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“Packaging” coastal sediment transport into discrete temporal and spatial scale bands

is necessary for measurement programs, modeling, and design. However, determining

how to best measure and parameterize information, to transfer between scales, is not

trivial. An overview is provided of the major complexities in transferring information on

coastal sediment transport between scales. Key considerations that recur in the literature

include: interaction between sediment transport and morphology; the influence of biota;

episodic sediment transport; and recovery time-scales. The influence of bedforms

and landforms, as well as sediment–biota interactions, varies with spatio-temporal

scale. In some situations, episodic sediment dynamics is the main contributor to

long-term sediment transport. Such events can also significantly alter biogeochemical

and ecological processes, which interact with sediments. The impact of such episodic

events is fundamentally influenced by recovery time-scales, which vary spatially. For the

various approaches to scaling (e.g., bottom-up, aggregation, spatial hierarchies), there

is a need for fundamental research on the assumptions inherent in each approach.

Keywords: sediment transport, coastal morphodynamics, temporal scales, spatial scales, sediment cells, episodic

sediment transport, sediment-biota interactions, scale transfer

INTRODUCTION

In all areas of theoretical and applied science and engineering, processes are described over a
spectrum of temporal and spatial scales, to provide focus within the spatio-temporal framework of
available data. This is reflected in hierarchical governance entities and coastal stakeholder groups,
which influence at different (overlapping) scales (Swaney et al., 2012). How to transfer knowledge
between discrete scale bands is a recurring issue (Church, 1996; Capobianco et al., 1998; Gracia
et al., 2005; Roelvink, 2006). Landscapes are characterized by different properties at each scale of
observation (Slaymaker et al., 2009). Each scale includes: (a) cumulative effects of lower levels and
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(b) emergent properties. Although emergent properties cannot be
disregarded, large-scale sediment dynamicsmust, fundamentally,
be cumulative of smaller scales (Cowell et al., 1995; Nicholls
et al., 2014). However, data from smaller scales typically cannot
be summed to describe larger-scale-dynamics. Measured and
modeled data provide only a proxy for sediment transport, due
to dependence on factors such as sampling technique, resolution,
and range. Engineering and management activities often require
spatial and temporal data extrapolation, to project lives of
many decades. In addition, sediment dynamics governs, and is
governed by, interactions between sediment, biota, physical, and
chemical processes. As a result, chemical and biological processes
are subject to unique spatio-temporal scales, not related purely
to physical grain-interactions (Mann and Lazier, 2013). This
contribution provides an overview of the key complexities in
transferring information on coastal sediment dynamics, between
spatial and temporal scales.

SPECTRUM OF SCALES

Morphological changes are cumulative of smaller scales, and
depend upon the magnitude and frequency of drivers; thus,
systematic understanding of coastal change must be organized by
scale (Nicholls et al., 2014). Larson and Kraus (1995) described
“compatible space-time scales,” within which feasible calculations
can be undertaken (Figure 1). It is generally assumed that
small and large spatial-scale changes are due to short- and
long-term processes, respectively (Stive et al., 1991; Larson and
Kraus, 1994; List et al., 2006). Larger-scale processes are used to
provide boundary conditions (Stive et al., 2002), and smaller-
scale processes are considered to have negligible influence
at the larger scale (Stive et al., 1991). However, it can be
difficult and expensive to measure large-scale (tens of kilometers
or more) coastal response, to short-term (days) events (List
et al., 2006). Therefore, there are relatively few observations
investigating how information of coastal sediment transport
relates between scales. Moreover, most scale descriptions focus
upon natural (autonomous) variability, in the absence of human
and engineering intervention (Stive et al., 2002). “Packaging”
coastal processes into discrete scale bands is a convenient
approach to analysis (Woodroffe, 2003); however, determining
how to best measure and parameterize information to transfer
between discrete scales is not trivial.

CONSIDERATIONS IN SCALE TRANSFER

Key issues in transferring information on coastal sediment
transport, between scales, are considered here, including
interaction between sediment transport and morphology; the
influence of biota; episodic sediment transport; and recovery
time-scales.

Influence of Morphology on Sediment
Transport
Landforms and bedforms have important feedbacks with
sediment transport. However, such features are not measured

FIGURE 1 | Compatible temporal and spatial scales for sediment

transport and beach morphology. White spaces indicate combined

space-time scales considered to be incompatible, or unfeasible (redrawn from

Larson and Kraus, 1995, with permission from Elsevier). There are various

similar diagrams of this type in the literature.

if the resolution or range is too low. Holman (2001) presented
“classes” (scales) of nearshore morphology, using the alongshore
wave number (inverse wavelength) as the length scale, with
frequency as the time-scale. Time-scales varied from several
wave periods (ripples), to decades, over some six orders of
magnitude. However, because the complex and non-linear
nearshore physical processes are still not clearly understood,
morphological changes leading to the range of shapes, and
features at different scales is almost impossible to predict
(Caballeria et al., 2002). Bedforms have been deduced as being
due to forcing by regular structures in the hydrodynamics, in
so-called template models (van Enckevort et al., 2004). Whilst
this approach has been able to predict shapes and initial
longshore spacing in some cases, it failed in extensive field tests
(Holland and Holman, 1996; Masselink and Pattiaratchi, 1998).
Other approaches use linear and non-linear self-organization
models (Blondeaux, 1990; Hulscher et al., 1993; Calvete et al.,
2001; Caballeria et al., 2002). This allows for positive feedback
between the hydrodynamics and morphology; this can lead to
bedforms that do not correspond directly to scaling in the
hydrodynamics.

Eulerian-Lagrangian frameworks may provide a useful analog
for variation in sediment transport due to hydrodynamic
forcing, with scale. Evaluation of sediment dynamics near
to grain-scale is analogous to an Eulerian perspective. The
Lagrangian analog at larger scales occurs with reference to
spatio-temporal organization, developed by hydrodynamics,
sediment transport, and morphology. From grain-scale upward,
this organization may be characteristic of bedforms and
landforms. This distinction reflects partly the approach of
different disciplines to coastal sediment dynamics. For example,
the grain-scale (Eulerian analog) is used more commonly by a
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sediment dynamicist, compared to a geomorphologist, who may
take a landform approach (Lagrangian analog).

Sediment–biota Interactions
The approaches outlined above focus on the physical nature of
sediments, which actually should be conceived as the integration
of physical, chemical, and biological processes. To illustrate this
point, we discuss two examples of the influence of: (1) seagrass
and (2) capitellid worms, on sediment transport.

Sediment transport in complex benthic ecosystems, such as
seagrass meadows, is difficult to describe, either qualitatively
or quantitatively. This is partly due to the multiple scales of
transport (Figure 1). Four such scales in seagrass meadows are:

(1) The stem scale (∼O; cm): Significant erosion can occur around
individual seagrass stems, similar to around engineered
structures (Figure 2A). This has tremendous implications for
the stability of individual shoots in seagrass recruitment or
transplanting.

(2) The canopy scale (LC, ∼O; 0.1–1 m): This represents the scale
of turbulence generated at the top of the seagrass canopy
in a steady flow (Figure 2B). In short canopies, the canopy
height (h) sets the canopy scale (LC ≈ 3–4 h). In tall canopies,
this scale is set by the density of the canopy, decreasing
with increasing density (Ghisalberti, 2010). There is significant
sediment transport on this canopy scale in aquatic canopies.

(3) The “patch” scale (∼O; 1–10 m): Sediment transport on the
horizontal scale of a patch of vegetation (Figure 2C) impacts
patch growth shape (Follett and Nepf, 2012; Ortiz et al., 2013).

(4) The meadow scale (∼O; 0.1–1 km): Sediment transport on the
scale of an entire seagrass meadow has the potential to create
large-scale bedforms (Figure 2D).

Physical properties of sediments (e.g., grain size distribution,
water content, compaction, shear strength, and bottom stability)
are influenced by the feeding, behavior, density and biomass of
benthic organisms, and vice versa (Rhoads and Boyer, 1982).
For example, sediments colonized by capitellid particles can
be repackaged into large fecal pellets that persist for years
(Horng and Taghon, 1999); modifying spatial and time trends in
coastal sediment transport and morphology, as well as sediment
biogeochemistry (e.g., persistence of chemical contaminants).
A challenging conceptual approach for transferring knowledge
between scales in coastal sediment dynamics would benefit
from including chemical and biological factors, together with
hydrodynamics and grain interactions; otherwise, models’
consistency will remain limited. However, spatial and temporal
scales in ecological processes may not correlate linearly, and
can “jump” between or appear at different scales at the
same time, such as long-lived species and their structures
which can cause memory effects in ecosystems (Swaney et al.,
2012).

Episodic and Extreme Sediment Transport
Coastal sediment transport can be episodic (Collins and Balson,
2007), in response to infrequent and high magnitude extreme
events (Hume and Schalk, 1967), and more frequent and lower
magnitude “nuisance level” events. Wright (1987) stated that

FIGURE 2 | Demonstrations of scales of sediment transport in

seagrass meadows. (A) Stem-scale scour in the laboratory (Ng, 2013); (B)

Canopy-scale heterogeneity of sediment transport in a uniform array in the

laboratory (adapted from Ng, 2013). Alternating zones of strong sediment

deposition (red zones, often burying canopy elements) and sediment erosion

(blue zones), separated by a distance of the order of LC, are evident; (C)

Panoramic view of patch-scale sediment transport in the laboratory. The patch

on the left-hand side (flow is from left to right) creates strong scour within the

patch, deposition behind the patch, and patch-driven bedforms (taken from

Follett and Nepf, 2012); (D) Fauré Sill (500 km2 ) in Shark Bay, Western

Australia, which has formed through thousands of years of sediment

deposition within a seagrass meadow (Davies, 1970; image taken by Western

Australian Department of Parks and Wildlife).

it is the long-term, net sediment transport fluxes and storages,
which are reflected in gross coastal morphology and shoreface
stratigraphy. Short periods of rapid forcing, such as due to
storms and tsunamis, can be more significant to total and long-
term sediment transport than longer periods of weaker forcing
(Soulsby, 1983, 1997; Larcombe, 2007). For example, energetic
storms may move large boulders, and floods can shift otherwise
stable channel positions in deltas (Woodroffe, 2003). Similarly,
sand transport paths may be reversed in direction during storm
events (Pattiaratchi and Collins, 1984). However, large amounts
of sediment transport can also occur during relatively calm
conditions (List and Farris, 1999; Larcombe, 2007). In some
situations, because extreme events are infrequent, they make a
relatively small contribution to the overall sediment dynamics
(Soulsby, 1987). On the other hand, episodic events can be
the main driver of sediment sources and transport to some
areas, such as on some beaches, e.g., in the U.S. (Seymour
and Castel, 1985); and on some continental shelves such as
in the North Sea (Soulsby, 1987). Also, episodic erosion of
coastal cliffs is the dominant sediment source to many coasts
(McCave, 1987; Woodroffe, 2003; Violante, 2009). Furthermore,
non-extreme events can control the sediment state around
engineered structures, with consequences for the resilience to
extreme events. For example, non-extreme events can create
local scour and self-lowering of seabed pipelines, improving
stability under the hydrodynamic loading of subsequent extreme
events (Leckie et al., 2015). The geomorphological significance of
episodic sediment transport events is determined by the energy
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of the event, compared to the resilience of the system (at different
scales) to change (Woodroffe, 2003).

Understanding the effects of episodic sediment transport
events is important when evaluating the impacts of human-
induced sediment disturbances (Erftemeijer et al., 2012). This
is especially so in areas where the relative contribution of
extreme events to sediment transport is greater than that from
ambient conditions, such as the middle shelf, and parts of the
inner shelf, of the Great Barrier Reef (Larcombe and Carter,
2004). One human-driven cause of episodic sediment transport
is dredging operations. Although the scale of dredging has
expanded rapidly over the last two decades, in terms of volumes,
size, and duration of individual and multiple dredging projects
(de Jong et al., 2005), bio-physical impacts appear to remain
localized. As such, they should be viewed in perspective against
natural sediment disturbances, which can be several orders of
magnitude greater (Gao and Collins, 1995; Larcombe et al.,
1995), and have timescales of many decades. However, repeated
dredging that does not permit sufficient recovery time between
operations, can draw significant quantities of fine sediments
out of sediment-starved estuaries, leading to erosion of tidal
flats and channel instability (Kirby, 2013). Extreme episodes of
sediment transport in close proximity to highly industrialized
or urbanized areas, can also re-mobilize toxic chemicals, which
modifies coastal ecosystems and, hence, sediment dynamics
(Einsporn et al., 2005). Severity increases as the frequency of
toxic incidents increases, whether due to increased engineering
activities or climate change, because the recovery time for
biological systems would be insufficient (Wölz et al., 2009). In
some situations, natural and human-induced episodes of extreme
sediment transport dominate, which must be considered when
establishing spatio-temporal data coverage (Coco et al., 2014).

Recovery Time-scales Following Extreme
Events
The potential for coastal sediment dynamics to be affected by an
event such as a storm, depends upon the balance between event
frequency and recovery time-scale (Ferreira, 2005; Coco et al.,
2014). Understanding of the coast and beach-recovery processes
is much less developed than for erosive conditions. It is generally
agreed that recovery by accretion of sediment tends to occur
much more slowly than erosion. Several studies suggest recovery
time-scales vary significantly with location (Muñoz-Perez and
Medina, 2010; Gallop et al., 2012), with beach-erosion recovery
time-scales, for example, ranging from days (Birkemeier, 1979),
through days and months (Wang et al., 2006), to years (Thom
and Hall, 1991). The large spatial variation in recovery between
and within sites needs to be considered in the measurement and
scaling of coastal sediment dynamics.

Approaches to Scale Transfer
Various approaches have been suggested and used to transfer
information on coastal sediment dynamics between scales.
These focus largely on the physical properties of sediment,
for multi-scale numerical modeling (Roelvink and Reniers,
2012). Data-driven modeling uses derived spatio-temporal
relationships between coastal measurements, and oceanographic

or atmospheric variables, to project coastal change. This
inherently includes scales related to sampling, resolution and
range, of both the coastal measurements, and environmental
variables. Relationships are generally deduced statistically and
may be linear (Larson et al., 2003) or non-linear (Southgate et al.,
2003). Linear techniques include bulk statistics, such as means
or tend correlations, Fourier analysis, empirical orthogonal
functions (Winant et al., 1975), canonical correlational analysis
(Karunarathna et al., 2012), and principal oscillation patterns
(Różyński, 2002). Non-linear techniques include time-delay
embedding (Packard et al., 1980), (multichannel) singular
spectrum analysis (Różyński, 2005), forecasting signatures
(Rubin, 1992), fractal analysis (Baas, 2002), and neural networks
(Weigand, 1994). There are major challenges in ensuring
that correlations between variables remain coherent through
projection scales. Non-linear techniques go someway to ensuring
this, but understanding the non-linearity in coastal systems is
non-trivial; there is often a lack of sufficient data coverage to
apply these techniques; and there is a need for interpretation of
such methods to coastal science, as they are scattered across a
range of disciplines (Southgate et al., 2003).

Bottom-up approaches to scale-transfer attempt to
understand, and predict, larger-scale coastal sediment dynamics
from measurements or models at smaller scales. However,
there are various difficulties (de Vriend, 1991a,b; Larson and
Kraus, 1995), including imbalanced data availability with scale
(Southgate et al., 2003). Another key problem is how to bridge
the gap between small-scale and larger-scale processes, such as
developing relationships between grain-scale numerical models
and bedform development (Sonu, 1968). It is also a challenge
to determine how to integrate sediment–biota interactions, for
which the spatio-temporal scales may not align with the physical
scales (Mann and Lazier, 2013).

Larson and Kraus (1995) demonstrated that quantitative
approaches to one-dimensional, cross-shore sediment transport,
and morphology can be undertaken at different scales, which are
not necessarily contradictory. Nevertheless, it was emphasized
that still it is likely to be inappropriate to assume that
relationships at large scales are simplifications of the smaller
scale. Similar examples of reconciliation of approaches have
been given between mesoscale and macroscale, and macroscale
to megascale processes, with these scales defined in Figure 1.
This principle is related to morphological scaling factors used
in numerical modeling (Lesser et al., 2004). The morphological
factor multiplies changes in bed sediments, which extends the
morphological time-step by increasing the amplitude of short-
term changes such as due to tides and waves (Roelvink, 2006).
There are several other ways to undertake such morphological
updating to allow longer-term modeling, which are discussed
in depth by Roelvink (2006), and Roelvink and Reniers (2012).
However, each method has problems, thus selecting a suitable
morphological factor is not trivial, depending on the site
characteristics, and is based usually on best-judgment and
sensitivity testing (Lesser et al., 2004).

Aggregated approaches were developed to avoid some of
the problems of up-scaling (de Vriend, 1998). Aggregation
is the non-trivial process of adding or otherwise combining
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components (Capobianco et al., 1998). The concept of filtering
has been discussed previously to handle the scaling of physics and
morphology in delta systems (Capobianco et al., 1998). Various
types can be used: where it may be assumed that “representative
inputs” of small-scale processes can describe long-term residual
effects (input and output filtering); or filtering of processes to
permit model reformulation to a larger scale, without describing
small-scale effects (formal process filtering), or that which
facilitates attempts to qualitatively describe phenomena, without
physical descriptions (behavior-orientated modeling).

Capobianco et al. (1998) summarized the three methods
used for scaling, where: small-scale mathematics are up-scaled
using a statistical expectation operator, that incorporates the
small-scale variability (partial transformation); the system is
divided into smaller, relatively homogenous parts (partitioning),
and the smaller-scale equations are applied to each partition;
and re-calibration of the smaller-scale relationships to larger-
scales. However, each method can lead to: extremely complex
mathematics; subjectivity in selecting partitions, which also
require a method for adjusting the parameters for each partition;
and large-scale data are not always available for re-calibration.
Aggregated approaches provide a pathway for upscaling of
information. However, there is a need for more fundamental
research on the assumptions of “filtering” smaller scale processes,
and how to incorporate non-linear relationships, between scales.

Spatial hierarchies have developed in response to situations
where coastal management has jurisdictions at different scales.
Therefore, they have an extensive history of being related
to governance, with scale-transfer being addressed through
aggregation and disaggregation. However, complexities to
aggregation develop when transitions of either governance, or
active coastal processes, are not aligned. Consequently, the
concept of natural management units was developed, where
compartments are identified based upon transitions of coastal
processes. Applied to multiple processes that are active at
different temporal scales, spatial hierarchies may be developed.
Hierarchical spatial frameworks have developed in parallel in
various parts of the world (e.g., Rosati, 2005; Cooper and
Pontee, 2006; Whitehouse et al., 2009). The most generally
applied approach is sediment cells, which are identified as self-
contained units where little or no sediment movement occurs
across cell boundaries (Department for Environment, Food and
Rural Affairs (DEFRA), 2006; Whitehouse et al., 2009; George
et al., 2015). For less compartmentalized coasts, cells become
increasingly notional with greater sediment exchange across
boundaries. Sediment cells provide a framework for defining
and estimating sediment budgets. The changing nature of cell
boundaries at different scales has been illustrated for theWestern
Australian region, when considered on a cell hierarchy derived
from geologic and geomorphic information (Eliot et al., 2011;
Stul et al., 2014).

The coastal-tract approach is a framework for scale
aggregation, using a contiguous hierarchy of morphological
units (Cowell et al., 2003a,b; Stive et al., 2009). The approach uses
alongshore characteristics relevant to processes active at discrete
temporal scales, to facilitate aggregation. Spatial homogeneity
or spatially-balanced heterogeneity may therefore be used to

identify hierarchical units that can independently be described
as a system, with cross-shore balance including sedimentary
processes in estuarine basins and over the adjacent continental
shelf. Conservation of sediment volume at each level of the
hierarchy constrains morphological responses on a given scale
(Stive, 2003), with sediment distributed between smaller spatial
units. Coastal advance or retreat is determined quantitatively by
the balance between sediment availability and accommodation
space (Nicholls et al., 2014). Spatial hierarchy frameworks
provide a pathway for upscaling or downscaling, built around
factual geologic and geomorphic information. This may reduce
dependence on simplifications such as the zero-sum cross-shore
transport, often applied to decadal scale coastal change (Eliot
et al., 2013).

CONCLUDING REMARKS

This contribution provides an overview of the key complexities in
transferring information on coastal sediment transport, between
discrete spatial and temporal scale bands. Some major issues
are: how to consider interaction between grains; sediment–biota
interactions; the incorporation of episodic transport; and the
establishment of erosion “recovery” time-scales. The influence of
bedforms and landforms, as well as sediment–biota interactions
varies with spatio-temporal scale. Progress may be made in
understanding how to best transfer information from grain-scale,
to larger scale processes. In some situations, natural and human-
induced episodes of extreme sediment transport can dominate,
which must be considered when establishing spatio-temporal
data resolution and range. The impact of erosive events is also
influenced fundamentally by recovery time-scales, which display
significant site-to-site variation. For the various approaches to
scaling (e.g., bottom-up, aggregation, spatial hierarchies), there
is a need for more fundamental research on the assumptions
inherent to their various approaches to scaling.
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Różyński, G. (2005). Long-term shoreline response of a nontidal barred coast.

Coast. Eng. 52, 79–91. doi: 10.1016/j.coastaleng.2004.09.007
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