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ABSTRACT OF DISSERTATION

VISUALIZING BARRIER DUNE TOPOGRAPHIC STATE SPACE AND
INFERENCE OF RESILIENCE PROPERTIES

The linkage between barrier island morphologies and dune topographies, vegetation,
and biogeomorphic feedbacks, has been examined. The two-fold stability domain (i.e.,
overwash-resisting and overwash-reinforcing stability domains) model from case studies in
a couple of islands along the Georgia Bight and Virginia coast has been proposed to examine
the resilience properties in the barrier dune systems. Thus, there is a need to examine
geographic variations in the dune topography among and within islands. Meanwhile,
previous studies just analyzed and compared dune topographies based on transect-based
point elevations or dune crest elevations; therefore, it is necessary to further examine dune
topography in terms of multiple patterns and processes across scales.

In this dissertation, I develop and deploy a cross-scale data model developed from
resilience theory to represent and compare dune topographies across twelve islands over
approximately 2,050 kilometers of the US southeastern Atlantic coast. Three sets of
topographic variables were employed to summarize the cross-scale structure of topography
(elevational statistics, patch indices, and the continuous surface properties). These metrics
differed in their degree of spatial explicitness, their level of measurement, and association
with patch or gradient paradigms. Topographic metrics were derived from digital elevation
models (DEMs) of dune topographies constructed from airborne Light Detection and
Ranging (LiDAR). These topographic metrics were used to construct dune topographic
state space to investigate and visualize the cross-scale structure of dune topography.

This study investigated (1) dune topography and landscape similarity among barrier
islands in different barrier island morphologic contexts, (2) the differences in barrier island
dune topographies and their resilience properties across large geographic extents, and (3)
how geomorphic and biogeomorphic processes are related to resilience prosperities.

The findings are summarized below. First, dune topography varies according to
island morphologies of the Virginia coast; however, local controls (such as human
modification of the shore or shoreline accretion and erosion) also play an important role in
shaping dune topographies. Compared with tide-dominated islands, wave-dominated
islands exhibited more convergence in dune topographies. Second, the dune landscapes of
the Virginia Barrier Islands have a poorly consistent spatial structure, along with strong
collinearity among elevational variables and landscape indices, which reflects the rapid
retreat and erosion along the coast. The dune landscapes of the Georgia Bight have a more
consistent spatial structure and a greater dimensionality in state space. Thus, the weaker
multicollinearity and higher dimensionality in the dataset reflect their potential for



resilience. Last, islands of different elevations may have similar dune topography
characteristics due to the difference in resistance and resilience. Notwithstanding the
geographic variability in geomorphic and biogeomorphic processes, convergence in dune
topography exists, which is evidenced by the response curves of the topographic metrics
that are correlated with both axes.

This work demonstrates the usefulness of different representations of dune
topography by cross-scale data modeling. Also, the two existing models of barrier island
dune states were integrated to form a conceptual model that illuminates different, but
complementary, resilience properties in the barrier dune system. The differences in dune
topographies and resilience properties were detected in state space, and this information
offers guidance for future study’s field site selections.

KEYWORDS: Barrier islands, Biogeomorphology, Cross-scale structure, Dunes, State
space, Resilience
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Chapter 1.  Introduction

1.1 Introduction

Barrier islands are coastal landforms that can protect the mainland from the full
impacts of tropical and extratropical storms (Temmerman et al. 2013; Spalding et al. 2014).
The processes shaping the morphology of the barrier islands are closely associated with the
evolution of smaller and superimposed features, including sand dunes (Plant et al. 2014).
Dune landscapes on barrier islands are environmentally complex and reflect an interaction
among topography, dune vegetation, steep abiotic gradients of salt spray and sand burial,
and disturbances from overwash events and blowing sand (Godfrey 1977; Everard et al.

2010; Feagin et al. 2010; Miller et al. 2010).

Two basic morphological categories of barrier islands are recognized, each
originating from relative differences in tidal range and wave height (Hayes 1979; Davis
and Hayes 1984; Hayes 1994). The low tidal range and high wave energy settings of
microtidal, wave-dominated coasts result in narrow, elongated barrier island morphologies;
the high tidal range and low wave energy settings of mesotidal, mixed-energy coasts lead
to wide, drumstick-shaped barrier island morphologies. Within the boundary conditions set
up by larger oceanic, climatic, and geologic controls on islands, feedbacks between
prevailing patterns of sediment mobility, dune vegetation, and topography can potentially
canalize local process-response behaviors to high water events, giving rise to distinctive

landscape dynamics and topography on each island morphology (Stallins 2005).

Specifically, the dune topographies and vegetation of these two morphologies each

exhibit positive feedbacks that modify movements of sediment and water during high water



events. On microtidal barrier islands, a low flat topography is maintained through the
interaction of dune grasses with prevailing patterns of sediment mobility. More infrequent
storm-forced overwash on mesotidal barrier islands can lead to greater topographic
roughness and more extensive ridge-and-swale landforms. These barrier dune topographies
can either reinforce or resist overwash events, respectively, promoting the vegetation that
in turn facilitates the maintenance of topography. A number of studies have proposed to
further validate these two biogeomorphic models (i.e., overwash-resisting and overwash-
reinforcing feedbacks) (Godfrey and Godfrey 1976; Godfrey 1977; Stallins 2005; Wolner
et al. 2013; Brantley et al. 2014). They each demonstrated the linkage between the two
morphological types of barrier islands and their relative frequency of exposure to
meteorological or tidal events capable of forcing overwash, the type of topography, and
vegetation type. However, like the initial research to develop these models, most of
subsequent work has focused on topographic and vegetation patterns on one or two islands.
Moreover, these two biogeomorphic models, as alternative stable states or stability
domains, were associated with entire islands. Considerable topographic and biogeographic

variability can develop within even a single island.

The goal of this dissertation is to investigate the generalizability of linking barrier
island morphologies to specific type of dune topographies. To what extent are there
potential geographic variations in biogeomorphic feedbacks within and among barrier
islands, as expressed through dune topography? Several researchers have suggested how
dune topographies may not neatly correspond to one or the other of these two stability
domain models (Monge and Stallins 2016; Zinnert et al. 2017). A broader geographic

sampling is needed. This would allow for a more nuanced comparison of the spatial



patterns of topography among many different nearshore island contexts that influence

island morphology and the relief expressed in the dune landscape.

However, making comparisons of topography among and within many different
barrier islands is not a straightforward process. Dune topography reflects landscape-extent
processes. Topography is polygenic, a range of factors operating at different spatial and
temporal extents contribute to its expression. In this dissertation, I develop and deploy a
cross-scale data model developed from scholars in resilience theory to represent and
compare the pattern-process facets of dune topography. This methodology accounts for the
nested, or hierarchical geomorphic and ecological processes that manifest across scales. It
also accounts for the different paradigms to account for patterns and process. In addition,
a method is needed to analyze the spatial patterns embedded in this data modeling of
topography. This dissertation employs the concept of state space (Prager and Reiners 2009)
to compare patterns and the processes they reflect through their cross-scalar structure.
Specifically, this study will visualize dune topographic state space across multiple islands
along a stretch of coast from south Florida to Virginia, by means of three sets of
topographic variables. They metrics are derived from digital elevation models (DEMs)
constructed from airborne Light Detection and Ranging (LiDAR) data. The following three
research questions are proposed. (1) To what extent does island morphology track dune
topography? (2) How do barrier islands of two distinctive coastal regions, Virginia and the
Georgia Bight, differ in topography and in their resilience properties? (3) Under what
conditions can biogeomorphic domain dynamics be expected to develop? Although
vegetation is not sampled in this study, topography at the resolutions examined is strongly

influenced by vegetation. On barrier islands topography and vegetation are highly



correlated. Maximum elevations are often a function of vegetative processes (Duran and
Moore 2013), implying that the size of dunes and sediment storages in a coastal dune

system are controlled by dune-building species.

1.2 Background

1.2.1 Barrier island morphology

Barrier islands form and develop along the coastlines of the trailing edges of
continental plates with abundant sediment and generally low gradients. Along with wind,
wave and tidal energy are major controls on barrier island formation and later morphologic
development (Davis 1994). Historically, the first classifications of barrier island process-
form morphologies were based on wave and tidal energy (Hayes 1979; Davis and Hayes
1984; Hayes 1994). The low tidal range and high wave energy settings of microtidal, wave-
dominated coasts lead to narrow, elongated barrier islands as island widths are primarily
limited by overwash processes. The high tidal range and low wave energy of mesotidal,
mixed-energy coasts generate wide, drumstick-shaped barrier islands as tidal energy limits
island length by inlet formation and increases island width through the welding of
sediments at tidal inlets. Generally, mesotidal barrier islands are viewed as high, overwash-
resisting islands; microtidal barrier island morphologies are viewed as low, overwash-

reinforcing islands.

However, barrier islands are complicated, heterogeneous landforms, rather than the
distinctive categories that Davis and Hayes (1984) theorized. Along mesotidal, mixed-
energy coasts, there can be a broad spectrum of island morphologies with very little

difference in tide and wave parameters (Anthony and Orford 2002). In this way, strict



cutoff values for wave and tidal energy have some limits in how they are correlated with
island morphology. In the past few decades, more barrier morphologies were examined,
and there is no universal validity to distinguish the different barrier types merely based on
wave and tidal energy (Stutz and Pilkey 2011). Later studies have also found a wide variety
of morphological variability within the broad classificatory scheme used to categorize
island morphology (Mulhern et al. 2017). Thus, the question arises as to the extent to which
dune topography and domain dynamics correspond to island morphology. Biogeomorphic
models of how dunes respond to high water events were initially based on generalizations

of island morphology to its underlying dune topography.

1.2.2 Biogeomorphic stability domains in barrier dune systems

The two-fold stability domain model (Stallins 2005; Wolner et al. 2013; Brantley
et al. 2014; Duran and Moore 2015; Goldstein and Moore 2016) also originates out of the
idea that distinctive dune topographies, vegetation, and biogeomorphic feedbacks generate
resilience properties. Although this resilience was initially generalized to the two main
categories of barrier island morphology, what was central was that the feedbacks conferred
a stability and persistence of topography and vegetation that reflects the local overwash
disturbance regime (Stallins and Corenblit 2018). However, biogeomorphic feedbacks are
likely to vary within an individual island and among adjacent islands given the topographic
variability present within an individual island (Stallins 2005; Zinnert et al. 2017). Duran
and Moore (2015) even suggest that at intermediate elevations, bistability may develop. In
this case, either the overwash-resisting or overwash-reinforcing stability domain can
develop. In these perspectives on the original domain models, domain states and the

resilience that they confer can potentially manifest along the coastline of a single barrier



island. Not only are studies needed that question how valid it is to generalize island
morphology to dune topography, insights into how resilience properties vary between and
within islands are also needed. By examining topography over a wide range of islands, in
different nearshore conditions having similar island morphologies, it may be possible to
infer more of the geographically-variable relationships between island morphology, dune

topography, and resilience properties.

Most of the evidence for the overwash disturbance-resisting and overwash
disturbance-reinforcing domains has come from geographically-limited field work and
from modeling. These geographically-restricted studies as well as the simulation-based
approaches have relied on transect-based point elevation, dune crest elevations, and highly
generalized parameterizations of topography. A different approach is needed to compare
the spatial patterns of topography, particularly when working at the landscape extents that
the two-domain model has been postulated to operate across. Different data representations
may be necessary to capture the complexity of earth surface patterns (McGarigal and
Cushman 2002; Lausch et al. 2015). Thus, this study will compare spatial patterns of dune
topography in more detail than prior studies, in addition to sampling dune topographies
from a much larger geographic area. Monge and Stallins (2016) employed a similar
approach, although the older barrier island dune studies had a much larger geographic
extent at which they deployed their ideas (Godfrey et al. 1979; Zaremba and Leatherman
1986.). However, these earlier studies did not have the theoretical and methodological basis

to perform detailed comparisons of topography in a robust quantitative fashion.



1.2.3  Visualizing cross-scale structure in state space

The concept of cross-scale structure is used in this dissertation to make comparisons
of topographic patterns and to link them to process, Cross-scale structure is the theoretical
base for resilience properties in geomorphic and ecological systems (Sundstrom et al. 2014,
2016; Nash et al. 2014). These ideas developed in ecology with Holling (1996). Although
formally defined with adaptive cycles and panarchies, the working units of resilience
theory, cross-scale structure provides a way to parse variables into different hierarchical
levels and to relate this structure to resilience properties. It has long been recognized in
ecology that ecological and geomorphic processes which operate at one scale can propagate
across multiple scales on barrier islands (Odum et al. 1987; Zinnert et al. 2017). However,
formal cross-scale structure from resilience theory provides a methodological basis for
characterizing and comparing this hierarchical structure (Stallins and Corenblit 2018). The
scalar extents and resolutions bound to a cross scale data model for dunes vary from cycles
of sediment accumulation and individual plant growth to the feedbacks with overwash and

sediment transport at the extent of a landscape.

Unique to a cross-scale data structure approach is that it allows for multiple
explanatory paradigms to be integrated, each with their own particular methods of
representing patterns. Geomorphologists and ecologists often delineate and segregate
patterns and processes operating at different spatial and temporal scales. As a compromise,
comparing patterns across scales has been approached through more scale-condensing
techniques such as spatial autocorrelation, hierarchical modeling, fractals, and wavelets.
Modeling dunes using the cross-scale structuring of resilience theory has several

advantages to these methods. It allows for multiple types of pattern and different



conceptual paradigms, like patch and gradient perspectives, to be integrated. It allows for
a multivariate comparison of pattern that integrates across scalar extents and also

incorporates a mechanism to account for resilience properties.

Cross-scale data requires a method of visualization that can retain the data’s
underlying structure yet simplify its interpretation. State space visualization of cross-scaled
topographic data is employed in this dissertation. State space specifically refers to
Poincairean ecological topologies, in which phenomena are mapped in an abstracted field
space (Prager and Reiners 2009). There are typically axes, in a Cartesian coordinate
system, that give shape to state space. The state space of a dynamical system defines the
set of all possible states that the system can take. Uses of state space similar to those
employed in this study can be found in ecology and geomorphology (e.g., Baas and Nield
2010; Donohue et al. 2013; Chartier et al. 2014; Barros et al. 2016; Inkpen and Hall 2016;
Stevens and Tello 2018). In the approach used in this dissertation, state space is constructed
via dimensionality reduction using ordination. Cross-scale data is designed to be nested
and exhibit multicollinearity. Using ordination, the variance structure of cross-scales data
can be visualized. In this reduction of the dimensions of the data, the axes of state space
represent resistance and resilience. These state space approaches to resilience properties

are frequently employed in ecology (Donohue et al. 2013, 2016; Laughlin 2014).

1.2.4 Defining resilience and resistance

Resilience theory was developed through theoretical discussions about the
relationship between diversity and stability (MacArthur 1955). From case studies in
population ecology, Holling (1973) proposed concepts of stability and resilience that were

later used to develop the terminology of engineering resilience and ecological resilience.
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Although there are many definitions that vary slightly, engineering resilience (i.e.,
resistance) is the structural and functional attributes that resist disturbance; ecological
resilience is the magnitude of disturbance that a system can absorb before the system

changes its structure.

Resilience concepts have long been recognized by geomorphologists (Brunsden
and Thornes 1979; Schumm 1979; Thomas 2001; Brunsden 2001; Phillips 2006, 2009a).
For example, landscape sensitivity discusses how landforms respond to perturbations and
includes the probability or propensity for change as well as the ability of the system to
recover from disturbance (Downs and Gregory 1995; Fryirs 2017). Several aspects in
landscape sensitivity were proposed by Phillips (2009a) and Philips and Van Dyke (2016)
to assess resilience properties in geomorphic systems. Within geomorphic systems,
resistance is the intrinsic property that resists geomorphic perturbations from floods, wind
or gravity, while resilience is the ability of a geomorphic system to recover from

disturbances and the degrees of freedom to absorb or adjust to disturbances.

An important distinction about resilience properties is that there is an underlying
structure that can be visualized and interpreted through dimensionality in state space.
Resilience is not a matter of absence or presence, but a multidimensional concept
(Gunderson 2000). It includes the underlying dimension of resistance, as well as how
resistance and resilience interact with each other. Dimensionality and position in state
space is as an approach to compare topographic patterns but it can also be used to gauge
the resistance and resilience of observations (Donohue et al. 2013, 2016; Stevens and Tello
2014, 2018). Donohue et al. (2013) elaborates on how resilience properties can be

explicitly represented as dimensionality in state space. Following Donohue et al. (2013,
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2016), as well as Stallins and Coreblit (2018), the first axis in a multidimensional volume
can represent resistance, and the second axis and higher dimensionalities represent the
resilience that emerges out of the underlying property of resistance. In the context of barrier
island dune systems, resistance is the stabilization of topography such a foundation that
exists for biogeomorphic interactions to emerge and promote resilience through more

spatial, landscape-extent interactions between topography and vegetation.

However, in order to compare topographic patterns and to examine how they reflect
different relative levels of resistance and resilience within and between barrier islands,
metrics have to be designed to reflect a cross-scalar structure. Three basic types of
topographic metrics were used. Implicitly spatial descriptive statistics for elevation
comprise the resistance variables. The landscape patterns of elevational patches, as based
on FRAGSTATS measures of patch structure derived from interval groupings of elevation,
comprised the middle dimension variables. These reflect more spatial attributes of dune
topography, but do not capture the continuous, gradient structure of topography. The
highest dimensional variables were chosen to be the spatial autocorrelation structure of
topography, along with the extent or size of a particular DEM study site. Skewness and
kurtosis of the point elevations that comprise the DEMs were also designated as high
dimensional properties, as they are reflect the boundary constraints upon which landscape-
extent topographic patterns could be expressed. Low dimensional resistance metrics set the
boundary conditions for the emergence and expression of higher dimension resilience

metrics.
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1.3 Structure of the dissertation

The dissertation is composed of five subsequent chapters. Chapter 1 has
summarized the basic theoretical background necessary for an understanding of barrier
dune systems and cross-scale resilience. In Chapter 2, the dune topography of barrier
islands of Virginia will be assessed in terms of how variable their topographies are in
relation to their island morphology. Like the Georgia Bight, island morphology has been
well-studied along the Virginia coast. This chapter will assess how well dune topographies
correspond to the older morphological classifications of the Virginia Barrier Islands. It also
relies on the recent observations of Virginia Barrier Island shoreline trends in erosion and
accretion to assess this linkage between island nearshore context and dune topography.
More precisely, given that topography was assessed at multiple locations along each island,
to what extent do all of the sites on an island retain an affinity for its particular nearshore
morphological context? To what extent are topographies within an individual island more
similar to those in different island morphological contexts? Understanding the degree to
which topography varies across different morphological contexts provides insight into the
potential limits of the existing biogeomorphic stability domain model with its
generalization that island morphology determines topography and biogeomorphic

interactions.

In Chapter 3, the focus will be on expanding the geographic extent of dune
topographic comparisons. Dune topographies of the Virginia Barrier Islands are compared
to those of several islands in the Georgia Bight, which spans from Florida to North
Carolina. Specifically, how do dune topographies of these two stretches of the U.S.

southeastern Atlantic coast compare given that some of the same island morphologies are
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expressed in each? Are the interpretations of their individual state spaces logical based on
the known characteristics of these two stretches of coast? The Virginia Barrier Islands are
undergoing rapid retreat and erosion when compared with much of the US Atlantic coast.
Do island morphologies shared by both regions exhibit similar topography given these
differences in erosion and island retreat? By examining where sites from barrier islands
from both regions plot in a combined state space, comparisons will be made not only of
the topographic affinities, but also in relation to the relative levels of resistance and

resilience.

In Chapter 4, the last analytical chapter, the topographic state space formed by the
analysis of sites from Virginia and the Georgia Bight will be assessed in more detail. The
goal was to describe how aspects of state space axis dimensionality and the loading of
topographic metrics on these axes suggests domain dynamics and possibly other types of
dynamical behaviors. This chapter will provide a summary as to which islands may be
more likely to be overwash-resisting and overwash-reinforcing domains, and where in state

space bistability could be expected to develop.

Chapter 5 will synthesize results and discuss the implications of the above analytic

chapters.
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Chapter 2. Dune topographic variability along the U.S. Virginia coast: how
landscape mosaics complicate existing biogeomorphic models of barrier island
responses to storm disturbance

Abstract

Context How dune topography varies within and among barrier island morphologies
has not been examined. Existing models of how barrier dune coasts respond to high water
events assume homogeneity in dune topography.

Objectives Through thirty plots across seven barrier islands of Virginia (U.S.A), this
study quantitatively assessed how dune topographies correspond to barrier island
morphologies.

Methods For LiDAR-derived DEMs of each plot, topographic attributes were derived
from elevational descriptive statistics, landscape indices of elevation patch structure, and
the directional autocorrelation structure of elevation. Non-metric multidimensional scaling
and hierarchical cluster analysis were used to gauge topographic similarity. Multiple
response permutation procedures compared the similarity in dune topography based on
island morphology to the similarity identified from clustering of all island plots.

Results Topography on mixed energy wave-dominated island morphologies was
distinctive from tide-dominated morphologies. However, differences in topography on the
much smaller tide-dominated barrier island morphologies were as great as those between
wave and tide-dominated island morphologies. Topographic differences were more robust
when based on clustering of all plots rather than island identity (i.e., morphology).
Conclusions Local controls such as shoreline accretion and erosion fostered larger
differences in topography among tide-dominated islands. Wave-dominated islands
exhibited more convergence in dune topographic form. Island morphology is an incomplete
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guide for anticipating potential dynamic dune biogeomorphic responses to high water

events.

2.1 Introduction

Dunes and beach landscapes are major features of barrier islands, a globally
widespread landform that can buffer storm inputs on the mainland. Barrier islands have
been classified according to how wave and tidal energy shapes their macro-scale
morphology (Hayes 1979; Davis and Hayes 1984). Island morphology has in turn been
used to make generalizations about the underlying dune topography and how barrier islands
potentially respond to storms and high water events. Wave-dominated mixed energy barrier
island morphologies are often associated with reduced topographic roughness and a lower
resistance to incursions of overwash. On mixed-energy barrier island morphologies where
tidal energy is greater, topographic roughness increases, and overall resistance to overwash
disturbance is often assumed to be higher (Godfrey and Godfrey 1976; Stallins and Parker

2003).

However, barrier island morphology can exhibit a considerable amount of
variability (Stutz and Pilkey 2011; Mulhern et al. 2017). Dune topography within an
individual barrier island is not uniform. Consequently, how barrier island shorelines
respond to high water events may be more open-ended than what is assumed by these island
morphological models. They oversimplify how sandy barrier coasts respond to high water
events by assuming homogeneity in dune topography within tide-dominated versus wave-

dominated mixed energy barrier island morphologic types.
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In this paper, we documented the relationship between dune topography and barrier
island morphology for barrier islands of Virginia (U.S.A), a mixed wave and tidal energy
stretch of the U.S. southeastern Atlantic coast. As how to demarcate a dune is a complex
question (Wernette et al. 2018b), we utilized a cross-scale data set comprised of a suite of
topographic metrics. These metrics spanned different extents and resolutions, and
encompassed different geometric attributes of dunes. The intent of these metrics was to
capture more of the correlated, nested causal structure of biogeomorphic systems
(Corenblit et al. 2015; Stallins and Corenblit 2018). Their usage facilitated the delineation
and interpretation of topographic similarity within a multidimensional dune state space. As
the stretch of Virginia coast in this study ranges from wave to tide-dominated conditions,
we were able to ascertain how variable dune topography was among the different process-
form nearshore contexts shaping island morphology. As Phillips (2018) observed,
responses to sea level rise may be much more local, with less coherence with models of
change in which large sections of contiguous coastline respond uniformly. Coastal
responses to sea level should also be assessed based on multiscalar, nested environmental
gradients and the data that represent them. The topographic metrics employed in this study
to make comparisons of topography between and within barrier islands incorporate these

recommendations.

2.2 Background

Early classifications of barrier island process-form morphologies were based on
wave and tidal energy (Hayes 1979; Davis and Hayes 1984; Hayes 1994). Tidal energy
limits island length by inlet formation, and increases island width through the welding of

sediments at tidal inlets. This creates the more rounded, drumstick-shaped islands found
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on tide-dominated coasts. Conversely, barrier islands on wave-dominated coasts are
primarily width-limited by overwash processes. This results in elongate island

morphologies, some approaching tens of kilometers in length.

Geographic variability in barrier island dune topography was initially based upon
these distinctions in island morphology (Godfrey and Godfrey 1976; Hosier and Cleary
1977). This generalization from island morphology to dune topography arose out of
observed geographic generalizations about island sediment budgets, exposures to
extratropical and tropical storm tracks, and biogeomorphic feedbacks. Wave-dominated
morphologies have low flat overwash topographies that peak in elevation along the fronting
dunes. Tide-dominated barrier islands have multiple shore-parallel ridge and swale
topography. Each of these two topographies were hypothesized to entrain distinctive storm-
driven cycles of sediment erosion and deposition that constrain dune plant functional
abundances and topography on each island morphologic type. This perspective has been
formalized into a view of dune topography and island morphology as a self-organizing
complex system exhibiting process-form feedbacks that propagate across scales (Stallins
2005; Wolner et al. 2013; Brantley et al. 2014; Duran and Moore 2015; Goldstein and
Moore 2016). Local, largely geomorphic constraints, like elevation above water level,
initiate the potential for interaction of sediment transport processes with vegetation. These
culminate in landscape-scale feedbacks among geomorphic and ecological components
that can confer ecosystem properties like resistance and resilience (Stallins and Corenblit

2018, Schwarz et al. 2018).

While a wide range of techniques, from field description to mathematical modeling,

have been employed to document these complex dynamics, these studies do agree on the

16



potential for reinforcing biogeomorphic feedbacks to emerge out of nearshore context,
storm history, dune vegetation, and topography. These feedbacks shape the expression of
overwash-resisting, overwash-reinforcing and bistable dynamical states. Bistability
suggests that either the overwash-resisting or the overwash-reinforcing stability domain
can develop within intermediate dune elevations. The two end points of these dynamical
behaviors still retain an affiliation with island morphology (Stallins and Parker 2003;
Wolner et al. 2013; Brantley et al. 2014). Tide-dominated barrier islands are taken to be
high, overwash-resisting islands. Wave-dominated barrier island morphologies are taken
to be low overwash-reinforcing islands. However, it is to a degree simplistic to link dune
characteristics and dynamical states to entire barrier island morphologies. Erosion and
accretion can vary considerably along any barrier island. While evidence for overwash-
resisting, overwash-reinforcing, and bistable dune landscape dynamics grows, what merits
clarification is a basic description of how dune topography varies not only within individual
islands, but also among different and geographically continuous barrier island

morphologies.

Analogous characterizations of topography in riparian landscapes (e.g., Phillips
1999) have observed that geomorphic processes can lead to increasingly divergent
topography over short distances. Conversely, the same topography can be expressed over
large geographic extents and be considered invariant or convergent. Comprehending the
degree of divergence and convergence in topography within an individual island, and
among islands of the same and different barrier island morphologies can inform us of the

limits to employing the resisting, reinforcing and bistable models of dune landscape
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dynamics. It provides detail about the generalizability of models predicting how sandy

barrier island landscapes respond to high water events (Carter 1991).

Along these lines, a recent study by Mulhern et al. (2017) observed that variability
in island morphology is more complex than the earlier barrier island classifications (e.g.,
Hayes 1979; Davis and Hayes 1984). Mulhern et al. (2017) found that mixed-energy tide-
dominated barriers and mixed-energy wave-dominated barrier islands have more variable
morphologies than previously assumed. This can be in part attributed to the greater
contextual dependence upon where and when tidal energy dominates over more
unpredictable inputs of wave energy. The way waves and the tides interact on tide-
dominated barriers (via mutual muting, modulation, or amplification) can enhance the
expression of distinctly local processes of sediment transport and morphological
development. Whether this augmented heterogeneity in island morphology extends to the

underlying dune topography has not been explicitly examined.

Biogeomorphic processes, rather than island morphology per se, may constrain
topographic variability in some contexts, but diversity it in others. For example, Duran and
Moore (2015) used mathematical modeling and primary foredune elevations along the
Virginia coast to reassert that when the biophysical processes driving dune recovery
dominate, islands tend to be high in elevation, and their vulnerability to storms is
minimized. In this overwash-resisting state, topography is constrained to have more
roughness. Alternatively, when the effects of storm erosion dominate, islands may become
trapped in a perpetual state of low elevation and maximum vulnerability to storms, even
under mild storm conditions. In this overwash-reinforcing state, topography is constrained

to be low and flat. However, for intermediate elevations, either dune topography can be
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potentially expressed. This complicates any straightforward linkage of dune topography to
barrier island morphological context. At intermediate elevations, different topographies
and dynamical properties may develop under the same nearshore conditions and island
morphologies. While a low or high island may constrain topography to certain dynamically
favorable topographic states, islands with intermediate elevations could exhibit greater
turnover in topography over time or across space. As this study by Duran and Moore (2015)
also shows, what constitutes a high island may not necessarily be a tide-dominated

morphologies, nor are low islands going to be those that are wave-dominated.

Given the relatively unexamined generalizations made between island morphology,
dune topography, and the biogeomorphic dynamical states arising out of responses to high
water events, greater field-based details as well as additional conceptualizations are
warranted. As a form of null model, all possible dune topographies may develop on a single
barrier island no matter what its morphological type is. This is because barrier islands are
bounded entities that transit from terrestrial to marine habitats. Consequently, a wide range
of topography should occur on any one island. For instance, where a barrier island beach
reaches its inevitable terminus near a tidal inlet, low flat topography and overwash will
inevitably develop, albeit locally. Overwash topography may be limited to this small
extent, perhaps only a few tens of meters or less, and driven by minor forcing events. While
this implies that the overwash-reinforcing dynamical state can develop on all islands, such
a position is of little value to coastal planners who need to work across larger coastal
extents. Their work must consider the more dominant types of dune topography across a
barrier island landscape. Within these two extremes is the relevant middle ground for

documenting dune topographic variability. It is specious to assume a uniform topography
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within a category of barrier island morphology. Yet assuming that each island contains all
possible dune topographies and the biogeomorphic feedbacks that contribute to them is
likewise unproductive if the goal is to better anticipate barrier island coastal responses to
high water events. As an investigation of landscape similarity (Niesterowicz and Stepinski

2016), this study documents this middle-range variability in dune topography.

To characterize dune topography, we developed a suite of cross-scaled topographic
metrics. Their intent was to account for the variety of topographic features expressed at
different scalar extents and to lessen dependence upon any generalized measure of
topography such as average point elevation, dune crest height, or two-dimensional cross-
sectional elevation profiles. Studies that rely only on point elevations or dune crest height
are capturing important aspects of topography. However, how barrier island dune
landscapes respond to forcings of high water events is a spatial landscape process (Houser
2013). To compare dune topography between and within island morphologies, we
constructed dune topographic state space. State space is a demarcation of the range of
conditions under which a dynamic phenomenon is expressed, from those that are favored,
and more likely, to those that are less persistent and unlikely to occur (Baas and Nield
2010; Inkpen and Hall 2016). The dimensionality and data structure of topographic state
space provided the explanatory framework for how individual topographic metrics
contributed to topographic differences. We hypothesized that within the dune topographic
state space for the sampled barrier islands, dune topographies for any specific island would
not be in perfect accordance with its morphology. While the position of some within-island

topographies were expected to have a propensity to track with island morphology, we
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Figure 4. 6 Island centroids and response surfaces for mean elevation, Al, LPI,
SHAPE AM, and SIDI. Al is often correlated with 1JI. SHAPE AM and PAFRAC also
measure similar properties. These two variables are not shown. Mean site mean elevations:
Assateague Island, 1.64 m; Metompkin Island, 0.99 m; Cedar Island, 0.75 m; Parramore
Island, 0.90 m; Hog Island, 1.03 m; Wreck Island, 0.74 m; and Ship Shoal Island, 0.74 m;
South Core Banks, 1.65 m; Bull Island, 1.03 m; Kiawah Island, 1.45 m; Sapelo Island, 1.44
m, and Canaveral Island, 2.22 m.
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Figure 4. 11 Gray scale convex hulls. Darker shades indicate more frequently observed
topographies. Light areas indicate infrequently observed topographies.
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