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Abstract  

 
Species are expected to occur and persist where environments allow for population self-

replacement, and be limited where biotic and abiotic conditions shift outside their recognized 

niche. However, many species lack the declines in fitness towards their range edges expected 

under niche limitation, and even show persistence when moved beyond them, which suggests a 

role of dispersal limitation in maintaining species' ranges. For species that exist within patchy 

environments, dispersal limitation can occur through increased heterogeneity of suitable habitat, 

rather than through an absolute barrier to dispersal. Through reductions in habitat patch 

frequency and size, as well as greater patch isolation, a species’ ability to successfully disperse to 

new habitat can decrease along a gradient, with a range limit forming where the recolonization of 

unoccupied patches can no longer match stochastic patch extinction. I examined the predictions 

of this hypothesis across the northern range of a Pacific coastal dune endemic, Camissoniopsis 

cheiranthifolia (Onagraceae). This species occurs in patchy dune habitat, and previous studies of 

beyond-range transplants strongly suggest that dispersal may limit its northern range. By 

quantifying geographic variation in the distribution of coastal dune habitat across the northern 

half of the species' range, and measuring habitat suitability and occupancy at > 7000 randomly 

distributed 5x5 m plots, I investigated the predictions that towards the species northern limit: (1) 

habitat availability decreases through reduced patch frequency and size, (2) patch isolation 

increases through greater inter-patch distances, and (3) occupancy and abundance within suitable 

habitat patches decreases in response. While coastal dune habitat increased and became more 

continuous towards and beyond the species northern limit, patch frequency decreased and inter-

patch distance increased among suitable habitat patches, with no effect in patch size. This 

gradient of habitat availability resulted in a gradual reduction in patch occupancy towards the 
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range limit, yet remained higher at the range edge than predicted under the hypothesis of 

constrained patch dispersal dynamics through habitat availability. Further study on the congruent 

effects of gradients in reduced patch recolonization and/or increased patch extinction towards the 

northern limit may further reveal whether dispersal is primarily limiting C. cheiranthifolia’s 

range. 
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Introduction 

Species geographic ranges 

 While it is well established that all species have boundaries to their geographic 

distributions, the mechanisms that establish and maintain these boundaries are still poorly 

understood. The environments where species are distributed and the boundaries at which these 

distributions are limited define its geographic range (MacArthur 1972). The size, shape and 

location of geographic ranges vary widely, even among closely related or ecologically similar 

species (Darwin 1859, Gaston and Fuller 2009). How and why this variation occurs continues to 

be a long-standing question in both ecological and evolutionary biology (Gaston 2009).   

 

 Previous studies have looked to the spatial patterns in occurrence, demography, and 

genetics across distributions to explain why species ranges have limits (Sagarin et al. 2006). It is 

often a general assumption that range limits occur where the environment no longer allows for 

population persistence (Gaston 2003). Persistence fails where populations can no longer achieve 

self-replacement due to individual fitness, which can vary deterministically when abiotic or 

biotic conditions become unsuitable, or stochastically through demographic and environmental 

fluctuations (Holt 2003, Case et al. 2005, Peterson et al. 2011). If populations persist even when 

moved outside their native ranges, distributions may instead be limited by constraints on 

successful dispersal to suitable environments beyond the range (Hargreaves et al. 2014).  

 

Population persistence can also be influenced by ultimate rather than proximate 

processes, occurring over multiple generations. Limits to genetic diversity or maladaptive gene 

flow can prevent populations at range boundaries from successfully adapting to beyond-range 
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conditions (Barton 2001, Bridle and Vines 2007). Populations may also occur as series of 

individual populations across heterogenous environments persisting through continual 

recolonization and extinction, with a range limit occurring where the rate of extinction surpasses 

that of colonization (Holt and Keitt 2000). 

 

Thus, to determine how species ranges are maintained, we must consider whether 

constraints both on population fitness as well as dispersal occur at range limits (Sexton et al. 

2009). These effects are not mutually exclusive, and their relative contribution to a species range 

limit may vary given the spatial or temporal scale being considered (Sexton and Dickman 2016). 

As range limits are dynamic rather than static geographic features, species distributions may 

expand or retract in response to changes in the constraints dictating their stability (Brown et al. 

1996). Therefore, in examining mechanisms of range limitation, we gain a greater understanding 

of how species’ geographic distributions are established and can better predict how they may 

respond to environmental change (Parmesan et al. 2005). 

 

Mechanisms of range limitation 

 One of the most widely accepted and well-studied mechanisms of range limitation is 

niche limitation, in which species ranges are limited by gradients of environmental conditions 

that cause individual fitness to decline and restrict population self-replacement (Pulliam 2000). 

The range of biotic and abiotic factors that allow for a population to persist defines the species 

ecological ‘niche’; this concept has been fundamental in ecology in explaining spatial patterns 

observed in species occurrence and abundance (Chase and Leibold 2003, Holt 2003). How 

widespread a species distribution is will be determined then by the breadth of conditions in 
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which it can achieve high enough fitness to allow for population self-replacement (Brown 1984). 

Thus, species range limits will simply be a geographic expression of the limits to their realized 

niche, though through biotic interactions this ‘realized’ niche observed in nature will be narrower 

than what we predict given the broader ‘fundamental’ niche (Hutchinson 1957, Sexton et al. 

2009).  

 

 However, when environmental conditions beyond species range limits fall within its 

realized niche, as determined by persisting beyond-range transplant populations, the range may 

instead be limited by a species ability to successfully disperse to these beyond-range 

environments (Brown 1995). Constraints on dispersal can result in a range limit if the species 

encounters an environmental barrier which it cannot disperse beyond (absolute barriers), or that 

strongly restricts successful dispersal such that too few individuals surpass it to establish new 

populations beyond (porous barriers; Rapoport 1982, Goldberg and Lande 2007). Alternatively, 

species range limits may simply be a historical niche limit, if beyond-range conditions have only 

recently shifted within the realized niche and the species cannot disperse fast enough to track the 

changing environment (Svenning et al. 2008). Finally, for populations that persist among distinct 

habitat patches, dispersal constraints can cause a range limit where the recolonization of 

unoccupied patches can no longer match the rate of extinction of occupied patches (Hanski and 

Gilpin 1991). Most organisms exist in such heterogenous, ‘patchy’ distributions, with patches of 

habitat within their niche fragmented by other, unsuitable habitat-types (MacArthur and Wilson 

1967). Dispersal between patches can be constrained if these environments become increasingly 

heterogenous, with a range limit occurring where suitable, unoccupied patches cannot be reached 

(Hanski 1999). The rate of recolonization of these patches can also decline if low fitness reduces 
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the number of dispersers produced, if the environment between habitat patches becomes 

increasingly difficult to transverse, or if the vector of dispersal is no longer available (Holt and 

Keitt 2000). Simultaneously, successful dispersal to patches may be impeded by high frequencies 

of patch extinction that occur through demographic or environmental fluctuations (Hanski and 

Ovaskainen 2003). 

 

Evidence for niche limitation  

 While the mechanisms that maintain range limits can derive from constraints on either 

the species niche or dispersal, it is widely held that that species ranges are restricted primarily 

through niche limitation (Sexton et al. 2009; Lee-Yaw et al. 2016). However, the relative 

importance of niche versus dispersal limitation across species is a topic of continual scrutiny in 

the study of range limits. One argument for the prevalence of niche limitation is how the 

abundance of many species correlates with environmental gradients. Known as the Central-

Marginal Hypothesis (CMH), it predicts that a species will be most abundant at the centre of its 

range, under conditions where fitness is highest, with both occurrence and abundance declining 

towards range margins as conditions depart from this optimum (Brown 1984, Lawton 1993). As 

a consequence, populations at the range margin will contain reduced genetic variation due to low 

population size, and exhibit stronger differentiation from larger populations at the range centre 

due to greater geographic isolation (Eckert et al. 2008). Whether species reflect or deviate from 

the predictions of the CMH is commonly used to test for niche limitation. Pironon et al. (2017) 

reviewed more than 200 publications studying populations along central-marginal gradients; they 

found strong support for the CMH in patterns of occurrence (81%), but mixed support for 

patterns of abundance (51%) and genetic variation (47%). Despite this, they denoted numerous 

https://onlinelibrary.wiley.com/doi/10.1111/mec.15365#mec15365-bib-0024
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studies where species deviated from the predictions of the CMH, echoing additional studies 

which question the comprehensiveness of niche limitation and the CMH (Sagarin and Gaines 

2002a, Sexton et al 2009, McInerny and Etienne 2012).  

 

Niche limitation is most directly tested with beyond-range transplant experiments, in 

which experimental populations are planted beyond range limits as well as at control locations 

within the range. If individual fitness declines beyond the range such that population growth rate 

is below self-replacement, then the range limit is coincident with a limit of the realized niche 

(Gaston 2003). More recently, the use of ecological niche models (ENM) has also been proposed 

as an effective method for testing predictions of niche limitation, operating at larger spatial 

scales and capable of modelling recognized as well as potential distributions under changing 

conditions (Peterson et al.1999, Anderson et al. 2002). In a review of beyond-range transplant 

studies, Lee-Yaw et al. (2016) found that 31 of the 40 reviewed studies showed results consistent 

with niche limitation, with fitness declining outside the range. Whether fitness declines are 

strong enough to prevent population self-replacement was addressed by Hargreaves et al. (2014), 

who also found fitness declines in 75% of 111 experimental tests where populations had been 

planted both within and beyond the range, with studies that measured lifetime fitness showing 

more frequent declines (83%, n = 23). However, evidence that fitness declines were strong 

enough to render beyond-range populations inviable was much weaker (46%, n = 26). 

Additionally, both reviews placed a strong emphasis on the difference in effects observed 

between elevational versus geographic range limits (vertical versus horizontal in Lee-Yaw et al. 

2016). Lee-Yaw et al. (2016) found that the results of transplant experiments and ENM’s 

coincided significantly only among elevational ranges limits, while Hargreaves et al. (2014) 
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found that only 17% of tests suggested that geographic range limits coincided with niche limits, 

compared to 95% of elevational limits either coinciding or exceeding niche limits. While both 

studies were limited in applicable studies, their results nevertheless show that niche limitation is 

not an all-encompassing conclusion for species range limits. 

 

If reductions in fitness towards and beyond species range margins do not occur, or fail to 

fully explain species range limits, what other mechanisms are contributing to maintaining them? 

With empirical evidence highlighting that niche limitation is less prevalent as a mechanism 

maintaining geographic range limits, the need to more directly investigate the effects of dispersal 

on these limits is clear. Restrictions on species successful dispersal to new areas of suitable 

habitat should be considered an equally important mechanism defining species geographic 

distributions (Holt 2003). Despite this, range limitation through dispersal constraints is rarely 

tested directly; rather, dispersal limitation is usually a default conclusion when the evidence for 

niche limitation is lacking. Therefore, I aim to contribute to this gap in the study of species range 

limits by providing a more direct investigation of the predictions of the dispersal limitation 

hypothesis. 

 

Dispersal and metapopulation persistence 

Before describing how this study will investigate how constraints on dispersal can limit 

species ranges, it is useful to discuss how dispersal constraints can arise in heterogeneous 

landscapes. Within these landscapes, species exist as discrete populations that occupy patches of 

suitable habitat embedded amongst a matrix of unsuitable habitat (Hanski and Ovaskainen 2003). 

Individual populations within these patches are dynamic, and will fluctuate between states of 
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inoccupancy as populations are extirpated and occupancy as nearby populations re-colonize 

them. For species to persist within these heterogeneous landscapes, the rate of patch 

recolonization must balance the rate of patch extinction. At equilibrium, not all patches will be 

occupied and the frequency of patch occupancy will decrease if the rate of extinction increases or 

the rate of recolonization decreases (Hanski and Gilpin 1991). This model of population 

persistence, known as ‘metapopulations’, was first described by Richard Levins in his paper on 

environmental heterogeneity and crop pests (Levins 1967). Within metapopulations, patch 

occupancy can be limited through stochastic as well as deterministic extinction; populations can 

be rendered extinct due to unsuitable conditions lowering fitness as in niche-limited systems, but 

also through demographic stochasticity or random environmental disturbances (Holt et al. 1997). 

 

  Carter and Prince (1981) first used a metapopulation framework based on epidemiology 

to show that species ranges could be limited by constraints on patch recolonization. They 

described how, for a given rate of site ‘infection’ (i.e. colonization) and ‘removal’ (i.e. local 

extinction), a metapopulation will expand into new areas only if a sufficient threshold ‘x’ of 

‘susceptible’ sites (i.e. suitable, but unoccupied patches) exists, determined by both the infection 

rate and the number of ‘infected’ sites (i.e. occupied patches). If, beyond a certain point, the rate 

of ‘infection’ or recolonization is insufficient, then the edge of the metapopulation will collapse 

and a range limit will form. In this way, a species range can be constrained by dispersal not 

through a species inability to successfully disperse to suitable habitat beyond the range, but 

rather through an insufficient rate of patch recolonization relative to both the rates of stochastic 

patch extinction and the elative densities of both occupied and unoccupied patches (Holt et al. 

2005).  
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While metapopulation dynamics as a mechanism of range limitation through dispersal 

constraints was first introduced by Carter and Prince (1981), Holt and Keitt (2000) built on their 

work by proposing that for a metapopulation to persist, there will be a threshold of patches that 

must be occupied to maintain equilibrium between the dynamics of local extinction and 

recolonization. They described three routes through which patch occupancy could decline 

without changes in individual fitness and subsequent population growth rate; (1) gradients of 

local recolonization, in which the rate of patch recolonization declines as described by Carter and 

Prince, (2) gradients of local extinction, in which the rate of stochastic patch extinction increases, 

and (3) gradients of habitat availability, in which the density of suitable habitat patches declines. 

If one or more of these gradients occurs across a species range the fraction of occupied patches 

will decline, with a range limit forming where this fraction falls below the threshold required for 

population persistence. These routes also assume that individual patches are equally accessible 

for colonization from nearby occupied patches, as well as a relatively low impact of dispersal 

across metapopulation boundaries (Holt and Keitt 2000). In all three routes described, a species 

is constrained from successfully dispersing and colonizing new habitat patches, despite their 

occurrence beyond its recognized range. We can also see how the effects of niche limitation are 

not mutually exclusive with this mechanism of dispersal limitation; gradients of declining habitat 

quality can alter local rates of colonization and extinction by reducing per-patch fitness and 

reducing the number of colonizing propagules, increasing the risk of deterministic extinction 

(Husband and Barret 1996). 
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 While metapopulation theory is well developed, few empirical studies have investigated 

how metapopulation dynamics can yield range limits (but see Carter and Prince 1985, Ehrlén and 

Eriksson 2000, Franzén and Eriksson 2003, Anderson et al. 2009). Direct empirical tests are rare 

due in part to the difficulty of measuring the parameters of patch extinction and recolonization 

that determine whether patch occupancy is sufficient for a metapopulation to persist and/or 

successfully expand, often requiring extensive sampling over multiple years of study (Husband 

and Barrett 1996). However, validating the assumptions of metapopulation hypotheses involves 

quantifying geographic variation in the distribution of habitat patch availability, which is 

possible for species where suitable habitat can be identified. If across a species’ range patches of 

suitable habitat become lower in density, smaller, and/or are increasingly isolated from each 

other, the conditions for dispersal limitation through patch dynamics are met and reduced patch 

occupancy should be observed (Hanski 1994a, Holt and Keitt 2000). This approach has rarely 

been taken to evaluate dispersal constraints on species geographic ranges, but is an effective 

alternative in the absence of data on rates of patch recolonization and stochastic extinction (but 

see Ehrlén and Erikkson 2000, Dupré and Ehrlén 2002). 

 

Study species and system 

 In this study, I investigate the predictions of the dispersal limitation hypothesis as an 

explanation for the northern range limit of Camissoniopsis cheiranthifolia (Onagraceae), a short-

lived perennial dune endemic that is native to the Pacific coastal dunes of western North 

America. I quantify geographic variation in the aspects of habitat structure and patch occupancy 

across the northern portion of the species range to test predictions described in detail below. This 

species provides an excellent opportunity to evaluate the predictions of dispersal limitation. Its 
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range is largely one-dimensional and latitudinal, spanning from Baja California, Mexico to 

central Oregon, United States. The Pacific coastal dunes are also well-defined linear 

environments that are easily accessible, and the distribution of this species is well documented, 

making it an ideal candidate for studying geographic range limits (Sagarin and Gaines 2002b). 

The species grows in patches of semi-disturbed sand, situated between the windward foredunes 

at the coastline and more heavily vegetated backdune areas further inland. 

 

 A previous experiment by Samis and Eckert (2007) investigated potential niche 

limitation at C. cheiranthifolia’s northern range limit, which herbaria records indicate has been 

stable over the last 100 years. However, they found no evidence of declines in either individual 

performance or population abundance towards the range limit, inconsistent with the predictions 

of niche limitation under the CMH (Samis and Eckert 2007). A second experiment established 

reciprocal transplant populations at four within-range sites at various distances from the range 

limit, and a beyond-range site 60 km north of the range limit (Samis and Eckert 2009). However, 

beyond-range populations exhibited high fitness, on par with populations planted within the 

range. Moreover, populations at the original transplant site have continued to persist, and an 

additional site over 200 km north of the range limit has shown initial persistence over a single 

generation (Cross and Eckert, unpublished). These results do not support the hypothesis that the 

northern limit is imposed by niche constraints via low fitness, and suggest that some constraint 

on dispersal may limit the northern edge of the C. cheiranthifolia’s distribution (Samis and 

Eckert 2009). 
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Hypotheses and predictions 

In this study I will examine two main hypotheses; my first hypothesis (H1) is that there is 

some barrier to dispersal beyond the northern range limit that prevents colonization of suitable 

habitat beyond the limit. My second hypothesis (H2) is that dispersal to suitable habitat beyond 

the northern range limit is constrained by disequilibria in metapopulation patch dynamics, in 

which the colonization of habitat patches beyond the limit is insufficient relative to the rate of 

patch extinction. A third hypothesis of dispersal limitation, that the species may be suffering a 

temporal lag in dispersal from historic niche limitation, was not considered. Under this 

hypothesis, northern habitats are predicted to shift to reflect more southern habitats, as they track 

changing environmental conditions (Svenning et al. 2008). Populations from southern habitats 

should be predicted then to outperform northern populations when moved to their home site, as 

the habitat now more closely resembles their original habitat. However, C. cheiranthifolia 

individuals at within-range reciprocal transplant sites have not shown these discrepancies in 

individual fitness as predicted (Samis et al. 2016). The lack of evidence for this hypothesis led us 

to exclude it from this study. 

 

To address my first hypothesis, I will (1) quantify the distribution of coastal dune habitat 

across the species northern range towards the range limit and beyond. In doing this, we can 

identify potential gaps in suitable habitat and/or the presence of environmental features that the 

species would not be able to disperse beyond. Under this hypothesis, I predict that; (1-1) coastal 

dune habitat should decline in abundance towards the range limit and beyond, such that it is 

largely absent or includes large gaps beyond the species’ recognized range. Alternatively, I 

predict that (1-2) suitable C. cheiranthifolia habitat at the range limit is separated by a barrier of 
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unsuitable habitat of which the species cannot successfully disperse beyond. While no direct tests 

of C. cheiranthifolia’s dispersal capacity have been conducted, relatively small seed size and the 

lack of dispersal structures suggests that seeds are primarily dispersed by wind and potentially 

water, as seeds have been shown to successfully germinate even after exposure to salt water.  

 

To address my second hypothesis, I will (2) quantify the distribution and occupation of 

suitable, C. cheiranthifolia habitat patches within coastal dunes. Under this hypothesis, I predict 

that the spatial distribution of suitable habitat changes towards and beyond the range limit in a 

way that impedes recolonization of vacant habitat patches. Specifically (2-1) the frequency 

and/or size of suitable habitat patches will decrease, and (2-2) the distance between suitable 

habitat patches should increase, resulting in (2-3) the occupancy of suitable habitat patches by C. 

cheiranthifolia being reduced (Hanski 1994a, Holt and Keitt 2000). The dune systems of the 

Pacific coast are a geographic mosaic of various habitat covers, and are inherently heterogeneous 

environments (Wiedemann 1984). These dunes also experience frequent environmental 

disturbances via oceanic winter storms; as a result, semi-regular disturbance facilitates habitat 

turnover and prevents more competitive species from homogenizing floral diversity (Wiedemann 

and Pickart 1996). The heterogeneity and dynamic nature of C. cheiranthifolia’s habitat suggests 

that the species is maintained by a balance between localized extinction and recolonization as per 

metapopulation models of range limits discussed above. To our understanding, no study to date 

has looked to directly test the predictions of dispersal limitation at both local and regional scales 

using the predictions for habitat availability under a metapopulation framework. 
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Methods 

Broad-scale survey of potentially suitable habitat 

 To address my first hypothesis, I quantified the distribution of coastal dune habitat from 

San Francisco CA north to Pacific City OR, which covers ~ 1117 km of coastline (ArcMap v. 

10.8, ESRI 2020). This area includes the northern third of C. cheiranthifolia’s range, and extends 

~200 km beyond the northern limit. Populations in this region are well documented from 

previous studies, and readily accessible (Samis and Eckert 2007). Moreover, these populations 

are all highly selfing (Dart et al. 2012), and form a genetically cohesive group which is strongly 

differentiated from populations further south (the ‘SF-SC NRL’ genetic cluster, in López-

Villalobos and Eckert 2018). Reciprocal transplants at the edge and beyond the northern range 

limit have persisted for > 10 generations, suggesting that constraints on dispersal cause the 

northern range limit (Samis and Eckert 2009; Cross and Eckert unpublished). The surveyed area 

in this study included these beyond-range transplant sites. 

 

To quantify the amount of habitat potentially suitable for C. cheiranthifolia (hereafter 

coastal dune habitat), I captured coastal imagery of the study area using the Google Earth Pro 

software (Google Earth Pro 2019, hereafter ‘GEP’). I captured images at a 5 km altitude with 

sufficient resolution (4800 x 2400 px) to distinguish coastal dune habitat from beach habitat and 

stabilized habitat further upland (see Appendix 1A for detailed breakdown of criteria used). Each 

image was ~3.5 km long latitudinally and ≥ 1km wide longitudinally, and collectively included 

all coastal habitat within the study area. Images were downloaded as .jpg files at maximum 

resolution, and assigned a site ID delineating the state of origin and common name of the given 
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site (i.e. Manchester State Park, California = CMA). Across 274 images I identified 141 discrete 

areas of coastal dune habitat. 

 

Measuring distance to northern range limit along the coast 

While no direct test of C. cheiranthifolia’s dispersal potential has been conducted, the 

species small seed size suggest that wind is the most likely vector of seed dispersal within dunes. 

However, for coastal organisms like C. cheiranthifolia, dispersal between dune systems likely 

occurs by dispersal through water along the coastline through near-shore ocean currents. Hence, 

the distance to the species range limit is best measured along the coast, rather than direct, “as the 

crow flies”, distances. To measure distance along the coast, I first generated a vector shapefile 

that “traced” the coastline using the geospatial software ArcMap (ArcMap v. 10.8, ESRI 2020). 

This distance vector was generated by extracting the coastline from GEP images using the Iso-

Cluster Unsupervised Classification (ISUC) tool, which separates pixels into separate class 

features, and is effective when differentiating water from shoreline (Konko 2020, Farris 2019). I 

then used the Create Features tool to convert the extracted coastline pixels into polyline 

shapefiles. In areas where the ISUC tool overpredicted extracted areas, I used the Smooth 

Boundaries and Edit Features tools to manually adjust shapefiles to align with the image 

coastline.  

 

Individual shapefiles from each image were merged into a single shapefile vector 

(hereafter the ‘coastal reference line’) that outlines the entire coast of the study area. I converted 

the coastal reference line into a .kmz file, and uploaded it into GEP to validate its spatial 

accuracy. Along the reference line, I overlaid 92,167 georeferenced waypoints at 10-m intervals 
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using the Generate Points Along Line tool. I calculated the distance of each waypoint to the 

species northern range limit, located at Horsfalls Beach (124.2715°W, 43.46772°N, site EO in 

Samis et al. 2016), as the cumulative distance between sequential waypoints along this coastal 

reference line. 

 

Geographic variation in amount and continuity of coastal dune habitat 

To measure the proportion of coastal dune habitat within the study area, I scored each of 

the 92,167 georeferenced waypoints along the coastal reference line as a “1” if it fell within or 

directly adjacent to coastal dune habitat (identified from GEP images), and a “0” if not. I then 

divided the coastline into 37 roughly equal sections, each consisting of 2500 waypoints (~28 km 

of coastline). Within each section, I calculated the proportion of waypoints with a score = 1. The 

size of the coastal sections was optimized to provide a robust estimate of the amount of habitat 

within each while yielding enough sections to test for geographic variation. Using smaller and 

more numerous sections did not affect the conclusions drawn from the analysis of these data 

(Appendix 3A-3B). I identified the gaps in coastal dune habitat as sequential runs of one or more 

waypoints scored as zero along the coastal reference line, and measured the size of each gap as 

the cumulative distances between waypoints in each run. 

 

Random point sampling of coastal dune habitat 

 Within the identified coastal dune habitat across the study area, I randomly distributed a 

large number of sampling point locations. To do this, I converted all GEP images including 

coastal dune habitat into .mapx files for spatial analysis within ArcMap (ArcMap v. 10.8, ESRI 

2020). I georeferenced each image based on ≥ 10 control points using the Georeferencing tool 
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based on the World Geodetic System 1984 (WGS 1984; Kumar 1988, Smith 2020). This yielded 

accurate latitude/longitude coordinates for every pixel within a given map. For each map, I 

outlined the areas of potentially suitable habitat (PSH) based on ecological criteria developed by 

previous studies and my own observations (Samis and Eckert 2007, see Appendix 1A). I 

extracted the areas of PSH by first converting images to a raster object, and then using the 

Extract by Polygon tool within the ArcMap Spatial Analyst toolset to isolate the polygons of 

PSH. I conjoined the resulting polygons into a single polygon shapefile using the Dissolve tool 

(see Appendix 1B for example). I calculated the area of extracted polygons (km2) using the 

Calculate Geometry tool, to determine if geographic variation in the amount of PSH occurred 

towards the northern limit (Appendix 2B).  

 

Within each PSH shapefile, I overlaid a grid of 10 m2 cells using the Create Fishnet tool, 

and used the Create Random Points tool to generate coordinates for sampling points within 

randomly selected cells. I adjusted the number of sampling points within each PSH shapefile 

according to the length of the extracted raster, so that I placed ~ 15 points per km of coastline. 

Supplementary analyses confirmed that there was low geographic variation in the density of 

sampling points towards the range limit given the amount of PSH identified, as well as in the 

distances between points (Appendix 2C-2D). I recorded the latitude and longitude of each 

sampling point in decimal-degrees to four decimal points, and gave each a unique ID based on 

the image it originated from and its location within the grid (i.e. 388_01 is the first coordinate in 

image map 388, which corresponds to the southernmost identified site, Crissey Fields CA). In 

total, I generated 7,209 sampling points and uploaded their coordinates onto two handheld 
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Garmin GPSmap 60Cx units using the Garmin BaseCamp geospatial software (Garmin 

BaseCamp v. 4.8.6, Garmin Ltd., Olathe Kansas, US).  

 

Field survey of random sample plots  

 During summer 2019, I visited sampling point locations within 131 of the 141 coastal 

sections (Fig. 1-B), using a Garmin GPSmap 60Cx unit at its finest spatial resolution (~2.5 m); a 

full list of identified sites can be found in Appendix 2A. Nine of the 10 sites not visited were 

within the Lost Coast region of northern California, a relatively inaccessible area of rocky 

coastline ~500-400 km south of the northern range limit that contained little or no PSH (Arastu 

2013). The final site (Three Rocks Beach Oregon, OTR), located well beyond the northern range 

limit, was also inaccessible and included only a small area of PSH and 5 sampling points. Of the 

7209 sampling points, 178 were inaccessible or occurred on restricted land, leaving a final 

sample size of 7031 points. 

 

At the coordinates of each sampling point, I centered a 5 x 5 metre plot and recorded data 

along ten 1 x 2.5 metre transects. For each plot, I recorded (1) the proportion of the plot covered 

by habitat suitable for C. cheiranthifolia (criteria in Appendix 1A); (2) the number of vegetative 

and reproductive C. cheiranthifolia individuals within; (3) the presence of driftwood, rock cover, 

or anthropogenic disturbance covering ≥ 5% of the plot; (4) the presence (binary 1/0) of all other 

plant species that occurred as ≥ 5% of the ground cover. Of these, the presence of suitable habitat 

was scored only as a binary variable in 1552 plots. Photographs of plots with high and low 

proportional cover of suitable habitat are in Appendix 1C. 
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Measuring distance from sampling plots to the northern range limit 

 To address the predictions of H2 on geographic variation in habitat availability towards 

the range limit, I calculated the distance between each sampling plot and the northern range limit 

along the coastal reference line. I measured the distance of each sampling plot to the closest 

reference line waypoint using the ‘distVincentyEllipsoid’ function from the geosphere package 

in the R statistical environment (version 1.2-19; Hijmans 2011, R Development Core Team 

2020), and then added to this the distance from that waypoint to the northern range limit (as 

above). Distances south of the species range limit were positive values and those to the north 

negative values.  

 

Measuring distances between sample plots  

 To address the prediction of my second hypothesis on geographic variation in habitat 

patch isolation towards the range limit, I calculated the distances between sampling plots as 

Euclidean distance when plots were located within the same site, and a combination of Euclidean 

distance and coastline distance when in different sites (example in Appendix 1D). I then used 

custom functions in R to generate the full matrix of inter-plot distances and calculated for each 

focal plot, the distance to closest plot and the mean distance to the five closest plots. Using this 

approach, I calculated (1) the distance between plots containing suitable habitat; (2) the distance 

between unoccupied plots containing suitable habitat and plots occupied by C. cheiranthifolia.  
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Statistical Analyses 

Prediction 1: Variation in amount and continuity of coastal dune habitat towards and beyond 

the range limit:  

To test the predictions that the availability of coastal dune habitat declined towards and 

beyond the species northern range limit, I used a generalized liner model (GLM) to fit variation 

in the proportion of coastal reference line waypoints within coastal dune habitat as a binomial 

response variable (number of 1’s and 0’s for each costal section), with mean section distance to 

the northern range limit as a predictor. I fit the model with a binomial error family and a logit 

link function using the ‘glm’ function in the base R stats package (R Development Core Team 

2020). Because the data were overdispersed, I used a quasi-binomial estimation (Fox et al. 2015). 

The significance of distance to the range limit was evaluated using a likelihood ratio test. For this 

and all subsequent analyses, I used the ‘predict’ R function to visualize significant trends. 

 

 To test the prediction that coastal dune habitat becomes less continuous towards and 

beyond the northern range limit, I used a linear model to fit variation in the cumulative distances 

between zero scored waypoints within runs as a response with mean distance of waypoints to the 

range limit as a predictor. I log10-transformed distance measurements in order to meet model 

assumptions.  

 

To determine if the absence of coastal dune habitat in the Lost Coast region influenced 

the conclusions of the model, I tested whether the trends in the data were analogous with the 

removal of the data from the Lost Coast region. I repeated the analysis above with this adjusted 
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dataset and compared the trends to the original model, but observed a similar trend (Appendix 

3C).  

 

Prediction 2-1: Variation in frequency & size of suitable habitat patches 

I tested the prediction that both the frequency and size of suitable habitat patches would 

decline towards the northern limit by evaluating the relationship between proportional cover of 

suitable habitat within sampling plots and distance to the range limit. Of 7031 plots surveyed, the 

majority (~74%) did not contain suitable habitat, which resulted in a strongly zero-inflated 

response variable. I addressed this by using two complimentary analyses. First, I fit whether a 

sampling plot contained any suitable habitat or not (a binary response) to a GLM with binomial 

error distribution and plot distance to range limit as a predictor. Second, I fit variation in the 

proportional cover of suitable habitat among only those plots that contained some suitable habitat 

using a GLM with distance to range limit as predictor and a Gaussian error distribution. This 

technique is analogous to that of ‘hurdle’ models for zero-inflated data but are restricted to count 

variables (Zuur et al. 2009). For the binomial component, I tested three different link functions 

using AIC scores via the MuMIn package (version 10.143; Bartoń 2020); I used the ‘probit’ link, 

which outperformed both the ‘logit’ (∆AIC = -7.96) and ‘cloglog’ (∆AIC = -18.99) links. For 

both models, I tested the significance of distance to range limit using a likelihood ratio test and 

evaluated model assumption by plotting residuals. 

 

 For this and all subsequent analyses, I used an influence plot to detect outlying 

influential data points, using the car package (version 3.0-10; Fox and Weisberg 2020). If 

influential points were found, I calculated the Cook’s distance (Cook 1977) for all data points 
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and identified those with undue influence (values > 3* Cook’s mean), which were removed from 

the analysis. To determine if the absence of PSH and sample plots within the Lost Coast region 

influenced the conclusions of the model, I tested whether model trends were continuous on either 

side of this region. I repeated the analyses above for plots on either side of the Lost Coast region 

(south of LC ≤ 39.8 °N, north of LC ≥ 40.5 °N), and compared the observed trends to those to 

the original models (Appendix 3D-3E).  

 

Prediction 2-2: Variation in distances between suitable habitat  

 I tested the prediction that patches of suitable habitat would become more isolated from 

each other towards the range limit and beyond by examining variation in inter-plot distances 

towards the northern limit. I addressed this prediction in two separate analyses, where I fit a 

linear model with plot distance to range limit as a predictor to the following response variables; 

(1) the inter-plot distance between all plots containing suitable habitat, and (2) the inter-plot 

distance between suitable, but unoccupied plots and suitable, occupied plots. For both analyses, I 

used both the distance to closest plot as well as the mean distance to the five closest plots as 

response variables, to avoid under-predicting plot isolation from sites with relatively few suitable 

plots. I log10-transformed inter-plot distance measurements in order to meet model assumptions. 

Because values for inter-plot distances are typically not independent of one another, I determined 

model significance using permutation tests with 10,000 permutations per test (Manly 1997). A 

model effect was considered significant when the observed F statistic greater than 95% of 

permuted values based on the null hypothesis. I identified outliers within these models using 

Cook’s distance and removed then from analysis (closest distance n = 128, average distance n = 

99).  
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As only a subset of plots with suitable habitat were occupied by C. cheiranthifolia 

(685/1813), my second analysis with inter-plot distance between suitable, unoccupied plots and 

occupied plots as a response had a reduced sample size compared to the analysis of all suitable 

plots. I identified outliers using Cook’s distance and removed then from the analysis (closest 

distance n = 74, average distance n = 51). To determine if the reduced sample size influenced 

model significance, I ran an additional analysis with distance to occupied plots as the response, 

but removing the criteria of inoccupancy for focal plots. However, these analyses showed similar 

effects and offered the same conclusions as in the original models (Appendix 3F-3G). As some 

coastal dune sites were isolated between large stretches of unsuitable habitat, the sample plots 

within may suffer inflated values for mean inter-plot distance, if one or more of the five closest 

inter-plot distances were significantly larger than the others. To address this, I repeated analyses 

with both inter-patch distance responses, but used the median rather than the mean of the five 

closest plots as a measurement of plot isolation. However, for both response variables models 

with median distance had similar effects and showed the same conclusions as in the original 

models (Appendix 3H-3I). 

 

Prediction 2-3: Variation in occupancy of suitable habitat towards the range limit  

 I tested the prediction that the frequency with which suitable habitat patches are occupied 

by C. cheiranthifolia declines towards to the northern limit by examining variation in occupancy 

among plots with > 0 suitable habitat. To address this, I fit a GLM with binomial distribution to 

the binary presence/absence of C. cheiranthifolia as a response, and plot distance to range limit 

as a predictor. I restricted plots in this analysis to only those that both contained suitable habitat, 
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and were within the species range (n = 1539). As in previous binomial models, I tested three link 

functions using AIC scores and selected the ‘probit’ link, which outperformed the ‘logit’ (∆AIC 

= -0.156) and ‘cloglog’ (∆AIC = -1.42) links.  

 

I tested the prediction that the abundance of C. cheiranthifolia within suitable habitat 

patches declines towards the northern limit by examining variation in the number of individuals 

within plots with some suitable habitat. However, many plots with suitable habitat contained no 

individuals, which resulted in zero-inflation. To address this, I fit a zero-inflated, or ‘hurdle’, 

model with a negative-binomial distribution to species abundance as a response and plot distance 

to range limit as a predictor. This model includes two separate distribution components; a 

binomial component for distinguishing non-zero data points, and a count component for 

modelling the response of the non-zero data (Zuur et al. 2009). I used AIC scores to compare 

zero-inflated model performance and selected a zero-inflated negative binomial (ZINB) model, 

which outperformed other alternative models (zero-adjusted negative binomial ∆AIC = -0.319, 

zero-inflated Poisson ∆AIC = -54650.89, zero-adjusted Poisson ∆AIC = -54650.89). 

Additionally, I tested whether abundance declined among only occupied plots by fitting a 

negative binomial GLM to species abundance by plot distance to range limit. I identified outliers 

using Cook’s distance for both models and removed then from the analysis (all plots n = 72, only 

occupied n = 38).  I confirmed the validity of the zero-inflated model through a Vuong’s 

closeness test, a type of likelihood-ratio test that determines if zero-inflated models are a better 

fit then their standard GLM counterpart, in this case a negative-binomial GLM (P < 0.0001, 

Vuong 1989). For both the binomial occupancy and negative binomial abundance models, I 
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repeated these analyses for plots on either side of the Lost coast region and compared their 

results to the original model (Appendix 3J-3K). 

 

To determine if there was a correlation between plot suitability and the abundance of C. 

cheiranthifolia, as an assessment of accuracy for our criteria on suitable C. cheiranthifolia 

habitat, I examined the relationship between the proportional habitat cover within plots with > 0 

suitable habitat and the abundance of individuals within. Since many suitable plots were 

unoccupied this data suffered from zero-inflation, so to address this I fit a zero-inflated model to 

the data. I used AIC scores to compare zero-inflated model performance and found that the ZINB 

model outperformed all alternatives (zero-adjusted negative binomial ∆AIC = 5.581, zero-

inflated Poisson ∆AIC = -42797.01, zero-adjusted Poisson ∆AIC = -42797.01). I identified 

outliers using Cook’s distance and removed then from the analysis (n = 53). 
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Results 

Prediction 1: Variation in coastal dune habitat towards and beyond the northern range limit  

 Among the thirty-seven 28-km sections of coastline, the proportion of coastal waypoints 

within potentially suitable dune habitat varied from zero (~ 410 km from the northern range 

limit) to almost one (~40 km; mean ± 1SD = 0.419 ± 0.303; Fig. 2). The proportion in coastal 

dune habitat increased almost fourfold towards and beyond the range limit, (F1,35 = 16.47, P = 

0.00026). This trend remained positive and significant even when the four zero points within the 

Lost Coast region where excluded from analysis (F1,31 = 16.45, P = 0.00031 Appendix 3C).  

 

 Gaps in coastal dune habitat ranged from 0.080 km–124.36 km, averaged (± SD) 4.27 ± 

10.75 km, and was largest in the Lost Coast (124.36 km), which was greater than the next largest 

gap by > 100 km. Gap size declined significantly towards the range limit and beyond (R2 = 

0.086, F1,147 = 14.94, P = 0.00017, Fig. 3); predicted values from the linear model show mean 

gap size decreasing from 6.7 km at the southern end of the study area to 2.9 km at the range 

limit, and further decreasing to 1.9 km at the northern end of the study area. The size of habitat 

gaps that occurred directly south (0.73 km) and north (0.55 km) of the species range limit were 

relatively small compared to the mean gap size, even when the mean was adjusted to exclude the 

Lost Coast (mean ± 1SD = 3.46 km ± 4.18 km). 

 

Prediction 2-1: Variation in frequency & size of suitable habitat patches 

 The proportion of suitable habitat within the 5479 sampling plots with habitat cover data 

ranged from 0–1, with 219 plots containing little habitat (0.05-0.1) and 98 plots that were almost 

all suitable habitat (0.95-1.0; mean ± 1SD = 0.119 ± 0.249; Fig. 4-A). However, a large 
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percentage of the full 7031 sampling plots (~74%) contained no suitable habitat whatsoever. The 

presence of any suitable habitat within plots declined towards the range limit and beyond ( = 

248.45, P < 0.0001, Fig. 4-B). Based on predictions from the binomial GLM, the probability of a 

plot containing suitable habitat varied from ~ 0.47 at the southern end of the study area to ~0.20 

at the range limit, and ~ 0.15 at 200km north of the limit. To determine if model trends were 

continuous on either side of the Lost Coast region, we repeated the analysis among plots to the 

south (Pre-LC, n = 1371) and north (Post-LC, n = 5660) of the area. The presence/absence of 

suitable habitat within plots did not covary with distance to range limit among the southern plots, 

but continued to decrease among northern plots (Pre-LC;  = 2.10, P = 0.15, Appendix 3D-A.  

Post-LC;  = 420.19, P < 0.0001, Appendix 3D-B). 

 

Among the 1383 plots that included some suitable habitat and full habitat cover data, the 

proportional cover of suitable habitat did not covary with distance to the northern range limit 

(F1,1381 = 1.11, P = 0.30, Fig. 4-C). While not significant, the average cover of suitable habitat 

among plots north of the range limit (mean ± 1SD = 0.344 ± 0.271, n = 198) was lower than 

among plots within the range (mean ± 1SD = 0.492 ± 0.282, n = 1185). As before, we repeated 

the analysis among plots to the south (Pre-LC, n = 450) and north (Post-LC, n = 933) of the Lost 

Coast region. Among the plots south of the Lost Coast proportional habitat cover increased 

(F1,448 = 17.68, P < 0.0001, Appendix 3E-A), whereas north of the Lost Coast it decreased 

towards the range limit and beyond (F1,931 = 19.60, P < 0.0001, Appendix 3E-B).  
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Prediction 2-2: Variation in inter-plots distances between suitable habitat plots 

 Across all sampling plots that contained some suitable habitat (n = 1813), the distance to 

plots that also contained suitable habitat increased towards and beyond the range limit, for both 

distance to closest plot (n = 1685 with outlier removal, R2 = 0.012, permutation P < 0.0001, Fig. 

5-A) and average distance to the five closest plots (n = 1714 with outlier removal, R2 = 0.055, 

permutation P < 0.0001, Fig. 5-B). Minimum distance between the 100 most southerly suitable 

plots was (mean ± 1SD) 60.30 ± 35.38 m, compared to 94.34 ± 61.47 m among the 100 plots just 

south of the range limit, and 99.49 ± 62.81 m among 100 northern-most beyond-range plots.  

 

 Similarly, unoccupied but suitable within-range plots (n = 860) became more isolated 

from occupied plots for both distance to closest plot (n = 786 with outlier removal, R2 = 0.025, 

permutation P < 0.0001, Fig. 6-A) and distance to the five closest plots (n = 809 with outlier 

removal, R2 = 0.085, permutation P < 0.0001, Fig. 6-B). Minimum distance from the 100 most 

southerly suitable, unoccupied plots to occupied plots was (mean ± 1SD) 341.55 ± 305.67 m, 

compared to 475.78 ± 969.65 m among the 100 plots just south of the range limit. 

 

Prediction 2-3: Variation in plot occupancy & plant abundance  

The number of C. cheiranthifolia individuals in within-range plots that contained some 

suitable habitat range (n = 1539) ranged from 0 - 942 (mean ± 1SD = 25.21 ± 66.57), with 679 of 

1539 within-range suitable plots occupied by the species. Distance to northern range limit 

predicted each component of the ZINB model separately (binomial component; P = 0.010; count 

component; P < 0.0001), and a likelihood ratio test determined there was a statistically 

significant effect of distance to range limit on abundance across the combined model 
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components (n = 1467 with outliers removed,  = 53.98, P < 0.0001, Fig. 7-A). Based on 

predictions from the ZINB model, the number of C. cheiranthifolia individuals varied from ~33 

at the southern end of the study area to ~6 at the range limit.  

 

Among only those occupied plots, the negative binomial GLM continued to show 

abundance declining towards the northern limit (n = 641 with outliers removed,  = 33.32, P < 

0.0001, Fig. 7-C). Model predictions show a reduction from ~68 individuals at the southern end 

of the study area to ~24 at the range limit. Among the 199 plots south of the Lost Coast 

abundance did not significantly vary ( = 2.22, P = 0.14, Appendix 3J-A), whereas among the 

442 plots north of the Lost Coast abundance decreased (= 36.78, P < 0.0001, Appendix 3J-B). 

 

Suitable plots approaching the range limit were less likely to contain ≥ 1 C. 

cheiranthifolia ( = 10.99, P = 0.00092, Fig. 7-B). On average, occupancy ranged from ~ 53% of 

plots at the southern end of the study area to ~38% at the species range limit (Fig. 7-B). South of 

the Lost Coast, occupancy increased to the north ( = 13.32, P = 0.00026, Appendix 3K-A), 

whereas north of the Lost Coast occupancy declined towards the range limit ( = 59.047, P < 

0.0001, Appendix 3K-B). 

 

Plots with more suitable habitat within also contained more individual C. cheiranthifolia 

(binomial component; P < 0.0001; count component; P < 0.0001), and a likelihood ratio test 

confirmed a statistically significant effect between plot proportional cover and abundance ( = 

415.59, P < 0.0001, Fig. 8). Model predictions show that plots with a high proportional cover 

had a greater abundance of individuals within then plots with a low proportional cover (mean ± 
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1SD = 0.123 ± 0.574 for plots with 0.05-0.1 cover, mean ± 1SD = 45.044 ± 81.519 for plots with 

0.95-1.0 cover). 
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Discussion  

Summary of main results  

 I quantified geographic variation in the distribution of suitable habitat and the occupancy 

of that habitat by Camissoniopsis cheiranthifolia, to determine if there was evidence for 

constraints on dispersal that might contribute to the species’ northern range limit. At the largest 

spatial scale, the proportion of dune habitat along the coast increased, rather than decreased, 

towards and beyond the limit. Dune habitat became more rather than less continuous towards the 

limit, with the distance of gaps in habitat at the range limit being smaller than average. Despite 

this increase in coastal dune habitat at a large spatial scale, plots with suitable habitat within 

these dunes became less frequent, although my measure of patch size did not decline. Plots with 

suitable habitat were more isolated from each other towards and beyond the limit by ~50%, and 

this isolation increased to over 100% between unoccupied plots with suitable habitat and the 

nearest occupied plot and potential source of colonization in occupied patches. This variation in 

habitat structure was associated with the predicted reduction in patch occupancy towards the 

limit, but this reduction was gradual with the proportion of plots occupied decreasing by ~15% 

relative to the southern range end. However, even at the range edge, ~38% of plots with suitable 

habitat were occupied by C. cheiranthifolia. This gradual decline was also reflected by 

decreasing abundance of individual C. cheiranthifolia in plots with suitable habitat. These results 

suggest that while there is no large gap in coastal dune habitat coincident with the northern range 

limit, geographic variation in the distribution of suitable habitat and the occupancy of that habitat 

within coastal dunes match the predictions of the dispersal limitation hypothesis under 

metapopulation patch dynamics. Therefore, I would conclude that constraints on dispersal 

through a decreasing gradient of habitat availability might play a role in limiting C. 
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cheiranthifolia’s northern range, but that this gradient is unlikely to fully account for the range 

limit.  

 

Large-scale barriers to dispersal beyond the range limit 

Environmental features that inhibit successful dispersal, such as dramatic increases in 

elevation or the presence of impermeable terrain, are known to limit species distributions 

(Gaston 2003). Such large-scale barriers to dispersal are exemplified by invasive species, for 

which anthropogenic transport has circumvented natural barriers to dispersal that would 

otherwise be unsurpassable (Hulme 2009). When species are dispersed to previously inaccessible 

environments beyond their natural range, some fraction will persist (~10%) and some will thrive 

and become widespread (~1%, Williamson and Brown 1986, Hulme et al. 2008). In the case of 

C. cheiranthifolia however, there is no large gap in coastal dune habitat that could impede 

successful dispersal beyond the species range limit (Fig. 3). In contrast, this species range edge 

falls in one of the largest continuous stretches of coastal dune habitat within the Pacific 

Northwest (Cooper 1958). 

 

While my results do not support the hypothesis that the species’ range is restricted by 

broad-scale reductions or gaps in coastal dune habitat, successful expansion into suitable habitat 

beyond the range depends on the direction and spatial scale of species dispersal at the range 

edge. We lack a complete understanding of C. cheiranthifolia’s dispersal capacity; however, its 

range contains several large gaps in coastal dune habitat that it must have transcended at some 

point in its history (ex. Point Conception CA, Big Sur CA, Lost Coast CA, Wiedemann 1984). 

While previous studies indicate that long-distance dispersal between dune systems is rare, as 
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populations in adjacent dunes system are strongly differentiated from one another genetically, 

historical dispersal seems to have been sufficient to move across these stretches of unsuitable 

habitat (Samis et al. 2016). Given that these gaps, which span tens of kilometres, are 

substantially larger than those that occur at the species’ range edge (~730 m just south of the 

range limit, ~550 m just north of the range limit, Fig. 3), it seems unlikely then that these 

considerably smaller gaps in coastal dune habitat would be a barrier to dispersing C. 

cheiranthifolia propagules. 

 

 In the absence of large gaps in suitable habitat, successful dispersal beyond species 

ranges may also be constrained by the vectors that facilitate dispersal (Caplat et al. 2016). For 

sessile organisms such as plants, movement almost always occurs as seeds (Howe and 

Smallwood 1982). The seeds of C. cheiranthifolia are small (mean seed mass = 0.16 mg, Dungey 

unpublished), and are likely transported by wind or water. Hydrochoric dispersal along the coast 

may be most important in seed movement across gaps in coastal dune habitat, hence the direction 

and extent of dispersal may be influenced by prevailing ocean currents (Nathan et al. 2008). 

Camissoniopsis cheiranthifolia seeds have been shown to germinate after experimental 

submersion in salt water of up to seven days (Appendix 4A, Dungey unpublished), which would 

allow seeds to remain viable after being transported via oceanic currents. For species that rely on 

dispersal through water, Gaylord and Gaines (2000) showed that interacting current flows can 

limit propagule dispersal to nearby suitable habitat. In the northern range of C. cheiranthifolia, 

dispersal through water is likely subject to the Davidson Current, a northward-flowing surface 

current that occurs close to the coast. While this current could facilitate seed dispersal northward, 

it also overlaps with the southward-flowing California Current (Cooper 1958, Cain et al. 2000). 
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However, these currents overlap across the entirety of C. cheiranthifolia’s northern range, to as 

far south as Point Conception CA. Given that long distance dispersal has occurred across this 

area historically, it seems unlikely that interactions between these currents would limit dispersal 

only at the species’ range edge. 

 

  Movement through water along shorelines is also affected by longshore currents 

generated by dissipating waves; these currents may have stronger effects on seeds dispersing 

from land, into water, and back onto land (Wiedemann 1984, Pineda et al. 2007). Along the 

Oregon coast, longshore currents flow southwards during the summer and fall; while unlikely to 

fully restrict dispersal, these currents may reduce the number of seeds that successfully disperse 

northward during these seasons. Longshore currents can also be interrupted by other 

hydrological effects such as river outflow, which can push the flow of current-borne seeds 

offshore, where the probability of making it back to land is low. The number of C. 

cheiranthifolia propagules that successfully disperse through water and end up onshore in new 

dune habitats could be further restricted where such outflows occur. Many rivers flow out to the 

Pacific Ocean both south and north of the range limit. In particular, the Umpqua River outflow is 

coincident with the species’ northern range limit. Proctor et al. (1980) found that, of 21 rivers 

measured in the Pacific northwest, the Umpqua had the third highest annual discharge 

(Wiedemann 1984). The largest outflow, the Colombia River, is far north of the species range 

limit and unlikely to influence dispersal. However, the second largest outflow occurs at the 

Rogue River, south of Port Orford, OR and well within the species’ range. Given that dispersing 

seeds must have historically surpassed this stronger, southern outflow, the Umpqua River seems 

unlikely to solely limit northern range expansion by C. cheiranthifolia. However, its disruption 
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of hydrochoric dispersal between dunes at the range edge could act as one of multiple dispersal 

constraints whose compounded effects constrain successful dispersal at the northern range limit. 

 

Combining habitat availability at different spatial scales  

 At the largest spatial scale, the availability of coastal dune habitat potentially suitable for 

C. cheiranthifolia actually increases towards and beyond the species’ northern range limit. 

However, within coastal dunes, patches of suitable habitat appear to become less frequent 

towards the range limit and beyond. This discrepancy highlights the importance of considering 

spatial scale (Levin 1992, Holt 1993). At a broad spatial scale, the species’ habitat is more 

abundant and largely continuous at the northern range margin, whereas the coastal dunes in the 

southern end of the study area are less continuous and divided by larger gaps (Fig. 2, Fig. 3) 

However, at a finer spatial scale within coastal dunes, patches of suitable habitat are less frequent 

and more isolated towards the northern limit (Fig. 4, Fig. 5). I have summarized these trends at 

different spatial scales in a composite figure that combined the predictions from statistical 

models at both these spatial scales: large-scale availability and continuity of coastal dune habitat 

along the study area (Fig. 2) and finer-scale habitat patch distribution within dunes (Fig. 4-B, 

Fig. 4-C). The product of these model predictions at the two spatial scales yields on overall 

picture of habitat availability that is lowest at the southern end of the study area, peaks at ~ 175 

km from the northern range edge, before declining towards and beyond the limit (Figure in 

Appendix 4B, model components in Appendix 4C). 

 

 The results of this composite figure indicate a contrasting picture of C. cheiranthifolia 

habitat availability at two different spatial scales. At the southern end of the study area, habitat is 
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limited more strongly by large-scale patterns in the distribution of coastal dunes, while at the 

northern end it is the distribution of suitable habitat patches within these dunes that more 

strongly limits habitat availability. How these contrasting effects influence the distribution of C. 

cheiranthifolia across its range will depend then on the spatial scale of dispersal and habitat 

disturbance. Whole dune systems are very stable over time, and it is unlikely that the entirety of 

a dune area will suffer stochastic extinction via disturbance; in contrast, individual patches of 

habitat within dunes are dynamic and may undergo multiple disturbance events across relatively 

short time scales. And while dispersal across large spatial scales can occur between dune 

systems, it occurs only rarely, and is unlikely to be the stronger determinant of whether suitable 

habitat for C. cheiranthifolia is occupied. Rather, habitat occupancy is likely to be determined by 

the finer scale processes of dispersal occurring within dune systems; how frequent patches of 

suitable habitat occur within the area, and the distances between them. Even if dispersal between 

dune systems succeeds, the limitations on dispersal and occupancy caused by these patch 

dynamics may fail to allow for population establishment and/or persistence. Thus, to determine 

whether constraints on dispersal are limiting this species’ northern limit, our focus should be on 

these finer spatial-scale patterns in habitat availability rather than the broad-scale patterns. 

 

Patch occupancy declines with gradient of habitat availability  

 At the finer spatial-scale, I found significant geographic variation in habitat availability 

and distribution for C. cheiranthifolia across its northern range. It is difficult to compare the 

extent of this variation in habitat patch structure to other systems, as to our understanding this 

study is novel in the extent to which habitat availability was quantified across such a large area 

(~1120 km of coastline) at a fine spatial scale. Habitat patch structure can constrain successful 
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dispersal through reduced frequency of and proximity between habitat patches (Hanski and 

Ovaskainen 2003). When dispersal is passive and non-directional, as is likely for C. 

cheiranthifolia, lowering the frequency of suitable habitat patches within a heterogenous 

environment increases the likelihood that dispersal will randomly deposit seeds in an unsuitable 

area (Cousens et al. 2008). If the species can not actively seek out suitable patches as they 

become rarer, reduced habitat patch frequency and increased patch isolation will in turn lower 

the rate of successful dispersal from one patch to another (Bowler and Benton 2009). Finally, 

reductions in habitat patch size can limit dispersal by reducing the overall area to which 

dispersing seeds must reach, and may further restrict patch recolonization by reducing the size 

and productivity of populations in an occupied patch, and subsequently the number of potential 

dispersers. Larger patches often support high numbers of individuals, which in turn determines 

the number of seeds dispersing out of occupied patches; with random dispersal, increasing 

disperser output increases the likelihood that at least some seeds reach new, unoccupied patches 

(Gyllenberg and Hanski 1992, Fleishman et al. 2002). While larger patches of C. cheiranthifolia 

support more individuals (Fig. 8), and abundance within suitable plots did decline towards the 

range limit (Fig. 7-C), I did not detect geographic variation in patch size across the whole study 

area (measured as proportion plot cover of suitable habitat; Fig. 4-C). However, when analysis 

was restricted to plots north of the Lost Coast, my measure of patch size decreased towards the 

range limit and beyond (Appendix 3E-B). Despite this, reduced patch size may be offset in this 

case the increased fruit production per individual observed towards and beyond the range limit in 

transplant experiments (Samis et al. 2016). While this interaction with fitness may offset some of 

the limiting effects of habitat patch structure, reduced habitat availability through decreased 
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patch frequency and isolation towards the northern limit may still be causing dispersal success to 

be constrained within more northern dune systems.  

 

Ultimately the effect of patch frequency, size, productivity and isolation should be 

reflected in patterns of patch occupancy. For a species to persist within a metapopulation 

framework, there will be a certain threshold of patches that must be occupied to provide 

sufficient recolonization to counteract patch extinction; these thresholds will be determined by 

the local rates of extinction and recolonization (Hanski 1998). If habitat availability restricts 

dispersal dynamics among patches at the species’ range edge and beyond such that occupancy 

declines too severely, the metapopulation will collapse beyond the limit (Holt and Keitt 2000). 

Hanski (1994b) used theoretical models to show that patch recolonization rate and subsequent 

occupancy could be limited by greater patch isolation, and Hanski and Ovaskainen (2000) 

showed that reductions in both the number and size of habitat patches could cause occupancy to 

decline below the threshold required for metapopulation persistence. Declining patch frequency, 

size and proximity towards the range limit of C. cheiranthifolia are consistent with predictions of 

the dispersal limitation hypothesis and should be associated with declining patch occupancy, 

which is what my results demonstrated. The frequency of occupied plots fell from ~ 53% at the 

southern end of the study area to ~ 38% at the range edge (Fig. 7-B). This decline would suggest 

that towards C. cheiranthifolia’s northern limit, the constraints on dispersal produced by the 

structure of habitat patches is gradually tipping the balance of metapopulation persistence, by 

causing the rate of patch recolonization to fall behind the rate of patch extinction. 
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Given these results, is the decline in patch occupancy substantial enough to completely 

inhibit metapopulation persistence beyond the species northern limit? Despite patch occupancy 

decreasing significantly, occupancy at the species range edge remained relatively high, with 

approximately 4 in 10 suitable habitat plots containing some individuals. It may be that the full 

extent of patch occupancy reductions that are predicted by increasing habitat fragmentation is 

diminished by the effects of increasing C. cheiranthifolia fitness towards and beyond the species 

northern limit (Samis et al. 2016). While habitat patch density and isolation may lower 

occupancy by inhibiting dispersing seeds from recolonizing extirpated patches, higher fitness of 

individuals within patches may, in contrast, increase occupancy by reducing stochastic extinction 

by buffering against demographic fluctuations as well as reducing deterministic patch extinction 

(Hanski 1994b). It could then be that without this increase in fitness, the declines in habitat 

availability through patch structure would result in even steeper declines in patch occupancy. 

Examining whether variation in C. cheiranthifolia fitness at sites at equal levels of habitat 

availability results in differences in proportional occupancy could reveal how habitat quality and 

quantity interactions influence metapopulation persistence in this species (Johansson and Ehrlén 

2003).  

 

It may also be that the gradient in habitat availability observed towards the species’ range 

limit is coinciding alongside additional gradients in the relative rates of either patch extinction or 

recolonization as well, whose additive effects are strong enough to tip the balance of 

metapopulation persistence. Without empirical data on local rates of patch recolonization and 

extinction at these range edge sites and beyond, we cannot definitively conclude whether these 

parameters vary alongside habitat availability and are further limiting occupancy beyond the 
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range. However, when they proposed these gradients as potential mechanisms of range 

limitation, Holt and Keitt (2000) showed theoretical predictions as to how occupancy should 

decline along each gradient independently. When habitat availability was varied through reduced 

frequency of suitable patches, the predicted pattern of patch occupancy showed a gradual linear 

decline towards zero, whether as when either colonization or extinction varied, the pattern of 

occupancy initially displayed a gradual linear reduction before steeply crashing. If the observed 

pattern in C. cheiranthifolia occupancy were determined solely by a gradient of habitat 

availability, these theoretical models would predict patch occupancy to exhibit a more 

continuous decline towards the range limit before reaching zero; however, the high occupancy at 

the range limit before abruptly halting appears to be more in line with the predictions of 

gradients in patch recolonization and extinction. These theoretical predictions for occupancy 

would suggest then that while habitat availability may be imposing constraints on patch dispersal 

dynamics within coastal dunes at C. cheiranthifolia’s northern limit, the patterns in occupancy 

that we see in this species are due in part by restrictions other than the structure of habitat 

patches. In the following sections, I will discuss other potential restrictions of patch occupancy 

that may occur and produce gradients of patch recolonization and extinction across the species’ 

northern range. 

 

Constraints on patch recolonization not reflected by habitat patch distribution 

There may be other factors that constrain patch recolonization besides the aspects of 

habitat structure that I have quantified (i.e. patch frequency, size and isolation) (Holt and Keitt 

2000, Ehrlén and Eriksson 2001). Within heterogenous environments, recolonization is limited 

not only by reducing the area to which seeds can disperse to, as our results in patch structure 
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would suggest, but also by restricting the mechanism in which seeds are dispersed such that seed 

dispersal distance is reduced (Higgens et al. 2003). Increased distances between habitat patches 

will be experienced more strongly by dispersing propagules if the matrix of non-suitable habitat 

between those patches becomes more difficult to transverse (Ricketts 2001). In heterogenous 

environments, especially coastal dunes, there is a mosaic of different habitats composed of 

various native and invasive plant species (Breckon and Barbour 1974). The rate of dispersal 

through this matrix, for small wind dispersed seeds lacking any dispersal structures, will depend 

then on the ease of windblown seed movement through the physical structure of other plant 

species (Wiens 1997). In areas where patches of sand are relatively open or dominated by low-

lying, prostrate plant species, C. cheiranthifolia dispersal would be largely unimpeded. However, 

dispersal will be restricted if patches of suitable habitat are embedded in more densely packed, 

relatively impermeable vegetation. The presence/absence of nine additional plant species was 

examined across sampling plots to determine if the matrix is likely to becomes less permeable to 

C. cheiranthifolia dispersal towards its northern limit. These species were selected due to their 

large, dense physical structures that likely to impede successful dispersal, and contain both 

native and introduced species. All nine species were found among plots at the species range limit 

and beyond; six increased in frequency (Ammophila arenaria, Leymus mollis, Lathyrus 

japonicus, Cytisus scoparius, Picea sitchensis, Pinus contorta) towards the range limit, while 

two decreased (Baccharis pilularis, Lupinus littoralis) with a final species showing no 

significant pattern in occurrence (Ulex europaeus, Appendix 4D). It could be then that in more 

northern dune systems, the movement of C. cheiranthifolia seeds across terrestrial habitats is 

impeded by denser vegetation cover.  
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The species that increased most significantly towards and beyond the species range limit 

is the invasive dune grass Ammophila arenaria (Poaceae). This species was first introduced at C. 

cheiranthifolia’s range limit over a century ago as a sand stabilizer, as it grows in dense clumps 

along the foredune and among the semi-disturbed sand patches inland where the species is most 

often found (Cooper 1958, Buell et al. 1995). This species is well known to overrun coastal dune 

systems and displace native species; in addition to homogenizing dunes and reducing suitable 

habitat for C. cheiranthifolia, dense clusters of A. arenaria likely present a difficult matrix for C. 

cheiranthifolia seeds to disperse through (Wiedemann and Pickart 1996, Hilton et al. 2005). 

Because this introduced species only became widespread among Pacific dunes in the past ~ 50 

years, it cannot have contributed to C. cheiranthifolia’s historical range limit, which herbaria 

records indicate has been stable for more than a century (Samis and Eckert 2007 Appendix A). 

However, its current dominance of dune systems at the species range edge and beyond may serve 

as part of the present-day constraints to successful dispersal and recolonization. Surveys on A. 

arenaria coverage in Pacific dunes found that the highest coverages of the species occur at the 

dune systems directly at and north of C. cheiranthifolia’s northern limit (Pickart 1997). In our 

study, we also observed a significant, if gradual increase in A. arenaria coverage towards the 

range limit (Appendix 4E), and of the 161 plots that were completely covered by the species, 

~35% occurred directly at or north of the range limit. Observations from field sampling also 

confirmed that both the initial foredune and inland deflation plain of dune systems at the species’ 

range edge and beyond are dominated by A. arenaria (personal observation, August 2019). 

Ammophila arenaria also profoundly alters the architecture of dune systems it inhabits, 

producing foredunes upwards of 10-12m that are substantially larger than those produced by 

native sand stabilizers such as Leymus mollis (Wiedemann and Pickart 1996, Hilton et al. 2005). 
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For C. cheiranthifolia seeds dispersing from the shoreline inland, these foredunes pose a 

significant challenge to overcome, and could limit the rate at which ocean-dispersed seeds 

successfully reach patches of suitable habitat behind the foredune. Thus, even if habitat patches 

in beyond-range sites allow for individuals persistence through high fitness, as seen within 

transplant populations, the constraints on dispersal imposed by increased habitat fragmentation 

and less permeable matrices could prevent expansion into this habitat by reducing the rate of 

successful dispersal enough to prevent population establishment and/or persistence (Samis et al. 

2016). 

 

Could increasing probability of stochastic patch extinction contribute to the range limit? 

 In addition to constraints on dispersal that restrict patch recolonization, patch occupancy 

may be further reduced beyond the species northern limit by higher rates of patch extinction, 

tipping the balance of beyond-range metapopulation persistence. Increases in individual C. 

cheiranthifolia fitness toward and beyond its northern limit, as shown in beyond-range transplant 

experiments, indicate that the species would not suffer higher rates of deterministic extinction 

beyond the range limit (Samis and Eckert 2009, Samis et al. 2016). However, patch extinction 

may also occur stochastically through severe environmental disturbances, and these effects may 

not be captured during relatively short-term transplant studies (Hanski 1999). It may be then that 

habitat patches in more northern dune systems experience more frequent or extreme 

environmental disturbances, that result in higher frequencies of occupied patches being 

extirpated. Patches of C. cheiranthifolia habitat are relatively open and exposed, and thus 

vulnerable to disturbance from wind or precipitation (Samis and Eckert 2007). Some of the most 

severe environmental disturbances that occur along this species northern range are Pacific 
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Northwest windstorms, a category of extratropical cyclones that form within the Pacific Basin 

(Knox et al. 2011). These storms occur most regularly during winter, and cross over the coastline 

at C. cheiranthifolia’s range margin before travelling further inland into the Willamette Valley in 

central Oregon; 15 of these major storms (max wind speeds ≥ 35 kn) have been documented 

between 1950-2004 (Mass and Donton 2010). Specifically, when storm centres have crossed 

over the Coos Bay area, where the species range limit occurs, wind speeds during these storms 

have been recorded as high as 75 mph (Read 2007a). Disturbance from these storms has been 

severe enough to decimate entire areas of inland forests; it seems likely then that their 

disturbance would be severe enough to stochastically extirpate C. cheiranthifolia from what used 

to be suitable habitat patches (Mass and Donton 2010). 

 

  However, does stochastic patch extinction due to winter storm disturbance occur more 

frequently and/or severely in the dunes north of the species limit? Cooper (1958) examined 

variation in wind velocities at three coastal sites within Oregon; North Head WA (~ 46.31 N°), 

Newport OR (~ 44.64 N°), and North Bend OR (~ 43.42 N°), the last of which occurs at C. 

cheiranthifolia’s range limit. These recordings overlap with the occurrence of a winter storm (the 

‘Classic Sou’wester’ of 1940, Read 2007b). Wind velocities were higher towards more northern 

coastal sites, which could indicate that as dune systems increase in latitude they experience 

stronger environmental disturbances during these winter storms. The earliest recordings of these 

disturbance events occur almost as far back as the first herbaria records of the species; it may be 

then that stochastic patch extinction through winter storm disturbance is a long-standing and 

historical ecological factor limiting C. cheiranthifolia’s northern range.  
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However, if stochastic disturbance events are limiting metapopulation expansion into 

more northern dune systems, would we not predict then that for beyond-range transplants of C. 

cheiranthifolia that were found to have persisted for >10 generations, some if not all should have 

undergone stochastic extinction (Cross and Eckert, unpublished)? One explanation may be that 

since these transplants have been established, there has not been a severe enough disturbance 

event to cause population extinction. However, an alternate explanation could be that in more 

recent years, the coastal dunes at C. cheiranthifolia’s range margin have undergone changes in 

dune architecture that reduces the severity of these environmental disturbances. Before the 

introduction of non-native sand stabilizers, dune systems in central Oregon lacked prominent 

foredunes, with native foredune species forming shallow series of sand hummocks (Cooper 

1958, Pickart and Wiedemann 1996). These smaller dune structures would leave the inland 

deflations plains more vulnerable to disturbance from the prevailing onshore winds of winter 

storms. However, with the changes in dune structure caused by A. arenaria in the last ~50 years, 

the dunes directly inland of the foredune may be buffered from the full extent of these 

disturbances, as the more dominant foredunes reduces wind surface velocities and sand 

movement that would otherwise disturb habitat patches (Hart et al. 2012). However, this 

beneficial aspect of the dune structure on patch occupancy could in turn have a counterating 

effect on patch recolonization by limiting dispersal from the dune shoreline, as discussed in the 

previous section. It may be then that historically, greater patch extinction rate was a dominant 

factor limiting C. cheiranthifolia populations expansion northwards, but as the physical structure 

of the dunes have evolved over time, potential reductions in stochastic extinction has been 

counteracted by co-occurring reductions in the rate of successful recolonization.  
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Another factor that could contribute to C. cheiranthifolia patch extinction in more recent 

years is the anthropogenic disturbance of coastal dunes. Across our study area, the architecture of 

coastal dunes has been altered or fully abolished to allow for recreation and property 

development, reducing habitat for native dune plants and increasing traffic across what remains 

(ex; Kronnberg Park OR, Bob Straub State Park OR, Dillon’s Beach CA, Virgin Creek CA). 

While some dune systems surveyed in this study were governed and protected by municipal or 

state park regulations, the majority of the coastal dunes at the species range edge and beyond are 

heavily used for human recreation. In particular, these dunes suffer from increased traffic of high 

disturbance activities such as all-terrain vehicle (ATV) use; 9 of the 54 designated areas where 

ATV recreation is permitted in Oregon occur within coastal areas, and of those 7 are located 

directly at or north of Horsfalls Beach where the species range limit occurs (Oregon State Parks 

2021). The use of ATV’s within dune systems has been found to reduce native species presence 

and promote non-native species cover (Hogan and Brown 2020). In our study, plots with ATV 

disturbance had reduced species richness compare to undisturbed plots (2.31 versus 2.77) and 

well as lower proportional cover of suitable habitat (0.19 versus 0.32). Habitat patches at C. 

cheiranthifolia’s range edge may then be subject to this additional source of disturbance, which 

in turn could act as a further source of anthropogenic rather than environmental patch extinction. 

 

Conclusions 

 In this study, we tested the predictions of the hypothesis that dispersal constraints 

contribute to limiting the northern range of C. cheiranthifolia through variation in habitat 

availability reducing patch recolonization relative to extinction, and found mixed support for this 

hypothesis by analyzing geographic variation in habitat availability and habitat occupancy. 
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While habitat patches became less frequent, and more isolated towards the species’ range limit, 

patch size only showed an effect among plots north of the Lost Coast, and patch occupancy 

declined gradually, remaining relatively high at the range limit. Theoretical models suggest that 

the pattern in occupancy observed is not indicative of the effects of declining habitat availability 

alone. Rather, if patch dispersal dynamics are limiting the species northern range, there are likely 

additional dispersal constraints occurring via gradients of increasing patch extinction and/or 

reduced recolonization, which restricts patch occupancy such that beyond the limit 

metapopulation persistence cannot occur. To test this hypothesis, future studies could expand on 

our results by revisiting sampling plots across multiple years, and record whether plots with 

unsuitable or suitable habitat, and either occupied or unoccupied by C. cheiranthifolia, are 

altered over time. The number of unoccupied plots that upon resampling have C. cheiranthifolia 

individuals present could indicate local rates of patch recolonization; similarly, the number of 

occupied plots that upon resampling have been extirpated, or have suffered disturbance such that 

habitat is now unsuitable, can indicate rates of local patch extinction. Across multiple surveys, 

this resampling could reveal whether geographic variation in the rates of extinction and 

recolonization also occurs towards the species northern limit alongside the gradient of habitat 

availability observed. If geographic variation in either of these parameters is occurring across C. 

cheiranthifolia’s northern range, we can more definitively conclude if constraints on dispersal 

dynamics between habitat patches is occurring at the species limit. And through further 

investigation of the parameters that dictate metapopulation persistence, we can better reveal 

whether expansion of the species distribution is being constrained through these patch dispersal 

dynamics, or if it is being maintained more strongly by alternative mechanisms of range 

limitation. In conclusion, this study is novel in the extent to which habitat patch structure was 
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quantified towards and beyond species geographic range limits, and presents an alternative 

method of examining metapopulation persistence. While the results of this study lack a definitive 

conclusion as to the specific ecological factor/s that are dictating C. cheiranthifolia’s northern 

limit, they do suggest that reduced habitat availability is one of multiple potential sources of 

dispersal constraints that limit this species distribution from more northward expansion.  
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Figures 

 

 

 

Fig. 1 Distribution of the locations of Camissoniopsis cheiranthifolia populations and coastal 

dune habitats. Panel A shows the locations of all C. cheiranthifolia populations within North 

America from the herbaria records of the Global Biodiversity Information Facility (GBIF.org 

2021). Panel B shows the locations of the 131 identified sites that were sampled in this study. 

The dashed horizontal line represents the species northern range limit.  



 

 

   

60 

 

 

Fig. 2 Proportion of coast including potentially suitable dune habitat increases towards and 

beyond the northern range limit of Camissoniopsis cheiranthifolia. The coast was divided into 37 

sections of 2500 equally-spaced waypoints (~28km) and the y-axis is the proportion of coastal 

waypoints within or adjacent to dune habitat within each section. The x-axis is the distance along 

the coast to the northern range limit averaged across all waypoints within each section. The 

regression line is predicted by a significant quasibinomial GLM. The vertical dashed line at x = 0 

denotes the range limit. Negative distances on the x-axis are locations north of the range limit.  
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Fig. 3 The size of gap distances between potentially suitable coastal dune habitat declines 

towards and beyond the northern range limit of Camissoniopsis cheiranthifolia. Each data point 

is one of 149 gaps in coastal dune habitat (log10-transformed for analysis) The x-axis is the 

distance along the coast to the northern range limit averaged across all waypoints within each 

gap. The regression line is predicted by a significant linear model. The vertical dashed line at x = 

0 denotes the range limit. Annotations are the back-transformed gap distances that occur directly 

south and north of the range limit Negative distances on the x-axis are locations north of the 

range limit.  
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Fig. 4 Geographic variation in the proportion of suitable habitat towards and beyond the northern 

range limit of Camissoniopsis cheiranthifolia among 5479 sampling plots (Panel A). For clarity, 

points at 0 on the y-axis are jittered. Panel B shows suitable habitat as binary presence (> 0) or 

absence (0) within 7031 plots. 74% of these plots did not include suitable habitat. Points are 

jittered at 0 and 1 on the y-axis. Binomial GLM detected a significant decline (red line) towards 

and beyond the northern range limit. Panel C shows variation in proportion suitable among the 

1383 plots with > 0 suitable habitat. Gaussian GLM did not detect significant variation with 

distance to northern range limit. The vertical dashed line at x = 0 depicts the range limit. 

Negative distances are locations north of the range limit.  
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Fig. 5 The distances between plots containing some suitable habitat increases towards and 

beyond the northern range limit of Camissoniopsis cheiranthifolia. Panel A shows the log10-

transformed distance (in m) between 1685 (outlier n = 128) sampling plots including suitable 

habitat and the nearest neighbouring plot also including suitable habitat. Panel B shows the log10-

transformed distance (in m) between 1714 (outlier n = 99) sampling plots including suitable 

habitat and average distance to the five closest plots also including suitable habitat. Regression 

lines are predicted values of linear models, with significance determined by permutation test. 

Annotations are the back-transformed predicted values at the southern and northern extremes. 

The vertical dashed lines at x = 0 are the northern range limit. Negative distances are locations 

north of the range limit. 
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Fig. 6 The distances between unoccupied but suitable plots and occupied plots increases towards 

the northern range limit of Camissoniopsis cheiranthifolia. Panel A shows the log10-transformed 

distance (in m) between 786 (outlier n = 74) plots including suitable habitat unoccupied by the 

species and the nearest occupied plot. Panel B shows the log10-transformed distance (in m) 

between 809 (outlier n = 51) unoccupied plots including suitable habitat and the average distance 

to the five closest occupied plots. Regression lines are predicted values of linear models with 

significance determined by permutation test. Annotations are the back-transformed predicted 

values at the southern and northern extremes. The vertical dashed lines at x = 0 are the northern 

range limit.  
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Fig. 7 Abundance of Camissoniopsis cheiranthifolia in plots containing suitable habitat declines 

towards the northern range limit. Panel A: abundance of individual plants within 1467 (outlier n 

= 72) plots including suitable habitat. Regression line is the predicted values of a zero-inflated 

negative binomial hurdle model. For clarity, points at zero on the y-axis are jittered. Panel B: 

plot occupancy as the binary presence/absence of the species declines towards the range limit. 

Regression line is the predicted values of a binomial GLM among 1539 plots including suitable 

habitat. Points at 1 and 0 on the y-axis are jittered. Panel C: abundance among 641 (outlier n = 

38) plots containing > 0 individuals declines towards the range limit. Regression line is the 

predicted values of a negative binomial GLM. Annotations are the back-transformed predicted 

values at the southern and northern extremes. Dashed vertical lines at x = 0 indicate the northern 

range limit.  
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Fig. 8 Abundance of Camissoniopsis cheiranthifolia individuals within suitable plots increases 

with higher proportional cover of suitable habitat. The x-axis is the proportional cover of suitable 

habitat within plots with values > 0. The y-axis is the square root-transformed abundance of C. 

cheiranthifolia within suitable plots. Regression line is the predicted values from a zero-inflated 

negative binomial model. Point are jittered along the x-axis for visual clarity. 
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Appendices 

Appendix 1: Identification of suitable habitat for C. cheiranthifolia 

 

Table 1A Ecological criteria used in the identification of suitable habitat for C. cheiranthifolia at 

both broad and fine spatial-scales. The broad-scale criteria were used to identify and extract 

potentially suitable habitat (PSH) from coastal dune imagery captured in GEP. The fine-scale 

criteria were used to identify and measure the proportion of suitable habitat within sampling 

plots during field surveys of randomized sampling locations. Criteria were determined from 

previous experiments and our own observations (Samis and Eckert 2007 Appendix B). 

 

Habitat variable Criteria for determining suitable C. cheiranthifolia habitat 

 Broad-Scale (PSH extraction) Fine-Scale (Sampling plot surveys) 

Location • Either directly along coastline, or 
inland but within < 1km of coast  

• Dune system accessible to 
coastline, unimpeded by other 
landscape types (ex: forest, 
estuary, rock beach, 
anthropogenic development) 

• Presence of identifiable dune 
system characteristics: beach 
front with tide line, foredune 
and/or sand hummocks, 
deflation plain, sand flats, etc. 

• Areas of sand ranging from the 
leading foredune slope, inland into 
the deflation plain. 

• Inland from heavily vegetated / 
forested areas  

• In the absence of foredune, areas of 
sand hummock formation, well 
above tideline 

• Outside of areas within reach of 
tidal, estuary overflow  

• Outside of areas with visible signs of 
frequent anthropogenic disturbance 
(trails, dune buggy tracks, 
development etc.) 

Substrate • Predominantly sand substrate; 
light to medium beige colours  

• Areas of sand visible amongst 
patches of plant cover  

• Substrate inland of high tide, no 
evidence of flooding (darker 
colouration) 

• Substrate consists of light-medium 
coarse sand 

• Semi-stabilized sand, determined 
from presence/absence of native 
species and/or abiotic features (i.e. 
driftwood)  

• Low organic content, determined by 
substrate colour (light beige) 

Elevation and slope • Elevation and slope not 
discernable from GEP images 

• Elevations under ~ 50m 

• Fore and back-dune slopes ~ >60°  
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Disturbance • Areas show little to no 
disturbance from tidal flooding, 
anthropogenic disturbance (i.e. 
darker substrate colour, tide 
lines) 

• Presence of natural debris 
amongst sand patches (i.e. 
driftwood) 

• Dune system largely free of 
anthropogenic development 
cover (i.e. housing, industrial 
areas, parking lots, etc.) 

• Semi-disturbed sand, stabilized by 
abiotic debris and native sand 
stabilizer species 

• Sand is not fully malleable, 
unprotected from wind 
disturbance, will hold place when 
disturbed. 

• Sand non-compact so as to retain 
susceptibility to wind disturbance 
(i.e. should sink slightly underfoot) 

Exposure 
 
 
 
 
 

 

• Foredune, deflation plain easily 
visible amongst vegetation 
cover. 

• Patches of open sand are not 
blocked from overhead view, 
clearly visible & interspersed 
among unsuitable habitat cover, 
abiotic debris, anthropogenic 
cover 

 

• Sand exposed enough to experience 
disturbance; unprotected by large 
abiotic cover (large debris, rocks, 
etc.) 

• Low to medium density of dune 
flora providing partial cover.  

• May occur in more exposed sand-
sheets if 1) large foredune is 
present, 2) within deflation plain.  

• Cover can vary based on dune 
structure (greater cover in sites 
lacking foredune). 

Plant community • Sections of green colour 
distributed across 
foredune/deflation plain. 

• Areas of sand visible amongst 
plant cover; avoid areas of 
largely homogenous green 
vegetation 

• Presence of native sand stabilizers 
(ex. Leymus mollis, Ambrosia 
chmmissonis), semi-stabilized sand 
endemics (ex. Erigeron glaucus, 
Potentilla pacifica) 

• Presence of invasive sand stabilizers 
(ex. Ammophila arenaria, 
Carpobrotus spp).  

• Areas of open sand persisting 
amongst basal species cover (ex. 
Calystegia soldanella, Fragaria 
chiloensis) 

• Sand patches are not dominated by 
large, densely packed dune species 
(ex. Baccharis pilularis, Cytisus 
scoparius, Ulex europaeus) 
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Fig. 1B The extraction of potentially suitable C. cheiranthifolia habitat from Google Earth Pro 

coastal image maps within the geospatial software ArcMap (v. 10.8). The image is the eastern 

section of the Lanphere Dunes site within Humboldt County, CA. (A) Unedited image 

containing both potentially suitable and unsuitable habitat. (B) Edited image with the boundary 

of the extracted polygon outlined in red.  

A B 



 

 

   

70 

 

Fig. 1C Variation in proportional cover of suitable habitat between sampling plots within areas 

of potentially suitable C. cheiranthifolia habitat. (A) Sampling plot with high proportional cover 

of suitable habitat, Point Reyes Beach CA. (B) Sampling plot within low proportional cover of 

suitable habitat, Limantour Beach CA.  

A B 
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Fig. 1D Diagram of two alternate methods of measuring distance between sampling plots. The 

image shows both the Kronnberg Park and Bullards Beach State Park sites within the geospatial 

software ArcMap (v. 10.8). The red circles represent the locations of two sampling plots. 

Distance between plots occurring in two distinct sites was measured using coastline distances 

(red dotted line) rather than through direct Euclidean distances (black dashed line).  
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Appendix 2: Distribution of sampling locations during field sampling 

 

Table 2A Identified sites of potentially suitable coastal dune habitat within the northern range of 

C. cheiranthifolia and beyond (n=131). Sites are listed in order of latitude beginning with the 

southernmost site. Information on each identified site is as follow; (1) the common name of the 

identified site, determined from public record or in-field observation, (2) the general region of 

the site, determined by either municipal county or major landmarks, (3) site ID, where the first 

letter delineates state of origin (C = California, O = Oregon) and the following two from the 

site’s common name (i.e. Manchester State Park = MA), (4) the numeric ID of the GEP image/s 

that contained the site, as well as the numeric ID of plots within if two or more sites were 

contained in a single image, (5) the latitude (°N) of the site midpoint, (6) the longitude (°W) of 

the site midpoint, (7) the area of potentially suitable habitat extracted from the site within 

ArcMap (km2). 

 

Site name Region Site ID Site image ID  Latitude (°N) Longitude (°W) Site area (km2) 
Crissy Fields San Francisco CCF 388 37.805272 -122.45974 0.057271 

Rodeo Beach 

Golden Gate 

National Park  CRB 390 37.830282 -122.53597 0.037717 

Muir Beach 

Golden Gate 

National Park  CMB 391 37.859958 -122.57609 0.019814 

Seadrift Beach 

Bolinas 

Lagoon CSD 393 - 394 37.900347 -122.64755 0.1488 

Bolinas Beach 

Bolinas 

Lagoon CBB 395 37.905268 -122.68444 0.003492 

Limatour Beach Point Reyes  CLT 401 - 402 38.027458 -122.89291 0.479754 

Drakes Beach Point Reyes  CPR1 403 - 404 38.024837 -122.96591 0.305654 

 Point Reyes 

Beach Point Reyes  CPR2 405 - 410 38.081167 -122.97346 5.116927 

McClure's 

Beach Point Reyes  CPR3 411 38.181296 -122.96277 0.053651 

Dillon Beach Bodego Bay CDL 412 - 413 38.237963 -122.96991 0.334699 

Doran's Beach 

Regional Park Bodego Bay CDB 415 - 416 38.313592 -123.03594 0.28381 

Salmon Creek 

Beach Bodego Bay CSC 417 - 418 38.336917 -123.06799 0.876336 

Portuguese 

Beach Bodego Bay CPO 419 38.380267 -123.08081 0.026264 

Schoolhouse 

Beach Bodego Bay CSH 419 38.376215 -123.07857 0.009483 

Wright's Beach Sonoma Coast CWR 420 38.401299 -123.09611 0.088628 

Goat Rock State 

Beach Sonoma Coast CGR 421 38.44315 -123.12593 0.158316 
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Russian Gulch 

State Beach Sonoma Coast CRG 422 38.453996 -123.13291 0.067431 

Meyer Gulch Sonoma Coast CMG 423 38.484827 -123.18368 0.007859 

Timber Gulch Sonoma Coast CTG 424 38.495945 -123.20692 0.048641 

Fort Ross Cove Sonoma Coast CFR 425 38.512272 -123.24277 0.009785 

Kolmer Gulch Sonoma Coast CKG 426 38.5237 -123.26412 0.005207 

Salt Point 

Salt Point 

State Park CSP 428 38.581684 -123.33543 0.006033 

Black Point 

Beach 

Salt Point 

State Park CBP 432 38.686101 -123.43225 0.022031 

Stengel Beach 

Salt Point 

State Park CSG 433 38.712053 -123.45554 0.002369 

Pebble Beach 

Salt Point 

State Park CPB 433 38.698882 -123.44071 0.003337 

Shell Beach Gualala CSB 434 38.729412 -123.48541 0.016848 

Gualala Point 

Regional Park Gualala CGU 436 38.764173 -123.53049 0.07504 

Glennen Gulch Gualala CGG 437 38.789749 -123.56141 0.00482 

Fish Rock 

Gulch Gualala CFS 438 (6-14) 38.802524 -123.58353 0.036268 

Triplett Gulch Gualala CTP 438 (1-5) 38.809906 -123.599 0.004878 

Walker Gulch Gualala CWG 440 38.845707 -123.64228 0.00362 

Bowling Ball 

beach Gualala CBW 441 38.869809 -123.65719 0.055908 

Manchester 

State Park Manchester CMA 444-446 38.974066 -123.71276 1.708166 

Mallo Pass Manchester CML 447 39.033433 -123.68969 0.010661 

Elk Creek Manchester CEC 449 39.102742 -123.70746 0.031409 

Greenwood 

State Beach Manchester CGW 450 39.127026 -123.71755 0.036554 

Satori Gulch 

Navarro State 

Park CSI 451 (6-10) 39.14736 -123.73436 0.004501 

Cavanaugh 

Gulch 

Navarro State 

Park CCG 451 (1-5) 39.153248 -123.73661 0.003902 

Navarro Beach 

Navarro State 

Park CNV 452 39.190908 -123.75993 0.057495 

Whitesboro 

Cove 

Navarro State 

Park CWC 453 39.215027 -123.76925 0.004356 

Dark Gulch 

Navarro State 

Park CDG 454 39.239877 -123.77417 0.002603 

Van Damme 

Beach Mendocino CVD 455 39.273736 -123.79185 0.010113 

Big River Beach Mendocino CBR 456 39.302321 -123.7913 0.099123 

Russian Gulch Mendocino CRU 457 39.329057 -123.80529 0.002251 

Caspar 

Headlands State 

Beach Mendocino CCH 458 39.360885 -123.81687 0.030192 

Mitchel Creek Mendocino CMT 459 39.392629 -123.81697 0.006189 

Noyo Beach Mendocino CNY 460 (1-5) 39.42937 -123.80911 0.01188 

Hare Creek Mendocino CHC 460 (6-10) 39.41764 -123.81049 0.022651 

Fort Bragg 

Beach 

MacKerricher 

State Park CFB 461 39.458348 -123.8072 0.04292 

Virgin Creek 

MacKerricher 

State Park CVC 462 (36-50) 39.474386 -123.80449 0.069314 

MacKerricher 

State Park  

MacKerricher 

State Park CMK 

462 (35-1) - 464 

(6-50) 39.517808 -123.77939 2.152977 
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Ten Mile River 

MacKerricher 

State Park CTM 464 (1-5) 39.557527 -123.76704 0.03268 

Abalobadiah 

Creek 

MacKerricher 

State Park CAC 465 39.563937 -123.7675 0.009944 

Blues Beach Rockport CBL 466 39.612064 -123.78307 0.027734 

Westport beach Rockport CWP 467 - 468 (11-13) 39.651644 -123.78477 0.025594 

Wages Creek Rockport CWA 468 (6-10) 39.65884 -123.78583 0.01075 

Westport-Union 

Beach 

Rockport 

CWU 468 (1-5) 39.677312 -123.79119 0.008791 

Hardy Rock Rockport CHR 469 39.708262 -123.8064 0.01487 

Centreville 

Beach  Humboldt CCV 

502 (1-10) - 506 

(36-40) 40.595477 -124.33881 0.898576 

Table Bluff 

County Park Humboldt CTB 

506 (1-35) - 510 

(31-50) 40.705567 -124.27067 3.461443 

Samoa Dunes Humboldt CSO 510 (1-30) - 512 40.791639 -124.20976 1.761055 

Malina Dunes Humboldt CMD 513 - 514 40.857977 -124.16816 1.884525 

Lanphere Dunes Humboldt CLD 515 - 516 (21-50) 40.913382 -124.14122 1.373955 

Mad River 

Beach Humboldt CMR 516 (1-20) - 517 40.949525 -124.12896 0.61687 

Clam Beach Humboldt CCM 517 (1-10) - 519 41.006693 -124.11472 1.489076 

Trinidad State 

Beach Humboldt CTR 520 41.059521 -124.14895 0.108853 

Big Lagoon 

Redwood 

State Parks CBG 

523 (1-24) -526 

(26-50) 41.179187 -124.12607 0.797537 

Dry Lagoon 

Redwood 

State Parks CDY 526 (5-25) 41.225211 -124.10777 0.086053 

Stone Lagoon 

Redwood 

State Parks CST 526 (1-5) - 527 41.251086 -124.10132 0.177969 

Redwood Creek 

Redwood 

State Parks CRC 

527 (1-5) – 528 

(11-50) 41.282009 -124.09376 0.276892 

Gold Bluffs 

Beach 

Redwood 

State Parks CGB 530 (1-25) - 533 41.395171 -124.06894 2.519619 

Klamath Beach 

Redwood 

State Parks CKM 536 (1-25) 41.533732 -124.08068 0.14463 

DeMartin Beach 

Redwood 

State Parks CDM 539 (1-10) 41.599485 -124.10064 0.027073 

Crescent City 

Beach 

Redwood 

State Parks CCC 543 - 544 41.733558 -124.15844 0.289748 

Tolowa Dunes 

State Park 

Redwood 

State Parks CTD 547 - 551 41.869682 -124.21216 3.411057 

Clifford Khamp 

Park 

Redwood 

State Parks CCK 552 - 553 (41-50) 41.972484 -124.20564 0.340062 

Crissey Field  

Redwood 

State Parks CCS 533 (1-40) 42.00264 -124.21347 0.075973 

Harbour Kite 

Field Curry County OHK 555 (1-10) 42.042061 -124.26539 0.027876 

Brookings Coast Curry County OBR 556 42.061872 -124.30443 0.159826 

Harris Beach  Curry County OHR 557 42.081597 -124.32423 0.079474 

Cape Ferrelo Curry County OCF 

558 (1-10) - 557 

(1-20) 42.094357 -124.34223 0.057058 

Samuel H 

Boardman Coast Curry County OSH 560 (1-30) 42.171429 -124.3619 0.055231 

Pistol River Curry County OPR 

563 (1-30) - 565 

(1-30) 42.285426 -124.408 0.867652 

Gold Beach 

Coast Curry County OGB 566 (1-30) - 568 42.381159 -124.42385 0.548273 
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Otter Point Curry County OOP 569 - 570 (1-10) 42.439324 -124.43526 0.291754 

Greggs Creek Curry County OGC 

571 (1-25) - 574 

(1-15) 42.541149 -124.39873 0.672337 

Mussel Creek Curry County OMC 575 (1-15) 42.614198 -124.39955 0.044319 

Brush Creek Curry County OBH 576 (1-25) 42.657579 -124.41282 0.087497 

Humbug 

Mountain State 

Park  Curry County OHM 

577 (1-5) - 578 

(1-10) 42.687591 -124.4477 0.046524 

Port Orford Curry County OPO 

579 (1-40) - 580 

(31-50) 42.735333 -124.47695 0.088433 

Agate Beach 

(Point Paradise) Curry County OAB 580 (1-30) - 581 42.772846 -124.52036 0.29105 

Cape Blanco Curry County OCB 582 - 584 (31-50) 42.836748 -124.56377 0.478235 

Floras Lake 

State Natural 

Area Curry County OFL 584 (1-30) 42.858642 -124.53852 0.180084 

New River 

(snowy plover 

area) Coos County ONR 585 - 590 42.981921 -124.46584 1.998544 

Bandon State 

Park Coos County OBA 591 43.06556 -124.43785 0.334509 

Kronnberg Park 

Coast Coos County OKP 

592 (1-30) - 593 

(31-50) 43.108784 -124.43414 0.2224 

Bullards State 

Park Coos County OBU 

593 (1-30) - 595 

(31-50) 43.148495 -124.41435 1.100407 

Whiskey Run 

Beach Coos County OWR 

595 (1-30) - 596 

(21-50) 43.199961 -124.39721 0.151099 

Seven Devils Coos County OSD 596 (1-20) - 598 43.255132 -124.38622 0.368054 

Sunset Bay 

State Park Coos County OSB 600 (6-20) 43.338761 -124.37035 0.037864 

Bastendorff 

Beach Coos County OBF 

600 (1-5) - 601 

(26-50) 43.346552 -124.34716 0.22897 

Horse Falls, 

North Spit Coos County OHF-S 601 (1-25) - 604 43.403094 -124.30537 1.688589 

Horse Falls  Coos County OHF 605 - 608 43.508989 -124.25189 1.534453 

Tugman State 

Park 

Douglas 

County OTG 609 - 612 (31-50) 43.622937 -124.21466 1.078893 

Oregon Dunes 

National 

Recreation Area 

Douglas 

County OOD 612 (1-30) - 615 43.727705 -124.18779 0.56804 

Siltcoos State 

Park 

Douglas 

County OSI 616 - 619 (45-50) 43.835585 -124.16332 0.780441 

South Jetty  Lane County OSJ 619 - 623 (26-50) 43.944913 -124.14439 1.526902 

Heceta Beach Lane County OHB 

623 (1-25) - 626 

(1-25) 44.059279 -124.1293 1.211592 

Cape Cove  Lane County OCC 627 (21-30) 44.132554 -124.1245 0.022536 

Washburne 

Memorial State 

Park Lane County OWS 

627 (1-20) - 629 

(36-40) 44.165358 -124.11768 0.213771 

Rock 

Creek/Ocean 

Beach Lane County ORC 629 (1-35) 44.197837 -124.11438 0.062535 

Searose Beach Lane County OSR 630 (16-50 44.228973 -124.11178 0.061439 

Bobs Creek Lane County OBC 630 (1-15) 44.243899 -124.11249 0.017658 

Neptune State 

Park Lane County ONP 631 (1-25) 44.2594 -124.11143 0.036033 
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Yachats beach 

Lincoln 

County OYC 633 (16-20) 44.308183 -124.10179 0.012934 

Tillicum Beach 

Lincoln 

County OTC 633 (1-15) - 634 44.348812 -124.09652 0.211889 

Wakonda Beach 

Lincoln 

County OWC 635 - 636 (21-50) 44.390641 -124.08839 0.295867 

Bayshore Beach 

Lincoln 

County OBY 

636 (1-20) - 638 

(11-50) 44.451288 -124.08234 0.423393 

Seal Rock 

Lincoln 

County OSL 

638 (1-10) - 639 

(46-50) 44.492717 -124.08395 0.021753 

Brian Booth 

State Park 

Lincoln 

County OBB 639 (11-45) 44.510189 -124.08054 0.052246 

Ona State Park 

Lincoln 

County OON 

640 (32-50) - 639 

(1-10) 44.523162 -124.07374 0.023325 

South Beach 

State Park 

Lincoln 

County OSO 640 (1-31) - 642 44.576625 -124.06947 0.485367 

Yaquina Bay 

State Park 

Lincoln 

County OYB 643 - 644 44.646022 -124.06133 0.5373 

Otter Rock 

Lincoln 

County OOR 645 - 647 44.719762 -124.05917 0.127841 

Lincoln Beach 

Lincoln 

County OLB 650 - 651 44.865692 -124.04219 0.129813 

Salishan Beach 

Lincoln 

County OSS 652 - 653 (36-50) 44.911947 -124.02892 0.181797 

Taft Park 

Lincoln 

County OTF 653 (12-35) 44.929761 -124.02504 0.061594 

Nelscott Coast 

Lincoln 

County ONC 

653 (1-11) - 654 

(20-50) 44.955471 -124.02174 0.076116 

Cascade Head  

Lincoln 

County OCH 

654 (1-18) - 656 

(11-35) 44.994517 -124.0126 0.158781 

Nestucca Bay 

Tillamook 

County ONT 659 (1-40) - 660 45.129345 -123.97814 0.494756 

Bob Straub 

State Park 

Tillamook 

County OBS 661 - 662 45.190438 -123.96865 0.534025 

  



 

 

   

77 

 

 

Fig. 2B The amount of potentially suitable coastal dune habitat for C. cheiranthifolia increases 

towards and beyond the species northern range limit. The x-axis is the latitude of the sampling 

site midpoint in decimal degrees (°N). The y-axis is the log10-transformed area (m2) extracted 

from sampling sites as potentially suitable habitat within the geospatial software ArcMap. The 

regression line is the predicted values from a significant linear model. The vertical dashed line at 

x = 43.47 indicates the species range limit.   
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Fig. 2C Geographic variation in the density of sampling plots within sampling sites across the 

study area, with plot density increasing towards and beyond the northern range limit. The x-axis 

is the latitude of 68 sections of the study area, divided into latitudinal sections by 0.1 decimal 

degrees (°N). The y-axis is the number of sampling plots within latitudinal sections. The 

regression line is the predicted values of a significant linear model. The vertical dashed line at x 

= 0 depicts the range limit.  
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Fig. 2D The null distances between sampling plots decreases towards and beyond the northern 

range limit of Camissoniopsis cheiranthifolia. The x-axis is plot distance to northern range limit. 

The y-axis is the log10-transformed distance between a sampling plot and the closest 

neighbouring plot, regardless of the presence of suitable C. cheiranthifolia habitat. The 

regression line is the predicted values of a significant linear model. The vertical dashed line at x 

= 0 depicts the range limit. Negative distances represent locations north of the range limit.  
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Appendix 3: Supplementary figures for Methods and Results 

 

 

 

Fig. 3A Increasing the number of coastal sections does not influence the increase in the 

proportion of coastal dune habitat towards and beyond the northern range limit of 

Camissoniopsis cheiranthifolia. The x-axis is the distance along the coast to the northern range 

limit averaged across all waypoints within each section, with negative distances representing 

locations north of the range limit. The y-axis is the proportion of coastal waypoints within or 

adjacent to dune habitat, with the coast divided into 93 sections of 1000 waypoints (~11 km). 

The regression line is the predicted values from a significant quasibinomial GLM. The vertical 

dashed line at x = 0 denotes the range limit.  
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Fig. 3B Further increases in the number of coastal sections does not influence the increase in the 

proportion of coastal dune habitat towards and beyond the northern range limit of 

Camissoniopsis cheiranthifolia. The x-axis is the distance along the coast to the northern range 

limit averaged across all waypoints within each section, with negative distances representing 

locations north of the range limit. The y-axis is the proportion of coastal waypoints within or 

adjacent to dune habitat, with the coast divided into 183 sections of 500 waypoints (~5.5 km). 

For each section, the distance to range limit was averaged among waypoints. The regression line 

is the predicted values from a significant quasibinomial GLM. The vertical dashed line at x = 0 

denotes the range limit.  
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Fig. 3C Increases in the proportion of coastal dune habitat towards and beyond the northern 

range limit of Camissoniopsis cheiranthifolia is not influenced by the removal of the Lost Coast 

region. The x-axis is the distance along the coast to the northern range limit averaged across all 

waypoints within each section, with negative distances representing locations north of the range 

limit. The y-axis is the proportion of coastal waypoints within or adjacent to dune habitat, with 

the coast divided into 33 sections of 2500 waypoints (~28 km). The regression line is the 

predicted values from a significant quasibinomial GLM. The vertical dashed line at x = 0 denotes 

the range limit.  
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Fig. 3D Geographic variation in the binary presence/absence of suitable Camissoniopsis 

cheiranthifolia habitat among plots on either side of the Lost Coast region. The x-axis is plot 

distance to the northern range limit. Panel A shows the 1371 plots south of the Lost Coast did not 

covary with distance to range limit. Panel B shows the 5660 plots north of the Lost Coast 

significantly declined with distance to range limit. The regression line in Panel B is the predicted 

values from a significant binomial GLM. The vertical dashed line at x = 0 depicts the range limit. 

Negative distances represent locations north of the range limit.  
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Fig. 3E Geographic variation in the proportion of suitable C. cheiranthifolia habitat among the 

1383 plots with > 0 suitable habitat among plots on either side of the Lost Coast region. The x-

axis is plot distance to the northern range limit. The y-axis is the proportional cover of suitable 

habitat within plots. Panel A shows increasing proportional cover among the 450 plots south of 

the Lost Coast. Panel B shows decreasing proportional cover among the 933 plots north of the 

Lost Coast. Regression lines are the predicted values from significant Gaussian GLM’s. The 

vertical dashed line at x = 0 depicts the range limit. Negative distances represent locations north 

of the range limit.  
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Fig. 3F The distance between within-range plots including suitable habitat for Camissoniopsis 

cheiranthifolia and occupied plots increases towards the northern range limit. The x-axis is plot 

distance to the northern range limit. The y-axis is the log10-transformed distance between 1397 

plots including suitable habitat and the closest plot that also includes suitable habitat and is 

occupied by the species. Regression line is the predicted values from a significant linear model. 

The vertical dashed lines at x = 0 are the northern range limit. Negative distances represent 

locations north of the range limit.  
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Fig. 3G The average distance between within-range plots including suitable habitat for 

Camissoniopsis cheiranthifolia and the closest five occupied plots increases towards the northern 

range limit. The x-axis is plot distance to the northern range limit. The y-axis is the log10-

transformed distance between 1415 plots including suitable habitat and the average distance to 

the five closest plots that include suitable habitat and are occupied by the species. Regression 

line is the predicted values from a significant linear model. The vertical dashed lines at x = 0 are 

the northern range limit. Negative distances represent locations north of the range limit.  
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Fig. 3H The median distance of the five closest plots containing suitable habitat for 

Camissoniopsis cheiranthifolia increases towards and beyond the northern range limit. The x-

axis is plot distance to the northern range limit. The y-axis is the log10-transformed distance (in 

m) between 1701 plots including suitable habitat and the median distance of the five closest plots 

also including suitable habitat. Regression line is the predicted values of a significant linear 

model. The vertical dashed lines at x = 0 are the northern range limit. Negative distances 

represent locations north of the range limit.  
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Fig. 3I The median distance to the five closest occupied plots increases towards the northern 

range limit of Camissoniopsis cheiranthifolia. The x-axis is plot distance to the northern range 

limit. The y-axis is the log10-transformed distance (in m) between 820 unoccupied plot including 

suitable habitat and the median distance of the five closest plots also including suitable habitat 

and occupied by the species. Regression line is the predicted values from a significant linear 

model. The vertical dashed lines at x = 0 are the northern range limit.   
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Fig. 3J Geographic variation in the abundance of C. cheiranthifolia individuals among suitable, 

occupied plots within the species range among plots on either side of the Lost Coast region. The 

x-axis is the plot distance to the species range limit. The y axis is the square root-transformed 

abundance of C. cheiranthifolia within occupied plots. Panel A shows abundance within 199 

plots south of the Lost Coast does not covary with distance to range limit. Panel B shows 

abundance within 442 plots north of the Lost Coast declines with distance to range limit. 

Regression line in Panel B is the predicted values from a significant negative binomial GLM. 

The vertical dashed line at x = 0 depicts the range limit.   
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Fig. 3K Geographic variation in the binary presence/absence of C. cheiranthifolia individuals in 

suitable, within-range plots on either side of the Lost Coast region. The x-axis is the plot distance 

to the species range limit. Panel A shows the proportion occupancy among 499 suitable plots 

south of the Lost Coast increases with distance to range limit. Panel B shows the proportion 

occupancy among 1090 suitable plots north of the Lost Coast decreases with distance to range 

limit. Regression lines are the predicted values of significant binomial GLM’s. Points are jittered 

at y = 0 and 1 for visual clarity. The vertical dashed line at x = 0 depicts the range limit.   
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Appendix 4: Supplementary figures for discussion 

 

 

 

Fig. 4A Variation in the proportion of successfully germinating Camissoniopsis cheiranthifolia 

seeds by seed exposure treatment across nine distinct populations. The x axis is the submersion 

treatment that seeds were exposed to prior to planting. The y axis is the proportion of the seeds 

that successfully germinated after one month. Treatments were conducted using 450 C. 

cheiranthifolia seeds with equal proportions from each source population; the ‘Distilled Water (1 

day)’ and ‘Distilled Water (1 week)’ had reduced sample sizes of n = 417 and n = 423 

respectively due to limited number of seeds. Source populations are listed in descending order 

from southern to northern latitude.  
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Fig. 4B The product of predicted values from models of geographic variation in suitable C. 

cheiranthifolia habitat suggest a marginal increase in suitable habitat towards and beyond the 

northern range limit. Component models are A) The proportion of coastal dune habitat (Fig. 2) 

B) The binary presence/absence of suitable C. cheiranthifolia habitat within sample plots (Fig. 4-

B) C) The proportional cover of suitable habitat within sample plots with values > 0 (Fig. 4-C). 

The x-axis of all component models is the distance to northern range limit. The trendline is 

computed from the product of the three component models predicted values, and is an estimate 

of the proportion of the coast within the study region that contains suitable C. cheiranthifolia 

habitat. The vertical dashed line at x = 0 depicts the range limit. Negative distances represent 

locations north of the range limit.  
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Fig. 4C Trendlines of the predicted values from three models of geographic variation in C. 

cheiranthifolia habitat towards and beyond its northern range limit, as components of the 

trendline in Fig 4B. Component models are A) The proportion of coastal dune habitat (Fig. 2, 

blue line) B) The binary presence/absence of suitable C. cheiranthifolia habitat within sample 

plots (Fig. 4-B, red line) C) The proportional cover of suitable habitat within sample plots with 

values > 0 (Fig. 4-C, green line). The x-axis is the distance to northern range limit. The vertical 

dashed line at x = 0 depicts the range limit. Negative distances represent locations north of the 

range limit.  
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Fig. 4D Geographic variation in the binary presence/absence of nine native and invasive dune 

species that increase dispersal matrix impermeability for Camissoniopsis cheiranthifolia. The x-

axis is plot distance to the range limit. The y-axis is the binary presence absence of each species 

within 7031 sampling plots across the study range. Points are jittered a y = 0 and 1 for visual 

clarity. Regression lines are the predicted values of binomial GLM’s. The vertical dashed line at 

x = 0 is the northern range limit. Negative distances represent locations north of the range limit.  
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Fig. 4E The proportional cover of the invasive grass Ammophila arenaria within plots increases 

towards and beyond the northern range limit of Camissoniopsis cheiranthifolia. The x axis is plot 

distance to the northern range limit. The y axis is the proportion of A. arenaria cover within 

plots. The regression line is the predicted values from a significant binomial GLM. Points at 0 

are jittered along the y-axis for visual clarity. The vertical dashed line at x = 0 is the northern 

range limit. Negative distances represent locations north of the range limit. 
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