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Abstract 

Co-supervisors: Dr. Geraldine Allen, Dr. Joe Antos 

The dynamics of peripheral populations provide insight into range limits and rarity. I studied 

sympatric populations of two species of mariposa lilies with contrasting distributions: Calochortus lyallii, a 

regional endemic of central Washington and southern British Columbia, and C. macrocarpus, a more 

widespread taxon. Marked plants were monitored for five years in the Okanagan highlands, at the northern 

range limit for C. Zyallii and near the elevational limit for C. macrocarpus. Life table data were used to 

generate stage-classified matrix population models for three populations of each species and, for C. lyallii, 

different microsites and plant densities. My objectives were to evaluate the demographic variation of C. 

lyallii among populations, microsite types and density classes, and to identify demographic differences 

between C. lyallii and C. macrocarpus that might contribute to their differing occurrence patterns. 

Annual population growth rates (lambdas) for C. lyallii ranged from 0.89 to 1.07 among populations, 

0.87 to 1.29 among microsite types, and 0.86 to 1.07 among density classes. Life table response experiment 

analyses showed that inter-population and inter-microsite variances in lambda resulted mostly from 

variance in large adult fecundity, whereas the variance in lambda among density classes was mostly due to 

variance in vegetative stasis. Although differences were not significant, lambda tended to be highest in 

high density plots, arguing against a density-dependent equilibrium. 

Stochastic projections yielded long-term growth rates of near 1 for C. lyallii, whereas two of three C. 

macrocarpus populations were projected to decline rapidly in size. In both species, prolonged bulb 

dormancy was common (lasting up to 4 yr) and helped buffer population fluctuations. The relatively higher 

lambda of C. lyallii resulted primarily fiom higher flowering fi-equency. On average, C. macrocarpus had 

higher fruit set and more seeds per capsule than C. lyallii, but experienced higher fruit predation and had 

lower seedling establishment. Seedlings of C. lyallii were predicted to live longer, flower sooner, flower 

more frequently, and leave more offspring than C. macrocarpus seedlings. I conclude that differences in 

the local distribution and abundance between the two species can largely be explained by subtle differences 

in life history and demography. 
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Chapter 1: General Introduction 

Rarity has long been recognised as a predictor of vulnerability and a precursor to 

extinction. Over a century ago, Darwin (1 872) suggested that establishing the causes of 

rarity was essential to understanding extinction patterns. He also acknowledged that the 

factors determining the relative abundances of species, and hence their susceptibility to 

extinction, were likely to be as obscure as they were diverse: 

Whenever we can precisely say why this species is more abundant in individuals than 
that; why this species and not another can be naturalised in a given country; then, and not 
till then, we may justly feel surprise why we cannot account for the extinction of any 
particular species or group of species (Darwin 1872). 

The precipitous rise in extinction rates during the last century has heightened the 

motivation to identify these factors. If we knew what predisposes a species towards 

rarity, we might be able to slow extinction down. Yet, despite a rapidly growing body of 

literature on the biology (see reviews by Gaston 1994, Kunin and Gaston 1997) and 

management (e.g., Soule 1986) of rare species, a general understanding of the relationship 

between rarity and persistence remains elusive. A hierarchy of factors interacting at 

many levels-earth history, evolutionary history, genetics, and ecology-may be needed 

to explain rarity in any given case (Fiedler 1986, Fiedler and Ahouse 1992). 

Regardless of its root cause, the rarity of a species ultimately is expressed in the 

dynamics of its local populations (Bradshaw and Doody 1978, Menges 1986, Lande 

1988, Schoener and Spiller 1992, Doak et al. 1994, Schemske et al. 1994, Byers and 

Meagher 1997, Fiedler et al. 1998). Extinction is, by definition, a demographic event- 

the population-level outcome of a terminal imbalance among birth rates, death rates, and 

dispersal rates. To evaluate threats to, and improve management of, endangered or rare 

species, we first need to understand the factors that influence population growth within a 

species (Mehroff 1989, Schemske et al. 1994, Menges 1998). The demographic rates of a 

population, as well as its composition and its capacity for growth, are in turn 

consequences of the life history traits of its individual organisms (Cole 1954, Roff 1992). 

Rabinowitz (1978) and others (e.g., Hodgson 1986, Fiedler 1987, Karron 1987, 

Arita et al. 1990, Hedderson 1992, Hodgson 1993, Pantone et al. 1995, Kunin and Shmida 

1997) have investigated life history characteristics that could account for the contrasting 
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population densities and distributions of rare and common species. Comparative studies 

of taxonomically related rare and common species have succeeded individually at 

isolating differences relating to breeding systems, reproductive investment, dispersal 

patterns, body size, ecological specialisation, and numerous other biological attributes. 

Nevertheless, generalisations about rare-common differences and the mechanisms 

responsible for creating and maintaining them have proven difficult (Cotgreave 1993, 

Kunin and Gaston 1993, Fiedler et al. 1998). Part of the difficulty is that there are many 

types of rarity. Rabinowitz's (1981) now classic paper on the different forms of plant 

rarity highlighted some of the manifold ways in which rarity is manifest at different 

spatial scales. For example, a taxon may be wide-ranging but consistently sparse, or 

locally abundant but restricted geographically, or both locally rare and restricted 

geographically (Rabinowitz 198 1). Rarity is a relative state, and we must be clear about 

precisely how we are using the word. 

It can also be difficult to separate pattern from process when proposing 

explanations for rarity (Fiedler and Ahouse 1992, Kunin and Gaston 1997). Kunin (1997) 

cautions against the temptation to automatically view rare-common differences as 

evolved adaptations to cope with the condition of rarity. He suggests several alternative 

but equally plausible mechanisms that could have resulted in the disproportionately high 

incidence of self-compatibility that exists among rare plant taxa. For example, it might be 

a consequence of either selective speciation (propagules from self-compatible lineages 

may be more likely to become established after long-distance dispersal events and to 

speciate into rare endemics) or selective extinction (the reproductive difficulties 

associated with rarity could result in the extinction of sparse populations of sexually 

outcrossing species before that of self-compatible ones, biasing the set of rare species). 

Thus, even when consistent differences are identified, elucidating the processes that 

produced them is not straightforward (Kunin 1997). 

Although the causes of rarity vary, some types of life histories, or combinations of 

life history traits, may be more liable than others to render species susceptible to 

extirpation or to be associated with rarity. Thus, knowledge of a species' life history can 

help us make predictions concerning its potential vulnerabilities. For example, numerous 

attempts have been made to classifl species according to broadly-defined demographic 
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'strategies' (e.g., Pianka 1970, Grime 1977, Whittaker and Goodman 1979, Saether et al. 

1996). One important distinction is between short-lived, fast growing organisms and 

long-lived, slow growing ones, which differ in the frequency of natural disturbances 

during an organism's life span and the extent of population fluctuation in time and space. 

The distinction has received emphasis in the conservation literature, where much of the 

focus has been to quantify threats to species posed by environmental perturbations, 

particularly those resulting from human interference (Meffe and Carroll 1994). 

Ecological theory predicts that species with low intrinsic rates of population increase, 

large population fluctuations, and short life spans should have higher extinction rates 

(Goodman 1987). However, interactions among life history traits make certain 

combinations of these traits, such as long life times and fast population growth rates, 

unlikely. Other things being equal, a population of a long-lived species would have a 

lower risk of extinction from demographic accidentsper se than would a short-lived 

species. However, if it is also likely to recover more slowly from a severe reduction in 

density, it will remain longer at risk from those same demographic accidents (Pimm et al. 

1988). Consequently, it is dificult to anticipate apriori the net effect of a trait such as 

life span on the length of time a population is likely to survive. 

Nevertheless, there is a concern that many long-lived organisms exhibit a suite of 

coevolved traits that makes it especially difficult for them to respond to sudden 

environmental disruptions or population declines (Meffe and Carroll 1994). For example, 

life span and age at maturity positively covary across many taxa (Roff 1992). Delayed 

maturity has at least two important implications for long-lived species: first, generation 

times are relatively long, which means that (other things being equal) population growth 

will be relatively slow (Gotelli 1998); second, the level of survivorship, particularly 

yearly juvenile survivorship, required to maintain a stable population is likely to be high. 

For exampIe, Blanding's turtles, which may live for nearly a century and do not become 

sexually mature until around 17 years of age (Congdon et al. 1993), rely on high juvenile 

and adult survivorship to compensate for delayed reproduction and low life time 

fecundity. Juvenile survival must exceed 70% to maintain a stable population, 

irrespective of annual reproductive success. Under all simulated conditions, moreover, 

any slight reduction of adult survival rates (such as through harvest or accidental killing) 
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raised the already high required juvenile survival levels to much higher ones (>85%), 

suggesting that the species possesses little demographic latitude for responding to chronic 

increases in mortality at any stage (Congdon et al. 1993). Other long-lived chelonians of 

conservation concern, such as sea turtles and desert tortoises, appear similarly constrained 

(Crouse et al. 1987, Doak et al. 1994). This finding suggests that programs aimed at 

'head-starting' young juveniles or protecting nesting sites alone will not be sufficient to 

conserve these organisms (Frazer 1992). 

At the opposite end of the demographic spectrum, small-bodied, short-lived 

organisms generally mature faster, have higher reproductive rates, and possess higher 

intrinsic rates of increase (Roff 1992). Populations of these organisms are more likely to 

recover rapidly from sudden reductions in population size than larger, slower-growing 

species, which should, in theory, make them relatively less prone to extinction. However, 

theory also predicts that such populations are more likely to undergo large and rapid 

fluctuations in density, rendering them more susceptible to extinction (Pimm et al. 1988). 

Field studies seem to bear out this second prediction. In the Florida scrub, for 

example, herbaceous species are more extinction-prone than longer-lived shrubs 

(Quintana-Ascencio and Menges 1996). For birds on small islands off the coast of 

Britain, Pimm et al. (1988) found a significant relationship between mean temporal 

coefficients of variation in population size and local extinction risk. Similar results were 

obtained by Karr (1982) for the avifauna of Barro Colorado Island, Panama. 

Comparisons of species still extant on the island with species absent from the island but 

present in nearby mainland forest demonstrated that population variability is in fact a 

more powehl  predictor of extinction probability than rarityper se (Karr 1982). 

Other factors likely to be associated with high risk of extinction include habitat 

specialisation or narrow endemism (Menges 1990, Foufopoulos and Ives 1999), complex 

habitat requirements (Lomolino and Creighton 1996, Marvier and Smith 1997), limited 

dispersal ability (Laurance 1991, Tilman et al. 1997), and low competitive ability (Pimm 

1991). These are the same factors commonly invoked to explain rarity (Kunin and 

Gaston 1997). In both cases, the challenge lies in separating the effects that intrinsic 

biological attributes (e.g., rate of natural increase) and extrinsic phenomena (e.g., 

fluctuating rainfall patterns) exert on observed patterns of abundance. However, the two 
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are oRen so inextricably intertwined that making isolated generalisations about either one 

may not be usefbl (Mace and Kershaw 1997). 

Because the set of rare species is likely to be biased by the selective elimination of 

species that cannot persist at low abundances (Kunin and Gaston 1993), another approach 

to studying the relationship between rarity and persistence is to ask what life history or 

ecological characteristics allow species to persist at low numbers. The utility of this 

approach is that it focuses attention on those components of the life cycle likely to have a 

disproportionately large impact on population dynamics in a particular environment. 

Thus, in the case of Blanding's turtles, Congdon et al. (1993) suggest that naturally high 

juvenile and adult survival rates served historically to counterbalance the negative effects 

of slow growth and low lifetime fecundity-a circumstance that, ironically, may now be 

contributing to the vulnerability of that species. Likewise, Rabinowitz et al. (1986) found 

that sparse species of prairie grasses tend to have a less variable reproductive output than 

common species in the same habitat. This is achieved through growth and flowering 

during a season when rainfall is more predictable, and may compensate for demographic 

stochasticity, thus reducing the chance of local extinction. 

Growth form and habit can also affect plant response to periodic disturbances. 

Menges and Kohfeldt (1995) documented life history strategies of Florida scrub 

endemics, a group consisting mostly of gap specialists, in relation to fire. Demographic 

mechanisms of post-fire recovery include obligate seeding, resprouting, resprouting plus 

seeding, and resprouting plus clonal spread. The relative frequency of these strategies 

depends on fire frequency. In areas with long fire-return intervals, the modal mechanism 

of recovery tends to be seedling recruitment, whereas in areas with more frequent fires, 

species relying on resprouting and/or vegetative spread tend to predominate. 

Accordingly, Menges and Kohfeldt (1995) recommend that fire management in Florida 

scrub avoid overly regular fire regimes, as well as the intense fires usually following fire 

suppression (which might lead to extirpations of resprouters). 

Two other important life history characteristics are dispersal and prolonged 

dormancy. Much of the discussion in conservation biology during the past decade has 

concerned the dynamics of metapopulations and especially the critical role of dispersal in 

maintaining a balance between local extinctions and colonisations (Meffe and Carroll 



1. GENERAL INTRODUCTION 6 

1994). Dispersal also contributes to sustaining populations that would otherwise be 

demographically inviable (Pulliam 1988). The current enthusiasm for metapopulation 

theory amongst conservationists has tended to obscure the fact that the metapopulation 

concept was originally proposed for highly mobile animals living in well-defined habitats 

(Levins 1969, Hanski and Gilpin 1991). Metapopulations in a strict sense, i.e., systems of 

local populations connected by dispersing individuals (Hanski and Gilpin 1991) may not 

occur in many organisms. Nevertheless, evidence from various empirical studies 

supports the idea that this phenomenon is relatively common in plants. For example, 

Eriksson (1996) suggested that short-lived or highly habitat-specialised plants with good 

dispersal tend to form metapopulations; a well-known example is Pedicularis furbishiae 

(Menges 1990). However widely applicable the metapopulation and source-sink 

paradigms turn out to be in practice, as a heuristic tool they have served to highlight the 

double-edged significance of dispersal for all species with locally ephemeral populations. 

Greater dispersal should, in the long run, make for greater population stability, but the 

greater the reliance on dispersal, the more magnified will be the effect on a species when 

habitat alteration inhibits movements among suitable sites (e.g., Lande 1988). 

For many less vagile species, the connectivity of populations in space may be less 

important than their ability to persist locally (Wolf et al. 1999). This is an important 

distinction for plants especially, since many rare plants are thought to be dispersal limited 

(Quinn et al. 1994, Kunin and Gaston 1997). For some species, an alternative solution to 

the problem of environmental uncertainty is to disperse through time, rather than through 

space. As discussed by Eriksson (1996), two traits enabling plants to tolerate periods of 

unfavourable conditions or reproductive failure are clonal propagation (cf. Wiegleb et al. 

1991, Lantz and Antos 2002) and persistent seed banks (cf. Kalisz and McPeek 1992). 

Indeed, a general trade-off between seed dormancy and seed dispersal has been found 

(Rees 1993). Information on seed banks can be crucial to the management of threatened 

plant species (Pavlik et al. 1993). For the rare serpentine sunflower Helianthus exilis, 

Wolf et al. (1999) determined that the availability of additional suitable habitat, and not 

dispersal ability, is the primary factor limiting distribution. The ubiquity of H. exilis on 

suitable habitat patches is apparently due to a very low rate of local extinction, which 

Wolf et al. (1999) attributed in part to the existence of a highly persistent seed bank. 
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Consequently, they recommended that attempts to conserve this species focus on 

identifying and protecting populations in high-quality habitats, rather than on mitigating 

the spatial isolations of patchesper se (Wolf et al. 1999). 

Populations of species unspecialised for either temporal or spatial dispersal may 

face a high likelihood of being eliminated by stochastic demographic or environmental 

events, especially when coupled with alterations to critical habitat. For example, Aster 

kantoensis of Japan is a short-lived perennial of gravelly flood plains that lacks a 

persistent seed bank and persists by colonising new openings created by fluvial 

disturbance (Washitani et al. 1997). However, recent flood control management and 

eutrophication have reduced the density of available safe sites to the point where dispersal 

between them now rarely occurs, resulting in a rapid decline in the number of extant 

colonies. Human-aided dispersal of seeds to artificial safe sites appears to be the only 

short-term option for preserving the species (Washitani et al. 1997). Primack and Miao 

(1992) suggest that lack of dispersal ability may be one of the major factors that prevents 

angiosperms from modifying their distribution in response to global climate change. 

Individual organisms are born, grow, reproduce, and eventually die. The timing of 

these processes and the rates at which they occur together determine the structure and 

dynamics of the population (Caswell2001). Characterising the mechanics of this 

relationship is relevant for both life history theory (Kalisz and McPeek 1992, McGraw 

and Caswell 1994) and management (Crouse et al. 1987, Schemske et al. 1994). 

Accordingly, those charged with the task of formulating conservation strategies for 

sensitive species are increasingly turning to population models that integrate information 

on demographic structure and the life cycle to assist them in choosing where best to direct 

resources in specific cases (Schemske et al. 1994, Fiedler and Kareiva 1998), as well as in 

developing guidelines for conservation management across taxa (Silvertown et al. 1996, 

Heppell 1998). 

Population projection matrices have become the model of choice in demographic 

studies because they are well suited to a range of complex life cycles and because matrix 

analysis yields a number of informative statistics. Comparisons of finite rates of 

population increase (A), sensitivities and elasticities, and stable stage (or age) 

distributions make it possible to identify the effects of changes at different stages of the 
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life cycle (e.g., altered germination or fecundity) and can reveal important differences 

among species, populations within species, habitats, and years. 

Comparative matrix models have been used to estimate the effects of different 

conservation strategies. For example, Silva et al. (1991) evaluated the effects of 

individual fires and fire frequency on population growth in a savannah grass. Similarly, 

extinction thresholds have been modeled for various harvesting levels in American 

ginseng ( P m m  quinquefolium) and wild leek (Allium tricoccum) (Nantel et al. 1996). 

Menges (1990) used stochastic matrix simulations to compare population viability of 

Furbish's lousewort (Pedicularis furbishiae) across different habitat patches in various 

stages of succession. Silvertown et al. (1993) used the additive property of elasticities to 

investigate the relative importance of growth (G), survival (L), and fecundity (8') in 66 

species of perennial plants representing a wide range of life histories and habitats. By 

ordinating the GILIF ratios for the various species on a triangular plot, they were able to 

demonstrate distinctive patterns in the relative values of GILIF among different functional 

groups (but see Enright et al. 1995). Alternatively, single elasticity terms can be summed 

to assess the impact of different potential 'loops' or pathways through the life cycle (van 

Groenendael et al. 1994). 

The vital rate that contributes most to the variability in population growth rate is not 

necessarily the one to which population growth rate is most sensitive (Horvitz et al. 1997, 

Pfister 1998). Life table response experiment (LTRE) analysis can determine the extent 

to which an observed change in population growth rate is actually due to variance in one 

transition and not another (Caswell 1989, 2000). Whereas elasticities predict the 

population response to changes that could occur, LTRE analysis focuses on changes that 

have actually occurred. This approach has not been used widely for conservation 

purposes, but could complement analyses of sensitivity and elasticity in directing 

management efforts. 

The genus Calochortus is a useful plant group in which to explore plant life 

histories and questions of rarity using projection matrices (Fiedler et al. 1998). The 

species are well suited to demographic studies because individual plants are easy to 

identifl and follow over time, and the basal leaf provides a reliable and convenient 

measure of plant size (Fiedler 1987). To date ten species in this genus, most of these rare 
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endemics, have been studied using transition matrix methods (Fiedler 1987, Fredricks 

1992, Knapp 1996). 

My research uses a demographic approach to explore the relationships among life 

history, population dynamics, and habitat variability in Calochortus lyallii Pursh and C. 

macrocarpus Dougl. Calochortus lyallii ranges from Yakima Co. in central Washington 

to the US-Canada border (Hitchcock and Cronquist 1973), a distance of only about 300 

km, but tends to be abundant where found. The range of C. macrocarpus extends from 

southern British Columbia south to Nevada and California (Fiedler and Zebell2002) but, 

unlike C. lyallii, C. macrocarpus rarely forms dense populations. 

The Calochortus populations that I studied are peripheral to their main distribution, 

but in different ways; C. lyallii is at its latitudinal range limit, whereas C. macrocarpus is 

close to its altitudinal limit. Geographically peripheral populations comprise a major 

component of the local plant diversity in many areas of southern Canada (Argus and 

Pryer 1992) and elsewhere (Bengtsson 1993). In British Columbia, peripherally rare 

species account for well over half of all the vascular plants listed as threatened or 

vulnerable (Douglas et al. 1998). 

In Chapter 2, I focus on two aspects of the autecology of C. lyallii and C. 

macrocarpus: extended bulb dormancy and sexual reproduction. In Chapter 3, I use 

matrix projection techniques to investigate demographic variation in C. lyallii at three 

different levels of observation: among microsites, among patches of varying density, and 

among populations. In Chapter 4, I use a range of analytical techniques (e.g., stochastic 

projections, LTREs, prospective perturbation analysis, and transient analysis), to explore 

whether subtle divergences in life history between C. lyallii and C. macrocarpus are 

sufficient to account for their strongly contrasting patterns of occurrence on the 

landscape. By combining a species-specific demographic approach with a comparative 

approach, I have attempted (1) to isolate those factors most critical to the conservation of 

C. lyallii, and (2) to contribute to the detection of broader patterns in the population 

dynamics of rarity. 
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Chapter 2: Dormancy and flowering in two mariposa lilies 
(Calochortus) with contrasting distribution patterns: implications for 
monitoring 

Introduction 

Although reproduction and vegetative persistence are both critical to the maintenance 

of plant populations, the way in which these life history components are combined varies 

greatly among species. Reproductive attributes such as flower, fruit and seed production 

can vary markedly in space and time in response to external factors such as weather and 

pollinator availability. When reproduction fails, populations can only persist through 

vegetative means, and plants have evolved various modes of coping with unfavourable 

conditions or with reproductive uncertainty. Clonal propagation is one way in which 

plants can persist between sexual reproductive episodes (Eriksson 1996, Lantz and Antos 

2002). Another is to remain dormant for some portion of the life cycle, e.g., in persistent 

seed banks (Baskin and Baskin 1978, Kalisz and McPeek 1992) or as dormant bulbs or 

rhizomes (Boeken 199 1, Lesica and Ahlenslager 1996), until conditions become 

favourable for growth and reproduction. 

In recent years, considerable interest has arisen in the evolution of seed dormancy 

and the influence of seed banks on the demographic structure and dynamics of plant 

populations. Much less is known about the population-level consequences of extended 

dormancy at later stages of the life cycle, although this phenomenon is widespread in 

vascular plants, particularly among geophytes-plants whose perennating structures 

occur only below ground (Lesica and Steele 1994). For example, orchids may remain 

underground for extended periods (Mehrhoff 1989, Rasmussen and Whigham 1998). 

Prolonged dormancy has also been observed in geophytes such as Silene spaldingii, 

Gentiana pneumonanthe, and Allium amplectens (Oostermeijer et al. 1992, Lesica 1997, 

Hawryzki 2002). Such underground 'bulb banks' could function to offset the effects of a 

fluctuating environment in a manner analogous to that hypothesised for seed banks (Pake 

and Venable 1996). However, dormancy is dificult to detect and measure in short-term 

studies, especially if it is prolonged or if the duration of dormancy varies within a species 
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(Lesica and Steele 1994). Detection of dormancy typically requires the monitoring of 

marked individuals for at least three consecutive years. Therefore, the amount, and even 

presence, of dormancy is likely to be inadequately recognised in many studies. In such 

cases, aboveground shoots may not give an accurate indication of plant presence or of 

individual survivorship, affecting estimates of both population size and population growth 

rate (Shefferson et al. 2001, K&y and Gregg 2003). 

The chances of a given year being adverse for reproduction are likely accentuated for 

range-margin populations, where climatic stress could lead to dramatic reductions in seed 

production, limiting recruitment and increasing the likelihood of local population 

extinctions (Lawton, 1993, Lesica and Allendorf 1995). Thus plant traits that enhance 

individual survival are expected to become even more critical for population persistence 

near the limits of species' geographical ranges. For rare species of conservation concern, 

information on both reproductive rates and modes of vegetative persistence are essential 

in this situation. 

This paper investigates flowering, fruiting, and dormancy patterns in peripheral 

populations of two perennial geophytes, Lyall's mariposa lily (Calochortus ZyaZZii) and 

sagebrush mariposa lily (C. macrocarpus). Calochortus lyallii occurs in grasslands and 

open forests in central Washington state and extreme southern British Columbia. 

Although geographically restricted, it occurs at high local densities and often forms 

patches containing many thousands of individuals. In contrast, C. macrocarpus has a 

much wider geographical range (British Columbia to California) but tends to occur at 

much lower densities locally. I studied sympatrically occurring populations of the two 

species in highlands above Osoyoos, BC, at the northern limit of C. ZyaZZii's range and 

close to the elevational limit for C. macrocarpus. I addressed the following specific 

questions: (i) What proportion of plants undergo prolonged dormancy, and for how long? 

(ii) Is dormancy synchronised among populations or between species? (iii) Are plants 

self-compatible? (iv) What proportion of plants flower each year? Do flowering 

frequency and fruit set vary among sites and years? What is the fate of buds, flowers, and 

fruits? (v) Are flower and fruit production correlated with climate? 
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Methods 
STUDY SPECIES AND HABITAT 

Lyall's mariposa lily (Calochortus Zyallii) (Fig. 2. la) and sagebrush mariposa lily 

(C. macrocarpus) (Fig. 2. lb) are perennials growing from bulbs and emerging shortly 

after snowmelt. Calochortus Zyallii flowers in late spring, C. macrocarpus in 

midsummer. Vegetative plants of each species produce just a single leaf. Flowering 

individuals produce a basal leaf and a single scape with usually 1-2 showy flowers, 

although C. macrocarpus occasionally produces up to 4 flowers, and C. lyallii may 

produce up to a dozen. In the latter species, 3- and more-flowered plants may comprise 

up to 50% of the flowering population in some years. The flowers of C. lyallii 

are white and shallowly tulip-shaped and, at British Columbia sites, are visited primarily 

by solitary halictid bees (Duforea spp.) (Miller and Douglas 1999). Calochortus 

macrocarpus flowers are larger than those of C. Zyallii, have a lavender, bowl-shaped 

corolla, and attract a variety of pollinators including Coleoptera and Lepidoptera (Dilley 

et al. 2000). 

Fruits are erect capsules and typically contain 10-50 seeds in C. lyallii and 20-250 

seeds in C. macrocarpus. Seeds are primarily gravity dispersed and germinate the 

following spring. In late spring, seedlings of both species die back to a buried bulb. In 

succeeding years, the bulbs increase in size and in depth, eventually descending to c. 10 

cm below the surface in C. Zyallii and to c. 30 cm in C, macrocaqms. Field observations 

over five years indicate that it takes >3 yr before plants of either species can flower. 

Although the production of new propagules from bulb offsets has been documented in 

other mariposa lilies (Fiedler 1987), vegetative reproduction is rare in both C. Zyallii and 

C. macrocarpus, and plants do not form clonal patches. 

Calochortus lyallii inhabits sagebrush slopes, grassy meadows, and open forests 

along the eastern front of the Cascade Mountains from extreme south central British 

Columbia to Yakima Co., Washington. In Canada, C. lyallii is federally listed as 

threatened because of its rarity, its highly restricted distribution, and the threats posed by 

grazing and forestry activities (COSEWIC 2003). Calochortus macrocarpus occurs in 

similar habitats to C. lyallii, but with a much larger range that extends from southern BC 
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south to Nevada and California. My study took place on Black Mt. at East Chopaka, a 

height of land south of Richter Pass near the Canada-U.S. border, in what is now South 

Okanagan Grasslands Provincial Park. Here, a continental climate is moderated by the 

rain shadow cast by the Coast-Cascade Mountains, resulting in warm, dry summers and 

cool winters (Meidinger and Pojar 1991). The study sites were in grassy meadow 

openings adjacent to Douglas-fir (Pseudotsuga menziesii) forest, at elevations between 

1000-1200 m. The meadows are characterised by coarse, well-drained soils and support a 

diverse herbaceous community, with bunchgrasses dominating over forbs (Miller and 

Douglas 1999). 

FIELD METHODS 

I monitored individual plants and reproduction in three populations of each species 

from 1996-2000. The C. Zyallii sites chosen were, at the time, the only three known sites 

in Canada. One C. macrocarpus population adjacent to each C. Zyallii site was identified 

for comparative study. The three pairs of populations were located on opposite slopes of 

Black Mt. with differing northerly, easterly, and westerly aspects and are labelled 'NS,' 

'ES,' and 'WS,' respectively (Fig. 2.2). 

Subsets of each population were monitored in permanently marked 0.5 x 0.5 m (C. 

Zyallii) and 3.0 x 3.0 m (C. macrocarpus) plots. A larger plot size was used for C. 

macrocarpus to accommodate the lower density of individuals of this species within the 

study area. I established a total of 95 C. Zyallii plots (36 at both NS and ES, 23 at WS) 

and 60 C. macrocarpus plots (20 per site), giving initial sample sizes of 1271 and 568 

individuals, respectively. Plots were located haphazardly within each population, but 

were placed so as to encompass the range of microsite variation present at each site. In 

June 1996, all visible C. Zyallii and C. macrocarpus individuals in each plot were 

numbered and mapped to the nearest cm. Censuses of all plants were conducted during 

early June of each year, when I recorded presence or absence of previously marked 

plants, the width of each basal leaf, the number of flower buds initiated, and herbivore 

damage; and again in late June (C. ZyaZlii), July (C. Zyallii and C. macrocarpus) and 

September (C. macrocarpus) to record flowering and fruit set. Fruit set was not recorded 

in 2000. 
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DORMANCY DETERMINATIONS 

I found that some plants went undetected for one or more years but then reappeared 

in subsequent years. Some apparently dormant plants may actually have been grazed at 

ground level shortly after emergence and thus escaped detection. It is also possible that 

some small vegetative plants senesced and disappeared before they could be surveyed. In 

the majority of cases, however, a careful search in the vicinity of the missing plants' 

mapped locations was sufficient to eliminate these alternative explanations. Thus all 

plants (other than seedlings) that disappeared for one or more consecutive seasons before 

reappearing were considered dormant. Seedlings, which are dificult to detect due to their 

small size and cryptic coloration, and which appear aboveground for only a brief period 

before senescing, were excluded from dormancy estimations. Because a minimum of two 

years (three annual censuses) are needed to detect dormancy from census data, estimates 

of the number of summer dormant plants could be determined only for the middle three 

time periods (1997, 1998, and 1999). Furthermore, the methods used to calculate 

dormancy were not the same for each year. The 1997 estimate takes into account any 

prior-recorded plants that went missing during the period 1997-1999 and reappeared by 

2000, but it does not include any plants absent prior to 1997. By comparison, the 1998 

estimate takes into account any plants absent in 1998 plus any ones also absent one year 

before or after 1998; the 1999 estimate includes all plants absent from 1997 up to and 

including 1999, but does not include any post-1999 absences. Thus there is variation in 

the bias associated with each of the three estimates. 

SELF COMPATIBILITY 

Previous studies have shown that several Calochortus species are self-compatible 

but that they usually outcross via insect pollination (references in Dilley et al. 2000). To 

examine the ability of C. Zyallii and C. macrocarpus to produce seed from self pollen, I 

compared fruiting success between open-pollinated and self-pollinated flowers. Thirty 

plants of each species with two buds and similarly sized leaves were haphazardly selected 

from well outside the demographic plots. I chose plants with two buds because this was 

the modal inflorescence size for both species. Prior to anthesis in 1997, insect exclosures 
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consisting of fine mosquito netting sewn into bags were placed over flower buds. The 

uppermost bud on one of every three plants was enclosed and, following anthesis, hand- 

pollinated with its own pollen or with pollen from a flower lower down on the same 

inflorescence. Flowers on another third of the plants were bagged, then left undisturbed. 

Those of the last third were left open and hand-pollinated with pollen from other plants. 

Once blooming was complete, bags were removed to allow seed capsules to develop 

unimpeded; mature capsules were then harvested and seeds counted. 

VARIATION IN FLOWERING AND FRUITING 

To compare natural flowering and fkuiting patterns among populations, years, and 

species, I computed three indices of reproductive potential for each plot x year 

combination: ratio of reproductive to vegetative adults; % h i t  set (proportion of flowers 

producing a fruit); and number of seed capsules produced per adult plant. Because the 

data were non-normally distributed and laden with zeroes, I used randomisation methods 

(Manly 1997) to test the significance of differences among sites and among years within 

each species. First, I calculated plot means of each of the indices for each population x 

year combination (after arcsine-transforming proportional data), together with the 

standard deviation (SD) of the means. To test spatial variation, plots from each year were 

then randomly permuted among sites to create three new data sets containing the same 

number of plots as in the original sample; from these data a new SD was calculated. 

Repeating this process 2000 times yielded a set of 2000 SD values (test statistic 8) for 

each year, whose distribution could then be compared against the observed value for that 

year. If the observed value 8 was greater than at least 95% of the permuted values, the 

difference among sites was considered significant at the alpha 0.05 level. To compare 

variability in reproductive output over time, the entire process was then repeated by 

permuting plots among years, for each population separately. 

REPRODUCTION IN RELATION TO CLIMATIC FACTORS 

Relationships between mean measures of reproductive performance (ratio of 

reproductive to vegetative adults, % fruit set, and number of seed capsules per flowering 
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individual) and climatic conditions in each year were investigated using climate data fiom 

the Environment Canada weather station at Osoyoos, 10 km E of the site. The data used 

were monthly rainfall totals and mean monthly temperature from 1995-2000 (April-July 

of each year). I considered the months April-July as this is the period of active growth 

and flowering. I used bootstrapping procedures (Efron and Tibshirani 1993) to estimate 

the strength of correlations between flowering and fruiting patterns and spring and 

summer weather. For each species in each year, 1000 bootstrap values of each 

reproductive parameter were generated by pooling plots from all three sites and 

resampling, with replacement, from the pooled data set. The bootstrapped values were 

then stacked into a single vector and compared to a corresponding vector of climatic 

variables by drawing 1000 additional samples, with replacement, fiom each vector and 

calculating the correlation coefficient. The significance of a given correlation between a 

reproductive variable and weather variable was then inferred from the resulting 

distribution of sample correlation coefficients. For fruit set and capsule production, I 

examined correlations with both the current and the previous year's weather. For 

flowering rate, I considered only the previous year's weather because flower primordia 

are probably initiated prior to the current growing season. In all cases, I considered only 

months with weather records spanning at least 4 yr. Because rainfall records were 

unavailable for some month-year combinations, only some of the possible relationships 

involving reproduction and springlsummer precipitation were tested. 

Results 
DORMANCY 

I detected 263 episodes of prolonged dormancy in Calochortus lyallii and 153 

episodes in C. macrocaqms. Of the plants initially censused in 1996,21% of C. lyallii 

and 27% of C. macrocaps postponed emergence at least once (Fig. 2.3). Although the 

distribution of the lengths of dormancy periods was similar for the two species, it was not 

identical (X2 = 11.63, df = 3, P < 0.01). The majority of dormancy periods lasted 1 yr, but 

some plants disappeared for 2 consecutive yr and a few were absent for 3 yr. In addition, 

several previously unmarked plants appeared in the plots between 1998 and 2000, 
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Dormancy duration (years) 

Figure 2.3 Distribution of observed dormancy durations for C. lvallii and C 
4 

. . . - -. - . 
macrocarpus (populations pooled). Plants alive at the initial census in 1996 are assigned 
to the following categories: no dormancy; and 1, 2, or 3 yr dormant. Plants that first 
'appeared' in the plots in 1998 or later cannot be assigned an exact dormancy period (only 
a minimum) and are indicated as > 2,2 3,  or t 4 yr dormant. 
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plots between 1998 and 2000, implying that dormancy may last up to 4 yr, and possibly 

longer. In this situation I could assign only a minimum dormancy estimate, as there was 

no way to know if individuals were dormant or not prior to the first census (Fig. 2.3). 

Although the actual number of plants dormant each summer could not be 

determined because the potential length of dormant periods equalled or exceeded the 

length of the study, it was possible to obtain minimum estimates of the percentage 

dormant in each sample population for the years 1997-1999 (Fig. 2.4). Overall, 

prolonged dormancy was more frequent in C. macrocarpus than in C. lyallii (1997: X2 = 

9.22, df = 1, P < 0.01, sites pooled; 1998: X2 = 10.70, df = 1, P < 0.01, sites pooled; 1999: 

X2 = 18.55, df = 1, P < 0.01, sites pooled). Both species showed a similar pattern of 

temporal variation, with the highest proportions of dormant plants occurring in 1998. For 

each year, the highest proportion of dormant individuals for C. ZyalZii occurred at site ES 

and for C. macrocarpus at site WS. Loglinear analyses showed that, for both species, the 

effects of site and year were highly significant (Table 2.1). However, interactions 

between location and year were not significant (Table 2. l), implying that annual 

fluctuations were synchronised across sites. 

SELF COMPATIBILITY 

Both species showed the ability to set fruit by self-fertilisation. In Calochortus 

Zyallii, 30% of self-pollinated flowers set h i t ,  vs. 22% of control (open-pollinated) 

flowers. The difference between treatment and control was not significant (Wilcoxon 

Signed Rank Test, P = 0.38). Fruiting capsules developed from open-pollinated flowers 

generally set more seeds than those from self pollen (21.33 rt 13.69, n = 6 vs. 9.38 + 9.43, 

n = 8), but the difference again was not significant (Student's t-test, df = 12, P = 0.08). 

Results from the corresponding C. macrocarpus experiment could not be analysed 

statistically because most of the bagged plants were browsed by deer. However, seed was 

set by about half of the bagged flowers not damaged by deer, a proportion very similar to 

that observed in the unbagged treatment. The number of seeds set per capsule (bagged: 

109.20 rt 64.03, n = 6; unbagged: 97.40 rt 61.88, n = 5) did not significantly differ 

(Student's t-test, df = 8, P = 0.77). 
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1998 1999 

Year 

C. macrocarpus 

Figure 2.4 Estimated minimum proportion of CaZochortus ZyaZZii and C. macrocarpus 
plants dormant in each population fi-om 1997-1999, the three years for which dormancy 
records are available. Sites: north slope (NS), east slope (ES), west slope (WS). 
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Table 2.1 Loglinear contingency analysis of the effect of year and site on dormancy 
proportions (P) in CaZochortus ZyaZlii and C. macrocarpus at Black Mt. Years = 1997, 
1998, and 1999. Sites = NS, ES, and WS. Data shown are X2 approximations using a G~ 
test. 

Model df G~ P df G~ P 

P, Year x Site 8 212.35 8 72.68 
P x Site, Year x Site 6 190.32 6 55.61 -- 
P x Site 2 22.03 <0.0001 2 17.07 0.0002 

P, Year x Site 8 212.35 8 72.68 
P x Year, Year x Site 6 25.59 6 26.31 - -- 
P x Year 2 186.76 <0.0001 2 46.37 <0.0001 

P x Year. Year x Site 6 25.59 6 26.31 
P x Year, Year x Site, P x Site 4 - 3.12 4 8.11 

2 
-- 

P x Site 22.47 <0.0001 2 18.20 <0.0001 

P x Site, Year x Site 6 190.32 6 55.61 
P x Year, Year x Site, P x Site 4 - 3.12 4 8.1 1 -- 
P x Year 2 187.20 <0.0001 2 47.50 0.0001 

P x Year, Year x Site, P x Site 4 3.12 4 8.1 1 
P x Year X Site 0 0 0 0 - -- 
P x Year X Site 4 3.12 0.5380 4 8.1 1 0.0876 

Notes: Contingency analysis test results are based on the log-likelihood test ratio, G ~ ,  
which is compared to a X2 distribution. The significance of an interaction (P x Site, P x 
Year, P x Year x Site) is assessed by examining A G~ following the addition of that term 
to the model. A G' is distributed as X2 with degrees of freedom equal to the difference in 
degrees of freedom between the two models being compared (Caswell2001). 
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Flowers of C. lyallii are moderately protandrous, i.e., anthers tend to shed their 

pollen before the stigma on the same flower becomes receptive (pers. obs.). For self- 

fertilisation to occur, pollen must be transferred from a pollen-releasing flower lower 

down in the inflorescence. Consequently, selfing may be uncommon under natural 

conditions. In contrast, the anthers and stigmas on C. macrocarpus flowers mature at 

about the same time, allowing pollen to be easily transferred from anther to stigma within 

the same flower. In some bagged flowers, ovaries had already begun to fill with seed by 

the time I attempted to hand pollinate them, suggesting that self-fertilisation occurs 

commonly in this species. 

VARIATION IN FLOWERING AND FRUIT SET 

The average proportion of adult plants initiating flowers was generally much higher 

for C. Zyallii than for C. macrocarpus. Plot means for a given site and year ranged from 

0.5 1-0.87 and from 0.07-0.79 respectively (Table 2.2). For both species, flowering 

differed significantly among sites only in 1997 and 1999. However, there was significant 

variation among years at all sites. Annual variation was most pronounced in C. 

macrocarpus, with much higher flowering rates in 1996 than in any other year (Table 

2.2). The proportion of adult C. macrocarpus plants in flower (means of all plots per site) 

never exceeded 0.5 at any site from 1997-2000, whereas the proportion for C. &aZZii 

exceeded this value in all years at all sites (Table 2.2). 

Fruit set (the proportion of buds maturing to fruit) ranged from 0.10-0.34 in C. 

lyallii and from 0.03-0.68 in C. macrocarpus (Table 2.3). There were significant 

differences among C. macrocarpus populations in all years except 1998; in contrast, C. 

lyallii populations differed significantly only in 1997. In C. macrocarpus, fruit set varied 

significantly at two of the three sites, whereas C. ZyaZlii showed significant temporal 

variation at only one site (Table 2.3). Average fruit set across all site-year combinations 

was 0.24 (k 0.06) for C. lyallii versus 0.3 1 (f 0.21) for C. macrocarpus. In a random 

sample of capsules from the study area, capsules of C. macrocarpus contained 

significantly more seeds on average than those of C. lyallii (23 f 14 and 92 k 54 seeds, 

respectively, P < 0.001, n = 42). 
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Table 2.2 Flowering plants as a proportion of all adult plants (mean + SD) in C. lyallzi 
and C. macrocarpus populations at three sites on Black Mt. over five years (1996-2000), 
based on observations in 95 C. Zyallzz and 60 C. macrocarpus plots. Adult plants were all 
those with leaf width > that of the smallest fruiting plant in each population. Values 
shown are plot means (k SD). 

-- 

Year 
- - - - - -  

Site 1996 1997 1998 1999 2000 

C. macrocarpus 
** ** 

NS'" 0.79 k 0.16 0.16 k 0.18 0.22 k 0.24 0.07 k 0.13 0.23 k 0.20 

ES''~ 0.74 k 0.15 0.40 k 0.25 0.31 k 0.28 0.27 k 0.22 0.47 k 0.30 

wsttt 0.75 k 0.24 0.37 i 0.26 0.15 k 0.21 0.35 k 0.29 0.41 k 0.27 

* Significant difference among sites, by year; *P < 0.05, **P < 0.01 

Significant difference among years, by site; t t t ~  < 0.001 

Notes: Significance of effects was tested using non-parametric randomisation procedures 
applied to individual plots (n = 2000 permutations), with standard deviation of flowering 
proportions as the test statistic. 



Table 2.3 Percent fruit set (proportion of flower buds maturing into seed capsules) in C. 
lyullii and C. macrocarpus populations at three sites on Black Mt. over four years (1996- 
2000), based on observations in 95 C. lyallii and 60 C. macrocarpus plots. Values shown 
are plot means (k SD). 

Year 
Site 1996 1997 1998 1999 

C. lyallii 
* 

C. macrocarpus 
* ** * 

ES'++ 0.03 r 0.10 0.23 r 0.29 0.21 -1 0.39 0.60 r 0.27 

WS" 0.18k0.68 0.68k0.30 0.49k0.34 0.04%0.14 

* Significant difference among sites, by year; *P < 0.05, **P < 0.01 

' Significant difference among years, by site; 'P < 0.05, t t ~  < 0.01, 

Notes: Significance of effects was tested using non-parametric randomisation procedures 
(Manly 1997) applied to individual plots (n = 2000 permutations), with standard deviation 
of % fruit set as the test statistic. 
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The third measure-number of seed capsules per adult plant-is an integration of 

the proportion of plants flowering, fruit set, and inflorescence size (Table 2.4). Per capita 

capsule production (over three sites and four years) averaged 0.29 (+ 0.17) for C. Zyallii, 

compared to only 0.12 (f 0.11) for C. macrocarpus. The highest per capita capsule 

production was by C. lyallii in 1996, at c. one capsule for every two adult plants (Table 

2.4). However, production varied significantly among years. In C. macrocarpus, which 

underwent heavy browsing of h i t  by deer in some years, fruiting success was highly 

variable, ranging from as low as 0.01 (1 capsule per 100 individuals) to 0.43 depending 

on year and location. The worst year for fruit production for both species was 1998, 

which also had below-average proportions of flowering individuals (Table 2.4). 

FLOWERING AND FRUITING IN RELATIONSHIP TO CLIMATE 

Monthly temperature and precipitation data for Osoyoos from 1995-2000 are shown 

in Fig. 2.5. Relationships of flowering and fruiting to these variables were similar for 

both species (Table 2.5). The proportion of adult plants flowering was positively 

correlated with spring temperatures of the previous year and negatively correlated with 

precipitation. Fruit set was generally positively correlated with previous-year 

temperature and precipitation and negatively correlated with current-year precipitation, 

but showed no clear pattern with respect to current-year temperature. Fruit production 

(number of fruits per adult plant) was positively correlated with previous-year 

temperature and negatively correlated with current-year temperature and previous-year 

precipitation. In C. Zyallii, h i t  production and current-year precipitation were negatively 

correlated, whereas in C. macrocarpus these two variables did not show any consistent 

correlation. 

In general, flowering and fruiting appear to respond favourably to warm dry 

conditions in the previous year. There was some suggestion, especially in C. 

macrocarpus, that fruit set and per capita fruit production respond in opposite directions 

to increased rainfall and temperatures during the current year (Table 2.5). 
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Table 2.4 Number of seed capsules produced per adult plant (mean + SD) in C. lyallzz 
and C. macrocarpus populations at three sites on Black Mt. over four years (1996-1 999), 
based on observations in 95 C. lyaIIii and 60 C. macrocarpas plots. Values shown are 
plot means (+ SD). 

Year 
Site 1996 1997 1998 1999 

C. lyallii 
* * 

C. macrocarpus 

Nstt 0.18 k 0.26 0.02 * 0.05 0.04 * 0.09 0.01 * 0.05 

E S ~ ~  0.03 k 0.09 0.11 * 0.14 0.04 k 0.13 0.21 k 0.28 

wstt 0.12 k 0.17 0.43 k 0.50 0.07 k 0.16 0.31 k 0.31 

* Significant difference among sites, by year; *P < 0.05, **P < 0.0 

Significant difference among years, by site; t~ < 0.05, t t ~  < 0.01 

Notes: Significance of effects was tested using non-parametric randomisation procedures 
applied to individual plots (n = 2000 permutations), with standard deviation of capsules 
plant-' as the test statistic. 



2. RESULTS 29 



T
ab

le
 2

.5
 

C
or

re
la

tio
n 

co
ef

fi
ci

en
ts

 b
et

w
ee

n 
cl

im
at

e 
va

ri
ab

le
s 

(m
ea

n 
m

on
th

ly
 te

m
pe

ra
tu

re
 a

nd
 to

ta
l m

on
th

ly
 p

re
ci

pi
ta

tio
n)

 a
nd

 th
re

e 
in

di
ce

s o
f r

ep
ro

du
ct

iv
e 

pe
rf

or
m

an
ce

 (r
at

io
 o

f 
fl

ow
er

in
g 

to
 v

eg
et

at
iv

e 
pl

an
ts

, %
 fr

ui
t s

et
, a

nd
 to

ta
l f

ru
its

 p
er

 p
la

nt
) 

fo
r C

. Z
ya

lli
i 

an
d 

C.
 

m
ac

ro
ca

rp
us

. 
E

ac
h 

va
lu

e 
is

 th
e 

m
ea

n 
(k
 S

D
) o

f t
he

 b
oo

ts
tr

ap
 d

is
tr

ib
ut

io
n 

of
 s

am
pl

e 
co

rr
el

at
io

n 
co

ef
fi

ci
en

ts
 (n

 =
 2

00
0)

. 
Po

si
tiv

e 
co

rr
el

at
io

ns
 a

re
 s

ho
w

n 
in

 b
ol

d;
 "-

-"
 in

di
ca

te
s n

o 
an

al
ys

is
 a

tte
m

pt
ed

 (
se

e 
te

xt
 f

or
 d

et
ai

ls
).

 

C
. l

ya
lli

i 
C

. m
ac

ro
ca

rp
us

 
R

at
io

 o
f 

R
at

io
 o

f 
C

lim
at

e 
f1

ow
er

in
g:

ve
ge

ta
tiv

e 
N

o.
 fr

ui
ts

 p
er

 
f1

ow
er

in
g:

ve
ge

ta
tiv

e 
N

o.
 fr

ui
ts

 p
er

 
va

ria
bl

e 
pl

an
ts

 
%

F
ru

it 
se

t 
flo

w
er

in
g 

pl
an

t 
pl

an
ts

 
%

F
ru

it 
se

t 
flo

w
er

in
g 

pl
an

t 

P
re

ci
pi

ta
tio

n 
in

 
cu

rr
en

t y
ea

r A
pr

il 
M

ay
 

Ju
ne

 
Ju

ly
 

P
re

ci
pi

ta
tio

n 
in

 
pr

ev
io

us
 y

ea
r A
pr

il 
M

ay
 

Ju
ne

 
Ju

ly
 

T
em

pe
ra

tu
re

 in
 

cu
rr

en
t y

ea
r A

pr
il 

M
ay

 
Ju

ne
 

Ju
ly

 
T

em
pe

ra
tu

re
 in

 
pr

ev
io

us
 y

ea
r A
pr

il 
M

ay
 

Ju
ne

 
Ju

ly
 

0.
76

 (
0.

01
 j 

0.
83

 io
.o

o
j 

0.
24

 (0
.0

1 j 
0.

61
 (

0.
01

 j 
0.

37
 (0

.0
1 j

 
"S

ig
ni

fi
ca

nt
. 

A
 c

or
re

la
tio

n 
w

as
 c

on
si

de
re

d 
si

gn
if

ic
an

t i
f 

al
l 2

00
0 

bo
ot

st
ra

p 
es

tim
at

es
 w

er
e 

ei
th

er
 p

os
iti

ve
 o

r 
ne

ga
tiv

e 
(i

.e
., 

th
e 

bo
ot

st
ra

p 
di

st
ri

bu
tio

n 
di

d 
no

t i
nc

lu
de

 0
). 



2. DISCUSSION 3 1 

FATES OF BUDS, FLOWERS, AND FRUITS 

The fates of flower buds over the course of the season (whether aborted, flowered 

and aborted, damagedlgrazed, or matured h i t )  varied among years and between species 

(Fig. 2.6). The proportion of buds successfully maturing to fruit ranged from 0.11-0.26 

for C. lyallii and from 0.11-0.52 for C. macrocarpus. In C. lyallii, failure of buds to 

mature was related primarily to abortion of buds or flowers, and secondarily to damage 

sustained from insect activities. Damage from other types of herbivory was negligible. 

In C. macrocarpus, abortion of buds or flowers was less common than in C. Zyallii; 

however, loss of fruits to predation (primarily by deer) was an important factor limiting 

seed production in some years. In 1999, when damage from grazing was minimal, > 50% 

of C. macrocarpus buds produced fruit, compared to the observed maximum of 27% for 

C. Zyallii (Fig. 2.6). 

Discussion 
DORMANCY 

Substantial proportions of the Calochortus lyallii and C. macrocarpus individuals in 

populations on Black Mt. failed to emerge above ground for one or more growing 

seasons. Such extended dormancy has not been specifically reported for Calochortus 

previously, although Fredericks (1992) reported incidences of extended plant absence 

during a long-term study of rare Calochortus species from Oregon, ascribing these 

disappearances to ground-level herbivory. The proportion of dormant plants that I 

observed (ranging from c. 2 to 18% in C. lyallii and from c. 3 to 26% in C. macrocarpus) 

was much less than observed for some orchids (e.g., Tamm 1972, Hutchings 1987, 

Shefferson et al. 2001) and for the grassland geophytes Silene spldingzi (Lesica 1997) 

and Allium anzplectens (Hawryzki 2002), but was comparable to, or higher than, the rates 

recorded for a number of other geophytes (Lesica and Steele 1994). The majority of 

dormancy episodes lasted 1 yr, and few individuals were dormant longer than 2 yr, 

consistent with findings for most other species (Lesica and Steele 1994). However, 

previously unrecorded plants continued to appear in the study plots up until the end of the 
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&SXB Fruit matured 
EZB Fruit grazed 
E=ZZS Insect damaged 

Flower aborted 
Bud aborted 

1996 1997 1998 1999 

C. lyallii 

1996 1997 1998 1999 

C. macrocarpus 

Figure 2.6 Within-year fate of flower buds of C. lyaNii and C. macrocarpus, from 1996- 
1999, as a proportion of all buds initiated in a given year. Five possible fates were 
recorded (bud aborted; flower aborted; bud or flower destroyed by insects; fruit grazed; 
fmit successfully matured). Numbers above bar indicate sample size. 
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study, and thus the maximum duration of dormancy could be longer than the 3-yr periods 

I confirmed. 

Whole genet dormancy is an often-ignored stage in the life history of plants, and very 

few studies have obtained simultaneous dormancy data for multiple populations of two 

related, sympatrically occurring species. Perhaps the most striking thing about my results 

was the degree of synchronisation in dormancy patterns, both among populations of the 

same species and between species. The implication is that dormancy was not a random 

occurrence within populations but a response to the same external factor(s). The annual 

variation in dormancy rates could be related to climatic factors, but I could not evaluate 

this possibility because I could only obtain dormancy estimates for three years. Boeken 

(1991) reported that the failure of Tulipa systola plants to emerge above ground during 

the growing season is the result of early root and shoot abortion in response to soil water 

deficits, rather than a continuation of the summer resting phase. However, it seems 

unlikely that dormancy in C. Zyallii and C. macrocarpus is brought on by drought, as the 

year with the highest dormancy rate was also the year with the wettest spring, whereas the 

year with the lowest frequency of dormant plants was also the driest of the three years- 

although it is possible that dormancy was induced by conditions in a previous year (for 

example, if prior resource acquisition were low). Alternatively, dormancy may have been 

caused by some synchronised disturbance that affected all sites in a similar way, such as a 

hngal outbreak or a pulse in subterranean herbivory. Morrow and Olfelt (2003) showed 

that defoliation by herbivores can induce dormancy lasting up to 10 yr in Solidago, and it 

is possible that non-emergence in Calochortus is also related to events occurring during 

the below-ground phase, i.e., between sprouting of the bulb and emergence of the shoots 

above ground. However, the actual mechanism(s) responsible for non-emergence in these 

two species could not be determined from field observations alone. 

The consistent differences in dormancy probabilities across sites are presumably 

related to differences in microsite quality. For example, in this study area, some sites 

may receive more water from run-off or shed it less effectively, and plants growing there 

may be less likely to emerge than those in better (drier) sites. If non-emergence is a bet 

hedging strategy to reduce the risk of sprouting under unfavourable conditions, site- 

specific consistency would not be expected (Boeken 1991). 
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Explaining the function of whole genet dormancy in geophytes is a challenging 

problem. Dormancy could benefit plants by allowing them to conserve energy during 

harsh periods, thereby enhancing individual survival and future reproduction. However, 

because dormant plants do not produce photosynthetic tissue, these individuals are 

prevented from accumulating resources for one or more growing seasons, potentially 

resulting in reduced survivorship and reproductive opportunity. For example, Shefferson 

et al. (2003) found that dormant Cypripedzum plants had a higher mortality rate than ones 

that emerged every year, and concluded that dormancy was exerting a cost with respect to 

future survival and reproduction. Likewise, Boeken (1991) was unable to identify any 

fitness benefits directly associated with non-emergence in the desert perennial Tulipa 

systola. However, detecting fitness trade-offs without experimental manipulation is 

dificult; greater mortality in plants with high dormancy could simply reflect conditions in 

poor microsites where mortality might be even greater without dormancy. Furthermore, 

dormancy could act as a buffer against catastrophic events affecting established plants, in 

which case this stage would have a positive fitness effect. In subsequent papers, I will 

attempt to quantifjr the impact of dormancy on population growth rate itself in C. Zyallii 

and C. macrocarpus. 

The amount of dormancy I found has important implications for population surveys 

and population monitoring. For example, a survey of C. macrocarpus undertaken in 1998 

would have underestimated population size by a quarter at minimum, and probably more 

(given that a proportion of the population was still undetected by 1998). Likewise, a one- 

year demographic study would have overestimated mortality by a substantial margin. 

Population surveys involving geophytes should take into account the possibility that the 

visible population is not necessarily an accurate indication of actual population size, and 

that a population may not actually be extirpated when no individuals are observed (Lesica 

and Steele 1994). The stable population structure, calculated fiom annual transition data 

using a matrix population model, indicates the proportion of dormant individuals that can 

be expected under stable conditions (Caswell2001). However, reliable information on 

dormancy can only be obtained through long-term monitoring of marked individuals in 

permanent plots. 
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REPRODUCTION 

Seed production in Calochortus is a fbnction of several variables, including (1) the 

probability that a mature plant will flower; (2) the number of flowers produced; (3) the 

fraction of flowers that set fruit; and (4) the number of seeds produced in each capsule. 

The proportion of flowering individuals was greater in C. lyallii than in C. macrocarpus 

populations in most years, although flowering was highly variable for both species. 

However, capsules of C. macrocarpus contained more seeds on average than those of C. 

Zyallii. Given that seed size is similar, C. macrocarpus thus invests more resources than 

does C. Zyallii in each seed capsule. In this regard, C. lyallii may be more of a bet hedger 

than C. macrocarpus, producing many flowers but investing relatively less energy in 

each. Because of herbivory by deer, very few of the capsules initiated by C. macrocaps  

survive long enough to release seeds. However, because of the large number of seeds set 

per capsule, per capita seed production was actually higher, which may help compensate 

for the low flowering frequency in this species on Black Mt. 

The limitations to seed production differed greatly between the species. High 

abortion rates in C. Zyallii do not appear to be related to pollinator availability. In this 

species the lowest flowers in the inflorescence are often female-infertile (lacking an 

ovary), suggesting that some flowers are serving a male function (Sutherland and Delph 

1984) by increasing pollen production and duration of pollen dissemination. In the 

related C. leichtlinii, most plants produce two hermaphroditic flowers but mature only 

one h i t  (Holtsford 1985), and it is likely that second flowers in that species fulfil a 

primarily male function. In contrast to C. lyallii, low fruit production in C. macrocarpus 

is the result mostly of vertebrate grazing on developing fruits, rather than spontaneous 

abortion of ovaries. In the absence of browsing by deer, percent of flowers yielding 

mature fruit would be higher in C. macrocarpus than in C. Zyallii. This is a clear instance 

of a herbivore causing a reversal of reproductive advantage between two species. To the 

extent recruitment in C. macrocarpus is seed limited, vertebrate herbivory likely plays a 

major role in its local population dynamics. In both species, invertebrates caused some 

damage to buds, flowers and developing h i t s ;  for C. lyallii this was the only significant 

type of herbivory that occurred. 



Thus it may be necessary to differentiate between potential and realised fruit 

production when comparing these two species. The higher potential fruit set of C. 

macrocarpus relative to C. lyallii could be the result of larger, showier flowers serving as 

superior pollinator attractants; reduced intraspecific competition for pollinators due to 

lower plant densities; or a greater ability to set fruit via self-pollination. Self- 

compatibility could confer an advantage for the sparsely-occurring C. macrocarpus if 

plants are frequently too widely dispersed to be reliably visited by pollinators. Inbreeding 

can play an important role in seed production even in species with a substantial capacity 

for both inbreeding and outbreeding (Ohara et al. 2001). This trait may be a factor 

enabling C. macrocarpus to disperse to new habitats, possibly helping to explain its broad 

geographical distribution. Although self-compatibility is oRen associated with reduced 

seed production (Weller 1994), there is little indication that C. macrocarpus is 

experiencing a reduction in this respect relative to C. lyallii. 

Studies in grassland ecosystems have shown that spring and summer precipitation 

influences performance of vascular plants (Rabinotwitz et al. 1989, Bengtsson 1993). 

Although five years of data are insufficient to evaluate conclusively the effects of weather 

on reproductive performance in C. lyallii and C. macrocarpus, they can suggest some 

trends. Flowering and fruiting in the two species correlate most strongly with weather 

conditions in the previous year. This is not surprising: organ preformation is common in 

geophytes (Geber et al. 1997, Ohara et al. 2001), and performance in one year is probably 

closely tied to resource accumulation in the previous season or seasons, when shoot and 

flower buds are formed. The relationship between reproduction and previous year 

weather occurs in many herbaceous species (e.g., Bierzychudek 1982), though such a 

relationship has not been previously demonstrated in Calochortus. Warm, dry conditions 

in the previous year favoured flowering and fruiting in both the species in my study, 

implying that climatic conditions at the periphery of their range may be a factor limiting 

their spread. 

There is some indication that per capita flower and fruit production was correlated 

temporally with aboveground emergence rates; the year with the lowest reproductive 

success (1998) also had the highest proportion of dormant plants. This was also the year 

with the wettest spring. These findings are consistent with the expectation that marginal 
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habitats are more likely to be encountered near a species7 geographical range limit (or 

elevational limit) than elsewhere in the range (Nantel and Gagnon 1999, Loewen et al. 

2001). At these sites the two species are evidently not limited by a lack of precipitation, 

but by an excess of it, suggesting that, in the present case, ecological marginality 

coincides with range marginality. 

CONCLUSION 

Although both of the Calochortus species I studied are near or at the limits of their 

distribution, factors contributing to population persistence and local distribution differ. 

The potentially higher seed production of C. macrocarpus compared to C. lyallii is 

largely offset by herbivory by deer, implying that an external (and controllable) factor 

may be greatly limiting population size and density of the former. Major negative 

impacts on plant populations resulting from high deer abundance have been documented 

in many areas of North America (Russel et al. 2001). On the other hand, the greater 

ability of C. macrocarpus to self-pollinate may partly reduce the negative effects of 

reduced pollinator availability stemming fiom low plant density. Greater dormancy than 

in C. lyallii could possibly also buffer population decline if dormancy reduced mortality 

in years with especially poor growing conditions. In contrast, C. lyallii does not appear to 

be strongly affected by a specific external factor such as herbivory. Thus, from a 

practical management point of view, bringing about increases in population size in C. 

lyallii may be more intractable because there is no obvious major external factor to be 

modified (assuming that control of deer numbers is feasible). 

Overall, my study indicates that even closely related taxa growing sympatrically at 

their geographical (and possible ecological) limits can differ substantially in details of life 

history, and that extrapolating about the traits contributing to population persistence in 

one species based on information for another species may therefore be misleading. 

Furthermore, identifjring such differences could be critical to conservation efforts. Traits 

ranging fiom protracted dormancy to seed production need to be given due consideration 

when evaluating the prospects for, and the factors contributing to, population persistence. 



Chapter 3: Effects of environmental heterogeneity on the demography 
of Calochortus lyallii (Liliaceae), a bulbous perennial with prolonged 
dormancy 

Introduction 

Plants exhibit spatial aggregation at multiple scales (Harper 1977, Greig-Smith 

1979, Horvitz and Schemske 1986, Schupp 1995, Fitter et a1 2000). Aggregations may 

consist of a few individuals sharing a common microsite; adjacent patches within a 

colony; sets of locally connected sub-populations; or isolated populations distributed 

variously on the landscape, and the total distribution of a species reflects all of these 

(Quintana-Ascencio and Menges 1996, Hanski and Simberloff 1997, Watkinson et al. 

2000). Demographic variation may occur at all scales. For example, adjacent habitat 

patches may show differences in recruitment, reflecting the availability of safe sites for 

germination (Thomson et al. 1996), whereas central and peripheral populations might 

exhibit climate-induced differences in growth and survivorship (Nantel and Gagnon 

1999). Furthermore, temporal variation in demographic characteristics can occur at 

different spatial scales (Pascarella and Horvitz 1998). For example, a major weather 

event might cause a correlated response over large regions, at the same time a localised 

disturbance (e.g., herbivory) is producing a separate response within a single population. 

An appreciation of this interplay of spatial and temporal variation may be critical for the 

interpretation of demographic studies (Wijesinghe and Hutchings 1997, Pascarella and 

Horvitz 1998). 

At a fine scale, plant density varies within plant populations, and the stability of this 

density structure may have important demographic implications. Because microhabitat 

variation is widespread within populations, variations in plant density may result from an 

environmental mosaic of patches with varying equilibrium densities. Plant numbers 

could be constant (2. = 1) within a patch, but the numbers of plants supported would vary. 

However, variable equilibrium densities within a population could also be the result of 

source-sink dynamics. A source-sink structure develops when propagules from 

productive patches ('sources') maintain populations in poor patches ('sinks'), where local 
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reproductive success fails to keep pace with local mortality (Keddy 1982, Pulliam 1989, 

Dias 1996). Although oRen modeled at the landscape or regional level (e.g., Shmida and 

Wilson 1994), source-sink dynamics can also occur on a local scale (Whittaker and Levin 

1977, Shmida and Ellner 1984, Watkinson et al. 1989, Thomson et al. 1996, Kunin 1998; 

but see Kadmon and Tielborger 1999). For example, Kadmon and Shmida (1 990) 

showed that most seeds (75-99%) of the annual grass Stipa capensis were produced in an 

area covering only 10% of the total patch distribution. 

If microhabitats vary in favourability over time, local population dynamics could be 

represented by a 'shifting mosaic' structure (Bormann and Likens 1979, Clark 1991). 

Shifting mosaics are common at the landscape level, often driven by disturbance- 

succession sequences, and frequently include the extremes of population extinction and 

establishment (Eriksson 1996). Microsite characteristics can also vary over time as a 

result of local disturbance or succession (Menges 1990, Pascarella and Horvitz 1998, 

Valverde and Silvertown 1998, Olff et al. 2000). Recruitment occurring in different 

microsites at different times can result in a local metapopulation comprised of a collection 

of cohorts, each possessing a unique history and structure (Clark 1991). A shifting 

mosaic of habitat patches is likely to lead to local variation in population trajectories, with 

some patches increasing in density as others decrease (Maloney 1988). Shifting mosaic 

and source-sink dynamics could occur simultaneously within a population, presenting a 

notable challenge to deciphering population dynamics and causal factors. Furthermore, 

patch-level variation may be superimposed on overall population trends or fluctuations. 

A key question is whether changes in the demography of different microsites or areas of 

differing density occur in tandem, or are weakly related or even negatively correlated. 

A complicating factor in the evaluation of population dynamics of some perennial 

herbaceous plants is the occurrence of prolonged dormancy, in which individuals remain 

below ground for one or more growing seasons (Lesica and Steele 1994, Shefferson et al. 

2001). Dormancy changes the way in which a plant perceives its environment, generally 

reducing the experienced variability (Venable and Lawlor 1980). For some geophytic 

species, extended dormancy may be a key to survival during adverse periods, with 

potentially major consequences for population dynamics (Lesica and Steele 1994). 

Because the detailed monitoring required for demographic analysis is only rarely 
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conducted for more than a few years during any given study, both the tracking of 

dormancy and its incorporation into population models present a special challenge 

(Shefferson et al. 2001, Hawryzki 2002). If it occurs often, however, prolonged 

dormancy cannot be safely ignored in demographic analyses (Menges 2000). 

Stage-based projection matrices (Lefkovitch 1965, Caswell2001) provide a 

powerfbl tool for evaluating population dynamics of plants, both among and within 

populations. Empirical studies of intraspecific demographic variation in plants have 

typically modeled dynamics at a single level, usually that of the population (van 

Groenendael and Slim 1988, Charron and Gagnon 1991, Ehrlen 1995, Guerrant 1996, 

Oostermeijer et al. 1996, Ehrlen and van Groenendael 1998, Parker 2000) or habitat patch 

(Huenneke and Marks 1987, Maloney 1988, Bengtsson 1993, Horvitz and Schemske 

1995, Maschinski et al. 1997, Kephart and Paladino 1997, Crone and Gehring 1998, 

Dammon and Cain 1998, Valverde and Silvertown 1998, Mandujano et al. 2001). Fewer 

studies have compared patterns of plant response to environmental heterogeneity at 

multiple spatial or organisational scales (e.g., Alvarez-Buylla 1994, Boeken and Canham 

1995, Valverde and Silvertown 1997, Nantel and Gagnon 1999, Wijesinghe and 

Hutchings 1997, 1999, Menges and Dolan 1998, ~ e n ~ e s  and Hawks 1998, Pascarella and 

Horvitz 1998, Watkinson et al. 2000). However, ignoring effects of scale in the analysis 

of demographic variation can lead to mistaken conclusions about the temporal and spatial 

dynamics of populations and hinders an understanding of the ecological challenges 

confronting sensitive species (Menges 1990, Wiens 2000). 

This paper documents demographic variability and its relationship to micro- 

environmental factors in the grassland geophyte Calochortus Zyallii, a long-lived 

mariposa lily endemic to central Washington and south-central British Columbia. This 

species frequently exhibits dormancy during the growing season (Chapter 2). Within 

Canada, C. Zyallii is known only from c. 12 sites in southern British Columbia and is a 

federally-listed threatened species (COSEWIC 2003). 

I analysed variation in population dynamics at three levels of heterogeneity: 

populations, microsite types, and patches of differing plant density. I used a Lefkovitch 

stage-based matrix model and associated techniques, including two distinct forms of 

perturbation analysis-life table response experiment analysis (LTREs; Caswell2001) 
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and elasticity analysis (de Kroon et al. 1986)-to address the following questions: (i) 

How do the demographic properties of these populations (stage-specific probabilities of 

survival, growth, and reproduction, asymptotic growth rate, stable stage distribution, and 

stage-specific sensitivities) change through space and time? (ii) Which vital rates and 

life stages make the largest contributions to spatial variability in fitness, as measured by 

A? (iii) Which microsite variables are most likely to influence h as a consequence of 

their effect on individual vital rates? (iv) Does extended dormancy act to buffer local 

population flux? (v) Is there evidence for a stabilising equilibrium within or among 

populations, or do dynamics exhibit a shifting mosaic structure? 

Methods 
THE SPECIES AND STUDY AREA 

Calochortus Zyallzi (Liliaceae) is a long-lived perennial geophyte occurring in semi- 

arid grasslands, open woodlands, and sage scrub in central Washington and adjacent 

south-central British Columbia. The perennating structure is a subterranean bulb. Shoots 

emerge soon after snow melt (around the end of April in British Columbia). Each plant 

produces a single basal leaf and, if reproductive, a single terminal inflorescence bearing 1 

to 12 flowers. Flowers are pollinated mainly by halictid bees (Miller and Douglas 1999). 

Flowering peaks in June, and fruit capsules mature in July, after the leaves have withered. 

Seeds are gravity-dispersed and germinate the following spring. The single cotyledon, 

which is about the size and dimension of a 4 cm long toothpick, remains green for about 

three weeks before dying back to the nascent bulb, at which point the young plant enters 

dormancy until the following year (Miller and Douglas 1999). The bulb eventually 

descends to a depth of about 10 cm. Established bulbs may remain dormant for 1 to 4 yr 

before resuming activity (Chapter 2). Although bulbifery (the production of new 

propagules from bulb offsets) has been documented in other species of Calochortus 

(Fiedler 1987), asexual reproduction in C. Zyallii has not been observed in British 

Columbia or reported elsewhere. 

Calochortus Zyalliz shows a highly patchy distribution in British Columbia, with 

dense populations surrounded by wholly unoccupied areas. All known Canadian 



populations of C. lyallii occur within 5 km of one another and all are within 5 km of the 

U. S. border (Miller and Douglas 1999). 

Research was conducted at three sites on Black Mt., East Chopaka (4g002'N 

119"36'W), near the town of Osoyoos in south-central British Columbia. At the time the 

study was initiated, these were the only known C. ZyaZZii populations in Canada (several 

more have since been located in the same vicinity). All three populations occur at similar 

elevations (900-1200 m), but are located on separate slopes. Each is separated from the 

others by about 2 km of coniferous forest. Populations on the north, east, and west slopes 

of Black Mt. are referred to as 'NS,' BS,' and 'WS,' respectively. 

Site NS occurs in an open meadow community of bunchgrasses and forbs 

approximately 200 x 300 m in area situated on a gentle, undulating slope and surrounded 

on all sides by Douglas-fir (Psuedotsuga menziesii) forest. It is the largest of the three 

sites in area and also contains the largest C. ZyaZZii population. ES is on an open gravelly 

knoll less than 0.5 ha in size. Although bunchgrasses occur at the site, the dominant 

species are early spring ephemerals and drought-tolerant forbs such as Lomatiurn 

macrocarpurn, Lewisia rediviva, and Astragalus miser. WS is located on a small, 50 x 50 

m flat bench located amongst cliffs and steep talus on the west side of Black Mt. This 

area is hlly exposed to the prevailing westerly winds and receives slightly more 

precipitation than either NS or ES. In August 1994, two years prior to the start of the 

study, all three study sites were burned in a wildfire that incinerated most of the forest on 

Black Mt. Because monitoring of C. Zyallii on Black Mt. did not begin until 1996, the 

immediate impact of the fire on these populations is unknown. 

FIELD SAMPLING 

I established permanent 50 x 50 cm (0.25 m2) plots at all sites (36 each at NS and 

ES, 23 at WS), to attain a sample size of approximately 400 individuals per population. 

Plots were haphazardly chosen to represent a range of habitat conditions and locations at 

each site. I fixed the location of plot corners with rebar posts over which a portable plot 

frame could be inserted. Elastic rubber bands were used to partition the plot frame into 

25 grid squares, each 10 x 10 cm. The use of elastic bands allowed me to set the plot 
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frame in place on the ground without disturbing the vegetation. At the initial census, all 

C. ZyaIZii plants in each plot except for seedlings were tagged with a numbered plastic 

ring, and their location within the grid recorded on a map. Because seedlings had already 

senesced by the time of the initial census, I did not begin monitoring the seedling stage 

until the second year of the study (1997). 

Plots were censused three to four times a year from 1996 to 2000 (five growing 

seasons). Each year, following the germination of C. ZyaIZii seeds in April, I counted and 

mapped all newly-recruited seedlings, and located surviving seedlings from the previous 

year. At this time I also recorded and mapped any 'new' juvenile plants not observed in 

previous censuses. Seedlings were generally distinguishable from the smallest juveniles 

by the presence of a seed coat near the base of the cotyledon. In cases where a seed coat 

was no longer visible, new germinants were distinguished from second-year juveniles on 

the basis of leaf width (plants were counted as seedlings if leaves were 51 mm wide, as 

juveniles if leaves were >1 mm wide). Larger juveniles and adults were enumerated 

during subsequent censuses each year, at which time I recorded the following 

information: (i) width of the basal leaf, to the nearest 0.1 mm; (ii) number of flower buds 

initiated; (iii) number of flowers produced; (iv) number of fruits produced; (v) herbivore 

damage to fruits, flowers, or scapes; and (vi) evidence of bulb predation by pocket 

gophers. From 1998 onward, any established plants appearing in the plots for the first 

time were assumed to have been previously dormant. These individuals were also 

mapped and measured. 

To measure germination and test for a persistent seed bank, at each site I buried 

four nylon mesh bags, each containing a random sample of 25 seeds, just beneath the 

soilflitter surface in late June, the time of year when capsules naturally begin to dehisce. I 

checked the bags early the following spring, after the first germination flush, and again in 

late spring, at which time I recorded the total numbers of germinated seeds. Bags were 

then replaced beneath the litter and left for another year, to allow any remaining dormant 

seeds to germinate. 

To examine possible relationships between microhabitat and differential success of 

C. ZyaZZii at different life stages, I measured, for each of the 95 plots, slope, aspect, litter 

depth (cm), % litter cover, % rock cover, soil depth (cm), soil moisture, % exposed soil, 



% bryophyte cover, and % vascular plant cover. Slope aspect was rated on a 1 to 5 scale 

from NNE - NE to SSW-SW. Soil depth was characterised by inserting a steel probe and 

measuring the depth to obstruction (bedrock or stones) at three separate points in the plot, 

and recording the average depth. Relative soil moisture content was estimated by 

inserting a hand-held garden meter approximately 10 cm into the ground at the centre of 

each plot. I took soil moisture readings at all three sites on the same day (June 29, 1997), 

three days after the last rainfall, in order to minimize effects of timing and weather on this 

variable. All cover estimates were made visually to the nearest 1% (if <lo%) or to the 

nearest 10% (if > 10%). 

To obtain an independent measure of C. ZyalIii recruitment patterns and 

microhabitat variation within populations, in June 1997 I ran 5 transects at 10 m intervals 

through each site, beginning from a baseline just outside the population and extending to 

the opposite side. At ten random points along each transect I established 0.5 x 0.5 m plots 

(50 plots per population) and recorded the number of C. ZyaIZii seedlings, juveniles, and 

adults present in each, along with the same soillvegetation parameters as for the 

demographic plots. These will be referred to as the 'transect' plots to distinguish them 

from the demographic plots. 

DELINEATION OF PLOT GROUPS 

To examine patch-level dynamics, I separated the 95 demographic plots into 

microsite categories. Using all plots from the three sites, I employed detrended 

correspondence analysis (DCA) to examine variation among plots in microsite 

characteristics. The DCA (performed using the program PC-ORD; McCune and Mefford 

1997) was applied to environmental data from each plot. 

Distinct groups of plots did not appear on the ordination (Fig. 3. I), but the 1"' and 

2" ordination axes reflected two well-defined gradients, fiom shallow, rocky soil to deep 

soil, and from sparse to dense litterlvegetation cover. I divided the plots into four groups 

by manually partitioning the ordination space into four separate quadrants, each 

containing approximately the same number of plots (Fig. 3.1). According to the quadrant 

in which they occurred, plots were then assigned to one of four microsite types: (A) 

exposed ground with deep soil; (B) exposed, sloped ground with shallow (rocky) soil; (C) 
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Figure 3.1 Detrended correspondence analysis ordination (axes 1 and 2) of all 95 
demographic plots, pooled over three sites. Numbered points refer to individual plots 
within each population (n = site NS, e = site ES, w = site WS). The intersection of axes 
lines at the centroid of the cloud of points was used to divide the plot into four quadrants, 
loosely representing four microsite types: A (low plant cover, deep soil); B (low plant 
cover, rocky soil); C (high plantlmoss cover, rocky soil); D (high plantnitter cover, deep 
soil). 
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mossy, with shallow (rocky) soil and high vascular plant cover; (D) deep soil, with high 

litter cover. Plots Erom the three sites were not separated in this ordination (Fig. 3. I), and 

all four microsite categories were represented at all sites. Each of these four microsite 

types was subsequently considered a distinct 'treatment' in the demographic analysis. 

To investigate whether C. lyallii demography is affected by variation in local 

population density (or variation in environmental factors associated with population 

density), I ranked the plots from all three sites according to their mean density (over five 

yr) of adult C. lyallii plants. Plots were then grouped into one of four density classes: 

Low, Medium-low, Medium-high, and High (Table 3.1). Cut-offs between density 

classes were such that each class contained approximately the same number of 

individuals. These density classes became the four 'treatment' levels in the third 

demographic experiment undertaken to study C. lyallii responses to varying conditions. 

STAGE CLASSIFICATION 

Numerous studies of perennial plants have shown that survival and fecundity rates 

are closely linked to plant size (e.g., Bierzychudek 1982, Werner and Caswell 1977, 

Lacey 1986, Hanzawa and Kalisz 1993). In bulbous perennials, plant perlbrmance may 

be strongly related to the size and condition of the perennating organ itself (Fiedler 1987, 

Hanzawa and Kalisz 1993). However, it was not possible to measure C. lyallii bulbs 

directly without destructively sampling the plots. Thus I used the width of the basal leaf 

as a relative measure of plant size. Fiedler (1987) found modest (r = 0.45 to r = 0.80) but 

significant correlations between bulb wet weight and leaf width in four species of 

Calochortus fkom California. My own data on C. lyallii suggest that reproduction is 

initiated, and fruits matured, only after certain minimum leaf size thresholds are attained 

(see below). However, plant size on its own is an insufficient indicator of reproductive 

state in this species because only a fi-action of C. lyallii individuals large enough to flower 

in a given year actually do so. Furthermore, seedlings (plants that germinated in the 

current year from seed produced the previous year) are best defined not by size but by 

age. Consequently, I classified individuals by a combination of size, age, and flowering 

status. 
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I defined 11 stages (i-states, sensu Caswell2001): seedlings, juveniles (two 

classes), reproductives (four classes), vegetative plants, and dormants (three classes) 

(Table 3.2). Flowering and fruiting size thresholds were derived retrospectively, from the 

combined census observations. 'Juveniles' were any established plants below the 

flowering size threshold. They could be true juveniles or formerly large plants that had 

regressed in size. The division point between the two juvenile stages was the maximum 

observed size attained by 2nd year plants. Individuals large enough to flower but too 

small to set fruit were assigned to the first reproductive class (Rl). Above the size 

threshold for fruit-set, plants were classified according to the number of flower buds (1,2, 

or >2) initiated in the spring. To determine if the reproductive class divisions based on 

bud number were demographically significant, I conducted a chi-squared analysis of the 

transition data from the first year to test for independence between fate and reproductive 

state. The chi-squared test was significant (X2 = 41.53, d f =  14, P < 0.001), indicating that 

the fate of reproductive individuals does depend on their initial state, and that these 

divisions are therefore meaningful. 

Individuals that reappeared above ground after an absence of one or more years 

were classified as dormant for the year or years they failed to appear. I used multiple 

dormancy classes because the state of a plant after it emerges from dormancy is likely to 

reflect its state prior to entering dormancy (e.g., if a plant is small when it enters 

dormancy, it will likely still be small upon re-emerging). One of the central conditions of 

the matrix projection model is that it describe a first-order Markov process; that is, an 

individual's fate at time t + 1 should depend on its state at time t but not on any state prior 

to this (Caswell2001). Seven additional stages would have been needed to include a 

separate dormant class for every stage in the life cycle having a direct connection to 

dormancy, which would have necessitated a larger sample of individuals than was 

available. As a compromise, I assigned dormant plants to one of three classes (DJ, DR, or 

DV), depending on whether a plant was a juvenile (J1 or J2), a reproductive (Rl-R4), or a 

vegetative adult (V) prior to becoming dormant, respectively (Table 3.2). 

The various transitions possible for a C. lyallii plant in different stages during a 

projection interval are shown by the arrows in the life cycle graph (Fig. 3.2). Because C. 

lyallii seeds either die or germinate during the spring following seed shed (see Chapter 
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Table 3.1 Density classes used in evaluating patch-level dynamics. 

Annual mean density 
of adult plants* Number 

Density class (number/m2) of plots 

A (low) 1 - 7  44 
B (medium-low) 8 -  12 22 
C (medium-high) 13 - 17 15 
D (high) 18-  36 14 

*Adult plants defined as plants with leaf width > 
the minimal threshold size for fruiting, i.e., size 
classes R2, R3, R4, and V (see Table 2). 

Table 3.2 Stage categories used to model the population dynamics of Calochortus ZyaZZii. 

Plant size (leaf 
Stage Category width in mm) Demographic state 

seedling (Sd) 

small juvenile (JI) 

large juvenile (J2) 

pre-reproductive 
(R1) 
small reproductive 
(R2) 
medium 
reproductive (R3) 

large reproductive 
(R4) 
vegetative adult (V) 

dormant juvenile 
(DV) 
dormant 
reproductive (DR) 

dormant vegetative 
(DV) 

cotyledon present 

vegetative leaf 

vegetative leaf 

sometimes flowering, but never setting fruit 

1 flower bud initiated 

2 flower buds initiated 

> 2 flower buds initiated 

no buds initiated (vegetative) 

stage prior to dormancy: 2 or 3 

stage prior to dormancy: 4, 5,6, or 7 

stage prior to dormancy: 8 
- - -  

*The observed minimum size threshold for fruiting; plants with leaf widths >4.5mm are 
considered 'adults,' whether they produce flowers or not. 
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Figure 3.2 Life-cycle graph and corresponding generalised matrix model for C. ZyaZZii 
(see Table 3.2 for stage definitions). Circles indicate plant stages and arrows represent 
the possible transitions between stages. Dark solid arrows represent growth (G); light 
arrows represent stasis or regression (P); heavy dashed arrows represent fecundity Q. 
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2), there is no separate category for seeds. Furthermore, because stage 1 (seedlings) is an 

age class of the same length as the projection interval, it has no self-loop (Caswell2001). 

MATRIX CONSTRUCTION AND ANALYSIS 

For each set of plots, I calculated the proportion of individuals in each category 

experiencing each fate from one year to the next. For non-dormant plants, transition 

probabilities were calculated directly from the annual census data. I used actual data 

from each population and year in all cases but 1996-97, when a late start prevented 

enumeration of seedlings and many of the smaller juveniles (size class J1) before they 

senesced. I estimated seedling survivorship in 1996-97 from the average survivorship 

rate for the years 1997-2000, calculated separately from the annual matrices for each plot 

group. Small juvenile transition probabilities for 1996-97 were calculated after pooling 

plants from all three populations to obtain a larger sample size. These values were 

therefore the same for all matrices. 

Quantifying transitions into and out of dormancy classes is problematic because C. 

ZyaIIii individuals can remain dormant and out of view for many years. Transitions could 

only be unequivocally assigned for plants that both entered and emerged from dormancy 

during the study period; plants that vanished during the study might be either dead or 

dormant. I assumed the maximum duration of dormancy to be three years, which is an 

underestimate given that some previously unobserved plants continued to appear in the 

demographic plots in years 4-5 of the study (Chapter 2). However, these instances were 

rare and had little effect on transition estimates. Thus I could calculate rates of entry into 

dormancy directly from census data for the first time interval (1996-97). To correct for 

the occurrence of prolonged dormancy during the latter three transitions, I employed 

indirect methods (Appendix 3.1). 

Some individuals may have been absent at a census for reasons other than 

physiological dormancy. These plants might have been eaten by herbivores, or senesced 

and disappeared before they could be surveyed, or I may have failed to observe plants that 

were actually there. Because the last explanation was the most parsimonious with respect 

to the smallest individuals in the population (i.e., seedlings and yearlings), absent 2nd year 

plants were assumed (as long as they reappeared in a subsequent census) to have been 
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present all along, but unobserved. Thus, the life cycle graph makes no allowance for a 

seedling to dormant transition (Fig. 3.2). Dormant plants, as defined here, are never 

recorded as dying, only as re-emerging (or as surviving another year as dormants), 

effectively fixing survivorship in these stages at 1 .O. In reality, mortality likely occurs 

during dormancy just as in other phases of the life cycle. To correct for this possible 

overestimation, I assumed that a proportion of all plants (arbitrarily set at lo%, and 

excluding seedlings) marked as dead actually went dormant first, then died (Appendix 

3.1). 

Any established plants appearing in the plots de novo in a given year were excluded 

from the life table calculations for that year. However, these individuals were considered 

in subsequent transitions, and in the estimation of dormancy rates (Appendix 3.1). 

Because I did not monitor the fates of seeds in the field, I had to calculate stage- 

specific fecundities (Fx) indirectly. Fecundity was defined in terms of per capita seedling 

recruitment. To estimate the reproductive contribution of the various size classes, I first 

determined the average number of seedlings generated per fruit capsule (Fcap) by dividing 

the total number of seedlings censused at t +1 by the total number of mature capsules 

censused at time t. I then weighted this value by stage, dividing the total number of 

capsules produced by each reproductive class by the total number of individuals in the 

class in that year (Rind). I then multiplied Rind by Fcap  to arrive at an estimate of the 

number of seedlings produced per individual in each stage. The approach used here is 

equivalent to that suggested by Caswell(2001) for calculating relative fertilities when 

reproduction is anonymous. It assumes that seeds produced by plants of different sizes 

were equally likely to become seedlings and that there was no net dispersal of seeds into 

or out of the plots. 

I used Lefkovitch stage-based matrices (Lefkovitch 1965) to estimate the rate and 

direction of population growth (Caswell2001). The basic linear, time-invariant model is 

given by 

nt+l = Ant 

where n and nl+l are vectors of stage abundances at time t and t + 1, respectively, and A is 

the population projection matrix, whose elements, aij, give the contribution of an 

individual in stage j to stage i over one time step. The asymptotic growth rate is given by 



the dominant eigenvalue h of the matrix A. When h >1 the population is expected to 

grow, and when h <1 the population is expected to decline. The normalized right 

eigenvector, w, represents the stable stage distribution that would result if the conditions 

given by A remained constant indefinitely. Stable stage-specific reproductive values are 

given by the corresponding left eigenvector, v. 

The sensitivities of h to changes in the elements aii of A are given by 

S- u = 6h I 6aV = viwj / <w,v> 

where 6h / Gag is the partial derivative of h with respect to the matrix element aij, and 

<w,v> is the scalar product of w and v. The proportional sensitivities, or elasticities, of h 

are given by 

e, = (av 1 h)(Gh 1 6aii). 

The elasticities sum to 1, and give the proportional contributions of the matrix 

elements to h, enabling comparisons between different species or populations of the same 

species (de Kroon et al. 1986). Taking the sum across row i (or down column j) of an 

elasticity matrix gives the total elasticity of h to transitions into stage i (or out of stage j) 

(van Groenendael et al. 1994). The resulting values can be interpreted as the combined 

contribution of survival, growth, and fertility elements within each life stage to population 

growth rate h (not to be confused with contributions to the variance in h; cJ: Caswell 

2000). 

Four projection matrices, one for each transition period, were constructed for each 

of the three populations, four microhabitat types, and four density classes (a total of 44 

matrices). I also calculated the average annual matrix for each plot category. Population 

growth rate, stable-stage distribution, reproductive values, and sensitivity and elasticity 

matrices were computed for each matrix using MATLAB (The Mathworks, Inc. 1999). 

Projected stable stage distributions (mean matrices) and observed stage distributions 

from 2000 were compared using Keyfitz's A (Keyfitz 1968). For any one treatment level, 

the distance between the two population vectors n(t) and w is measured by 

where both n and w have been scaled so that they sum to 1 (Caswell2001). The value of 

A varies from 0 to 1. 



Pocket gophers have the potential to limit C. lyallii abundance locally because they 

consume the bulbs and are likely to forage where plants are most dense. To test whether 

gopher predation had a differential impact on estimated population growth rates in plots 

of varying density, I used simulations to estimate the h-value that might have been 

observed for each of the density classes if gophers had consumed no bulbs at all. First I 

assumed that every C. lyallii individual killed by a gopher in a given year in fact survived 

and remained in the same stage until the following census. I then constructed a new 

model corresponding to each of the density class-year combinations using this recast data 

set. 

SIGNIFICANCE TESTING AND CONFIDENCE INTERVALS 

To determine if the fate of C. ZyalZii individuals of a given stage differed among plot 

groups and years, I conducted three separate loglinear analyses, one each for plots 

grouped by population, microsite, and plant density. For each four-way contingency table 

I used either actual count data (i.e., the number of individuals observed making the 

transition from state j to fate i) or, in the case of transitions into and out of dormancy, 

estimates of counts derived from post-hoc adjustments to the mortality rate (see Appendix 

3.1). Death was included as a fate category. Models including and excluding time and/or 

plot effects were then ranked according to the Akaike information criterion (AX; Akaike 

1973, Burnham and Anderson 1998), as suggested by Caswell(2001). Relative A X  

values, scaled so that AIC for the saturated model was zero, were computed as AIC = G~ - 

2 ( 4 .  

Because there is no general method for obtaining the distribution of h and other 

demographic statistics in terms of the av, I used a bootstrap resampling procedure in 

conjunction with the percentile method (Efron and Tibshirani 1993, Caswell2001) to 

construct nonparametric confidence limits on h, elasticities, w, and v. Calculations were 

carried out in MATLAB using a bootstrap sample size of 3000. When bootstrapping 

demographic data, it is important that the model used to generate the bootstrap sample 

reflect as closely as possible the sampling scheme employed in the field (McPeek and 

Kalisz 1993, Efion and Tibshirani 1993). Because I estimated stage transitions by 
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observing different sets of individuals in a variety of plot arrangements, the appropriate 

resampling unit for the bootstrap procedure was a single demographic plot from a group 

of plots (population, microsite type, or density class). Each bootstrap sample contained 

the same number of plots as the original data set, with the plots selected randomly with 

replacement from the original set of plots. For each of the 3000 bootstrap samples, a 

separate stage-classified matrix was generated as for the original data. Eigenanalyses of 

each new projection matrix thus obtained yielded a set of bootstrap values that was then 

used to estimate the distribution, and from this distribution the upper and lower 95% 

confidence limits, of h and other demographic properties calculated from the projection 

matrix. 

While bootstrap tests are usehl for testing the hypothesis that h equals some 

specified value (e.g., 1.0), they cannot be used to compare h among treatments (Caswell 

2001). To test the statistical significance of differences in h among plot groups, I used 

nonparametric randomisation tests (Manley 1991; see Brault and Caswell [I9931 and 

Levin et al. [I9961 for demographic applications, and Caswell [2001] for a review of the 

method). As in the bootstrap test, the resampling units were entire plots. As test statistics 

I used the standard deviations SD(X), SD(w), and SD(v). Nine separate randomisation 

tests were carried out, one for each combination of year (1997-98, 1998-99, 1999-00) x 

plot type. Because some elements of the 1996-97 matrices consisted of pooled data, these 

matrices were excluded. For each test, I used a random sample of 2000 permutations (see 

Appendix 3.1 for details). Each test was carried out as a single routine in MATLAB. 

LIFE TABLE RESPONSE EXPERIMENT (LTRE) ANALYSIS 

Spatial variance in h was decomposed into contributions from the variances in, and 

covariances among, each of the stage-specific vital rates using the methods of Brault and 

Caswell(1993) and Horvitz et al. (1997). The contribution of any one matrix element to 

the variance in h is a direct fbnction of the sensitivity of h to that entry and the variability 

of the entry. Let C(ij, kZ) denote the covariance of aii and akl. The variance in h among 

treatments, V(h), is then given by 
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where sii and ski are the sensitivities of the mean matrix. Each of the terms in this 

summation is the contribution made by the covariance between one pair of vital rates to 

V(h). As the contributions are additive, summing across the rows (or columns) of the 

resulting contribution matrix gives a measure of the total contribution to V(h) made by 

each of the ai, after all variances and covariances, both negative and positive, are taken 

into account (Horvitz et al. 1997). 

These calculations were repeated three times, once for each set of plot groupings. 

To average out temporal heterogeneity whilst preserving the differences among plots, I 

substituted the mean annual matrix from each plot group in place of the four yearly 

matrices. Analyses were thus applied to a set of three transition matrices in the case of 

the population grouping, and to sets of four matrices in the case of the microsite and 

density groupings. 

Once the vital rates that contribute most to the spatial variability of h have been 

identified, the next step is to identify the source of the vital rate variation. For this 

analysis, I relied on the 10 soil/cover parameters used to distinguish microsite types (see 

FIELD SAMPLING) to provide an approximation of some of the environmental differences 

that might influence C. lyallii at the plot level. First, for each of the 95 demographic plots 

sampled, four separate transition matrices were computed fiom the annual census data 

from that plot. These matrices were then averaged, yielding 95 individual mean estimates 

(hereafier referred to as plot estimates) of each vital rate that could then be compared 

against the 10 microsite variables. Only those transitions making a substantial net 

contribution (positive or negative) to V(h) were considered. To avoid compounding 

estimation error, I excluded from this analysis any entries from 1996-97 that were 

themselves averages of other estimates (i.e., all entries corresponding to the survival and 

growth of seedlings, small juveniles, and dormants). Correlations (n = 95) between 

matrix parameters and microsite variables were estimated with Spearman rank correlation 

coefficients because some of the variables were scored with categorical values and most 

data were not normally distributed. 
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Results 
HABITAT-ABUNDANCE RELATIONSHE'S 

Each of the measured microhabitat variables differed significantly among the three 

C. lyallii sites (Kruskal-Wallis, H 2 6.47, P < 0.05; Table 3.3). The soil at ES was 

rockier, drier, more exposed, and shallower than that at either NS or WS. WS had the 

highest litter cover, litter depth, vascular plant cover, soil moisture, and soil depth, and 

the lowest bryophyte cover. Microsite conditions at NS were generally intermediate 

between those at the other two sites (Table 3.3). 

At ES, transect plots with seedlings present had significantly more plant cover, 

deeper soil, and more soil moisture than plots that lacked seedlings. At both ES and WS, 

plots containing seedlings had more plant litter and less rock cover than those without 

seedlings. Among the variables measured, only one was strongly associated with 

seedling presence at all three sites: density of adult C. lyallii plants was consistently much 

greater in plots with seedlings (Fig. 3.3). 

Seeds buried in nylon mesh bags in the fall exhibited 36 - 100% germination (mean 

germination rate = 0.75 rt 0.20, n = 12) by the following spring. Bags buried 

underground for a second year showed no additional germination of the remaining seeds. 

Consequently, it was assumed that all seedlings appearing in the demographic plots came 

from seed produced during the preceding year (i.e., there was no seed dormancy). 

TRANSITION PROBABILITIES 

Although transition probabilities varied among years and plot groups, general 

patterns are evident (average transition matrices are shown in Table 3.4; annual matrices 

are presented in Appendix 3.2). Mortality was high for seedlings, around 50%, but 

decreased rapidly in all later stages, usually remaining below 15%. Juveniles and adults, 

despite their differences in size, exhibited similar mortality rates, as did flowering and 

vegetative genets. However, among flowering plants fecundity was strongly size- 
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Table 3.3 Mean ( S D )  of habitat variables at the.3 study sites (NS, ES, and WS), based 
on the 50 transect plots at each site. Differences among the sites are evaluated with the 
Kruskal-Wallis rank sum test. H: Kruskal-Wallis statistic. Significance determined by 
chi-squared approximation. 

Site 
- -- 

Habitat variable NS ES WS H 

relative soil moisture*" 

%moss cover* 

%rock cover- 

soil depth (cm)* 

slope (degrees)* 

relative aspect" 

%bare soilw* 

%litter cover"* 

litter depth (cm)"* 

%total veg. cover* 
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Site 
NS ES WS 

Site 

Figure 3.3 Mean values for microhabitat characteristics in transect plots with seedlings 
(filled bars) vs. plots without seedlings (stippled bars), at three locations on Black Mt. 
The relative density of mature C. lyalii individuals is also shown. Comparisons made by 
Mann-Whitney U test. Values directly above bars are the sample size n. Results of tests 
involving litter depth, % cryptograrnmic cover, slope, and aspect were not significant and 
are not displayed. 
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dependent: plants with larger leaves tended to produce more flower buds in the spring (r = 

0.71, P < 0.001), which in turn were more likely to mature into fruit and release seed. 

Fecundity values for all reproductive stages were highest in 1996-97 and 1998-99, and 

lowest in 1997-98 and 1999-00. Although highly variable, the overall rate of recruitment 

was low, averaging fewer than 1 seedling per flowering individual per year. 

Although plants were capable of undergoing drastic size changes (both decreases 

and increases) from one year to the next, most transitions were between adjacent size 

classes (Appendix 3.2). The largest transition probabilities were for stasis in the juvenile 

phase (J2 and J3), reflecting the many years it takes C. ZyaIIii to grow from a seedling to 

reproductive maturity (out of the 687 seedlings initially tallied in 1997, none had 

progressed beyond stage J2 by 2000, the final year of the study). In contrast, transitions 

between different flowering classes, and between vegetative and reproductive states, were 

common. In 'good' years (i.e., years with positive A), reproductive plants tended to 

remain reproductive, and plants that were previously vegetative often flowered. In 'poor' 

years, the opposite trend occurred: vegetative plants tended to remain in the same class, 

whereas plants that had previously flowered often failed to do so. 

For all plot groupings (i.e., population, microsite, and density), the effects of time 

and plot group on fate were both significant, although their interaction was not (Table 

3.5). The effect of time was particularly evident (P < 0.0001), whether it was evaluated 

against a background excluding or including plot group. Although AG' within years was 

significant, the relative AIC values clearly identify the model STL,STF, which includes 

time but excludes plot group, as the most parsimonious model in all cases (Table 3 S). 

The contribution of each stage class to the overall time effect is obtained by 

decomposing the three-way S x F x T table into separate F x T tables, one for each initial 

state (Caswell2001) (Table 3.6).  Demographic fate differed significantly with time in all 

stage class-treatment combinations but one (DV, microsite). Relative to the null model 

TL,F (independence of fate and time), models containing the time effect also produced 

low relative AIC values. Exceptions were stage DJ for population and for density, which 

were more efficiently explained by the null model, and stage DV, which yielded large 

(and hence non-significant) AIC values for all three plot groupings (Table 3.6). 
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POPULATION PROJECTIONS 

Projected population growth rates varied considerably among year-plot group 

combinations, with h ranging from 0.893 to 1.074 for the 12 population matrices, from 

0.874 to 1.290 for the 16 microsite matrices, and from 0.842 to 1.146 for the 16 density 

class matrices (Fig. 3.4; Appendix 3.3). Projected growth rates across all treatments were 

highest in 1996-97 and 1998-99 and lowest in 1997-98 and 1999-00. Annual variation 

among plots appeared periodic, with 'good' years (h >1) generally followed by 'poor' 

years (h <I) and vice versa, although h-values for several of the matrices were 

statistically indistinguishable from 1. In general, there was more variation among years 

than among plot groups within a year. 

Among the three populations, WS showed the most frequent positive growth, with a 

h-value significantly >1 in 1996-97 and 1998-99, significantly <1 in 1997-98, and not 

different from 1 in 1999-00. Site NS, with the largest C. lyallii population, showed the 

greatest year-to-year fluctuations, with growth projected for 1998-99 and declines 

projected for both 1997-98 and 1999-00. Among the four microsite types (Fig. 3.  I), only 

A (low plant cover and deep soil), C (high plant cover and rocky soil), and D (high 

plant/litter cover and deep soil) produced h -values significantly >1 on one or more 

occasions; confidence intervals for microsite B (low plant cover and rocky soil) either 

overlapped the equilibrium point or fell below it. The large positive h of plots in 

microsite A in 1998-99 was due primarily to a large flush of new recruits during this 

period. The relatively large uncertainty in this estimate is because most of the recruited 

plants occurred in only a few of the plots within microsite A. Thus variability among 

random samples of plots from this data set was high for fecundity terms, resulting in 

bootstrap estimates with a larger than average deviance. Among density classes, low 

density plots tended to show lower h than high density plots in all years. The lower 95% 

confidence limit for the low density class did not exceed 1 at any time, whereas for the 

high density plots h significantly exceeded 1 in three out of four transitions. Only plots 

belonging to the medium-high and high density classes had h >1 for 1996-97, whereas 
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Figure 3.4 Estimates of A, the projected population growth rate of C. IyaIIii, for different 
plot groups and years, and the 95% bias-corrected bootstrap confidence intervals of those 
estimates. Also shown are A-values derived from the mean annual matrices. Rates of 
increase were estimated as the dominant eigenvalue of an 1 1-stage matrix model for each 
of 3 populations (a), 4 microsite types (b), and 4 density classes (c). 
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only the high density class yielded a h significantly above 1 for both of the last two 

transitions. 

Contrary to expectations, predation on bulbs had a greater effect on h in low than in 

high density plots (Fig. 3.5). When predation pressure was removed, low density plots 

were more likely than high density plots to show an increase in h, which reduced the 

apparent disparity in h between low and high density plots (Fig. 3 S). 

Randomisation tests of population, microsite, and density effects on h indicated that 

significant variation in h occurred only for microsite differences in 1998-99 (Table 3.7). 

Fig. 3.6b shows the distribution, obtained by randomly permuting plots among microsite 

types, of the inter-microsite standard deviation of 3L in 1998-99. The observed deviance, 

SD(h)obs, is 0.1425; such large differences occur <1% of the time under the null 

hypothesis of no microsite effect. In all other treatment-year combinations, SD(3L)Obs was 

not significantly greater than that expected under the null hypothesis of random 

assortment of plots among groups (Fig. 3.6; Table 3.7), and therefore the null hypothesis 

could not be rejected. 

POPULATION STRUCTURE AND STABLE STAGE DISTRTBUTIONS 

The size structure of the population, as it existed in 2000, reflects clearly the 

capacity of this species to recruit successfblly from seedlings (Fig. 3.7). The two juvenile 

classes (J1 and J2) dominate, together comprising 37-50% of established (i.e., post- 

seedling) plants. A second peak, corresponding to adult flowering plants (classes R2 to 

R4) and composed primarily of individuals in Class R3, comprises 21-32% of established 

plants. In contrast, vegetative adults (stage V) represent only 5-10% of established 

individuals in each plot group. A slightly greater percentage (6-14%) of all individuals 

occur as dormant bulbs, the majority of which are in the juvenile size class. 

In all plot groups analysed, the population structure in 2000, the final census year, 

corresponded quite closely to the stable stage distribution from the mean annual matrix 

for that treatment (Fig. 3.7), with A values ranging from 0.078 (density class D) to 0.159 

(microsite B). Overall, the correspondence between the actual and projected stable stage 

distribution was greatest (i.e., lowest A) for plots arranged according to plant density, 
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Figure 3.5 Population growth rate h at different average adult plant densities in the 
presence and absence of predation (bulbivory) from pocket gophers, in four different 
transitions. Shown are the observed &-values, and the h obtained from the corresponding 
transition matrix after the mortality due to bulbivory is excluded from the model. See 
Table 1 for density class definitions. Years: 1996-97 (circles), 1997-98 (triangles), 1998- 
99 (squares), 1999-00 (diamonds). 
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Table 3.7 Standard deviations (SD) of h for different plot groups and years, and the 
probability P that a deviation of that magnitude would be observed by chance. For 
permutation tests plots were randomly assigned among populations, microsite types, or 
density classes. n = 2000 permutations per test. 

Observation 
level Year SD (CI~S) P 

Population 
1997-98 0.0171 0.81 51 
1998-99 0.0475 0.1 584 
1999-00 0.0581 0.0880 

Microsite 
1997-98 0.01 80 0.91 75 
1998-99 0.1425 < 0.001 
1999-00 0.0300 0.6827 

Density class 
1997-98 0.0302 0.7156 
1998-99 0.0487 0.3173 
1999-00 0.0304 0.7226 
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Standard deviation of 3L 

Figure 3.6 Randomisation distributions of SD(h), the standard deviation of population 
growth rate, h, among plot groups representing different populations (a), different 
microsite types (a), and patches of differing intraspecific density (c), under the null 
hypothesis of no plot group effect. The arrows indicate the observed SD(h). 
Distributions are based on 2000 random permutations of demographic data for 1998-99, 
the only year in which any significant difference was observed. 
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lowest for plots grouped by microsite type, and intermediate for entire populations. 

Nevertheless, the relative stability of these populations, regardless of how they were 

divided up, implies that the population projection results provide a reasonably accurate 

measure of current population trends. 

Randomisation tests showed that the projected relative frequency of large juveniles 

(J2) varied significantly among populations in 1997-98 (P[SD(v) 2 SD(V),~, I H,] = 

0.0265) and 1998-99 (P = 0.0400), whereas the relative frequency of small dormants (DJ) 

varied significantly across sites in 1999-00 (P = 0.0470). In contrast, environmental 

conditions at the microsite level significantly affected the projected frequencies of 

seedlings and small reproductives (R2) (P = 0.0005 and 0.0230, respectively) in 1998-99, 

and the projected frequency of large flowering adults in 1999-00 (P = 0.001 5). Plant 

density, on the other hand, had little discernible effect on stable population structure. An 

exception occurred in 1999-00, when high density plots appeared to have a higher 

proportion of two-flowered individuals (R2) than low density plots (P = 0.01 15). 

REPRODUCTIVE VALUES 

Reproductive values were generally highest for large reproductives (stage class R4) 

and lowest for seedlings (Appendix 3.2, last column). Few differences in stage-specific 

reproductive values occurred among populations, as indicated by randomisation tests. 

Exceptions were small juveniles, which showed a higher reproductive value relative to 

seedlings at ES than at NS and WS in 1997-98 (P[SD(v) 2 SD(v),b, I H,] = 0.012); and 

small dormants, which had a higher relative value at ES 1998-99 (P = 0.043). In contrast, 

there were numerous differences in stage-specific reproductive values among microsite 

types. Measured relative to the reproductive value of seedlings (which does not vary) , 

values of stage class J1 in 1997-98; classes J2, R1-R4, V, and DR in 1998-99; and classes 

R1-R3, V, and DR-DV in 1999-00 all varied significantly (P < 0.05) among microsites. 

The most pronounced difference occurred in 1998-99, when a flush of recruits into 

microsite A resulted in unusually large reproductive values for all four classes of 

flowering plants, as well as for other established individuals. Permutations of plots 

among density classes, on the other hand, yielded no significant results; the density of C. 
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Zyallii adults within a plot appeared to have little effect on the reproductive values of 

individuals within the plot. 

LTRE ANALYSIS 

Although projected growth rates differed little among populations, microsites, or 

density classes, it is still pertinent to ask how these differences are produced (Brault and 

Caswell 1993). The LTREs decompose the observed variance in h, V(h), into 

contributions from variances in, and covariances among, each of the matrix entries. 

Variance in a17 (fecundity of large reproductives) dominated the variance- 

covariance matrices for all three plot groupings, and contributed overwhelmingly to V(h) 

among microsites (Fig. 3.8). Although variance in this entry also made the largest 

contribution to V(h) among populations, variance in a32 (growth of small juveniles), and 

covariance between a32 and a17, contributed almost as much to the effect on h. Among 

density classes, the largest contributions to V(h) came from variances in as9 (transition 

from dormant to reproductive state), a22  (survival of small juveniles), and a32 (growth of 

small juveniles). 

Among populations, the largest net contributions to V(h), once individual 

contributions for all the covariances (and variances) involving each rate are summed, 

come from a21 and a32 (growth of seedlings and small juveniles), and from a74 (rapid 

growth of pre-reproductives) (Fig. 3.9a). The transition from vegetative to reproductive 

state (~78) and the re-emergence of small dormants as vegetative adults (as3) also make 

substantial net contributions to V(h). The largest negative net contributions to V(X) come 

from a 9 2  (small juveniles entering dormancy) and from a33 (stasis of large juveniles). 

In contrast, differences among microsites are due almost entirely to covariances 

involving the fecundity of large reproductives, whereas seedling survival contributes little 

to V(h) (Fig. 3.9b). Notable negative contributions are made by prolonged juvenile 

dormancy (~99) and large juveniles entering dormancy (ag3). 

Among density classes, the largest positive net contributions to V(h) come from 

stasis of small juveniles (a22), followed by vegetative stasis (as8) and rapid growth of pre- 

reproductives (~74) (Fig. 3 .9~) .  Covariances involving the transition from reproductive to 
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Figure 3.8 Left: Surface plot of the covariances of the matrix elements aii and a~ among 
populations (a), microsites (b), and density classes (c), where aii and akl  are the mean 
matrix values calculated over four annual transitions (1996-00). Variances appear on the 
diagonal; off-diagonal entries are covariances. Important peaks are identified by letter. A 
= the variance in a17 (R4 fecundity); B = the variance in a15 (R2 fecundity); C = the 
covariance between R2 and R4 fecundity. Right: The contributions of the covariances to 
the variance in h, where h is the dominant eigenvalue of the mean projection matrix. 
Important peaks are identified by letter. A = the variance in R4 fecundity; D = the 
variance in J1 growth; E = the covariance between R4 fecundity and J1 growth; F = the 
covariance between R4 fecundity and a39 (emergence of small dormants); G = the 
variance in a59 (emergence of Dl  as flowering plants); H = the variance in J1 stasis. 
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x I 0-4 

i -7 

0 11 22 33 44 55 66 77 88 99 110 121 

Matrix entry 

Figure 3.9 The net contribution of the matrix entry av to the variance V(h) among a) 
populations, b) microsites, and c) density classes, obtained by summing over the variance 
contributions in Figure 10. The 12 1 entries of the 1 1 x 1 1 matrix are arranged in column 
order: fates of seedlings (all,. . .,a1 ll), fates of small juveniles ( ~ 1 2 , .  . . ,all2), etc. Matrix 
subscripts are indicated for the most conspicuous peaks. 



vegetative state (ass) and large reproductive fecundity also make substantial positive 

contributions, while growth of small juveniles actually makes a net negative contribution 

to V(1). Also acting to reduce differences among density classes are covariances 

involving fecundity and growth of medium-sized reproductives (a16 and a7s). 

Of the 19 top-contributing matrix entries identified by the LTRE analysis, those 

corresponding to growth and survival of seedlings and juvenile plants showed the closest 

correlation with microsite conditions (Table 3.8). Fecundity of large reproductives, one 

of the main contributors to V(h), was significantly correlated with only two variables: soil 

depth (positive) and percent rock cover (negative). Seedling survival was positively 

correlated with soil depth and with both vascular and non-vascular plant cover, and 

negatively correlated with both percent bare soil and percent rock cover. Values for small 

juvenile growth (a32) and large juvenile dormancy, survival and growth (ag2, a33, and as3) 

were positively correlated with soil depth and negatively correlated with percent bare soil. 

Survival rates of juveniles also tended to increase with increasing plant cover. There was 

a positive association between soil moisture and the probability of regressing from a 

flowering to a vegetative state. Two habitat variables, slope inclination and litter depth, 

showed no significant relationships (Table 3.8). 

ELASTICITY ANALYSIS 

The elasticity matrices for each plot group-year combination are presented in 

Appendix 3.4. In general, the elasticity of fecundity elements was low; survival and 

growth of young/small individuals and stasis of large reproductives tended to make larger 

proportional contributions to h. Nevertheless, elasticity patterns varied among matrices, 

with no single transition dominating. Depending on plot group and transition period, the 

matrix entry with the highest elasticity was either a 2 1  (seedling survival), a 2 2  (stasis of 

small juveniles), a33 (stasis of large juveniles), a77 (stasis of large reproductives), a88 

(stasis of vegetative adults), a99 (stasis of small dormants), or all11 (stasis of large 

dormants). Most of these peaks occurred in 1997-98 (Appendix 3.4), when h was 

negative for all plot groups. Randomisation tests showed that, within this transition 
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period, individual elasticities were more likely to vary significantly among populations 

than among microsite types or density classes (results not shown). 

The combined elasticities for individual stage classes were compared by summing 

down the columns of elasticity matrices associated with the mean annual transition matrix 

for each plot group (Fig. 3.10). The distribution of elasticities across stages was the same 

for all plot groups, regardless of the data set being analysed (2 i 14.5, df = 20-30, P 2 

0.99). Interestingly, elasticity patterns closely resembled the predicted stable stage 

distributions (Fig. 3.7), with one peak composed of the summed elasticities of large 

juveniles and a second, smaller peak corresponding to the summed elasticities of large 

adults. In fact, the two patterns were statistically indistinguishable for every plot group 

(x2 f l6 .4 ,  df = 10, P 2 0.09). 

Discussion 
VARIATION IN TRANSITION MATRICES AND IN h 

The comparison of transition matrices from three populations, four microsite types, 

four density classes, and three transition periods (1997-00) showed that effects of year 

outweighed either location or density in determining demographic vital rates. The 

relative lack of demographic differentiation at either the inter- or intra-population level is 

reflected in the similar h-values within years among plot groups; the only significant 

difference in h was among microsites in 1998-99, when h ranged from 0.9782 to 1.2896 

(Table 3.6). Variation in h among populations and density classes was never significantly 

greater than would be expected on the basis of the null hypothesis. These results suggest 

that factors operating at the regional level (e.g., climate) influence population dynamics 

more than local factors. This is consistent with results of Bengtsson (1993), who detected 

a significant effect of year but no effect of site on the demographic fate of Fumana 

procumbens. However, it is in contrast to findings for several other perennial herbs (Silva 

et al. 1991, Oosterrneijer 1996, Kephart and Paladino 1997, Valverde and Silvertown 

1998, Nantel and Gagnon 1999). In these cases, spatial variation in growth or survival 

was often attributable to changes in the environment brought about by natural succession 
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Figure 3.10 Summed elasticities, by stage, corresponding to the mean annual matrix for 
each of 3 populations (a), 4 microsite types (b), and 4 density classes (c). 



or human disturbance, factors that may not have been important at the temporal and 

spatial scales considered in this study. 

Although the spatial variation in h was not statistically significant in most cases, 

there were important qualitative differences among plot groups in the sign and direction 

of annual growth trajectories. For example, the population at site NS had the greatest 

frequency of transition intervals with h significantly <I,  whereas site WS had the greatest 

frequency of transition intervals with h significantly >1. A potential location x year 

interaction was also evident when plots were grouped according to microsite 

characteristics, with microsite A (open, deep soils) and C (high plant cover, shallow soils) 

both showing positive hs in 2 out of four intervals, and microsite B (exposed, rocky 

ground) failing to have a h significantly >1 in any interval. Among density classes, high- 

density plots were more likely to have positive population growth rates than low-density 

plots. In a stable environment, the difference between h <1 and h >1 represents the 

difference between exponential decline and exponential growth; hence, any change in the 

direction of h will by definition have a major impact on population trajectories. These 

results suggest that C. lyallii dynamics may be sensitive to environmental heterogeneity at 

the'levels of organisation examined here, even if absolute differences in h are small. It is 

thus relevant to enquire how that variation was produced, and to what extent the factors 

contributing to differences in h are scale-dependent. 

Among populations, the largest contribution to the variance in h (dominant 

eigenvalue of the mean matrix) came from variance in the fecundity of large reproductive 

plants. This resulted from a combination of the sensitivity of h to fecundity and the 

amount of variation in fecundity. However, this entry made only a small net contribution 

to V(h), because positive and negative covariances tended to cancel out. The largest net 

contributions came instead from covariances involving growth of small plants and the 

progression from a non-reproductive to a reproductive state. 

In contrast, the variance in h among microsites was overwhelmingly due to variance 

in fecundity. On average, large reproductives in microsite A produced over twice the 

number of recruits per capita as similarly-sized individuals in microsite B. Microsite C 

and microsite D (high litter cover and deep soil) showed intermediate values for this term. 
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Although population growth rate was more sensitive to other parameters, particularly the 

rapid growth of large juveniles, no other parameter varied as much among microsites. 

Variation in this rate may also help to account for the difference in sign in average growth 

rates between microsites A and B. Because fecundity terms are themselves fknctions of 

both seed production (i.e., fertility) and post-dispersal seed survival and germination, 

hrther attempts to explain the variation in h at this scale should probably focus on factors 

affecting these lower-level parameters. Given the high germination rates observed for 

seeds inside buried seed packets, this low recruitment rate cannot be ascribed to poor seed 

germinability. Rather, seed set, availability of safe sites, and rates of seed loss to post- 

dispersal predation likely combine to determine differential success of C. lyallii at the 

local microsite scale. 

A somewhat different pattern emerges from the variance decomposition analysis of 

patches grouped by density. In this case, variance in h was due largely to covariances 

involving vegetative stasis; variance in fecundity actually made a negative contribution to 

V(h). Although I could not distinguish between density-specific effects and effects 

stemming directly from differences in patch quality, this result is consistent with 

expectations if density-dependent fecundity were acting to regulate population growth. 

At the least, population and patch effects on h appear to be mediated by different sets of 

vital rates. My results emphasise that widely different demographic results can be 

obtained depending on the organisational scale examined, and therefore that attempts to 

infer regional patterns from local processes and vice versa may produce erroneous results, 

This conclusion differs somewhat from that of Watkinson et al. (2000), who 

analysed the population dynamics of the annual grass Vulpia ciliata at different scales 

ranging from the regional population down to small (10 x 10 cm) subplots. They found 

that the most salient features of dynamics at the regional scale (the persistence and very 

small spatial size of individual populations) could be explained by processes operating at 

much smaller scales (Watkinson et al. 2000). In that system, population growth was 

strongly regulated by density-dependent seedling recruitment and hs within patches were 

consistently low, which, in combination with restricted seed dispersal, was sufficient to 

account for the limited spatial extent of populations at the regional scale (Watkinson et al. 

2000). A similar combination of low As and restricted dispersal may also help explain the 
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relatively small areas of most C. ZyaZZii populations on Black Mt. (generally much <1 

hectare). Indeed, there is growing evidence that seed dispersal limits recruitment in many 

grassland species (Primack and Miao 1992, Eriksson and Jacobsson 1998). 

VARIATION IN STABLE STAGE DISTRIBUTIONS 

As with h, variation in the projected stable stage distribution reflects variation in the 

vital rates and is an important aspect of a plant's overall response to environmental 

heterogeneity (Valverde and Silvertown 1998). Together with the stage-specific 

reproductive values, the stable stage distribution is also one of the components 

determining the sensitivities and elasticities; as a stage increases in stable frequency, so 

does the sensitivity of h to transitions that affect the number of individuals entering and 

remaining in that stage. I found that the stable stage distribution varied with both 

population and patch, and that the pattern, and sometimes the direction, of variation 

differed from year to year, suggesting a temporal interaction as well. Among populations, 

stable stage frequencies varied most in the expected proportion of smaller established 

individuals, in particular juveniles and small dormants. With the exception of 1997-98, 

when the pattern was reversed, these stages made up a greater proportion of the 

population at the relatively cool, moist site NS than in the drier, rockier conditions at site 

ES. The differences in population structure among sites indicate that vital rates are 

affected by processes occurring at the landscape level, even if these effects do not 

necessarily lead to large changes in h. Different C. ZyaZZii populations could be 

converging on similar hs through different combinations of life history events. Thus, 

persistence of the population on the east slope of Black Mt. may rely more on the survival 

of older, established individuals, whereas persistence in other locations may be more 

closely tied to high juvenile survival. 

In contrast, differences in the stable stage distribution at the microsite level were 

mostly due to differences in the relative frequencies of reproductive adults and seedlings, 

especially during the 1998-99 transition. In that year the proportion of seedlings 

projected for microsite A (37%) far exceeded that of any other microsite type. This plot 

group x year combination also had the highest projected h (1.2896) out of all the 
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treatments. The sudden flush of recruits into these plots could reflect an actual difference 

in patch quality relative to other microsites, or could be due to chance. Nevertheless, the 

strong positive correlation between the projected frequency of seedlings for a given 

microsite-year combination and h for that year (r2 = 0.92, P < 0.0001, n = 16) suggests 

that population structure in C. Zyallii could serve as a rough gauge of local population 

growth in cases where more detailed demographic data are lacking. For example, a 

known relationship between seedling frequency and h could be used to make an initial, 

rapid assessment of relative population potential in previously unstudied sites or habitat 

patches from just a single census of C. Zyallii individuals taken in the spring-provided 

the population of concern was at or near its stable stage distribution at the time of 

censusing. 

Although truly stable populations rarely occur in the wild, the relatively modest 

differences in this study between the stable distributions generated by the mean matrices 

(1996-2000) and the actual observed distributions in 2000 imply that, overall, vital rates 

during this period were similar to those that have operated over time to produce the 

current distributions. Keyfitz's A, which estimates the distance or dissimilarity between 

the two population vectors, was largest when plots were grouped according to microsite 

(0.145) and smallest when grouped by density (0.106). Values of A were substantially 

lower for C. ZyaZlii than for three of the four Calochortus species studied by Fiedler 

(1987) in California, and were within the range of values reported by Fredricks (1992) for 

the two Oregon endemics C. umpquaensis and C. coxii. The low A values are somewhat 

surprising given the severe scorching incurred by all three C. Zyallii sites only two years 

prior to the commencement of the study. It suggests either that (a) the fire had negligible 

physical impact on individual plants (a reasonable hypothesis given that the plants had 

already become dormant for the season when the fire occurred); or (b) that the time 

required for convergence to a stable distribution following fire is relatively short. The 

first alternative invokes the concept of resistance, the second, that of resilience (Pimm 

1991). In Chapter 4, I explore these concepts hrther in the context of a comparative 

demographic study between C. Zyallii and a sympatric congener, C. macrocarpus. 
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PROLONGED BULB DORMANCY 

In all three retrospective analyses, the summed contributions of regression into, and 

stasis via, dormancy were negative, indicating that the patterns of variability relative to 

this life stage generally acted to reduce the variability of A. In other words, the 

probability of becoming and/or remaining dormant declined with increasing 

environmental favourability. This effect was especially strong for juveniles. The 

presence of persistent seed banks has been shown to help to ensure the continuation of 

isolated populations in the absence of regular seed production (Cohen 1966, Baskin and 

Baskin 1978, Venable and Lawlor 1980, Brown and Venable 1986, Parker et al. 1989, 

Kadmon and Shmida 1990) or provide a buffer against catastrophic events that affect 

established plants (Kalisz and McPeek 1993, Pavlik et al. 1993). Kalisz and McPeek 

(1992) found that dormant seeds of the annual herb Collinsia verna were patchy in their 

distribution, and that spatial variation in seedbank age structure significantly affected the 

estimates of population dynamics and age structure along different transects within a 

single population. The population-level consequences of prolonged dormancy at later 

stages of the life cycle has received much less study (Chapter 2). Recently, Shefferson et 

al. (2003) found that prolonged dormancy in the rare orchid Cypripedium calceolus 

occurred at a cost to future survival and reproduction, and concluded that dormancy was 

unlikely to be adaptive in C. calceolus except possibly as a bet-hedging strategy under 

catastrophic conditions. My study is one of the first to show quantitatively that 

underground 'bulb banks' could function to offset the effects of a spatially varying 

environment, in a manner similar to that hypothesised for dormant seed banks (Kalisz and 

McPeek 1992). This result lends support to the idea that an important source of 

persistence for many plants is the buffering provided by the spatial structure within 

populations (Watkinson et al. 2000). 

The factors leading to non-emergence in C. Zyallii are unclear, although there is 

indirect evidence that it may be linked to weather patterns or to soil moisture content 

(Chapter 2). For geophytes such as C. lyallii that lack a persistent seedbank and have 

restricted seed dispersal, delaying emergence aboveground until conditions are suitable 

for growth and reproduction could provide an alternative means of sampling the 

environment in space and in time (sensu Venable and Lawlor 1980). Analytical models 
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show that, for any population, extinction probability increases as h decreases and as the 

variance of h or of population number with time increases (Lande 1993). Any trait that 

helps to maximise h or reduce V(h) should thus be favoured by selection. In the case of 

bulb dormancy, a trade-off could be expected between the benefits accruing from 

avoiding emergence during adverse years and the cost incurred from sacrificing current 

growth and reproduction. As with the seedbank in a temporally varying environment 

(Cohen 1966), the exact dormancy rate that maximises fitness would presumably be 

determined by the probability of occurrence of different suites of environmental 

conditions and the h realised from emergence under each set of conditions. 

HABITAT RELATIONSHIPS 

The LTRE analyses identify the vital rates that contribute most to the observed 

variability of h; however, they do not indicate what environmental factors caused the 

rates themselves to vary. Generating hypotheses about the latter is the logical next stage 

of demographic diagnosis (Caswell2001). Separate analysis of transition probabilities 

for individual 0.25 x 0.25 m2 plots showed that microsite conditions had a significant 

influence on several 'key' life history transitions (e.g., seedling and juvenile survivorship 

and growth), but only a weak association with others ( e g ,  adult survival and flowering). 

The most marked relationships were a consistent positive correlation of soil depth and a 

consistent negative correlation of the amount of bare soil with survivorshiplgrowth during 

the earliest life stages. 

Because my analysis does not account for partial correlations or for possible spatial 

autocorrelations among variables that may exist when samples are spatially constrained 

(Thomson et al. 1996), these relationships need to be interpreted cautiously. However, 

they do point towards two interesting possibilities. First, local differences in h (where 

these exist) may be more likely to be mediated by fine-scale differences in soil substrate 

than by other microsite characteristics such as slope, aspect, and litter depth. Secondly, 

soil depth and exposure may affect C. Zyallii demography mainly through their effects on 

the very earliest life stage transitions, i.e., those relating to recruitment and establishment. 

In contrast, later stages are relatively insensitive to fine-scale differences in 
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microenvironmental conditions. This is probably because the bulbs of older individuals 

are deeper in the ground and hence less likely to be affected by physical conditions at or 

near the soil surface. Even on rocky substrates bearing many C. ZyaZZii individuals, I 

found that bulbs of large plants were usually restricted to deep soil pockets or to crevices 

in the bedrock. From a management perspective, such individuals would be poor choices 

for use in bioassays relying on general edaphic characteristics alone to provide 

demographically relevant measures of habitat suitability (such as one might wish to have 

before embarking on population enhancements or reintroductions). Instead, these results 

indicate that more usefbl information could be obtained by focusing on investigations of 

the factors causing spatial patchiness in seedling and juvenile abundance and 

survivorship. 

The significant positive correlation I observed between recruitment rate, a17, and 

soil depth is consistent with the picture of recruitment safe sites that emerges from 

directly comparing cover plots containing seedlings with those lacking seedlings. In that 

case, however, there were significant differences in soil depth, soil moisture, and percent 

bare soil between the two 'types' of plots at site ES but not at NS or WS, indicating the 

presence of a patch x site interaction. Such a result might be expected if overall habitat 

conditions at one of the locations were more marginal, rendering recruitment at that 

location more sensitive to minor variations in local substrate quality. Site ES, on the east 

slope of Black Mt., appears to present a generally more hostile environment to C. QaZZii 

seeds and seedlings than does either NS, on the north slope, or WS, on the west slope. 

Not only is the soil shallower than that at either of the other two locations, it is also 

significantly rockier, drier and more exposed (Table 3.3), features that might have little 

effect on established plants but that could contribute to the premature desiccation of 

seedlings as well as increase vulnerability to seed predators. These factors could also 

help to account for the slightly reduced stage-specific fecundity rates I observed at site ES 

compared to either NS or WS. Furthermore, once germination occurred, seedlings at ES 

had a lower average annual survival through the first year (p = 0.49) than seedlings at 

either NS (p = 0.52) or WS (p = 0.58). The importance of favourable microsites for seed 

germination and seedling establishment is well established (e.g., Harper 1977, Fowler 

1988, Aguiar and Sala 1997). In a study of rare Calochortus species from southern 
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Oregon (Fredricks 1992), seedlings of both C. umpquaensis and C. coxii were found to be 

more likely to establish on mossy microsites or on litter than on bare soil, suggesting that 

exposure is a major factor contributing to early mortality in this genus in general. 

Of course, the occurrence of a positive correlation of seedling density with soil 

depth is not proof of causation; the association could actually be a spurious one driven by 

some other spatial process. Thompson et al. (1996) proposed that an apparent negative 

correlation between flowering and soil moisture in Erythronium grandzflorum was 

spurious and that the apparent 'preference' of E. grandz~orum for drier sites was not 

related to drynessper se but was driven by patchiness in gopher predation, which was 

explained by the rock content of the soil. In the case of C. Zyallii, the only variable 

measured that was consistently associated with seedling presence at all three sites was the 

density of adult conspecifics. This contrasts with the pattern seen in E. grandzflorum, 

which was characterised by a lack of association between the number of flowers initiated 

and the number of seedlings, but is consistent with expectations given the limited seed 

dispersal abilities of these two species. The oRen high density of Calochortus patches in 

the three study sites suggests that safe sites also serve as suitable microhabitats for plants 

in later stages of the life cycle. Alternatively, if recruitment patterns are determined 

primarily by seed availability rather than by seedling establishment, as has been 

demonstrated for some arid and semiarid environments (e.g., Aguiar and Sala 1997), then 

the spatial distribution of seedlings is more likely to reflect local patterns of seed 

production and dispersal than the frequency of safe sites per se. 

ELASTICITY ANALYSIS 

Elasticity is fairly uniformly distributed among life cycle components, with no 

single transition dominating. Juvenile survival made the most consistent contribution to 

population growth, followed by seedling survival and the fecundity and stasis of large 

reproductive plants. The combined fates of dormant plants accounted for c. 10% of 

population growth, which was similar to the total contribution from medium-sized 

reproductive (R2) plants. The most notable deviations from this general pattern occurred 

in 1997-98, when h-values were unusually low. From a management standpoint, the lack 

of concentration of elasticity on any one life cycle event is both comforting and sobering. 
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On the one hand, my results do not indicate any obvious Achilles heel for C. lyallii, such 

that an isolated perturbation to one vital rate or transition would have a strong impact on 

population trajectories. Rather, C. lyallii appears to possess a relatively stable life history 

that may help buffer it from stochastic environmental variation. On the other hand, these 

results also suggest that there is no obvious or easy management strategy likely to yield a 

substantially increased population growth rate for this species, should such a need arise. 

Instead, successfbl management intervention will likely require a focus on preserving and 

enhancing all life cycle processes simultaneously. 

Although there was considerable variation in detail among individual elasticity 

matrices, combined elasticity estimates associated with the mean vital rates were 

qualitatively invariant, regardless of the spatial backdrop against which they were 

evaluated. Thus the strength of selection acting on different life stages appears to be 

similar among habitats at the scales studied here. From the standpoint of management, 

this result suggests that the elasticity projections are robust to differences in habitat 

conditions both within and among sites, once temporal variation is factored out. At the 

same time, it is clear that attention must be paid not only to the elasticity values 

themselves but to the environmental context generating them. Management prescriptions 

based entirely on transition data from a single year or sub-population run the risk of 

targeting inappropriate stages in the life cycle, if the data are not representative of the 

target population as a whole. 

RELEVANCE TO SPATIAL MODELS OF DYNAMICS 

Overall, my data provide little support for a shiRing mosaic model of population 

dynamics at the regional scale. Among the populations studied, dynamics appear to be, 

for the most part, spatially stable. Temporal variation does exist, but it tends to be 

synchronised at the spatial scales examined. 

My results also appear inconsistent with a local source-sink structure, although my 

analysis cannot distinguish between this model and a stable system with varying 

equilibrium densities within populations. This is because for obligately sexual plants 

such as C. lyallii, the dispersal of individuals from 'good' to 'poor' habitats that would 

indicate a source-sink dynamic is entirely due to seed movement among patches; the 
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lower-than-expected densities in favourable sites are a result of seed dispersal into less 

favourable sites, which therefore are able to maintain higher-than-expected densities. 

However, because tracking seeds is difficult, and sometimes impossible, in natural 

populations (Wang and Smith 2002), a necessary assumption of demographic analysis in 

most studies (mine included) is that plots are closed systems (i.e., no net import of seeds). 

Consequently, the projection matrix will not distinguish between recruitment occurring 

fiom seed produced inside the patch and that due to seed originating from elsewhere. 

Teasing apart these conditions conclusively is probably intractable except via 

experimentation (Kadmon and Tielborger 1999). However, a source-sink dynamic would 

be implicated if there were a major discrepancy between the number of new recruits 

found inside a patch and the number or proportion predicted by the stable stage 

distribution. In theory, a patch that is functioning as a reproductive sink should have an 

excess of recruits relative to that predicted for the stable distribution, because most of the 

propagules inside the patch will die before they can reproduce (Pulliam 1988). However, 

I found little evidence for such a pattern in C. ZyaZZii. In general, the proportion of 

seedlings observed was the same as or less than that predicted for a stable population. 

Despite annual fluctuations in h over the five years of the study, long-term growth 

rates (estimated by the dominant eigenvalue of the mean annual matrix) all tended to 

converge on 1 regardless of plot group, suggesting that density-dependence may be acting 

to maintain these populations at a stable equilibrium. However, h increased with density 

in a given year, which would argue against a density-dependent equilibrium. Such 

patterns need to be interpreted carefidly, particularly in mensurative studies, as patchiness 

in the favourableness of the environment can often mask effects of competition (Fowler 

1988). For example, a positive relationship between density and h might occur if high 

resource levels have not been constant long enough for the density of plants in more 

favourable patches to reach carrying capacity, but have persisted long enough for an 

increase in density to have begun (Fowler 1988). Such a situation could have arisen 

following the extremely hot wildfire that burned through the study area in 1994, an event 

that could have led to reductions in plant density over the short term at the same time that 

it wrought dramatic, localised changes in the soil nutrient regime. 
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My matrix simulations revealed that the reduction in growth rate from high- to low- 

density patches was due in part to an asymmetry in foraging pressure from northern 

pocket gophers (Thamomys talpoides), fossorial rodents that harvest C. lyallzi bulbs by 

tunnelling through the soil. These animals, which primarily targeted large, mature C. 

lyallii bulbs, tended to be most active within less favourable, low-density patches. 

Bulbivory by pocket gophers has also been cited as one of the primary sources of 

mortality in rare mariposa lilies of southern Oregon predericks 1992). Because 

reproduction in C. lycllii does not occur below a certain size threshold, a decrease in the 

proportion of large-sized bulbs due to bulbivory reduces seed production. Thus 

predation, rather than regulating population size, may actually be amplifying density 

gradients over small spatial scales. This contrasts with the effects of gophers on local 

distribution patterns of Erythronium grandzJorum (Thomson et al. 1996). In that system, 

gopher activity was concentrated in the same microsites (deep-soil patches) where most 

E. grandzjlorum seeds germinated, resulting in higher mortality and lower adult density in 

these sites than in less physiologically favourable, adjacent rocky areas. The result was a 

net source-sink flow of seeds from 'poorer' (i.e., rocky) microsites to 'better' (i.e., deep- 

soil) microsites, where the plants eventually perished (Thomson et al. 1996). 

The apparent decline in low-density plots combined with the increase in high- 

density plots in C. lyallii populations suggests that they are not in a state of internal 

equilibrium. On the contrary, local colonies at the patch level may be going extinct 

frequently even though the population in total shows little fluctuation. At this scale, the 

shifiing mosaic model of population dynamics thus appears valid. 
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Chapter 4: Comparative demography of two sympatric species of 
Calochortus (mariposa lily) with contrasting distribution patterns 

Introduction 

Major differences in the abundance patterns of related sympatric plants are a 

common but puzzling phenomenon. In particular, the co-occurrence of locally rare and/or 

geographically restricted species alongside locally abundant and/or widespread congeners 

has long intrigued scientists (Darwin 1872, Gleason 1924, Harper 1977, Grime 1979, 

Brown 1984, Kruckeberg and Rabinowitz 1985, Bradshaw 1987, Gaston and Kunin 1997, 

Pimm 1993, Belville and Louda 1999). The factors contributing to the persistence of 

these differing abundance patterns are multifarious and complex (Stebbins 1980, Fiedler 

and Ahouse 1992) and include, to varying degrees, geologic and evolutionary history 

(Cwynar and MacDonald 1987, Kirkpatrick and Barton 1997), species interactions 

(Bruelheide and Scheidel 1999, Walck et al. 2001, Lloyd et al. 2002), population genetic 

structure (Young and Brown 1996, Gitzendanner and Soltis 2000), habitat specificity 

(Fiedler 1985, Witkowski and Lamont 1997), and land-use history (Hodgson 1986, 

Menges and Hawkes 1998, Donohue et al. 2000). At the same time, there is a general 

perception that species' abundances are, in the most proximate sense, an emergent 

property of their population dynamics (Kunin and Gaston 1997, p. 3), and that to 

understand variation in the former it is first necessary ". . .to identify characteristics of life 

history that determine fitness (or lack of fitness) in particular habitats" (Grime 1979, p. v). 

Further, Bradshaw (1 987) stated, ". . .we can have no idea about the significance of a 

particular species' distribution unless we have one for a second species with which to 

compare it." 

Rabinowitz (1978) provided one of the first evaluations of the properties of plants 

in relation to their population densities and distributions, using a comparison of diaspore 

weights in seven sparse and common prairie grasses. She found a strong positive 

correlation between species abundance and the size of dispersal units, and hypothesised 

that rare grasses may be 'hgitive' species, relying on long-range dispersal to take 

advantage of spatially and temporally rare microsites suitable for growth. Subsequently, 
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many studies have focused on isolating differences in the fitness components of rare 

versus common species (Bevil and Louda 1999). These studies have generally contrasted 

autecological attributes among multiple species (e.g., Karron 1987a, Kelly and 

Woodward 1996, Kunin and Shmida 1997, Eriksson and Jakobsson 1998, Cadotte and 

Lovett-Doust 2002) or between pairs of related, ecologically similar species that vary in 

abundance (e.g., Karron 1987b, Karron 1989, Baskin et al. 1997, Walck et al. 2001). 

The comparative approach has yielded a number of generalisations regarding rarity 

patterns in plants. For example, there is growing evidence that rare species are 

disproportionately likely to be self-compatible or asexual (Kunin and Gaston 1993, Kunin 

and Shmida 1997; but see Weller 1994). Many rare plants also appear to possess poor 

dispersal abilities (Primack and Miao 1992, Quinn et al. 1994), poor competitive and 

colonisation abilities (e.g., Rabinowitz et al. 1984, Baskin and Baskin 1988, Snyder et al. 

1994, Walck et al. 2001), or lowered reproductive output (e.g., Banks 1980, Pantone et al. 

1995) relative to common species. However, generalisations from rare-common 

comparisons can be obscured (Kunin and Gaston 1993) because there are many types of 

rarities, from narrow endemics, to geographically peripheral populations, to chronically 

sparse species with wide geographic distributions. The term 'rare' encompasses a broad 

spectrum of spatial and temporal patterns of abundance that can be classified by 

differences in local abundance, geographic range, and habitat specificity (Rabinowitz 

1981); many multi-species studies do not adequately differentiate among these disparate 

phenomena. In addition, variation in the response variables measured can limit 

generalisations about rare-common differences (Bevil and Louda 1999). Quantitative 

estimates of demographic vital rates (i.e., age- or stage-specific birth, growth, and 

survival rates), required for projecting and comparing changes in population size and 

persistence, can form a consistent basis for comparison among species. However, most 

studies employing intensive demographic methods to identify limiting factors for a 

particular, threatened taxon (e.g., Menges 1990, Bengtsson 1993, Aplet et al. 1994, Nault 

and Gagnon 1993, Kephart and Paladino 1997, Lesica 1997, Menges and Dolan 1998, 

Kaye et al. 2001, Chapter 3) have not included a direct comparison to common related or 

co-occurring species. Consequently, we lack the information needed to link these 



observed life history differences directly to differences in population growth rate (A), the 

most appropriate measure of population fitness (Stearns 1992). 

In the intensive demographic approach, data indicating transition probabilities 

between stages of the life cycle are summarised in stage-based population projection 

matrices (Leslie 1945, Lefkovitch 1965, Tuljapurkar and Caswell 1997, Caswell200 1) 

that are then used to project the dynamics of a population or set of populations through 

time. Perturbation analyses (e.g., elasticity; de Kroon et al. 1986, Caswell2001), which 

quantify the effect of changes in age- or size-specific demographic rates on population 

growth, have become an important tool both for the study of natural selection and life 

history evolution (e.g., Caswell and Werner 1978, Pfister 1998) and for evaluating the 

effectiveness of management prescriptions aimed at conserving sensitive species (e.g., 

Crouse et al. 1987, Schemske 1994, Oostermeijer et al. 1996) or at controlling pest 

species ( e g ,  McEvoy and Coombs 1999, Parker 2000). Perturbation analysis has also 

been used to explore life history differences among closely related plants (e.g., Svensson 

et al. 1993, Silva et al. 2000), as well as to compare the population dynamic traits of 

species from widely differing taxa, life forms and habitats (e.g., Silvertown et al. 1993, 

1996, Nantel and Gagnon 1999). For example, Silvertown et al. (1 993, 1996) utilised the 

additive property of elasticities to compare the relative contribution of fecundity, growth, 

and stasis (survival without growth) to h, finding notable differences among plant 

structural and fhnctional groups (semelparous herbs, iteroparous herbs of open habitats, 

iteroparous herbs of forested habitats, and long-lived woody species). Recently, some 

authors have adopted a similar approach in exploring the demographic basis of rare- 

common differences per se (Fiedler 1987, Byers and Meagher 1997, Fiedler et al. 1998). 

However, few systematic differences with respect to either h or elasticity patterns have 

been detected that would account for the differing distribution and abundance patterns 

among species (Fiedler et al. 1998). 

One reason for this may be that the dominant eigenvalue h of the transition matrix 

yields the projected, asymptotic growth rate of the population under current conditions, 

whereas current patterns of distribution and abundance are inevitably linked to conditions 

or events in the past. Sensitivity and elasticity calculations areprospective analyses 

(sensu Caswell 1997). They predict the results of future changes in the vital rates, but say 



nothing about how rates varied before, nor about which vital rates were responsible for 

past changes in h (Caswell 1997,2000). Thus, they do not on their own reveal anything 

about what biologically might have limited a population's past success. 

Such questions are more appropriately addressed through a second class of 

perturbation techniques known as retrospective, or decomposition, analyses (e.g., life 

table response experiment analysis; LTRE) (Caswe112000). The goal of these analyses is 

to decompose the overall treatment effect on h into contributions from the effect on each 

stage-specific vital rate. The 'treatments' in an LTRE may be mensurative (e.g., different 

locations or years) or manipulative. In contrast to prospective analyses, which are 

prescriptive in nature, retrospective analyses are inherently diagnostic (Caswell2001). 

They ask: 'Where in the life cycle has a treatment had the most impact with respect to A?' 

Previous applications of this approach include ecotoxicology (e.g., Levin et al. 1996) and 

assessment of fire as a management tool (Silva et al. 1991, Caswell and Kaye 2001). 

Because retrospective analyses involve comparisons, they require substantially more data 

than their prospective counterparts. Only a few studies have used LTRE analysis to 

compare demographic traits among plant species (e.g., Caswell2000, Kiviniemi 2002). 

Asymptotic rates may differ substantially from short-term predictions of changes in 

populations not at a stable stage distribution (Fox and Gurevitch 2000). Furthermore, 

demographic momentum can cause a population to over- or undershoot its equilibrium 

density following a perturbation, leading to oscillations in population size (Keyfitz 1971). 

Conditions often do not remain constant long enough for a population's asymptotic 

properties to be expressed; in this case, transient dynamics may be more important than 

asymptotic dynamics in predicting differences in patterns of distribution and abundance. 

Using numerical projection, the fates of populations starting from a specified initial 

condition can be compared (Caswell and Werner 1978, Satterthwaite et al. 2002). 

Alternatively, the time required for different models to converge to the stable stage 

distribution can be estimated analytically from the damping ratio (Grant and Benton 

1996). Life histories that result in slow convergence to equilibrium may be especially 

sensitive to the frequency of environmental perturbations, potentially leading to 

reductions in population density over time (Pimm 1991). 
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Ecological theory predicts that stochastic variation in demographic parameters 

slows population growth, decreases population size, and increases the probability of 

extinction (Tuljapurkar and Orzack 1980, Lande 1993). As environmental stochasticity 

increases, the importance of mean population growth rate as a predictor of population 

dynamics declines (Menges 1998, Caswell2001). An alternative approach is to employ 

stochastic models (Caswell and Kaye 2001, Satterthwaite et al. 2002). Environmental 

variability is typically incorporated into projection models either by drawing each non- 

zero matrix element separately from a probabilistic distribution for each time step of a 

simulation ('element selection' model) (Beissinger 1995, Menges 1998) or by drawing 

entire matrices at random from the available pool of environmental states before 

projecting forward in time ('matrix selection' model) (Bierzychudek 1982, Kaye et al. 

2001). The stochastic growth rate, logh,, is equal to the time-averaged growth rate over a 

long simulation (Caswell2001). Unlike h, logh, does not depend on a stable population 

structure. However, like h, logh, is an asymptotic measure; it does not indicate a 

population's past, but only whether it is likely to become smaller or larger in the hture. A 

major difference between h and logh, implies that environmental variability has a large 

effect on population dynamics. 

In this paper, I compare the demography of two species of Calochortus: C. ZyaZlii 

and C. macrocarpus. Both species inhabit dry grassland, sagebrush-steppe, and open- 

canopy coniferous forest in the Columbia Plateau region of western North America. 

Calochortus macrocarpus occurs from southern British Columbia south to Montana, 

Idaho, Nevada, and California. The range of C. macrocarpus encompasses that of C. 

Zyallii, which is limited to central Washington east of the Cascade Mountains and extreme 

southern British Columbia. Although limited in distribution, C. Zyalliii is abundant where 

it grows, often occurring in densities exceeding 100 plants m-2. In contrast, C. 

macrocarpus is widespread but tends to occur in much lower concentrations. Densities 

rarely exceed 15-20 individuals m-2 and are often considerably less; sometimes many 

metres separate individual plants. 

Permanent quadrats were established in three populations of each species in 

southern British Columbia, and individual plants followed for five years. The purpose of 

my study was to examine whether subtle differences in life history and demography are 



suficient to account for observed differences in local distribution and abundance between 

the two species. I used a combination of numerical and analytical approaches- 

deterministic and stochastic population projections, prospective and retrospective 

perturbation analyses, transient analyses, and life cycle comparisons-to address the 

following questions: (1) Do the two species exhibit similar population dynamics? (2) 

What demographic parameters contribute to variation in fitness (1) over time within 

species? (3) Which vital rates are responsible for the differences in population 

performance between species? (4) What stages of the life cycle have the greatest 

influence on population maintenance and growth? (5) How do the two species differ in 

terms of overall life style (e.g., generation time, net reproductive rate, survivorship and 

life expectancy, and stage durations), and do these differences help to explain the great 

contrast in their occurrence patterns? 

Methods 
STUDY SPECIES 

Calochortus Zyallii (Lyall's mariposa lily) and C. macrocarpus (sage-brush 

mariposa) are geophytic, polycarpic perennials with showy insect-pollinated flowers and 

gravity-dispersed seeds. Plants emerge early in the spring, following snowmelt, and die 

back to a dormant bulb during the summer. In both species the major photosynthetic 

organ is a solitary basal leaf that, in reproductive plants, subtends the single flowering 

scape. In non-flowering (vegetative) individuals, this leaf is the only aboveground 

structure produced. Seeds are shed from erect capsules during the summer and germinate 

the following spring. Persistent seed banks have not been documented; however, bulbs of 

both species are able to remain dormant for one or more years before re-emerging 

(Chapter 2). 

Although they share similar life histories, the two species differ with respect to both 

phenology and morphology (Owenby 1940). Calochortus Zyallii is a smaller plant (up to 

30 cm tall), with an inflorescence of 1 to 12 flowers, and commences flowering in late 

May. Calochortus macrocapus is larger (up to 1 m tall) and more robust, but produces 

only 1 to 3 (occasionally 4) flowers that do not usually open until July, when C. Zyallii is 
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setting seed. Calochortus macrocarpus capsules, which are larger than those of C. Zyallii, 

also take a longer time to mature and do not dehisce until late August or September. 

I conducted demographic studies on three populations of each species at Black Mt., 

British Columbia from 1996-2000. The C. Zyallii sites chosen were, at the time, the only 

three sites known in Canada (several more have since been identified). One C. 

macrocarpus population close to each C. Zyallii site was chosen for comparative study. 

FIELD SAMPLING AND STAGE CLASSIFICATION 

Subsets of each population were monitored in permanently marked 0.5 x 0.5 m (C. 

lyallii) and 3.0 x 3.0 m (C. macrocarpus) plots. A larger plot size was used for C. 

macrocarpus to accommodate the lower density of individuals of this species within the 

study area. For C. macrocarpus, seedling recruitment and survival were monitored 

within a smaller (1.0 x 0.7 m) subplot at the centre of each plot. I established a total of 95 

C. Zyallii quadrats (36 at both NS and ES, 23 at WS) and 60 C. macrocarpus quadrats (20 

per site), containing initially 1271 and 568 individuals, respectively. Plots were located 

haphazardly within each population, but were placed so as to encompass the range of 

microsite variation present at each site (see Chapter 3 for details). 

All visible C. Zyallii and C. macrocarpus individuals in each plot were numbered 

and mapped to the nearest cm during June of 1996. Censuses of all plants were 

conducted during early June of each year, when I recorded the width of each basal leaf 

and the number of flower buds initiated, and again in late June (C. Zyallii), July (C. Zyallii 

and C. macrocarpus) and September (C. macrocarpus) to record flowering and fruit set 

(fruit set was not recorded in 2000). Because the 1996 June census occurred too late in 

the season to record seedlings and most small juveniles before they senesced, beginning 

in 1997 an additional census, targeting only the smallest plants, was carried out each 

May. Individual plants were identified from maps made the previous year. Relocating 

plants by this method was straightforward except in a few instances where two or more 

plants re-emerged in virtually the same spot. In these cases, I could not make positive 

identifications using map locations and instead made the most parsimonious assignment 

based on the sizelstate of each plant the previous year. 



4. METHODS 102 

For demographic analysis, individuals were classified into nine categories 

according to a combination of age, size, and reproductive state. The categories used were 

(1) seedlings (= young of the year); (2) small juveniles (yearlings, plus established plants 

with basal leaf width <2 mm); (3) large juveniles (leaf width 22 but 13.6 mm-the 

minimum threshold fruiting size); (4) small reproductives (one flower bud initiated); (5) 

large reproductives (2 two flower buds); (6) vegetatives (non-flowering adults, with leaf 

width 2 minimum threshold fruiting size); (7) dormant juveniles; (8) dormant 

reproductives; and, (9) dormant vegetatives. The term 'dormant' was applied, post-hoc, to 

any previously-marked individuals that went unobserved for one or more years before 

reappearing (Chapter 3). Dormants were assigned to category based on the individual's 

demographic state prior to becoming dormant (Chapter 3) 

The number of stage classes employed here contrasts with the 11 i-states used in an 

earlier analysis of demographic variation in C. ZyalZii (Chapter 3). One of those states 

(pre-reproductives) was not clearly defined for C. macrocarpus; another (reproductives 

with > two buds) occurred too rarely to justify a separate stage class. For this analysis, 

these plants were placed with stage classes three and five, respectively. 

Calochortus seedlings are the approximate size and dimension of a toothpick, and 

in C. macrocarpus can always be distinguished from older individuals (yearlings) by the 

presence of a cotyledon in addition to the first true leaf. In C. Zyallii, the cotyledon had 

usually withered by the time of censusing, making it difficult to identify seedlings based 

on this feature alone. Instead, seedlings were defined as any plant with leaf width 5 1.0 

mm, the most frequent cut-off size observed during associated field trials of seed 

germination rates (Chapter 2). The minimum threshold size for reproduction was 

determined by the leaf width of the smallest seed-producing individual in each 

population. Plants smaller than this were considered juveniles; larger plants were 

classified as either reproductives or vegetatives, depending on whether they initiated a 

flowering scape. By this definition very small plants that flowered but did not produce 

fruits were classified as juveniles. 
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DEMOGRAPHIC ANALYSIS 

Projection matrix model 

Over the course of the five years of this study, I mapped and recorded the fates of 

>2,600 individual C. Zyallii and >1,000 individual C. macrocarpus. The life cycles of the 

two species are suEciently similar to be represented by a single life cycle graph (Fig. 

4.1). Demographic data were summarised in a stage-based projection matrix model 

(Lefkovitch 1965) of the form 

nt+l = Ant 

where n and n,l are vectors of stage abundances at time t and t + 1, respectively, and A is 

a matrix of transition probabilities that describes the contribution of each stage class to all 

the others, for the time interval t to t + 1. The dominant eigenvalue h of A represents the 

asymptotic finite rate of increase at the stable stage distribution. The projection equation 

thus satisfies Aw = hw, where w is the dominant right eigenvector of A and is equivalent 

to the stable stage distribution. The normalised left dominant eigenvector of A, v, 

represents stable stage specific reproductive values. Reproductive values include current 

reproduction and expected fbture reproduction of individuals presently in each stage 

(Caswell2001). 

Matrix elements were determined directly from the observed proportion of 

individuals passing between stages in a year, with the exception of dormancy and 

fecundity. Dormancy rates were estimated indirectly, following procedures in Chapter 3 

and Appendix 3.1. Stage-specific fecundities (the first row of A) represent the average 

number of seedlings recruited per individual, and were calculated as: (number of 

seedlings emerging at time t) x (proportion of seed capsules produced at t - 1 attributed to 

each class of reproductive plants) / (number of individuals in each class) (see Chapter 3 

for details). This method assumes that seeds produced by plants of different sizes were 

equally likely to become seedlings and that there was no net dispersal of seeds into or out 

of the plots. Because seedlings were not censused until 1997, seedling survivorship in 

1996-97 was estimated using the average value from the three subsequent matrices. 

Small initial sample sizes made it necessary to use a similar method to estimate transition 

rates for small juveniles (class J1) of C. macrocarpus during 1996-97 and 1997-98. 
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Figure 4.1 Generalised life-cycle graph for Calochortus lyallii and C. macrocarpus. For 
clarity, only a single dormancy stage is depicted. The coefficients a, correspond to the 
probability that an individual in stage j at time t has made the transition to stage i at t + 1. 
Stages: (1) Sd: seedlings; (2) J1: small juveniles; (3) J2: large juveniles; (4) R1: small 
reproductive plants; (5) R2: large reproductive plants; (6) V: vegetative adults; (7-9) D: 
dormant plants. Dashed arrows indicate reproduction. 



For each species, I constructed four matrices for each of the three sites (NS, ES, 

WS), one for each transition period (a total of 24 matrices). An earlier loglinear 

contingency analysis of C. lyallii transition rates based on 11 life stages (Chapter 3) 

showed that most of the variation among matrices in C. lyallii was explained by effects of 

year rather than site. The same analysis showed a similar pattern for C. macrocarpus 

(Appendix 4. I), thus I pooled data from the three populations of each species to construct 

eight new matrices with higher sample sizes than the original, site-specific matrices. 

I used the pooled projection matrices to calculate h for each combination of year 

and species. To obtain confidence intervals for h I used a bootstrap procedure (Efron and 

Tibshirani 1993, McPeek and Kalisz 1993, Caswell2001). Individual quadrats were 

resampled with replacement (using a bootstrap sample size of 3000) from the pooled set 

of quadrats, and a new projection matrix for each resampling calculated using programs 

in MATLAB (The Mathworks 1998). Eigenanalyses were performed on each new matrix 

(also in MATLAB) and bias-corrected, 95% percentile intervals for h were then generated 

from the resulting distribution of bootstrap estimates (Efron and Tibshirani 1993). 

Confidence intervals were obtained for elements of w and v in the same manner. 

To incorporate environmental stochasticity into the projection models, I also 

calculated the stochastic growth rate, logh,, following the numerical simulation method 

outlined in Caswell(2001: 396). The environment was assumed to fall into one of four 

states, corresponding to the four transitions observed in the study. The sequence of 

environments was assumed to be independently and identically distributed (iid) (Caswell 

2001: 378). At each time step of a simulation, one of the four annual matrices was 

selected at random and post-multiplied by the vector of individual abundances 

(Bierzychudek 1982, Nantel et al. 1996, Kaye et al. 2001); the log of population growth, 

averaged over all time steps, is the time-averaged (stochastic) growth rate. This method 

preserves the observed covariances among the vital rates, and equates, in effect, to 

sampling from the bootstrap distribution of projection matrices (Caswell2001). For each 

species, I calculated the stochastic growth rate for each populations and for the pooled 

sample. To estimate logh, I ran each model for 50,000 time steps, discarding the initial 

1000 iterations to eliminate transient effects. 
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Perturbation analyses 

Elasticity analysis (de Kroon et al. 1986, Caswell2001) was carried out for each of 

the annual matrices as well as for the composite (mean) matrix for each species. 

Elasticity eij quantifies the proportional change in h that would result from a small 

proportional change in matrix element aij, and is given by aijlh x dhldai (Caswell2001). 

Bootstrap confidence intervals for the eij7s were computed as for other demographic 

parameters. The additive property of elasticities makes it possible to compare regions of 

the matrix among populations and among species with similar or with different growth 

rates (Silvertown et al. 1993, Oostermeijer et al. 1996, De Kroon et al. 2000). To 

facilitate comparison of elasticity structures I divided the different elasticity matrices for 

each species into three regions corresponding to growth (G), stasis and retrogression (L), 

and fecundity (F), and used these composite elasticities to construct a triangular plot in G- 

L-F space (Silvertown et al. 1993). 

In contrast to elasticity analysis, which projects the impact that a hypothetical 

change to a matrix element would have on A, life table response experiment (LTRE) 

analysis decomposes the observed effect of a treatment factor on h into contributions 

from the different vital rates (Caswell2000, 2001). In Chapter 3 I used a random design 

LTRE (Brault and Caswell 1993, Horvitz et al. 1997) to compare patterns of variation in 

C. Zyallii performance across a range of spatial scales. Here, I used similar methods to 

decompose year-to-year variation in h associated with differences among the pooled 

annual matrices, then compared the results between species. To decompose interspecific 

variation in h, I used a fixed, one-way design LTRE (Levin et al. 1996, Caswell2001). 

Let h(O and denote population growth rate of C. lyaNiii and C. macrocarpus, 

respectively, within a given year. The contribution of the matrix entry aij to the difference 

in population growth rates of the two species is then given by 
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where - is the sensitivity evaluated at the matrix midway between and 

In this case, the terms in the summation are the contributions of species differences 

in the matrix entries to the species difference in A. 

Transient cijnamics 

An alternative way to study the response of a population to perturbations is to 

consider its short-term, or transient, behaviour. One usefkl measure of transient dynamics 

is the damping ratio, p, which determines the rate of convergence to the stable population 

structure and is defined as p = hlllh2), where hl is the dominant eigenvalue and h2 is the 

largest subdominant eigenvalue (Caswell2001). Convergence is said to occur once the 

contribution of hz has decreased in magnitude relative to that of hl by some arbitrarily 

defined multiple, say 20x. I computed the damping ratios, and the time t, required for the 

contribution of hz to decline to 5% of that of Al, for the mean matrices of both species 

following Caswell(2001). I also computed population momentum M, the fraction by 

which population size could be expected to increase or decrease before stabilising, if vital 

rates were changed to equal replacement levels (Caswell2001). To simulate a set of 

stationary vital rates, I divided the fertilities in each matrix by Ro, the net reproductive 

rate (for computation of Roy see the next section). When M >1, a population growing at a 

stationary rate of 1.0 will stabilise at a size larger than its size before the vital rates were 

changed. M <1 indicates the population will shrink before stabilising. 

Age-specific traits and lifetime event probabilities 

Although stage-structured models are not explicitly linked to the age of individuals, 

they are derived from census measurements taken over time, and thus time-and age- 

are implicit components of these models. Cochran and Ellner (1 992) and Caswell(200 1) 

show how to extract various age-specific life history traits as well as age-based 

population parameters from stage-classified data. I used the mean matrix of each species 
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to calculate age-specific survivorship and fertility, number of years spent in each stage, 

net reproductive rate Ro, and generation time (Appendix 4.2). Generation time can be 

measured in several ways, the appropriateness of which will vary depending on the 

characteristics of the population (Caughley 1977, Gregory 1997). I defined generation 

time as the time G required for the population to increase by a factor Ro, satisfying hG = 

Ro and calculated as G = log /log h (Caswell2001). This method is valid so long as 

both h and Ro # 1 (Caughley 1977), conditions that held for both C. &aZZii and C. 

macrocarpus in this study (see Results). 

As the population approaches the stable stage distribution, the frequency 

distribution of ages for individuals of a given size or stage class also approaches a stable 

distribution, making it possible to estimate pi,,, the fraction of those individuals within 

stage i whose age is a, from the stage-classified model alone (Cochran and Ellner 1992). 

Extending the analysis of Cochran and Ellner (1992), Caswell(2001) showed that for 

each stage, the stable age-within-stage distribution can be obtained from the asymptotic 

formula 

Pj,a+l = h-'TaFw 

where T is the transition matrix, F is the fertility matrix, h is the dominant eigenvalue of 

A = T + F, and w is the corresponding right eigenvector. Because they convert different 

stage classifications into a single time variable (i.e., age), the stable age distributions 

allow for comparisons among different populations or species, or among studies that 

define stages in different ways (Boucher 1997). Here I use this method to compare stable 

age-within-stage distributions between C. ZyaZZii and C. macrocarpus. 

Results 
FATE OF VEGETATIVE VS. FLOWERING PLANTS 

There was large variation in stage-specific flowering performance within and 

between the two species (Fig. 4.2). For all three emergent adult stages (V, R1 and RZ), 

individuals of C. ZyaZlii showed a greater propensity to flower the next year than did 

individuals of C. macrocarpus. The effect of species on fate, conditional on initial state, 

is significant ( G ~  = 327.85, df= 6, P <0.0001). In both species, initial state and 
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C.macrocarpus 

Stage at t 

Figure 4.2 Reproductive fate from one year (t) to the next (t + 1) of non-flowering and 
flowering plants of Calochortus lyallii and C. macrocarpus. V = non-flowering 
(vegetative) adult; R1 = individuals with one flower; R2 = individuals with two or more 
flowers. Fates are: dead or dormant (m); non-flowering (g); flowering ( ). 
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demographic fate were not independent (C. lyallii: X2 = 22.27, @= 4, P = 0.0002; C. 

macrocarpus: X2 = 43.83, df= 4, P < 0.0001). In C. lyallii, vegetative plants had the 

lowest, and large reproductive plants the highest, probability of flowering the following 

year. Individuals of each stage had a similar likelihood of re-emerging the next spring; 

slightly more than 10% of plants died or became dormant (Fig. 4.2). In C. macrocarpus, 

however, the pattern of subsequent flowering was reversed: vegetative plants were more 

likely than reproductives to flower the next year; they were also less likely to fail to 

reappear, suggesting that reproductive costs associated with flowering are greater for C. 

macrocarpus than for C. lyallii. 

POPULATION PROJECTION MATRICES 

For both C. lyallii and C. macrocarpus, most elements in the projection matrices 

(Appendix 4.3) had non-zero values (except for elements in the lower left corresponding 

to rapid growth of very small individuals), supporting the use of stage-based (Lefkovitch 

matrix) rather than age-based (Leslie matrix) demographic models for these plant species. 

In general, projection matrices were dominated by stasis (survival without change in 

state) and growth, with lower probabilities for retrogression and dormancy. An exception 

to this were reproductive plants of C. macrocarpus, which showed a strong tendency to 

regress to the vegetative state. Mortality was high for seedlings, but declined rapidly 

once plants became established. Seedling survivorship tended to be higher in C. 

macrocarpus than in C. lyalii (X = 0.64 k 0.07 vs. X = 0.53 f 0.17, n = 3, P = 0.13), 

whereas the reverse occurred in the juvenile and adult stages. Fecundity values increased 

with inflorescence size; for C. lyallii especially, seedling recruitment was much greater 

for R2 than for R1 plants (Appendix 4.3). Although C. macrocarpus had lower fruit 

production than C. lyallii (Chapter 2), average fecundity values were slightly higher, 

reflecting the greater seed set in C. macrocarpus capsules (and possibly also differences 

in fecundity components such as over-winter survival of seeds and germination). Stable 

stage distributions and reproductive values are in Appendix 4.4. 

Only C. lyallii had a projected value of h significantly >1.0 during any transition 

interval and both species had h-values significantly 4 . 0  for two out of four transitions 
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(Table 4.1). For the four C. lyallii projection matrices, h varied from 0.8874 to 1 .O44O; 

for the C. macrocarpus matrices, h varied from 0.8857 to 1.0094. Calochortus lyallii 

appeared to alternate between 'good' and 'bad' years, with positive growth projected in 

1996-97 and 1998-99 and negative growth projected for 1997-98 and 1999-00. The 95% 

bootstrap confidence intervals for C. macrocarpus were wider but indicated rapid 

population decline over the first two transitions, a marginal decline in the third transition, 

and near-equilibrium during the final transition. Estimates of logh, for each species 

(populations pooled) showed a negative stochastic growth rate in both cases, indicating 

certain (probability of 1) population decline under the observed 5-yr conditions (Table 

4.2). The projected annual decline was sharpest for C. macrocarpus ( ~ 7 % ,  vs. ~ 1 %  for 

C. lyallii). As expected, values of logh, were lower, albeit only slightly, than the 

corresponding values for logp, the average growth rate derived from the mean matrix for 

each species. Within species, logh, varied both in quantity and direction among 

locations. For C. lyallii, both NS and ES showed negative long-term trajectories, whereas 

WS showed slight positive growth. A similar pattern occurred among the three C. 

macrocarpus populations; both NS and ES had negative logh,, whereas the logh, value 

for WS did not differ significantly from 0. At all three sites (most notably NS and ES) 

the stochastic growth rate was lower for C. macrocarpus than for C. lyallii (Table 4.2). 

TRANSIENT DYNAMICS 

Damping ratios, which measure the rate of convergence to the stable stage 

distribution, and estimated convergence times were similar for both species (Table 4.3). 

Estimated time to convergence was greatest (- 8 yr) in 1997-98, the period of lowest h for 

both species. Under average conditions, convergence to equilibrium structure is predicted 

to take about 5 yr. Thus minor changes in survival and recruitment would not be 

immediately reflected in the observed population structure. 

For C. Zyallii, replacement fertility levels under conditions of the mean matrix were 

0.22 seedlings per small reproductive plant (stage R1) and 1.08 seedlings per large 

reproductive individual (stage R2), well within the realm of values observed for this 

species. For C. macrocarpus, replacement values were 2.49 and 6.20 seedlings for each 



4. RESULTS 1 12 

Table 4.1 Estimated population growth rate A, together with bootstrap standard errors 
and 95% bias-corrected bootstrap confidence intervals of those estimates, for Calochortus 
Zyallii and C. macrocarpus over four annual transitions at Black Mt. (sites pooled). 

Bootstrap estimates 

Estimated 95% confidence 
Species Year growth rate A SE interval 

C. lyallii 
1996-97 1.0440 0.0017 [I .0259, 1.06081 
1997-98 0.8874 0.001 8 [0.8664, 0.90641 
1998-99 1 .O429 0.0020 [l .O2O6, 1.06541 
1999-00 0.9626 0.001 7 [0.9451, 0.981 01 

C. macrocarpus 
1996-97 0.8868 0.0023 f0.8504, 0.91 681 
1997-98 0.8857 0.0023 [0.8527, 0.91401 
1998-99 0.9409 0.0032 fO.8913, 1.01 561 
1999-00 1.0094 0.0023 [0.9806, 1.04571 

Table 4.2 Stochastic population growth rate logh, (+ 95% confidence interval), the same 
value back-transformed (A,), and growth rate of mean population size (A,) for 
Calochortus Zyallii and C. macrocarpus, for the three individual sites (NS, ES and WS) 
and for the pooled matrices. 

-- 

Species Site log~: 3.s ~ I T ,  

C. lyallii 
NS -0.0226 (0.0008) 0.9777 0.981 7 
ES -0.0127 (0.0007) 0.9874 0.9901 
WS 0.0097 (0.0096) 1.0097 1.01 56 
pooled -0.0141 (0.0008) 0.9860 0.9893 

C. macrocarpus 
NS -0.0893 (0.0008) 0.9146 0.9147 
ES -0.1 132 (0.0015) 0.8930 0.8998 
WS -0.0016 (0.0021) 0.9984 1.0042 
pooled -0.0746 (0.0009) 0.9281 0.9296 

"Stochastic growth rates computed from 50,000-year stochastic projections using four 
projection matrices. 
'calculated as the dominant eigenvalue of the mean population projection matrix. 
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flowering stage respectively, about two times higher than the highest rates observed 

during the study. Population momentum M was 1.02 1 for C. ZyaZZii and 1.25 1 for C. 

macrocarpus. Thus, for both species, increasing fertility to replacement levels would 

lead to an increase in the size of populations before they stabilised. However, the C. 

ZyaZZii population would increase by only about 2%, whereas the C. macrocarpus 

population would undergo a 25% increase before stabilising. In both cases, the response 

is due to the difference in stable stage distributions before and after the change in 

fecundity rates (Fig. 4.3). There is an 'excess' of mature and reproductive individuals in 

the original stable stage distribution; these individuals continue to reproduce after the 

vital rates are changed, resulting an increase in population size (Caswell2001). This 

disparity is more pronounced in C. macrocarpus; thus M is higher and the population is 

expected to experience more growth before stabilising. 

ELASTICITY ANALYSIS 

The elasticity structure was similar among years but differed between species 

(Appendix 4.5). In C. Zyallii, the highest elasticity (0.22) was for stasis of large 

reproductive plants in 1998-99 (a transition with a positive A). In C. macrocarpus, the 

highest elasticity (0.21) was for vegetative stasis in 1996-97 (negative A). In both species 

and all transitions the total elasticity of h to changes in fecundity in any year was quite 

small (40%). In C. ZyaZZii, fecundity elasticities of large reproductives were generally an 

order of magnitude greater than those of small reproductives, whereas in C. macrocarpus 

the two elements made similar proportional contributions to h. In most years, elasticities 

of seedling survival/growth were similar to those for fecundity. On average, the 

combined contributions to h from dormancy (rows 7-9 of the elasticity matrix) were 

slightly greater for C. macrocarpus (-15%) than for C. ZyaZZii (-12%) (Appendix 4.5). 

The elasticities and sensitivities of the mean matrix were only weakly related (Fig. 4.4). 

Under these conditions, h in C. ZyaZZii was most sensitive to the rapid growth of large 

juveniles. However, this transition made only a small proportional contribution to h; the 

largest elasticities of the mean matrix were those associated with juvenile stasis and stasis 

of large reproductives (Fig. 4.4). In C. macrocarpus, h was most sensitive to the fate of 
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Table 4.3 The asymptotic rate of convergence to the stable stage distribution, 
represented by the damping ratio, p, for four transition periods and for the mean annual 
matrix, and the expected times to convergence. 

Damping ratio p (A, /1&1) Convergence time* 

Year C. lyallji C. macrocarpus C. lyallii C. macrocarpus 

1996-97 2.25 1.85 3.69 4.86 
1997-98 1.43 1.41 8.30 8.75 
1998-99 1.64 1.82 6.09 5.00 
1999-00 I .77 2.01 5.26 4.29 
Mean matrix 1.93 1.85 4.55 4.87 

"Measured as the time, in years, required for the contribution of the second root (h2) to 
decline to 5% of that of the dominant root (Al). 

Figure 4.3 Ratios of stable stage fi-equencies corresponding to the mean observed matrix 
(w~L,,,,~) VS. stable stage frequencies for a matrix (wstatimW) in which fertilities have 
been adjusted to yield a stationary population (i.e., h = 1). The dashed line is the line of 
equality; stages above this line contain an "excess" of individuals in the projected relative 
to the stationary distribution. Diamonds: C. ZyaZZii; squares: C. macrocarpus. 
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Figure 4.4 The sensitivity matrix (left) and elasticity matrix (right) for Calochortus 
Zyallii and C. macrocarpus, calculated from the mean transition matrices. Numerals refer 
to stage categories: (1) seedlings; (2) small juveniles; (3) large juveniles; (4) small 
reproductives; (5) large reproductives; (6) vegetatives; (7) dormant juveniles; (8) dormant 
reproductives; (9) dormant vegetatives. 



4. RESULTS 1 16 

large vegetatives, especially to the transition from vegetative to flowering state. The 

largest elasticities, however, were e66 (vegetative stasis) and e33 (juvenile stasis). Thus, 

on average, proportional perturbations of this species have the biggest impact if they 

affect the stasis of non-reproductive individuals. 

Both species fall into the middle lower right region of the ordination triangle where 

L (stasis and retrogression) is more important than growth or fecundity (Fig. 4.5), 

consistent with expectations for iteroparous herbs of late-successional, open habitats 

(Silvertown et al. 1996). The two species were not noticeably separated on the triangle, 

indicating similarity at this coarse scale of demographic analysis. For both species, there 

was a trend of decreasing h as L increased and F and G decreased, in keeping with 

theoretical expectations (Silvertown et al. 1996). 

LTRE ANALYSIS 

IntraspeciJic variation. In C. ZyaZIii, the largest individual contribution to V(h), the 

annual variance in h, was from variance in a55 (stasis of large reproductives), while a 

negative covariance between ass and a56 (growth from vegetative to large reproductive) 

was the most important in reducing V(h) (Table 4.4). In C. macrocarpus, the largest 

individual contribution to V(h) came from variance in a46 (transition from vegetative to 

small reproductive); the largest negative contribution was from the covariance between 

a33 (stasis of large juveniles) and a 5 6  (transition from vegetative to large reproductive) 

(Table 4.4). The complete covariance and contribution matrices are shown, as surface 

plots, in Appendix 4.6. 

For C. ZyaZZii, entry a55  (stasis of large reproductives) also makes the largest net 

contribution to V(h), once the contributions for all of the variances and covariances (both 

positive and negative) involving each vital rate are taken into account (Fig. 4.6a). Entries 

a15 (fecundity of large reproductives) and a56 (transition from vegetative to large 

reproductive) also make notable net positive contributions to V(h), while negative 

variances and covariances involving a65 (regression from large reproductive to vegetative) 

and 032 (growth of small juveniles) have the largest role in reducing V(h). Similarly, for 
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Figure 4.5 Triangle plot of the summed elasticities to stasis/regression (L), growth (G), 
and fecundity (F') in Calochortus Zyallzi and C. macrocarpus over four transition periods. 
Data pooled across sites. Solid symbols: C. Zyalliz. Open symbols: C. macroca7pus. 
Circles: 1996-97; triangles down: 1997-98; squares: 1998-99; diamonds: 1999-00; 
triangles up: average (calculated from mean annual matrices). 
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Table 4.4 Life table response experiments (LTRE) for Calochortus lyallzi and C. 
macrocarpus. Shown for each species are the top five positive and top five negative 
LTRE-contributions from covariances among pairs of matrix elements (aii, akr) to the 
inter-year variance in h, V(h). Single aii subscripts denote variance in one matrix 
element; pairs of subscripts denote cov&iances among two elements. 

C. lyallii C. macrocarpus 
Covariance Matrix Contribution Matrix Contribution 
sign element ( ~ 1  o -~ )  element (xl  o -~ )  

(+I 
a55 2.27 a 46 1 SO 
a55,a56 0.96 a33 0.95 

a 22 0.95 a 56 0.70 
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Index to matrix entries 

Figure 4.6 The net contribution of matrix entry aij to the inter-year variance in A, V(h), 
calculated by summing the columns of the right-hand (contribution) surfaces in Appendix 
7, for Calochortus ZyaZZii a) and C. macrocarpus b). The 81 entries of the 9 x 9 matrix are 
arranged in column order along the x-axis: fates of seedlings (1-9), fates of small 
juveniles (10-1 8). . .fates of dormant vegetatives (73-8 1). 
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C. macrocarpus, variances and covariances involving a46 (growth from vegetative to 

small reproductive) outweigh the summed contributions from any other entry (Fig. 4.6b), 

with the second largest net contribution coming from a14 (fecundity of small 

reproductives). Negative covariances involving a96 (transition from vegetative to 

dormant) and a73 (transition from large juvenile to dormant) are the most important 

overall in reducing V(h) in this species (Fig. 4.6b). 

Interspeczjk variation. Projected rates of increase were higher for C. ZyaIIii than C. 

macrocarpus in 1996-97 and 1998-99, similar for both species in 1997-98, and higher for 

C. macrocarpus in 1999-00; this variation relates to species differences in the matrix 

entries (Fig. 4.7). Calochortus lyaIZii showed a distinct fecundity advantage in 1996-97 

(Fig. 4.7a), but this resulted in only a moderate contribution to the difference in h 

between species (Fig. 4.7b). This advantage disappeared in 1997-98, and in the last two 

transitions reversed in favour of C. macrocarpus, making a substantial contribution to 

reducing Ah in 1998-99 (Fig. 4.70. Other notable contrasts were for growth of small 

juveniles, prolonged juvenile dormancy, stasis of large reproductives, and growth from 

vegetative to large reproductive state (greater for C. lyaIIii); and seedling survival, stasis 

of small juveniles, stasis of vegetative plants, and retrogression from reproductive to 

vegetative (greater for C. macrocarpus). After these differences were weighted by their 

sensitivity, the matrix elements corresponding to fates of large reproductives and 

vegetative plants were also consistently the most important in terms of explaining Ah 

(Fig. 4.7, right). Analysis of the mean matrices (kc ballii = 0.9893; hc ,a,,a,,, = 0.9296) 

reveals a similar pattern. For the difference in average rate of increase between C. ZyaZZii 

and C. macrocarpus, growth of vegetative into large reproductive plants, and ability to 

flower in successive years, made the greatest contributions (Fig. 4.7j). The exception to 

this general pattern was 1997-98, when hs were both negative and Ah was smallest. The 

LTRE shows that the small Ah in 1997-98 was primarily the result of a balance between 

the contributions from a56 (progression from vegetative to reproductive state) and a77 

(stasis of dormant juveniles) in C. lyallii and from a73 ('juveniles entering dormancy) and 

a66 (vegetative stasis) in C. macrocaps  (Fig. 4.7~-d). 

To evaluate hrther the differences in h between species, I collapsed the single- 

element contributions to Ah into summed contributions from separate regions of the 
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Index to matrix entries 
Figure 4.7 Left: The differences in stage-specific vital rates between Calochortus lyallii 
and C. macrocarpus in separate years. The C. lyallii matrix serves as the reference matrix 
for each year. Right: The contributions of those differences to the overall effect of 
species on h. Positive values indicate a positive contribution of C. lyaZlii matrix entries 
relative to C. macrocarpus matrix entries. Negative values indicate a disadvantage (or 
negative contribution to h) relative to C. macrocarpus. Matrices: (a-b) 1996-97; (c-d) 
1997-98; (e-f) 1998-99; (f-h) 1999-00; (i-j) mean matrix. 
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matrix corresponding to stasis, growth and fecundity (sensu Silvertown et al. 1993). The 

advantage of C. Zyallii with respect to h was almost entirely due to advantages in growth 

(Fig. 4.8). Conversely, any C. macrocarpus advantage was the result primarily of 

combined contributions from stasis and fecundity. When Ah is small, it is because there 

is an even balance between contributions from growth in C. lyallii and stasis and 

fecundity in C. macrocarpus (Fig. 4.8). 

AGE-SPECIFIC TRAITS AND LIFETIME EVENT PROBABILITIES 

The fkndamental matrix N gives the average expected time (in years) that 

individuals of a given stage will spend in any subsequent stage during the course of their 

lifetimes (Table 4.5). A C. Zyallii seedling is expected to spend, on average, 1.05 years as 

a small juvenile, 1.66 years as a large juvenile, 0.25 years as a small reproductive, and 

0.88 years as a large reproductive. By contrast, an adult vegetative plant spends 2.71 

years as a large reproductive plant. A plant that survives to the large reproductive stage is 

forecast to spend, on average, a total of four years in that stage. A C. macrocarpus 

seedling spends only 0.19 and 0.09 years as a small and large reproductive plant, 

respectively, but spends 0.88 years as a vegetative adult. In contrast to C. ZyaZlii, most of 

the adult (post-juvenile) phase is spent in a vegetative state (Table 4.5). 

The average life expectancies (ex) of individuals in different stages of the life cycle 

also differ between species (Table 4.6). A newly germinated C. Zyallii seedling is 

expected to live for about six years, a C. macrocarpus seedling slightly less, and C. Zyallii 

continues to maintain a greater average expectancy of fbrther life through most of the life 

cycle. Individuals of C. ZyaZlii are also more likely to flower before they die (Table 4.6); 

a C. ZyaZlii seedling has a 0.24 probability of surviving to reproductive maturity, nearly 

double that of a C. macrocarpus seedling. By the second year of life (small juvenile 

stage), this probability has increased to 0.45 for C. Zyallii, compared to only 0.21 for C. 

macrocarpus. Projected average age at maturity was 2.37 yr for C. Zyallii and 2.52 yr for 

C. macrocarpus. Under average conditions experienced during the study, C. Zyallii has a 

net reproductive rate Ro of 0.85, whereas RO for C. macrocarpus is 0.25. Generation time, 



4. RESULTS 123 

G L F  

-0.1 ' 
G L F  

G L F  

-0.1 - 
G L F  

Matrix region 

Figure 4.8 The total contributions from growth (G), survival (L, i.e., stasis or shrinkage), 
and fecundity (F) to the species effect on h in separate years, calculated by summing over 
the corresponding regions in Figure A7.1 (appendix). Positive values indicate a positive 
contribution of Calochortus lyallj relative to C. macrocarpus, and vice versa. 
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Table 4.6 Average life expectancies (If: SD) and flowering probabilities for different life 
stages of Calochortus lyallii and C. macrocarpus at Black Mt., based on the mean annual 
matrices (pooled across sites). For seedlings, this is equal to the mean age at death. 
P(flowering) is the probability of an individual in stage i surviving to enter a stage in 
which reproduction occurs. 

Stage Life expecancy (years) P(flowering) 

C. lyallii C. macrocarpus C. lyallii C. macrocarpus 
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defined as the time it would take the population to increase by the fraction Ro, is 15.50 yr 

for C. lyallii and 19.12 yr for C. macrocarpus. 

Age-specific survivorship fbnctions derived from the stage-classified model of the 

two species show the typical, reverse J-shaped curve (Fig. 4.9a). They predict that C. 

macrocarpus has a slight advantage in the first year of life; C. lyallii shows a slight 

advantage once past the seedling stage. Both species are long-lived, with life spans 

approaching 40 yr. Fertility in both species reaches a maximum between five and 10 

years of age, after which it begins to decline. However, the shape of the fertility function 

varies markedly between species, indicating that for any given age, C. lyallii individuals 

have higher fertility on average than C. macrocarpus individuals of comparable age (Fig. 

4.9b). 

In both species, there is a marked difference among the stage-specific stable age 

distributions for different stage classes (Fig. 4. lo), with a larger number of older 

individuals in the flowering and large vegetative classes and younger individuals in the 

juvenile classes. The stable age distributions for larger stages are also flatter and more 

symmetric than those for smaller stages, reflecting the range of accumulated times taken 

to pass through the previous stages. However, in C. lyallii the age frequency distributions 

are more strongly skewed towards younger ages compared to those in C. macrocarpus, 

indicating that the latter is an older population, with a greater proportion of old 

individuals (>I5 yr) present in each stage (Fig. 4.10). 

Discussion 

POPULATION TRENDS AND TEMPORAZ, VAFUATION IN h 

Many factors may interact to constrain the abundance and distribution of species. 

Some are extrinsic to the life history of the taxon (e.g., land-use history, habitat 

availability, herbivores, pollinator availability); others are intrinsic and reflect 

fbndamental biological attributes (e.g., fecundity, dispersal mechanisms, competitive 

ability, genetic variability, habitat specificity). Because they integrate the combined 

effects of extrinsic and intrinsic factors into a single measure of population fitness, rates 



4. DISCUSSION 1 27 
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Age x (years) 

Figure 4.9 (a) Age-specific survivorship (Ix) and (b) maternity V;) functions for 
Calochortus Zyallii (solid line) and C. macrocarpus (dashed line) derived from the stage- 
classified matrix model for each species (after Cochrane and Ellner 1992). 
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C. lyallii 

small juvenile 
large juvenile 
small reproductive 
large reproductive 
vegetative 
dormant juvenile 
dormant reproductive 
dormant vegetative 

C. macrocarpus 

Age (years) 

Figure 4.10 Area graph showing the stable age-within-stage distributions for 
CaZochortus ZyaZZii and C. macrocarpus. The total area under each stage sums to 1. 
Stage Sd (seedlings) is composed entirely of individuals in age class 1 and is not shown. 



of population growth (h) and its components are well suited for generating hypotheses 

about the processes underlying species' abundance patterns. 

Patterns of population growth in the two mariposa lilies C. Zyallii and C. 

macrocatpus support the idea that a locally sparse species should, over time, exhibit 

different population dynamics than a sympatric, locally abundant congener. If the five 

years of this study are representative of different phases in the dynamics of C. 

macrocarpus on Black Mt., they imply that these populations are typically in a phase of 

decline punctuated by short bursts of growth. After the sequence of years observed, it 

would take about 32 years at a growth rate of 1.01 (the 1999-00 matrix) for C. 

macrocarpus to recover to 1996 levels. In contrast, C. Zyallii appears to fluctuate between 

'good' (h >1) and 'poor' (h <1) years while maintaining an overall growth rate close to 1. 

The stochastic growth rate logh, was negative for both species, implying an inability of 

either to persist locally under prevailing conditions. However, the projected rate of 

decline was much more rapid for C. macrocarpus. Separate stochastic simulations for 

each of the three sites indicated that the negative trends in long-term growth rate for the 

pooled data sets could be largely ascribed to low performance at two of the sites (NS and 

ES); at WS, logh, was close to equilibrium in both species. 

The relatively low annual growth rates obtained for Calochortus ZyaZZii and C. 

macrocarpus appear to be characteristic of species in this genus (Fiedler 1987, Fredricks 

1992, Knapp 1996, Fiedler et al. 1998). Previous workers have emphasised reproduction 

and establishment as the primary factors limiting Calochortus populations (Fiedler 1987, 

Fiedler et al. 1998). Here, the LTREs showed that temporal variation in h was driven 

primarily by variation in the transition and flowering behaviour of adults and only 

secondarily by rates of seed set and seedling establishment. In C. Zyallii, failure of large 

reproductive plants to flower in subsequent years was the most important source of 

reductions in h. In C. macrocarpus, fluctuations in h mainly reflected changes in the rate 

at which vegetative plants became reproductive. Thus it appears that local persistence in 

these species is achieved via different demographic pathways. Whereas C. Zyallii 

evidently relies on frequent and regular flowering to produce a steady supply of recruits 

into the population, reproduction in C. macrocarpus tends to be episodic; individuals 

flower infrequently, and those that do are ofien grazed before the fruits have a chance to 
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mature. Nevertheless, the attempt to produce seed may come at a cost with respect to 

hture reproduction; plants of this species generally do not flower two years in succession 

(Fig. 4.2). 

The two species differed in the extent to which bulb dormancy buffered population 

fluctuations. In C. macrocarpus, the effects of low flowering and recruitment were 

largely countered by increases in below-ground dormancy. In C. Zyallii, extended 

dormancy had less of a role in moderating temporal effects on h, which instead occurred 

primarily through increases in vegetative growth. 

Prolonged dormancy was a common phenomenon in both species of Calochortus, 

with dormant bulbs comprising from 2-24% and 7-27% of the yearly projected stable 

stage distributions of C. lyallii and C. macrocarpus, respectively. Although many plants 

exhibit prolonged dormancy (Lesica and Steele 1994), the logistical challenge of 

obtaining reliable dormancy estimates for natural populations has meant that impacts of 

adult dormancy on population dynamics have rarely been quantified (Menges 2000, 

Shefferson et al. 2001). My study is one of the first to demonstrate that dormancy during 

juvenile and adult stages could function to offset the effects of a temporally fluctuating 

environment in a manner analogous to that oRen hypothesised for soil seed banks (cf. 

Baskin and Baskin 1978, Kalisz and McPeek 1992). In their review of Calochortus 

demography, Fiedler et al. (1998) note that census data for several Calochortus species 

show patterns of 'episodic mortality' and suggest that these episodes are partly responsible 

for observed variation in population growth rates. However, most of the data sets cited 

(from Fiedler 1987, Fredricks 1992, Knapp 1996) span only three years, or two transition 

periods. It is likely that a portion of the recorded fatalities in these populations actually 

represent episodes of dormancy not observable within this brief time frame. In the 

present study, failure to take dormancy into account would have underestimated h in C. 

macrocarpus by as much as 0.27 over a given transition period (unpubl. results). 

In both C. lya11ii and C. macrocarpus, the transitions with the highest LTRE 

contributions also tended to have the highest elasticity values (Appendix 4.5). This is not 

always the case; the vital rate that contributes most to the temporal variability in 

population growth rate is not necessarily the one to which population growth rate is most 

sensitive (cf. Horvitz et al. 1997, Pfister 1998, Caswe112000). Elasticities for the mean 
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matrices (Fig. 4.4) demonstrate that, under average conditions, young/small individuals 

and oldllarge individuals made comparable contributions to population growth rate, with 

no single stage dominating. Among adult stages, stasis of large reproductives made the 

biggest contribution to h in C. Zyallii, whereas in C. macrocarpus the highest elasticity by 

far was for stasis of vegetative plants. Transitions into dormancy and the stasis of 

dormants together accounted for 10% of the total elasticity in C. Zyallii but nearly 15% for 

C. macrocarpus. These dormancy elasticities are similar to values reported for another 

liliaceous geophyte, Erythronium elegans (Guerrant 1996), but substantially less than 

those for the similarly long-lived, grassland geophyte Silene spaldingzi (Lesica 1997). 

The higher elasticities for dormancy in C. macrocarpus relative to C. Zyallii are to be 

expected fkom life history theory, which holds that for declining populations a delay in 

reproduction should have a larger positive impact on h than reproducing early in the life 

cycle (Stearns 1992). 

It has been shown that the position of individual populations in G-L-F elasticity 

space is roughly correlated with life form (Silvertown et al. 1993), but is also influenced 

by the number of life stages used to classify individuals in the population (Enright et al. 

1995), the successional stage of the habitat (Silvertown and Franco 1993, Silvertown et 

al. 1996), and the population's rate of increase (Oostermeijer 1996, Silvertown et al. 

1996). Although not large, variation in the relative contributions of G 

(growthlprogression), L (stasis/retrogression), and F (fecundity) to h was greater among 

years than between species (Fig. 4 .9 ,  reflecting the fhdamental similarity of the life 

histories of these two species. All of the matrices occurred along the G-L axis of the 

ordination triangle, with low values for F, low to intermediate values for G, and 

intermediate to high L values. Although this pattern is more generally associated with 

perennial herbs of forest habitats and woody shrubs than with herbs of open habitats 

(Silvertown et al. 1996), it is nevertheless consistent with findings for other, long-lived 

herbaceous geophytes of non-forested habitats (Svensson et al. 1993, Kephart and 

Paladino 1997, Oostermeij er et al. 1996, Lesica 1997, Hawryzki 2002), including other 

Calochortus species (Fiedler et al. 1998). It is not surprising that survival contributes 

more than reproduction to the maintenance of these slow-growing, late-maturing 

perennials, particularly in variable and unpredictable environments such as semi-arid 
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grasslands. However, it would be simplistic to conclude from this that reproduction is 

'unimportant' to the long-term dynamics of these species; clearly, for obligately sexual 

plants such as Calochortus lyallii and C. macrocarpus to attain h rl requires at least 

periodic recruitment from seed. Rather, the low F values that appear to characterise this 

growth form also underscore a potential vulnerability, which is that species that depend 

heavily on high adult and juvenile survivorship to make up for chronically low 

recruitment may possess limited demographic latitude for responding to even minor 

reductions in survival (Congdon et al. 1993). Population resilience-the ability to 

recover quickly from a major disturbance (Pimm et al. 1988)-may be low in these and 

similar taxa due to intrinsic life history constraints. From a management standpoint, 

ignoring reproductive processes in declining populations because F values are low may 

be precisely the wrong strategy (Silvertown et a1 1993). 

INTERSPECIFIC VARIATION IN h 

Several studies have found that rare species reproduce less or show more variation 

among years in reproduction than their widespread congeners (Fiedler 1987, Pavlik et al. 

1993, Byers and Meagher 1997, Walck et al. 2001). Decomposition of interspecific 

differences in h revealed that the overall higher rate of increase in C. lyallii primarily 

reflected an advantage in the fates of large reproductive and vegetative plants, in 

particular the stasis of reproductives and the transition of vegetatives into the flowering 

state. Thus the same set of constraints that distinguished good years from bad in the 

intraspecific LTREs also distinguished the performance of the two species relative to one 

another, underscoring the central importance of flowering, and factors influencing 

flowering, to the long-term dynamics of Calochortus species on Black Mt. 

Because C. lyallii generally produces larger inflorescences than C. macrocarpus 

(Chapter 2), the higher propensity for repeated flowering in C. lyallii runs counter to the 

expectation that a larger investment in flowering structures should involve a trade-off cost 

in future reproduction. However, C. macrocarpus blossoms are more than twice as large 

as those of C. lyallii, and their fruits contain over four times the number of seeds on 

average (Chapter 2). It is thus possible that the relative investment (as dry matter, 

nitrogen and phosphorus) involved in the production of flowers and fruits is not nearly as 
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different between the species as is implied by the number of flowers per inflorescence. 

Even so, large absolute differences in size between individuals, and storage of resources 

between reproductive events, make such costs dificult to demonstrate for most long-lived 

plants, especially when only natural variation is considered (Ehrlen and van Groenendael 

2001). Furthermore, many perennial species differentiate their leaf and flower buds a 

year or more in advance of their development (Geber et al. 1997, Worley and Harder 

1999), which can lead to delayed responses to changes in resource levels, further 

obscuring the mechanisms underlying different flowering patterns. In C. lyallii and C. 

macrocarpus, both flowering frequency and the number of fruits per plant were positively 

correlated with temperatures during the previous summer and negatively correlated with 

precipitation the previous summer (Chapter 2), suggesting that preformation of flower 

buds also occurs in this genus. These results also suggest that local limitations on C. 

lyallii and C. macrocarpus may be primarily climatic in origin, rather than micro- 

environmental. Climatic gradients can produce abrupt plant distribution limits even 

though the physiological responses elicited might appear too small to explain them 

(Carter and Prince 198 1). The regional endemic C. lyallii reaches its northern range limit 

on Black Mt., where it presently occupies only a small fraction of the available habitat. 

The apparent reliance on drier, hotter conditions for flowering may be one reason why 

this species has not succeeded in expanding hrther northward into British Columbia. 

Although the more widespread C. macrocarpus is not at its geographical limit on Black 

Mt., at 1200 m it is nearing the elevational limit of its distribution. The climate is 

substantially wetter and cooler there than in the valley bottoms where it is more abundant, 

and range marginality may also be coinciding with ecological marginality. 

Interestingly, the largest summed contribution to the interspecific difference in h 

came not fiom fecundity, despite C. ZyaZZiits higher flowering rate, but from the combined 

effects of growth (Fig. 4.9). In three of the four transition periods the fecundity 

advantage actually belonged to C. macrocarpus. In 1999-00, the one year in which C. 

macrocarpus projected a higher h than C. Zyallii, it did so through a combination of 

higher fecundity and survivorship (i.e., stasis and retrogression). However, the fecundity 

term estimates the number of seedlings recruited per flowering plant, not the per capita 

rate of recruitment. Compared to C. ZyaZZii, a smaller proportion of C. macrocarpus 
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plants reproduce in any year; hence those that do reproduce would have to recruit 

proportionately more seedlings per capita in order to achieve the same population-level 

result. Although C. macrocarpus is able partially to accomplish this through the 

production of larger seed capsules (Chapter 2), the stage-specific fecundity rates observed 

during the study were still substantially less than the estimated replacement fertility 

values (i.e., the fecundity rates required to sustain a h of 1 under average conditions). In 

contrast, replacement fertility rates for C. lyallii were well within the range of those 

observed. Perhaps because flowering in both species occurs only after plants attain a 

certain size, rapid progression between stages (C. lyallii) generally outweighed the 

advantages of slightly higher recruitment (C. macrocarpus). 

AGE-BASED TRAITS 

Extracting age-based parameters from stage-classified models can reveal usehl 

details about the life cycle not apparent from analysis of the stage-based models alone 

(Cochran and Ellner 1992), especially for herbaceous perennials whose age 

characteristics cannot be determined easily by any other means (Morris and Doak 1998). 

Using such an approach I was able to identifj a likely life-span (around 40 yr) for both 

Calochortus species. My analysis also showed that, aside from life-span and age-specific 

survivorship, C. lyallii has a marked advantage over C. macrocarpus with respect to 

nearly every fitness component measured, including net reproductive rate Ro, mean age at 

maturity, age-specific fertility rate, average life expectancy, generation time, and the 

likelihood of flowering before dying. A C. lyallii seedling is predicted, on average, to 

live longer (6.14 vs. 5.3 8 yr), flower sooner, spend more time in a flowering state, and 

leave more offspring (0.85 vs. 0.25 seedlings) than an equivalent C. macrocarpus 

seedling. 

Effects from these life cycle differences on population processes are evident both in 

the projected stable stage distributions and in the stable age-within-stage distributions. In 

most years, the stable stage distribution of C. lyallii is dominated primarily by juveniles 

and secondarily by seedlings and large reproductive plants. Juveniles also dominate the 

stable stage distribution in C. macrocarpus; however, the next most abundant plants are 

in this case vegetative adults. In both species, the distributions of frequency vs. age 
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within each stage are flatter and more symmetric for adult stages than for sub-adult stages 

(Fig. 4.10) because of the range of accumulated lag times that develops as individuals 

pass from stage to stage. This pattern has been reported for a wide range of taxa and is 

probably widespread in nature (Boucher 1997). However, while substantial proportions 

of the plants in both species are probably older than their size suggests, the discrepancy 

between size and age is more marked in C. macrocarpus than in C. lyallii. In other 

words, in C. lyallii populations, plants that are small in size also tend to be young. In 

contrast, in populations of C. macrocarpus plants are nearly as likely to be old as young. 

Such results do not on their own explain the marked differences in habitat and 

distribution, or separate cause from effect in explaining patterns of rarity. Nevertheless, 

clear demographic differences exist between the restricted but abundant C. lyallii and the 

widespread but sparse C. macrocarpus. 

As with all models, the transition models used to describe the two species are not a 

perfect reflection of nature. For example, the models predict ages of maturity at around 

2.5 yr, even though no seedling of either species initially censused in 1997 had attained 

flowering size by 2000, the last year of the study. First-order Markov chain models 

assume that demographic rates reflect current size and stage but are not influenced by size 

and stage in previous years (Caswell2001). However, van Groenendael et al. (1988) 

suggested, and Ehrlen (2000) subsequently demonstrated, that historical effects can be 

important in natural populations. My simulations do not test for such effects, but treat all 

the individuals in a given size class (except for dormants) equally regardless of prior 

state. For example, 'Jl' plants that were seedlings the previous year are assigned the same 

probability of surviving and advancing to a larger size class as older plants arriving at the 

same stage via retrogression from an adult size class. Thus some rates (e.g., juvenile 

growth) may have been overestimated, potentially leading to an underestimate of the 

number of the years needed to go from germination to flowering. Nevertheless, the 

values generated by this analysis, although not necessarily absolute, do form a sound 

basis for comparing life history schedules between the species. 
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POPULATION DYNAMICS AND RARITY PATTERNS 

Theoretical and empirical studies suggest that that as maturation times decrease and 

reproductive rates increase, intrinsic growth rates should increase and the risk of 

extinction should decrease (Pimm et al. 1988). However, theory also suggests that these 

same traits are likely to lead to increased variability in population size, which should 

increase the risk of extinction (Pimm et aI. 1988). My results are consistent with aspects 

of both predictions. Higher growth and flowering rates in C. Zyallii resulted in a 

population growth rate that was higher over the long-term while more variable over the 

short term. However, population momentum (the fraction by which the population would 

continue to grow or shrink before stabilising if vital rates were instantaneously brought to 

stationary levels) was much higher for C. macrocaps,  suggesting that this is the species 

with the more unstable dynamics and also the one most likely to undergo large 

fluctuations in population size following a perturbation. The sensitivity of marginal 

populations to environmental stochasticity has not been well studied, but likely depends 

on many factors (Lesica and Allendorf 1995). Both C. Zyallii and C. macrocarpus appear 

able to tolerate periodic disturbance (e.g., fire, grazing) to a certain degree, but their 

degree of tolerance to frequent disturbances may differ considerably. 

In a survey of one common and seven narrow-endemic Calochortus species from 

different habitats in the western US, Fiedler et al. (1998) reported hs ranging from 0.54- 

1.05 in the rare species and from 1.01-1.04 in the common species, detecting no 

systematic differences between rare and common taxa with respect to population growth 

rate. Byers and Meagher (1997), comparing a rare and a common species of Eupatorium, 

found that two of three populations of the rare species showed positive hs during the year 

of study, whereas only one out of three populations of the common species was projected 

to grow during the same period. The fact that many populations of long-lived plants have 

hs <1 despite having clearly persisted for a long time is somewhat surprising but not 

entirely unexpected. Geometric increase and a stable stage distribution are asymptotic 

characteristics that probably do not occur in many natural populations (Fiedler et al. 1998, 

Bierzychudek 1999). Although stochastic models provide a more realistic forecast of 

long-term behaviour, they too can produce misleading results if they fail to capture the 
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complete range of year-to-year environmental variability experienced by a population 

(Bierzychudek 1999). All else being equal (e.g., growth form, habitat, weather, 

community interactions), over time it is generally expected that a locally abundant or 

widespread species will show, on average, a higher h, or a less variable h, than a related 

rare species inhabiting a similar environment (the implicit assumption being that 

abundant species are becoming more abundant, and rarer ones more rare). However, over 

short time scales of one or a few years (i.e., the time scales of most plant demographic 

studies) we might just as easily find this pattern reversed, or that populations of both 

species are changing in tandem. Of course, the power of exponential growth is such that, 

over the long run, every species must maintain an average h close to 1, otherwise it would 

soon go extinct or else expand until it filled the world with its numbers (Darwin 1872). 

No robust empirical link between current h and 'commonness' or 'rarity' has yet been 

established, nor is it clear that we should expect one. 

Evidence for dispersal limitation has been found for many plants inhabiting 

fragmented habitats (Primack and Miao 1992). In British Columbia, C. ZyaZZii occurs 

primarily in isolated meadow clearings within coniferous forest (Miller and Douglas 

1999). Although the Black Mt. habitat contains many such openings, only a small 

fraction of these are currently occupied by C. ZyaZZii, suggesting that this species may be 

strongly dispersal limited. Aside from gravity the seeds of C. ZyaZZii possess no obvious 

long range dispersal mechanism, and most seeds probably germinate within centimetres 

of the parent plant (Miller and Douglas 1999). Although also primarily gravity dispersed, 

the seeds of C. macrocarpus possess broad wings that may aid to some extent in wind 

dispersal. In addition, the flower stalks of this species, which are several times taller than 

those of C. ZyaZZii, elongate even hrther after flowering, causing the seed capsules to be 

raised above the surrounding vegetation (Verbeek and Boasson 1995). Unlike the fruit- 

bearing stalks of C. Zyallii, which topple over once the capsules have dehisced, those of C. 

macrocarpus become woody and remain standing, thereby keeping the capsule exposed 

to the wind until most of the seeds have been released. 

The scattered but frequent occurrence of C. macrocarpus throughout the study area, 

as well as its broad geographic distribution, imply that dispersal is probably not a strong 

limiting factor in the dynamics of this species. Instead, its scarcity at the local scale is 
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likely due to a combination of factors including low intrinsic growth rate, delayed 

maturation, a low propensity to flower and set seed once mature, and grazing pressure on 

seed capsules. In many respects, C. macrocarpus resembles a figitive species 

(Rabinowitz 1978) subject to frequent population fluctuations and possibly even local 

extinctions while relying on longer-distance dispersal to sample the environment for safe 

sites suitable for germination and growth. Calochortus lyallii, by comparison, behaves 

more like a local competitive dominant that persists through vigorous and steady growth, 

moderate but steady reproduction, and generally stable dynamics. 
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Chapter 5: Summary and Discussion 

The primary aim of this thesis was to investigate the link between population 

processes and events in the life cycles of Calochortus lyallii and C. macrocarpus, two 

related plant species with contrasting patterns of distribution and abundance. Census 

information collected from three sites over five years provided a basis for describing 

inter- and intraspecific demographic variability. I tested whether populations show 

similar growth trajectories, whether the observed dynamics are scale-dependent, and 

whether the two species persist via similar demographic mechanisms. 

Specifically, I found that: 

1) Many individuals of both species exhibited prolonged bulb dormancy. Most 

dormancy episodes lasted 1-2 yr, although unrecorded plants continued to appear in the 

study plots up until the end of the study, implying a dormancy duration of up to 4 yr. 

2) Dormancy episodes were synchronised among populations within species, and also 

between species, suggesting control by the same external environmental factor. 

4) The proportion of plants flowering was usually higher for C. lyallii, but flower 

abortion was lower in C. macrocarpus. Low h i t  production related primarily to flower 

and fruit abortion in C. Zyallii, but to deer herbivory in C. macrocarpus. 

5) Warm, dry conditions in the previous year favoured flowering and fruiting in both 

species, implying that climatic conditions at their range peripheries may be limiting their 

spread. 

6) The three C. lyallii populations had generally stable dynamics, with projected annual 

h-values that fluctuated around 1 but with long-term stochastic growth rates close to 

equilibrium. By comparison, C. macrocarpus exhibited relatively unstable dynamics, 

with two of three populations studied projected to decline rapidly in size. Prolonged bulb 

dormancy in Calochortus may help to reduce spatiotemporal variation in h. 

7) In C. Zyallii, variance in h at the population and patch level were mediated by different 

sets of vital rates. This emphasises that different demographic results are obtained 

depending on the scale examined; therefore attempts to infer regional patterns from local 

processes and vice versa can produce erroneous results. 
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8) The most important sources of temporal variation in h were, in C. Zyallii, changes in 

the rate at which large reproductive plants flowered, and in C. macrocarpus, changes in 

the rate at which vegetative plants became reproductive. 

9) The generally higher h observed for C. ZyaZZii than for C. macrocarpus resulted 

primarily from greater flowering frequency. 

10) In C. ZyaZZii, the highest elasticities were associated with survival ofjuveniles and 

large reproductive plants; in C. macrocarpus, they were associated with survival of 

juveniles and large vegetative plants. 

Calochortus ZyalZii is a slow-growing plant with high survivorship, delayed 

maturity, low but variable recruitment, a low intrinsic rate of increase, and limited 

dispersal. Local populations tend to be large, with stage structures that suggest they have 

persisted for many years. At the regional scale, the pooled populations on Black Mt. had 

a small but significantly negative stochastic growth rate (--I% per year). This is likely a 

conservative projection, as most transition probabilities (e.g., seedling survival) used to 

model dynamics in this study were low estimates. In any case, the relatively small 

departure from equilibrium was not substantially greater than the deviance one might 

expect to observe in a long-lived herbaceous perennial monitored over several years in a 

variable environment (ErhlCn 1995, Kaye et al. 2001). 

The dynamics of C. macrocarpus populations are more difficult to interpret. In 

contrast to its congener, this species has undergone a marked decline on Black Mt., in 

numbers of both emergent plants and numbers of reproductive individuals. Two of the 

three populations studied projected a strongly negative long-term growth rate, indicating 

that local extinction is likely under current conditions. Yet the demographic structure of 

these populations implies that they, like those of C. ZyaZlii, have existed for many 

generations. Thus the current decrease could signify a long-term, deterministic trend, or 

it could represent a stochastic and temporary fluctuation in the local dynamics of the 

species. 

In the case of C. ZyaZZii, it is puzzling that no populations have been found at nearby 

lower elevations in the Okanagan Valley, where conditions appear more suitable for 

growth. The most parsimonious explanation is that a long-distance dispersal event led to 

establishment at the current sites, but that limited dispersal ability, or insufficient time, 
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has prevented C. Zyallii from colonising other habitats north of the Similkameen River 

Valley, which here forms the boundary between Washington and BC and which likely 

acts as an effective local barrier to further immigration from the south. 

Calochortus lyallii conservation and management 

The generally stable dynamics exhibited by C. lycrllii suggest that direct 

demographic intervention is probably not warranted at present. Instead, efforts to 

conserve C. lyallii populations in Canada should focus first on preserving the structure 

and function of the grass-forb meadows that contain these populations. This may be 

difficult. Following a forest fire in 1994, salvage-logging operations cleared away large 

sections of burnt forest on the north and east slopes, facilitating livestock access to 

several C. Zyallii sites. Subsequently, a number of invasive plant species, including 

hound's tongue (Cynoglossum ofincinale) and knapweed (Centaur-ea dzfusa), have 

increased in the area and now pose a potential threat to many plant communities on Black 

Mt. (Miller and Douglas 1999). 

In the event that demographic intervention becomes necessary in the future, my 

analyses indicate that the most effective way to reduce temporal fluctuations in 

population growth rate is to reduce the variance in the stasis of large flowering plants. On 

the other hand, effecting an increase in h will likely require managing for the whole life 

cycle, with particular attention paid to the factors affecting fecunditylrecruitment and the 

survivorship of seedlings, juveniles and large flowering plants. The most variable matrix 

element, fecundity, may also be the one most amenable to management. Because many 

C. ZyaIlii seeds do not survive to germinate, a relatively straightforward way to raise 

fecundity rates would be to collect seeds before the capsules dehisce, and keep them in 

safe storage until they can be sowed in situ the following spring. 

The effectiveness of such a strategy would depend on environmental conditions and 

the structure of the corresponding transition matrix. Using simulations, for example, I 

have found that a doubling of the per capita recruitment rate from 1 to 2 seedlings a year 

is usually sufficient to raise h from slightly <1 to slightly >1, as long as the elasticity of 

fecundity is sufficiently high (c. >0.03). However, in matrices with h-values close to 0.9, 
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and with elasticity of fecundity <0.01, fecundity rates would have to be increased by as 

much as 200 times (a biological improbability) in order to raise h to 1 (unpubl. results). 

Moreover, because elasticities evaluate the consequences of variation in a single 

matrix entry only, management interventions aimed at augmenting only processes with 

high elasticities may not be effective if life history traits covary (van Tienderen 1995, 

Menges 1998). Linkages in transition probabilities can arise because of phenotypic or 

genetic trade-offs (for instance, current reproduction may be negatively correlated with 

fkture survival) or because several matrix elements respond similarly to changes in the 

environment (van Tienderen 1995). Correlations between matrix elements can reduce the 

opportunities for spreading risks between life stages, increasing the probability of 

extinction. For example, in declining populations of Pedicularis furbishiae, the highest 

elasticity terms were for survival, but reducing mortality nevertheless appeared to be a 

poor management choice because it involved curtailing the disturbances that provide ideal 

conditions for establishment and growth (Menges 1990). 

Conclusions 

Results from my study emphasise a hndamental point: the spatial and temporal 

scales of analysis affect the interpretation of population dynamics (Wiens 1989, Levin 

1992). Matching the scale of measurement to the scales of heterogeneity most relevant to 

the organism can be challenging; hence study at multiple scales may be necessary. In the 

case of C. ZyaZZii, for example, it was necessary to study dynamics at the scale of 

individual patches to find that intrapopulation variability was partly a function of the 

variation in soil depth, mediated by its effect on establishment and survival of seedlings 

and juveniles. It is also evident that conclusions drawn from a single demographic 

transition can be seriously misleading over longer time intervals, especially if prolonged 

dormancy is occurring; failure to account for this life history phenomenon in models of 

population dynamics would clearly produce erroneous results. In my study, an 

observation span of five years was still insufficient to resolve satisfactorily the dormancy 

behaviours of C. Zyallii and C. macrocarpus. To do so would likely require monitoring 
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populations over a length of time greater than is usually seen in demographic studies of 

herbaceous plants. 

A second point is that demographic extrapolations based on taxonomic relatedness, 

morphological similarity, or habitat overlap may not always be reliable. On the basis of 

my study, management recommendations for C. macrocarpus would differ substantially 

from those suggested by models of C. lyallii dynamics. There has been considerable 

emphasis recently on defining plant 'functional groups' in order to describe more 

accurately the relationship between life history variation and population processes 

(Silvertown et al. 1993), and to develop better guidelines for conservation. This approach 

is useful; for example, 'bulbous geophytes', which include C. lyallii and C. macrocarpus, 

possess a suite of common characteristics (perennial habit, growth from a subterennean 

bulb, cryptic life stages) that are important to population dynamics. Although such 

similarities allow for the generation of useful hypotheses, generalisations based on this 

approach can only be extended so far. In the end, there is probably no substitute for 

intensive ecological study of critical life history features on a species-by-species basis. 

It is axiomatic that rarity precedes extinction; thus the study of rarity is critical for 

conservation goals as well as for the development of ecological theory. Rarity is of 

multiple forms, resulting from multiple processes, which has hampered determination of 

its causes and consequences and its relationships to specific aspects of life history. We 

now have a good idea about the sorts of life history traits that increase a species' 

vulnerability to extinction. Examples are large body size, slow growth, low fecundity, 

low r, variable r, variable population density, and poor dispersal (or profound reliance on 

dispersal). However, correlations among these traits tend to obscure the nature of their 

respective roles in delimiting patterns of distribution and abundance. Habitat 

specialisation, seed banks, complex life cycles, interactions with other species (e.g., 

pollinators), and other autecological idiosyncrasies must clearly also be considered when 

attempting to predict susceptibility to extinction; species that have always been rare may 

be of less concern (as they have already demonstrated, to a certain degree, an ability to 

persist despite low numbers) than formerly more common ones that are decreasing. In 

such instances, detailed demographic analyses can provide usehl insights into the 

processes limiting population size and stability. In this study, for example, it is the 
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comparatively widespread C. nzacrocarpus, rather than the overall rarer C. lyaZIii, that 

appears to be at greater risk of local extirpation, implying that management may need to 

focus on both species to prevent loss of local diversity. 
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Appendix 3.1 Methods for calculating dormancy rates and performing 
randomisation tests 

Estimating dormancy rates 

To estimate dormancy rates for the middle two transitions (1997-98 and 1998-99), I 

assumed that the probability of an absent plant being dormant (versus dead) did not vary 

among years. I then used pooled census records from the most complete time sequence 

available (i.e., 1996-00) to estimate the likelihood that a plant that failed to appear at 

census t was dormant and not dead, taking into account both its state and the number of 

years it had already been absent at the time of the current census. The rate at which 

individuals in stage j became dormant during each transition interval was estimated by 

(Al. 1) 

 where^^^+^^(^) represented the transition probability from stage j at time t to dormancy at 

time t+l; ct denoted a constant (estimated proportion by which the observed number of 

dormants underestimated the actual number of dormants in a given year); was the 

number of dormant stage j plants directly tallied; mj was the number of stage j plants 

absent and unaccounted for at time t+l, but excluding any absentees whose fate was 

unambiguous ( i.e., bulbs that had clearly been harvested by pocket gophers or other 

predators); a was the difference between q and ct*qj; k was another constant (estimated 

proportion of remaining absentees that went dormant for a year, then died-10% in the 

present case); and Cnict+13(i(t> represented the total number of individuals in stage j at time t. 

Plants failing to appear for the final census in 2000 could not be distinguished as 

dead or dormant. In this instance, dormancy rates could only be inferred from patterns 

observed in previous years. The probability of transition from stage j into dormancy was 

estimated by 
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where h represented the mean likelihood, over the three transition intervals from 1996-99, 

that an absent 'stage j' plant at census t was, in fact, dormant (calculated as the ratio of 

[corrected] dormant:total absent in that interval); ng(t+lp(t) was the number of stage j plants 

whose bulbs had been excavated by grazers and whose fate (death) was therefore known; 

and mJ(2000) was the total number of absentees in 2000. F ~ r p ~ ( ~ + ~ p ( t )  where j denoted a 

dormant stage, only the means from the middle two transitions (1997-98 and 1998-99) 

were used, as dormant to dormant transitions were by definition unavailable for the initial 

time interval. 

To calculate transition probabilities from dormancy back to other stages (i.e., those 

entries in the 'dormant' columns of the projection matrix), I again assumed that a certain 

fraction k (1 0 %) of all plants unaccounted for in the previous census went dormant first 

for a year, then died. This amount was then added to the current year's total dormant 

count. Let~,(~+l)d(~) represent the rate of transition from a given dormant class to stage i. 

Then 

where ni(t+l)d(t) is the observed number of contributions from a given dormant class to 

stage i at time t+l, and the summation in the denominator represents the (corrected) total 

count of individuals starting out in that dormant class at time t. This had the effect of 

increasing the total number of plants contributing to the dormant stages, while reducing, 

by a corresponding amount, the likelihood that an individual would survive dormancy. 

The degree of adjustment for a given dormant class was a direct hnction of the mortality 

rate in the stages potentially contributing to that class: if no deaths were recorded for a 

given stage in a given year, then no adjustment was made. This ensured that all rate 

corrections reflected actual census counts, and that live individuals were not discounted 

from the census arbitrarily. Because no records of past dormancy existed for the first 

transition, this retrospective approach was only suited to estimating transition 

probabilities for the last three time intervals (1997-98, 1998-99, and 1999-00). The 
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means of these values were used to estimate the corresponding matrix coefficients for 

1996-97. 

Randomisation tests 

The goal of the randomisation tests was to determine whether the observed 

assortment of demographic plots into populations, microsite types, or density classes 

produced an observed difference (Ah) in growth rate (or in any other relevant 

demographic property) greater than what would be expected from simply observing 

random subsets of the entire population. The null hypothesis was that the life history 

events occurring at each plot are independent of the plot group to which it belongs. As 

test statistics I used the standard deviations SD(k), SD(w), and SD(v). The distribution of 

each test statistic (3 under the null hypothesis was obtained by permuting plots--with their 

full contingent of individual plant histories--among groups, maintaining the sample sizes 

for each group. Due to the impracticality of examining every permutation, the total 

number of which is vast, I used a random sample of 2000 permutations. For each 

permutation of the data I calculated a new matrix model and associated set of 

demographic parameters, and then calculated 8. The fraction of these permutations in 

which 8 exceeded the observed value of the test statistic represented the probability of 

obtaining such a large deviation, under the null hypothesis. 
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Appendix 3.3 Estimated As and confidence intervals 

Table A3.3 Estimates of population growth rate, A, for 44 different C. lyallii plot group x year 
combinations, and the 95% bias-corrected bootstrap confidence intervals of those estimates. For the 
analysis, demographic plots were sorted by population, microsite type, and intraspecific plant density. See 
text for plot group defintions. 

Observation 
level Year Plot group Lower 95% h Upper 95% 

Population 1996-97 

1997-98 

1998-99 

1999-00 

Microsite 1996-97 
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Table A3.3, continued 

Observation 
level Year Plot group Lower 95% h Upper 95% 

Density class 1996-97 Low 

Med-low 

Med-high 

High 

1997-98 LOW 

Med-low 

Med-high 

High 

1998-99 LOW 

Med-low 

Med-high 

High 

1999-00 LOW 

Med-low 

Med-high 

High 
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Appendix 4.1 Loglinear analysis of transition matrices (C macrocarpus) 

To test for effects of site and year on the fate of C. macrocarpus individuals, i.e., to 

show if matrices differed among locations andlor years, I conducted a loglinear 

contingency analysis. In the analysis the response variable was fate (I;), and the 

explanatory variables were state (8, time (T), and location (L). Mortality was included in 

the analysis as a fate category. Following hypothesis testing, loglinear models were 

ranked according to the Akaike information criterion (AX) (Akaike 1973, Burnham and 

Anderson 1998), using procedures outlined in Caswell(2001). Although the loglinear 

analysis showed significant effects of both site and year (Table A4. I), comparisons of 

relative AIC values revealed that temporal variation in the matrices accounted for most of 

these effects. Further decomposition of G~ shows that the lack of the fit of the model 

STL, SF is mostly explained by the interaction of fate and time in all stages except Sd 

(seedlings) and dormant vegetative plants (DJ and DV) (Table A4.2). Because an earlier 

analysis of C. lyallii matrices based on 1 1 life stages (see Chapter 3, Table 3.5) had 

revealed a similar pattern, I pooled data from the three populations of each species to 

construct eight new matrices with higher sample sizes than the original, site-specific 

matrices. Loglinear analyses were carried out using Statistix, release 1 (Analytical 

Software 1996). 



Table A4.1.1 Loglinear contingency analysis of the effect of location (L) and year (7) on 
the demographic fate (F)  of Calochortus macrocarpus, conditional on initial state (3 (after 
Caswell2001). For each observation type, goodness-of-fit G~ values were calculated by 
fitting the saturated model (STL,SF) to stage-classified transition data (after adding 0.5 to 
each cell, as suggested by Fingleton 1984) from three time periods (1997-98, 1998-99, and 
1999-00). Models are ranked according to the Akaike information criterion (AIC), where A 
AIC is measured relative to the AIC for the best model (STL,STF in all cases). 

Model G~ d f  P AIC A AIC 

M I  = STL, SF 700.56 512 < .0001 -323.4 182.2 
M2 = STL,STF 262.36 384 1.0000 -505.6 0.0 
M3 = STL, SLF 532.1 1 384 c .0001 -235.9 269.8 
M4 = STL, STF, SLF 105.36 256 1.0000 -406.6 99.0 
M5 = SFTL 0.00 0 1.0000 0.0 505.6 

Effect Contrast AG* Adf P 

T M2 vs. M i  438.20 128.00 c .0001 
T M4 vs. M3 426.75 128.00 c .0001 
L M3 vs. M1 168.45 128.00 0.0096 
L M4 vs. M2 157.00 128.00 0.041 6 
T X L  M5 vs. M4 105.36 256.00 1 .OOOO 

Table A4.1.2 Decomposition of G~ for Calochortus macrocarpus into separate tests, one for 
each initial state, of the effect of year (7) on fate (F) .  Here, the null hypothesis (independence of 
fate and time), represented by the model TL,F, is compared to a model containing the FT 
interaction (TL, TF). Transition rates for stage J1 (small juveniles) were only available for 1998- 
00 and thus were excluded from the analysis. Models are ranked according to the Akaike 
information criterion (AIC), where A AIC is measured relative to the AIC for the best model. 

Stage Model G~ df  AG* ddf  P AIC AAIC 

Sd TL, F 19.58 64 8-15 16 0.9443 -108.42 0.0 
TL, TF 11.43 48 -84.57 23.9 

J1 TL, F - - - - - - - 
TL, TF 

J2 TL, F 150e6 64 107.46 22.6 16 c 0.0001 -52.86 75.5 
TL,TF 43.14 48 0.0 

R1 TL, F 99.35 64 74.16 -28.65 
TL,TF 25.19 48 

16 < 0.0001 -70.81 

R2 TL, F 
TL, TF 

V TL, F 
TL, TF 

DJ TL, F 
TL, TF 

DR TL, F 
TL, TF 

DV TL, F 
TL, TF 



Appendix 4.2 Calculating age-based parameters and lifetime event probabilities 

Cochran and Ellner (1992) and Caswell(2001) show how to extract various age- 

specific life history traits (e.g., average life expectancy, age at maturity, and net 

reproductive rate) as well as age-based population parameters (e.g., age-within-stage 

distributions and generation time) from stage-classified data by decomposing the 

transition matrix into separate birth and survival matrices and treating the individual life 

cycle as a Markov chain. Let T describe transitions of living individuals and F the 

production of new individuals. The transition matrix can then be written 

A = T + F  

and the movement of an individual through its life cycle can be described as an s+l 

dimensional Markov chain with transition matrix 

P = [ 0) of dimension [I:; ;::) 
where s is the number of stages, s + 1 (death) is an absorbing state, and mj is the 

probability of death for stage j (Caswell2001). The expected total times spent in each 

state i prior to absorption (i.e., death), conditional on an individual reaching state j, are 

given by a matrix 

E(vJ = (I - T)-I 

= N  

where I denotes the identity matrix and N is the findamental matrix of the Markov chain. 

To compute the probability of flowering before death, a new Markov chain, 

conditioned on absorption in state k ('flowering'), is created having a transition matrix 

Here, T' is a matrix of transitions of individuals that neither die nor reproduce, having 

entries 

tt.. - - (1 - @)tij i, j E 

where aj is the probability that an individual in stage i flowers in the interval (t, t + 1) and 

r i s  the set of transient states; and M' is an s x 2 matrix giving the probabilities of 



transitions from transient states to death and to the second absorbing state (i.e., 

'flowering'), with entries 

The probability of absorption in each state (i.e., death and flowering) is given, in matrix 

notation, by 

B = M' (I - T')" 

with the stage-specific probabilities of flowering before death contained in the second 

row bV2 of B (Caswell200 1). 

The mean age at first reproduction (i.e., age at maturity) is equivalent to the 

expected time to absorption in 'reproduced-before-dying,' conditional on absorption in 

that state, and is given by 

( ~ ( n ? ) )  ) = eT(l - T("))-' 

where 

T(") = diag (bV2.)-l T'diag (bq2.) 

and eT is a vector of ones, transposed. Multiplying the fertility matrix F by the 

hndamental matrix N (the expected number of time steps spent in each transient state) 

yields a matrix R containing the expected lifetime production of seedlings of an 

individual starting out in stage j. Entry rll of R gives the mean number of offspring 

produced by a plant starting life in the seedling stage and is equivalent to the net 

reproductive rate, & (Caswell2001). 



Appendix 4.3 Transition matrices 

Table A4.3 Stage-based transition matrices for Calochortus lyallii and C. macrocarpus on Black Mt. for the 
transition periods 1996-97, 1997-98, 1998-99 and 1999-00, from census data pooled across populations. 
Stages: Sd = seedling, J1= small juvenile, 52 = large juvenile, R1 =small reproductive, R 2  = large 
reproductive, V = vegetative adult, DJ = dormant juvenile, DR = dormant reproductive, DV = 

dormant vegetative. (Bolded entries indicate fecundity terms.) 
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Table A4.3, continued. 

Mean matrix 



Table A4.3, continued. 

199900 
Sd 0.0000 
J1 0.7170 
J2 0.0000 
R1 0.0000 
R2 0.0000 
v 0.0000 
DJ 0.0000 
DR 0.0000 
DV 0.0000 

Mean matrix 
Sd 0.0000 
J1 0.6373 
J2 0.0000 
R1 0.0000 
R2 0.0000 
v 0.0000 
DJ 0.0000 
DR 0.0000 
DV 0.0000 
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Appendix 4.4 Left and right eigenvectors 

Stable stage distributions varied among years (Table A4.4), reflecting variation in 

the structure of the matrices. In both species, the stable stage distribution tended to be 

dominated by small pre-reproductive plants (juveniles); among the adult stages, large 

reproductive plants were most abundant in C. ZyaZZii, whereas vegetative plants dominated 

in C. macrocarpus. In years of projected population increase (h >I), seedlings comprised 

about 20% of the C. ZyaZZii population and about 12 % of the C. macrocarpus population. 

In years of negative growth (h <I), seedling representation in the stable structure dropped 

to between 5-10% in C. Zyallii and as low as 0.8% in C. macrocarpus. The proportion of 

the population 'at rest' (i.e., exhibiting extended dormancy) under equilibrium conditions 

ranged from 2-24% in C. Zyallii and from 7-27% in C. macrocarpus. In contrast to 

seedlings, the proportion of dormant plants in the two populations tended to decline with 

increasing h. 

The relative representation ('reproductive values') of the different stage classes in 

the left eigenvector indicate that large reproductives are most important in contributing to 

future C. Zyallii and C. macrocarpus populations (Table A7.1). Seedlings have the lowest 

reproductive values, followed by juveniles and dormant plants. This pattern is consistent 

between species and also among years. 



Table A4.4 Estimated stable stage distributions (w) and stage-specific reproductive values (v), 
together with 95% bias-corrected bootstrap confidence intervals, for Calochortus ballii and C. 
macrocarpus over four annual transitions at Black Mt. Stages: Sd = seedling, J1= small 
juvenile, 52 = large juvenile, R1 =small reproductive, R2 = large reproductive, V = vegetative 
adult, DJ = dormant juvenile, DR = dormant reproductive, DV = dormant vegetative. 

95% bootstrap 95% bootstrap 
Year Stage w confidence interval v confidence interval 

Calochorfus lyalljj 
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Table A4.4, continued. 

Calochortus macrocarpus 
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Appendix 4.5 Elasticity matrices 

Table A4.5 Elasticity matrices for Calochortus lyallii and C. macrocarpus on Black Mt. for the transition 
periods 1996-97, 1997-98,1998-99 and 1999-00, and for the mean annual matrix, from census data pooled 
across three populations. Stages: Sd = seedling, J1= small juvenile, J2 = large juvenile, R1 =small 
reproductive, R2 = large reproductive, V = vegetative adult, DJ = dormant juvenile, DR = dormant 
reproductive, DV = dormant vegetative. For each matrix, the two largest elasticity values are bolded. 

R 1 R2 

C, lyallii 



Table A4.5, continued 

1999-00 
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Table A4.5, continued 

1999-00 
Sd 0.0000 0.0000 0.0000 0.0428 0.0091 0.0000 0.0000 0.0000 0.0000 
J1 0.0519 0.0567 0.0032 0.0000 0.0000 0.0000 0.0046 0.0000 0.0000 
J2 0.0000 0.0562 0.1395 0.0136 0.0005 0.0255 0.0163 0.0038 0.0053 
R1 0.0000 0.0000 0.0221 0.0159 0.0042 0.1062 0.0046 0.0030 0.0041 
R2 0.0000 0.0000 0.0005 0.0120 0.0019 0.0144 0.0000 0.0000 0.0000 
V 0.0000 0.0000 0.0661 0.0696 0.0124 0.1410 0.0076 0.0000 0.0091 
DJ 0.0000 0.0036 0.0294 0.0000 0.0000 0.0000 0.0094 0.0000 0.0000 
DR 0.0000 0.0000 0.0000 0.0061 0.0007 0.0000 0.0000 0.0036 0.0000 
DV 0.0000 0.0000 0.0000 0.0000 0.0000 0.0185 0.0000 0.0000 0.0047 

Appendix 4.6 LTRE analysis 

Figures A4.6a and b are surfaces plots showing the covariances of the matrix 

elements aij among years, and the resulting matrix of contributions of those covariances to 

the intraspecific variance in growth rate, V@). For C. lyallzi, the largest covariance 

occurs at peak C, corresponding to the variance in a15 (fecundity of large reproductives) 

(Fig. A4.6a). Peaks A and B represent the variance in a22 (J1 stasis) and the covariance 

between a16 and a15 (R2 and R1 fecundity), respectively. None of these elements except 

A makes a significant contribution to VQ). Most of the variance in h is due instead to 

variance in a55 (stasis of large reproductives). 

The covariance matrix of C. macrocarpus has a single large peak, corresponding to 

fecundity of large reproductives (Fig. A4.6b). However, the largest contribution to K(h) 

in this case is from variance in a46 (growth from vegetative to small reproductive), 

followed by the contribution from variance in a33 (stasis of large juveniles). 
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