are able to persist is a detarhof range size (Hanski 1982, Brown
1984), thus predicting a positive relationship kesw niche breadth and range size. Among
species, variation in geographic range size has sleewn to be strongly driven by variation in
ecological niche breadth, or environmental toleeaf®latyer et al. 2013), but few studies have
assessed the relative importance of the niche threed other mechanisms in driving patterns of
range size variation among species, and even fieswar experimentally tested this hypothesis.
Independent of the relationship between niche iheainld range size, understanding the
mechanisms that drive variation in environmentbldremce among species would further our
understanding of inter-specific variation in evaaary potential and vulnerability to climatic
changes. A species can accrue environmental taerara number of ways. First, a species may
consist of phenotypically plastic genotypes thatma@n high performance across a broad range
of environmental conditions (Baker 1965). Secopeécges may consist of specialized genotypes
within each population (Bolnick et al. 2003). Thitdcally adapted populations may result in a
broad species-level environmental tolerance (Agk20I03). Both extrinsic factors, such as

climatic variability (Janzen 1967, Stevens 1988y mtrinsic factors, such as fitness tradeoffs



(Huey and Hertz 1984, Futuyma and Moreno 1988)gametic variation in ecologically
important traits (Kellermann et al. 2009) may coastthe evolution of a broad environmental
tolerance, potentially leading to variation in eovimental tolerance among species.

Although species vary in range size, every spd@ssa limited geographic range
(Gaston 2003), leading to the question of what @néva species from continually expanding its
range by broadening its niche. Several classegmitheses have been proposed to explain why
species may fail to expand their ranges via niclodution. One hypothesis is that gene flow
from large, locally adapted central populationthatrange center might introduce maladaptive
alleles to populations at range margins (HaldarsLAnother hypothesis, which is the focus
of my dissertation research, is that populationsuagje margins lack sufficient genetic variation
to respond to natural selection, thereby leadingvtutionarily stable range limits (Antonovics
1976). Despite extensive theoretical examinatiothese hypotheses, empirical tests remain
scarce.

Dissertation objectives

To examine the role of niche breadth in drivingiaton in geographic rang size among
species, and to assess whether adaptation atdle efla species’ range is constrained by a lack
sufficient genetic variation in ecologically impanit traits, | conducted three studies using the
western North American monkeyflowers (gendirhulus’) as a model system. In the first study
of my dissertation, | used primary occurrence @aiz climatic layers to estimate climatic niche
breadth and position (relative to average regichialate), connectivity of climatically suitable
habitat, and geographic range size of 72 westerthManericanMimulusspecies. | then
assessed the relative importance of climatic npbeerties and connectivity of climatically

suitable habitat in explaining variation in the amband occupancy of climatically suitable



habitat, respectively, and in turn, variation imgephic range size. Recent research highlights
the utility of experimental approaches for quantifydimensions of the niche (Calosi et al.
2008, Calosi et al. 2010). Thus, the second stodyptements the correlative approach
described above by experimentally quantifying nidimeensions for a smaller subset of closely
related species that vary in range size, allowargafmechanistic understanding of how broader
niches may lead to larger ranges. | experimentalBntified thermal tolerance for five pairs of
closely relatedMimulusspecies that differ in geographic range size gbttee hypothesis that
species that are geographically widespread hawadbrahermal tolerances than species that are
geographically restricted. Further, | examinedrtbles of quantitative genetic variation, climatic
variability, plasticity, and specialist-generalistde-offs in shaping patterns of thermal tolerance
Results from the second study pointed to quantgagenetic variation as an important
mechanism limiting thermal tolerance, but geneéigation in ecologically important traits can
vary across species’ ranges (Antonovics 1976). Titesobjective of the third study was to
assess whether populations from the northern amtham edges of the geographic range of the
scarlet monkeyflowemimulus cardinalis had lower adaptive potential than populationsifro
the range center. To do so, | compared responsasfioial selection on flowering time, a key
phenotypic trait that likely influences fitness, @mg populations across the geographic range.
Understanding the factors that shape speciesillisibns can improve our ability to
prioritize species and areas of conservation canderecast species’ vulnerability to climate
change, and predict the rate and spread of invaggeies. In the Conclusions and Synthesis

section, | discuss the overall significance andlicafions of my dissertation work.



LITERATURE CITED

Ackerly, D. D. 2003. Community assembly, niche @matism, and adaptive evolution in
changing environments. International Journal ohP&cience464.S165-S184.

Antonovics, J. 1976. The nature of limits to nakgelection. Annals of the Missouri Botanical
Garden3:224-247.

Baker, H. G. 1965. Characteristics and modes gfiroof weeds. Pages 147-1ifr2H. G. Baker
and G. L. Stebbins, editors. The Genetics of Calogi Species. Academic Press, New
York.

Bolnick, D. 1., R. Svanback, J. A. Fordyce, L. Hang, J. M. Dauvis, C. D. Hulsey, and M. L.
Forister. 2003. The ecology of individuals: inciderand implications of individual
specialization. American Naturali$1:1-28.

Brown, J. H. 1984. On the relationship between danne and distribution of species. American
Naturalist124:255-279.

Brown, J. H., G. C. Stevens, and D. M. Kaufman.6l9%e geographic range: size, shape,
boundaries, and internal structure. Annual Revié®amlogy and Systemati@y:597-
623.

Calosi, P., D. T. Bilton, J. I. Spicer, and A. Aitfi. 2008. Thermal tolerance and geographical
range size in thAgabus brunneugroup of European diving beetles (Coleoptera:
Dytiscidae). Journal of BiogeograpB¥.295-305.

Calosi, P., D. T. Bilton, J. I. Spicer, S. C. Votiand A. Atfield. 2010. What determines a
species geographical range? Thermal biology amtddatal range size relationships in
European diving beetles (Coleoptera: Dytiscidaa)rdal of Animal Ecology9:194-
204.

Chase, J. M. and M. A. Leibold. 2003. Ecologicatiis: Linking Classical and Contemporary
Approaches. The University of Chicago Press, Clicag

Darwin, C. 1859. On the Origin of Species by Meahilatural Selection, or the Preservation of
Favoured Races in the Struggle for Life. J. Murtagndon.

Dudley, J. W., R. J. Lambert, and D. E. Alexandé4. Seventy generations of selection for oil
and protein concentration in the maize kernel. Ba@d-214n J. W. Dudley, editor.
Seventy Generations of Selection for Oil and ProteiMaize. Crop Science Society of
America.

Futuyma, D. J. and G. Moreno. 1988. The evolutibecological specialization. Annual Review
of Ecology and Systematid®:207-233.



Gaston, K. J. 2003. The Structure and DynamicseaafgBaphic Ranges. Oxford Univ. Press,
Oxford, UK.

Haldane, J. B. S. 1956. The relation between dernsgulation and natural selection.
Proceedings of the Royal Society of London B: Byidal Science445:306-308.

Hanski, 1. 1982. Dynamics of regional distributidne core and satellite species hypothesis.
Oikos 38:210-221.

Hooker, J. D. 1853. The Botany of the Antarctic ®gg of H.M. Discovery Ships "Erebus" and
"Terror" in the Years 1839-1843, Under the Commah@aptain Sir James Clark Ross.
part 2:Flora Novae Zelandiae? vols. Reeve Brothers, London.

Huey, R. B. and P. E. Hertz. 1984. Is a jack-oftathperatures a master of none? Evolution
38:441-444.

Hutchinson, G. E. 1957. Concluding remarks. Coldri§pHarbor Symposia on Quantitative
Biology 22:415-427.

Janzen, D. H. 1967. Why mountain passes are higlikee tropics. American Naturalist
101:233-249.

Kellermann, V., B. van Heerwaarden, C. M. Sgro, Ané. Hoffmann. 2009. Fundamental
evolutionary limits in ecological traits drii@osophilaspecies distributions. Science
325:1244-1246.

Kirkpatrick, M. and N. H. Barton. 1997. Evolutioh @ species range. American Naturalist
150:1-23.

MacArthur, R. H. 1972. Geographical Ecology: Paisan the Distribution of Species. Harper
and Row, New York, NY.

Mayr, E. 1963. Animal Species and Evolution. BelkiRaess of Harvard University Press,
Cambridge.

Peterson, A. T., J. Soberon, and V. Sanchez-Cord8a9. Conservatism of ecological niches in
evolutionary time. Scienc285:1265-1267.

Pulliam, H. R. 2000. On the relationship betweearaiand distribution. Ecology Lette3349-
361.

Schluter, D. 1996. Ecological causes of adaptideateon. American Naturalist48:S40-S64.

Sexton, J. P., P. J. Mcintyre, A. L. Angert, andJKRice. 2009. Evolution and ecology of
species range limits. Annual Review of Ecology, lgtion, and Systematic$:415-436.

Shreve, F. 1914. The role of winter temperaturegetermining the distribution of plants.
American Journal of Botani.194-202.



Slatyer, R. A., M. Hirst, and J. P. Sexton. 201&hd breadth predicts geographical range size: a
general ecological pattern. Ecology Lett#6s1104-1114.

Stebbins, G. L. and J. Major. 1965. Endemism awdiagion in the California flora. Ecological
Monographs35:2-35.

Stevens, G. C. 1989. The latitudinal gradient iogyaphical range: how so many species coexist
in the tropics. American Naturalist:240-256.

Svenning, J. C. and F. Skov. 2004. Limited fillofgthe potential range in European tree
species. Ecology Letteis565-573.

Wallace, A. R. 1876. The Geographical DistributadrAnimals. 2 vols. Macmillan, London.

Wiens, J. J. 2004. Speciation and ecology revisRéglogenetic niche conservatism and the
origin of species. Evolutiof8:193-197.

Willis, J. C. 1922. Age and Area: A Study in Geqargal Distribution and Origin of Species.
The University Press, Cambridge.



2. IDENTIFYING THE PATHS LEADING TO VARIATION IN GEOGRAPHICAL RANGE

SIZE IN WESTERN NORTH AMERICAN MONKEYFLOWERS

Summary

Closely related species can vary tremendouslyz@ af geographical range, yet the
causes of such variation are poorly understoodniPrent hypotheses about range size
emphasize effects of niche properties and habatatectivity via the amount and occupancy of
suitable habitat, respectively. Previous studieglexamined single hypotheses in isolation;
however, we assessed the relative importance sétaiects along with their potential
interactions, using western North American monkayér species (genidimulug as a study
system. We used primary occurrence data and cbrfegters to estimate climatic niche breadth
and position (relative to average regional climatepnectivity of climatically suitable habitat,
and geographical range size of 72 monkeyflowerigpetlsing path analysis, we then assessed
the relative importance of climatic niche propestaand connectivity of climatically suitable
habitat in explaining variation in the amount ardupancy of climatically suitable habitat,
respectively, and in turn, variation in geographraage sizeWe documented strong support for
the hypothesized effects of climatic niche brealtt,not niche position and connectivity of
climatically suitable habitat. Amount of climatibakuitable habitat explained more variation in
range size than occupancy of climatically suitdiabitat, with amount and occupancy of
suitable habitat together explaining833% of the variation in range siZEo our knowledge, this

is the first study to show that climatic niche lai#a via its effects on the amount of climatically

! Sheth, S.N., Jiménez, |., and A.L. Angert. In prédentifying the paths leading to variation irogephical range
size in western North American monkeyflowelsurnal of Biogeography
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suitable habitat, is a strong predictor of geogiegdhrange size, thereby improving our
understanding of the mechanisms driving specieatyrar
Introduction

Geographical range size can vary tremendously grapacies, yet we still do not fully
understand the causes of such extreme variatiapfiésent-day distributions of species are
contingent upon the geography of speciation anthetidn and are influenced by legacies of
geological and climatic history (Mayr, 1963). Howeyveven closely related species with similar
biogeographical and evolutionary histories canedifframatically in range size (Darwin, 1859).
Several factors have been implicated in drivingataom in range size among species, including
body size, species age, properties of ecologichlas and species’ colonization ability, among
others (reviewed in Gaston, 2003), but the streagthrelative importance of each factor in
explaining such variation remains uncertain. Uniderding the processes that shape the
distributions of species can provide importantghss into ecological and evolutionary
processes, such as dispersal, speciation, extinatid niche evolution, while also improving our
ability to prioritize species and areas of conseovaconcern, forecast species’ vulnerability to
climate change, and predict the rate and spreat/asive species.

Properties of species’ ecological niches, defiaethe set of environmental conditions
under which the intrinsic rate of increase is negative (Chase & Leibold, 2003), may explain
differences in range size among species througheffects on the amount of suitable habitat,
defined as the geographical area (within a stugprg over which the intrinsic rate of increase
iIs non-negative. The niche breadth hypothesis ptisit species able to attain non-negative
population growth rates across a broad range af@mwmental conditions tend to achieve larger

geographical ranges because they have more suitabi&at than species with narrower niches
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(Fig. 2.1a; Hanski, 1982; Brown, 1984). Thus thypdthesis predicts a positive effect of niche
breadth on range size via the amount of suitaldbgdtaFig. 2.2a). Another hypothesis
emphasizes niche position, which is the locatioa species’ niche relative to the central
tendency of environmental conditions in a studyaegSpecies with a low niche position
occupy environmental space that is non-margindiénsense that it is near the central tendency
of environmental conditions within a study regitmcontrast, species with a high niche position
occupy environmental space that is marginal becauséar from the central tendency of
environmental conditions within a study region (@ea& McCracken, 1986). We emphasize
that the definition of niche position adopted higfig. 2.1a) differs from that used in the resource
utilization literature (Roughgarden, 1974). Theha@osition hypothesis proposes that species
with a low niche position have more suitable halatad thus larger range sizes than species with
a high niche position (Fig. 2.1a; Hansltial, 1993). Hence this hypothesis predicts a negative
effect of niche position on range size mediate@ Imggative effect of niche position on the
amount of suitable habitat (Fig. 2.2a). Niche btlkadhd position may be negatively related if
species with broad niches generalize on environsiibat are frequent across the study region,
and species with narrow niches specialize on enments that are infrequent in the study
region, but such a relationship need not exist. (Eigjb). For example, a species with a narrow
niche could specialize on an environment that isxdant in the study region and thus may
achieve a large range. If more than one form ofyrag at play (e.g. high niche position and
narrow niche breadth), then species may be doubiglaof extinction.

Variation in species’ colonization abilities mdg@explain differences in geographical
range size. The colonization ability hypothesissteeet al, 2007) suggests that species with a

high colonization ability can become establishethore sites and thus achieve larger ranges
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than species with a poor colonization ability, pcadg a positive relationship between
colonization ability and range size across spe€ietonization ability is a product of intrinsic
factors, such as traits that affect mobility (emgprphological traits such as wing size in insects
and seed size in plants) and/or establishmenti{ig®ry traits such as propagule number), and
extrinsic factors, such as attributes of the laapgedhat facilitate movement (Lestdral, 2007,
Gaston, 2009). A species should have a highemsxtrcolonization ability if patches of suitable
habitat are well-connected rather than highly fragtad (Lesteet al, 2007). High connectivity
of suitable habitat should facilitate movement hedce site colonization, thereby allowing
species to occupy a larger fraction of availableable habitat and achieve larger ranges (Fig.
2.2a). Consequently, the colonization ability hyjesis predicts a positive effect of connectivity
of species’ suitable habitat across the study regrogeographical range size, mediated by a
positive effect of connectivity of species’ suitallabitat on occupancy of suitable habitat (Fig.
2.2a).

Studies have documented a positive relationshid®n niche breadth and range size
across a variety of taxa and spatial scales (Slatyal, 2013) but such a relationship may be an
artefact of widely distributed species occupying@ader range of environmental conditions by
chance (Gaston, 2003; Davietsal, 2009). While many studies have examined the &ffeic
niche properties or habitat connectivity on range & isolation (e.g. Lestest al, 2007), few
have assessed the relative importance of eaclhpiaiaig variation in range size among species
(but see Hurlbert & White, 2007; Laubkéal, 2013) and even fewer have scrutinized the
mechanistic pathways by which niche propertiesatitat connectivity are hypothesized to
affect range size. In this study, we assessedethgvwe importance of the mechanistic pathways

proposed by the hypotheses outlined above, alotigtheir potential interactions, in a group of
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closely related species of western North Americamkeyflower (genusMimulus renamed
Erythranthein Barkeret al, 2012), an emerging model system in ecologicalevadutionary
studies. We combined occurrence records with clonatriables to estimate range size, climatic
niche properties and the connectivity, amount asaipancy of climatically suitable habitat for
72 Mimulusspecies. To disentangle potential artefacts rieguitom geographically widespread
species occupying greater climatic variation thestricted species simply by chance, we tested
all the relationships against those derived fronulhmodel that randomized the location of
species’ geographical ranges across the studyrregmour knowledge, this study is the first to
show that climatic niche breadth, via its effeatstioe amount of suitable habitat, is a strong
predictor of geographical range size. Specifically; results suggest that niche breadth is the
best predictor of range size in western North Aoarimonkeyflowers, providing strong
evidence that species with narrow climatic nichageha limited ability to achieve large ranges.
Methods
Study system

The monkeyflower genudimulus(Phrymaceae) is a diverse group of wildflowerg tha
occurs worldwide, witle. 90 of the global total of 120 species occurrimgvestern North
America (Beardslewt al, 2004).Mimulusspecies occupy a wide variety of habitats, inclgdin
aqguatic, alpine, grassland and desert environmeaitsbe herbaceous or woody, annual or
perennial, and can exhibit complete outcrossinfigate selfing or exclusively asexual
reproduction (Wtet al, 2008). Because the geographical distributiongiofulusspecies are
well described and largely encompassed within gtetelands in western North America, and
vary markedly in size (Beardsley al, 2004; see Fig. S1.1 in Appendix 1.Mimulus

represents an ideal group for testing hypotheggsdeng the variation in range size among
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species (Wt al, 2008). Furthermore, there is an existing phylegierhypothesis foMimulus
allowing for phylogenetically controlled studiesg@dsleyet al, 2004; Grossenbacher &
Whittall, 2011). A recent taxonomic revision of we® North AmericaMimulus(Barkeret al,
2012) has proposed primarily nomenclature changesstained the major patterns of the
phylogenetic hypothesis used here, and did nat altemain results (see Appendix 1.2).
Species occurrence data

To estimate species’ geographical distributiors campiled locality data from
herbarium databases of specimen records and oucoNettions (see Table S1.1 in Appendix
1.3), resulting irc. 17,000 georeferenced occurrences for 82 specigsnofilusthat occur in
western North America. With the exception of exahgddisjunct populations d#l. floribundus
in Arkansas (Nesom, 2012), we estimated the spgdaiesvn global distributions. To augment
the sampling of geographical regions and speciewliich there were few georeferenced
records, we used locality descriptions from hexbarspecimen labels to georeference an
additionalc. 500 herbarium specimen records. We removed reeattddarge uncertainty in
locality data (e.g. conflict between the descriptid the collecting locality and the geographical
coordinates on specimen labels). Of the 82 sp&gdibdocality data, 10 were known from fewer
than three 5-arc minute pixels (see details onapatolution below), precluding our ability to
estimate niche properties, connectivity and ramge, sesulting in a final sample size of 72
species (see Fig. S1.2 in Appendix 1.1).
Climatic niche models

We modelled the climatic niche of each speciesstanate its climatic niche breadth and
position, and the amount and connectivity of cliceltly suitable habitat. Although reducing the

niche to only climatic dimensions ignores potentiéérspecific differences in edaphic
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specialization, it allows a broad-scale comparisbniche properties across a large number of
species at a continental scale. We focused on ttimariables that probably affect the survival
and reproduction dflimulusspecies. Of the 19 climatic variables availabterfithe WorldClim
database (Hijmanst al, 2005; http://www.worldclim.org/), we selected savhat encompass
average and extreme conditions of temperature seuigitation: mean annual temperature,
mean diurnal range, temperature annual range, teegrerature of wettest quarter, annual
precipitation, precipitation seasonality, and ppéation of warmest quarter. These variables
were not highly correlatea & 0.75) among 10,000 points placed randomly adiesstudy
region, defined as a minimum convex polygon dravauad western North Americaviimulus
species occurrence points and buffered 00 km (Fig. 2.3a). We used climate data at a 5-arc
minute resolutiond. 10 km x 10 km) and Albers equal area conic propectif North America

to obtain equal-area grid cells, which are bettgted for range size calculations and ecological
niche models (Elitlet al, 2011).

To model the climatic niche of each species, wel tise maximum entropy algorithm
MAXENT 3.3.3k (Phillipset al, 2006), a machine-learning procedure that onlyireg presence
data and performs well compared with other methedsn for relatively small sample sizes
characteristic of rare species (Eléhal, 2006; Pearsoat al, 2007). For each species we
removed duplicate records from each grid cell. \WeduVAXENT’s default values for the
‘regularization multiplier’ parameter (= 1), thember of maximum iterations (= 500), the
convergence threshold (= 0.00001) and feature tf{ypato features’). To quantify climatically
suitable habitat for each species, we converteddT’s output of continuous suitability values
into a binary map based on a threshold of the loa@gability value among known occurrences

(lowest presence threshold; Pearsbal, 2007). This threshold defines climatically suieab
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grid cells as those that are predicted to be at Esclimatically suitable as the lowest suit&pili
value in which a species’ presence has been dodemehus eliminating the possibility of
omission errors and allowing for the quantificatafrclimatically suitable habitat (Fig. 2.3b). To
evaluate model performance for each species knowedur in> 10 pixels, we built 10 replicate
models using the cross-validation approach, by whie randomly split occurrence points into
10 equal-size groups, and ran models 10 timesrigaome group out in turn for testing (Elih

al., 2011). For species known to occupy 3-9 pixelsused a similar cross-validation approach
but with two replicates per species instead ofTOquantify model performance, we obtained
the area under the receiver operating characteastve (AUC; Fielding & Bell, 1997), which
reflects a model’s ability to distinguish corregtisesence from pseudoabsence (random
background points in the study region) for eacthefreplicated testing datasets (Phillgisal,
2006). AUC ranges from 0 to 1, with AUC = 0.5 susfgeg that a model’s ability to discriminate
presence from pseudoabsence is no better thanmaddibough MAXENT may have poor
performance for species occupying fewer than 58 g (Wiszet al, 2008), we used it to
estimate suitable habitat consistently acrosspaities. MXENT models built from fewer than

10 occurrences performed well for most speciesdbaseAUC (see Table S1.2 in Appendix
1.3). To assess the effects of sample size on &stiof suitable habitat, we randomly
subsampled three occupied grid cells from eachiepd®0 times before runningAMENT, and
subsequently estimated niche breadth and nichéqo$iom this rarefied dataset. When we did
so, estimates of niche breadth and position weng sieilar to those based on all occurrences
(niche breadth Pearsomr'ss 0.822,P < 0.01; niche position Spearman’s rho = 0.81%,0.01,

see Fig. S1.3 in Appendix 1.1), suggesting thakiAT models of suitable habitat with sample

sizes as small as 3 pixels perform reasonably Wwetthermore, results based on analyses
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excluding species occupying fewer than 10 gridsogkre qualitatively similar to those based on
all species (see Figs. S1.4 & S1.5 in Appendix.1.1)
Climatic niche properties

For each species, we quantified niche breadtheasum of the variances of standardized
climatic variables across climatically suitabledgeells, and niche position as the squared
difference between the centroid of the multivaridisnatic space encompassed by the entire
study region and that of climatically suitable psx@ig. 2.3c; Martiret al, 2008), using the
ADEHABITAT 1.8.12 package (Calenge, 2006) in R 3.0.2 (R CTe&an, 2013).
Connectivity of climatically suitable habitat

We measured connectivity among climatically suégixels by first creating a
minimum spanning tree connecting all pixels of etrally suitable habitat for each species in
theNNcLUST 2.2 package (Fig. 2.3d; Lumley, 2010) in R. Wenthstimated the mean length (in
kilometres) of the edges (segments) of the mininspanning tree, such that shorter distances
represent higher connectivity among climaticallitahle pixels. We multiplied distances by -1
so that more negative values represented lowerembinity while less negative values
represented higher connectivity. We chose this oreasf habitat connectivity because it is
computationally feasible and need not be influermethe amount of climatically suitable
habitat.
Amount and occupancy of climatically suitable hatbit

We estimated the amount of climatically suitatdéitat in the study region as the
number of climatically suitable pixels for each gps (Fig. 2.3b) using theasSTER 2.1-66
package (Hijmans, 2013) in R. We divided the nundbelimatically suitable pixels in which

each species is known to occur (based on pointroaoee data) by the amount of climatically

17



suitable habitat to obtain an estimate of occuparicpitable habitat (Fig. 2.3b). This method
may underestimate occupancy, but assuming thag@espoccupies every pixel of climatically
suitable habitat within its extent of occurrenceqaribed below) would overestimate occupancy;
the true occupancy probably lies somewhere betwese two extremes.
Geographical range size

We used three metrics of range size that quatitéyoverall geographical spread of each
species. First, we estimated global geographicajeasize as the extent of occurrence, which
measures the spatial extent of the areas occupgiadkspecies (Gaston, 1994). We estimated the
extent of occurrence by computing the area of amim convex polygon in kfnrencompassing
the known occurrences of each species (Fig. 2C8&)second and third metrics were the
latitudinal and longitudinal extents encompassethiyoccurrence points of each species. The
three estimates were highly correlated (see T&kile3 & S1.4 in Appendix 1.3) and yielded
qualitatively similar results, so for simplicity vemly present the results for range size estimated
as the extent of occurrence.
Controlling for phylogenetic non-independence

BecauséMimulusspecies share a recent evolutionary history ansl ity not be
statistically independent, we tested the assumgtigrinylogenetic independence for all
explanatory and response variables to determin¢gh@hphylogenetically based comparative
analyses were needed (Abouheif, 1999). We usephylegeny published in Grossenbacher &
Whittall (2011), which is a Bayesian analysis otlear ribosomal ITS and ETS and chloroplast
trnL—F regions from Beardslest al. (2004), concatenated with chloroplgsitl6 sequences for
the M. moschatuglliance (Whittallet al, 2006). Of the 72limulusspecies in our analyses, 68

were sampled in the Grossenbacher & Whittall (2@tijogeny. We then tested the
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phylogenetic signal using four widely used meth(sde Appendix 1.2). Because tests of
phylogenetic signal may fail to detect phylogenatn-independence, we also performed simple
linear regressions on phylogenetically independentrasts (Felsenstein, 1985) to test for
significant relationships between each pair of arptory and response variables shown in Fig.
2.2b (see Appendix 1.2). We then compared thetsebaked on contrasts with those based on
raw species data.
Path analysis

To evaluate the relative importance of the nicteadth, niche position and colonization
ability hypotheses in explaining the variation amge size among species, we created a structural
equation model describing a simplified version @f. 2.2a in which we excluded intrinsic
dispersal ability and colonization ability and exaet the effects of connectivity of climatically
suitable habitat on occupancy of climatically sbiéahabitat (Fig. 2.2b). Explanatory and
response variables were transformed to meet ndsn@esumptions and improve model fit (Fig.
2.2b). We used theavaaN 0.5-15 package (Rosseel, 2012) in R to obtain gaeficients and
assessed the significancePat 0.05 for each path in the simplified version of R2?a. Because
our data did not meet the assumption of multivarrairmality (multivariate Shapiro—Wilk's test,
P < 0.001, obtained imvNORMTEST 0.1-9 package in R; Jarek, 2012), we used thermani
likelihood to estimate model parameters with rolstighdard errors, and we used a Satorra—
Bentler scaled chi-square test statistic to deteemihether the covariance matrix observed in
our data significantly deviated from that predicbsdthe structural equation model (Grace,
2006). We ran analyses in a number of differentsyacluding with and without outliers or
taxa undergoing major revision, bootstrapping veSatorra—Bentler scalgd and several

transformations of variables, and in all casesthserved covariance matrix in our data differed
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significantly from the model predictions (Satorra&rler correctect2 =33.811,d.f. =7,
P < 0.01). Thus we took an exploratory approachnispécting modification indices to assess
which biologically plausible paths needed to beeallih achieve an adequate model fit (see
Appendix 1.2; Grace, 2006). With this process, wized at a modified model including
correlations betweetihe amount of suitable habittd connectivity, and between niche breadth
and occupancy of suitable habitat (Fig. 2.2b, aseAppendix 1.2). The observed covariance
matrix from our dataset did not deviate signifidgftom the modified model (Satorra—Bentler
correctedy® = 6.883, d.f. = 5P = 0.229; Fig. 2.2b). We used estimates of standaidizth
coefficients and?? for each endogenous variable from this resultinglifired model to assess the
relative importance of each hypothesis.
Null model

Because the geographical ranges of widespreadespaay encompass greater climatic
variation than geographically restricted speciagpdy by chance, observed relationships
between range size, niche properties, conneciwitythe amount and occupancy of suitable
habitat may be artefacts (Gaston, 2003; Dagted, 2009). To address this issue, we used a null
model that randomized the location of species’ ggalgical ranges across the study region,
while preserving the spatial structure of the opmoce data (see details in Appendix 1.2). We
used this null model to create 100 datasets, ewthding all the variables in the modified
structural equation model (Fig. 2.2b). We thenhis modified structural equation model to each
null dataset. We estimated the 95% confidence\atdor the Satorra—Bentler correctgtand
each of the path coefficients derived from the daliasets by calculating percentiles of the
distribution of path coefficients. We used oneedib5% confidence intervals for the Satorra—

Bentler correcteg? because the observed data should have a bettet fitaban the null
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datasets, and we used two-tailed 95% confideneevials for all path coefficients. If a path
coefficient from the observed data fell outside ibgpective confidence interval of the
distribution of path coefficients derived from ndhltasets, we concluded that the observed path
coefficient was significantly different from thelhmodel expectation.
Results
Performance of climatic niche models

Cross-validation AUC for test data indicated tlatxENT models performed better than
random models for all species, with most speciefigea mean test AUC > 0.9 across cross-
validation replicates (Table S2.2 in Appendix 1Mimulus calciphilushad a mean test
AUC < 0.75, probably because it was only documemeipixels and only one or two
occurrences were used to train or test replicatgetso
Phylogenetic non-independence

We did not detect a significant phylogenetic slgnaniche breadth, niche position,
connectivity, amount of suitable habitat or exteinbccurrencel > 0.05), with a white noise
non-phylogenetic model of evolution having the lstv&ample size-corrected Akaike
information criterion (AIG; Table 2.1). We detected a weak phylogenetic signaccupancy of
suitable habitat when testing for a phylogenetmal based on the Abouheif’s test (Abouheif
1999), with an Ornstein—Uhlenbeck model (Hanserv188ving a slightly lower Algthan the
white noise model of evolution (Table 2.1). All pelations and simple regressions performed on
raw species data were qualitatively similar to éhpsrformed on phylogenetically independent

contrasts (see Tables S1.3-S1.6 in Appendix 1.3gged S1.5 & S1.6 in Appendix 1.1).
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Path analyses and null model

The observed structural equation model test statedl outside the 95% confidence
interval of the distribution of test statistics ided from null datasets (Fig. 2.4a), representing a
better model fit than the null model expectatioagdther, niche breadth and niche position
explained nearly 89% of the variation in amountlohatically suitable habitat, with niche
breadth explaining more variation than niche positiniche breadth> amount of suitable
habitat standardized path coefficient = 0.840, wersche positior»> amount of suitable habitat
standardized path coefficient = —0.328; Fig. 2.23)predicted, niche breadth had a positive
effect and niche position had a negative effedhenamount of suitable habitat (Fig. 2.2b).
While the observed path coefficient from niche btbao amount of suitable habitat was greater
than expected from the null model (Fig. 2.4b),dbserved path coefficient from niche position
to amount of suitable habitat was not (Fig. 2.@gntrary to prediction, connectivity had a
negative effect on occupancy of suitable habitgt)aning 13% of the variation in occupancy of
suitable habitat (Fig. 2.2b), but the observed patfficient was not distinguishable from the
null model expectation (Fig. 2.4d)

As predicted, the amount and occupancy of suitagbstat had a positive effect on range
size, together explaining 83% of the variationange size, with the amount of suitable habitat
explaining more variation than occupancy of sugdibita(amount of suitable
habitat— geographical range size standardized path cosftici 1.098, versus occupancy of
suitable habitat> geographical range size standardized path cosftici 0.683; Fig. 2.2b).
Furthermore, the path coefficients from both amantt occupancy of suitable habitat to
geographical range size were greater than expécedthe null model (Fig. 2.4e, f). Consistent

with null model expectations, niche breadth andhaiposition were not correlated (Fig. 2.2b &
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Fig. 2.49). In addition to the predicted relatiopshwe also detected a positive relationship
between niche breadth and connectivity, a negatiaionship between niche position and
connectivity, and a positive relationship betwesroant of suitable habitand connectivity
(Fig. 2.2b), but none of these path coefficientdated from null model expectations (Fig. 2.4h—
). We also documented an unexpected negativaaesdtip between niche breadth and
occupancy of suitable habitat; this path coeffiti@as more negative than expected from the
null model (Fig. 2.4k).
Discussion

Despite conspicuous variation in geographical easige among species, few studies
have shed light on the relative importance of thdtiple mechanisms that may drive such
variation. We used western North American monkeyélis to assess the relative importance of
climatic niche properties and connectivity of climally suitable habitat in determining
variation in range size among species. Niche bheaidd position explained more than half of
the variation in amount of climatically suitablebitat, with niche breadth having a greater effect
than niche position. Moreover, the effect of nitineadth on amount of suitable habitat was
greater than expected from the null model thatoamded geographical ranges across the study
region, while the effect of niche position on amboiclimatically suitable habitat failed to
differ from the null model expectation. The amoahtlimatically suitable habitat, in turn,
explained much of the variation in range size, whsrthe occupancy of climatically suitable
habitat explained a smaller portion of the variatio range size. These effects of amount and
occupancy of climatically suitable habitat on rasgee were larger than null model expectations.
Our metric of connectivity did not have a positeféect on occupancy of suitable habitat,

thereby failing to support one prediction of théotization ability hypothesis. Finally, the
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covariance structure of the data yielded an unémeselationship between niche breadth and
occupancy of suitable habitat, suggesting thatelmieadth and occupancy interact to shape the
geographical range sizes of western North Amernmankeyflower species. Below we assess the
evidence relevant to each of the mechanistic hygsath we examined, and draw conclusions
about the relative roles of climatic niche breaaitld position, connectivity of climatically
suitable habitat, and amount and occupancy of tioally suitable habitat, in explaining
variation in range size among species.
Climatic niche properties

We found that climatic niche breadth was the gjest predictor of range size in western
North American monkeyflowers. Although many studwese detected a positive relationship
between niche breadth (or climatic tolerance) amdje size (e.g. Pither, 2003), few have
corrected for possible effects of range size omegés of niche breadth, and the extent to which
this potential bias has confounded the resultsarfyrstudies remains unclear. Our study adds to
the growing set of results showing that a positelationship between niche breadth and range
size is not artefactual (Fig. 2.4b; reviewed intydaet al, 2013). Our results contrast with
studies finding that niche position is a bettedp®r of occupancy than niche breadth (Heino &
Soininen, 2006; Hurlbert & White, 2007). We fouihét the relationship between niche position
and range size can be explained by a null modeldmalomly places geographical ranges across
the study region (Fig. 2.4c), in contrast with ethiedings documenting support for the niche
position hypothesis (Gregory & Gaston, 2000; HeR@)5; Heino & Soininen, 2006; Hurlbert &
White, 2007). However, the way we delineated thestegion prevented geographically
widespread species from having a high niche posifitiis geometric constraint of species with

large ranges might have been alleviated if we ts&dl @ larger study region. It may be easier to
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detect an effect of niche position that is not expd by a null model that preserves range size
for clades containing mostly allopatric speciesduse the reference study region would be
quite large. Unlike previous tests of niche breadtt position hypotheses, we have shown that
the predicted effects of niche breadth and positiomange size are mediated by the amount of
suitable habitat (Fig. 2.2b), thereby improving aanderstanding of the mechanisms underlying
patterns of variation in range size. Niche breaudfith position were not strongly correlated in our
final path analysis (Fig. 2.2b), suggesting thafytbonstitute two rather independent axes of
rarity. Nonetheless, our results suggest that RaWta’s (1981) form of rarity, in which a
species has both a small geographical range aad@wnniche, may be more common than
other forms.
Connectivity of climatically suitable habitat

Although occupancy of suitable habitat explainechs variation in range size among
species, our metric of connectivity was not a gpaatlictor of occupancy of suitable habitat.
Bivariate results suggested that the negative effieconnectivity on occupancy of suitable
habitat might have been driven by outlier specigl tigh occupancy and low connectivity (see
Fig. S1.5f in Appendix 1.1). Although we focusedtba connectivity of climatically suitable
habitat as measured by the average edge lengtimnohom spanning trees, there are numerous
ways to estimate such connectivity (Fortin & D&605). Furthermore, while we focused on
extrinsic climatic factors that affect colonizatiahility, other factors such as the diversity of
life-history strategies, mating systems, edaphecigdizations and habits encompassed by
Mimulusspecies (Wt al, 2008) may outweigh the effects of the connegtigitclimatically
suitable habitat on the overall colonization abibf species. In the future, it would be beneficial

to obtain information on traits associated withceg intrinsic colonization abilities, such as
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selfing rates (Randlet al, 2009) and seed size (Morin & Chuine, 2006), palérly in light of
several examples of dispersal ability being a bgttedictor of geographical range size than
niche properties (Bohning-Gaeseal, 2006; Kristiansemrt al, 2009; Blanchegt al, 2013;
Laubeet al, 2013). There are, however, many circumstancesrunbdich dispersal ability need
not correlate with geographical range size. Falaimse, climatically suitable habitat may not be
highly fragmented for mod$#limulusspecies, as indicated by the small range of corvilgct
values (see Fig. S1.5f, h in Appendix 1.1). Giveatt bccupancy of climatically suitable habitat
had a positive effect on range size despite tHedésupport for a positive relationship between
connectivity and occupancy of climatically suitahbitat, occasional long-distance dispersal
events may be more important than connectivityaternining the occupancy of suitable habitat
(Lesteret al, 2007). However, we emphasize the need to intetipeeoccupancy results with
caution because, without absence data, estimatascapancy may suffer from collection biases
that could potentially result in reshuffling of thelative ranks of estimated occupancy relative to
true occupancy (Shett al, 2012).
Other determinants of geographical range size

Although we found strong support for the nichedoitb hypothesis, our study did not
include other potential determinants of geographienage size and occupancy. In our study, we
focused on the climatic niche, but other niche agesh as edaphic properties, could also
influence species distributions. Some studies lki@eemented a positive relationship between
species age and range size (e.g. Jablonski, 1986b\& Gaston, 2000; Paat al, 2009),
suggesting that over time species are able tmblle of their available niche space and/or adapt
and expand into novel niche space, thus achieviogder realized niches and larger range sizes.

If species age were driving variation in range simeongMimulusspecies, then the positive
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relationship we detected between niche breadthramgk size could be a result of younger
species having narrower niches and thus smallgesathan older species. Furthermore, the
speciation rate within a particular clade coulduahce the range sizes of species in that clade,
such that clades with higher speciation rates reag to have more species with smaller ranges
than clades with low speciation rates (Lester &t&uterg, 2005). However, if variation in
speciation rates among clades witMmuluswere driving the variation in range size, then we
should have detected a phylogenetic signal in raimgeas a result of certain clades with high
speciation rates having species with small geogcapranges. Recent work suggests that the
patterns of niche breadth and range size in wedterth AmericarMimulussupport a budding
mode of speciation (Grossenbackeal, 2014), which may explain the lack of phylogenetic
signal in range size.
Conclusions

In this study we have shown that climatic nichedoith explained more variation in
geographical range size amavignulusspecies than niche position and connectivity of
climatically suitable habitat. The results of otudy contribute to disentangling the mechanisms
underlying patterns of variation in range size agispecies by providing empirical support for
the idea that climatic niche breadth, via its dffat the amount of suitable habitat, drives
variation in range size in western North Americaonkeyflowers, despite other differences
among species (e.g. edaphic substrate and matstgnsyand other causes of range-size
variation (e.g. evolutionary and biogeographicatdmy). To understand further the mechanisms
underlying the niche breadth hypothesis, experisaasessing whether wide-ranging species
have broader niches than narrowly distributed gsewiould be useful. For example,

experiments in environmental chambers would allestst of whetheMimulusspecies with large
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geographical ranges have broader thermal perforenareadths than narrowly distributed
relatives. In sum, we have shown that climatic eibreadth influences species’ rarity, and thus
may constitute a major axis of extinction risk. €equently, by improving our understanding of
the processes driving patterns of rarity, this gtindreases our ability to assess species’

vulnerabilities to extinction.
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Table 2.1 Tests for significant phylogenetic signal in theiables included in the structural equation moéed.(2.2b) for western
North AmericanrMimulusspecies. AlG sample size-corrected Akaike information criterfor Brownian motion (BM), Ornstein—
Uhlenbeck (OU) and white noise (WN) models of etioly with the lowest AIC shown in bold. See Appientl2 for detailed
methods.

Variable Abouheif's Pagel'sh Blomberg's BM AIC, OU AIC, WN AIC,
Cmeal K

Niche breadth® —0.039 0.077 0.039 90.87 —9.60 1178
Niche position 0.037 6.641 x 10 0.085 373.52 326.68 325.85
Connectivity —-0.079 6.641 x 10 0.036 378.92 275.36 273.26
Logio (@mount of suitable _0.072 0.033 0.039

habitat) ' 247.15 146.73 144.54
Logio (occupancy of suitable 0.171* 6.641 x 10° 0.046

habitat) ' 172.07 120.15 120.57
Logo (geographical range size)  —0.166 6.641 % 10 0.034 317.42 209.58 207.39

*Significant phylogenetic signal & < 0.05.
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Figure 2.1 (a) The frequency of environments (grey area) anduat of suitable habitat for tw
hypothetical species (hatched areas) across almfjce! study region. Dashed lines indicate
mean environmental values across the study regidraeros the niche of each species. Arro
indicate the niche position for each species. ®getiencompasses more variation along
environmental axis (the solid horizontal line imnaely above thix-axis) and has more suital
habitat (hatched area) tharespes 2, a pattern that is consistent with theenlmieadtt
hypothesis. Species 1 also has a mean environmeit& that is closer to the avere
environmental conditions across the study regian the mean environmental value of spe
2, so the diierence in amount of suitable habitat between ggetiand 2 is also consistent w
the niche position hypothesis. The niche breadthrache position hypotheses predict t
increasing amount of suitable habitat increasegmgghical range sizéFig. 2.21). (b) Niche
breadth and position need not be negatively cdee)as a species could have a narrow r
and a low niche position (species 1), or a broadlenand a high niche position (specie
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Figure 2.2 (a) Conceptual diagram of how niche propertiesyalthe dashed line) and
colonization ability (below the dashed line) arg@bthesized to influence geographical range
size. Single-headed arrows indicate causal relships, double-headed arrows indicate
correlations and grey labels correspond to varsatiiat were not measured directly in our study.
(b) A modified structural equation model used teeas the relative importance of climatic niche
properties (above the dashed line) and connecwfitfimatically suitable habitat (below the
dashed line) in explaining variation in geographreage size among western North American
Mimulusspecies. Unstandardized regression coefficiedtstandard error are shown for each
arrow, with standardized coefficients in parentse8dack arrows represent significant path
coefficients and grey arrows represent non-sigaifi@ath coefficients at an= 0.05

significance level according to the test basechemull model (see Fig. 2.4%-values above
each endogenous variable indicate the amount @dtiar explained by the model. We
transformed niche breadth to the fourth root, aedog-transformed the amount and occupancy
of suitable habitat and geographical range size.
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Figure 2.3 lllustration of how locality records and climatiatd were used to estimate range ¢
climatic niche properties and connectivity of cliially suitable habitat for one speci
Mimulus eastwoodigen western North America. (a) Mean anntemperature (°C), one
seven climatic variables used to estimate nichadihe across the study region in western N
America. (b) The proportion of the total numbexchimatically suitable pixels (in blue; s
Materials and Methods for the definn of climatically suitable habitat) that are ocagpbasel
on herbarium specimen data (black points). (c) Mearual temperature across climatici
suitable pixels. Niche position is the differenetviieen the mean temperature across the :
region (3 and the mean temperature across climaticallaklgatpixels of a given species (c) |
in multivariate climatic space. (d) Minimum sparginee connecting climatically suitable pix
(used to estimate connectivityg) Extent of occurrence based «minimum convex polygoi
(black outline) connecting all herbarium specimatadblack points
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Model fit

Niche breadth --> amount of suitable habitat

(b)

Niche position --> amount of suitable habitat

©

15 | — 10 | | = |
( | - | | |
I ad 1 I 15 | |
| | | |
10
5 { 5 6] ! 5 | |
5] ( g | g 10 | |
=1 =1 =1
g [ g .1 1 g 1 1
- I T | T | N |
| 5 | |
| | | i l l
0 o o [ o ,Jm M
1 1
T T T T T T 1 T T T T 1 T T T T T 1
5 10 15 20 25 30 35 0.0 0.2 0.4 0.6 0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2
Satorra-Bentler corrected chi-square Standardized path coefficient Standardized path coefficient
Connectivity --> occupancy of suitable habitat Amount of suitable habitat --> geographical range size Occupancy of suitable habitat -> geographical range size
(d) (e) ®
104 | — | 14 — | - | | - |
| - | | | 10 — | |
ad 1 1 12 1 1 1 1
| | 10 | | 8 | |
5 o4 | | 5 . ! | > | |
5 I I g I I § e4 1 I
g L1 | g 64 I | g | |
* | | * | | o4 | |
) 4] | | |
i ol 1 d o
o il ool il o .
T T T T T 1 T T T T T T T T T T T T T 1
-0.5 -0.4 -0.3 -0.2 -0.1 0.0 080 085 090 095 100 105 110 0.35 0.40 045 050 055 060 0.65 0.70
Standardized path coefficient Standardized path coefficient Standardized path coefficient
Niche breadth <--> niche position Niche breadth <--> connectivity Niche position <--> connectivity
(9 (h) (0}
! — |ns ! ! 4 ! 1 — 1
5 - I I I I s | | I
| | 15 | | | |
| - | | | | - |
> | | > | | > | |
2 10 2 2 104
5 I I 5 10 I I 5 I I
g | | g | | g | |
° | | ° | | ° | |
7] | | 5 | | 7
| | | —h—\ I |
,Jm ! A= . Lt !
1 ] 1 1 1 ]
I T T 1 I T T 1 I T T 1
-0.6 0.4 -0.2 0.0 0.0 0.2 0.4 0.6 -0.8 -0.6 0.4 -0.2
Standardized path coefficient Standardized path coefficient Standardized path coefficient
Amount of suitable habitat <--> connectivity Niche breadth <--> occupancy of suitable habitat
0 (k)
1 — 1 124 — 1
| | | |
5 I I 04k I
| | | |
> | | > &) |
i~ i~
5 10 I f | I
g | g I |
z | A | |
5 | ( |
| L| 2+ |
( mn|
0 1 0= 1
I T T T T T 1 I T T T 1
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 -0.4 -0.3 -0.2 -0.1 0.0

Standardized path coefficient

Standardized path coefficient

Figure 2.4 Frequency distributions of Satorra—Bentler coeégf (a) and path coefficients (b—
k) derived from 100 null datasets (see Materiats iethods and Appendix 1.2 for details), with
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dashed lines representing the respective 95% camfelintervals and the solid lines representing
the test statistic or path coefficients derivedrfrobserved data for western North American
Mimulusspecies. The observed path coefficient denotedsasn (g) was not significantly
different from 0 P =0.212).
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3. THE EVOLUTION OF ENVIRONMENTAL TOLERANCE AND RANBE SIZE: A

COMPARISON OF GEOGRAPHICALLY RESTRICTED AND WIDESERD MIMULUS"

Summary

The geographic ranges of closely related specievagy dramatically, yet we do not
fully grasp the mechanisms underlying such vamatihe niche breadth hypothesis posits that
species that have evolved broad environmentalantas can achieve larger geographic ranges
than species with narrow environmental tolerankceturn, plasticity and genetic variation in
ecologically important traits and adaptation toiemvmentally variable areas can facilitate the
evolution of broad environmental tolerance. We usezlpairs of western North American
monkeyflowers to experimentally test these ideagumntifying performance across eight
temperature regimes. In four species pairs, sp&gtbsbroader thermal tolerances had larger
geographic ranges, supporting the niche breadththggis. As predicted, species with broader
thermal tolerances also had more within-populagjenetic variation in thermal reaction norms
and experienced greater thermal variation acrass gleographic ranges than species with
narrow thermal tolerances. Species with narrowntlaétolerance may be particularly vulnerable
to changing climatic conditions due to lack of pildy and insufficient genetic variation to
respond to novel selection pressures. Convergadgias experiencing high variation in
temperature across their ranges may be bufferadsagetinction due to climatic changes

because they have evolved tolerance to a broae @rtgmperatures.

! Sheth, S.N. and A.L. Angert. Accepted. The evohlutf environmental tolerance and range size: gpaoison of
geographically restricted and widesprégichulus Evolution
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I ntroduction

Geographic range size can vary by orders of magmittmong species in the same clade
(Darwin 1859), among clades, and predictably acgesgraphy (e.g. Rapoport's rule; Stevens
1989), yet we do not fully grasp the mechanismsedgihg such variation. Numerous
hypotheses have been invoked to explain variatioange size (reviewed in Gaston 2003), but
in particular explanations for variation in ranggesamong closely related species and across
space have focused on the evolution of niche bing@ither 2003; Slatyer et al. 2013). Some
have regarded a species’ geographic range asecponj of the ecological niche onto geography
(Pulliam 2000). The ecological niche can be vieasdhe set of environments across which a
species can maintain viable populations (Hutchiri@®7). The niche breadth hypothesis posits
that, all else being equal, species that are abiedtintain viable populations across a greater set
of environments can achieve larger geographic mtigen species with narrow ecological niches
(Fig. 3.1a, b; Brown 1984). This hypothesis hasigaed consistent support, suggesting that a
positive relationship between niche breadth andyggahic range size is a general pattern
(Slatyer et al. 2013). This relationship is pataely strong when quantifying niche breadth as
environmental tolerance, defined as the range iotialconditions (e.g., temperature) across
which performance is high (Slatyer et al. 2013).

A species can accrue environmental tolerance uvmaber of ways. First, a species with
broad environmental tolerance may be composed argtigpically plastic genotypes (Baker
1965) that perform well across a broad range oirenmental conditions (Fig. 3.1c). For
example, phenotypic plasticity, rather than lodd@tation, has allowed the weddrbascum
thapsugo invade high elevations in California (Parkeaket2003). Second, adaptively

differentiated individuals within a population mglyape a species’ environmental tolerance,
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such that populations of species with broad enwiremtal tolerances consist of many divergently
specialized individuals differing in environmentgdtima (Bolnick et al. 2003). In fact, there is
evidence that individual specialization can expkiarge fraction of a population’s total niche
breadth across a variety of taxa (Bolnick et ab30Third, a species may achieve broad
environmental tolerance via local adaptation okdyent populations to a range of environments
(Ackerly 2003). For example, each population ofgeplole pineRinus contortais locally

adapted to a subset of climates occupied by thaespas a whole, such that the broad climatic
tolerance exhibited by the species can be pariitiaamong populations (Rehfeldt et al. 1999).
Thus, variation in environmental performance withimd among genotypes, families, or
populations may play an important role in shapipecges-level niche breadth (Slatyer et al.
2013), and these alternative means for achievingenvironmental tolerance have important
implications for understanding variation in evotutary potential of populations and species
(Etterson 2008).

Variation in environmental tolerance among spemiay arise due to constraints on the
evolution of broad environmental tolerances. Onestraint may arise due to a lack of genetic
variation in traits that would permit range expansvia adaptation to novel environments
(Kellermann et al. 2009). If so, species with nagoenvironmental tolerances may have less
genetic variation for environmental tolerance dngsthave smaller geographic ranges than
species with broader environmental tolerances @igd). Another explanation for constraints to
evolving a broader environmental tolerance deall fithess tradeoffs (Futuyma and Moreno
1988). Theory predicts tradeoffs between envirortaldolerance and maximum fitness, such
that there is a cost in maximum fitness to havimgaad environmental tolerance (Huey and

Hertz 1984). If a specialist-generalist tradeofbiesent among species and “a jack-of-all-trades
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is a master-of-none” (MacArthur 1972), then on ager, species with broad environmental
tolerances should have a lower maximum fitnessediopnance metric than species with narrow
niches (Huey and Slatkin 1976; Fig. 3.1b, e).

In addition to intrinsic constraints within spegiegtrinsic factors such as geographically
variable selection pressures may also shape emvental tolerance. In particular, the climatic
variability hypothesis invokes variation in natusalection across space to posit that species that
have adapted to climatically variable environmesuish as temperate zones have evolved
broader climatic tolerances and should thus betalbdecupy larger geographic ranges than
species occurring in climatically stable environtsesuch as the tropics (Janzen 1967; Stevens
1989). Although in its original form, this hypoth®$ocused on temporal climatic variability
within a site, this hypothesis also predicts tipetcses with ranges encompassing greater
variation in climate should have broader environtaktolerances and larger geographic ranges
than species experiencing less variation in clinaatess their ranges (Quintero and Wiens 2013;
Fig. 3.1e). The climatic variability hypothesis Heeen invoked to explain Rapoport’s rule, the
pattern of average range size in a clade decre&singtemperate to tropical areas (Stevens
1989), as well as latitudinal gradients in biodsrgr (Ghalambor et al. 2006), but it can be
applied more generally to species that differ mm¢hmatic variability experienced across their
ranges. Depending on the relationship betweentsategnd gene flow (Lenormand 2002),
climatic variability across species’ ranges cowddr locally adapted populations, phenotypic
plasticity (Fig. 3.1c), within-population genetianation in climatic tolerance (Fig. 3.1d), or a
combination of strategies leading to an overalbdrepecies-level environmental tolerance.

In this study, we examine the ideas outlined al{fig 3.1e) in western North American

monkeyflowers (genuslimulus renamederythranthein Barker et al. 2012). We focus on one
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niche axis, temperature, which affects a numbeghgstiological processes in living organisms
(Angilletta 2009).Specifically, we experimentally quantified thernpalrformance breadth for
five pairs of closely related species that diffegeographic range size. First, we evaluated the
hypothesis that geographically widespread spe@es tvider thermal performance breadths
than geographically restricted species (Fig. 3.3agond, we determined whether species
achieve broad thermal tolerance via phenotypigaHgtic genotypes (Fig. 3.1c). Third, we
tested whether genetic variation in thermal reactiorms increases thermal tolerance (Fig.
3.1d), and examined whether specialist-generaigepffs (Fig. 3.1b) shape patterns of thermal
tolerance. Finally, we assessed the predictiohettimatic variability hypothesis that species
with broader thermal tolerance experience greagation in temperature across their
geographic ranges than species with narrow thetoterance (Fig. 3.1e).
Methods
Study system

The objectives of this research were addressedthatimonkeyflower genudimulus
(Phrymaceae), a group of wildflowers with ~ 90 speen western North America (Beardsley
and Olmstead 2002). Western North Ameritéimulusis in the process of taxonomic revision
(Barker et al. 2012), but the anticipated modifmas are predominantly nomenclatural and
should not affect the species identity of the papahs in our studyMimulusspecies occun
several habitats, including wetlands, alpine emnmnents, and deserts, and some species are
edaphic specialists (Wu et al. 2008). Furthdimulusspecies encompass herbaceous and woody
habits, annuals and perennials, and mating systemgsng from complete outcrossing to
obligate selfing (Wu et al. 2008). Due to its shgeheration times (6-12 weeks), ease of

propagation, high seed production, and genomiauress Mimulushas become an emerging
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model system in evolutionary ecology (Wu et al. 200 he geographic rangesMimulus
species are well-known, occur primarily within mroted areas in western North America, and
exhibit strong variation in range size (Beardslegle2004), thus constituting an appropriate
study system for testing hypotheses about relatipsdetween range size and thermal
tolerance. Previous work suggests tdanulusspecies exhibit substantial variation in climatic
niche breadth (Sheth et al., in press), with sopeeies possessing significant genetic variation
for climatic tolerance (Vickery 1972).
Field sampling and crosses

To test hypotheses about relationships among gpbigreange size, environmental
tolerance, and processes shaping environmentafitae (Fig. 3.1e), we focused on five species
pairs that broadly sample the western North AmearManulusphylogeny and consist either of
putative sister species or of species within alsisgbclade oMimulus(Beardsley et al. 2004;
Table 3.1). We selected pairs in which speciegdifiarkedly in range size (Sheth et al., in
revision) and are amenable to greenhouse studgéMiet al. 1971; Sobel 2010). Comparison of
close relatives allows for comparisons of traitsoagwidely and narrowly distributed species
pairs and prevents drivers of variation of range $iom being masked by differences that have
accumulated over long periods of independent emwiuFor each species, we collected seeds
from 20 to 50 individuals at a single site, coliegtwhere species in a given pair either co-occur
at a site (Fig. 3.2a, e) or are at least regiorajlitypatric (Fig. 3.2b-d). This sampling scheme of
one population per species yields a conservatsteofeghe niche breadth hypothesis by assuming
that there are innate species-level differencesdne breadth, and avoids potential confounding
of local adaptation and spatial distance amongiptelpopulations of widespread vs. rare

species. We planted field-collected seeds from spebies in the Colorado State University
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Greenhouse. For the species with focal populatioaisare predominantly outcrossing.(
cardinalis M. verbenaceusV. eastwoodiagMl. bicolor, M. filicaulis, andM. guttatus Sheth,
unpubl. data), we randomly crossed individuals witrach species to produce outcrossed seeds
with which to conduct controlled experiments. Hog species with focal populations that are
predominantly selfingM. parishii, M. floribundus M. norrisii, andM. laciniatus Sheth, unpubl.
data), we allowed individuals to self for one gextien and used the resulting seeds in
subsequent experiments. We used this crossing scheoause it best mimics what is occurring
in natural populations. If we had created outcrdsseds from predominantly selfing species,
the resulting estimates of thermal performancedireand genetic variation in thermal reaction
norms could have been inflated, failing to corregpto what actually occurs in the wild. A
singleMimulusfruit typically contains hundreds of seeds, soused the outcrossed or selfed
seeds from the same full-sibling seed familiedliexgeriments described below (see Table 3.2
for number of families per species).
Plant propagation

We established seedlings of all study species inell2plug trays (4 x 4 x 5.5 cm). For
M. cardinalis M. parishii, M. verbenaceydV. eastwoodiagM. guttatus andM. laciniatus we
filled plug trays with Farfard 4P Mix potting saeilith a thin layer of Farfard Superfine
Germinating mix on top (Conrad Farfard, Inc., AgawalA, USA). Mimulus guttatusandM.
laciniatuswere first placed in a refrigerator &C4for 10 days to improve germination success
prior to being moved to the Colorado State Unitgr&Greenhouse. Fdvl. floribundus M.
norrisii, M. bicolor, andM. filicaulis, we treated seed with gibberellic acid (Acros @igs) to
improve germination success. In particular, we sdaeeds in .2 mM giberellic acid solution in

1.5 mL microcentrifuge tubes for ~8 hours and thesed seeds thoroughly with gBl to
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minimize potential downstream effects of gibbece#icid on growth (Bachelard 1968).
Subsequently, we planted seeds into a mix of 3 patting soil and 2 parts perlite with a thin
layer of germination mix on top. Prior to beingg®d in growth chambers for thermal
performance experiments, plug trays were keptenGblorado State University Greenhouse
with a 16 h day/8 h night photoperiod with day temgture programmed to ~Z5and night
temperature at ~2G.
Thermal performance experiments

Temperature is one niche dimension that affeate$$ components Mimulus For
example, temperature affects whole-plant perforraarit/l. cardinalisandM. lewisii (Angert
2006), and the species pairs we chose differ ituthhal distributions and in the range of
temperatures experienced within these distribut{@asle 3.1). We measured survival and
relative growth rateRGR of individuals of each species across eight teatpee regimes
simulated in growth chambers with 14 hours of dgliand 10 hours of darkness per 24 hour
period according to these day/night temperatli@s (L5/0, 20/5, 25/10, 30/15, 35/20, 40/25,
45/30, and 50/35 (based on the range of tempesagx@erienced by western North American
Mimulug. Relative growth rate constitutes one of manysfmde measures of performance, and
we chose it because it was the most feasible prdioce metric to estimate for thousands of
plants. AlthouglRGRneed not be correlated with lifetime fitness, therevidence for many of
our study species that R&GRincreases, flower number increases (Weimer & Shetpubl.
data). Further, rapid growth at early life stagesrdy which plants are smaller and more
vulnerable should increase the chances of juveniteival and thus should influence the

probability that a plant will reproduce.
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Experiments were conducted from September 2012i¢fwrdanuary 2013. During any
given week, 5-10 seeds from each family (11-50 li@sper species; Table 3.2) of all or a
subset of species pairs were sown as describecdaBach tray was comprised of both species
in a species pair, with families and species cotepleandomized. Within each growth chamber
run, there were two replicate trays per speciasfpaM. cardinalis M. parishii, M.
verbenaceusandM. eastwoodiaesuch that each tray contained one replicatefdatalies for
each species. Fdd. floribundus M. norrisii, M. bicolor, M. filicaulis, M. guttatus andM.
laciniatus there was one tray per species pair, but eaglctnatained two replicates of each
family for each species within each growth chambar Thus, each family of each species was
replicated twice within each growth chamber runc®©seeds were sown, trays were sub-
irrigated daily and rotated three times weeklyaduce positional effects. Two weeks after
sowingM. floribundus M. norrisii, M. bicolor, andM. filicaulis and three weeks after sowiNg
cardinalis M. parishii, M. verbenaceydM. eastwoodiagM. guttatus andM. laciniatusseeds,
each cell in each plug tray was thinned down tocargral-most seedling. Three weeks after
sowingM. floribundus M. norrisii, M. bicolor, andM. filicaulis and four weeks after sowirg.
cardinalis M. parishii, M. verbenaceydM. eastwoodiagM. guttatus andM. laciniatusseeds,
we measured stem length and leaf number and pfdaats into one of two Percival LT-105
growth chambers (Percival Scientific, Inc., PetA;,USA) programmed at one of the 8
temperature regimes described above for seven dggs being placed into a particular
temperature regime, plants ranged from havingR2teaves, with stem length ranging from 0.1
to 3.5 cm, depending on species. While plants wegeowth chambers, we sub-irrigated trays
daily and rotated trays within each chamber thirees to reduce positional effects. Seven days

later, we removed plants from chambers and meashesd again to estimaRGRIn stem
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length and leaf number as the change in size t&lisize per day. Fo¥l. cardinalis M.

parishii, M. verbenaceysVl. eastwoodiagM. floribundus andM. norrisii, RGRin leaf number
varied more predictably with temperature and was ttonsidered a more relevant estimate of
performance, and similarllRGRin stem length was more appropriate Narbicolor, M.

filicaulis, M. guttatus andM. laciniatus Before going into chambersl. filicaulis andM.
laciniatuswere the only species that ever had floral budtowrers. In additionM. bicolor, M.
floribundus M. norrisii, andM. guttatusplants sometimes had floral buds or flowers when
coming out of the growth chambers.

We replicated these temperature regimes twicéttarardinalis M. parishii, M.
verbenaceusandM. eastwoodiaewith each temperature replicated in each growdntoer
once, except for the 50/35 temperature regime, which we replicated twicthinsame
chamber. Due to logistical constraints, we repdahese temperature regimes once (randomly
assigning each temperature regime to one of thegtewth chambers) for the remaining
species. We randomized the order in which we caledute 8 temperature regimes. During the
course of the experiment, we planted a total 068G j@dividuals but 307 individuals did not
germinate, resulting in a total of 5,653 individu#at we measured prior to going into a
particular temperature treatment. Of these indiaisluwve excluded 202 individuals that did not
have any leaves at least 1 mm long prior to exgogua particular temperature treatment,
resulting in a total of 5,451 plants used for eating thermal performance curves. For 364
individuals that did not survive after exposuratparticular temperature treatment (most often
50°C), we seRGRequal to 0. During the course of the experiméetre was a growth chamber
malfunction, and so we had to perform experiments M. floribundus M. norrisii, M. bicolor,

M. filicaulis, M. guttatus andM. laciniatusat the 35/28C and the 30/1% temperature regimes
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in a third growth chamber (Percival model PGC-15W&h the same lighting and identical
setup as the original chambers. When using thid ttiiamberM. floribundus M. norrisii, M.
bicolor, andM. filicaulis were much smaller and looked very unhealthy oVecahpared to all
other growth chamber experiments. Thus, we repaatagith chamber experiments at 3560
and the 30/1% temperature regimes for these species in orfeedfasto original growth
chambers in late March through early April of 2013.
Thermal performance breadth and specialist-genstatadeoffs

We fitted three functions that have been used sorilge thermal performance curves to
our data: quadratic, Gaussian (Angilletta 2006y, Knmaraswamy (M. Seansers. comn).
functions using the nIsLM function in the minpaok package (Elzhov et al. 2013) in R 3.0.2 (R
Core Team 2013). Specifically, we fitted thermatfpenance curves to family means (mean
RGRacross replicates of each family at each tempexgata avoid pseudoreplication. We then
used the Akaike Information Criterion to select biest fitting function for each species pair
(Angilletta 2006). We estimated maximum performa(R€R,,y) as the peaRGRvalue based
on the predicted thermal performance curve, optineemrperature for maximum performance
(Topy as the temperature at whiBiGR»axWas achieved, and thermal performance breadtheas t
range of temperatures across which each speciesvadk 50% Bso) and> 80% Bgo) Of its
predicted maximum performance (Huey and Steven8@8)1 Our results usingso andBgowere
gualitatively similar (Table 3.2), so we focus Bsp here. Because we fit thermal performance
curves to unequal numbers of families for the tywecses within each pair, species may have
narrower thermal performance breadth due to afaetrdf having more families. Thus, we fit
thermal performance curves to data obtained byammhdsampling an equal number of families

per species within each pair 100 times, but resudt® nearly identical, so we present estimates
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of thermal performance curves based on all famiiez®. Because species pair is the unit of
replication in this study, we used one-tailed phMéilcoxon signed rank tests to evaluate the
prediction that narrowly distributed species hasgower thermal performance breadths than
their widespread relatives, and to detect a spstigdneralist tradeoff betwe®3oandRGRax
Plasticity

Ideally, to test the hypothesis that broad therimlarance is achieved via phenotypic
plasticity, we would fit a thermal performance aaite each family mean and test whether
families of species with broad thermal toleranceehgreater mean thermal performance breadth
than families of species with narrow thermal tahee Due to lack of sufficient within-family
replication, however, we were unable to fit curteamily means. Instead, using family means,
we calculated standard deviation in temperaturghited by relative performance, analogous to
estimates of niche breadth that weight standaréatem in an environmental axis by relative
abundance (Pither and Aarssen 2005), resultingdi@ 8stimates of family-level thermal

performance breadth (in units W) per species. Specifically, we used the formula:

\/Zilpi(Ti —Tw)?

wherep; corresponds to relative performan&&3Rat temperaturedivided by the sum dRGR

across all 8 temperature regimes, such that theadynacross all temperatures should equal 1);
T corresponds to thigh temperature, anfl, corresponds to mean temperature weighted by
relative performancep(). Because we estimated family-level thermal pentamce breadth for
unequal numbers of families for the two speciesiwieach pair, species with more families
may have lower average family-level breadth duantartifact. Thus, we repeated the procedure

above by randomly sampling an equal number of famper species within each pair 100 times,

51



but results were nearly identical, so we preseamhases of family-level thermal performance
breadth based on all families here. To test thdiptien that on average, species with broad
thermal tolerance have families with broader thétwlarance when compared to species narrow
thermal tolerance, we used a one-tatleist for each species pair.
Genetic variation in thermal reaction norms

To test whether widespread species have greatetigemriation in thermal reaction
norms than restricted species, we examined thegeharperformance at extreme temperatures.
We focused exclusively on thermal extremes becspseies did not differ substantially in
thermal optima (Table 3.2; Fig. 3.3), suggestirag tiverall variation in thermal performance
breadth between species in each pair resulted plynffimm differences in performance at the
lowest and highest temperatures. Specifically,gigamily means for each temperature, we
estimated the slope RGRfor each family between 15 and°@0and between 45 and %D (Fig.
3.4). As an estimate of genetic variation in thdrmaaction norms for each species, we
calculated among-family variance across slopestt temperature extremes: between 15 and
20°C and between 45 and %D. Because we estimated among-family varianceriequal
numbers of families for the two species within epalr, species with more families may have
lower among-family variance due to an artifact. 3hue repeated estimates of among-family
variance by randomly sampling an equal number moflfas per species within each pair 100
times, but results were nearly identical, so we@ne¢ estimates of among-family variance based
on all families here. We performed one-tailed paMéicoxon signed rank tests to assess the
hypothesis that species with narrow thermal peréorce breadth have lower among-family
variance in the slope &8GRbetween 15 and 20 and the slope d®GRbetween 45 and 5C

than species with broad thermal performance breadth
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Climatic variability

To test whether species with ranges encompassaajagrvariation in temperature should
have broader thermal tolerances and larger geogregiiges than species with ranges
encompassing less climatic variation, we used st@hdeviation of mean temperature of

warmest quartemfww.worldclim.org across primary occurrence data of each species to

estimate variation in temperature across each egeaeange. Because our sampling design
focused on regionally sympatric populations of g each species pair, we did not examine
temperature seasonality or other measures of themamation within each species’ sampling site
to estimate climatic variability, but we providecbuestimates (Wang et al. 2012) to assist in
interpretation of results. We used a one-tailedgaaiWilcoxon signed rank test to assess support
for the prediction that species with broader theénmesformance curves should have higher
standard deviation in temperature across their knogcurrences than species with narrow
thermal performance curves.
Results
Thermal performance breadth

A Kumaraswamy function provided the best fit to thermal performance data I
cardinalis M. parishii, M. verbenaceysandM. eastwoodiaga quadratic function provided the
best fit to data oM. floribundusandM. norrisii; and a Gaussian function provided the best fit to
thermal performance data gk bicolor, M. filicaulis, M. guttatusand M. laciniatugTables
S2.1 and S2.2 in Appendix 2). Thermal performaneadith Bso) ranged from 12.83C (M.
laciniatug to 32.474C (M. verbenaceuysTable 3.2). Optimum temperature for maximum

performance ranged from 24.2@1(M. floribundug to 33.996C (M. cardinalis Table 3.2).
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In four of the five species pairs, the widespregaecges had a broader thermal
performance than the restricted species (TableF3g23.3), but the magnitude of difference in
thermal performance breadth between widespreadestidcted species varied among species
pairs. Widespread species had marginally signiflgdarger thermal performance breadths than
their narrowly distributed relative¥(= 14,P = 0.0625), with mean thermal performance
breadth of widespread species 2@greater than that of restricted species.

Plasticity

On average, families &fl. verbenaceydM. floribundus andM. guttatus(species with
broader thermal tolerance) exhibited a higher steshdeviation in temperature weighted by
relative performance than familiesMf eastwoodiagM. norrisii, andM. laciniatus(species
with narrower thermal tolerance), respectively,mufing the prediction that thermal tolerance is
achieved via phenotypically plastic famili¢s=(4.2181, df = 41.27F < 0.001;t = 1.8223, df =
21.708,P =0.04;t = 2.02, df = 12.38R = 0.03, respectively; Table 3.2). Failing to suplois
prediction, families oM. parishiiandM. bicolor (species with broader thermal tolerance) did
not have a higher standard deviation in temperateighted by relative performance than
families ofM. cardinalisandM. filicaulis (species with narrower thermal tolerance), respeigt
(t=-0.4843, df = 39.018 = 0.68;t = 4.4136, df = 17.76F = 0.34, respectively; Table 3.2).
Genetic variation in thermal reaction norms

For all species pairs, the species with a brodwantal performance also had
significantly greater among-family variance in glepes oRGRbetween both 15 and 2D (W

= 15,P = 0.03125) and 45 and %D (W= 15,P = 0.03125; Table 3.2, Fig. 3.4).
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Specialist-generalist tradeoffs

Mimulus verbanaceusad a broader thermal performance and a lowerrmariRGR
than its geographically restricted counterpliteastwoodiagthereby supporting the prediction
of a specialist-generalist tradeoff between perforoe breadth and maximum performance
(Table 3.2, Fig. 3.3). Within every remaining sgscpair, however, the species with the broader
thermal performance also had a higher maxinR@ER(Table 3.2, Fig. 3.3). Altogether, species
with broader thermal performance curves did noehagnificantly lower maximurRGRthan
species with narrow thermal performance curWés:(14,P = 0.9688; Table 3.2), failing to
support the prediction of a specialist-generatese¢off between thermal performance breadth
and maximum performance.
Climatic variability hypothesis

As predicted, within each species pair, the speglesse range encompasses more
variation in mean temperature of the warmest quatt® had a significantly broader thermal
performance curvé// = 15,P = 0.03125; Table 3.1). Despite the expectationhaely
distributed species may encompass more variatibeniperature across their ranges than their
narrowly distributed relatives purely by chance\{[2a et al. 2009), geographically restrictdd
parishii had a broader thermal tolerance and experienced waviation in temperature across its
range tharM. cardinalis its widely distributed counterpart (Tables 3.2)3
Discussion

In this study, we experimentally quantified therrpatformance across 8 temperature
regimes for 5,451 plants belonging to 10 specielscampared thermal performance breadth,
plasticity, quantitative genetic variation, andraitic variability between widespread and

restricted species pairs of monkeyflower (Fig. B.2A¢though four out of five species pairs
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supported the hypothesis that species with largeggphic ranges have broader thermal
performance than species with small geographiceagngidespread species as a group only had
marginally significantly broader thermal performarhan restricted species, suggesting that
other niche axes besides temperature may alsoiexaaation in range size amongmulus
species. However, the present study builds on @aohamistic understanding of how species
acquire broad niches and/or large ranges by dematingt that both plasticity and genetic
variation in thermal performance contribute to lreavironmental tolerance. Further, we show
that species experiencing greater thermal variamoss their ranges have evolved broader
thermal tolerances than species with less variatid@emperature across their ranges, supporting
the climatic variability hypothesis. Below, we diss these results in light of the natural history
of each species and with regard to results fronipus studies. In addition, we consider the
implications of our results for gaining a bettedarstanding of the relationships between
climatic tolerance, geographic range size, eximctisk, and vulnerability to changing climate.
Relationship between thermal performance breadthgeographic range size

In a previous study, we used correlative climatahe modeling to show that climatic
niche breadth is a strong predictor of geograpdinge size across 72 species of western North
American monkeyflower (Sheth et al., in press)thaligh we controlled for spurious
correlations between range size and niche breadsimiulating null geographic distributions
(Sheth et al., in press), the present study prevédstrong experimental test of the inferences
derived from occurrence data and correlative madellThe present study complements our
previous conclusions by showing that in four outiwé of the focal species pairs, the
widespread species had a broader thermal perfomtaaa the geographically restricted species,

providing additional support for the niche breakyipothesis. With the exception M.
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cardinalisandM. parishii, estimates of thermal performance breadth deffinged one

population per species (in the present study) fdespread versus restricted species are
consistent with estimates of multivariate climatiche breadth from correlative modeling (Sheth
et al., in press).

In the present study, we focused on the thermalenacdMimulusspecies, based on
previous work demonstrating that temperature imt@s growth and other performance traits in
Mimulus(Vickery 1967; Vickery 1972; Angert 2006). Aparbim differences in thermal
tolerance, species in each pair also differ aladhgroabiotic niche dimensions, including habitat
and edaphic characteristiédimulus cardinalisoccurs in a variety of moist habitats along seeps,
streams, and rivers, whiM. parishiiis restricted to sandy stream edges below 2100 m
(Hickman 1993)Mimulus verbenaceusccupies desert seeps and creeksides across a broad
elevational range, where®8mulus eastwoodiaeccurs in moist, shaded hanging gardens in
otherwise arid canyon country (Hiesey et al. 18dardsley et al. 2003)Mimulus floribundus
inhabits crevices, seeps around granite outcrajgsstieam banks, wherelsls norrisii grows
only in marble crevices (Hickman 1998)Jimulus bicolortypically occurs on clay soils whild.
filicaulis grows on loamy soils, and. guttatusinhabits a diversity of wet places, wherdés
laciniatusgrows in quick-drying seeps on granite outcropgsKrtian 1993). Despite these and
other differences in niche characteristics amoragigs, our current and past work shows that
climatic niche properties play an important roleshaping patterns of geographic range size in
Mimulus Previous studies of invertebrates (e.g., Calioal.2008; Kellermann et al. 2009;
Calosi et al. 2010) and vertebrates (e.g., Crat. &005) have documented relationships
between thermal tolerance and geographic rangelsit¢éhere have been few tests in plants (but

see Luna et al. 2012).
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It would be interesting to know whether specieswaiarrow thermal tolerance also
specialize along other niche axes such as soiltareisSimilar experiments quantifying
performance breadth across a range of soil mosanecurrently underway. If species
specialize simultaneously along multiple niche axiesn specialization along one niche axis
may predict specialization along other niche aresking specialists particularly vulnerable to
extinction risks. Alternatively, specialization apdifferent niche axes may not be correlated
(Emery et al. 2012), indicating that different seftspecies are predicted to have high extinction
risk depending on the niche axis used to assessgafipation and the type of environmental
perturbation.

Support for the niche breadth hypothesis may beveqal if tests are limited to a single
population that does not represent the niche bineafdhe entire species. Despite the many
studies that have found support for the niche ldhehgpothesis (Pyron 1999; Brandle et al.
2003; Hurlbert and White 2007; Kockemann et al.200erberk et al. 2010; Emery et al. 2012),
few have addressed the potential for local adaptdt facilitate range expansion. Thus, a major
guestion that remains unanswered is whether widagmspecies have achieved large
distributions by means of local adaptation to aetgrof environments, or because individuals
across the species’ range have general-purposéypesdhat permit broad environmental
tolerances (Baker 1965). To distinguish the Idti@m the former, niche breadth must be
guantified for multiple populations per speciesafxnation of niche breadth across multiple
populations would allow one to assess how a spdoiis niche is partitioned among
populations and families or individuals (in the&as$ clonal species). Thus, assessing the extent
to which species accumulate niche breadth throwglulptions that are locally adapted to

different environments, or by having populationhwiiroad environmental tolerances across the
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range would yield important insights about the atioh of niche breadth and range size (Slatyer
et al. 2013). In a study quantifying thermal tolera for multiple populations across the
latitudinal range of a widespread copepod, spdews-thermal tolerance was far greater than
thermal tolerance for any given population (Keltyak 2012), highlighting the value of
guantifying thermal performance across several [aijons per species.

Even with our conservative approach of estimatiregrnal tolerance for only one
population per species, we captured variation enrttal tolerance amorgimulusspecies,
suggesting that innate differences in thermal &wlee may contribute to variation in geographic
range size among species. Despite being more weksd. cardinalismay have a narrower
thermal performance breadth then parishii because species-level niche breadthlof
cardinalisis achieved via locally adapted populations diffgrin thermal optima for
performance. A study of variation in thermal penfi@nce among populationsdf cardinalis
reveals that populations within the northern hélhe species’ range have overlapping but
variable thermal optima for performance (Angerale011), and thermal optimum would likely
vary to a greater degree if populations from thlsern half of the range were also included. If
more populations were considered, the magnitudgfigirence in thermal tolerance between
widespread and restricted species would probabbvba greater since widespread species by
definition encompass a broader latitudinal rangéd, @among-population variation would likely
lead to even broader thermal tolerance.

The present study adds to a growing number of ecapiests of the niche breadth
hypothesis involving comparisons of niche breaditwieen widespread and restricted
congeners. For example, studies of two cladeswvfiglbeetles report a positive relationship

between thermal tolerance and latitudinal exteighlighting the benefits of experimentally and
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phylogenetically controlled tests of the niche biteahypothesis (Calosi et al. 2008; Calosi et al.
2010). Here, we expand upon such comparative stigiéurther examining the mechanisms
that may promote or constrain the evolution of drdeermal tolerance.
Plasticity and genetic variation in thermal perfance

We document evidence that both plasticity and gewatiation in thermal performance
contribute to an overall broad thermal tolerandeese findings provide additional insights to
studies showing that species with broad geogragibtabutions have greater intraspecific
variation in traits but that have not quantified tioles of plasticity and heritable variation in
shaping species’-level niche breadth (e.g., Sitlat 2014). In three species pairs, the species
with broader thermal tolerance consisted of moeentially tolerant families than species with
narrow thermal tolerance, highlighting the roleaathin-family plasticity in determining
species-level thermal tolerance. Species with leotdeermal tolerance had greater genetic
variation in thermal performance at both low anghhiemperatures than those with narrower
thermal tolerance, suggesting that genetic vanaticecologically relevant traits may facilitate
the evolution of broad climatic tolerances. Thiglfng is consistent with a recent study of
thermal tolerance and species’ distribution®adsophila(Kellermann et al. 2009). However,
genetic variation for thermal performance may \asoss species’ ranges, and theoretical and
empirical work suggests that populations at theesdxf species’ ranges may lack genetic
variation in one or more ecologically importantitsgAntonovics 1976; Pujol and Pannell
2008). Thus, it would be useful to estimate geneditation in relevant traits across species’
ranges to further understand how genetic variatiayg promote niche evolution and range

expansion.
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Specialist-generalist tradeoffs

Consistent with a growing body of literature sudigsthat a “jack of all temperatures”
can be a “master of all” (reviewed in Angillettad®), our results do not provide strong support
for the notion that specialist-generalist tradectiastrain the evolution of broad environmental
tolerance. We only found evidence of a tradeoffiveein thermal performance breadth and
maximum performance foM. verbenaceuandM. eastwoodiagthe species pair with the largest
difference in thermal performance breadth (FiguB Bable 3.2). Instead, within every
remaining species pair, the species with the broddemal performance also had a higher
maximumRGR(Fig. 3.3, Table 3.2), supporting the idea thabduler is better.Mimulus
guttatusandM. laciniatuswere the only species pair supporting the ideas"tiotter is better”
(Hamilton 1973; Huey and Kingsolver 1989) and “bois broader” (Knies et al. 2009), based
on M. guttatushaving a higheT,, a broader thermal performance curve, and a higher
maximumRGRthanM. laciniatus Given that the pair with the greatest differemcthermal
performance breadth was the only species pair éxighka tradeoff between breadth and
maximum performance, differences in breadth amgegiss may need to be substantial to
detect a cost in maximum performance. Although wdendt often detect costs in maximum
RGRat the expense of having a broad performance cthrgeg could be costs in other
performance metrics. For examplapid growth may result in lower seed productiant, \we
were unable to detect such tradeoffs because wenoedsuredRGR
Climate variability hypothesis

As predicted by the climate variability hypothesiar results are consistent with the idea
that species experiencing greater variation in @l@rhave evolved broader climatic tolerances

than species originating from more climaticallyld¢aareas. In particular, our finding that
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thermal tolerance estimated from one populatiorspecies was related to thermal variation
across a species’ range for all five species paiggests that the climatic variability hypothesis
may explain variation in climatic tolerances evésraaller spatial scales that do not encompass
temperate-tropical latitudinal gradients. Althoughcardinalishas a much larger geographic
range tharM. parishii (Fig. 3.2),M. parishii still had both a broader thermal tolerance and
greater thermal variation across its geographigea@onsistent with our results, previous work
suggests that temperate trees have broader thparfaimance curves than tropical species
when measuring performance as photosynthetic @ier(ingham and Read 2002). Further,
previous literature suggests that plant speciesraited by reduced performance at low
temperatures (Woodward et al. 1990; CunninghamRaatl 2002; Pither 2003), yet we do not
find clear evidence that suggests that narrow thetoterance results from poor performance at
low (rather than high) temperatures. Specificdly verbenaceuandM. guttatus(species with
broader thermal tolerance) were more tolerantgb kemperatures thaw. eastwoodiaand M.
laciniatus(species with narrower thermal tolerance), respelgti M. parishii (species with
broader thermal tolerance) was more tolerant totemperatures thavl. cardinalis(species

with narrower thermal tolerance), aktl floribundusandM. bicolor (species with broader
thermal tolerance) were more tolerant to both low high temperatures th&h norrisii andM.
filicaulis (species with narrower thermal tolerance), respelsti(Fig. 3.3). Though we

guantified thermal tolerance for small seedlingth case oM. cardinalis M. verbenaceus
andM. eastwoodiagit is possible that survival and fecundity latehe growing season might be
more important for explaining differences in distriion among perennial species with long

growing seasons and the need to survive over winter

62



Unlike many other tests of the climatic variabilitypothesis, our work sheds light on the
mechanisms by which climatic variability may leadotoad environmental tolerance. First, in all
five species pairs, the species with broader enumental tolerance and greater variability in
climate across its range also exhibited more qtedve genetic variation than the species with
narrower thermal tolerance and less climatic vdrtglacross its range. Second, in three species
pairs, the species with broader thermal toleramcegaeater variability in temperature across its
range also displayed a greater level of plastitign the species with narrower thermal tolerance
and less variation in temperature across its rahggether, these findings indicate that the
effects of climatic variability on species-leveM@onmental tolerance may be mediated by
guantitative genetic variation and phenotypic peast
Caveats

When interpreting results of our study, theresaeeral caveats that should be
considered. First, we only included one populapenspecies, thereby ignoring the effects of
locally adapted populations and intraspecific waraon species-level thermal performance
breadth. Including only one population per spetiiedy leads to an underestimate of species-
level thermal performance breadth, but the breadthgdespread species should be more
severely underestimated than that those of restrigpecies. Thus, we emphasize that such a
study design is conservative with respect to tlkbabreadth hypothesis. Further, some species
were sampled at their latitudinal range centerdendthers were sampled near a northern or
southern range edge (Fig. 3.2). Such idiosyncsatmpling could potentially affect the observed
patterns of genetic variation and plasticity. Sealue to logistical benefits and the potential
effects of early stage performance on the prolgmfi survival to flowering, we estimated

performance aBRGR However, other performance metrics such as fatpnauld provide
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further insights into understanding fitness trafeafmong species that differ in thermal
tolerance. Third, we used simple thermal regimasdid not incorporate daily fluctuations in
temperature that plants experience in naturalnggttiFinally, we caution that our conclusions
are based on only five species pairs, and studiastifying thermal performance for a greater
number of populations and species are needed.
Other drivers of variation in thermal tolerance dadgeographic range size

Although our focal species within each pair areselg related and should be of similar
age, they differ in several other characteristgidefrom ecological niche dimensions that could
contribute to variation in range size. For examptgulations oM. cardinalis M. verbenaceus
M. eastwoodiagM. bicolor, M. filicaulis, andM. guttatusincluded in our study were
predominantly outcrossing, whereas populationsg gparishii, M. floribundus, M. norrisii and
M. laciniatuswere predominantly selfing (S. Sheth, unpubl. daiating system should affect a
species’ ability to colonize novel locations andiesnments (Baker 1955). On the one hand,
selfing could facilitate range expansion when corag&o outcrossing, which relies on pollinator
availability, yielding the expectation that selfisgecies should have larger geographic ranges
than closely related outcrossing species (HensBi@1Baker 1955). On the other hand, selfing
would alter the distribution of genetic variatiotitlin and among populations, and the reduction
of genetic variation associated with selfing caunlibit the evolution of broad environmental
tolerance (Lowry and Lester 2006), confounding unaerstanding of relationships between
mating system and range size. Although we did eetgih our study to test the role of selfing vs.
outcrossing in explaining variation in range simgoag species, our results do not support the
notion that selfing affects thermal tolerance anddnge size. We had two species pairs in which

one species is predominantly selfing and the atheot, and in one case the selfing spediés (
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parishii) has a broader thermal tolerance yet a smallgreréiman the outcrossing specibs (
cardinalis), and in the other case the selfing spediéddciniatug has a narrower thermal
tolerance and a smaller range than the outcrosgieges 1. guttatus.
Conclusions

In this study, we demonstrate that environmentalraémce is shaped by both intrinsic
factors such as plasticity and genetic variatioadalogically relevant traits, and extrinsic fastor
such as variation in selection pressures acrosggey. Inherent species-level differences in
environmental tolerance, in turn, can lead to \temmin geographic range size among species.
We stress the need to collect more extensive ploggsaal data on environmental tolerances of a
greater number of species and populations if wecadeaw broader conclusions about the
mechanisms shaping patterns of environmental toderand geographic range size. Our results
have important implications for species with narttvrmal tolerance, which may be
particularly vulnerable to climatic changes, thrbdgpth narrow thermal tolerance itself and
because they may lack sufficient phenotypic pléagtio cope with altered temperature regimes
or genetic variation to respond to novel selecfissures. In contrast, species currently
experiencing high variation in temperature acrbe# ranges may be buffered against extinction
related to climatic changes because they have egdblerance to a broad range of
temperatures. Given projected increases in tempesadf ~2-8C by 2099 in North America
according to a medium-level emissions scenario (Mekal. 2007), even small differences in
thermal tolerance among species could translabenmportant differential responses to changing

climate.
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Table 3.1 Widespread and restricted species pairs (dengtsgdxries with the same letter
subscript) used in this study. Range size: argaiminum convex polygon encompassing
primary occurrence data; LM: latitudinal midpoiritpgsimary occurrence data; LR: latitudinal
range: difference between maximum and minimumudés encompassed by primary
occurrence data; Megmand S mean and standard deviation in mean summer tetyer
(from 1970-2012; Wang et al. 2012) of sampled patoihs included in study (Fig. 3.2); Mean
and SQ,: mean and standard deviation in mean temperafwarnest quarter
(www.worldclim.org across primary occurrence datdee Sheth et al. (in revision) for details.

Species Range size LM~ LR Means SDs Mean, SDw

(km?) O (0 °C) (C) (O
M. cardinalig 470,772 36.1 15.8 26.80 0.78 20.28 2.87
M. parishif 95,116 33.7 4.4 2741 0.78 22.49 3.46
M. verbenacels 514,264 299 14.8 22.30 0.87 23.38 3.84
M. eastwoodid® 43,862 374 26 2191 0.78 22.66 2.06
M. floribundu$ 4,423,834 36.7 34.6 24.05 0.86 20.99 4.33
M. norrisii® 275 36.4 0.24 2558 0.78 2233 1.85
M. bicolor 56,551 385 4.8 1881 0.95 19.99 2.43
M. filicaulis® 436 37.8 0.40 20.89 1.05 18.99 1.28
M. guttatu$ 12,053,145 41.1 47.7 20.89 1.05 19.85 5.20
M. laciniatus 25,048 38.2 3.3 20.89 1.05 17.35 4.22
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Table 3.2 Widespread (w) and restricted (r) species pagadgted by species with the same letter supersased) in this studyBso:
thermal performance breadth based on relative groate RGR); Tope: optimum temperature f®@GR RGRnax maximum relative
growth rate;#SD: standard deviation in temperature weighted by ikagierformancerepresenting an estimate of family-level
thermal performance breadi¥,q: among-family variance in the slopeRGRfrom 15 to 20C; Vi among-family variance in the
slope ofRGRfrom 45 to 56C; N: number of families planted per temperature. Rerfirst three species pairs below, the unitRGR
are Pased on leaf counts (leaf 1edfy?), and for the remaining two species pairs thesusiRGRare based on stem length (cm®tm
day").

Species (Eéo) (E’éo) (IOC‘:’; RGRuax 7705 (SE) Veold Vhot N
M. cardinalis (w) 25.916 14.712 33.916 0.052 9.17 (0.25) 0.000017 0.000021 22
M. parishiia (n 26.632 15,881 31.313 0.085 9.02 (0.16) 0.000080 0.000082 50
M. verbenacelﬁ’s{w) 32.474 23.638 24.582 0.029 8.98 (0.25) 0.000021 0.000015 24
M. eastwoodia‘?s(r) 23.142 13.197 24.323 0.048 7.74 (0.16) 0.000017 0.000010 42
M. floribundu$ (w) 26.982 17.064 24.101 0.120 8.55(0.27) 0.000153 0.000175 18
M. norrisii® () 25.956 16.416 24.496 0.077 7.58 (0.46) 0.000064 0.000026 18
M. bicolor® (w) 20.185 11.453 27.334 0.225 7.81(0.23) 0.000100 0.000769 23
M. filicaulis® (9] 19.086 10.829 28.41 0.128 7.65(0.32) 0.000015 0.000113 13
M. guttatu§(w) 14.230 8.073 32.223 0.442 8.19 (0.47) 0.000045 0.003926 11
M. Iaciniatu§(r) 12.830 7.28 30.341 0.350 7.18 (0.16) 0.000027 0.000302 14
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Figure 3.1 Hypothesized relationship between environmentalramce and geographic range
size for two closely related species in the abséacand presence (b) of a specialist-generalist
tradeoff between width of performance curve andimar performance. Dashed lines in panels
a and b indicate optimum environment for maximumigrenance. (c) lllustration of how
phenotypically plastic genotypes or families (igenotypes or families that are able to maintain
high performance across a broad range of envirotsnepresented by dashed curves) can lead
to a broad species-level environmental toleranckd(surves) (d) Illlustration of how genetic
variation in environmental tolerance among genaygefamilies (dashed curves) can result in
broad species-level environmental tolerance (salides). In panels a-d, the geographically
widespread species has a broader environmentehnaie than the geographically restricted
species. (e) Conceptual diagram illustrating hamatic variability, plasticity, genetic variation

in environmental tolerance, and specialist-gengraiadeoffs are hypothesized to affect
geographic range size via their effects on enviremial tolerance. Though there are other
potential relationships among the variables degi¢teg., climatic variability may increase
genetic variation and/or lead to specialist-gengratadeoffs), only paths that represent
predictions tested in this study are depicted h&nm@aws represent positive effects. In Tables 3.1
and 3.2 Bs corresponds to environmental tolerancey,$Drresponds to climatic variability,
specialist-generalist tradeoffs occur if the speaieeach pair with a greatBg, has a lower
RGRnax Ny, refers to within-family plasticity, andcoaand Vi are estimates of genetic
variation at the cold and hot extremes of the tlameaction norm, respectively.

68



Figure 3.2 Herbarium specimen localities wired corresponding to the widespread species
blue corresponding tihe restricted species in each [ and sampling localities for each spec
are shown with white circles. In panels ¢ and dsanmpled seed for species within each
from different sites, but sampling localities acectose together that they over at the scale

shown.
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Figure 3.3 Observed (x 1 SE) and fitted thermal performancees for each species, with red
corresponding to the widespread species and bluespmnding to the restricted species in each
pair. Horizontal lines and numerical values repnésieermal performance breadfic}, and
vertical lines represent optimum temperature foximam performance®C). In panels a and b,
Kumaraswamy functions were fit to relative growditerin leaf number; in panel ¢, quadratic
functions were fit to relative growth rate in leafmber (with units as number numbetay?);

and in panels d and e, Gaussian functions wete félative growth rate in stem length (with
units as cm ci day’). X-axes represent diurnal temperatures usedperaxents. With the
exception oM. cardinalisandM. parishii (panel a), within each species pair, the widesprea
species had a broader thermal performance curwethiearestricted species.
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Figure 3.4 Slopes connecting family means of relative groxatie between 15 and ZDand
between 45 and 8G for each species, with red corresponding to tidespread species and

blue corresponding to the restricted species ih aa. To estimate genetic variation in thermal
performance at low and high temperatures, we catiedlamong-family variance across slopes

of each species at each temperature extreme. Psimals slopes in relative growth rate

between 15 and 2G for M. guttatusandM. laciniatusin more detail. In panels a-c, relative
growth rate in leaf number is in units of numbemmer* day-, and in panels d-f, relative

growth rate in stem length has units of cm’oiay”. Species that appear to have a small number
of families actually have multiple families with edapping values of relative growth rate at each
temperature.
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4. EVOLUTIONARY POTENTIAL DOES NOT LIMIT RANGE EXPASION IN THE

SCARLET MONKEYFLOWER

Summary

Every species has a limited geographic range, hgadi the question of what prevents a
species from continually expanding its range byp#idg to conditions at the range edge. One
hypothesis that explains evolutionary stasis agjedmits is that populations at the edge of a
species’ range lack sufficient genetic variatioeaologically important traits to respond to
natural selection. This hypothesis predicts th@utetions near the range margin should exhibit
lower responses to selection than populations thearange center. To test this prediction, we
performed artificial selection experiments using sicarlet monkeyfloweMimulus cardinali$,
a perennial herb that spans a broad latitudinaeam western North America, to compare
genetic variation in flowering time among populasat the latitudinal center, northern edge,
and southern edge of the species’ range. Contogoyediction, we found that southern
populations exhibit significantly greater respotseelection on flowering time than central or
northern populations. While response to selectioflawering time varied among populations
across the range in our study, high and low laéitedges exhibited drastically different
magnitudes of response to selection, and the pattee observed cannot be clearly explained by
range position alone. These results provide cliticaghts about how spatial variation in
adaptive potential may affect population persistenahe face of climate change.
Introduction

Although species vary in geographic range sizeryespecies has a limited geographic

range (Gaston 2003), leading to the question oft whevents a species from continually
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expanding its range by broadening its niche. A igs¢cange has been regarded as the ecological
niche projected onto geography (Pulliam 2000), ghehrange limits coincide with the species’
niche boundaries. Although some species’ rangesdarat equilibrium with current
environments (Svenning and Skov 2004), many spsties reduced fitness and negative
population growth beyond current range boundaregdwed in Sexton et al. 2009).
Concordance between range and niche limits indicatastraints on adaptation to novel
conditions beyond the range (Antonovics 1976). stigations of the evolutionary processes
operating in populations at the edges of specawjes inform our understanding of the causes
of stable range limits. Populations occupying ttiges of species’ geographic distributions may
suffer a greater risk of extinction than populasi@t the range center (Hardie and Hutchings
2010), highlighting the importance of marginal plagpns to the persistence of species in the
face of changing climate (Arndt and Rémy 2005). Paions at the leading edge of a species’
distribution may benefit either from “preadaptasdresulting from gene flow from central
populations or from the ability to track favoralslenate through migration, whereas populations
at the trailing edge may need to adapt to novetlitimms to persist (Jump and Pefiuelas 2005).
Consequently, investigations of whether populat@atibe peripheries of species’ geographic
ranges can adapt to marginal environments areatriacunderstanding how ranges may respond
to environmental change.

Several classes of hypotheses have been propmeaglain evolutionary constraints to
range expansion. First, asymmetrical gene flow flarge, locally adapted central populations at
the range center might introduce maladaptive aleeopulations at range margins (Haldane
1956; Kirkpatrick and Barton 1997). This effectrigensified when competitive interactions

among species are taken into account (Case and Zap@; Case et al. 2005), and researchers
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have shown that, even in the absence of gene flelection and competition for resources can
lead to evolutionarily stable range limits (Pricel&irkpatrick 2009). Another hypothesis that
has been proposed to explain how parapatric ramges larise considers the role of hybridization
in hindering adaptation at range edges (GoldbedgLamde 2007). Here, we focus on a third
hypothesis, that populations at range margins sa¢fcient genetic variation to respond to
natural selection, thereby leading to evolutiolyastable range limits (Antonovics 1976).
Despite extensive theoretical examination of thegmtheses, empirical tests remain scarce.
Adaptation by natural selection depends on genatiation, the raw material for
evolutionary change. The magnitude of genetic Wanan traits under natural selection may
affect species’ abilities to expand their rangeslocal adaptation to conditions at and beyond
range margins. Populations at range margins mawpiexbwer genetic variation in ecologically
important traits for a number of reasons. Firsgjeepgopulations are often small and/or isolated
(Eckert et al. 2008), thus potentially lacking gimeariation as a result of drift, founder events,
genetic bottlenecks, and/or inbreeding associatddsmall population size. The expectation
that marginal populations are smaller than cemtnals stems from the abundant center
hypothesis (Brown et al. 1995), which predicts tinaltitat suitability decreases from the center
to the edges of species’ ranges, in turn leadirggreduction in abundance from the range center
towards the margins. Second, strong direction&csiein at range edges may lead to the fixation
of favored alleles, thereby exhausting geneticatamn in range-limiting traits (Blows and
Hoffmann 2005). Although patterns of gene flow froentral to edge populations could
influence predictions about patterns of quantieatenetic variation across the range, it is
unclear how asymmetrical gene flow from the rang@er to edge would affect additive genetic

variance in edge populations (Case and Taper 2600example, if edge populations are small
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and characterized by low levels of genetic varigtiben gene flow from the center may provide
genetic rescue (Holt and Gomulkiewicz 1997; Ba0Q1; Sexton et al. 2011). On the other
hand, if gene flow from the range center introduoesadaptive alleles in edge populations, edge
populations may decline in size, leading to a des®an genetic variation in marginal
populations (Mayr 1963). Regardless of the intgrjblatween gene flow and quantitative genetic
variation, if range expansion via local adaptateoonstrained due to a lack of genetic variation
in ecologically relevant traits, then responseeiecion on such traits should be lower at range
edges than at the center of a species’ range (BdmdHoffmann 2005). Most studies comparing
genetic variation between central and marginal famns within a species’ range have focused
on neutral genetic variation, showing that genedigation decreases and genetic differentiation
increases from the center to the margins of spaeieges (Eckert et al. 2008; Hardie and
Hutchings 2010). Yet, differences in neutral gendiversity between central and peripheral
populations are relatively minute (Eckert et al02)) and additive genetic variance, the amount
of phenotypic variation attributable to additivengéc effects, is required for evolution by
natural selection. However, few studies have coetpadditive genetic variance in ecologically
important traits between the range center and egesee Pujol and Pannell 2008; Kelly et al.
2012). In this study, we used artificial selectiarstatistically powerful approach to quantify
adaptive potential (Conner 2003), to compare adaotential among six populations across
the geographic range of the perennial Hdnmulus cardinalisPhrymaceae). Specifically, we
tested whether populations from the northern amthson range edges had a lower response to

selection on flowering time than populations frdra tange center.

80



Methods
Study system and sampling

To determine whether genetic variation constrameslladaptation at range margins, we
compared genetic variation in ecologically impottaits among populations at the center and
latitudinal edges of the geographic distributiorthad scarlet monkeyflowekMimulus cardinalis
(recently rename#rythranthe cardinalisNesom 2014)A perennial herb with red flowers
characteristic of hummingbird pollinatiokl. cardinalisis broadly distributed along seeps and
streamsides from sea level to 2400 m from soutB@eegon to northern Baja California and from
the Pacific coast east to the Sierra Nevadas {Flg; Hickman 1993Mimulus cardinalids an
appropriate system for testing hypotheses abogeramits because it is the subject of several
past and ongoing studies of ecological and evalatip determinants of range limits. In
particular, fitness, demographic, and physiologamaistraints to local adaptation at altitudinal
range limits have been thoroughly investigated @nhgnd Schemske 2005; Angert 20064, b;
Angert et al. 2008; Angert 2009), providing key dase information about hypothesized
processes that give rise to range limits and p@tieindits under natural selection. Further,
investigations of the role of gene flow, demograghistory, and contemporary metapopulation
and demographic processes across the latitudingérafM. cardinalisare underway (e.g., Paul
et al. 2011). Thus, our investigation of adaptieéeptial complements ongoing studies testing
other hypotheses to explain latitudinal range BnmitM. cardinalis In Fall 2010, we collected
seeds from 80-200 individuals in each of two nariredge (hereafter referred to as “N1” and
“N2"), two southern edge (hereafter referred t6%5’ and “S2”"), and two latitudinally central
populations (hereafter referred to as “C1” and “C&%ross the geographic rangevbf

cardinalis(Table 4.1; Fig. 4.1a). Herbarium specimens frarthern Baja California are of
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guestionable identity and are morphologically mgimilar toM. verbenaceuéS. Shethpers.
obs), so populations sampled near the southern rarggimrepresent the southernmost
populations that can be definitively identifiedMscardinalis
Artificial selection experiments

We quantified genetic variation in one phenotypaattthat likely influences survival and
reproduction under different temperature and prtipn regimes associated with different
latitudinal range positions (Table 4.1; Fig. 4.\ang et al. 2012) and that can be measured in a
non-destructive manner. Latitudinal variation iomering time, measured as the number of days
from germination to first flower, should compris&ey adaptation to local environmental cues
for flowering plants (Matsuoka et al. 2008). Moreowrevious work has documented rapid
responses to artificial selection on flowering ti(Beirgess et al. 2007), suggesting that
flowering time is a heritable trait that could patially shift in response to only a few
generations of selection. We carried out artifisilection experiments on flowering time to
guantify response to selectidR) @s a direct measure of a population’s adaptiven@l.
Further,R is proportional to additive genetic variansg)( defined as the amount of phenotypic
variance that is due to additive genetic causesedan the breeder’s equation (Conner 2003). In
December 2010, we planted field-collected seedn frach population in the Colorado State
University Greenhouse (Fig. 4.1b). In Spring 20&& ,randomly crossed individuals within each
population to produce outcrossed seeds, resuhid@+101 full-sibling families per population
(Fig. 4.1b). In January 2012, we filled 3" potshwitarfard 4P Mix potting soil with a thin layer
of Farfard Superfine Germinating mix on top (ConFadfard, Inc., Agawam, MA, USA), and
we planted 3 seeds per family per pot. Each potmiated daily until seedlings became

established. During this time, we scored germimeatime for each seedling daily. Three weeks
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after planting, we thinned each pot down to oneloanly chosen seedling, resulting in one
individual from each full-sibling family in each polation on which we measured flowering
time. To create selection lines for flowering times randomly selected 25% of the individuals
from each population for a control line, and weestdd individuals that fell into the earliest 25%
of flowering time for an early flowering selectitine and individuals that fell in the latest 25%
of flowering time for a late flowering selectiomdé (Fig. 4.1b). We then randomly crossed
individuals in pairs within each of the resulting lines (1 early flowering, 1 control, and 1 late
flowering line for each of 6 populations), mainfama population size of 40-104 individuals
per selection line (for a total of 1,368 individsi@lanted across all populations in each
generation) in each generation while avoiding asssetween close relatives. For each
randomly paired set of individuals in a given crasach parent served as a pollen donor and a
pollen recipient once. To maintain equal populasaes from one generation to the next, we
planted 4 replicates of each cross type, resuitirgyreplicates for each full-sibling family. We
repeated this selection process for two generafmmse from January through May 2013 and
again from January through May 2014; Fig. 4.1b) mecsuredr, which is the change in the
mean of the selected phenotypic trait across eachrgtion, and the selection differentid), (
the difference between the mean phenotypic valukeoéntire population and mean of the
subset selected for breeding in each generation(€d003). In the first generation after
selection (2013), of the 1,368 pots into which wanfed, only 16 did not yield plants that
survived to flowering, and in the second generatifter selection (2014), only 21 pots did not
have plants that survived to flower, thus yieldangalanced design in which the number of
individuals in each selection line of a given p@ian was very similar. To account for

positional effects in the greenhouse, within eadhaion line in each population, individuals in
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pots were arranged randomly among trays (16 payg/tRandomization was performed within
each selection line and population to prevent cditigpe among plants that drastically differed
in size. Trays were then randomized on the greesthbanches and rotated weekly. Rather than
replicating upper and lower selection lines fortepopulation and trait, which was logistically
infeasible if also replicating for the main effedtinterest (regions), the units of replication wer
populations within regions. All generations werewn in the Colorado State University
Greenhouse with a 16 h day/8 h night photoperidt day temperature programmed to %25
and night temperature at 20
Within-population tests for significant responsesébection

At the end of the artificial selection experimeng computed a cumulatigandR for
each selection line across two generations. Touatdor uneven contributions of families to
each generation of artificial selection, we weighselection differentials according to the
proportionate contributions of parents (Falconet Backay 1996). We did not adjust trait
values by control means when comput8igecause we assumed that the environment remained
constant within each generation (B. Walsh, persimg. We estimated cumulati&as the sum
of weightedSfrom the first and second generations of selecfiantest for significant responses
to selection within each population after two gatiens of selection, we modeled flowering
time in the final generation (2014) as a functiéselection line (early flowering, control, or late
flowering) as a fixed effect and family as a randeffiect, and used Type Il tests to assess the
significance of fixed effects using the Sattertheaipproximation for denominator degrees of
freedom. For populations in which there was a $icgnt effect of selection line on flowering
time, we examined pairwise differences in mean éomg time among selection lines using

post-hoc Tukey HSD tests. Subsequently, we estthmatmulativer for each early or late
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flowering line in each population as the differebetween the least square mean of the early or
late flowering line and the least square mean @ftctimtrol line in the final generation (2014) to
account for potential changes in phenotype caugehbironmental variation among
generations (Falconer and Mackay 1996).
Analyses comparing responses to selection amortgat@md marginal populations

To test whether response to selection on eargterflowering was lower at the northern
and southern range edge than at the range cergersed a linear mixed model with region,
selection line (early and late flowering), and theteraction as fixed effects, and population and
family as random effects. Analogous to the withopplation analyses described above, we first
standardized flowering time in the final generat{@2@14) by subtracting the mean flowering
time of the control line of each population frone filowering time of each individual in an early
or late selection line in that population to acddion effects of inter-generational environmental
variation (Falconer and Mackay 1996; Burgess €2@07). A significant region by selection line
interaction would indicate that response to sebectin early and/or late flowering varied among
northern, central, and southern regions. We impigatepost-hoc Tukey HSD tests to examine
pairwise differences among regions in responselexgon on early and late flowering. All
analyses were performed using the Ime4 (Bates 20&#), ImerTest (Kuznetsova et al. 2014),
Ismeans (Lenth 2014), and multcomp (Hothorn e2@08) packages in R 3.1.0 (R Core Team
2014), with two-tailed tests and significance assdsai = 0.05.
Accounting for bias in population size

Because focal populations varied in starting pajah size in the parental generation and
subsequent generations, estimates of responsketbice may appear to be lower in northern

populations due to an artifact of having smallenglke sizes than central and southern

85



populations (Table 4.2). To account for this patdrartifact, we created 3 additional selection
lines from a random subset of 40 (out of 96) indiinxls of the parental generation of the C1
population. We repeated the same selection proeathscribed above on this random subset of
individuals, and then compared the estimated resptmselection from the subset of individuals
with that based on all individuals to assess themi@l effects of sample size on estimates of
response to selection. We performed this proceaisefor the C1 population because the C1
population exhibited a far greater difference impke size when compared to northern
populations than the C2 population (Table 4.2). gbal of creating selection lines based on a
subset of C1 individuals was to assess whetherrloggponse in northern vs. central populations
could be attributed to an artifact of sample siba@, rather than to a biologically meaningful
process that could potentially create a stableheontrange limit.
Results

In the parental generation prior to selectionywB#ong time decreased with latitude €
189.5, df = 5P < 0.001), with the northernmost population flowgrion average 16 days earlier
than the southernmost population (Fig. 4.2). Phgnotvariance in flowering time prior to
selection ranged from 19.51 to 51.76 (Table 4.ZerAlL or 2 generations of selection, plants
flowered later than those from the parental ger@rats a result of inter-generational
environmental variation (Fig. 4.2). The cumulatweightedSranged from 12.30 to 17.64 days
earlier for early flowering lines, and from 19.4823.38 days later for late flowering lines when
compared to base populations (Table 4.1). Aftergewerations of selection, in early flowering
lines, plants flowered up to ~7 days earlier thamd lines, while in late flowering lines, plants
flowered up to ~12 days later than control lineg,tha magnitude of response varied among

populations (Table 4.2; Fig. 4.3).
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Within-population tests for significant responsesébection

Selection line was a significant predictor of flexwng time in all populations except for
N2 (Table 4.2; Fig. 4.3). In the N1 population,iinduals from the early selection line had a
significantly earlier mean flowering time than tt@ntrol and late flowering lines, but the control
and late flowering lines did not significantly diffin flowering time (Fig. 4.3). In the C1
population, individuals from the early floweringd flowered significantly earlier than those
from the late flowering line, but flowering time @arly and late flowering lines did not differ
significantly from the control line (Fig. 4.3). the C2 population, individuals from the late
flowering line flowered significantly later thandse from control and early lines, but there were
not significant differences in flowering time bewvethe early flowering and control lines (Fig.
4.3). In both the S1 and S2 populations, individdedm early flowering lines flowered
significantly earlier than those from control aatkl flowering lines, and individuals from late
flowering lines flowered significantly later thamase from control lines after two generations of
selection (Fig. 4.3).
Analyses comparing responses to selection amortgat@md marginal populations

In the analysis assessing whether response tctisel®n early and late flowering varied
among populations at the northern range edge, reenger, and southern range edge, selection
line (F1103.714= 128.238P < 0.001) and region-by-selection lirf& (o3.636= 41.952P < 0.001)
had significant effects on flowering time, whereagion did not affect flowering time
independentlyR; » s70= 0.430,P = 0.69; Fig. 4.4). The significant region-by-s¢iec line
interaction suggests that the magnitude of resptanselection varied among the northern edge,
center, and southern edge of the species’ rangend-t support the prediction that northern

populations should have lower responses to sefettien central ones, there were no significant

87



differences in response to selection on earlyterflawering time among northern and central
populations P = 0.996 and® = 0.856, respectively; Fig. 4.4). However, although statistically
significantly different, responses to selectioneainly and late flowering at the range center were
slightly greater than those at the northern ramge dased on least-square mean estimates (Fig.
4.4). Contrary to the prediction that southern pajons should have lower responses to
selection than central ones, populations at théhson edge of the range had a marginally
significantly greater response to selection onydémivering and a significantly greater response
to selection on late flowering than central andmem populations (early flowering.= 0.087
and 0.058, respectively; late flowerirfg= 0.003 andP < 0.001, respectively; Fig. 4.4). Based
on least-square mean estimates, the magnitudsmdmse to selection on early flowering in
southern populations was ~5 days greater than flzantral and northern populations, and the
response to selection on late flowering in soutlpenpulations was ~7 days greater than that of
central populations and ~9 days greater than thadmohern populations.
Accounting for bias in population size

Similar to the full C1 population, there was a giaally significant effect of selection
line on flowering time k2 11.998= 3.679,P = 0.057) in the population consisting of selectioes
built from 40 randomly sampled individuals of th& @opulation. Raw mean flowering time in
this subset of individuals was similar to thatlo full C1 population in the parental generation
(Fig. 4.5a vs. Fig. 4.2c, respectively). Nearlynming results from the full C1 population,
individuals from the early flowering line flowereatgnificantly earlier than plants from the late
flowering line and marginally significantly earlidran plants from the control lin@ £ 0.051),
and there were no differences in flowering timenssn late flowering and control lines (Fig.

4.5b). The magnitude of response to selection dg #awering was greater in the population
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created from a random subset of C1 individuals,redethe magnitude of response to selection
on late flowering was lower than in the full C1 pdgtion (Fig. 4.5b vs. Fig. 4.3c, respectively),
suggesting that smaller sample size alone did reatigtably result in a lower magnitude of
response to selection.
Discussion

Stable geographic limits may arise because populaitat species’ range margins lack
sufficient genetic variation to respond to natselkection. We tested this hypothesis by
guantifying response to selection on flowering timéwvo northern edge, two central, and two
southern edge populationsidf cardinalis We documented strong variation in response to
selection across the species’ geographic ranger&grio prediction, populations from the
southern range limit exhibited a significantly gezaesponse to selection than populations at the
center or northern limit of the species’ range eAjtist two generations of artificial selectiorg th
magnitude of response to selection on floweringetimsouthern populations was 3 times greater
than that of central populations and 4-7 timestgretaan that of northern populations. Although
not statistically significant, northern populatiaaehibited lower responses than central ones,
consistent with the notion that reduced additiveegie variance constrains adaptation at range
margins. Thus, we did not document consistent exiedor the hypothesis that marginal
populations have less adaptive potential than @ijoms at the center of species’ range. While
response to selection varied among populationsadh® range in our study, high- and low-
latitude edges exhibited drastically different miagptes of response, and as such, the patterns we
observed cannot be clearly explained by rangeipasiione. Below, we interpret these results
in light of previous tests of this hypothesis ihattaxa, potential biases that could drive the

observed patterns, other studies testing rangextignnypotheses iM. cardinalis and
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alternative mechanisms that may drive variatioresponse to selection on flowering time
across geography. We conclude by discussing thidatipns of our findings in the context of
understanding how populations across a speciegeraray respond to changing climate.

Previous tests of the hypothesis that edge papokexhibit lower genetic variation in
ecologically important traits than central onesegaivocal. Some studies have failed to find
support for this hypothesis (Jenkins and Hoffma@@® Kelly et al. 2012; Gould et al. 2014).
For example, a study comparing quantitative genetiation among populations across the
geographic range of@larkia species did not document differences in heritighidir flowering
time or for five additional traits among populatspmailing to support the hypothesis of reduced
additive genetic variance in edge populations (Gatlal. 2014). On the other hand, other
studies have found support for the hypothesisatige populations have lower additive genetic
variation than central ones (Blows and Hoffmann3t®terson 2004; Pujol and Pannell 2008;
Volis et al. 2014). For example, additive genefaciance in eastern and western edge
populations oMercurialis annuavas much lower than that of populations from trstdrical
core of the species’ range (Pujol and Pannell 2088yiding strong support for the notion that
adaptation in edge populations is constrained byffitient ability to respond to selection.

In the present study, we documented a trend pbrese to selection on flowering time
increasing from north to south. Variation in resp@could have been driven by variation in the
strength of selection, but there is no evidencegakection differential and response to selection
are positively related across populations (Tal¢. &trikingly, the N2 population exhibited the
greatest selection differentials, yet the lowespomses to selection (Table 4.2). Another
potential cause of differences in responses t@seleacross populations is sample size of each

parental generation and sample size within ea@tseh line in subsequent generations. To test
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for this potential sampling artifact, we perforntbd same routine of selection using a random
sample of 40 individuals from the C1 population &mahd qualitatively similar responses as in
the full C1 population. Thus, differences in respoio selection in our study do not seem to be
driven solely by sample size in the parental germra and subsequent selection lines.

Although variation in sample size did not driveigton in the magnitude of response to
selection among populations, population size amdhdhcs in the natural populations from
which seed was sampled could explain some variati@stimates of response to selection
among populations. In general, the size of ouryspapulations increased from north to south
(Sheth & Angert, unpubl. data), which is why samgiees in the parental generation increased
from north to south (Table 4.2), and could expthm greater responses to selection in southern
populations. When sampling seed for this studpdueve adequate sample sizes for the
artificial selection experiments, we were constedito collect from localities with a large
number of individuals, and thus likely did not inde the smallest populations at the northern
and southern edges, which should have had the toegsonses to selection. Although they
were not included in our study due to the logistreasons described above, we observed small
populations with fewer than 40 adults at both tbehern and southern edges of the range (Sheth
& Angert, unpubl. data). The influence of the sinésatural populations, however, is a
biological effect rather than an artifactual onecduuse one of the main mechanisms by which
edge populations should exhibit lower additive generiance and hence lower responses to
selection is by having smaller population sizes thapulations at the range center (Hoffman and
Blows 1994).

The observation that the southern edge populati@ns the largest populations included

in our study deviates from the expectation thaggaphic range limits are in equilibrium with
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ecological niche limits and suggests that thes¢éheon populations, although geographically
peripheral, may not occupy marginal niche spaceeBan range-wide demographic surveys of
M. cardinalis which only include the N1, C2, and S1 populatibosn the present study,
response to selection increases with asymptotialpipn growth rates (Sheth and Angert;
unpubl. data). In fact, the S1 population had tighdst population growth rate of any site
included in the entire demographic survey of ~3@ssécross the latitudinal range, with
population size projected to increase over timemfida significantly > 1), while the N1
population was projected to decrease over timeltensignificantly < 1; Sheth, and Angert;
unpubl. data). Intermediate between the N1 anddpiilptions, the C2 population exhibited
stable population growth (lambda not significamifferent than 1; Sheth, and Angert; unpubl.
data). Further, according to climatic suitabilistinated from climatic niche models, the
northern populations had the lowest suitabilityrespconsistent with the notion that they occur
at a niche limit (Bayly & Angert, unpubl. data). dontrast, the S1 population with the highest
response to selection had the highest suitabiityesof our 6 study populations. The two central
populations had intermediate climatic suitabilitpees that were only slightly lower than that of
the S1 population, and the S2 population had osshgatly higher suitability score than the
northern populations (Bayly & Angert, unpubl. daiagronsistent with estimates of response to
selection. In sum, there is evidence beyond outyssuggesting that the northern range edge
populations in our study are demographic sinks woayin climatically marginal habitat,
whereas the southern range edge populations istody constitute demographic sources with
variable climatic suitability.

If genetic drift associated with small populatsire leads to low additive genetic

variance in edge populations, then populations leithadditive genetic variance should also
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exhibit low neutral genetic variation (Hoffman aBbws 1994). A study of neutral genetic
structure based on 49 populations across the gelmgreange oM. cardinalis including all of
our study populations except for the C2 populatremeals a pattern of within-population neutral
genetic variation decreasing towards the northechsauthern range edges and among-
population genetic differentiation increasing frtme latitudinal range center towards the
northern range edge (Paul et al., in prep). Acogrdo this work, the northern populations in our
study have lower neutral genetic variation thancdatral and southern study populations,
further supporting the idea that northern poputatiexhibited low responses to selection at least
partially as a result of genetic drift associatethwmall population size (Paul et al., in prep).
Paul et al. (in prep) detect a significant genkta&ak between the S1 and S2 populations and the
remaining populations in our study such tRais an order of magnitude lower (indicating
potentially more gene flow) among northern and i@ mopulations than among southern and
non-southern populations. This rules out the pd#ggithat asymmetrical gene flow from the
range center has increased genetic variation isdgbéh and resulted in high responses to
selection in the southern populations. Explicitdes the swamping gene flow hypothesis that
formally quantify asymmetrical gene flow among ramgpsitions oM. cardinaliswould shed
light on the interplay between gene flow and agldigenetic variance across species’ ranges.
Latitudinal variation in response to selectionflomvering time may be explained by
variation in the strength and form of natural setecacross the species’ range. For example,
there is ample evidence of strong directional $Elrmn flowering time at high latitudes
(Munguia-Rosas et al. 2011), favoring early flowgrmperhaps to ensure that plants mature fruits
before the growing season ends and potentiallyetiegl genetic variation in flowering time.

However, some have argued that there may be gliabilselection on flowering time because
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plants that flower early may be smaller, have fexgspurces to invest towards fecundity,
experience greater risk to frost damage (Inouye3p@fd/or exhibit pollinator limitation
(Thomson 2010), whereas plants that flower late n@yhave sufficient time to mature fruits
before the growing season is over (Anderson éx(dl1). At low latitudes where the growing
season is longer, it is possible that floweringetisiunder weaker selection, thereby maintaining
additive genetic variance (Munguia-Rosas et al1204 major assumption of our study is that
flowering time is under selection at both the nerthand southern range margins, and that
evolution of flowering time would permit range exgagon. However, for genetic variation in
flowering time to constrain adaptation at rangeesgfowering time must be associated with
fitness in natural edge populations. Thus, quainigfyhe strength and form of selection on
flowering time across the rangeMf cardinaliswould help to further explain the spatial
variation in responses to selection observed Heren though southern populations exhibited
ample genetic variation in flowering time, they mlagk necessary variation in multiple traits to
effectively respond to natural selection (Walsh Bhalvs 2009). Trade-offs between flowering
time and other traits may constrain adaptationet@mple if selection favors high values of
negatively correlated traits (Etterson and Shawl200 genetic correlations that are antagonistic
to the direction of selection are present in malgoopulations, then they may contribute to
stable range limits (Blows and Hoffmann 2005).dntf the magnitude of response to selection
on single traits may be far larger than responselection after accounting for correlations
among traits (Etterson and Shaw 2001). Hence, tterhenderstand the potential for multivariate
constraints at range edges, it would also be baakfo examine whether other traits exhibit
correlated responses in selection on early offlaeering that are antagonistic to the direction

of natural selection.
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Quantifying adaptive potential in traits that lkely targets of selection during climatic
changes has several important implications for tstdading range-wide populations’ responses
to climatic change (Shaw & Etterson 2012). Befmctuistrialization and the onset of
contemporary anthropogenically caused climate chatigre may have been stabilizing
selection on flowering time, but contemporary sésduggest that climate change is imposing
increasingly strong directional selection for edlbyvering (as growing seasons begin earlier),
such that populations with insufficient geneticigaon to respond to selection on flowering may
lie far from their fithess optima and thus be vuaide to extinction (Miller-Rushing and
Primack 2008; Anderson et al. 2012). Moreover, sféécts may be compounded if strong
directional selection depletes standing additiveetje variance in flowering time (Anderson et
al. 2012), and ultimately population responses aefpend on whether populations’ rates of
adaptive evolution exceed rates of climate cha@ge.study suggests that low-latitude, trailing
edge populations have ample genetic variationgpaed to natural selection on flowering time
in just a few generations, whereas high-latitudeutations at the leading edge and latitudinally
central populations may be unable to adapt quieklyugh to keep up with climate change.
Thus, while the southern populations in our stu@yine able to adapt to changing conditions in
situ, the individuals from the northern and cenp@pulations will likely have to migrate
northward to track climatically favorable conditorGiven the high adaptive potential observed
in the southern edge populations in our study, igaethat not all geographically peripheral
populations are particularly vulnerable to climabanges. Instead, in our study, northern
populations merit conservation attention due tar thek of adaptive potential, whereas southern
populations warrant consideration because theesept a source of adaptive potential

(Vucetich and Waite 2003). Studies of species’ essiyfts associated with climate change often
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link species’ occurrences to current climate databdel the climatic niche, which is then
projected onto geography based on estimates affatimate (Pearman et al. 2008). Yet, these
models do not typically account for the potental évolutionary change or for variation in
adaptive potential among populations of a spe@estman et al. 2008). Further, because global
change constitutes both anthropogenic alteratimieirnate and habitat fragmentation associated
with anthropogenic activities, mechanistic studiEsonstraints to adaptation may become more
applicable than purely correlative studies of peeati range shifts. Lastly, while community- and
ecosystem-level responses to climate change dreméndous interest, communities are made
up of populations of individual species. A thorougiderstanding of higher-order responses
therefore requires a consideration of the individtia responses of these populations, which, in
turn, may depend on their evolutionary potenti&leJe results provide critical insights about
how spatial variation in adaptive potential affgetgulation persistence in the face of climate

change.
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Table 4.1 Information for localities oM. cardinalisfrom northern range edge, range center, and southege edge. Latitude and
longitude are in units of decimal degrees; elevaian units of meterdy,,,,: mean summer temperature (June — Augusigin

PCT,,,: summer precipictation (June — August) in mm. Terafure and precipitation variables were extraatedariables averaged
across 1981-2009 from the web version of climateWMAnNg et al. 2012). The N1, N2, and S2 sites oocodands managed by the
Bureau of Land Management, the C1 and C2 sitesr@ec(osemite National Park, and the S1 site ocoufSuyamaca Rancho State

Park.

Region Population Latitude Longitude Elevation T, PCTs, Drainage

north N1 43.37876 -122.95207 295 19.2 88 Rock Creek

north N2 42.53529 -123.73016 914 17.4 118 North Fork Silver Creek
center Ci 37.70377 -119.75363 1316 209 24 Crane Creek
center Cc2 37.54576 -119.64152 1228 21.3 38 South Fork Merced River
south S1 32.92788 -116.56019 1252 21.1 46 Cold Stream

south S2 32.60831 -116.70098 252 252 21 Cottonwood Creek
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Table 4.2 Summary of linear mixed-effects analyses of vargaof flowering time (number of days from germioatto first flower)

in each population, with selection line (early flenng, control, or late flowering) as a fixed etfand family as a random effect.
Number of individuals (Nqg) and families (Mm) planted for each selection line the final genera(2014); cumulative weighted
selection differential9); cumulativeR (estimated as least-square mean difference beteargnor late flowering line and control line
after 2 generations of artificial selection); reati heritability k%) and additive genetic variancéaj after two generations of artificial
selection; phenotypic variance in 2012 parentaupamn /p) in flowering time; denominator degrees of freed@fye) based on

Satterthwaite’s approximation; akdest-statistic used to assess significance of feféztts. Numerator degrees of freedom = 2 in
each population.

S R

Population Ng N@m early late  early late  Vp dfger F
N1 40 5 -12.30 21.77 -430 -0.15 25.86 12.2091.366
N2 48 6 -17.64 2338 125 286 31.02 15.039 1.755
Cc1 96 12 -1537 2264 -2.78 166 1951 32.6896.323
C2 64 8 -1248 2155 -1.53 4.99 26.88 21.1367.545
S1 104 13 -13.72 1948 -7.21 11.80 31.13 36.032.302"
S2 104 13 -15.69 20.31 -6.40 8.46 51.76 36.092.612"

"P<0.05" P<0.01;" P<0.001.
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Figure4.1 (a) M. cardinalisrange map (shown in gray; modified from Hieseglel971) with
populations sampled at the northern range edge(N2), range center (C1 & C2), and
southern range edge (S1 & S2). (b) Diagram of expartal design of artificial selection
program for each population (N1, N2, C1, C2, SH &8). Within each population, seed
collected from individuals in the field were firstndomly crossed for one generation in the
greenhouse to reduce maternal effects. The reguidéad was planted to produce the base
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parental population within each of the 6 study pafons. Subsequently, two generations of
selection on early flowering and late flowering e@erformed, and an unselected control line
was also maintained during this time. In each garar of selection, 8 individuals (abbreviated
as “indiv”) per full-sibling family (abbreviated d&&m”) were planted to maintain similar
sample sizes across generations. See Methodsrfoerfuetails.
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Figure 4.4 Cumulative response to selection + 1 SE on eadlylate flowering, expressed as
deviations in number of days from the mean flowgtime of control lines, for each region
based on least-square means. For early floweneg lidifferent lowercase letters represent
marginally significantly different means in eaclgion (for southern edge vs. center comparison,
P = 0.059, and for southern vs. northern edge coispalP = 0.087), and for late flowering

lines, different uppercase letters represent sifly different means in each region (for
southern edge vs. center compariger, 0.001, and for southern vs. northern edge coisgar

P =0.003).
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5. CONCLUSIONS AND SYNTHESIS

The overall goal of my dissertation was to studytiechanisms underlying the sizes and
limits of the geographic distributions of westerarth AmericanMimulusspecies. In the first
study of my dissertation, | assessed the relath@ortance of climatic niche properties and
connectivity of climatically suitable habitat in@aining variation in the amount and occupancy
of climatically suitable habitat, respectively, andurn, variation in geographical range size. |
documented strong support for the hypothesizedsftef climatic niche breadth, but not niche
position and connectivity of climatically suitalilabitat. To my knowledge, this is the first study
to show that climatic niche breadth, via its eféeah the amount of climatically suitable habitat,
is a strong predictor of geographical range slzexeby improving our understanding of the
mechanisms driving species rarity. Specifically, magults suggest that niche breadth is the best
predictor of range size in western North Americamkeyflowers, providing strong evidence
that species with narrow climatic niches have atéchability to achieve large ranges. These
results set the stage for detailed experimentasngations of relationships among range size
and niche breadth in a subset of western North AdaeMimulusspecies.

Thus, in the second study of my dissertation, tusee pairs of western North American
monkeyflowers to experimentally test the niche btiednypothesis by quantifying performance
across eight temperature regimes. | also examhedole of climatic variability, specialist-
generalist tradeoffs, plasticity, and quantitagesetic variation in shaping patterns of thermal
tolerance in these species pairs. This study camgaés my conclusions from the first study by
showing that in four out of five of the focal spegipairs, the widespread species had a broader

thermal performance curve than the geographiceByricted species, providing additional
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support for the niche breadth hypothesis. Withethegeption oM. cardinalisandM. parishii,
estimates of thermal performance breadth for widespversus restricted species derived from
one population per species (in the second studyg@mnsistent with estimates of multivariate
climatic niche breadth from correlative modeling tfhe first study). As predicted, species with
broader thermal tolerances also had more genetitiom in thermal reaction norms and
experienced greater thermal variation across gemgraphic ranges than species with narrow
thermal tolerances. In three species pairs, spegsthgyreater phenotypic plasticity also had
broader thermal tolerances, but only one speciesppported the expectation of specialist-
generalist tradeoffs.

Although in the second study genetic variationtf@rmal performance within a single
population per species affected environmental &oleg, genetic variation in ecologically
important traits may vary across species’ ranghsofietical and empirical work suggests that
populations at the edges of species’ ranges m&ygleetic variation in one or more
ecologically important traits (Antonovics 1976, &lland Pannell 2008). Thus, for the third
study of my dissertation, within one widely distriedMimulusspeciesM. cardinalis |
estimated response to artificial selection on flomgetime across the species’ range to further
understand how genetic variation may promote cddrimiche evolution and range expansion. |
documented spatial variation in response to selean flowering time, but contrary to
prediction, southern populations exhibited sigiifity greater responses to selection on
flowering time than central or northern populatio¥ist, there was a trend (but not statistically
significant) of northern populations having lowesponses than populations from the range
center. Based on these results, while the norghepualations may be approaching a niche limit,

the southern populations, although geographicahpperal, probably do not occur in marginal
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niche space. In the second study of my dissertatifmund that a southern population\f
cardinalis (near Palm Springs, California) had less quantgagenetic variation and a narrower
thermal tolerance than a population of a closdbtee but more narrowly distributed species,
parishii, from the same locality. Given the spatial vadatin adaptive potential observed in the
third study of my dissertation, environmental taleze may also vary across the rang®lof
cardinalis explaining whyM. cardinalis despite being more widespread, had a narrower
environmental tolerance th&h parishii. Ultimately, the results from the second and third
studies provide the foundation with which to exaenow quantitative genetic variation
interacts with natural selection, and in turn, eti§dfitness and population dynamics.

Niche breadth (analogous to “habitat specificity’some literature) and geographic
range size constitute two axes of rarity (Rabine®81) that may impact extinction risk. In this
dissertation research, a strong relationship betweshe breadth and geographic range size
indicates that species with narrow niches and sgeaifjraphic ranges may be doubly at risk of
extinction. Moreover, species with narrow enviromtaétolerance may be particularly
vulnerable to changing climatic conditions dueatckl of plasticity and insufficient genetic
variation to respond to novel selection pressufemlly, genetic variation in ecologically
important traits played an important role in coasting the evolution of broad environmental
tolerance irMimulusspecies, but adaptive potential varied acrosgdographic range ofl.
cardinalis highlighting the importance of quantifying enviraental tolerance for multiple
populations across species’ ranges. The resuttgsflissertation research provide critical
insights into how variation in adaptive potential@g populations or species may influence

responses to environmental change.
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APPENDIX 1.1
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Figure S1.1 (a) Untransformed and (b) log-transformed freqyatistribution of geographical
range size (measured as extent of occurrence)dstenn North AmericaMimulusspecies.
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M. alsinoides M. androsaceus M. angustatus M. aurantiacus M. bigelovii

M. bolanderi M. breviflorus M. brevipes M. calciphilus M. cardinalis

M. clevelandii M. clivicola M. congdonii M. constrictus M. cordatus

M. dentatus M. dentilobus M. douglasii M. dudleyi M. eastwoodiae M. exiguus

M. filicaulis M. floribundus M. fremontii M. gemmiparus

M. guttatus M. inconspicuus M. johnstonii M. jungermannioides M. kelloggii M. laciniatus

Figure S1.2 Western North AmericaMimulusoccurrence data used to estimate geograp
range size, niche properties, connectivity and arhand occupancy of climatically suital
habitat (shown with Albers equal area conic pragecof North America
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M. latidens M. layneae M. leptaleus M. lewisii_north M. lewisii_Sierra M. mohavensis

Figure S1.2 (continued)
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Figure S1.4 Simple linear regressions of RANSR.t) and loge (EOO) on (a, c) niche breadth
and (b, d) niche position, respectively, and ofide)o (EOO) regressed on lag(NSRota),
excluding western North Americaimulusspecies occupying fewer than 10 grid cells. Inset
panels show relationships with outliers removec@e linear regressions of (f) lag
(NSR:/NSRuta) on connectivity of climatically suitable habitand of (g, h) log (EOO) on
logio0 (NSRc/NSR.ta) and connectivity of climatically suitable habjtegspectively, excluding
species occupying fewer than 10 grid cells. Ins@igls show relationships with outliers
removed. See Table S2.3 for definitions of abbitewis.
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Figure S1.5 Simple linear regressions of IRdNSRoa) and logo (EOO) on (a, c) niche breadth
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including the full set of 72 species of western thdkmericanMimulus Inset panels show
relationships with outliers removed. Simple lineagressions of log (NSR:/NSRqta) ON
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and (b, d) niche position, respectively, and ofilge), (EOO) regressed oNSR.,, based on

phylogenetically independent contrasts regressedigim the origin (contrasts shown are among

western North AmericaNMimulusspecies). Simple linear regressions of§dSR/NSRota)
on connectivity of (f) climatically suitable hahitand of (g, h) log (EOO) on logo
(NSR./NSRua) and connectivity of climatically suitable habjtegspectively, based on
phylogenetically independent contrasts regressedigin the origin. See Table S2.3 for
definitions of abbreviations and Table S2.6 for suames of regression models.
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APPENDIX 1.2

Detailed methods

Taxonomic issues

Although western North Americaviimulusis currently undergoing a taxonomic revision
(Barkeret al, 2012), the proposed changes are primarily to mehagure and retain the major
patterns of the phylogenetic hypothesis used iNotable exceptions that may affect our
analyses include splitting of widespread specias (@. guttatusandM. moschatusinto

multiple species. The proposed splits are basedaoilly on morphological rather than molecular
data, and they have not been widely adopted. Fumitre, it is not possible to map these very
recent changes in taxonomy onto the georeferenmarsens used here. However, we
conducted all the analyses with these potentiatiplematic species excluded and the results
were qualitatively similar, suggesting that ouruteswere not driven by a few widespread
species with problematic taxonomy. This is probdig#gause the new delineations retain a
widespread species with a few, newly offshootiragrowly distributed species whose limited
number of distribution records do not substantialtgr the estimation of parameters for the
originally named widespread speciEsr species occurring in California, we adopted the
taxonomic treatment used in Thompson (2011), anddecies that do not occur in California

we used accepted names from the International Rlamtes IndexHttp://www.ipni.org

accessed in June 2010), except when there werspeatlphylogenetic studies strongly
suggesting an alternative treatment.
We splitM. lewisiiinto two species (Sierra Nevadan and northerrddas

recommendations in Beardsleyal. (2003). FoM. cardinalis we eliminated occurrences from
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the south-western USA outside of California andi@iMexico, because these populations have
partial crossing barriers witll. cardinalisthat occurs across the majority of the speciegjea
from Oregon to northern Baja, California (Hiesyal, 1971; Beardslegt al, 2003).Mimulus
dudleyiwas included as a separate taxon finfloribundusbecause of evidence suggesting
substantial morphological and genetic divergenaa(Bsleyet al, 2004; Whittallet al,, 2006).
Finally, theM. palmericlade has recently undergone taxonomic changag#-2012), thus we
excluded specimens determined to species or subspediffusus(listed in Thompson, 2011,
as a synonym fa¥l. palmer) or barbatus(listed in Thompson, 2011, as a synonymMbr
montiode} which have been described as new species (F284a).

Exploratory approach to structural equation modagdji

Inspection of modification indices suggested thatuding paths connecting connectivity and
amount of suitable habitat and niche breadth andmancy of suitable habitat would greatly
improve the model fit. Thus we added a path fronoant of suitable habitat to connectivity to
incorporate the possibility that species with mavailable suitable habitat have higher
connectivity among pixels of suitable habitat tispecies with less available suitable habitat.
Specifically, when the amount of suitable habigagmall, suitable habitat for a species can be
distributed across the spatial extent of the stedyon in several ways, ranging from one or a
few cohesive patches to several isolated patchethéamount of suitable habitat increases, the
number of possible distributions of suitable hakatzross the study region decreases. This
geometric constraint mechanism may cause an ireraannectivity as the amount of suitable
habitat increases. Because we did not have a simdbogically plausible directional prediction
for the relationship between niche breadth and paeay of suitable habitat, we included a

correlation between niche breadth and occupanesyitdble habitat in our modified model.

122



When we included a directional path from amoundwfable habitab connectivity and a
correlation between niche breadth and occupansyitdble habitat, the observed co-variance
matrix from our dataset significantly deviated fréme modified mode{Satorra—Bentler
correctedy® = 33.811, d.f. = 7P < 0.001). However, when including correlations besw
amount of suitable habitahd connectivity and between niche breadth andpzoey of suitable
habitat, the observed covariance matrix from otagkt did not deviate significantly from this
modified model (Fig. 2b).

Null model

We used a null model in which we shifted the geplgieal centroid of the occurrences of each
species to a randomly chosen point within the stedyon. Subsequently, the occurrences were
rotated about their new centroid by a randomly ehamngle. We repeated this process of
shifting and rotating the occurrences of each gseantil we obtained 100 randomized
distributions for which all occurrences fell onemt within the study region, using tbel1.0-14
(Pebesma & Bivand, 2005) ardsTER2.1-66 (Hijmans, 2013) packages in R. Thus, these
randomized distributions preserved all aspecth®fpatial structure of the occurrence data of
each species, except their location within theystedion. We built a MXENT model for each of
the 100 randomized distributions of the occurrethatta of each species, and calculated niche
breadth, niche position, connectivity and amourmt arcupancy of suitable habitat using the
same procedures described for our dataset of adb@ccurrences. The spatial structure of the
occurrence data dfl. guttatusandM. floribundusprevented shifting and rotating occurrence
data within the study region. Given the very lirditeumber of ways the occurrence data for
these species could be distributed in the studpmnegve assumed that estimates of niche

properties, connectivity and amount and occupahsyitable habitat derived from randomized
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distributions of occurrence data closely matcheseoled estimates. Thus, for these two species,
we assigned the same observed estimate of eacihato each of the 100 randomized datasets.
Phylogenetic signal and phylogenetically indepemndentrasts
We performed four commonly used tests for phylogersggnal in each explanatory and
response variable (Minkemdller al, 2012). First, we implemented tests of serial patelence
(Abouheif, 1999) with 1000 permutations in heePHYLO 1.1-6 package (Jombart & Dray,
2008) in R. We chose this method because it doeseqaire branch lengths, it does not assume
an explicit model of evolution, and it can handédypomies (Abouheif, 1999). In addition, we
used Blomberg’s K (Blomberegt al, 2003) and Pagel’'s lambda (Pagel, 1999), whictrass
that traits evolve according to a Brownian motioodel. We used theHyTooLs0.3-72 package
(Revell, 2012) to test the null hypothesis of nglpbgenetic signal (indicated by lambda or K =
0), using a likelihood ratio test in the case of&s lambda and a randomization test (with 1000
randomizations) in the case of Blomberg’'s K. Therflo method we used to test for phylogenetic
signal was by comparing the fit of Brownian moti@rnstein—Uhlenbeck and white noise
models of evolution for each variable in our stanat equation models using tBe€IGER 1.99-
3.1 package (Harmoet al, 2008) in R. We used the sample size-correctedk&kaformation
criterion to assess model fit.

To conduct phylogenetically controlled analyses fing arbitrarily resolved all polytomies
in the tree and then obtained phylogenetically pashelent contrasts (Felsenstein, 1985) with the
APE 3.0-11 (Paradist al, 2004) andsEIGER packages in R. We were unable to transform branch
lengths to meet the assumption that the absolltesaf standardized contrasts are unrelated to
their standard deviations (Garlaetal, 1992), but phylogenetically independent contrasts

generally robust to violations of such assumpti@iaz-Uriarte & Garland, 1996). In addition to
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simple regressions testing the hypothesized caelksdionships depicted in Fig. 2b, we also
conducted correlation tests for other pairs ofalaas (Fig. 2b), using Pearson’s method for
normally distributed variables and Spearman’s mefoo variables that could not be
transformed to approach normality. Regressionscanelations were performed through the
origin (Felsenstein, 1985).

Results of simplelinear regressions

All three estimates of geographical range size \egkly correlated (Tables S1.3 & S1.4 in
Appendix 1.3). Furthermore, niche breadth was petit correlated with connectivity, and
negatively correlated with niche position and o@ngy of suitable habitat with raw species data
(Table S1.3 in Appendix 1.3) and with independeamttasts (Table S1.4 in Appendix 1.3).
Niche position was negatively related to connegtiwith raw species data but not with
independent contrasts, and unrelated to occupdrsuitable habitat (Tables S1.3 & S1.4in
Appendix 1.3). Amount of suitable habitat was pesly related to connectivity and negatively
related tooccupancy of suitable habif@tables S1.3 & S1.4 in Appendix 1.3). Consisterthwi

the hypothesized relationships in Fig. 2.2a, nioleadth was positively related to the number of
climatically suitable pixels across the study regamd range size, niche position was negatively
related to the number of climatically suitable péxacross the study regiand range size

(Tables S1.5 & S1.6 in Appendix 1.3; Figs S1.5a-8X&6a—d in Appendix 1.1), and the number
of climatically suitable pixels was positively redd to range size (Tables S1.5 & S1.6 in
Appendix 1.3; Figs S1.5e & S1.6e in Appendix 1Al)hough three outlier species that are
endemic to Mexico may appear to have a low niclsitipn because of geographical marginality
in relation to the study region, which thus mayddviven this relationship, niche position was

even more strongly negatively related to amoursuitible habitat and range size when we
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removed these three outliers (Table S1.5 in Appehd; Fig. S1.5b, d in Appendix 1.1). With
raw species data, habitat connectivity was nedstietated to occupancy of suitable habitat
within species’ ranges and unrelated to occupahsyitable habitat once outliers were removed
(Table S1.5 in Appendix 1.3; Fig. S1.5f in Appendig), and with independent contrasts habitat
connectivity was unrelated to occupancy (Table 81 Appendix 1.3; Fig. S1.6f in Appendix
1.1), providing no support for the prediction giasitive relationship. Occupancy of suitable
habitat was not related to range size (Tables &5%.6 in Appendix 1.3; Figs S1.5g & S1.6g in
Appendix 1.1), and habitat connectivity was positjrelated to range size (Tables S1.5 & S1.6

in Appendix 1.3; Figs S1.5h & S1.6h in Appendix)1.1
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APPENDIX 1.3

Table S1.1 Data sources for western North Ameriddimulusspecies.

Accessed through the California Consortium of Heeha&80 June 2011

California Academy of Sciences

California Department of Food and Agriculture
California State University, Chico

Humboldt State University

New York Botanical Garden

Rancho Santa Ana Botanic Garden and Pomona Caltegbined herbaria
San Diego Natural History Museum

San Diego State University

San Jose State University

Santa Barbara Botanic Garden

UC Berkeley

UC Davis

UC Irvine

UC Riverside

UC Santa Barbara

UC Santa Cruz

Accessed through the Consortium of Pacific Northwtssbaria, 13 May 2010

B. A. Bennett Herbarium, Yukon Government
Oregon State University

Royal British Columbia Museum

The New York Botanical Garden

University of Alaska, Fairbanks - Museum of the tior
University of Washington

Accessed through the Southwest Environmental Indtion Network, 7 April 2010

Arizona State University Vascular Plant Herbarium
Cochise County Herbarium

Colorado State University Herbarium

Comisién Nacional para el Conocimiento y Uso dBitiversidad
Deaver Herbarium

Desert Botanical Garden Herbarium Collection

ENMU Natural History Collection Herbarium

Grand Canyon National Park

Herbario de la Universidad de Sonora

Intermountain Herbarium

Madrean Archipelago Biodiversity Assessment Obdema
Navajo Nation Herbarium
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New Mexico State University Herbarium

New York Botanical Garden

University of Arizona Herbarium

University of California, Riverside Plant Herbarium
University of Colorado Museum Herbarium

University of New Mexico Herbarium

US Forest Service Southwestern Region - TEUI Hanbar

Other

Angert lab field collections, 1998-2011
Missouri Botanical Garder22 November 2006
Pullen Herbariuml17 November 2006

Rocky Mountain Herbarium, 4 February 2010
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Table S1.2 Area under the receiver operating characteristicec(AUC) values from MXENT
models trained with all occurrence points, and m&dg + 1 standard error (SE) fromAMENT
models using cross-validation with two replicatesdpecies witm < 10, and 10 replicates for
species witm > 10.

Models trained with all
occurrence points Cross-validation models withicapes
Training AUC Mean training AUC Mean test AUC

Mimulusspecies n full +1SE +1SE

M. alsinoides 98 0.985 0.985+0 0.981 + 0.001
M. androsaceus 37 0.995 0.995+0 0.994 + 0.001
M. angustatus 30 0.997 0.998 + 0 0.997 + 0.001
M. aurantiacus 551 0.968 0.97+0 0.968 + 0.001
M. bicolor 72 0.994 0.994+0 0.994 + 0.001
M. bigelovii 206 0.976 0.978+0 0.972 £ 0.002
M. bolanderi 76 0.993 0.993+0 0.992 + 0.001
M. breviflorus 49 0.974 0.974 + 0.001 0.965 = 0.008
M. brevipes 164 0.990 099+0 0.988 + 0.001
M. breweri 256 0.973 0.9750 0.969 = 0.003
M. calciphilus 3 0.990 0.748 £ 0.248 0.729 + 0.229
M. cardinalis 333 0.972 0.973x0 0.969 =+ 0.001
M. clevelandii 23 0.997 09970 0.996 + 0.001
M. clivicola 5 0.976 0.976 = 0.003 0.976 £ 0.004
M. congdonii 40 0.993 0.993+0 0.992 + 0.001
M. constrictus 40 0.997 0.998 £ 0 0.997 £0
M. cordatus 7 0.909 0.933 £ 0.036 0.894 + 0.045
M. cusickii 56 0.981 0.981+0 0.972 + 0.006
M. dentatus 54 0.993 0.993+0 0.992 + 0.001
M. dentilobus 43 0.951 0.949 + 0.001 0.914 £ 0.016
M. douglasii 85 0.991 0.990+0 0.989 + 0.001
M. dudleyi 9 0.994 0.994 + 0.003 0.993 £ 0.001
M. eastwoodiae 21 0.993 0.993+0 0.991 + 0.002
M. exiguus 8 0.961 0.959 £ 0.015 0.944 + 0.007
M. filicaulis 6 0.997 0.997 £ 0.001 0.997 + 0.001
M. floribundus 441 0.908 0.910 £ 0.001 0.882 £0.01
M. fremontii 128 0.986 0.988+0 0.984 + 0.004
M. gemmiparus 5 0.990 0.993 + 0.006 0.982 + 0.008
M. glaucescens 28 0.998 0.998 + 0 0.998 + 0.001
M. gracilipes 5 0.995 0.993 + 0.002 0.991 + 0.002
M. guttatus 1993 0.818 0.825+0 0.814 £ 0.005
M. inconspicuus 40 0.996 0.996 + 0 0.996 + 0.001
M. johnstonii 22 0.997 09970 0.996 + 0.002
M. jungermannioides 5 0.988 0.986 + 0.007 0.985 + 0.008
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Ttk

. kelloggii

. laciniatus

. latidens

. layneae

. leptaleus

. lewisii_north
. lewisii_Sierra
. mohavensis
. montioides

. moschatus

. hanus

. norrisii

. hudatus

. pallens

. palmeri

. parishii

. parryi

. patulus

. pictus

. pilosus

. primuloides
. pulchellus

. pulsiferae

. purpureus

. pygmaeus

. rattanii

. rubellus

. rupicola

. shevockii

. suksdorfii

. tilingii

. torreyi

. tricolor

. verbenaceus
. viscidus

. washingtonensis
. Whitneyi

. wiensii

76
32
43
145
32
65
208
17
43
439
371

13
21
71
48
18

13
334
272

12

81

13

16

20
232

148
220
115
106
54
27
14
30

0.994
0.995
0.989
0.989
0.995
0.995
0.966
0.998
0.990
0.956
0.968
0.992
0.999
0.983
0.992
0.993
0.988
0.912
0.997
0.965
0.973
0.998
0.991
0.980
0.997
0.997
0.936
0.996
0.992
0.962
0.969
0.993
0.990
0.930
0.997
0.964
0.998
0.992

0.994+0
0.996 +0
0.989+0
0.989+0
0.996 + 0
0.967+0
0.995+0
0.998+0
0.991+0
0.957+0
0.970+0
0.994 + 0.005
0.999+0
0.982 +0.001
0.993+0
0.994+0
0.988+0
0.971 £0.01
0.998+0
0.965+0
0974 +0
0.998+0
0.990+0
0.983 +0.001
0.995+0
0.998+0
0.937 + 0.001
0.998 +0
0.992 + 0.001
0.962+0
0.970+0
0.993+0
0.990+0
0.932 +0.001
0.997+0
0.964 + 0.003
0.998+0
0.994 +0.004

0.993 + 0.001
0.994 + 0.002
0.986 + 0.003
0.988 +0.001
0.993 + 0.003
0.959 +0.003
0.995 + 0.001
0.987 +£0.011
0.988 + 0.004
0.951 +0.002
0.967 + 0.002
0.990 = 0.002
0.999+0
0.950 + 0.026
0.991 + 0.001
0.992 +0.001
0.985 + 0.005
0.776 £ 0.034
0.997 + 0.001
0.958 +0.002
0.968 + 0.005
0.998 +0.001
0.989 + 0.001
0.960 +0.021
0.994 + 0.001
0.997 +£0.001
0.908 + 0.008
0.993 +0.001
0.987 + 0.002
0.948 + 0.005
0.963 + 0.004
0.993+0
0.987 + 0.002
0.889 +0.016
0.996 + 0.001
0.937 £0.02
0.997+0
0.968 +0.01
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Table S1.3 Bivariate correlations between pairs of explanat@riables and between pairs
of response variables (geographical range sizeunsdaE OO, extent of occurrence;
LOE, longitudinal extent; antdAE, latitudinal extentNB, niche breadthNP, niche
position;CONN connectivity;NSRq4, total number of climatically suitable pixels;
NSR/NSRua, proportion of climatically suitable pixels thataoccupied). When
possible, variables were transformed to meet assanspof normality. All correlation
coefficients were Pearson's except when derfpfadvhich case Spearman's correlation
coefficient is reported because at least one viariahs not normally distributed.

*Significant atP < 0.05.

Variable 1 Variable 2 Correlation coefficient

Log10(EQO) Log10(LOE) 0.953*

Logio(EOO) LAE># 0.952*

Logio (LOE) LAE># 0.902*

NB%# NP —0.543*%

NB# CONN 0.624%

NB’# Loguo —-0.518*
(N S I%cc/ NS Rota\)

NP CONN —0.645*

NP Logio 0.18%
(N S I%cc/ NS Rota\)

CONN L0g10(NSRota) 0.769%

LOglO (NSR)CC/NSRota\) I—OglO (NSRota\) —0.529*
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Table S1.4 Bivariate Pearson’s correlation coefficients betweairs of explanatory variables
and between pairs of response variables in the &npmylogenetically independent contrasts.
Correlation coefficients were computed throughdhgin. *Significant atP < 0.05.

Abbreviations as in Table S2.3.

Variable 1 Variable 2 Correlation coefficient
Logio(EOO) Log1o(LOE) 0.954*
Log:o(EOO) LAE># 0.950*
Logio (LOE) LAE># 0.863*
NBY# NP —0.481*
NB®#* CONN 0.334*
NBY# Logo —-0.510%
(N S I%cc/ NS Rota\)
NP CONN -0.170
NP LOg]_o 0.081
(N S I%cc/ NS Rota\)
CONN Log10(NSRsta) 0.474*
L0010 (NSRc/NSRota)  L0G910(NSRota) —0.468*
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Table S1.5 Summary of simple linear regression analyses ofjgghical range size metrics
regressed on niche properties and colonizationtyaldriables. Variables were transformed to
meet normality assumptions and improve model fitbieviations as in Table S2.3.

Response Predictor Predicton B R P
Niche properties
Log10(NSRota) NB”# + 2.689 0.760 < 0.001
L0g10(NSRota) NP (all species) - —0.0960.169 < 0.001
L0g10(NSRuta) NP (outliers removed) - —-0.384.607 < 0.001
Logi0(EOO) NB>* + 2.893 0.337 <0.001
Logi0(EOQO) NP (all species) - -0.1610.181 < 0.001
Log10(EQO) NP (outliers removed) - -0.479.381 <0.001
Logi0(EOCO) NSRota + 1.130 0.489 <0.001
Colonization ability
Logio (NSRc/NSRyta) CONN(all species) + -0.1170.111 0.004
Logio (NSRc/NSRota) CONN(outliers + —-0.135 0.029 0.161
removed)
Logi0(EOO) Logic (NSRc/NSRota) + 0.221 0.015 0.305
Logi10(EOCO CONN(all species) + 0.2610.169 <0.001
Log10(EOO CONN(outliers + 0.950 0.413 <0.001
removed)
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Table S1.6 Summary of simple linear regression analyses ofjgghical range size metrics
regressed on niche properties and colonizationtyaldriables for phylogenetically independent
contrasts. Abbreviations as in Table S2.3.

Response Predictor Prediction B R P
Niche properties

Log10(NSRota) NB"* + 2.797 0.844 <0.001
L0og10(NSRota) NP - -0.249 0.421 <0.001

Logi0(EOO) NB># + 3.351 0.477 <0.001
Log10(EQO) NP - —-0.393 0.410 < 0.001
Logi10(EOCO Log10(NSRota) + 1.263 0.628 < 0.001
Colonization ability

Logig (NSRc/NSRya) CONN + —0.090 0.027 0.179
Log10(EOO) L0010 (NSRc/NSRota) + 0.081 0.002 0.706
Logi0(EQO CONN + 0.414 0.189 <0.001
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APPENDIX 2

Table S2.1 Akaike Information Criterion (AIC) values for thedunctions relating relative
growth rate RGR to temperaturel(). ForM. cardinalis M. parishii, M. verbenaceysvi.
eastwoodiagM. floribundus andM. norrisii, we fitted thermal performance curveRGRIn
leaf number, and fa¥l. bicolor, M. filicaulis, M. guttatusand M. laciniatuswe fitted curves to
RGRIin stem length.

QuadraticRGR = a + bT + cT?

[T-b]

GaussianRGR = ae **C < )’
T-c\2"1 T—c\¢ b-1

KumaraswamyRGR = ab (E) (1 - (E) ) * e
Species Quadratic Gaussian Kumaraswamy
M. cardinalis -919.38  -928.02 -955.35
M. parishii -1601.69 -1616.06 -1635.48
M. verbenaceus -1038.21 -1032.07 -1038.99
M. eastwoodiae -1748.65 -1750.47 -1754.65
M. floribundus -419.22  -409.82 -421.74
M. norrisii -585.92 -580.91 -582.86
M. bicolor -311.87 -322.86 -320.35
M. filicaulis -289.60 -298.90 -298.08
M. guttatus -0.77 -18.29 -15.12
M. laciniatus -101.19  -131.73 -132.90
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Table S2.2 Widespread and restricted species pairs (dengtegdxries with the same letter subscript) withrttedmperformance

curve parameter estimates and standard errorsemgb@ses based on the function with lowest AlGetarh species pair (Table S3.1).
Kumaraswamy functions were used lér cardinalis M. parishii, M. verbenaceysaandM. eastwoodiaegquadratic functions were
used forM. floribundusandM. norrisii, and Gaussian functions were usedMiobicolor, M. filicaulis, M. guttatus andM. laciniatus

Species a b c d e

M. cardinalig 5.0297 (9.6818) 1.6020 (0.5649) 0.0169 (0.0265) .78A@6 (140.0574) 42.8386 (0.8120)
M. parishif® 2.8651 (1.3166) 1.7845 (0.4111) 0.0445 (0.0131) 7593 (15.7290) 43.4152 (1.0063)
M. verbenaced’s 1.6747 (1.1715) 1.5477 (0.3846) 0.0216 (0.0076) 1727 (25.9027) 42.5 (0.0006)

M. eastwoodide 5.0550 (6.2427) 6.6078 (12.3484)  0.0160 (0.0146) 3.5&00 (56.5170) 48.6824 (16.4937)
M. floribundus  -0.0003 (0.0000)  0.0159 (0.0019) -0.0713 (0.0213) A N NA

M. norrisii® -0.0002 (0.0000) 0.0112 (0.0011) -0.0604 (0.0123) A N NA

M. bicolor” 0.2252 (0.0146) 27.3343 (0.6395)  8.5723 (0.656) NA NA

M. filicaulis 0.1277 (0.0111) 28.4099 (0.8049)  8.1058 (0.8224) NA NA

M. guttatu$ 0.4420 (0.0539) 32.2227 (0.8492) 6.0432 (0.8693) NA NA

M. laciniatu$ 0.3501 (0.0286) 30.3411 (0.5184)  5.4491 (0.533) NA NA
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