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ABSTRACT 
 

Every species has a limit to its geographic distribution. The problem is that we 

don’t really know why. Classical explanations propose that range limits occur where the 

ecological conditions overwhelm adaptation and populations are no longer self-

sustaining. It is generally expected that population abundance and fitness decline towards 

range margins across a gradient of declining habitat quality. Current evolutionary and 

theoretical explanations of range limits predict that this geographic pattern of 

demography will result in genetic constraints in marginal populations, such that range 

expansion is thwarted by reduced evolutionary potential. In this thesis, I tested the key 

assumptions and predictions of range limit theory through an empirical evaluation of two 

coastal dune, endemic plants; Camissonia cheiranthifolia (Spreng.) Raim. (Onagraceae) 

and Abronia umbellata L. (Nyctaginaceae). In geographic wide surveys of a large 

proportion of populations across both species’ ranges, neither species exhibited declining 

abundance or performance towards its range limits. Central populations of C. 

cheiranthifolia tended to have a higher production of seeds per unit area than marginal 

populations. Although this pattern demonstrated the potential for gene flow from central 

sites to swamp selection in marginal sites, results from a transplant experiment suggested 

that this was unlikely. Experimental populations of C. cheiranthifolia originating from ≥ 

675 km south of the northern range limit exhibited similar levels of fitness when planted 

at the range margin. Along a 200 km transect across the limit, and in contrast to 

expectations, fitness of all populations increased towards the limit and generally 

remained high beyond the limit. Individuals from all populations reproduced and matured 

fruit beyond the limit, suggesting that if individuals dispersed beyond the limit that 
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populations would establish. The species’ abrupt distributional limit also did not 

correspond to an abrupt shift in ecological conditions, despite the association of fitness 

with plant community and microhabitat variables. Overall, ecological tolerances to fitness 

or niche-based explanations to range limits do not adequately describe the distributions of 

either species. Constraints on dispersal rate, the influence of anthropogenic factors on 

habitat dispersion and limited genetic variability for fitness related traits are addressed.  
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CHAPTER 1 – GENERAL INTRODUCTION 

 

There are many contexts in which we can consider species’ geographical ranges: 

community ecology, macroecology, biogeography, phylogeography, conservation or 

evolutionary biology. We may ask; for example, what is the significance of range shape, 

size or structure? In what habitats, in which countries and on what continents does a 

species occur? How has the distribution changed over time, and to what extent have 

natural or anthropogenic factors played a role? Does ancestry predict this distribution? 

Which species may we expect to find together or expect not to find together? Where is 

the range edge? And, what are the factors from which it arises? These latter two questions 

are central to my thesis; but, in particular, my research has evolved around the following 

question: Why does the edge of a species’ geographic distribution occur where it does?  

There are several mechanisms that one may automatically assume are associated 

with species’ geographical limits; i.e. physiological tolerances, climate, inter-specific 

interactions, edaphic requirements or dispersal vectors. And several of these factors are 

likely important determinants of range limits for many species. If a species is expected to 

occur where the combination of biotic and abiotic factors that define its fundamental 

niche occur, then the absence of this niche may explain the absence of a species. 

However, to search for or understand range limits from this bottom-up perspective might 

be like searching for the needle in the haystack, i.e. finding the one key limiting factor or 

interaction of factors from n-dimensional components of the species’ niche (Pulliam 

2000). It seems that we may learn more of geographical ranges through the opposite 

approach. By surveying the patterns of occurrence, abundance, local adaptation and 
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performance across a species’ distribution we may then ask what mechanisms or factors 

are likely to have generated these patterns. We can do this by comparing these patterns to 

those that are theoretically assumed or predicted to occur. 

 

The abundant center distribution and range limits 

The most influential assumption of species’ geographical distributions is the 

‘abundant center’ model (ACM; Sagarin and Gaines 2002a). This hypothesis is based on 

the observation that some species are distributed with highest frequency or abundance 

towards the center of their geographic ranges and become increasingly less frequent and 

abundant towards range margins (Lawton 1993). Brown (1984) proposed that this 

geographic variation in demography was associated with an underlying gradient in 

habitat. He reasoned that at some point across the landscape the optimal combination of 

ecological factors for individual fitness and population growth will occur. Moving away 

from this point, the ecological environment will continually become a little less 

favourable as each factor varies across the landscape. As the conditions decline, so, too, 

will population growth rate and fitness. At some point, ecological conditions will have 

deviated so strongly away from the species’ niche requirements that populations will no 

longer be self-sustaining and a range limit will result.  

Partially because the pattern has intuitive appeal, it forms the basis of much of our 

thinking of geographical ranges (Sagarin and Gaines 2002a). For example, predicting 

how species’ distributions may contract or expand in response to climate change 

(Channell and Lomolino 2000) or determining conservation priority or extinction risk 

based on expected population size and genetic diversity (Lawton 1993, Lesica and 
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Allendorf 1994). The ACM is also central to theoretical explanations of the genetic 

factors that generate stable range limits (reviewed in Bridle and Vines 2006).  

Assume, as suggested by the ACM, that a species’ distribution varies gradually in 

space and that edges are reached across a gradient of declining habitat quality with no 

obvious barriers to dispersal (Brown et al. 1995). If the conditions beyond the limit do 

not differ dramatically from those occurring within the range, then what constrains 

marginal populations from expanding into these regions? From an evolutionary 

perspective, it would seem that marginal populations would eventually respond to the 

selection pressures exerted by environmental conditions at the edge, adapt to and persist 

in these new regions. One explanation is that small, marginal populations are prone to 

genetic drift and lack the genetic variability required to persist in new habitats beyond the 

edge (Antonovics 1976). Alternatively, if marginal populations are not geographically 

isolated, gene flow from more abundant populations in central portions of the species’ 

range may counteract selection in these marginal habitats (Kirkpatrick and Barton 1997). 

In both cases, marginal populations are genetically constrained from adapting to 

conditions beyond the limit, and as a result the species occurs only where ecological 

conditions fit its fundamental niche.  

 

Thesis objectives and approach 

The objective of this thesis was to examine species’ geographical distributions. 

However, the goal was not to identify the single factor or combination of factors to which 

a species’ is unable to adapt. Rather, the aim was to determine if current explanations of 

range limits or aspects of these explanations might be detected in a natural system. 
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Because much of our current understanding of range limits is primarily based on theory, I 

also set out to provide one of the few, but much needed empirical and comprehensive 

evaluations of abundance and performance across a species’ entire geographic range, and 

especially in relation to its range limits. 

One of the limitations to comprehensively testing the factors associated with 

species’ distributions is the complexity of the system being studied. To minimize this 

effect, I selected two species with near linear and one-dimensional distributions. The 

primary benefit in these systems is that ecological, genetic and demographic variables 

may be sampled with a simple and representative, single transect through the species’ 

range (Sagarin and Gaines 2002b). These species tend to have narrow, coastal 

distributions where the broadest climatic and ecological factors vary primarily with 

latitude. The species’ northern and southern geographic limits are generally not 

constrained by a lack of habitat or abrupt shifts in ecological conditions as occurs in 

many terrestrial ecosystems. 

Camissonia cheiranthifolia (Spreng.) Raim. (Onagraceae) and Abronia umbellata 

Lam. (Nyctaginaceae) are both endemic to the Pacific coast dunes of North America. 

Both plants have functional affinities to arid regions (Breckon and Barbour 1974); 

however, close relatives of each species exhibit distributions that extend further north or 

south in either coastal or inland habitats (Tillet 1967, Raven 1969, Levin et al. 2004). The 

two species also have fairly similar ecologies, i.e. similar habitat requirements, short-

lived perennials, prostrate growth forms and fruit/seed dispersal by gravity. These 

similarities benefited the interpretation of geographic patterns observed and improved our 

ability to comment on the general applicability of these trends to coastal dune plants. In 
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addition, because floral diversity is well documented in the region in which these species 

occur (e.g. Breckon and Barbour 1974, Wiedemann 1984, Hickman 1996), and coastal 

dunes are readily accessible, I was confidently able to locate a large proportion of all 

populations and determine the location of their contemporary distributional limits.  

In Chapter 2, I tested for the patterns of occupancy, abundance and performance 

predicted by the ACM. I comprehensively surveyed for suitable habitat, population 

presence and population and individual level density and performance across the entire 

geographic ranges of C. cheiranthifolia and A. umbellata. If the ACM were true, then 

populations at the center of the range would be more frequent, larger, of higher density 

and exhibit higher levels of performance than populations at the range margins. The 

detection of ‘abundant center’ patterns has implications for inferring the mechanisms that 

determine a species’ geographic limit. One evolutionary model, in particular, proposes 

that a higher production of propagules at the center of a species’ range than at the range 

margins will result in an asymmetric flow of genes from central to marginal habitats. 

Because populations are dispersed across a gradient of varying ecological conditions, the 

traits(s) associated with optimal fitness at the center of range will vary from those 

associated with optimal fitness at range margins. If marginal populations are swamped 

with immigrants adapted to central conditions, adaptation in marginal habitats will be 

constrained. This gene flow-selection balance is one of the few evolutionary explanations 

to a range limit that has been theoretically demonstrated to generate stable range margins 

(Kirkpatrick and Barton 1997). Therefore, in this analysis I was specifically testing for 

geographic variation in demography that might support the requirements of this model. If 
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the conditions were not met, then we were still able to explore additional explanations 

and aspects to range limit theory. 

The aim of Chapter 3 was to experimentally quantify geographic variation in 

fitness and local adaptation across a species’ geographic range margin. I asked if fitness 

declined towards the range limit and continued to decline beyond the limit as expected if 

the range limit was associated with a decline in habitat quality relative to a species’ 

fundamental niche. In addition, I asked if marginal populations exhibited a signature of 

fitness variation indicative of the occurrence of genotypes adapted to more central 

conditions. This was done using a transplant experiment with C. cheiranthifolia across 

the northern 140 km of the species’ range and involved eight source populations selected 

from across two spatial scales. Four populations were reciprocally planted at-home and at 

all other sites. Four additional populations, originating from up to 675 km south of the 

limit, were planted with these more marginal populations at two of these sites plus at one 

site beyond the limit. If a gradient in habitat quality occurred across the species’ range, 

then the more distant populations were expected to perform increasingly more poorly 

when planted further and further from home.  

In Chapter 4, I used this same transplant experiment to ask how the ecological 

environment was correlated with fitness across the species’ range limit. Because previous 

surveys of these coastal dunes (Breckon and Barbour 1974), climatic patterns and my 

own observations of the region did not suggest that the species’ range limit coincides 

with a drastic shift in ecological conditions, i.e. vegetation community, herbivores, 

substrate or wind or ocean exposure, I expected that ecological variation was subtle. 

Therefore, I measured spatial variation in the dune plant community as a proxy for the 
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ecological conditions experienced by transplants during the experiment. Because 

geographic variation in ecological conditions across a species’ range, and especially 

across a range limit is a central assumption of evolutionary and ecological explanations 

of range limits, this final chapter complimented the questions addressed in the previous 

two chapters. Building on the results of these previous analyses, this chapter generates a 

discussion of the factors and mechanisms that may associate with the range limit of C. 

cheiranthifolia. 

The results of all three chapters challenge current evolutionary explanations of 

range limits. When traditional niche-based explanations seem to inadequately explain the 

patterns observed, alternative explanations are discussed. This thesis provides one of the 

few tests of geographic range limits across the entire range of a plant species. Overall, it 

demonstrates that even the range limits of species with geographically simple 

distributions may be quite complex. 
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ABSTRACT. It is widely accepted that species are most abundant at the center of their 

geographic ranges and become progressively rarer towards range limits. Although the 

abundant center model (ACM) has rarely been tested with range-wide surveys, it 

influences much thinking about the ecology and evolution of species' distributions. 

We tested ACM predictions using two unrelated but ecologically similar plants, 

Camissonia cheiranthifolia and Abronia umbellata. We intensively sampled both 

throughout their 1-dimensional distributions within the Pacific coastal dunes of North 

America, from northern Baja California, Mexico to southern Oregon, U.S.A. Data 

from > 1100 herbarium specimens indicated that these limits have been stable for at 

least the last 100 y. Range-wide field surveys detected C. cheiranthifolia at 87% of 

124 sites and A. umbellata at 54% of 113 sites, but site occupancy did not decline 

significantly towards range limits for either species. Permutation analysis did not 

detect a significant fit of geographical variation in local density to the ACM. Mean 

density did not correlate negatively with mean individual performance (plant size or 

seeds/plant), probably because both species occur at low densities. Although size and 

seeds/plant varied widely, central populations tended to have the highest values for 

size only. For C. cheiranthifolia, we observed asymmetry in the pattern of variation 

between the northern and southern halves of the range consistent with the long-

standing prediction that range limits are imposed by different ecological factors in 

different parts of the geographical distribution. However, these asymmetries were 

difficult to interpret, and likely reflect evolutionary differentiation as well as plastic 

responses to ecological variation. Both density and seeds/plant contributed to 

variation in seed production per unit area. In C. cheiranthifolia only, sites with 
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highest seed production tended to occur at the range center, as predicted by the ACM 

and assumed by theory proposing that range limits evolve via antagonism between 

natural selection and gene flow. 

 

Keywords: abundant center model, range limits, coastal dunes, geographic ranges, 

habitat occupancy, plant size, seed production, plants.  

 

INTRODUCTION 

 

It is a long-standing and widely accepted pattern in ecology and biogeography that 

a species is distributed with highest abundance at the center of its geographic range and 

with declining abundance towards the range margins (Andrewartha and Birch 1954, 

Lawton 1993, Sagarin and Gaines 2002a). Brown (1984) proposed that factors that define 

a species’ fundamental niche are spatially autocorrelated, such that the environmental 

similarity between sites correlates negatively with the distance between them. As a 

species spreads geographically, it becomes most abundant where conditions are most 

suitable for survival and reproduction, and declines steadily in abundance in all directions 

away from this point. On relatively smooth ecological gradients, highest abundance 

should occur at the geographic center of the species' range (Hengeveld and Haeck 1982, 

Brown et al. 1995).  

This "abundant center model" (ACM) is widely accepted and has greatly influenced 

thinking about geographical ranges, with broad implications for ecology, evolution and 

conservation (Lawton 1993, Sagarin and Gaines 2002a, Vucetich and Waite 2003, Holt 
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and Keitt 2005). It is particularly important as a fundamental assumption in theoretical 

explanations for the evolution of range limits (Sagarin and Gaines 2002a). A decline in 

population size and an increase in spatial isolation between populations, as suggested by 

the ACM, may enhance the loss of genetic variation through increased drift and 

decreased gene flow (Lesica and Allendorf 1995, Vucetich and Waite 2003). Hence, the 

genetic potential of marginal populations to respond to selection may be low, thus 

preventing the species from spreading further (Hoffman and Blows 1994). An abundant 

center distribution may also give rise to antagonism between selection and gene flow. 

Higher abundance and performance in central than marginal populations may cause 

asymmetrical gene flow from central to marginal populations due to higher propagule 

production per unit area towards the range center; especially in organisms that experience 

random dispersal. At the range limit, selection continually favors alleles that increase 

fitness in marginal environments, but evolutionary response is impeded by the incoming 

flow of alleles predominantly adapted to central conditions (Kirkpatrick and Barton 1997, 

Barton 2001).  

Recently, the generality of the ACM has been challenged (Sagarin and Gaines 

2002a). Although the distributions of some species conform to the ACM (Sagarin and 

Gaines 2002b, Defeo and Cardoso 2004, Husak and Linder 2004, Sorte and Hofmann 

2004), many do not (Carter and Prince 1988, Ribeiro and Fernandes 2000, Brewer and 

Gaston 2002, Sagarin and Gaines 2002b, Gilman 2005, Kluth and Bruelheide 2005, 

Wares and Castañeda 2005). Sagarin and Gaines (2002a) exhaustively reviewed the 

literature and found that, of 145 separate tests, only 39% supported the ACM. A major 

impediment to generally evaluating the ACM is that very few studies have quantified 
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occupancy or abundance across whole geographic ranges. Of 22 studies reviewed by 

Sagarin and Gaines (2002a) that directly evaluated the ACM, only two used data from 

throughout the range to statistically test model predictions (see also Brewer and Gaston 

2002). Many studies examined abundance across limited portions of species' ranges, or 

simply compared a few marginal versus central populations (Caughley et al. 1988, Carey 

et al. 1995, Sorte and Hofmann 2004, Gilman 2005, Kluth and Bruelheide 2005). Partial 

surveys cannot unequivocally test whether abundance/performance is highest at the range 

center. Species with near one-dimensional geographic distributions provide unequivocal 

tests of the ACM because ranges can be comprehensively sampled (Sagarin and Gaines 

2002a). To date, however, this approach has only been used for coastal marine 

invertebrates (Defeo and Cardoso 2004, Sorte and Hofmann 2004, Gilman 2005, Wares 

and Castañeda 2005, but see Graves 1997) and only one study surveyed whole ranges 

(Sagarin and Gaines 2002b). 

In the simplest scenario, abundance may be highest at the range center because of 

high individual survival and reproductive success (Brown 1984, Holt et al. 2005). Hence, 

abundance, individual performance and the number of offspring produced per unit area 

would all correlate positively. However, negative density-dependent effects on individual 

performance may uncouple abundance and performance (e.g. Watkinson 1990, Defeo and 

Cardoso 2004, Gilman 2005) but still yield highest offspring production per unit area at 

the range center. Despite the importance of these assumptions to evolutionary models of 

range limits, there have been few tests of how propagule production covaries with 

abundance and whether it varies geographically in accord with the ACM (but see Carey 

et al. 1995, Kluth and Bruelheide 2005). 
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In this study, we surveyed geographic variation in site occupancy, abundance, 

individual performance, and progeny production per unit area throughout the entire 

geographic range of two unrelated plants species with very similar ecologies and near 

one-dimensional geographic distributions. Camissonia cheiranthifolia (Spreng.) Raim. 

(Onagraceae) and Abronia umbellata Lam. (Nyctaginaceae) are both short-lived 

perennial, herbaceous, dicots endemic to Pacific coastal dunes of North America. These 

species provide excellent opportunities to test the ACM for several reasons. First, the 

complete distribution of both species is well documented in herbarium records and from 

intensive studies of Pacific coastal dune flora (e.g. Cooper 1936, Breckon and Barbor 

1974). Second, dune habitat is linearly and more or less continuously distributed, and 

readily sampled via numerous points of access within and beyond the limits of both 

species. Third, within the dunes, both species exhibit well-defined ecological limits: from 

the edge of the beach on the ocean side to the ecotone with scrub habitat on the inland 

side. We used these species to test the predicted decline from central to marginal sites in 

terms of: (1) the occupancy of available habitat; (2) local abundance; (3) individual size 

and reproductive success; and (4) the production of progeny per unit area. We also 

determine whether these two ecologically similar species with near-identical distributions 

exhibit parallel patterns of geographic variation across their ranges. To our knowledge, 

this is the first study to comprehensively test the ACM by quantifying geographic 

variation in frequency, abundance, performance, and propagule production across a 

species’ entire geographic distribution. 
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METHODS 

 

Geographic distributions and occupancy 

We determined the geographic range of both species and the historical stability of 

range limits by comparing intensive surveys of contemporary populations with 

unambiguous location data from specimens at 24 herbaria (Appendix 2.1). During 

summer 2002 and 2003, we surveyed 126 dune sites from El Rosario, Baja California to 

Florence, Oregon that appeared to include appropriate habitat for one or both species 

(Fig. 2.1, Appendices 2.2 and 2.3). Although both occur on adjacent Pacific islands, only 

mainland sites were included. The number of sites surveyed in each geographical region 

was roughly proportional to the amount of coastal dune habitat in that region. For each 

species, sites were recorded as 'occupied' if we observed ≥ 1 plant in either year, and 

‘unoccupied’ if the site contained no plants but appropriate habitat for the species. 

Habitat suitability was determined based on similarity to neighboring occupied sites in 

terms of dune morphology and stability, plant community composition and substrate (see 

criteria in Appendix 2.2). We visited 55% of sites in both years.  

 

Local abundance 

 Sixty-four of the sites occupied by C. cheiranthifolia and 38 of those occupied by 

A. umbellata, representing approximately 60% of all occupied sites, were selected for 

analysis to provide even and comprehensive coverage across the species’ ranges, and to 

avoid sites that were intensively managed or highly disturbed (Appendix 2.3). We 

estimated density of each species during or just after peak flowering in two ways. First, 
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we counted conspecifics within a 1-m radius of n randomly chosen reproductive focal 

plants (C. cheiranthifolia median n = 28, range 10–43; A. umbellata median n = 20, range 

= 1–30). 'Radial density' was calculated from the number of reproductive plants around 

each focal plant. Second, we estimated the number of plants within a known area at each 

site. Most sites were exhaustively surveyed. In very large dune complexes, we sampled 

two independent transects ≥ 1 km long. ‘Average density’ was estimated by multiplying 

the number counted by the proportion of reproductive plants (counted around focal plants 

above) and dividing by the area of habitat surveyed. The estimated number of plants at 

each site ranged from 15 to 10 000 and averaged (± 1 SD) 2353 ± 2632 for C. 

cheiranthifolia and ranged from 1 to 15 000, averaging 693 ± 2436 for A. umbellata. 

Because plants within sites tended to be clumped, radial density was appropriate for 

examining density-dependent effects on individual performance (see below), whereas 

average density was most appropriate for testing the ACM.  

 

Individual performance and production of propagules per unit area 

At each of the selected occupied sites we measured the size of reproductive focal 

plants (sample sizes as above) as the area of the smallest rectangle containing the entire 

plant. This convenient measure is appropriate for each species’ prostrate growth-form and 

correlates positively with more detailed measures such as total stem length (K. E. Samis, 

unpublished data). Camissonia cheiranthifolia produces axillary flowers, each containing 

~ 75 ovules and producing ~ 42 seeds that are passively dispersed by gravity. In 2003, we 

estimated average seeds produced per plant (seeds/plant) for each of 36 sites as the 

product of number of stems per focal plant, number of fruits per stem (averaged over two 
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randomly chosen stems per plant), and number of filled seeds per fruit (averaged over six 

fruits from each of five randomly chosen plants). Only filled seeds germinated in a 

glasshouse. 

Abronia umbellata produces umbellate inflorescences, each with ~ 14 uniovulate 

flowers that form indehiscent anthocarps bearing wings, which may facilitate wind 

dispersal (Wilson 1974). In 2003, we estimated average seeds/plant at each of 30 sites as 

the product of: stems/plant, infructescences/stem (averaged over two randomly chosen 

stems per focal plant), anthocarps/infructescence (estimated from flowers/inflorescence 

averaged over four random inflorescences per focal plant), and seeds/anthocarp (averaged 

over five anthocarps chosen randomly from six infructescences per 12 plants per site). 

Propagule production per unit site area (seeds/m2) was estimated for both species from 

the product of seeds/plant and average density.  

 

Data analyses 

Site occupancy. — We divided the range of each species into five equal sections of 

coastline (382 km for C. cheiranthifolia, 386 km for A. umbellata; where coastline 

distances were estimated from the straight-line great-circle surface distances between 

adjacent surveyed sites (both suitable and unsuitable). Because numerous sites were 

surveyed, our method of estimating coastline distance is likely a close approximation of 

true coastline distance (i.e., the distance traveled if you walked between sites along the 

coast). We then counted the number of occupied and unoccupied sites within each 

section, and tested for variation in site occupancy among sections using a 5x2 likelihood 

ratio contingency test (Quinn and Keough 2002). We then tested the prediction that the 
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proportion of sites occupied was highest at the center of the range using a 2x2 

contingency test comparing the three central sections pooled with the two marginal 

sections pooled. Alternative range divisions (7 or 3 equal sections) yielded similar results 

(not shown). We verified the results of these contingency tests using a permutation test. 

For each of 3000 iterations, the range was divided into three regions of random size at 

two randomly selected latitudinal coordinates from within the range, such that the three 

regions encompassed the entire range without overlap. For each region, the proportion of 

available sites occupied was calculated. We then calculated the proportion of iterations 

where the central region had higher site occupancy than marginal regions (pobs). We then 

generated a null distribution of p as follows: First, we randomly designated sites across 

the range as occupied or unoccupied (maintaining the same overall proportion occupied) 

and then performed 3000 random trisections of the range (as above). This generated a 

single prand value for that particular random reshuffling of site status (occupied versus 

not). We repeated site randomization and the 3000 trisections 3000 times to generate a 

null distribution of prand. The null hypothesis that habitat occupancy in the range center 

was not greater than habitat occupancy at the range margins was rejected if pobs was 

greater than 95% of the prand values (1-tailed).  

Patterns of variation in abundance and individual performance. — We used simple 

and partial correlation analyses (Quinn and Keough 2002) to explore whether 

geographical variation in density (average and especially radial density) was associated 

with variation in individual performance (plants size and seeds/plant) and per-area 

propagule production, as expected with density-dependence. We tested for associations 

between radial density and plant size consistent with negative density-dependent effects. 
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We then used partial correlations to test whether seeds/plant correlated with both plant 

size (larger plants make more flowers and fruits) controlling for radial density, and radial 

density (negative density-dependent effects on resources for seed production) controlling 

for plant size. We also used partial correlations to test the independent associations 

between seeds/m2 and both average density and seeds/plant. Both variables are used to 

calculate seeds/m2 at the population level. We expected the two measures of density to be 

positively associated, but not causally, which we tested with a simple correlation.  

Because the distributions for most parameters were skewed and could not be 

normalized by transformation, we rank-transformed population means for all analyses 

(Quinn and Keough 2002). Similar conclusions were obtained from analyses using log-

transformed data or raw data, suggesting that the results were robust and not sensitive to 

the scale of the data. We also tested for concordant patterns of geographic variation in 

abundance and individual performance between species using correlations of ranked data 

from sites where they were sympatric. 

Geographic patterns of variation in abundance and individual performance. — The 

prediction of higher local abundance and individual performance at the range center than 

towards range margins would seem amenable to testing by quadratic regression analysis. 

However, low quality habitat might occur throughout the range, whereas high quality 

habitat should occur primarily at the center (Lawton 1993, Brown et al. 1995). The 

variance in abundance or performance among sites should, therefore, be highest at the 

center and lowest at the margins, which makes regression analysis inappropriate for 

testing the ACM. Accordingly, we used a non-parametric constraint space analysis 

following Enquist et al. (1995) and Sagarin and Gaines (2002b). We tested whether the 
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pattern of geographic variation in each parameter (y = density or performance) fit a 

triangular constraint space predicted by the ACM. Each parameter (y) was expressed on a 

0 to 1 scale: (yi – ymin)/(ymax – ymin), where yi is the value for the ith site, and ymin and ymax 

are the lowest and highest values among all sites, respectively. Geographic position (km 

of coast from range center) of each site (xi) was expressed on a –1 to +1 scale, with 0 at 

the range center, –1 the southern margin and +1 the northern margin. The ACM 

constraint space was described by x:y co-ordinates: –1:0, 0:1, +1:0. The data fit the ACM 

if the summed deviation of sites from the constraint space was smaller for the observed 

data than 95% of 3000 random permutations. Alternative constraint spaces consistent 

with the ACM, including a Gaussian distribution and a platykurtotic Gaussian 

distribution, were evaluated but rarely fit the data better than the triangular space 

(Appendix 3.4). 

Data pooling and exclusions. —We pooled data on abundance and plant size for C. 

cheiranthifolia across sampling years, for a combined 64 sites consisting of nine studied 

in 2002, 18 studied in 2003 and 37 studied in both years (between-year Spearman's rank 

correlation for: plant size r = +0.83, P < 0.0001; radial density r = +0.58, P = 0.0002; 

average density r = +0.83, P < 0.0001). All data for A. umbellata are from 2003. Data for 

three A. umbellata sites with only one reproductive plant were included in analyses of 

density only (see Appendix 2.3 for exclusions). In three cases, sites with values ≥ 4 SD 

above the mean of all populations were excluded from constraint space analyses. In two 

cases, this did not change the results. In the third, it led to rejection of the null hypothesis 

in favor of the triangular constraint space for plant size of A. umbellata (site included P = 

0.43; excluded P = 0.018).  
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RESULTS 

 

Geographic distributions and occupancy 

For both species, the most southerly occupied site was at El Rosario, Baja 

California (30º 2.9'N, 115º 47.2'W), and most northerly occupied site was within the 

Horsfall dunes complex; at Horsfall beach, OR (43º 26.8'N, 124º 16.2'W) for C. 

cheiranthifolia and Tenmile Creek, OR (43º 34.5'N, 124º 13.5'W) for A. umbellata. 

Analysis of herbarium records indicated that these ranges have been stable over at least 

100 y. Only one (0.15%) of 678 C. cheiranthifolia specimens and 16 (3.7%) of 428 A. 

umbellata specimens were collected beyond the contemporary limits. Only two of the 16 

extralimital locations for A. umbellata were represented by > 1 record, both of which 

were > 700 km disjunct from the northern limit (Appendix 2.1). 

Of the 124 sites deemed suitable for C. cheiranthifolia, 108 (87%) were occupied 

(Fig. 2.1, Appendix 2.3). All 62 revisited sites were occupied both years. The number of 

occupied sites correlated strongly with the number of available sites per region (r = 

+0.98, n = 5 regions in Fig. 2.1, P = 0.0042). The frequency of sites occupied did not 

vary geographically (5x2 χ2 = 3.22, P = 0.52) and was not significantly higher in central 

(90.8% of 76 sites) than marginal regions (81.2% of 48 sites; 2x2 χ2 = 2.32, P = 0.13). 

The permutation test also did not detect significantly higher occupancy in central 

compared to marginal regions (pobs = 0.554, mean prand = 0.315, P = 0.11). 

 Of 113 sites suitable for A. umbellata, 62 (55%) were occupied (Fig. 2.1, Appendix 

2.3). Of 44 revisited sites, 90.9% were occupied both years. The number of occupied sites 
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did not correlate strongly with the number available per region (r = +0.51, n = 5 regions, 

P = 0.38), and we detected significant geographic variation in proportional site 

occupancy (5x2 χ2 = 15.61, P = 0.0036). However, site occupancy was not significantly 

higher in the three central regions (59.7% of 67 sites) than the two marginal regions 

(47.8% of 46 sites; 2x2 χ2 = 1.55, P = 0.21). This was corroborated by the permutation 

test (pobs = 0.269, mean prand = 0.322, P = 0.55).  

Of 125 sites surveyed within both geographic ranges, 111 were suitable for both 

species. Of these 111 sites, A. umbellata never occurred without C. cheiranthifolia, C. 

cheiranthifolia occurred alone at 37, both species occurred at 60, and both were absent at 

14. Hence, there was a positive association of the species across sites (2x2 contingency 

table likelihood ratio χ2 = 24.2, P < 0.0001). Of the remaining 14 sites, 13 were suitable 

for only C. cheiranthifolia (11 occupied) and one was occupied by and only suitable for 

A. umbellata. 

 

Patterns of variation in abundance and individual performance among sites 

All measures of abundance, individual performance and propagule production per 

unit area (seeds/m2) varied substantially among sites for both species; and the two species 

exhibited similar levels of relative among-site variability (CV) for all parameters (Table 

2.1). Patterns of covariation among all parameters were also very similar between species 

(Fig. 2.2). For neither species did measures of individual performance correlate 

negatively with measures of plant density. Average densities were much lower than radial 

densities (Table 2.1; paired t-tests: C. cheiranthifolia t = 24.5, df = 63, P < 0.0001, A. 

umbellata t = 8.8, df = 34, P < 0.0001), indicating that individual plants were patchily 
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distributed. Average density varied more among sites than radial density. Most plants of 

both species experienced low radial densities (median of all plants pooled: C. 

cheiranthifolia = 1.27 plants/m2, n = 3601; A. umbellata = 0.38 plants/m2, n = 664). 

Moreover, correlations between plant size and radial density within sites were generally 

weak and not significant in C. cheiranthifolia (range of r = –0.50 to +0.53, mean r = –

0.016, test that mean r = 0: P = 0.59, n = 64 sites). There was a tendency for negative 

correlations within populations of A. umbellata (r = –0.76 to +0.43, mean r = –0.17, test 

that mean r = 0: P  = 0.0049, n = 35 sites) but in only six sites were correlations negative 

and significant. Partial among-population correlations between seeds/m2 and both 

average density and seeds/plant were positive and significant (Fig. 2.2). 

Average densities of A. umbellata and C. cheiranthifolia at the sites where they 

were sympatric correlated positively (r = +0.56, n = 29, P = 0.0016). However, measures 

of individual performance and seeds/m2 did not covary between species (plant size: r = –

0.002, n = 29, P = 0.99; seeds/plant: r = –0.31, n = 17, P = 0.22; seeds/m2: r = +0.22, n = 

17, P = 0.39). 

 

Geographic variation in local abundance and individual performance 

For both species, sites with the highest average density tended to occur towards the 

range center. However, in neither species did geographic variation in density exhibit a 

better-than-random fit to the constraint space predicted by the ACM (Fig. 2.3). In C. 

cheiranthifolia, there was some indication of asymmetry in the pattern of variation 

between the northern portion of the range, where densities were relatively high even in 

the most peripheral populations, compared to the southern half of the range, where 



 25 

densities near the range limit were very low (Fig. 2.3). However, the difference in density 

between sites in the northern fifth and southern fifth of the range (see Fig. 2.1) was not 

quite significant (t = 1.88, df = 26, P = 0.072). This result was influenced heavily by the 

most northerly site in the southern fifth, which had very high density. The comparison 

was significant when this site was excluded (t = 2.18, df = 25, P = 0.039). For A. 

umbellata, there was no obvious asymmetry in the pattern of geographic variation in 

density. 

For both species, sites where plants were particularly large tended to be located 

centrally, so that geographic variation in plant size fit the ACM constraint space (Fig. 

2.3). In contrast, variation in seeds/plant did not fit the constraint space for either species 

(Fig. 2.3). Again, there was some asymmetry in geographic variation for both plant size 

and seeds/plant in C. cheiranthifolia but not in A. umbellata (Fig. 2.3). For instance, 

plants of C. cheiranthifolia were larger in populations within the southern fifth than the 

northern fifth (t = 3.77, df = 26, P = 0.0009), and from San Diego County, California, 

plant size correlated negatively with latitude towards the northern limit (r = –0.66, P < 

0.0001, n = 56). Seeds/plant also exhibited an asymmetric pattern of variation in C. 

cheiranthifolia (southern fifth versus northern fifth: t = 4.29, df = 16, P = 0.0002; 

latitudinal correlation: r = –0.56, P < 0.0001, n = 30). Some of the geographic variation 

in seeds/plant was associated with corresponding variation in plant size (Fig. 2.2), but 

supplementary analyses (not shown) indicate that a substantial component is associated 

with variation in seeds/fruit (r = +0.62, n = 36, P < 0.0001). 

For C. cheiranthifolia, sites with the highest production of propagules per unit area 

(seeds/m2) tended to occur centrally and those with the lowest tended to occur at both 
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range limits (Fig. 2.3). Hence, the pattern of geographic variation nearly fit the ACM 

constraint space (P = 0.059). For A. umbellata, sites with highest seeds/m2 occurred in 

the southern portion of the range; hence, the pattern of variation did not fit the ACM 

constraint space (Fig. 2.3). 

 

DISCUSSION 

 

Our comprehensive, range-wide surveys of two unrelated, sympatric plants with 

very similar ecologies provide only weak support for the key predictions of the abundant 

center model (ACM). The prediction of the ACM that the proportion of available habitat 

occupied decreases towards range margins, though rarely tested, has been supported for 

some plant species (Carter and Prince 1988, Jump and Woodward 2003) but not others 

(Ribeiro and Fernandes 2000). We, too, failed to detect this pattern of site occupancy for 

either C. cheiranthifolia or A. umbellata. Both species, but especially C. cheiranthifolia, 

were relatively common up to their range limits. Our analysis is based on the assumption 

that we could reliably identify suitable but unoccupied habitat. This is a general challenge 

for the empirical studies of geographical distributions because a species’ habitat 

requirements may be defined by the action and interaction of a variety of biotic and 

abiotic factors (Carter and Prince 1988, Caughley et al. 1988). Following the approach 

adopted by metapopulation studies (e.g. Husband and Barrett 1998), we chose two 

species that appeared to have well-defined habitat requirements and relatively few 

interactions with competitors or parasites. However, even if we abandon this assumption 

and consider that all available habitat was occupied, an assumption implicit to most 
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studies of occupancy across geographic ranges, our surveys still do not support the 

predicted decline in occurrence towards range limits (Fig. 2.1). 

Declining suitability of environmental conditions towards range limits is expected 

to cause parallel declines in abundance and occupancy (Hengeveld and Haeck 1982, 

Brown 1984). In both C. cheiranthifolia and A. umbellata, abundance as measured by 

average plant density was among the most variable characteristic of populations, yet 

neither species exhibited the expected decline towards range limits. Although sites with 

the highest density of plants never occurred at range margins, the overall pattern of 

variation did not fit that predicted by the ACM. Removing sites with exceptionally high 

densities from the analysis had no effect on this result. Our results join those of a number 

of studies on plants (Carter and Prince 1988, Ribeiro and Fernandes 2000, Kluth and 

Bruelheide 2005, but see Carey et al. 1995, Jump and Woodward 2003) and a wide range 

of other organisms that have failed to support this central prediction of the ACM 

(reviewed in Sagarin and Gaines 2002a, 2002b). 

In the simplest conception of the ACM, geographic variation in local abundance 

arises directly from corresponding variation in individual performance (Brown 1984, 

Holt et al. 2005). However, density-dependent effects can modify the relation between 

abundance and performance. For example, both Defeo and Cardoso (2004) and Gilman 

(2005) found that individual performance and body size of two coastal invertebrates 

correlated negatively with local density, thereby complicating a simple test of the ACM. 

Plants, in particular, may experience negative density-dependent effects on survival and 

growth. However, we did not detect any among-population correlation between average 

density or radial density and either plant size or seeds/plant. This may indicate that 
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negative effects of density counteract positive effects of habitat quality (Gilman 2005). 

However, both species we studied inhabit disturbed habitats where conspecifics occurred 

at very low densities (~2.0 other plants/m2 for C. cheiranthifolia and ~0.6/m2 for A. 

umbellata). We also did not detect significant negative correlations between density and 

plant size within sites of C. cheiranthifolia. For A. umbellata, within-site correlations 

were highly variable but only significantly negative for six of 35 sites. Although 

experimental manipulations are required to determine why density and performance are 

largely uncoupled, our results combined with field observations suggest that density 

effects are too weak to alter how reproductively mature plants respond to variation in 

habitat quality, especially among sites. 

In contrast to patterns of site occupancy and local abundance, geographic variation 

in plant size was consistent with the ACM for both species. However, the same was not 

evident for seeds/plant, even though seed production correlated positively with plant size 

among populations. It seems likely that seeds/plant is a more integrative measure of 

individual performance for these short-lived species, and therefore provides a better test 

of the ACM. Although several studies have detected reduced seed production in 

geographically marginal populations (reviewed in Eckert 2002, Jump and Woodward 

2003), very few have tested whether variation in reproductive performance conforms to 

the ACM (Carter and Prince 1988, Watkinson 1990, Carey et al. 1995). Fewer still have 

combined analyses of individual performance with site occupancy and local abundance.  

Some range-wide studies have detected the expected parallel decrease in abundance 

and seed production towards range limits (Carey et al. 1995, Jump and Woodward 2003), 

but most have failed to support the ACM (Carter and Prince 1988, Ribeiro and Fernandes 
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2000, Kluth and Bruelheide 2005). The ACM assumes a causal connection between 

individual performance, especially progeny production, and local abundance. In contrast, 

per capita seed production did not correlate with plant density for either of the species we 

studied. Experimental manipulations and demographic analyses are required to determine 

whether this suggests that seed production is not a prime determinant of population 

growth rate (e.g. Ehrlén and Eriksson 1995). 

A general challenge for range-wide tests of the ACM is potential geographic 

variation in the prevalence of habitat disturbance by humans. For example, Pacific coastal 

habitats are probably altered by development and other human activities to a greater 

extent in southern California, than further to the north or south. Is it possible that human 

activities have contributed to departures from the ACM exhibited by both species we 

studied? Although we cannot entirely reject this possibility, there are at least two reasons 

why human disturbance is unlikely to preclude a direct test of the ACM using these dune 

plants. First, coastal dunes are naturally disturbed habitat, and both species we studied 

inhabit relatively disturbed areas within dunes. Hence, they are likely to be relatively 

unaffected by human disturbance. For instance, it is not uncommon to see robust plants 

growing on trails, sandy waste areas and the margins of parking lots and roads, although 

we did not sample these anthropogenic habitats. This suggests that individual 

performance was probably not greatly affected by human disturbance. Second, human 

activities have likely reduced the quantity of coastal dune habitat to a greater extent than 

the quality of remaining habitat. A notable exception to this is off-highway vehicle 

(OHV) dune riding. However, this is only prevalent in restricted areas of central 

California and Oregon, which we avoided sampling. Accordingly, we measured local 
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abundance as plant density because it is less sensitive to variation in habitat quantity than 

alternative measures such as plant number. For similar reasons, we measured regional 

abundance as proportional site occupancy.  

 

Ecological processes that shape geographical distributions 

Both C. cheiranthifolia and A. umbellata exhibit sudden declines in occurrence at 

northern and southern range limits that have been stable over historic times. It is also 

notable that the limits of both species roughly coincide with the boundaries of the Pacific 

Mediterranean climate zone as well as the Californian Floristic Province (Breckon and 

Barbour 1974). Abrupt limits may arise from sudden change in one or more 

environmental factors that influence individual performance and population demography 

(Caughley et al. 1988). Candidate factors can sometimes be divined from correlations 

between range limits and relevant abiotic or biotic factors (Bauer and Townsend Peterson 

2005). However coastal species with 1-dimensional distributions are less informative in 

this regard because the limit of the primary axis of the distribution is only replicated 

twice; in our case, once in the north (Oregon) and once in the south (Baja California). 

This limitation notwithstanding, there did not seem to be any marked discontinuity in 

climatic or edaphic factors coincident with the range limits of either species we studied. 

Coastal dune habitat stretches well beyond both range limits, and there were no abrupt 

changes in temperature or precipitation or the seasonality of either of these climatic 

variables, probably as a result of the buffering effect of the ocean (Breckon and Barbour 

1974, K.E. Samis and C.G. Eckert unpublished data).  



 31 

Abrupt range limits may also arise from a shift in the balance between population 

extinction versus recolonization at the metapopulation level (Holt and Keitt 2000). In this 

case, variation in ecological factors can interact with variation in the availability and 

spatial dispersion of suitable habitat. Range limits involving metapopulation dynamics 

may be particularly likely in species like C. cheiranthifolia and A. umbellata that are 

short-lived and occur in disturbed habitat (Carter and Prince 1988). However, there was 

no obvious change in availability of suitable sites (occupied and unoccupied) at range 

margins consistent with this explanation (Fig. 2.1). This is further confirmed by 

supplementary constraint space analysis (not shown) of geographic variation in the 

distance between suitable sites. The ACM constraint space did not provide a better than 

random fit to the data for A. umbellata (P = 0.29) or C. cheiranthifolia (P = 0.081), 

although the test neared significance for the latter. Moreover, proportional site occupancy 

was not lower towards range limits for either species, as would be predicted by the 

metapopulation hypothesis. Nevertheless, range boundaries imposed by metapopulation 

dynamics can arise from rather subtle variation in colonization and extinction rates that 

may only be detected with long-term observations and experimental manipulation of 

patch dynamics within and between dune complexes (Carter and Prince 1988, Holt et al. 

2005). 

It has long been hypothesized but rarely tested that different ecological factors are 

proximately responsible for imposing range limits at different parts of a species’ 

distribution. Polar limits are generally thought to be determined by abiotic factors while 

equatorial limits are imposed by biotic factors (Brown et al. 1996). This might be 

manifested as asymmetries in the pattern of geographic variation between different 
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portions of a range. Such is the case for C. cheiranthifolia, but not A. umbellata. 

Considered together, however, the patterns of asymmetry observed for C. cheiranthifolia 

are difficult to interpret. Average density declines sharply towards the southern limit, but 

not the northern limit, whereas both measures of performance, particularly seeds/plant, 

decline strongly towards the northern but not the southern limit (Fig. 2.3). Again, 

variation in local abundance seems disconnected from variation in performance. Few 

other studies provide similar analyses for comparison (García et al. 2000). Our field 

observations combined with preliminary results from common garden experiments 

suggest that the different northward versus southward trends in individual performance 

involve genetic differentiation in life history across the geographic range of C. 

cheiranthifolia, possibly as a result of local adaptation (K.E. Samis and C.G. Eckert 

unpublished data). This emphasizes that the pattern of geographic variation in abundance 

and performance may often represent an evolutionary as well as demographic response to 

variation in ecological factors. 

 

Implications for the evolution of geographic range limits 

Stable range limits, like those exhibited by C. cheiranthifolia and A. umbellata, are 

an evolutionary conundrum. How can a species’ geographic distribution be limited over 

the long term given that natural selection should cause local adaptation to ecological 

conditions at range margins and, consequently, range expansion (Barton 2001)? The main 

evolutionary explanations for range limits are based on the ACM (Sagarin and Gaines 

2002a). For instance, a central-to-marginal decline in abundance may enhance the loss of 

genetic variation in marginal populations via genetic drift. In addition, lower site 
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occupancy at the range margins increases the spatial isolation of populations, thereby 

reducing gene flow and thus the replenishment of genetic variation (Lesica and Allendorf 

1995, Vucetich and Waite 2003). Both these effects might limit the potential of marginal 

populations to respond to selection (Hoffmann and Blows 1994, Blows and Hoffmann 

2005). Studies on a wide range of organisms have tested for and often detected lower 

genetic diversity in marginal than central populations (reviewed in Lesica and Allendorf 

1995) but very few of these tests have confirmed the underlying assumptions derived 

from the ACM (but see Lönn and Prentice 2002, Jump et al. 2003). As a result it is 

difficult to determine whether geographic variation in genetic diversity is caused by 

contemporary variation in population size and isolation rather than confounding variation 

in population history as a result of glaciation, for instance (Vucetich and Waite 2003). 

Our results provide very limited support for the hypothesis that the adaptive 

potential of populations at range limits may be constrained by drift combined with 

reduced gene flow. Neither site occupancy nor abundance declined towards range 

margins in A. umbellata. Moreover, a supplementary constraint-space analysis of 

geographic variation in the average distance between neighboring occupied sites (not 

shown) did not detect increased spatial isolation. In C. cheiranthifolia, we did not detect 

decreased site occupancy. However, an analysis of distances between neighboring 

occupied sites did reveal the expected increase towards range limits. Nevertheless, the 

pattern was weak, not quite significant (P = 0.053), and caused primarily by increased 

isolation of few southern but not northern sites. Local abundance did not vary 

geographically in accord with the ACM, although plant density at the most southerly sites 

was particularly low. Based on these results, we can predict that drift and restricted gene 
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flow may reduce genetic variation within populations of C. cheiranthifolia at the southern 

but not the northern limit. 

Adaptation and population expansion at range limits may also be constrained by 

antagonistic interactions between natural selection and asymmetric gene flow. Selection 

may favor tolerance to more extreme environments in marginal populations, but 

evolutionary response may be thwarted by gene flow from larger and more productive 

central populations (Kirkpatrick and Barton 1997, Barton 2001). This study is the first to 

directly test for the decline in propagule production per unit area towards range limits, 

one of the possible mechanisms required to produce asymmetric gene flow. Geographic 

variation in propagule production is particularly likely to result in asymmetric gene flow 

in plants because seed and pollen, the two vehicles for gene flow, are usually dispersed 

randomly. Again, results from A. umbellata did not support this prediction. Hence, the 

evolutionary limits to the range of this species are not clear. The abrupt limit we observed 

might indicate a lack of genetic variation for traits that allow further range expansion 

(Blows and Hoffmann 2005), yet the apparently gradual ecological gradient and 

continuous dune habitat within which these range limits occur are not obviously 

consistent with this. 

In contrast, geographical variation in seeds/m2 in C. cheiranthifolia was consistent 

with the ACM. Although the pattern did not quite fit a simple triangular constraint space 

(P = 0.059), the data exhibited a much stronger and significant fit to Gaussian or 

platykurtotic Gaussian constraint spaces (Appendix 2.4) often assumed by theoretical 

models (Garcia-Ramos and Kirkpatrick 1997, Kirkpatrick and Barton 1997, Barton 2001, 

Sagarin and Gaines 2002b). However, there is much variation, and low-density seed 
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production is common throughout the range. The net result of the observed geographic 

variation in propagule production, in terms of how it affects adaptation at range margins, 

depends on the spatial scale of seed dispersal (gene flow) and the ecological gradient that 

causes proximate limits to the geographic range (selection). Given empirical support for 

this crucial theoretical assumption, reciprocal transplants across range limits combined 

with genetic surveys could test for antagonism between gene flow and natural selection in 

limiting the geographic distribution of C. cheiranthifolia. 
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Table 2.1. Geographic variation in local abundance, individual performance and 

propagule production per unit area across the geographic ranges of Camissonia 

cheiranthifolia and Abronia umbellata.  

Species/parameter Sites Mean Range of 
means CV (%) 

Camissonia cheiranthifolia     

Average plant density (plants/m2) 63       0.04 1.5x10-4–0.24 134 

Radial plant density (plants/m2) 64       1.95 0.6–6.5   63 

Plant size (cm2) 64   903 70–5148 105 

Seeds/plant 36 1340 198–4520   85 

Seeds/m2 36     50 0.5–493 217 

Abronia umbellata     

Average plant density (plants/m2) 38       0.024 2.8x10-5–0.3 303 

Radial plant density (plants/m2) 35       0.61 0.0–2.5   86 

Plant size (cm2) 34 6735 64–2.3x104   86 

Seeds/plant 30   196 19–907   90 

Seeds/m2 29       1.0 0.005–8 181 

 

Notes: All statistics are based on site means. CV = coefficient of variation. Outliers or 

sites with only one plant were removed from calculations (see Methods and Appendix 

2.3). One-way analysis of variance detected significant variation among populations for 

radial density, plant size, and seeds/plant (all P < 0.0001). Other variables were 

calculated at the population level only. 
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Figure 2.1. Distribution of occupied sites (dashes left of coastline) and unoccupied, 

suitable sites (dashes right of coastline) across the geographic ranges of Camissonia 

cheiranthifolia and Abronia umbellata. Each geographic range has been divided into five 

equal regions of coastline (~ 384 km each), and the percentage of sites occupied are 

shown for each (number of occupied sites/total sites in brackets). Potentially suitable sites 

occurring beyond the range limits are also indicated. 



 43 

Figure 2.2. Correlations among measures of density, individual performance and seed 

production per unit area among sites for Camissonia cheiranthifolia (n = 36 sites) and 

Abronia umbellata (n = 30). All data were rank-transformed before analysis. Lines with 

single arrows denote putative cause-effect relations, and double arrows denote 

association with no expectation of causality. Pearson correlation coefficients adjacent to 

the lines indicate the strength of associations between individual parameters. Partial 

correlations are presented for response variables potentially associated with two others. 

Thick lines denote statistically significant correlations (P < 0.05). Because average 

density and seeds/plants did not correlate (C. cheiranthifolia r = –0.25, P = 0.13; A. 

umbellata r = –0.12, P = 0.51), co-linearity did not complicate the calculation of partial 

correlation coefficients for the association between these two variables and seeds/m2.
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Figure 2.3. Geographic variation in abundance (plants/m2), individual performance (plant 

size, seeds/plant) and seed production per unit area (seeds/m2) across the ranges of 

Camissonia cheiranthifolia and Abronia umbellata. Geographic position (x-axes) and 

population parameters (y-axes) have been relativized (see Methods). Diagonal lines show 

the constraint space predicted by the abundant center model. The number of sites used (n) 

and probability (P) that the observed data exhibits a better-than-random fit to the 

constraint space are presented above each panel.
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APPENDIX 2.1. Temporal stability of geographic ranges assessed by analysis of herbarium 

records of Camissonia cheiranthifolia and Abronia umbellata. 

 

To evaluate the stability of range limits over historic times we compared our intensive 

field surveys with location data from specimens of C. cheiranthifolia and A. umbellata at 

24 herbaria plus published occurrence reports from conservation databases for A. 

umbellata (Gamon et al. 1986, Vrilakas 1988, Douglas 2001). Location data were 

collected from labels on all specimens of both species at the following herbaria: Bailey 

Hortorium, California Academy of Sciences, Carnegie Museum of Natural History, 

California State University Chico, Cornell University, Instituto Politécnico Nacional 

(ENCB), Gray Herbarium Harvard University, Instituto de Ecología (IE-BAJiO), Jepson, 

Missouri Botanic Garden (MO), New York Botanic Garden, Academy of Natural 

Sciences (PH), Oregon State University, Santa Barbara Botanic Garden, San Diego 

Natural History Museum, San Diego State University, Universidad Autonoma De Baja 

California, University of California, UC Riverside, UC Davis (DAV), Smithsonian 

Institution (US), Willamette University, Washington State University and University of 

Washington (WTU). Replicate herbarium specimens from the same collection were 

counted once, and those providing ambiguous locations were excluded. All remaining 

accessions were assigned appropriate latitude and longitude. Records referring to a 

general region were assigned the central co-ordinates of that region or county. 

678 C. cheiranthifolia observations were made at 183 locations between 1854 and 

2002. Only one of these observations (0.15%) was made at a location outside of the range 

limits observed during field surveys during 2002 and 2003 (A2.1 Figure 1). The species 
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was observed once during 1908 in Clatsop County, Oregon, 280 km north of the most 

northerly site occupied during field surveys. No observations fell south of the 

contemporary limit, which is also supported by the field surveys of Johnson (1977) and 

Breckon and Barbour (1974) and Barbour et al. (1975).  

We split these observations into two temporal samples made before or after (and 

including) the median observation year (1939). Excluding the single disjunct location, the 

latitudinal ranges of where the species was recorded was strikingly similar (<1939: 

30.61–43.44°N; ≥1939: 30.05–43.44°N) and there was no difference in mean latitude of 

observations between time periods (Mean ± 1 SD: <1939 = 36.08 ± 2.85°N; ≥1939 = 

35.86 ± 3.32°N; 2-sample t-test P = 0.33). 

428 A. umbellata observations were made at 148 locations between 1850 and 2000. 

Fifteen of these were made at 10 locations north of the most northerly occupied site 

detected during field surveys. The species was observed at eight of these northern 

locations only once. Two observations were made at Port Angeles, Washington, U.S.A. 

(1895 and 1910). Four were made at Pachena Bay on Vancouver Island, British 

Columbia, Canada (1909–1927). Plants were also observed once at two other locations on 

Vancouver Island; Ahousat in 1915 and Clo-oose Bay in 2000. These locations, where 

repeat observations have been made, are disjunct from the contemporary northern limit 

by > 700 km. One of the observations of A. umbellata fell > 120 km south of the 

contemporary southern limit in the Vizcaino Desert (1980). This location is recorded in 

the Flora of Baja California (Wiggins 1980), but no observations south of the 

contemporary limit were reported in dune flora surveys by Barbour et al. (1975) and 

Johnson (1977). 
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Again, we split these observations into two temporal samples made before or after 

(and including) the median observation year (1936). Excluding the locations beyond 

contemporary limits, the latitudinal range of the observations was similar (<1936 = 

32.54–42.74°N; ≥1939 = 30.32–43.57°N), and there was no difference in the mean 

latitude of observation between periods (Mean ± 1 SD: <1936 = 35.48 ± 2.57°N; ≥1936 = 

35.23 ± 2.99°N; t-test P = 0.33). Supplementary analyses for both species (not shown) 

did not yield any evidence that the geographic range of either species has expanded, 

contracted or shifted during the last 100 y. 
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A2.1 Figure 1. Frequency of locations where Camissonia cheiranthifolia and Abronia 

umbellata were observed across their geographic ranges from herbarium records, 

published occurrence reports and conservation databases. The northern and southern 

range limits based on intensive field surveys of contemporary populations (see text) are 

shown as vertical lines. 678 observations of C. cheiranthifolia were recorded at 183 

locations between 1854 and 2002. 428 observations of A. umbellata were made at 148 

locations between 1850 and 2000. The percentages of total observations falling outside 

the contemporary range limits are shown for each species.
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 APPENDIX 2.2. Criteria used to determine suitability of habitat for Camissonia 

cheiranthifolia and Abronia umbellata within each species’ range boundaries. 

 

After first visiting occupied habitat across the entire geographic range of each species, the 

following criteria were used to assess suitability of unoccupied habitat within range 

limits. Although the two species often co-occur within sites, we observed key differences 

in the habitats they occupy. Hence, the following criteria for habitat suitability differ 

between species. 

 

Camissonia cheiranthifolia – suitable habitat was defined by the following criteria: 

1) stabilized to semi-stabilized dune formation occurring from leading edge of the 

foredune with hummock formations inland to regions behind the foredune but 

ahead of any stabilized backdune or deflation plain 

2) protection from winter sand movement and ocean disturbances, such as blow-outs, 

winter standing water, in regions stabilized by native species listed in 3, foredune 

formation and/or driftwood 

3) native plant community comprised of common dune stabilizers, mature pioneer 

plants, or occupants of semi-stabilized or stabilized dunes (e.g. Abronia umbellata, 

A. latifolia, A. maritima, Ambrosia chamissonis, Atriplex leucophylla, Astragalus 

nuttalii, Cardionema ramosissimum, Croton californicus, Eriogonum parvifolium, 

Lotus spp., Ericameria ericoides) 

4) areas of open sand among regions dominated by Ammophila arenaria or 

Carpobrotus spp., if present 
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5) eroding, sandy, coastal slopes or perched dunes along with other species listed in 3 

when no standard dune formation is present 

6) elevation < 50 m 

7) substrate composed of heterogeneous mix of coarse silt to medium sand, 

occasionally coarse sand, low organic content (determined by light sand color) 

 

Abronia umbellata – The habitats occupied differed somewhat across the range. In the 

southern portion of the range (< 38.5ºN), the species occurs from the leading edge of the 

foredune, inland to the stabilized back dunes. In the northern portion (> 36.8ºN), it occurs 

from above the high tide line to behind the foredune. In the region of overlap, the species 

occurs in all these habitat zones. 

(i) Habitat suitability in southern range was defined by the following criteria: 

1) stabilized dune formation (without parabola dunes or transverse ridges) either along 

or behind the foredune inland to the backdune 

2) protection from winter sand movement and ocean disturbances, such as blow-outs 

and winter standing water, by stabilization from native species listed in 3, foredune 

formation and/or driftwood 

3) native plant community comprised of common dune stabilizers, mature pioneer 

plants and occupants of stabilized dunes (e.g. A. latifolia, A. maritima, Ambrosia 

chamissonis, Atriplex leucophylla, Cardionema ramosissimum, Croton 

californicus, Eriogonum parvifolium) 

4) open spaces and regions not dominated by non-native dune forming plants A. 

arenaria and Carpobrotus spp. 
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5) elevation < 50 m 

6) substrate: moderately well sorted coarse silt to medium sand, with medium to low 

organic content (medium to light color) 

 

(ii) Habitat suitability in the northern range was defined by the following criteria: 

1) semi-stabilized dune formation with protected regions without parabola dunes or 

transverse ridges; AND dune community comprised of native dune stabilizers, 

pioneer plants or common occupants of semi-stabilized dunes (e.g. Ambrosia 

chamissonis, Calystegia soldanella, Lupinus spp., Eriogonum latifolium, Artemisia 

pycnocephala); AND/OR  

2) naturally disturbed driftwood zone above high tide line or littoral strip in front 

foredune; AND presence of other species capable of stabilizing sand with small 

hummock formations on beach/coastal strand, such as Cakile spp., Elymus mollis, 

Lathyrus littoralis; AND low species richness 

3) low abundance of dominant forbs (e.g. Ammophila arenaria) 

4) elevation < 25 m 

5) substrate: loose beach sand, poor to well sorted mixture of medium silt to medium 

sand of low organic content (light color) 
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APPENDIX 2.3. Geographic locality of sites occupied by Camissonia cheiranthifolia (C) 

and Abronia umbellata (A) across the species’ geographic ranges along North 

American Pacific coastal dune habitat between El Rosario, Baja California, Mexico 

and Tenmile Creek, Oregon, U.S.A.  

 

 Site name1 Latitude 
(ºN) 

Longitude 
(ºW) Species present2,3,4 

1 Bocana El Rosario 30.0478 115.7864 C* A* 
2 El Soccorro  30.3187 115.8257 C* A* 
3 Bahia San Quintin 30.3904 115.9854 C* . 
4 Bahia Santa Maria 30.3973 115.9050 C* . 
5 Bahia Falsa (2 populations) 30.4843 115.9760 C* A* 
6 San Quintin West 30.6154 116.0273 C* A* 
7 San Antonio Del Mar 31.1068 116.3080 C A* 
8 Punta Estero 31.7258 116.6486 C A* 
9 Borderfield SP 32.5419 117.1238 C A 
10 Silver Strand SP 32.6408 117.1436 C* A* 
11 Torrey Pines SR 32.9290 117.2591 C* A*d 
12 South Carlsbad SP 33.0833 117.3116 C* A* 
13 Camp Pendleton 33.2351 117.4178 C* A* 
14 San Onofre SP 33.3808 117.5770 C A 
15 Newport Beach (Balboa) 33.6023 117.9038 C* A* 
16 Huntington SB  33.6325 117.9604 C A 
17 Bolsa Chica SB 33.6603 117.9983 C A 
18 Dockweiler SB 33.9578 118.4504 C* A* 
19 Zuma Beach 34.0000 118.8167 C . 
20 Malibu Creek 34.0330 118.6834 C . 
21 Point Dume SR 34.0033 118.8093 C* A 
22 Thornhill Broome 34.0722 119.0393 C A 

23 Point Mugu Missile Testing 
Center 34.1145 119.1494 C* A 

24 Ormond 34.1377 119.1834 C . 
25 Mandalay County Beach 34.1980 119.2479 C A 
26 McGrath SB 34.2278 119.2614 C* A* 
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 Site name1 Latitude 
(ºN) 

Longitude 
(ºW) Species present2,3,4 

27 San Buenaventura SB 34.2679 119.2783 C* A 
28 Emma Wood SB 34.2774 119.3131 C A 
29 Carpinteria SB 34.3926 119.5228 C . 
30 Coal Oil Point Reserve 34.4120 119.8829 C* A* 
31 Jalama Beach 34.5117 120.5023 C* . 
32 Surf 34.6829 120.6062 C* . 

33 Guadalupe-Nipomo to Mussel 
Rock 34.9506 120.6537 C* A* 

34 Guadalupe-Nipomo - south of 
Oso Flaco lake, Coreopsis Hill 35.0303 120.6337 C* A* 

35 Guadalupe-Nipomo - north of 
Oso Flaco lake 35.0329 120.6276 C* A* 

36 Pismo Preserve 35.0958 120.6304 C . 
37 Montana De Oro SP 35.2673 120.8591 C A 
38 S. Morro Bay/Sharks Inlet 35.3095 120.8805 C A 
39 Morro Bay Sand Spit 35.3658 120.8623 C* A* 
40 Morro Strand SB 35.3964 120.8662 C* . 
41 Toros Creek 35.4148 120.8742 C . 
42 Villa Creek 35.4597 120.9667 C A 
43 San Simeon SP 35.5950 121.1256 C* . 
44 Piedras Blancas Dunes 35.6591 121.2519 C . 
45 Andrew Molera SP 36.2813 121.8583 C* . 
46 Point Lobos State Reserve 36.5171 121.9512 C* A (2002) 
47 East Dunes, at Tioga Rd 36.6168 121.8471 C* A* 
48 Asilomar SP 36.6189 121.9410 C* A* 
49 Marina 36.6910 121.8108 C A 
50 Salinas River SP 36.7745 121.7956 C* A 
51 Moss Landing 36.8118 121.7960 C A 
52 Zmudowski SP 36.8363 121.8017 C* A* 
53 Sunset SP 36.8766 121.8252 C A 
54 Wilder Ranch 36.9541 122.0799 C* A* 
55 New Brighton SB 36.9786 121.9341 . A* 
56 Bonnie Doon 37.0000 122.2200 C . 
57 Scott Creek 37.0550 122.2700 C . 
58 Waddell Creek 37.0928 122.2858 C . 
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 Site name1 Latitude 
(ºN) 

Longitude 
(ºW) Species present2,3,4 

59 Ano Neuvo - Franklin Point 37.1498 122.3558 C* . 
60 Pescadero Creek 37.2676 122.4109 C* A*a (2003) 
61 Half Moon Bay - Dunes Beach 37.4828 122.4524 C . 
62 San Pedro Beach 37.5959 122.4800 C . 
63 Fort Funston 37.7162 122.5090 C . 
64 Ocean Beach, SF 37.7763 122.5170 C . 
65 Baker Beach 37.7962 122.4870 C A 
66 Crissy Field, Presidio 37.8112 122.4877 C A 
67 Radio Beach 37.8253 122.3172 C*b . 
68 Muir Beach 37.8530 122.5810 C . 
69 Stinson Beach 37.8955 122.6450 C . 
70 Seadrift Beach 37.9070 122.6794 C A* 
71 PRNS - Horsehoe Pond 38.0309 122.9502 C* A* 
72 PRNS - South Beach 38.0461 122.9879 C* . 
73 PRNS - McClure's Beach 38.1908 122.9645 C* . 
74 Lawson's Landing 38.2377 122.9687 C* . 
75 Bodega Dunes SP 38.3443 123.0673 C* A 
76 Gualala River 38.7641 123.5298 C* . 
77 Manchester SB 38.9827 123.7058 C* . 
78 Big River 39.3047 123.7966 C A* 
79 Virgin Creek 39.4708 123.8046 C* A* 
80 MacKerricher SP 39.5033 123.7838 C* A 
81 Wages Creek 39.6517 123.7833 C . 
82 Centerville County Park 40.5879 124.3429 C . 
83 King Salmon 40.7402 124.2223 C* . 
84 Samoa / Fairhaven 40.7751 124.2109 C* A* 
85 Manila Dunes Community Center 40.8476 124.0075 C* A* (2003) 
86 Lanphere Dunes 40.8923 124.1492 C* A* 
87 McKinnleyville Dunes 40.9782 124.1179 C . 
88 Clam Beach County Park 41.0067 124.1131 C A* 
89 Little River SP to Moonstone 41.0274 124.1106 C* A* 
90 Big Lagoon, Dry Lagoon SP 41.1649 124.1323 C . 
91 Stone Lagoon, Dry Lagoon SP 41.2583 124.0992 C* . 
92 Freshwater Lagoon 41.2800 124.0800 C . 
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 Site name1 Latitude 
(ºN) 

Longitude 
(ºW) Species present2,3,4 

93 Gold Bluffs Beach, Redwoods NP 41.3618 124.0748 C* A* 
94 Carruther's Cove, Redwoods NP 41.4612 124.0661 C* A 
95 Crescent City Beach 41.7366 124.1608 C* A*a 
96 Tolowa Dunes SP, Kellogg Rd 41.8705 124.2114 C . 

97 Pelican Beach, CA / Crissey 
Field, OR 41.9988 124.2106 C* A*c 

98 Brookings beach/Chetco River 42.0411 124.2638 C* . 
99 Pistol River 42.2709 124.4050 C* . 
100 Otter Point 42.4482 124.4295 C* A 
101 Euchre Creek 42.5371 124.4000 C* . 
102 Port of Port Orford 42.7412 124.4989 C* A* 
103 Cape Blanco SP 42.8515 124.5441 C* . 
104 New River 42.9167 124.5000 C A 
105 Bandon SP, Beach Loop Rd 43.0747 124.4352 C* . 
106 Bullards Beach SP 43.1464 124.4150 C* . 
107 North Spit 43.3669 124.3253 C A 
108 North Spit Overlook 43.4359 124.2771 C* . 
109 Horsfall Beach 43.4460 124.2708 C . 
110 Tenmile Creek, north side 43.5744 124.2250 . A*a (2003) 
1 SP, SR, SB = State Park, Reserve or Beach; NP = National Park; PRNS = Point Reyes 

National Seashore; CA = California; OR = Oregon.  

2 Presence based on summer 2002-03 observations. Year (in brackets) indicate year 

present if not observed in both years. 

3 The subset of sites at which local abundance (average density) and individual 

performance (plant size and seeds/plant) were estimated are indicated by asterisks. 

4 Site data exclusions (superscript letter). Three A. umbellata sites with only one 

reproductive plant were included in analyses of average density only (a). Sites with values 

≥ 4 SD above the mean of all populations were excluded from analysis of average density 

(b), plants size (c) seeds/m2 (d).
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 APPENDIX 2.4. Implementation of constraint space analysis to test the abundant center 

model (ACM). 

 

In addition to the simple triangular constraint space, we tested the fit of the data to 

two alternative abundant center models, one based on a normal distribution (from 

equation 3 in Sagarin and Gaines 2002) and the other based on a platykurtotic distribution 

(from equation 13 in Garcia-Ramos and Kirkpatrick 1997); and two non-ACM models 

with maximum abundance at one or other range limit (Fig. 2 in Sagarin and Gaines 

2002). We included these latter two models because ‘ramped’ distributions have been 

detected empirically for other species (e.g. Graves 1997, Sagarin and Gaines 2002, 

Gilman 2005). If the data exhibited a better-than-random fit to more than one constraint 

space, we used parsimony as a criterion (following Hilborn and Mangel 1997) to select 

the best model, which yielded the lowest value of SSobs/(npops – 2m), where npops = the 

number of populations sampled, and m = the number of parameters in the model (m = 2 

for linear and normal models, and 1 for platykurtotic model).  
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A2.4 Table 1. Constraint model test results (P values) for the parameters of interest for 

each species, Camissonia cheiranthifolia and Abronia umbellata for three models 

relevant to the abundant center model and two alternative models. 

 n 
Sites Triangular Normal Platykurtotic Southern 

maximum 
Northern 
maximum 

C. cheiranthifolia       

Radial density 
(plants/m2) 

64 0.24 0.49 0.17 0.33 0.42 

Average density 
(plants/m2) 

63 0.13 0.54 0.24 0.24 0.87 

Plant size (cm2) 64 0.00058 0.043 0.013 0.071 0.61 

Seeds/plant 36 0.38 0.16 0.32 0.059 0.52 

Seeds/m2 36 0.059 0.038 0.0009 0.51 0.32 

A. umbellata       

Radial density 
(plants/m2) 

35 0.69 0.54 0.67 0.79 0.43 

Average density 
(plants/m2) 

38 0.57 0.69 0.55 0.31 0.77 

Plant size (cm2) 34 0.018 0.029 0.018 0.12 0.51 

Seeds/plant 30 0.74 0.58 0.69 0.97 0.15 

Seeds/m2 29 0.64 0.77 0.43 0.20 0.80 

 

Notes: P-values less than 0.05 (bolded) indicate a better-than-random fit of the parameter 

data to the tested constraint space. In cases where the data showed a significant fit to 

more than one constraint space, the best model, chosen using the parsimony criterion 

described above, is underlined.
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ABSTRACT. All species have limited geographic distributions; but the ecological and 

evolutionary mechanisms causing range limits are largely unknown. It is expected that 

geographic range limits reflect the limited evolutionary potential of marginal populations 

to fully adapt to conditions experienced at and beyond range margins. This evolutionary 

constraint may be associated with declining habitat quality relative to the species’ niche 

from the center to margins of the species’ range. Along this gradient, gene flow may be 

greater from larger and more productive central populations into smaller and more sparse 

marginal populations than in the reverse. Given that central populations are not adapted 

to conditions at the limit, this asymmetric gene flow will oppose selection for traits that 

enhance fitness at the range limit; thereby limiting range expansion. We investigate this 

hypothesis using a transplant experiment across the northern range limit of Camissonia 

cheiranthifolia (Onagraceae), a North American Pacific coastal dune plant with a near 

linear distribution. Seedlings from four populations were reciprocally transplanted among 

sites from 0–140 km south of the limit. Four additional populations originating from 185–

675 km south of the limit were also transplanted into the most southern and the most 

marginal site. In addition, all populations were transplanted 62 km north of the limit (total 

n = 3782 plants). Contrary to expectations, fitness, measured as lifetime fruit production 

over two years, increased towards the range limit with highest fitness achieved at the 

most marginal site and lowest fitness at the most southern site for all source populations. 

Fitness declined beyond the range limit only for the three most southerly populations, but 

was at least as high as fitness at the most southerly site. Similar patterns were observed 

for all components of fitness. A substantial proportion of plants from all populations 

successfully matured fruit at all sites. The observation that southern populations did not 
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experience reduced fitness at the limit compared to marginal populations suggests that 

gene flow from central populations is unlikely to thwart adaptation in marginal 

populations. More broadly, that all populations exhibited relatively high survival and 

reproduction at and beyond the range limit, challenges a fundamental prediction of all 

evolutionary explanations of range limits, that marginal populations lack the genetic 

potential to persist in conditions outside of range limits. 

 

INTRODUCTION 

 

Why all species have limited geographical distributions is a long-standing and 

unresolved question with far reaching implications for ecology, evolution and 

conservation (Lawton 1993, Sagarin and Gaines 2002a, Holt et al. 2005). Over the short-

term, a species’ distribution is likely determined by geographic variation in the biotic and 

abiotic factors that affect population growth rate (Gaston 2003). However, the 

evolutionary mechanisms that prevent populations from adapting to conditions beyond 

the range limits over the long-term remain poorly understood. 

Evolutionary hypotheses for range limits involve three main mechanisms 

(Hoffmann and Blows 1994, Barton 2001, Bridle and Vines 2006); all of which involve 

an ecological constraint to fitness at or towards a range limit. (1) In principle, a species 

should spread geographically until the point where ecological conditions preclude self-

sustaining populations. A range limit may result if genetic variation for the trait(s) 

required to persist beyond range limits is unlikely to occur in the species (“genostasis” 

Bradshaw 1991). (2) Limits may also arise from geographic variation in population 
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demography. It is generally expected that a species reaches its highest abundance where 

ecological conditions most closely match its ecological niche, and population frequency, 

abundance and productivity decline away from this “abundant center” (Brown et al. 1995, 

but see Sagarin and Gaines 2002a). Marginal populations, by virtue of their isolation and 

small size, are prone to overall reduced genetic variability via genetic drift and infrequent 

gene flow (Antonovics 1976, Lesica and Allendorf 1994). The consequent reduction in 

genetic variation may limit the response to selection on key traits that would allow range 

expansion. (3) Limits may also arise from antagonism between natural selection and gene 

flow. If a species exhibits an abundant center distribution, gene flow may be asymmetric, 

with more frequent movement of propagules from large, productive central populations to 

small, sparse marginal populations, than the other way around. Given that central 

populations are not adapted to conditions at the limit, this asymmetric gene flow will 

oppose selection for traits that enhance fitness at the range limit (Haldane 1956, Pease et 

al. 1989, Holt and Gomulkiewicz 1997, Garcia-Ramos and Kirkpatrick 1997, Kirkpatrick 

and Barton 1997, Case and Taper 2000, Barton 2001, Alleaume-Benharira et al. 2006). In 

principle, these three mechanisms are not mutually exclusive. For example, some degree 

of genostasis would exacerbate the effects of drift and antagonistic gene flow. In contrast, 

gene flow from central populations may oppose drift and the general loss of genetic 

variation in marginal populations (Barton 2001, Alleaume-Benharira et al. 2006).  

The genostasis hypothesis proposes that a species reaches a developmental or 

physiological limit for which the required variability is highly unlikely to arise. This 

hypothesis may apply best when ecological gradients are very steep; for example, 

towards heavy metal contaminated areas (Bradshaw 1991) or for ecologically restricted 
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species (Antonovics 1976, Pierson and Mack 1990, Hoffmann et al. 2003). The drift 

hypothesis has received some indirect support from comparisons of genetic structure, 

usually for putatively neutral polymorphisms, between geographically marginal versus 

central populations. Overall, however, the evidence is inconsistent, as marginal 

populations exhibit less neutral genetic diversity in some species (e.g. Eckstein et al. 

2006, Johansson et al. 2006) but not others (Lammi et al. 1999, Garner et al. 2004, 

Gapare et al. 2005). Whether geographic declines in neutral diversity correspond to low 

adaptive potential for traits that influence fitness in marginal environments has rarely 

been studied. Similarly, the gene flow-selection balance hypothesis has not been directly 

tested, despite its widespread discussion in the literature. The constraining effect of gene 

flow on adaptive divergence has been demonstrated in some species (e.g. Hendry and 

Taylor 2002, Nosil and Crespi 2004), yet local adaptation is maintained by strong 

divergent selection despite high gene flow in other species (e.g. Sambatti and Rice 2006). 

Experiments testing for geographic variation in local adaptation towards range limits 

have rarely been performed (Magiafoglou et al. 2002, Griffith and Watson 2006, Sanford 

et al. 2006).  

Evolutionary explanations of range limits make several predictions about 

geographical patterns of fitness variation that can be tested using reciprocal transplant 

experiments. Transplant experiments are a standard tool for the analysis of local 

adaptation (Kawecki and Ebert 2004) and have been used to demonstrate local adaptation 

to contrasting habitats for several plant species over a variety of spatial scales (Jordan 

1992, Nagy and Rice 1997, Stanton and Galen 1997, Galloway and Fenster 2000, 

Sambatti and Rice 2006), and fitness variation across ecological limits (e.g. Antonovics 



 

 

65 

1976, Pierson and Mack 1990). In contrast, transplant experiments have rarely been used 

to address the evolution of geographical range limits (Levin and Clay 1984, Prince and 

Carter 1985, Woodward 1990, Angert and Schemske 2005, Geber and Eckhart 2005) and 

none have been designed to address the specific assumptions and predictions of range 

limit theory, especially the gene flow selection balance model.   

Consider an experiment in which a set of source populations are reciprocally 

planted at sites towards a range limit and across a gradient of declining habitat quality. 

Following theory, we assume that gene flow is asymmetric from large populations in 

higher quality sites to small populations in lower quality sites (Kirkpatrick and Barton 

1997). Local adaptation is inferred when ‘resident’ genotypes exhibit higher fitness than 

‘foreign’ genotypes. This ‘home-site advantage’ yields a strong and statistically 

significant interaction between the effects of source population and planting site in a 2-

way ANOVA. When there is little or no gene flow among populations, local adaptation 

will be perfect and the analysis will not detect any overall variation in mean fitness 

among planting sites or source populations (Fig. 3.1a). In this case, there would seem to 

be no constraint on adaptation and thus no reason for a range limit on this ecological 

gradient. At the other extreme, when asymmetric gene flow is strong enough to 

completely prevent local adaptation, the same analysis will detect strong differences 

among planting sites. In this case, fitness declines strongly towards the low-quality end of 

the gradient, with no variation among genetically homogenized source populations and 

no interaction between site and source effects (Fig. 3.1c). Between these two extremes, 

asymmetric gene flow is strong enough to prevent perfect local adaptation but not strong 

enough to entirely oppose selection. In this case, we expect a persistent effect of site and 
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declining mean fitness for all populations when planted further towards the low-quality 

end of the gradient (Fig. 3.1b). Because asymmetric gene flow makes source populations 

better adapted to sites further towards the higher quality end of the gradient, all source 

populations realize higher fitness at a higher quality site than at their home site and, at 

most sites, highest fitness is enjoyed by a source population from a lower quality site. 

Therefore, the home-site advantage is not realized except at the lowest quality site. In 

both scenarios where there is significant asymmetric gene flow, all populations are 

expected to experience progressively declining fitness when planted further towards the 

range limit and beyond. This prediction is also central to the evolutionary explanations 

for range limits involving genostasis and genetic drift. 

We tested the predictions of the gene flow-selection balance (GFSB) model using a 

reciprocal transplant experiment at the northern range limit of Camissonia cheiranthifolia 

(Spreng.) Raim. (Onagraceae), a short-lived plant that is endemic to Pacific coastal dunes 

of North America. We selected this species because it exhibits an ecologically narrow, 

essentially one-dimensional, geographic distribution with conspicuous and stable 

northern and southern geographic range limits (Samis and Eckert 2007). The near linear 

ranges of endemic, coastal species are ideal for testing range limit theory and patterns of 

local adaptation at range margins because they closely match the assumptions of 

theoretical models (Prince and Carter 1985, Sagarin and Gaines 2002b).  

An important challenge for empirical studies of range limits is that the nature or 

scale of the ecological gradient that cause range limits is usually unknown (Gaston 2003). 

While populations may be distributed across thousands of km, variation in fitness and 

local adaptation across such large scales may be irrelevant to the ecological or 
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evolutionary factors that impose range limits (Prince and Carter 1985). Accordingly, we 

performed an experiment at two spatial scales. First, we reciprocally transplanted four 

populations among sites 0–140 km south of the northern range limit, plus one site beyond 

the limit. In addition, four populations from more central locations (185–675 km from the 

limit) were transplanted into three of these sites. 

The first goal of this experiment was to determine the pattern of fitness variation 

and local adaptation across the geographic range margin of C. cheiranthifolia. Unless 

gene flow is so strong that it entirely prevents local adaptation, the GFSB model predicts 

that marginal populations will have higher fitness at marginal sites than more central 

populations. Without this fitness differential between marginal and central populations at 

the range edge, asymmetric gene flow cannot limit range expansion. In addition, the 

experiment tested the breakdown in home-site advantage predicted by a balance between 

asymmetric gene flow and directional selection. If gene flow is strong enough to 

constrain range expansion, but not strong enough to completely thwart selection, then 

marginal populations will have higher fitness at more central sites than at their home site, 

and resident populations may be outperformed by populations originating from closer to 

the margin (Fig. 3.1b). Finally, by planting all populations beyond the range limit, we 

were able to test if the range limit is associated with the limited potential of marginal 

populations to survive at sites beyond the range edge; a prediction of all evolutionary 

explanations of range limits. 
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METHODS 

 

Study system 

Camissonia cheiranthifolia occurs from El Rosario, Baja California, Mexico to 

Horsfall, Oregon, U.S.A (Samis and Eckert 2007). Across the northern half of the 

species’ range, plants consist of a central rosette atop a short, primary stem (< 10 cm) 

with one to many lateral, prostrate branches. Single flowers are produced from axillary 

meristems at the distal end of lateral stems, and infrequently from the rosette. Flowers 

have an inferior, multiovulate ovary producing ~ 40 seeds/fruit. Populations used in this 

experiment produce small flowers (~ 10 mm diameter) opening for 1–2 consecutive days. 

However, self-pollination before anthesis, and negligible herkogamy or nectar suggests 

that the mating system involves predominant self-fertilization (Eckert et al. 2006). The 

small seeds (~ 0.15 mg) lack dispersal structures and are passively dispersed from sessile 

fruits. Seeds germinate during winter rains and flowering generally commences during 

the first growing season (K.E. Samis personal observation). Established plants appear to 

live for 1–3 yrs; however, most appear semelparous (i.e. single reproductive event 

followed by death).  

 

Experimental design 

We designed the experiment to assess geographic variation in fitness at two spatial 

scales (Fig. 3.2, Table 3.1). First, four populations located across the final 140 km of the 

species’ northern range in Oregon (OR sources O1−O4) were reciprocally transplanted 

into each home-site (S1−S4; hereafter referred to as the ‘reciprocal analysis’). Second, an 
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additional four populations from further south (~ 675 km) in California (CA sources 

C1−C4) were transplanted along with the four OR populations at two sites within the 

range (S1, S4) and one beyond the range limit (S5) (‘large-scale analysis’).  

All C. cheiranthifolia source populations were previously surveyed for geographic 

variation in abundance and reproductive output (Samis and Eckert 2007) and were 

selected to represent populations up to the northern range limit. Transplant sites were 

selected to be accessible but protected from public use. The four within-range sites, S1–

S4, represented 50% of the naturally occurring populations and spatially distinct dune 

habitats of C. cheiranthifolia in Oregon. The extra-limital site was selected for qualitative 

similarity to occupied sites within the species' range in terms of dune morphology (dune-

mat community behind foredune ridge), substrate (fine to medium grain, low organic 

content sand), plant species composition, and management history (Table 3.1, see Samis 

and Eckert 2007). There are no records of C. cheiranthifolia at this or any nearby site, 

suggesting that the species has not occurred at S5 for at least the last 150 years (Samis 

and Eckert 2007). 

Source material − Up to six mature, pre-dehiscent, open-pollinated fruit were 

collected from each of 24 randomly selected plants per population in 2003, dried and 

stored at room temperature. Sixty seeds per maternal plant (family) were germinated in 

1.9 × 4.4 cm cell plug trays (Plant Products Co. Ltd., Brampton, Ontario, Canada) in a 

1:1 mixture of Pro-Mix Bx (Premier Horticulture, Dorval, Quebec, Canada) to masonry 

sand. Five randomly selected 3–5 wk old seedlings per family per transplant site were 

randomly transplanted into a field-ready randomized block design in 3.8 × 3.8 × 12.7 cm 

Root-trainers (Spencer-Lemaire Industries Ltd., Edmonton, Alberta, Canada) with 
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sterilized 2:1 Pro-Mix to sand mixture. Plants grew for 7 wks in a glasshouse at 18–22ºC 

(12 h ambient daylight supplemented when below 45 W/m2) after which they were 

transported to Oregon (5 d in a windowed van, rotated daily). After 2 wks hardening 

outdoors at a coastal site near the range margin, ~ 10 wk old, tagged seedlings were 

transplanted into field locations between April 28 and May 6, 2005. To avoid injury to 

the seedlings, we did not remove the potting medium from the roots. Seedlings dying 

before transplanting (59 of 3782 plants) were replaced by replicates grown under the 

same conditions, if available.  

Planting design – Within each site, seedlings were planted into eight (S2, S3) or 16 

(S1, S4, S5) blocks. Block locations were randomly selected from twice as many 

randomly selected, suitable patches (potential block locations) as required for the site 

using the same criteria used for site selection, plus the following: all blocks occurred 

behind the foredune ridge but outside of wet deflation plain or winter blow-out regions, 

were separated from foot-paths by > 5 m, had < 75% total plant cover, had native C. 

cheiranthifolia and/or other commonly co-occurring species (Samis and Eckert 2007) and 

had sufficient sand stability to support transplanting and regular monitoring. Neighboring 

blocks within sites were separated by ~ 50 m (range 10–160 m). Each block was 1.5 × 3.0 

m and contained up to 60 seedlings (range 57–60) planted in a 6 × 10 grid at 30 cm 

intervals. This interval represents the median nearest-neighbor distance in source 

population home-sites (grand median = 29.3 cm, range of population means = 28.0−55.2 

cm). Any native C. cheiranthifolia occurring within blocks were counted but not 

removed.  
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At every site, each maternal family was represented by 5 replicate seedlings planted 

into 5 different blocks. At sites with 8 populations (S1, S4, S5) each block contained 7–8 

seedlings per source population (total n = 8 source populations × 24 families × 5 

replicates = 960 plants × 3 sites). The remaining sites had 4 populations (S2, S3) and each 

block contained 15 seedlings per source population (total n = 4 sources × 24 families × 5 

replicates = 480 plants × 2 sites). The resulting design was slightly unbalanced due to < 5 

seedlings available for some families (n = 3782 seedlings transplanted; Table 3.2).  

Fewer than 1% (25/3782) of all seedlings died within 2 wks of transplanting. 

Blocks and transplants were not protected from herbivory or pathogens. Herbivory was 

generally low (overall 17.7% of plants suffered some herbivory; range = 1.4–38.5% 

among sites), appeared to have negligible effects on size, survival and reproduction, 

hence, is not analyzed below.  

 

Measurements 

Transplants were monitored at ~ 10 d intervals for the first 90 d after transplanting 

(May–August 2005), once in early winter at ~ 220 d (December 2005), and once near the 

end of the second growing season at ~ 425 d (July 2006). Flowering of experimental 

plants overlapped with flowering of naturally occurring C. cheiranthifolia, thus our 

monitoring spanned two reproductive seasons. 

Survival and reproduction – At each visit, we recorded whether each transplant was 

alive and/or reproductive. The few plants that could not be located were presumed dead. 

Plants were recorded as reproductive if they produced ≥ 1 mature fruit. The total number 

of fruit produced per plant was recorded up to 90 d, at 220 d and at 425 d. As there was 
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relatively little variation between plants in seeds/fruit (K.E. Samis, unpublished data), 

reproductive success was estimated as the number of mature fruit produced. Fitness was 

calculated as the sum of fruit production per year (frtx) weighted by year (x) to account 

for the competitive advantage of early progeny production; Σ(frtx(x)), where x = 1 for 

fruit produced within 220 d and x = 0.5 thereafter. A non-weighted estimate of fitness 

(i.e. total fruit production for all plants) yielded very similar results as the weighted 

estimate, so we only report analyses using weighted production below.  

Plant size – Primary stem height was measured (to 0.1 cm) from the cotyledon 

scars to the apical meristem; however, because these scars could not be distinguished in 

the second growing season, height was only recorded in the first growing season. Lateral 

branches were categorized by length: < 1 cm, 1 to < 5 cm, 5 to < 15 cm, and > 15 cm and 

recorded as alive or senesced. Only alive stems were counted at 425 d. Weighted stem 

length (WSL) was calculated as the sum of stems per length category multiplied by the 

mid-point length of each category (0.5 cm, 2.5 cm, 10 cm and 20 cm, respectively). 

‘Final plant size’ was calculated from the sum of primary stem height and weighted stem 

length (WSL) for each growing season. All plants were also measured 1 wk before 

transplanting. 

One set of seedlings including all 8 source populations destined for a 16-block site, 

had noticeably reduced growth before transplanting compared to all other sets. To reduce 

the effect of smaller size at transplanting on inter-site comparisons among reciprocally 

transplanted populations and other within range comparisons, this set of seedlings was 

transplanted at the extra-limital site. This may have produced an artifactual decrease in 

fitness beyond the range limit (at S5). However, the data presented below indicate that 
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such was not the case; hence, does not affect the interpretation of our results (Appendix 

3.1). 

Unmanipulated, native plants – To verify that the survival, growth and 

reproduction of the experimental transplants was on par with that of naturally-occurring 

C. cheiranthifolia at each site, we randomly selected and marked 100 vegetative and 100 

reproductive plants outside of the experimental blocks at each site in July 2005, and 

monitored their survival, growth and reproduction at 90 d, 220 d and 425 d. Although the 

age of these plants was unknown, reproductive plants were selected for not having 

reproduced in a previous growing season as determined by the absence of withered and 

blackened, empty fruit husks, indicative of over-wintering (K.E. Samis, personal 

observation).  

 

Statistical analyses 

Variation in continuous variables (fitness, fruit production by reproductive plants, 

plant size) was analyzed using partially-nested mixed-model analysis of variance with 

site and source population and their interaction as fixed effects and block[site] and its 

interaction with source population as random effects. Random effects were estimated 

using restricted maximum likelihood (REML). All variables were log10 transformed to 

best meet the assumptions of normality and independence of residual errors (Appendix 

3.2). Tukey-Kramer HSD contrasts were used to test whether performance declined from 

S1 to S5, given that there was a significant effect of site. Given significant interactions, 

the relative performance of source populations within sites was further analyzed using 

Tukey-Kramer HSD contrasts among groups on least square means.  
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We analyzed variation in the probabilities of survival and reproduction using 

logistic regression on binomial data with site and source and their interaction as fixed 

effects. Random block effects could not be included in this analysis. Individuals were 

categorized as surviving 90 d after transplanting or not. Because survival over long 

periods of time was not expected for semelparous individuals, survival beyond 90 d was 

not considered. Reproduction was analyzed in two ways. First, all plants were 

categorized as either reproductive at any period during the experiment, or not 

reproductive. Second, the timing of reproduction for reproductive plants was categorized 

into three periods: reproductive within the first growing season (≤ 220 d) but not in the 

second, reproductive in the second growing season (recorded at 425 d) but not in the first, 

and reproductive in both seasons. Contrasts among sites or sources within sites were 

made using 2×2 likelihood ratio χ2 tests with sequential bonferroni to hold the overall 

type I error rate at 5% (Rice 1989).  

Because we used open-pollinated seed for this experiment, differences in 

performance among populations may include a contribution of non-genetic, maternal 

environment effects (NME) in addition to genetic differences among populations. To 

eliminate NME would have required raising each of the eight source populations for ≥1 

generation at all five planting sites, which would have been logistically difficult. 

However, it is unlikely that NME contributed much to the pattern of fitness variation we 

observed. For instance, if source populations were distributed across a gradient of 

declining habitat quality (as in Fig. 3.1), the passive effects of environmental quality 

might increase the fitness of maternal families from central populations relative to those 

from marginal populations. Thus, detection of local adaptation in marginal sites would be 
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reduced. In contrast, the pattern of fitness variation we observed among sites suggests 

that the gradient in habitat quality occurs in the opposite direction to that expected. 

Second, it is generally believed that passive NME are mediated through variation in seed 

provisioning (Roach and Wulff 1987). Maternal family seed mass did vary among source 

populations used in the experiment (one-way ANOVA P < 0.0001; population mean 

range 0.12–0.17 mg/seed); however, population-level variation in seed mass did not 

correlate with latitude or any component of fitness at any of the five planting sites 

(Appendix 3.3). Additionally, NME might be adaptive if they specifically increase the 

fitness of progeny in maternal environments. This would result in apparent local 

adaptation in the absence of genetic differentiation among source populations. These 

adaptive maternal effects are most likely to evolve when pollen dispersal is more 

extensive than seed dispersal because gene flow via pollen will prevent genetic 

adaptation to small-scale variation in the environment (Galloway 2005). However, 

adaptive NME are unlikely to evolve in response to potential habitat variation across the 

large spatial scale used in this experiment, as the distance between sites, > 30 km, is well 

beyond common dispersal distances for seed and pollen.  

 

RESULTS 

 

Within the first 90 d after transplanting, ≤ 16% of all plants (599 of 3782) died 

(Table 3.2). Plants first flowered, on average, 73.5 d after transplanting (range 43–90 d), 

and 43% of plants (1626) produced fruit during the first reproductive season (≤ 220 d; 

Table 3.2). By the last census at 425 d, 69% of plants had completed their life cycle, of 
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which 54.5% had produced at least one fruit. Of the plants surviving beyond 425 d, 54% 

had reproduced at least once and 62% occurred at the extra-limital site S5 (Table 3.2). Of 

the 800 tagged, native plants at S1–S4, 71.5% had completed their life cycle by 425 d. Of 

the 400 that were tagged as vegetative plants, 30.0% had reproduced by 425 d.  

 

Fitness variation among sites 

Contrary to expectations, total fitness for OR populations increased from S1 to S4 

and did not decline from S4 to S5 (Table 3.3, Fig. 3.3a). The overall increase in fitness 

from S1−S4 was also apparent when the four CA populations were included in the 

analysis (Fig. 3.3b). The three most southern CA populations (C1−C3), however, had 

significantly reduced fitness at S5 compared to all other source populations including the 

most northerly CA population (Fig. 3.3b; Tukey’s HSD contrasts within S5). However, 

all three of these southerly populations achieved fitness that was as high (C3) or higher 

(C1 and C2) than at S1 (pairwise contrasts S5 vs. S1: C1 P = 0.012, C2 P = 0.018, C3 P 

= 0.99). All components of fitness followed the same trend, although the site effect was 

not significant for all variables. 

Early survival was > 45% for all populations at all sites, but varied among sites for 

both reciprocal and large-scale analyses (Table 3.4, Fig. 3.4). In the reciprocal analysis, 

lowest survival occurred at S1, followed by S2, and highest survival at S3 and S4 (Fig. 

3.4a). Survival also increased from S1 to S5 in the large-scale analysis (Fig. 3.4b). A 

portion of plants at S1 (< 20%) died during the first growing season after experiencing 

stem-rot of unknown cause, which was also observed on many naturally occurring C. 

cheiranthifolia at this site but not on experimental or natural plants at other sites.  
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Plant size also varied among sites (Table 3.3). In the reciprocal analysis, plants 

were smaller at S1 and S2 than at S4 (Fig. 3.3e). Increasing plant size from S1−S4 also 

occurred in the large-scale analysis (Fig. 3.3f). As observed with other fitness 

components, plants from populations C2 and C3 were smaller at S5 than plants from the 

five northerly populations (Fig. 3.3f; Tukey's HSD contrasts within S5). 

The proportion of reproductive individuals increased from S1−S4 for both 

reciprocal and large-scale analyses (Table 3.4, Fig. 3.4c, d). This proportion remained 

high at S5 for the five most northerly populations, but was reduced for the three most 

southern CA populations (Fig. 3.4d; 2×2 χ2 tests between S4 and S5: 5 northerly 

populations χ2 = 0.13, P = 0.72; 3 southerly χ2 = 19.3 P < 0.0001). Fruit production of 

reproductive plants did not vary among the four within-range sites for OR populations 

(Table 3.3, Fig 3.3c). However, contrary to expectations, fruit production was, on 

average, higher beyond the limit than at S1, although the increase varied among 

populations and was not significant for all populations individually (Table 3.3, Fig. 3.3d).  

The timing of reproduction varied markedly among sites with relatively minor 

variation among source populations (Fig. 3.5, Table 3.4). At S1, S4 and S5, no 

differences were detected between OR and CA source populations (2×2 χ2 tests: all P > 

0.085). The most pronounced difference was between S1−S4 and S5. At the four within-

range sites, most plants were semelparous, reproducing only in the first year. This was 

most extreme at the range limit site S4, where almost all plants reproduced in the first 

year, and < 10% reproduced in the second year. At S5, relatively few plants reproduced 

in the first year (44%), and almost all of these survived to reproduce again in the second 

year.  
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Variation among populations across sites 

In the reciprocal analysis, the relative performance of OR populations did not vary 

among sites for total fitness or any component of fitness (Figs. 3.3, 3.4 and 3.6; Tables 

3.3 and 3.4). There was no significant home-site advantage at any planting site. On 

average, plants from population O3 enjoyed highest fitness, and plants from O1 lowest 

fitness, although differences among populations were not significant at all sites.  

At the large scale, there was a significant site by source interaction for total fitness 

and all components of fitness, except 90 d survival (Tables 3.3 and 3.4). Contrary to 

expectations, this interaction for fitness was primarily associated with CA populations, 

and not OR populations (mixed model ANOVA for log10(fitness+1) among three sites 

with four CA populations only: site by source effect F6,134.4 = 10.7, P < 0.0001; with OR 

populations only F6,134.4 = 1.3, P = 0.28). Closer inspection revealed that the interaction 

was partially caused by reduced fitness of the three most southerly CA populations from 

S4 to S5, and in comparison to the other five populations at S5. In addition, by significant 

variation in the overall relative performance of CA populations among sites (Fig. 3.6). 

For example, population C3 enjoyed higher fitness than the other CA populations at S1, 

but at S5, population C4 had higher fitness. In contrast, all CA populations achieved 

fitness as high as all OR populations at the most marginal site (Fig. 3.6).  
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DISCUSSION 

 

The results of this study are broadly inconsistent with evolutionary explanations for 

geographic range limits. First, rather than the expected overall decline in fitness, the 

estimated fitness of all populations of C. cheiranthifolia increased towards the range 

limit. This pattern clearly indicates that although there was ecological variation among 

sites that strongly affected fitness, the quality of the environment did not decline towards 

the range limit, as assumed by theory. Habitat quality also did not decline beyond the 

range limit, as fitness remained high for the five most northerly populations when planted 

at this site. Although the three most southerly populations performed relatively poorly at 

S5 compared to S4, performance was higher than or at least on par with S1. Reproductive 

individuals from all populations were able to mature fruit and complete their lifecycles at 

this site. This pattern of fitness variation among sites was consistent for all components 

of fitness. We investigate the ecological factors that may contribute to this unexpected 

pattern of fitness variation among sites in a companion study (ch4). 

We also detected very little evidence for local adaptation, and there was no 

significant home site advantage for the reciprocally transplanted Oregon populations at 

any site. Moreover, relatively central populations, originating from up to 675 km south of 

the limit, were not more poorly adapted to marginal sites than resident genotypes. This 

was especially prevalent at the range limit where all populations had relatively high 

fitness. We also did not detect the expected breakdown of home site advantage that 

should arise from antagonism between gene flow and selection.  
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Before considering the broader implications of our results, two caveats need to be 

addressed. First, we have not examined fitness variation during germination and early 

seedling establishment. Camissonia cheiranthifolia seeds germinate during the wet winter 

and then experience a dry summer typical of the prevailing Mediterranean climate. It 

seems likely that decreasing soil moisture during the growing season would be an 

important selective factor impeding C. cheiranthifolia establishment. Indeed, early root 

elongation has been identified as one of the main traits favoring establishment in coastal 

dune habitats (Maun 1994). However, because the northern limit of C. cheiranthifolia 

occurs near the transition from Mediterranean to temperate precipitation patterns 

(Breckon and Barbour 1974), soil moisture is retained longer into the dry season at sites 

closer to the range limit. It is, therefore, more likely that the strength of selection on 

establishment decreases rather than increases towards the range limit. Seasonal variation 

in climate may also generate adaptive variation in the timing of germination (Woodward 

1990). However, evidence from common-environment greenhouse experiments suggests 

that germination occurs quickly and synchronously among the populations used in this 

study (K.E. Samis, S. Dart and C.G. Eckert, unpublished data). Although an evaluation 

of early life history is required to complete an analysis of lifetime fitness, the pattern of 

geographic variation in establishment success would have to be drastically different than 

the patterns of survival and reproduction quantified here to bring the pattern of variation 

in overall lifetime fitness in line with theoretical predictions.  

Second, our estimate of fitness is incomplete for the one third of all plants that 

survived beyond the end of the experiment. Even so, there are several reasons why we 

believe that survival and reproduction measured across two growing seasons was an 
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adequate estimate of lifetime fitness, especially at the population and site levels. First, 

most of the plants surviving beyond two seasons (62% of 1172) occurred at S5. After two 

seasons, fitness at this site was already as high as or higher than fitness at the other sites 

where > 76% of plants per site had completed their life cycles (Table 3.2). Second, 

because our calculation of fitness considered the demographic advantage of early 

reproduction by weighting fruit production by year, any additional fruit production would 

have a relatively small effect on fitness. Finally, because the few surviving, non-

reproductive plants (S1−S3 50 plants, S4 0 plants, S5 91 plants; Table 3.2) had little or no 

lateral stem growth and remained significantly smaller than plants that either reproduced 

or died without reproducing (data not shown), it is unlikely that these plants will ever 

reproduce. As such, data on reproduction from additional seasons are unlikely to alter the 

patterns of fitness we observed.  

 

Weak patterns of local adaptation 

Only at the largest scale of this experiment was there any evidence for local 

adaptation. Reduced fitness of the three most southerly populations compared to the five 

most northerly populations suggested a weak effect of distance from home on fitness, but 

only when planted beyond the range limit. In contrast, all populations had similar 

performance at the most marginal site, and fitness did not decrease within increasing 

distance from home for any population when planted at a within-range site. Given that 

the experiment lasted only two growing seasons, northern sites experiencing more 

southerly conditions during the experiment may have increased the performance of 

southerly populations, resulting in a weak pattern of local adaptation. However, this 
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seems unlikely since climate conditions were typical for the region. If anything, heavy 

spring rains that extended longer into the growing season and late summer and winter 

temperatures that were cooler than expected on average (based on 30-yr daily means) 

suggested that the climate at the planting sites was typical of more northerly rather than 

more southerly regions (Appendix 3.4). 

There are three evolutionary explanations for weak variation in fitness among 

populations across sites: (1) no variation in the environment across sites; (2) genetic 

variation among populations is homogenized due to high levels of gene flow; or (3) 

limited genetic variation for fitness across the northern portion of the species’ range. 

Given that fitness varied strongly among sites, the first explanation seems unlikely. 

Although it is unclear what ecological factors contributed to the fitness variation we 

observed, there was evidence that selection pressures may have varied among sites. For 

example, the proportion of plants with herbivore damage varied significantly among sites 

(logistical two-way ANOVA, P < 0.0001) but not among source populations within sites. 

The highest and lowest proportions of plants with damage occurred at S3 and S5, 

respectively. At S1, population level survival and reproduction was likely reduced in 

association with a pathogen infection that was not observed at other sites. However, 

because exclusion of plants that died with this symptom does not substantially increase 

overall fitness at this site (data not shown), additional factors must have been associated 

with reduced fitness at this site. 

Reproductive phenology also varied strongly among sites, most specifically 

between all the within-range sites and S5, where reproduction was significantly delayed. 

This delay has been demonstrated in several species when planted beyond their range 
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limits (see Gaston 2003). Most often, as with Mimulus cardinalis when planted above its 

altitudinal limit (Angert and Schemske 2005), delayed growth and reproduction severely 

reduces fitness (Gaston 2003). To some extent, delayed growth and reproduction in C. 

cheiranthifolia might have been due to the small size at transplanting for the plants used 

at S5. However, this delay did not reduce fitness. A similar pattern of initially delayed 

reproduction was also observed in Prince and Carter’s (1985) classic experiments with 

the winter annual, Lactuca serriola, when transplanted beyond its distributional limit in 

Britain. In this species, it was determined that a temperature gradient across the range 

limit was associated with delayed development and reproduction; but, as with C. 

cheiranthifolia, overall fitness was not consequently reduced. 

Low genetic differentiation overall due to high gene flow among populations may 

also limit local adaptation. However, work on other species with high selfing rates and no 

mechanical means of seed dispersal indicate that gene flow among C. cheiranthifolia 

populations is unlikely to be strong enough to entirely prevent local adaptation over the 

spatial scale of this experiment (Hamrick and Godt 1996). Additional studies have 

demonstrated that even with high levels of gene flow among populations, strong selection 

pressures within habitats may retain locally adapted genotypes (e.g. Sambatti and Rice 

2006). In our experiment, evidence for heterogeneity among populations was suggested 

by additional qualitative and quantitative measures of plant growth form (e.g. rosette and 

primary stem orientation, nodes/primary stem height), and leaf form (i.e. size and specific 

leaf area), for which strong differences among populations occurred both within and 

across sites (data not shown). This hypothesis could be tested more directly using 

population surveys of neutral genetic polymorphisms: an approach that has infrequently 
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been combined with surveys of local adaptation across species’ geographical range limits 

(Sambatti and Rice 2006, Sanford et al. 2006). 

Another explanation for weak differentiation in relative performance among C. 

cheiranthifolia source populations is that limited genetic variation occurs for the traits 

that would cause variation in performance across the northern portion of the species’ 

range. Among within-range sites there was little evidence for a qualitative difference in 

the response of populations to ecological variation among sites. However, significant 

variation in fitness among source populations was detected within all sites, except the 

most marginal. When planted at the range limit, all populations exhibited similar fitness, 

which was again detected among the five most northerly populations when planted 

beyond the limit. Overall, heterogeneity among populations within sites tended to 

decrease across the range limit, at least for the five most northerly populations. This may 

suggest that populations lack genetic variation for fitness in marginal environments, and 

could be corroborated by reductions in family-level variance within populations towards 

the range limit. However, because our design partially confounded block and family 

effects, the family component of variance is difficult to compare among sites.  

This hypothesis of genostasis could be tested in two ways. First, if we could 

identify the selective factors that limit fitness at any given site, we could perform 

artificial selection experiments to test for evolutionary responses that improve fitness 

(Hoffmann et al. 2003). Unfortunately, more detailed examination of ecological variation 

across the range limit has not clearly revealed any single factor, or set of factors that 

limits fitness at the species’ range limit (ch3). Alternatively, long-term monitoring of the 

evolutionary response in fitness of artificial populations could also be used to test for the 
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adaptive potential of populations to persist under conditions beyond the limit (Woodward 

1990). Long-term studies would also allow us to evaluate the temporal consistency of 

selection at the range limit. 

Studies with a variety of other species have also failed to detect strong 

differentiation in fitness among source populations when transplanted towards range 

limits. For example, populations of Clarkia xantiana ssp. parviflora (Geber and Eckhart 

2005) and L. serriola (Prince and Carter 1985) originating along 50–200 km climatic 

gradients towards range edges exhibited no evidence of fitness variation among 

populations. Across an ecologically steeper, > 1.6 km altitudinal gradient, Mimulus 

populations exhibited no evidence of differentiation in survival (Angert and Schemske 

2005). However, in contrast to C. cheiranthifolia and L. serriola, low fitness 

differentiation among populations of C. xantiana ssp. parviflora and Mimulus spp. was 

also associated with a lack of the appropriate genetic variation required to establish or 

persist when planted beyond their range limits. These similarities and contrasts among 

species indicate that even when populations originate along an environmental gradient 

that a lack of fitness differentiation or ‘genostasis’ may occur, but does not necessarily 

cause the range limit. Low genetic variability for fitness traits may occur if the same 

genotype has highest fitness across all sites or from weak genotype by environment 

interactions (Blows and Hoffmann 2005). Either scenario may apply to C. 

cheiranthifolia, and would explain the qualitatively comparable performance of 

populations originating from up to 675 km apart.  

 



 

 

86 

Challenges to theoretical explanations of range limits 

Based on climatic trends and a qualitative observation of the habitat occurring 

within and beyond C. cheiranthifolia’s range, it is difficult to identify an ecological factor 

that generates the species’ rather abrupt distributional limit. Phytogeographic studies 

across this region of the coast have also pointed to the elusive nature of the distributional 

limits for dune plants in Oregon (Breckon and Barbour 1974). Populations across the 

northern range of C. cheiranthifolia are not phenotypically divergent (K.E. Samis, C.G. 

Eckert unpublished data). These observations meant that we had no a priori evidence for 

either a strong ecological gradient or adaptive divergence towards the northern range 

limit, which is in contrast to most studies of local adaptation. What we did know was that 

the species’ simple, near linear range reached a geographic limit and the extent to which 

this limit was associated with genetic or ecological constraints to fitness was unknown, 

but testable with a transplant experiment.  

All together, the results of this transplant experiment challenge current expectations 

for the evolution of geographic range limits. Existing hypotheses propose that range 

limits result from the failure of a species to expand its niche. However, levels of survival 

and reproduction exhibited by C. cheiranthifolia populations planted at and beyond the 

species’ range limit suggest that populations that establish beyond range limits may be 

self-sustaining. Most often, populations planted beyond range limits exhibit reduced 

survival and/or fitness (reviewed by Gaston 2003); however, persistence for many years 

beyond the limit has also been demonstrated in several plant species (Levin and Clay 

1984, Prince and Carter 1985, Woodward 1990, Van der Veken et al. 2007). In such 

cases, range limits do not appear to be caused by the lack of appropriate genetic 
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variability, but rather by some other ecological and evolutionary constraints on range 

expansion. A companion study has addressed the nature of ecological variation across the 

range limit and how fitness covaries with this heterogeneity (ch4). Additional studies are 

required to assess levels of geographic variation in demography and genetic diversity.  

An increasing number of studies, including this one, have not adequately supported 

niche-based explanations of range limits. One important limitation to current 

evolutionary and niche-based explanations of range limits is their dependence on the 

assumption of abundant center distributions (ACD) (Sagarin and Gaines 2002a, Sagarin 

et al. 2006). While non-ACDs have been reported for an increasing number of species 

(reviewed in Sagarin and Gaines 2002b, Samis and Eckert 2007), geographic 

distributions for the large majority of species remain unknown. However, despite 

increasing criticism of ACD assumptions from both theoretical and empirical 

perspectives, recent theoretical contributions still include this assumption (Guo et al. 

2005, Alleaume-Benharira et al. 2006). As a result, theoretical models of range limits fail 

to explain how a lack of a declining gradient in habitat quality or species’ abundance may 

be associated with a range limit (but see Bahn et al. 2006). More specifically, how gene 

flow, drift and genetic diversity may interact to cause a limit along these non-classical 

gradients. It seems that theoretical consideration of these patterns could only benefit and 

improve our ability to detect the mechanisms that determine range limits.  

The evolutionary differences between marginal and central populations have long 

been debated (Lawton 1993, Lesica and Allendorf 1994), and much of this debate centers 

on whether populations at the range edge are genetically unique. In general, conservation 

practices such as in re-introduction and restoration biology tend to work under the 
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assumption that geographically separated populations are adaptively divergent; but our 

results suggest that this is not necessarily the case. Assuming adequate dispersal, it seems 

likely that the loss of any population across this portion of the species’ range would be 

followed by re-colonization and not range contraction. Accordingly, a broad scale lack of 

local adaptation may also increase the potential for a wider spectrum of populations to 

initiate a range shift in response to climate change. However, because the southerly 

populations used in this experiment were not also planted at home, it is currently 

unknown how fitness exhibited at the edge compares to the level of fitness achieved 

further south or near the range center. Selection experiments are also needed to determine 

if genetic variation is adequate to improve adaptation to the current or expanded range 

edge. That marginal populations are not particularly adapted to life at the edge, however, 

also suggests that populations from across the northern range are important sources for 

dispersal, re-colonization or range expansion.  
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Table 3.1. Planting site and source population locations used in a transplant experiment with Camissonia cheiranthifolia across the 

species’ northern geographic range margin. Oregon (OR) populations (O1–O4) were reciprocally transplanted at within-range sites 

S1−S4. California (CA) populations (C1−C4) were planted along with OR populations at S1, S4 and S5. 

Location, State 
Latitude (°N) − Longitude (°W) 

Site, Source 
code 

Distance from 
edge  

Temperature1 
(seasonality2) (°C) 

Precipitation1 
(seasonality2) (mm) 

Freeze- 
free days1 

South Jetty, Siuslaw River, OR 
43.981 − 124.139     S5, − 62 km N 11.1 (9.3) 73.3 (35.6) 236* 

Horsfall Beach, Horsfall, OR 
43.446 − 124.271     S4, O44 0 km S3 11.5 (7.9) 64.4 (32.9) 248 

Bullard's Beach SP, OR 
43.146 − 124.415 S3, O3 35 km S 11.2 (7.3) 59.4 (29.9) 205 

Euchre Creek dunes, OR 
43.146 − 124.415 S2, O2 107 km S 11.9 (7.0) 79.5 (41.4) 267 

Pistol River SP, OR 
42.262 − 124.402     S1, O15 137 km S 11.9 (7.0) 79.5 (41.4) 267 

Tolowa Dunes SP, CA 
41.871 − 124.211     −, C4 185 km S 11.2 (6.6) 66.8 (27.5) 279 

Manila Dunes, Humboldt Bay, CA 
40.848 − 124.007     −, C3 297 km S 11.6 (6.0) 38.1 (15.7) 294 

Mackerricher SP, CA 
39.503 − 123.784     −, C2 490 km S 11.8 (5.9) 41 (18.2) 242 

South Beach, Pt. Reyes NS6, CA 
38.046 − 122.988     −, C1 675 km S 12.3 (5.1)* 28.4 (14.2)* 288 
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1 Mean annual temperature and precipitation and 10% probability that for the number of days indicated the temperature will not fall 

below ~2°C (freeze-free period) (1971-2000 US Climate Normals) from nearest coastal climatic station (range 1.3 to 16.3 km) or 

average of nearest northern and southern station when nearest stations >50 km away (*).  

2 Seasonality equals the difference between the highest and lowest monthly 30-year means.  

3 The species’ northern distributional limit is ~ 5 km north of S4 within Horsfall Beach dunes. All other distances are calculated based 

on S4 occurring at 0 km from this limit. 

4 Seed collected 0.8 km SE from S4 at North Spit Overlook dunes (43.436ºN, 124.277ºW).   

5 Seed collected 1 km north of S1 within Pistol River State Park (SP) (42.271ºN, 124.405ºW).  

6 Point Reyes National Seashore. 
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Table 3.2. Cumulative percentage of transplants surviving and/or reproducing by the end 

of each census period in a transplant experiment with Camissonia cheiranthifolia within 

and beyond the species’ northern range margin. Planting sites are described in Table 3.1. 

Sites S1, S4 and S5 include populations from Oregon (0−137 km from margin) and 

California (185-675 km), and S2 and S3 include only plants from Oregon. Summary of 

native plants tagged at the 90 d census period at S1−S4 are provided for comparison. 

 Alive (%)  Dead (%) 

Site 
n plants 

Census 
period 

(d) Reproduced 
Not 

reproduced  Reproduced 
Not 

reproduced 
90 43.0 41.1  0.2 15.6 

220 39.2 28.6  11.5 20.7 
Total 
3782 

425 27.3 3.7  37.7 31.3 
        90 19.1 75.6  0.0 5.3 

220 27.6 62.8  0.5 9.0 S5 
944 

425 67.5 9.6  4.1 18.8 
        90 72.9 17.3  0.5 9.3 

220 57.9 7.8  21.8 12.5 S4 
960 

425 6.4 0.0  73.9 19.8 
        90 71.5 23.0  0.2 5.3 

220 40.0 9.1  33.2 17.7 S3 
470 

425 17.9 0.2  58.5 23.4 
        90 35.4 48.3  0.2 16.1 

220 37.9 34.3  5.4 22.4 S2 
478 

425 21.1 2.5  34.9 41.4 
        90 26.1 36.1  0.1 37.6 

220 31.8 22.2  4.3 41.7 S1 
930 425 16.0 4.0  25.2 54.8 

       90 50.0 50.0  0.0 0.0 
220 40.8 31.5  14.2 13.5 Natives 

800 
425 20.0 2.5  40.7 30.8 
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Table 3.3. Mixed model analysis of variation in overall fitness, fruit production by 

reproductive plants and plant size of Camissonia cheiranthifolia among source 

populations and transplant sites. Analyses were performed at two levels; among four 

Oregon populations (0–137 km from margin) reciprocally transplanted at four within-

range sites (‘Reciprocal’), and among four OR populations plus four California source 

populations (185–675 km) transplanted at two sites within the range and one beyond the 

northern limit (‘Large scale’). 

 Reciprocal   Large scale Response variable Effect 
df F4  df F4 

Log10(Fitness +1) 1 Site 3 13.48***    2 18.46*** 
 Source 3 17.37***    7 10.67*** 
 Site × Source 9   1.54  14   6.92*** 
Log10(Total fruit) 2 Site 3 2.11    2 9.29** 
 Source 3 7.29**    7 4.78*** 
 Site × Source 9 0.68  14 4.42*** 
Log10(Size) 3 Site 3 5.69**    2   5.96** 
 Source 3 7.82**    7   6.05*** 
 Site × Source 9 1.83  14 11.12*** 

 
1 Fitness calculated as fruit production weighted by year (weight yr 1 = 1, yr 2 = 0.5). 

2 Total fruit production within 425 d for reproductive plants only. 

3 Size determined by the sum of weighted stem length per year (see text for details). 

4 Significance of F-tests indicated as follows: ns P > 0.05; * P < 0.05; ** P < 0.01; *** P 

< 0.0001.
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Table 3.4. Logistic regression for reproductive status, phenology and survival of 

Camissonia cheiranthifolia among populations and transplant sites. Analyses were 

performed at two levels as in Table 3.3. 

Reciprocal5  Large scale5 Response 
variable Effect1 

df χ2  df χ2 

Site 3 145.0***  2   363.5*** 

Source 3     5.4  7     53.7*** 90 d survival 2 

Site × Source 9     7.7  14     11.4 

Site 3 191.3***  2   350.4*** 

Source 3   17.6**  7     60.2*** Proportion 
reproduced 3  

Site × Source 9     9.7  14     59.0*** 

Site 6 155.0***  4 1366.3*** 

Source 6   12.3  14     28.2* Reproduction 
phenology 4 

Site × Source 18   30.9*  28     51.5** 
 
1 Effects were evaluated using likelihood ratio chi-squared (χ2) tests. 

2 Individuals either survived or not within the first 90 d after transplanting.  

3 Individuals either reproduced or not during the two growing seasons. Reproduction was 

defined by successful fruit production.  

4 Successfully reproductive individuals are categorized as reproducing only within the 

first 220 days, only post-220 days or during both growing seasons. 

5 Significance of F-tests indicated as follows: ns P > 0.05, * P < 0.05; ** P < 0.01; *** P 

< 0.0001
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Figure 3.1. The predicted effects of asymmetric gene flow on patterns of fitness variation 

among populations planted reciprocally along an ecological gradient of decreasing habitat 

quality (3 high – 1 low) towards a species’ geographic range margin (1 most marginal: 

circle, 2 intermediate: square, 3 least marginal: diamond). Each scenario differs with 

respect to gene flow between populations and assumes that fitness decreases with habitat 

quality, except for the case of perfect local adaptation. Each source population is planted 

at home (open symbol) and at all foreign sites (closed symbols). (a) When populations 

are locally adapted to their home site, they outperform all foreign populations at their 

home site, and fitness declines with increasing distance away from home. A two-way 

ANOVA will detect a strong interaction between the effects of planting site and source 
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3 2 1
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population, but little or no effect of site or source. (b) If asymmetric gene flow is strong 

enough to impede but not entirely prevent local adaptation, a strong site effect of 

decreasing fitness along the gradient will be detected. However, because gene flow 

makes marginal populations better adapted to sites at the higher quality end of the 

gradient, there is a break-down of the home-site advantage at all sites, except the most 

marginal. At all sites highest fitness will be achieved by more marginal populations. (c) If 

gene flow between populations is strong enough to entirely prevent local adaptation, 

there will be no differentiation among source populations for fitness at any site. Fitness 

will simply decline from high to low quality sites. 
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Figure 3.2. Geographic distribution of source populations and planting sites in a 

transplant experiment at the northern range margin of Camissonia cheiranthifolia. Dotted 

lines mark the species’ geographic range limits. Inset: Source populations are indicated 

by numbered letters: C = California (grey squares) and O = Oregon (circles). Planting 

sites are indicated by numbered letters (S) within (circles) and beyond (diamond) the 

northern range limit. All source populations were planted into 16 blocks at each of three 

sites (closed symbols). Oregon source populations only were planted into 8 blocks at each 

of two sites (open circles). Coastline distances (north +, south –) from the range limit are 

indicated. 
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Figure 3.3. Mean fitness (± SE) and components thereof for Camissonia cheiranthifolia 

source populations in a transplant experiment at the species’ northern range margin 

(south to north S1−S4, beyond S5) over two growing seasons. The left panels (a, c, e) 

compare performance of reciprocally planted Oregon (OR) populations (O1–O4) planted 

at-home (open symbol) and at all other sites. The right panels (b, d, f) compare 

performance of California populations (south to north C1−C4; open symbols) with OR 

populations (closed diamond) averaged for simplicity. Results of multiple contrasts 

among sites using Tukey-Kramer HSD tests are indicated by letters above each panel. 

Sites not sharing a letter are significantly different.

OR mean
C1
C2
C3
C4

(b)

O1
O2
O3
O4
At-home

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2

(c) (d)

0.7

0.8

0.9

1.0

1.1

1.2

1.3
(e) (f)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

(a)

Transplant site
1 2 3 4 1 2 3 4 5

Log
10

(Fitness + 1): weighted fruit production

Log
10

(Total fruit production)

Log
10

(Plant size): Weighted stem length (cm)

Reciprocal analysis Large scale analysis

Source keys:
Reciprocal

open

Large scale

c bc ab a b a a

a a a a b a a

b b ab a b a ab



 

 

105 

Figure 3.4. Proportion of individuals surviving to 90 d, and proportion reproducing at 

least once within 425 d for Camissonia cheiranthifolia source populations in a transplant 

experiment at the species’ northern range margin (S1−S4) and beyond (S5). The left 

panels (a, c) compare performance of reciprocally planted Oregon (OR) populations (O1–

O4) planted at-home (open symbol) and at all other sites. The right panels (b, d) compare 

performance of California populations (south to north C1−C4; open symbols) with OR 

populations (closed diamond) averaged for simplicity. Results of multiple comparisons 

among sites using 2×2 contingency tests (with type I error controlled at 5%) are indicated 

by letters above each panel. Sites not sharing a letter are significantly different. 
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Figure 3.5. Reproductive phenology of Camissonia cheiranthifolia plants from Oregon 

(OR) and California (CA) planted at sites within (S1−S4) and beyond (S5) the species’ 

northern range limit. Plants were categorized as reproducing in either or both growing 

seasons. For details of the experimental design see Fig. 3.2. The number of reproductive 

plants is indicated above each column. 
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Figure 3.6. Fitness variation of Camissonia cheiranthifolia source populations as a function of distance from planting site across (S1, 

S4) and beyond (S5) the species’ northern range margin. Points represent population mean fitness ± SE (short bars) at each site. 

Population median fitness per site is shown by the long dash. Results of multiple contrasts among sources within sites using Tukey-

Kramer HSD tests are indicated by letters above each panel. Sources not sharing a letter are significantly different. For details of 

experimental design see Fig. 3.2. 
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APPENDIX 3.1. Variation in pre-planting seedling size and its association with fitness in 

the transplant experiment. 

 

After 10 wks growth, one set of seedlings including all eight source populations 

destined for a 16-block site (i.e. S1, S4 or S5), had noticeably reduced growth compared 

to the other four sets. Reduced size of this seedling set was confirmed using a mixed, 

partially nested model analysis of variance on plant size (weighted stem length, see 

Methods for details) measured 1 wk before planting (A3.1 Fig. 1). In the model, seedling 

set and source population and their interaction were fixed effects. Random effects, pre-

planting tray[set] and its interaction with source population were estimated using 

restricted maximum likelihood. Significant variation was detected among source 

populations with seedlings from O1 being smaller than seedlings from the other 

populations. Relative size variation among source populations between set 5 and sets 1−4 

contributed to a significant interaction term for OR populations (P < 0.001). Given that 

small size at transplanting may have conferred artifactually low fitness for genotypes in 

the smaller set compared to other sets, this set of seedlings was transplanted at the site 

beyond the range limit (S5). With this design, geographic variation in fitness among 

within range sites, S1−S4, was not complicated by the potential effect of pre-planting 

size. At the end of the experiment, Pearson’s correlations within sites (or sets) between 

mean fitness and mean pre-planting size for standardized blocks of plants suggested that 

small pre-planting size did not have a negative effect on fitness (A3.1 Fig. 2). Although a 

larger proportion of plants from S5 reproduced after 220 d (Fig. 3.5), we are confident 

that early seedling size did not complicate the interpretation of the data. 
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A3.1 Figure 1. Distribution of variation in pre-planting size (weighted stem length, cm) 

between and within pre-planting sets of Camissonia cheiranthifolia seedlings. Each set 

contains ~ 480 seedlings from four Oregon source populations randomly allocated among 

seven trays for sets 2 and 3 and 14 trays for sets 1, 4 and 5. For convenience, set number 

corresponds to the transplant site number where each set was used. Each tray contains up 

to 72 seedlings. The middle line of box plots equals the median; box edges indicate upper 

and lower 25% quartiles, lines extend to values within 1.5 × the distance between 

quartiles (box spread) and points indicate outlier values > 1.5 × the spread. Variation 

among sites and sources were significant (both P < 0.0001) in a mixed model ANOVA. 

Results of multiple contrasts among sources within sites using Tukey-Kramer HSD tests 

are indicated by letters above each site. Sources not sharing a letter are significantly 

different. Similar patterns were detected for California seedlings.
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A3.1 Figure 2. Variation in overall fitness and pre-planting size among genetically 

standardized populations of Camissonia cheiranthifolia. Populations were transplanted 

into four sites within (south to north S1−S4) and beyond (S5) the species’ northern range 

limit. Each data point represents the mean fitness and pre-planting size (weighted stem 

length, cm) for about 30 plants per 16 blocks at S1, S4, and S5 and about 60 plants per 8 

blocks S2, and S3. See Methods for details. Pearson’s correlations within sites: all |r| < 

0.31, all P > 0.24. Similar results were obtained using only plants from California 

populations. 

0.0

0.5

1.0

1.5

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

S1
S2
S3
S4
S5

L
o
g

1
0
(F

it
n
e
s
s
 +

1
)

Log
10

(Pre-planting size)



 

 

111 

APPENDIX 3.2. Violation of the assumptions of analysis of variance (ANOVA) by data on 

overall fitness, total fruit production and plant size in the mixed, partially nested model 

used in this study. 

 

In this study, variation in continuous variables (fitness, fruit production, plant size) 

was analyzed using analysis of variance for a mixed, partially nested model with site and 

source population and their interaction as fixed effects. Random effects block[site] and its 

interaction with source population were estimated using restricted maximum likelihood 

(REML). Reciprocal analyses included the four OR populations at the four within-range 

sites (S1−S4). Large-scale analyses included all eight source populations transplanted at 

two within-range sites (S1, S4) and one beyond the limit (S5). 

Because many individual plants had zero fitness, either by dying before 

reproduction or not reproducing, fitness exhibited a highly skewed distribution and the 

assumptions of ANOVA could not be met with any transformation. Additional analyses 

of fitness using a repeated-measures (RM) ANOVA with site as a fixed, between-subject 

effect, block[site] as the random subject, source population as a fixed, within-subject 

effect, plus the interaction between the effects of site and source were also performed. In 

the RM-ANOVA, log10 mean population fitness (x+1) averaged for each block met model 

assumptions; however, this analysis assumes that variation among blocks within source 

populations is a measure of true error variance, which is only testable with the full mixed 

model (above). Because both analyses revealed the very similar patterns of variation in 

fitness, we presented the results of the full mixed model using log10 individual fitness 

(x+1), which minimizes violations of assumptions (A3.2 Figs. 1, 2).  
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Total fruit production by reproductive plants and plant size were log10 transformed 

to better meet the assumptions of normality and independence of residual errors. These 

transformations improved the distributions and independence of residual errors and any 

deviation from model assumptions were generally minor (A3.2 Figs. 1, 2). Analysis of 

variance for both variables produced similar results to those observed with overall fitness, 

which also improved our confidence in these results. 
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A3.2 Figure 1. Distribution of the residual errors from mixed model analysis of variance for overall fitness, total fruit production and 

plant size. All variables, fitness + 1, total fruit production and plant size were log10 transformed to best minimize violations of model 

assumptions. For each distribution the sample size (n) and the probability (P) that the data are from a normal distribution based on the 

goodness-of-fit test estimate (Shapiro-Wilks W if n < 2000; Kolmogorov-Smirnoff KS if n > 2000) are reported. 
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A3.2 Figure 2. Tests of statistical independence between residual errors and predicted values from mixed model analysis of variance 

for overall fitness, total fruit production and plant size. Simple Pearson’s correlations between absolute residual values and predicted 

values are shown for each variable. Sample sizes as in A3.2 Figure 1. 
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APPENDIX 3.3. Variation in mean seed mass per maternal family and its association with 

fitness in the transplant experiment. 

 

Because this experiment used open-pollinated seeds, non-genetic maternal effects 

(NME), which may contribute to transplant performance, were not controlled for. It is 

generally believed that some forms of NME may be mediated through variation in seed 

provisioning that may be detected by variation in seed mass (Roach and Wulff 1987). To 

assess whether variation in seed provisioning occurred across maternal families used in 

this experiment, we weighed a random collection of 10 seeds per 14–23 maternal families 

per source population and calculated the mean mass (mg) per seed per family. A one-way 

ANOVA was used to test whether significant variation in seed mass occurred among 

populations (A3.3 Fig. 1). To determine if population level variation in seed provisioning 

was associated with an ecological gradient of habitat quality, we correlated mean source 

population seed mass with source latitude of origin (n = 8 populations, simple Pearson’s 

correlation). In addition, because habitat quality may vary just as much or more within as 

among populations, we also assessed the association of seed mass with family level 

fitness within sites (A3.3 Fig. 2). Because variation in maternal family seed mass among 

populations did not co-vary with latitude and was not associated with variation among 

families in fitness within sites, it is unlikely that environmental NME contributed to the 

pattern of fitness variation observed for C. cheiranthifolia populations in this transplant 

experiment. 
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A3.3 Figure 1. Distribution of variation in maternal family seed mass (average mg/seed) 

per source population (California C1–4, Oregon O1–4; increasing latitude from C1–O4) 

used in a transplant experiment with Camissonia cheiranthifolia (n = 14–23 families per 

source). Results of multiple contrasts among sources using Tukey-Kramer HSD tests are 

indicated by letters above each panel. Sources not sharing a letter are significantly 

different. Mean seed mass per source population did not co-vary with source latitude of 

origin (r = +0.43, P = 0.29).  
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A3.3 Figure 2. No association among maternal family seed mass (mean mg/seed) and 

mean fitness for Camissonia cheiranthifolia in a transplant experiment towards (S1–S4) 

and beyond (S5) the species northern range margin (all r < 0.11, all P > 0.32). S1, S4 and 

S5 contain eight source populations; S2 and S3 contain four source populations (24 

maternal families per source). Fitness (x+1) was estimated from total fruit production 

(see Methods for details).
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APPENDIX 3.4. Climatic variation among source populations and planting sites used in a 

transplant experiment across the northern range limit of Camissonia cheiranthifolia.  

To describe geographic variation in climate across the region relevant to the source 

populations and transplant sites used in a transplant experiment across the northern range 

limit for Camissonia cheiranthifolia, three sets of climate data were collected. Each 

dataset and relevant climate variables are described below.  

(1) 30-yr monthly means and mean annual summaries (U.S. climate normals 1971-

2000, CLIM 20, http://www.ncdc.noaa.gov/normals.html): Monthly mean temperature 

summaries (°C) are the arithmetic mean of minimum and maximum temperatures per day 

divided by the number of days per month and averaged over the 30-yr period. Mean 

annual temperature is calculated as the average temperature per yr calculated from 

monthly means averaged over the 30-yr period. Monthly precipitation totals (cm) are 

calculated from the mean daily accumulation per month averaged over the 30-yr period. 

Mean annual accumulation is calculated from the sum of average accumulation per 

month per yr and averaged over the 30-yr period. Snowfall (cm) is calculated in the same 

manner as precipitation. Freeze-free period represents the probable duration (d) per yr, 

averaged over the 30-yr period, where the temperature exceeds the selected temperature. 

The calculation is based on the last spring and first fall freeze period and duration 

determined for the selected probability level. In this case, we selected data for 36F or 

2.2°C as it represented the most conservative (or warmest) temperature period provided 

by the dataset; the duration was selected at the 90% probability level as this was most 

rigorous probability level provided.  Temperature and precipitation data were recorded 

from the 13 stations listed in A3.4 Table 1, plus the next coastal weather station to the 
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north (Seaside, Oregon 45.98ºN, 123.92ºW) and the next two coastal stations to the south 

(Half Moon Bay, California 37.45ºN, 36.58ºW; Monterey, California 36.58ºN, 

121.92ºW). Snowfall and freeze-free period data were not available from the Honeyman 

State park, Crescent City or Oceanside San Francisco weather stations, but data from 

Half Moon Bay and Monterey stations were also included for a total of 13 stations. 

(2) 30-yr daily means (U.S. climate normals 1971-2000, CLIM 84, 

http://www.ncdc.noaa.gov/normals.html): Daily normals are similar to monthly normals 

(above) except that summaries are averaged over the 30-yr period for every day of the yr. 

However, we further summarized this dataset by calculating the mean of each climate 

variable per month. This summarization was used in order to compare average climate of 

the region to climate experienced during the period of the experiment, 2005-2006, and 

the most previously recent yrs (2002-2004) (see below). These data were collected from 

all Oregon stations listed in A3.4 Table 1. 

(3) 2002-2006 NCDC Cooperative Summary of the Day Dataset 

(http://www1.ncdc.noaa.gov/pub/data/documentlibrary/tddoc/td3200.pdf): Mean daily 

temperature (°C) was calculated from the average of minimum and maximum 

temperatures recorded per station within a 24 hr period for each day of the yr. At each 

station, total precipitation (cm) within a 24 hr period was also recorded for each day of 

the yr. We then further summarized data for both variables by calculating the mean value 

per month. This summary was for performed for ease of presentation. At the time of 

collection, 2006 data for both variables were available for only for January to May. These 

data were collected from all Oregon stations listed in A3.4 Table 1. 
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A3.4 Table 1. Nearest northern and southern coastal climate station for each transplant site and source population used in a 

transplant experiment with Camissonia cheiranthifolia.   

Nearest climate station to the north   Nearest climate station to the south Transplant site (S) and/or  
Source population (O,C)  
(latitude ºN; longitude ºW) 

Station name 
(latitude ºN; longitude ºW) 

Distance  
(km)2   

Station name 

(latitude ºN; longitude ºW) 
Distance 
(km)2  

South Jetty – S5  
(43.981; 124.139) 

Newport 
(44.643; 124.055)   73.9   Honeyman State Park 

(43.930; 124.107)     6.2 

Horsfall Beach – S4/O4 
(43.446; 124.271) 

Honeyman State Park 
(43.930; 124.107)   55.3  North Bend Airport 

(43.417; 124.250)     3.7 

Bullards Beach – S3/O3 
(43.146; 124.415) 

North Bend AP 
(43.417; 124.250)   32.9  Bandon 

(43.151; 124.400)     1.3 

Euchre Creek – S2/O2 
(42.537; 124.400) 

Port Orford 
(42.752; 124.501)   24.1  Gold Beach Ranger Stn 

(42.404; 124.424)   13.5 

Pistol River – S1/O1 
(42.262; 124.402) 

Gold Beach Ranger Stn 
(42.404; 124.424)   16.3  Brookings 

(42.028; 124.245)   28.1 

Tolowa dunes – C4 
(41.871; 124.211) 

Brookings 
(42.028; 124.245)   19.4  Crescent City 

(41.795; 124.215)     8.3 

Humboldt bay – C3 
(40.848; 124.007) 

Klamath 
(41.522; 124.032)   70.6  Eureka, Woodley Island 

(40.810; 124.160)     9.1 

Mackerricher State Park – C2 
(39.503; 123.784) 

Fort Bragg  
(39.509; 123.245)     2.3  Fort Ross 

(38.515; 123.245) 119.3 

Point Reyes Nat Seashore – C1 
(38.046; 122.988) 

Fort Ross 
(38.515; 123.245)   56.7  San Francisco, Oceanside 

(37.728; 122.504)   55.2 

 

1 Distance from the climate station to the site or source.  
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A3.4 Figure 1. Annual climate trends from 30-yr monthly means (U.S. climate normals 

1971-2000) across and beyond the northern geographic range margin of Camissonia 

cheiranthifolia. Geographic location of source populations and planting sites used in a 

transplant experiment are shown in the top panel (C = California populations, S = Oregon 

populations and planting sites, S5 = site beyond limit). Total annual precipitation and 

snowfall data represent the sum of monthly 30-yr means. Freeze-free period represents 

the annual number of days for which there is a 90% probability that the daily temperature 

will not decrease below 2.2ºC (36F).  
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A3.4 Figure 2. Average monthly temperature at all coastal stations in Oregon within and beyond the geographic range of Camissonia 

cheiranthifolia. Data for the period during which the transplant experiment was conducted (April 2005–April 2006) are compared to 

data from the relatively recent, previous years (2002–2004) and average climate (monthly average of 30-yr daily means (1971–2000); 

‘Daily normal’) for the region. Stations are ordered from north to south and are annotated with the nearest northern and southern (N–

S) transplant site. The species’ range limit occurs between Honeyman State Park and North Bend Airport stations (distances provided 

in A3.4 Table 1). 
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A3.4 Figure 3.  Total precipitation summaries at all coastal stations in Oregon within and beyond the geographic range of Camissonia 

cheiranthifolia. Data for the period during which the transplant experiment was conducted (April 2005–April 2006) are compared to 

data from the relatively recent, previous years (2002–2004) and average climate (monthly average of 30-yr daily means (1971–2000); 

‘Daily normal’) for the region. Stations ordered from north to south and are annotated with the nearest northern and southern (N–S) 

transplant site. The species’ range limit occurs between Honeyman State Park and North Bend Airport stations (distances provided in 

A3.4 Table 1).
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ABSTRACT. A species is expected to occur where the prevailing biotic and abiotic 

conditions fall within its fundamental niche. Geographic range limits should, therefore, 

occur when the survival and fitness of individuals along ecological gradients is reduced 

to the point where populations are no longer self-sustaining. Abrupt limits to a species’ 

distribution are expected to reflect abrupt changes in the ecological conditions across the 

limit and correspond to sharp declines in fitness. We investigated the correlation between 

geographic variation in environment and fitness across the range limit of a coastal dune 

plant, Camissonia cheiranthifolia (Onagraceae). We measured plant community species 

composition, microhabitat variables and fitness of genetically standardized populations 

transplanted into 64 plots distributed across five sites (four within-range, one beyond the 

limit) along a 200 km transect spanning the species’ northern range limit. There was 

substantial variation in plant community and microhabitat variables among plots and sites 

across the range limit, but little evidence that the limit was associated with an abrupt 

change in the environment. Although fitness covaried strongly with the first of two 

principal components of plant community composition, and most microhabitat variables 

(species diversity, canopy cover, sand stability and grain size), there was no indication of 

the expected steep decline in fitness towards the range limit. In fact, fitness increased 

towards the limit and was relatively high at the site beyond the limit. This suggests that 

habitat beyond the range boundary did not occur outside of the species’ fundamental 

niche. These results challenge niche-based explanations for range limits and suggest that 

aspects of dispersal rate or habitat frequency are associated with the limit.
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INTRODUCTION 

 

It is a fundamental expectation in ecology that the distribution of the relevant biotic 

and abiotic conditions of a species’ fundamental niche will determine where a species 

does and does not occur. Geographic range limits should occur when the survival and 

fitness of individuals along these ecological gradients is reduced to the point where 

populations are no longer self-sustaining (Lawton 1993, Hoffmann and Blows 1994). 

Population abundance will be highest where conditions most closely match requirements 

for survival and reproduction and will decline progressively away from this point in all 

directions until range limits are reached (Brown et al. 1995). In some species, this limit 

arises abruptly, while in others it occurs more gradually. Based on classic, niche-based 

explanations of range limits, it is expected that the nature of this limit reflects the nature 

of the underlying environmental gradient.  

Stable range limits arise from the inability of marginal populations to adapt to local 

conditions and spread beyond the limit. This adaptive limit may be caused by an inherent 

or stochastic lack of the genetic variability required to establish and persist in 

neighboring conditions (Antonovics 1976) or by the antagonizing effects of asymmetric 

gene flow on selection in marginal habitats (Kirkpatrick and Barton 1997, Barton 2001). 

Each of these evolutionary mechanisms assumes a niche-based limit or that populations 

are dispersed across an ecological gradient of reduced suitability in relation to the 

species’ fundamental niche. Theoretically, the steeper the gradient, the less likely it is that 

marginal populations contain the genetic variability required for range expansion and the 

more likely it is that gene flow will oppose adaptation to more extreme conditions 
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(Kirkpatrick and Barton 1997, Gomulkiewicz et al. 1999). However, the nature of the 

ecological gradients required to impose such limits in nature is largely unknown.  

Empirical studies have cast some doubt on the broad validity of these niche-based 

concepts of range limits. For example, recent studies have demonstrated that species of a 

wide variety of taxa do not exhibit the expected “abundance center” pattern (Sagarin and 

Gaines 2002, Gilman 2005, Kluth and Bruelheide 2005, Wares and Castañeda 2005, 

Samis and Eckert 2007) or reduced fitness (González-Guzmán and Mehlman 2001, 

Gilman 2006, Samis and Eckert 2007) in marginal relative to central populations. Finally, 

that some species exhibit potentially sustainable fitness when experimentally planted 

beyond range limits (Carter and Prince 1988, Woodward 1990, Sanford et al. 2006) 

suggests that limits do not necessarily reflect an ecological threshold to fitness or 

population growth rates. It would seem that, at least in some species, these patterns imply 

that alternative explanations of range limits to the classic niche-based hypotheses, such as 

dispersal or metapopulation dynamics (Carter and Prince 1988, Gaylord and Gaines 

2000, Holt and Keitt 2000, Kawecki and Holt 2002). However, relatively few studies 

have investigated patterns of demographic variation across range limits (Nantel and 

Gagnon 1999, Angert 2006). As a result, direct evidence for alternative explanations to 

range limits is lacking. Nonetheless, non-niche based mechanisms are often implicated 

for species that do not exhibit the expected declines in abundance or fitness across range 

limits (Carter and Prince 1988, Gonzalez-Guzman and Mehlman 2001, Wares and 

Castañeda 2005, Gilman 2006). Hence, more studies investigating ecological gradients 

across range limits and especially how they affect fitness are needed (Baack et al. 2006).  
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As a first approximation one could investigate the ecological gradients that cause 

range limits by assessing the correlation between ecological variation across range 

margins with population abundance and/or individual performance (Brown et al. 1995, 

Parmesan et al. 2005). However, correlative studies with naturally occurring populations 

may be complicated by the dependence of performance on population density and local 

adaptation (e.g. Gilman 2005). Ideally, the factors associated with range limits should be 

tested through controlled transplant experiments, but have infrequently been reported 

(Baack et al. 2006, Sanford et al. 2006). The use of genetically standardized populations 

transplanted across a range limit controls for the effects of density and individual age, 

such that the mean performance of genotypes across the environment may be determined. 

Furthermore, transplanting experimental populations into a wide sampling of habitats 

across a relatively small spatial scale allows one to focus on the fine scale variation in 

ecological conditions occurring across the limit (Carter and Prince 1988, Gaston 2003). 

Here we use genetically standardized, artificial populations of Camissonia 

cheiranthifolia (Onagraceae) (Spreng.) Raim. transplanted across the species’ northern 

range margin to characterize patterns of variation in ecological factors and fitness. 

Range-wide surveys have indicated that C. cheiranthifolia is common throughout the 

coastal dunes of western North America, from northern Baja California, Mexico to south-

central Oregon, U.S.A (Samis and Eckert 2007). In contrast, dune habitat extends well 

beyond the northern and southern limit of this species’ range with no obvious change in 

climatic (Fig. 4.1) or edaphic factors at large geographic scales (Cooper 1958, Breckon 

and Barbour 1974, Barbour et al. 1976). Field surveys indicate that major biotic 

interactions also do not change towards the range edge. For example, herbivory and 



 

 

129 

predation are not more common in marginal than central populations, and because 

populations across the northern range are primarily selfing, fecundity is not limited by 

pollinators. However, niche-based explanations of range limits would predict that the 

species’ rather precipitous decline in abundance is associated with a shift in ecological 

conditions across the limit.  

We focused on variation in plant species composition as a proxy for more subtle 

and interactive effects of variation in ecological and climatic factors. Standard 

microhabitat variables were also measured to relate these patterns to dune structure and 

morphology. The plots in which transplants attain higher fitness are inferred to reflect a 

higher quality environment, which is described by multivariate axes of plant community. 

This approach has been used to describe the factors associated with species’ distributions 

or preferred niches (Meilleur et al. 1997, Ojeda et al. 1998, Freeman et al. 1999) but has 

rarely been used to assess the ecological correlates of fitness across range limits (Jump 

and Woodward 2003). With this experimental approach we (1) assessed geographic 

variation in plant species composition and microhabitat variables to determine the nature 

of environmental variation towards and beyond the species range limit; (2) tested whether 

fitness of genetically standardized populations correlated with variation in environmental 

factors; and (3) tested whether the species’ abrupt distributional limit was associated with 

an abrupt shift in environmental conditions and decline in fitness.   
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METHODS 
 

Experimental design 

We selected five sites along a 200 km transect across the northern range limit of C. 

cheiranthifolia in southern Oregon (Fig. 4.1a, b). Four sites were located within the 

species’ geographic range (S1 137 km south of limit, S2 107 km south, S3 35 km south, 

S4 0 km south) and supported natural populations of C. cheiranthifolia. These four sites 

represented 50% of all occupied and distinct dune habitats within 140 km of the range 

limit and, therefore, encompass the average conditions experienced towards the limit. The 

other site (S5 60 km north of limit), occurs at the northern extent of the > 70 km 

continuous dune complex in which C. cheiranthifolia reaches its northern limit. The 

species has not been recorded in the northern 30 km of these dunes, including S5, over 

the last 150 yrs (Samis and Eckert 2007). The continuity in dune habitat between the 

range limit and S5 suggests that the long-term absence of the species from this region is 

not due to physical barriers to dispersal. 

To broadly sample ecological variation within sites, plots were randomly selected 

from twice as many potential plot locations required for each site. The only criteria for 

plot selection were that there was at least 1.5 × 3.0 m of suitable habitat (behind 

foredune, outside wet deflation plain or blow-outs, > 5 m from footpaths, < 75% plant 

cover, supporting other common dune plants). Many plots, especially at S3–S5 covered 

all available space within the patch. Plots were dispersed over most available habitat at 

smaller sites and over a ≥ 500 m north−south transect at larger sites. Aside from minimal 

removal of Ammophila arenaria litter, experimental plots were unaltered.  
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Experimental populations − Genetically standardized populations were assembled 

from maternal seed families collected from four source populations, originating from 

within or near (≤ 1 km) the four planting sites. Plants were grown from 24 seed families 

randomly sampled from each site in 2003 and planted as 10 wk old seedlings (see ch3). 

At each plot, 60 co-ordinates were established on a 10 × 6 grid at 30 cm intervals. Plots 

contained an equal representation of individuals from each source population and 

individuals from the same maternal family were in different plots. This experiment was 

integrated with an experiment evaluating the patterns of local adaptation across the 

species’ range limit as part of a companion study. Hence, plots at three sites (S1, S4 and 

S5) also included plants from more central and southerly source populations (ch3). At 

these sites, each of the 16 plots contained 30 plants from the source populations used 

here. At the other two sites (S2 and S3) each of the 8 plots contained 60 plants from these 

source populations. Results from the local adaptation study revealed that all the source 

populations used in this study responded similarly to environmental variation among and 

within sites for all components of fitness (i.e. no interaction between the effects of source 

population and planting site on fitness). This justified pooling plants across source 

populations for the analyses reported below.  

 

Measurements 

Plant species composition within plots − We recorded the occurrence of all other 

plants species within each grid square of each plot. Within each square, a species was 

recorded as present if at least one stem was rooted within the square (‘species 

occurrence’). Because of the difficulty in distinguishing between the non-flowering 
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rosettes of Leontodon taraxoides and Hypochaeris radicata these species were pooled. 

Identification of Festuca spp. was also uncertain and two probable species, F. rubra and 

F. arundinaceae, were pooled. The frequency of occurrence for all species was then 

calculated across the 60 grid squares for each plot (‘species frequency’). Within each 

plot, we counted the absolute number of naturally occurring C. cheiranthifolia.  

Microhabitat variation within and among plots – For each plot, we calculated 

‘mean species diversity’ as the number of species occurring within each grid square 

averaged across the 60 squares per plot. Diversity at this fine scale provided similar 

results to total number of species per plot, but is preferred for describing the average 

environment experienced by each experimental plant. For each grid square, we rated 

substrate stability on a scale of 0 (no barriers to sand movement) to 5 (little or no 

opportunity for sand movement), and percent plant canopy coverage over experimental 

plants on a scale of 0 (0% coverage) to 10 (100% coverage). Both stability and canopy 

were averaged across all squares per plot. Slope and aspect (converted to Eastness and 

Northness; where 1 = E or N, and −1 = W or S, respectively) were recorded for each plot. 

We collected and pooled four 25 ml substrate samples at ~ 5 cm depth per plot. A 25 ml 

sample (mean mass ± SD 36.4  ± 2.27 g) was later separated through a series of nine 

sieves (1000−63 µm or 0−4 Φ; where Φ = –log2(mm); larger Φ = smaller grain diameter) 

and the sample collected in each layer was weighed. Sample mean grain size and 

standard deviation of grain size (a measure of granule sorting) were calculated from plots 

of cumulative percent sample mass (g) collected/sieve (Φ) (Leeder 1982). All ecological 

data were collected ~ 60 d after transplanting.  
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Experimental plant fitness − Seedlings were transplanted in April 2005 and 

monitored for 425 d over two growing seasons. In general, survival and reproduction for 

the experimental plants was very similar to that of naturally occurring C. cheiranthifolia 

that we monitored at each site (see ch3). On average, 65% of plants survived to flower, of 

which 39% flowered only in the first year, 14% flowered only in the second year and 

12% flowered in both years (see ch3). 31% of experimental plants survived beyond 425d, 

but further reproduction by these individuals is unlikely to affect the pattern of variation 

in fitness at the plot or site levels reported below (see ch3). Individual fitness was 

calculated from a weighted measure of fruit production where total fruit produced in each 

growing season (yr 1 = 0–220 d, yr 2 = 220–425 d) was weighted by year (yr 1 = 1, yr 2 

= 0.5) to account for the demographic advantage of early seed production. Although the 

number of plants per plot varied among sites (above), mean fitness was calculated from a 

relatively large number of plants for each plot (30 or 60 plants per plot).  

 

Data analysis 

Multivariate analysis of the plant community and environmental factors − We used 

principal components analysis (PCA) to summarize independent axes of variation in plant 

species composition among plots. Microhabitat variables (MV) were used passively in 

this analysis and were plotted onto the ordination after the principal components were 

estimated. To determine if plant community composition covaried with aspects of 

microhabitat, we performed a constrained redundancy analysis (RDA). Similarity 

between the RDA and PCA ordinations lends confidence to an interpretation of 
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associations of species gradients with microhabitat variables suggested by the PCA (Leps 

and Smilauer 2003).  

Species occurring at < 3 sites and at mean frequencies of  < 5% per site were 

considered rare and excluded from ordination analyses (Leps and Smilauer 2003). Raw 

species frequency data were transformed using the Hellinger transformation, which 

generates relative species profiles within each plot (transformed frequency for each 

species (i) within a plot (j): y'ij = sqrt (frequency of species i within plot j/sum of all 

species frequencies within plot j) = √(yij/yi+)), as is recommended for frequency data with 

many zeros (Legendre and Gallagher 2001). The PCA on a covariance matrix used 

centered species frequencies (CANOCO v. 4.5, ter Braak and Smilauer 2002). MVs were 

standardized to account for different units of measurement. We used forward stepwise 

selection of predictor MVs (using default settings) to determine significance of each 

variable to the RDA. Using partial Monte Carlo permutations, this procedure determines 

the successive contribution of each MV to explaining the total variation in species data 

and adds only those variables that contribute significantly.  

Variation and covariation in ecological variables and plant fitness − To evaluate 

congruency between the PCA and RDA analyses, we correlated plot scores on the PCA 

axes with scores on the corresponding RDA axes. We evaluated the contribution of 

individual species to the multivariate axes by correlating rank-transformed plot-level 

species frequencies with plot score on principal components (PC). We tested for 

variation in the PCs, MVs and fitness among sites using 1-way ANOVA with Tukey-

Kramer HSD tests to compare site means. We also used least-square regression to test for 

associations between fitness and both PCs and MVs. As an additional analysis, we also 
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tested for an association between the fitness of experimental plants and the abundance of 

naturally occurring C. cheiranthifolia among plots. Mean fitness was log10(x+1)-

transformed to normalize residuals and reduce heteroscedasticity.  

 

RESULTS 
 

Geographic variation in ecological environment 

Community composition − A total of 32 species, not including C. cheiranthifolia, 

occurred within experimental plots. Ten were rare and excluded from analysis (Table 

4.1). Of the remaining 22, three occurred at only one site each and five occurred at all 

sites. Four of these five were widespread/non-indigenous and one was a common dune 

endemic (Table 4.1). Only one species was unique to plots beyond the range limit. Of the 

22 species analyzed, 13 were dune/beach endemics and seven of these were endemic to 

North American Pacific dunes (‘Dune-maritime endemic’). All species had been 

identified in previous vegetations surveys of these coastal dunes (Cooper 1936, Breckon 

and Barbour 1974, Wiedemann 1984). Naturally occurring C. cheiranthifolia occurred in 

all plots at S1 and S2, 7/8 plots at S3 and 9/16 plots at S4 (range 0–58, median = 4 

naturally occurring plants/plot). 

Multivariate analysis of plant species composition and microhabitat factors − The 

first four PCs explained 58.0% of the variation in plant species composition among plots 

(eigenvalues: PC1 = 0.23, PC2 = 0.14, PC3 = 0.12, PC4 = 0.092). PC1 described 

increasing frequency of widespread and non-indigenous species, Thlapsi arvense, 

Gnaphallium purpureum and Ammophila arenaria (Fig. 4.2a; species’ names are given in 

full when introduced and by four letter codes (underlined) thereafter, Table 4.1) and 
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decreasing frequency of widespread Rumex acetosella, and dune endemics Lupinus 

littoralis, and Poa confinis. It is notable that the relative frequency of two indigenous, 

dune-maritime endemic species, Lu.li and Po.co, decreased along PC1, while the relative 

frequency of Am.ar, the dominant, non-indigenous grass and the most commonly 

encountered species in the community, increased (PC1: Am.ar r =  +0.47, Lu.li r = –0.57, 

Po.co r = –0.63; all P < 0.0001). PC2 described increasing frequencies of dune and 

maritime endemic species (Calystegia soldenella, Cardionema ramosissima, Erigeron 

glaucus, Juncus lesuerii, P. macrantha, Polygonum paronychia, possibly Po.co; but not 

Fragaria chiloensis) and decreasing frequencies of non-indigenous species (Aira 

caryophyllea, A. praecox, Thlapsi arvense, ‘Dandelion’-type species and possibly Am.ar; 

Fig. 4.2a, Table 4.1). The dispersion of plots along PC2 suggested that floristic 

communities within S2–S4 consisted of more dune-maritime endemic species than at 

least some plots at S1 and beyond the limit at S5. Supplementary ordination analysis (not 

shown) indicated that naturally occurring C. cheiranthifolia increased in frequency with 

other dune-maritime endemics along PC2. Analyses of additional PCs did not reveal any 

new trends and are not presented below. 

Redundancy analysis generated a similar ordination to the PCA (PC1 and RD1 r = 

+0.94, P < 0.0001; PC2 and RD2 r = +0.55, P < 0.0001). Forward selection of 

microhabitat variables identified four that contributed significantly to the model; mean 

species diversity, mean grain size, mean canopy cover and mean stability. Three of these 

correlated negatively with RD1: mean species diversity (r = –0.73, P < 0.0001), mean 

grain size (r = –0.59, P < 0.0001; decreasing Φ = increasing µm) and mean stability (r = 

–0.51, P < 0.0001), while mean canopy cover correlated negatively with RD2 (r = –0.43, 
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P < 0.0001). These correlations reflect similar associations between MVs and species 

axes in the PCA (Fig. 4.2b). Grain size SD and plot slope appeared to follow a similar 

gradient to others along PC1, but based on the RDA results, did not exhibit significant 

covariation with axes of species composition. Neither aspect variable exhibited any 

covariation with plant species PCs  (Fig. 4.2b). As suggested from the mutual correlation 

of the four significant MVs with PC1 and PC2, there was some covariation among 

variables ((a) Grain size: Species diversity r = +0.40, P = 0.0010, Stability r = +0.63, P < 

0.0001, Canopy cover r = +0.40, P = 0.0010, Grain size SD r = –0.62, P < 0.0001; (b) 

Species diversity: Stability r = +0.82, P < 0.0001, Canopy cover +0.45, P = 0.0002; (c) 

Canopy cover: Stability +0.63, P < 0.0001, Grain size SD –0.25, P = 0.042). However, 

variance inflation factors for all variables in the PCA were < 4.6 indicating that 

collinearity did not greatly effect the analysis (Quinn and Keough 2002). 

Among site variation in plant species composition and microhabitat variables − 

One-way ANOVA detected significant and substantial variation among sites for both 

axes of plant species composition. However, the separation among sites was incomplete 

along both axes; and no single axis or combination of axes clearly separated S5 from the 

within-range sites any more than the within-range sites from each other. Only for PC1 

was there a latitudinal gradient in species composition, but this largely involved a 

contrast between S1 and S2 versus the three more northerly sites (Fig. 4.3).  

There was also substantial and significant variation in all four MVs among sites. 

Again, there was much overlap among sites as a large portion of the variation (often > 

50%) occurred among plots within sites (Fig. 4.3). There was no variation among sites 

for plot slope or aspect (all r2 < 0.090, all P > 0.22). Variation in all four MVs suggested 
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gradients with latitude. Mean species diversity and substrate stability exhibited a more or 

less linear increase towards the range limit and beyond. Sand grain size ranged from 

medium to fine sand (mean range 1–2.1 φ, CV = 17.0 %, size back-transformed = 230–

500 µm; Leeder 1982), and tended to be coarser at S1 and S2 and finer at S3–S5. Only 

for canopy cover did the site beyond the range limit differ significantly from all other 

sites: 75% of plot means at S5 were higher than 75% of plot means at other sites. 

 
Ecological and geographic variation in fitness 

There was substantial variation among plots across the range limit for mean fitness 

(mean = 6.3 weighted fruit/seedling, range = 0.3–34.4, CV = 86%). Mean plot fitness 

covaried with plant community axes and MVs (Table 4.2, Fig. 4.4). Fitness exhibited a 

significantly negative association with PC1 but was not associated with PC2. Plants 

growing in plots with higher PC1 scores tended to have lower fitness than those further 

down on the gradient, but most of these plots seemed to occur at S1, not at or beyond the 

limit as expected. Fitness exhibited negative polynomial relations with species diversity, 

substrate stability and canopy cover and maximum plot fitness tended to be concentrated 

at intermediate values for each of these variables. Fitness increased monotonically with 

sand grain size (φ; i.e. increased with decreasing grain size). Fitness also increased with 

slope but not plot aspect (Table 4.2). However, the variation explained by all models was 

relatively low. Fitness of experimental plants was not associated with the abundance of 

naturally occurring C. cheiranthifolia within plots (r = +0.12, P = 0.40).  

There was substantial variation in mean performance of experimental populations 

both within and among sites, with > 60% of variation occurring within sites. Although 

fitness covaried with aspects of plant community and microhabitat, there was no 
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indication that fitness declined towards or beyond the limit (Fig. 4.5). In fact, there was a 

greater tendency for higher fitness to occur in more northerly than southerly plots, with 

the highest performing plots located beyond the limit. 

 

DISCUSSION 

 

By and large, ecologists expect that range limits are determined by niche-based 

processes. A range limit should result when changes in ecological conditions reduce 

fitness and populations can no longer persist. This expectation is also a standard premise 

for evolutionary explanations of range limits. The steeper the ecological gradient, the less 

likely that populations will adapt to marginal conditions, thereby reducing the potential 

for range expansion. However, the hypothesis that the northern range limit of C. 

cheiranthifolia is caused by reductions in fitness associated with declining habitat quality 

across the range limit is challenged by three observations. First, ecological conditions do 

not change drastically across the species’ limit. Second, fitness increased rather than 

decreased towards the limit. Finally, populations planted 60 km beyond the limit 

exhibited favourable survival and reproduction over two years. Below, we put these 

results in an ecological and evolutionary context and evaluate alternative mechanisms 

that may limit the species’ geographic distribution. 

 

Ecological correlates of fitness 

There was substantial variation in the plant species community and microhabitat 

across the northern range limit of C. cheiranthifolia. While there was evidence that 
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variation in ecological variables influenced fitness, there was no indication that any of 

these factors were directly associated with the range limit. Furthermore, whether any of 

these factors directly influenced fitness in marginal populations is unknown. The 

statistical associations we detected may represent direct correlations with fitness for some 

ecological variables, but more likely represent indirect associations for most variables, 

possibly through an unmeasured variable(s). However, the potential effects of these 

ecological variables on fitness are worth considering and may help discern the factors 

that define the ecological niche of C. cheiranthifolia. 

The Oregon dune plant community consists of a mixture of native and introduced 

species. Multivariate analysis of plant community suggested some separation among 

these two groups. Plots with high scores on PC1 and low scores on PC2 tended to have 

higher relative frequencies of non-indigenous species, while plots with high scores on 

PC2 and low on PC1 tended to have higher relative frequencies of native species. The 

negative association of experimental population fitness with PC1 suggests that the 

relative frequencies of these two groups may be important indicators or determinants of 

the niche of C. cheiranthifolia. Although fitness of experimental populations was not 

associated with the absolute frequency of any single species (data not shown), a 

biological interpretation of this pattern is clarified by considering some of the species 

associated with this axis. 

 One species, in particular, stands out. Ammophila arenaria (European beachgrass) 

was by far the most common and abundant species in these surveys and occurred at all 

sites in 59/64 plots, overall. The plant was introduced to the Oregon dunes in the early 

1900s for sand stabilization. Since the 1950s, it has spread throughout much of the dunes 



 

 

141 

in southern Oregon and has greatly altered the morphology and dynamics of the dunes 

(Wiedemann and Pickart 1996). It is, therefore, notable that C. cheiranthifolia fitness 

decreased along a multivariate axis of plant community associated with increasing 

frequency of this invasive plant. A negative association among these species, possibly 

due to increased competition for space and resources, is supported by additional studies. 

For example, geographic range-wide surveys of microhabitat and plant performance 

suggested that fruit production of naturally occurring C. cheiranthifolia was lower in the 

presence than in the absence of A. arenaria (K. E. Samis unpublished data). Ammophila 

arenaria abundance also correlates negatively with some other native dune plants 

(Barbour et al. 1976, Boyd 1992), although not all species examined have exhibited 

negative effects (Boyd 1992, Pickart and Sawyer 1998). In contrast, the native dune-

maritime endemic, Lupinus littoralis (seashore lupine) decreased in frequency along PC1. 

In an environment low in macronutrients, it is possible that this nitrogen-fixing species 

may increase the availability of nutrient inputs for other plants (Pickart and Sawyer 

1998). However, more comprehensive analyses are required to test these hypotheses and 

determine if these associations are causative. 

Fitness also increased at intermediate levels of species diversity, stability and 

canopy cover. These associations are likely explained by two abiotic factors important in 

coastal dunes, wind and water (Kumler 1969). For example, plots with very low species 

diversity tend to occur in very open patches of habitat where sand mobility and erosion 

are quite high. Until pioneer plants move in and the sand becomes stabilized, these 

patches will also have low moisture availability (Kumler 1969, Wiedemann 1984). At the 

other extreme, high species diversity or high canopy cover will increase interspecific 
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competition for light, nutrients and water and decrease sand mobility. Increased 

competition is correlated with reduced establishment and fecundity in other dune plants 

(reviewed by Pickart and Sawyer 1998, but see Houle 1997). Although it seems likely 

that substrate composition and mean granule size will also affect nutrient dynamics 

through retention and leaching, this variable has not been extensively studied in relation 

to dune plant performance.  

 

Mechanisms underlying ecological correlates of fitness 

Several phytogeographic studies of Pacific coastal dune communities of western 

North America have revealed a minor transition in plant community composition around 

the region where C. cheiranthifolia reaches its northern limit (Cooper 1936, Breckon and 

Barbour 1974, Wiedemann 1984). This pattern emerges in our surveys as species with 

more northern distributional centers only occurred at northern sites; i.e. Carex 

macrocephala and Lathyrus japonicus, and those with northern limits similar to C. 

cheiranthifolia were not found at the extra-limital site; i.e. Baccharis pilularis, Erigeron 

glaucus and Phacelia argentea. However, at an intraspecific level it has been difficult to 

determine the factors or mechanisms associated with these transitions (Breckon and 

Barbour 1974, Barbour et al. 1976). Cooper (1936) argued that the coastal climate 

between Oregon and British Columbia, Canada, did not appear steep or harsh enough to 

generate evolutionarily stable range limits for plants in this region. This observation is 

consistent with more recent summaries of climate for the region, which do not suggest 

any abrupt shifts in average climate coincident with the limit (Fig. 4.1; Appendix 3.4).  
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Even though these other studies were conducted at broader geographic or 

taxonomic scales, their results support the lack of an abrupt ecological shift across the 

northern range limit of C. cheiranthifolia observed in this study. From an evolutionary 

perspective, it is unclear how the patterns of fitness variation observed in this study may 

generate long-term geographic limits. Even though we did not measure early life-history 

variation, patterns of variation for germination and early establishment would have to be 

drastically different from those observed here to generate the predicted declining fitness 

gradient (ch3). With this caveat in mind, we explore alternative explanations to the range 

limit. 

One hypothesis is that a range limit is generated by asymmetric dispersal rates 

(Holt and Keitt 2000, Kawecki and Holt 2002). This hypothesis would explain why 

population fitness might be high at a stable range margin, but is not often accounted for 

in theoretical explanations of range limits (Gaylord and Gaines 2000, Kawecki and Holt 

2002, Sagarin et al. 2006). Oceanic processes and currents have a major effect on 

intertidal, beach and dune ecosystems, and circulation patterns exhibit a few abrupt shifts 

along the Pacific coast of North America. It has been suggested that the abrupt range 

edges of some coastal, intertidal species with pelagic dispersal phases are caused by 

asymmetric ocean flows near the species’ range limits (Sagarin and Gaines 2002, Wares 

and Castañeda 2005). One such influential shift occurs at Cape Blanco, Oregon 

approximately 70 km south of the species’ northern limit (Connolly et al. 2001, Peterson 

2007). The extent to which these oceanographic processes affect coastal dunes, or more 

specifically whether they affect seed dispersal is unknown. However, dune environments 

are exposed to strong winds that profoundly influence dune morphology. Local gradients 
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in seed dispersal and population demography are affected by onshore winds in the beach 

plant, Cakile edentula (Keddy 1982). Although C. cheiranthifolia seeds likely also 

depend on wind currents for dispersal, the prevailing winds change direction seasonally. 

As such, there is no evidence that the species’ northern limit is associated with a 

consistent shift in wind strength or direction (Cooper 1958).  

An alternative hypothesis addresses whether recent anthropogenic factors have 

altered coastal dune habitats in such a way that contemporary conditions no longer 

represent the historical conditions that generated the current distributional limit (Sagarin 

et al. 2006). With respect to the fitness gradient that we observed, this hypothesis implies: 

(1) that anthropogenic factors have improved habitat quality relative to the species’ 

growth requirements and (2) that the distributional limit is abrupt, yet potentially unstable  

because extant populations have not yet fully exploited this new habitat. If this hypothesis 

were true, the first point would explain why fitness of experimental populations was 

highest at and beyond the limit, while the second point would explain the occurrence of 

the range limit in spite of relatively high fitness in marginal populations. Three 

anthropogenic factors that are likely to have had a substantial influence on Oregon 

coastal dunes are worth considering: recreation, invasive species and climate change.  

The extent and type of recreational activities in Oregon dunes varies by region, but 

primarily includes horse and walking trails and OHV riding. Although comprehensive 

surveys are needed, it does not seem that the effects of these activities are strong enough 

to negatively affect population growth rate. Robust plants are often observed growing 

along the edges of recreational trails, presumably in response to reduced vegetation cover 

or seed exposure due to sand upheaval by vehicle or foot traffic (K.E. Samis personal 
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observation). However, this response and disturbance are observed throughout the range 

and is likely attributed to the species’ endemism to a naturally disturbed habitat. 

Another example of dune disturbance and habitat alteration is associated with the 

invasive plant, A. arenaria. There is no doubt that the purposeful introduction and 

resulting spread of this dune-stabilizing grass has altered the topography and zonation of 

microhabitats within coastal dunes over the last 100–50 yrs (Cooper 1936, Wiedemann 

and Pickart 1996, Pickart and Sawyer 1998). Its primary influence has been through the 

formation of a tall foredune and the subsequent reduction of inland sand migration. This 

dynamic has created a tight patchwork of microenvironments within sites that have arisen 

since the current northern distributional limit of C. cheiranthifolia was reached (Samis 

and Eckert 2007). There appear to be two consequences to this habitat alteration.  

First, because A. arenaria relies on adequate sand mobility for optimal rhizome 

growth and protection from pathogens, dominated dunes will also contain a matrix of 

unoccupied, open patches of sand. Some of these patches are deflation plains where little 

mobile sand remains and water accumulates during winter months. Others occur on the 

lee side of A. arenaria stabilized, sand hummocks and are open to colonization by native 

plants (Wiedemann 1984, Wiedemann and Pickart 1996). Most plots we established at S4 

and S5 occurred on such hummocks. The results of this experiment suggest that these 

hummocks provide relatively good quality growing conditions for C. cheiranthifolia. It is 

possible that the lack of competition from A. arenaria or from other species that are 

excluded from these patches may improve the quality of the patch relative to other 

regions. This interaction could be especially relevant at increasing latitudes and towards 
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the species’ northern range limit as floristic diversity, and likely interspecific competition 

of coastal dunes increases (Cooper 1936, Breckon and Barbour 1974).  

However, this network of microenvironments may negatively affect habitat quality 

at the landscape scale by increasing patch dispersion and reducing patch relative 

frequency (Carter and Prince 1988, Holt and Keitt 2000). Although a comprehensive 

survey is required, qualitative comparisons among sites suggest that suitable patches are 

more fragmented in northern sites. For example, in contrast to S1 and S2 where suitable 

habitat was dispersed fairly continuously within sites, the space between plots at S3–S5 

was generally not a suitable microenvironment for C. cheiranthifolia. This matrix of 

patches may create barriers that are impermeable to seed dispersal or increase the 

probability that dispersing seeds are lost to unsuitable habitats. This hypothesis would 

explain the relatively high performance of experimental populations within patches 

across the range limit, but only by excluding the probability of successfully dispersing to 

an appropriate patch. The ability of extant populations of C. cheiranthifolia to fully and 

rapidly exploit this new habitat would be exacerbated by naturally low dispersal 

distances. Even though the short generation time of this species should increase this 

response, it seems likely that range expansion may not be noticeable over short time 

periods without fine-scale and local surveys of patch occupancy across the limit.  

Species are also predicted to shift or expand their ranges poleward as the climate of 

northern habitats becomes increasingly ‘more southern’ (Davis and Shaw 2001, 

Parmesan and Yohe 2003). Climate has also been the most commonly assumed constraint 

on species’ northward range expansion (Woodward 1987, Gaston 2003). If the range 

limit or niche of C. cheiranthifolia is associated with temperature, it is possible that the 
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species will expand its range in response to climate warming; for example, with changes 

in growing season. However, it is unlikely that the unexpected fitness gradient observed 

in this experiment was caused by the occurrence of unusually mild climatic conditions. In 

fact, conditions were at least typical if not harsher than experienced on average, but were 

especially not milder than usual for the region (Appendix 3.4). Alternatively, these 

conditions may have reflected the harsher conditions that coastal regions may experience 

with climate change, i.e. increased precipitation and storm frequency. However, there is 

no reason to believe that this primarily Mediterranean species with an affinity to drier 

habitats (Breckon and Barbour 1974) is predisposed to thrive in wetter, cooler conditions. 

This hypothesis would also counter any suggestion that the species’ northern 

distributional limit is associated with a fitness tolerance to climate. 

Despite this species’ rather simple and near linear distribution, the expected 

patterns of declining abundance, performance or habitat quality towards the range limit 

have not been detected with either range-wide or small scale, population surveys. 

Designed to test a fundamental assumption of most explanations of species’ geographic 

distributions, this experiment challenges fitness-based explanations of range limits. 

However, it is also important to recognize that ecological and evolutionary processes may 

vary across a species’ range. Asymmetric patterns in population-level abundance and 

performance across the range of C. cheiranthifolia have suggested that different 

processes and dynamics may occur in the southern versus northern range (Samis and 

Eckert 2007). It is therefore, unlikely that the mechanisms invoked to explain variation in 

fitness across the northern range limit also apply to the species’ southern limit. However, 

it would be interesting to consider whether closely related Camissonia spp. or other 
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maritime-dune endemics also demonstrate the same patterns across their northern limits. 

As an increasing number of species demonstrate distributional limits that do not conform 

to traditional assumptions, a broadened scale of comparison within groups or habitats will 

test the general applicability of these alternative explanations (Sagarin et al. 2006). 

However, without further comprehensive and rigorous surveys across species’ 

geographic ranges, empirical evidence for the mechanisms that affect geographic 

distributions will remain muddled (Sagarin et al. 2006). For example, experimental 

studies of survival and reproduction under controlled conditions may help discern 

physiological limits. Considering the lack of a clear shift across the species’ range limit, 

these experiments may be limited by deciding which factors to test. However, a more 

comprehensive quantification of the environmental conditions experienced by 

experimental populations in a transplant experiment, e.g. through the use of data-loggers, 

may inform this process (e.g. Sanford et al. 2006). Fine scale surveys of geographic 

variation in population demography, i.e. inter-patch dispersal and persistence, and habitat 

availability may address the potential for metapopulation or dispersal dynamics in 

affecting the position of the range limit. In addition, population genetic analyses will 

address the importance of genetic and dispersal mechanisms across the species’ northern 

range. Finally, this study demonstrates the continued requirement for empirical studies to 

evaluate and inform current theoretical assumptions and predictions of species’ 

geographical range limits. 
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 Table 4.1. Species identified within experimental plots at five coastal dune locations within and beyond the range limit of Camissonia 

cheiranthifolia in Oregon.  

Family                     Code1 Species 
N 

sites Plots per site2 
Life 

history3 Phytogeography4 
Apiaceae                  Gl.liR Glehnia littoralis (Gray) Miq. 1 0-2-0-0-0 P Dune, Beringian 
Asteraceae               Ac.mi Achillea millefolium L. 3 6-0-0-4-7 P Widespread 

Am.chR Ambrosia chamissonis (Less.) Greene 1 0-1-0-0-0 P Dune-Maritime endemic 
An.ma Anaphalis margaritacea (L.) Benth. 3 2-1-0-1-0 P Widespread 

Ba.pi Baccharis pilularis DC. 4 5-1-1-1-0 P Maritime endemic 

Dand ‘Dandelion’-type spp.5 5 13-6-8-16-16 P Widespread,  
Non-indigenous 

Er.gl Erigeron glaucus Kerr. 1 0-5-0-0-0 P Widespread 
Gn.stR Gnaphalium stramineum Kunth 1 2-0-0-0-0 A/B Widespread 

Gn.pu Gnaphalium purpureum L. 3 11-1-0-1-0 A/B 
Widespread,  
Non-indigenous 

Boraginaceae           Pl.scR Plagiobothrys scoulerii (Hook. & 
Arn.) Johnst. 3 1-2-2-0-0 A Widespread 

Brassicaceae             Th.ar Thlaspi arvense L. 3 11-1-3-0-0 A 
Widespread,  
Non-indigenous  

Caryophyllaceae       Ca.ra Cardionema ramosissima (Weinm.)  
Nels. & Macbr. 2 0-0-2-6-0 P Maritime endemic,  

eastern Pacific 
Convolvulaceae       Ca.so Calystegia soldanella (L.) R. Br. 3 1-5-0-2-0 P Temperate beach/dune 
Cyperaceae             Ca.ma Carex macrocephala (Willd.) Kunth 1 0-0-0-3-0 P Dune-Beringian 
Ericaceae                Ga.shR Gaultheria shallon Pursh 1 0-0-0-2-0 P Widespread 
Fabaceae                 La.jaR Lathyrus japonicus Willd. 1 0-0-0-0-6 P Dune, Circumarctic 
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Family                     Code1 Species 
N 

sites Plots per site2 
Life 

history3 Phytogeography4 
Lo.miR Lotus micranthus Benth. 2 2-1-0-0-0 A Endemic, western NA 

Lu.li Lupinus littoralis Dougl. 4 0-2-8-15-16 P Dune, Maritime endemic 
Hydrophyllaceae     Ph.arR Phacelia argentea Nels. & Macbr. 1 0-1-0-0-0 P Dune, Maritime endemic 

Juncaeae                    Ju.le Juncus lesuerii Bol. 1 0-0-0-4-0 P Maritime endemic,  
eastern Pacific 

Onagraceae              Ca.ch Camissonia cheiranthifolia (Spreng.) 
Raim. 4 16-8-7-9-0 P Dune, Maritime endemic 

Plumbaginaceae    Ar.maR Armeria maritima (Mill.) Willd.  2 0-1-1-0-0 P Dune, Maritime endemic 

Poaceae                     Ai.ca Aira caryophyllea L. 3 3-0-0-2-4 A 
Widespread,  
Non-indigenous 

Ai.pr Aira praecox L. 5 7-1-5-10-11 A 
Widespread,  
Non-indigenous 

Am.ar Ammophila arenaria (L.) Link 5 14-6-8-15-16 P Dune, Non-indigenous 
Fest  Festuca spp.6 5 6-1-4-9-2 . Widespread 

Hi.odR Hierochloe odorata (L.) P. Beauv. 1 0-1-0-0-0 P Widespread 
Po.co Poa confinis Vas. 4 3-0-1-14-4 P Dune, Maritime endemic 

Po.ma Poa macrantha Vas. 2 0-3-5-0-0 P Dune, Maritime endemic 
Polygonaceae           Po.pa Polygonum paronychia C. & S. 3 0-7-8-13-0 P Dune, Maritime endemic 

Ru.ma Rumex maritimus L. 4 1-0-7-15-10 A/B Widespread 
Polytrichaceae          Po.pi Polytrichum piliferum Hedw. 5 2-1-3-7-7 P Widespread 
Rosaceae                   Fr.ch Fragaria chiloensis (L.) Duch. 5 7-1-7-3-13 P Temperate beach/dune 
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1 Species were considered ‘rare’ (codeR) if they occurred at densities of < 5 % in all occupied blocks. 

2 S1-S2-S3-S4-S5; maximum 16-8-8-16-16. S1−S4 within range, S5 beyond range limit. 

3 Perennial (P), Annual (A), Biennial (B)  

4 Where possible, plants are categorized as per Cooper (1936), Breckon and Barbour (1974) and Wiedemann (1984). ‘Dune’ species 

are endemic to coastal dune habitats, all others are also found in other habitats and/or substrates; ‘Endemic’ species occur only in 

western North America, and only in coastal habitats if ‘Maritime endemic’; ‘Widespread’ species occur throughout North America 

(NA) and possibly on other continents; all others are endemic to regions indicated including NA or are not native to NA (‘Non-

indigenous’).  

5 Leontodon taraxoides (Vill.) Mérat, and Hypochaeris radicata L. 

6 Festuca rubra L. (widespread), and Festuca arundinacea Schreb (widespread, non-indigenous)
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Table 4.2. Minimal adequate regressions of fitness (mean weighted fruit production per 

plot) on plant community composition and microhabitat variables (MV) for genetically 

standardized Camissonia cheiranthifolia populations. Principal components (PC) 

describe variation in plant species frequencies among plots (see Fig. 4.2). Plot slope and 

aspect were recorded at the plot level, all other MV were averaged across 60 grid squares 

within plots. For each variable, the proportion of variation in the response variable 

explained by the model (r2) is presented, along with the standardized regression 

coefficients (βstd) and statistical significance (P) of both the linear and quadratic terms (ns 

= quadratic term was not significant). All significant tests remain significant after 

sequential bonferroni correction (ns = non-significant). 

 Model Linear term Quadratic term 
Response variable r2 P βstd P βstd P 

PC1   0.26 < 0.0001 –0.51 < 0.0001 ns ns 

PC2   0.020    0.26 –0.14    0.26 ns ns 

Mean species diversitya   0.30 < 0.0001 +0.30    0.0061 –0.47 < 0.0001 

Mean stabilitya   0.23    0.0003 +0.40    0.0017 –0.47    0.0030 

Mean canopy covera   0.15    0.0076 +0.23    0.052 –0.32    0.0085 

Mean grain sizea   0.26 < 0.0001 +0.51 < 0.0001 ns ns 

Grain size SDa   0.097  0.012 –0.31    0.012 ns ns 

Slope   0.10    0.010 +0.32    0.010 ns ns 

Eastness   0.017    0.31 +0.13    0.31 ns ns 

Northness   0.023    0.23 –0.15    0.23 ns ns 
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Figure 4.1. Geographic distribution of planting sites and variation in mean annual 

temperature, precipitation, and density and performance of natural populations across the 

northern range limit (dashed lines) of Camissonia cheiranthifolia. (a, b) Experimental 

populations were planted into four within-range sites (S1–S4) up to 140 km south of the 

limit and one site 60 km beyond the northern limit (S5). (c) Mean annual temperature and 

(d) total annual precipitation from 30-yr monthly means (U.S. climate normals 1971–

2000; http://www.ncdc.noaa.gov/ normals.html). (e) Density (mean number of plants per 

unit area within sites, mean = 0.043 plants/m2, CV among sites = 115%, n = 12 sites) and 

(f) seed production (mean number of seeds produced per unit area within sites, mean = 

11.2 seeds/m2, CV among sites = 112%, n = 9 sites). Density and seed production 

estimates are from Samis and Eckert (2007).
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Figure 4.2. Unconstrained principal components (PC) analysis of species frequency 

within plots at five sites across the geographic range limit of Camissonia cheiranthifolia. 

The first two PCs explain 23% and 14% of the variation, respectively. (a) Vectors 

showing association of individual species with each axis. (b) Vectors showing association 

of microhabitat variables (entered passively in the analysis) with each axis. (c) Scatterplot 

of experimental plot scores in relation to each axis. (d) Combined plot showing similarity 

among plots in relation to variation in species frequencies and microhabitat variables. 

Only species with > 10% of their variance explained by PC1 and PC2, and microhabitat 

variables explaining a significant amount of variation among species (determined from an 

RDA; see text) are shown. Dotted lines show axes origins (0,0).



 

 

161 

Figure 4.3. Variation in axes of plant community composition and microhabitat variables 

among sites across the range limit of Camissonia cheiranthifolia (S1, S4, S5 with 16 

plots/site; S2, S3 with eight plots/site). Variables as described in Table 4.2. Proportion of 

variance partitioned among sites (r2), significance of the site effect in a one-way ANOVA 

(** P < 0.01; *** P < 0.0001) and results of multiple contrasts using Tukey-Kramer HSD 

tests are indicated above each panel. Sites not sharing a letter are significantly different. 

Slope and aspect did not vary among sites; grain size SD showed a similar pattern (but of 

opposite rank order) to mean grain size; r2 = 0.46***. The middle line of box plots equals 

the median; box edges indicate upper and lower 25% quartiles, lines extend to values 

within 1.5 × the distance between quartiles (box spread) and points indicate outlier values 

> 1.5 × the spread.
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Figure 4.4. Regression of fitness of experimental plants on principal components of plant 

community and microhabitat variables among Camissonia cheiranthifolia experimental 

populations. Different sites are indicated by different symbols (see legend). Fitness and 

variables as described in Table 4.2. Sites are described in Fig. 4.1.  All significant 

regressions remain so after sequential bonferroni correction of the per-test type I error 

rate to hold the overall type I error rate at 5%.
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Figure 4.5. Variation in fitness (weighted fruit production per plant) for Camissonia 

cheiranthifolia among sites towards (S1–S4) and beyond (S5) the species’ northern 

geographic range limit. Significant variation occurred among sites in a one-way ANOVA 

(*** P < 0.0001). Results of multiple contrasts using Tukey-Kramer HSD tests are 

indicated above the panel. Sites not sharing a letter are significantly different. Box plots 

are described in Fig. 4.3.
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CHAPTER 5 – SUMMARY AND GENERAL DISCUSSION  

 

This was one of first studies to comprehensively test patterns of abundance and 

performance across a plant species’ entire geographic range and to experimentally assess 

patterns of fitness and local adaptation across a range limit. For two unrelated but 

ecological similar species with sympatric distributions, I found little evidence to support 

the key predictions of the abundant center model. Both C. cheiranthifolia and A. 

umbellata were relatively common up to their range limits and exhibited substantial 

geographic variation in seed production and density, but showed no obvious decline 

towards range limits, as predicted. These results were in line with those from a number of 

other species (Carter and Prince 1988, Blackburn et al. 1999, Sagarin and Gaines 2002, 

Ribeiro and Fernandes 2000, Gilman 2005, Kluth and Bruelheide 2005). However, 

propagule production per unit area was higher in central than marginal populations of C. 

cheiranthifolia. On its own, this pattern provided weak evidence that that geographic 

variation in gene flow may occur in this species. Evidence of the potential significance of 

this pattern for antagonizing selection in marginal sites came from a transplant 

experiment with this species. 

I used a transplant experiment with C. cheiranthifolia to assess patterns of local 

adaptation and fitness variation towards the species’ northern range limit. The results of 

this experiment were broadly inconsistent with several aspects of niche-based 

explanations of range limits. Fitness of all populations increased rather than decreased 

when planted closer to the range limit and only at the largest spatial scale was there any 

evidence of local adaptation. When planted 60 km beyond the northern limit, populations 
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≥ 300 km from home had reduced fitness compared to populations < 200 km of home. 

However, there was no indication that conditions experienced beyond the limit were 

harsher than those experienced within the range, as individuals from all populations 

successfully matured fruit at this site. Patterns of fitness variation among sites were 

generally congruent among all source populations, especially among reciprocally planted 

populations. There was no indication that marginal populations were particularly adapted 

to life at the edge. Furthermore, relatively high fitness of all populations, ranging from 0–

675 km from home, was achieved at the most marginal site. Although the experiment 

lasted for only two years and we did not quantify recruitment or early life-history 

variation, these results suggest that it is highly unlikely that gene flow from more central 

populations constrains selection in marginal sites. These patterns were similar for all 

components of fitness and with other studies experimentally transplanting populations 

beyond range limits (Levin and Clay 1984, Carter and Prince 1988). However, many 

other studies have demonstrated reduced fitness at and beyond range margins, as 

expected (reviewed in Gaston 2003). 

In a companion study, I investigated the ecological factors that may have 

contributed to these patterns. In this analysis, I used plant community and some key 

microhabitat variables to describe variation in the ecological conditions occurring within 

and among sites. Despite substantial variation in ecological conditions among patches of 

habitat across the northern range limit, there was no indication of an abrupt shift in dune 

habitat coincident with the northern range limit of C. cheiranthifolia. Furthermore, 

although fitness covaried with ecological factors both in plant community and 

microhabitat variables, this association did not correspond to reduced fitness towards or 
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beyond the limit. This study demonstrates that the northern range limit of C. 

cheiranthifolia is either related to some unknown and unmeasured ecological variable 

that does not correspond to vegetation community or that alternative ecological and 

evolutionary mechanisms are associated with the limit (Gaylord and Gaines 2000, Holt 

and Keitt 2000). 

Overall, four key elements of this thesis challenge current explanations of range 

limits: (1) population level occupancy, abundance and performance did not decline 

towards the range limit for two ecologically similar coastal dune plants; (2) experimental 

populations of C. cheiranthifolia reciprocally planted among marginal and near-marginal 

sites exhibited no evidence of local adaptation; (3) fitness of experimental populations 

increased towards and beyond the range limit; and (4) the northern range limit of C. 

cheiranthifolia did not coincide with an abrupt shift in ecological conditions despite the 

species rather precipitous decline at the edge. Taken together, the results of these surveys 

and experiments also suggest that more work needs to be done. Although current 

evolutionary explanations for range limits do not adequately explain the distribution 

patterns of these species, additional information is needed to test the significance of 

alternative explanations. Two approaches seem to be the highest priority; population 

genetic surveys of neutral genetic polymorphisms and finer scale analysis of population 

demography. 

 

Future research 

High levels of gene flow among populations might have attributed to low genetic 

differentiation among experimental populations across the northern range of C. 
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cheiranthifolia. However, it seems unlikely that populations experience high rates of 

gene flow, either asymmetrically or not, due to exceptionally infrequent pollinator 

visitation and a primarily self-fertilizing mating system (Eckert et al. 2006) and generally 

low seed dispersal distances (K.E. Samis, C.G. Eckert personal observation). But, this 

hypothesis could be definitely tested with population genetic surveys with neutral 

markers. Microsatellite markers have been developed for both C. cheiranthifolia and A. 

umbellata and should be used for this purpose (K.E. Samis, C.G. Eckert unpublished 

data). Population genetic analyses were initially commenced with geographic-wide 

surveys of chloroplast DNA variation in both species, but revealed no variable 

haplotypes, except in one island population of A. umbellata (K.E. Samis, C.G. Eckert 

unpublished data). Despite the abundance of population genetic surveys comparing 

central and marginal populations in plants (e.g. Lammi et al. 1999, Garner et al. 2004, 

Eckstein et al. 2006) very few have reported genetic variability towards geographic range 

limits (Jump et al. 2003) or in combination with studies of local adaptation (Sambatti and 

Rice 2006). 

These analyses could also be used to test the additional hypothesis that marginal 

populations exhibit reduced evolutionary potential due to small population sizes and 

genetic drift (Alleaume-Benharira et al. 2006). Although broad geographic, population 

level comparisons for both species do not suggest that population sizes, in general, 

decrease towards range margins, the size or spatial scale of demographic population sizes 

is currently unknown. In particular, this analysis could be interesting for A. umbellata, 

since some populations exhibited exceptionally low population sizes in both survey years 

(K.E. Samis unpublished data). However, small populations of this species were found 
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throughout its geographic range suggesting that population size is not a function of range 

position. 

In addition, fine scale demographic surveys would be beneficial for several reasons. 

For neither species do we have quantitative information on the persistence of seed banks 

or on inter-patch dynamics. The occurrence of plants without purposeful re-introduction 

in dunes where invasive plants have recently been removed, however, suggests that 

persistent seed banks occur for both species (T. Hyland personal communication). More 

importantly, results from the transplant experiment suggest that if individuals dispersed to 

suitable patches of habitat beyond range limits, that populations might establish and 

persist. It is difficult to reconcile how this observation coincides with a stable range limit, 

but could be associated with constrained colonization dynamics or reduced frequency of 

suitable habitat patches in marginal sites (Holt and Keitt 2000), as has been suggested in 

several other species (Prince and Carter 1988, González-Guzmán and Mehlman 2001). 

Field observations suggest that among site variation in the connectivity between suitable 

patches of habitat may be reduced in marginal relative to more southerly sites of C. 

cheiranthifolia’s range. In other species with near-linear, coastal distributions, it has been 

suggested that abrupt distributional limits may be associated with oceanic barriers to 

northward dispersal (Gaylord and Gaines 2000). Whether similar asymmetries in wind or 

ocean vectors for seed dispersal may be associated with the distributional limit in C. 

cheiranthifolia, or even A. umbellata need to be assessed. These hypotheses could be 

addressed with long-term monitoring of experimental populations in extra-limital sites 

and of inter-patch colonization and recruitment dynamics within sites at the range limit.  
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Overall, my research has generated a comprehensive description of the patterns of 

abundance and performance across the range limit of C. cheiranthifolia. Two additional 

steps will further enlighten this work: testing the symmetry of local adaptation in the 

northern versus southern range limit of C. cheiranthifolia; and, further interspecific 

comparisons with A. umbellata. At this point, however, it seems that much is to be gained 

by further examination of the mechanisms and factors associated with the range limit of 

C. cheiranthifolia. In light of the research conducted so far, it would seem that current 

niche-based explanations of range limits do not explain the northern distributional limit 

of this species. Perhaps just as important was the observation that marginal populations 

are not particularly adapted to life at the edge. Because current predictions for the 

limitation, expansion and retreat of species’ geographic ranges depend on patterns of 

demography and fitness, which in this case do not apply, one can only imagine the 

implications of this low differentiation on the future distributional limits of this species. 
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