
The niche, limits to species’ distributions, and
spatiotemporal variation in demography across
the elevation ranges of two monkeyflowers
Amy L. Angert1

Department of Biology, Colorado State University, Fort Collins, CO 80253

Edited by David B. Wake, University of California, Berkeley, CA, and approved June 30, 2009 (received for review March 14, 2009)

Understanding the processes that create and maintain species’
geographic range limits has implications for many questions in
ecology, evolution, and conservation biology. Many expectations
for the ecological and evolutionary dynamics of populations at the
range margin rest on the concordance of geographic limits and the
limits of a species’ ecological niche. If range limits are coincident
with niche limits, then marginal populations should have lower
and/or more variable vital rates and population growth rates than
central populations. Using data from 8 annual censuses of marked
individuals, I investigated the demography of Mimulus cardinalis
and Mimulus lewisii across the species’ elevation ranges. Central
and marginal populations exhibited striking demographic differ-
ences, but only for one species were differences in expected
directions. Marginal populations from the M. lewisii lower eleva-
tion range limit had lower and more variable survival than central
populations and appeared to be demographic sinks. In contrast,
marginal populations from the M. cardinalis upper elevation limit
had higher fecundity and higher population growth rates than
central populations. Although the species differed with respect to
central-marginal patterns, they were concordant with respect to
elevation; that is, both species had higher fitness in higher reaches
of their examined ranges. Potential explanations for these patterns
include source-sink dynamics, with asymmetrical gene flow medi-
ated by river currents, and climate change, with recent warming
shifting the species’ climatic envelopes to higher elevations. Hence,
assessment of spatiotemporal variation in both demography and
dispersal is necessary to fully understand the relationship between
the niche and species’ distributions.

geographic range limit � lambda � population dynamics � vital rate �
projection matrix

The geographic range is a fundamental unit of biogeography
(1), yet our understanding of the ecological and evolutionary

determinants of the placement, occupancy, extent, and limits of
geographic ranges remains largely idiosyncratic and system-
specific. In particular, the processes that lead to evolutionarily
stable range limits remain poorly understood for most organ-
isms. Many investigations of range limits begin by associating
distribution boundaries with potentially limiting environmental
variables (e.g., refs. 2 and 3). This approach has a venerable
history (4–7) and was central to the early development of the
niche concept (8, 9). Thus, in the broadest sense, species’
distributions can be viewed as a spatial manifestation of the
niche (10, 11), where the geographic range represents a mapping
of fitness as a function of the abiotic and biotic environment onto
a geographically varying environmental landscape and range
edges arise at points along environmental continuums where
births no longer exceed deaths (12, 13). Hence, quantifying
variation in demographic performance across the geographic
range can provide a fundamental first step toward understanding
the extent to which range limits indeed represent niche limits and
insight into what factors may be important in setting these limits.
From an evolutionary perspective, concordance of niche limits
with range boundaries implies that intraspecific niche evolution

is necessary for range expansion and conversely that range limits
arise because of constraints on niche evolution via natural
selection (10). Thus, range edges can provide an arena for
investigating adaptation, limits to adaptation, and processes that
give rise to patterns of niche conservatism. Greater understand-
ing of ecological and evolutionary dynamics at range edges is also
critical for accurately predicting species’ responses to a changing
climate. Investigations of demographic performance across the
range can provide mechanistic insight into the relationships
between environment and fitness, a necessary first step for
forecasting population responses to environmental changes.

Although geographic ranges would not exist without organ-
ismal movement (14), consideration of dispersal adds additional
complexity to the problem of relating species’ geographic dis-
tributions to the environmental landscape and the niche. Dis-
persal limitation may result in populations failing to occupy
suitable environments (11, 15–17). For example, dispersal into
formerly glaciated areas may lag behind the rate of environ-
mental amelioration, making the present northern range limits
of some temperate species transient boundaries that lie within
the species’ fundamental niche (15). Conversely, dispersal into
unfavorable areas may cause populations to occupy environ-
ments that are outside of the species’ fundamental niche, as
evidenced by populations whose growth rate is below replace-
ment level (11, 18). These sink populations may be transient or
sustained by regular immigration from source populations.

Models of ecological and evolutionary dynamics at range
limits highlight how complex interactions between demography
and dispersal across environments may promote or hinder niche
evolution at range margins (10, 12, 19–22). A net flux of migrants
from the range center to the range edge may lead to gene
swamping that prevents marginal populations from adapting to
the local environment (19). In this scenario, dispersal from
central source populations holds marginal populations in a
maladapted sink state. Alternatively, dispersal may facilitate
niche evolution by providing demographic rescue to maladapted
marginal populations that would otherwise go extinct and by
increasing genetic variation within marginal populations (12, 22,
23). In this scenario, marginal populations begin as sinks but
occasionally may evolve adaptations to the sink environment
with demographic and genetic input from central sources. In
either case, these models yield a major inference that can be
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tested with empirical data, namely that range limits are stable or
quasi-stable over long periods of time because evolutionary
potential is limited in marginal sink populations.

Demographic observations across species’ ranges are neces-
sary to link geographic position within the range to spatiotem-
poral variation in fitness. Although some studies have demon-
strated that certain fitness components or vital rates are lower at
the range margin (e.g., refs. 24–26), many others have not found
expected differences (e.g., refs. 27–29). In these latter cases,
present-day range boundaries may not be at niche limits; instead,
the boundaries may represent nonequilibrial edges of ranges, set
by limits to dispersal over time or space. However, this inter-
pretation is hindered because studies that do not assess lifetime
fitness may fail to find differences even when they exist. Such
studies may miss critical life-stage transitions that do differ
between central and marginal populations. Additionally, central-
marginal differences may be small at any given stage yet multiply
to biologically meaningful differences at the population level.
Finally, performance may be high in average years in locations
where marginal populations are extant, but stochastic environ-
mental variation may introduce extreme conditions that exceed
the species’ tolerance infrequently and have a disproportionate
effect on long-term dynamics at the margin. Theoretical studies
have illustrated that increasing variance in vital rates can yield
range limits, even in the absence of consistent differences in vital
rate means (12). Thus, documenting only differences in mean
demographic performance may be misleading if variance is
ignored. Although studies of temporal variation in abundance
support the idea that population dynamics are more variable at
the range margin (30–32), comparable studies of temporal
variation in vital rates are limited (33) and hence we currently
lack the full set of empirical evidence needed to assess demo-
graphic dynamics at geographic range limits. A deeper under-
standing of demographic variation across species’ ranges will
require studies that integrate observations across the entire life
cycle and across long windows of time.

In this article, I use demographic census data collected
annually from 2000 through 2007 in central and marginal
populations of the native perennial herbs Mimulus cardinalis and
Mimulus lewisii to examine spatiotemporal variation in demog-
raphy across 2 species’ ranges. This study examines the species’
elevation ranges to assess differences between central and
marginal populations at a tractable spatial scale. A previous
investigation (34) used data from 2000 through 2003 to investi-
gate spatial differences in population growth rates between
central and marginal populations of these species. Although the
riparian natural history of these species suggests that temporal
environmental variation is likely to have important effects on
long-term population dynamics, little temporal variation was
observed in the previous short-term study (34). Here, I use a
7-year sequence to quantify temporal variation in vital rates and
population growth rates and make robust inferences about mean
differences between central and marginal populations. The
overarching hypothesis of this study is that range limits arise at
niche boundaries and are driven by changes in the means or
variability of demographic fitness components. Specifically, I test
the following predictions: (i) mean vital rates are lower in
marginal than central populations; (ii) vital rates are more
variable in marginal than central populations; (iii) population
growth rates (population mean fitness) are lower and/or more
variable in marginal than in central populations; and (iv) pop-
ulation growth rates are below replacement levels in marginal
populations, indicating that marginal populations are demo-
graphic sinks.

Results
Vital Rates. As is typical for perennial plants, the probability of
annual survival increased with size and stage, from small to large

vegetative plants to reproductive plants, for both M. cardinalis
(Fig. 1 A, C, and E) and M. lewisii (Fig. 2 A, C, and E). Mean
survival probability did not differ between central and marginal
populations for any stage class of M. cardinalis, nor did variability
of survival differ between central and marginal populations (Fig.
1 A–F). Central and marginal M. cardinalis populations did show
significantly different mean fecundity (Fig. 1G). However, con-
trary to expectation, central populations did not have higher
fecundity but instead produced �8-fold fewer fruits than mar-
ginal populations. Fecundity was not significantly less variable in
central than in marginal populations of this species (Fig. 1H). For
M. lewisii, mean survival probability of reproductive plants was
significantly higher in central than in marginal populations (Fig.
2E), as predicted. Large vegetative plants showed a similar, but
nonsignificant, trend in mean survival (Fig. 2C), and mean
survival of small vegetative plants did not differ between central
and marginal populations (Fig. 2 A). For 2 of the 3 stage classes,
variability in annual survival was lower in central than in
marginal populations, as predicted (Fig. 2 B, D, and F). Fecun-
dity of M. lewisii was not significantly higher (Fig. 2G) or less
variable (Fig. 2H) in central than in marginal populations.

Population Growth Rates. Asymptotic projections of population
growth rate (�) varied across the 7 transition intervals, from 0.47
to 0.89 for central populations and from 0.19 to 2.05 for marginal
populations of M. cardinalis (Table S1). Wide confidence inter-

Fig. 1. Vital rate means and relative environmental variabilities after re-
moving sampling error (53) in central and marginal populations of M. cardi-
nalis, based on 2000–2007 data. (A, C, E, and G) Mean values are displayed. (B,
D, F, and H) Variabilities are shown. Survival values for small vegetative (A and
B) , large vegetative (C and D), and reproductive (E and F) plants are shown. (G
and H) Fecundity values for reproductive plants are shown. Error bars show 1
SE of estimates between replicate populations at a given range position. P
values are from 2-tailed t tests for central-marginal differences. ns indicates
nonsignificant, P � 0.10.

19694 � www.pnas.org�cgi�doi�10.1073�pnas.0901652106 Angert

http://www.pnas.org/cgi/data/0901652106/DCSupplemental/Supplemental_PDF#nameddest=ST1


vals in years with high � estimates reflect the rare occurrence of
transitions for which � has high sensitivity, namely recruitment
from seeds directly into the reproductive stage class (34).
Despite some years with high � at the margin, mean � across all
years was only marginally lower at the range center compared
with the range margin for M. cardinalis (Fig. 3A). For M. lewisii,
� varied from 0.88 to 1.99 in central populations and from 0.33
to 1.31 in marginal populations across the 7 yearly transition
intervals (Table S1). Mean � of M. lewisii was significantly higher
at the range center compared with the range margin (Fig. 3C).
For both species, the trend for lower year-to-year variability in
� at the range center compared with the range margin was not
statistically significant (Fig. 3 B and D).

Stochastic simulations of population growth yielded results
that were qualitatively similar to mean asymptotic projections.
For M. cardinalis, log �s was significantly lower at the range
center than at the range margin (Fig. 4A). For M. lewisii, log �s
was marginally higher at the range center than at the range
margin (Fig. 4B). Some populations of both species exhibited
long-term growth rates that were below replacement levels (log
�s � 0), consistent with the occurrence of demographic sink
populations (Fig. 4). For M. cardinalis, populations whose con-
fidence intervals around long-term stochastic growth estimates
were �0 were at the range center, whereas for M. lewisii these
populations were at the range margin.

Discussion
Examination of detailed individual-level annual census data
from natural populations has revealed marked differences in

population dynamics between central and marginal areas of
species’ ranges. More studies have examined vital rate mean
differences across the range than differences in temporal vari-
ability (33, 35, 36). Using a sequence of 7 annual transitions, this
study shows that central and marginal populations differ not just
in mean vital rates but in some cases also in the temporal
variabilities of vital rates. These results illustrate that differences
in vital rate means and variabilities accumulate into large
differences in projected population growth rates, or population
mean fitness, in central and marginal environments.

However, for only 1 of the 2 species examined here were the
differences between central and marginal populations in the
expected direction. As predicted, marginal populations of M.

Fig. 2. Vital rate means and relative environmental variabilities after re-
moving sampling error in central and marginal populations of M. lewisii,
based on 2000–2007 data. (A, C, E, and G) Mean values are displayed. (B, D, F,
and H) Variabilities are shown. Survival values for small vegetative (A and B),
large vegetative (C and D), and reproductive (E and F) plants are shown. (G and
H) Fecundity values for reproductive plants are shown. Error bars show 1 SE of
estimates between replicate populations at a given range position. P values
are from 2-tailed t tests for central-marginal differences. ns indicates nonsig-
nificant, P � 0.10.

Fig. 3. Population growth rate means and temporal variabilities for central
and marginal populations of M. cardinalis and M. lewisii. (A) Mean asymptotic
population growth rate (�), calculated as the geometric mean of 7 annual �

estimates, for M. cardinalis. (B) Temporal variability in �, calculated as the
geometric standard deviation in 7 annual � estimates, for M. cardinalis. (C)
Mean � for M. lewisii. (D) Temporal variability in � for M. lewisii. Error bars
show 1 SE of estimates between replicate populations at a given range
position. P values are from 2-tailed t tests for central-marginal differences. ns
indicates nonsignificant, P � 0.10.

Fig. 4. Stochastic projections of population growth rate (log �s) for central
and marginal populations of M. cardinalis (A) and M. lewisii (B). Error bars
depict bias-corrected 95% confidence intervals, obtained from 3,000 boot-
strapped datasets (57).
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lewisii appear to be at niche boundaries; that is, survival prob-
abilities were lower and more variable than in central popula-
tions; population growth rates were also significantly lower; and
population growth rates at the range margin were below re-
placement levels, suggesting that marginal populations are de-
mographic sinks. For M. cardinalis, however, central populations
had markedly lower fecundities and lower population growth
rates than did marginal populations. Paradoxically, populations
at the M. cardinalis range center exhibit long-term growth rates
that are below replacement levels, whereas marginal population
growth rates encompass values consistent with population sta-
bility. Several other comparisons of central-marginal demo-
graphic patterns have found similarly ambiguous or unexpected
results (35–39), which suggests that consideration of additional
factors such as density dependence, source-sink dynamics, dis-
persal limitation, and disequilibrium between climate and cur-
rent ranges will be necessary to fully understand the relationship
between demography and distribution (39).

The difference of patterns between the 2 species is not
obviously related to differences in life history or morphology;
both are rhizomatous, perennial, animal-pollinated herbs that
make many-seeded fruits, and phylogenetic evidence suggests
that they are sister taxa (40). This finding suggests that the
opposing patterns of spatial variation between central and
marginal populations may not arise from intrinsic biological
differences between the species, but rather may be caused by
external factors. Indeed, although the species exhibit opposing
patterns with respect to central-marginal differences, their
patterns are the same with respect to elevation. Both species
exhibit higher mean vital rates and higher population growth
rates within higher elevation zones (the range center for M.
lewisii, the range margin for M. cardinalis). This pattern
suggests 2 possible explanations. Studies of similar riparian
plant species have demonstrated that seed dispersal via down-
stream currents may occur over long distances and be strongly
asymmetrical (41). If so, upstream populations may serve as
sources for downstream populations that are chronic demo-
graphic sinks. Contrary to range limit models, where asym-
metrical dispersal arises from intrinsic properties of popula-
tions (e.g., population density), this scenario posits that
asymmetrical gene f low between source and sink populations
arises from features of the external landscape. Asymmetrical
gene f low may have similar outcomes in both cases, in that
downstream populations may be ecologically rescued by up-
stream migrants but unable to adapt to local conditions
because of cross-gradient gene f low from higher elevation
environments. Genetic assignment methods offer a promising
avenue for investigating this hypothesis by assessing contem-
porary asymmetry of gene f low (42, 43).

Recent theoretical models illustrate how dispersal barriers
such as those posed by downstream currents may contribute to
stable boundaries between parapatrically distributed species
like M. cardinalis and M. lewisii (44). Borders may be attracted
to regions where stronger competitors that would otherwise
outcompete another species encounter a dispersal barrier (44).
The higher population mean fitness (�) of M. cardinalis
compared with M. lewisii at middle elevation suggests the
potential for competitive asymmetry between the species.
However, experimental populations of M. lewisii transplanted
to middle elevation in a noncompetitive environment also
exhibited low mean fitness (45), suggesting that fitness of this
species remains low at the range margin in the absence of
competition from M. cardinalis. Experimental manipulations
of density and species composition are necessary to explicitly
quantify competitive interactions and their potential to inf lu-
ence the species’ range limits.

An alternative explanation for the demographic patterns
observed in this study is that present range limits, particularly of

M. cardinalis, are not at equilibrium with current environments.
Recent studies have documented warming trends in the study
region and striking shifts of some small mammal species to
higher elevations (46). The design of this study does not permit
an analogous investigation of distribution shifts to higher ele-
vations for these species. However, it is possible to consider the
effect of climate trends on stationary populations at a given
location. Given recent warming rates, marginal populations at
middle elevation are beginning to experience temperatures that
are within the range of historical temperatures at low elevation.
If so, the pattern of higher population mean fitness at higher
elevations is consistent with warming trends that may have
shifted the species’ climatic envelopes to the higher elevation
zones of their current ranges. If dispersal is indeed largely
downstream, then populations may be hindered in their ability to
track suitable climates by dispersing to higher elevations. Tem-
perature increases may also interact with changes in other
important environmental variables. For example, changes in
snowpack may have dramatic influences on all species by altering
the availability of soil moisture during the growing season (47)
and on riparian species in particular by also altering the mag-
nitude of spring flooding events, which can increase both adult
mortality and seedling recruitment (48). Longer time series of
demographic parameters are desirable for relating variation in
vital rates and population dynamics to interannual variation in
climate and hydrology. Importantly, such investigations can help
build a mechanistic understanding of the environmental factors
that drive not only mean differences in performance but also
temporal variability in performance across the range. Investiga-
tions over longer time periods will help elucidate linkages
between the environmental variation, fitness, and distribution
limits and ways in which changes in the environment may yield
changes in distribution.

This study, like many others that use quite different ap-
proaches (e.g., refs. 16 and 49), draws on the ecological niche
concept for investigating species’ geographical distributions. By
relating spatiotemporal variation in the environment to the
fitness of individuals and the dynamics of populations, geo-
graphic distributions may be investigated as a manifestation of
the niche writ large. One-to-one matching between niche and
distribution limits was not observed here and should not be
expected in all cases given that dispersal can introduce popula-
tions into poor quality habitats, dispersal limitation can keep
populations from occupying suitable habitats, and ever-changing
climates may cause distributions to be out of equilibrium with
current environments. It is sobering to recognize that surveys of
the same historical transects that helped to inspire Grinnell’s
original formulation of the niche are now revealing marked shifts
in species’ distributions driven by recent climate change (46).
Relating the environment to fitness, abundance, and species’
distributions remains a compelling ecological and evolutionary
problem, with more relevance than ever given unprecedented
disequilibrium between climate and species’ distributions that is
already underway.

Materials and Methods
Study Species. M. cardinalis and M. lewisii (Phrymaceae) are perennial herbs
that grow along seeps and stream banks in western North America. M.
cardinalis occurs at low to middle elevations from southern Oregon to north-
ern Baja California (50). M. lewisii is composed of 2 races that are separated by
partial reproductive incompatibilities (40, 50, 51). Here, I study only the
southern race of M. lewisii, which occurs from middle to high elevations in the
Sierra Nevada Mountains of California. The range margins that are the focus
of this study are the species’ shared middle elevation limits between 1,200 and
1,600 m elevation in the central Sierra Nevada Mountains, where M. cardinalis
reaches its upper elevation limit and M. lewisii reaches its lower elevation
limit.
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Study Sites. Eight natural populations from 6 sites were monitored along an
elevation transect from 830 to 2,750 m within 37.4643 and 38.0979°N latitude
in Yosemite National Park, Stanislaus National Forest, and Inyo National
Forest. This transect encompasses the elevation range centers and range
margins for both species at a tractable spatial scale. Two sites were located at
the middle-elevation range margin where populations of both species occur
sympatrically (Wawona, South Fork Merced River, 37.5387°N, 119.6543°W,
1,208 m; and Carlon, South Fork Tuolumne River, 37.8152, 119.8657°W, 1,320
m). Additionally, 2 sites were at the M. cardinalis low-elevation range center
(Buck Meadows, Moore Creek, 37.7770°N, 120.0635°W, 830 m; and Rainbow
Pool, South Fork Tuolumne River, 37.8213°N, 120.0109°W, 833 m), and 2 sites
were at the M. lewisii high-elevation range center (May Lake, Snow Creek,
37.8365°N, 119.4944°W, 2,690 m; and Warren Fork, Lee Vining River,
37.9520°N, 119.2261°W, 2,750 m).

Census Plots. During July and August 2000, permanent census plots encom-
passing multiple areas suitable for all life history transitions were estab-
lished at each site. Complete descriptions of plot sizes and numbers are
available in ref. 34. Within each plot, every M. cardinalis and/or M. lewisii
individual was uniquely identified by (x, y)-coordinates and numbered
tags. Censuses were conducted each autumn from 2000 to 2007 to record
annual survival, growth, reproduction, and recruitment. In total, the fates
of 36,705 plants were recorded (Buck Meadows: 968; Rainbow Pool: 2,237;
Wawona: 452 M. lewisii, 13,664 M. cardinalis; Carlon: 2,430 M. lewisii, 8,359
M. cardinalis; May Lake: 4,140; and Warren Fork: 4,455). For each plant, up
to 20 nonflowering and 20 flowering stems were measured from the
ground to the base of the last pair of expanded leaves; all remaining stems
were tallied and used to estimate total stem length based on the average
stem length of the 40 measured stems. Plant fecundity was estimated by
multiplying the number of mature fruits on a given individual times the
population mean seed number per fruit in a given year. Each fruit may
contain 500 –2,500 tiny seeds that cannot be counted in the field. To
estimate seed number per fruit, 2 fruits were harvested each fall from each
of 10 individuals growing several hundred meters downstream of the
census plots. Samples of �200 seeds per fruit were counted under a
dissecting microscope and weighed to determine the relationship between
seed mass and seed number. Seed number per fruit was then estimated
from total seed mass. Occasionally, seed samples could not be obtained for
some population-by-year combinations, so average seed number per fruit
across all other years for that population was used instead. Both species
exhibit limited seed dormancy, so seed survival estimates were obtained
from separate seed enclosure experiments (34).

Stage Classification. After examining frequency distributions of stem lengths
for different cohorts of plants and relationships among size, survival, and
reproduction, plants were classified into the following 4 stages: seeds (both
newly produced and those in the seed bank), small vegetative plants, large
vegetative plants, and reproductive plants. To facilitate comparisons among
sites and years, classification criteria were developed by using pooled data
across all populations from 2000 to 2003 (34) and are retained here for
consistency with the prior study. The boundary between small and large
vegetative plants was defined as the midpoint between the median total stem
length of first-year vegetative plants (i.e., seedlings) and the median total
stem length of vegetative plants aged 2 and older (midpoint: M. cardinalis, 3
cm; M. lewisii, 5 cm). A seedling class based on age alone was not retained
because first-year plants frequently surpassed older plants in size. The repro-
ductive stage class was not subdivided because of differences in the size
distribution of reproductive plants between sites and because survival of
reproductive plants was unrelated to size.

Vital Rate Means and Variabilities. I examined the vital rates survival and
fecundity. Because of the low number of stage classes that survivors could
transition among growth was not examined as a vital rate separate from
survival. Annual census data were used to calculate observed vital rate
means and variances. Observed variance in a vital rate includes environ-
mentally driven (e.g., ‘‘process’’) variance and sampling (e.g., ‘‘error’’)
variance (52, 53). Sampling variance was removed from estimates of total
variance in vital rates following the methods of White (54) and Kendall
(55), as given in Morris and Doak (53), for fecundity and survival, respec-
tively. The resulting estimates of environmental variance in vital rates were
then expressed on a relative basis for comparison among populations with
different mean rates. Relative variability in fecundity was expressed as the
coefficient of variation (corrected environmental standard deviation/
mean � 100%). Because coefficient of variation is inappropriate for bino-
mially distributed survival data, I expressed variability in survival relative to

its maximum possible value (corrected environmental standard deviation/
maximum standard deviation � 100%), where the maximum standard
deviation is calculated as the square root of the product of the mean
survival rate, p, and 1 � p (56).

Transition Matrix Models. The projection matrix model for these analyses
was a linear, time-invariant model of the form n(t � 1) � A� n(t), where n(t)
is a vector of stage-classified individuals in the population at time t, n(t �
1) is the stage-classified vector of individuals at 1 time step in the future,
and A is a 4 � 4 matrix of transition probabilities and stage-specific
fecundities that shows how individuals in stage j at time t contribute to
stage i at time t � 1. The top left-hand corner, a11, is seed dormancy, and
other entries along the diagonal represent stasis in a particular vegetative
class from t to t � 1. Other cells in the top row, a12–a14, are fecundities
(mean number of seeds produced by a reproductive plant at time t � 1)
weighted by the probability of an individual in class j at time t becoming
reproductive at time t � 1. Nonreproductive stages have a nonzero con-
tribution to the seed class if they may become reproductive within 1 annual
time step. Transitions from seed to vegetative stages are represented by
the first column, primarily in the second and third rows. Occasionally,
spring germinants had entered the reproductive class by the time of the
autumn census (nonzero value in first column, last row), in which case the
top left-hand corner is a composite of seed dormancy and the seed con-
tribution of 1-year-old reproductive plants. Transition matrices were as-
sembled for each population and annual census interval, generating 56
matrices (4 populations � 7 years � 2 species). The dominant eigenvalue of
each transition matrix is the asymptotic population growth rate, �, a
synthetic measure of population mean fitness in each environment (57). A
value of � � 1 indicates a projection of population stability, whereas a value
� �1 indicates a population that is projected to decline to extinction under
the particular environmental conditions of the transition interval. Mean �

for each population was calculated as the geometric mean of the 7 annual
� estimates, and relative variability in � was calculated as the geometric
standard of the 7 annual � estimates.

To incorporate stochastic environmental variation into long-term esti-
mates of population growth, I used simulation models to forecast population
growth across 10,000 time steps in 1,000 replicate simulations for each pop-
ulation. Simulations started with a population vector of 100 individuals per
stage class. For each year of a given simulation run, a matrix was drawn at
random from the set of 7 transition matrices and multiplied by the current
population vector. Drawing matrices at random with equal probabilities
preserves dependencies among matrix elements and assumes that environ-
ments are independently and identically distributed (53, 57). The stochastic
log growth rate, log �s, was calculated as the arithmetic mean of log[N(t �
1)/N(t)] across all pairs of consecutive years of each simulation. Values of log
�s reported here are averages from the 1,000 replicate simulations. A value of
log �s � 0 indicates population stability, whereas a negative value of log �s

indicates a population that is projected to decline.

Statistical Inferences. To assess uncertainty in population projections, I used
bootstrapping to calculate bias-corrected 95% confidence intervals around
estimates of � and log �s (57). Dataset bootstrapping procedures are
described in detail in ref. 34. Briefly, for each population and yearly
transition interval, individuals were randomly selected with replacement
to generate 3,000 bootstrapped datasets of size equal to the population
sample size. For each bootstrapped dataset, vegetative transition proba-
bilities, fruit number at time t (used to estimate recruitment from the seed
class), and fruit number per reproductive at time t � 1 (used to estimate
contributions to the seed class) were calculated. For estimates involving
seed numbers or seed dormancy, parameter estimates were drawn from
cumulative probability distributions. Estimates from each bootstrap were
assembled into a transition matrix for calculation of �, and 95% confidence
intervals were calculated from the distribution of 3,000 bootstrapped �. To
calculate confidence intervals around simulated log �s, simulations were
repeated 3,000 times, at each time step multiplying the population vector
by a matrix drawn from the bootstrapped distributions of 1 of the 7
possible transition matrices. Confidence intervals were corrected for minor
differences between the observed � or log �s and the means of the
bootstrapped distributions. All matrix analyses were performed in Matlab,
version 6.1 (The MathWorks). To test specific hypotheses about differences
in vital rates or �s between central and marginal populations, I used
2-tailed t tests calculated in SAS, version 9.1 (SAS Institute).
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