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     Geographic variation in ecologically important traits is at-
tributable both to genetic differentiation and phenotypic plasticity 
( Claussen et al., 1940 ;  Endler, 1977 ;  Sultan, 1987 ;  Linhart and 
Grant, 1996 ;  Geber and Griffen, 2003 ). Patterns of genetic differ-
entiation and plasticity infl uence present and future interactions 
of organisms with their environments in ways that affect species 
ranges, invasiveness, and community composition ( Kirkpatrick 
and Barton, 1997 ;  Sakai et al., 2001 ;  Miner et al., 2005 ;  Bridle 
and Vines, 2007 ). Thus, characterizing plasticity and genetic 
differentiation provides critical information for predicting the 
evolutionary and ecological responses of plants to new environ-
ments experienced after dispersal and as a result of anthropo-
genic climate change ( Holt, 1990 ;  Walther, 2003 ; Jump and 
Pe ñ uelas, 2005;  Parmesan, 2006 ;  Charmantier et al., 2008 ). 

 Alpine ecosystems are at the edges of climatic clines, and 
their geographic ranges are projected to decrease rapidly. Phe-
notypic plasticity in response to climatic variation may criti-

cally affect the persistence of alpine plant populations ( Theurillat 
and Guisan, 2001 ;  Diaz and Eischeid, 2007 ;  Parry et al., 2007 ). 
In particular, the risk of population extinction may depend on 
whether plasticity follows a pattern of cogradient variation 
( Eckhart et al., 2004 ). Cogradient variation occurs when the 
plasticity of a trait in response to an environmental gradient is 
in the same direction as adaptive genetic differentiation ( Levins, 
1968 ;  Conover and Schultz, 1995 ). Since climate change causes 
environments at high altitude to become similar to those at low 
altitude, if traits of alpine plants become more similar to those 
of locally adapted low-altitude plants through phenotypic plas-
ticity, such plasticity could improve plant performance in the 
face of environmental change ( Byars et al., 2007 ;  Charmantier 
et al., 2008 ). To test for such cogradient variation requires 
quantifying both genetic differentiation and plasticity to rele-
vant environmental factors ( Conover and Schultz, 1995 ). 

 An important predicted outcome of climate change is altered 
availability of water. Higher temperature alters the timing of 
snowmelt at high altitude. Earlier snowmelt and therefore longer 
growing seasons could increase the evaporation and transpiration 
of soil water, causing drier soils during the summer growing sea-
son ( Taylor and Seastedt, 1994 ;  Harte et al., 1995 ;  Calanca, 2007 ; 
 Lambrecht et al., 2007 ). Because soil water content is positively 
correlated with altitude in many temperate mountains, climate 
change could cause a novel drought stress for plants at higher 
altitudes ( K ö rner, 2003 ;  Parry et al., 2007 ). Evaluation of plastic-
ity of alpine plants to soil water availability is therefore relevant 
for predicting how climate change may affect their phenotypic 
and life-history expression and fi tness ( Harte et al., 1995 ). 
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   •     Premise of the study:  Distinguishing the contributions of phenotypic plasticity vs. population differentiation to variation in the 
life history of plants throughout their range is important for predicting their performance after dispersal or their responses to 
environmental change. In  Erysimum capitatum , plants in alpine environments are iteroparous perennials, but those below tree 
line are semelparous perennials. We tested population differentiation and plasticity of life-history variation and explored the 
effects of plastic responses at the prereproductive stage on life-history expression. 

  •     Methods:  Plants from alpine and below tree-line populations were grown in a common greenhouse environment. Soil water 
content at the prereproductive stage was manipulated to simulate fi eld condition. Because rosette ontogeny of  E. capitatum  
(i.e., production of multiple rosettes, reproductive allocation, and degeneration of rosettes) was highly associated with in situ 
life-history variation, water effects on rosette ontogeny and life history were assessed. 

  •     Key results:  Plants from alpine populations showed higher postreproductive survival than those from low-elevation populations 
in the greenhouse environment, and such difference can be explained by differential rosette ontogeny at both the prereproduc-
tive and reproductive stage. In addition, rosette development at the reproductive stage was plastic to water availability at the 
prereproductive stage, which infl uences life-history expression as adults. 

  •     Conclusions:  Because water availability is lower at low-elevation sites, in situ population differentiation is likely caused by 
plasticity to water availability as well as by genetic differentiation or maternal effects. Plastic or evolutionary changes of pre-
reproductive traits are expected to infl uence adult life-history expression, which possibly infl uence population demography.  

  Key words:    altitudinal variation; developmental stage;  Erysimum capitatum ; life-history strategy; phenotypic plasticity; 
population differentiation. 
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and since soil water content differs between semelparous and 
iteroparous populations, we manipulated soil water availability 
at the prereproductive stage to determine phenotypic plasticity 
and differentiation of the ontogeny of rosettes, and its effects on 
the life history. 

 Specifi cally, we addressed the following questions: (1) Do 
populations from different altitudes differ in morphological and 
developmental traits as well as iteroparity when plants are 
grown in a common environment with ample soil water con-
tent? (2) Are traits plastic to soil water content experienced dur-
ing the prereproductive stage in a manner that is consistent with 
cogradient variation? (3) How do developmental traits interact 
to determine iteroparity, and do these interactions differ across 
altitude? 

 MATERIALS AND METHODS 

 Study populations  —    Seeds were collected from six populations of  Erysi-
mum capitatum  in the Colorado Rocky Mountains in 2005. In each of three 
watersheds, one population was chosen from alpine tundra sites (H1, H2, and 
H3), and one population was chosen from below tree line (L1, L2, and L3;  Ta-
ble 1 ). Plants from alpine tundra sites are referred to as  high-elevation popula-
tions  and those from below tree line as  low-elevation populations . Each 
watershed is referred to as a  region . Two alpine populations (H1 and H2) are 
unambiguously iteroparous, two low-elevation populations (L2 and L3) are se-
melparous, and one high-elevation population (H3) and one low-elevation 
population (L1) exhibit an intermediate level of iteroparity ( Table 1 ). 

 In the fi eld, plants in semelparous populations grew faster and reproduced 
more quickly than iteroparous populations (Kim and Donohue, 2011). Around 
30% of plants in semelparous populations initiated reproduction in their second 
year, but plants in iteroparous populations were not reproductively mature until 
the end of their third growing season. The average lifespan of plants in itero-
parous populations is not known. 

 Natural variation in life history is strongly associated with rosette ontogeny. 
 Erysimum capitatum  is aclonal, but an individual plant can bear multiple basal 
rosettes ( Price, 1987 ;  Rollins, 1993 ). Within a season, a rosette may or may not 
produce an infl orescence from its terminal apical bud. Hereafter, a rosette with 
an infl orescence is referred to as a  reproductive rosette , and a rosette without an 
infl orescence is referred to as a  vegetative rosette . The leaves of reproductive 
rosettes degenerate during the reproductive period, but those of vegetative ro-
settes remain alive and photosynthetic throughout the year (Kim, personal ob-
servation). In alpine iteroparous populations, most reproducing plants have 
multiple rosettes at the beginning of reproduction and allocate some rosettes to 
reproduction, but they keep others in the vegetative stage. In contrast, plants in 
low-elevation, semelparous populations generally have one or two rosettes at 
the beginning of reproduction, and all rosettes become reproductive. Because 
the leaves of vegetative rosettes remain alive and photosynthetic throughout the 
year, rosette production and rosette allocation to reproduction are the determi-
nant factors of the reproductive strategy of  E. capitatum , as in other rosette 
species ( Verkaar and Schenkeveld, 1984 ; Young and Augspurger, 1991). 

 Experimental design  —    Seeds from 15 fi eld plants (maternal genotypes) of 
each population were sprinkled into fl ats fi lled with commercial soil medium 
(Metromix 360; Sungro, Bellevue, Washington, USA) and were saturated with 
water in the Harvard University greenhouse. Seedlings with six leaves were 
transplanted into 7.6  ×  7.6  ×  14 cm plastic pots fi lled with the same soil medium 
3 wk later. One seedling per maternal genotype was randomly assigned to one 
of three water treatments, resulting in a total of 270 plants (six populations  ×  15 
maternal genotypes per population  ×  three water treatments). The pots were 
randomly positioned on a greenhouse bench (1  ×  4 m). All plants were main-
tained at 17 ° C with a 12-h photoperiod. Supplemental light from high-intensity 
mercury halide lights was provided between 6:00 a.m. and 6:00 p.m. if ambient 
light fell below 760  μ mol m  – 2   ·  s  – 1  for more than 15 min. 

 We conducted a water manipulation experiment at the prereproductive stage 
to quantify plasticity to water during the stage at which rosettes are produced. 
After the seedlings were transplanted, three water levels were imposed on the 
basis of fi eld measurements of water availability: high (HW), low (LW), and 
fl uctuating (FW) water treatments. In natural populations, soil water content 
varied from 4% to 32% (v/v) from June to August 2007 (online Appendix S1). 

 Western wallfl ower ( Erysimum capitatum , Brassicaceae) is a 
rosette plant with a broad altitudinal distribution in the Colo-
rado Rocky Mountains, from below tree line to alpine tundra 
( Price, 1987 ). It exhibits natural variation in life history, mor-
phology, and demography across altitude (Kim and Donohue, 
2011). In particular, iteroparity (polycarpy) is prevalent in al-
pine populations, and semelparity (monocarpy) is prevalent in 
populations below tree line ( Table 1 ). Populations with semel-
parity and iteroparity exhibit distinct demography; compared 
with semelparous populations, iteroparous alpine populations 
have lower projected population growth rates and smaller elas-
ticities of seedling recruitment and a rapid transition to re-
production (Kim and Donohue, 2011). Thus, a change in 
semelparous/iteroparous life history in response to climate 
change could signifi cantly affect population demography 
( Franco and Silvertown, 1996 ). 

 It is not known whether such variation in semelparous/itero-
parous life history is genetically based or environmentally in-
duced, especially because plant reproductive strategies are 
notoriously plastic to diverse environmental factors, including 
nutrient availability, light quality and abundance, successional 
stage of the habitats, and pollinator abundance ( Van Baalen and 
Prins, 1983 ;  Verkaar and Schenkeveld, 1984 ;  Paige and 
Whitham, 1987 ). In particular, soil water content in low-eleva-
tion semelparous populations in  E. capitatum  is signifi cantly 
lower during the growing season compared with that in alpine 
iteroparous populations, as graphed in Appendix S1 (see Sup-
plemental Data with the online version of this article), and veg-
etative plants in semelparous low-elevation populations had 
high mortality during the summer (Kim and Donohue, 2011). In 
contrast, no indication of drought stress was found in itero-
parous alpine populations, so natural variation in semelparous/
iteroparous life history in  E. capitatum  might be simply due to 
drought-induced mortality of reproductive plants in low-
elevation populations. We conducted a common garden experi-
ment with benign water conditions to determine whether natural 
variation is imposed by extrinsic factors or by intrinsic physio-
logical mechanisms. 

 Alternatively, if the production of multiple rosettes at the 
prereproductive stage is a key developmental prerequisite of 
iteroparity, as observed in the fi eld (Kim and Donohue, 2011), 
in situ variation in life-history strategy might be induced by dif-
ferential production of rosettes. Thus, it is necessary to test 
whether the observed variation in prereproductive rosette pro-
duction and its association with iteroparity is genetically based 
or environmentally induced. Because the production of vegeta-
tive shoots is highly plastic to soil water availability in several 
plant species ( Rochow, 1970 ;  McIntyre, 1977 ;  K ö rner, 2003 ), 

  Table  1. Source populations of  Erysimum capitatum  in Colorado, USA, 
with their altitude and life history observed in situ. 

Region Population
Altitude 
(m a.s.l.)

Survival rate of 
reproducing 
plants (%) Life history

1 (Gunnison County) H1 3191 86.92 (2.44) Iteroparous
L1 2630 17.00 (9.35) Intermediate

2 (Clear Creek County) H2 3636 71.75 (11.73) Iteroparous
L2 2234 0.00 (0.00) Semelparous

3 (Boulder County) H3 3505 20.05 (9.35) Intermediate
L3 1831 3.45 (3.45) Semelparous

Survival rate of reproducing plants was measured in six natural populations 
from 2004 to 2007, and the average (SE) of survival rate is given.
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of viable vegetative rosettes at the end of reproduction. For postreproductive 
survival, a logistic model with a binomial error distribution was used, including 
binary survival (1 for surviving and 0 for dead plants) as a dependent variable 
and source altitude (high- vs. low-altitude), water treatment, region, altitude  ×  
water interaction, altitude  ×  region interaction, water  ×  region interaction, and 
altitude  ×  water  ×  region interaction as independent variables (SAS Proc 
GENMOD). Region was a fi xed factor because it was chosen on the basis of 
accessibility to study populations and convenience for fi eld study. However, a 
separate analysis of variance with region as a random factor also was conducted 
to compare differences between fi xed and mixed models. To analyze the num-
ber of viable rosettes at the end of reproduction, analysis of variance (SAS Proc 
GLM) was conducted, with the same independent variables that were used to 
analyze postreproductive survival. 

 Analysis of variance (SAS Proc GLM) using the same model as above was 
conducted to compare morphological and reproductive traits between high- and 
low-elevation populations across water treatments. Dependent variables in-
cluded leaf number per rosette before vernalization, maximum diameter of ro-
settes before vernalization, number of rosettes before vernalization, proportion 
of rosettes allocated to reproduction, number of reproductive rosettes, propor-
tion of vegetative rosettes that degenerated during the reproductive period, 
number of vegetative rosettes produced during the reproductive period, and 
number of fruits per individual. Leaf number per rosette and fruit number were 
log transformed; the proportion of rosettes allocated to reproduction and the 
proportion of vegetative rosettes that degenerated during the reproductive pe-
riod were arcsine square root transformed to satisfy normality assumptions. To 
interpret altitude  ×  region, water  ×  region, or altitude  ×  water  ×  region interac-
tions, subanalyses of variance were conducted within each altitude, region, or 
population. 

 To determine the effect of morphological traits on life-history expression, 
a path model was constructed. Because water treatment was applied only at 
the prereproductive stage in this experiment, it was hypothesized that water 
treatment infl uenced prereproductive traits, prereproductive traits affected the 
production or degeneration of rosettes during the reproductive period, and 
both prereproductive and reproductive traits, in turn, infl uenced the number 
of rosettes at the end of reproduction as well as fruit production. The number 
of rosettes at the end of reproduction and fruit production, in turn, were hy-
pothesized to affect postreproductive survival. Path coeffi cients were esti-
mated by using SAS Proc GLM with water treatment and population as 
covariates to control for possible differences in unmeasured traits. All traits 
were standardized with zero means and one standard deviation, following 
 Mitchell (2001 ). 

 Because path coeffi cients do not provide information on the overall associa-
tion of each trait with iteroparity, a simple regression analysis also was con-
ducted on the two key indicators of iteroparity: postreproductive survival (SAS 
Proc LOGISTIC) and the number of viable rosettes at the end of reproduction 
(SAS Proc GLM). Traits that were included in the path model described earlier 
were tested. The population and water treatment terms were included in the 
models to control for possible differences among populations and treatments in 
unmeasured traits. All traits were standardized with zero means and one stan-
dard deviation for consistency with the path analysis. 

 Regression and path analyses were conducted separately for high- and low-
elevation populations because their rosette ontogeny differed signifi cantly (see 
Results). To test for differences in regression coeffi cients between high- and 
low-elevation populations, analysis of covariance was conducted, and signifi -
cant interactions between morphological traits and source altitude were inter-
preted to indicate distinct effects of morphological traits on the expression of 
iteroparity between source altitudes. 

 In addition to path analysis and regression analysis, analysis of covariance 
was conducted to determine the contribution of traits to altitudinal variation in 
iteroparity. The same model that was used to test for altitudinal differentiation 
in iteroparity was used with the traits as covariates. 

 Postreproductive survival remained stable across water treatments, despite 
plasticity of the major predictor of iteroparity: the number of rosettes remaining 
at the end of reproduction (see Results). This result might be because traits 
other than the number of rosettes after reproduction independently infl uenced 
postreproductive survival. To test this hypothesis, a post hoc analysis was con-
ducted on the residuals of postreproductive survival after we factored out the 
effect of the number of rosettes after reproduction. Residuals of postreproduc-
tive survival were calculated by using a logistic regression model with popula-
tion, water treatment, and the number of rosettes after reproduction (SAS Proc 
Logistic). Multiple regression analysis was conducted on the estimated residu-
als by using the remaining morphological traits (SAS Proc GLM). 

Soil water content in the L2 and L3 populations was below 10% (v/v) during 
the growing season in 2007, and more than 90% of seedlings died of drought in 
the fi eld (Kim and Donohue, 2011). The water content of the LW treatment was 
maintained at 10 – 15% to avoid fatal water stress to seedlings, whereas that of 
the HW treatment was maintained at 20 – 30% (v/v), and that of the FW treat-
ment varied between 10 – 30% (v/v). To implement the water treatments, soil 
was air dried for 10 d, and each pot was fi lled with the same weight of soil. 
Volumetric water content (v/v), which was measured in natural populations, 
was converted into gravimetric water content (m/m) on the basis of soil density 
(Campbell Scientifi c, 2001). Preliminary tests showed that soil water content of 
HW and LW treatments was above the lower limit after 3 d, as was the soil 
water content of FW after 6 d. Thus, soil water content was monitored by 
weighing pots every 3 d, and water was added as necessary to achieve the highest 
water content within each treatment every 3 d for HW and LW treatments and 
every 6 d for FW treatments. 

 After growing for 3 mo in the greenhouse in their respective treatments, all 
plants were transferred to a growth chamber (Harris Environmental Systems, 
Andover, Massachusetts, USA) and vernalized at 6 ° C for 5 mo to induce repro-
duction. Subsequently, all plants were moved to the greenhouse with the same 
temperature and light conditions that they experienced before vernalization, 
and 100 mL water was added to each pot in all treatments every week. We 
imposed benign water conditions at this stage to prevent drought-induced 
postreproductive mortality so that we could compare postreproductive mortal-
ity between high- and low-elevation populations caused by intrinsic senescence. 
Because the species naturally outcrosses, fl owers were randomly out-crossed 
with plants from the same population. Six plants (two each of H2, H3, and L3 
plants) did not bolt after vernalization, and 15 plants (one H1, three H2, fi ve H3, 
two L3, and four L1 plants) died before they had matured fruits, so they were 
removed from the analysis of postreproductive survival. This resulted in a total 
of 249 reproductive plants. 

 Measurements of plant traits  —    The key indicator of iteroparity in  E. capi-
tatum  is the number of viable rosettes (rosettes with photosynthetic leaves) at 
the end of reproduction (Kim and Donohue, 2011). We recorded the number of 
viable rosettes, and the diameter and number of leaves of all rosettes on each 
plant, from the prereproductive stage, just before vernalization was imposed, to 
the end of reproduction. Plants were maintained for 2 mo after the end of repro-
duction until infl orescence stems and leaves dried. The number of fruits and 
survival of reproducing plants were recorded at the end of the experiment. 

 All reproductive rosettes degenerated during the reproductive period. Some 
nonreproductive vegetative rosettes that were produced at the prereproductive 
stage also degenerated during the reproductive period. In addition, new vegeta-
tive rosettes were produced during the reproductive period, and they did not 
degenerate but remained viable throughout reproduction. Therefore, the num-
ber of viable rosettes at the end of reproduction depends on the ontogeny of 
rosettes: specifi cally, how many rosettes that existed at the prereproductive 
stage became reproductive, how many vegetative rosettes degenerated during 
the reproductive period, and how many new vegetative rosettes were produced 
during the reproductive period. 

 On the basis of the above observations, three traits were used as measure-
ments of rosette ontogeny. First, the proportion of prereproductive rosettes that 
became reproductive was calculated as the number of reproductive rosettes di-
vided by the number of rosettes that existed just before vernalization. Second, 
the proportion of vegetative rosettes that degenerated during the reproductive 
period was calculated as the number of vegetative rosettes that degenerated 
during the reproductive period divided by the number of vegetative rosettes at 
the beginning of reproduction. Ten plants did not have any vegetative rosette 
during reproduction because all rosettes that existed before vernalization be-
came reproductive. The proportion of rosettes that degenerated during the re-
productive period of those plants was treated as a missing value. Third, the 
number of rosettes produced during the reproductive period was recorded. Veg-
etative rosettes that existed at the prereproductive stage formed elongated visi-
ble stems connected to the main axis of a plant. In contrast, vegetative rosettes 
produced during the reproductive period were at the base or in the middle of 
infl orescences without visible elongated stems, so they could be distinguished 
from vegetative rosettes that existed at the prereproductive stage. 

 Statistical analyses  —    All statistical analyses used the SAS statistical pack-
age version 9.2 (SAS Institute, Cary, North Carolina, USA). To test whether in 
situ altitudinal variation in life history was manifest in a common greenhouse 
environment, and to examine phenotypic plasticity of iteroparity in response to 
the water treatments, analysis of variance was conducted on two key indicators 
of iteroparity: postreproductive survival of reproductive plants, and the number 
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nonreproductive rosettes produced at the prereproductive stage 
also degenerated during the reproductive period. The degree of 
degeneration differed between high- and low-elevation popula-
tions and among regions but not across water treatments ( Table 2 , 
 Fig. 1F ). Over 91% of the vegetative rosettes that existed 
before reproduction degenerated during the reproductive pe-
riod in L2 and L3, approximately half the vegetative rosettes 
degenerated in L1 and H3, and fewer than 35% degenerated in 
H1 and H2. 

 Reproductive plants in all populations developed new ro-
settes that remained viable and vegetative throughout reproduc-
tion ( Fig. 1G ). Plants that experienced high-water conditions at 
the prereproductive stage produced more vegetative rosettes 
during the reproductive period ( Table 2 ). Regional differences 
existed, such that L1 produced more rosettes than did other 
low-elevation populations (online Appendix S2). 

 Population differentiation and plasticity of iteroparity  —     
Low-elevation populations produced more fruits during this 
single reproductive episode than did high-elevation popula-
tions ( Fig. 1H ,  Table 2 ). Low-altitude populations produced 
more fruits under low-water conditions, whereas high-
altitude populations tended to produce more fruits under 
high-water conditions (online Appendix S2). Consequently, 
low-altitude plants signifi cantly out-performed high-altitude 
plants under dry conditions similar to those of their native 
environment. 

 Plants from high elevation and plants in wetter conditions 
had more viable rosettes after reproduction ( Table 2 ,  Fig. 1I ), a 
pattern consistent with cogradient variation. A signifi cant re-
gion effect and altitude  ×  region interaction were found, such 
that L1 had more rosettes at the end of reproduction compared 
with L2 and L3 (online Appendix S2) and thereby resembled 
the alpine populations. Plants from H3 had fewer rosettes com-
pared with those from other alpine populations. 

 RESULTS 

 Population differentiation and plasticity of prereproductive 
morphological traits  —     Morphological traits at the prereproduc-
tive stage differed signifi cantly between high- and low-elevation 
populations when plants were grown in a common environment 
( Table 2 ,  Fig. 1A – C ). Plants from high-elevation populations 
had smaller rosette diameters, but they produced more rosettes 
than those from low-elevation populations. Plants in wetter soil 
had larger rosette diameters and more rosettes, and this response 
was consistent for all populations. Thus, rosette diameter exhib-
ited countergradient variation, and rosette production exhibited 
cogradient variation. The region effect was also signifi cant for 
these traits ( Table 2  and online Appendix S2). The H3 popula-
tion produced fewer rosettes compared with the other high-
elevation populations, and the L1 population produced more 
rosettes than other low-elevation populations, which is consis-
tent with fi eld observations (Kim and Donohue, 2011). 

 Population differentiation and plasticity of rosette ontogeny 
during the reproductive period  —     The pattern of rosette ontog-
eny varied between high- and low-elevation populations and 
among water treatments ( Table 2 ). Plants from high-elevation 
populations decreased the number of reproductive rosettes in 
dry conditions, a direction consistent with cogradient variation, 
but those from low-elevation populations produced a relatively 
constant number of reproductive rosettes in all water treatments 
( Fig. 1D , online Appendix S2). Plants from high-elevation pop-
ulations allocated a higher proportion of rosettes to reproduc-
tion in wetter conditions ( Fig. 1E ). In contrast, low-elevation 
populations allocated a smaller proportion of rosettes to repro-
duction under high-water conditions, whereas L1 allocated a 
similar proportion across water conditions. 

 In all populations, leaves of all reproductive rosettes degen-
erated during the reproductive period (data not shown). Some 

  Table  2. Results of analysis of variance comparing morphological traits and survival between source habitats and among water treatments. 

Traits
Source altitude 

 ( F  1, 231 )
Water treatment 

 ( F  2, 231 )
Altitude  ×  water 

 ( F  2, 231 )
Region
  ( F  2, 231 )

Altitude    ×  region 
 ( F  2, 231 )

Water    ×  region 
 ( F  2, 231 )

Altitude  ×  water  ×  
region ( F  4, 231 )

Prereproductive traits
   L 0.69 0.93 2.75 14.88*** † 1.62 1.38 1.54
   D 67.13*** 124.85*** 2.19 33.87*** † 1.46 0.46 1.04
   RPROD1 57.41*** † 42.35*** 0.74 10.86*** † 9.30*** † 1.21 1.45
Reproductive traits
   NREP 37.59*** 25.60*** 11.57*** 7.41*** † 1.34 2.32 0.59
   RREP 0.00 0.04 15.23*** 1.36 3.84* † 3.22 * † 2.03
   RDEG a 191.52*** 1.22 0.12 19.01*** † 6.62** 0.19 0.52
   RPROD2 0.82 5.97** 0.47 5.91** † 6.51** † 0.74 1.19
Iteroparity
   FRT 36.05*** † 1.14 10.00*** 6.91** † 5.99** 1.24 0.29
   Number of rosettes after 

reproduction
15.62*** † 7.50*** 0.25 16.50*** † 10.97*** 0.68 1.01

   Survival b 23.58*** 0.31 0.04 1.79 1.34 2.91 1.94

 F  ratios from the fi xed model analysis of variance are given for morphological traits, and  χ  2  values are given for survival.  Abbreviations : L = log (leaf 
number per rosette); D = diameter of rosette; RPROD1 = number of rosettes produced at prereproductive stage; NREP = number of reproductive rosettes; 
RREP = arcsine square root (proportion of rosettes allocated to reproduction); RDEG = arcsine square root (proportion of rosettes degenerated during the 
reproductive period); RPROD2 = number of rosettes produced during the reproductive period; FRT = log (number of fruits).

*    P   <  0.05; **    P   <  0.01; ***    P   <  0.001. N = 249.
 †    Not signifi cant when region is used as a random factor.
 a    Ten plants that did not have any nonreproductive vegetative rosettes at the beginning of reproduction were excluded from the analysis, so the error df 

of the analysis was 221.
 b  Mixed-model analysis of variance could not be conducted because the models did not converge.



1756 American Journal of Botany [Vol. 98

did not infl uence postreproductive survival, as indicated by a 
nonsignifi cant water treatment effect and water  ×  altitude 
interaction. 

 Morphological predictors of iteroparity  —     Water availability 
infl uenced traits expressed at the prereproductive stage, which 

 Postreproductive survival itself also differed between popu-
lations from different altitudes, consistent with fi eld observa-
tions. Plants from high-elevation populations had signifi cantly 
higher postreproductive survival than those from low-elevation 
populations when grown in a common greenhouse environment 
( Table 2 ,  Fig. 1J ). Water treatment at the prereproductive stage 

 Fig. 1.   Effects of source population and water availability on expression of (A) number of leaves per rosette, (B) maximum diameter of rosettes (mm), 
(C) number of rosettes produced at the prereproductive stage, (D) number of reproductive rosettes, (E) proportion of rosettes allocated to reproduction, (F) 
proportion of rosettes degenerated during the reproductive period, (G) number of rosettes produced during the reproductive period, (H) fruit number, (I) 
number of rosettes at the end of reproduction, and (J) postreproductive survival (%). Error bars are not presented for clarity. See  Table 2  for signifi cance 
tests. In each of three watersheds (regions), one population was chosen from alpine tundra sites (H1, H2, and H3), and one population was chosen from 
below tree line (L1, L2, and L3).  F  ratios (altitude) are given for each region when region  ×  altitude interactions were signifi cant. Untransformed trait values 
are presented. FW = fl uctuating water; HW = high-water; LW = low-water. * P   <  0.05; ** P   <  0.01; *** P   <  0.001.   
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cated a greater proportion of those rosettes to reproduction 
produced more rosettes during the reproductive period and 
also produced more fruits. Regarding the primary indicators 
of iteroparity, high-altitude plants had more rosettes at the 
end of reproduction if they produced more rosettes before 
and during reproduction and allocated a smaller proportion 
of rosettes to reproduction. Plants with more viable rosettes 
at the end of reproduction had higher postreproductive 
survival. 

 In low-elevation populations, traits expressed at the prere-
productive stage did not infl uence the proportion of rosettes that 

in turn infl uenced rosette ontogeny during the reproductive pe-
riod and the number of rosettes remaining after reproduction, 
thereby altering postreproductive survival and the opportunity 
for iteroparity. However, these pathways differed between low- 
and high-elevation populations. 

 Specifi cally, in high-elevation populations, plants with 
more leaves per rosette, smaller rosette diameters, and a 
smaller proportion of rosettes allocated to reproduction had 
a higher proportion of vegetative rosettes that degenerated 
during the reproductive period ( Fig. 2A ). Plants that pro-
duced more rosettes at the prereproductive stage and allo-

 Fig. 2.   Path diagram showing effects of morphological traits and fruit production on postreproductive survival. High- and low-elevation populations 
were analyzed separately. Only signifi cant paths are shown. Solid lines represent positive coeffi cients, and dashed lines represent negative coeffi cients. 
Width of each line is proportional to the value of path coeffi cient (see legend) except the line between water and traits at prereproductive stage.  Figure ab-
breviations : D, diameter of rosette; L, leaf number per rosette; RPROD1, number of rosettes produced at prereproductive stage; RPROD2, number of ro-
settes produced during the reproductive period; RDEG, proportion of rosettes degenerated during the reproductive period; RREP, proportion of rosettes 
allocated to reproduction; U, unknown factor. * P   <  0.05; *** P   <  0.001.  a Signifi cant trait by habitat interaction indicated in panel (A).   
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generation is likely a key trait contributing to population dif-
ferentiation in iteroparity in a greenhouse environment. 

 Post hoc residual analysis showed that the residuals of 
postreproductive survival did not exhibit plasticity to water 
(high-elevation population:  F  2, 109  = 0.50,  P  = 0.61; low-elevation 
populations:  F  2, 106  = 1.49,  P  = 0.23). However, in high-elevation 
populations, plants with a smaller proportion of rosettes allo-
cated to reproduction (coeffi cient =  – 0.17, SE = 0.06,  P   <  0.01) 
and a smaller proportion of vegetative rosette degeneration 
during the reproductive period (coeffi cient =  – 0.11, SE = 0.04, 
 P   <  0.01) had higher residual survival. No trait was found to 
infl uence the residuals of postreproductive survival in low-
elevation populations. 

 DISCUSSION 

  Erysimum capitatum  populations exhibited variation in 
postreproductive survival, i.e., iteroparity, when plants were 
grown in a common greenhouse environment, indicating that ge-
netic differentiation and/or maternal effects contribute to geo-
graphic variation in iteroparity. However, whereas only 2% of 
reproductive plants from the L2 and L3 populations survived in 
natural environments (Kim and Donohue, 2011), 46 – 60% of 
reproductive plants from these populations survived in the 
greenhouse environment, suggesting phenotypic plasticity in 
postreproductive mortality also contributes to in situ natural vari-
ation in life-history strategy. Prereproductive morphology and 
ontogeny of rosettes differed between high- and low-elevation 
populations, and most of them also showed phenotypic plasticity 
in response to water availability at the prereproductive stage, 
sometimes in directions consistent with cogradient variation. 

 Plasticity and differentiation of parity: developmental 
mechanisms  —     This experiment showed that in situ variation in 
life history is strongly associated with both phenotypic plastic-
ity and population differentiation of rosette ontogeny expressed 
before and during the reproductive period. Although this study 
documented population differentiation in a common environ-
ment, it was not able to determine whether such differentiation 
was caused by genetic differentiation or maternal effects. 
Maternal effects infl uence trait expressions most prominently at 
the early life stages ( Donohue, 2009 ), and no studies as yet have 

degenerated during the reproductive period ( Fig. 2B ). Prerepro-
ductive traits also did not contribute directly to the number of 
rosettes remaining at the end of reproduction, most likely be-
cause most prereproductive vegetative rosettes degenerated 
during the reproductive period ( Fig. 1F ). Plants that produced 
more rosettes before reproduction produced more rosettes dur-
ing the reproductive period, which in turn infl uenced the num-
ber of rosettes remaining after reproduction, whereas total effect 
of prereproductive rosette production on viable rosettes remain-
ing after reproduction was not signifi cant ( Table 3 ). 

 Fruit production was positively associated with rosette pro-
duction during the reproductive period and with the number of 
rosettes remaining after reproduction in high-elevation popula-
tions. Those traits were not associated in low-elevation pop-
ulations, indicating a lack of direct trade-offs between fruit 
production and vegetative growth (or maintenance). In high-
elevation populations, fruit production did not affect postrepro-
ductive survival. In contrast, in low-elevation populations, fruit 
production had a negative effect on postreproductive survival 
( Fig. 2B ). Because the number of rosettes before reproduction 
and the proportion of rosettes allocated to reproduction both 
had positive effects on fruit production, those prereproductive 
traits had an indirect negative effect on postreproductive sur-
vival in low-elevation populations. 

 Direct and total effects of traits on the opportunity for 
iteroparity sometimes differed in high-elevation plants ( Table 3  
vs.  Fig. 2A ). Although the proportion of rosettes allocated to 
reproduction had a direct negative effect on the number of ro-
settes at the end of reproduction ( Fig. 2A ), it also showed a 
negative effect on rosette degeneration during the reproductive 
period (which was negatively associated with rosette number 
after reproduction) and a positive effect on rosette production 
during the reproductive period (which was positively associ-
ated with rosette number after reproduction). As a consequence, 
plants that allocated more rosettes to reproduction had a greater 
number of rosettes at the end of reproduction overall. 

 Analysis of covariance indicated that altitudinal differences 
in iteroparity (i.e., postreproductive survival and the number of 
viable rosettes at the end of reproduction) become nonsignifi -
cant when morphological and ontogenetic traits are included in 
the model ( Table 4 ). In particular, the proportion of rosettes that 
degenerated during the reproductive period accounted for the 
altitudinal variation in iteroparity, suggesting that rosette de-

  Table  3. Results of simple regression analysis to determine the total contribution of morphological traits to survival and the number of vegetative rosettes 
after reproduction. 

Survival Number of rosettes after reproduction

Trait High-elevation populations Low-elevation populations High-elevation populations Low-elevation populations

L 0.12 (0.25)  – 0.28 (0.20)  – 0.14 (0.09) 0.00 (0.08)
D 0.59 (0.41) 0.50 (0.30)  – 0.05 (0.13)  – 0.22 (0.12)
RPROD1 0.09 (0.29) 0.21 (0.23) 0.25 (0.10)* 0.18 (0.10)
RREP  – 0.32 (0.27)  – 0.28 (0.20) 0.33 (0.09)*** a 0.07 (0.08)
RDEG  – 0.69 (0.27)*  – 0.32 (0.23)  – 0.27 (0.09)***  – 0.03 (0.10)
RPROD2 0.18 (0.29) 0.58 (0.25)* 0.89 (0.04)*** 0.91 (0.02)***
FRT  – 0.05 (0.30)  – 0.54 (0.21)** 0.48 (0.09)*** a 0.00 (0.08)

Simple regression coeffi cients of standardized variables ( ± SE) are shown.  Abbreviations : L = log (leaf number per rosette); D = diameter of rosette; 
RPROD1 = number of rosettes produced at prereproductive stage; RREP = arcsine square root (proportion of rosettes allocated to reproduction); RDEG = 
arcsine square root (proportion of rosettes degenerated during the reproductive period); RPROD2 = number of rosettes produced during the reproductive 
period; FRT = log (number of fruits). The model included population and water conditions.

*    P   <  0.05; **    P   <  0.01; ***    P   <  0.001.
 a    Signifi cant interaction between trait and habitat.
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 Despite plasticity of morphological traits that contribute to 
iteroparity, postreproductive survival exhibited no plasticity to 
water conditions. This appears to be caused by contrasting ef-
fects of the plasticity of morphological traits on the postrepro-
ductive survival. Specifi cally, rosette production increased in 
wetter conditions in high-elevation populations, facilitating 
iteroparity; conversely, the proportion of rosettes allocated to 
reproduction was higher under wetter conditions, which had a 
negative effect on the residual of postreproductive survival. 
Thus, soil water content had both positive and negative effects 
on postreproductive survival through different traits, which 
could lead to stable postreproductive survival across variable 
water environments. 

 Effects of prereproductive traits and fruit production on 
life-history expression  —     This experiment showed that prere-
productive traits signifi cantly infl uenced the expression of adult 
life histories. Specifi cally, rosette production at the prerepro-
ductive stage had a positive effect on the number of rosettes 
remaining at the end of reproduction, directly or indirectly via 
rosette production during the reproductive stage. More rosettes 
from the prereproductive stage could directly facilitate photo-
synthetic capacity and the ability to produce additional rosettes 
during the reproductive period, but it is also possible that it is 
correlated with some unmeasured trait that promotes rosette 
production during the reproductive period. 

 According to life-history theory, resource-allocation trade-
offs between the maintenance of vegetative tissues and fruit 
production, and/or between survival and fruit production, play 
a central role in shaping natural variation in semelparous/itero-
parous life history ( Gadgil and Bossert, 1970 ;  Schaffer and 
Rosenzweig, 1977 ). In  E. capitatum , no trade-off was found 
between fruit production and rosette degeneration in either 
high- or low-elevation populations, but higher fruit production 
was associated with lower postreproductive survival in low-
elevation populations. In addition, fruit production and rosettes 
remaining at the end of reproduction explained less than 20% of 
variation in postreproductive survival in both high- and low-
elevation populations, implying that physiological mechanisms 
independent of resource allocation are likely contributing to the 
lower survival of low-elevation populations, as in several other 
plant species ( Nood é n, 1988 ;  Nood é n et al., 1997 ). More study 
is required to test this hypothesis. 

 Associations between prereproductive and adult life-history 
traits indicate that prereproductive development and selection 
on prereproductive traits may infl uence life-history evolution in 
a fundamental way. In  E. capitatum  in particular, low-elevation 
populations produced fewer rosettes at the prereproductive 
stage than did high-elevation populations. Decreased leaf area 
has been shown to increase drought tolerance ( Chaves et al., 
2003 ;  Lambers et al., 2008 ;  McDowell et al., 2008 ), suggesting 
that dry conditions, such as those at low altitude, could select 
for lower leaf area in the form of reduced rosette production. A 
reduction in rosette production at the prereproductive stage 
could increase adult mortality by reducing vegetative structures 
at the end of reproduction because postreproductive survival in 
the fi eld depends on the number and size of vegetative rosettes 
(Kim and Donohue, 2011). Such increased adult mortality, in 
turn, could promote evolution of semelparity (Charnov and 
Schaffer, 1973;  Young, 1981 ;  Young, 1990 ;  Stearns, 1992 ). 
Thus, selection on rosette ontogeny, independent of life-history 
expression, may have consequences for the evolution of life 
histories. 

demonstrated maternal effects on rosette development and de-
generation, to our knowledge, suggesting that maternal effects 
could have limited effects on the rosette ontogeny measured in 
this study. 

 A critical difference between high- and low-elevation popula-
tions was a higher degree of degeneration of vegetative rosettes 
during the reproductive period in low-elevation populations. In 
semelparous plants, death after reproduction is hypothesized to 
be a highly coordinated biological process, which is often re-
ferred to as  programmed death  or  monocarpic senescence . A 
key developmental mechanism for this is the degeneration of 
existing vegetative tissue during the reproductive period ( Wool-
house, 1983 ;  Nood é n, 1988 ;  Rose, 1991 ;  Hensel et al., 1994 ; 
 Bleecker, 1998 ). In  E. capitatum , different degrees of degenera-
tion likely have evolved in different natural populations, which 
resulted in differential postreproductive survival as well as num-
ber of vegetative structures at the end of reproduction. 

 Although postreproductive survival differed between high- 
and low-elevation populations, plants from semelparous popu-
lations behaved like plants from iteroparous populations in 
some respects. In natural environments,  E. capitatum  plants in 
the L2 and L3 populations do not produce vegetative rosettes 
during reproduction, but those in the H1, H2, H3, and L1 popu-
lations do (Kim and Donohue, 2011). In contrast, in the green-
house, plants from the L2 and L3 populations did produce 
vegetative rosettes during reproduction. Given that some se-
melparous rosette plants exhibit iteroparity by producing viable 
rosettes during the reproductive period ( Van Baalen and Prins, 
1983 ;  Paige and Whitham, 1987 ;  Bender et al., 2002 ), the 
higher survival of the L2 and L3 populations in this experiment 
compared with those in the fi eld is likely in part caused by the 
development of vegetative rosettes during the reproductive pe-
riod. Although  E. capitatum  plants in the L2 and L3 popula-
tions have the developmental ability to produce vegetative 
rosettes during reproduction, environmental factors in their 
natural habitats likely inhibit the production of vegetative ro-
settes in situ. 

  Table  4. Results of analysis of covariance to test the contribution of 
traits to the difference in iteroparity between high- and low-elevation 
populations. 

Trait
Postreproductive 

survival
Number of rosettes 
after reproduction

No trait 23.58*** 15.62***
All traits 2.89 1.33
L 22.90*** 15.29***
D 28.65*** 7.31**
RPROD1 15.93*** 5.90*
RREP 23.82*** 16.22***
RDEG 2.58 1.77
RPROD2 25.19*** 244.09***
FRT 15.03*** 28.20***

The altitude effect was compared with ( “ All traits ” ) and without ( “ No 
trait ” ) traits as covariates and with each trait as a covariate separately.  χ  2  
values are given for postreproductive survival, and  F  ratios are given for 
the number of viable rosettes after reproduction.  Abbreviations : L = log 
(leaf number per rosette); D = diameter of rosette; RPROD1 = number of 
rosettes produced at prereproductive stage; RREP = arcsine square root 
(proportion of rosettes allocated to reproduction); RDEG = arcsine square 
root (proportion of rosettes degenerated during the reproductive period); 
RPROD2 = number of rosettes produced during the reproductive period; 
FRT = log (number of fruits).

*    P   <  0.05; **    P   <  0.01; ***    P   <  0.001.
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