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Summary

 

1.

 

Precipitation in arid regions is temporally variable with much of it arriving in discrete, unpre-
dictable pulses. Climate change models predict an increase in the variation of precipitation, with
longer droughts and larger rainfall events, in addition to increased temperatures.

 

2.

 

A life table response experiment (LTRE) was conducted with the herbaceous arid-land perennial

 

Cryptantha flava

 

 (Boraginaceae) from 1997 to 2000, in order to determine how variation in pre-
cipitation affects asymptotic population growth (

 

λ

 

) and vital rates. Variation in precipitation took
two forms, through rainout shelters erected just before and during the 1999 spring growing season,
and through naturally occurring variation over the 4 years.

 

3.

 

An unexpected effect of rainout shelters on 

 

λ

 

 was observed that could not be attributed to
drought. The 

 

λ

 

 value decreased greatly in control census plots in the 1998–99 transition but did not
decrease in sheltered of  plots. The 1999 spring, when shelters were in place, was unusually cold,
resulting in frost damage to unsheltered plants. Plants under shelters experienced elevated nighttime
temperatures and escaped frost damage. The greater value of 

 

λ

 

 in the sheltered plots is attributable
almost entirely to greater contributions of survival, growth and stasis.

 

4.

 

There were residual effects of the 1999 drought treatment in the 1999–2000 transition as 

 

λ

 

decreased in the sheltered populations while 

 

λ

 

 increased in control populations. Compared to
controls, there were large negative effects of survival, growth, and stasis and a large positive effect
of retrogression in the droughted plots.

 

5.

 

Natural variation in fecundity contributed considerably to inter-annual variation in 

 

λ

 

 in
control plots. Annual variation in fecundity strongly paralleled annual variation in seedling
establishment. The relative contributions of  other vital rates varied greatly among the annual
transitions.

 

6.

 

Synthesis.

 

 The study illustrates the sensitivity of this arid-land species to early season frost events and
to variation in precipitation. It suggests the importance of considering the seasonal timing of precipita-
tion events when projecting the population-level consequences of global climate change, with particular
attention given to precipitation that triggers germination and seedling establishment. Researchers
using shelters to create drought treatments should consider their nighttime warming effects.
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Introduction

 

Arid systems are expected to be particularly sensitive to the
increase in climatic variability forecast by global climate
change models (Holmgren 

 

et al

 

. 2006). Precipitation in arid

regions is already highly variable, with much of the moisture
delivered in unpredictable pulses that can trigger rapid
responses in the activity, growth or reproduction of organ-
isms (Schwinning 

 

et al

 

. 2004). Global climate models predict
an increase in the magnitude and frequency of extreme pre-
cipitation events such as extended droughts and major storms
(Easterling 

 

et al

 

. 2000; Diffenbaugh 

 

et al

 

. 2005) in addition to
the expected increase in temperature (Trenberth 

 

et al

 

. 2007).
In order to understand the ecological consequences of

altered climate, it is necessary to understand how climatic
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variability impacts the demography of natural populations.
The stochastic nature of environmental variation poses a parti-
cular challenge to understanding demographic responses of
populations to changing climatic conditions or to building
predictive demographic models (Boyce 

 

et al.

 

 2005). Data from
empirical studies are needed in order to improve the accuracy
of the demographic models and to better understand the con-
sequences of changing precipitation and temperature regimes.

One approach to assess how environmental variation impacts
population growth is to employ life table response experiments
(LTRE). A LTRE can integrate a variety of ecophysiological and
reproductive responses to climatic variation into demographic
responses by comparing population transition matrices between
respective populations. The LTRE partitions the difference in
overall annual asymptotic population growth (

 

λ

 

) into variation
associated with matrix elements or vital rates such as survival,
growth and fecundity distributed across individuals of differ-
ent sizes, ages or developmental stages (Caswell 1989, 2000).
Using this approach, it is possible to assess how existing and
experimentally manipulated climatic variation impacts 

 

λ

 

 and to
identify the vital rates that most contribute to the differences in 

 

λ

 

.
In this study with the Great Basin (USA) cold desert perennial

 

Cryptantha flava

 

 (Boraginaceae), we conducted a number of
LTRE analyses to examine how inter-annual climatic vari-
ation and experimental drought alter 

 

λ

 

 and component vital
rates, based on 4 years of demographic data. In order to create
drought, we left rainout shelters in place over half the sampling
plots for almost 3 months in the third year, beginning just
before the start of the growing season. An unintended effect of
the shelters was an increase in nighttime temperatures. Because
elevated temperatures – especially nighttime temperatures –
are also predicted by global climate change models (Karl

 

et al.

 

 1991; Trenberth 

 

et al.

 

 2007), concurrent changes in water
availability and temperature are realistic simulations of climate
change. These concurrent changes may be particularly important
in cold deserts, where the beginning of the growing season
coincides with substantial probabilities of nighttime radiative
frosts. Rosette-forming herbaceous perennials, like 

 

C. flava

 

,
are generally common in those systems (McLaughlin 1986).

Specifically we asked the following questions: To what
extent does 

 

λ

 

 vary among years within a natural population
of 

 

C. flava

 

, and can we identify likely environmental causes of
the variation? Is 

 

λ

 

 affected when plants are sheltered from
precipitation immediately prior to and during the spring
growing season? If  so, does the variation in 

 

λ

 

 seem related to
drought or elevated nighttime temperatures? How do popu-
lation vital rates contribute to observed differences in 

 

λ

 

?

 

Methods

 

THE

 

 

 

STUDY

 

 

 

SYSTEM

 

Cryptantha flava

 

 grows in sandy soils from central Wyoming,
throughout eastern Utah, and into northern Arizona and New Mexico,
USA. A plant consists of 1 to 

 

>

 

 70 basal leaf rosettes, each with an
apical meristem. All of the rosettes are connected to a single taproot
by a branched woody underground stem (caudex). The narrow,
nearly vertical, oblanceolate leaves (6.0–9.0 cm long) first appear in

mid-April. New leaves are produced and old ones die throughout
the spring and early summer growing season (Casper 

 

et al.

 

 2001),
and new rosettes arise from axillary buds. Most seedling emergence
occurs in October, with seedlings overwintering as green plants,
although a few emerge in spring.

A vegetative meristem may continue to produce leaves for several
growing seasons until it bolts, resulting in an erect stalk with evenly
distributed leaves and a terminal inflorescence. Flowering stalks
usually bear more than 30 flowers, and each flower normally produces
a single nutlet, although occasionally two develop (Casper 1988).
Flowering is initiated in spring, with the first flowers opening by mid-
May. Rosettes that have produced flowering stalks die after seeds
ripen in mid-June to early July. As the soil dries in late summer, the
remaining leaves on vegetative rosettes senesce, and the meristems
become quiescent, although late summer rainstorms can trigger new
leaf production (Casper 

 

et al.

 

 2001). The death of vegetative rosettes
mostly takes place between growing seasons and is the main source
of the size retrogression (shrinkage) described here. Retrogression is
more common in older individuals (L.H. Spindler & B.B. Casper, unpub-
lished data) and in dry years (Casper 1996). Plant life spans as long
as 21 years have been documented at this site (Casper, unpublished data).

The study population is located adjacent to Red Fleet State Park in
Uintah County in northeastern Utah at 1730 m elevation (40

 

°

 

30

 

′

 

N,
109

 

°

 

22

 

′

 

30

 

″

 

E), where vegetation is dominated by sagebrush, 

 

Artemi-
sia tridentata 

 

Nutt., rabbitbrush, 

 

Chrysothamnus nauseosus

 

 (Pallas)
Britt., and the small tree 

 

Juniperus osteosperma

 

 (Torr.) Little.

 

EXPERIMENTAL

 

 

 

DESIGN

 

Eighteen 5 

 

×

 

 5 m study plots, spatially arranged in six blocks of
three plots, were demarcated within the natural population in early
spring 1997, ensuring at least 1.0 m spacing between plots and several
meters between blocks (Casper 

 

et al.

 

 2001, 2006). One plot per block
was chosen at random to receive a drought treatment in 1998 and
another in 1999. The remaining six plots served as controls. The 1998
drought treatment consisted of sheltering plots during precipitation
events by drawing tarps over metal frames, while in 1999 polyethylene
shelters were left in place continuously between 1 March and 23
May (Casper 

 

et al.

 

 2001). The 1998 drought treatment was much less
effective, as indicated by field measurements of pre-dawn and midday
water potentials, stomatal conductance and photosynthesis (Casper

 

et al.

 

 2006), because the tarps were not in place during some precip-
itation events. We detected no differences in 

 

λ

 

 between the control
plots and those sheltered in 1998 for any transition, so we excluded the
plots sheltered in 1998 from all of the analyses presented here.

In 1999, the rainout shelters consisted of polyethylene roofing
material attached to a 6 

 

×

 

 6-m metal frame (roofing material over-
hung plots by 0.5 m on each side to reduce edge effects), which was
slanted from 1 to 2.5 m to allow runoff. Polyethylene was selected in
an effort to minimize microclimate effects as it transmits both pho-
tosynthetically active (400–700 nm) and infrared radiation (Rey-
nolds 

 

et al.

 

 1999). Temperatures were monitored continuously
under the shelters, and ambient temperatures and precipitation were
measured at the field site during the growing season for each of the
4 years (Casper 

 

et al.

 

 2006).

 

CL IMATIC

 

 

 

DATA

 

Precipitation and temperature during the study were compared to
long-term climatic means (1971–2000) from data collected at the
Maeser 9 weather station, located 

 

c.

 

 18 km SW of the site, at 1950 m eleva

 

-

 

tion (Western Regional Climate Center, http://www.wrcc.dri.edu).

http://www.wrcc.dri.edu).
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CENSUSES

 

For the purpose of conducting annual plant censuses, we divided
each plot into 25 1-m

 

2

 

 quadrats guided by stakes placed at meter
intervals around the plot perimeter. For plots in three of the six
blocks, we mapped and followed every individual in 13 alternate
quadrats using Cartesian coordinates. In the remaining three
blocks, we mapped plants in seven quadrats randomly selected from
among the 13. An annual census took place in late May with the
1999 census occurring while the shelters were still in place. We
counted the total number of rosettes and the number of flowering
stalks on each mapped plant, and measured plant height, defined as
the length of the longest leaf. We counted, but did not map, the
number of seedlings per quadrat, instead mapping the survivors the
following year. For plants under or within 10 cm of a shrub, we
recorded their distance from the outer edge of the shrub canopy and
their compass direction (in degrees) with respect to the shrub. For
this study, we controlled for light environment by only including
plants 

 

>

 

 0 cm from the edge of any shrub canopy on the south side
(90 

 

<

 

 

 

x

 

 

 

<

 

 270

 

°

 

) and 

 

>

 

 10 cm on the north.

 

MATRIX

 

 

 

CONSTRUCTION

 

We classified plants into seven arbitrary size classes, chosen after
several years of observing size transitions in this species. The size
classes were: first-year seedlings, which are distinguishable by their
persistent cotyledons, and six post-seedling sizes based on both
height and numbers of rosettes (Fig. 1). In contrast to stage class
models that classify plants based on life-history attributes (i.e. seed-
lings, juveniles, non-flowering adults, flowering adults), the large

number of size classes we used allowed us more precision in describ-
ing growth or size retrogression, one of our main interests (Casper
1996). In the first post-seedling size class, plants had 

 

≤

 

 5 rosettes and
were 

 

≤

 

 3.5 cm in height; plants in sizes 2–6 were all 

 

>

 

 3.5 cm tall and
were defined by plants having 1–5, 6–10, 11–20, 21–30 or 

 

>

 

 30
rosettes, respectively (Fig. 1).

Size-structured population projection matrices (

 

A

 

) were con-
structed from the between-year size transition probabilities and
fertility values for each size class according to the methods outlined
by Caswell (1996, 2001). Matrix elements representing survival and
growth to a larger size (

 

G

 

ij

 

), survival and remaining the same size
(

 

S

 

i

 

), and survival and retrogression to a smaller size (

 

R

 

ij

 

) were calcu-
lated from pooled data. Data were pooled over five plots receiving
the drought treatment and for six control plots for each of the three
yearly transitions (1997–98, 1998–99 and 1999–2000), yielding six
summary projection matrices in total – two treatments 

 

×

 

 three
transitions. One of the treatment plots was excluded from the analyses
because in 1998 (i.e. prior to the drought treatment) it had an order
of magnitude more seedlings than the other 11 plots. A summary
matrix is preferred over averaging the matrices from each replicate
plot so as to avoid disproportionate representation of plots with low
plant densities or low sample sizes in some size classes (Horvitz &
Schemske 1995; Bruna & Oli 2005). Size-specific fertility values (

 

F

 

i

 

)
were estimated as follows:

eqn 1

where 

 

fl

 

i

 

 is the proportion of all flowering stalks produced by indi-
viduals in size class 

 

i

 

 in year

 

t

 

, 

 

n

 

i

 

 is the number of individuals in size
class 

 

i 

 

in year

 

t

 

, and 

 

S

 

 is the total number of seedlings in year

 

t 

 

+

 

 

 

1

 

. Past
field experiments, in which large numbers of seeds were planted
within natural populations (Casper 1988, 1994, 1996), indicated
very little between-year seed banking; most seeds germinate the first
year they are planted or not at all.

Matrix elements for size-based matrix models can often be
expressed as combinations of two or more underlying vital rates
(Franco & Silvertown 2004) such as survival in a given size class (

 

σ

 

i

 

),
positive growth from one size class to another (

 

γ

 

ij

 

), retrogression to
another smaller size class (

 

ρ

 

ij

 

), stasis or remaining in the same size
class (

 

τ

 

i

 

), and individual fecundity (

 

φ

 

i

 

). 

 

Cryptantha flava

 

 reproduces
seasonally, and thus we used the following birth-pulse formulae
relating matrix elements and lower-level vital rates (Caswell 2001):

eqn 2

eqn 3

eqn 4

eqn 5

where 

 

i

 

 represents one size class and 

 

j

 

 represents a different size
class. Size class-specific survival was estimated by counting the total
number of individuals in size class 

 

i

 

 in year 

 

t

 

 that lived to year 

 

t

 

 

 

+

 

 1
and stasis was estimated as the number of individuals in size class 

 

i

 

in year 

 

t

 

 that remained in size class 

 

i

 

 in year 

 

t

 

 

 

+

 

 1.
The annual asymptotic population growth rate (

 

λ

 

) for each of the
two treatment groups over each yearly transition was estimated as
the dominant eigenvalue for each 

 

A

 

 matrix, and 95% confidence
intervals were estimated from 10 000 resampling runs (Manly 1997)
using a bias-corrected percentile interval bootstrap approach
(Caswell 2001). Population-level demographic data do not meet the

Fig. 1. (a) Life cycle graph for Cryptantha flava. Solid arrows
pointing from left to right represent growth from one size class to
another. Solid arrows from right to left represent retrogression (or
shrinkage) from one size class to another. Dashed arrows represent
fertility (reproduction). Arrows originating and ending at the same
size class represent stasis. Size classes are defined in the text. (b) A
population projection matrix corresponding to the life cycle graph.
The elements of the matrix represent mean fertility per individual (Fi)
for plants in size class i, the probability of survival and growth from
size class i to size class j, (Gij), the probability of surviving and
remaining in the same size class (Si), or the probability of retro-
gression from size class i to size class j (Rij). Zero entries represent
transitions that were never observed.

F
fl S

ni
i

i

  
  

=
×

Gij i ij  = σ γ

Si i i  = σ τ

Rij i ij  = σ ρ

Fi i i  = σ φ
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assumptions of classical statistical hypothesis testing, that is, data
are not normally distributed (Caswell 2001). We therefore con-
ducted permutation tests, without assumptions regarding normality
or variance (Manly 1997), to determine significant differences
between treatments.

SENSIT IV ITY AND LTRE ANALYSES

The demographic consequences of drought treatments and year
were evaluated using a LTRE approach, in addition to sensitivity
and elastivity analyses (Jongejans & de Kroon 2005). The LTRE
analyses were used to determine how individual matrix elements – or
in this case, vital rates – contributed to variation in population growth
rate (Caswell 2001). We used a linear, two-factor, fixed effect LTRE
model to examine how vital rates contributed to variation in λ:

eqn 6

where λ.. represents the dominant eigenvalue for the overall mean
matrix, A.., of all treatments and years, αm, βn and (αβ)mn represent
the main effects of treatment m, year n, and the interaction of treatment
and year, respectively. The relative strengths of each of the effects
are indicated by the absolute values of the differences from λ...

We calculated the sensitivities of individual vital rates, xp, rather
than matrix elements, ai,j, using the chain rule:

eqn 7

We calculated the contribution of the differences in vital rates to the
overall effect on the population growth rate (Caswell 1996; Cooch
et al. 2001), rather than the contribution of differences in the matrix
elements (Levin et al. 1996; Caswell 2001). Because the A matrices
are fully defined using combinations of the lower-level vital rates, we
used an additive, linear approximation to decompose the contributions
of each vital rate to the LTRE effect according to: 

eqn 8

eqn 9

eqn 10

where  denotes the mean vital rate P in the mean matrix of drought
and control treatments,  denotes the vital rate P in the overall mean
matrix, and  denotes the mean vital rate P in the mean matrix of
all year treatments. The sensitivities of the vital rates were evaluated
at the midpoint between the two A matrices (Cooch et al. 2001).

We present vital rate elasticities for both the drought and control
treatments in each of the three yearly transitions and the LTRE
main effects of drought treatment and transition year. Instead of
presenting the overall interactions between drought treatment and
year, we used the LTRE approach to make specific comparisons of
vital rates between particular matrices of interest, comparable to
planned comparisons. (i) We compared the drought and control
treatments for the 1998–1999 transition and again for the 1999–2000
transition. This is because we were specifically interested in the
demographic consequences of the drought treatment, and we reasoned
that some residual effects of the drought treatment might still be

apparent in the 1999–2000 transition. Similar comparisons were not
made for the 1997–98 transition, when λ values for drought and
control treatments did not differ and elasticities of vital rates were
very similar in the two treatments. (ii) To explore demographic con-
sequences of natural climatic variation in the control treatment
only, we used the 1997–98 transition as a baseline and compared the
1998–99 transition and the 1999–2000 transition to it.

Finally, we wanted to understand how temporal variation in
flower stalk production might have contributed to variation in seedling
emergence and, therefore, to variation in the vital rate of fecundity
that we observed among transition years. Both the number of flower
stalks (seed production) in year t and the successful germination of
those seeds can affect the number of seedlings emerging in year
t + 1. On a per plot basis, we tallied the number of flowering stalks
and the number of seedlings per m2 for control plots only and used
 to examine differences among years. Tukey’s least significant
difference was used for post-hoc comparisons.

Results

CLIMATE PATTERNS

At the Maeser 9 NW climate station, annual precipitation
averaged 357 mm from 1971 to 2003, and mean monthly
temperature ranged from –6.2 °C in January to 20.4 °C in
July. The greatest annual monthly precipitation occurs in
September and October, and the lowest in November–January
(Fig. 2).

During the growing seasons encompassed by this study, there
were several periods with exceptionally high or exceptionally
low precipitation (Fig. 2). Both the 1998 and 1999 growing
seasons were wetter than normal. In 1998, precipitation was
about 60% of the long-term mean during April and May, but
this was followed by a wet June, when precipitation was 3.5
times the mean. In 1999, above normal precipitation occurred
during the growing season and extended into late summer
with roughly twice the long-term mean precipitation falling
from May through August. The growing season in 2000 was
dry as precipitation was below normal beginning in the winter
of 1999–2000 and again in April–August 2000.

There were other notable precipitation extremes that fell
outside the spring and early summer growing season. Large
rainfall events occurred in late summer and early autumn in
1997, resulting in 2.2 times the long-term mean from August
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Fig. 2. Monthly precipitation totals at the Maeser 9 weather station
during the 4 years of the study in comparison to the long-term mean
monthly totals (1971–2000). Figure is from Casper et al. (2006).
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through October. Weather station data (Fig. 2) show precip-
itation well above the long-term mean during June and July
1998, but in this particular case, the weather station data dif-
fer substantially from that at the field site, where no more than
8.0 mm fell during any 1 week (Casper et al. 2001). Precipitation
data taken on-site during the 1998 and 1999 growing seasons
were otherwise consistent with weather station data taken at
the Maeser 9 NW climate station.

Growing season temperatures deviated from the long-term
mean most noticeably between April and June 1999, when
unusually cold temperatures coincided with the period shelters
were in place. At the study site, there were 13 dates between 1
April and 15 May 1999 when ambient nighttime air temper-
atures dropped below 0 °C (Casper et al. 2006).

CLIMATE EFFECTS OF SHELTERS

The shelters eliminated all precipitation between 1 March and
23 May 1999, a total of 11.3 cm; details of excluded precipitation

can be found elsewhere (Casper et al. 2001). An unintended
effect of the shelters was to elevate nighttime air temperatures
above ambient by 2.6 + 0.1 °C (mean ± SE), presumably due
to re-radiation of infrared radiation from the structure itself
(Casper et al. 2006). When nighttime temperatures under the
shelter dropped below freezing it was for shorter periods than
in areas outside the shelters. During the early spring, flowering
stalks on unsheltered plants were noticeably frostbitten;
many open flowers and mature flower buds were killed. This
damage did not occur on sheltered plants. In contrast to the
difference in nighttime air temperatures, daytime tempera-
tures under shelters were always within 0.5 °C of ambient.

VARIATION IN λ

For the 1997–98 transition, the values of λ for controls and
the plots that were to receive the 1999 drought treatment were
not significantly different from each other or from 1.0, indi-
cating relatively stable population sizes (Fig. 3). Between the
1997–98 and the 1998–99 transitions, there was no significant
change in λ for the droughted plots, but λ in the control plots
dropped sharply (λ = 0.66) in 1998–99 (Fig. 3). This change in
the control plots resulted in a large difference in λ between the
control plots and the droughted plots for the 1998–99 transi-
tion (P < 0.001). There was a large increase in λ for the control
plots between the 1998–99 and 1999–2000 transitions so that
λ for controls was slightly greater than for the droughted
plots, but not significantly so (P < 0.09).

ELASTICIT IES AND CONTRIBUTIONS OF VITAL RATES

In 1998–99, the first transition encompassing the 1999
drought treatment, the droughted plots had higher elasticities
for survival, growth, stasis and fecundity than the control
plots (Fig. 4). This indicates that the contributions of these
vital rates to λ were particularly important in the droughted
plots during the 1998–99 transition. There were also notable
differences in elasticities between the droughted plots and the

Fig. 3. Asymptotic population growth rate (λ) ± 95% confidence
intervals for droughted and control populations of Cryptantha flava
in each of the 3 yearly transitions.

Fig. 4. Elasticities for vital rates of C. flava. (a) Elasticity values in droughted populations and (b) in control populations for each of the yearly
transitions.
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control plots during the 1999–2000 transition despite their similar
λ values. While the elasticities for growth and retrogression
were slightly higher in the droughted plots (Fig. 4a), the
elasticities of survival and stasis were higher in the control
plots (Fig. 4b). The elasticity for fecundity was similarly low
in the two treatments. For the control plots, in particular, the
elasticities for survival and stasis were higher in 1999–2000
than in other transition years.

The two-way LTRE analysis showed that across all three
transitions, more variation in the contributions of the various
vital rates to the differences in λ occurred among years than
between the two treatments. In addition, the maximum year
effects were greater than the maximum effects of the drought
treatment by a factor of three (results not shown). There were
also treatment × year interactions for the different vital rates,
which were particularly evident in the 1998–99 and the 1999–
2000 transitions, consistent with the application of the
drought treatment in the 1999 growing season.

Specific planned comparisons using the LTRE approach
indicated that the large difference in λ between the drought
and control plots during the 1998–99 transition is attributable
almost entirely to greater survival, growth, and stasis in the
drought treatment (Fig. 5a). In contrast, for the 1999–2000
transition, the droughted plots showed large negative effects
of survival, growth, and stasis and a large positive effect of
retrogression, in comparison to controls (Fig. 5b). An exam-
ination of the contributions of particular vital rates to differ-
ences in λ across yearly transitions in the control plots

revealed negative effects of survival, growth and fecundity
during the 1998–99 transition in comparison to the 1997–98
transition (Fig. 5c). When the 1999–2000 transition was com-
pared with the 1997–98 transition for the controls, there were
positive effects of survival, growth, and stasis and negative
effects of retrogression and fecundity (Fig. 5d). Thus, even for
yearly transitions when λ values were similar, the component
vital rates differed.

Variation in fecundity among the inter-annual transitions
in control plots reflects variation in the numbers of seedlings,
which is largely independent of flower stalk production. There
were more seedlings in 1998 (Fig. 6) than in other years
(F3,20 = 8.62; P < 0.01), and this shows up as greater fecundity
in the 1997–98 transition. The large number of seedlings in
1998 must have been due to an increase in emergence (which
would have occurred mostly in Autumn 1997) because the
number of flowering stalks, an estimate of seed production, was
not greater in 1997 than in other years. For the 1999–2000
transition, flower stalk production in 1999 and the number of
seedlings present in 2000 were both low. In fact, flower stalk
production was lower in 1999 than in other years (F3,20 = 3.09;
P < 0.05, Fig. 6).

Discussion

We draw four main conclusions from this LTRE study of C.
flava: (i) There is considerable natural, annual variation in λ.
(ii) In the 1998–99 transition, the unexpectedly larger value of

Fig. 5. LTRE analyses that decompose the contributions of vital rates to the differences in λ between (a) drought and control plots during the
1998–99 transition; (b) drought and control plots during the 1999–2000 transition; (c) the 1998–99 and 1997–98 transitions for the control plots
only; (d) the 1999–2000 and 1997–98 transitions for the control plots only.
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λ for droughted plots and the positive contributions of sur-
vival, growth and stasis, when compared to controls, suggest
that shelters rescued plants from the abnormally cold night-
time temperatures that occurred in early spring 1999. (iii)
Adverse effects of the rainfall reduction by the 1999 drought
treatment were apparent in the 1999–2000 transition as
reflected in a decrease in λ from the 1998–99 transition, a
decrease in λ relative to the control populations, and by large
negative effects of survival, growth, and stasis and a positive
effect of retrogression, compared to controls. (iv) Autumn
rains that trigger seedling emergence can have a large impact
on fecundity as a vital rate.

ANNUAL VARIATION IN λ

Natural, annual variation in λ played an important role in this
study. The level of annual variation of λ in control plots is
large compared to that found in many other plant species in
the absence of major disturbance (García 2003; Fröborg &
Eriksson 2003; Jacquemyn et al. 2005) but similar to that
reported for the monocarpic perennial Centaura corymbosa, a
rare, narrow habitat endemic (Fréville et al. 2004).

For C. flava, survival and growth made large contributions,
both positive and negative, to annual differences in λ. The
change in direction from negative to positive contributions
may be explained by the combination of inter-annual variation
in both precipitation and growing season temperatures in this
cold desert system. Survival consistently had the highest elasticity
values for all three transitions, implying that changes to survival
have a relatively greater impact on the population growth rate
than changes to other vital rates.

Large differences in λ are also partially attributable to the
annual variation in fecundity. Even though fecundity has a
relatively low elasticity, which might be expected for a long-
lived perennial (Franco & Silvertown 2004), it likely made

large LTRE contributions due to the level of variation
reflected in annual seedling establishment, an important
component of fecundity.

DEMOGRAPHIC CONSEQUENCES OF SHELTERS

The greatest difference in λ between the drought and control
plots occurred in the 1998–99 transition, but the difference
was in the opposite direction predicted. Our expectation was
that rainfall reduction caused by the shelters would adversely
affect plant performance and cause a decrease in λ. Instead,
λ changed little in the droughted plots from the previous
transition, while λ for the control plots dropped dramatically.
In comparison to control plots for the same (1998–99) tran-
sition, the difference in λ was primarily due to greater positive
contributions of plant growth, survival and fecundity in the
droughted plots. We think that the freezing nighttime temper-
atures in the spring of 1999 adversely affected λ in control
plots and that the temperature elevation provided by the shelters
rescued plants from the freezing effect. The fact that only
plants outside the shelters were visibly frostbitten supports
this interpretation. Researchers who use these shelters to
create drought need to be aware of their effects on nighttime
temperature and its potential biological importance.

Demographic consequences of the rainout shelters in 1999
continued into the 1999–2000 transition year, with negative
consequences for λ; in comparison to control plots, there were
large negative contributions of survival, growth, and stasis
and a positive contribution of retrogression for the 1999–2000
transition. The greater contribution of retrogression is con-
sistent with the increase in retrogression in response to natural
drought observed for C. flava in a previous study (Casper 1996).
Negative demographic repercussions from the 1999 drought
would be expected in the 1999–2000 transition because we
measured lower pre-dawn and midday leaf water potentials,
lower stomatal conductance, and a 30% reduction in photo-
synthesis in the droughted plots, compared to controls, at the
height of the 1999 growing season (Casper et al. 2006). The
reduced photosynthesis could have made less carbon available
to the perennial root system of C. flava, reducing over-winter
survival and growth the following spring.

However, the drought effects on the 1999–2000 transition
might have been ameliorated somewhat by additional factors:
(i) After early May and for most of the summer, sheltered
plants showed a longer leaf life span and a greater standing
number of leaves per vegetative rosette than did control plants
(Casper et al. 2001). Together with a smaller leaf size and
greater specific leaf mass (Casper et al. 2001), these changes in
leaf demography may have helped conserve carbon. (ii) Unu-
sually heavy rains in August and very early September 1999
caused the production of some new leaves in both the drought
and control plants (Casper et al. 2001) at a time when plants
would be dormant in drier years. The combination of these
factors may have partially compensated for the reduced leaf
level carbon gain observed at the height of the spring growing
season, thereby diminishing the overall imprint of the
drought treatment on population demography.

Fig. 6. Seedling and flowering stalk densities (per m–2) in control
plots only (± SE). Data were collected at the spring census, but most
of the seedlings would have emerged the preceding autumn.
Significant differences (P < 0.05) are indicated by different upper case
or lower case letters for flowering stalks and seedlings, respectively.
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RESPONSE TO PRECIPITATION OUTSIDE THE SPRING 
GROWING SEASON

Because variation in seedling emergence explained variation
in fecundity independent of variation in flower stalk production,
our study suggests that October rains have important con-
sequences for the contribution of fecundity to λ, although
inter-annual variation in granivory would also contribute to
variation in seedling establishment. Seedlings were most abun-
dant in 1998, after a particular wet October 1997. Episodic
seedling establishment in response to large rainfall events is a
common phenomenon in desert plants (Wiegand et al. 2004),
and λ values could fluctuate greatly as a consequence. For C.
flava, the contribution of fecundity to λ differed little between
drought and control plots in either the 1998–99 or the 1999–
2000 transition, providing further evidence that fecundity is
more strongly affected by autumn precipitation than by climatic
conditions during the spring growing season. In particular,
any difference in seed set between the drought and control plots
was probably obscured by overall poor seedling emergence in
the dry autumn of 1999.

Because of our initial interest in changing precipitation
patterns, we are also broadly interested in how major rainfall
events outside the April–June growing season may affect
population demography. We know that rains in late summer can
renew leaf construction (Casper et al. 2001), and we can detect
the isotopic signature of autumn carbon assimilation in leaf
tissue the following spring (Casper et al. 2005). We would expect
the lengthened growing season to increase plant growth and
potentially increase λ, but we cannot point to such an effect
during our study. Large late summer rains occurred in 1997
and 1999, but it is difficult to evaluate their specific contribu-
tions to the annual variation in λ because the intervening
transition (1998–99) encompassed the unusually cold spring.

RELEVANCE TO CLIMATE CHANGE PREDICTIONS

In order to understand future climate effects on the demog-
raphy of Great Basin desert perennials, we must consider two
major predictions of the climate change models: the 1.0–2.5°
increase in regional temperature (Leung et al. 2004) and
increased variability in precipitation (Easterling et al. 2000).
How the overall amount of precipitation will change is less
clear (Leung et al. 2004). It is likely that soils will warm earlier
in the year so that spring perennials will initiate growth earlier,
resulting in a longer growing season (Walther et al. 2002). But
the advanced phenology may also allow even more exposure
to early season freezes that can have damaging consequences
for floral meristems or overall plant performance (Inouye
2000; Stenseth & Mysterud 2002) as we found here. On the
other hand, increased temperatures are also predicted to
cause earlier termination of the growing season in summer
due to earlier drying of soils and increasing water limitation
(Karl & Trenberth 2003; Bell et al. 2004). How precipitation
pulses will affect demography depend on their timing relative
to the spring and summer growing season and autumn seed
germination.
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