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Summary

1. Natural variation in life history provides the opportunity to examine its correlated population

performance. Alpine systems are considered to be vulnerable to climate change as high-altitude con-

ditions are predicted to become more similar to those at low altitude. Comparing natural popula-

tions that exhibit variation in life history across altitude can provide information on how life history

may influence the demography of alpine plants under a range of altitudinally or climatically variable

conditions.

2. We compared the abundance, demography, life history and morphological development of

Erysimum capitatum populations in alpine and lower-altitude habitats in the Colorado Rocky

Mountains.

3. Mortality of all life stages was higher at lower elevation than in alpine sites, and low-elevation

plants reproduced more quickly and expressed a semelparous life history more frequently than did

alpine plants. Significant variation in post-reproductive survival, i.e. the opportunity for iteroparity,

was also found across regions.

4. Several life stages contributed comparably to projected population growth in high-altitude,

iteroparous populations, whereas low-elevation semelparous populations depended primarily on

seedling recruitment and rapid reproductive maturation for population maintenance. Populations

with intermediate levels of iteroparity differed from each other in their demography, suggesting that

transitional states between iteroparity and semelparity are unpredictable.

5. Morphological development also differed between iteroparous and semelparous plants, with

iteroparous plants producingmore vegetative rosettes andmaintaining those rosettes in a vegetative

state more frequently than semelparous plants. Sites with lower soil water content were more

semelparous.

6. Synthesis. These combined results suggest that changes in developmental rates and morphology

may promote changes in fundamental life history. Altitudinal variation inmorphology and parity is

strongly associated with demographic variation across altitude, indicating that plastic or evolution-

ary changes in these traits would influence population performance across altitudinally or climati-

cally variable conditions.

Key-words: alpine, climate change, demography, elasticity, iteroparity, life-history traits,

plant development, semelparity

Introduction

Life history is a fundamental determinant of population

demography. Schedules of reproduction and patterns of

age-specific mortality combine to determine the relative contri-

bution of different life stages to population growth and

persistence. In some plants, life history varies geographically.

Such natural variation in life history provides the opportunity

to examine its effects on population performance and enables

analyses of causes and demographic consequences of life-

history variation.

Considerable attention has recently been paid to the demog-

raphy of alpine and arctic species because they are thought to

be especially vulnerable to future climate change; being at the

edges of climatic gradients, their geographic ranges are pro-

jected to decrease rapidly (Theurillat & Guisan 2001; Walther*Correspondence author. E-mail: eunsukkim2@gmail.com
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2003; Parmesan 2006; Diaz & Eischeid 2007). With decreasing

opportunities for environmental tracking via migration,

predicting how the distribution of such plant species and the

viability of their populations respond to climate change is an

urgent agenda in current ecological studies (Parry et al. 2007).

Characterizing the demography of a population is the first

step toward inferring its likelihood of persistence. Demo-

graphic analysis can identify key life stages that contribute to

population growth and maintenance (Caswell 2001; Morris &

Doak 2002). By comparing populations inhabiting different

altitudes, moreover, key life stages for population growth in

different altitudes can be identified, differences in mortality of

those life stages can be determined, and morphological or

developmental traits that differ and contribute to demographic

differences can be characterized.

Plant life history as well as demography has been shown to

vary across altitude. In alpine environments, plant demogra-

phy is often characterized by low seedling recruitment and

high mortality at early developmental stages compared with

lower-elevation populations (Billings & Mooney 1968; Bliss

1971; Hautier et al. 2009; Milla et al. 2009), although this is

not always the case (Chambers 1995; Forbis 2003; Forbis &

Doak 2004; Giménez-Benavides, Escudero & Iriondo 2007;

Venn & Morgan 2009). Altitudinal differences in stage-spe-

cific mortality correspond with differences in life history, espe-

cially at the interspecific level, such that long-lived, frequently

iteroparous, perennials are dominant in alpine habitats (Bill-

ings & Mooney 1968; Körner 2003). Consequently, survival

of adult plants has been suggested to be a key demographic

parameter for maintaining alpine plant populations and a key

contributor to the evolution of life histories that are character-

istic of high altitudes. In contrast, the lower adult survival that

is frequently observed at lower altitude would select for faster

reproduction and more semelparous life histories at low alti-

tude. Changes in adult survival, as a consequence of migra-

tion to different altitudes or of climate change that would

cause high-altitude sites to experience environmental condi-

tions increasingly similar to those at low altitude (Dunne et al.

2004; Etterson 2004), are therefore predicted to alter selection

on life histories and to directly influence population demogra-

phy.

Demographic parameters, in turn, such as age-specific sur-

vival and reproduction, result from interactions among organ-

ismal traits and environmental conditions (Ricklefs &

Wikelski 2002; Lambrecht et al. 2007). Given the strong corre-

lation between life history and population demography

(Franco & Silvertown 1996), it is of special interest to identify

traits that are associated with life-history expression. Morpho-

logical or developmental traits may evolve in response to natu-

ral selection, or they may exhibit phenotypic plasticity to

altered environments. In turn, those altered traits can induce

changes in life history. It is important to know what demo-

graphic consequences may result from such responses (Gom-

ulkiewicz & Holt 1995; Saccheri & Hanski 2006; Reusch &

Wood 2007). Knowing which traits are associated with

particular life-history strategies would provide insight into the

potential demographic consequences of adaptation and

plasticity of traits likely to be subject to novel selection across

an altitudinal range or novel selection that accompanies cli-

mate change.

While fundamental life-history differences are commonly

documented between species that inhabit different altitudes, as

discussed above, intraspecific variation in life history across

altitude offers an especially useful context for investigating the

causes and demographic consequences of life-history variation,

while controlling for taxonomic variation. By comparing pop-

ulations of the same species that inhabit different altitudes,

morphological and developmental traits that are associated

with altitudinal variation in life history can be characterized,

and traits that contribute to demographic differences can be

identified. Such systems also provide a framework for inter-

preting how threatened high-altitude populationsmay respond

to climate change, since abundant evidence predicts that high-

altitude conditions will become increasingly more similar to

low-altitude conditions with respect to temperature and pre-

cipitation regimes (Dunne et al. 2004; Etterson 2004). While

in situ comparisons cannot distinguish between plasticity

versus genetic differentiation as causes of demographic and

life-history differences without further experimental manipula-

tions, they can generate informed hypotheses concerning how

life history and demography may respond, in the short- and

long term, to changes in altitudinally variable environmental

factors.

Here, we report a comparative study that characterizes

demographic, life-history, and morphological and devel-

opmental differences between alpine and low-altitude

populations of Erysimum capitatum (Douglas ex Hook.

Brassicaceae) in the Colorado Rocky Mountains. Erysimum

capitatum is a rosette-forming herbaceous plant found in the

western United States and Mexico, in a wide variety of habi-

tats, from coastal dunes to deserts, chaparral, forests and

alpine tundra (Price 1987; Rollins 1993). In the Rocky

Mountains, it occurs mainly in open habitats from 1500 m

to over 4000 m a.s.l. A taxonomic study based primarily on

herbarium specimens (Price 1987) reported natural variation

in morphological and life-history traits, with plants in alpine

habitats exhibiting a perennial life cycle, multiple basal stems

and rosettes, and low statue while those at lower altitude

being biennial with fewer basal stems and taller inflorescenc-

es. In all populations, rosettes that produce inflorescence

from their apical meristems degenerate during the reproduc-

tive period (E. Kim, personal observation). However, no

field study has confirmed this variation nor investigated the

population dynamics associated with this variation. We took

advantage of the wide altitudinal distribution of E. capitatum

to examine natural variation in demography, morphology

and developmental traits, and the associations among

morphology, life history and demography. Specifically, the

following questions were addressed: (i) Does population

demography differ between alpine and low-elevation habi-

tats? (ii) Do high- and low-elevation populations differ in life

history, morphology and developmental traits? (iii) What is

the relationship of morphological or developmental variation

to variation in life history and demography?
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Materials and methods

STUDY SITES AND EXPERIMENTAL DESIGN

Six natural populations of E. capitatum in the Colorado Rocky

Mountains, USA, were used for this study. In each of three water-

sheds, one population was chosen in an alpine tundra environment

above tree-line (altitude > 3200 m) (‘H1’, ‘H2’, ‘H3’), henceforth

referred to as ‘high-elevation sites’, and one population was chosen

below tree-line (altitude < 2650 m) (‘L1’, ‘L2’, ‘L3’), henceforth

referred to as ‘low-elevation sites’ (Table 1). L1 was in an open area

in sagebrush scrub, and L2 and L3 were in open area in ponderosa

pine forest.

Depending on the spatial extent of the populations, three or four

1 · 1 m permanent plots were established in L2, L3, H2 and H3 in

July, 2004, with the goal ofmarking at least 50 individuals within each

population. In H1, the density of E. capitatum was much sparser, so

four 1 · 3 m plots were established there. Plots at the L1 site were set

up in 2005 because we could not find a natural population below tree-

line near theH1 site in 2004.

All individuals ofE. capitatum in each plot were marked with num-

bered aluminium tags that were fixed in the ground near each plant.

The total numbers of tagged plants that were followedwere compara-

ble across all sites (Table S1 in Supporting Information). At the L1,

H1 and H2 sites, all seedlings within permanent plots were marked in

2005. At the L2, L3 and H3 sites, one 0.25 · 1 m subplot was ran-

domly selected within each plot because of high seedling densities,

and seedlings within the subplots were marked with numbered alu-

minium tags. Regular censuses were conducted during the growing

season (May to August), approximately every 2 weeks from 2005 to

2008, except for 2006whenmonthly censuses were conducted.

The number of fruits produced by each reproductive plant was

counted from 2004 to 2008. The number of leaves on all vegetative

rosettes and the length of the largest leaf were recorded in 2004. The

number of rosettes at the vegetative stage, number of rosettes at the

reproductive stage, and number of leaves and diameter of each rosette

weremeasured in every census from 2005 to 2008 in all populations.

Census to census survivorship was recorded for each tagged plant,

as was transition to reproduction. Plant mortality during the summer

was extremely high in low-elevation sites (see Results), and mortality

appeared to be caused by drought stress as indicated by the desicca-

tion of rosettes and wilting and yellowing of leaves. Therefore, volu-

metric soil water content of the six natural populations was measured

every 2 weeks from June to August in 2007. Three to four locations

were randomly chosen near permanent plots within each site, and soil

water content was measured using a Hydrosense with a 12-cm rod

(Campbell Scientific, UT, USA).

STATIST ICAL ANALYSIS

All statistical analyses used the sas statistical package ver. 9.2 (SAS

Institute Inc., Cary, NC, USA). For demographic analyses, life stages

were defined as follows: (i) ‘seedlings’ were plants that were less than

1 year old, (ii) ‘juveniles’ were non-reproductive plants that were

older than 1 year, (iii) ‘adults’ were plants that were in the reproduc-

tive state (‘reproductive adults’) or had been reproductive in the past

but were not reproductive at present (‘non-reproductive adults’).

A plant was designated as juvenile in 2005 if it did not reproduce in

both 2004 and 2005 and if it did not have a dried inflorescence from

previous years during 2004 and 2005. While censuses started in 2004

in five out of six sites (all but L1), most analyses below were

conducted using data starting in 2005 in order to include all the sites.

To compare plant density (number of plants per square metre)

between high- and low-elevation sites, repeated-measures analysis of

variance was conducted (sas proc glm; SAS Institute Inc.). At the

beginning of a growing season, the densities of seedlings, juveniles,

adult plants (reproductive plus non-reproductive), fruits and the sum

of plants at all life-cycle stages (except fruits) were averaged across

plots at each site. Seedling density was measured again at the end of

the growing season. Plant densities were natural-log-transformed for

the analysis. Themodel included year as the repeated factor, and hab-

itat (high vs. low), region and Habitat · Region as independent vari-

ables. For the year, Year · Habitat, Year · Region and

Year · Habitat · Region effect, F-ratios based on Wilk’s k were

evaluated. To interpret Habitat · Region and Habitat · Year inter-

actions, additional sub-analyses of variance were conducted to com-

pare plant densities between habitats within each region and year. To

interpret three-way interactions involving inter-annual variation in

plant densities, effects of year were tested for in each population sepa-

rately. To compare the proportion of adult plants between high- and

low-elevation habitats, analysis of variance using a logistic model was

Table 1. Erysimum capitatum natural populations in the Colorado Rocky Mountains, USA. Location and plant density (±SE) at the start of

experiment are shown

Region Population Location (latitude ⁄ longitude)
Altitude

(m)

Plant density in

2004 (no. m)2)

1 H1 Emerald Lake, Gothic

(39�00¢32.3¢¢ N, 107�02¢26.3¢¢ W)

3191 4.0±0.5

L1 Near Co Rd 743, Gunnison Public Land

(38�36¢16.8¢¢ N, 106�49¢27.7¢¢ W)

2630 18.0±2.9

2 H2 Summit of Loveland Pass

(39�39¢49.5¢¢ N, 105�52¢48.2¢¢ W)

3636 14.5±1.5

L2 Near Lookout Mountain Nature Center

(39�43¢54.7¢¢ N, 105�14¢30.8¢¢ W)

2234 17.0±2.3

3 H3 Niwot Ridge

(40�03¢11.6¢¢ N, 105�35¢20.1¢¢ W)

3505 18.0±1.7

L3 South Fork of Shanahan Trail, Boulder Open Space

(39�57¢40.0¢¢ N, 105�16¢16.5¢¢ W)

1831 19.3±2.0
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conducted (sas proc logistic; SAS Institute Inc.) with the same inde-

pendent variables as those used for the analysis of plant densities.

Year was treated as a fixed factor instead of a repeated factor. The

logit function was used as the link function, and the exact permuta-

tion distribution was used as the error function (Stokes, Davis &

Koch 2000).

To compare stage-specific (seedling, juvenile, adult) survival

between high- and low-elevation habitats, analysis of variance using a

logistic model was conducted (sas proc logistic; SAS Institute Inc.).

Themodel included as the dependent variable the survival probability

(0 or 1) of individual plants from the beginning of one growing season

to the beginning of the next growing season. The habitat, region and

Habitat · Region interaction were included as independent vari-

ables. The logit function was used as the link function, and the exact

permutation distribution was used as the error function (Stokes,

Davis & Koch 2000). The full model was evaluated only for data col-

lected in 2005 because plants at all life stages existed in all sites only in

2005. Separate analyses were conducted for each year and each

region, with habitat as an independent variable. To test for inter-

annual variation in survival within each population, analysis of vari-

ance was conducted with year as the independent factor.

To compare survival curves between habitats, survival functions

were compared between high- and low-elevation habitats within each

region (sas proc lifetest; SAS Institute Inc.). A life table of cohorts for

each year (2005, 2006 and 2007 cohorts) was constructed, and

log-rank tests were conducted. The L1 site had only four germinants

during the study years, so it was not included in the analysis, and the

comparison between habitats withinRegion 1 was not conducted.

To compare the relative contribution of life-cycle components to

the projected population growth rate, transition matrices were con-

structed for each population, and elasticities of the matrix elements

were calculated following Caswell (2001) and using a Matlab code

provided by Morris & Doak (2002). Seedlings were formulated as a

direct production from reproductive adults, and a seed bank was not

included in the model because of a lack of information on the seed life

stage. Omitting the seed stage from the transition matrix could influ-

ence the population growth rate especially in declining populations

(Kalisz & McPeek 1992). However, combining the seed and seedling

stage is common in single-year matrix models (Caswell 2001), and

such combining may have a modest effect on elasticity analysis (Sil-

vertown et al. 1993). Since no juvenile or adult plants existed in 2005

and ⁄ or 2006 at the L2 and L3 sites, transition matrices for 2005 and

2006 at those sites could not be calculated. Therefore, a stochastic

model using between-year variation in vital rates could not be

applied. Instead, the average transition probabilities from 2004 to

2008 were used in the transition matrices, although tests for inter-

annual variation in vital rates that could be compared across years

are also presented.

To test whether life-history reproductive strategy differed across

elevation, two key indicators of iteroparity – the post-reproductive

survival and number of reproductive episodes by individual plants –

were compared between habitats and across regions using analysis of

variance (sas proc logistic and sas proc glm; SAS Institute Inc.). The

model included habitat, region andHabitat · Region as independent

variables. Separate analyses of variance were then conducted within

each region. Since no reproductive plant was present at L2 and L3 in

2006 and 2007, and since the L3 population was not found in 2004,

only data collected in 2005 were analysed.

To test for differences in morphological, developmental and repro-

ductive trajectories across altitude, analyses of variance (sas proc glm;

SAS Institute Inc.) compared rosette ontogeny and fruit production

between habitats. The number of rosettes present at the beginning of

reproduction, the average number of leaves of those rosettes, the pro-

portion of rosettes that was allocated to reproduction within a grow-

ing season, the number of rosettes produced during reproduction,

and fruit production per reproductive plant were compared. The

number of vegetative rosettes that were produced during the repro-

ductive period was estimated by subtracting the number of vegetative

rosettes present at the beginning of reproduction from the number of

vegetative rosettes after reproduction. The model included habitat,

region and Habitat · Region interaction as independent variables.

To satisfy normality assumptions, all traits were natural-log-trans-

formed except the proportion of rosettes allocated to reproduction,

which was arcsine square root transformed. Due to significant Habi-

tat · Region interactions, additional analyses were conducted within

each region. The leaf number and rosette diameter of seedlings at the

end of the growing season, and the probability of reproductive matu-

ration were also compared. Only the 2007 cohorts could be compared

because of extremely high mortality of the 2005 and 2006 cohorts in

the L2 and L3 sites. Since no germinant was found in the L1 site in

2007, habitat effect was tested within Region 2 and Region 3. Addi-

tional analyses were conducted to compare iteroparous H1 and H2

populations and semelparous L2 and L3 populations. To satisfy nor-

mality assumptions, leaf number was natural-log-transformed. Soil

water content was also compared across altitude using the same

model.

To test for associations between morphological traits and post-

reproductive survival (the opportunity for iteroparity), two analyses

were conducted. First, to evaluate iteroparity at the population level,

linear regression analysis was conducted using population means of

traits as the independent variables, and population means of post-

reproductive survival as the dependent variable (sas proc glm; SAS

Institute Inc.). Only data in 2005 could be used in this analysis. Sec-

ondly, the association at the individual level within populations was

evaluated using logistic regression (sas proc genmod; SAS Institute

Inc.). The post-reproductive survival probability (0 or 1) of individu-

als was the dependent variable, and the following traits were indepen-

dent variables: the number of rosettes present at the beginning of

reproduction, average leaf number of rosettes at the beginning of

reproduction, proportion of rosettes allocated to the reproduction,

fruit production, and number of vegetative rosettes that were pro-

duced during reproduction. Data were combined over populations

and years, and the model included population and year to control for

yearly and population variation in post-reproductive survival. One

analysis was conducted with each independent variable (‘Total’), and

another analysis was conducted with all independent variables

(‘Direct’) to control for correlations among traits. All independent

variables were standardized with zero means and one standard devia-

tion. Pearson correlation coefficients among traits were also calcu-

lated. We compared the number of leaves on reproductive versus

non-reproductive rosettes. A separate t-test was conducted within

each population (sas proc ttest; SAS Institute Inc.). The comparison

was not conducted in the L2 andL3 populations sincemost reproduc-

tive plants did not have non-reproductive rosettes for comparison.

Results

PLANT DENSITY AND POPULATION AGE STRUCTURE

The overall density of plants was lower in high-elevation than

low-elevation sites (Table 2, Fig. 1a), especially the density of

new seedlings. However, the densities of juveniles and adults

were higher in high-elevation sites. Altitudinal differences in
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plant densities varied across regions and among years, as indi-

cated by significant Habitat · Region and Year · Habitat

interactions (Table 2). The density of particular life stages also

differed significantly across regions within a given altitude.

Notably, plant densities at the L1 site differed from those in

the other low-elevation sites, such that only four germinants

were observed during the study years, and overall plant density

decreased from 18 plants m)2 in 2005 to 2 plants m)2 in 2008.

The density of adult plants showed significant temporal varia-

tion only in the low-elevation habitat [L1 site, F(year) = 4.30,

P < 0.05; L3 site, F(year) = 29.33,P < 0.001], but temporal

variation in the density of juvenile plants was significant only

in the high-elevation habitat (H2 site, F(year) = 26.76,

P < 0.001;H3 site, F(year) = 48.87,P < 0.001) (Table S2).

Although pre-reproductive stages were usually more numer-

ous than adult stages in both habitats, the proportion of adult

plants in the high-elevation habitat (H1 site, 24–33%; H2 site,

19–54%; H3 site, 3–18%) was higher than in the low-elevation

habitat (L1 site, 3–56%; L2 site, 0–6%, L3 site, 0–23%)

(v2 = 17.34, P < 0.001) while the L1 site showed a higher

proportion of adult plants, similar to the high-elevation sites

(Figs 1b and S1). In addition, altitudinal difference in the adult

proportion varied across regions [Region 1, Score statistic

(habitat) = 2.68, P = 0.26; Region 2, Score statistic (habi-

tat) = 222296, P < 0.001; Region 3, Score statistic (habi-

tat) = 1.34, P = 0.43]. A high proportion of new seedlings

characterized the L2 and L3 sites.

AGE-SPECIF IC SURVIVAL AND REPRODUCTION:

VARIAT ION IN ITEROPARITY AND DEMOGRAPHIC

PROJECTIONS

The survival of plants at all life-cycle stages was higher in high-

elevation than low-elevation habitats in 2005 [seedling, Score

statistic (habitat) = 492.6,P < 0.001; Juvenile, Score statistic

(habitat) = 5.23, P < 0.1; Adult, Score statistic (habi-

tat) = 30.50, P < 0.001] (Table S3), and this pattern was

Table 2. Results of repeated-measures analysis of variance to compare (natural-log-transformed) plant density between high- and low-elevation

sites for each year from 2005 to 2008. d.f. = numerator ⁄ denominator degrees of freedom. F-ratios based on anova and F-ratios based onWilk’s

k (for year and its interactions) are presented

d.f.

Seedlings at the

beginning of the

growing season

Seedlings at the

end of the

growing season

Juvenile

plants

Adult

plants Fruit

Habitat 1 8.22* 22.04*** 17.84*** 7.70* 1.58

Region 2 30.15*** 24.98*** 11.33** 0.26 1.28

Habitat · Region 2 11.53** 2.06 10.07** 11.21** 7.06**

Year 3 ⁄ 12 30.17*** 48.23*** 55.12*** 6.81** 2.47

Year · Habitat 3 ⁄ 12 5.29* 6.02** 28.3*** 5.56* 4.26*

Year · Region 6 ⁄ 24 8.17*** 7.26*** 12.63*** 3.41* 5.52**

Year · Habitat · Region 6 ⁄ 24 3.57* 8.12*** 9.4*** 2.46(*) 1.87

(*)P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001.
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consistent across years (Fig. S2). Fewer than 56% of the new

seedlings died in the H1, H2 and H3 sites, but more than 73%

died in the L2 and L3 sites during their first year (Figs 2 and

S2). The probability of juvenile survival was also higher in the

high-elevation than low-elevation habitat in Regions 2 and 3.

Because of high mortality of seedlings and juveniles, no plants

of the 2005 and 2006 cohorts survived in the L2 and L3 sites at

the end of this study in 2008. Mean adult survival was also

higher in the high-elevation than low-elevation sites, and this

difference was driven by the extremely low survival of repro-

ductive plants in the low-elevation habitats (Fig. 3a). All

reproductive plants in the L2 and L3 sites died after repro-

duction in 2005 and 2006. The survival probability of repro-

ductive adult plants was similar to that of vegetative adult

plants in all high-elevation sites. The survivorship of seedlings

showed significant temporal variation in low-elevation sites

when it could be measured [L2 site, Score statistic (year) =

9.55, P < 0.05; L3 site, Score statistic (year) = 36.09,

P < 0.001] (Table S3). The survival probability of seedlings in

the H3 site also varied significantly across years [Score statistic

(year) = 12.64, P < 0.001]. In contrast, no temporal varia-

tion was detected for the survival probability of adult plants

except in the H2 site [H2 site, Score statistics (year) = 13.99,

P < 0.001].

Post-reproductive survival provides an opportunity for

iteroparity – more than one reproductive episode during an

organism’s lifetime. Average survival of reproductive individu-

als in high-elevation populations was six to seven times higher

than those in low-elevation sites in 2005 [Score statistic (habi-

tat) = 17.52, P < 0.001] (Fig. 3a), although it differed across

regions in high-elevation [Score statistic (region) = 15.93,

P < 0.001] and low-elevation sites [Score statistic

(region) = 6.78, P < 0.05]. Over 83% of the reproductive

plants survived in the H1 and H2 sites, and 23–32% of them

survived in the H3 and L1 sites. In contrast, post-reproductive

survival was extremely low in the L2 and L3 sites: all reproduc-

tive plants died in 2005.

Variation in post-reproductive survival was associated with

differential reproductive strategies among populations. Extre-

mely low post-reproductive survival in the L2 and L3 sites

removed the opportunity for multiple reproductive episodes,

so 98% of the adult plants reproduced only once during the

period of study (Fig. 3b). In contrast, 37% of adult plants in

the H1 site and 68% of adult plants in the H2 site reproduced

more than two times during the course of the study. Although

63%of adult plants reproduced only once during the period of

observation in the H1 site, 40% of those plants survived until

the end of the study, providing an opportunity for additional

reproductive episodes in the future. Like post-reproductive

survival, the number of reproductive episodes in the H3 and

L1 sites was somewhat intermediate, such that 6–24% of adult

plants reproduced at least twice, but no plant reproducedmore

than three times. In short, L2 and L3 populations were essen-

tially semelparous (but see below), andH1 andH2were unam-

biguously iteroparous, while H3 and L1 were of intermediate

parity.

On average, no significant net effect of elevation was found

for fruit number m)2 during any year, but a significant Habi-

tat · Region effect was detected (Table 2). Fruit density in the

H2 site was higher than in the L2 site, likely due to fewer repro-

ductive plants in the L2 site in 2005–2007. Fruit density varied

year to year in the H2 [F(year) = 9.55, P < 0.01] and L3 sites

[F(year) = 16.61, P < 0.001]. Similar to fruit density, no

effect of habitat was detected for the number of fruits per

reproductive plant [F(habitat) = 3.49, P = 0.19] (Fig. 4).

The number of fruits per reproductive plant varied signifi-

cantly across years in the H2 [F(year) = 6.89, P < 0.001], L1

[F(year) = 5.07, P < 0.01] and L3 sites [F(year) = 5.90,

P < 0.05].
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Elasticity analysis indicated that all non-zero life-stage tran-

sitions contributed comparably to projected population

growth rates in two high elevation, iteroparous populations

(H1 andH2) (Table 3). At high elevation, survival at all stages,

seedling recruitment, the transition to reproduction of non-

reproductive plants, as well as the continued reproduction of

adults all had elasticities between 0.141 and 0.168. Combined

elasticities of pre-reproductive survival were 0.308–0.313. In

contrast, in the low-elevation semelparous populations (L2

and L3), seedling recruitment had the highest elasticity, fol-

lowed by the transition of seedlings (first-year plants) directly

into reproductive plants in their second year. Unlike iterop-

arous populations, juvenile and adult survival contributed little

to projected population growth rates of semelparous popula-

tions, with combined survival elasticities of only 0.082–0.048.

Instead, seed and seedling survival followed by rapid reproduc-

tion was projected to lead to higher population growth rates.

In sites with intermediate degrees of iteroparity (L1 and H3),

demographic patterns differed greatly. InH3, as in iteroparous

populations, many life-stage transitions contributed compara-

bly to projected population growth. However, successive

reproduction contributed comparatively little, in contrast to

truly iteroparous populations, because of high adult mortality.

In L1, only juvenile survival contributed strongly to projected

population growth, most likely because of high adult mortality

and low seedling recruitment.

Projected population growth rate (k) was greater than 1

in the low-elevation semelparous populations (L2 and L3),

but close to or slightly smaller than 1 in the high-elevation

iteroparous populations (H1 and H2) (Table 3). In the

intermediate H3 population, k was similar to those in se-

melparous populations. Projected population growth rate

(k) of the intermediate L1 population was far smaller than

1, reflective of the fact that the population declined during

the study period, most likely due to high adult mortality

and low seedling recruitment.

NATURAL VARIAT ION IN ONTOGENETIC TRAITS AND

THEIR CORRELATION WITH ITEROPARITY

Developmental rates of juvenile plants differed across altitude

in Regions 2 and 3 (Fig. 5a–c). Seedlings of the 2007 cohort

Table 3. Transition matrices and elasticities for Erysimum capitatum transition elements in six populations. Developmental stages are:

S = seedling, J = juvenile, RA = reproductive adult and VA = vegetative adult

TO

Transition matrices Elasticity matrices

From From

S J RA VA S J RA VA

(a) H1 (k = 1.022)

S 0.000 0.000 1.809 0.000 0.000 0.000 0.141 0.000

J 0.916 0.554 0.000 0.000 0.141 0.167 0.000 0.000

RA 0.000 0.114 0.415 0.188 0.000 0.141 0.148 0.076

VA 0.000 0.000 0.473 0.605 0.000 0.000 0.076 0.110

(b) H2 (k = 0.802)

S 0.000 0.000 1.256 0.000 0.000 0.000 0.145 0.000

J 0.825 0.431 0.000 0.000 0.145 0.168 0.000 0.000

RA 0.000 0.085 0.330 0.335 0.000 0.145 0.161 0.086

VA 0.000 0.000 0.242 0.343 0.000 0.000 0.086 0.065

(c) H3 (k = 1.371)

S 0.000 0.000 9.859 0.000 0.000 0.000 0.264 0.000

J 0.666 0.538 0.000 0.000 0.264 0.171 0.000 0.000

RA 0.000 0.218 0.067 0.417 0.000 0.264 0.014 0.011

VA 0.000 0.000 0.138 0.225 0.000 0.000 0.011 0.002

(d) L1 (k = 0.396)

S 0.000 0.000 0.071 0.000 0.000 0.000 0.004 0.000

J 0.003 0.395 0.000 0.000 0.004 0.982 0.000 0.000

RA 0.000 0.446 0.106 0.500 0.000 0.004 0.002 0.002

VA 0.000 0.000 0.064 0.125 0.000 0.000 0.002 0.001

(e) L2 (k = 1.230)

S 0.000 0.000 115.444 0.000 0.000 0.000 0.459 0.000

J 0.028 0.125 0.000 0.000 0.074 0.008 0.000 0.000

RA 0.011 0.083 0.000 0.000 0.385 0.074 0.000 0.000

VA 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

(f) L3 (k = 1.395)

S 0.000 0.000 26.762 0.000 0.000 0.000 0.476 0.000

J 0.102 0.125 0.000 0.000 0.044 0.004 0.000 0.000

RA 0.066 0.083 0.000 0.000 0.432 0.044 0.000 0.000

VA 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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attained a larger size by the end of their first growing season at

the L2 and L3 sites than at theH1 andH2 sites (leaf number of

the apical rosette, F = 22.14, P < 0.001; Diameter of apical

rosette, F = 56.90, P < 0.001). All plants of the 2007 cohort

had a single apical rosette at the end of first growing season in

all sites. Plants in the semelparous L2 and L3 populations also

reproduced more quickly than those in other populations

(v2 = 11.44, P < 0.001), with 24–35% of them initiating

reproduction in their second year compared with no reproduc-

tion of second-year plants in the other populations. TheH3 site

with intermediate parity had seedlings that were intermediate

in size between those of semelparous (L2 and L3) and iterop-

arous populations (H1 and H2). Faster development was

associated with lower opportunity for iteroparity (post-repro-

ductive survival) at the population level [R2(leaf number of

rosette) = 0.80, P < 0.05; R2(diameter of apical rosette)

= 0.84,P < 0.05].

Traits of reproductive plants also differed between high-

and low-elevation sites, and such variation was associated with

the reproductive strategy of the populations (Fig. 5d–f).

Reproductive plants in high-altitude sites had more, but smal-

ler rosettes, allocated a smaller proportion of rosettes to repro-

duction, and produced more rosettes during reproduction.

Like iteroparity, morphological traits of reproductive plants in

the H3 and L1 sites were intermediate between semelparous

(L2 and L3) and iteroparous populations (H1 and H2). Popu-

lations with higher mean post-reproductive survival (opportu-

nity for iteroparity) had reproductive plants that had more

(R2 = 0.84, P < 0.05) but smaller rosettes (R2 = 0.62,

P < 0.1) at the beginning of reproduction, allocated a lower

proportion of rosettes to reproduction (R2 = 0.91,

P < 0.01), and produced more rosettes during reproduction

(R2 = 0.98, P < 0.001). All reproductive plants except one in

the semelparous populations (L2 and L3) allocated all rosettes

to reproduction, while 83% did so in the intermediate popula-

tions (H3 and L1), and less than 17% plants did so in the ite-

roparous populations (H1 and H2). No correlation was

detected between populationmean fruit number per individual

and post-reproductive survival (R2 = 0.14,P > 0.1).

Results of logistic regression at the individual level within

populations supported the significant associations between

post-reproductive survival and morphological traits at the

population level (Table 4). In addition, regression analysis

showed that the multiple regression coefficient of the number

of rosettes at the beginning of reproduction was non-signifi-

cant, whereas its simple regression coefficient was significant.

Since the number of rosettes at the beginning of reproduction

was negatively correlated with the proportion of rosettes
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allocated to reproduction (correlation coefficient = )0.86,
P < 0.001), the association of the number of rosettes at the

beginning of reproduction with post-reproductive survival is

likely due to its effect on the proportion of rosettes allocated to

reproduction. In contrast, the effects of the proportion of

rosettes allocated to reproduction and the production of

rosettes produced during reproduction remained significant

after controlling for correlations among traits, suggesting they

are likely two key predictors of iteroparity inE. capitatum.

In iteroparous and intermediate populations, not all rosettes

of a reproductive individual were allocated to reproduction.

The mean leaf number of vegetative rosettes was smaller than

that of reproductive rosettes, suggesting that the transition of

rosettes from vegetative to reproductive may depend on its size

(Fig. 6).

Plants that producedmore rosettes during reproduction had

higher post-reproductive survival in intermediate populations

(H3: regression coefficient = 1.40, SE = 0.66, P < 0.05; L1:

regression coefficient = 0.91, SE = 0.35, P < 0.01) but not

in completely iteroparous populations (v2 = 8.82, P < 0.05

for Trait · Population effect). Since 83% of the reproductive

plants in intermediate populations allocated all rosettes to

reproduction, and since rosettes that were allocated to repro-

duction degenerated during the reproductive period, the pro-

duction of vegetative rosettes during reproduction is likely a

key developmental mechanism for maintaining vegetative tis-

sues.

Low-elevation sites were drier than high-elevation sites in

Regions 2 and 3 (Fig. 7). The degree of iteroparity of a popula-

tion was correlated with soil water content, especially that in

August (R2 = 0.78, P < 0.05) compared with June

(R2 = 0.18,P = 0.39) or July (R2 = 0.24,P = 0.32).

Discussion

In E. capitatum, demography differed across altitude, as did

life history, morphological and developmental traits. Low-

elevation populations tended to be semelparous and high-

elevation populations iteroparous: some populations exhibited

intermediate parity. With high mortality in low-elevation sites,

selection for rapid growth to increase survival long enough to

reproduce is likely to be extremely important for maintaining

Table 4. The association between morphological traits and post-reproductive survival at the individual level. Simple (‘Total’) and multiple

(‘Direct’) logistic regression coefficients are also shown with their standard errors. The logistic regression model included year and population to

control for yearly variation and population variation in the post-reproductive survival. Data collected from 2005 to 2007 were used. No

significant interaction between population and trait was detected unless indicated

Total Direct

Log (rosette number at the beginning of reproduction) 0.56* (0.28) )0.13 (0.49)

Log (leaf number per rosette at the beginning of reproduction) 0.17 (0.24) 0.49 (0.34)

Arcsine square root (proportion of rosettes allocated to reproduction) )0.82** (0.27) )1.39** (0.50)

Log (number of rosettes produced during reproduction) 0.61*† (0.24) 0.89** (0.28)

Log (fruit number per individual) )0.19 (0.21) 0.01 (0.27)

†Significant interaction with population.

(*)P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001.
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populations there. Some morphological traits, such as rosette

production and rosette size, are associated with iteroparity,

suggesting that selection on those traits may influence adult

life-history expression. This life-history expression, in turn, is

predicted to influence population growth andmaintenance.

DEMOGRAPHIC DIFFERENCES ACROSS ALTITUDES

AND THEIR RELATION TO LIFE HISTORY

In E. capitatum, adult life stages contributed more to projected

population growth at high altitude than at lower altitude, but

juvenile life stages had contributions that were comparable

with those of adult life stages at high altitude. Juvenile plants

constituted a relatively high proportion (10–80%) of the stand-

ing density in high-elevation sites, and the elasticity of their sur-

vival and reproductive maturation was comparable with the

elasticity of adult plants. Even though stressful environmental

conditions in the high-elevation habitat are often expected to

cause low seedling recruitment as well as low plant survival at

early life stages (Billings &Mooney 1968; Bliss 1971; Bingham

&Orthner 1998), recent demographic studies have shown rela-

tively high recruitment and survival of plants at early life stages

(Chambers 1995; Forbis 2003; Forbis & Doak 2004; Venn &

Morgan 2009). Moreover, elasticity of survival and growth of

juvenile plants has been shown to be high in some alpine herba-

ceous plants, such as Artemisia genipi (Svensson et al. 1993;

Marcante, Winkler & Erschbamer 2009). Seedling recruitment

and survival of plants at early life stages seems to play an

important role in maintaining the size of high-elevation popu-

lations in at least some plant species.

Mortality of seedlings and juvenile plants in low-elevation

sites was significantly higher than in high-elevation sites. In

addition, temporal variation in survival was significant, which

is expected to increase the population extinction risk over the

long term. A similar pattern has been observed in other tem-

perate mountains (Rochow 1970; Giménez-Benavides, Escu-

dero & Iriondo 2007; Venn & Morgan 2009). Climatic

conditions at higher altitudes are predicted to become more

similar to those at lower altitudes, and such changed climatic

conditions in high-elevation habitats could substantially

increase mortality of plants at early life stages. Given the high

elasticity of pre-reproductive survival in high-elevation popu-

lations, changed climatic conditions could cause decreased

population size as well as higher variation in population size at

high elevations in the short term if the stage structure of the

populations there remains similar to that observed in this

study.

Iteroparity was more prevalent in high-elevation sites, and

semelparity was more prevalent in low-elevation sites, imply-

ing that the demographic differences among populations dis-

cussed above are due to differential life histories. Survival of

juvenile and adult plants and the continued reproduction of

adult plants were the most critical life-cycle components with

respect to projected growth rates of the iteroparous popula-

tions (H1 and H2). In contrast, seedling recruitment and

early reproductive maturation of seedlings were the most crit-

ical components for semelparous populations (L2 and L3).

Such contrasting elasticity between iteroparous and semelp-

arous populations conforms to results from comparative

studies among species (Silvertown et al. 1993). Therefore,

changes in parity appear to have a profound effect on popu-

lation demography.

The trajectory through which transitions between iteropari-

ty and semelparity occur, however, is not known. Populations

of intermediate parity, such as the H3 and L1 populations

observed in this study, can be useful for examining possible

transitional or intermediate states. Such intraspecific variation

in iteroparity is not uncommon, especially in short-lived herba-

ceous plant species (VanBaalen&Prins 1983; Verkaar& Sche-

nkeveld 1984; Hautekèete, Piquot & Van Dijk 2001). The

elasticity patterns of these intermediate populations ofE. capit-

atum differed from those of iteroparous and semelparous pop-

ulations, but also differed greatly from each other. Even

though the confidence interval of elasticity might be broad due

to the small sample size used for the transition matrix, this

result suggests that such intermediate populations have vari-

able demographic properties, and that demographic trajecto-

ries of populations in transition between iteroparous and

semelparous life histories are not easily predictable.

DEMOGRAPHIC FACTORS FAVOURING SEMELPARITY

VERSUS ITEROPARITY

Life-history theories predict that the mean and ⁄or the vari-

ance of age-specific survival influence the evolution of par-

ity (Stearns 1992). Iteroparity has been hypothesized to be

a bet-hedging strategy that distributes reproductive effort

across years in a temporally variable environment although

empirical support for this is poor (Schaffer & Rosenzweig

1977; Orzack & Tuljapurkar 1989). Similarly, this study

provides no support for this hypothesis since significant

temporal variation in reproductive output was not detected

at sites with a high degree of iteroparity, and iteroparous

populations exhibited higher survival at all life stages than

did semelparous populations.

Models suggest that semelparity is more likely to evolve in

environments in which population growth rate is high and ⁄or
adult survival is low relative to juvenile survival (Charnov &

Schaffer 1973; Young 1981). The high k values of the L2 and

L3 populations, and even of the H3 population, are consistent

with the high occurrence of semelparity in those populations

although the confidence interval of k might be broad due to

the small sample size used for the transition matrix. The low k
of L1 is not consistent with the prevalence of semelparity there,

despite some iteroparity. While the high adult mortality

observed at low elevation is consistent with theoretical expecta-

tion, the high post-reproductivemortality in these semelparous

populations could be due to external environmental factors,

internal physiological factors, or both. The results from this

experiment therefore could not test this theoretical prediction.

However, when plants were grown in benign greenhouse con-

ditions, 40–50% of the reproductive plants from semelparous

populations survived after reproduction (E. Kim & K. Don-

ohue, unpubl. data), suggesting that sites with semelparity
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might impose external mortality factors that cause high adult

mortality, which would favour semelparity.

Semelparous E. capitatum populations experienced lower

soil moisture during the summer. Notably, the soil water avail-

ability was positively associated with the degree of post-repro-

ductive survival in the population. A similar pattern was

reported in Lobelia species (Young 1984), suggesting that low

soil water availability may produce demographic conditions

(low adult survival) that favour semelparity or may impose

selection on traits (such as rosette size or number, see below)

that promote semelparity. More study is required to test this

hypothesis.

The faster growth and earlier reproduction of plants in se-

melparous populations of E. capitatum, compared with those

in iteroparous populations, is consistent with the ‘fast–slow

continuum’ hypothesis that is based on similar patterns

observed in other species (Franco & Silvertown 1996; Bielby

et al. 2007). According to this hypothesis, differential adult

survival is the causal factor of such correlations among life-his-

tory traits; low adult survival selects for faster growth, acceler-

ated reproduction and high reproductive investment in a single

reproductive episode. Thus, as adult mortality increases, a

suite of life-history traits associated with semelparity is

expected to evolve.

Without experimental transplants, it is not possible to deter-

mine the degree to which semelparity in E. capitatum reflects

the predicted suite of trait covariation and the degree to which

it is imposed by extrinsic mortality or by intrinsic monocarpic

scenescence. Semelparity is often defined as a programmed

process of high fecundity followed by post-reproductive sce-

nescence (Hautekèete, Piquot & Van Dijk 2001). Post-repro-

ductive survival of ‘semelparous’ populations was higher

under benign greenhouse environments than in the field, as

mentioned above, yet post-reproductive senescence was still

higher in semelparous populations (E. Kim, unpubl. data).

These results suggest that both intrinsic and extrinsic factors

increase post-reproductive mortality in semelparous popula-

tions. In addition, high reproductive output per reproductive

episode is a characteristic trait of semelparous plants, yet fruit

number per plant did not differ between high- and low-eleva-

tion populations in this study.However, environmental quality

may have been poorer at low elevation and ⁄or fruit production
may increase with plant age; relative reproductive output of

semelparous versus iteroparous plants with similar age needs

to be determined in a common environment in order to draw

conclusions concerningwhether reproductive allocation differs

among these populations. Thus, it remains unclear the extent

to which some low-elevation populations of E. capitatum have

evolved a complete semelparous syndrome, despite exhibiting

functional semelparity in the field.

THE DEVELOPMENTAL AND MORPHOLOGICAL BASIS

OF ITEROPARITY

Iteroparity depends on whether plants have a developmental

mechanism for renewed vegetative growth after reproduction

(Townsend et al. 2006). In E. capitatum, iteroparous plants

had multiple rosettes at the beginning of reproduction and

allocated only a subset of those rosettes to reproduction.

Rosettes with inflorescences from their apicalmeristems invari-

ably degenerated during the reproductive period, but those

without inflorescences maintained viable leaves. In addition,

iteroparous plants continued to produce vegetative rosettes

during the reproductive period. Thus the production of

rosettes and the maintenance of rosettes in a vegetative state

are key developmental mechanisms of iteroparity in this spe-

cies. Such a developmental pattern of rosette production has

been reported in many other iteroparous rosette plants (Ver-

kaar & Schenkeveld 1984; Silvertown 1989; Young & Aug-

spurger 1991;Wang et al. 2009).

Inmany plants, rosettes require a period of cold temperature

in order to initiate reproduction, a process called ‘vernaliza-

tion’, and rosette sensitivity to vernalization is associated with

life-history variation in diverse plants. Erysimum capitatum

responds to vernalization (E. Kim & K. Donohue, unpubl.

data), and it receives winter vernalization across its elevational

ranges, so vernalization likely regulates rosette transitions to

the reproductive state. Iteroparous E. capitatum seems to have

mechanisms that prevent rosettes from becoming reproductive

after vernalization. First, not all rosettes that were present

before reproduction – and therefore experienced vernalization

over the winter – became reproductive, especially the smaller

rosettes. In some plant species, the size or developmental state

of rosettes influences its ‘competence’ to respond to environ-

mental stimuli for reproduction, such as vernalization (Wessel-

ingh et al. 1997; Rees et al. 1999; Searle et al. 2006) while the

physiological and genetic mechanisms that regulate ‘compe-

tence’ to respond to vernalization is not known. In iteroparous

E. capitatum, rosettes that did become reproductivewere larger

than those that did not, suggesting that the competence for a

rosette to become reproductive depends on its size. Alterna-

tively, size may be correlated with some other factors, such as

developmental or physiological state, or growth rate itself,

which governs the competence of a rosette (Young 1985).

Secondly, rosettes that are produced during the reproductive

period do not receive vernalization, and they may require ver-

nalization in order to flower. Inmany semelparous plants, such

asArabidopsis thaliana, all rosettes that are produced after ver-

nalization of the plant become reproductive, even if the

rosettes themselves did not experience vernalization because

they were produced after the plant was vernalized. In contrast,

iteroparous plants likeArabis alpina keep rosettes that are pro-

duced after vernalization in a vegetative state. It is suggested

that differential expression of the floral repressor, Flowering

Locus C (FLC) or its analoguePEP1, may induce such a differ-

ent transition of rosettes to reproduction in response to vernal-

ization (Grbić & Bleecker 1996; Wang et al. 2009). In

A. thaliana, vernalization represses FLC irreversibly, which

induces newly produced rosettes after reproduction to become

reproductive. In contrast, in A. alpina, while vernalization

represses PEP1, enabling the rosettes that experienced vernali-

zation to flower, PEP1 becomes active again during the grow-

ing season, preventing newly produced rosettes from becoming

reproductive. Expression studies of FLC or its analogue in
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E. capitatum can reveal whether its expression also plays an

important role in iteroparity.

In summary, the iteroparous life history in E. capitatum

appears to be enabled by the ability of new rosettes not to be

induced to flower immediately even if the plant experienced

vernalization, and a decreased sensitivity of some rosettes to

respond to vernalization, possibly due to a size effect on rosette

competence to respond to chilling.

Conclusions and future directions

In conclusion, altitudinal variation exists in developmental

morphology, which is associated with variation in life history.

Populations with different life histories, moreover, also exhib-

ited different population demography. Thus, if selection and

mortality at high altitude become more similar to those at

lower altitude, populations are expected to suffer greater mor-

tality, a semelparous life history is likely to be favoured, and

viable populations are expected to depend heavily on early sur-

vival and rapid reproduction.

Among traits correlatedwith iteroparity, somepre-requisites

for iteroparity are expressed at the juvenile stage – such as the

production and growth of rosettes. Future studies thatmeasure

natural selection on such juvenile traits would provide insight

into the evolution of life-history differences across altitude.

While this study documentedmorphological, developmental

and life-history differences among populations growing at

differentaltitudes, itwasnotabletodeterminewhetherthosedif-

ferencesweredue tophenotypicplasticityorgeneticadaptation.

If theobservedvariationreflectspastadaptivegeneticdifferenti-

ation, rapid climate change is likely to have detrimental effects

onthepersistenceofalpinepopulationssincegeneticadaptation

to changed environmental conditions will likely be slow

compared with the rate of climate change. Plastic responses, in

contrast, will occur more quickly, and if adaptive, they can

increase population performance in the face of environmental

change (Baldwin 1896; Bradshaw, Caspari & Thoday 1965;

Sultan 1987; West-Eberhard 1989; Schlichting & Pigliucci

1998). Thus a priority in predicting plant responses to environ-

mental change is to distinguish between genetic and plastic

responsesandtoevaluatetheadaptivevalueofthoseresponses.
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