ABSTRACT

Annual manipulations of temperature and rainfallehbeen maintained in intact
calcareous grassland since 1993 at the Buxton @i@hange Impacts Laboratory
(BCCIL) in northern England (UK). Here | investigdtthe role of local adaptation as
mechanism of the apparent resistance of speciéshtpterm climate manipulations at
BCCIL using a common forlilantago lanceolata. Plantago lanceolata is a rosette-
forming, perennial herb of wide-ranging distributj@and one of the more common forbs
in calcareous grasslands, including BCQM_the first study | used a common garden
approach to test for evidence of selection foredéht suites of functional traits ih
lanceolata populations exposed to chronic summer drought aIBCResults suggest
that avoidance strategies associated with highotemmtive allocation were more common
in populations exposed to long term experimentaudht versus populations from
controls and that soil depth moderated treatmdatist In the second study | revealed
significant treatment based genetic differentiatioR. lanceolata populations using
molecular markers (AFLPs: Amplified Fragment LenBtilymorphisms) that suggests a
genetic basis for the functional differentiationd®nt in the common garden study.
Finally | expanded environmental monitoring andt @aalyses oP. lanceolata to
calcareous grassland systems in the landscapeauading BCCIL in an effort to relate
the extent and spatial structure of nested lan@sgegdients corresponding to soil water
supply and demand and the spatial structure o&tran in six functional traits that reflect
the main axes of functional differentiation foumdihe common garden study. Abiotic
gradients associated with soil water dynamics hstthdt spatial structures which in turn

promoted the hierarchical partitioning of intrasfiedunctional diversity in five of the



six functional traits measured. Taken together esyits suggest a genetic basis for local
intraspecific functional differentiation iR. lanceolata which in turn has allowed this
species to adajpm situ to experimental climate manipulations. Furthermaoeal and
landscape scale gradients in factors related noaté change (e.g., soil moisture)
promote functional trait variation at associateales which may buffer this species from

future climatic change.
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Chapter 1
INTRODUCTION

Overview

Global mean temperatures are projected to incieaded-4° C by the end of the
21 century (IPCC 2007). The magnitude and directibchanges in precipitation are
much more uncertain and region specific (IPCC 200l projections consistently
predict more extreme intra-annual precipitatiorimegs with longer periods of
intermittent drought (Easterling et al. 2000, IP@ED7). Higher temperatures and altered
precipitation regimes could potentially expose dn novel climatic conditions, with
no modern analog (Williams et al. 2007). Given thatming stimulates
evapotranspiration and reduces soil water avaitglfé.g., Harte & Shaw, 1995, Rustad
et al., 2001; Niu et al., 2008), increased tempeesatcould exacerbate drought conditions
and cause large carbon losses (Angert et al., Z@shears et al., 2005, Ciais et al.,
2005) with feedbacks that could exacerbate the paongoing climatic change

(Heimann & Reichstein, 2008).

Evidence that climatic changes are affecting edegsyprocesses is accumulating
rapidly (e.g., Rustad 2008, Wu et al. 2011). Ecesygprocess rates such as
photosynthesis and respiration both generally ss®evith temperature (Rustad et al.,
2001), and their respective rates dictate the tiagutarbon balance. Warming tends to
increase plant productivity but ecosystems vaphemagnitude of their response
(Rustad et al., 2001, Lin et al., 2010, Wu et2011). Altered precipitation regimes
influence community- and ecosystem-level respotsasarming (Dukes et al., 2005, Wu

et al.,2011). In a recent meta-analysis of 85 stidi ecosystem level responses to



warming and precipitation manipulations, warmergenatures generally increased rates
of carbon cycling and temperature based responsesgenerally stimulated with

increased precipitation and reduced under drougiditions (Wu et al. 2011).

Migration and adaptation

Climatic conditions have long been known to beimnary determinant of
species’ geographic ranges (Schimper 1903), dtleetdemonstrated influence of
temperature and precipitation on plant survival empfoductive success (Woodward
1987, Woodward & Williams 1987). Projected climatltanges, including increased
temperatures and more variable precipitation regjrage expected to impose strong
directional selection pressures on plant populat{@avis and Shaw, 2001, Davis et al.,
2005, Jump and Penuelas, 2005, Reusch and Wood AQ9p et al. 2009a, Anderson et
al. 2012). Evidence suggests that significant pateivshifts and upslope migrations have
already occurred in a wide array of taxa (Parmé&sdiohe 2003, Parmesan 2006,
Walther 2003, 2010). Although these studies sugbestspecies have the potential to
migrate, dispersal limitation (Davis et al. 1986l Vikely reduce the ability of species to
track the climate to which they are adapted (D& &haw 2001).

While many studies have examined the need and ibpphspecies to migrate
poleward as the climate shifts (e.g., Davis andA\&52@01, McLachlaret al. 2005,
Neilsonet al. 2005, Pearson 2006), the potential for local aatapt remains
understudied despite the recognized potential éoegc diversity to buffer species from
climate-induced local extinction (Jump and Pefiu2@35, Jump et al. 2009a). Selection
on extant genetic variation is considered to baragry mechanism by which

populations could adapt in-situ to rapid environtakohanges (Jump and Penuelas



2009a, Anderson et al. 2012). It is the ‘optioruealof genetic diversity (sensu, Jump
and Penuelas 2009a), that makes it such an impa@darponent of species potential
resistance to climate change (Reusch et al. 2Q08p &nd Penuelas 2005, Reusch and
Wood 2007, Gienapp et al. 2008, Hoffmann and VEDIO8, Jump et al. 2009a).

Spatial and temporal variation in selection pressalter the relative fitness of
genotypes through space and over time, and thubecarmechanism by which genetic
diversity is maintained in natural populations (hamt and Grant 1996, Jump et al., 2006,
Jump et al. 2009a). Spatial and temporal abiotierbgeneity combined with biotic
factors including competition (Aarssen and Turkorg985, Taylor and Aarssen 1990,
Fridley et al. 2007, Whitlock et al. 2010, 2011 gyralternate selection pressures such
that effective selective neutrality is maintaine@olonger timescales at the population

level (Jump et al. 2006, Jump et al. 2009Db).

Climate linked genetic variation can provide a neefam populations to respond
to selection on a timescale relevant to the fastraf change projected under
contemporary climate change (IPCC 2007, BradshalHwizapfel 2006, Hoffman and
Willi 2008). Adaptation was generally consideredhéwve played only a minor role in
mitigating plant responses to past climate chaf@esdshaw 1991, Huntley 1991).
However, evidence of both local adaptation anddrapplution in response to
contemporary climate change (Reusch et al. 200&g9raw and Holzapfel 2006, Jump
et al. 2006, Jump et al. 2008, Jump et. 2009) paxpdilation differentiation along climate
gradients (Jump et al. 2006, 2008, 2009b), dematestinat local climate gradients exert

strong selection pressure on plant populationshdin& Grant 1996) and suggest that



the role of genetic variation in species’ respdasgast climatic changes may well have

been underestimated (Davis & Shaw 2001).

Study System

The Buxton Climate Change Impacts Laboratory (BQ@iLnorthern England
(UK) is an experimental manipulation of climatettas (winter warming, summer
drought, enhanced summer rainfall, warming/drowagtat warming/rainfall) in intact
limestone grassland. Annual manipulations of tewjpee and rainfall have been
maintained at BCCIL since 1993 and community contjgsshas remained relatively
stable in experimental treatments (Grieb@l. 2000, 2008, Fridlegt al. 2011). Such
resistance is rare, most studies that manipulatet? on extant terrestrial ecosystems
report fairly rapid species-level changes, sugggdtiat local adaptation is not
significant e.g., Harte and Shaw 1995, Arft et al. 1999, Griehal. 2000, Zavaletat al.
2003, Evans et al. 2011). Resistance is attribiatdélde relatively stress tolerant flora
typical of these infertile calcareous grasslandsctvmay be more resistant to climatic
changes than more productive grassland commuwitiestile soils (Grime et al. 2000,
2008, Matesanz et al. 2009). Similar relationshigisveen resistance and fertility have
been found in serpentine systems (reviewed in Dherset al. 2012), where resistance is
also attributed to reduced productivity and setecfor stress tolerant functional traits
(Fernandez-Going 2012).

Although compositional shifts have been relativaiypor at BCCIL overall, there
were rapid and persistent effects of climate mdaipns on species composition which
are attributed to differences in soil moisturelstaimong experimental treatments

(Grime et al. 2008). These minor compositionaltshafe consistent with known species



associations corresponding to topographic oriemmedaind associated soil moisture
dynamics (Perring 1960, Bennie et al. 2008). Fredesmigration of individuals along a
soil depth gradient may also be part of the medmamhaintaining species stability in

experimental treatments at BCCIL (Fridley et aD12).

Genetic restructuring has been hypothesized apateatial mechanism in the
apparent resistance of this grassland communitynig-term climate manipulations
(Grime et al. 2008). Compared to migration, theepbal for local adaptation is likely to
be highest under circumstances where: a) therdfisisnt local genetic variation that
underlies quantitative traits relevant to climatsfts; b) the environmental shift is more
than can be accommodated by phenotypic plastigitgt;c) species-level changes are
restricted (e.g., from dispersal limitation) or ocenore slowly than population-level
change (Moseet al. 2011). Most species common to this calcareousignag system are
obligate outcrossers with high local phenotypidatésn that has a genetic basis (Booth
and Grime 2003, Fridlegt al. 2007, 2010, Biltoret al. 2010, Whitlock et al. 2007,

2010).

Research overview

My dissertation focuses on one of the more commodosfat BCCIL Plantago
lanceolata P. lanceolata is a rosette-forming, perennial herb with a widaging
distribution (Sagar and Harper 196RB)antago lanceolata is self-incompatible and wind
pollinated but displays substantial local genetffecentiation (Boset al. 1986) and has
distinct genetically determined phenotypes bottegitonal and fine scales (Primack and
Antonovics 1982, Teramura 1983, van Tienderen 1968sor and Goodnight 1997,

Wolf and van Delden 1987, 1989). Recent work documgenetic differentiation iB.



lanceolata populations exposed to elevated ozone and sudgegst$ocal diversity
allowed populations to respond to abiotic pertudrest by genetic restructuring (Koélliker

et al. 2008).

Chapter 11: Local adaptation to long-term climate change in a calcareous grassland

In this chapter | examined whether there was eviderf functional
differentiation inP. lanceolata populations exposed to nearly two decades of summer
drought at BCCIL. Individuals were harvested frdrought and control treatments
across a range of soil depth classes, propagatddyrawn in a common greenhouse
environment. | measured 24 functional traits teéiect primary axes of interspecific
functional co-variation, corresponding to drougiietance, drought avoidance, and
competitive strategies (Grime et al. 1977). Tragssistent with a competitive strategy
(e.g., high specific leaf area (SLA), high photastic capacity, large vegetative
allocation, rapid vegetative expansion, more egeaivth habit) confer a fast rate of
growth at the cost of resource retention (highirasipn, high leaf turnover) (Grime et al.
1997, Reichet al. 2003). Tolerance syndromes are characterizedvoydtes of biomass
turnover and growth but high water- and resouraeaiiciency (e.g, low respiration,
low SLA, low total biomass, low maximum photosyritbeate, thicker leaves) (Grime
1997, Diazet al. 2004, Wright 2004). A drought avoidance strategyghiaracterized by
an earlier growth and flowering phenology, befdre donset of drought (Geber and
Dawson 1990, Heschel and Riginos 2005).

Increased water stress in drought treatments waecéed to favor drought
avoidance or tolerance strategies. If chronic sumdneught creates ephemeral patches

suitable for colonization and growth, then an asack strategy that promotes rapid



growth and regeneration before the next droughtdvba favored. In contrast, selection
for more competitive strategies was expected irtrobtreatments and in deeper soils.
The main axis of functional variation reflectedadeoff between reproductive and
vegetative allocation, consistent with drought daoice and competitive strategies,
respectively. Avoidance strategies were more prentim drought populations whereas
competitive strategies were more prominent in pafahs from control treatments, but
only in deeper soils. Results suggest that pofuldavel shifts can be a mechanism of
resistance to local climate-induced extinction #rat local edaphic heterogeneity fosters
high genetic diversity, which provides a rangeaafdl phenotypes upon which drought-
based selection may act. Such a result is consistnadaptation as a mechanism
contributing to community-level resistance to climahange at BCCIL (Grimet al.

2008).

Chapter I111: Genetic response to long-term climate manipulations and fine-scale
abiotic heterogeneity in a common herb

Evidence of both local adaptation and rapid evolutn response to
contemporary climate change suggests that locatmediversity can be an important
mechanism of species resistance to climate chadgesch et al. 2005, Bradshaw and
Holzapfel 2006, Jump et al. 2006, Jump et al. 2008)p et. 2009a). In the third chapter
| used molecular techniques (AFLPs: amplified fraginength polymorphisms) to
determine whether there is evidence of genetieugdfitiation among populations in
different climate treatments. The replicated bldekign of the experimental treatments
at BCCIL offered a powerful means to distinguistwaen population structure

generated by stochastic processes (e.g., driftdfestential gene flow) versus structure



generated by selection (Bonin et al. 2007, Nosill e2008). Differentiation associated
with drift would generate strong but stochastictispgenetic structure whereas treatment
based selection would generate parallel divergpatterns among control-treatment
pairs in separate experimental blocks.

| detected minor, but significant amount of treatitdeased genetic structure,
which supports the hypothesis tifat anceolata populations have adapted to long term
experimental manipulations at BCCIL through locahetic restructuring. Evidence of
treatment based selection was most pronounceceopgitation manipulation treatments
(drought and increased rainfall treatments, inclgdactorial combinations with
heating), which suggests that genetic differemratn P. lanceolata corresponds to
gradients in soil water dynamics determined bytineat based differences in soil water
supply (precipitation manipulations), which in twwan be modulated by increased
demand in increased temperature manipulations.nragether this suggests titat
lanceolata is particularly sensitive to gradients in wateritlality. Parallel divergence
patterns in replicated pairwise control-treatmenttrasts strongly suggest local
adaptation in response to climate treatments acld @ypattern would be unlikely to arise
due to type | error or genetic drift (Campbell &&tnatchez 2004, Bonin et al. 2006,

2007, Nosil et al. 2008).

Chapter 1V: Intraspecific plant trait variation in a heterogeneous landscape:
population response to fine-scale soil moisture gradients

Environmental conditions imposed by experimentdtiments and modified by
fine-scale edaphic heterogeneity (‘microsite’)hie £xperimental plots at BCCIL are

representative of gradients in temperature andrveatlability, known to exert strong



selective pressure on plant populations (Delcauwdt@elcourt 1988, Dunning et al. 1992,
Levin 1992). Populations may be able to adapttuisi future climatic shifts through
functional restructuring via selection for gentog@ased on their relative fitness and
through individual phenotypic plasticitih better understanding of the spatial structure of
intraspecific adaptive functional variation couhdgrove our ability to predict species’
range changes under climate change that genessilyrae no variation within species
(Jump and Pefiuelas, 2005).

In the fourth chapter, | expanded environmental iloboing and trait analyses of
P. lanceolata to calcareous grassland systems in the landscageisding BCCIL. |
measured six functional traits that reflect majadéeoffs and strategies demonstrated at
the species level (Grime et al. 1997, Diaz et @042 Wright et al. 2004) which are also
reflected in the main axes of local intraspecificiation found irP. lanceolata
populations at BCCIL (Chapter 2). My objectives @&y characterize the spatial
structure of gradients in soil moisture that ocaunested spatial scales in this calcareous
grassland; 2) determine the extent and spatiadtsirel of functional trait variation in six
traits that correspond to well-known functionaleaffs and strategies demonstrated at
species level; 3) to relate the extent and spsttiatture of abiotic gradients and
functional variation

Abiotic gradients associated with soil water dynasriiad distinct spatial
structures which in turn promoted the hierarchpaatitioning of intraspecific functional
diversity in five of the six functional traits meaed. Trait-environment relationships
were particularly pronounced for SLA. Given thatdacape scale gradients in soill

moisture dynamics emulate a range of conditiongebgal under future climate change,



evidence of associated functional structuring satgygnat extant populations may be able
to adjust to climatic shifts through individual gleeity or genetic restructuring. Such a
result suggests that local and landscape scabspcific functional trait variation may

buffer this species from future climate change.
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SUMMARY

1. Populations of the common perennial helidntago lanceolata have been exposed to nearly
two decades of summer drought at the Buxton ClirGdi@nge Experiment (BCCIL), a

controlled manipulation of climate factors in a@s-rich limestone grassland in northern
England.

2. We used a common garden approach to test fdeese of selection for different suites of
functional traits inP. lanceolata populations exposed to chronic summer drought anuka a

soil depth gradient.

3. The main axis of functional variation reflectettadeoff between reproductive and vegetative
allocation, consistent with drought avoidance amihetitive strategies, respectively. Avoidance
strategies were more prominent in droughted pojaatwhereas competitive strategies were
more prominent in populations from control treattsefireatment differences were more
pronounced in shallower soils. Deeper soils in lathtrol and drought treatments promoted
functional differentiation associated with compeétstrategies suggesting that selective
pressures imposed by different climate treatmemtsredified by fine scale edaphic
heterogeneity.

4. Synthesis. Results suggest that population-level shiftslmaa mechanism of resistance to
local climate-induced extinction. Trait differerti@ with respect to fine-scale variation in soil-
depth suggests that edaphic heterogeneity fosiginddral genetic diversity, which provides a

range of local phenotypes upon which drought-baséettion may act.

Key-words: Adaptation, climate change, drought, functionaits; grassland?lantago

lanceolata
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INTRODUCTION

The need and capacity of species to migrate pottasthe climate shifts has been well
documented (Davis and Shaw 2001, McLachlan et0&l52Neilson et al. 2005). The potential
for local genetic diversity to buffer species frofimate-induced extinction, however, remains
understudied (Jump and Pefiuelas 2005). Comparadytation, the potential for an
evolutionary response to climate change is likelp¢ highest under circumstances where: a)
there is sufficient local genetic variation undarfyquantitative traits relevant to climatic shifts
b) the environmental shift is more than can be arnodated by phenotypic plasticity; and c)
species-level changes are restricted (e.qg., frapedsal limitation; Davis et al. 1986, Davis and
Shaw 2001) or occur more slowly than populatiorelehange (Moser et al. 2011). Most
experimental studies of climate change in terralssiystems have led to fairly rapid species-level
changes, suggesting that compositional shifts pdeckvolutionary responses and thus
population-level responses are at best a weak coemp@f community climate responses
(Chapin et al. 1995, Harte and Shaw 1995, Grina. @000, Zavaleta et al. 2003, Klein et al.
2007, Mikkelson et ak008).

At the Buxton Climate Change Impacts Laboratory (8 in northern England (UK),
annual manipulations of temperature and rainfalehaeen maintained since 1993 and most
species have not experienced large changes in aboadh response to experimental treatments
(Grime et al. 2000, 2008, Fridley et al. 2011). M&Eecies common to this calcareous grassland
system are obligate outcrossers with high locahphgic variation that has a genetic basis
(Booth and Grime 2003, Fridley et al. 2007, Biletral. 2010, Whitlock et al. 2010). Adaptation
to experimental treatments has been hypothesizedeapotential mechanism of species

persistence (Grime et.&1008), but it is unclear whether selection or fpiety underlies species’
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stability. In a recent genetic study of one of thest common BCCIL forb$lantago lanceolata
L., Ravenscroft et al. (in prep.) detected sigaifictreatment-based genetic structure (3%) and
parallel divergence patterns in droughted plotesgexperimental blocks. This supports the
hypothesis that extapbpulations have resisted long term experimentalipogations at BCCIL
through local genetic restructuring. Howevergeinains unclear how populations responding to
chronic drought have differentiated from contropptations, and whether such variation stems
from natural polymorphisms maintained locally ispense to spatial heterogeneity in
environmental conditions such as water availab{l@yime et al. 2008, Fridley et al. 2011).

Differentiation across gradients of temperature &atker availability has been reported
for several grassland species (Hamrick andAllartR1®$amrick and Holden 1979, Owuor et al.
1997, Li et al. 1999) and local differentiation rons patterns found at range-wide scales
(Hamrick and Allard 1972, Hamrick and Holden 1978jerannual variation in temperature
promotes fine-scale genetic differentiatiorBeiula pendula (European white birch) (Kelly et al.
2003) and rising temperatures have cause rapidiadajfferentiation inFagus sylvatica (Jump
et al. 2006). Moisture stress is considered tdbetimary driver of fine-scale adaptive
differentiation in several conifer species(JumpleR005). Drought has led to the rapid
evolution of drought avoidance strategy in the ahplantBrassica rapa (Franks et al. 2011).
Further, significant local (<500 Inpopulation differentiation has been reporte&imana
thymifolia (Jump et al. 2009b), which may have contributeth&oability of this species to
undergo rapid genetic change following 5 yearsxpeeimental drought and temperature
manipulations (Jump et al. 2008).

P. lanceolata is a self-incompatible, perennial herb with a widaging distribution

(Sagar and Harper 1964) and remains present @xpdrimental treatments at BCCIL at
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moderate to high abundance. The species is wirlthat@d but displays substantial local genetic
differentiation (mean gene transport distance peegation: 0.2-1.4 m; Bos et al. 1986) and has
distinct genetically determined phenotypes bottegional and fine scales (Primack and
Antonovics 1982, Teramura 1983, van Tienderen 1968sor and Goodnight 1997, Wolf and
van Delden 1987). Annual simulated short turf grgan all experimental plots at BCCIL has
increased. lanceolata abundance since the onset of the experiment, brg¢ases occurred at
different times in different climate treatmentsgFLa). Abundance increased steadily in control
plots in the first ten years of the experiment, klas in drought plots abundance was
consistently low until 2004, suggesting mortalityposed by summer drought and a population
recovery time of about nine years (Fig. 1a). Abunodawas similar in control and drought plots
in 2008 but differences between treatments welleapparent in deep soil microsites, where
abundance in drought plots was lower than con{féts 1b). Reduced abundance in deep soils is
surprising given that deeper soils could ameliotia¢eeffects of the drought treatment, and
suggests population dynamics are also sensitibeta processes, including competition, that
vary locally along a soil depth gradient (Fridlgyaé 2011).

Here we report a common garden experiment to eegtihctional trait divergence iA.
lanceolata populations exposed to long-term experimental sungdraight and as modified by
fine-scale edaphic heterogeneity. We grew indivislod control and droughted populations in a
common greenhouse environment and measured Blthrat reflect primary axes of
interspecific functional variation, correspondimgdrought tolerance, drought avoidance, and
competitive strategies (Grime 1977) (Table 1). fBraonsistent with a competitive strategy (e.qg.,
high specific leaf area (SLA), high photosynthetipacity, large vegetative allocation, rapid

vegetative expansion, more erect growth habit) @oaffast rate of growth at the cost of resource
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retention (high respiration, high leaf turnoveryif@e 1977, Reich et al. 2003). Tolerance
syndromes are characterized by low rates of bioteesver and growth but high water- and
resource-use efficiency (e.g, low respiration, BWA, low total biomass, low maximum
photosynthetic rate, thicker leaves) (Grime 199%icR et al. 2003, Diaz et al. 2004). An
avoidance strategy associated with high reprodectilocation has been associated with an
earlier growth and flowering phenology in otheruybt-avoiding species (Geber and Dawson
1990, Heschel and Riginos 2005).

Our objective was to quantify differences in platttibutes that, as expressed in a
standardized environment, point to divergenceoim imdividuals from control and drought
populations use resourc&8e expected increased water stress in droughtriesds to favor
drought avoidance or tolerance strategies thatleayutually exclusive (Geber and Dawson
1997, McKay et al. 2003, Heschel and Riginos 200anks 2011). Because competitiveness is
negatively associated with traits that confer tasise to or avoidance of drought stress (Grime
1977, Reich et al. 2003, Diaz et al. 2004) we etquecompetitive strategies in populations from
control treatments and in deeper soils. Functita#ldivergence in populations exposed to
chronic summer drought as expressed in a commaroanvent would be consistent with
genetic restructuring as a mechanism contributinipe resistance of this species to
experimental drought at BCCIL (Grime et al. 2008).

METHODS

Study site
The BCCIL study is an experimental manipulatiortiaghate, including winter (Nov-
Apr) warming, summer (Jul-Aug) drought, enhancedser (Jun-Sep) rainfall, and

temperature-rainfall interactions, in a specieb-hlimestone grassland in Harpur Hill,
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Derbyshire, UK. Temperature and rainfall manipwlias reflect early GCM predictions for
northern England of winter warming of approximat8tyC and decreased summer rainfall.
Temperature treatments fall within the range ofenecent climate projections, which predict an
increase in global mean temperature of 1.8-4° ¢hbyend of the 21st century (IPCC 2007). The
magnitude and direction of changes in precipitaticmmore uncertain and region specific
(IPCC 2007) but more extreme intra-annual predipiteregimes with longer periods of
intermittent drought are widely expected (Eastgrit al. 2000, IPCC 2007). Intensification of
the hydrologic cycle due to temperature increasssaiready caused more extreme precipitation
events and droughts in temperate regions (Dai é98i8).

Treatments in plots of 3 x 3 m were establishetd83 and include summer drought
manipulations accomplished via automated rainoeltasts. Treatments are fully randomized
within five replicate blocks. Each year in Octobegetation is cut and removed from plots at a
height of 50 mm to simulate sheep grazing. Witlaaheplot are eight 10 x 10 cm permanent
guadrats (‘microsites’), two in each of four sodadh classes (0-7, 8-12, 13-20, and 21+cm)
which capture natural fine scale edaphic heterdge(€l00 cnf), characteristic of the poorly
developed soils of calcareous grasslands (Balm8, Bifott 1962). Local substrate
heterogeneity mediates species’ response to expetaiireatments and thus contributes to
compositional stability in this grassland communigspite long term climate manipulations
(Fridley et al. 2011). For further details on mgite properties and other aspects of the
experimental design at BCCIL see Grime e{2008) and Fridley et a{2011).

Common garden trait measurements
Mature individuals oP. lanceolata were harvested from drought and control treatments

at BCCIL in September 2008. A total of 72 genetycdistinct individuals were collected from
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three experimental blocks at BCCIL, including 36nfreach experimental treatment and 12 in
three soil depth classes (0-7cm, 8-12cm, and 13:Ad8f)sampled mature individuals rather than
seeds because mature individuals are the prodsttoskssful establishment and growth in
experimental treatments, two important stages lettee filtering that would not be captured by
collecting seed. Sampling mature individuals atstuced any potential influence of parental
effects on offspring phenotype, which are genenmalbre prevalent in juvenile life-history stages
relative to adult life history stages (Roach andMa987, Weiner et al. 1997). This is consistent
in studies of. lanceolata where parental temperature influences germinagonyth and
reproduction of newly germinated seeds but notigalher reproduction of offspring after one
year (Lacey 1996, Lacey and Herr 2000).To furtleeiuce any potential influence of parental
environment on offspring phenotype sampled indigldwere grown in separate pots in watered
and fertilized medium in a greenhouse at Syracusedusity, New York, USA, for 6 months
before propagation.

After this sixth month acclimation period, indivials were propagated vegetatively by
cutting a standard size off the crown of the mdamp Six clones of each experimental
individual were propagated and grown in individpats for one week. The initial survival rate
averaged over all individuals was 87%. Three clafesach individual were selected at random
for the common garden experiment, conducted fromchtdune of 2009. Each clone was
transferred to a 14 chpot filled with 1:1 mixture of sand and pro-mixropost mixed with
Osmocote-Plus controlled release fertilizer pel{8otts-Sierra Horticultural Products
Company, N:15%, P: 9%: K: 12% plus 9 micronutrie@tyL). Greenhouse conditions reflected
average summer temperatures at the BCCIL (day 8¥§0° C, night temperature 8.8-11.67

°C, 16 hr days). All experimental individuals wegiigen an ample supply of water throughout
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the entire experimental period and nutrient lewadse considerably higher than the nutrient
deficient soils typical in these calcareous grasida

The following traits were recorded prior to harvgsl days post planting): angle of the
youngest fully expanded leaf, length of longesivoing stem (scape), and number of rosettes.
The number of scapes was recorded weekly duringxperiment. Leaf emergence rate was
estimated by marking the newest leaf on each msgethe third week of the experiment and
counting the number of new leaves that subsequentBrged over a two week period.
Chlorophyll content was measured three times (8593 days post planting) on the same leaf
(older leaf one position away from marked leafhgsa handheld chlorophyll meter (Opti-
Sciences CCM-200). Chlorophyll readings were tadiefive leaf positions and averaged.
Photosynthesis was measured on each individuglagaexchange (LI-COR 6400, LI-COR
Biosciences, Lincoln, NE; 400mol CO; mol™, 700umol-s* flow rate, 20 °C, light intensities of
800, 300, 100, and §@mol photon-rif-s*). Apparent quantum yieldhQY), maximum
photosynthetic rateAqax), and dark respiratiorRfj) were estimated from each light curve using a
nonrectangular hyperbolic light curve function asctibed in Fridley (2012).

Individuals were harvested after 98 days and this period was sufficient to capture the
production of mature seed before significant lesfescence. Reproductive and vegetative tissue
were separated at harvest and weighed after dtgingnstant weight. Five leaves were removed
from each individual before biomass was harvedtedf fresh weight was recorded immediately
after leaves were removed from intact plants. la@ah and length were calculated with ImageJ
software (Abramoff et al. 2004) using scanned insg@€0 dpi) of individual leaves. Leaves

were dried until they reached a constant dry weiGihtee leaves were ground to a fine powder
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and analyzed for carbon and nitrogen concentratioa NC 2100 Soil Analyzer (CE
Instruments, Lakewood, NJ, USA).
Analysis

We conducted two multivariate analyses, princimahponents analysis (PCA) and
multivariate analysis of variance (MANOVA) on a kaordered trait matrix (trait values
converted to non-parametric rank order) that inethidll 24 traits measured and all experimental
individuals. Rank order standardization is a commm@ans of transforming attributes to a
uniform scale (Grime et al. 1997), as PCA and MANKO&fe both sensitive to the relative
scaling of the original variables (Jongman et 887). Missing data (1.2% of overall dataset)
were assigned the average trait average ranksotas influence axis loadings (Grime et al.
1997).

We used PCA to determine whether the main axegnaftional variation irP. lanceolata
reflect anticipated avoidance, tolerance, and comneefunctional strategies. We extracted the
trait loadings on the first three components (PEJaBd used ANOVA to test for significant
differences in individual axis scores with resgedreatment, soil depth, experimental block at
BCCIL, and greenhouse block. MANOVA was used tt fessignificant effects of climate
treatment, soil depth, BCCIL block and greenhousekoon the 24 traits measured. We used
ANOVA to test for significant differences in indduaal traits with respect to treatment, soll
depth, BCCIL block and greenhouse block using untitedized trait data. In both ANOVA
analyses P-values were adjusted for multiple corspas using Hochberg's (1988) test.
Experimental block (BCCIL and greenhouse) was neiggrificant. All analyses were conducted

in R (R Development Core Team, 2011).
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RESULTS
Main components of trait variation across individuals

The first three principal components explained #3d the variation among individuals
(17%, 16.5%, and 10% for components 1-3, respdygjivEhe total variance explained and the
distribution of variance across axes is consisiettt similar analyses of functional
differentiation among species (Grime et al. 199iaz[®t al. 2004) and within species (Whitlock
et al. 2010). The first principal component (PCHf)acted a tradeoff between vegetative and
reproductive investment (Fig. 2a). Reproductiveadtion was associated with longer scapes,
higher chlorophyll content and later flowering pbkgy (Fig. 2a, Table 2). Vegetative
allocation (negative PC1 scores) and associatéd,tsaich as number of rosettes, total biomass,
vegetative biomass, erect growth habit, and plarhdter, are consistent with a competitive
strategy (Fig. 2a, Table 2). PC2 represented adfaetween traits that minimize resource loss
(low PC2 scores: CN, LDMC, low SLA) and those assed with high growth rates (high PC2
scores: SLA, foliar N, Aax chlorophyll content) (Table 2, Fig. 2b). Tragtssociated with
reproductive allocation on PC1 loaded negatively°@? (Table 2). Competitive traits (SLA,
rosette number) loaded negatively on PC3 and taagsciated with reproductive allocation
(chlorophyll content, longer scapes) loaded pasiyiyTable 2).

Individuals from experimental drought populati@tie®cated more to reproduction
(higher PC1 scores) and those from control allatatere to vegetative growth (lower PC1
scores) (Fig. 2a). However, treatment differerweere only significant in shallow and mid soll
depth classes (P<0.01, Fig. 2a). There were ndfisigmt differences in PC2 scores with respect
to treatment, soil-depth and their interaction (Faip). PC3 scores were significantly negatively

correlated with soil depth (P<0.01, Fig. 2c). Pdantshallow microsites had higher PC3 scores
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in both control and drought treatments, whereastpl@ mid and deep soil classes had lower
PC3 scores in control plots relative to droughg(£c).
Variation in individual traits

Although the 24 traits showed significant diffeces across soil depth classes
(MANOVA, P<0.05, F=1.62 on 24, 169 DF), climateatment and the climate x depth
interaction term were not significant (P=0.24, 241on 24, 169 DF and P=0.22, F=1.24 on 24,
169 DF, respectively) and the overall effects afudiht were less apparent when examined on a
trait-by-trait basis (Table 1). Before post-hocreation for multiple comparisons, ANOVAs on
individual traits revealed significant soil depfffieets for total biomass, reproductive biomass,
diameter, LDMC, maximum scape length, and respinafTable 1). Trait values for these seven
traits were lower in deeper sites with the exceptbrespiration, which was highest in deep
soils. The only significant difference with respaztlimate treatment was the number of scapes,
which was higher in the drought treatment (Tabldridividuals from the drought treatment also
had higher reproductive allocation, although tHféedence was not significant (Table 1). There
were no significant effects of climate treatment| depth, or their interaction when P values

were adjusted for multiple comparisons when usionghterg post-hoc test (Hochberg 1988).

DISCUSSION

The primary tradeoff in functional strategies forld&hceolata involved vegetative versus
reproductive allocation. High vegetative allocat{tow PC1 scores) was associated with number
of rosettes, erect growth habit, and plant sizassbent with a competitive strategy of
maximizing vertical and lateral spread (Grime 19TAglividuals that allocated more to
reproduction (high PC1 scores) had less total bssmaigher chlorophyll content, longer scapes

and a later flowering phenology, consistent witfraught avoidance strategy. Similar to results
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reported by Lacey et al. (2003) we found differeniceflowering phenology associated with
competitive and avoidance strategies which coutdeimse the potential for within-population
assortative mating and thus contribute to the reasrtce of functional diversity within these
local populations of P. lanceolata. The second @xignctional variation explained an
equivalent amount of trait variation ih lanceolata and reflected leaf-level tradeoffs associated
with resource acquisition (high SLA, leaf nitrogéa.y and resource conservation (LDMC, leaf
C:N) (Grime 1977, Reich et al. 2003, Diaz et abD£)0 The third axis of functional variation
reflected tradeoffs associated with competitivecfional strategies (high SLA, rosette number)
and avoidance strategies (e.g., chlorophyll contaape length), although variation along this
axis was not associated with biomass allocation.

Populations from drought treatments allocated ficamtly more to reproduction relative
to control populations. Although depth was not agged with allocation per se, treatment-based
functional differentiation along PC1 was only siggant in populations from shallow and
intermediate soil depth classes. Populations freapdr soils in both treatments had more
centralized scores on PC1, suggesting intermedikteation to both growth and reproduction.
Depth effects were significant with respect to RC8res where deeper soils also promoted traits
associated with competitive functional strateghegh{ SLA, rosette number), whereas
populations from shallow soils shared suites otfiomal traits associated with an avoidance
strategy (e.g., chlorophyll content, scape length).

Although results suggest that competitive strategre favored in both treatments in
deeper soilsP. lanceolata abundance is much lower in deep soils of drougattnents (Fig.
1b). Reduced abundance in deep soils is surprgguem that deeper soils could ameliorate the

effects of the drought treatment, and suggestslpbpn dynamics are also sensitive to biotic

38



processes, including competition, that vary locallyng a soil depth gradient (Fridley et al.
2011). Increased mortality in the deep sites otighted plots suggests that species level shifts
may preclude adaptive responses in more produetigeosites, similar to results from
experimental climate manipulations in more prodiectommunities where species turnover
occurs rapidly (Chapin et al. 1995, Harte and Sh@@b, Grime et al. 2000, Zavaleta et al. 2003,
Klein et al. 2007, Mikkelson et &008).

Evidence of functional differentiation associateithvgoil depth suggests that fine-scale
substrate variation may be important in the maisuter of local functional diversity. Similar
local population differentiation has been repoiteBumana thymifolia (Jump et al. 2009b),
which may have contributed to the ability of thigsies to undergo rapid genetic change
following 5 years of experimental drought and terapge manipulations (Jump et al. 2008).
The existence of fine-scale heterogeneity in th€BQyrassland may ultimate drive community
stability in the face of climate change in two wayg 1) allowing species-level shifts along the
soil depth gradient as edaphic conditions like swlsture change (Fridley et al. 2011), and 2)
fostering local genetic diversity in some populasidhat in turn allows for population
restructuring in response to new moisture condstion

Functional differentiation expressed when individfeom each population were grown
in the non-stressed conditions of the greenhouskel & due to plasticity, in that differentiation
expressed in the common greenhouse does not nelsessaespond to phenotypic differences
among treatments at the BCCIL. If true, we woulgeant a plastic response would cause all
individuals to develop more competitive phenotypksstead, drought avoidance strategies were

maintained in the common garden despite adequats wad nutrient supply. This suggests a
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genetic basis for functional differentiation whishfurther supported by a related study using
molecular markers (Ravenscroft et al., in prepanati

Although not measured in this study, estimatesaofaw-sense heritability iR.
lanceolata for suites of traits measured here suggest lowdiwlity of physiological traits
(h?<0.03 for photosynthetic capacity, transpiratiam avater use efficiency) but high additive
genetic variability for leaf traits (averag&.45 for leaf length, width, area, and specififle
weight; Wolff and Van Delden 1987, Tonsor and Gaghih1997). Traits associated with plant
size and resource allocation (diameter, numbeos#ttes, number of leaves, reproductive
allocation) also show high heritability (averade B.41; Tonsor and Goodnight 1997, Wolf and
van Delden 1987). Furthermore, Wolff and Van Del@89) demonstrated rapid divergence in
leaf angle irP. lanceolata following four generations of bidirectional artii@ selection and
found significant genetic correlations between aragld other functional traits including leaf
morphology and biomass allocation.

Taken together, our observations of differentighydation responses to drought
compared to controls and past studies of heritghiliP. |lanceolata support the conclusion that
the phenotypic differences expressed in the presantmon garden study are due to changes in
gene frequencies in populations exposed to neadydecades of chronic summer drought.
Treatments at the BCCIL were of long duration ia tlontext of the lifespan &f lanceolata
(lifespan 2-5 years, Cavers et al. 1980, Antonoaiws Primacks 1982, Lacey and Herr 2000,
Roach 2003), spanning 3- to 8 generationB.d&nceolata. The most parsimonious explanation
for functional differentiation expressed in thisTamon environment is that avoidance and
competitive strategies offer different fitness désen contrasting climatic conditions as

integrated over two decades of experimental climedaipulations. For example,
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competitiveness is negatively associated withdriduat confer avoidance of drought stress
(Grime 1977, Reich et al. 2003, Diaz et al. 200%) thus more ‘competitive’ individuals should
have higher fitness in more productive conditiaag,(control treatments and deeper depths).

Given that populations expressed functional trdieences consistent with ‘competitive’
and 'drought avoidance' strategies recorded ifitdrature at the species level, and these
differences could not be accounted for by plasticécause plants were grown under identical
conditions, we find this result to be consisterthve mechanism of local adaptation as
demonstrated in other species in response to tatyperand moisture stress (Jump et al. 2006,
Franks et al. 2011). Nonetheless, we have no phadvthese specific traits convey superior
fitness under summer drought, nor can we entitdly out the possibility of maternal effects,
despite sampling mature individuals in the field @nopagating crown tissue for 6 months in the
greenhouse before re-propagating at the startroftody. Thus, although we find the process of
local adaptation to be the most parsimonious expian for the results reported here, we cannot
completely falsify alternative hypotheses in owrdst A critical nest step in this research would
be to follow the success of reciprocal transplanf. lanceolata across climate treatments at the
BCCIL.
CONCLUSION

In one of the first studies to investigate the im@oce of adaptive responses to climate
change in a long-term climate manipulation, we sleowlence of selection for different
functional strategies in populations exposed toweicrsummer drought expressed when plants of
each population were grown under the same nonsstlesonditions. Furthermore, we show
evidence of differentiation with respect to a sl@pth gradient which suggests that abiotic

heterogeneity can promote genetic diversity of fiomal relevance in the context of future
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climate change. The trait syndromes representédsmpopulation reflect functional strategies
demonstrated at the species level (Grime 2002){famishow similarities between the main
axes of inter- and intra- specific functional véina. Although results suggest some populations
may have the capacity to adapt to climate chandetlars resist climate-induced local

extirpation given adequate levels of genetic vemmtthis does not mean that these systems are
inherently stable. In particular, barriers to disaé limit the invasion of southerly species, which
may over longer time scales cause species-levit$ gvien if extant populations are able to adapt
to new environmental regimes (Moser et al. 201hg likelihood of long-term population
persistence in the face of new species immigraiia@r the coming decades remains a key

unresolved area in global change research.
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Table 1: The 24 traits measured in the experimatht tive expectation of their relative values unclempetitive, drought resistance,
and drought avoidance plant strategies. Statiatiegor each individual trait (mean, maximum, miaim), calculated using all
experimental individuals. In all cases the adjuftedlue (Hochberg post-hoc test) was greater@brResponses to treatment, soil
depth, and their interaction on unadjusted valueslanoted ** P <0.05, * P <0.1. Experimental kleéfects (BCCIL and
greenhouse) were not significant. Leaf Angle (10%2: 10-25°, 3: 25-45°, 4. >45°); AQY: Apparena&tum Yield; Anax

Maximum Photosynthetic capacity

Competitive Tolerance  Avoidance Mean Min M ax
Biomass
Total Biomass (Q) High Low Low 13.85 2.74 2190 ep
Biomass - veg. (Q) High Low Low 6.18 1.52 15.10 atre
Biomass - rep. (Q) Low Low High 7.67 0.14 13.42  ttiep
Rep. allocation (rep/tb) Low Low High 0.56 0.01 8.7 treat*, treat x depth *
Veg. allocation (veg/tb) High High Low 0.44 0.22 99. treat* treat x depth *
Mor phological
Diameter (cm) High Low Low 29.80 12.00 41.00 depith
Leaf angle High Low Low 1.52 1.00 4.00 treat *
Leaf emergence High Low High 0.55 0.00 1.50
Number of Rosettes High Low 2.18 1.00 6.00 treat *
Number of Scapes Low Low High 34.04 1.00 80.00 attr&
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Scape length (cm)
Phenology

Week of first flower

Leaf traits
SLA (cnf/gram)
LDMC (mg/qg)

Leaf length (mm)
Leaf area (cA)

Chlorophyll/cnt
Chlorophyll/gm
Carbon:Nitrogen

Nitrogen

Photosynthetic
Dark Respiration
Amas

AQY

Water Use Efficiency

Low

Late

High
Low

High
High

High
High
Low

High

High
High
High

Low

Low

Late

Low
High

Low
Low

Low
Low
High

Low

Low
Low
Low

High

High

Early

Low

High
High
Low

High

Medium
High
High

Low

29.44

1.78

128.38

162.95

10.33
8.10

66.64

8459.26

19.25

2.25

3.38

12.06

0.05

2.03

2.50

1.00

74.45

107.26

7.47
3.58

17.60

2162.13

9.88

1.39

0.29

3.12

0.01

0.52

57.50

5.00

262.53

214.74

14.43
16.21

163.37

20360.

29.69

5.08

18.84

22.00

0.29

5.06

toep

depith

depth *

treat x depth

plthe**
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Table 2: Trait loadings on first three principahgaonents

PC1 PC2 PC3
Biomass - vegetative (Q) -0.44  Carbon:Nitrogen 60.3 Number of Scapes -0.22
Vegetative allocation -0.42  Biomass- reproduc(ye -0.35  SLA (crfigram) -0.20
Number of Rosettes -0.34 LDMC (mg/g) -0.30  NumbfeRosettes -0.17
angle -0.29  Total Biomass (Q) -0.25 angle -0.07
Total Biomass (Q) -0.29  Maximum scape length -0.24.eaf emergence (# leaves/day) -0.05
Diameter (cm) -0.17  Number of Scapes -0.19  DarspRation -0.03
Leaf length (mm) -0.14  Reproductive allocation (tiep -0.18  Vegetative allocation (veg/tb) -0.01
LDMC (mg/q) -0.14  Week of first flower -0.13  Repratdive allocation (rep/tb) 0.01
Carbon:Nitrogen -0.08  Diameter (cm) -0.09  Carbotrddien 0.01
SLA (cnf/gram) -0.07  Biomass - vegetative (Q) -0.08 N 0.02
Water Use Efficiency -0.07  Number of Rosettes -0.02Veek of first flower 0.04
Leaf area (cf) -0.07 Leaf area (cth 0.02  Apparent Quantum Yield 0.06
Number of Scapes -0.02 Leaf emergence (# leawgs/da 0.03 LDMC (mg/g) 0.09
Apparent Quantum Yield 0.01 angle 0.04  Biomass - vegetative (g) 0.10
Dark Respiration 0.02 Dark Respiration 0.04 Biomasgroductive () 0.10
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Anax 0.04 Leaflength (mm) 0.11  Water Use Efficiency 110.

N 0.05  Chlorophyll/crh 0.11  Amax 0.13
Biomass- reproductive (g) 0.06  Water Use Efficiency 0.17  Total Biomass (g) 0.13
Leaf emergence (# leaves/day) 0.07  Vegetativeatilom (veg/tb) 0.18 Maximum scape length 0.27
Maximum scape length 0.11  Amax 0.20  Chlorophyll/gm 0.32
Chlorophyll/gm 0.12  Apparent Quantum Yield 0.21  tleagth (mm) 0.37
Week of first flower 0.13  Chlorophyll/gm 0.24  Leafea (cr) 0.38
Chlorophyll/cnt 0.15  SLA (crigram) 0.30  Diameter (cm) 0.40
Reproductive allocation 0.42 N 0.33  Chlorophyll/crh 0.41
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FIGURE LEGENDS

Fig. 1. Abundance oPlantago lanceolata in drought (black) and control (grey) treatmerits a
BCCIL from 1994-2009. A) Point hits &. lanceolata in 9 nf plots (five replicate blocks per a
climate treatment). Dashed lines represent + stdnglaor. B)P. lanceolata abundance across a
soil-depth gradient in 2008. Fitted line and staddaror from generalized additive model
(GAM) of P. lanceolata abundance (cover class) with respect to soil deptiontrol and drought

treatments.

Fig 2. Principal component scores (axes 1-3) with resjoettte interaction of climate treatments
and soil depth class. Four traits with the highestlings (both positive and negative) are listed
below the associated graph of component scorels,thwt highest eigenvector score placed
closest to the axis. Arrows are scaled to the albsalifference between eigenvector scores and
length reflects the relative weight of each tra#iding. Eigenvector scores for all traits are in
Table 2. Significant differences with respect tionelte and soil depth (ANOVA) are listed in the
title of each panel (** P<0.05, * P<0.1). Experinerblock was not significant. Results from
multiple ANOVA comparisons are summarized by letten the graph, different letters indicate

a significant difference (P <0.05).
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ABSTRACT

Evidence of both local adaptation and rapid evolutn response to contemporary
climate change suggests that local genetic diyecsit be an important mechanism of species
resistance to climate change. Here we used anpfife@ment length polymorphisms (AFLPS)
to detect signatures of selection in populationBlaftago lanceolata subjected to long-term
experimental climate manipulations (warming, sumdreught, increased precipitation, and
factorial combinations of heating with both drought increased precipitation) in an intact
calcareous grassland system. Climate treatments ngplicated five times in a randomized
block design. The replicated design offered a pweneans of distinguishing between
population structure generated by stochastic pease.g., drift and differential gene flow),
versus treatment based selection that would genpeatllel divergence patterns in replicate
control-treatment contrasts. We detected minor skgrtificant amounts of treatment-based
genetic structure (3%), supporting the hypothdsasR. lanceolata populations have adapted to
long term experimental manipulations through lagetic restructuring. Evidence of treatment
based selection was most pronounced in precipitamianipulation treatments (drought and
increased rainfall, including factorial combinatonith heating), suggesting that genetic
differentiation inP. lanceolata was associated with treatment based differencssiinvater
supply. Parallel divergence patterns in replicataitwise control-treatment contrasts strongly
suggest local adaptation in response to treatmas@cdcbdifferences and such a pattern would be

unlikely to arise due stochastic processes sugeiastic drift.
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INTRODUCTION

Climate change is expected to impose strong doeatiselection pressures on plant
populations (Davis and Shaw, 2001, Davis et abD520ump and Penuelas, 2005, Bradshaw and
Holzapfel 2006, Reusch and Wood 2007, Andersoh 2042). Evidence of fine-scale adaptive
differentiation despite high levels of gene flonshmeen reported for many plant species (e.qg.,
Owuor et al. 1997, Li et al. 1999, Skgt et al. 200#np and Pefuelas 2005, Kélliker et al. 2008,
Jump et al. 2009b, Manel et al. 2010, Parisod amistthh 2008, Vega-Vela 2012). Selection on
extant genetic variation is considered to be a @rynmechanism by which populations adapt in-
situ to rapid environmental changes (Hoffman andi\2008, Jump and Penuelas 2009a). It is
the ‘option value’ of genetic diversity (Jump anehBelas 2009b) that makes it such an
important component of species potential resistamcéimate change (Reusch et al. 2005,
Jump and Penuelas 2005, Reusch and Wood 2007,gpienal. 2008, Hoffmann and Willi

2008, Jump et al. 2009b).

Gradients in variables known to be selective aglemtplant species, such as temperature
and water availability, occur at nested spatial @mdporal scales (Delcourt and Delcourt 1988)
and thus could promote hierarchical partitioningehetic diversity. Differentiation across
gradients of temperature and water availabilityrdaedscape scales (<10 m - 1 km) have been
reported for several species of grasses (Hamriél&d 1972, Hamrick & Holden 1979,
Owuor et al. 1997, Li et al. 1999) and local diffetiation mirrors patterns found at range wide
scales (Hamrick & Allard 1972, Hamrick & Holden B)7Local genetic diversity can be
promoted and maintained by strong selection presshiat occur over very fine spatial scales
(Linhart and Grant, 1996). Interannual variatioteamperature promotes microgeographical

genetic differentiation ilBetula pendula (European white birch) (Kelly et al. 2003) andnis
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temperatures have cause rapid adaptive differeiat Fagus sylvatica (Jump et al. 2006).
Moisture stress is considered to be the primamyedpromoting microgeographical adaptive
differentiation in several conifer species withdbpatterns repeated at range wide scales
(reviewed in Jump et al. 2005). Drought has leth&orapid evolution of drought avoidance
strategy in the annual plaBtassica rapa (Franks et al. 2011). Recent evidence suggests
significant local (<500 1) population differentiation iffrumana thymifolia (Jump et al. 2009b).
Such fine scale genetic structure may have corgibto the ability of this species to undergo
rapid genetic change following 5 years of experitabdrought and temperature manipulations
(Jump et al. 2008).

The Buxton Climate Change Impacts (BCCIL) studgnsexperimental manipulation of
temperature and precipitation (Figure 1) in andnlianestone grassland community in northern
England. Established in 1992, it is among the Ishgenning experimental climate
manipulations in the world. Community compositiashiemained relatively stable in all
experimental treatments (Grime et al. 2000, 2088¢h stability is rare; the majority of
experimental climate manipulations studies repaptd community and ecosystem responses
(e.g., Harte and Shaw 1995, Grime et al. 2000, [Btv&t al. 2003, Evans et al. 2011). Genetic
restructuring has been hypothesized as one pdtemizhanism in the apparent resistance of this
grassland community to long-term climate manipaolagi(Grime et al. 2008).

The potential for local adaptation to buffer spedi@m climate change is likely to be
highest under circumstances where there is highl penetic diversity and species-level changes
are restricted due to dispersal limitation (Datiale1986). The invasion of southerly species,
considered to be “pre-adapted” to warmer and @oaditions in experimental treatments at

BCCIL, is limited by barriers to dispersal (Moséaé 2011). Furthermore, high local (<10m)
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phenotypic variation with a genetic basis has lBmumented in several species common in this
system (Booth and Grime 2003, Fridley et al. 20@/hitlock et al. 2007, Bilton et al. 2010,
Whitlock et al. 2010). A recent common garden gto one of the most common herbaceous
species at BCCILRPlantago lanceolata, suggests a genetic basis for functional differeiotiain
experimental drought treatments (Ravenscroft 2Gil3) and differentiation with respect to
fine-scale variation in the edaphic environment

In this study we used amplified fragment lengthyp@drphisms (AFLPS) to test for
genetic differentiation in populations Bf |lanceolata exposed to over 15 years of experimental
climate manipulations (warming, summer droughtreased precipitation and factorial
combinations of heating with both drought and iasesl precipitation) at BCCIL (Figure 1).
AFLPs are a PCR-based technique for detecting pmighisms in DNA that offer several
advantages over other molecular techniques, inofutteir relatively low cost and ability to
analyze many loci scattered throughout the gen&fos €t al. 1995, Meudt and Clarke 2007).
AFLPs are particularly useful for non-model spediesause the method does not require prior
knowledge of a species’ genome. Therefore, AFLBEammonly utilized in investigations of
the genotypic structure in plant populatioeg)(Escaravage et al.1998, Suyama et al. 2000,
Douhovnikoff et al. 2004, Jump et al. 2006, 2@&)9b, Dlugosh et al. 2007, Avolio et al.
2011, 2012).

Population genetic structure is shaped simultarigdnysgene flow, drift, and selection
(Lenormand, 2002, Latta, 2003). The replicated lbldesign of the experimental treatments at
BCCIL (Figure 1) offers a powerful means of anatgrthe relative contribution of stochastic
processes (e.g., drift and differential gene fleensus treatment based selection on population

genetic structure (Nosil et al. 2008). We used ivailiate methods to test for evidence of
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parallel divergence in treatment-control contrast®ss the five experimental blocks at BCCIL
(Figure 1). Differentiation associated with stodi@aprocesses such as drift should generate
strong but stochastic spatial structure among exyatal blocks. Parallel divergence across
multiple treatment pairs that are separated shatiaduld suggest selection imposed by climate
treatment and such a pattern is unlikely to arigetd type | error or genetic drift (Bonin et al.
2007, Nosil et al. 2008).

Focal species

Plantago lanceolata is a rosette-forming, perennial herb of wide-raggilistribution, and
one of the more common forbs at BCCR..lanceolata is self-incompatible and wind pollinated,
displays substantial local genetic differentiatiBios et al 1986), and has distinct genetically
determined phenotypes both at regional and finkes¢&rimack and Antonovics 1982,
Teramura 1983, van Tienderen 1992, Tonsor and Gglodi997, Wolf and van Delden 1987,
1989). Recent work documents genetic differentraiioP. lanceolata populations exposed to
elevated ozone and suggests high local diverdibyal populations to respond to abiotic
perturbations by genetic restructuring (Kollikeraét2008).

Annual simulated short turf grazing in all plotsBECIL has increase#. lanceolata
abundance in all experimental treatments (FiguyeR2danceolata abundance decreased below
controls in all treatments following the onsetloé £xperiment and abundance in drought and
watered plots was consistently lower than contir@isn 1998-2003, suggesting a selection event
imposed by changes in precipitation regimes anopailation recovery time of about 11-13
years (Fig. 2a). Treatment differences are moragqunced at deeper soil depths (Figure Pb).
lanceolata hasgenerally responded favorably to warming treatm@figure 2a), and its

abundance is positively correlated with soil depttcept in both water addition treatments
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where there is a negative relationship between ddnee and soil depth (Fridley et al. 2011),
which is driven mainly by the decreasePrianceolata abundance in deeper soils in these two
treatments (Figure 2b).

METHODS

The Buxton Climate Change Impacts (BCCIL) studgamposed of six treatments: 1)
Winter warming where soil surface is maintaine@°a€ above ambient annually from
November-April; 2) drought treatments where rainfalluly and August is intercepted by
automated rainout shelters; 3) water addition winaxter is added to experimental plots from
June-September at a rate of 20% above the longdaeenmage; 4) warming and drought
(heated/drought); 5) warming and increased pretipit (heated/watered); 6) Control.
Experimental plots (3 x 3 m) are replicated fivads in a randomized block design (Figure 1).
For more details on the experimental design at B&eE Grime et ak000, 2008.

Tissue samples & . lanceolata were collected in 30 experimental plots in thedimate
treatments (Control, Drought, Heated, Watered, éteatWatered, Heated x Drought) at BCCIL
in June of 2009. In each plot sampling was steatifo include three individuals from four soil-
depth classes, (0-3 cm, 6-12 cm, 13-20 cm, >21 kergafter called ‘microsites’. A total of 12
samples per plot, 60 samples per climate treatan®htl5 samples per microsite treatment
combination were collected. For each individuadaf tissue sample was stored in silica gel for
genetic analysis. Replicate samples were colleficted 40 randomly selected individuals for
estimates of genotyping error (see below).

Lab protocols for DNA extraction from leaf tissusngples and subsequent AFLP
analysis followed that of Whitlock et al. (2008ajtwthe following modifications. We used a

plate centrifuge for DNA elution steps 1-4 desadilie Whitlock et al. (2008a). Pre-selective
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PCR amplification products were diluted to a facbi:12 and 1L of this diluted product was
used as a template for selective amplificationfdfmamide was added to the selective
amplification mixture and selective amplificatioroducts were diluted by a factor of 1:25.
Fragment analysis was run omll of diluted PCR product and|fl of size standard mix which
contained JuL ROX size standard (Applied Biosystems)l2of ABI ROX 585 size standard
(to increase read length) (Applied Biosystems),| ABI HiDi formamide (Applied Biosystems)
using an ABI 3730 Genetic Analyzer. These modifarag produced the most consistent and
clear AFLP profiles based on test runs using 48/iddals. Eight primer combinations were
selected from a test panel of 32 based on clafitge@AFLP profiles and evidence of
polymorphic loci using this same random subsetSo$@mples, with a target of 200-300 total
polymorphic loci (Table 1). Sample positions weardomized across four 96-well plates, and
each plate included two positive (leaf materiahirthe same individual) and two negative (blank
sample with no leaf material added). Replicataigssamples (40) were run on a separate plate.
AFLP chromatograms were analyzed using the soft@&BEMAPPER version 3.0
(Applied Biosystems). Sizing quality was checkechoally for each fingerprint and samples
with size standards of insufficient quality wergeoted from the analysis. Bins were created
automatically in GENEMAPPER. Bin positions were cked manually to ensure positions had
been assigned correctly. Bins that were off cewtre manually adjusted to center on peaks.
Bins that included large discontinuous fragment$lains that included fragments that were
continuous with other bins were rejected from thalgsis because of potential size homoplasy.
Weak fingerprints with low peak height or shortdéangth were rejected. Fingerprints that
contributed many unique peaks were rejected fraratialysis as this could be a result of

contamination. Peak height data for each individuaie exported from GENEMAPPER and
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genotypes were scored using a semi-automated mefrgahotyping AFLPs that excludes loci
that contribute to high rates of error (AFLP-ScoMhitlock et al. 2008b). Of the 406 original

loci identified, 270 polymorphic loci (ranging froB0-585 bp in length) were retained. The error
rate over all retained loci was 4.6%, well withine range of errors reported in other studies that
used automatic scoring methods (Meudt and Clark&2@ne primer combination (TGA-CCC)
had an unusually high error rate (30%) and wasuebed from analyses. Peak height data for the
270 polymorphic AFLP loci were scored to createespnce-absence matrix for all sampled
individuals.

Analysis

Subsequent analyses were conducted on 249 loanthiad maximum allowable allele
frequency threshold of 95% across all experimantiViduals (21 loci removed). Allele
frequencies were calculatedGenAlEx 6.4 (Peakall and Smouse 201%Ye used three
complementary multivariate approaches to testifpificant evidence of selection
lancoleata populations exposed to experimental treatmentstikéwiate statistical techniques
have been widely applied in studies of local adamtan natural environments (Storfer et al.
2010) and are particularly well suited for stucdépopulation genetic structure because these
techniques do not require any assumptions of geneddels (e.g., Hardy-Weinberg equilibrium)
(Meudt and Clarke 2007, Parisod and Christin 2008).

Multivariate analyses were conducted on a gengiamce matrix using allele presence
absence data for the 249 loci that met the maxirallgre frequency threshold of 95%. We
conducted multivariate analyses using jaccard actdzan distance metrics (R packages: vegan
1.17-4, labdsv 2.13.2). Euclidean distance placa®mweight on shared presences than shared

absences and the jaccard distance metric putsweght on shared absences (Legendre and
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Legendre, 1998), which are common onadnant markers such as AFLRResults were
consistent using alternative distance measuresgaresent results using euclidean distance.
We used analysis of molecular variance (AMOVA) (&ker, Smouse, and Quattro,
1992) to partition total molecular variance (incghglall experimental individuals) among
experimental blocks, among treatments, among spilidclasses, and within treatments using
the program GenAIlEx (Peakall and Smouse 2012).aa8ted for significant effects of
experimental treatments using a permutational arsabf variance (Legendre and Anderson
1999), implemented in the R vegan library usingftmetion ‘adonis’(R package vegan 1.17-4).
Permutational analysis of variance is analogousdondancy analysis (Legendre and Anderson
1999) and an extension of the AMOVA which permitalgsis of nested factors by restricting
permutational randomizations of individuals to eréint ‘strata’ (experimental blocks). We ran
individual permutational AMOVASs for each pairwisertrol-treatment contrast. Finally, to
visualize genetic relationships among individuaéswged PCoA (Principal Coordinates
Analysis), which identifies axes of variation tleaiplain the most genetic dissimilarity among
individuals. We extracted individual scores onfirg two PCoA axes and used Analysis of
Variance (ANOVA) to test for significant effects bliock, treatment and their interaction. For
each block we calculated mean scores on PCoA a2 for each treatment x block
combination (i.e., 5 per treatment). We used timesans to determine if there was evidence of

consistent directional change in treatments redatvcontrols.

RESULTS
Results from the AMOVA including all experimenta¢atments indicate minor but

significant genetic differentiation among climateatments (3%) and among experimental
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blocks (5%) (Table 2). The majority of genetic wace was within individual plots (90%) and
thus unstructured with respect to experimentalitneats and experimental block (Table 2). A
large amount of unstructured variance was expegitesh that loci in fingerprinting techniques
such as AFLPs largely represent neutral regiotsegenome (Bonin et al. 2007). Soil depth
was not a significant predictor of genetic distamten all treatments were included in the
analysis (Table 2). Individual pairwise treatmeatvrol comparisons (stratified by experimental
block, with 5 replicate comparisons per a treatroamitrol contrast) revealed significant genetic
differentiation in drought, watered, heated/drougid heated/watered treatments relative to
controls and no evidence of significant differetaia in heated-control contrasts (Table 3). We
found evidence of genetic differentiation with respto soil depth class only in heated/watered-
control treatment comparisons (Table 3).

PCoA axis one (PC1) and PCoA axis two (PC2) scexetained 22% and 19% of the
total genetic variation, respectively. We foundngigant differences in PC1 and PC2 scores
with respect to treatment, block and their intacactvhen all experimental treatments were
included in the analysis (Table 4). ANOVA resultsnh pairwise treatment-control contrasts
revealed significant differentiation between watkteeated/drought and heated/watered
treatments relative to controls, although gendffer@ntiation between heated/watered and
control treatments was marginally insignificant wigevalues were corrected for multiple
comparisons (Table 4). PC2 scores were signifigahtierent in drought-control and
heated/water-control comparisons, although adjuystealues were marginally insignificant in
drought-control contrasts (Table 4). The first magis of genetic differentiation separated
watered, heated/drought and heated treatmentsdrp@rimental controls (Figure 3). Stochastic

processes were primarily responsible for variatioan the first PCoA axis, where drift or

66



recruitment in experimental C block caused gerditferentiation in heated, watered and
heated/drought experimental treatments (Figur®®&)ught, control and heated/watered
treatments show relatively minor variation along finst PCoA axis and are almost entirely

differentiated on the second PCoA axis.

DISCUSSION

Our results indicate a small but significant amaofrtreatment-based genetic structure
which supports the hypothesis tifat anceolata populations have adapted to long term
experimental manipulations at BCCIL through locahetic restructuring. Evidence of treatment
based selection was most pronounced in precipitamianipulation treatments (drought and
increased rainfall treatments, including factoc@imbinations of both with heating). Such a
result suggests th& lanceolata is particularly sensitive to gradients in soil weatapply
imposed by drought and increased precipitation pdations, which in turn can be modulated
by increased demand in temperature manipulatiansles levels of treatment based local
genetic structure have been reporteB.itanceolata populations exposed to experimental
manipulations of elevated ozone (Kolliker et al0)) in populations ofndropogon gerardii
exposed to variable precipitation regimes (Avoli@le 2012) and ifrumana thymifolia
populations exposed to six years of experimentligint and warming treatments (Jump et al.
2008). Our results show a genetic signature ofgedsurvival and recruitment in deeper soils in
the heated/watered treatments (Fridley et al. 2(Higjure 2b, Table 3).

To our knowledge this is the first study that inigestes local genetic differentiation
using replicated pairwise treatment contrasts. Albek design offers a powerful means of

distinguishing between population structure gemeraty stochastic processes (e.g., drift and
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differential gene flow) versus structure generdtgdelection (Bonin et al. 2007, Gienapp et al.
2008, Nosil et al. 2008). Differentiation in stoshia processes such a drift and gene flow
generated strong but stochastic spatial genetictsire whereas treatment based selection
generated parallel divergence patterns in replicaterol-treatment pairwise contrasts (5
replicates). Although associations between gemettcenvironmental heterogeneity do not
necessarily imply causality, parallel divergenctgras in replicated pairwise control-treatment
contrasts strongly suggest local adaptation inaes@ to treatment based differences in soil
water supply and demand; such a pattern would bleeiynto arise due to type | error or genetic
drift (Bonin et al. 2007, Nosil et al. 2008).

Results from the permutational analysis of variaswggest parallel divergence patterns
in all experimental treatments except heating. H@rgnspection of the distribution of
experimental block along the first two PCoA axedicated large divergence in watered,
heated/drought and heated plots relative to catidiese three experimental treatments occupy
the largest amount of space on the first two PCodsaperhaps indicating higher genetic
diversity in these treatments relative to contlobught and heated/watered. Treatment
differences were also evident along the second P&a#\ where heated/watered, control and
drought treatments showed the most differentiat8wih experimental treatments (drought,
heated/watered) occupy a relatively restricted amhotispace, perhaps indicating reduced
genetic diversity in these experimental treatmentgeneral, the primary axis of variation as
detected by the PCoA seems to reflect stochastimegses such as random recruitment or drift
that have caused differentiation in block C. Diparcies between the PCoA results and those of
the permutational analysis of variance are likalg tb the fact that the first two PCoA axes

explained only 41% of genetic variation. Therefarées possible that treatment based
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directionality is obscured by differentiation assted with stochastic processes such as gene
flow and drift.

Population genetic structure is shaped simultarigdoysgene flow, drift, and selection
(Lenormand, 2002, Latta, 2003). Evidence of treatrbased genetic structure was surprising
given that individuals were sampled from a contusupopulation over very small extent (30 9
m? plots, or a total of 270 fpand gene flow was expected to homogenize thetiision of
genetic variation, especially in a wind dispersbtigate outcrosser such Bslanceolata.
Divergent selection can drive the simultaneouswiah of reproductive isolation (Muller 1942,
Mayr 1947, Schluter and Nagel 1995, Schluter 20@8)¢ch would reduce gene flow between
populations from contrasting habitat types (Nosale2005). Divergent selection would be
favored particularly in cases where regenerati@meess is lower in non-native environments
(Nosil et al., 2005). Phenological divergencedssidered to be the most straightforward
mechanism by which local divergence can be maiathin continuous plant populations (Fox,
2003, Hendry & Day, 2005). Asynchronous flowerimgild restrict gene flow between
individuals growing in contrasting climate condit®and thus may have contributed to the
maintenance of local genetic structure in poputetiofP. lanceolata (Fox 2003, Hendry & Day,
2005). Flowering time divergence is important te thaintenance of locally adapted
subpopulations in continuous populatiorBofaevigata (Parisod et al. 2008). Recent work
suggests high local variance in regenerative tnaipopulations oP. lanceolata (Ravenscroft
and Fridley 201Bwhich could be associated with different estalphisht strategies which are

maintained by differences in flowering phenologyhis species (Lacey et al.2003).
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Table 1: Selective primer combinations used inAReP analysis. The initial number of
candidate loci output by Genemapper is given, fadd by the median and mean fingerprint
intensity for each primer combination. The numbferetained loci per primer combination is
listed, these loci were selected based on an exteranalysis in AFLP-SURYV (Whitlock et al.
2008a). Note one primer combination TGA-CCC hadba krror rate so this primer
combination was excluded from further analyses. diner rate is shown for retained loci and

was calculated on 40 replicate samples.

Median
Initial fingerprint Mean
Primer Number intensity fingerprint  Retained

Combination of loci (rfu) intensity (rfu) loci Error %

TCC-CAA 57 34818 866 44 2.5

TCC-CAT 62 33076 949 47 3

TCC-CAG 42 19041 929 35 5

TCC-CCT 40 29313 1233 28 6

TGA-CGA 51 35406 1131 41 7

TGA-CGT 46 23727 965 39 2.5

TGA-CCA 51 49078 1410 36 7.5

TGA-CCC 57 49078 1410 0 (30)*

Total 270

Error: 4.6% *

* Error rate average excluding the last primer coration (TGA-CCC) as it
was not included in further analyses because itamaerror rate of 30%.
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Table 2. Permutational Analysis of Molecular VaoafAMOVA) results including all

experimental treatments (stratified by block).

All Treatments

% of total
Df SS F R2 variance Pr(>F)

Block 4 0.64 2.60 0.05 5 <1l.E-4  ***
Treatment 5 0.47 1.56 0.04 4 <1.E-4  ***
Depth 1 0.06 0.98 0.00 0 0.48

Treat. x Depth 5 0.31 1.02 0.02 2 0.40
Residuals 206 12.62 0.89 89

Total 221 14.09 1 100
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Table 3. Results from permutational AMOVA usingiindual pairwise treatment contrasts (5

replicates: control versus treatment indicatedjgi@al and adjusted p-values (bonferonni

correction) are listed for each contrast.

Df SS F R2 Pr(>F) P(adj.
DROUGHT
Treatment 1 0.09 1.60 0.02 <0.01** (.03 *)
Depth 1 0.07 1.19 0.02 0.20
Treatment x Depth 0.04 0.77 0.01 0.85
Residuals 64 3.66 0.95
Total 67 3.86 1
HEATED
Treatment 1 0.08 1.21 0.02 0.13
Depth 1 0.06 0.97 0.01 0.47
Treatment x Depth 1 0.07 1.11 0.02 0.30
Residuals 68 4.24 0.95
Total 71 4.44 1
WATERED
Treatment 0.11 1.67 0.02 <0.01** (.02 *)
Depth 0.08 1.20 0.02 0.14
Treatment x Depth 0.05 0.79 0.01 0.74
Residuals 75 4.83 0.95
Total 78 5.07 1
HEATED/DROUGHT
Treatment 1 0.11 1.74 0.02 <0.01** (.02 *)
Depth 1 0.05 0.87 0.01 0.66
Treatment x Depth 0.08 1.24 0.02 0.10
Residuals 68 4.21 6 0.95
Total 71 4.45 1
HEATED/WATERED
Treatment 1 0.10 1.67 0.02 <0.01** (.02 *)
Depth 1 0.08 1.42 0.02 0.04 (0.17)
Treatment x Depth 1 0.05 0.92 0.01 0.57
Residuals 71 4.21 4 0.95
Total 74 4.45 1
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Table 4: ANOVA using individual scores on PCO atemnd 2 for pairwise treatment comparisons betweaitrol and treatment indicated.

Original and adjusted p-values (bonferonni cormegtare listed for each contrast.

PCoA Axis 1 (22%) PCoA Axis 2 (19%)
Df SS F Pr(>F) P.ad; SS F Pr(>F) P(adj)

A. DROUGHT
Treatment 1 0.75 2.77 0.10 0.51 3.60 6.22 0.02 ok 0.08
Block 4 1.80 1.66 0.17 0.86 4.58 1.98 0.11 0.55
Treat x Block 4 2.57 2.36 0.06 . 0.32 11.20 4.84 0.00 ok 0.01 ok
Residuals 58 15.78 33.55

B. WATERED
Treatment 1 16.97 83.58 2.E-13  *** 8[E-13 *** 0.00 0.01 0.94 4.71
Block 4 39.13 48.17 <2E-16 *** 1,[E-15 *** 9.84 3.87 0.01 ok 0.03 ok
Treat x Block 4 39.19 48.24 <2E-16 *** 1[E-15 *** 12.43 4.88 0.00 ok 0.01 ok
Residuals 69 14.01 43.91

C. HEATED
Treatment 1 0.35 0.60 0.44 2.21 0.32 0.52 0.47 2.36
Block 4 968 4.16 5.E-03 *** 002 * 14.92 6.11 0.00 HokE 0.00 HokE
Treat x Block 4 15.61 6.71  1.E-04 *** 7 E-04 *** 8.11 3.32 0.02 * 0.08 *
Residuals 62 36.03 37.87

D. HEAT/DROUGHT
Treatment 1 6.94 8.20 0.01 * 0.03 * 0.10 0.11 0.74 3.68
Block 4 22.67 6.70 2.E-04 *** B[E-04 *** 7.45 2.06 0.01 * 0.05 .
Treat x Block 4 22.78 6.73  1.E-04 *** T E-04 *** 9.74 2.70 0.04 * 0.20 *
Residuals 62 52.44 55.94

E. HEAT/WATERED
Treatment 1 2.68 6.50 0.01 * 0.07 . 5.05 7.76 0.01 * 0.03 ok
Block 4 1.19 0.72 0.58 2.91 1.69 0.65 0.63 3.15
Treat x Block 4 1.72 1.04 0.39 1.96 19.43 7.47 5.E-05 HokE 0.00 HokE

Residuals 65 26.80 42.28



Figure 1: Layout of experimental plots at BCCILcRalimate treatment is replicated five times
in a randomized block design. C: Control, D: Drodh Heating, W: Watered, HD: Heating

with Drought, HW: Heating with water.

Figure 2: A) Abundance d@. lanceolata in all experimental treatments at BCCIL over time.
Dashed lines represent 95% + standard erroP. Bnceolata abundance across a soil-depth
gradient. Fitted line and standard error from geliwzd additive model (GAM) d?. lanceolata
abundance (cover class) with respect to soil deptixperimental treatments (see Fridley et al.

2011 for analytical details).

Figure 3: Average scores by treatment and blocRGoA axes 1 and 2 for all experimental

treatments. Letters a-e indicate average for egpbramental block.
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Figure 2
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Figure 3
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ABSTRACT

Understanding the processes that determine thekgistribution of intraspecific trait
variation, and whether such variation is adaptive,lld substantially improve predictions of
vegetation response to environmental change. Lapesgradients of factors such as soil water
availability vary at nested spatial scales andlaaght to exert strong selection on plant trait
variation. Here we measured functional trait vasiain the common grassland fdfbantago
lanceolata L. across nested abiotic gradients associatedsmeitmoisture dynamics. Our
objectives were to: 1) characterize the spatialcstire of gradients in soil moisture from local
(<10 nf) to landscape (>10 Kinscales; 2) determine the extent and spatial tsireiof variation
in reproductive and vegetative traits that correspim well-known plant functional tradeoffs
demonstrated at species level; and 3) relate ttemeand spatial structure of abiotic gradients to
plant functional variation. Abiotic gradients asisbed with soil water dynamics had a distinct
spatial structure that in turn promoted hierardhp@atitioning of intraspecific functional
variation in SLA, leaf length, number of rosettasd number of scapes. Trait-environment
relationships were particularly pronounced for #ipeteaf area (SLA) in association with soil
water availability. Given that landscape-scale swisture dynamics reflect a range of
conditions expected under future climate changeleexce of associated trait shiftsRn

lanceolata suggests that extant populations may be ablejtstatd climatic shifts in situ.
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INTRODUCTION

Intraspecific functional variation is increasingicognized as an important component of
total community functional diversity (Cianciarusioa¢ 2009, Albert et al. 2010a, Hulshof and
Swenson 2010, Messier et al. 2010, Albert et &l220Understanding the processes that
determine the spatial distribution of intraspecifait variation, and whether such variation is
adaptive, could substantially improve predictiohspmecies’ response to climatic change. Recent
evidence suggests that functional tradeoffs thishelenajor axes of species level functional
variation (e.g., resource use strategies, Grinad. 4997, Diaz et al 2004, Wright et al 2004) are
also evident within species, which suggests thetimnd inter- specific functional variation are
driven by similar processes (Albert 2010b, Jungle2010, Messier et al. 2010, Bolnick et al.
2011, Paine et al. 2011, but see Wright et al. pQlaf level traits (e.g., SLA, nitrogen
concentration (N)) associated with resource usgegies (Grime et al. 1997, Diaz et al. 2004,
Wright et al. 2004) are favored in different climeatonditions (Wright et al. 2001, Wright et al.
2005). Furthermore, there is often strong corredpooe between intra- and interspecific
functional variation across climatic gradients assted with water availability and temperature
(Sandquist and Ehleringer 1997, Boege and Dirz®20dng et al. 2010, Long et al. 2011,
Moreira et al. 2012).

Gradients in temperature and water availabilityun@t nested spatial and temporal
scales (Delcourt and Delcourt 1988, Dunning e1892, Levin 1992) and thus could promote
hierarchical partitioning of intraspecific functiartrait variation. Temperature and water
availability are modified at landscape scales adudifferences in irradiance and moisture stress
associated with topographic orientation (Perrin§@ 9Rorison et al. 1986, Bennie et al. 2008).

At even finer scales, micro-topographic gradiests affect the moisture flow and redistribution
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following precipitation and thus alter soil watgmamics (Grime and Curtis 1976, Fridley et al.
2011). Genetic differentiation across gradienteeafperature and water availability over
landscape scales (<10 m - 1 km) have been repfoteseveral species of grasses (Hamrick &
Allard 1972, Hamrick & Holden 1979, Owuor et al9I® Li et al. 1999) and local

differentiation mirrors patterns found at range evettales (Hamrick & Allard 1972, Hamrick &
Holden 1979). Moisture stress is considered tdbeptimary driver promoting fine scale genetic
differentiation in several conifer species withdbpatterns repeated at range wide scales
(reviewed in Jump et al. 2005). Rising temperatheege caused rapid adaptive differentiation in
Fagus sylvatica (Jump et al. 2006) and drought has led to thelrapolution of a drought
avoidance strategy in the annual plBraissica rapa (Franks et al. 2011). Recent evidence
suggests significant local (<500°population differentiation in the Mediterranedmub

Fumana thymifolia (Jump et al. 2009a). Such fine scale genetic strechay have contributed to
the ability of this species to undergo rapid genetiange following 5 years of experimental
drought and temperature manipulations (Jump 0418).

A recent study suggests a genetic basis for funatidifferentiation among. lanceolata
populations exposed to nearly two decades of oggaxperimental drought treatments in intact
calcareous grassland at the Buxton Climate Chargeriinent (BCCIL), Derbyshire, UK
(Ravenscroft et al., 2013). Here we combine enwiremtal monitoring and functional trait
measurements iR. lanceolata in the landscape surrounding BCCIL, in order tociaracterize
the spatial structure of abiotic gradients assediatith soil moisture dynamics; 2) determine the
extent and spatial structure of variation in vetje¢daand reproductive traits that correspond to
well-known functional tradeoffs demonstrated at$pecies level; and 3) relate the extent and

spatial structure of moisture gradients and fumaiwariation to determine if nested abiotic
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gradients promote hierarchical partitioning of @agjpecific functional diversity iR. lanceolata.

We expected that functional traits would differ viespect to their predominant scales of
variance and the ability of abiotic filters to d@itdifferent functional traits would depend on the
trait and abiotic filter considered. Given thaitttzased selection can only act at the scales where
functional variance occurs, a traits’ spatial stmoe will determine the extent to which

populations can accommodate shifts in climate thindunctional restructuring of genotypes

based on their relative fithess and through indiglgphenotypic plasticity.

METHODS
Study area

The study was conducted in summer 2010 on oppadopg facets at three locations
within Peak District National Park in northern Eagtl (Derbyshire, UK). Sites were within 9
km of each other and 13 km from the experimentalpations at BCCIL. Each site is
topographically complex with steep valleys (limestalales) formed by the erosion of fissures in
carboniferous limestone bedrock (Pigott 1962). Baelape facets intercept more solar radiation
and tend to be both drier and warmer than nortat&a@orison et al. 1986, Bennie et al. 2006).
Steeper slopes, more common towards the top oé samets, often have a thinner mineral soill
layer and more outcrops of exposed limestone. Andiner scales (<3 fjy extreme variation in
soil depth (>40 cm) can buffer temporal fluctuatiam soil water availability in this system
(Grime and Curtis 1976, Fridley et al. 2011). Tladéed are therefore an ideal study system for
examining the landscape spatial structure of enmrental conditions relating to gradients in soill
water supply and demand (Balme 1953, Pigott 196&ji) 1960, Rorison et al. 1986, Bennie

2006).
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Focal species and selected traits

Plantago lanceolata L. is a self-incompatible, perennial herb of wideging distribution
and is an abundant forb species across the limegi@sslands of northern England, including
BCCIL (Sagar and Harper 1964). The species is wollinated but displays substantial local
genetic differentiation (Bos et.dl986, Ravenscroft et al. 2013b) and exhibits mistyenetically
determined phenotypes both at regional and finkes¢Rrimack and Antonovics 1982,
Teramura 1983, van Tienderen 1992, Tonsor and Gglodi997, Wolf and van Delden 1987,
1989).

For individuals ofP. lanceolata across three sites, we measured four vegetating, tra
including SLA, leaf length, number of rosettes, &af angle, and two reproductive traits
including number of flowering stems (scapes) arapsdength. These traits are associated with
individual fitness (Violle et al. 2007) and colleely reflect the main axes of functional
differentiation found locally amonig. lanceolata populations exposed to long term experimental
drought at BCCIL (Ravenscroft et al., in prep.)at.kength is strongly correlated with leaf dry
matter content (LDMC) iP. lanceolata (Ravenscroft, unpublished data). LDMC reflects the
average density of leaf tissue, tends to scalaselewith SLA (Cornelissen et al. 2003), and
has been shown to be negatively correlated toivelgtowth rate (Weiher et al. 1999). Leaf-
level traits such as SLA and LDMC are related tesaf resource acquisition and retention, a
major axis of functional differentiation demonsé@tamong species (e.g., Grime et al. 1997,
Diaz et al. 2004, Wright et al. 2004). Scape nunaet scape length relate to different
regeneration strategiesh lanceolata (Lacey and Herr 2000, Lacey et al. 2003) and thrests
represent two distinct axes of functional variationnd locally amondp. lanceolata populations

exposed to long term experimental drought at BC@&avenscroft et al. in prep.).
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Sampling design

Plants were sampled over a five week period beggmdune 8. Plots were established on
opposing slope facets in Lathkill Dale, Cressbrasé&dand Millers Dale (Table 1). Three 16 m
(2 x 5 m) plots were established in up to threted#int slope positions (top, mid, bottom) for a
maximum of nine plots per slope facet. The minindistance between different slope positions
was 50 m. Plots were established in two slope ipositin the Cressbrookdale southeast facet
and in one position in the Lathkill Dale northeddiilers Dale southeast, and Millers Dale
northwest facets (Table 1). The Lathkill Dale negkt facet was large enough to accommodate
plots at two slope positions, bt lanceolata was only found at mid-slope positions and so plots
were only established there (Table 1).

Plots were positioned randomly at each slope mwsittor each plot we recorded its
geocoordinates, the slope angle at five positiand,facet orientation (aspect). Aspect was
transformed into a linear variable ranging frons@uthwest) to 2 (northeast) using the Beers
transformation (Beers et al. 1996). Each 2 x 5ot whs divided into 40 0.5-fmuadrats. Soil
depth measurements were taken at quadrat corrieragadsurements per plot). From the soil
depth survey we randomly selected four shallowl (gpth: < 8cm), medium (soil depth: 8-14
cm), and deep (soil depth: >14 cm) quadrats foreneatensive survey efforts (depth thresholds
based on the analysis of Fridley et al. 2011). Wituadrats the presenceRflanceolata was
recorded in each of 100 10-&microsites and one occupied microsite was arlligraelected
for trait measurements, stratified with respedd depth (4 individuals/depth class).

Number of rosettes, orientation angle of youngesstrfully expanded leaf (degrees from
horizontal), maximum scape length (cm), and nunadbscapes were measured in the field. We

sampled two fully expanded leaves from each indigidor measurement of SLA, leaf length,
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and leaf area. Leaves were laid flat, wrapped irstaned newspaper and stored in small cooler.
Leaves were scanned the evening following samamaystored at room temperature to a
constant dry weight.
Environmental data

We monitored water potential (Decagon MPS-1 dialecdDecagon Devices, Pullman,
WA, USA) and volumetric water content (Decagon E@>hallow (top 7 cm) and deep
microsites (15-20 cm) at half-hour intervals durthg summer growing season (June 6 — August
29). Two sensors of each type were deployed instade positions on the south facets of
Cressbrookdale and Lathkill Dale and on the soushfaeet of Millers Dale. We used an
additional Decagon EC5 sensor to measure soil watgent in each plot up to two days before
vegetation was sampled. Rainfall was measuredesgsBrookdale and Lathkill Dale using a
HOBO tipping bucket rain gauge (Onset Computer G@tion, Bourne, MA, USA).
Precipitation data from Cressbrookdale was useiters Dale as these two dales are less than
2 km apart.
Analysis

We fit water retention curves (Appendix 1) to tdats measures of volumetric water
content (collected in individual plots) into wapetential for each dale. We also extracted dale-
scale minimum water potential and volumetric watantent to include as fixed effects in the
modeling approach that follows.

We used mixed effects models (‘Ime4’ library in &sion 2.13.0; Bates et al. 2011) to
partition trait variance across the five scalesesented in the experimental design: dale (site),
slope facet, slope position, between 10piots of the same slope position (‘between plati}

within 10 nf plots (‘within plot’). For each trait we constreatta null model of random effects
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reflecting the hierarchical (nested) structurehaf sampling design, allowing us to partition trait
variance among spatial extents. SLA, leaf lengthpe length and leaf angle were modeled with
Gaussian error. Scape and rosette number were atbdsing Poisson-distributed error more
appropriate for count data. We estimated the iradadispersion for models with Poisson-
distributed error by calculating the sum of squaPedrson residuals and comparing it to the
residual degrees of freedom (Venables and Ripl&2R20 he index of dispersion was in both
cases close to one.

After specifying nested random effects, we addeedieffects of soil moisture content,
water potential, soil depth, slope angle, and pitation (Table 2). We included both water
content and water potential because these faatensoa-linearly related (Appendix 1) and
reflect different aspects of soil water dynamicshia rooting zone. For example, water potential
varies more in dry conditions (Appendix 1) and tfaua better indicator of drought stress than
volumetric content, whereas volumetric content lietier indicator of oxidative stress. Fixed
effects for soil moisture for each plot were basaednstantaneous volumetric water content
taken in each plot. Plot level water potential wasmated by converting measures of water
content to water potential using the water retentiorves constructed for each dale (Appendix
1). To capture differences in minimum water potrdaind volumetric content over the course of
the entire study period, we extracted minimum wpt#ential and water content from
continuous monitoring data collected in each dale.included two measures of soil depth as
fixed effects: soil depth of each sampled individuad mean plot soil depth. We felt two
measures were appropriate as soil moisture midfier dor individuals occupying a shallow soil
depth class in an otherwise deep plot, compareddapying a shallow depth class in an

otherwise shallow plot.
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Coefficients for fixed effects were fit by maximuikelihood and the significance of
each fixed effect was assessed with log-likelihtestis based on the Akaike Information
Criterion (AIC). We compared variance componensifmodels with and without each fixed
effect to determine the contribution of each premtigariable to trait variance at each spatial
scale. We constructed a full model including adefi effects for each individual trait. Following
Bolker (2009), we started with a full (maximal) nebavhich included all fixed effects and
performed a backwards selection procedure witHiliked ratio tests. We used the same method
to test whether random (spatial) effects were remrgan the final model. Finally, we calculated

the total amount of functional variance explaingdh® full model.

We used mixed effects models to test for significhfierences in leaf traits (SLA, leaf
length, and area) among opposing slope facetsraond@sampling periods for each individual
dale. Significant temporal variation would indicglasticity, such that individual populations

were able to adjust trait values in response taced water availability later in the summer.

RESULTS

Spatial distribution of abiotic factors

Mean plot depth, volumetric water content, and s@iler potential showed considerable
variance between plots within the same slope @os{frig. 1). Mean plot depth exhibited the
most spatial structure, with variance partitionerbas all spatial scales considered except among
different slope positions (Fig. 1). Variance in mgdot depth between slope facets (35%) and
between plots of the same slope position (34%) Wwetle higher than the combined variance
associated with slope position (17%) and dale (13%g). 1). All variance in plot level water
potential was between plots within the same slaysgtion. Plot level volumetric content also

showed substantial variance between plots of theesdope position (83%) with the remaining
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variance associated with differences among slopet$g17%). Variance in slope angle was

almost entirely associated with differences betwsepe positions (Fig. 1).

Spatial distribution of trait variation

The six traits measured had distinct spatial stmest (Fig. 2)The majority of variance in
leaf angle, scape length, and scape number was foithin 10 nf plots (85%, 90% and 75%,
respectively). The remaining variance in scape remaas attributed to differences among slope
facets (21%) and slope position (4%), whereas naeéamong slope positions and plots
accounted for the remaining variance in scape ke(8% and 7%, respectively, Fig. 2). Within
plot variance in leaf length (60%) was over thieees the variance found at any other scale and
the remaining variance was attributed to differsnm@ong plots, slope position, and facets
(18%, 14%, and 8%, respectively, Fig. 2). Aimosbéthe variance in number of rosettes was
associated with differences between slope positio®%), with the remaining 21% attributed to
variance below the plot level. SLA exhibited thesingpatial structure and was the only trait that
showed significant variance at the largest spatale, between dales (11%).Variance in SLA
was highest within plots (38%), among slope fa¢2886), and between plots at the same slope

position (21%) (Fig. 2).

Trait variation in response to environmental factors

Scape number was negatively correlated with sloggeaand plot depth and including
these factors as fixed effects in a mixed effectiehoeduced overall trait variation by 22% (Fig.
2). Including soil depth reduced the variance assed among facets whereas slope angle
reduced variance associated with slope positiopéagix 2). We did not find any significant
correlations between abiotic factors and scapetehgaf angle was negatively correlated with

aspect and slope angle and positively correlatéa mwdividual depth, but moisture and
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landscape factors explained only 6% of intraspee®idiriation in this trait due to substantial
within-plot variance (Fig. 2). Slope angle was tmdy significant predictor of rosette number,
explaining 19% of trait variation as individuals steep slopes had fewer rosettes (Fig. 2). Leaf
length was positively correlated with soil depthd aregatively correlated with slope angle. Plot
level volumetric content, plot depth and minimuras@al water potential were significant
predictors of SLA, and collectively explained 31%ilte total variance in this trait (Fig. 2).
Including seasonal WP reduced variation in SLA leetwdales, VC reduced variation in SLA
among opposing slope facets, and soil depth reduaeation among plots in the same slope

position (Fig. 2, Appendix 2).
Trait variation in individual dales

SLA was the only trait that had variation at thsgest scale considered, among dales
(Figure 2). SLA was significantly higher in Cressbkdale than in Lathkill Dale or Millers Dale
(Figure 3). SLA was highest in Cressbrookdale ntatiet and higher values in this particular
slope facet contribute to the observed dale scaiation in SLA. SLA was significantly lower
in south facets relative to north facets in Cresskdale and Lathkill dale (Figure 3). In Lathkill
dale and Cressbrookedale there was also signifiGardtion associated with sampling period,
where SLA was generally higher in June relativduly in all slope facets except the second
southwest facet of Lathkill Dale (Figure 3). We fiono evidence of spatial or temporal
variation in SLA in Millers Dale (Figure 3). Leafesm and length were higher in south facets
relative to north facets in Cressbrookedale antitikhiDale (Figure 3). In Millers Dale,
differences among opposing slope facets were lesgpnced, but leaf length and area were
higher in north versus south facets. Leaf lengthanea did not vary significantly with respect to

sampling periods in any dale.
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DISCUSSION

The spatial structure of a critical plant resousml moisture, is determined by abiotic
factors controlling water supply (slope positiostprage (soil depth), and evaporative demand
(slope angle and orientation). Some, but not@its of a dominant forb express coordinated
variation with soil moisture or other correlated/eanmental drivers (e.g., soil nitrogen
availability). To our knowledge, this is the figtudy that explicitly connects the spatial struetur
of intraspecific functional variation to the spas&ructure of nested abiotic gradients. For our
focal speciesPlantago lanceolata, the expression of functional traits such as ShAart match
environmental gradients consistent with similadsta in other systems (Albert 2010b, Jung et
al. 2010, Messier 2010, Long et al. 2011, Paira.€2011). Other traits, and particularly
reproductive traits, appear to exhibit greater-8Boale variation that are weakly if at all
associated with gradients of water stress.

We found high local (within 10 frplot) variance in reproductive traits (scape larayd
number per individual), whereas traits associatitkd vegetative growth (SLA, number of
rosettes, leaf length) generally had more varigraz@tioned at larger spatial scales. High local
variance in regenerative traits could be assochattddifferent establishment strategies that are
maintained by differences in flowering phenologyirdanceolata (Lacey et al. 2003). Similar
patterns are found in fire prone ecosystems, wierérequency, intensity, and extent of fires
promotes local intraspecific functional differemide in reproductive traits (Moreira et al. 2012),
whereas traits related to vegetative growth aferdintiated at broader spatial scales associated
with regional climatic gradients (Farley and McMeR000). These findings are also consistent

with species-level predictions, where traits assec with vegetative growth are expected to be
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subject to stronger abiotic filtering, and thusdloizait convergence is expected in vegetative
traits and local trait divergence is expected aitsrrelevant to reproductive output (Grime 2006).

Leaf-level traits such as SLA and LDMC are reldtedates of resource acquisition and
retention, a major axis of functional differentatidemonstrated among species (e.g., Grime et
al. 1997, Diaz et al. 2004, Wright et al. 2004) ASh particular has been linked to moisture
availability in several other studies of variouatsa extent and taxonomic resolution (Jung et al.
2010, Long et al. 2010, Messier et al. 2010). @ftthits measured, SLA exhibited the most
complex spatial structure, with variance distrilouée all spatial scales except between slope
positions. SLA also was the only trait that extedisignificant temporal variation. Individuals in
northerly facets tended to have high SLA earlieshensummer, when conditions were cooler and
wetter. Later in the summer variance in SLA asgediavith slope position was less evident due
to a reduction in SLA in populations in northergpact. This suggests that individuals are able
to adjust SLA seasonally in response to climatiedtioons, in this case reducing SLA in
response to drier conditions later in the summiaiceSwe found no associated temporal
plasticity in leaf length or area, reductions inASare likely due to increased investment per unit
area in later summer leaves. Leaf length and dseavaried significantly among opposing slope
facets and trait values in both cases were relgtiseed through time. Given that leaf length is
strongly and positively correlated with LDMC h lanceolata (Ravenscroft, unpublished data),
our finding suggests a drought resistance straiegySLA, high LDMC) may be more
prominent in drier south facets.

Landscape scale gradients in soil moisture dynaemnuglate a range of conditions
expected under future climate change, evidenceswaated functional structuring suggests that

extant populations may be able to adjust to cliostifts through individual plasticity and
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genetic restructuring. The relevance and importafi@ssociated hierarchical spatial
partitioning of plant trait variation depends oe #xtent to which such variation is the result of
relatively fine-scale genetic differentiation (Lenth and Grant 1996). Recent work suggests a
genetic basis for fine-scale functional differefitia amongP. lanceolata populations exposed to
long term climate manipulations at BCCIL (Raven$icev al. 2013a, 2013b). A strong genetic
component to trait variation suggests populatidnB. tanceolata harbor sufficient variation in
functional traits within landscapes to be abledag to future drier climatas situ. The

presence of extreme soil moisture gradients wittenrelatively small spatial extent of one dale
may be the reason thatlanceolata has been able to tolerate experimentally indusé@me
summer drought in this grassland (Grime et al. 26@@ley et al. 2011). More generally, local
and landscape scale climatic heterogeneity is densil to promote local diversity and thus may
provide a buffering capacity of populations in thee of climatic shifts (Jump et al. 2005, Jump

et al. 2009a, Jump et al. 2009b, Ashcroft et al.020
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Table 1: Precipitation, soil volumetric content amaker potential at each site. Slope orientatichthe number of plots per slope position

are listed for each site.

Number of 10 Precipitation Volumetric content Water potential
m? plots (mm) (m3md) (kPa)
Slope
Orientation  Top Mid Low June July Aug. mean min max mean min  max
SE (140°) 3 3
Cressbrookdale 237 320 224 012 0.01 0.30 -132  -503 -16
NW (330°) 3 3 3
SW (205°) 3
Millers Dale 237  320* 224* 015 0.01 0.33 -107 -585 -10
NE (26°) 3
SW (230°) 3 3 3
Lathkill Dale NE (35°) 3 151 262 231 013 0.01 0.40 -200 -621 -12

SW(195°) 3 3 3

* Data are from Cressbrookdale which is locatedika2away.
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Table 2: Traits measured.

SLA (cm2/g)

Leaf length (cm)
Number of Rosettes
Angle*

Number of Scapes

Scape Length (cm)

* Categorical: 1: <10°, 2: 10-25°, 3: 25-45°, 4534

min

18.6

2.6

max

272.6

31.7

23

12

55

mean

94.0

13.2

1.8

3.0

1.0

12.4

sd

37.3

5.8

2.0

0.8

1.5

14.8
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Table 3: Predictor variables used in mixed-effeotiads.

Within Plot Units Sour ce/Description
Individual depth cm Depth for each sample indiadu
Plot Level Units Sour ce/Description
Mean plot depth cm 55 depths per plot
Volumetric water content (mean) m3/ms3 6 per plot
Water Potential (mean) kPa Estimated from VC usatgntion curve
Slope Angle ° Plot inclination
Aspect NA Beers (1966) linear transformation ofeasp
Dale Scale Units Sour ce/Description
Recorded at half-hour intervals from June 6- August
Volumetric content (mean/min/max/var)  m3/m3 29
Recorded at half-hour intervals from June 6- August
Water Potential (mean/min/max/var) kPa 29
Precipitation cm Total June precipitation
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Figure Legends

Figure 1. The distribution of variance at nested spatialescfor five abiotic factors. Individual depth,
seasonal minimum water content and volumetric euraee not included because variance partitioning
was associated with experimental design. Seasonahom volumetric content and seasonal minimum
water potential were measured at the site scath,allivariance expressed between dales. Simijlarly
since sampling was purposely stratified acrossdaplth class, individual depth variance was limited

within plot variation only.

Figure 2. The distribution of trait variation across thesteel spatial scales represented in the sampling
design. Grey bars indicate the percentage of fanativariance at each spatial scale under a natiap
model of random effects. Dashed black lines in@ithaé distribution of trait variation under thelful
model constructed via a backwards selection praeedith likelihood ratio tests, following the
procedure set on in Bolker (2009). Percentageefdtal variance explained by abiotic factors uniier
final model (total variance of the fixed effect naetitiotal variance in the random model) is listedem
each trait, followed by the full model with estiredtvalues for each predictor in parentheses adigr e

term. ** P <.0001, ** P <0.01, * P <0.05

Figure 3. Variation in leaf level traits across opposingpd facets and through time for the three dales
considered. For each slope facet trait valuesiefitst sampling period (June) are in black andlie
second sampling period (July) values are in gr&fe®are separated by vertical grey lines.
Cressbrookedale (NW, SW) on the left, Lathkill d@liE, SW1, SW2) in the middle, and Millers Dale

(NE, SW) on the right.
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Figure 3
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Appendix 1: Water retention curves relating volunestontent (%) to water potential for each dalee T
relationship between Volumetric Content and watgeptial was estimated using a 3-parameter
asymptotic exponential modeled with a least-squenradel in R (Bolker, 2009) using WP and VC daily
averages collected in each dale. Final modelBssbrookdale: -30 — 156%¢ V¢ 2) Millers Dale: -

23 - 644&®%7VC: 3) Lathkill Dale: -9 - 781&° V¢
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Appendix 2: Variance components for the six funadilctraits measured including the total variance thue percentage of this variance found
at each spatial scale. % Random is the total vegiahthe fixed effect model divided by the totatiance in the random model and thus
represents the variance explained when individtediptors are included. P-values for individuahisireflect likelihood ratio tests using AIC
values of the fixed effect and random model. Fuddeils are listed after tables of individual fixdteets, and estimated values are in

parentheses after each term. *** P <.0001, **(P04, * P <0.05

A.SLA
Fixed
effect Total % Within P. Random
Model Value Variance Random Dale  Aspect Position Plot Plot vs. Fixed
Random 0.12 11 29 0 21 38
Ind. depth -4E-04 0.12 100 11 29 0 21 38 0.80
Plot depth 0.03 0.11 91 5 36 3 15 42 1E-3**
Aspect (beers) 0.14 0.11 91 7 27 0 24 42 >.05 *
Slope angle -0.01 0.11 95 13 24 0 23 40 0.08.
VC plot 117 0.10 84 16 20 0 19 46 2E-4 ***
WP plot 6E-04 0.11 94 18 20 0 21 41 0.01*
WP Dale 2E-03 0.10 87 0 31 0 25 44 0.03*
VC Dale -0.39 0.13 113 21 26 0 19 34 1.00
Precipitation Dale 2E-03 0.12 102 12 29 0 21 38 0.44
Full Model: VC plot (.95) + Plot depth (.02) + WP Dale (.01) *** 69%
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B. Leaf Length

Fixed

effect Total % Within P. Random
Model Value Variance Random Dale  Aspect Position Plot Plot vs. Fixed
Random 34.82 0 8 14 18 60
Ind. depth 0.14 34.46 99 0 6 16 19 59 TE-06 ***
Plot depth -0.01 35.21 101 0 8 14 19 59 1.00
Aspect (beers) -0.96 35.27 101 1 8 14 18 59 0.50
Slope angle -0.22 34.36 99 0 22 0 16 61 0.02*
VC plot -2.34 34.82 100 0 5 16 20 60 0.68
WP plot 5 E-05 35.11 101 0 8 13 19 60 1.00
WP Dale 0.01 35.69 103 1 9 13 18 59 1.00
VC Dale -15.09 34.50 99 0 7 14 18 61 0.20
Precipitation Dale 0.03 34.82 100 0 8 14 18 60 0.28

Full Model: Angle (-.22) + Ind. Depth (.14) *** 98%
C. Leaf Angle

Fixed

effect Total % Within P. Random
Model Value Variance Random Dale  Aspect Position Plot Plot vs. Fixed
RANDOM 0.65 0 14 0 1 85
Ind. depth 0.01 0.65 100 0 14 0 1 85 0.09.
Plot depth 2E-03 0.66 100 0 14 0 1 85 1.00
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Aspect (beers) -0.20 0.64 98 0 12 0 1 87 0.08.
Slope angle -0.01 0.65 99 0 13 0 1 86 0.09.
VC plot -0.63 0.64 98 0 11 0 2 87 0.21
WP plot -1E-05 0.65 100 0 13 0 1 85 1.00
WP Dale -6E-04 0.67 103 3 13 0 1 83 1.00
VC Dale -1.29 0.65 100 0 14 0 1 85 0.38
Precipitation Dale 0.00 0.68 104 3 13 0 1 82 1.00
Full Model: Aspect (-.23) + Slope angle (-.01) + Ind. Depth (.01) *** 94%
D. Rosette
Fixed
effect Total % Within P. Random
Model Value Variance Random Dale  Aspect Position Plot Plot vs. Fixed
RANDOM 0.18 0 0 79 0 21
Ind. depth 0.01 0.18 99 0 0 80 0 20 0.51
Plot depth 0.00 0.18 100 0 0 79 0 21 0.94
Aspect (beers) -0.14 0.18 99 0 0 79 0 21 0.77
Slope angle -0.03 0.14 8l 0 0 74 0 26 0.02*
VC plot -0.05 0.18 100 0 0 79 0 21 0.93
WP plot 0.00 0.18 100 0 0 79 0 21 0.93
WP Dale -4.4E-04 0.18 100 0 0 79 0 21 0.79
VC Dale -0.47 0.18 99 0 0 79 0 21 0.75
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Precipitation Dale 0.00 0.18 100 0 0 79 0 21 0.95
Full Model: Slope angle (-.03) *** 81%
E. Scape
Number
Fixed
effect Total % Within P. Random
Model Value Variance Random Dale  Aspect Position Plot Plot vs. Fixed
RANDOM 0.34 0 21 4 0 75
Ind. depth 0.01 0.34 100 0 21 4 0 74 0.36
Plot depth -0.07 0.30 90 0 8 16 0 76 0.01*
Aspect (beers) -0.14 0.33 97 0 17 7 0 76 0.36
Slope angle -0.02 0.31 92 0 24 0 0 76 0.08.
VC plot 0.42 0.34 100 0 21 3 1 75 0.62
WP plot 2.1E-04 0.34 100 0 22 1 3 75 0.74
WP Dale -1.9E-03 0.32 95 0 14 8 0 77 0.32
VC Dale 2.06 0.32 95 0 12 8 0 79 0.20
Precipitation Dale 0.00 0.31 94 0 11 10 0 80 0.20
Full Model:  Slopeangle (-.03) + Plot depth (-.08) ** 78%
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F. Scape

Length

Full model: NS

Fixed

effect Total %
Model Value Variance Random
RANDOM 2.02
Ind. depth -0.01 2.02 100
Plot depth -0.05 2.00 99
Aspect (beers) 0.01 2.02 100
Slope angle -0.02 2.02 100
VC plot 1.50 1.99 98
WP plot 0.00 2.02 100
WP Dale 0.00 1.98 98
VC Dale 0.56 2.02 100
Precipitation Dale 0.00 2.02 100

Within P. Random
Dale  Aspect Position Plot Plot vs. Fixed
0 10 0 21 69
0 10 0 21 69 0.36
0 11 0 20 69 0.33
0 10 0 21 69 0.97
0 12 0 19 69 0.58
0 8 0 22 70 0.38
0 10 0 21 69 0.89
0 6 0 23 71 0.45
0 10 0 21 69 0.45
0 9 0 21 69 0.83
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Chapter 5
SYNTHESIS

Many studies have examined the need and capacHyeafies to migrate poleward as the
climate shifts (Davis and Shaw 2001, Neilson e2@05). The potential for local adaptation,
however, remains understudied despite the recogmiatential for genetic diversity to buffer
species from climate-induced local extinction (Juang Pefiuelas 2005). Compared to
migration, the potential for local adaptation kely to be highest under circumstances where: a)
there is sufficient local genetic variation thatlarlies quantitative traits relevant to climatic
shifts; b) the environmental shift is more than baraccommodated by phenotypic plasticity;
and c) species-level changes are restricted {eog, dispersal limitation) (Davis et al. 1986,

Davis & Shaw 2001) or occur more slowly than popafalevel change (Moser et al. 2011).

Most experimental climate manipulations have lethidy rapid species-level changes,
suggesting that local adaptation is not signifi¢@itapin et al. 1995, Harte and Shaw 1995,
Grime et al. 2000, Zavaleta et al. 2003, Kleinle@07, Mikkelson et al. 2008). At the Buxton
Climate Change Impacts Laboratory (BCCIL) in northEngland (UK), annual manipulations
of temperature and rainfall have been maintainedesi993 and most species have not
experienced large changes in abundance in respors@erimental treatments (Grime et al.
2000, 2008, Fridley et al. 2011). Adaptation toexpental treatments has been hypothesized as
one potential mechanism of species persistencenget al. 2008), but it is unclear whether

selection or plasticity underlies species’ stayilit

Most species common to this calcareous grasslastdrayare obligate outcrossers with
high local phenotypic variation that has a genlegisis (Booth and Grime 2003, Fridley et al.

2007, Bilton et al. 2010, Whitlock et al. 2010)end | investigated the role of local adaptation as
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mechanism of the apparent resistance of speciéshtpterm climate manipulations at BCCIL
using one of the more common forbs in these cabcargrassland®lantago lanceolata. | used
a common garden approach to test for evidencelettszn for different suites of functional
traits in P. lanceolata populations exposed to twerdecades of summer drought at BCCIL.
The main axis of functional variation reflectedadeoff between reproductive and vegetative
allocation, consistent with drought avoidance amwhgetitive strategies, respectively. Avoidance
strategies were more prominent in droughted pojuistwhereas competitive strategies were
more prominent in populations from control treattsefireatment differences were more
moderated by soil depth which suggests that seteptiessures imposed by different climate
treatments are modified by fine scale edaphic bgtmeity. Furthermore, | detected parallel
divergence patterns in replicate pairwise controlight treatment comparisons (5 replicate
experimental blocks) which suggests a genetic basthe functional differentiation

demonstrated in the common garden experiment..

Parallel divergence patterns in replicated pairwizetrol-treatment comparisons were
significant for all control-treatment contraststthrcluded precipitation manipulations (drought
and increased precipitation, including both faetbcombinations with heating). Evidence of
significant treatment-based genetic structure sstggbat extant populations have adapted to
long term experimental manipulations at BCCIL thgldocal genetic restructuring associated
with treatment based differences in soil water $ufgrought, increased precipitation) and
demand (factorial with heating). Evidence of sigraiht genetic and functional structuring in
relation to gradients in soil water availabilityggiests that local environmental heterogeneity
may buffer this species from climatic change beeaugromotes diversity upon which climate-

based selection may act.
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Different soil water dynamics associated with ekpental treatment and as modified by
local edaphic heterogeneity reflect moisture gnatdi¢hat occur at nested spatial scales in this
topographically complex calcareous grassland. Aegpd environmental monitoring and trait
analyses oP. lanceolata to calcareous grassland systems in the landscameiading BCCIL in
an effort to relate the extent and spatial strectfrmested soil moisture gradients to that of
functional variation in six traits that collectiyeleflect the main axes of functional
differentiation found in the common garden studydasured intraspecific variation in four
vegetative and two reproductive traitsHnlanceolata populations in a series of nested plots in
the landscape surrounding BCCIL. Abiotic gradieadsociated with soil water dynamics had a
distinct spatial structure that in turn promoteerarchical partitioning of intraspecific functional
variation in five of the six traits measured. THaitvironment relationships were particularly

pronounced for specific leaf area (SLA) in assaamatvith soil water availability.

Conclusion

Here | reveal significant treatment based genetieréntiation in P. lanceolata
populations which suggests a genetic basis fofuthetional differentiation evident in the
common garden study. Evidence of treatment baseetigalifferentiation was most pronounced
in precipitation manipulation treatments, suggesgeanetically based functional differentiation
in P. lanceolata is associated with treatment bdgttences in soil water supply and demand.
Taken together my results suggest a genetic basledal intraspecific functional differentiation
in P. lanceolata which in turn has allowed this species to adagitunto experimental climate
manipulations. Furthermore, local and landscapke ggadients in factors related to climate
change (e.g., soil moisture) promote functionat trariation at associated scales which may
buffer this species from future climatic change.
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Although results suggest some populations may tieveapacity to adapt to climate
change and thus resist climate-induced local eatiiop given adequate levels of genetic
variation, this does not mean that these systemmberently stable. In particular, barriers to
dispersal limit the invasion of southerly specigbich may over longer time scales cause
species-level shifts even if extant populationsadnie to adapt to new environmental regimes
(Moser et al. 2011). The likelihood of long-termppitation persistence in the face of new
species immigration over the coming decades rensakey unresolved area in global change

research.
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