
Chapter 9
Australian Seagrass Seascapes: Present
Understanding and Future Research
Directions

Gary A. Kendrick, Renae K. Hovey, Mitchell Lyons, Chris Roelfsema,
Leonardo Ruiz Montoya and Stuart Phinn

Abstract Seagrass seascapes are 100s m2 to 1000s of km2 coastal regions in
nearshore, sandy to muddy benthic environments that are characterized by the
presence of seagrasses. Here we explore the development of seagrass seascape
research in Australia. Determining the distribution of seagrasses started with
mapping their extent, but improvements in remote sensing and statistical modelling
has allowed us assess the large scale spatial distribution and temporal dynamics of
seagrass seascapes. We use a case study from Moreton Bay, near Brisbane,
Queensland to demonstrate changes in seagrass meadows over time. Terrestrial
landscape indices and their use in seagrass studies is reviewed. Some indices
perform better to summarize patch to meadow scale changes in the distribution and
structure of seagrasses. A case-study is then presented, comparing landscape indices
calculated from observed changes in seagrass patches and meadows to a
spatially-explicit model simulation, to explore the drivers for changes in the sea-
grass seascape’s demographic processes, clonal growth and recruitment from seeds.
The role of landscape structure in the movement and abundance of associated fauna
in seagrass seascapes using landscape approaches is then reviewed. This is followed
by a summary outlining directions for future research that combine landscape
ecology and remote sensing techniques with population and community biology.
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9.1 Introduction

Seascape ecology is the application of landscape ecology to the marine environment,
and is based on concepts and techniques developed for terrestrial systems (Robbins
and Bell 1994). It is an area of study that broadly looks at spatial variation in
landscapes across a range of habitat elements and space and time scales. A landscape
is larger than an individual’s immediately observable area and landscape studies
typically address heterogeneity across landscape elements at very large spatial scales
relative to the organism or process of interest (Bell et al. 2006). Landscape ecology
includes understanding patterns and interactions among ecosystems within a defined
area, and the way these patterns and interactions affect ecological processes. Of
particular interest is the unique effects of spatial heterogeneity on biotic interactions.
Spatial dynamics, or patch dynamics in marine systems has been extensively studied
for many decades (e.g. Hutchinson 1953; Steele 1978; Pickett and White 1985;
Levin and Paine 1974) and these studies have been a major influence in the theo-
retical development of terrestrial landscape ecology. More recently since the seminal
paper of Robbins and Bell (1994) the explicit examination of spatial arrangement,
patchiness, edge effects, movement and connectivity across landscape elements,
been applied to the study of seagrasses in the marine environment, where it is now
commonly referred to as seascape ecology. Our intentions for this chapter are to
summarize seagrass seascape studies in Australia by describing pattern through
mapping, characterizing the landscape features through indices, modelling seagrass
growth across landscapes and by summarizing the association and movement of
mobile fauna in seagrass seascapes (Fig. 9.1).

Understanding the spatial relationships between seagrass species and their
environment at a seascape scale is required to effectively manage seagrass
ecosystems under increased anthropogenic pressures (Orth et al. 2006a; Kilminster
et al. 2015). The issues of scaling processes that determine the survival and growth
of seagrasses and associated biota to the dynamics of seagrasses in shallow near-
shore coastal and estuarine environments are only just being treated systematically
by marine researchers (e.g. Kendrick et al. 2008), yet large gaps remain in our
knowledge of seagrass seascapes, limiting our ability to predict trends for sus-
tainable management and conservation. This Chapter will address our present
knowledge of seagrass seascapes, focusing on scales of influence both in time and
space, describing seascape dynamics, determining scaling of physical and biolog-
ical drivers of seascape pattern, and drivers of the movement and abundance of
seagrass associated biota through seagrass seascapes.

Most studies on seagrass spatial dynamics have been conducted on relatively
small scales, many focus on describing the growth rates of seagrass rhizomes
measured exclusively at the scale of shoots (e.g. Brouns 1987; Williams 1990;
Olesen and Sand-Jensen 1994). These results have been scaled upwards directly to
the functioning of the patch and meadow (Kendrick et al. 1999, 2005a; Sintes et al.
2005; Renton et al. 2011), but there is growing evidence that seagrass seascapes are
not solely driven by shoot scale interactions and scaling shoot dynamics to the
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seascape only accounts for a small proportion of the broad scale dynamics in
seagrass meadows (e.g. Kendrick et al. 2008).

Seagrass mapping of historical changes in seagrass distributions (Kendrick et al.
1999, 2000, 2002; Roelfsema et al. 2014) have demonstrated that the rate of col-
onization exhibited by some seagrasses is too fast for vegetative spread from the
edge of existing meadows and is more likely a multi-stage process of short distance
dispersal, patch establishment, patch expansion and coalescence, all working below
the grain or resolution of imagery used in mapping. The relationship between
broad-scale decadal changes in seagrass distributions and plant-related processes
proposed as the drivers (colonization, growth, and competition between seagrass
species at the shoot and meadow scale) has yet to be satisfactorily resolved
(Kendrick et al. 2005a, 2008), since only a few of these mapping exercises
attempted to correlate the spatial changes in seagrass landscapes to underlying
processes generating that change (Fonseca and Bell 1998; Robbins and Bell 2000;
Fredericksen et al. 2004a).

It is difficult to infer process from pattern (Wagner and Fortin 2005; van
Teeffelen and Ovaskainen 2007) and, unlike most terrestrial systems, the missing
link between pattern and process is pattern at broader scales (Kendrick et al. 2008;
Ooi et al. 2014). Seagrass landscapes, even when composed of large and
slow-growing seagrasses, can be highly dynamic over time scales of decades
(e.g. Larkum and West 1990; Quammen and Onuf 1993; Short and Burdick 1996;

Fig. 9.1 Major steps in the study of Australian seagrass seascapes from 1980s to present day.
SG = seagrass
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Kendrick et al. 2000, 2002; Seddon et al. 2000; Fredericksen et al. 2004b), contrary
to the general statement for most of the temperate Australian seagrasses, thought to
be unable to colonize at measurable rates and once disturbed rarely recover (Clarke
and Kirkman 1989; Kirkman 1985).

Habitat fragmentation is increasingly common in both terrestrial landscapes and
marine seascapes. The subtidal temperate regions of southern Australia support
extensive seagrass seascapes that are characterized by mosaics of multi-species
seagrass patches and meadows that are interspersed in sand (Walker et al. 2001;
Carruthers et al. 2007). Long-term mapping studies have indicated that these sea-
grass seascapes exhibit spatial changes in seagrass cover and distribution (Kendrick
et al. 2000, 2002) that can be defined along a continuum from many small seagrass
patches interspersed in sand, to a single continuous seagrass meadow. The process
of fragmentation has been described by a range of ecological, physical and
anthropogenic processes, including the influence of different species of seagrass an
their specific life history traits, growth and recruitment rates (Carruthers et al. 2007;
Hastings et al. 2007; Kendrick et al. 2008).

Different seagrass assemblages possess unique sets of physiological and mor-
phological characteristics, that provide them with the mechanisms necessary for
persistence in particular environments and may also influence differences in the
spatial organization of seagrass assemblages. As clonal organisms, seagrasses are
capable of reproducing without sexual interactions. Lateral expansion and archi-
tecture of seagrass relies heavily on elongation of rhizomes (i.e. the rate of addition
and size of rhizome internodes), branching pattern (i.e. the branching frequency and
branching angle), and length of the rhizomes between consecutive shoots (Marba
and Duarte 1998; Kendrick et al. 2005b; Sintes et al. 2005; Renton et al. 2011).
Seagrass are also capable of reproducing through sexual means but, as with other
clonal plant populations, seedling establishment appears to be infrequent (Inglis
2000a; Kirkman 1998 but also see Kendrick et al. 2012, 2017). The reproductive
characteristics (i.e. the number of seeds released per year), dispersal and recruitment
of reproductive and vegetative propagules can influence the spatial pattern of
seagrass assemblages (Inglis 2000b; Hovey et al. 2015; Kendrick et al. 2012, 2017;
McMahon et al. 2014), yet it is uncertain about the magnitude of the role seagrass
recruitment plays in the spatial structuring of seagrass seascapes.

Mapping of seagrasses in Australia started in the 1970s but improvements in
remote sensing and statistical modelling of species distributions has led to great
advances in our detection of seagrasses and our understanding of the large scale
spatial distribution and spatial dynamics of seagrass seascapes. We demonstrate the
capacity of modern remote sensing to assess change in seagrass seascapes over time
through a case study from Moreton Bay, near Brisbane, Queensland (also see the
remote sensing chapter). In the 1990s and through the 2000s landscape indices were
increasingly used to describe the structure and fragmentation of seagrass meadows
(Fig. 9.1). Landscape indices are introduced with specific focus on their use in
seagrass studies. They are also utilized in the landscape modelling case study that
follows the indices section. Modelling was first used in seagrass research in the
1990s and early 2000s to assess the contributions of demographic processes (clonal
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growth and recruitment from seed) on emergence of pattern across seagrass seas-
capes. A case study is presented as a demonstration of the use of landscape mod-
elling to demonstrate potential contributions of clonal growth and seed recruitment
to observed changes to seagrass seascapes on Success and Parmelia Banks, near
Perth Western Australia. Finally, we summarize a large body of Australian and
international literature on the role of landscape structure in the movement and
abundance of associated fauna in seagrass seascapes using landscape approaches.
This is followed by a summary outlining directions for future research.

9.2 Mapping Change in Seagrass Seascapes

The development of seabed-mapping technologies in the last two decades (Kenny
et al. 2003) has enabled the generation of accurate maps of landscape classes within
coastal seascapes, like seagrass meadows, reefs and un-vegetated sand. These
seabed mapping methods are useful for assessing the state of living resources,
similar to that which occurs for terrestrial resources, and are increasingly in demand
for a variety of applications, including: marine park placement and zoning
(Friedlander et al. 2003); marine resource management (Bax et al. 1999); envi-
ronmental monitoring (Kendrick et al. 2000, 2002); holistic catchment manage-
ment; and integrative ecological research (Durako et al. 2002; Fonseca et al. 2002).
Mapping the extent of seagrass seascapes has traditionally served as a general
indicator of coastal ecosystem health (Kilminster et al. 2015) and more recently has
served the analysis of spatial patterns using landscape metrics. However, an
understanding of the spatial heterogeneity within meadow dynamics such as
composition, density and productivity (biomass) is also important.

In the last two decades, effort has focused on developing efficient marine survey
equipment and data acquisition systems to map a wide range of abiotic and biotic
features on the seafloor (Kenny et al. 2003; McRea Jr. et al. 1999; Solan et al. 2003;
Chap. 15). This has been augmented by the application of sophisticated statistical
modeling methods to benthic datasets (e.g. multivariate analysis: Freitas et al. 2003;
CARTS: Holmes et al. 2008; Hovey et al. 2012; generalized additive models:
Garza-Perez et al. 2004; geostatistics: Kendrick et al. 2008; Ooi et al. 2014).
However, as seagrasses are commonly found in shallow clear water, an appropriate
approach to mapping seagrass extent involves using remotely sensed image data
such as airborne or satellite multispectral or hyperspectral imagery.

More recently, composition and structure of seagrass meadows have been
mapped as a direct function of remotely sensed image data. Historical maps of
seagrass seascapes that provide composition and structure information were typi-
cally visually estimated (Young and Kirkman 1975; Hyland et al. 1989). Time
series of seagrass structure may be derived from some historical aerial image data,
but it was not until the 1980s that moderate spatial resolution (5–30 m pixel size)
satellite image data (e.g. Landsat satellites) were available to create true time series
of seagrass structure using directly comparable images which allows quantitative
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assessment over time (e.g. Lyons et al. 2013) (Fig. 9.2). In the 2000s, high spatial
resolution (1–5 m pixel size) satellite image data (e.g. IKONOS, Quickbird,
Worldview) became available to create time series that allows quantitative
assessment of seagrass composition (e.g. Fig. 9.3, Roelfsema et al. 2014), although
some rare exceptions exist for moderate resolution data (Dekker et al. 2005).

Examples of seagrass biomass mapping for one or two image dates have been
common since the 1990s (Phinn et al. 2008), but time series that allow quantitative
assessment of the spatial distribution and absolute weights of above ground biomass
(Fig. 9.4) have only recently been demonstrated (Roelfsema et al. 2014;

Fig. 9.2 Annual (lower panel) versus monthly (upper panel) monitoring of the area covered by
three classes of seagrass percentage cover, high (100–60%), moderate (60–40%) and low (40–0%)
for Moreton Bay, Queensland, Australia (Lyons et al. 2013)
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Fig. 9.3 Annual mapping of seagrass species (composition) for Moreton Bay, Queensland,
Australia (Roelfsema et al. 2014)

9 Australian Seagrass Seascapes: Present Understanding … 263



Lyons et al. 2015). These methods have been driven by the increased interest in
inventory and dynamics of coastal Blue Carbon (the carbon sequestered by sea-
grass, mangrove and saltmarsh ecosystems), and globally and publicly available
satellite image data archives.

9.3 Seagrass Landscape Indices

Metrics and indices that quantify ecologically important spatial patterns are nec-
essary for linking spatial patterns to ecological processes (Turner 1989). Real
landscapes contain complex spatial patterns in the distribution of resources that vary
over time; so the ability to quantifying these patterns and their dynamics is the core
of landscape pattern analysis. Once an area of interest has been mapped, the
seascapes are often represented visually using several different conceptual models
with varying cartographic properties (i.e. spatial and thematic resolution; Wedding
et al. 2011). A common representation of seascape structure is the ‘patch-matrix’
model, where the map classification is binary with focal ‘high quality’ patches
embedded in a matrix of ‘lower quality’ habitat and is based conceptually upon
island biogeography theory (Wedding et al. 2011). The focus of this patch-matrix
model has been on patch attributes such as area (i.e. species–area relationships),

Fig. 9.4 Annual time-series of above ground biomass for Moreton Bay, Queensland, Australia
(Lyons et al. 2015)
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biotic response to patch edges, perimeter: area ratios, patch shape, and inter-patch
distances and/or isolation. From these attributes the quantifiable metric or indices
used to characterize the spatial structure of seascapes were developed, stemming
from the original need to quantify the complex spatial heterogeneity represented in
remotely sensed images (both aerial photography and satellite imagery).

No individual index can capture the full complexity of spatial patterns, and in
most cases multiple indices are required for analysing landscape configuration
(Saura 2002). A set of metrics are often considered useful when they are selected
for a particular objective, measured values are well-distributed over a range of
scales and metrics are relatively independent. These concepts and analytical tech-
niques in landscape ecology are well developed in terrestrial systems and provide a
framework that can be readily applied to assess broad-scale seagrass patterns and
disturbances (Wedding et al. 2011).

Landscape indices have been shown to be a useful tool for characterizing marine
benthic communities (Garrabou et al. 1998). In most seagrass seascape studies,
spatial properties relating to fragmentation or animal-habitat associations have been
described with simple measures like average patch size and the numbers of seagrass
patches per unit of area (Bell and Hicks 1991; Irlandi 1994; Irlandi et al. 1995;
Pittman et al. 2004). More complex indices have occasionally been used such as
Connectivity, Patch Dispersion (cumulative variation of Nearest Neighbour
Distance), Patch Adjacency (Interspersion and Juxtaposition) and Contagion to
measure various spatial attributes of seagrass seascapes (Robbins and Bell 2000;
Hovel and Lipcius 2001; Santos et al 2015).

The requirements of choosing indices in fragmented landscapes were explicitly
stated by Jaeger (2000). He suggested that the selection of indices should be based
on: (i) the extent to which they measure fragmentation; (ii) mathematical homo-
geneity with increasing extent; (iii) intuitive interpretation; (iv) detection of
important structural features of fragmentation; (v) comparison of regions of dif-
ferent grain and extent; (vi) mathematical simplicity; (vii) modest data require-
ments; (viii) low sensitivity to small patches; and (ix) monotonous reaction to
different fragmentation phases. In 2005 Sleeman et al. reviewed the literature
relating to the implementation and testing of indices specifically for the analysis of
fragmented seagrass landscapes, identifying a total of 24 indices (Gustafson and
Parker 1992; Riiters et al. 1995; Haines-Young and Chopping 1996; Reed et al.
1996; Schumaker 1996; Jorge and Garcia 1997; Li and Archer 1997; Gustafson
1998; Hargis et al. 1998; Kendrick et al. 1999; O’Neill et al. 1999; D’Eon and Glen
2000; Jaeger 2000; Robbins and Bell 2000; Hovel and Lipcius 2001). These 24
indices were reduced to 11; grouped according to the principle aspects of spatial
pattern they measure as defined by McGarigal (2002): Area/density/edge, Shape,
Dispersion, Subdivision and Connectivity.

Within these groups, individual indices were examined against the following
eight criteria:

(1) Can be defined at a class-level (e.g. seagrass or sand in a shallow subtidal
landscape);
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(2) Specifically relate to fragmentation;
(3) Are relatively insensitive to scaling issues such as grain and extent;
(4) Have low correlation with other indices;
(5) Relate to ecological processes;
(6) Are sensitive to important structural properties;
(7) Are applicable for comparing landscapes of different areas; and
(8) Can be calculated in a raster data format.

Sleeman et al.’s (2005) analysis concluded that no single index can be used to
comprehensively quantifying the complex spatial aspects of fragmentation and that
multiple indices should be used which are not strongly correlated and are easily
interpretable. Based on the overall performance of indices and index compatibility,
Area Weighted Mean Perimeter to Area Ratio, and Landscape Division, were found
to be preferred indices for providing a comprehensive assessment of spatial
structure while avoiding strong correlation among indices.

Area Weighted Mean Perimeter to Area Ratio generally measures the complexity
of patch shapes in terms of whether they are simple and compact or irregular and
convoluted, with a perfect square patch having a value of 0.01, and specifically looks
at the overall perimeter and area of a class rather than individual patches (McGarigal
and Marks 1995). Landscape Division is the area weighted mean of area and is given
as a probability that two randomly chosen pixels in a landscape are not situated in the
same patch (Jaeger 2000). LD = 0 when the landscape consists of a single patch and
increases to one as patches become more maximally subdivided, (when every cell is
a separate patch). The Landscape Division index is probably the most useful on its
own as it can discriminate between a greater range of habitat patchiness in the
landscape. These recommendations by Sleeman et al. (2005) have been used
recently to document seagrass loss and fragmentation from a dataset spanning
71 years in Florida (USA), providing evidence that coastal developments have
transformative impacts on vegetated habitats, with undetermined consequences for
the provisioning of ecosystem goods and services (Santos et al. 2015).

9.4 Modelling Seagrass Seascape Processes

Spatially-explicit modelling is a very useful approach for investigating how inter-
actions between organisms and their environment influences distribution of seas-
cape classes, like seagrass patches and meadows. Such models can be used to
describe processes as simple as linear relations between a couple of variables or as
complex as projecting the interaction between different organisms and their envi-
ronment over time (Pastor 2011). Despite the variety of modelling techniques
currently available, all aim to simulate a process and its responses based on max-
imum simplicity, thus restricting the variables to only the ones that, are of interest
or that produce greater effect while obtaining meaningful and realistic results. It is
therefore imperative for any kind of modelling exercise to describe the capabilities

266 G. A. Kendrick et al.



and limitations of the simulations undertaken as well as their real use or application.
The models can then add complexity depending on the number of variables as the
input and the relations among these variables. The increase in computer power has
allowed us to expand and assess more complex interactions, increasing the number
of factors in the system while reducing the solving time.

Seagrass seascapes inhabit certain environments over a determined area, where
the current environmental conditions are often used in models to define the suitable
habitat or the fundamental niche. If biological factors such as competition are
included in models, then the model represents the realised niche of an organism.
The geographical expression of its realised niche at a particular time is the potential
distribution of a species, denoting areas where there is fulfilment of both abiotic and
biotic requirements (Soberón and Peterson 2005). Modelling suitable habitat for
seagrasses aids in understanding contemporary seascape patterns, particularly in
determining if gaps are edaphic in nature or a result of disturbance driven mortality
(Bell et al. 1999). Understanding the evolution of seascapes however, depends on
numerous factors affecting the system at different timescales.. Shifts can result from
geological processes (millennia), cyclical events (decadal), rapid events (days) and
lastly to biological responses within the organisms (minutes to seconds). It is
therefore important to consider the timescale in question to properly address the
processes influencing the dynamics of seagrass seascapes and the spatial extent and
frequency at which responses are measurable or relevant (Zhang et al. 2013). Some
of the major limitations on spatial modelling are the heterogeneity of the envi-
ronment and our inability to work with the inherent complexity. Instead, we tend
group all the spatial information into units that average information into a
homogenous cell. The resolution of that spatial unit is a key factor when trying to
explain specific processes. To properly address the dynamics of the environment to
model, we need to determine the correct resolution and time-scale in order to work
with the best amount of data with real implications for the time scale in question.

Spatially–explicit, individual-, or agent-based models, have been developed for
research into seagrasses and the utilization of seagrass seascapes by mobile marine
animals. These models simulate populations and communities by following indi-
viduals and their properties through space and time, taking into account attributes
such as spatial location and physiological traits, behaviours and interactions among
individuals (DeAngelis and Grimm 2014). As these models can incorporate any
number of individual level mechanisms, they vary in their complexity and their
purpose. For example, agent-based modelling and has been employed to assess
fairy rings in sedges; a process of central dieback with regeneration within patches,
and a structure recently observed in seagrasses (Wong et al. 2011). Agent-based
models were also used to demonstrate that similar rates of horizontal and vertical
rhizome growth in Posidonia oceanica was a source of the vertical structure in
meadows in the Mediterranean, creating biotic reefs 1–3 m above the sediment
(SWARM: Kendrick et al. 2005a). Spatial and temporal movement of drifting
macro-algae was modelled to assess their influence on re-establishment of eelgrass
in a Danish Fjord using an agent-based modelling framework (MIKE 3 FM
ECOlab: Canal-Vergés et al. 2014). An individual-based model was used to explore
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the effect of seagrass fragmentation on the predator-prey relations of the blue crab,
Callinectes sapidus (NETLOGO: Hovel and Regan 2008). Below, as an example of
the value of landscape modelling, we describe in detail the application of an
agent-based model that tests the nested hypotheses that clonal growth alone or
clonal growth with recruitment from seeds could account for decadal changes in
spatial arrangement in seagrass seascapes.

9.4.1 Case Study: Influence of Clonal Growth and Sexual
Recruitment on Landscape Structure of Seagrass
Assemblages

Seagrass ecosystems occur over broad spatial scales (seascapes) where they are
characterised by a continuum from fragmented patches to continuous meadows.
Seagrasses within these seascapes can contain one or multiple species of seagrasses
with different rates of clonal growth and sexual recruitment. This study models the
roles of clonal growth and sexual recruitment of Posidonia spp. and Amphibolis
griffithii in accounting for changes in landscape fragmentation over decades.

Interactions between seagrass life-history processes and landscape patterns are
complex, occur over large spatial and temporal scales and are difficult to explore
through empirical experiments. Models of clonal growth (i.e. rhizome extension rates
and branching angles) of different seagrass species have indicated that they influence
spatial arrangement of seagrass patches (Marba and Duarte 1998; Sintes et al. 2005;
Renton et al. 2011) and differences in clonal growth between seagrass species have
been scaled-up to explain spatial patterns of seagrasses at seascape-levels (Vidondo
et al. 1997; Bell et al. 1999; Kendrick et al. 1999, 2005a, b). Linking clonal growth
and sexual recruitment to seascape-level patterns may be possible through the use of
agent-based modelling techniques. In this study, we utilize the application of a
spatially explicit, agent-based model, specifically developed to simulate clonal
growth and sexual reproduction of seagrasses and other marine clonal organisms
(seagrasses: Kendrick et al. 2005b; corals: Sleeman et al. 2005).

9.4.2 Methods

9.4.2.1 Study Region and Seagrass Assemblages

Maps of historical seagrass cover derived from geo-referenced aerial photography
captured at a scale of 1:25,000 in 1972 and 1999 from the Success and Parmelia
Bank regions, of Western Australia (32° 02′S, 115° 42′E: Fig. 9.5a and classified to
species from towed video (see Kendrick et al. 2000 for methods). The 1972 and
1999 maps of seagrass distributions were saved as raster images with a 2 � 2
m-pixel resolution (Fig. 9.5b). Two seagrass genera, Posidonia spp. and
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Fig. 9.5 a On top, the study area in the South-west of Australia with the seagrass cover of 1972.
b An example of a spactial unit consisting of 12.96 ha. c the grid of that spatial unit into cells of
4 m2 and the assemblage Kernel of growth for the model, where the bold numbers in parenthesis
represent the directional prioritation based on the study by Cambridge et al. (2002)
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Amphibolis grifithii, covered much of the study area (Kendrick et al. 2000, 2008;
Holmes et al. 2007) and were the focus for this modelling exercise (Fig. 9.5a).

9.4.2.2 Analysing Changes in Fragmentation of Seagrass Assemblages
Between 1972 and 1999

The 1972 and 1999 distribution maps for Posidonia spp. and Amphibolis grifithii
were divided into 12.96-ha square regions (landscape units) (Fig. 9.5b). The res-
olution (grain) and size (extent) of the landscape units was representative of the size
distribution of seagrass patches within the entire study area, where grain and extent
were 2–5 times smaller and 2–5 times larger than the smallest and largest patch
sizes, respectively (O’Neill et al. 1999). Only 12.96 ha units that exclusively
contained either Posidonia spp. or Amphibolis grifithii in both 1972 and 1999 were
extracted and used in the analysis.

9.4.2.3 Modelling Clonal Growth and Clonal Growth with Sexual
Recruitment of Seagrass Assemblages

Swarm is a spatially explicit, agent-based simulation model that was developed by
researchers at the Santa Fe Institute as a tool to investigate spatial behaviour of
interactive biological systems (Kreft et al. 1998; Luna and Stefannson 2000; Villa
and Costanza 2000). In this study, Swarm was customized to specifically simulate
clonal growth and sexual recruitment of seagrasses and details of the model can be
found in Kendrick et al. (2005b). The seagrass model used in this study relies on the
following assumptions: environmental conditions, such as nutrient availability, light
and wave energy are considered to be uniform across the extent of the modelled
space, and; the model is spatially unrestricted (modelled as a torus) such that
boundaries do not inhibit growth.

The model adopts an agent-based approach whereby seagrasses are represented
as a collection of units or agents within a grid (the species world), which interact via
discrete events. The characteristics and behaviour of agents are defined by the
implementation and interaction between three input files: (i) the assemblage kernel
file, that determines the directional neighbourhood of clonal growth; (ii) the
assemblage parameter file, that contains specific parameters including rhizome
growth rate, life-span and sexual recruitment from the literature (Chap. 8), and;
(iii) the initial map (specifying the starting location of the seagrass agents
(180 � 180 cells ≅ 2 m2 pixels) Fig. 9.5b, c).

Patch growth data of Posidonia australis seagrass patches from Oyster Harbour
(Cambridge et al. 2002), near Albany in Western Australia was utilised as a con-
servative standard from which the directional growth (kernel files) of both
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Amphibolis griffithii and Posidonia spp. were defined. The average annual patch
expansion in the eight cardinal directions was calculated from patch growth data
and plotted in a compass rose diagram (Fig. 9.6c).

Rhizome growth rate in the model (growth probability factors) was the only
parameter that was varied between the two genera and all other parameters were
kept constant between both species. The growth probability factors for Amphibolis
griffithii and Posidonia spp. were 0.22 and 0.11 or approximately 18 and 9 cm of
radial growth per year, respectively.

The same parameter values for recruitment from seeds (seed probabilities,
seedling survival, seedling interval, maximimum and minimum number of seeds
per agent, and maximum number of seedlings allowed in the landscape) and
minimum and maximum life span were used for both Amphibolis griffithii and
Posidonia spp. There is little published information available for sexual recruitment
of Amphibolis griffithii and Posidonia spp. (but see Rivers et al. 2011; Kendrick
et al. 2017). Since seagrass seedlings occupy considerably smaller areas than
2 � 2 m patches (the minimum cell size), the seed interval was extended from once
a year to once every 4 years, as it would take at least that amount of time before a
cell could be partly occupied by a seedling growing between 6.5 and 19 cm per
year. In addition to extending the seedling interval, the seed minimum and seed
maximum values of individual agents was adjusted so that a single 2 � 2 m patch
was only capable of producing either a single recruit (2 � 2 m patch) or no recruits.
To ensure that recruitment did occur annually, the seed probabilities for the two
assemblages were set at 0.9. The maximum number of seedlings allowed within the
landscape at any one time step was set at 5,000 recruits or 6.5% of the total area
(180 � 180 = 32,400 grid cells). Seedling survival for the first year was set as 1 in
10 (10%) to correspond with the high rates of recruitment mortality observed in the
field (Kirkman 1998) although from unpublished recent studies this may be high.

Fig. 9.6 Each square represents a single landscape unit of 12.96 ha. (On the left) Evolution of
two landscape units between 1972 and 1999. (Right) modelled outputs for the same units (1999),
with and without sexual recruitment

9 Australian Seagrass Seascapes: Present Understanding … 271



Posidonia australis had a recorded rhizome lifespan (ranging between 8 and
18 years) this was applied as the minimum and maximum life-spans for both
Amphibolis griffithii and Posidonia spp (Marba and Walker 1999) within the model.

Twenty landscape units from 1972 were selected randomly as the initial maps
for each species. Clonal growth, with and without sexual recruitment, were mod-
elled for each landscape unit for the 27 year period (1972–1999).

Following the completion of the modelling, the output maps were exported into
a GIS and ran through the landscape indices software Fragstats 3.3 (McGarigal and
Marks 1995) to calculate Area Weighted Mean Perimeter to Area Ratio, Landscape
Division and total seagrass area, median patch area and number of patches.
One-tailed paired t-tests were carried out to compare the differences between
landscape structure among modelled outputs after 27 years (1972–1999) and
measured structure from aerial photographs in 1999.

9.4.3 Results

9.4.3.1 Comparing Model Outputs to Actual Seagrass Landscapes
in 1999

Modelled reduction in fragmentation of Amphibolis griffithii and Posidonia
spp. between 1972 and 1999 could be explained by clonal growth processes in the
absence of sexual recruitment. Fragmentation for both modelled seagrass assem-
blages, measured as Landscape Division, was statistically significantly less than that
observed in 1999 (Table 9.1 and Fig. 9.6).

9.4.3.2 Amphibolis griffithii

Modelling clonal growth alone produced similar spatial distributions to the actual
observed spatial distributions of Amphibolis griffithii in 1999. Total seagrass area,
median patch sizes, number of patches and seagrass fragmentation were not sig-
nificantly different when comparing clonal growth from the model to the observed
1999 coverage (Table 9.1). The outputs produced from simulating 27 years of
clonal growth and sexual recruitment for Amphibolis griffithii, had statistically
significant less fragmentation (LD index) compared to observed distributions in
1999 (Table 9.1). Similar total seagrass areas, numbers of patches, median patch
sizes, patch perimeter to area ratios (AWMPAR values) were observed between the
model and 1999 aerial photographs.
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9.4.3.3 Posidonia spp.

The spatial distribution (i.e. total seagrass area, median patch size, number of
patches and fragmentation) produced by simulating clonal growth of Posidonia
spp. was not significantly different from measured Posidonia landscapes in 1999
(Table 9.1). When clonal growth was combined with sexual recruitment, modelled
landscape units had significantly greater total seagrass area and significantly lower
Landscape Division (fragmentation) than observed from aerial photographs in 1999
(Table 9.1 and Fig. 9.6).

9.4.4 Discussion

The most parsimonious interpretation from modelling is that clonal growth of
seagrass patches and meadows existing in 1972 were responsible for the observed
decrease in seagrass fragmentation and increase in seagrass cover between 1972
and 1999. Similarly, clonal growth was found to be the main mechanism for
recolonisation and gap closure of seagrass meadows for Cymodocea nodosa,
Enhalus acoroides, Halodule wrightii, Syringodium filiforme, Thallassia hem-
prichii, Thallassia testudinum and Zostera caprocornii (Duarte and Sand-Jensen
1990, Williams 1990, Duarte et al. 1997, Rasheed 1999, Rollon et al. 1998, Almela
et al. 2008). Infilling and coalescence of seagrass patches increased when we
included sexual recruitment in the agent-based model.

Faster rates of meadow cohesion in modelled Amphibolis griffithii was solely
driven by faster rhizome spreading rates, as this was the only parameter we varied
between taxa in the agent-based model. Horizontal rhizome growth rates of
Amphibolis griffithii are 2–5 times faster (22.6 cm year-1: Marba and Duarte 1998,
Marba and Walker 1999) than the Posidonia spp. (4–9.3 cm year−1: Marba and
Duarte 1998, Marba and Walker 1999).

Studies on Posidonia australis, P. coriacea, P. sinuosa, and Amphibolis griffithi
have speculated that sexual reproduction has some importance in the recovery and
maintenance of meadows, yet few studies have endeavoured to quantify this relative
influence (Cambridge et al. 2002; Campey et al. 2002, 1999, 2000, 2012; Marba
and Walker 1999) Posidonia coriacea contributes as little as 15 ± 3 seeds m−2

year−1 on Success Bank (Campey et al. 2002). Even if reproductive propagation
appears to be occurring, seedling mortality is high, due to processes such as pre-
dation (Orth et al. 2006b and loss associated with storms and wave action (Kirkman
1998). Genetic studies of Amphibolis species in Western Australia suggest that
sexual reproduction may be of limited importance to the maintenance of popula-
tions since they comprise few or single genotypes (Waycott et al. 1996).

In this modelling exercise we have not incorporated stochastic disturbance, and
clonal growth and sexual recruitment are explored where disturbance through
biological and physical mechanisms is a small-scale spatially random process
expressed as mortality of the agents in the model (an agent is a 2 m � 2 m patch of
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seagrass). Persistent hydrodynamic disturbances such as wave forcing are known to
affect patch and meadow configuration; examples for temperate Australia include
linear bed forms in Posidonia spp. in Cockburn and Warnbro Sound and Rottnest
Island, Western Australia (Marba and Duarte 1995; Cambridge 1999; Smith and
Walker 2002; Kendrick et al. 2000). The influence of physical processes on the
spatial configuration of seagrass landscapes has been considered in recent seascape
modelling (Suykerbuyk et al. 2016) and is a valuable area of future research.

9.4.5 Conclusion

In conclusion, agent-based modelling is a heuristic tool for developing hypotheses
to test the links between seascape pattern and biological processes. In this case
study the outputs from an agent-based model indicated that clonal growth alone
appears to explain the increases in seagrass area (Kendrick et al. 2000) and cohesion
of seagrass patches and meadows observed on Success and Parmelia Banks
between 1972 and 1999. Also, increases in seagrass area and decreases in frag-
mentation of seagrass landscapes occur over decadal time scales for seagrass
assemblages that exhibit slow rhizome growth. In our landscape simulation, this is a
product of increases in size of seagrass patches resulting in coalescence into
meadows.

9.5 Seagrass Seascapes and Faunal Community Structure
and Abundance

This section reviews our present knowledge on the effects of seagrass lanscape
patern on the fauna found in these shallow subtidal seascapes. The main messages
from this research is that the importance of seagrass patchiness, patch size, leading
edges and patch isolation in the distribution and abundance of faunal communities
is highly variable in time and space and is highly species-specific (Bell et al. 2001;
Connolly and Hindell 2006; Bostrom et al. 2006, 2010). Research in this area have
suffered from experimental and sampling designs that confound effects of the
landscape, habitat complexity, location, depth with time and spatial extent of
sampling (Connolly and Hindell 2006). The species specific nature of responses to
landscape pattern suggest an understanding of life history, dispersal and recruitment
(Bostrom et al. 2010), behavior and predator-prey relations (Hovel and Regan
2008), and the matrix of landscape classes (e.g. seagrass species, reef and sand)
within the seascape (Tanner 2006) are required for an effective landscape analysis.
Species-specific studies have been the most effective in describing a
landscape-organism relationship, for example between the blue crab (Callinectes
sapidus) and eelgrass (Zostera marina) landscapes (Hovel and Lipcius 2001, 2002;
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Hovel 2003) and assessing the feedbacks between the organism and the landscape
(Hovel and Regan 2008; Mizerek et al. 2011).

The most common method of investigation into the effect of seagrass landscape
continuity and fragmentation on faunal communities and populations was to divide
the natural seagrass environment into broad categories. For example Fernández
et al. (2005) investigated three seagrass patch classes around Capo Feto in the
Mediterranean; continuous, large patches (diameter of 3–6 m) and small patches
(diameter of 0.5–1.5 m) and found significant differences in the fish assemblage
between fragmentation categories with higher species richness in fragmented beds
versus continuous meadows. However, fish abundance remained the same across
fragmentation classes with smaller individuals found in continuous beds.
Interestingly the effect of fragmentation category was found to have a stronger
influence on the fish assemblage than the effect of depth. Frost et al. (1999)
examined the effects of two levels of seagrass heterogeneity, a continuous seagrass
meadow versus a highly fragmented seagrass landscape, on infaunal macroinver-
tebrate abundance and diversity in Devon in the United Kingdom. Significant
multivariate differences in infaunal macroinvertebrate abundances were detected,
however, these could not solely be attributed to levels of fragmentation due to the
confounding effect of location. Bowden et al. (2001) undertook a similar investi-
gation comparing infaunal macroinvertebrate abundance and diversity in seagrass
landscapes with two patch size categories, one comprising patches <10 m in
diameter and one patches >30 m in diameter in the Isles of Scilly, south-west
England. They reported a significant difference in the macroinvertebrate community
structure between sites, patch sizes and in-patch location, and significantly more
taxa in large patches than in small, however they did not control for seagrass area.
Murphey and Fonseca (1995) in their comparison of low energy continuous sea-
grass landscapes with higher energy, patchy landscapes in Black Sound in North
Carolina, found significantly more pink shrimp, Penaeus duorarum, in the con-
tinuous seagrass landscapes. They did control for differences in seagrass area but
could not control for differences in location.

Ensuring that seagrass area and the effect of location is accounted for in analyses
is a significant, yet common, problem encountered in research into fragmentation of
seagrass using natural seagrass beds. One way to control for this is to use artificial
seagrass units to create seagrass landscapes that may be manipulated to test for
seagrass fragmentation while controlling for area, location and structural com-
plexity. Healey and Hovel (2004) used artificial seagrass units in San Diego Bay,
California to examine seagrass heterogeneity while experimentally controlling for
seagrass area. Epifaunal abundance and diversity found to be highly variable among
the continuous to highly patchy seagrass, among sampling periods and among
individual species. However, for two out of three sampling dates, epifaunal
diversity was highest and community composition was most dissimilar in patchy or
very patchy beds, demonstrating that seagrass patch configuration influenced epi-
faunal communities independent of seagrass bed area or structural complexity, but
was limited by the small scale of treatments where their extent was � 1 m2.
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9.5.1 Faunal Studies Utilizing Landscape Metrics

In Australia, New Zealand and SE Asia, we have led the way in studies that assess
influences of seagrass seascapes on community structure, abundance and movement
of seagrass associated fish and invertebrates (Table 9.2).

Table 9.2 Summary of a selection of seagrass seascape studies that address landscape spatial
pattern and faunal associations in Australia, New Zealand and South East Asia (1999–2015)

Seascape
scale

Variable References

Landscape
(10 s m to
km)

Landscape continuity/
heterogeneity

Salita et al. (2003)

Patch Pittman et al. (2004), Salita et al. (2003)

Patch area Connolly and Hindell (2006), Pittman
et al. (2004), Salita et al. (2003), Turner
et al. (1999)

Patch isolation (nearest neighbour
distance)

Connolly and Hindell (2006), Pittman
et al. (2004), Turner et al. (1999)

Patch shape (perimeter: area ratio
patch fractal dimension)

Pittman et al. (2004), Salita et al. (2003),
Turner et al. (1999)

Adjacency (distance to adjacent
habitats or geographic features)

Pittman et al. (2004), Skilleter et al.
(2005)

Edge Connolly and Hindell (2006), Pittman
et al. (2004), Statton et al. (2015), Vonk
et al. (2010)

Core Pittman et al. (2004)

Patch diversity Pittman et al. (2004)

Contagion (the probability
measure of patch dispersion)

Pittman et al. (2004)

Interspersion (a measure of the
extent to which patch types are
interspersed)

Pittman et al. (2004)

Classes (m
to 10 s of
m)

Patch size Connolly and Hindell (2006), Jelbart
et al. (2006), Pittman et al. (2004), Salita
et al. (2003)

Patch shape Pittman et al. (2004)

% seagrass cover Turner et al. (1999)

Edge effects (distance from
seagrass-sand interface)

Jelbart et al. (2006), Pittman et al. (2004),
Smith et al. (2011), Tanner (2005),
Turner et al. (1999), Vonk et al. (2010)

Number of halos (number of bare
holes within a patch)

Salita et al. (2003)

Nearest neighbour Pittman et al. (2004)

Interspersion Pittman et al. (2004)
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9.5.2 Landscape Scale Indices

Adjacency with other classes in the seascape, like mangroves or the mouth of
estuaries, were found to be very important for fish and decapod crustaceans
(Pittman et al. 2004; Skilleter et al. 2005). The adjacency of mangroves to seagrass
meadows was positively related to fish and penaeid prawn abundances and more
influential than density of seagrass meadows in Morton Bay.. Similarly, Hannan
and Williams (1998) found distance from the mouth of an estuary in NSW was
directly correlated to the toatl fish abundance within the estuary.

Generally, most faunal studies have tested correlations among fauna and mul-
tiple landscape indices. Pittman et al. (2004) tested patterns in fish and and decapod
crustacean community structure and abundance against 15 landscape metrics rep-
resenting 8 key metric categories: area, patch, edge, core, shape, nearest neighbour,
diversity, contagion and interspersion, Similarly, Jackson et al. (2006) tested on fish
communities a suit of 12 and Salita et al. (2003) six landscape indices. Those
indices that were most influential included landscape composition, landscape
heterogeneity (seagrass % cover, number of patches, average patch size, average
perimeter:area ratio fractal dimension and the total number of halos within seagrass
meadows), and landscape fragmentation (total edge, interspersion and juxtaposition
of patches, patch richness and Shannon diversity) (Table 9.2). Interestingly, their
results show that multiple landscape indices account for small to moderate amounts
of percent variation, and that in combination rarely account for more than 65% of
total variation in fish diversity and abundance.

9.5.3 Patch Scale Metrics

A number of papers were found to link changes in seagrass associated fauna to
patch scale and within patch scale variables, particularly those describing patch
size, shape, % seagrass cover and edge effects (Table 9.2). Of these, most found
that the responses were quite variable between species and through time and that
patch metrics only explained small portions of faunal population or community
response.

Strong relationships were found in some studies. For example, Pittman et al.
(2004) found fish and penaeid prawn diversity and abundance declined abruptly
when seagrass cover in meadows was less than 20% in Moreton Bay. Similarly,
Turner et al. (1999) found a significant edge effect effect (within patch, leeward
edge and windward edge) on benthic community composition in seagrass meadows
in northern New Zealand. Similarly, edge effects were described for fish predation
in Shark Bay (Statton et al. 2015) and fish abundance in Indonesia (Vonk et al.
2010).
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9.5.4 Conclusion

The pattern of seagrass distribution and abundance in seagrass landscapes affects
associated faunal populations and communities at the seascape, patch and within
patch scale, but many of the significant interactions are location and taxon specific
making generalizations difficult. Much of the present research has been correlative
in nature and points to a need to understand both the specificity of scales in time and
space for both the fauna and the seagrass within shallow subtidal seascapes.
Hydrodynamic setting and adjacency of other major habitats have been shown to be
important in determining faunal utilization of seagrass seascpaes and need further
detailed investigation.

9.6 Summary

A seascape approach is essential to comprehend how the spatial properties of
seagrass influence their growth and survivorship, as well as ecological interactions
with other marine species e.g. the quality of nursery functions and fisheries pro-
ductivity of seagrass ecosystems.. In Australia, we have traditionally focused on
mapping extensive seagrass habitats and quantifying change in aerial extent, bio-
mass and species composition. Through our extensive mapping efforts, we have
been able to perform in depth analysis of spatial structure using landscape indices,
which has revealed that no single index can be used to comprehensively quantifying
the complex spatial aspects of seagrass seascapes. However, using a combination of
Area Weighted Mean Perimeter to Area Ratio and Landscape Division indices
provides a comprehensive assessment of spatial structure while avoiding strong
correlation among indices. We are at the forefront of modelling landscape level
changes, determining the underlying processes responsible for spatio-temporal
patterns for some systems (e.g. Owen Anchorage, Moreton Bay). It is clear,
however, that the spatial ecology of seagrass remains a critical area. Information on
how growth patterns of rhizomes and patterns of seed recruitment contribute to the
spatial heterogeneity of seagrass landscapes is sorely lacking, with only one
example from Western Australia demonstrating the contribution of asexual and
sexual recruitment to patterns in the seascape.

More effort needs to go towards combining remote sensing techniques with
landscape ecology and conventional marine ecology, particularly in understanding
the processes that influence the flow of energy and material across seascapes and
the resulting patterns (Fig. 9.1). This can be achieved through studies of movement
ecology, seascape genetics and meta-population modelling, where a combination of
approaches will ultimately lead to a more integrating understanding of contempo-
rary as well as evolutionary patterns in seagrass structure (Kendrick et al. 2017).
Additionally, a better ecological understanding of the relationships between the
indices used to quantify spatial structure and ecological processes must evolve.
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Future research should specifically aim to clarify (1) The role of structural and
functional connectivity at different spatial scales and (2) To what extent can refined
indices improve the understanding of habitat connectivity for fisheries or marine
zoning. One of the greatest challenges in marine conservation management remains
the definition and establishment of habitat protection zones at appropriate scales for
local, regional to biogeographic scales.
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