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Biophysical feedbacks between vegetation and sediment are important for

forming and modifying landscape features and their ecosystem services.

These feedbacks are especially important where landscape features differ in

their provision of ecosystem services. For example, the shape of coastal fore-

dunes, a product of both physical and biological forces, determines their

ability to protect communities from rising seas and changing patterns of

storminess. Here we assessed how sand supply and changes in vegetation

over interannual (3 year) and decadal (21 year) scales influenced foredune

shape along 100 km of coastline in the US Pacific Northwest. Across

21 years, vegetation switched from one congeneric non-native beachgrass to

another (Ammophila arenaria to A. breviligulata) while sand supply rates were

positive. At interannual timescales, sand supply rates explained the majority

of change in foredune height (64–69%) and width (56–80%). However, at dec-

adal scales, change in vegetation explained the majority of the change in

foredune width (62–68%), whereas sand supply rates explained most of the

change in foredune height (88–90%). In areas with lower shoreline change

rates (+2 m yr21), the change in vegetation explained the majority of decadal

changes in foredune width (56–57%) and height (59–76%). Foredune shape

directly impacts coastal protection, thus our findings are pertinent to coastal

management given pressures of development and climate change.
1. Introduction
Vegetation and sediment interact in complex ways to form coastal landscape fea-

tures such as marshes and coastal dunes [1–3]. These interface habitats are often

the first lines of defence against overtopping waves and flooding for adjacent

communities, thus providing an important ecosystem service of coastal protection

[4–6], especially for a quarter of the global human population living within

100 km of the coast and below 100 m elevation [7]. The need for coastal protection

is expected to increase with climate change as sea levels continue to rise, and as

storm tracks, intensities and frequencies change [8,9]. These climatic changes

will undoubtedly influence the form and function of coastal habitats, in turn

affecting coastal protection. At the same time, the integrity of coastal systems is

at risk from anthropogenic impacts such as urbanization, large-scale aquaculture

and resource extraction [10]. As coastal interface habitats experience change from

both the ocean and the land, it is complex and challenging to predict how they will

evolve over time.

Predicting changes in interface habitats requires a firm understanding of how

they will continuously evolve in structure and function in response to changes in

both vegetation and sediment supply [2]. Changes in vegetation can result from

biological processes—e.g. species invasions, consumer pressure and disease—
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Figure 1. Representative biological and physical variables across the Columbia River Littoral Cell (CRLC). (a) Beachgrass species proportional cover (A. arenaria
proportional to A. breviligulata) in 2009, (b) long-term shoreline change rate (SCR50, m yr21) from the 1950s/1960s to 2002 and (c) the CRLC with three of
its sub-cells and the locations of vegetation transects and beach profiles used in this study. The North Beach sub-cell is not shown but it is located above
the Grayland Plains sub-cell. (Online version in colour.)
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and from physical processes—e.g. shifts in winds, precipi-

tation, waves and sediment regimes. In turn, sediment

supply can be influenced not only by such physical processes

as current, wave and wind climate but also by biological pro-

cesses including stabilization by vegetation. Importantly,

these changes often occur simultaneously and can be altered

by human activity, such as coastal development, recreation

and resource extraction. The relative contributions of veg-

etation and sediment supply in shaping these features are

likely to evolve with time because of interannual to multi-dec-

adal variability in exogenous forces such as storms and decadal

oscillations [11–14], and endogenous forces such as ecological

succession and species invasions [15–18]. A correlative analy-

sis can uncover how the relative influence of these dominant

forces changes with respect to time. Yet such results must be

placed in the context of underlying biophysical feedbacks

that are characterized by ecological and geomorphological

observations and experiments [2]. With these combined

insights, we can better anticipate potential changes to ecosys-

tem services, resource management and conservation.

Coastal dunes are excellent systems to investigate the inter-

play of vegetation and sediment. Foredunes, the seaward-most

sand ridges parallel to the shore, are particularly important

because they provide the first lines of defence for coastal com-

munities against overtopping waves and flooding. Their shape,

especially crest height, affects the degree of coastal protection
[19–21]. Foredune shape varies across space because of along-

shore gradients in sand supply and vegetation [12,17,22–25],

and because interactions between sand supply and vegetation

composition can mediate the degree of sand capture and plant

species composition [2,18,26]. Foredune shapes also evolve

through time as changes occur in the supply of sand and the

growth and composition of vegetation [2,27,28]. Physical

forces are often considered the dominant controls on foredune

shape, especially the supply of ocean-derived sand via aeolian

transport [27–29]. However, a growing number of studies

show that vegetation can play a significant role in shaping

dunes through biophysical feedbacks [2,18,25,26,30,31]. In

fact, vegetation zonation is thought to control the maximum

size of foredunes [25]. The structural and growth form differ-

ences between grasses and shrubs, for instance, have been

shown to influence the shape of parabolic and nebkha dunes

in a modelled system [31]. Even subtle growth habit and

density differences between congeneric grass species can influ-

ence foredune shape through their differences in sand capture

ability [18]. Whereas both sand supply and vegetation affect

foredune shape, it is unclear whether their relative role changes

with time.

Here we quantify the relative contributions of vegetation

and sand supply on the shape of the coastal dunes of the US

Pacific Northwest (PNW) over interannual (2006–2009) and

decadal (1988–2009) timeframes. We focus on 100 km of
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coastline within the Columbia River Littoral Cell (CRLC; figure

1). This system is well suited for investigating foredune shape

evolution because it contains strong spatial and temporal

differences in sand supply rates and dominant beachgrass

species composition [12,18,21,23,24,32]. Oceanographic and

climatic forces in this region produce strong winds and an

intense wave climate that move large amounts of sand along-

shore and onshore [23,33,34]. At the same time, our previous

work documented a shift in dominant vegetation in this

system from the non-native beachgrass, Ammophila arenaria,

to the non-native, A. breviligulata [24,32]. Whereas both species

were introduced for sand stabilization, we found that they have

different abilities to capture sand and build dunes [18]. In par-

ticular, our experimental work showed that A. arenaria has a

superior ability to capture sand and build taller, steeper

dunes, particularly in regions with lower sediment supply

rates [18]. This is in contrast to A. breviligulata, which we

found has a lower sand capture ability, resulting in shorter,

wider dunes, especially in regions with high sediment

supply rates [18]. In turn, these species differences translate

to different levels of coastal protection from overtopping

waves and sea-level rise [21].

In this study, we ask what is the relative importance of sand

supply and changes in beachgrass species in shaping foredunes

across the CRLC at both interannual and decadal timescales?

At shorter, interannual timescales, we expect that physical

forces, i.e. sand supply, will explain most of the variation in

foredune shape [12,35]. However, over longer, decadal time-

scales, we expect that vegetation will play a larger role in

foredune change than sand supply, especially given the shift

from A. arenaria to A. breviligulata [24,32,36]. Our hypothesis

is that any species-specific effects on foredune shape will be

more pronounced across longer timescales because of the mul-

tiple years it takes for species to colonize, grow, and potentially

interact and dominate over one another. By uncovering the

relative roles of vegetation and sand supply on coastal dune

evolution, this study can help inform immediate and long-

term management of coastal protection in light of sea-level

rise and changing storminess [8,9,34,37,38].
2. Material and methods
We assessed the relative influence of sand supply rates and

changes in beachgrass species abundance on the change in fore-

dune shape across sites (33) and years (3 and 21 years) along

100 km of coastline in the CRLC. Both vegetation and sand

supply rate vary in space along the CRLC coastline [24].

2.1. Study area
The CRLC contains four concave, prograded barrier plain littoral

sub-cells (i.e. individual shoreline compartments) separated by

estuaries; here, we focus on the southernmost three sub-cells

(Grayland Plains, Long Beach and Clatsop Plains), which contain

detailed vegetation and foredune morphology measurements

(figure 1). The region is characterized by wide and shallow

sloped dissipative beaches [39], primarily backed by dune fields

with a median mid-beach sand grain diameter of approximately

0.20 mm [12]. Winter conditions can be severe with open-ocean

significant wave heights annually reaching about 10 m and

occasionally 14–15 m [12,40]; since the late 1970s, buoy-measured

extreme wave heights have been steadily increasing by as much as

0.07 m yr21 [33,34]. Despite multi-century-scale coseismic subsi-

dence events along the Cascadia subduction zone [41], the CRLC
barriers experienced net progradation (approx. 1.5–2.5 m yr21

on average) over the past few thousand years owing to interseismic

rebound, a large supply of fine sand delivered by the Columbia

River, and strong gradients in wave driven sediment transport

[23,42]. Over the last century, the sand supply rates to the beaches

and dunes were highly influenced by the construction of jetties at

the mouths of the Columbia River (1885–1917) and Grays Harbor

(1898–1916) [23]. In the decades following jetty construction,

waves transported sediment onshore at high rates and sub-

sequently redistributed sand away from the ebb-tidal deltas in a

net northward direction along the shoreline [23]. These processes

doubled the rate of shoreline advancement, as compared with

pre-jetty rates; the net shoreline progradation is upwards of

1 km, especially in regions near the jetties [23]. In recent decades,

sand supply to the regions adjacent to the jetties declined, evi-

denced by the onset of erosion in some locations, but the

majority of the dune fields and beaches in the CRLC continued

to accumulate sand [12,43]. In the northern portion of our study

region (e.g. the Long Beach Peninsula) high rates of sand supply

led to a prograding shoreline with low, wide foredunes

[12,24,35]. By contrast, the southern region (e.g. the Clatsop

Plains) has lower sand supply and taller dunes [12,24,35].

Historically, dunes in this region were open, shifting features

whose shapes were driven largely by wind [44]; however, the

introduction of two non-native, sand-binding grasses (A. arenaria
in the late 1800s across the coastline and then A. breviligulata in

1935 for stabilizing jetties adjacent to the mouth of the Columbia

River) transformed the system into large, densely vegetated and

stabilized foredune ridges aligned parallel to the shoreline

[44,45]. While these grass-dominated foredunes provide human

coastal communities with increased coastal protection, the intro-

duced Ammophila species threaten endemic flora and fauna

[24,45,46]. Since its introduction, A. breviligulata has spread north-

ward and displaced A. arenaria, resulting in lower and wider

foredunes than those dominated by A. arenaria [24,32].

2.2. Data collection
2.2.1. Vegetation and foredune shape data
In 1988, 2006 and 2009, we measured plant community compo-

sition and Ammophila tiller density within 20 � 50 cm quadrats

placed every 5 m along 33 foredune transects across the region.

All transects in the CRLC were placed haphazardly along the

shoreline, independent of beachgrass community composition,

dune morphology and shoreline change rate (SCR), and were at

least 1 km apart (1988 and 2009 had 26 transects in common,

and 2006 and 2009 had 33 transects in common; tiller density

was not measured in 2006; see Seabloom & Wiedemann [32] and

Hacker et al. [24] for further information on survey methods). We

also measured foredune elevations at the same locations as the veg-

etation quadrats (every 5 m along each transect), once each year,

during the summer with a survey rod and hand level—from

these data we generated response variables for foredune morpho-

metrics (foredune crest elevation (m) relative to the mean high

water level (MHW), and one-half foredune width (m)—horizontal

distance from foredune toe to foredune crest). Owing to relatively

high sand supply and beach progradation rates, foredunes

measured in 1988 and 2009 are not always the same distinct mor-

phological feature, whereas foredunes measured in 2006 and 2009

are typically the same feature.

2.2.2. Sand supply rate data and analysis
For each transect, we extracted additional geomorphic data from

nearby or overlapping cross-shore topographic beach profiles to

generate sand supply and accumulation rate proxies over interan-

nual and decadal timeframes. The parameters calculated at the

beach profile locations were then interpolated to the nearest

vegetation transect location according to methods described below.

http://rsif.royalsocietypublishing.org/
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In developing spatially varying sand supply proxies, we first

extracted quantitative morphometric parameters describing the

foredune shape (e.g. foredune toe) from topographic beach profile

surveys and lidar data (see [47, fig. 4] for a definition sketch of these

morphometrics), and shoreline position from lidar data and aerial

photo sets. We used data from the Beach Morphology Monitoring

Program in the CRLC begun in 1997 [12]. These surveys collected

beach and foredune elevations with Real-Time Kinematic Differen-

tial Global Positioning System (RTK DGPS) surveying techniques,

taken quarterly, spaced approximately every 3–4 km along this

section of coastline [12]. The lidar data were collected in the

summer of 2002 and represent continuous coverage of the beach

and foredune [47]. We developed automated techniques to extract

the morphometric parameters from the lidar data modified from

Elko et al. [48] and Stockdon et al. [49]. Finally, ortho-rectified

aerial photos of the beach and dune date from the 1950s and

1980s for Washington, and from 1967 for Oregon [23,43].

We derived several proxies for sand supply rate that integrate

the main physical forcing associated with ocean currents, sand

availability and wind across time scales that are relevant to the

foredune shape and vegetation dynamics (decadal and interann-

ual; [12,23,24,27,29,32,36]). The SCR (m yr21) is the rate at which

the shoreline position at a given location extends (progrades)

seaward (positive rate), erodes landward (negative rate) or main-

tains position (zero rate), and is taken here to represent sand

supply rate to the beach [50]. Decadal SCR was calculated from

1988 to 2006, and interannual SCR was calculated from 2006

to 2009—the same timeframes of the vegetation change.

In addition, a multi-decadal shoreline change rate (SCR50) was

calculated from shoreline positions from aerial photo sets

(1950s for Washington and 1967 for Oregon) and from 2002

lidar data to reflect bulk sediment supply rates across approxi-

mately the last half century. The SCR50 and decadal SCR were

calculated from shoreline position endpoints at the vegetation

transect locations with two methods: (i) using proxy-based shor-

elines from aerial photo sets and (ii) datum-based shoreline

positions representing the MHW line extracted from 2002 lidar

data [51]. We applied the methodology of Ruggiero & List [52]

to account for the horizontal bias between proxy- and datum-

based shorelines before computing change rates. The interannual

SCR was calculated using linear regression through the summer

MHW shoreline positions at the beach profile locations and

interpolated to vegetation transect locations. The proximity of

vegetation transects to beach profiles ranged from 7 to 1950 m,

with a median distance of 566 m, and 24 of 33 transects fell

within 1000 m of the beach profile. Foredune features were

continuous between these locations [47].

We also generated a decadal scale, spatially varying foredune

sand supply rate (DSR, m3 m21 yr21) to reflect the volumetric

supply rate to the foredunes. This variable is a direct measurement

of the accumulated sand deposition on the foredune, in other

words, the rate of foredune volume growth over time. Decadal

scale DSR was calculated from the cross-shore location of the fore-

dune heel (topographic low landward of foredune crest) in 1999,

and the subsequent locations of the 5 m contour (NAVD88),

extracted from the topographic beach profiles [12]. Interannual

scale DSR was calculated the same way, but starting from the fore-

dune heel in 2006. We used the 5 m contour rather than the

foredune toe as the seaward limit of our volume calculation

because there is less uncertainty associated with deriving its

position, and it is typically very close to the toe [35,47]. Finally,

we generated foredune vertical growth rate (VGR, m yr21)—the

rate at which the present foredune increased (positive rate) or

decreased (negative rate) in elevation, computed at the horizontal

location of the end year foredune crest location. Decadal and inter-

annual DSR and VGR were calculated from topographic beach

profiles, and then interpolated to the vegetation transect locations.

For decadal VGR, we took the average yearly change in profile
elevation from 1999 to 2009. Interannual VGR was calculated the

same way, but from 2006 to 2009. The period 1999 to 2009 is an

appropriate timeframe to represent the DSR and VGR between

1988 and 2009 because major El Niño/La Niña events in 1997–

1999 eroded the foredunes throughout the CRLC [12,40,53]

initiating a foredune ridge development cycle in subsequent

years. Although some foredunes may not have completely recov-

ered by 2006, normal dune evolution processes dominated by

then. In this highly progradational system post event dune recov-

ery takes place on timescales of years while this decadal scale

measure is representative of longer term dune evolution.

2.3. Statistical methods
We quantified the change in foredune shape from 1998 to 2009

and from 2006 to 2009. We then investigated whether temporal

changes in foredune shape were most correlated with sand

supply rates or temporal changes in vegetation (or some inter-

action between the two) across a 100 km range of dune-backed

beaches. In our analyses, we used vegetation and dune shape

variables that represented change within each time period (absol-

ute change: i.e. 2009–1988, 2009–2006; and relative change: i.e.

(2009–1988)/1988, (2009–2006)/2006)). SCRs, our proxy for

sand supply to the beach, represent the average rate across the

time period. We removed data from locations near the mouths

of estuaries and rivers that are highly influenced by physical for-

cing other than open-ocean sandy beach processes. In a parallel

analysis, we used a subset of these data to assess the influence

of vegetation change variables under restricted conditions

where SCRs are lower (+2 m yr21; [24]). With each of the four

datasets (1988 to 2009, and 2006 to 2009, each with the full

data and with the restricted data) we used linear regression

(glm in R), compared models with one or more explanatory vari-

ables (additive or multiplicative), and selected top models with

extra sums of squares F-tests and AICc (we considered multiple

top models to be those within 4 DAICc [54]). For each top model,

we reported the results of ANOVAs. We then ran hierarchical

partitioning analyses (with R package hier.part and R2 as the

goodness-of-fit metric) to determine the proportion of variation

in foredune shape change that was explained by the vegetation

and sand variables at each time scale. All variables were assessed

for normality with a Shapiro–Wilk test and residual and normal

quantile plots, and, if necessary, were transformed to conform to

the assumptions of linear regression. Finally, we used two-sided

t-tests to determine whether the regional changes in biological

variables and foredune shape differed from zero, and whether

they were positive or negative changes. We used a Bonferroni

adjustment for multiple comparisons. All statistics were run in

R v. 2.15.2 [55].
3. Results
3.1. Change in foredune shape
The majority of the coastline within the CRLC has been pro-

grading over the last two decades, such that new foredune

features have developed seaward of the historical fore-

dune [35]. Across the CRLC, changes in foredune shape were

more variable across the interannual timescale than across

the decadal timescale (figure 2; electronic supplement material,

appendices A.1–A.3). Over decadal scales (1988–2009), the

foredunes in the CRLC increased in width by an average of

1.3 m yr21 and increased in crest elevation by an average

of 0.07 m yr21 (figure 2a; electronic supplement material,

appendices A.1 and A.3). From 2006 to 2009, the change in fore-

dune crest was positive (mean change: 0.2 m yr21, one-sample

http://rsif.royalsocietypublishing.org/
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t-test t ¼ 3.994, d.f. ¼ 32, p , 0.001). Foredune width change

was inconsistent at the different locations from 2006 to

2009—increases were as much as 15 m yr21 while decreases

were as much as 20 m yr21 (figure 2b; electronic supplement

material, appendices A.1 and A.3). Between 1999 and 2009,

dune fields accreted at an average rate of 7 m3 m21 yr21,

largely in response to the high rates of sand supply to the

beaches seaward of the foredunes (shorelines prograding up

to 5 m yr21). Over this timeframe, the 40 km stretch of the

Long Beach sub-cell (figure 1) received the largest amount

of sand—300 000 m3 yr21 (approximately 4 million m3 of

new dune volume).
3.2. Change in vegetation
Relative vegetation changes at the foredune transects were

more pronounced between 2006 and 2009 than between 1988

and 2009. From 1988 to 2009, the overall proportion of veg-

etation cover and A. breviligulata abundance increased by an

average of 1% per year (21% total for the 21 year timeframe),

and beachgrass tiller density increased by an average of 35%

over 1988 levels (although the absolute average change in

tiller number, 12 more tillers per m2, was not significant; elec-

tronic supplement material, appendix A.1). Between 2006 and

2009, the overall proportion of vegetation cover decreased by

an average of 4.8% per year (14.5% total for the 3 year time-

frame), with a relative decrease of 25% compared with 2006

levels. A. breviligulata increased in abundance on foredune

fronts by as much as 16.7% per year (50% total) but also

declined in some areas by as much as 8.7% per year (26%
total), though across the region, it increased 12% per year on

average (electronic supplement material, appendix A.1).
3.3. Change in foredune shape and vegetation under
restricted shoreline change rates

Foredunes backing shorelines with neutral SCR50 rates (i.e.

+2 m yr21) changed in shape and vegetation composition

across both timescales (figure 2c,d; electronic supplement

material, appendices A.2 and A.3). At the decadal scale, the

crest elevation of the foredune increased by an average of

0.05 m yr21, the width of the foredune increased by an average

of 2 m yr21, and the overall proportion of vegetation cover

increased by 1.8% per year (figure 2c,d; electronic supplement

material, appendices A.2 and A.3). In this timeframe, changes

in A. breviligulata and tiller density were more varied—

A. breviligulata ranged from 21.7% per year to þ4.5% per

year (235% to þ94%, total for the 21 year timeframe),

and tiller density ranged from 24 tillers m2 yr21 to

þ6 tillers m2 yr21 (276 tillers m2 to þ123 tillers m2, total; elec-

tronic supplement material, appendices A.2, A.3). By contrast,

the interannual scale changes in foredune shape and vegetation

composition were inconsistent across the CRLC. The foredune

crests changed by 20.4 m yr21 to þ0.6 m yr21 (21.2 m to

þ1.7 m, total for the 3 year timeframe) and the foredune

widths changed by 211.6 m yr21 to þ5.0 m yr21 (234.9 m to

15 m, total; figure 2c,d; electronic supplement material, appen-

dices A.2 and A.3). The yearly proportion of vegetation cover

changed by 213% to þ19% (240% to þ57%, total), while the

yearly abundance of A. breviligulata changed by 212% to

http://rsif.royalsocietypublishing.org/
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þ17% (236% to þ50%, total; electronic supplement material,

appendices A.2 and A.3).
3.4. Model results: changes in foredune shape
We found strong evidence that foredune evolution across the

CRLC at interannual and decadal scales was correlated with

sand supply rate and changes in the dominant vegetation

type (figures 3–5). Whereas both factors were important,

we found that absolute changes in foredune crest were more

strongly correlated with rate of sand supply to the beach at

both decadal (90% of the total R2) and interannual (69%) time-

scales, in contrast to the absolute change in vegetation, which

showed much lower correlation at these scales (10% at decadal,

31% at interannual; figure 5). At decadal scales, the change in

foredune width was more strongly correlated with changes

in vegetation (62% for absolute changes and 68% for relative

changes) than sand supply rate (32% for relative changes and

38% for absolute changes; figure 5). At interannual scales, the

absolute foredune width change was highly associated with

sand supply rate (80%) as compared with the absolute
change in vegetation (20%), but the relative change in foredune

width was more equitable (56% sand supply rates and 44%

relative change in vegetation; figure 5). Overall, these results

suggest that vegetation had a stronger effect on changes in

foredune width over decadal scales whereas sand supply had

a stronger effect on changes in foredune crest, regardless of

timescale (figure 5).

Within the restricted range (SCR50+2 m yr21) and across

the longer timescale, absolute and relative changes in veg-

etation explained more of the variation in foredune crest

change (58% for relative change and 76% for absolute

change) than sand supply rate (24% for absolute change and

42% for relative change), and also explained more of the vari-

ation in absolute and relative changes in foredune width

(57%) over this timescale (figure 5b; electronic supplement

material, appendix A.4). Across the shorter timeframe, sand

supply rate explained more variation in changes in foredune

crest and width (70% for relative change and 83% for absolute

change) than changes in vegetation (17% for absolute change

and 30% for relative change; figure 5b; electronic supplement

material, appendix A.4).
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The combination of vegetation and sand supply variables

was important in explaining the variation in foredune shape

across both timeframes as both types of variables were often

included together within the same top model (table 1). At the

decadal scale, we found both absolute and relative increases

in crest elevation were most correlated with increasing long-

term SCR50, and to a lesser extent, increases in vegetation

cover (figures 2a, 4 and table 1). By contrast, the absolute and

relative increase in foredune width was largely associated

with vegetation factors including: an increase in the proportion

of A. breviligulata, a loss in tiller density, and an increase in veg-

etation cover (figure 3 and table 1). Over this longer timeframe,

increased foredune width also associated with smaller positive

values of long-term SCR50 (figures 2b, 4 and table 1). At the

interannual scale, we found that the increase in foredune

crest was more correlated with increasing (positive) long-

term SCR50, and increased vegetation cover (figures 1a, 3, 4

and table 1). An increase in absolute and relative foredune

width at this interannual scale was most correlated with

decreasing interannual SCR, while lower DSR, higher VGR

and increasing proportion of A. breviligulata explained some

additional variation (figures 3, 5 and table 1).
Overall, when controlling for long term (SCR50+
2 m yr21), our findings suggest a stronger influence of veg-

etation on foredune shape change, especially across decadal

timeframes. For instance, at the decadal scale, an increase in

foredune crest correlated most with higher vegetation cover

and an increase in foredune width correlated most with a

decline in tiller density, an increase in A. breviligulata, and

higher DSR (table 2).
4. Discussion
Biophysical feedbacks were important in the evolution of

dune forms in our study area, but the relative importance

of physical (e.g. sand supply rates) and biotic (e.g. abundance

and composition of the plant community) forces varied with

temporal scale and location within the study region. Beach-

grass vegetation had the strongest and most consistent

effect on changes in foredune shape over decadal timeframes

and in locations where sand supply was relatively low, while

sand supply rates had the strongest effects on foredune shape

at the interannual scale. Physical and biotic forces also acted

http://rsif.royalsocietypublishing.org/
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on different aspects of foredune morphology. Changes in

vegetation explained more of the change in foredune width,

whereas alongshore differences in sand supply rate explained

more of the change in foredune crest height. Altogether, these

findings suggest that vegetation and sand supply can have

variable effects on foredune shape over different temporal

and spatial scales. Our findings are essential for developing

and improving models that represent the feedbacks between

sand, vegetation and dune shape (e.g. [25,30]).

Over decadal timeframes (1988–2009), the increases in

beachgrass cover and relative abundance of A. breviligulata
(and associated declines in tiller density) explained more of

the variation in foredune shape change than sand supply rate

(figures 3, 5 and table 1). At this timescale, the strongest overall

effect of the vegetation change was to widen the foredunes

(figure 3, 5 and table 1), and where locations had relatively

stable shorelines (+2 m yr21 SCRs), vegetation had the stron-

gest effect on both foredune height and width (figure 5 and

table 2). Vegetation may have especially long-term effects

where sand supply rate to the beach is low, and thus the role

of sand capture by vegetation on dune shape overwhelms the

purely physical property of sand delivery.

In contrast to vegetation, sand supply rate (largely SCR,

and to a lesser extent dune supply rate and vertical growth

rate) explained the majority of variation in foredune shape

over interannual timeframes. The effects of sand supply were

primarily on foredune crest height (figure 5 and tables 1

and 2). It is likely that physical processes dominated at the

interannual timescale, because at these scales, sand supply

rates are highly spatially variable owing to alongshore varia-

bility in near shore and beach geomorphology. By contrast,

beachgrass growth rates are likely to be too slow to respond
to large variation in sand supply rate at seasonal scales. Despite

these general differences in the relative strength of physical and

biological factors in the models, both had detectable effects on

dune shape at all scales, and it is clear that their interactions

simultaneously drive the changes in foredune shapes across

both timescales.

Our experimental work in this system suggests that the

species-specific growth habits of beachgrasses explain some

of the differences in dune shape over time [18]. Ammophila
breviligulata has a spreading growth habit and low tiller den-

sity that results in a lower ability to capture sand than

A. arenaria, and this difference can explain why the spread

of A. breviligulata over the last two decades has contributed

to the lower, wider foredunes (figure 3; [18,24]). This differ-

ence is particularly strong in regions of high positive SCR

as large amounts of sand supplied to the beach and foredune

encounter lower density vegetation with less efficient capture

ability [56,57]. High sand supply also promotes a positive

feedback with A. breviligulata by stimulating more horizontal

growth, which reinforces its lower tiller density and lower

sand capture efficiency [18,24,58]. Sand capture efficiency is

likely to be the most important factor that distinguishes

how these species shape dunes, yet other factors such as

A. breviligulata’s slightly higher tolerance to salt water inunda-

tion could interact with sand capture efficiency to affect

foredune evolution [58]. In the CRLC, increased foredune

width was strongly correlated with the lower tiller density

and increased proportion of A. breviligulata, especially after

controlling for SCR (figure 5 and tables 1 and 2). This increase

in A. breviligulata, combined with the substantially positive

SCRs characteristic of the CRLC, are most likely responsible

for the foredune widening and maintenance of lower foredune

http://rsif.royalsocietypublishing.org/


Table 1. Top generalized linear models (GLMs) from the full set of CRLC field observational data. Models were run separately for the timeframes 1988 – 2009 and
2006 – 2009. All outlier transects were removed prior to running the models (we only used data within the range: 211 m yr21 , SCR50 . 11 m yr21). Response and
explanatory transformations were applied based on residual investigations (residual versus fitted plots, normal quantile plots), and Shapiro – Wilk tests for normality (see
table 1 legend for transformations). Models contain only uncorrelated explanatory variables (i.e. Pearson correlation coefficient ,j+0.60j). For top model selection, we
used extra-sums of squares F-tests and AICc. The dataset for 1988 to 2009 contains 26 transects, while the dataset for 2006 – 2009 contains 33 transects. Top competing
models within DAICc¼ 4, per response variable are included here. Explanatory variable significance is indicated by: *p , 0.05, **p , 0.01 and ***p , 0.001.

response variable linear model model results ANOVA F-stat, p-value

1988 – 2009

change in foredune

crest (m)

CrestChg ¼ 1.681*

21.015[ln(SCR)]** þ 0.391[SCR50]**

d.f. ¼ 23

AICc ¼ 68.28

DAICc ¼ 0

R2 ¼ 0.423

ln(SCR): F ¼ 3.843 (1,23), p ¼ 0.062

SCR50: F ¼ 13.135(1,23),

p ¼ 0.001

relative change in

foredune crest

CrestRelChg ¼ 0.265** þ 0.071[SCR50]***

20.184[ln(SCR)]**

d.f. ¼ 23

AICc ¼ 228.20

DAICc ¼ 0

R2 ¼ 0.498

SCR50: F ¼ 12.220 (1,23), p ¼ 0.002

ln(SCR): F ¼ 10.635 (1,23),

p ¼ 0.003

change in foredune

width (m)

M1: WidthChg ¼ 51.409*** þ 24.322[AMBRChg]*

20.104[TillChg]** þ 9.995[ln(CovChg)]

25.223[SCR50]*

d.f. ¼ 21

AICc ¼ 223.09

DAICc ¼ 0

R2 ¼ 0.636

AMBRChg: F ¼ 7.322 (1,21),

p ¼ 0.013

TillChg: F ¼ 10.198 (1,21),

p ¼ 0.004

ln(CovChg): F ¼ 13.843 (1,21),

p ¼ 0.001

SCR50: F ¼ 5.304 (1,21),

p ¼ 0.032

M2: WidthChg ¼ 46.529*** þ 21.174[AMBRChg]

þ16.621[ln(CovChg)]**20.110[TillChg]**

d.f. ¼ 22

AICc ¼ 225.52

DAICc ¼ 2.43

R2 ¼ 0.544

AMBRChg: F ¼ 6.124 (1,21),

p ¼ 0.022

ln(CovChg): F ¼ 9.850 (1,21),

p ¼ 0.005

TillChg: F ¼ 10.257 (1,21),

p ¼ 0.004

M3: WidthChg ¼ 47.950***20.115[TillChg]**

26.972[SCR50]**

d.f. ¼ 23

AICc ¼ 225.87

DAICc ¼ 2.78

R2 ¼ 0.479

TillChg: F ¼ 10.761 (1,23), p ¼ 0.003

SCR50: F ¼ 10.404 (1,23),

p ¼ 0.004

relative change in

foredune width

ln(WidthRelChg) ¼ 1.250***

20.555[ln(TillRelChg þ 1.682)]***

þ 0.122[ln(CovRelChg]20.081[SCR50]*

d.f. ¼ 22

AICc ¼ 9.34

DAICc ¼ 0

R2 ¼ 0.586

ln(TillRelChg þ 1.682): F ¼ 16.595

(1,22), p ¼ 0.001

ln(CovRelChg): F ¼ 9.701 (1,22),

p ¼ 0.005

SCR50: F ¼ 4.887 (1,22),

p ¼ 0.038

2006 – 2009

change in foredune

crest (m)

CrestChg ¼ 20.146

þ1.753[CovChg]** þ 0.350[SCR50]***

d.f. ¼ 30

AICc ¼ 77.141

DAICc ¼ 0

R2 ¼ 0.376

CovChg: F ¼ 2.023 (1,30), p ¼ 0.165

SCR50: F ¼ 16.043 (1,30),

p , 0.001

relative change in

foredune crest

CrestRelChg ¼ 20.011

þ 0.111[ln(CovRelChg þ 1)]** þ 0.049[SCR50]***

d.f. ¼ 30

AICc ¼ 250.698

DAICc ¼ 0

R2 ¼ 0.354

ln(CovRelChg þ 1): F ¼ 2.022 (1,30),

p ¼ 0.165

SCR50: F ¼ 14.412 (1,30),

p , 0.001

(Continued.)
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Table 1. (Continued.)

response variable linear model model results ANOVA F-stat, p-value

change in foredune

width (m)

M1: WidthChg ¼ 18.812*

22.520[SCR]**29.938[ln(14.5-DSR)]

d.f. ¼ 30

AICc ¼ 303.044

DAICc ¼ 0

R2 ¼ 0.255

SCR: F ¼ 5.754 (1,30), p ¼ 0.023

ln(14.5-DSR): F ¼ 4.489 (1,30),

p ¼ 0.043

M2: WidthChg ¼ 26.110 23.087[SCR]**

þ 615.660 [VGR3]

d.f. ¼ 30

AICc ¼ 303.722

DAICc ¼ 0.678

R2 ¼ 0.239

SCR: F ¼ 5.637 (1,30), p ¼ 0.024

VGR3: F ¼ 3.788 (1,30), p ¼ 0.061

M3: WidthChg ¼ 211.029

þ 40.559[ln(AMBRChg þ 1.35)]

21.672[SCR]*

d.f. ¼ 30

AICc ¼ 305.743

DAICc ¼ 2.699

R2 ¼ 0.191

ln(AMBRChg þ 1.35): F ¼ 2.088

(1,30), p ¼ 0.159

SCR: F ¼ 4.996 (1,30), p ¼ 0.033

relative change in

foredune width

M1: ln(WidthRelChg þ 1.55) ¼ 1.085***

21.311[1/(AMBRRelChg þ 2)2]20.013[SCR]

d.f. ¼ 30

AICc ¼ 20.318

DAICc ¼ 0

R2 ¼ 0.195

1/(AMBRRelChg þ 2)2: F ¼ 3.952

(1,30),

p ¼ 0.056

SCR: F ¼ 3.304 (1,30), p ¼ 0.079)

M2: ln(WidthRelChg þ 1.55) ¼ 1.072***

21.297[1/(AMBRRelChg þ 2)2]

d.f. ¼ 31

AICc ¼ 0.529

DAICc ¼ 1.171

R2 ¼ 0.106

1/(AMBRRelChg þ 2)2: F ¼ 3.679

(1,31),

p ¼ 0.064

Notes: abbreviations are as follows:
CrestChg ¼ change in foredune crest elevation over the model time period.
CrestRelChg ¼ change in foredune crest elevation over the model time period, relative to the first year elevation.
WidthChg ¼ change in horizontal foredune width from toe to crest over the model time period.
WidthRelChg ¼ change in horizontal foredune width from toe to crest over the model time period, relative to the first year width;
transformations: 1988 – 2009: ln(WidthRelChg þ 1.3821); 2006 – 2009: ln(WidthRelChg þ 1.55).
TillChg ¼ change in the number of tillers per m2 of the three beachgrass species, over the model time period. TillChg used in CrestChg, WidthChg models.
TillRelChg ¼ change in the number of tillers per m2 of the three beachgrass species, over the model time period, relative to the first year density;
transformations: 1988 – 2009: ln(TillRelChg þ 1.682). TillRelChg used in CrestRelChg, WidthRelChg models.
CovChg ¼ change in proportional vegetation cover (relative to bare ground) over the model time period.
transformations: 1988 – 2009: ln(CovChg). CovChg used in CrestChg, WidthChg models.
CovRelChg ¼ change in proportional vegetation cover (relative to bare ground) over the model time period, relative to the first year cover; transformations:
2006 – 2009: ln(CovRelChg þ 1). CovRelChg used in CrestRelChg, WidthRelChg models.
AMBRChg ¼ change in proportional cover of Ammophila breviligulata (relative to A. arenaria, and Elymus mollis, the native beach grass) over the model time
period; transformations: 2006 – 2009: ln(AMBRChg þ 1.35). AMBRChg used in CrestChg, WidthChg models.
AMBRRelChg ¼ change in proportional cover of A. breviligulata (relative to A. arenaria and E. mollis) over the model time period, relative to the first year
proportional cover of A. breviligulata.
transformations: 1988 – 2009: 1/(AMBRRelChg þ 1.35)2; 2006 – 2009 : 1/(AMBRRelChg þ 2)2. Note that these transformations invert the variable such that
higher values represent loss in AMBR while lower values represent an increase in AMBR. AMBRRelChg used in CrestRelChg, WidthRelChg models.
SCR50 ¼ multi-decadal shoreline change rate (m yr21), over the last half century.
SCR ¼ shoreline change rate (m yr21) over the model time period; transformations: 1988 – 2009: ln(SCR).
DSR ¼ foredune supply rate (m yr21) over the time model period; transformations: 1988 – 2009 and 2006 – 2009: ln(14.5-DSR).
VGR ¼ foredune vertical growth rate (m yr21) over the model time period; transformations: 1988 – 2009 and 2006 – 2009: (VGR)3.
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crest elevations when compared with lower sand supply and

A. arenaria dominance in regions south of the CRLC [18,24].

Across all the time periods investigated here, the change in

foredune crest elevation in the CRLC did not exceed 3.3 m (a

foredune on Long Beach increasing from 6.1 m in 1988 to

9.4 m in 2009), providing further support that A. breviligulata
maintains lower foredunes compared with those dominated

by A. arenaria. Thus, mechanistic knowledge from our previous

experiments [18] and results from these current observations
lead us to conclude that the introduction of A. breviligulata
changed foredune shape in the CRLC, especially in regions

with highly positive sand supply.

Foredune shape in our study is in continual flux, as is the

case in dune systems generally. With coastal dunes, the shape

of a foredune is critical as it determines it ability to protect

shorelines from large winter storm waves (and tsunamis).

Winter storm wave heights in the Northeast Pacific have

increased over the last 30 years [34,37], and foredune height

http://rsif.royalsocietypublishing.org/


Table 2. Top generalized linear models (glm) from the restricted set of CRLC field observational data. Models were run separately for the timeframes 1988 –
2009 and 2006 – 2009. To control for physical conditions, these data were restricted from the full dataset, to include transects that fall within the SCR50 range
of +2 m yr21. Response and explanatory transformations were applied based on residual investigations (residual versus fitted plots, normal quantile plots) and
Shapiro – Wilk tests for normality (see table 1 legend for transformations). Models contain only uncorrelated explanatory variables (i.e. Pearson correlation
coefficient ,j+0.60j). For top model selection we used extra-sums of squares F-tests, and AICc. The dataset for 1988 – 2009 contains nine transects, while
the dataset for 2006 – 2009 contains 11 transects. Top competing models within DAICc ¼ 4, per response variable are included here. Explanatory variable
significance is indicated by *p , 0.05, **p , 0.01, ***p , 0.001. See table 1 Notes for abbreviations.

response variable linear model model results ANOVA F-stat, p-value

1988 – 2009

change in foredune

crest (m)

CrestChg ¼ 2.041*** þ 0.944[ln(CovChg)]* d.f. ¼ 7

AICc ¼ 22.86

DAICc ¼ 0

R2 ¼ 0.536

ln(CovChg): F ¼ 8.921 (1,7), p ¼ 0.020

relative change in

foredune crest

CrestRelChg ¼ 20.219 þ 0.203[SCR50]

þ 0.419[ln(CovRelChg)]*

20.251[SCR50 � ln(CovRelChg)]*

d.f. ¼ 5

AICc ¼ 5.049

DAICc ¼ 0

R2 ¼ 0.733

SCR50: F ¼ 0.287 (1,6), p ¼ 0.615

ln(CovRelChg): F ¼ 4.929 (1,6),

p ¼ 0.077

SCR50 � ln(CovRelChg): F ¼ 8.517,

p ¼ 0.033

change in foredune

width (m)

M1: WidthChg ¼ 30.580**

247.100[AMBRChg]*

d.f. ¼ 7

AICc ¼ 85.80

DAICc ¼ 0

R2 ¼ 0.546

AMBRChg: F ¼ 8.423 (1,7), p ¼ 0.023

M2: WidthChg ¼ 41.690***20.229[TillChg]* d.f. ¼ 7

AICc ¼ 86.18

DAICc ¼ 0.38

R2 ¼ 0.827

TillChg: F ¼ 7.779 (1,7), p ¼ 0.027

M3: WidthChg ¼ 95.39**

228.46[ln(14.5-DSR)]*

d.f. ¼ 7

AICc ¼ 86.90

DAICc ¼ 1.10

R2 ¼ 0.487

ln(14.5-DSR): F ¼ 6.654 (1,7), p ¼ 0.037

relative change in

foredune width

ln(WidthRelChg) ¼ 1.107***

þ 0.353[ln(CovRelChg þ 1)]**

20.992[ln(TillRelChg þ 1.682)]**

d.f. ¼ 6

AICc ¼ 7.29

DAICc ¼ 0

R2 ¼ 0.817

ln(CovRelChg þ 1): F ¼ 1.396 (1,6),

p ¼ 0.282

ln(TillRelChg þ 1.682): F ¼ 25.106 (1,6),

p ¼ 0.002

2006 – 2009

change in foredune

crest (m)

CrestChg ¼ 0.824 þ 0.812[SCR50]* d.f. ¼ 9

AICc ¼ 212.189

DAICc ¼ 0

R2 ¼ 0.370

SCR50: F ¼ 5.290 (1,9), p ¼ 0.047

relative change in

foredune crest

CrestRelChg ¼ 20.099 þ 0.107[SCR50] d.f. ¼ 9

AICc ¼ 212.189

DAICc ¼ 0

R2 ¼ 0.345

SCR50: F ¼ 4.731 (1,9), p ¼ 0.058

change in foredune

width (m)

M1: WidthChg ¼ 214.587**

þ 23.196[CovChg]*22.663[SCR]***

d.f. ¼ 8

AICc ¼ 86.889

DAICc ¼ 0

R2 ¼ 0.865

CovChg: F ¼ 21.359 (1,8), p ¼ 0.002

SCR: F ¼ 29.927 (1,8), p , 0.001

(Continued.)
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Table 2. (Continued.)

response variable linear model model results ANOVA F-stat, p-value

M2: WidthChg ¼ 217.260**

23.074[SCR]***

d.f. ¼ 9

AICc ¼ 87.575

DAICc ¼ 0.686

R2 ¼ 0.769

SCR: F ¼ 29.94 (1,9), p , 0.001

relative change in

foredune width

ln(WidthRelChg þ 1.55) ¼ 0.747***

þ 0.226[ln(CovRelChg þ 1)]*

d.f. ¼ 9

AICc ¼ 0.351

DAICc ¼ 0

R2 ¼ 0.392

ln(CovRelChg þ 1): F ¼ 5.798 (1,9),

p ¼ 0.039
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will have to keep pace with increasing total water levels [59]

to prevent an increase in coastal flooding associated with

larger waves. However, in high sand supply regions, the

rapid foredune turnover does not allow tall foredunes to

develop. This turnover is partially not only due to large

amounts of onshore sand supply [27–29] but also due to

the low density growth habit of A. breviligulata. Thus, the

spread of A. breviligulata may exacerbate the risk of increased

wave heights as it could further lower the height of foredunes

across the sand supply gradient (figures 3 and 5; [18]) and

thus provide less coastal protection throughout the region

[21]. If human population density continues to increase

along the coast, and if sea levels and wave heights continue

to rise, the need for coastal protection will also increase. In

PNW, the continued spread of A. breviligulata could reduce

the coastal protection capacity [21].

Under future climate change, species invasions, sand supply,

sea-level rise and changes in storminess are all likely to interact in

ways that make coastal protection uncertain, especially across

different spatial and temporal scales. Consequently, cross-

disciplinary studies like this one are increasingly important to
provide novel insights that can help anticipate changes to coastal

protection. In particular, the results of this study can be used to

help make predictions about foredune shape changes in relation

to future invasions by A. breviligulata [21,36], dune restoration

[46], increasing wave heights [34,43] and climate change impacts

including sea-level rise [38].
Data accessibility. See electronic supplemental materials (appendix B) for
further information.
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