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Abstract As sea level rise and possible changes in storminess threaten coastal communities and
infrastructure, the capacity for foredunes to provide protection depends on their geomorphology, which is
determined by interactions between physical beach processes and vegetation. Here we use descriptive
Bayesian network analyses to examine how sediment supply, beach characteristics, and two species of
beachgrass (Ammophila arenaria and Ammophila breviligulata) alter foredune morphology and patterns of
sand accretion on U.S. Pacific Northwest foredunes. We show that sediment supply and beach type primarily
determine foredune morphology. Beachgrass density also influences foredune shape, but its effects differ
among species: increasing density of A. arenaria was associated with steeper sloping dunes, whereas
increasing density of A. breviligulata was associated with wider, more shallow sloping dunes. An
examination of the change in foredune morphology over a 2‐year period found sand accretion was most
strongly influenced by species‐specific patterns of vegetation growth and beach type. Specifically, A.
breviligulata exhibited more lateral growth, resulting in greater sand accretion at the seaward margin of the
foredune. In contrast, A. arenaria exhibited little lateral growth, resulting in comparatively more sand
accretion near the foredune crest. Consequently, growth form‐generated sand accretion patterns resulted in
steep, narrow A. arenaria‐dominated foredunes and shallow‐sloping, wider A. breviligulata‐dominated
foredunes. These results illustrate that vegetation density and patterns of growth influence foredune
morphology and its changes over time.

1. Introduction

Sandy beaches and dunes represent one of the most important ecosystems for regulating coastal hazard
exposure and also provide many cobeneficial ecosystem services (Barbier et al., 2011; Everard et al., 2010).
As increasing coastal development, extreme storms, and sea level rise have caused unprecedented and
growing property damage in recent decades (Intergovernmental Panel on Climate Change, 2014; Pielke
et al., 2008), coastal foredunes are increasingly promoted as a natural infrastructure solution for mitigating
damage (Bloomberg, 2013; Hanley et al., 2014; Spalding et al., 2014). Foredunes impede wave overwash and
inundation during storms by providing a barrier to wave attack and by supplying sediment, via dune erosion,
to beaches during storms (Kriebel & Dean, 1985; Morton, 2002). Yet the severity of flooding and erosion
during storm events depends not only on the duration and intensity of wave impacts (Larson et al., 2004)
but also on beach slope, foredune width, and foredune height (Morton, 2002; Plant & Stockdon, 2012;
Sallenger, 2000). Thus, the capacity for dunes to provide coastal protection depends, in part, on their
prestorm geometry (Hatzikyriakou et al., 2015; Stockdon et al., 2007). However, effective utilization of
foredunes for coastal protection will require a greater understanding about the degree to which they provide
protection, their spatiotemporal variation in protection, and their recovery and long‐term resilience
following storms (Sutton‐Grier et al., 2015).

Coastal foredunes are ecomorphodynamic systems in which geomorphology and landform dynamics
influence (and are influenced by) ecological processes (Corenblit et al., 2011). Although dune vegetation
is well recognized to alter and be altered by patterns of aeolian sediment deposition on foredunes and
influence foredune formation and shape (Duran & Moore, 2013; Hacker et al., 2012; Hesp, 1989, 2002;
Keijsers et al., 2015, 2016; Zarnetske et al., 2012, 2015), most geomorphological research focuses on sediment
supply, sediment characteristics, and wind as determinants of foredune geomorphology. Based on empirical
observations and conceptual models, dissipative beaches with wide fetches provide greater sand supplies to
foredunes than narrow, reflective beaches, given a similar wind climate (Bauer et al., 2009; Bauer &
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Davidson‐Arnott, 2003;Walker et al., 2017). Because beach slope results from interactions between sediment
grain size distributions and the wave climate, dissipative beaches are typically characterized by fine‐grained
sediments and persistently high wave energy (Wright & Short, 1984). Consequently, this combination of fine
grain sizes and wide fetches on dissipative beach types may promote the formation of large foredunes
through heightened aeolian sand transport (Houser et al., 2008; Houser & Mathew, 2011; Saye et al., 2005;
Short & Hesp, 1982).

Beach‐dune sediment budgets (i.e., the net sediment surplus or deficit on beaches and on dunes per unit area
and time) and rates of shoreline change may also alter foredune morphology. Progradation (seaward expan-
sion of the shoreline) results from positive beach sediment budgets and often produces dune fields composed
of multiple active and relict dunes. However, due to the rapid rate of dune ridge formation, prograding shor-
elines are associated with short foredunes, despite positive dune sediment budgets. In contrast, neutral or
slightly retreating shorelines with neutral or slightly negative beach sediment budgets are associated with
taller foredunes (Moore et al., 2016; Psuty, 1988; Ruggiero et al., 2016).

Although beach morphology, wind regime, and sediment supply are considered the primary determinants
of foredune shape, the influence of vegetation on foredune morphology remains relatively understudied.
Vegetation density, height, and growth form are associated with different dune forms: low or patchy plant
density often produces local variations in sediment deposition, leading to the formation of dunelets or
hummocks. In contrast, dense, tall vegetation produces more uniform sediment deposition, leading to
the formation of continuous, linear foredunes (Hesp, 1989, 2002). Based on models and small‐scale experi-
ments, increasing plant density and height cause increasing foredune height but decreasing width (Arens
et al., 2001; Hesp, 1989; Van Dijk et al., 1999). While several studies examine the role of vegetation in fore-
dune evolution using numerical models (Duran & Moore, 2013; Goldstein et al., 2017; Moore et al., 2016;
Van Dijk et al., 1999) and wind tunnel experiments (Zarnetske et al., 2012), field studies that link vegetation
patterns to foredune morphology are rare (Hacker et al., 2012; Hesp, 1983). Moreover, fewer examine the
relative influence of geomorphological and ecological drivers on foredune morphology (e.g., Zarnetske
et al., 2015).

To explore the relative roles of geomorphological drivers and vegetation species identity and morphology for
influencing foredune geomorphology and evolution, we examined ecological and geomorphological spatio-
temporal variability in U.S. Pacific Northwest coastal dunes. The Pacific Northwest exhibits varied beach
types that range from highly dissipative to intermediate reflective (Mull & Ruggiero, 2014; Ruggiero et al.,
2005). Shoreline change rates (SCRs) also vary because of spatial variation in beach sediment budgets, pro-
ducing average multidecadal progradation rates in excess of 3 m/year in some littoral cells and average
shoreline retreat of 0.5 m/year in others (Buijsman et al., 2003; Ruggiero et al., 2013). Consequently, the
region exhibits substantial variations in geomorphological drivers of foredune morphology, including shore-
face slope, beach slope, and beach sediment budgets.

Additionally, the Pacific Northwest dune system is dominated by two species of invasive beachgrasses,
Ammophila arenaria (L.) Link and Ammophila breviligulata Fernald. Since their introduction in the early
twentieth century, the two species have spread and monopolized foredunes along the entire Pacific coast
and formed dense monocultures on the foredune face and crest (Hacker et al., 2012; Wiedemann &
Pickart, 1996). Ammophila arenaria and A. breviligulata are implicated in producing unique dune
morphotypes, such that A. arenaria‐dominated foredunes are often taller and narrower than their A.
breviligulata‐dominated counterparts (Hacker et al., 2012; Zarnetske et al., 2012, 2015). These differences
are hypothesized to occur because of species‐specific differences in plant morphology and growth form.
Ammophila arenaria has thin but dense stems (known as tillers) and form tussocks that efficiently capture
sand. In contrast, A. breviligulata has more robust stems but they are more sparsely distributed and thus cap-
ture less sand per given area (Zarnetske et al., 2012). Nevertheless, spatially correlated geomorphological and
ecological drivers of foredune morphology have confounded rigorous regression analyses of the relationship
between beachgrass species identity and foredune morphology (Hacker et al., 2012).

Here we build on previous research (Zarnetske et al., 2015) by disentangling the relative effects of beach and
dune geomorphology and beachgrasses using descriptive Bayesian networks (BNs; Beuzen et al., 2018). We
explore two aspects of foredune ecomorphodynamics: first, we consider the relative contributions of sedi-
ment supply, shoreface and beach morphology, and vegetation species identity and density to foredune
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morphology; second, we consider how these same variables influence change in foredune morphology via
rates of vertical sand accretion across the foredune face. We hypothesize that backshore slope (as a proxy
for beach type), SCR (as a proxy for beach sediment budget), and beachgrass density relate to foredune
height and rates of vertical sand accretion (H1). If patterns described by Short and Hesp (1982) hold, then
shallow‐sloping beaches should be positively associated with both foredune height and rates of vertical
accretion. Alternatively, SCR may disparately influence foredune morphology and sand accretion: while
progradation may accelerate sand accretion because of positive beach and dune sediment budgets, it may
also produce shorter foredunes through development of multiple dune ridges. Based on wind tunnel experi-
ments, field experiments, and numerical models (Hesp, 1989; Van Dijk et al., 1999; Zarnetske et al., 2012),
we further hypothesize that increasing beachgrass stem density will be associated with taller and narrower
foredunes (H2), that inclusion of species‐specific stem density variables will improve the accuracy and pre-
cision of the BN for predicting foredunemorphology (H3), and thatA. breviligulata stem density will be more
positively associated with foredune height than A. arenaria stem density due to species‐specific differences
in stem morphology (H4).

2. Methods and Analyses
2.1. Study Sites, Beach and Foredune Geomorphology, and Vegetation Surveys

To measure foredune geomorphology and vegetation abundance, we conducted dune surveys in the sum-
mers of 2012 and 2014 at 20 sites spanning 500 km along the Oregon and southwest Washington coastlines,
United States (Figure 1a and Table S1 on the supporting information; Biel et al., 2019; Hacker et al., 2012).
Sites are located within 11 distinct littoral or sublittoral cells (Inman & Frautschy, 1965) and differ in sand
supply and beach and dune geomorphology (Mull & Ruggiero, 2014).

Among these 20 sites, we established 233 shore‐normal transects at 80 transect locations (3 transects per
location and 2–10 transect locations per site; see Figure 1b and Table S1) and conducted topographic surveys
to determine the elevation between the waterline and foredune heel (dh) using network real time kinematic
differential GPS (Figure 1c; see methods in Biel et al., 2017; Ruggiero et al., 2005). Using methods by Mull
and Ruggiero (2014), we then identified the position of the shoreline (defined as mean high water
[MHW]) and the position and elevation of several metrics of foredune morphology (foredune defined as
the seaward‐most shore‐parallel sand ridge, whose landward extent is delimited by a 0.6 m or greater eleva-
tion drop relative to the maximum elevation of the foredune, Cooper, 1958; Mull & Ruggiero, 2014).
Foredune measurements included the position and elevation of the foredune toe (dt = the seaward‐extent
of the foredune), the foredune crest (dc), and foredune heel (dh = landward extent of the seaward‐most dune
ridge, demarcated by an elevation minima; Figure 1c). From these metrics, we determined backshore slope
(slope between MHW and dt), foredune face slope (dface slope; slope between dt and dc locations), and fore-
dune width (horizontal distance between dt and dh locations) along each cross‐shore transect. We also cal-
culated shoreface slope (defined as the slope between 10 and 15 m below local mean sea level, LMSL)
along each transect fromNational Oceanic and Atmospheric Administration tsunami inundation digital ele-
vation model (DEM) data sets (Carignan et al., 2009; Carignan et al., 2009b, 2009a; Love et al., 2012). .

For each transect, we characterized sediment supply using a multidecadal rate of shoreline change (SCR),
measured as an annualized rate of shoreline change between 1967 and 2002 in Oregon and 1986–2002 in
southwest Washington (Ruggiero et al., 2013).

We also characterized dune vegetation density by conducting georeferenced vegetation surveys along each of
the 233 transects in 2012. Along each transect, we measured the abundance of all plant species within 0.25‐
m2 quadrats at 5‐m intervals as described in Hacker et al. (2012) and Biel et al. (2017) and calculated mean
beachgrass density (beachgrass tillers per m2) per transect for both Ammophila species along the foredune
face (between the 4 m contour and dc). Finally, in 2014, we resurveyed topography and vegetation along
70 of the transects that were surveyed in 2012 (Table S1) and determined the changes in beachgrass density
and elevation for each georeferenced quadrat location between 2012 and 2014. Of the 320 quadrat locations
on the foredune face that were surveyed in both 2012 and 2014, 273 locations (85%) exhibited positive eleva-
tion change, indicating accretion of sand. Correspondingly, no major storm events occurred during this time
period. Analyses were performed in ArcGIS v10.3.1, R v.3.4.3 (R Core Team, 2015), and Matlab R2015b.
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2.2. Bayesian Network Analysis

We use BNs to explore how sediment supply, beach characteristics, and the two Ammophila species influ-
ence foredune morphology and patterns of sand accretion on foredunes, using data described in
section 2.1. BNs are probabilistic graphical models that describe direct relationships among a network of
variables using directed acyclic graphs (DAG; Koller et al., 2009; Needham et al., 2007). BNs are an

Figure 1. (a) Topographic and vegetation transect locations in Oregon and southwest Washington, United States
(Table S1). Inset images illustrate (b) a cross‐shore transect perpendicular to the foredune at Fort Stevens, OR (FS02),
and (c) its corresponding smoothed cross‐shore topographic profile and foredune morphometrics for 2012 and 2014. Tan
polygon indicates sand accretion over 2 years. Black points indicate quadrat placement in 2012 (lower foredune profile;
black) and 2014 (upper foredune profile; gray). The foredune crest (dc) is the elevation maximum on the seaward‐most
foredune. The foredune toe (dt) is the topographic inflection point between the backshore and the foredune. Backshore
slope is the slope between the shoreline (at mean high water [MHW]) and dt. Foredune face slope (dface slope) is the slope
between dt and dc. Foredune width is the horizontal distance between dt and dh. LMSL = local mean sea level.
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effective and flexible tool for examining coastal morphodynamics, as they can represent complex conditional
relationships among variables and allow for input of prior system knowledge to test hypotheses and improve
predictions (e.g., Beuzen et al., 2018; Gutierrez et al., 2011, 2015; Plant & Stockdon, 2012). BNs are
characterized by both structure learning and parameter learning components. In the structure learning
component, all independent, conditionally independent, and dependent relationships are identified
within the multivariate system and depicted using a DAG. In a DAG (e.g., Figure 2), variables (nodes) are
represented by ovals and direct dependent relationships between parent and child nodes are denoted by
arrows (edges). Upon identifying the BN structure, the model is parameterized by calculating the joint
probability distribution of the entire BN and conditional probability distributions for each node.

Multiple types of BNs exist, depending upon the type of data that they represent within their nodes. BNsmay
consist of discrete variables only (discrete BN), continuous variables only (e.g., Gaussian Bayesian network),
or a combination of discrete and continuous variables (Hybrid Bayesian network). Discrete BNs are well
represented within coastal geomorphology and engineering (e.g., Gutierrez et al., 2011; Plant et al., 2014;
Plant & Stockdon, 2012; Poelhekke et al., 2016). Although discrete BNs are effective for modeling nonlinear
systems and categorical data (Plant & Stockdon, 2012), discretization of continuous variables leads to infor-
mation loss, may result in misclassification (e.g., Beuzen et al., 2018) and typically require large data sets for
parameterization of conditional probability tables.

To avoid information loss and to leverage linear relationships among variables in our data set, we implemen-
ted Gaussian Bayesian networks (GBNs) and Conditional Linear Gaussian networks (CLGNs) to investigate
connections between geomorphological drivers, ecological drivers, and foredune shape. GBNs assume that
the joint probability distribution of all random variables (X) is multivariate Gaussian, and that the condi-
tional probability density function for each variable Y∈ Xwith (continuous) parent variables (XC) is univari-
ate Gaussian:

p Y jXC ¼ XCð Þ ¼ N βo þ βTXC; σ
� �

where β are coefficients of linear regression. Therefore, the conditional mean of Y is a linear model of its par-
ent variables Xc, with standard deviation σ.

CLGNs are a generalization of GBNs that contain both discrete (multinomial; XD ∈ X) and continuous
(Gaussian; XC ∈ X) variables and are a special case of a hybrid Bayesian network (Salmerón et al., 2015).
In CLGNs, discrete‐discrete, discrete‐Gaussian, and Gaussian‐Gaussian parent‐child hierarchies are per-
mitted, but Gaussian‐discrete parent‐child hierarchies are prohibited. Correspondingly, the conditional

Figure 2. Gaussian Bayesian network and conditional linear Gaussian network graphical models illustrating direct and
indirect relationships among the two Ammophila species, and shoreface, beach, and foredune morphometrics. Dotted
lines indicate multinomial relationships; black lines indicate positive direct relationships and red lines indicate negative
direct relationships. (a) GBN in which A. arenaria and A. breviligulata densities are pooled into a unified beachgrass
density variable (Morphology‐GBNcombined). (b) CLGN in which A. arenaria and A. breviligulata densities are treated as
separate nodes (Morphology‐CLGNspecies). Variable definitions presented in Table S2. GBN = Gaussian Bayesian net-
work; CLGN = Conditional Linear Gaussian network.
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distribution of discrete variables given discrete parents p(YD|XD = XD) is multinomial; the conditional dis-
tribution of Gaussian variables given Gaussian parents p(YC|XC= XC, ) is Gaussian; and the conditional dis-
tribution of Gaussian variables given discrete (or discrete and continuous) parents is

p YCjXC ¼ XC;XD ¼ XDið Þ ¼ N βo XDið Þ þ βT XDið ÞXc; σ XDið Þ� �
such that the β and σ vary by Di and form a mixture of Gaussians across all categories of XD (Ramos‐López
et al., 2018).
2.2.1. Models of Foredune Morphology
To assess how shoreface morphology, beach morphology, and beachgrass density relate to foredune mor-
phology (H1‐H2), we created a GBN (named Foredune Morphology‐GBNcombined) to relate SCR, shoreface
slope, backshore slope, and vegetation (mean beachgrass density on dface) to foredune morphometrics (dt
elevation, dc elevation, dface slope, and foredune width; Figure 2a). Although the age of dunes likely also con-
tributes to foredune morphology, a lack of historical data for most locations precludes the determination of
their age. To further examine whether the two species of beachgrass were associated with distinct foredune
morphologies (H3‐H4), we created a CLGN (named Foredune Morphology‐CLGNspecies) that separated
mean beachgrass density into its component species, A. arenaria and A. breviligulata, and defined a parent
categorical variable to classify the dominant species along each transect (Figure 2b). To meet Gaussian dis-
tributional assumptions, variables were transformed using log and box‐cox transformations, as necessary
(Table S2).

To identify direct relationships among variables (i.e., structure learning), we used both user knowledge and
machine learning to identify an optimal network structure. User knowledge was incorporated into the BNs
by prohibiting (blacklisting) or including (whitelisting) direct relationships (edges) between variables that
we considered unlikely or likely, given our understanding of the system (Table S3). For processes where rela-
tionships are bidirectional or cyclic (e.g., feedback cycles; Duran & Moore, 2013), we selected relationship
directionality based on the hypothesized dominant interaction. For example, we hypothesized that SCR
was directly related to dc elevation. This direct association could be represented within the BNs as (SCR
➔ dc elevation) or as (dc elevation ➔ SCR). Given our understanding of the dominant cause‐effect relation-
ship between SCR and dc elevation in the Pacific Northwest (based on Psuty, 2008; Moore et al., 2016), we
prohibited (dc elevation ➔ SCR) as a possible direct relationship.

We further employed a hill‐climbing algorithm to identify the best supported DAG structure, given the
observed data set. We generated 100 random initial DAGs and implemented the hill‐climbing algorithm,
which iteratively added, removed, or reversed edges (excluding blacklisted edges) within each DAG. With
each iteration, we then used a (conditional) Gaussian Akaike Information Criterion score (AIC‐g, AIC‐cg;
Akaike, 1974) to assess whether these changes increased the likelihood of the BN's posterior distribution,
given the observed data set. Iterative modification of edges allowed for identification of 100 BNs with local
AIC‐g (AIC‐cg) score minima. Moreover, use of AIC‐based scoring further limited model complexity by
penalizing the network likelihood score with parameterization of each additional edge, thereby reducing
overfitting. To identify the globally optimal BN, we performed model averaging to compute the average net-
work structure (Scutari & Denis, 2014). We note that spatial autocorrelation exists in this data set because of
the nested sampling design. Although modeling of dependent relationships in these BNs reduces autocorre-
lation in the residuals, it does not completely eliminate it. Even so, few BNs can directly correct for spatial
autocorrelation (Trifonova et al., 2015), and they are commonly overlooked in spatial BN applications
(Gutierrez et al., 2015; Plant & Stockdon, 2012). BN modeling was performed using bnlearn (Scutari &
Denis, 2014) and rbmn (Denis, 2013) in R v3.22 (R Core Team, 2015).
2.2.2. Models of Change in Foredune Morphology
Although the foredune morphology BNs demonstrate how sediment supply, beach morphology, and beach-
grass densities relate to foredune morphology, they cannot capture how beachgrass growth form and spatial
distributions may influence foredune development. To more precisely explore how the distribution, density,
and growth form of beachgrasses, as well as beach sediment supply, and shoreface and beach morphology
influence foredune morphology along dface, we implemented two additional CLGNs to relate spatiotemporal
changes in beachgrass density to changes in elevation along dface quadrats over time. Using data from 320
quadrats located along the dface of 70 transects that were sampled in both 2012 and 2014, we identified
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relationships between measures of beach sediment supply, beach morphology, vegetation density and
growth patterns, and changes in elevation (H1‐H2). The modeled variables were SCR, shoreface slope,
beach slope, quadrat elevation in 2012, quadrat log (beachgrass density) in 2012, log (beachgrass density)
in directly adjacent quadrats (5 m landward and seaward), and changes in both log (beachgrass density)
and foredune elevation between 2012 and 2014 (Accretion‐CLGNcombined; Figure 3a and Table S4). We

Figure 3. Conditional linear Gaussian network (CLGN) graphical models illustrating direct and indirect relationships
among Ammophila density, shoreface and beach morphometrics, and sand accretion rates at quadrats along the fore-
dune face between 2012 and 2014. Beachgrass density is that from 2012. Landward and seaward beachgrass density
indicates beachgrass density in quadrats directly landward and seaward of the sampled quadrat in 2012. Δ beachgrass
density (2012–2014) is the log response ratio of beachgrass density in the sampled quadrat between 2012 and 2014. Dotted
lines indicate multinomial relationships; black lines indicate positive direct relationships and red lines indicate negative
direct relationships. (a) CLGN in which Ammophila arenaria and A. breviligulata densities are pooled into unified
beachgrass density variables (Accretion‐CLGNcombined). (b) CLGN in which A. arenaria (AMAR) and A. breviligulata
(AMBR) densities are treated as separate nodes (Accretion‐CLGNspecies). Variable definitions presented in Table S4.
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included a categorical variable to indicate whether the quadrat occurred landward or seaward of the
seaward‐most occurring Ammophila along each transect.

To further examine possible impacts of beachgrass species identity (H3‐H4), we separated all beachgrass vari-
ables into their respective species and defined a categorical parent variable to identify the dominant species
within the transect (Accretion‐CLGNspecies; Figure 3b). For both the Accretion‐CLGNcombined and
Accretion‐CLGNspecies networks, we prohibited and required specific edges (Tables S5 and S6) based on user
knowledge (and to meet CLGN statistical assumptions), generated 100 random initial DAGs, and implemen-
ted a hill climbingalgorithm to identify locally optimal network structures. Model averaging was then per-
formed to identify the globally optimal network structure for the two foredune change CLGNs. Upon
identification of the optimal CLGN structures, we parameterized relationships between nodes using each
respective data set.

2.3. Bayesian Network Performance Evaluation

BNs use a Bayesian approach for predicting outcomes and their associated uncertainty, based on Bayes
theorem:

Posterior distribution ∝ Likelihood × Prior distribution

where the likelihood associated with each BN node is the relative likelihood of observing any condition in
the sample space; the prior distribution represents one's knowledge or belief about the sample space, and
the posterior is the probability density function for observing a condition in the sample space, after
accounting for prior system knowledge. Based on this framework, BNs allow input of user knowledge
through two avenues: first, through the specification of network structure as previously described; and
second, by combining known information about a system (via constraints on the priors) with empirical data
(likelihood function) to predict both the expected outcome and uncertainty associated with a target node
(posterior distribution). This process of updating the posterior distribution based on prior knowledge is use-
ful for prediction, for evaluation of model performance, and for evaluation of the relative importance of
nodes within a model.

To assess the descriptive skills of each GBN and CLGN, we determined the log‐likelihood ratio (LLR), root‐
mean‐square error (RMSE), and Efron's pseudo R2 between observed and predicted values of target nodes,
based on different combinations of updated (prior) knowledge. LLR, RMSE, and pseudo R2 values were
determined by comparing BN predictions of foredune geomorphology target variables (e.g., dc elevation,
dt elevation, dface width, and dface slope) with observed data and are both measures of BN descriptive accu-
racy and precision. The log‐likelihood ratio was calculated as the log ratio of the likelihood of observations
under a posterior distribution relative to the likelihood of observations under a prior distribution,

LLR ¼ ∑
N

i¼1
log

L obsi∼N μposti ; vposti

� �� �
L obsi∼N μpriori ; vpriori

� �� �
0
@

1
A

where the prior and posterior distributions for the target node were determined by inclusion or exclusion of
updated knowledge, respectively (Gutierrez et al., 2011). Correspondingly, Log (Bayes factor) is the
Bayesian equivalent of LLR (Kass & Raftery, 1995). Here, we compared (1) the likelihood of observed data
under a BN model with one known predictor only to a null model (LLR = log [ L(data | BNNull+1)/
L(data | BNNull) ]) and (2) the likelihood of observed data under a BN model with full knowledge to that
with knowledge of all but one predictor (LLR = log [ L(data | BNFull)/L(data | BNFull − 1) ]). Thus, LLR
metrics indicated the relative improvement in model accuracy and precision due to the inclusion of prior
knowledge of a single node in an uninformed BN (e.g., Figure S1), and the relative loss in model accuracy
and precision due to the loss of prior knowledge of a single node in a well‐informed BN, respectively. These
LLR metrics, then, provide a measure of the influence of each parent node for predicting foredune mor-
phology metrics and change in elevation.

RMSE provides a measure of absolute error between observed and predicted foredune metrics, given differ-
ent combinations of prior knowledge. Correspondingly, for the null GBNmodel (no prior knowledge; means
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only model), the RMSE measures the standard error of the node. Finally, Efron's pseudo R2 values provide a
standardized measure of error, calculated as

pseudo R2 ¼ 1−
∑N

i¼1 yi−byið Þ2
∑N

i¼1 yi−yð Þ2

where N is the number of observations in the model, y is the target variable, yi is the ith observation of y, y is
the mean of all yi, and byi is the maximum a posteriori estimate predicted by the BN for the ith observation.
This pseudo R2 metric is a standardized measure of absolute error, such that the pseudo R2 for a model given
prior knowledge is equivalent to the 1−RMSEpost

2/RMSENull
2. A high pseudo R2 values indicates either that

prior knowledge of parent variables is strongly predictive of the variable of interest (analogous to a high
signal‐to‐noise ratio because of a strong signal) or that the variable has low variance (analogous to a high‐
signal‐to noise ratio because of minimal noise). Consequently, the underlying degree of variability (i.e.,
noise) in ecological and morphological conditions encompassed within this study will influence the value
of the pseudo R2 statistic.

For the BN models, we calculated LLR, RMSE, and pseudo R2 skill metrics for predicting foredune morpho-
metrics (dt elevation, dc elevation, dface slope, and foredune width) and foredune change (Δ elevation) based
on different combinations of updated (prior) knowledge for nonforedune morphology nodes. All metrics
were calculated using the complete data sets for the purpose of measuring descriptive BN performance
(Beuzen et al., 2018). From these comparisons, we identify which beach and vegetation characteristics most
closely relate to foredune morphology and its change.

2.4. Supporting Statistical Analyses

Although the foredune change BNs model elevation change at individual points on the foredune face, the
BNs do not capture foredune volumetric changes over time. So we performed an additional linear mixed
model to examine how beach sediment budgets and backshore slope relate to foredune volumetric change
between 2012 and 2014. We estimated the volume of foredune sediment in the cross‐shore profile of each
transect in 2012 and 2014, approximated as regions of the foredune exceeding 4‐m elevation above LMSL
and calculated foredune volumetric change. We then compared log (volumetric change) against the 2012
log (backshore slope) and the log (shoreline change rate+2; enabling log transformation of slightly negative
SCRs) using a linear mixed model, with a random intercept grouped by sublittoral cell. Mixed modeling was
performed using nlme v3.1 (Pinheiro et al., 2014) in R.

3. Results
3.1. Foredune Morphology of Pacific Northwest Dunes
3.1.1. Sample Space and Likelihood Functions
The likelihood function for each node of the foredune morphology BNs illustrates the diverse ecological and
geomorphological conditions that our dune data set encompassed (Figure S2). For example, SCR varied from
−1.6 to 9.2 m/year (median: 0.7 m/year), encompassing both rapidly accreting and modestly eroding bea-
ches; shoreface slope varied from 0.003 to 0.018 (median: 0.011); backshore slope varied from 0.01 to 0.21
(median: 0.05), representing dissipative to intermediate‐reflective beach types (Wright & Short, 1984);
beachgrass densities varied between 0 and 516 tillers/m2 (median: 74 tillers/m2); dface slope varied between
0.06 and 0.75 (median: 0.25), foredune width between 8.3 and 188.1 m (median: 41.5 m); dt elevation ranged
from 3.0 m to 10.9 m above LMSL (median: 5.0 m); and dc elevation ranged between 5.2 and 18.1 m above
LMSL (median: 9.6 m).
3.1.2. Skill Assessments
Comparison of skill metrics (i.e., RMSE, LLR, and pseudo R2) between alternative foredune morphology BN
structures (Figure 2) showed that Ammophila arenaria and A. breviligulata are associated with distinct fore-
dune morphologies. Skill metrics for dc elevation, dface slope, and foredune width were higher for the
Morphology‐CLGNspecies network that distinguished between the two Ammophila species (Figure 2b) as
compared to the Morphology‐GBNcombined network that treated the species as functionally equivalent
(Figure 2a and Table 1). For example, the LLR value of 7.1 for dface slope indicates that the likelihood of
the observed data given the CLGNspecies model is e7.1 = 1,212 times as likely as the data under the
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GBNcombined model, and the corresponding change in pseudo R2 value from 0.47 to 0.503 shows that
inclusion of species in the network results in a slight increase in the accuracy of dface slope predictions.
Consequently, there is strong evidence for an association between Ammophila species identity and dc
elevation, dface slope, and foredune width based on LLR and pseudo R2 values. However, there was
negligible evidence that dt elevation varied between Ammophila species.

When exploring the relative influence of variables for predicting foredune morphometrics, prior knowledge
of backshore slope, beachgrass density, and SCR acted as the strongest predictors of dc elevation at these sites
(Figure 4). Based on comparisons of the Morphology‐CLGNspecies with full knowledge to that with knowl-
edge of all but one predictor (LLR = log [ L(data | BNFull)/L(data | BNFull − 1) ]) and comparisons of
CLGNspecies with one predictor only to a null model (LLR = log [ L(data | BNNull+1)/L(data | BNNull) ]),
we found that backshore slope, SCR, and beachgrass density increased the LLR of the dc elevation node
by 35.6–41.8, 8.4–11.3, and 3.7–6.5, respectively, indicating strong evidence that these variables are asso-
ciated with dc elevation. Prior knowledge of dominant species, however, decreases the LLR by 4.5, indicating
that the CLGN poorly predicts dc elevation from dominant species (when shoreface slope is known).

Table 1
Comparison of Bayesian Network Skill Metrics for Two Foredune Morphology Bayesian Networks That Either Combined
Beachgrass Species (Morphology‐GBNcombined; Figure 2a) or Treated Them Separately (Morphology‐
CLGNspecies; Figure 2b)

Predicted
foredune
morphometric Model

RMSE
(Lower is better)

Pseudo R2

(Higher is better)

LLR

log L DjBNFullð Þ
L DjBNNullð Þ

� � LLR model comparison

log
L DjCLGNspeciesð Þ
L DjGBNcombinedð Þ

� �

dc elevation GBNcombined 0.193 0.346 51.8
CLGNspecies 0.192 0.353 53.6 1.8

dt elevation GBNcombined 0.211 0.383 59.5
CLGNspecies 0.211 0.383 59.1 −0.4

dface slope GBNcombined 0.344 0.47 78.1
CLGNspecies 0.330 0.504 85.2 7.1

dface width GBNcombined 0.619 0.111 14.4
CLGNspecies 0.585 0.209 28.2 13.8

Note. The three skill metrics (root‐mean‐square error [RMSE]; pseudo R2; log‐likelihood ratio [LLR]) allowed for com-
parison of descriptive accuracy and precision among hypothesized network structures.

Figure 4. Relative influence of predictor variables on foredune crest (dc) elevations (Morphology‐CLGNspecies;
Figure 2b), based on log‐likelihood ratios (LLR). LLR values were calculated (a) for inclusion of prior information on a
single node relative to a null network and (b) for inclusion of full knowledge (i.e., knowledge of all node values except dt
elevation, dface width, dface slope, and dc elevation) relative to a network lacking prior knowledge of a single node. LLR
values indicate the relative improvement in descriptive accuracy and precision when prior knowledge of a variable is
included for predicting dc elevations.
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Foredune toe elevation was strongly associated with backshore slope (LLR: 47.8–53.9) and SCR (LLR: 1.2–
9.7). Among dface slope predictors, there is strong evidence that backshore slope and shoreface slope relate
to dface slope (LLR: 42.3–64.8 and 4.2–5.6, respectively). Dominant beachgrass species was also strongly asso-
ciated with dface slope (LLR: 36.4–41.7), but it is unclear whether this relationship is because of the beach-
grasses themselves or covariation with other variables (e.g., shoreface slope). Inclusion (exclusion) of both
beachgrass density and dominant species as prior information provided little change in dface slope descrip-
tive skill as compared to inclusion (exclusion) of dominant species alone (LLR: −0.8–0.6; Tables S7 and
S8). Finally, foredune width was associated with dominant species (LLR: 20.3–36.5) and beachgrass density
(LLR: 5.0), whereas most other predictors provided little improvement in descriptive accuracy and precision.
3.1.3. Geomorphological Determinants of Foredune Morphology
Backshore slope and SCR were strongly associated with variation in foredune morphometrics (Figure 2a).
SCRwas directly negatively associated with backshore slope and dc elevation (red arrow) and positively asso-
ciated with dt elevation (black arrow). SCR was also indirectly, negatively associated with foredune width
and dface slope (via backshore slope). Backshore slope was positively associated with foredune width, fore-
dune slope, dt elevation, and dc elevation (black arrows). Together, these results suggest that locations with
high SCR exhibit shallow‐sloped backshore zones and foredunes that are shallow‐sloping and short. In con-
trast, locations with low SCR exhibit steeper‐sloped backshore zones, with steeper, wider, and
taller foredunes.
3.1.4. Ecological Determinants of Foredune Morphology
Beachgrass density similarly influenced foredune morphometrics. When Ammophila species were pooled
into a single random variable (Foredune Morphology‐GBNcombined; Figure 2a), beachgrass density was
directly, positively related to foredune width (black arrow) and indirectly positively related to dc elevation.
This pattern suggests that as beachgrass density increases, foredunes become wider and taller. When consid-
ered separately (Foredune Morphology‐CLGNspecies; Figure 2b), A. breviligulata density exhibited a positive
direct relationship with foredune width (black arrow), a negative indirect relationship with dface slope, and a
predominantly positive indirect relationship with dc elevation. In contrast, A. arenaria density exhibited a
positive direct relationship with dface slope (black arrow) and a positive indirect relationship with dc eleva-
tion. This pattern suggests that as A. breviligulata density increases, the foredune becomes wider, more shal-
low sloping, and taller; for A. arenaria, as density increases, the foredune becomes steeper and taller.

3.2. Change in Foredune Morphology of Pacific Northwest Dunes
3.2.1. Sample Space and Likelihood Functions
Similar to the foredune morphology analyses above, the foredune change BNs encompassed varied ecologi-
cal and geomorphological conditions (Figure S3). SCR varied from −1.5 to 8.3 m/year (median: 0.9 m/year);
shoreface slope varied from 0.005 to 0.018 (median: 0.008); backshore slope varied from 0.01 to 0.10 (median:
0.04); quadrat elevations varied from 2.5 to 17.9 m above LMSL (median: 6.7 m); beachgrass densities ranged
from 0 and 556 tillers/m2 (median: 34 tillers/m2); change in beachgrass density (log (density2014/den-
sity2012)) ranged from 99.2% decrease to a 413% increase (median: 15.5% increase); and change in elevation
(indicative of sand accretion) between 2012 and 2014 within quadrats ranged from −1.1 and 1.7 m (median:
0.4 m).
3.2.2. Skill Assessments
Comparison of the skill metrics between the Accretion‐CLGNs (Figure 3) showed that A. arenaria and A.
breviligulata differed in their influence on sand accretion. The BN that distinguished between A. arenaria
andA. breviligulata (Accretion‐CLGNspecies; Figure 3b) exhibited lower RMSE, higher pseudo R2, and higher
LLR for predicting elevation change along dface between 2012 and 2014 than the BN that combined both
beachgrass species (Accretion‐CLGNcombined; Figure 3a and Table S9). Correspondingly, based on a LLR
comparison of network structure where LLR = log [ L(data | CLGNspecies)/L(data | CLGNcombined) ], the
LLR of 4.8 indicates that the data are 120 times more likely under the CLGNspecies than under the
CLGNcombined model. Consequently, there is strong evidence that inclusion of species‐specific information
improved model accuracy and precision and that the two beachgrass species differed in their influence on
foredune elevation change (i.e., sand accretion).

When exploring the relative importance of variables for predicting elevation change along dface, prior knowl-
edge of both vegetation and geomorphological variables provided strong predictors of this change (Figure 5).
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There is strong evidence that elevation, backshore slope, shoreface slope, and SCR influence elevation
change (Tables S10 and S11). Among vegetation variables, seaward A. breviligulata density most strongly
influenced elevation change (LLR: 3.7–13.9), and changes in A. arenaria density (as measured by the log
fold‐change in tiller density between 2014 and 2012) were also associated with elevation change (LLR:
0.9–5.8). The log fold‐change in A. breviligulata tiller density was weakly associated with elevation change
(LLR: −1.0–3.2).
3.2.3. Geomorphological Determinants of Foredune Change
Based on the Accretion‐CLGNspecies (Figure 3b), shoreface slope, backshore slope, and SCR exhibited direct,
positive relationships with elevation change (black arrows), but SCR also exhibited an indirect, negative
relationship with elevation change (via backshore slope). These relationships suggest that foredunes along
steep sloping backshore environments accreted sand more rapidly per unit area than foredunes along
shallow‐sloping backshore environments, given similar SCR conditions (Figure S4). The impact of SCR on
elevation change is characterized by two counteracting processes: higher SCR (i.e., prograding beaches)
was directly associated with increased vertical sand accretion yet was also associated with lower backshore
slopes and by extension, reduced vertical sand accretion (Figure S5). Initial elevation exhibited negative,
direct relationship with elevation change, suggesting that higher elevation regions on dface accrete less sand
than low elevation regions. Finally, the complementary linear mixed model analysis show that SCR was
positively associated with foredune volumetric change (F1,58 = 11.0, p = 0.002), whereas backshore slope
was negatively associated with volumetric change (F1,58 = 31.0, p < 0.0001).
3.2.4. Ecological Determinants of Foredune Change
3.2.4.1. Vegetation Growth Patterns
Ammophila arenaria andA. breviligulata exhibited differing growth patterns along dface, based on Accretion‐
CLGN relationships (Figure 3b). In locations where A. arenariawas dominant, the log fold‐change in A. are-
naria tiller density between 2012 and 2014 was negatively related to its 2012 density and also its 2012 land-
ward density (red arrows). Specifically, for every doubling of initial A. arenaria tiller density and initial
landward tiller density, the fold‐change in A. arenaria density between 2012 and 2014 decreased by 2%
and 12%, respectively, when holding other variables constant.

Ammophila breviligulata exhibited a markedly different growth pattern. The log fold‐change in A. breviligu-
lata tiller density between 2012 and 2014 was directly, positively related to initial landward and seaward A.
breviligulata density (black arrows in Figure 3b) and negatively related to initial A. breviligulata density at
that particular quadrat (red arrow). For example, for every doubling of initial A. breviligulata density, the
fold‐change in A. breviligulata tiller density decreased by 41% along the vegetated portion of dface, when
holding other variables constant. In contrast, for every doubling of neighboring landward and seaward tiller
density in 2012, the fold‐change in A. breviligulata tiller density increased by 36% and 15%, respectively.

Figure 5. Relative influence of predictor variables on quadrat elevation change (Accretion‐CLGNspecies; Figure 3b), based
on log‐likelihood ratios (LLR). LLR values were calculated (a) for inclusion of prior information on a single node relative
to a null network and (b) for inclusion of full knowledge (full) relative to a network lacking prior knowledge of a single
node. LLR values indicate the relative improvement in descriptive accuracy and precision when prior knowledge of a
variable is included for predicting quadrat elevation change.
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3.2.4.2. Differential Influence on Foredune Change
Ammophila arenaria and A. breviligulata further differed in their effect on elevation change over time, based
on the Accretion‐CLGNspecies. The log fold‐change in tiller density between 2012 and 2014 (indicative of til-
ler production) for both A. arenaria and A. breviligulata were directly, positively associated with elevation
gain (black arrows). Seaward A. breviligulata was directly, negatively associated with elevation change
(red arrow) and indirectly, positively associated with elevation change (via Δlog (tiller density)). For A. are-
naria, then, each doubling of tiller density between 2012 and 2014 was associated with a mean increase in
elevation of 0.034 m during the same period, when other variables are held constant. For A. breviligulata,
a doubling of density between 2012 and 2014 produced a 0.026‐m elevation gain. However, elevation gain
from new A. breviligulata tiller production was also limited by seaward A. breviligulata, which reduced ele-
vation by 0.032 m for every doubling of seaward beachgrass density, when other variables were held con-
stant. Consequently, while production of A. breviligulata tillers on dface may facilitate deposition, their
impact is counteracted by seaward beachgrasses, which inhibit deposition on landward portions of dface.

4. Discussion

In this study, we developed two sets of Bayesian network models to (1) evaluate which factors are important
in determining foredune morphology and changes to foredune morphology and (2) investigate whether
species‐specific differences in density and growth form between A. arenaria and A. breviligulata are impor-
tant to these patterns. For examining determinants of foredune morphology (H1), we found that backshore
slope, SCR, dominant Ammophila species, and beachgrass density were the best predictors of foredune mor-
phometrics (Figure 4 and Tables S7 and S8). Parameterization of the BNs further showed that locations with
high SCRs exhibit shallow‐sloped backshores, and short, shallow‐sloping foredunes. Beachgrass density, in
turn, altered the height, width, and slope of foredunes (H2), but its mode of impact varied between A. are-
naria and A. breviligulata (H3‐H4). As A. arenaria density increased, foredunes became steeper and taller
but had little influence on foredune width; in contrast, with increasing A. breviligulata density, foredune
height still increased, but foredunes become wider and more shallow sloped.

An examination of sand deposition patterns at locations along the foredune face (dface; between dt and dc)
over a 2‐year period showed that sand deposition was most strongly influenced by species‐specific patterns
of vegetation growth, backshore slope, SCR, and initial elevation (Figure 5 and Tables S10 and S11). Based
on the Accretion‐CLGNs, locations with high SCR and shallow‐sloping backshore zones experienced higher
rates of elevation gain on the foredune face, indicative of sand accretion (H1). We further found that sand
accretion was concentrated at lower elevations and gradually decreased as elevation increased. Plant species
identity (H3, H4) and tiller density (H2, H4) also altered patterns of deposition: although initial plant density
did not directly alter deposition rates, locations in which Ammophila density increased over the 2‐year per-
iod had heightened accretion relative to locations where density did not change. In contrast, seaward‐
occurring A. breviligulata inhibited sand accretion on landward portions of the foredune face. Finally, the
Accretion‐CLGNs demonstrated that A. arenaria and A. breviligulata exhibit differing growth patterns, with
substantial morphodynamic consequences.

Although our analyses encompass many determinants of foredune ecomorphodynamics, several other fac-
tors may also influence foredune development that were not accounted for in these Bayesian networks.
For example, wind speed, fetch length, variations in wave amplitude, period, and direction, and short‐
timescale variations in shoreline change rates affect beach‐dune morphodynamics (e.g., Bauer et al., 2009;
Ruggiero et al., 2005; Walker et al., 2017). Correspondingly, wave exposure, salt spray, water availability,
temperature, and nutrient availability can alter the distribution and abundance of plants on beaches and
dunes (Barbour et al., 1985) and may resultantly alter how dunes morphologically evolve (e.g., Hesp,
1989; Mathew et al., 2010).
4.1.1. Geomorphological Regulation of Foredune Morphodynamics
Empirical studies of foredune geomorphology show that foredune size is associated with beach type,
whereby dissipative beaches (i.e., wide, shallow sloping, and fine sediment grain size) typically have larger
foredunes than reflective beaches (Duran & Moore, 2013; Hesp, 1988; Short & Hesp, 1982). Corresponding
observations and conceptual models suggest that dissipative beaches may offer a higher sand supply to dunes
because of elevated wave‐driven sediment supply to the beach and/or fetch length, thereby generating
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enhanced aeolian sediment fluxes from beaches to foredunes, making them larger (Cohn et al., 2018; Houser
&Mathew, 2011; Saye et al., 2005; Short & Hesp, 1982). Similarly, wider beaches may promote the formation
of taller dunes than narrow beaches due to a negative feedback between sand flux and topography that arises
from onshore wind deflection by the foredune (Duran & Moore, 2013). However, this direct relationship
between beach morphology and foredune morphology is overly simplified, as there are numerous counter-
examples of dissipative beaches with high sediment supplies and short foredunes (Hacker et al., 2012; Miot
da Silva & Hesp, 2010; Ruggiero et al., 2005). Our findings further illustrate that the relationship between
beach type, sediment supply, and foredune morphology is complex and context dependent.

Our models show that low angle, wide, dissipative beach conditions were associated with shorter
foredunes and reduced elevation gain as compared to intermediate and intermediate‐reflective beaches,
when holding other variables constant (Figures 3 and 4, and S4). While SCR may partly confound this
relationship as it is negatively correlated with backshore slope, we find that this relationship between
backshore slope, foredune morphology, and sand accretion remains, even when holding SCR constant.
Given that we also observed a larger change in foredune volume on dissipative beaches with high SCR,
it seems that dissipative conditions may be associated with a higher aggregate rate of sand accretion
across the entire foredune profile but may not necessarily produce more rapid foredune elevation gain
or even taller foredunes.

Within our system, SCR was directly associated with higher sand deposition on the dune face (Figure S5),
indicating that higher supply of sediment to the beach enhances the supply of sand to the dune
(Figure 3b). Yet locations with high SCRwere also associated with shorter foredunes (Figure 2; Hacker et al.,
2012; Moore et al., 2016). These morphodynamic patterns are broadly consistent with beach‐dune sediment
budget models by Psuty (1988) and Pye (1990). Psuty (1988) proposed that foredune development depends
upon the sediment supply to the beach and sediment supply to the dune, while Pye (1990) included availabil-
ity of wind energy and sand‐trapping vegetation efficacy as additional modifiers of foredune development.
Under both beach‐dune sediment budget models, foredune development is maximized under near‐neutral
beach‐dune budgets, where a net‐neutral supply of sand to the beach provides a net‐positive supply of sand
to the foredune: over years, shoreline and foredune position remain stable, allowing sand to accumulate
along the foredune crest, resulting in the development of tall foredunes. In contrast, as shoreline prograda-
tion rates increase, foredune dimensions gradually decrease as they instead form a series of small foredune
ridges (Moore et al., 2016; Psuty, 2008). For example, in the Columbia River Littoral Cell, which encom-
passes many of the progradational sites in this study, beach sediment budgets are mostly positive and have
produced an average SCR of 1.1 to 3.7 m/year. Between 1997 and 2014, this positive sediment budget has
resulted in the formation of one to two new foredune ridges (Ruggiero et al., 2016).

It is unclear why backshore slope is positively related to both foredune height and changes in foredune ele-
vation, but several processes may contribute to this observed pattern. First, the regression analysis indi-
cates that SCR is positively associated with volumetric change across the entire foredune cross‐shore
profile, whereas backshore slope is negatively associated with foredune volumetric change. So it is likely
that narrower, steeper beaches may provide a lower volumetric supply of sediment to the foredune.
Nevertheless, because narrow and steep beaches often have tall and narrow foredunes, this smaller volume
of sediment is likely to be deposited over a smaller region in the cross shore. This difference could give rise
to a greater elevation gain along the foredune profile, despite the overall lower volumetric sediment sup-
ply. Second, Short and Hesp (1982) hypothesize that wider beaches promote greater sediment supply and
taller dunes because of fetch limitations on narrower, steep beaches. In the Pacific Northwest, though, for-
mative winds primarily arise from oblique wind directions that vary seasonally. Consequently, beach width
and slope may insufficiently capture fetch and overall aeolian sediment transport to the dune. Third, it is
possible that our measurement of SCR may not reflect the most relevant timescale for dune formation and
sediment accretion. This study used measurements of shoreline change over two to three decade time-
scales. However, shorelines vary seasonally and interannually due to spatiotemporal variations in sediment
budgets, wind speed and direction, wave conditions, storms, El Niño–Southern Oscillation, and other for-
cing that we were unable to include in these BNs. Thus, some disparities in timescale, response, and
unquantified forcing may obscure the relationship between backshore slope, rates of shoreline change,
and dune development and may also contribute to the high uncertainty and lower pseudo R2 values of
these BNs.
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4.1.2. Ecological Regulation of Foredune Morphodynamics
The morphodynamics of U.S. Pacific Northwest foredunes are further influenced by vegetation dynamics,
including plant density, plant morphology, and growth patterns. Historically, Pacific Northwest coastal fore-
dunes were dominated by endemic grasses (Elymus mollis) and forbs (e.g., Abronia latifolia and Lathyrus lit-
toralis) that grew in sparse assemblages (Wiedemann, 1984). This low vegetation cover, combined with a
high sand supply and seasonal wind patterns allowed for the formation of dune hummocks, barchan dunes,
transverse ridges, and oblique ridges (Cooper, 1958). However, with the introductions of densely growing A.
arenaria and A. breviligulata as sand stabilizers and their subsequent spread throughout the region, the his-
torically open‐sand dune system transitioned to a highly vegetated, stabilized system of shore‐parallel, linear
foredunes (Wiedemann & Pickart, 1996).

Although both Ammophila species transformed Pacific Northwest foredunes, Ammophila breviligulata‐
dominated foredunes are shorter, wider, and more shallow‐sloping than A. arenaria‐dominated foredunes
(Hacker et al., 2012; Seabloom &Wiedemann, 1994). Some foredune morphological differences likely result
from spatially correlated sediment supply patterns, as has been previously documented (Hacker et al., 2012;
Zarnetske et al., 2015). Nevertheless, Hacker et al. (2012) posited that subtle differences in the traits of these
similar‐looking Ammophila species may also produce distinct foredune morphotypes. Thus, we further
hypothesized that increasing beachgrass stem density will be associated with taller and narrower foredunes
(H2), that inclusion of species‐specific stem density variables will improve the accuracy and precision of the
BNs for predicting foredune morphology (H3), and that A. breviligulata stem density will be more positively
associated with foredune height than A. arenaria stem density due to species‐specific differences in stem
morphology (H4).
4.1.2.1. Influence of Ammophila on Foredune Morphodynamics
While backshore slope and SCR predominantly predicted foredune morphological variation, beachgrass
density also contributed (Figure 4 and Tables S7 and S8) and was positively associated with wider and taller
foredunes. Correspondingly, rates of sand accretion along dface were primarily associated with the log fold‐
change in beachgrass density and backshore slope (Figure 3 and Table S10) and are consistent with observed
andmodeled aeolian dynamics along vegetated foredunes. Field experiments by Hesp (1984) and Arens et al.
(2001) show that increasing vegetation density is associated with greater sediment deposition and the devel-
opment of taller (although narrower) incipient dunes.

Foredune morphology and sand accretion along dface also differed among the Ammophila species, even
when accounting for variations in sediment supply. In our models, inclusion of distinct nodes for the two
Ammophila species increased log‐likelihood ratios (LLRs; i.e., improved accuracy and/or precision of model
predictions) for dc elevation, dface slope, and foredune width (Table 1). Separating the Ammophila species
into separate nodes similarly improved BN performance for predicting elevation change along the dune face
over time (Table S9). Therefore, our results were consistent with previous research showing distinctive geo-
morphologies between A. arenaria‐ and A. breviligulata‐dominated foredunes.

Hacker et al. (2012) hypothesized that subtle differences in the density, morphology, and growth form of A.
arenaria and A. breviligulatamay facilitate the formation of species‐specific foredune geomorphologies. For
example, A. breviligulata tillers are 30% wider and 15% taller than A. arenaria tillers and induce greater sedi-
ment deposition per tiller than A. arenaria in a wind tunnel (Zarnetske et al., 2012). Yet A. arenaria exhibits
a vertical, “phalanx” growth form and grows at a higher density than A. breviligulata, which exhibits a lat-
erally expansive “guerilla” growth form. These differences in density potentially facilitate faster vertical
dune growth on A. arenaria‐dominated foredunes because of their higher sand capture efficiency (volume
of deposited sand per unit area).

However, our models indicate that grass density alone does not explain the species‐specific differences in
foredune morphology. Our foredune morphology model (Figure 2b) indicates that increasing A. arenaria
density was associated with steeper and taller foredunes, whereas increasing A. breviligulata density was
associated with wider, albeit shallow sloping, and taller foredunes. Even so, when we examined how the spe-
cies differed in their rates of sand accretion (Figure 3b), initial beachgrass density was not directly associated
with sand accretion for either species and A. arenaria only accreted marginally more sand per doubling of
new tillers thanA. breviligulata, given similar conditions. Thus, neither differences in density nor beachgrass
tiller morphology explain why Ammophila species exhibit differing foredune shapes. However, differences
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in growth form provides another explanation for species‐specific variations in foredunemorphology (Hacker
et al., 2012). Ammophila breviligulata exhibits a higher rate of lateral growth than A. arenaria, with observed
rates of lateral propagation of >3 m/year and <1 m/year, respectively (Baye, 1990; Keijsers et al., 2015;
Maun, 1985). Correspondingly, A. breviligulata responds to high rates of sand burial by increasing
horizontal tiller production, thereby enhancing its lateral growth, whereas A. arenaria responds by
enhancing vertical tiller growth to outpace sand burial (resulting in its high density, clumped growth
form; Zarnetske et al., 2012). Based on our analyses, these differences in growth form may be responsible
for species‐specific differences in foredune morphology (Figure 6). In the Accretion‐CLGNspecies model,
we observed that the fold‐change in tiller production for A. breviligulata was positively associated with its
initial density in adjacent landward and seaward quadrats, whereas A. arenaria exhibited a comparatively
weak positive relationship with its landward quadrat (Figure 3b). This pattern is consistent with lateral
propagation by A. breviligulata into neighboring areas over the 2‐year observation period, but limited
lateral expansion by A. arenaria (Figures 6a and 6b).

The species‐specific differences in lateral growth rate, when combined with density‐dependent growth pat-
terns, alter sand deposition on the foredune. Sand accretion was enhanced in regions where tiller production
for either species was high (Figures 3 and 6c and 6d). For example, A. breviligulata tiller production was con-
centrated at the seaward margin of the foredune (Figure 6d), resulting in increased accretion near the fore-
dune toe and reduced vertical accretion on the foredune crest (Figure 6f). This cross‐shore gradient in A.
breviligulata tiller production and sand deposition, then, primarily increases foredune width (Figure 3b).
In contrast, A. arenaria tiller production occurred throughout the foredune face and crest (Figure 6c), result-
ing in sand deposition on both the foredune face and crest (Figure 6e). Given that A. arenaria also exhibits
slow lateral propagation, this suggests that A. arenaria‐dominated foredunes may exhibit slow lateral expan-
sion of the foredune, resulting in a steeper, narrower foredune (Figure 3b).

Existing foredune ecomorphodynamic models may provide additional insight into the short‐term and long‐
term vegetation and sediment dynamics of this system. At short timescales, field and wind‐tunnel

Figure 6. Illustration of proposed mechanism to explain differences in sand accretion and foredune morphology patterns
between A. arenaria and A. breviligulata. Growth patterns (a and b): Ammophila breviligulata exhibits greater lateral
growth than A. arenaria, resulting in greater seaward expansion of A. breviligulata (black arrow; Figure 3b). Sand
deposition patterns (c and d):Ammophila breviligulata exhibits higher sand deposition on the leading edge of the vegetated
dune, where new growth is occurring, while sand deposition on landward regions is inhibited by existing grasses.
Ammophila arenaria exhibits more diffuse sand deposition where new growth is occurring. Foredune morphology
(e and f): Due to both growth and sand deposition patterns, A. breviligulata‐dominated dunes exhibit greater seaward
expansion of the foredune, whereas A. arenaria exhibits greater vertical dune growth. Correspondingly, A. breviligulata
abundance is associated with shallow‐sloped, wide foredunes, while A. arenaria growth patterns are associated with
steeper sloped, taller foredunes (Figure 2b).
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experiments by Hesp (1983), Arens et al. (2001), and Zarnetske et al. (2012) demonstrate that higher vegeta-
tion densities induce greater sediment accretion and may produce taller and narrower incipient dunes as a
result of increasingly localized sediment deposition. However, these short‐term experiments do not consider
the influence of spatiotemporal changes to the spatial arrangement of vegetation and its interaction with
sand supply on dune development, as occurred throughout our observational study. For example, long‐term
observation and simulation of foredune development have shown that changes in vegetation distributions
on a beach or dune over time can create complex topographic features (Goldstein et al., 2017; Hesp, 1984).
Given that different plant species exhibit varying capacities for (and distinct strategies for) colonizing the
backshore, surviving disturbance (e.g., storms), propagating, modifying the wind field, and responding to
sand burial (e.g., Barbour et al., 1985; Maun, 1998; Zarnetske et al., 2012), the distribution and abundance
of vegetation on the backshore will depend upon a combination of which plant species are present and their
responses to storms, shoreline change, and other forcing. Because of this coupling between vegetation
dynamics and dune development, species‐specific plant traits are likely to produce distinct, complex beha-
vior in dune development.

5. Conclusions

This study demonstrates the interactive contributions of beach sediment supply, beach morphology, and
vegetation dynamics in shaping foredune development. Although inclusion of vegetation species identity
and density measurements improved the accuracy and precision of the Bayesian networks for predicting
foredune morphology and rates of sand accretion, backshore slope and beach sediment budget (i.e., SCR)
remained the dominant factors for explaining variation in foredunemorphology. At the finer‐scale examina-
tion of foredune change over time, though, beachgrass species identity and density were among the strongest
predictors of sand accretion. Thus, the use of descriptive Bayesian network analyses to demonstrate the rela-
tive contributions and interactions among vegetation growth patterns, beach sediment budgets, and beach
and foredune morphology provides an effective tool for examining hypothesized mechanisms that might
influence foredune development.

As this study suggests, the examination of ecomorphodynamic influences on foredune development is
understudied but critical to our ability to understand the mechanisms shaping dune morphology. For
example, while this and related studies (e.g., Zarnetske et al., 2012, 2015) examined grasses (e.g.,
Ammophila species and E. mollis) as dune builders, beach and dune plants exhibit a wide range of morphol-
ogies and life history strategies. Dune‐forming plants also including prostrate annual and perennial forbs
(e.g., Glehnia littoralis and Lathyrus species) and species that primarily propagate via seed and via rhizomes
and stolons. These different morphologies, methods of propagation, life history strategies, and physiological
tolerances may alter sand capture efficiency, seasonality and temporal variability in accretion, and rates of
ecological and geomorphological recovery following storms. Finally, while our research on ecomorphody-
namic feedbacks in the U.S. Pacific Northwest demonstrated impacts of beachgrasses on dune backing pro-
grading and stable shorelines, most regions worldwide exhibit eroding shores (Bird, 1985) and are expected
to suffer more severe erosion with accelerating sea‐level rise (Elko et al., 2016). Future work that examines
dune ecomorphodynamic processes on retreating shorelines and uses a variety of vegetation types would
help to fill this knowledge gap.
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