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ABSTRACT

The ongoing threat of seagrass loss from reduced light availability, coupled with our
lack of knowledge of associated trophic responses has motivated this characterization
of the flow-on effects of light reductions to Amphibolis griffithii seagrass fauna.
Recently, field manipulations of varying light reductions, induced disturbances in a A.
griffithii seagrass meadow that have been shown to effect potential food resources and
the structural complexity of seagrass habitats for macroinvertebrates. This offered the
opportunity to assess the flow-on effects to seagrass for fauna, a topic that has seldom
been examined. This study investigated the effects of different light reduction
intensity (high: ~92% reduction; moderate: ~84% reduction), duration (3, 6 and 9 mo)
and timing (post-winter and post-summer) on the density, biomass and community
composition of macroinvertebrate epifauna within an A. griffithii seagrass ecosystem
(Western Australia). Shade structures, placed within a healthy A. griffithii meadow,
were used to create the light reduction treatments. Following shading, there were
significant interactions between all three light reduction factors, and generally there
was decline in the density and biomass of fauna (between 38% and 89% in density)
and the number of families with increasing duration and intensity of light reduction
(between 11 and 53% fewer families in light reduction treatments). There was also an
effect of time, with taxa abundance and family composition Post-summer differing to
Post-winter. However, not all fauna responded consistently, with gastropods
appearing to be most sensitive to the shading treatments, while bivalves the least. Ten
months after the removal of the light reduction treatments, plots shaded for three
months were re-examined to test the resilience of the macroinvertebrate assemblage
(in terms of their densities and biomass). No differences were detected among the
impacted and control treatments, suggesting where moderate impacts occur in
seagrasses, macroinvertebrate fauna have the capacity for recovery. Changes in the
epifaunal assemblage were largely associated with declines in algal biomass, leaf
variables and stem biomass, indicating food and habitat limitations. To better
understand the underlying processes driving these changes, we also tested (using
artificial seagrass units) whether the importance of the different structural components
of seagrasses for macroinvertebrate fauna was consistent between types of seagrass
meadows with naturally different complexity (A. griffithii, Posidonia sinuosa,
Cymodocea nodosa). We concluded from these experiments that the effect of highly
3

complex structural components of the seagrass canopy (for example, that provided by
algal epiphytes) is more important than overall seagrass form, however, this effect is
likely moderated by available seagrass canopy surface area, which when limited, may
result in structural complexity having lower effect than seagrass species with high
surface area available. Unfortunately, our ability to predict the effects of the complex
interactions of light reductions on higher trophic orders is considerably limited (due to
experimental constraints). Qualitative and quantitative modelling techniques,
however, offer an effective alternative approach. We used Loop analysis and Ecopath
with Ecosim to estimate the flow-on effects of reduced primary productivity of A.
griffithii seagrass meadow on macrograzers, omnivores, invertivores and piscivorous
fish. The results of modelling predict that there will be a lower overall net biomass in
these fish taxa with increasing duration and intensity of disturbance. However, the
effect of disturbances on piscivores is likely to lag for approximately 2 years, but once
their population biomass declines, they would be unlikely recover.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Globally, the past several decades have seen significant declines in the extent of many
important marine ecosystems (Waycott et al. 2009) including the broad spatial loss of
mangrove forests (1.8% yr1), coral reefs (1 – 9% yr-1) and seagrass ecosystems (1.5%
yr-1). Such alarming rates of decline even exceed those of tropical rainforests
(Waycott et al. 2009). Seagrass meadows in particular, form some of the most
productive ecosystems on earth, even rivaling crops of corn and sugar cane (Waycott
et al. 2009). Being adapted to both tropical and temperate environments, they have an
extensive global distribution (Green & Short 2004) and are widely recognized as
important habitats for marine fauna (Bostrom & Mattila 1999, Heck et al. 2003, Heck
& Orth 2006). Despite their importance, general public awareness on seagrass and
seagrass declines appears far lower than for other coastal habitats (Orth et al. 2006). A
clear motivation behind this research is to raise the profile of the impact of
disturbances in seagrass ecosystems to assist in their better management and
protection, and of the highly productive fauna they shelter.

Being close to shore, seagrass ecosystems are susceptible to a range of disturbances
caused by anthropogenic pressures (Orth et al. 2006, Ralph et al. 2007), which have
repeatedly been implicated in the loss of seagrasses worldwide (Orth et al. 2006). A
meta-analysis by Waycott et al. (2009) indicated that there are two major causes of
seagrass decline: (i) direct impacts from coastal development and dredging activities
and (ii) indirect impacts from declining water quality. It has been well documented
that reductions in the availability of light associated with indirect effects such as
eutrophication, sedimentation and dredging are a major cause of seagrass and algal
epiphyte decline (Short & Wyllie Echeverria 1996, Masini & Manning 1997, Ralph et
al. 2002). The majority of the research has focussed on the seagrasses, which are
demonstrably sensitive to changes in light availability, both physiologically (Masini
& Manning 1997, Ralph et al. 2002) and morphologically (Gordon et al. 1994,
11

Longstaff et al. 1999). Given the role of seagrass systems as a provider of food and
habitat to secondary producers (Heck & Valentine 1995, Bostrom & Mattila 1999,
Smit et al. 2005), it could be expected that the effects of disturbance that produce
changes in seagrass would flow through to higher trophic orders. Trophic cascades
may be one such potential indirect effect, the term being first used by Paine (1980) for
intertidal communities to define predatory interactions involving three trophic levels,
whereby primary carnivores, by suppressing herbivores, increase plant abundance
(Pinnegar et al. 2000). Here however, it could be expected that the trophic cascade
would represent a bottom-up effect rather than top down driven change in the seagrass
community, where by declines in primary production would likely lead to declines in
macro invertebrates, macrograzers and the carnivores that predate upon them.

Despite the important implication that disturbances to seagrass meadows has for loss
of fauna, only two studies have experimentally examined epifauna response to
reduced light availability in seagrass systems (Edgar 1990a, Edgar & Robertson
1992). Both of those studies found reductions in the abundance of epifauna in
treatments subjected to dark conditions. For many seagrass ecosystems, it is estimated
that greater than 80% of the dietary requirements of the majority of larger consumers,
such as fish and decapods, are provided from these invertebrate fauna (Howard &
Edgar 1994), as such, it is also likely that any significant declines in the
macroinvertebrate assemblage are likely to flow through to higher trophic orders. It is
also possible that shifts in the structure of the macroinvertebrate population may
occur, for example influxes in opportunistic taxa (Minchinton, 2007). If this were to
occur, it is speculated that such change may differentially affect higher order
consumers, particularly those with specialized diets that depend on those
invertebrates, or force other taxa with the capacity to switch between resources to
consume a non-preferred diet, potentially limiting productivity (Joll & Phillips 1984).

The effective management of seagrass communities requires a clear understanding of
the response to anthropogenic disturbances of not only seagrasses, but also the trophic
flow-on effects. This knowledge is crucial to appropriate planning and
implementation of management to protect the fauna that inhabit these ecosystems and
the biodiversity and fisheries that are either directly or indirectly dependent on them.
To date, our ability to predict the effects of the complex interactions of light
12

reductions associated with anthropogenic disturbances on seagrass fauna has been
considerably limited. Most studies of the effect of reduced light have been simple,
when, in fact, the response is likely to reflect complex interactions of the intensity,
duration and time of light reduction (Lavery et al. 2009). Recently, field
manipulations of light intensity, applied for three different durations and commenced
at the end of summer and winter seasons, have been shown to effect potential food
resources for macroinvertebrates (e.g. algal epiphyte biomass) and the structural
complexity of seagrass habitats (Lavery et al. 2009). This offered the opportunity to
assess the flow-on effects of changes in seagrass for fauna, to complex patterns in
light reductions.

1.2 Aims

This dissertation presents the results of investigations into the flow-on effects to fauna
of light reductions in an Amphibolis griffithii seagrass meadow and the underlying
mechanisms of those effects.

The aims of this research emerged from a synthesis of current knowledge (outlined in
detail in Chapter 2), and are to:
•

test the effect of light reductions on macroinvertebrate densities, biomass and
community structure in moderate and high intensity shaded seagrass meadow, for
separate durations and at different times (Chapters 3 and 4);

•

investigate associations among macroinvertebrate densities/assemblage structure
and changes in seagrass and algal epiphyte canopy (Chapters 3 - 6);

•

investigate the capacity of the macroinvertebrate assemblage to recover from light
reduction disturbances (Chapter 5);

•

test the relative importance of structure and food-provision roles of the seagrass
canopy for abundance patterns of macroinvertebrate fauna (Chapter 6);
13

•

test the importance of the different structural components of seagrasses for
macroinvertebrate fauna and whether there is consistency between different types
of seagrass meadows (Chapter 6);

•

estimate the general capacity of fauna from higher trophic orders (including
omnivores, invertivores, herbivores and piscivores) to resist external perturbations
such as those associated with light reductions (Chapter 7); and

•

quantify the propagation of higher trophic order effects within the seagrass system
resulting from differing durations and intensities of disturbance, as well as the
cumulative effects of multiple disturbances (Chapter 7).

1.3 Thesis Overview

The contextual framework for this study is described in Chapter 2. The chapter
explores the effects of light reductions on seagrass survival and the implications for
fauna that inhabit this ecosystem. A summary overview is presented of a typical
seagrass faunal food web and the trophic interactions. Chapter 2 also describes some
general characteristics of seagrasses that affect the faunal assemblage. The importance
of considering these issues with respect to the trophic consequences of light
reductions in seagrass systems is carried throughout this dissertation. The Chapter
concludes with an outline of the implications of this work for seagrass management.

Chapters 3 and 4 describe the responses of macroinvertebrate fauna (epifauna) in an
Amphibolis griffithii seagrass meadow to disturbances resulting from light reductions.
Chapter 3 investigates the effects of different intensity, duration and timing of light
reductions on the density and biomass of macroinvertebrate epifauna, while Chapter 4
investigates the effect of these light reduction treatments on macroinvertebrate
assemblage structure. Multiple linear regressions (Chapter 3) and multivariate
statistical analysis (Chapter 4) were used to assess relationships between fauna
(abundances and assemblage structure) and seagrass habitat characteristics. These
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analyses provided insight into underlying factors that are likely driving changes in the
faunal assemblage. Chapter 4 also provides insight into functional redundancy among
macroinvertebrate fauna. A full description of the experimental design used for the
shading experiment is given in Chapter 3, however, in order to prevent un-necessary
repetition in the thesis format, all subsequent Chapters provide only a relevant
summary, and cross reference back to Chapter 3.

Chapter (5) investigates the resilience (i.e. when a population or assemblage returns to
a state that is in a relative equilibrium within undisturbed habitat) of an A. griffithii
macroinvertebrate fauna to disturbance. This chapter describes the capacity of this
assemblage of taxa to return to their original state after being disturbed by light
reductions, as well as testing the importance of seagrass habitat and food
characteristics in their recovery. In addition, Abundance Biomass Comparison (ABC)
curves are used to explore the stability of the recovered macroinvertebrate
assemblage, providing an alternative insight into overall condition of the recovered
assemblage. ABC curves assess the relative dominance of r- (fast-growing, small,
opportunistic) and k- (slow-growing, large, late maturing) selected fauna, with
dominance of the later indicative of an undisturbed state.

The role of habitat structure and how its complexity influences faunal communities
has been of interest to ecologists for decades (Mac Arthur & Mac Arthur 1961) and
more recently by marine ecologists (Sirota & Hovel 2006). Chapter 6 explores the
role of food versus structure on the abundance patterns of macroinvertebrate fauna
inhabiting seagrass meadows. This topic is of particular importance to this thesis as
seagrass structural complexity and food availability changes following disturbances in
the seagrass meadow. This chapter also discusses the importance of the different
structural components of seagrasses for macroinvertebrate fauna among seagrass
meadows with naturally different complexity. This research tests for generalities
among seagrasses from different regions, furthering our understanding of the
implications of changes in canopy structure for seagrass fauna.

While the flow-on effects of light reductions can be experimentally tested on
macroinvertebrate fauna with relative ease, experimental limitations, such as mobility
of fish, can preclude empirical measurement of light reduction effects beyond these
15

first order consumers. Consequently we have limited ability to predict the effects of
the complex interactions of light reductions on higher trophic orders, such as the
target species in fisheries or iconic species that form the focus of nature conservation
efforts. Modelling approaches offer one way to explore these interactions and address
this limitation. In Chapter 7, qualitative (Loop analysis) and quantitative (Ecosim with
Ecopath) modelling techniques are used to predict the relative propagation of higherorder trophic effects within the seagrass system resulting from differing durations and
intensities of light reduction. This modelling is also used to investigate higher-order
trophic effects resulting from cumulative impacts of repetitive disturbances.

Finally in Chapter 8, the results from these studies are drawn together to further our
understanding on the flow-on effects of light reductions in seagrass systems. These
results are examined in a broad context, with the relevance of this research beyond
just Amphibolis griffithii seagrass meadows or light reduction impacts discussed. This
chapter also discusses the implications of this research to management and the
significant contribution of this work to the understanding of seagrass faunal responses
to light reductions is re-iterated.

16

CHAPTER 2
BACKGROUND: THE RESPONSE OF SEAGRASSES AND SEAGRASS FAUNA
TO LIGHT REDUCTIONS

2.1 Seagrasses and their response to light reductions
Seagrass meadows are a greatly valued component of the Australian marine
ecosystem in terms of both their ecological and socio-economic importance. These
marine angiosperms are highly productive and support complex internal food webs, as
well as export material and energy to other systems (Howard & Edgar 1994, Short &
Wyllie Echeverria 1996, Kirkman 1997). They provide refuges and habitat for a wide
range of invertebrate and fish species at various stages of the life cycle. Seagrass
meadows also assist in the stabilization of sediments and reduce turbidity in nearshore environments (Howard & Edgar 1994). At least 35 of the 70-odd seagrass
species in the world inhabit Australian waters, including some of the world’s most
extensive seagrass beds (Kirkman & Walker 1989, Kuo & McComb 1989). Western
Australia, in particular, has the highest diversity of seagrasses with 25 known species
and meadows occupying over 22,000 square kilometres (Kirkman & Walker 1989).

Seagrasses display considerable differences in their morphology, growth and
ecological roles (Walker et al. 1999). These plants range in form from multi-stemmed
canopies with leaf forming clusters of Amphibolis antartica, to the tiny 2-3 cm,
rounded leaves of Halophila decipiens (Green & Short 2004). Many studies have
highlighted the importance of recognising the unique characteristics of different
species for the interpretation of biological and experimental data (Williams 1987,
Grice et al. 1996) and for their effective management (Carruthers et al. 2002). The
significance of variations among morphology and canopy structure to this research
can be demonstrated by dissimilarities in the composition and abundances of
macroinvertebrate fauna in highly complex seagrass forms, such as Amphibolis spp.,
compared with simple canopies like Halophila / Heterozostera (Edgar 1990b).

17

Figure 2.1 Generic species functional form model describing seagrass plants according to
growth form (Walker et al. 1999).

Amphibolis griffithii is one of the dominant meadow forming species of seagrass that
is commonly found off the central mid-west coast of Western Australia. It occurs
from Geraldton, Western Australia to Victoria Harbour, South Australia (Kirkman &
Walker 1989). This species, belonging to the Cymodoceaceae family (Figure 2.1) rely
upon vegetative regeneration, has a greater capacity to recovery compared to larger
species and is persistent (Walker et al. 1999). The plant itself is a large seagrass with
a comparatively complex canopy (Walker et al. 1999) ranging from 30 to 100cm high
(Ducker et al. 1977). It has a long-lived, erect, branching lignified stem with small,
short-lived leaves arranged in terminal clusters (Jernakoff & Nielsen 1997, Marba &
Walker 1999). Amphibolis griffithii support a great diversity of algal epiphytes (for
example, Borowitzka et al. 1990 has recorded in excess of 150 species) and
cyanobacteria encompassing a wide size range, from unicellular diatoms encrusting
the leaf surfaces to large macroalgae on the stems (Borowitzka et al. 2006). The
epiphyte community associated with Amphibolis spp. is particularly diverse as the
18

long lived stems provide an opportunity for the settlement and development of larger
algae. Borowitzka & Lethbridge (1989) have recorded over 100 species growing on
their surface. The diverse assemblage of epiphytic algae and cyanobacteria (including
the periphyton which are microscopic algae occurring on leaf and stem surfaces) is
believed to be the primary food source of many invertebrates and other small
herbivorous fishes (Klumpp et al. 1992), providing as much as ten times more carbon
to grazers than seagrasses (Klumpp et al. 1989a).

Being near-shore ecosystems, seagrass meadows are particularly susceptible to light
reductions caused by anthropogenic pressures such as eutrophication, sedimentation
and dredging (Bostrom et al. 2006, Orth et al. 2006), which have repeatedly been
implicated in the loss of seagrasses worldwide (Waycott et al. 2009). It has been well
documented that reductions in the availability of light used in photosynthesis
(photosynthetic photon flux density, PPFD) are a major cause of seagrass loss or
decline (Longstaff & Dennison, 1999; Ralph et al., 2002). The ratio between carbon
fixed during photosynthesis and the consumption of carbon during plant respiration is
a crucial factor determining the long-term survival of plants in such changing light
conditions (Hemminga & Duarte 2000). Optimisation of these processes by plants can
be achieved through a number of morphological and physiological mechanisms. If the
adjustments made by the seagrass in response to reduced light availability are
insufficient to completely offset the effects of light reduction, growth rate declines
(Lee & Dunton 1997, Ruiz & Romero 2001b). If the light reduction is severe (e.g.
greater than 80%) or of sufficiently long duration (in excess of three to six months),
these adjustments may be insufficient to maintain the carbon balance of the plant and
death of the meadow results (Lee & Dunton 1997, Longstaff & Dennison 1999,
Lavery et al. 2009).

Seagrasses can display a variety of responses to reduced light availability, and are
demonstrably sensitive both physiologically (Masini & Manning 1997, Ralph et al.
2007) and morphologically (Gordon et al. 1994, Longstaff & Dennison 1999). As
illustrated in Figure 2.2, adjustment of seagrass morphology requires structural
changes and may, therefore, take time to develop depending on the growth rate and
turnover time of the species (Longstaff & Dennison 1999). Among the morphological
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features known to respond to reductions in light are canopy height (Abal et al. 1994,
Gordon et al. 1994), leaf width (West 1990, Lee & Dunton 1997), leaf area (Campbell
& Miller 2002), number of leaves per shoot (Ruiz & Romero 2001b) and total shoot
mass (Ruiz & Romero, 2001). According to Walker et al. (1999) species at the smaller
end of the Functional Form model (Figure 2.1) demonstrate an increase in leaf length
while the larger species can adjust leaf width (Lee & Dunton 1997, Dalla Via et al.
1998). Shoot density and biomass are also often related to light availability and water
quality (Campbell & Miller 2002) and both parameters can respond to long and shortterm reductions of light availability (Gordon et al. 1994, Longstaff et al. 1999, Ruiz &
Romero 2001b). These characteristics are generally recognized as a mechanism to
reduce self-shading of the canopy, thus benefiting the whole meadow (Dalla Via et al.
1998). Because of the consistency with which shoot density responds to light
availability, it has been adopted for use in monitoring programs of seagrass health
(Lavery & McMahon 2006).

The morphological changes induced in Amphibolis griffithii by light reductions
(Lavery et al. 2009) are expected to be similar to those observed in other seagrasses
for single intensities of light reduction (Lee & Dunton 1997, Collier et al. 2007). The
widely accepted functional-form model proposed for seagrasses (Benjamin et al.
1999) places A. griffithii towards the centre of the continuum of seagrass resilience
(Figure 2.1) indicating they are likely to be more susceptible to shading compared to
larger species, such as Posidonia. A. griffithii have been demonstrably sensitive to
light reductions, resulting in changes to: leaf and algal epiphyte biomass; leaf and
cluster density; leaves per cluster; leaves per stem and clusters per stem; leaf area
index; areal leaf productivity; and rhizome sugars (Lavery et al. 2009). However, stem
densities (minus leaf and algal epiphyte biomass) can remain unchanged (McMahon
& Lavery 2008), suggesting the seagrass meadow still provides habitat structure post
shading, albeit, heavily reduced (Figure 2.2).
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Figure 2.2 Left: The physiological and morphological responses of Halodule pinifolia in
response to light deprivation (from Longstaff & Dennison, 1999). Right: photo of a shaded
Amphibolis griffithii seagrass meadow, only stems remain.

2.2 Assemblages of fauna utilising seagrass canopies

Extremely diverse faunal assemblages, representing most animal phyla inhabit
seagrass meadows (Hyndes et al. 2003, Nakaoka 2005, Borg et al. 2006). Faunal
communities play an important ecological role in the functioning of seagrass
ecosystems, particularly in their capacity for converting the primary production of
seagrass, macroalgal and microalgal plants into secondary production, which is then
available to higher trophic order consumers (Klumpp et al. 1989a, Jernakoff et al.
1996). Fauna are most often grouped by habitat into three broad categories (Howard
& Edgar, 1994; Figure 2.3): infauna, those species living in the sediment among the
rhizomes of seagrasses (e.g. bivalves, polychaetes, holothurians); epifauna, both
mobile and sessile species that live on or are permanently attached to the seagrass
stems, leaves or among the seagrass detritus (e.g. amphipods and gastropods); and,
epibenthic fauna, which are comparatively larger animals that are highly mobile and
are not closely associated with individual seagrass plants (e.g. crabs, shrimps and
fish). This research is concerned with the effects of light reductions on epifauna and
epibenthic fauna only.

Epifauna, are often considered the dominant primary consumer in seagrass systems
(Valentine & Duffy 2006). Even to the extent that they are termed ecological
engineers because they may facilitate seagrass dominance by cropping epiphytic algae
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(Valentine & Duffy 2006) thus exhibiting a mutualistic relationship with seagrasses
(Gillanders 2007). The epifaunal assemblage comprises an extensive range of
macroinvertebrate taxa (Howard & Edgar 1994), numerically dominated by
crustaceans and molluscs (Edgar 1990c, Gartner et al. 2010). Crustaceans such as
amphipods, ostracods and isopods feed upon macrophytes, microphytes and debris
associated with the seagrass substratum (Smit et al. 2005, Brearley et al. 2008).
However, many of these organisms have a variety of feeding behaviours (Zimmerman
et al. 1979), and can change their feeding method to utilize different foods that
become available (Klumpp et al. 1989b). Molluscs are one of the main feeders on
seagrass epiphytes (Jernakoff et al. 1996). Prosobranch snails are generalist grazers of
seagrass epiphytes, although their ability to remove different sizes, morphologies, and
therefore species of algae is influenced by their feeding method (Jernakoff et al.
1996). Herbivorous gastropods within seagrass systems may prefer small simple algae
to macrophytes (Doropoulos et al. 2009) and seagrass (Steneck & Watling 1982).
Other key taxa within the epifaunal assemblage include filter-feeding organisms (e.g.
bivalves and sponges), echinoderms and polychaetes. Filter-feeding organisms are
usually considered to be herbivores, filtering phytoplankton as food and bacteria
(Bayne & Hawkins 1992). Echinoderms, in particular sea urchins, are one of the few
taxa in temperate sub-tidal seagrass systems reported to feed directly upon the
seagrasses (Gillanders 2007). These organisms are primarily generalist browsers that
eat mainly plant material and a variety of sessile encrusting animals (Jernakoff et al.
1996). They are capable of consuming large areas of seagrass directly (Klumpp et al.
1993). Little is still known of the specific diets of many of individual species,
including assumed predation on other epifaunal taxa.

Seagrass meadows provide food and shelter for a wide variety of epibenthic fish and
large decapod taxa. Increased food availability to juveniles (Heck & Valentine 1999)
and protection from predation (Heck & Valentine 1999) are considered primary
reasons for why such large numbers of these organisms are associated with
seagrasses. According to Gillanders (2007) the majority of epibenthic taxa only use
seagrass for a small part of their life history, as a temporary foraging area or refuge
from predation (i.e. settle there from the plankton stage, and then move to other
habitats at larger sizes and ages). Direct herbivory by temperate fishes on seagrasses
not common (Bell & Pollard 1989), except among hemiramphids and monacanthids
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(Robertson 1984). Sparid fish have also been reported as important consumers of the
seagrass Posidonia oceanica in Mediterranean waters (Havelange et al. 1997) and
elsewhere. However, there has been much greater numbers of reported findings of fish
taxa (e.g. mugilids, kyphosids and sparids) feeding on epiphytic algae (Jernakoff et al.
1996). However, there is speculation that this may also be incidental of these fishes as
they are also likely to be feeing on the associated epifauna (Klumpp et al. 1989b). The
major prey items for omnivorous and carnivorous taxa from seagrass habitats are
crustaceans (Edgar 1990d, Edgar & Shaw 1995). Edgar (1990d), for example,
reported Panulirus cyngus (Western rock lobster) and Portunus pelagicus (Blue
Manner crab) were most likely responsible for regulating the population of trochid
molluscs Cantharidus lepidus during autumn and winter months within an Amphibolis
griffithii seagrass meadow in Western Australia. Seagrass beds also provide habitat
for a variety of mobile predatory piscivorous fishes (Heck & Orth 2006). Many of the
small fish found in seagrass meadows are likely to be important prey for species
utilising other habitats, or for larger fish found within seagrass meadows (Smith et al.
2008). Few studies have sampled predatory fishes and their prey over the same spatial
or temporal scales (Gillanders 2007). Negative correlations, such as those reported by
Hindell et al. (2000) between the abundance of small fishes and piscivorous fish add
weight to the perception that piscivory influences the assemblage structure of small
fish in seagrass meadows.

2.3 Factors effecting seagrass faunal composition and abundance

A large number of environmental factors and ecological interactions influence the
abundance and composition of seagrass epifauna, and most of these will be affected
by prolonged light reduction (Figure 2.3). These factors include plant canopy structure
(Edgar, 1990b; Edgar & Robertson, 1992; Jernakoff & Nielsen, 1997), primary
productivity (Jernakoff et al., 1996; Bolonga & Heck, 1999), predation (Heck & Orth,
2006) and competition (Edgar, 1990c; Howard & Edgar, 1994). In addition,
macroinvertebrate assemblages have also been demonstrated to be sensitive to acute
changes in a range of physical conditions such as salinity, temperature and
hydrodynamics (Howard & Edgar, 1994). Understanding mechanisms which regulate
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the density of these taxa is important to understanding how system wide effects, such
as those associated with disturbance, can affect them.

Habitat
Structure

Predation

Macroinvertebrate
assemblage

Food

Competition

Primary
productivity

Humans

-

-

Large predators
(Piscivores)

+

Small predators
(Invertebrate
feeders)

-

Vertebrate
grazers

-

-

Epiphytic
algae

Invertebrate
grazers

+

-

Seagrass

Figure 2.3 Illustrated diagram of factors effecting seagrass faunal composition and abundance (top).
Schematic diagram of a simplified seagrass food web (bottom; redrawn from Valentine and Duffy,
2006). Solid and broken lines indicate direct and indirect effects, respectively. Plus and minus signs
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indicate positive and negative effects respectively, that one class of organisms has on another, in the
direction of the arrow.

Primary productivity
The main sources of primary production in a seagrass system include the seagrasses
themselves, epiphytic algae, microphytobenthos (MPB) and phytoplankton, although
macro and micro-algae are both preferred and assimilated more efficiently by
macroinvertebrate grazers than is seagrass (Klumpp et al. 1992, Jernakoff et al. 1996,
Smit et al. 2005) especially microalgae such as diatoms. The epiphytic algae of
seagrasses are significant primary producers in seagrass systems and can contribute
upwards of 60% of a meadows primary production (Borowitzka et al., 2006). Further,
the high growth rates and nutritive value of algae relative to seagrasses translate into
greater potential to support more intense grazing pressure (Howard & Edgar, 1994).
In addition to their trophic value, epiphytes contribute to the structural complexity of
seagrass ecosystems, a factor seldom included in studies on seagrass structural
complexity. The contribution of microphytobenthos (MPB) assemblages to seagrass
ecosystems remains poorly understood (Underwood, 2002). Although much of their
primary production remains within the sediments (Masini, 1987), it is possible that
MPBs could play a significant compensatory role for the loss of seagrass and
epiphytic primary production in a disturbed seagrass system, as well as influence
sediment infauna and sediment biogeochemistry (Moncreiff et al. 1992, Montagna et
al. 1995).

Only two studies have experimentally examined epifauna response to light reduction
in a seagrass system (Edgar 1990a, Edgar & Robertson 1992). Both of those studies
found reductions in the abundance of epifauna in treatments subjected to dark
conditions. The changes were explained by a reduction in algal epiphytes, which are a
key food source for many epifauna (Jernakoff et al. 1996, Jernakoff & Nielsen 1997),
highlighting the importance of primary productivity as a key driver of fauna in
seagrass systems. There appears to have been no further attempts to examine the
implications of light reduction on epifauna in seagrass meadows, especially in the
context of human induced disturbance to seagrass systems.
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Habitat structural complexity
Habitat structural complexity, is defined here as the variation attributable to the
absolute abundance of individual structural components (McCoy & Bell 1991). Thus
complex habitats have many and well developed strata, while simple habitats have
fewer and less developed strata (August 1983). In marine habitats, structural
complexity may influence faunal processes such as larval settlement (Eckman 1987),
predation (Heck & Orth 2006), competition (Coen et al. 1981) and emigration
(Moksnes 2002) that also drive patterns of habitat colonization and faunal community
structure (Bostrom & Bonsdorff 2000, Sirota & Hovel 2006, Hansen et al. 2010), with
higher complexities often leading to comparatively higher abundances and diversity
of fauna (Edgar & Robertson 1992, Bostrom & Bonsdorff 2000, Bostrom et al. 2006).
In a Amphibolis griffithii seagrass habitat, structure increases with the amount and
type of seagrass leaves, clusters or shoots, stems, epiphytic algae, detritus, and
sediment (rhizomes and roots). Although structure plays an important role in shaping
macroinvertebrate assemblages (Sirota & Hovel 2006), only a few components of
structure have been assessed in any detail. As a general rule, complex, foliose
branching plant structures provide better protection for macroinvertebrates than
simple, flat leaves due to enhanced concealment and the physical exclusion of larger
predators (Howard & Edgar, 1994; Jernakoff & Nielsen, 1997). Both active habitat
preference on the part of prey species (Edgar & Robertson, 1992) and the direct
effects of selective predation (Stoner, 1980; Leber, 1985; Bell & Westoby, 1986),
result in higher abundances of animals in seagrass beds of high leaf density or
complexity. A strong correlation is also often observed between the density of plants
and the abundance and diversity of animals (Edgar, 1990b; Edgar & Robertson, 1992)
as the seagrass leaves represents the majority of available living space (Howard &
Edgar, 1994).

The thinning of seagrass canopies, in particular through leaf removal and epiphyte
removal, significantly reduces the abundance of the majority of the macroinvertebrate
species common to Amphibolis habitats (Edgar & Robertson, 1992). These
observations are consistent with changes observed in Amphibolis meadows, following
prolonged shading (Mackey et al. 2007, Lavery et al. 2009). While the abundance and
richness of the macroinvertebrate assemblages appears to be proportional to the
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amount of seagrass available (including leaf and stem area), this relationship is less
clear when referring to the type or shape of structure. The shape of a particular habitat
is not necessarily directly related to the density of habitat, and although some
researchers have distinguished between shape and density as separate components of
structural complexity (McCoy & Bell 1991, Sirota & Hovel 2006), they have rarely
been treated as such in ecological studies. Dissimilarities in the species richness,
biomass and secondary production of macrofaunal assemblages associated with
seagrasses such as Posidonia and Amphibolis (Edgar 1990b), which contrast
significantly in their morphology, is likely at least in part due to variations in
structural complexity (Sirota & Hovel 2006).

Predation
Due to the large interest in the feeding ecology of fishes and links to commercially
important species, a great deal of research has examined the role of predation in
regulating the abundance and diversity of seagrass associated fauna (Howard &
Edgar, 1994; Heck & Orth, 2006), especially in the northern hemisphere. Although
many studies have confirmed that predation can control the abundance of macrofauna
in seagrass habitats (Heck and Orth, 2006), the specific effects of predation intensity
and different predator species on the composition of seagrass macroinvertebrate
faunas still remains poorly understood. Studies investigating structural complexity
often focus at the local scale (meters), which is likely most meaningful for sessile or
small invertebrate fauna (Heck & Orth 2006). However, mobile predators (e.g.
piscivorous fish) are most likely to forage over much wider scales (kilometres) and
therefore fragmentation of habitat, size of seagrass bed and proximity and
connectivity to other habitats are likely to be more important attributes of the effects
on their

prey items (Bostrom et al. 2006, Heck & Orth 2006). In Amphibolis

meadows, high predation rates by large decapods, in this case rock lobster Panulirus
cygnus and blue manna crab Portunus pelagicus, were reported to account for a
substantial proportion of the mortality of epifaunal invertebrates, particularly the
larger molluscs (Edgar, 1990c). It might be expected that in open seagrass canopies
(with fewer stems and leaves to provide protection to epifauna), that the effects of
predation would be enhanced. However, research by Edgar and Robertson (1992)
failed to support the increased effect of predation in regulating macroinvertebrate
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communities in a thinned versus densely vegetated meadows. This is particularly
significant, as the habitat conditions in which Edgar and Robertson (1992) measured
the effects of predation on macroinvertebrates (open seagrass bed thus providing
predatory fishes and decapods greater access and capture efficiencies), parallel the
structure of a seagrass habitat that has been shaded for several months (Lavery et al.
2009). This suggests that the effects of predation on macroinvertebrates may not
necessarily be enhanced just because access to prey is improved. Recent studies
(Warfe & Barmuta 2006, Horinouchi et al. 2009) have highlighted that contrary to
general held expectations of structure assisting the prey in habitat protection, fish
predatory efficiency can also be enhanced by a structurally complex macrophyte
assemblage through improved capacity for ensnaring prey.

Competition
Competition between mobile epifaunal species has rarely been investigated in
seagrass systems, largely because of methodological difficulties and the belief that
macroinvertebrate food resources are generally abundant and unlikely to be a limiting
resource (Heck & Orth 2006). Accordingly, few detailed studies of resource
utilization and overlap within faunal guilds have been attempted (Howard & Edgar
1994). One study by Edgar (1990a) showed that exploitative competition on trochid
gastropods appears to be occurring between lobsters, crabs and other predatory
epifauna. Further studies by Edgar (1990d) suggest that exploitative competition for
epiphytic algae and detrital food resources is also substantial among grazing
invertebrates and may well be the primary determinant of epifaunal population
numbers in seagrass meadows. Experimental limitations, however, preclude empirical
testing of these hypotheses in regards to their interacting affects with light reductions,
in particular in terms of resource utilization and overlap within faunal guilds (Coen et
al. 1981, Howard & Edgar 1994), thus our understanding remains limited.

2.4 Significance of research to environmental management

Being a near-shore habitat, seagrass systems are susceptible to a variety of
anthropogenic pressures (Short & Wyllie Echeverria 1996, Bostrom et al. 2006, Orth
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et al. 2006) including reduced light availability (Waycott et al. 2009). Significant
causes of light reduction include eutrophication (Baden et al. 2003), sedimentation
and dredging activities (Sheridan 2004b). Reductions in the availability of light for
photosynthesis is a major cause of seagrass loss or decline (Short & Wyllie Echeverria
1996, Orth et al. 2006), the effects of which are likely to flow through to higher
trophic levels. The current resources boom in Western Australia has accelerated the
rate of development of new export facilities and increased pressure on industry to
upgrade their existing facilities. Capital and ongoing maintenance dredging in marine
waters is central to all these activities and poses substantial environmental
management challenges (Erftemeijer 2006, EPA 2007). The recent experiences in
Geraldton, where significant loss of benthic habitat occurred as a result of dredging
and associated turbidity (EPA 2002), are cases in point (Figure 2.4). This issue is not
restricted to just Western Australia (Gillanders 2007). Other well documented cases of
seagrass loss associated with light reductions in Australia include those from Port
Maquarie and Botany Bay, Gulf of St Vincint including the Adelaide metropolitan
coastline, Spencer Gulf, Port Phillip Bay, Cockburn Sound and Royal Princes
Harbours, just to name a few (Gillanders 2007). For this reason, the Environmental
Protection Authority has listed loss of marine habitat as one of the State’s key
environmental issues in the recently released draft State of the Environment Report
(EPA 2007).

Dredging places both direct and indirect pressures on the environment. Dredging
causes direct damage through the loss of biota and substratum at and adjacent to
dredge sites through removal of habitat. Secondary or indirect off-site effects, caused
by processes such as sedimentation and turbidity, are of significant concern in areas
adjacent to the dredge and spoil deposit sites. They can affect a larger area compared
to direct effects, but this is dependent on a range of environmental factors including
the intensity and duration of dredging, local hydrodynamic patterns and the sensitivity
of biota within the impact zone. Because of the intensive nature of dredging, it tends
to be a short-term activity, however, impacts can be much longer lasting than the
effects of natural perturbations such as storm or cyclone damage (Minchinton 2007).
Most studies of the effect of reduced light have been simple, when, in fact, the
response is likely to reflect complex interactions of the intensity, duration and time of
light reduction (Lavery et al. 2009). A dredging operation in Geraldton Port 2002/03
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produced a sediment plume of approximately 140 km2 (Figure 2.4). Reductions in
PPFD were more than 90% relative to ambient conditions over an area of at least tens
of square kilometres (Geraldton Port Authority, unpublished data). The plume
persisted for over 9 months, leading to the death of Amphibolis spp. over tens of km2
and severe reductions in biomass in a larger surrounding area (Lavery et al. 2009).
Over this time period and area, plants were subjected to varying intensities of light
reduction, from almost nothing to more than 90% reduction relative to ambient, and
for periods of 9 months close to the dredging activity to a few weeks at areas on the
periphery of the plume (Lavery et al. 2009). This example serves to illustrate that light
reduction events can vary in intensity and duration. Furthermore, these reductions can
occur at different times of year. Seasonal differences in ambient light availability and
seasonal patterns in plant physiology, such as carbohydrate reserves (Carruthers &
Walker 1997), can differentially affect the plants capacity to cope with changes in
light availability (Touchette & Burkholder 2000) and have been demonstrated to be
inadequate to sustain Amphibolis griffithii during summer (relative to winter) periods
(Lavery et al. 2009). However, although ample evidence exists demonstrating loss of
seagrass in response to light reductions, no studies have examined the flow-on effects
of this reduced primary producer biomass and production for seagrass fauna. An
understanding of these effects is fundamental in assessing the significance and trophic
consequences of light reductions to vegetated ecosystems.

As a consequence of the important ecosystem services that seagrass systems provide
(Green & Short 2004), regulatory agencies place high significance on the assessment
of proposals involving seagrass loss. Unfortunately, there is a lack of good
quantitative data on the response of macroinvertebrate assemblages and higher trophic
orders to disturbance in seagrass ecosystems. As a consequence, the capacity to assess
the potential impact of developments and develop appropriate environmental
management plans is restricted by the limited understanding of the impacts of reduced
light on seagrass ecosystems. Although seagrass physiological and morphological
responses can provide a good indication of sub-lethal effects associated with light
reductions, the long-term trends in faunal assemblages in response to shading are
likely to provide a better indication of the overall condition of the seagrass ecosystem.
Underlying this, however, is the requirement for a good understanding of how
seagrass systems function and the trophic implications of habitat disturbance.
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Figure 2.4 Sediment plume extending 70kms north of Geraldton following dredging in
the harbour in 2002/3.

31

CHAPTER 3

LIGHT REDUCTIONS DRIVE MACROINVERTEBRATE CHANGES IN
AMPHIBOLIS GRIFFITHII SEAGRASS HABITAT
The work contained in this chapter has been published in Marine Ecology Progress
Series, in 2010

A. Gartner, P. Lavery, K. McMahon, A. Brearley, H. Barwick

Abstract
Numerous anthropogenic activities can significantly reduce the amount of light
reaching seagrass habitats. Typically these result in morphological and physiological
changes to the plant and associated algal epiphytes. However, the flow-on effects to
seagrass dependent fauna induced by these disturbances has yet to be examined. This
study investigated the effects of different intensity (High: ~92% and Moderate: ~84%
reduction), duration (3, 6 and 9 months) and timing (post-winter and post-summer), of
light reductions on the density and biomass of macroinvertebrate epifauna within an
Amphibolis griffithii seagrass ecosystem, Western Australia. There were generally
lower epifauna densities and biomass within shaded seagrass plots. When Moderate
intensity shading was imposed at the end of winter, total density was 31% lower than
in unshaded controls at three months and 78% at nine months. When High intensity
shading was imposed, total density was 38% lower than in controls at three months
and 89% by nine months. Although densities varied, similar magnitudes of decline
occurred in Post-summer shaded treatments. Taxa-specific responses were variable in
terms of time, rapidity and magnitude of response. Amphipod, isopod and gastropod
densities generally declined in response to shading. Bivalve densities declined with
shading Post-summer but not Post-winter. Ostracod densities had an inconsistent
response to Moderate shading. Changes in epifaunal density were largely associated
with declines in algal biomass, leaf variables and stem biomass, indicating food and
habitat limitations. It is likely that the significant declines in epifauna observed in this
experiment, would have flow-on consequences to higher trophic levels.
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3.1 Introduction
Seagrass fauna assemblages play an integral functional role, particularly in their
capacity for converting the primary production of seagrass and algae into secondary
production (Jernakoff et al. 1996), which is then available to higher trophic levels
(Klumpp et al. 1989a, Edgar 1990a). Being a near-shore habitat, seagrass systems are
susceptible to a variety of anthropogenic pressures (Short & Wyllie Echeverria 1996,
Bostrom et al. 2006, Orth et al. 2006) including reduced light availability. Significant
causes of light reduction include eutrophication (Baden et al. 2003), sedimentation
and dredging activities (Sheridan 2004b). Reductions in the availability of light for
photosynthesis are a major cause of seagrass loss or decline (Short & Wyllie
Echeverria 1996, Orth et al. 2006), the effects of which are likely to flow through to
higher trophic levels.

Typical seagrass responses to light reductions include decreases in carbohydrate
content, shoot density, number of leaves and shoot productivity (West 1990, Ruiz &
Romero 2001a, Cabello-Pasini et al. 2002) that can lead to seagrass loss or changes in
the canopy structure (Lavery et al. 2009). Given the link between seagrass systems as
a provider of food and habitat to secondary production (Jernakoff et al. 1996, Bostrom
et al. 2006), it could be expected that the effects of changes in seagrass would flow
through to higher trophic orders. The abundance and composition of epifauna,
especially those associated with the leaves (Edgar & Robertson 1992), are likely to be
affected once the morphology of the seagrass canopy begins to change. Despite this
important implication, the vast majority of research in seagrass decline has focused on
the primary producers. Only two studies have experimentally examined epifauna
response to light reduction in a seagrass system (Edgar 1990a, Edgar & Robertson
1992). Both of those studies found reductions in the abundance of epifauna in
treatments subjected to dark conditions. The changes were explained by a reduction in
algal epiphytes, which are a key food source for many epifauna (Jernakoff et al. 1996,
Jernakoff & Nielsen 1997). There appears to have been no further attempts to
examine the implications of light reduction on epifauna in seagrass meadows,
especially in the context of human induced disturbance to seagrass systems.
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There are many anthropogenic pressures, such as eutrophication, sedimentation and
dredging, which magnify variations in light availability to benthic systems. Recent
experiences where significant loss of seagrass occurred as a result of dredging (EPA
2002, Erftemeijer 2006) have highlighted a current lack of understanding on how light
limitations on seagrass meadows affect associated fauna. In particular, indirect effects
of dredging caused by turbid plumes, through the suspension of sediments in the
water column (EPA 2002). Light available to seagrass (and epiphytic algae) varies
greatly with the seasons and weather, which influences light intensity, wavelength,
photoperiod and duration of the light climate. Consequently, seagrasses are adapted to
variable light conditions and have evolved strategies to cope with reductions in
photosynthetic photon flux density (PPFD), within natural limits. Most studies of the
effect of reduced PPFD, however, have been simple, when, in fact, the response is
likely to reflect complex interactions of the intensity, duration and time of light
reduction (Lavery et al. 2009).

Recently, field manipulations of light intensity, applied for three different durations
and commenced at the end of summer and winter seasons, have been shown to effect
potential food resources for macroinvertebrates (e.g. algal epiphyte biomass) and the
structural complexity of seagrass habitats (Lavery et al. 2009). This offered the
opportunity to assess the flow-on effects of changes in seagrass for first order
consumers, to complex patterns in PPFD. We assess the effects and trophic
implications of changes to primary producer habitats resulting from reduced light
conditions for the epibenthic macroinvertebrate fauna, here after referred to as
‘epifauna’, focussing on Amphibolis griffithii seagrass ecosystems. In particular, we
compared epifauna densities and biomass in moderate intensity and high intensity
shaded seagrass meadow with unshaded meadow, for separate durations and at
different times. Based on this design, we attempted to evaluate the prediction that
disturbances induced by shading treatments will lead to declines in epifauna density
and biomass, as a consequence of a reduction in food and habitat resources. As part of
this investigation, we developed a multiple linear regression model to test for
relationships between epifauna density and changes in seagrass habitat. We also
undertook multivariate analysis to explore responses in the epifauna assemblage
composition, as well as faunal recovery post shading (these analyses will be reported
separately).
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3.2 Materials and methods

The study was conducted at Jurien Bay, 260 km north of Perth, Western Australia
(Appendix . The near-shore Jurien Bay region, considered to be near-pristine (EPA
2001), is dominated by seagrass, sand and macro-algal reef habitats. The study site
was located in an extensive mono-specific Amphibolis griffithii seagrass bed in
approximately 5.0 m depth, 300 m north-east of Boullanger Island (30°18’34”S,
115°00’26”E – WGS 84 datum). Mean water temperatures ranged between 18.7 °C
in December to 21.7 °C in June. Jurien Bay has a mean tidal range of 0.5m (Holloway
2006) meaning that seagrass at the experimental site was completely submerged yearround. Water circulation in summer is dominated by the effect of the diurnal sea
breeze, while circulation in winter is influenced by the passing of winter storms
(Holloway 2006).

A ‘shading experiment’ was undertaken to examine the response of A.griffithii and
associated algal epiphytes, to changes in shading intensity, for different durations and
commencement at two different times (Lavery et al. 2009). These treatments induced
changes in seagrass biomass and morphology and associated algal epiphytes
(structural complexity) which constitute the treatments to examine the flow-on effects
to epifauna (Lavery et al. 2009). Therefore, we explicitly tested the effects of lightinduced changes to seagrass meadows on epifauna and not the effects of shading per
se.

While the shading experiment provided conditions to which seagrasses responded, it
also had the potential for confounding the epifaunal response. The main concerns
were that epifauna responded to the presence of the shade structures rather than
changes in seagrasses, or to an observed increase in fish abundance under the shade
screens which could alter predation pressure. To address these issues, a ‘structural
complexity reduction experiment’ and a ‘caging experiment’ were conducted
separately to examine the effect of these potentially confounding factors on seagrass
epifauna.
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Shading Experiment
The shading experiment was established with three main factors: Intensity (High,
Moderate or Control), Duration (3, 6 or 9 months) and Time (Post-winter and Postsummer) of light reduction (Table 3.1, Appendix A). The light reductions and
durations of the experiment reflected those typically resulting from dredging
programmes in the region (McMahon & Lavery 2008). The timing for levels of light
reduction coincided with presumed resilience of the seagrass to the effects of shading
(Carruthers & Walker 1997). Post-summer treatments ran from January till November
2005 and Post-winter treatments ran from December 2005 till July 2006.
Temperature, light and other conditions varied more among durations than between
times (Table 3.1). No extreme climatic events occurred at the study site during the
course of the experiment. Five replicate plots were established for each IntensityDuration-Timing combination, yielding an orthogonal design with 90 experimental
units (here after referred to as plots).
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Table 3.1: Mean biomass of A. griffithii leaves, stem, algal epiphytes and stem and leaf
cluster density following PPFD reduction treatments of Timing: Post-summer, Post-winter;
Duration: 3, 6, 9 months; and Intensity: Control, Moderate, High (DW = dry weight. All data
n=5). Water temp. is the mean over the treatment duration (Lavery et al. 2009). Dates refer to
sample collection times.
Timing &
Duration

Intensity

Post -summer
Control
3 months
(June 2005)
Moderate
High
Control
6 months
(September
Moderate
2005)
High
Control
9 months
(November
Moderate
High
2005)
Post-winter
Control
3 months
Moderate
(December
2005)
High
Control
6 months
(March
Moderate
2006)
High
Control
9 months
(July 2006)
Moderate
High

Leaf
biomass
(g DW
m-2 + se)

Algal
epiphyte
biomass
(g DW m2
+ se)

Stem
biomass
(g DW
m-2 + se)

No. of
Stems with
leaves
(m-2)

Leaf cluster
density (m2
)

Water
Temp.
(°C)

Avg.
instant.
PPFD
(µmol m-2
s-1)

257 ± 68
111 ± 21
71 ± 17
222 ± 41
39 ± 9
9±4
213 ± 18
2±2
0±0

112 + 35
24 + 9
28 + 19
260 + 44
25 + 6
12 + 5
179 + 46
57 + 17
19 + 4

175 + 50
132 + 23
116 + 25
164 + 39
174 + 16
119 + 17
195 + 28
142 + 21
90 + 22

276 + 69
248 + 24
224 + 55
253 + 26
267 + 29
155 + 31
364 + 36
44 + 25
36 + 16

3500 + 785
2632 + 374
1984 + 474
2941 + 640
1484 + 376
563 + 239
4208 + 394
52 + 47
8+5

21.7

218
35
11
191
31
12
277
52
27

207 ± 17
205 ± 11
70 ± 2
176 ± 17
34 ± 0.99
9±1
190 + 18
13 + 5
0.3 + 0.2

204 ± 18
106 ± 13
65 ± 5
123 ± 8
65 ± 7
26 ± 2
176 + 31
33 + 10
20 + 8.4

173 + 35
207 + 21
83 + 6
159 + 27
104 + 11
120 + 14
183 + 15
112 + 17
104 + 23

328 + 73
356 + 16
196 + 21
200 + 30
140 + 9
108 + 14
252 + 19
136 + 35
40 + 26

4724 + 1153
5256 + 574
1988 + 106
2960 + 735
1116 + 72
504 + 149
2464 + 137
496 + 116
24 + 15

18.7

20.0

19.6

19.9

19.8

508
93
59
481
68
39
383
51
29

Each plot measured 4.5 x 3.0 m, with light reduction treatments comprising a screen
of commercial shade cloth (high density woven polyethylene) representing ‘high
intensity’ (woven at 80% density), ‘moderate intensity’ (woven at 50% density) and
‘controls’ (no shade cloth), suspended above the meadow on plastic frames
approximately 0.4 m above the seagrass canopy and 1.5 m above the sediment floor.
Plots were randomly set in a grid system at a minimum of one frame length between
plots in rows (~4.5 m) and one frame width between rows (~3 m). PPFD intensity
(µmol quanta m-2 s-1) was recorded at the top of the canopy in randomly chosen
control and treatment plots at 15 minute intervals using submersible PPFD sensors
with an automated wiper unit (Carruthers et al. 2001). The shade cloth induced an 81
– 87% PPFD reduction (total irradiance) in the Moderate treatments and 89 – 95%
reduction in the High treatments. Thus, canopy shaded at the end of summer were
entering a period of declining PPFD but relatively warm temperature while those
shaded post-winter were entering a period of increasing PPFD but relatively low
temperatures. The experimental design established treatments that consistently varied
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in light intensity rather than attempting to establish absolute light reductions, that
would have been too difficult to control (Lavery et al. 2009). To maintain these
treatments, shade cloths were replaced every 2-6 weeks to minimize fouling from
algae.

The induced disturbance to the seagrass canopy from the light reduction treatments is
fully reported by (Lavery et al. 2009). In summary, the treatments largely resulted in
loss of seagrass leaves and algal epiphytes (Table 3.1). For Post-summer, both the
Moderate and High intensity treatments had significantly fewer leaves compared to
the controls after 3 months, but there was no significant difference between Moderate
and High at any of the Durations (3, 6, 9 months). For Post-winter, after 3 months,
there was no effect on the leaf biomass in the Moderate treatment but there was a
decline in the High treatment. Trends at six and nine months Post-winter were similar
to Post-summer. Trends in algal epiphyte biomass were similar to changes in the
seagrass leaf canopy, with the exception of the Post-winter Moderate intensity of three
months, where biomass was significantly lower than in controls (Table 3.1).

Epifauna samples were collected from each plot by lowering a calico bag (finely
woven unbleached cotton, mesh size < 0.5mm) with quadrat (0.04 m-2) onto the
seagrass canopy, cutting the seagrass stems at the base of the sediment and then
closing the calico bag to retain the mobile fauna within (Brearley & Wells 2000,
Brearley et al. 2008). Two samples were collected at every sampling occasion and
combined for fauna analysis. Epifauna were sorted, counted and sized under a
dissecting microscope into identifiable taxonomic units to class/order level. Within
each taxonomic unit, the size of each individual was determined (approximately > 0.5,
0.7, 1.0, 1.4, 2.0, 2.8, 4.0, or 5.6 mm in length). For the above sizes, biomass (AFDW)
was calculated using the biomass regressions of Edgar (1990f).

Very few larger individuals (> 0.8 mm) were found in samples and included asteroids,
polychaetes, and colonial ascidians. These large individuals were excluded from the
study, primarily because the scale at which samples were collected (0.04 m-2 quadrats)
was ineffective for capturing large individuals and did not provide a reasonable
representation of their density. They also appeared to mask differences in the biomass
of many other, smaller, more common taxa.
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The effects on total epifauna density and biomass of changes in seagrass structure,
induced by the Intensity, Duration and Timing of shading were tested by a 3-Factor
ANOVA using Statistica (Version 7.0), with all main effects treated as fixed factors.
We also tested for effects on the density and biomass for the five most common taxa
(gastropods, amphipods, isopods, ostracods and bivalves). Transformations were
applied where data did not conform with the underlying assumptions of ANOVA
(Quinn & Keough 2002). Where ANOVA yielded significant effects, Fisher’s LSD
post-hoc comparison tests were used to specify where the differences among
treatments lay.

Relationship between seagrass habitat variables and epifaunal density were tested
using a multiple regression model, constructed in Statistica (Version 7.0). Data from
plots shaded for nine months were used as these included the greatest differences in
seagrass attributes among the Control, Moderate and High intensity shading
treatments. Where seagrass and algal epiphyte variables were co-correlated (e.g.
seagrass leaf biomass and the number of seagrass leaves), the factor(s) with the lowest
correlation was removed (tolerance, 1-R2 < 0.1) as their presence posed a threat to the
validity of multiple regression analysis (Field 2005).

Structural complexity reduction experiment
An experiment was undertaken to confirm that effects in the Shading experiment were
due, at least in part, to changes in seagrass structural complexity resulting from the
treatments rather than being a response to the presence of the shade screens. Epifauna
density was compared in control treatments (natural complexity) and reduced
structural complexity treatments. Reduced structure mimicked the seagrass structural
attributes (i.e. loss of leaves and algal epiphytic algae) observed after six months of
shading at high light reduction in the main shading experiment. In these treatments, ~
50% of leaf clusters were cut off (leaving only ~ 6 clusters per stem remaining) and
~50% of algal epiphytes were removed (by hand) in replicate A.griffithii plots at the
study site. All stems were retained. Procedural controls were created by physically
agitating seagrass by hand for 1 minute to replicate the disturbance experienced by the
treatment plots during establishment. The ‘control’ plots were not disturbed. Plots
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were 1.0 m2 and marked by corner stakes and flagging tape. Using methods described
previously, epifauna samples were collected after one month, the duration considered
appropriate for epifaunal re-colonization following disturbance during construction
(Jernakoff & Nielsen 1997).

Five replicate plots were constructed for each treatment, giving 15 experimental units
in total. However, two ‘reduced structure’ samples had to be discarded due to diver
error in the collection of samples outside plot boundaries, giving an unbalanced
statistical design. Differences in total epifaunal density were tested using one-way
ANOVA (fixed factor) as described previously, but using a reduced degrees of
freedom (residual d.f. 10) to account for the missing samples (Zar 1999).

Caging Experiment

Carnivorous or omnivorous fish are the main predators of motile epifauna in seagrass
meadows (Klumpp et al. 1989a, Jernakoff et al. 1996). Herbivorous fish consume the
epiphytic algae found on seagrasses (Jernakoff et al. 1996) and may also incidentally
ingest small quantities of the host seagrasses and fauna. The primary shading
experiment used shade cloth to create different light intensities (in the Moderate and
High intensity treatments) that may have inadvertently created an artificial habitat
favored by fish species, some of which may prey on epifauna.

To test this hypothesis, video surveys were carried out in May 2006 over a two day
period, to quantify fish abundances under shade cloths in the main Shading
experiment. Each shading treatment (Control, Moderate and High) had four replicates,
yielding 12 experimental units in total. Recordings were made for 15 minutes at each
plot. Maximum fish abundance was determined as that in the one minute period in
which the maximum number of fish were present. This provided a consistent relative
measure between treatments. One-way ANOVA confirmed that the presence of shade
cloths had an effect on fish abundance (df = 2, F = 7.07, p = 0.01). Post hoc analysis
revealed significantly higher numbers of fish in the Moderate (18.5 + 2.7) and High
(46 + 6.4) intensity treatments compared to the Control (5.2 + 2.1), but no significant
difference between Moderate and High intensity treatments. Fish species observed
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under shade cloths included omnivorous (Pelsartia humeralis, Pelates sexlineatus,
Torguigener pleurogramma and Scobinichthys granulatus), carnivorous (Pentapodus
vitta, Sphyraena obtusata and Psammoperca waigiensis) and invertivorous (Apogon
rueppellii, Enoplosus armatus, Apogon victoriae, Pempheris klunzingeri and Coris
auricularis).

To determine the influence of increased fish abundances under the shaded treatments
as a confounding factor, we tested the hypothesis that greater abundances of fish
under shaded treatments would lead to increased predation pressure and result in
lower epifaunal densities. The caging experiment was designed examining two main
factors: Shade Cloth (present or absent) and Caging (cage closed, cage open and
open). Four 4.5 x 3.0 m replicates of each treatment were established (as per the
Shading experiment using 50% shade cloth), yielding 24 experimental units in total,
randomly located alongside the primary shading experiment.
Cages (1.0 m-3) were constructed from polyethylene mesh wire with 10 mm aperture.
This mesh size permitted the movement of epifauna through the seagrass canopy, but
prevented access by larger fish aggregating under shade cloths. The mesh was
attached to metal pickets and secured with cable ties to form one meter cubes. To
account for cage effects (Edgar 1990a), ‘cage open’ cages were deployed with one
side open to allow access by predators. Open plots were simply pegged to form one
square meter plots and marked with flagging tape. Epifauna samples were collected as
per the shading experiment.

The experiment treatments were deployed for 18 days (long enough to determine the
effects of predation, but not for shade cloths to effect seagrass canopy). Diver
observations noted fish congregations under the shade cloths immediately after
deployment.

Differences in total epifaunal density among treatments were tested using a 2-Factor
ANOVA, with all main effects (Shade Cloth and Cages) treated as fixed factors. The
five main taxa groups (gastropods, amphipods, isopods, ostracods and bivalves) were
also examined separately, in line with the shading experiment. Data were summarised
and transformed and post-hoc tests carried out as previously described.
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3.3 Results

Total epifauna response to shading treatments
Faunal density was 31% - 89% lower in the shaded seagrass treatments compared to
the unshaded controls (Figure 3.1), with the effect of Intensity of shading dependent
on the Duration (IxD, p < 0.01, Table 3.2) and the effect of Duration of shading
dependent on Time (DxT, p < 0.01, Table 3.2). Due to the significant interaction
terms, differences in densities among Intensities were examined at each Duration, for
each Time (Figure 3.1). In Post-summer treatments, High intensity shaded treatments
had ~ 71% fewer individuals than Controls after 3 months, but, there was no effect of
Moderate shading until 6 months, having 41% fewer individuals than Control. There
was also a 72% difference in density in Moderate and High treatments at 3 months. In
the treatments established Post-winter, epifaunal densities in both Moderate and High
intensity shaded treatments were significantly lower than in Controls by 6 months (by
63% and 77% respectively), but were not different to each other. After nine months of
shading (regardless of Time), epifaunal densities in both Moderate and High intensity
shading treatments were significantly lower than in unshaded Controls (by 78% and
89% respectively).

The three main factors of Intensity, Duration and Time of light reduction all had a
significant effect on total biomass, however, there was no interaction between these
factors (Table 3.2). Epifaunal biomass was much greater Post-winter than Postsummer (Figure 3.1). There were also differences among durations, however, no
obvious trend. Among intensities, high intensity treatments had significantly lower
biomass than both Moderate and Control treatments, which did not differ from each
other (Post-hoc, Fishers LSD, p < 0.01).

The dissimilar effects of the treatments on fauna density and biomass was reflected in
the size class distribution of taxa (Figure 3.2). At three months, the density of fauna
was dominated by small organisms (< 1.4 mm) while biomass was dominated by
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fewer large organisms (> 1.4 mm) (3.2 a-d). This trend was most obvious in the
highly shaded treatments. There were also other trends among intensities, for
example, on a relative basis, the High and Moderate treatments have larger specimens
than the Controls. Conversely, after nine months, small organisms still dominated
density, but biomass was more evenly distributed across the range of size classes
(Figure 2e-h) due primarily to a loss of biomass in larger size fractions over time.
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Figure 3.1 Mean density (a,b) and biomass (c,d) of epifauna following shading treatments
of differing intensity (control, moderate and high), duration (3, 6 and 9 months) and time
(Post-summer and Post-winter). Unbroken or shared horizontal lines across the top of bars
indicate no significant difference between treatments where a D*I interaction has occurred
(three-way ANOVA, p < 0.05). Dates indicate time of sample collection. n = 5 for each
T*D*I combination.
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Table 3.2. Results of three-way ANOVA, testing for significant effects of Time, Duration and
Intensity of shading on densities and biomass of epifauna (total and separated into the five
main taxa groups) in A. griffithii habitat. Shaded p values represent a significant result, (p <
0.05).

Total density
Time (T)
Duration (D)
Intensity (I)
T*D
T*I
D*I
T*D*I

d.f.
1
2
2
2
2
4
4

MS
31.68
0.192
11.72
2.228
0.185
0.700
0.151

F
150.8
0.914
55.77
10.60
0.881
3.333
0.717

p
0.001
0.406
0.001
0.001
0.419
0.001
0.583

Total biomass
d.f.
MS
1
52.17
2
2.293
2
3.528
2
0.252
2
0.609
4
0.287
4
0.535

F
129.1
5.675
8.731
0.623
1.507
0.709
1.324

p
0.001
0.005
0.001
0.539
0.228
0.588
0.269

Gastropod density
Time (T)
Duration (D)
Intensity (I)
T*D
T*I
D*I
T*D*I

1
2
2
2
2
4
4

34.23
0.367
10.86
0.304
0.984
0.316
0.454

196.0
2.100
62.18
1.742
5.637
1.811
2.598

0.001
0.130
0.001
0.182
0.005
0.136
0.043

Amphipod density
1
13.44
28.60
2
0.92
1.96
2
11.77
25.05
2
16.35
34.81
2
1.21
2.57
4
0.37
0.79
4
0.30
0.64

0.001
0.149
0.001
0.001
0.083
0.534
0.638

Isopod density
Time (T)
Duration (D)
Intensity (I)
T*D
T*I
D*I
T*D*I

1
2
2
2
2
4
4

11.60
0.712
4.259
0.130
0.105
0.618
0.002

60.51
3.712
22.21
0.678
0.550
3.225
0.012

0.001
0.029
0.001
0.511
0.580
0.017
1.000

Bivalve density
1
24.17
2
1.066
2
0.684
2
0.982
2
1.139
4
0.277
4
0.348

0.001
0.003
0.020
0.004
0.002
0.167
0.091

Ostracod density
Time (T)
Duration (D)
Intensity (I)
T*D
T*I
D*I
T*D*I

1
2
2
2
2
4
4

30.08
4.164
12.68
5.836
0.693
1.564
1.170

57.67
7.983
24.31
11.19
1.329
2.998
2.243

0.001
0.001
0.001
0.001
0.271
0.024
0.073
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145.2
6.402
4.110
5.900
6.843
1.665
2.092
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Figure 3.2 Mean total epifauna density (a,b) and biomass (c,d) at three months and nine
months (e,f,g,h) following shading treatments of differing intensity (control, moderate and
high), and time (Post-summer and Post-winter), for each fauna size class. n = 5 for all
samples. Note different scales of y axis.
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Key taxa response to shading treatments
All of the taxa groups (gastropods, amphipods, isopods, ostracods and bivalves)
responded negatively to time, duration and intensity of light reduction, although the
magnitude and consistency of the responses varied. At both Times, gastropod density
was significantly lower in the High intensity shading treatments than Controls at three
months (by ~ 90% Post-summer and ~ 65% Post-winter; Figure 3.3 a,b). There was a
comparable effect by six months in Moderate shading treatments. There was also a
large difference in the total number of gastropods between times, with Post-winter
having significantly higher densities than Post-summer. The effect of any one factor
was highly dependent on the other two (TxDxI, p < 0.05; Table 3.2).

Amphipods accounted 20 - 60% of the total assemblage density and declined
significantly in shaded plots relative to Controls, though the effect of Intensity and
Duration both depended on the Time of shading. Post-hoc testing indicated that
Moderate treatments had fewer amphipods than Controls, and High treatments had
fewer amphipods than Moderates. Amphipod density in both Moderate and High
intensity treatments was significantly lower than in Controls after three months
(relative to controls) within three months, however, this occurred in both Moderate
and High intensity shading treatments (rather than just High). The difference in
density between Moderate and High intensity treatments was greatest at Post-summer
three and six months, but by nine months there was little difference.

At both times, there was no difference in isopod density between the Controls and
either Moderate and High intensity shaded treatments at three months, however, at six
and nine months, isopod densities in both shaded treatments were significantly lower
than the control, although not different to each other (Figure 3.3 e,f). All three factors
had an effect on isopod density, but the effect of intensity was dependent on duration
of shading (D x I, p < 0.05; Table 3.2).

Ostracod densities varied in response to Moderate shading treatments, but were
significantly lower than Controls in all High intensity treatments, except Post-winter 3
months (ANOVA, p < 0.05; Table 3.2). Post-summer, there was no difference
between Moderate and Control densities at three months, a large difference at six
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months (87% less), but no difference at nine months (Figure 3.3 g,h). Post-winter
there was no difference at three and six months, but a large difference (~ 60% fewer)
at nine months.

Bivalve densities displayed two distinct patterns at the two times, reflecting a Time x
Intensity interaction (ANOVA, P < 0.05; Table 3.2). Post-summer, High intensity
treatments had significantly lower densities than the Controls (from 58% less at three
months to 89% less at six months), yet there was no difference detected between
Moderate intensity treatments and the Controls or the High intensity treatments (3. 3
i,j). Post-winter, there was no difference between any of the intensities at any of the
durations. The overall density of bivalves Post-winter was much greater than Postsummer.

47

Isopods

-2

Density (ind. 1.0 m + SE)

Amphipods

Gastropods

Post Sum m er

Post W in ter

1 0 0 00

1 0 00 0

8 0 00

8 00 0

6 0 00

6 00 0

4 0 00

4 00 0

2 0 00

2 00 0

0

0

4 0 00

4 00 0

3 0 00

3 00 0

2 0 00

2 00 0

1 0 00

1 00 0

0

0

6 00

60 0

4 00

40 0

2 00

20 0

0

0
C ontrol
M oderate
High

Bivalves

Ostracods

1 6 00

1 60 0

1 4 00

1 40 0

1 2 00

1 20 0

1 0 00

1 00 0

8 00

80 0

6 00

60 0

4 00

40 0

2 00

20 0

0

0

20 0 0

2000

15 0 0

1500

10 0 0

1000

500

500

0

0
J an 0 5

3

Sep t 0 5

6

D ec 0 5

N ov 0 5

9

3

D uration

M ar 0 6

6

Jul 06

9

D uration

Figure 3.3 Mean density of gastropods (a,b), amphipods (c,d), isopods (e,f), ostracods (g,h) and bivalves
(i,j) following shading treatments of differing intensity (control, moderate and high), duration (3, 6 and 9
months) and time (Post-summer and Post-winter). Unbroken or shared horizontal lines across the top of
bars indicate no significant difference between treatments where a D*I interaction has occurred (three-way
ANOVA, p < 0.05). Dates indicate time of sample collection. n = 5 for each T*D*I combination.
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Association of epifauna with changes in seagrass habitat
Step-wise multiple linear regressions (Table 3.3) indicated that both leaf biomass and
the number of stems with leaves had a significant positive association with total
epifaunal density Post-summer, with leaf biomass the most important (normalised
beta = 8.05; Table 3.3). Post-winter, the number of leaf clusters was significantly
associated with epifauna densities.

For the different key taxa, densities were significantly associated with a variety of
habitat variables representing both structural complexity and potential food sources.
However, there were few consistent associations between Times for any of the taxa
(Table 3.3). Gastropod densities were significantly associated with algal biomass in
Post-summer treatments and the number of leaf clusters in Post-winter treatments.
Amphipod density was strongly associated with leaf biomass, and to a lesser extent
the number of stems with leaves Post-summer, but with the number of leaf clusters in
Post-winter. Isopod density had no significant association with any of the habitat
variables measured Post-summer, but was significantly associated with the number of
stems with leaves in Post-winter. Likewise for ostracods, there were no significant
associations between density and any habitat variables Post-summer, but there was a
significant association with the number of leaf clusters and algal biomass Post-winter.
In contrast, bivalves were significantly associated with algal biomass and stem
biomass Post-summer, yet there were no significant associations Post-winter.
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Table 3.3 Results of forward stepwise multiple linear regressions on total assemblage,
gastropod, amphipod, isopod, ostracod and bivalve densities and seagrass habitat variables at
nine months, Post-summer and Post-winter. Only significant associations are presented (p <
0.05). N/A indicates no significant association.

Summer 9 Months
Tot Density
Leaf biomass
No. of stems with leaves

Gastropod Density
Algal epiphyte biomass

Amphipod Density
Leaf biomass
No. of stems with leaves

Beta

Std.Err. of Beta

B

Std.Err. of B

p-level

8.05
0.48
No. of cases: 15

1.68
242.23
0.15
7.89
adjusted R²= .77482407

50.52
2.47
p = .000190

<0.01
0.01

0.73
No. of cases: 15

0.19
2.92
adjusted R²= .50386441

0.75
p = .001823

<0.01

6.43
0.42
No. of cases: 15

1.69
112.58
0.16
4.01
adjusted R²= .80042568

29.62
1.53
p = .000311

<0.01
0.03

Isopod Density

-

-

-

-

N/A

Ostracod Density

-

-

-

-

N/A

Bivalve Density
Algal epiphyte biomass
Stem biomass

Winter 9 Months
Tot Density
No. of leaf clusters

Gastropod Density
No. of leaf clusters

Amphipod Density
No. of leaf clusters

Isopod Density
No. of stems with leaves

Ostracod Density
No. of leaf clusters
Algal epiphyte biomass

Bivalve Density

1.22
0.26
1.03
0.34
No. of cases: 15
Beta

3.79
0.80
<0.01
4.42
1.45
0.01
adjusted R²= .61761729 p = .003269

Std.Err. of Beta

B

Std.Err. of B

p-level

1.70
No. of cases: 15

0.42
9.01
adjusted R²= .84009776

2.20
p = .000007

<0.01

1.28
No. of cases: 15

0.56
3.05
adjusted R²= .84751526

1.33
p = .000084

0.05

1.65
No. of cases: 15

0.51
1.07
adjusted R²= .71300135

0.33
p = .000222

0.01

0.61
No. of cases: 15

0.19
1.93
adjusted R²= .70833239

0.59
p = .000244

0.01

2.95
0.55
No. of cases: 15

0.46
1.37
0.19
3.46
adjusted R²= .88210513

0.22
1.18
p = .000024

<0.01
0.02

-

-
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-

-

N/A

Epifauna response to changes in structural complexity
Manipulation of the seagrass structural complexity (number of leaves and algal
epiphyte biomass) confirmed a significant effect of structural complexity on the fauna
assemblage (Figure 3.4). Total epifauna density was significantly lower in seagrass
with reduced structural complexity, compared to the controls (One-way ANOVA, p <
0.05; Table 3.4). There was approximately 53% fewer organisms in the reduced
complexity treatment (six leaf clusters and approximately 50% of algal epiphyte
biomass removed per stem, Figure 3.4). The procedural control (where structure was
maintained, but seagrass agitated) was not significantly different to the control (one-

30000

-2

Mean individuals (ind. 1.0 m + SE)

way ANOVA, p > 0.05).

20000

10000

0
Control

Procedural
Control

Reduced
structure

Figure 3.4 Mean total epifauna densities following structural complexity reduction treatments
(control, procedural control and reduced structure) within an A.griffithii meadow. Common
bars represent no significant difference between treatments (p < 0.05).
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Epifaunal response to predation pressure
There was no significant effect of Caging (removing predation) or Shade Cloths
(which had associated increase in fish abundance) on total epifaunal abundance (Twoway ANOVA, p > 0.05; Table 3.4). This outcome was observed for all classes of taxa,
with the exception of gastropods, where a significant effect of the shade cloth
treatment was found (Figure 3.5). The mean number of gastropods was greater in the
Controls without shade cloths. Within each shading treatment, however, there was no
difference among cage treatments, indicating that the exclusion of the predators had
no effect on abundance.

Table 3.4 Results of ANOVA for Caging and Structural complexity reduction experiments.
The Caging experiment tested for differences among two main factors, Shade cloth (present
or absent) and Caging (cage closed, cage open and open), on epifaunal densities. The
Structural complexity reduction experiment tested for differences in epifauna density among
reduced seagrass structure treatments (reduced structure, procedural control and control).
Shaded p values represent a significant result, p < 0.05).

df

SS

Caging Experiment total epifaunal density
1
199290
Shade cloth
2
386337
Caging
2
163550
Shade cloth*Caging

MS

F

p

199290

1.560

0.228

193169

1.512

0.247

81775

0.640

0.539

0.002

Caging Experiment gastropod density
Shade cloth

1

1.3287

1.3287

12.39

Caging

2

0.7228

0.3614

3.37

0.057

Shade cloth*Caging

2

0.0537

0.0269

0.25

0.781

Structural complexity reduction experiment total epifaunal density
2
1.058
0.5292 5.018 0.031
Reduced structure
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a) T otal epifaun a density
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Cage-open
Cage
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Mean individuals per 1.0 m (+se)
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b) G a str op od d en sity
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Figure 3.5 Mean total density (a) and gastropod desnity (b) of fauna following caging (open,
cage-open and caged) and shading (shade cloth and no shade cloth) treatments. Different
letters at the top of bars indicate a significant difference between shading treatments (two-way
ANOVA, p < 0.05). n = 4.
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3.4 Discussion

Overall assemblage response
The effects of light reduction in altering the biomass and morphology of Amphibolis
griffithii canopies clearly lead to significant declines in the density and biomass of the
epifauna assemblage. The light reduction treatments in the shading experiment
induced large losses of seagrass leaves and algal biomass. Given previous
demonstrations of the dependence of epifauna on seagrass and algae for habitat
(Edgar & Robertson 1992, Sirota & Hovel 2006), food (Bologna & Heck 1999) and
protection from predation (Heck & Orth 2006), the negative effects on fauna were not
unexpected. However, the uniqueness of the present study is that it has examined
these changes in relation to different light reduction intensities, durations and times,
and the interactions between these factors highlight that they are not independent. For
example, although intensity of light reduction had a significant effect, it appears that
intensity is less critical than duration of light reductions. This may reflect, the high
levels of light reduction that were used with both Moderate and High intensities above
80% reduction of ambient PPFD, as both induced significant effects on the seagrass
(Lavery et al. 2009).

The effect of duration of light reduction also appeared to be dependent on the timing
of the initiation of light reduction, with trends at three and six months differing
between treatments that were initiated either Post-summer or Post-winter. These
results reflect changes to the seagrass and algal epiphyte canopy, which responded
contrary to predicted patterns (Lavery et al. 2009). It was expected that epifauna
would take longer to respond to Post-summer treatments (than Post-winter) due to
potentially increased capacity of seagrasses to withstand light reductions at this time
(Carruthers & Walker 1997). However, the opposite response occurred with no loss of
leaf biomass after 3 months of moderate shading Post-winter compared with
significant loss after the same treatment Post-summer. This reflects the complex
interaction of seagrass photophysiology with temperature and ambient conditions at
the different times (Lavery et al. 2009). Importantly here, however, it confirms that
fauna were responding to changes in seagrass habitat with fauna densities
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significantly lower Post-summer after only 3 months, while it took 6 months for the
Post-winter treatments to be affected.

In the shading experiment, the 31% to 89% decline in epifauna density compared to
the controls was strongly associated with losses in leaf biomass, and number of leaf
clusters (Table 3.3). This loss of fauna is likely due to reduced living space and/or
fewer ecological niches (Edgar & Robertson 1992), decline in food (Edgar 1990a) and
increased exposure to predators (Sirota & Hovel 2006). We are confident that the
responses of fauna we observed reflect changes in the seagrass habitat rather than
confounding effects of the shade cloths, through direct shading effects, or, increased
predation.

The additional experiment, in which the complexity of seagrasses was manipulated,
confirms that loss of structure (most likely from reduced niche-provision) explains, at
least in part, the reduced epifaunal densities and that the decline was not due to the
presence of the shade cloths themselves. This pattern in total density was largely
driven by gastropods and amphipods. Gastropod densities declined by up to 85%
within three months of high intensity shading Post-winter and was significantly
associated with loss of algal epiphyte biomass, leaf biomass, the number of leaf
clusters and the number of stems with leaves. These declines and the magnitudes of
loss are consistent with other studies (Nielsen & Lethbridge 1989, Edgar 1990a,
Edgar & Robertson 1992) where reduced gastropod and amphipod densities have been
linked to declines in seagrass leaf, algal epiphyte and periphyton biomass, implying
their possible reliance on these resources for food and habitat (Edgar & Robertson
1992, Duffy & Harvilicz 2001, Smit et al. 2005). For example, the amphipod genus
Cerapus, which was commonly found among samples, often utilizes seagrass leaf and
algal material for building tubes for camouflage from protection (Lowry & Berents
2005).

An alternative explanation for reduced epifaunal density in the shading experiment
could have been increased predation pressure. Heck & Orth (2006) have shown
predation to exert a strong control on epifauna density and in the present study the
number of fish under shaded treatments was almost a order of magnitude higher than
in unshaded controls and included omnivores, carnivores and invertivores. The lower
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faunal densities could have been due to increased predation rates (Heck & Orth 2006),
incidental ingestion by herbivorous fish (Bell & Pollard 1989), or through a
combination of both increased predator abundance and greater predator efficiency due
to the loss of sheltering leaves. However, we found no difference in the density of
epifauna between caged (predator excluded) and uncaged treatments under the shade
cloths, thus dismissing the first two hypotheses. The third hypothesis, increased
effective predation due to loss of structure was not tested in this study, however,
Edgar & Robertson (1992) found no differences in epifauna abundance in a caging
experiment which examined the effect of predation on seagrass fauna within reduced
density seagrasses. This supports the hypothesis that declines in seagrass structure
from light reduction affect epifauna through the loss of habitat and food. And while
there exist various mechanisms of light reduction (e.g. eutrophication, turbidity,
shading from structures, etc), ultimately, all lead to a reduction in seagrass from press
perturbations.

In the present study, in the absence of food and habitat, much of the epifauna
assemblage would have likely emigrated to the surrounding seagrass which still had
its full algal epiphyte and seagrass leaf canopy intact. However, in a typical light
reduction event, the spatial scales of impact would be much larger (hundreds of
meters to tens of kilometres) and many taxa would be forced to migrate long distances
to undisturbed habitat, posing significant challenges. Effects, due to predation,
because of decreased refuge are still to be tested.

Trends in faunal biomass did not neatly parallel the changes which occurred in
densities. Although both variables declined over the course of the experiment in
response to the treatments, the magnitude of change in biomass (i.e. proportion
decline in the treatments versus controls) was generally lower and it required more
time to become apparent. This slower response related to the initial decline in
predominantly smaller organisms, which had little effect on biomass. By 9 months,
however, the loss of larger epifauna was detectable in biomass. Epifaunal biomass has
been used effectively in numerous studies (Edgar & Barrett 2002), as well as in
modelling (Lin et al. 2004) to help elucidate the effects of habitat change. The present
study, however, shows that a detailed understanding of the relative densities in each of
the size class fractions is required to interpret changes in biomass, especially where
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the assemblage is weighted heavily in favour of numerous small organisms. It also
indicates that timescales of effect may vary for density and biomass and need to be
considered when designing investigations or modelling.

Variable responses among taxa to habitat disturbance
Although the densities of most taxa declined in response to the light reduction
treatments and subsequent habitat changes, the variation in responses implies that the
changes in fauna assemblage structure and dominance resulting from shading will
vary with the duration, intensity and timing of shading, with implications for trophic
flows.

Declines in gastropod and amphipod densities occurred within three months of the
commencement of shading in the High intensity treatments, and by six months in the
Moderate intensity treatments. These results were not unexpected. There have been
numerous studies in which these taxa declined in density when limited by food and
habitat resources (Edgar 1990a, Jernakoff et al. 1996). These patterns occurred at both
times, even though there was a large natural increase in density Post-winter, in
particular for gastropods. This is in contrast to the response in bivalve density, which
also had significantly higher densities Post-winter, but appeared not to be affected by
the light reduction treatments at this time. Leaves, epiphytic algae and seagrass stems,
all form potential substrata for small canopy dwelling bivalves. It might, therefore, be
expected that the loss of living space would also affect bivalve densities. This appears
to be the case in the Post-summer treatments where declines in bivalve densities can
be linked to corresponding declines in algal epiphyte and stem biomass (Table 3.3).
However, it is probable that a large recruitment event occurred Post-winter (see high
abundance of 0.5 – 1.0 mm size categories, Figure 3.3b), which counterbalanced
effects associated with reduced living space. If bivalve taxa within the A. griffithii
assemblage show some degree of year-round recruitment and reproductive potential
then it is possible to maintain abundance, even during/post disturbance, as long as a
substrate (such as stems) and a food source (single cellular primary productivity)
remain

available. The unknown bivalve which dominated samples here, was

commonly found among the algal epiphytes, which we speculate provided a substrate,
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and it is unlikely that phytoplankton availability would be affected by the
experimental design, thus providing a continual food supply.

Ostracods responded inconsistently to the shading treatments, especially to the
Moderate treatments (Figure 3.3 g-h). They are considered generalist feeders
(Athersuch et al. 1989), but very little is known or published on the feeding and
habitat requirements of ostracods (Smith 2000). As such, the results of the present
study suggest that it is very difficult to predict the impacts of moderate levels of
disturbance on such taxa.

Trophic implications of seagrass habitat disturbance
For many seagrass systems, the dietary requirements of the majority of larger
consumers, such as fish and decapods, are provided from the invertebrate fauna
(Howard & Edgar 1994). As much as 88% of the food consumed by seagrass fishes is
estimated to be macroinvertebrates (Robertson 1984). Gastropods in particular have
been linked to the diet of many higher order consumers (Joll & Phillips 1984) and
growth rates of some predatory, seagrass associated species such as the Western Rock
Lobster Panurilus cygnus, can be limited by the absence of a nutritionally rich
invertebrate diet (Joll & Phillips 1984). Despite this link, there have been very few
studies which have been able to quantify the effect of loss of seagrass on higher
trophic orders (Gillanders 2007). However, the loss of up to 80% of first order
consumers, as occurred in the present study, is likely to lead to a substantial decrease
in energy flow to higher order consumers.

The results from the present study also indicate that shifts in community size structure
and taxa dominance are possible. Initial (< 3 months) declines in abundance were
largely confined to small individuals (< 1.4 mm) with longer-term (6-9 months)
declines occurring across all size categories. We speculate here, that this may be
because of competitive advantage of larger individuals over small ones. These
temporal patterns may differentially affect higher order consumers, particularly those
with specialized diets that depend on those invertebrates, or force other taxa with the
capacity to switch between resources to consume a non-preferred diet, potentially
limiting productivity (Joll & Phillips 1984). One such example is the economically
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important Western Rock Lobster (Panulirus Cygnus), that has a preference for
molluscs within the size-range of 2.0 - 5.6 mm (Edgar 1990a).

Predicting the effects of the shading disturbance across the epifaunal assemblage has
been shown to be complex. This was particularly apparent, in Moderate shading
treatments where the magnitude of effect, at least in the short term, is low and the
response of some taxa, such as ostracods and bivalves, variable. Not unexpectedly,
this variability appears to decrease substantially with an increase in the level of
disturbance, suggesting that few taxa within the seagrass canopy have the capacity to
withstand substantial declines in seagrass habitat for much longer than a few months.
It is also clear that taxa, such as gastropods and amphipods which account for most of
the abundance, show consistent predictable responses linked to structural and food
attributes. Thus in the short term (< 3 months) moderate shading may have differential
consequences, but longer term (>3-6 months) or under high intensity shading (> 90%
light reduction) there is likely to be effects across all first order consumers, with
consequences for higher trophic orders.

Amphibolis species have a very complex architectural structure compared to other
seagrasses, with generally higher densities and diversity of epifauna associated with
them (Edgar 1990b). General trends observed in this study, i.e. declines in epifaunal
density and biomass, however, would also likely occur in other seagrass species under
similar reduced light conditions (although timescales of decline and magnitudes of
response may vary). Epifauna respond to changes in seagrass and algal epiphyte
density. Therefore, it is probable that epifauna occurring within other persistent
seagrasses, such as Posidonia sinuosa, which respond in a consistent manner to light
reductions (Collier et al. 2007), would also decline.

However, the response of

epifauna inhabiting seagrasses with much shorter life cycles, such as Halodule or
Halophila, are much less predictable.

Conclusion
This research has shown that the intensity, duration and time of light reduction on an
Amphibolis griffithii seagrass system, influences the density and biomass of epifauna.
There were significant interactions between all three factors, and duration of the
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disturbance was particularly important. Epifauna generally responded negatively to
the disturbance induced by the shading treatments, however, taxa-specific responses
were variable in terms of the duration of shading until a response was observed and
the magnitude of response. The duration of treatments also affected the size
distribution of epifauna, with smaller individuals affected greatest in the short-term,
but effects occurred across the size classes in the longer-term. Changes in epifaunal
density were largely associated with declines in algal biomass, leaf canopy variables
and stem biomass. Given the importance of macroinvertebrates as a food source, it
would be likely that the significant declines in epifauna observed in this experiment,
would have flow-on consequences to higher trophic levels.
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CHAPTER 4
SEAGRASS MACROINVERTEBRATE ASSEMBLAGE STRUCTURE
RESPONSES TO LIGHT REDUCTIONS

Abstract

This study, conducted in Western Australia, demonstrated that different intensities
(High: ~92% and Moderate: ~84% reduction), durations (3, 6 and 9 months) and
timing (Post-winter and Post-summer) of light reduction to a seagrass system, can
change the structure of the macroinvertebrate assemblage. Shade structures, placed
within a healthy Amphibolis griffithii meadow, were used to create the light reduction
treatments. Following shading, there were significant interactions between all three
light reduction factors, and generally both the abundance of individual taxa and the
number of families declined with increasing duration and intensity of light reduction
(11 - 53% fewer families in light reduction treatments). Taxa abundance and family
composition also varied between times that shading commenced. Changes in
assemblage structure were largely associated with declines in epiphytic algal biomass
and leaf canopy variables, although the strength of these associations varied at
different durations (ρw ranging ~ 0.250 to 0.727). Results of BVSTEP indicate that it
is improbable that the macroinvertebrate assemblage was functionally redundant. The
persistence of declines in the number and abundance of taxa in the face of high
potential for recruitment (from surrounding healthy seagrass meadow) amplifies the
negative effect of light reductions on macroinvertebrate assemblage structure and
highlights the implications for management scenarios where broader scale of effects
may otherwise preclude recruitment.
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4.1 Introduction

Seagrass ecosystems are susceptible to light reductions caused by anthropogenic
pressures such as eutrophication, sedimentation and dredging (Bostrom et al. 2006,
Orth et al. 2006), which have repeatedly been implicated in the loss of seagrasses
worldwide (Waycott et al. 2009). The risk for effects to flow through to higher trophic
orders is well recognised (Bostrom et al. 2006, Gartner et al. 2010), but not well
documented, and little is known about community or assemblage scale responses to
disturbances in these systems. Recent experiences where significant loss of seagrass
occurred as a result of dredging (EPA 2002, Erftemeijer 2006) have highlighted the
current lack of understanding for the promotion of effective conservation and
sustainable management of seagrass and other benthic communities.

Typical seagrass responses to light reductions include decreases in carbohydrate
content, shoot density, number of leaves and shoot productivity (Cabello-Pasini et al.
2002) which can affect the role of the meadow as habitat for fauna (Orth et al. 2006)
or as a provider of primary production to higher trophic orders (Smit et al. 2005, Heck
& Orth 2006). Epifauna densities and biomass can decline (Edgar 1990c, Edgar &
Robertson 1992) by as much as 89% in response to changes in the seagrass meadow
(Gartner et al. 2010). Longer duration and higher intensity of light reduction can also
lead to greater epifauna loss (Gartner et al. 2010). However, taxa-specific responses
can be variable depending on time of year, duration until response is observed and in
the magnitude of response (Gartner et al. 2010).

This study by Gartner et al. (2010) and previous studies (Edgar 1990c) did not analyse
changes in the structure of the faunal assemblage (i.e. number of families and the
abundances of individual taxa) with different timing, duration and intensity of light
reduction. Conceptually, it is possible for changes in total faunal abundances and
biomass to occur, yet the structure of the faunal assemblage can remain the same.
Comparisons of abundances of individual taxa are important for providing insight into
shifts in assemblage function (Clarke & Warwick 1998) as the assemblage structure
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may change, but functionally remain the same. That is, their may be functional
redundancy (functional redundancy is a term applied when ecosystem processes are
maintained at a constant level, despite stresses that induce shifts in the taxa driving
those processes) and the residual assemblage in the disturbed habitat may perform
ecological processes similar to those in the undisturbed habitat (Frost et al. 1995).
Conversely, different assemblages with different functions could develop.

Community structure has been reported to change in a multitude of directions in
response to ecosystem disturbance and effects from anthropogenic impacts do not
necessarily parallel those from natural perturbations (Minchinton 2007). Natural
disturbances are often considered discrete and episodic events in time (Minchinton
2007) and can maintain or even encourage species diversity in communities (Connell
1978). Unlike natural disturbances, anthropogenic impacts, such as those associated
with many light reduction affects, may be of longer duration and exceed the lifespan
of the organisms of interest (Crowe , Minchinton 2007). In severe cases, the number
and relative abundances of taxa can decline as a consequence of food and habitat
limitations (Dauer 1993, Hughes et al. 2002, Smith et al. 2006). Responses such as
these are not confined to seagrass systems, with similar declines in the abundance and
number of taxa documented within an estuarine marsh community, as a consequence
shading (Struck et al. 2004). Changes from primary production to detrital based
systems, can also induce shifts in assemblage structure to assemblages dominated by
opportunistic species (Huxam et al. 2004, Munari et al. 2005). Tew et al. (2008) for
example, reported decapod taxa within a lagoon benefited from decades of
aquaculture activities leading to their community dominance, yet the same aquiculture
activities likely prevented the use of the lagoon by other species as a nursery or
refuge.

This research assesses the effects on the macroinvertebrate assemblage from changes
to primary producer habitats (seagrass and epiphytic algae) resulting from ongoing
light reductions. Here we employ multivariate methods to give greater understanding
to

the

inherent

complexity

of

assemblage

scale

responses

of

seagrass

macroinvertebrates, to long-term disturbances (up to 9 months) associated with
moderate (~84%) and high (~92%) intensities of light reduction. In particular, we
aimed to determine whether the intensity, duration and timing of light reduction to
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seagrass ecosystems, influences family composition and relative abundance (number
of individuals of each taxa) of macroinvertebrate epifauna, in Amphibolis griffithii
seagrass ecosystems.

4.2 Materials and methods

The methodology, materials and experimental design for this investigation are
described in full in Chapter 3 and by Gartner et al. (2010). We have been able to reexamine samples with reliable taxonomic identification permitting analysis of changes
in the structure of the macroinvertebrate assemblage in response to light reductions.
Epifauna were sorted and counted according to the methods of Edgar (1990e), into
identifiable taxonomic units to the family level (Sanchez-Moyano et al. 2006,
Wlodarska-Kowalczuk

&

Kedra

2007):

crustacea,

arthropoda,

mollusca,

echinoderamata. To remove bias associated with rare taxa, other phyla, such as
cnidaria (which were sporadically sampled in low abundances) were excluded. Since
fragmentation of annelida was common and resources were unavailable to identify
polychaetes to family level, these samples were also excluded from analysis.
Specialist expertise was employed to identify individuals to family level due to the
lack of taxa specific information required for this task in this region. Faunal
assemblage structure was characterized by: family composition (number of families
per sample unit) and abundance (number of individuals from each family, per sample
unit), which were compared among treatments.

Data analysis
The structure of the macroinvertebrate assemblage was analysed using multivariate
approaches on abundance data with Primer 6.0 (Clarke & Warwick 1994).
Assemblage data were presented as either presence/absence transformed to assess
similarity among samples driven by family composition, or square root transformed to
assess similarities driven by assemblage abundances ( i.e. number of individuals of
each taxa] (Field et al. 1982, Clarke 1993). Data were ordinated using non-metric
multidimensional scaling (MDS), to examine overall patterns in similarities in the
assemblage structure following different durations and intensities of light reduction at
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different times of the year. Formal significance tests for differences in relative
abundance and family composition among treatments were performed on the BrayCurtis distances using PERMANOVA. We used the permutational analysis of
multivariate dispersions (PERMDISP) to detect differences in dispersion inside
groups (Anderson 2004). Using the permutation of residuals and the reduced model
method (9999 permutations), pair-wise a posteriori tests for the term ‘Time-DurationIntensity’ were carried out for comparisons between intensities among duration(s) and
between times. The contribution of each variable (taxa) to average dissimilarity of
assemblage structure between pairs of groups of samples was measured using
SIMPER analysis based on the Bray-Curtis dissimilarity index. Patterns found were
related to seagrass habitat variables (McMahon & Lavery, 2008) using BIOENV,
providing a rank correlation between respective resemblance matrices (based on
square root transformed data and key habitat variables). Where seagrass and algal
epiphyte variables were co-correlated (e.g. seagrass leaf biomass and the number of
seagrass leaves), the factor(s) with the lowest correlation was removed (tolerance, 1R2 < 0.1) as their presence posed a threat to the validity of multiple regression
analysis (Field 2005).

In studies where ecosystem processes are maintained, despite shifts in the populations
driving those process, the term functional redundancy is applied (Frost et al. 1995).
To test for redundancy in the assemblage, analysis was performed as per Clark &
Warwick (1998) using Primer 6.0. Abundance data were initially fourth square root
transformed to ensure patterns reflect variation in all taxa, not just the most common
families. Selection for the smallest family subset for which the Spearman rank
correlation (ρ) with sample similarities for the full family set exceeds a predetermined
value (set at ρ = 0.95), was performed using a ‘forward selection/backward
elimination’ algorithm (BVSTEP). After finding families within the subset, and in
order to investigate whether there were further subsets of families which replicated
the full assemblage pattern, the families constituting the first response unit were
excluded, and the algorithm re-run for the reduced species matrix against the full set.
At this stage, a match for which the ρ = 0.95 threshold is attained did not exist, and, in
this case, the algorithm terminated at the optimum for ρ = 0.849. Families were
assigned to functional groups in line with the general classifications given by Clark &

65

Warwick (1998). For each run of BVSTEP we used 40 random starts and an initial
subset of approximately 14% of the full species list.

4.3 Results

Changes in assemblage structure
A total of 25,561 individuals were sampled in this experiment, belonging to 79
separate macroinvertebrate families (Table 4.1). Sixty families were sampled in Postsummer (6 of which were unique to this period) with 6442 individuals. Seventy-three
families were sampled Post-winter (19 of which were unique to Post-winter) with
19,119 individuals. The most abundant taxa belonged to two phyla, crustacea and
mollusca, distributed across 64 families. Taxa within the Phyla arthropoda and
echinoderamata were generally in much lower abundances and distributed across only
13 families.

There was a clear negative effect on the abundances of individual taxa and the number
of families in response to the light reduction treatments. Results of PERMANOVA
confirmed that all three factors, time, duration and intensity had an effect on the
relative abundance of taxa (Table 4.2) with generally most individual taxa declining in
abundance within the light reduction treatments. There was a similar decline in the
total number families present per treatment following increasing duration and
intensity of light reduction, with between 11 and 53% fewer families in light
reduction treatments (Table 4.1). These interactions are discussed through the MDS
results.

Post-summer
In the light reduction treatments established Post-summer, there were negative trends
in relative abundance and the number of families following three months of light
reduction, however, these become more pronounced following six and nine months of
light reduction (PERMANOVA, p < 0.05, Table 4.2). At three months there was no
difference in the relative abundance of individual taxa between Control and Moderate
treatments, but the relative abundance of fauna in the High intensity treatment was
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different to both (PERMANOVA, p < 0.05; Table 4.2, Figure 4.2). Presence-absence
transformations revealed a difference between the Control, Moderate and High
treatments (PERMANOVA, p < 0.05; Figure 4.3) indicating a difference in the
number or type of taxa between all three treatments. After six months of light
reduction, the relative abundance of taxa and the number of taxa in both Moderate and
High intensity treatments differed to those in the Control treatments, but not with each
other (PERMANOVA, p < 0.05; Figures 4.2 & 4.3). These differences in fauna were
still apparent after nine months of light reduction (Figures 4.2 & 4.3).

Post-winter
In the light reduction treatments established Post-winter, there were weak negative
trends in relative abundance and the number of families following three months of
light reduction, but these became more pronounced with increased duration and
intensity of shading (PERMANOVA, p < 0.05, Table 4.2). At three months, there was
a significant difference in the relative abundance of taxa between Control and both
Moderate and High intensity treatments, but no difference between Moderate and
High treatments (PERMANOVA, p < 0.05). The lose scatter of data within the MDS
plots (Figure 4.2) suggest that variation among treatments was only marginally greater
than within treatments. There was also significant differences between Control and
Moderate treatments but no difference between Control and High for the number of
families (PERMANOVA, p < 0.05), and the MDS reflects only a very weak pattern
(Figure 4.3). Following six months of light reduction Post-winter, there is a clear
separation in the relative abundances of taxa between all three treatments
(PERMANOVA, p < 0.05). However, based on the number of families, Controls
differed to both Moderate and High intensity treatments, but there was no difference
between Moderate or High treatments (PERMANOVA, p < 0.05). The same trend in
relative abundance occurred at nine months as at six months, however, when data
were presence-absence transformed, there was no difference between Control and
Moderate treatments, but High was significantly different to both (PERMANOVA, p
< 0.05).
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Post-summer

2D Stress: 0.16

3 Months Control
3 Months Moderate
3 Months High
6 Months Control
6 Months Moderate
6 Months High
9 Months Control
9 Months Moderate
9 Months High

2D Stress: 0.16

Post-winter

3 Months Control
3 Months Moderate
3 Months High
6 Months Control
6 Months Moderate
6 Months High
9 Months Control
9 Months Moderate
9 Months High

Figure 4.1a,b: Multidimensional scaling ordination of macroinvertebrate data for the relative
abundance of taxa following treatments of Timing: Post-summer (a), Post-winter (b);
Duration: 3, 6, 9 months; and Intensity: Control, Moderate and High. Sybol positions are
based on Bray-Curtis similarities of square-root transformed data collected from 5 replicate
plots (stress = 0.16).
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Post-winter

2D Stress: 0.16

2D Stress: 0.16

3 Months

Post-summer

C

M

H

C

M

H

2D Stress : 0.16

6 Months

2D Stress : 0.16

C

M

C

H

2D Stress : 0.16

M

H

9 Months

2D Stress : 0.16

Control (C)
Moderate (M)
High (H)

C

M

H

C

M

H

Figure 4.2: Multidimensional scaling ordination of the square root transformed epifauna
family abundance data following shading treatments of differing intensity (control, moderate,
and high), duration (3, 6 and 9 months) and time (Post-summer and Post-winter). Unbroken or
shared horizontal lines in the bottom right indicate the results of PERMANOVA where there
is no significant difference between treatments (three-way ANOVA, p < 0.05). n = 5 for each
Time*Duration*Intensity combination.
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Post-summer

Post-winter

2D Stress: 0.22

3 Months

2D Stress: 0.22

C

M

C

H

2D Stress: 0.22

H

M

6 Months

2D Stress: 0.22

C

M

H

C

M

H

2D Stress: 0.22

9 Months

2D Stress: 0.22

Control (C)
Moderate (M)

C

M

H

C

High (H)

M

H

Figure 4.3: Multidimensional scaling ordination of presence/absence transformed epifauna
family abundance data following shading treatments of differing intensity (control, moderate,
and high), duration (3, 6 and 9 months) and time (Post-summer and Post-winter). Unbroken or
shared horizontal lines in the bottom right indicate the results of PERMANOVA where there
is no significant difference between treatments (three-way ANOVA, p < 0.05). n = 5 for each
Time*Duration*Intensity combination.
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Table 4.1: Number of experimental units from which each family was collected per treatment
(n=5). Amphipod (CA), Nebalidae (CN), Copepod (COP), Isopod (CI), Ostracod (CO),
Tanaid (CT), Decapod (CD), Mysidae (CM), Cumacean (CC), Nebalia (CB), Pyconogonidae
(CP), Acarina (CN), Gastropod (MG), Bivalve (MB), Echinoids (EE), Ophuroids (EO),
Asterinidae (EA).

Family
Caprellidae (CA)
Amaryllididae
(CA)
Ampithoidae
(CA)
Ampeliscidae
(CA)
Amphilocidae
(CA)
Ceinidae (CA)
Corophiidae (CA)
Cyproideidae
(CA)
Dexaminidae
(CA)
Eophliantidae
(CA)
Eursiridae (CA)
Hylalidae (CA)
Iphimediidae
(CA)
Leucothoidae
(CA)
Lysnassidae (CA)
Meliitidae (CA)
Nihotungidae
(CA)
Oedicerodidae
(CA)
Phliantidae (CA)
Phoxocephalidae
(CA)
Poderceridae
(CA)
Sebidae (CA)
Stenothoidae
(CA)
Unkown Amph E
(CA)
Unkown Amph F
(CA)
Unkown Amph G
(CA)
Unknown Amph
H (CA)
Nebalidae (CB)
Copepod (COP)
Limnoriidae (CI)
Anthuridae (CI)
Sphaeromatidae
(CI)
Cirolandiae (CI)
Gnathidae (CI)
Astacillidae (CI)
Idoteidae (CI)
Serolidae (CI)
Munnidae (CI)
Tanaidae (CT)
Majidae (CD)
Hymenosomatidae
(CD)
Dromiidae (CD)
Euryalidae (CD)
Paguridae (CD)
Diogenidae (CD)
Palaemonidae
(CD)
Unknown Pala A
(CD)
Mysidae (CM)
Cumacea (CC)
Sarsielldae (CO)

S3
C
0

S3
M
0

S3
H
0

Post-summer
S6
S6
S6
C
M
H
5
4
3

S9
C
5

S9
M
2

S9
H
2

W3
C
4

W3
M
4

W3
H
2

Post-winter
W6
W6
W6
C
M
H
2
3
0

W9
C
5

W9
M
3

W9
H
3

0

1

2

1

0

1

0

0

0

4

1

3

1

4

4

0

4

4

5

2

0

4

3

2

5

5

5

5

5

5

5

4

4

5

5

2

0

0

0

0

0

0

0

0

0

1

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

3

0

0

0

0

0

0

0

0
5

0
5

0
5

0
5

0
5

0
4

0
5

0
5

0
5

0
5

0
5

1
5

0
5

0
5

0
5

0
5

0
4

0
5

0

0

0

0

0

1

1

0

0

0

0

0

0

1

0

0

2

1

5

4

4

4

4

4

5

5

4

5

5

5

5

5

5

5

5

4

0

0

1

3

0

0

1

0

0

3

3

2

4

1

1

1

1

0

3
0

4
0

0
0

2
0

5
0

4
0

4
5

5
3

4
2

5
3

3
0

4
1

5
0

3
0

1
0

5
0

4
0

3
0

0

0

0

0

0

0

0

0

1

1

0

1

0

0

0

0

0

0

0

1

0

0

0

0

1

0

1

0

0

0

0

0

0

0

2

2

3
4

0
1

1
0

4
2

0
1

0
0

3
3

0
1

0
0

5
5

1
3

2
4

2
4

1
0

1
1

4
4

4
2

1
0

0

0

0

1

0

0

3

1

0

1

0

0

1

0

0

1

0

0
0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

1

0

0

0

0

0

0

0

1

0

0

0

0

0

2

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

1

0

0

0

0

0

0

0
0

1

0

0

1

0

1

1

3

2

5

3

4

0

2

2

1

1

0

0

0

0

0

0

0

0

0

1

0

0

0

1

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

1

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

2

0

0

0

0

0

0

0

0

0
2
5
0

1
4
5
2

0
5
4
1

0
2
4
1

0
3
2
0

0
2
3
0

0
1
5
1

2
3
2
0

0
0
2
0

0
3
5
0

0
5
4
0

0
5
5
0

5
5
5
3

2
5
5
2

0
4
2
2

5
5
4
4

1
5
4
2

0
0
0
1

3

4

3

5

2

0

4

1

2

5

5

4

5

4

5

5

5

4

0
0
0
0
1
0
2
0

0
0
1
0
0
0
2
0

0
0
1
0
1
0
0
0

0
2
1
1
0
0
5
0

0
0
0
0
0
0
3
0

0
0
0
1
0
0
3
0

0
1
0
1
0
0
5
0

0
0
0
0
0
0
3
0

0
0
0
0
0
0
3
0

0
1
2
1
0
0
5
1

3
0
0
0
0
0
4
0

0
1
1
0
0
0
3
0

0
0
1
2
0
1
5
2

0
0
2
0
0
0
5
0

0
1
1
3
0
0
5
0

0
0
4
0
0
1
5
2

0
1
2
1
0
0
5
1

0
0
2
0
0
0
5
0

0

0

0

1

0

0

0

0

0

1

0

0

0

0

0

1

0

0

0
1
0
0

0
0
0
0

0
0
0
0

0
0
0
1

0
0
0
0

0
0
0
0

1
0
0
0

1
0
0
0

2
0
0
0

2
0
0
0

3
0
0
0

2
0
0
0

1
0
0
1

1
0
0
0

1
0
0
0

0
0
1
0

0
0
0
0

0
0
0
0

2

5

4

4

3

2

1

1

1

4

4

1

5

3

4

3

1

3

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0
0
5

0
1
5

0
0
2

4
2
5

2
2
3

1
2
1

2
1
5

0
0
4

1
0
4

2
5
5

1
2
5

1
1
5

1
5
5

0
3
5

0
3
5

4
4
5

4
4
3

4
3
4
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Cypridinidae
(CO)
Cylindrolebeidae
(CO)
Philomelidae
(CO)
Acarina (CN)
Pyconogonidae
(CP)
Polyplcophora
(MP)
Lottiidae (MG)
Nacellidae (MG)
Scissurellidae
(MG)
Fissurellidae
(MG)
Turbindae (MG)
Trochidae (MG)
Dialidae (MG)
Cerithidae (MG)
Eatoniellidae
(MG)
Rissoidae (MG)
Barleidae (MG)
Columbellidae
(MG)
Marginellidae
(MG)
Triphoridae (MG)
Hydatinidae (MG)
Unknown Gast A
(MG)
Unknow Gast B
(MG)
Mytilidae (MB)
Unknown Biv A
(MB)
Leptonellidae
(MB)
Echinoids (EE)
Ophuroids (EO)
Asterinidae (EA)
Total
Percentage of
Control

5

5

5

5

4

3

5

4

4

5

5

5

5

5

5

5

5

5

1

1

2

4

2

0

5

1

0

4

1

3

3

1

1

2

0

0
1

0

1

0

0

0

0

0

1

0

2

1

1

4

3

1

0

0

4

3

1

2

0

0

3

2

0

3

5

2

5

5

4

5

4

4

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

1

3

1

0

1

2

2

2

5

1

0

5

5

5

4

5

3

2

1

0

4
0

4
0

4
0

5
0

5
2

5
0

5
0

2
0

1
0

5
0

5
0

5
0

5
1

3
1

5
0

5
0

5
0

1
0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

3

1

0

0

0

0

0

0

5
4
5
1

5
2
5
0

2
1
2
0

5
5
5
0

4
2
1
0

2
2
0
0

5
3
3
1

5
2
3
0

5
2
2
0

5
4
1
0

5
2
0
0

5
3
1
0

5
5
4
1

5
5
2
3

5
5
1
1

5
4
4
0

5
5
4
0

5
0
1
0

5

5

2

5

4

3

5

5

5

5

5

5

5

5

5

5

5

5

4
0

0
0

0
0

2
0

3
0

0
0

2
0

0
0

2
0

2
0

1
0

4
1

0
0

0
0

0
0

4
0

4
0

4
0

3

1

1

1

0

0

1

0

0

3

3

3

3

2

1

4

1

4

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

3
0

3
0

0
0

1
0

1
0

0
0

1
0

1
0

0
0

4
2

4
0

5
0

2
1

2
0

2
0

2
0

3
0

2
0

2

1

0

2

0

1

0

0

0

2

5

3

5

4

3

0

0

0
0

0

0

0

0

0

0

0

0

0

0

1

2

0

0

0

1

0

5

5

5

4

5

5

5

5

5

5

5

5

5

5

5

5

5

3

5

4

5

5

0

0

5

1

1

5

5

4

5

5

5

5

5

5

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

2
0
0

1
1
0

1
1
1

1
2
0

2
1
0

1
2
0

0
2
1

0
2
0

0
2
0

105

93

67

124

80

58

126

80

68

163

137

135

160

131

115

153

131

96

-

88

63

-

64

46

-

63

53

-

84

82

-

82

71

-

85

62

72

Table 4.2: Results of PERMANOVA for the factors Time, Duration and Intensity on taxa
abundance (number of individuals of each taxa, square root transformed) and number of
families (presence absence transformed) within the shaded A.griffithii seagrass assemblage.
Source
perms

df

SS

MS

Pseudo-F

P (perm)

Relative Abundance (square root transformed)
Time (T)
1
20907
Duration (D)
2
9616
Intensity (I)
2
14778
TxD
2
13570
TxI
2
5134.2
DxI
4
5648.4
TxDxI
4
5835.2

20907
4808
7389
6785
2567.1
1412.1
1458.8

31.227
7.1815
11.037
10.135
3.8344
2.1092
2.1789

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

Family composition (presence absence transformed)
Time (T)
1 8581.8
Duration (D)
2 7021.6
Intensity (I)
2 5741.6
TxD
2 7948.7
TxI
2 2680.8
DxI
4 4283.6
TxDxI
4 3169.9

8581.8
3510.8
2870.8
3974.4
1340.4
1070.9
792.48

17.343
7.0949
5.8015
8.0317
2.7088
2.1642
1.6015

0.0001
0.0001
0.0001
0.0001
0.0004
0.0002
0.0146

Families driving change in the assemblage structure
The results of SIMPER analysis show that nearly all families that accounted for the
differences between treatments had lower abundances in the Moderate and High
intensity shaded treatments compared to the Controls (Tables 4.3 & 4.4). As
contributions for any one family towards the dissimilarity in relative abundances
among treatments were generally low (greatest ~ 16% and generally < 8%; Tables 4.3
& 4.4), and spread out across many families, only those that contributed more than
5% to the dissimilarity among treatments are discussed. In the light reduction
treatments established Post-summer, declines in density in the amphipod families
Dexaminidae and Ampithoidae, the Sarsielldae ostracod family and the Eatoniellidae
gastropod family commonly accounted for the difference between Moderate and/or
High treatments and the unshaded Controls. Only the amphipod family Corophiidae
had higher relative abundances in the Moderate shading treatment compared to the
Controls at Post-summer six months (Table 4.3). However, in High intensity six
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month treatments, Corophiidae density was lower compared to the controls, indicating
the variable effect of different light reduction intensities on this taxa. In the light
reduction treatments established Post-winter, the gastropod family Eatoniellidae was
the only family to consistently decline at all durations (3, 6 and 9 months) and
intensities (Moderate and Hight; Table 4.4) and accounted for anywhere between ~7%
to ~16% of the difference between Controls and the light reduction treatments.
Declines in other taxa were inconsistent. In the Moderate and High treatments,
Ampithoidae and Tanaidae families showed differences at three months, Harpacticoid
copepods at six months and the gastropod family Dialidae at nine months, but only at
these respective durations.

Table 4.3. Results of SIMPER, giving relative dissimilarity in abundances between Postsummer treatments, data sq rt transformed (only taxa accounting for 5% or more of the
dissimilarity are provided for brevity). Amphipod (CA), Isopod (CI), Ostracod (CO), Tanaid
(CT), Decapod (CD), Cumacean (CC), Nebalia (CN), Gastropod (MG), Bivalve (MB).
Shading
Duration

Shading
Intensity

Family

3 Months

Control High**

6 Months

9 Months

Sarsielldae (CO)
Dialidae (MG)
Eatoniellidae (MG)
Ampithoidae (CA)
Acarina

Mean
Abundance
(1.0 m-2)
Control
202.01
158.42
125.42
52.02
53.05

Mean
Abundance
(1.0 m-2)
High
9.68
2.88
2.88
0.00
0.50

Control Moderate**

Dexaminidae (CA)
Corophiidae (CA)
Sarsielldae (CO)
Ampithoidae (CA)
Cypridinidae (CO)

Control
385.03
311.25
252.00
178.61
219.45

Moderate
50.00
403.28
8.00
15.68
32.00

8.02
7.96
6.75
6.08
5.36

Control High**

Dexaminidae (CA)
Sarsielldae (CO)
Ampithoidae (CA)
Eatoniellidae (MG)
Cypridinidae (CO)
Corophiidae (CA)

Control
385.03
252.00
178.61
270.28
219.45
311.25

High
37.41
0.50
3.78
24.15
10.35
84.50

7.84
7.40
6.54
6.09
5.81
5.66

Control Moderate**

Cypridinidae (CO)
Tanaidae (CT)
Ampithoidae (CA)
Dexaminidae (CA)

Control
200.00
230.05
586.53
526.50

Moderate
7.03
10.81
259.92
175.78

7.27
6.96
6.02
5.99

Control High**

Dexaminidae (CA)
Ampithoidae (CA)
Tanaidae (CT)
Eursiridae (CA)

Control
526.50
586.53
230.05
131.22

High
63.85
137.78
18.61
13.26

8.57
6.83
5.97
5.33

74

%
Contribution

9.34
8.89
7.75
5.89
5.51

Table 4.4: Results of SIMPER, giving relative dissimilarity in abundances between Postwinter treatments, data sq rt transformed (only taxa accounting for 5% or more of the
dissimilarity are provided for brevity). Amphipod (CA), Isopod (CI), Ostracod (CO), Tanaid
(CT), Decapod (CD), Cumacean (CC), Nebalia (CN), Gastropod (MG), Bivalve (MB).
Shading
Duration

Shading
Intensity

Family

3 Months

Control –
Moderate**

6 Months

9 Months

Mean
Abundance
(1.0 m-2)

Mean
Abundance
(1.0 m-2)

Ampithoidae (CA)
Eatoniellidae (MG)
Dexaminidae (CA)
Tanaidae (CT)

Control
583.11
1520.76
633.68
252.00

Moderate
29.26
516.81
191.10
24.50

8.86
7.85
5.44
5.13

Control High**

Eatoniellidae (MG)
Ampithoidae (CA)
Tanaidae (CT)

Control
1520.76
583.11
252.00

High
414.72
119.35
10.81

8.12
6.49
5.73

Control Moderate**

Eatoniellidae (MG)
Copepods (COP)
Turbindae (MG)

Control
4758.00
972.41
884.10

Moderate
706.88
81.28
257.65

15.87
8.19
5.01

Control High**

Eatoniellidae (MG)
Copepods (COP)

Control
4758.00
972.41

High
250.88
15.40

7.17
8.68

Control Moderate**

Eatoniellidae (MG)
Dialidae (MG)
Sarsielldae (CO)
Tanaidae (CT)

Control
3276.45
212.18
232.20
365.85

Moderate
686.35
22.78
16.53
63.85

14.67
5.50
5.27
5.25

Control High**

Eatoniellidae (MG)
Dialidae (MG)

Control
3276.45
212.18

High
312.50
3.00

15.11
5.20

75

Contribution %

Relationship between faunal assemblage and habitat
The results of BIOENV (which provide a rank correlation measure) indicated
relatively weak associations between overall assemblage abundances and epiphytic
algal biomass, the number of (seagrass) stems and the number of clusters per stem (ρw
= 0.24; Table 4.5). Analysis of samples from all three treatments simultaneously,
however, may have moderated these trends. When subsets of these data were analysed
separately by duration, correlations were stronger, particularly for Post-winter with
the strength of correlations increasing with duration (ρw = 0.73 at 9 months).
Epiphytic algal biomass consistently accounted for correlations between habitat and
taxa abundances, both when analysed across all treatments and when analysed at
separate durations. Post-summer there was also a tendency for stem variables (e.g.
number of stems) to contribute to the resemblance measure (in particular at 3 and 6
months), however, these associations were generally weak (ρw = 0.38 to 0.47; Table
4.5). Post-winter, in addition to epiphytic algal biomass and stem variables, leaf
variables, such as the number of leaf clusters per stem, the number of leaves and the
number of leaves per stem were important to the assemblage structure (Table 4.5).
There was also a strong association between algal biomass on leaves and the relative
abundance of fauna, in particular following nine months reduction. Following six
months of shading, the strength of associations with habitat Post-winter were stronger
than Post-summer, with ρw = 0.70 and 0.73 at six and nine months respectively.
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Table 4.5. Results of BIOENV analysis, indicating which of the measured seagrass and algal
epiphyte canopy parameters best explain the macroinvertebrate assemblage’s taxa abundance
patterns and the respective correlation.
Treatment

Variable

Correlation

Epiphytic algal biomass, Number of stems,
Number of clusters per stem

ρw = 0.245

At Post-summer 3 months

Number of clusters per stem, Number of
leavers per stem

ρw = 0.374

At Post-summer 6 months

Number of stems, Number of leavers per
stem

ρw = : 0.374

At Post-summer 9 months

Epiphytic algal biomass

ρw = 0.466

At Post-winter 3 months

Epiphytic algal biomass, Algal biomass on
leaves, Number of clusters per stem

ρw = 0.250

At Post-winter 6 months

Epiphytic algal biomass, Number of leavers
per stem

ρw = 0.697

At Post-winter 9 months

Epiphytic algal biomass, Algal biomass on
leaves, Number of stems, Number of leavers

ρw = 0.727

Overall
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Redundancy analysis
The results of the redundancy analysis against the ρ > 0.95 criterion (which identifies
taxa ‘best explaining’ assemblage patterns), found that the best subset by the BVSTEP
procedure comprised 11 families (ρ = 0.953; Table 4.6). Of these, seven were grouped
as small, motile generalist feeders (including amphipods, ostracods, tanaids and
harpacticoid copepods), three were grazers (gastropods) and one filter feeder
(bivalve). After this point the procedure was terminated, as the next subset did not
attain the ρ > 0.95 criterion.

Table 4.6: Results of BVSTEP analysis. Species list obtained from the peeling procedure at
local level.

1st Subset
rho = 0.953
n = 11
Class
Amphipod

Family
Ampithoidae

Functional Group
Small motile, generalist feeders

Corophiidae

Small motile, generalist feeders

Dexaminidae

Small motile, generalist feeders

Copepod

Harpacticoid copepod A

Small motile, generalist feeders

Tanaidae

Tanaidae

Small motile, generalist feeders

Ostracod

Sarsielldae

Small motile, generalist feeders

Cypridinidae

Small motile, generalist feeders

Gastropod

Lottiidae

Grazers

Eatoniellidae

Grazers

Mytilidae

Grazers

Unknown Bivalve A

Filter feeder

Bivalve
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4.4. Discussion

Highly stressed benthic communities are characterized by low levels of species
richness, diversity, and abundance and, potentially, dominance of pioneering and
opportunistic species (Pearson & Rosenberg 1978, Dauer 1993). Results from our
large scale manipulative experiment support this theory. The effects of light reduction
in altering the biomass and morphology of Amphibolis griffithii canopies clearly lead
to changes in the epifauna assemblage, with assemblages from shaded treatments in
general having lower abundances of individual taxa, as well as fewer families in
general. The light reduction treatments in the shading experiment induced large losses
of algal biomass and seagrass leaves (Lavery et al. 2009) which accounted for these
changes. Unlike natural disturbances, where increased assemblage resistance and
resilience often follows impacts (Minchinton 2007), the epifauna assemblage structure
following the disturbance associated with ongoing light reductions was altered, likely
diminishing its trophic function.

Seagrasses and dependent fauna respond to complex interactions in the intensity,
duration and time of light reductions (Lavery et al. 2009, Gartner et al. 2010). We
found all three factors interactively effected epifauna assemblage structure. Our data
also show two distinct assemblages in the two times that light reductions were
imposed. Post-winter, the assemblage structure was characterised by much higher
abundances and a greater diversity of taxa, however at this time, relative abundances
and the number of families were generally lower in the shaded treatments compared to
controls. Post-summer, similar trends were observed in shaded treatments, however,
overall there was a lower degree of resemblance, with the number of individuals of
each taxa found within treatments more varied compared to Post-winter samples,
demonstrated by the greater spread of results in MDS plots (Figure 4.1). Although
there were some families that commonly declined in response to the shading
treatments at both times, such as the gastropod Eatoniellidae, the amphipod
Amphithoidae and the ostracod Sarsielldae, overall trends suggests that light
reductions initiated following summer, had less predictable effects on assemblage
structure.
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Our data also indicated that the severity of impact increased with duration and
intensity of shading. Differences in relative abundances and family composition were
generally detected between three and six months in Moderately shaded treatments,
however, within 3 months for High intensity treatments. This is also reflected in the
change in structure and biomass of the seagrass canopy (Lavery et al. 2009). Evidence
from SIMPER analysis (relative abundances) and the number of families present in
the shaded treatments compared to controls (Table 4.1) indicate that the significant
differences detected by PERMANOVA represent declines in the number of
individuals, as well as declines in the number of families overall. Thus the epifauna
assemblage of this Amphibolis griffithii seagrass system does not appear to be
resistant (i.e. remain in a state consistent with the unshaded faunal assemblage) to
disturbance associated with light reduction beyond 3 to 6 months, at either moderate
or high intensity light reduction, regardless of the time that light reduction is imposed.

These results differ to other studies reporting the effects of disturbance on assemblage
composition, in particular to natural disturbances. Increases in species diversity and
abundances often occur following a natural disturbance (Minchinton 2007).
According to Connell’s

(1978) intermediate disturbance theory, disturbance can

liberate limiting resources (for example leaf living space or algal food resources) for
good colonizers that are inferior competitors, allowing them to co-exist among
potentially less resistant competitive dominants, thus facilitating increases in species
diversity (Minchinton 2007). However, natural disturbances are often discrete events
in time relative to the lifespan of the organisms and act as pulse events. Accordingly,
they are not good models for predicting the consequences of anthropogenic impacts,
which are commonly of longer duration. In the case of the disturbances imposed here,
impacts were sustained which likely resulted in parallel declines in resources (which
would otherwise be available to good colonizers) and assemblage composition. For
example, up to 100% of seagrass leaf biomass declined following nine months of
shading (Lavery et al. 2009). As such, this likely negated any positive effect that the
removal of competitive dominants had on relative abundances and family diversity, as
food and living space declined equally with increased duration and intensity of light
reduction. In addition, the intensities of impact induced here may all be beyond
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‘intermediate’ reflecting the severe nature of anthropogenic light reductions we were
mimicking.

The taxa most affected by the shading treatments were predominantly families from
gastropod, amphipod and ostracod classes. Post-summer, Sarsielldae, Dialidae,
Eatoniellidae, Ampithoidae, and Post-winter, Ampithoidae, Eatoniellidae, Tanaidae,
Dialidae families accounted for most of the decline in relative abundance (Table 4.3).
These dominant taxa are generally considered grazers (Jernakoff et al. 1996) or
generalist feeders (Athersuch et al. 1989, Howard & Edgar 1994). Results of
BIOENV, a rank correlation used to best explain patterns in community structure,
suggest that by nine months (the duration at which clear patterns were apparent across
all habitat variables) reductions in total algal biomass Post-summer, and in Postwinter total algal biomass, algal biomass on leaves, the number of stems and the
number of leaves, were the habitat variables most closely associated with changes in
epifauna assemblage structure. Declines in the density of these taxa is unsurprising
given the losses in the seagrass and algal epiphytes, as these macroinvertebrate
epifauna likely depend on seagrass leaves and algae for living space (Edgar &
Robertson 1992, Sirota & Hovel 2006), food (Bologna & Heck 1999) or possibly
protection from predation (Heck & Orth 2006).

The results of the Redundancy analysis in this shading experiment suggest that this
epifaunal assemblage is not redundant, at least structurally, as beyond the initial
subset, no further subsets of fauna matched patterns in the wider community
according the ρ > 0.95 criterion that was used (Clarke & Warwick 1998). However,
we also acknowledge the link between structural redundancy and functional
redundancy is less exact, as assigning a functional role to each family within an
assemblage of benthic macro-fauna is tenuous, and we can only construct broad
categorizations based on what little is known about a few families and inferences that
physiognomically similar taxa behave in the same way (Clarke & Warwick 1998).
Thus, we can imply from these results there is little potential for functional
compensation in the residual taxa following the imposition of the light reduction
treatments here, as successive peels failed to identify a subset of similar families that
appear to respond in similar ways to environmental change (Clarke & Warwick 1998).
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Results from this experiment also differed from other reported disturbances (Munari
et al. 2005) in that no new taxa colonised impacted plots. For example, in some soft
sediment systems, it has commonly been observed that disturbance is followed by
colonization of a variety deposit-feeders, suspension feeders and microbenthos which
all help stabilize the sediment, leading to establishment of larger populations (Probert
1984, Gaston & Nasci 1988). An important factor to consider here is the frequency or
length of time between successive disturbances (Munari et al. 2005), with continued
light

reductions

here,

likely

preventing

succession

to

a

detritivorous

macroinvertebrate assemblage. Recruitment would also likely play an important role
in the recolonization of the invertebrate assemblage (Keough & Swearer 2007).
Recolonization into disturbed areas is likely to be aided by the availability of recruits
from surrounding meadows, which in turn will be affected by the spatial scale of
impacts. According to Keough & Swearer (2007), populations adjacent to retention
areas, in this case healthy seagrass meadow, often receive much higher recruitment
than isolated areas. In the present investigation, each plot measured <14 m-2 and each
site was surrounded by healthy seagrass meadow. Thus the scale of disturbance is low
and the potential for recruitment high. Persistently lower taxa abundances, overall
fewer taxa and the fact that an alternate assemblage was unable to establish itself,
even though the potential for recruitment was high, highlight the catastrophic
consequences of light reductions for this Amphibolis griffithii macroinvertebrate
assemblage.

Declines in the abundances of individual taxa and the number of taxa that occurred
here most likely reflect the effects of ecological and evolutionary mechanisms which
act to determine seagrass community composition, and that only a restricted number
of taxa, such as bivalves, have evolved species capable of tolerating the stressful
conditions associated with disturbances in the seagrass canopy (Munari et al. 2005). It
is also likely that the large decline of first order consumers would lead to a substantial
decrease in energy flow to higher order consumers (Gartner et al. 2010). Significant
declines across the range of taxa observed here may differentially affect higher order
consumers, particularly those with specialized diets that depend on those
invertebrates, or force other taxa with the capacity to switch between resources to
consume a non-preferred diet, potentially limiting productivity (Joll & Phillips 1984).
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Conclusion
In summary, this research has shown that the intensity, duration and time of light
reduction on an Amphibolis griffithii seagrass system, impact the seagrass meadows
biomass and structure, in turn affecting the epifauna assemblage structure. There were
significant interactions between all three factors, and duration of the disturbance was
particularly important. The effects of light reduction lead to declines in assemblage
structure, with shaded treatments in general having much lower relative abundances
and family composition. Our data also indicated that the severity of impact increased
with duration and intensity of shading, with significant effects noted between three
and six months of shading for moderate treatments and within 3 months for high
intensity treatments. Changes in assemblage structure were largely associated with
declines in algal biomass and leaf canopy variables. It is also likely that the significant
declines in assemblage structure observed in this experiment would have flow-on
consequences to higher trophic levels. The greater impacts on the fauna assemblage
with increased duration of stress, combined with the high potential for recruitment
from adjacent meadows amplifies the negative effect of light reductions on the
macroinvertebrate assemblage. We conclude from these findings that the light
reductions treatments imposed in this experiment resulted in highly stressed benthic
epifauna assemblage, likely diminishing its trophic function.

83

CHAPTER 5

THE CAPACITY FOR FAUNAL RECOVERY FOLLOWING DISTURBANCE
ASSOCIATED WITH LIGHT REDUCTIONS IN A WESTERN AUSTRALIAN
SEAGRASS HABITAT

Abstract
This study investigated the capacity of a macroinvertebrate assemblage in an
Amphibolis griffithii seagrass meadow to recover following disturbance to the canopy.
The faunal assemblage was assessed immediately after light reductions had been
imposed for three months and then ten months following the removal of light
reduction treatments. Light reductions were induced by three intensities (Control,
ambient light; Moderate ~ 84% reduction; and, High ~ 92% reduction). Ten months
after shading was stopped, the biomass and structure of the seagrass meadow had
returned to control conditions. Following three months of light reduction, mean total
epifauna density in High intensity treatments was significantly lower than in Controls
by ~ 71 %, although no difference was detected among Moderate and Controls, or
Moderate and High treatments. Ten months after the removal of the light reduction
treatments, no differences in faunal densities were detected among the impacted and
control meadow. Recovery of macroinvertebrate densities were associated with leaf
and algal epiphyte biomass based on multiple linear regression analysis (R2 ~ 0.11 to
0.56). This implies that seagrass canopy recovery is likely important for recolonization of macroinvertebrates. The results of ABC curves suggest that the
macroinvertebrate assemblage in the High intensity light reduction treatments were
likely r-dominated. Thus although numerically the macroinvertebrate assemblage may
have recovered, there were still signs that not all light reduction treatments returned to
a state consistent with the macroinvertebrate assemblage in undisturbed habitat. The
ecological implication is that subsequent disturbances could have a greater effect than
on an undisturbed meadow.
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5.1 Introduction

Seagrasses and associated algal epiphytes provide important feeding, nursery and
refuge habitats for macroinvertebrate fauna (Bostrom & Bonsdorff 2000, Smit et al.
2005, Heck & Orth 2006). Light reductions, due to eutrophication, suspended
sediments from dredging and other anthropogenic activates, are a direct cause of
seagrass decline (Longstaff et al. 1999, Waycott et al. 2009). These declines can lead
to considerable loss in macroinvertebrate abundance, biomass and changes in
community structure (Gartner et al. 2010). Understanding the capacity of seagrass
faunal assemblages to return to structurally and trophically equivalent communities
following disturbances, however, has been given little attention (Fonseca et al. 1996a,
Sheridan 2004b), despite much interest by environmental managers to quantify this
process.

We imply recovery here to mean that a population or a community has returned to a
state that

is in equilibrium with previously undisturbed habitat, following a

disturbance. For this to be achieved, three conditions should be met (Fonseca 1996a):
firstly, the recovered seagrass meadow should provide resource values (such as food,
living space, protection from predation, etc) similar to the beds they replaced
(Fonseca et al. 1996b); secondly, the faunal assemblage should be structurally
equivalent, in terms of abundance, biomass and species composition, to predisturbance or undisturbed meadow; and thirdly, the faunal assemblages should
provide the same ecological functions (e.g. trophic transfers, nutrient cycling, etc)
compared to pre–disturbance conditions. Communities do not necessarily return to
their original state following disturbance: local populations can go extinct and
recruitment will be required to establish a new community; different abundances and
diversities may occur; or, the community may shift to a fundamentally different
composition of species (Minchinton 2007). Factors that are likely to influence the
recovery of a faunal assemblage include the severity of the disturbance (Minchinton
2007), the accessibility of recruits (Mosemana et al. 2004), the availability of
resources, such as habitat and food (Sheridan 2004b) and environmental conditions in
the new habitat (Szymelfenig et al. 2006).
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Sheridan (2004b) investigated the recovery of seagrass faunal communities that were
highly stressed due to the effects of sedimentation (deposition). The seagrass
meadows were dominated by the short lived and fast growing species Halodule
wrightii (Gallegos et al. 1994). Sheridan found that densities and diversity of annelids
and other non-decapod taxa were significantly lower in highly impacted sites, where
seagrass recovery was scarce, for as long as three years post-disturbance. Where
seagrasses re-establishment was evident, the density of most taxa was consistent with
the undisturbed meadow (Sheridan 2004b). Other research shows that effective
restoration of Halodule wrightii and Syringodium filiforme seagrass habitats in
Northern America lead to benthic macroinvertebrate communities equal in density
and species richness to natural seagrass meadows within 6 to 18 months of the
establishment of new seagrass meadows (Fonesca 1990, Sheridan 2003, Fonseca,
1996b). Although these studies focused on seed-developed beds and seagrass
transplants (and not in formerly disturbed meadows) they carry the same implications
of Sheridan (2004) that in order for macroinvertebrate colonization to occur, habitat
and food resources in the form of seagrass leaf canopy and algal epiphytes must be
available.

It has previously been reported that short-term (3 month) light reductions to a
Amphibolis griffithii seagrass meadow in Western Australia, lead to considerable
disturbance in the seagrass canopy, with 57% decline in seagrass leaf biomass (Lavery
et al. 2009) and 79% decline in algal epiphyte biomass (McMahon & Lavery 2008).
The flow-on effects from these declines to the seagrass canopy were profound,
leading to the loss in abundance of up to 71% of macroinvertebrate fauna (Gartner et
al. 2010). Here we aim to investigate the capacity of the macroinvertebrate
assemblage (using the abundance and biomass of macroinvertebrate fauna as the
principle variables) to recover from this disturbance and return to a state consistent
with undisturbed habitat.
5.2 Methods and materials
Experimental design
We experimentally manipulated an Amphibolis griffithii seagrass meadow to test the
response of macroinvertebrates to disturbances, and their capacity for recovery, with
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the factors Time (Shaded; 3 months light reduction and Recovery; ten months post
light-reduction impact ) and Intensity (Control: ambient; High: ~92% and Moderate:
~84% reduction) of light reduction . Comparisons were made on epifauna densities
and Abundance Biomass Comparison (ABC) curves among different light reduction
intensities and between shaded and recovered seagrass meadow. We focused on
amphipods, ostracods, isopods, gastropods, bivalves and polychaetes as these taxa
dominate the assemblage in abundance and biomass (Gartner et al. 2010). We also
compared trends in faunal density with A. griffithii seagrass habitat variables to assess
if changes in fauna are associated with the seagrass and algal epiphyte canopy.

The experimental procedures used to shade seagrass meadows and collect fauna
samples and assess for abundance and biomass have been described elsewhere in
Chapter 3 and 4 by Gartner et al. (2010). Light reductions and times employed during
this experiment induced significant declines and subsequent recovery of the A.
griffithii leaf and algal epiphyte biomass (Table 5.1). Experimental treatments
reflected light reductions that could be expected in a typical short-term dredging
program. The 3 month post-summer shading duration was chosen as seagrass leaf and
algal epiphyte biomass had recovered from shading by ten months (McMhaon &
Lavery, 2008; Table 5.1) within this treatment. This was considered fundamental for
fauna recovery to occur.

The changes to the seagrass canopy induced by the light reduction treatments is fully
reported by Lavery et al. (2009) and McMahon & Lavery (2008). In summary in
Shaded treatments, algal epiphyte and leaf biomass in the Moderate and High
intensity light reduction plots were significantly lower than in Controls, but there was
no significant difference between Moderate and High treatments (Table 5.1).
Following 10 months re-exposure to ambient light, algal epiphyte and leaf biomass in
Moderate and High treatments were no longer significantly different to the Control, or
different to each other. There was no difference detected in stem biomass among
intensities, either in the Shaded treatments or Recovery treatments. Loss of leaf
biomass was caused by loss of whole leaves within clusters (Lavery et al. 2009) and
whole clusters of leaves (Table 5.1), both these variables showing similar responses to
leaf biomass.
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Table 5.1: Mean biomass of A.griffithii leaves, stem, algal epiphytes and stem and leaf cluster
density following 3 months light reduction treatments of Timing: Impacted and Recovery;
and, Intensity: Control, Moderate, High (DW = dry weight. All data n=5) (Data from
McMahon & Lavery 2008).
Timing &
Duration

Intensity

Shaded
seagrass
(June 2005)

Control
Moderate
High

Recovered
Seagrass
(April
2006)

Control
Moderate
High

Leaf
biomass
(g DW m-2
+ se)

Algal
epiphyte
biomass (g
DW m-2 +
se)

257 ± 68

112 + 35

111 ± 21

24 + 9

71 ± 17

28 + 19

172 + 23

126 + 37

161 + 7

197 + 43

133 + 11

243 + 21

Stem
biomass
(g DW
m-2 + se)

Leaf
cluster
density
(m-2)

Mean
Leaves/
cluster

175 +
50
132 +
23
116 +
25
178 +
11
212 +
23
164 +
12

3500 +
785
2632 +
374
1984 +
474
2880 +
389
2795 +
121
2224 +
123

2.95 +
0.2
2.11 +
0.09
1.98 +
0.04
3.20 +
0.05
3.18 +
0.06
3.17 +
0.05

Avg.
Water
Temp.
(°C)

Avg.
instant.
PPFD
(µmol
m-2 s-1)

21.7

218
35
11

20.0

476
476
476

Data analysis
The effects of the shading and recovery treatments on total epifauna abundance and
biomass were tested by Two-factor ANOVA using Statistica (Version 7.0), with all
main effects treated as fixed factors. Transformations were applied where data did not
conform with the underlying assumptions of ANOVA. Where ANOVA yielded
significant effects, Fisher’s LSD post-hoc comparison tests were used to specify
where the differences among treatments lay.

To test the relationship between seagrass habitat variables (Lavery, et al. 2009) and
epifaunal abundance (total epifauna abundance and of key taxa) a multiple regression
model was constructed in Statistica (Version 7.0). Where seagrass and algal epiphyte
variables were co-correlated (e.g. seagrass leaf biomass and the number of seagrass
leaves), the factor(s) with the lowest correlation was removed (tolerance, 1-R2 < 0.1)
as their presence posed a threat to the validity of multiple regression analysis (Field
2005).

Abundance Biomass Comparison (ABC) curves, were used to provide an alternative
indication of the recovery of the macroinvertebrate assemblage (Clarke & Warwick
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1994, Pranovi et al. 2000). ABC curves have a theoretical background in evolutionary
theory where in undisturbed states, the community is hypothesised to be dominated by
k-selected species (slow-growing, large, late maturing), with assemblage biomass
being greater than abundance, and the opposite (r- selected dominance) in disturbed
communities. ABC curves simultaneously plot both abundance and biomass kdominance lines on the same plot and the ranked distribution of taxa abundances are
compared against the similar distribution of taxa biomass. With increasing
disturbance, slow-growing species cannot cope, and the system is increasingly
dominated by r-selected species (fast-growing, small, opportunistic), and the biomass
curve will be below the abundance curve (Clarke & Warwick 1994). The difference
between the two curves is given by the W-statistic, which represents the area between
them. A negative sign indicates that the biomass curve lies below the abundance curve
and suggests a disturbed assemblage or community. ABC curves have been applied to
seagrass restoration ecology (Pranovi et al. 2000), benthic ecology (Clarke &
Warwick 1994), and also more recently to assess the health of fish assemblages
(Yemane et al. 2005). Here, we modified rank index to accommodate abundance and
biomass at class level as species level information was not available. According to
Khan (2006), ABC curves can be applied to higher taxonomic levels with minor loss
of resolution.

5.3 Results
Total epifauna abundance
A total of 8016 individuals were sampled in this experiment, from five Phyla
(Annelida, Arthropoda, Chordata, Echinoderamata, Mollusca). The majority of these
(6601) were from Recovery treatments (including Recovery control treatments), while
1415 were from Shaded treatments (including Shaded control treatments). The highest
densities of taxa were crustacean and mollusca.

There was a significant interaction between Intensity and Time for total epifauna
density (Two-factor ANOVA, p < 0.05; Table 5.2). Following three months of light
reduction, mean total epifauna density in the High intensity treatment (550 + 28
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individuals m-2) was significantly lower than in the Controls (1860 + 405 individuals
m-2, Figure 5.1). There was no difference detected in density among Moderate (1127
+ 92 individuals m-2) and Controls, or Moderate and High treatments. Ten months
after the removal of the light reduction treatments, there was no significant difference
in density among intensities in the Recovery treatments (Figure 5.1). There was no
light reduction effect on total epifauna biomass, however, there was a significant
difference between times, with greater biomass in the Recovery treatments (Twofactor ANOVA, p > 0.05; Figure 5.1).
Table 5.2: Results of two-way ANOVA, testing for significant effects of time (shaded,
recovery) and intensity (control, moderate and high) on abundance and biomass of epifauna in
A.griffithii habitat.
Total abundance
d.f
Time (T)
1
Intensity (I)
2
TxI
2

MS
16.56
0.385
1.567

F
43.827
0.857
4.146

p
0.000
0.449
0.028

Polychaete abundance
d.f
MS
F
1
41.62 16.978
2
1.404
0.573
2
3.621
1.477

p
0.000
0.571
0.248

Amphipod abundance
Time (T)
1
21.81
Intensity (I)
2
0.495
TxI
2
2.295

48.926
1.110
5.149

0.000
0.346
0.014

Bivalve abundance
1
0.036
0.311
2
0.089
0.761
2
0.258
2.204

0.583
0.478
0.132

Isopods abundance
Time (T)
1
0.251
Intensity (I)
2
0.011
TxI
2
0.032

35.864
1.529
4.638

0.000
0.237
0.020

Gastropod abundance
1
14.50 57.494
2
0.514
2.036
2
1.101
4.365

0.000
0.153
0.024

Ostracod abundance
Time (T)
1
0.257
Intensity (I)
2
0.582
TxI
2
0.937

0.393
0.891
1.434

0.537
0.423
0.258

Total biomass
1
0.871
2
0.009
2
0.002

0.000
0.680
6.000
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38.791
0.392
0.110

Total Epifauna Abundance (n=5)
Mean individuals (per 1m-2)
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0
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Total Epifauna Biomass(n=5)
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Mean biomass (g DW per m )
Mean biomass (per 1m-2)
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20
15
10
5
0
Shaded

Recovery

Figure 5.1: Mean density (a) and biomass (b) of epifauna following shading treatments of
differing intensity (control, moderate and high), time (shaded and recovery). Unbroken or
shared horizontal lines across the top of bars indicate no significant difference between
treatments where a T*I interaction has occurred.
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Response of different taxa
The response of different taxa to light reduction treatments varied (Figure 5.3). The
density of amphipods, gastropods and isopods followed the same trend as Total
density: there was a significant interaction between Intensity and Time, with High
intensity treatments having significantly lower densities than Controls following 3
months of light reduction (between ~ 71% and 89%; Figure 5.2), and no difference
among intensities in the Recovery treatments (Table 5.2). There was no difference in
the density of these taxa among Moderate and either the Control or High treatments
after 3 months of light reduction, although means were ~ 45% to 61% lower than in
the Control treatments (Figure 5.2).

There was no difference detected in the density of bivalve or ostracod taxa among any
of the light reduction treatments (Table 5.2). Although there were fewer individuals of
polychaetes in the Moderate and High intensity shaded treatments than in the
unshaded seagrass (by ~ 57% and 72% respectively; Figure 5.2) a significant
difference was not detected. However, there was a significant difference between
times for polychaetes with overall density in the Recovery treatments greater than in
Shaded treatments (Two-factor ANOVA, p < 0.05; Table 5.2).
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Figure 5.2: Mean density of amphipods, isopods, ostracods, bivalves, gastropods and
polychaetes following shading treatments of differing intensity (control, moderate and high)
and timing (shaded and recovery). Unbroken or shared horizontal lines across the top of bars
indicate no significant difference between treatments where a T*I interaction has occurred
(two-way ANOVA, p < 0.05). n = 5 for each T*I combination.
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Seagrass-epifaunal relationships
Step-wise multiple linear regressions indicated a significant association between total
epifaunal density and algal epiphyte biomass (Table 5.3) although this association was
not strong (adjusted R2 = 0.39). For individual taxa, the strength of associations with
habitat variables was generally weak with adjusted R2 values ranging between 0.11
for bivalves to 0.56 for gastropods (Table 5.3). Among crustaceans, changes in
amphipod density were significantly associated with algal epiphyte biomass, isopods
density to the mean number of leaves per cluster, while ostracod densities were not
significantly associated with any seagrass habitat parameter. Among the molluscs,
bivalve densities were significantly associated with seagrass stem biomass, while
gastropod densities were significantly associated with several seagrass canopy
variables (beta values indicating the number of leaf clusters and seagrass stem
biomass being the stronger of these relationships). Polychaete densities were
significantly associated with the mean number of leaves per cluster.
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Table 5.3: Results of forward stepwise multiple linear regressions on epifaunal taxa (total
assemblage, amphipod, isopod, ostracod, bivalve and gastropod) and seagrass habitat
variables. Only significant associations are presented (p<0.05). N/A indicates no significant
association.

Taxa
Total assembalge
Algal epiphyte biomass

Amphipods
Algal epiphyte biomass

Isopods
Mean leaves per cluster

Ostracods
Bivalves
Stem Biomass

Beta

Std.Err. of Beta

p-level

7.30540
p = .000133

0.000133

0.726252
0.129912
7.495599
No. of cases: 30
adjusted R²= .51056551

1.34081
p = .000006

0.000006

0.659938
0.192335
12.6942
No. of cases: 30
adjusted R²= .25255989

3.699645
p = .007487

0.001949

-

-

-

-

N/A

0.380701

0.174752

1.083049

0.497147

0.037943

0.865417
0.802632
0.464448

adjusted R²= .11439533

0.234762
0.295440
0.186267

No. of cases: 30
Polychaetes
Mean leaves per cluster

Std.Err. of B

0.641470
0.144977
32.32363
No. of cases: 30
adjusted R²= .39046507

No. of cases: 30
Gastropods
Number of leaf clusters
Stem biomass
Mean leaves per cluster

B

1.49748
No. of cases: 30

1.496
22.300
72.851

adjusted R²= .55720209

0.516878

234.887

adjusted R²= .55720209

95

p = .037943

0.40579
8.20854
29.21676

0.001103
0.011792
0.019629

p = .000052

81.0747
p = .000052

0.008910

Abundance Biomass Comparison curves
The ABC curve for the Shaded control showed that the abundance line was below that
of the biomass line for most of the curve, but as class rank increased, the curves
coincided (W = 0.04). For the Shaded moderate (W = 0.02) and high treatments (W =
0.03), the abundance and biomass curves lie closer together relative to those of the
Control, and follow a similar trajectory to each other. The ABC curve for the
Recovery control (W = 0.02) was similar to Recovery moderate treatment (W = 0.05).
The Recovery high intensity treatment differed to all other treatments in that the
abundance curve lies above that of the biomass curve for the greater part, resulting in
negative W statistic (W = -0.03).
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Figure 5.3: ABC curves for Shaded and Recovery data, in Control, Moderate and High
intensity light reduction treatments.
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5.4 Discussion

Faunal recovery from light reduction disturbances
This study indicated that the Amphibolis griffithii macroinvertebrate assemblage had
the capacity to recover from a short term light reduction disturbance when the
seagrass meadow had recovered. However, there were still signs of moderate stress
within the assemblage after the stress had been removed. The recolonization of
amphipods, isopods and gastropods in particular, which are generally considered
grazers or generalist feeders in seagrass meadows (Jernakoff et al. 1996), indicates
that the recovered assemblage is likely being driven by primary production and thus
has retained its former trophic function. Although fauna density is a key component of
system recovery, other variables such as biomass, when related to abundance, can
provide a different perspective on the state of the epifauna assemblage (Clarke &
Warwick 1994, Pranovi et al. 2000). The results of ABC curves, interpreted according
to Clark and Warwick (1994), suggest that the epifaunal assemblage in the Recovered
High light reduction treatment was still showing signs of moderate stress, where there
were indications of greater r dominance compared to the controls, which were
predominantly k- dominant.

As taxa were not identified to species or family level, it is difficult to determine
wether the moderate stress in assemblage structure relates to a shift in the dominance
of the type of fauna, however, these results do suggest greater relative abundances of
smaller individuals in the seagrass meadow in the recovered High treatment. Smaller
average size for some fauna may be the result of several factors (Sogard 1989): more
recent recruitment (thus smaller size classes), differential predation on larger
individuals within a species, a scaling of an individuals' size to habitat complexity,
intraspecific competition relegating smaller individuals to less optimal habitat, or
conversely, size-specific emigration of larger individuals to other locations. Although
the mechanism of change here is unknown, the ecological implication is that
subsequent disturbances could have a greater effect than on an undisturbed, or
moderately disturbed, meadow. Recovery times from anthropogenic impacts often
exceed the disturbance patterns for activities such as maintenance dredging (Sheridan
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2004). This being the case, the capacity of seagrass systems and dependent faunal
assemblages to recover would be further compromised, insuring little time for
ecosystem recovery before being disturbed again (Sheridan 2004).

Factors affecting macroinvertebrate assemblage recovery
There is a requirement for seagrass and associated algal epiphytes to recover for
seagrass macroinvertebrate recovery. The three month light reduction treatments
initially induced large losses in seagrass leaf and algal epiphyte biomass (~75%),
which recovered to a condition similar to the undisturbed meadow ten months after
the removal of light reduction. Results of multiple linear regressions indicate that
macroinvertebrate densities were positively associated with a range of seagrass and
algal epiphyte variables (including mean leaves per cluster, stem biomass, the number
of leaf clusters and algal epiphyte biomass). These habitat variables provide
ecological niches (Edgar & Robertson 1992), food (Edgar 1990a) and protection from
predation (Sirota & Hovel, 2006) highlighting their critical role as ecosystem resource
recovery values for macroinvertebrate fauna

The time scales of recovery for macroinvertebrate fauna reported here (10 months)
contrast with some other reported studies in seagrass systems. Sheridan (2004) found
total decapod densities (as well as several other abundant seagrass dependent taxa)
remained significantly lower in highly disturbed Halodule wrightii seagrass meadows
for up to three years, and began showing signs of recovery when the seagrass also
started to recover. Similarly, Fonseca et al. (1996) reported full colonization of fauna
1.5 after Halodule wrightii and Syringodium filiforme were planted, and within 6
months for a seed-developed bed of Zostera marina (Fonseca et al. 1990). In both
cases, the fauna were similar to surrounding undisturbed meadows when the seagrass
was also in a similar condition to undisturbed meadows. This highlights the
dependence of macroinvertebrate fauna on habitat (i.e. seagrass meadow), so time
scales of recovery are likely to vary depending on severity of impact and seagrass
species, as different species have different growth rates.

Recruitment also plays an important role in the recovery of the invertebrate
assemblages (Keough & Swearer 2007). Recolonization into disturbed areas is likely
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to be aided substantially by the availability of recruits from surrounding meadows,
which in turn will be affected by the spatial scale of impacts. According to Keough &
Swearer (2007), populations adjacent to retention areas, in this case healthy seagrass
meadow, often receive much higher recruitment than isolated areas. In the present
investigation, each plot measured <14 m-2 and each site was surrounded by healthy
seagrass meadow. Thus the scale of disturbance is low and the potential for
recruitment high. In contrast during a typical dredging operation with a diffuse
distribution of suspended sediments, the scale of effect of light reduction is likely to
be much larger, from hundreds of meters to tens of square kilometres. As the scale of
impacts increase, the potential for recruitments from adjacent habitats is likely to
decrease, resulting in lower potential for recolonization.

Trophic implications
The resilience of the Amphibolis griffithii epifauna assemblage to short-term effects of
light reduction in seagrass meadows suggest that equitable energy transfers to higher
trophic orders can be achieved, once the seagrass meadow has returned to a state that
is consistent with the undisturbed meadow. The results of the present study also
indicate that the same types of taxa are recolonizing the recovered seagrass meadow
(although a lower taxonomic resolution would give a much better representation of
assemblage composition). This has both bottom-up and top-down implications.
Gastropods, amphipods and isopods are generally considered an important trophic
link between primary producers and higher order consumers (Edgar 1990a, Jernakoff
et al. 1996), consequently the recolonization of these taxa provides an important sign
that the seagrass ecosystem has likely retained its function as a grazing based foodchain. It would also mean that higher order consumers, particularly those with
specialized diets that depend on those invertebrates, or other taxa with the capacity to
switch between resources, would not be required to consume a non-preferred diet,
which could likely limit productivity in this food web (Joll & Phillips 1984) had the
fauna not recovered.
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Conclusions
This study has shown that macroinvertebrate faunal densities can return to levels
consistent with undisturbed seagrass meadow when the seagrass canopy also recovers,
despite profound habitat disturbance. However, although faunal densities recovered to
a state consistent with undisturbed seagrass, the results of ABC curves suggest that
the faunal assemblage may have still been slightly stressed, with dominance selected
in the High intensity light reduction treatments. This may reduce their capacity to
recover from subsequent disturbances. This study also confirms the fundamental role
that seagrass canopy and algal epiphytes have in the recolonization of fauna,
providing important food, ecological niches and likely protection from predation for
colonizing fauna. Although the macroinvertebrate assemblage recovered in this
experiment, spatial scales of disturbance were much lower than what would be
expected from a typical light reduction disturbance such as dredging, so large scale
disturbances are likely to take longer to recover due to the greater distance faunal
recruits must disperse.
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CHAPTER 6

HABITAT PREFERENCES OF MACROINVERTEBRATE FAUNA AMONG
SEAGRASS SPECIES WITH VARYING STRUCTURAL FORMS

Abstract
The role of habitat structural complexity in shaping faunal communities has been of
key interest to marine ecologists for many years, principally due to the association
between increased complexity and high abundances and diversity of fauna. Despite
this, seagrasses with varying morphologies and canopy structures have seldom been
compared. Algal epiphytes also contribute to the structural complexity of seagrass
ecosystems, a factor often overlooked in studies on seagrass structural complexity as
it is assumed that they are important due to their nutritive value. I used artificial
seagrass units (ASUs) with varying structure to determine the relative importance of
food versus structure for macroinvertebrate fauna (Experiment 1). I also tested
whether the importance of the different structural components of seagrasses for
macroinvertebrate fauna was consistent between seagrass meadows with naturally
different complexity (Experiment 2). In Expt 1, the treatments with the combination
of

food

and

structure

together

had

the

greater

density

of

colonizing

macroinvertebrates, compared to when either structure or food were independently
tested. In Expt 2, the density of fauna colonizing ASUs varied among complexities of
ASUs as well as seagrass species. Generally, the highest densities of fauna on ASU’s
placed alongside Amphibolis griffithii and Posidonia sinuosa (species which vary
between each other greatly in morphology but little in available surface area) were
found on ASUs with artifical epiphytes, suggesting small scale variation in structure
was more important than large scale variation in canopy morphology. However, there
was no difference in the total density of fauna colonizing onto ASUs placed alongside
Cymodocea nodosa seagrass, which morphologically has a structure similar to
P.sinuosa, but much lower surface area. I conclude from these experiments that the
effect of high structural complexity in seagrass meadows is important (in particular
that provided by algal epiphytes), however, it is likely moderated by available
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seagrass canopy surface area, which when limited, may result in structural complexity
having lower effect than seagrass species with high surface area available.

6.1 Introduction

The role of habitat structure and how its complexity influences processes that shape
faunal communities has been of interest to ecologists for decades (Mac Arthur & Mac
Arthur 1961) and more recently by marine ecologists (Coen et al. 1981, Kirkman &
Kendrick 1997, Sirota & Hovel 2006). Habitat structural complexity is commonly
referred to as the variation attributable to the absolute abundance of individual
structural components (McCoy & Bell 1991). In marine habitats, structural
complexity may influence faunal processes such as larval settlement (Eckman 1987),
predation (Heck & Orth 2006), competition (Coen et al. 1981) and emigration
(Moksnes 2002) that also drive patterns of colonization and faunal community
structure (Sirota & Hovel 2006), with higher complexities often leading to
comparatively higher abundances and diversity of fauna (Edgar & Robertson 1992,
Bostrom et al. 2006).

Seagrasses are a functional group of marine angiosperms of approximately 60 species
worldwide. These plants range in form from multi-stemmed canopies with leaf
forming clusters (e.g. Amphibolis, Thalassodendron), to large, simple strap shaped
leaves (e.g. Posidonia, Cymodocea) to the tiny 2-3 cm, rounded leaves of Halophila
decipiens (Green & Short 2004). Although the number of seagrass species is relatively
limited, their complex physical structure and high productivity (in conjunction with
algal epiphytes) enable them to support considerable biomass and diversity of
associated species (Orth et al. 1984, Virnstein et al. 1984, Sirota & Hovel 2006). The
importance of their morphology and canopy structure is often demonstrated by greater
abundance of macroinvertebrates than in nearby un-vegetated areas (Edgar 1990b,
Hovel et al. 2002), as a result of a provision of habitat (Edgar & Robertson 1992),
food (Bologna & Heck 1999) and protection from predation (Heck & Orth 2006).
Algal epiphytes are also important components of seagrass systems and can vary
between seagrasses species (Lavery & Vanderklift 2002). Algal epiphytes are
generally considered to have a high nutritional value for grazing organisms (Kitting et
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al. 1984, Klumpp et al. 1992, Jernakoff et al. 1996), largely exceeding that of their
host seagrasses, and so are preferred and more efficiently assimilated by
macroinvertebrate fauna than seagrasses (Smit et al. 2005). In addition to their trophic
value, epiphytes contribute to the structural complexity of seagrass ecosystems, a
factor seldom included in studies on seagrass structural complexity.

Despite the important role that habitat structure and food resources play in shaping
macroinvertebrate densities, our understanding of their interacting effects remains
limited Vesakoski et al (2009). Two important investigations by Bologna & Heck
(1999) and Bostrom & Mattila (1999) attempted to disentangle the relative importance
of food and structure in seagrass systems. Both studies indicated for most herbivorous
and omnivorous taxa that the nutritional value of algal epiphytes primarily accounted
for macroinvertebrate densities, while structure appeared to play only a limited role in
determining faunal densities (Bologna & Heck 1999). These results contrast with
evidence highlighting the importance of structure as a driver of faunal recruitment in
seagrass systems (Edgar 1990c, Edgar & Robertson 1992, Jernakoff & Nielsen 1998,
Nakaoka 2005), suggesting a greater understanding of the potential role of seagrass
canopy structure is still required.

While the abundance and richness of the macroinvertebrate assemblages appears to be
proportional to the amount of seagrass available (including leaf and stem area) such as
density and cover, this relationship is less clear when referring to the type of structure
or the architectural arrangement of the seagrass’s structural components. The shape of
a particular habitat is not necessarily directly related to the density of habitat, and
although some researchers have distinguished between shape and density as separate
components of structural complexity (McCoy & Bell 1991, Sirota & Hovel 2006),
they have rarely been treated as such in ecological studies. Seagrass canopies may
vary between species in their structure for nearly all of their components, including
the leaves (ribbon-like through to set in clusters) leaf attachments (attached to stems
versus attached to shoots) algal epiphytes (encrusting versus filamentous) and
complexity within their rhizome mats. Dissimilarities in the species richness, biomass
and secondary production of macrofaunal assemblages associated with seagrasses
such as Posidonia and Amphibolis (Edgar 1990b), which contrast significantly in their
morphology, is likely at least in part due to this variation in structural complexity.
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Because different seagrass species have evolved to a range of structural morphologies
(Hemminga & Duarte 2000), the role of structural form as well as density may
influence patterns of faunal assemblage organization and abundance (Sirota & Hovel
2006) and this may vary between different types (i.e. species) of seagrasses. Thus
understanding mechanisms which regulate the density of these taxa is important to
understanding how systemic changes, such as those associated with disturbance, can
affect them. .

Comparisons of experimental outcomes among biogeographical regions, when the
same routines are implemented, are an ideal way to test for the generality of
ecological patterns. Because seagrasses are widely distributed (covering a latitudinal
range between 72_N and 54_S; Hemminga & Duarte 2000), we can compare
population and community processes in seagrass beds at broad spatial scales, allowing
us to test the importance of community processes that are affected not only by local
processes (Bostrom & Mattila 1999, Pennings & Silliman 2005). These studies can be
implemented using the same methodologies and measuring the same response
variables of a particular assemblage.

The purpose of this study was to disentangle the role of food versus structure on the
abundance patterns of macroinvertebrate fauna inhabiting seagrass meadows. Thus we
tested the hypothesis that high levels of food and structure have a positive effect on
seagrass macroinvertebrate densities. We also tested whether the importance of the
different structural components of seagrasses for macroinvertebrate fauna was
consistent between types of seagrass meadows with naturally different complexity.

6.2 Materials and methods

This study was conducted at Marmion Marine Park (Western Australia) in April 2008,
and at Arinaga (Gran Canaria, Canary Islands, Spain) in September 2008. The
Marmion Marine Park is a semi-enclosed coastal lagoon, dominated by seagrass, sand
and macroalgal reef habitats. At this site, the experiment was situated alongside
extensive beds of mono-specific Amphibolis griffithii and Posidonia sinuosa seagrass
in approximately 5.0 m depth (31°49’12.78”S, 115°43’35.27”E – WGS 84 datum). A.
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griffithii has a vertical, branching stem that holds terminal leaf clusters (Cambridge
1999). There are generally 2-5 leaves per cluster and 6-20 clusters per vertical stem
(Ducker et al. 1977, Cambridge 1999, Carruthers 1999). The maximum size of leaves
is 100 x 10 mm (L x W), stem height ranges from 30-100 cm (den Hartog 1970). The
long lived stems enable a comparatively high biomass and diversity of algal epiphytes
(Borowitzka et al. 1990). The clustered arrangement of leaves, in addition to the
complexity associated with stems and algal epiphytes would rank this species highest
within this study for complexity.

P. sinuosa generally has 1-3 ribbon shaped leaves per shoot which are 4-11mm wide
and generally between 30 and 70cm (max. 120cm) in length (Cambridge & Kuo
1979). P. sinuosa can also accumulate a large biomass of algal epiphytes (Borowitzka
et al. 2006) compared to C. nodosa (Tuya et al. 2006), adding greater structural
complexity within the canopy relative to C. nodosa.

The Arinaga study site was situated in an extensive mono-specific Cymodocea nodosa
seagrass bed in approximately 7.0 m depth (27°51’26.33”N, 15°23’12.09”W - WGS
84 datum). The strap-like form of C. nodosa is similar to P.sinuosa in structure, with
1-2 leaves per shoot, however, its length is shorter, generally ranging from 10 to 18cm
(Tuya et al. 2006) and width narrower, being approximately 2mm (personal
observations). Given relatively low shoot densities and epiphyte loading (Tuya et al.
2006), the canopy of this seagrass was considered the least structurally complex
within this study. No seagrass species exist in the Canary Islands with similar
morphological structure to Amphibolis species (Espino et al. 2006).

Experiment 1: disentangling the role of food versus structure as drivers of faunal
colonization
To determine the relative importance of food verus structure for patterns of abundance
of macroinvertebrate fauna, we used artificial seagrass units (ASUs), following a
design similar to that of Bologna & Heck (1999). Three treatments were established:
(i) high structure, high food (HH); (ii) high structure, low food (HL); and (iii) low
structure, low food (LL). Structure was manipulated by the design of the ASU, and
food through the attachment of algal epiphytes (note that the Low food treatments had
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no epiphytes attached, however they were named ‘Low’ under the assumption that a
very small amount of periphyton was likely to grow on all ASU leaf surfaces).

Five replicates of each experimental treatment were deployed randomly, immediately
along the edge of an Amphibolis griffithii meadow (surrounded by un-vegetated
habitat), for a total of 15 experimental units. The next closest reef habitat to the
experimental array was ~ 120 m distance, with dense A. griffithii meadow occurring
between the reef and the experimental array. ASUs were placed at a spacing interval
of approximately 4 m to ensure independence (Bologna & Heck, 1999). Based on
results from pilot studies, ASUs were deployed for ten days to undergo faunal
colonization/recruitment, after which they were collected and faunal density
determined, as per Gartner et al. (2010). These were collected and processed as per
Brealey et al. (2008), by lowering a unbleached woven cotton bag with a quadrat
(0.04 m2) over the seagrass canopy, cutting the seagrass at the base of the stem,
immediately above the sediment surface, and then closing the calico bag to retain the
mobile fauna within. Epifauna were then sorted and counted in the laboratory
according to the methods of Edgar (1994), into identifiable taxonomic units. Based on
this design, we attempted to evaluate the following predictions regarding the density
of macroinvertebrate fauna among ASUs:

H1 Neither food or structure affect macroinvertebrate densities: HH = HL = LL
H2 Primarily, structure affects macroinvertebrate densities: HH = HL > LL
H3 Primarily, food affects macroinvertebrate densities: HH > HL = LL
H4 Both food and structure affect macroinvertebrate densities: HH > HL > LL
ASUs were constructed using buoyant plastic ribbon for leaves and cable ties for
stems (where required, as LL did not have stems). Each ASU was initially designed to
have approximately equal total surface area, although HH and HL units had additional
surface area due to epiphyte material and cable ties (LL ~ 3975 cm2; HH & HL ~
5257 cm2) confounding the experimental design. To compensate this additional
surface area, data were standardized against total surface area per unit. Each LL unit
had eight “shoots”, consisting of 4 leaf blades per shoot (each blade was approx 51.8
cm in length by 1.2 cm width), closely resembling Posidonia sinuosa seagrass (Figure
6.1 a). These were attached directly to steel mesh by small cable ties at the base of
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each shoot. HH and HL units consisted of seven ‘stems’ with 16 leaves each (approx
12.9 cm x 1.2 cm) arranged in five clusters of three to four leaves each, resembling A.
griffithii seagrass (Figure 6.1 i). These were attached to plastic cable ties (surface area
~ 26.4 cm2), which were fastened at the base to steel mesh. The red algal epiphyte
Hypnea sp., was attached to each artificial stem in the HH units (~ 1.6 gm wet weight
per stem) to provide a natural food source. Hypnea sp. was selected for its complex
morphological form (filamentous) and common occurrence in Amphibolis seagrass
meadows in the study area (Lavery & Vanderklift 2002). Hypnea was also selected as
reported findings suggest that species within this genera do not contain secondary
metabolites (chemical defence; Brawley et al 1981, Wylie and Paul 1988,

Prior to placement into the experimental array, Hypnea thalli were treated with CO2
(bubbled through seawater within an enclosed container for one minute in the
laboratory) to remove any fauna (Jernakoff & Nielsen 1998). To create additional
structure, but without adding food, HL units had artificial epiphytes attached to the
stem immediately above the lowest cluster. Two cm length of clear plastic tinsel was
used to construct the artificial epiphytes (adding approx. 228 cm-2 of surface area per
stem, comparable to the surface area of Hypnea sp. in HH) and attached with a single
small cable tie. In addition to the three treatments, five replicate seagrass units with
live A. griffithii seagrass and algal epiphytes (8 stems per unit) that had been
defaunated in situ, using CO2 (Jernakoff & Nielsen 1998) were deployed for ten days,
to provide an indication of the effectiveness of the ASUs in recruiting epifauna. These
were collected and processed as above, with faunal density standardized to leaf
surface area for comparisons with densities in ASUs.

Differences in total epifaunal density among ASU treatments (fixed factor), and the
density of amphipods, decapods and gastropods were tested using one-way ANOVA
on data standardised against ASU surface area. Non-standardised data were intially
tested using one-way ANOVA to confirm consistency with the more conservative
standardized approach. Forth square root transformations were applied where data did
not conform with the underlying assumptions of ANOVA (Quinn & Keough 2002).
Fisher’s LSD post-hoc comparison tests were used to specify where differences
among treatments lay.
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i

ii

Figure 6.1: Schematic representation of the artificial seagrass treatments used in i) Food
versus structure experiment (Experiment 1: HH, High High treatment; HL, High Low
treatment; LL, Low Low treatment ); and ii) Structural variation experiment (Experiment 2).

Experiment 2: the effect of seagrass structural variation as drivers of faunal
colonization
The structural variation experiment was carried out at three seagrass meadows in two
different locations (Hillarys, Western Australia – Amphibolis griffithii, Posidonia
sinuosa and Canary Islands, Spain – Cymodocea nodosa). ASUs were constructed to
reflect different levels of seagrass complexity. Four experimental treatments were
placed adjacent to each meadow type (Figure 6.1 ii): (i) ASUs with leaves in clusters
and artificial epiphytes, attached to a stem (High plus); (ii) ASUs with leaves in
clusters, attached to a stem (High); (iii) ASUs with leaves not in clusters, attached to a
stem (Moderate); and (iv) ASUs with leaves not attached to a stem (Low).

ASUs were constructed using materials described previously. Each Low unit had
eight shoots consisting of 4 leaf blades per shoot (each blade was approx. 51.8 cm x
1.2 cm), as per Expt 1. Moderate treatments were created by attaching 8 leaves (each
approx. 25.87cm in length by 1.2 cm in width) to a cable tie ‘stem’ (33.0 cm). High
units consisted of 16 leaves (approx 12.94cm x 1.2cm) set in five clusters of three to
four leaves each (Figure 6.1 ii) attached to plastic cable ties (surface area ~ 26.4 cm2).
Each Moderate and High unit had 8 stems. High plus units were constructed as per
High units, except they had seven stems per unit, as well as artificial epiphytes
attached to the stem immediately above the lowest cluster. Two cm length of clear
plastic tinsel was used to construct the artificial epiphytes (adding approx. 228 cm-2
surface area per stem, Figure 6.1 ii). Five replicates of each experimental unit were
randomly placed alongside the seagrass meadow edge, spaced approximately 4.0 m
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distance between adjacent ASUs. ASUs were deployed for ten days, after which time
they were collected following the procedures outlined above.

To quantify differences in the structural complexity of ASUs, five stems were
randomly selected from each treatment. Complexity was defined as the number of
points (leaf and stem) that intersected horizontally, measured in 2.0 cm graduals over
the height of each stem. Thus we measured the abundance of structural components
per 2.0 cm height category (see Figure 6.2). Complexity data were square root
transformed and formal significance tests for differences in complexity among
treatments performed on Bray-Curtis distances using PERMANOVA. Using the
permutation of residuals and the reduced model method (9999 permutations), pairwise a posteriori tests were carried out for comparisons between treatments.
The coefficient of variation (CV), which represents the ratio of the standard deviation
to the mean, was also used to compare the degree of variation in complexity among
stem heights (pooled into 10cm intervals) and between treatments.

To provide a baseline to compare faunal recruitment against, five replicate natural
epifauna samples from each seagrass species (Amphibolis griffithii, Posidonia sinuosa
and Cymodocea nodosa) were also collected haphazardly from meadows adjacent to
the experimental arrays. These were collected and processed as described previously.
Epifauna were sorted and counted under a dissecting microscope into identifiable
taxonomic units to class/order level and standardized to leaf surface area, which was
measured in the laboratory.

Data from each seagrass meadow were analysed using two-way ANOVA (for the
factors location and complexity) on data standardised against ASU surface area.
Differences in total epifaunal density and the density of amphipods, decapods and
gastropods among treatments were tested with treatment as an independent categorical
predictor and density the dependant variable. Transformations were applied where
data did not conform with the underlying assumptions of ANOVA (Quinn & Keough
2002). With variances heterogeneous after transformation there was an increased risk
of a Type 1 error but due to the relatively large, balanced experimental design (12
treatments with 5 replicates per treatment) ANOVA is robust to this departure
(Underwood 1997). However, the significance level was set to 0.01 in these
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circumstances as a precaution. Fishers LSD post-hoc tests were carried out if there
were significant factors or interactions in the ANOVA.

Figure 6.2: Diagrammatic representation of the complexity index used to measure complexity
among ASU treatments. Complexity was measured in 2.0 cm graduals over the height of each
stem, as the number of points (leaf and stem) intersected horizontally, creating an index of
complexity (n=5). Data were then compared using PERMANOVA, to test for differences
among treatments.
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6.3 Results
Experiment 1: Disentangling the role of food versus structure as drivers of faunal
colonization
Mean macroinvertebrate density per ASU was significantly greater in the High
structure and high food (HH) treatments with 50.2 + 3.6 individuals, compared to 34.6
+ 6.6 individuals in the High structure and low food (HL) and 9.2 + 3.2 individuals in
the Low structure and low food (LL; Figure 6.3a, Table 6.1). Although not
statistically compared, the mean density of macroinvertebrates in the natural and
defaunated natural samples were far greater than in the experimental ASUs when
standardised to leaf surface area (485 + 14.6 and 387 + 74.4 individuals respectively).

The response of different taxa to the food and structure treatments varied (Figure 6.3
b,c,d). The response of Amphipods, which recruited onto the ASUs in the greatest
abundances, differed to that of total assemblage density: there was no difference
between HH (29 + 43) and HL (24.6 + 5.6) treatments, though, density in LL (9.24 +
4.0) was significantly lower than both (HH = HL > LL; p < 0.05; Table 6.1). The
response of decapods was similar to total assemblage densities, and density in HH
was significantly greater than in LL (HH > LL; p < 0.05; Table 6.1), although no
significant difference was detected between either HH (8.2 + 2.2) and HL (4.6 + 1.5),
or HL and LL (1.1 + 0.8). The number of gastropod recruits onto the ASU was too
low to statistically compare between treatments or to derive meaningful trends from.
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Figure 6.3: Results from the Food versus structure experiment (Experiment 1). Mean density
of macroinvertebrate fauna (total, amphipod, decapod and gastropod standardized per ASU
area) in ASUs treatments (high food, high structure: HH; high food, low structure: HL; and
low food, low structure, LL). Shared letters across the top of bars indicate no significant
difference between treatments (one-way ANOVA, p < 0.05). NS indicates a non-significant
outcome of ANOVA. Error bars denotes +SD of means.
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Table 6.1: Results of one-way and two-way ANOVA for Experiment 1 (Food versus
structure) and Experiment 2 (Structural variation experiments) respectively. Differences in
macroinvertebrate densities (standardised for ASU surface area) in the Food versus structure
experiment were tested between treatments (High structure and high food, high structure and
low food, low food and low structure; p < 0.05). Differences in macroinvertebrate densities in
the structural variation experiment were tested among structural complexities (High plus,
High, Moderate and Low) and between seagrass habitats (Amphibolis griffithii, Posidonia
sinuosa, Cymodocea nodosa; p < 0.01).

Experriment 1: Food versus structure

d.f.

MS

F

P

Untransformed data
Total abundance

2

2878.3

24.4

<0.01

Transformed data
Total abundance
Amphipod abundance
Decapod abundance

2
2
2

2163.5
538.1
63.8

19.4
4.9
4.9

<0.01
0.028
0.028

Experiment 2: Structural variation
Total abundance
Seagrass Habitat (SH)
ASU Structure (ASU)
SH * ASU

2
3
6

33.4036
3.2170
0.8846

144.165
13.884
3.818

<0.01
<0.01
<0.01

Amphipod abundance
Seagrass Habitat (SH)
ASU Structure (ASU)
SH * ASU

2
3
6

26.2983
3.6242
1.3606

76.607
10.557
3.963

<0.01
<0.01
<0.01

Decapod abundance
Seagrass Habitat (SH)
ASU Structure (ASU)
SH * ASU

1
3
3

26.94192
3.53114
1.66791

48.4150
6.3455
2.9973

<0.01
<0.01
0.045

Gastropod abundance
Seagrass Habitat (SH)
ASU Structure (ASU)
SH * ASU

1
3
3

30.25589
2.14785
1.03255

56.0101
3.9761
1.9115

<0.01
0.016
0.147
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Experiment 2: The effect of seagrass structural variation as drivers of faunal
colonization
Differences in complexity among ASU treatments
PERMANOVA confirmed a significant difference in structural complexity (number
of intersection points per height category) between ASU treatments High plus, High,
Moderate and Low, (d.f. 3, MS =115.94, Pseudo-F= 12.69, p < 0.05). The mean
number of intersection points for the High plus treatment was greatest in the lower
part of the canopy (0 to 20 cm height, avg. 74, Figure 6.4a), which incorporated the
artificial epiphyte material. In the High treatments, the highest number of intersections
occurred between 12 and 30 cm height (avg. 4.8), indicating the middle of the ASU
canopy had the greatest complexity (Figure 6.4b). The Moderate ASU treatment had a
similar number of intersection points distributed across the height of the canopy as per
the High ASU, however, the architectural arrangement of High and Moderate ASUs
differed in number of leaves and leaf lengths (Figure 6.4b). For the Low ASU
treatment, there were a uniform number of intersection points (4), indicating no
variation in complexity.
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Figure 6.4: Mean number of intersections (cross points) for each ASU treatment (high plus,
high, moderate and low; n = 5). The coefficient of variation (CV) for each treatment is
provided to the right of bars. Error bars denotes +SE of means.
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Macroinvertebrate responses to ASU treatments
The results of two-way ANOVA indicated a significant interaction between seagrass
habitat and ASU structural complexity (Table 6.1; p < 0.01), such that faunal densities
differed among ASU treatments, but, not consistently between seagrass habitats. The
mean density of fauna recruiting onto ASUs, relative to the density of
macroinvertebrate fauna in natural meadow also varied between seagrass species. The
total density of fauna collected from ASUs placed alongside the A. griffithii meadow
was significantly greater in High plus treatments (i.e. high structural complexity with
artificial epiphyte) than in all other treatments (by between 51% to 66%; Table 6.1,
Figure 6.5 a). There were no significant differences among the other three treatments
(High, Moderate or Low). Similar results were found for amphipod densities (Table
6.1, Figure 6.5 b), however no significant difference was detected among ASU
treatments in decapod densities, which possibly reflects the high variability within
treatment replicates as the mean density of decapods in the High plus treatment
greatly exceeded densities in all other treatments. The number of gastropod recruits
onto the ASU was too low to statistically compare between treatments or to derive
meaningful trends from.

Trends in the total density of macroinvertebrate fauna from ASUs placed alongside
the Posidonia sinuosa meadow varied between complexity treatments: High plus
treatments had the greatest density, being significantly higher than High and Low
treatments; no differences were detected between High and Moderate treatments; but
Low was significantly lower than the Moderate treatment (by between 69 and 86%; p
> 0.05; Table 6.1; Figure 6.5). Trends in amphipods were consistent with those in
total macroinvertebrate assemblage. For all other taxa in the P.sinuosa meadows,
including gastropods and decapods, recruitment occurred inconsistently and in too
low densities to derive meaning results, hence analysis of data for these individuals
was abandoned.

The results of ASU treatments placed in Cymodocea nodosa meadow contrasted to
those collected from either Amphibolis griffithii or Posidonia sinuosa meadows. There
was no significant difference in the total density of fauna, or of amphipod or
gastropod densities among treatments (One-way ANOVA, p > 0.05; Table 6.2,
Figures 6.5 a,b,d respectively). However, the density of decapods was significantly
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lower in the Low structure ASUs, compared to all other treatments, which were
similar to each other (One-way ANOVA, p < 0.05; Table 6.2, Figure 6.5c).

When compared against the donor seagrass meadow, the density of fauna on ASUs
placed alongside C. nodosa ranged between 82 – 112% of the density of those in
surrounding natural seagrasses (Figure 6.6). This was much greater than in ASUs
placed alongside either A. griffithii or P. sinuosa, which ranged between 1 – 7% of
densities in the surrounding natural meadow. C. nodosa had much lower leaf surface
area (per area of seagrass bed), than in A. griffithii or P. sinuosa meadows (0.13, 0.41
and 0.58m2 per 0.04m2 respectively; Table 6.2).

Table 6.2: Mean leaf surface area (per 0.04m2 of meadow) and associated fauna densities
(standardized against leaf surface area; n = 5) collected from three species of seagrass
(Amphibolis griffithii, Posidonia sinuosa and Cymodocea nodosa), as well as defaunated A.
griffithii seagrass.

Leaf surface area (per 0.04 m2)

Amphibolis
griffithii
0.41 + 0.01

Defaunated
A. griffithii
0.17 + 0.05

Epifauna densities (per 0.04 m2)
Total assemblage
Amphipods
Decapods
Gastropods

485 + 14.6
253 + 14.3
28 + 7.7
58 + 6.4

387 + 74.4
237 + 40.8
7 + 4.2
86 + 19.1
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Posidonia Cymodocea
sinuosa
nodosa
0.58 + 0.04 0.13 + 0.03

501 + 21.3
347 + 17.9
18 + 5.6
83 + 14.6

130 + 18.3
45 + 7.6
3 + 1.7
24 + 5.9
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Figure 6.5: Results from the Structural variation experiment. Mean density of
macroinvertebrate fauna (standardised for ASU surface area) in ASUs treatments (high plus,
high, moderate and low) from ASUs placed alongside three different meadows (Amphibolis
griffithii, Cymodocea nodosa and Posidonia sinuosa). Shared letters across the top of bars
indicate no significant difference between treatments (one-way ANOVA, p < 0.05). NS
indicates a non-significant outcome of ANOVA. Error bars denotes +SE of means.
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Figure 6.6: Proportion of faunal recruitment (mean total density) onto ASU treatments (High
plus, High, Moderate and Low) relative to mean total density of fauna in adjacent natural
seagrass meadows (Amphibolis griffithii, Posidonia sinuosa, Cymodocea nodosa).
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6.4 Discussion

Relative importance of food versus structure
The results of the food versus structure experiment clearly indicate that both canopy
structure (provided by seagrass leaves, stems and algal epiphytes) and epiphytic algal
food resources are important for habitat selection for Amphibolis griffithii seagrass
epifauna. Thus hypotheses 4, both food and structure affect total macroinvertebrate
densities, was accepted. Defaunated A. griffithii plants were deployed alongside the
main experiment to ensure that the effect of ASUs treatments on the density of fauna
could be attributed at least in part to food and/or structure, and were not an unwanted
artefact of the ASUs. This was demonstrated by greater density of fauna in defaunated
A. griffithii seagrass (387 + 74.4) compared with ASU treatments. The higher
densities probably reflect the much greater biomass of algal epiphytes. Had faunal
densities on ASU treatments exceeded defaunated seagrass, then this would suggest
that ASUs were attracting fauna for a reason other than food or habitat.

Increased complexity is likely to provide additional refuge value, either as protection
from predation (Heck & Orth 2006) or specialist habitat niche (Edgar & Robertson
1992), and live algal epiphytes are likely to provide trophic resources. These results
are consistent with studies by Bologna & Heck (1999) and Bostrom & Mattila (1999)
in respect to demonstrating the importance of epiphytes on macroinvertebrate fauna
for their trophic role, but results here also highlight that canopy structure, inclusive of
leaf clusters and epiphytic material, is similarly important. The seagrass analogues
used in the present experiment provided a larger scale variation in architectural
complexity than the ASUs used in these other studies, which may account for the
increased value of structure to the epifauna.

Amphipods, gastropods and decapods, which numerically dominated the A. griffithii
assemblage in the study area, constitute an important trophic link in seagrass systems
(Jernakoff et al. 1996). Trends varied between these taxa in response to the ASU
treatments. Amphipods densities were similar in the High structure high food and
High structure and low food ASU treatments, but were higher than the Low food and
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low structure treatments suggesting selection was based on structural preferences and
not on food resources. While amphipod diets are variable (Jernakoff et al. 1996), most
often they are considered grazers, preferentially consuming the fine layer of
microalgae from seagrass leaf surfaces (Howard & Edgar 1994). Although the level of
taxonomy here precludes more detailed understanding of individual species
preferences, dietary preference for periphyton over epiphytic macroalgae might
suggest macroalgae were primarily a source of refuge for amphipods. Trends in
decapod abundances, predominantly caridean shrimp, were more similar to trends in
overall abundance (Figure 6.3c), with these fauna showing a preference for live
epiphytic material and complex structure. Decapods are generally considered
detritivores or predators of meiofauna (Vumazonke et al. 2003). Thus, shrimp dietary
preferences do not adequately explain higher relative densities in the high food and
structure treatment. Recent studies (Warfe & Barmuta 2006, Horinouchi et al. 2009)
have highlighted that contrary to general held expectations of structure assisting the
prey in habitat protection, fish predatory efficiency can also be enhanced by a
structurally complex macrophyte assemblage through improved capacity for
ensnaring prey. It is possible that caridean shrimp here may have been using the
complex structure of the ASUs in much the same way to ambush prey.

The experimental design used here differed slightly to that used by Bologna & Heck
(1999). Here, ASUs were deployed immediately adjacent to seagrass canopy, rather
than being independent from the meadow, removing immediate choice among
multiple habitats (ASU treatments). However, I do not believe this confounds either
the interpretation or strength of results. Because fauna in seagrass habitats have high
turn-over rates (>30%; Edgar 1992), the probability of any individual fauna coming
into contact with any one treatment were relatively high given the level of replication
and random allocation of ASUs. That results found here contrast with those of
Bologna & Heck (1999) is unlikely a consequence of slight differences in the layout
of the experimental array.

The effect of structural complexity on epifaunal recruitment
Trends in epifaunal densities varied between different analogues of structural
complexity, and these trends varied between taxa. We also found that the species of
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seagrass meadow in which ASUs were placed alongside affects recruitment patterns,
with similarities in recruitment patterns of most taxa in Amphibolis and Posidonia
seagrass, but substantial differences in trends in the density and types of taxa
recruiting onto ASUs placed alongside Cymodocea seagrass.

In the Amphibolis griffithii meadow, the most structurally complex treatment (High
plus) had greatest abundances of epifauna. This structural complexity was driven by
artificial epiphytes, which by surface area, only comprised a very small component
(approx. 4.3%) of the overall ASU structure. Results suggest that faunal recruitment
patterns associated with structure in A. griffithii are being driven by relatively fine
scale structural differences provided by epiphytic algae, rather than the much larger
variations in overall plant morphology. The effect of epiphyte ‘baffling’ may also
serve to indirectly increase macroinvertebrate densities (Howard & Edgar 1994),
where the high heterogeneity associated with the artificial epiphyte structures may
lead to accumulation of nutrient rich particles, including microalgae, on the epiphytic
surface (Howard & Edgar 1994), providing a food resource for detrital or algal
grazers. The effect of baffling may also catch passively dispersing invertebrates
(Hannan 1984).

The similarity in epifauna recruitment among the different ASU treatments deployed
in Cymodocea nodosa seagrass meadow suggests epifauna from this meadow were
not selecting habitat based on structural complexity. When standardized against leaf
surface area, the density of epifauna on ASU treatments was similar to that in the
natural C. nodosa meadow (Figure 6.6), unlike those deployed in A. griffithii and P.
sinuosa, which were almost an order of magnitude lower than in the natural seagrass
(Figure 6.6). This suggests that the refuge provided by structure in the C. nodosa
system was important for epifauna density, but that the specific structural arrangement
of leaves and the presence of algal epiphytic structure was not. Only decapods showed
lower densities in Low treatments, possibly because this treatment may have removed
any predatory advantage (Horinouchi et al. 2009) that shrimp had over other taxa.

If the gross architectural complexity is of most critical importance in driving these
trends in macroinvertebrate density, then we would have expected trends in the P.
sinuosa and C. nodosa meadow to be much more similar, and those in A. griffithii to
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differ as P. sinuosa and C. nodosa have a more similar structure (simple strap leaves)
compared to A. griffithii with a more complex arrangement of stems and leaf clusters.
However, this was not the case in this study. Different processes may be driving these
different responses. If structural complexity is the driver, then the assumption would
be that epifauna are capable of demonstrating either a genetic or learned habitat
preference (Beltman & Metz 2005) for seagrass structure. This might explain trends in
P. sinuosa and A. griffithii as fauna appear to be responding to heterogeneity
associated with the artificial epiphytic structure, possibly to avoid predation (Bostrom
& Mattila 1999), however, it does not adequately account for trends in C. nodosa.
Competitive exclusion offers an alternative explanation. C. nodosa habitat has a lower
seagrass leaf surface area (0.13m2 per 0.04m2) and algal epiphyte biomass (Reyes &
Sanson 2001, estimated 52.6 g DW m−2) than P. sinuosa (approximately 0.58m2 per
0.04 m2 and algal epiphytes exceeding 120 g DW m-2, Collier et al. 2008). This raises
the possibility that epifauna in C. nodosa were space limited relative to those in the
P.sinuosa meadow, and that architecture of the host plant would be less important for
fauna that are limited by space resulting in a more even distribution of faunal recruits
across the ASU treatments.

There was a difference in the importance of seagrass canopy structure for
macroinvertebrates between biogeographical regions, despite the similar morphology
of C. nodosa (Atlantic) and P. sinuosa (Australia), which may reflect evolutionary
mechanisms driving trends in macroinvertebrate habitat selectivity. In Gran Canaria,
seagrass macroinvertebrate fauna have evolved within a habitat with simple
architecture (C. nodosa), whereas in Marmion Marine Park, fauna have evolved
within a mosaic of seagrasses with a variety of morphologies (P. sinuosa and A.
griffithii). It is likely that macroinvertebrate fauna within the Marmion Marine Park
have evolved an ability to select complexity at different levels, relative to fauna in
Gran Canaria, which had more arbitrary selective processes among habitat
complexity. Predatory pressures, potentially learned through habitat conditioning
(Beltman & Metz 2005), and competitive exclusion as a consequence of available
substrate, are likely to be important local drivers underpinning this evolutionary
process (Bostrom & Mattila 1999). These results highlight the importance of variation
between seagrass species and that their effects on faunal recruitment cannot be
assumed based on seagrass structure alone.
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Conclusion
Within structurally complex seagrass, both food and structure are important for
density of macroinvertebrate fauna. This research also shows that the heterogeneity
associated with small scale structures, such as algal epiphytes, appears more important
than large scale differences in seagrass morphology. However, the effect of
complexity of structure is likely moderated by available seagrass canopy surface area,
which when limited, may have little effect on the density of macroinvertebrate fauna
among seagrasses varying in structure. This research also shows that the effects of
regional differences to macroinvertebrate densities are more likely to be an indirect
consequence of evolutionary mechanisms, operating at local scales, rather than
ecological habitat conditioning or broad scale effects such as different latitudes.
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CHAPTER 7
CONSEQUENCES OF SEAGRASS LOSS FOR HIGHER ORDER CONSUMERS –
A MODELLING ANALYSIS

Abstract

The capacity for higher order consumers to withstand reductions in primary
productivity associated with light reductions was explored in a Western Australian
Amphibolis griffithii seagrass system, using Ecopath with Ecosim (EwE) and Loop
analysis

theoretical

frameworks.

Loop

Analysis

confirmed

our

functional

understanding of community interactions and responses to a light reduction press
perturbation, while EwE modelling was used to assess the relative changes in biomass
of reductions in primary production on higher trophic orders (macrograzers,
omnivores, invertivores and piscivores). When compared with the results of field
investigations, both modelling techniques predicted similar outcomes to experimental
manipulations of light reductions on seagrass and macroinvertebrate assemblages,
suggesting the models were robust, enabling confident predictions for higher trophic
orders. Based on our EwE model predictions, the biomass of all second and higher
order consumers are likely to decline in response to declines in primary production,
however, the amount of decline is likely to vary depending on the duration and
amount of reduction in primary production. Reductions in the productivity of algal
epiphytes were principally responsible for the decline in higher trophic orders,
indicating the much higher nutritive value of algae over seagrass in this temperate
seagrass system for fish taxa. Most taxa were predicted to recover following the
removal of light reduction impacts, but this would also depend on the duration and
intensity of impact. Piscivores, appear to be the least likely to recover from severe
declines in primary productivity, due to their comparatively long generation time and
slow reproductive cycles. This research also highlights the variable capacity of higher
order consumers to recover from repeated disturbances, suggesting taxa with
comparatively fast reproductive cycles and short generation time would have greater
success in recovery than taxa with comparatively long generation times and slow
reproductive cycles.
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7.1 Introduction

Seagrass meadows are highly valued components of the Australian marine ecosystem
for both their ecological and socio-economic importance. These marine angiosperms
are highly productive and support complex food webs (Howard & Edgar 1994, Short
& Wyllie-Echeverria 1996, Kirkman 1997). They provide refuges and habitat for a
wide range of invertebrate and fish species (Jernakoff et al. 1996, Brearley & Wells
2000), which facilitate the flow of primary production by seagrass, macroalgae and
microalgae to higher trophic levels (Klumpp et al. 1989; Jernakoff et al. 1996). The
consequences of the negative effects of light reductions to seagrass macroinvertebrate
fauna are considerable. Gartner et al. (2010) demonstrated that shading of seagrass
meadows reduced the abundance, biomass and composition of macroinvertebrate
fauna, mostly first order consumers by more than 89%. For many seagrass
ecosystems, these same fauna are estimated to meet more than 80% of the dietary
requirements of most larger consumers, such as fish and decapods (Howard & Edgar
1994). Different duration and intensities of shading seagrass meadows induce
different shifts in the size classes and composition of macroinvertebrate assemblages
(Gartner et al. 2010) potentially leading to differential effects on higher order
consumers.

Particularly

those

with

specialized

diets

that

depend

on

macroinvertebrates, or forcing taxa with the capacity to switch between resources to
consume a non-preferred diet, potentially limiting productivity (Joll & Phillips 1984).
One such example is the economically important Western Rock Lobster (Panulirus
Cygnus), that has a preference for molluscs within the size-range of 2.0 - 5.6 mm
(Edgar 1990a).

Despite significant interest in understanding the higher trophic order consequences of
seagrass decline, factors such as the as mobility of fish and the extensive areas
required to test most hypotheses, preclude empirical measurement of light reduction
effects beyond first order consumers. Consequently our ability to predict the effects of
the complex interactions of light reductions associated with anthropogenic
disturbances on higher trophic orders is considerably limited. For example, the
interaction between duration and intensity of light reductions or the cumulative effects
of sequential light reductions on different seagrass taxa remain un-tested, yet
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manipulation of the timing and intensity of human activities is one of the key
opportunities in which to manage human impacts.

Qualitative and quantitative modelling techniques offer an effective alternative
approach to assessing potential impacts on higher trophic orders. At least two
different theoretical frameworks have been widely applied to analyse and understand
the underlying processes in complex natural aquatic systems (Oritiz & Wolff 2008).
The Ecopath with Ecosim (EwE) modelling approach considers the flows of energy or
matter between interconnected parts (variables, populations or functional groups)
while Loop Analysis assesses the qualitative nature of the interactions and can also
include non-trophic interactions (Dambacher et al. 2002) such as habitat structural
complexity which has been demonstrated to be important (Chapter 6). EwE modelling
software is a useful tool by which the population dynamics of the species or
functional groups, their food spectrum and trophic relationships are simultaneously
considered, and has been useful in modelling seagrass ecosystems previously (Biber
et al. 2004). Furthermore, based on the density and diversity of flows, systems can be
characterized and the propagation of direct and indirect effects can be evaluated by
routines such as Mixed Trophic Impacts and Forcing Functions (Christensen et al.
2005). Although this model provides an effective tool for predicting and quantifying
the consequences of light reductions, it does not easily account for non-trophic
interactions related to light reductions (Sirota & Hovel 2006). The other theoretical
framework, termed Loop Analysis (Levins, 1974), is a simple qualitative technique to
estimate the local stability of a system and to assess the propagation of direct and
indirect effects as response to external perturbations (Ramsey & Veltman 2005). This
approach has been applied widely in different fields of the natural sciences (Li &
Moyle, 1981; Dambacher et al. 2002, Oritz & Wolff 2008) and has shown a high
degree of predictability of natural phenomena (Li & Moyle 1981, Hulot et al. 2000,
Ortiz 2007) regardless of the type of perturbation.

The current study has employed quantitative and qualitative small-scale models of an
Amphibolis griffithii seagrass community to explore the effects of light reductions
typically associated with near-shore dredging operations (EPA 2002). The aims of this
research were: (1) use Loop Analysis to estimate the general capacity of each
functional group of seagrass-associated fauna to resist external perturbations; (2) use
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EwE to assess the relative trophic effects of change in two key primary producers in
seagrass communities, the seagrass and algal epiphytes; (3) assess the effects on
higher trophic orders resulting from differing durations and intensities of disturbance;
and (4) assess the cumulative effects on higher trophic orders of sequential
disturbances.

7.2 Methods

Description of habitat
The models represent a subsystem of the Amphibolis griffithii seagrass community at
Jurien Bay, 260 km north of Perth, Western Australia (Chapter 3). A. griffithii is an
ecologically important meadow forming seagrass (Lavery & Vanderklift 2002) that is
commonly found off the central mid-west coast of Western Australia (DCLM 1994).
A. griffithii meadows provide habitat to a wide variety of floral and faunal
assemblages. The plant itself is a large seagrass with a comparatively complex canopy
(Walker et al. 1999) ranging from 30 to 100cm high (Ducker et al. 1977). It has a
long-lived, erect, branching lignified stem with small, short-lived leaves arranged in
terminal clusters (Marba & Walker 1999). A. griffithii support a great diversity of
algal epiphytes and cyanobacteria encompassing a wide size range, from unicellular
diatoms encrusting the leaf surfaces to large macroalgae on the stems (Borowitzka et
al. 2006). Epiphyte communities associated with Amphibolis sp. are particularly
diverse as the long lived stems provide an opportunity for the settlement and
development of larger algae.

Extremely diverse faunal assemblages, representing most animal phyla inhabit
seagrass meadows (Jernakoff et al. 1996, Brearley & Wells 2000). Mesograzers are
often considered the dominant primary consumer in seagrass systems (Valentine &
Duffy 2006). Seagrass meadows also provide food and shelter for a wide variety of
epibenthic fish and large decapod taxa. Increased food availability to juveniles (Heck
& Valentine 1999) and protection from predation (Heck & Valentine 1999) are
considered primary reasons for why such large numbers of these organisms are
associated with seagrasses.
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Seagrass community structure
As trophic groups are guilds of taxa that share similar prey and predators, they
represent functional groups from a food-web perspective (Hulot et al. 2000). Primary
producers were divided into seagrass, epiphytic algae and phytoplankton (Figure 7.1).
Seagrass and algal epiphytes provide habitat (Edgar & Robertson 1992, Sirota &
Hovel 2006), trophic food resources (Orth et al. 1984, Edgar 1990b, Bologna & Heck
1999) and possibly protection from predation (Heck & Orth 2006) for seagrass
dwelling fauna. The second trophic level consisted of three groups, small mesograzers
(largely macroinvertebrate fauna < 8.0mm in size, such as gastropods and amphipods)
filter feeders (such as bivalves and sponges) which feed mainly on the epiphytic algae
and phytoplankton assemblages respectively and macrograzers such as large
herbivorous fish. Omnivores such as large decapods, and invertivorous fish
(invertivores) constitute the third trophic level. Piscivores, are predatory fish that feed
on other fish, and here were considered the apex predators in the modelled community
assemblage (Figure 7.1).

Method 1: Loop analysis

Qualitative modelling
Qualitative modelling offers a mechanism to demonstrate interactive relationships
within a community. It provides a powerful tool for hypothesizing on community
interactions in response to systematic changes, such as top-down or bottom-up
perturbations. Although outputs are simple, these models are advantageous over other
forms of modelling as they are comparatively simple to construct and analyse.
Qualitative modelling was used here primarily as a first step (prior to constructing the
quantitative model) to refine seagrass community structure and biological interactions
(Figure 7.1) to ensure modelled outcomes were consistent with conceptual
understandings derived from field investigations (Chapters 3, 4,6) and the wider
literature (Appendix B, Table 1).

For ecosystems, Loop analysis considers variables as interacting populations of
different species, and their dynamics can be accounted for by generalized equations
(Lotka–Volterra), wherein each interaction contributes towards the birth or death of
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another (Dambacher et al. 2003a). Qualitative, or, ‘loop’ analysis (used here) proceeds
via a signed digraph (Figure 7.1). Mathematically this is represented through
graphical algorithms, or through equivalent algebraic analyses of the system’s
community matrix (Levins 1974, Puccia & Levins 1985). Signed diagraphs are an
illustration of the interacting

relationships (Puccia & Levins 1985). Positive

interactions, i.e. those that lead to an increase in birth rate or a decrease in death rate,
are pictorially represented with an arrow (Dambacher et al. 1999). As illustrated in
Figure 7.1, positive influences in our seagrass model include the effect of habitat
(Chapter 6) and food (Valentine & Duffy 2006). A line with a circle at the end of it
represents a negative influence, such as predation. The pair-wise combination of a
positive and negative arrow generally represents a predator-prey relationship between
two variables. The self-effect symbol, a circle with-in a circle, connects the variable to
itself (Dambacher et al. 1999). In seagrasses this would commonly manifest as a
density-dependent effect through space limitations, and is called ‘self-regulation’. In
small systems (functional groups < 7) analysing the diagraph can be applied with
relative ease, but as system size and complexity increases, matrix methods are
required (Dambacher et al. 2002) which consider analysis of the adjoint (adj) of the
negative community matrix. This matrix represents the interactions within members
of the community at a local point of equilibrium and consists of the coefficients αi,j,
which represent the effects of species j on species i. These effects might lead to an
increase (+αi,j), or a decrease (-αi,j) in, or have no effect on, species i (αi,j = 0).
Because of the nature of press perturbations, population densities within a community
are continually altered by a change in mortality rates. Qualitative modelling allows us
to theoretically predict the impacts of press perturbations on all community variables.
Being a near-shore habitat, seagrasses are adapted to variable light conditions and
have evolved strategies to cope with shading, within natural limits (Lavery et al.
2009). However, anthropogenic pressures can reduce light availability beyond those
naturally experienced (Orth et al. 2006, Waycott et al. 2009). Qualitative (loop)
analysis can be used to effectively predict the behaviour of a relatively complex
seagrass community following press perturbations because it incorporates complex
loops and both trophic and non-trophic interactions (Hulot et al. 2000, Dambacher et
al. 2002, Arkoosh et al. 2004).
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Model construction and description
I used loop analysis (Levins 1974) (www.ent.orst.edu/loop/default.aspx) to make
qualitative predictions about the effects of light reductions (press) on the equilibrium
values of the various functional groups. From the literature research (Appendix B,
Table1) and our experimental investigations (Lavery et al. 2009, Gartner et al. 2010),
we propose the relationships between the variables (functional groups) in the A.
griffithii community depicted as a diagraph in Figure 7.1. Each variable has been selfregulated since they have a degree of independence from each other (Dambacher et al.
2002). A press to a variable is represented at the population level; that is, a positive
press can result in either an increase in reproduction (or a decrease in death rate) and a
negative press, as imposed here and representing light reduction, would be the
reverse.

The signed diagraphs were entered into the computer program called Powerplay,
which compiles the community matrix (www.ent.orst.edu/loop/pplay.aspx). The
generated community matrices were entered into the computer program, MAPLE v.
12.0, to assess the model’s stability (Dambacher et al. 2002). Stability requires that 1)
the net feedback in a system is negative, and that 2) feedback at lower levels in the
system is stronger than feedback at higher levels in the system. Our system exhibited
strong stability as assessed by the Routh-Hurwitz criteria (Dambacher et al. 2003b),
which is typical of predatory-prey chains (Arkoosh et al. 2004).

The procedure to examine systemic changes within the modelled seagrass ecosystem
following the imposition of a press perturbation, consists of taking the inverse of the
negative of the community matrix (Adjoint –A) to determine a positive input, or the
inverse of the Adjoint (-A) to determine a negative input (Dambacher et al. 2002). To
determine the effect of light reductions acting simultaneously on both seagrass and
algal epiphytes, an 11th functional group (light) was added with a negative link to
both seagrass and algal epiphytes (Dambacher et al. 2002). A positive input was then
applied to the ‘light’ group.

A consequence of modelling complex systems (i.e. those with more than
approximately 8 functional groups) with numerous interactions is that counterintuitive
and/or ambiguous results are common (Hulot et al. 2000). Thus, the reliability of
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results can be diminished. To test for this, we used a ‘weighted predictions’ matrix
(Wij), developed by Dambacher et al. (2000), to measure the reliability of predictions.
Possible values of Wij range between 0 and 1. Values of Wij near zero yield
predictions that are highly indeterminate, while predictions of Wij = 1 are expected to
be completely reliable in terms of their response sign or direction. A weighted
predictions matrix for both models (Figure 7.1) was constructed using the MAPLE
(Version 12.0) software program.

Figure 7.1: Signed diagraph for a complex (Model 1) and simple (Model 2) Amphibolis
griffithii seagrass community and the predicted net effects of a light reduction perturbation on
population abundances of functional groups within the seagrass community. Each link (arrow)
is represented as an element of the community matrix. Solid lines represent a trophic (food)
relationship, while dashed lines represent a habitat relationship. Model predictions are
indicated by their shading: black denotes a positive effect; grey denotes a negative effect; and,
white denotes a neutral effect on population abundances.

Model linkages
Two seagrass community models (Figure 7.1) were developed to examine trophic and
habitat interactions among taxa in response to a light reduction press, which is
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mathematically equivalent to a reduction in habitat and food. The models differed in
complexity, as explained below. To apply a negative press, simulating the effects of a
light reduction, a self-regulated ‘light’ variable was added to the models, with
negative links leading from it to the variables being pressed (seagrass and algal
epiphytes in Model 1 and seagrass canopy in Model 2). Examination of the Adjoint (A) column corresponding to this new press variable automatically gives you the
summed effect to the response variables in the system.

Model 1 (Figure 7.1) encompassed all key functional groups typical of an Amphibolis
griffithii seagrass community (Howard & Edgar 1994), including a detrital loop, three
primary producers (epiphytic algae, seagrass and phytoplankton), three first order
consumers (mesograzers, macrograzers and filter feeders), two second order
consumers (omnivores and invertivores) and an apex predator group (piscivores). This
model provides both trophic and habitat links. Model 2 is relatively simple. Seagrass
and epiphytic algae were combined to form ‘seagrass canopy’, as mathematically both
functional groups have nearly identical interactions (Figure 7.1). The detrital loop was
removed as it likely only constitutes a small component of production for higher order
consumers (Valentine & Duffy 2006) thus adding unnecessary complexity. Filter
feeders and their primary food source phytoplankton were also removed, as filter
feeders only comprise a relatively low proportion of the macroinvertebrate
assemblage (Gartner et al. 2010). In both models, functional groups are depicted as
being self-regulated, which in the case of primary producers connotes densitydependent effects common to this level, and for predators primarily competitive
exclusion or cannibalism.

Method 2: Ecopath with Ecosim

Ecopath
Ecopath mass-balance models account for trophic interactions among organisms
within a aspecific area in a ecosystem, averaged over the pre-defined area and time
period, at multiple trophic levels (Polovina, 1984; Christensen and Pauly, 1992;
Christensen et al. 2004). The ecosystem components are summarised into a smaller
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number of functional groups (i.e., species aggregated by trophic similarity) and
Ecopath describes the flux of matter and energy into and out of each group. The
human influence on the ecosystem, such as fishing, can be represented in the model.

Ecopath uses a series of simultaneous linear equations, one for each functional group
to quantify the energetic flows among trophic groups according to the law of
conservation of mass or energy (Equation 1). The net production of a functional group
equals the total mass removed by its predators and fisheries plus its net migration and
its energy or mass that flows to detritus. The master equation is described as:

Production= Mortality (Fishing + Predation + Other) + Biomass accumulation +
Net Migration
or
n

Bi ⋅ ( P / B)i = Yi + ∑ B j ⋅ (Q / B) j ⋅ DC ji + Ei + BAi + Bi ( P / B) i ⋅ (1 − EEi ) …Equation 1
j =1

Where, Bi and Bj are biomasses of prey (i) and predator (j), respectively;
P/Bi is the production/biomass ratio;
Yi is the total fishery catch rate of group (i);
Q/Bj is the consumption/biomass ratio;
DCij is the fraction of prey (i) in the average diet of predator (j);
Ei is the net migration rate (emigration – immigration); and
BAi is the biomass accumulation rate for group (i).
EEi is the ecotrophic efficiency; the fraction of group mortality explained in
the model.

Under the assumption of mass-balance, Ecopath can estimate missing parameters (e.g.
EE), which allows modellers to select their data inputs. Ecopath uses the constraint of
mass-balance to infer qualities of unsure ecosystem components based on our
knowledge of well-understood groups (Christensen et al. 2005). It places piecemeal
information on a framework that allows us to analyse the compatibility of data, and it
offers heuristic value by providing scientists a forum to summarize what is known
about the ecosystem and to identify gaps in knowledge. Although this master equation
includes fishing pressure (Yi), the present model has set this variable to zero to avoid
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interacting effects on faunal biomasses with those associated with light reductions, the
focus of this investigation.

The data needs of Ecopath can be summarised as follows. Four categories of data are
required for each functional group: biomass (t·km-2), the ratio of production over
biomass (P/B; yr-1), the ratio of consumption over biomass (Q/B; yr-1), and ecotrophic
efficiency (EE; the proportion of production that is consumed by predators). Ecopath
also provides an input field representing the ratio of production over consumption
(P/Q; unitless), which alternatively, users may use to infer either P/B or Q/B
(Christensen and Pauly, 1992; Christensen et al. 2000). For a more thorough
description of Ecopath data and parameter definitions see Christensen et al. (2005).

Model construction and balancing
The functional groups for the Jurien Bay Seagrass model are consistent with those
used in the Loop analysis Model 1 (Figure 7.1). The 11 functional groups and 77 taxa
in the Ecopath model span more than three trophic levels (TL) with the highest
trophic level represented by piscivores (e.g.

Baldchin Grouper, Choerodon

rubescens), at 3.8 (Table 7.5; Appendix, Table 2). The basic input parameters
(Biomass, P/B, Q/B and EE) for each functional group were derived from the
literature (Appendix, Table 1) and intensive field studies (Appendix, Table 2).
Biomass and productivity data for seagrass and biomass data for algal epiphytes,
mesograzers and filter feeders were estimated from samples collected from an
Amphibolis griffithii seagrass meadow in Jurien bay, over an 18 month period
(McMahon & Lavery 2008, Lavery et al. 2009, Gartner et al. 2010). Detritus
estimates were derived from unpublished data from an A. griffithii meadow collected
from Geographe Bay (Western Australia) in 2008 and 2009. Macrograzer, omnivore,
invertivore and piscivore data were derived from fish data estimates mainly from local
studies using Underwater Visual Census (UVC) techniques during 2005 and 2006
performed by David Fairclough and Glenn Moore (Lozano-Montes et al. In review).
Information provided, related to abundance per unit area for more than 56 species of
fish collected in seagrass habitat in Jurien Bay. Biomass values for phytoplankton
were obtained from information available in the literature (Lozano-Montes et al. In
review).
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The values of P/B and Q/B for seagrass, algal epiphytes, mesograzers and filter
feeders was estimated based on data from samples collected from Jurien Bay (Lavery
et al. 2009, Gartner et al. 2010). For macrograzers, omnivores, invertivores and
psicivores, estimates of W∞ could not be determined, so the empirical formula of
Pauly et al. (1993) was used to estimate Q/B based on the caudal fin aspect ratio. The
aspect ratio (A) is defined as (tail height / area of tail)2 and is available from the
Aspect Ratio field of the Swimming table in FishBase (Christensen et al. 2005).
Fishing pressure was assumed negligent for this model as it represents a natural
system (especially given the small spatial scale represented) and, hence natural
mortality (M) could be used to derive P/B of these taxa. Where available, M was taken
directly from literature sources or from data tables in FishBase.

The diet composition matrix was assembled as the percentage weight of the annual
fraction that each prey contributes to the overall diet of the predator (following
Christensen et al. 2004). Largely, estimates based on local reports and unpublished
diet data were used to assemble the matrix of feeding interactions (Appendix, Table
3). There was very little data for this (in particular for small macroinvertebrate fauna)
highlighting the paucity of understanding of seagrass community dietary preferences.
Given the uncertainty in data, sensitivity analysis was manually performed on
predator consumption (based on 10% variations from expected consumption rates and
available food resources). All changes to consumption resulted in a less than 10%
change in EE. These relative changes in EE suggest that the model is not sensitive to
variations in data input.

The Pedigree routine in Ecopath provides a means of documenting the effect of data
inputs on estimated parameters. The pedigree index (P) measures the amount of local
data used (i.e., minor uncertainty in the inputs) among the five basic categories of data
for the models: Biomass (B), Production to Biomass ratio (P/B), Consumption to
Biomass ratio (Q/B), and diets and catches for each of the functional groups. The
value of P ranges from 0 for no local data, to 1.0 for when all the data are from the
local region (Christensen et al. 2004). The pedigree for this model was 0.657. This is a
strong result and comparable with other EwE models developed for the
region(Lozano-Montes et al. In review). Sensitivity analysis was also performed to
asses predicted changes to the estimated missing parameter EE. A 10% decrease was
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manually adjusted on the biomass of each functional group. All changes to biomass
induced a less than 11% change in EE.

The model was balanced iteratively to ensure that changes to the input parameters
were kept within biological reasonable limits. In the first attempt to balance this
model, 4 of the 11 groups were thermodynamically unbalanced with an average EE =
1.81 ± .77 (SD). Initially predation on the groups that were out of balance were
reduced, but the original values of biomass for groups with local biomass estimates
were maintained. Where this failed to reduce EE, the production rate P/B was
adjusted, and changes of less than 10% were applied to those groups out of balance.

Further checks of model robustness were also performed. The model was consistent
with ecological generalizations with regards to longevity (Christensen et al. 2005),
wherein higher trophic orders were dominated by larger, long-lived organisms (Figure
7.2). The respiration/biomass (R/B) ratios (reflecting activity level) were also
calculated for each group (Figure 7.3). For fish it should in the range 1-10 yr-1, for
much smaller, active individuals such as copepods, between 50-100 yr-1 (Christensen
et al. 2005). For fish taxa, results ranged between 6.1 to 13.1 for piscivores and
macrograzers respectively (Figure 7.3). Mesograzers (14.95) and filter feeders (13.21)
were relatively low based on Christenson et al. 2005. The model also met the
condition that the (dimensionless) ratio of respiration to assimilation cannot exceed 1
(because respiration cannot exceed assimilation). Production/consumption (P/Q)
expresses the ratio between production (P) and consumption (Q), and corresponds to
what was called the gross food conversion efficiency (Christensen et al. 2005). In
normal cases, P/Q values will range from 0.05 to 0.3, i.e., the consumption of most
groups is about 3-10 times higher than their production. Values here ranged 0.03 to
0.26 for macrograzers and mesograzers respectively (Figure 7.4), with fish in all cases
having lower P/Q values than macroinvertebrate taxa (mesograzers and filter feeders).
Values for fish are potentially low, however, are likely to be within acceptable limits.

A mixed trophic impact analysis was conducted on epiphytic algae to ensure intuitive
outcomes are being predicted by the model (Figure 7.5). Using this, it is possible to
assess the effect that a change in the biomass of one group will have on the biomass of
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the other groups in a system. Here a 10% increase in the biomass of epiphytic algae
led to a decrease in epiphytic algae (most groups have a negative impact on
themselves, interpreted here as reflecting increased within-group competition for
resources, Figure 7.5). The relative change in biomass was greatest in mesograzers
and macrograzers which feed directly on the epiphytic algae. Phytoplankton also
increased, however, most likely in response to a decrease in filter feeders. The
positive effect of increased macroinvertebrates (prey) had the greatest effect on
omnivores, which was then predicted to be incrementally diluted as energy transfers
up the trophic order, an intuitive response.
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Figure 7.2: Longevity (biomass/production; log year) per trophic level of each functional
group within the Jurien Bay Seagrass model. Line of best fit included.
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Figure 7.3: The respiration/biomass (R/B) ratio calculated for per trophic level. This ratio
provides a general reflection of activity level. Generally, the lower the trophic level, the
higher respiration (t/km2/yr).
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Figure 7.4: The Production/consumption (P/Q) ratio expressed per trophic level. The ratio
between production (P) and consumption (Q) corresponds to the gross food conversion
efficiency. Generally P/Q values will range from 0.05 to 0.3, so that the consumption of most
groups is about 3-10 times higher than their production.

10% increase in Epiphytic algae
1.5

Relative change in biomass

Seagrass
1

Epiphytic algae
Phytoplankton

0.5

Mesograzers
Filter feeders

0

Macrograzers

1

Omnivores

-0.5

Invertivores
Piscivores

-1

Detritus
-1.5

Figure 7.5: Mixed Trophic Impact analysis of increased Epiphytic algae biomass. Analysis
of the Jurien Bay Seagrass model, representing the direct and indirect impacts that a 10%
increase in the biomass of Epiphytic algae (on the vertical axis) would have on those on the
horizontal axis. The impacts are relative, but are comparable between groups.
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Simulations
Nine simulated light reductions were developed to investigate flow-on effects of light
reductions on seagrass systems to higher trophic orders, broadly reflecting typical
near-shore dredging programs. Variations in simulated light reductions were
manipulated in EwE by applying the Forcing function (i.e. reducing productivity P/B)
of the seagrass and algal epiphyte primary producer groups for different intensities
and durations. The run information for Ecosim scenarios remained consistent
throughout all simulations (Table 7.2). Vulnerabilities were estimated using the
optimum vulnerability estimates (Christensen et al. 2005). In Ecosim, it is assumed
that predation rates are potentially limited by the flow of organisms between
“vulnerable” and “invulnerable” behavioural states (Christensen et al. 2005). These
flows are dependent on how much time organisms spend feeding, such that increasing
the proportion of time spent feeding implies increased vulnerability of prey to the
organism due to exposure to predation (Christensen et al. 2005). Ecosim also allows
specification of a protective ‘mediation,’ such that prey organisms become more
vulnerable to predators when their protective biogenic habitat declines, permitting the
effect of habitat to be included in the ecosystem functioning (Christensen et al. 2005).
However, following trial scenario runs, the use of the ‘mediation’ function was
abandoned as predicted results were not consistent with the experimental outcomes or
field investigations on the role of habitat in seagrass systems (Edgar & Robertson
1992).
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Table 7.2: Ecosim simulated run information. These variables remained constant for all
simulated perturbations (reductions in P/B) on this Jurien Amphibolis griffithii seagrass
model.
Parameters
Duration of simulation (years)

10 years

Integration steps (per year)

100

Relaxation parameter [0,1]

0.5

Discount rate (% per year)

5.

Equilibrium step size

0.003

Number of time steps for averaging results
Base proportion of free nutrients
Nutrient loading forcing function number
Max PB/(Base PB) due to nutrient concent.
Salinity loading forcing function number

5
1.0
0
1.5
0

To address aim 2 of this chapter (i.e. assess the relative trophic effects of change in
the different key primary producer groups in seagrass communities, the seagrass and
algal epiphytes), mortality was simulated by manipulating the production rate (P/B) of
the primary producer groups individually, and then simultaneously. For each
simulation, the production rate was reduced incrementally by 10% (minimum 0%
reduction, maximum 100%) for a duration of 12 months. Relative change in primary
producer biomasses were compared to relative change in faunal biomass for each
incremental change (Table 7.3).

To address aim 3 (assess the effects on higher trophic order effects resulting from
differing durations and intensities of disturbance) mortality was simulated by
manipulating the amount (moderate and high) and duration (short and long) of
production rate (P/B) of the key primary producer groups (seagrass and algal
epiphytes). To manipulate amount, P/B was reduced to 50% for ‘moderate’ treatments
and 90% for ‘high’ treatments (Table 7.3). To manipulate duration, reductions in P/B
were imposed for 3 months for ‘short’ impact and two years for ‘high’ impact.
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To address aim 4 (assess cumulative effects on higher trophic orders of sequential
disturbances) cumulative impacts were simulated by varying the duration between
successive disturbances to the P/B of seagrass and algal epiphytes (Table 7.3). A
moderately repetitive disturbance cycle was simulated by reducing P/B of primary
producers by 90% for 12 months, repeated once after 5 years. A highly repetitive
disturbance cycle was simulated by reducing P/B of primary producers by 90% for 12
months, following a 12 month break.

Table 7.3: Ecosim scenarios addressing research aims 2,3 and 4 and mimicking the effects of
light reduction perturbations on a Amphibolis griffithii seagrass community (shade equals a
decline in biomass).
Aim

Scenario

Aim 2: assess the relative trophic effects of change in the different key primary producer
groups in seagrass communities, the seagrass and algal epiphytes
i. shade seagrass only
ii. shade epiphytic algae only;
iii. shade seagrass and epiphytic algae.
Aim 3: assess the effects on higher trophic order effects from different durations and
intensities of disturbance
iv. shade seagrass and algal epiphytes for a short duration (3 months) and at a low
intensity of light reduction (50% reduction);
v. shade seagrass and algal epiphytes for a short duration (3 months) and at a high
intensity of light reduction (90% reduction);
vi. shade seagrass and algal epiphytes for a long duration (2 years) and at a low
intensity of light reduction (50% reduction); and,
vii. shade seagrass and algal epiphytes for a long duration (2 years) and at a high
intensity of light reduction (90% reduction).
Aim 4: assess cumulative effects on higher trophic orders of sequential disturbances
viii. moderately repetitive shading (90% reduction in P/B for 12 months, repeated
once after 5 year break)
ix. highly repetitive shading (90% reduction in P/B for 12 months, continually
repeated with 12 month breaks)
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7.3 Results
Predicted responses from a light reduction press (Loop Analysis)
Model 1 predicted a positive response to the light reduction stress in detritus,
phytoplankton and invertivores, no response in seagrass, and a decline in all other
predatory taxa (Figure 7.1). The predicted declines in algal epiphytes are a direct
response to the negative light reduction press. The lack of seagrass response is
counterintuitive and a consequence of the ambiguous positive and negative feedback
from the decrease in algal epiphytes and increase in light reduction press respectively,
however, the probability of this outcome is very low (Wij 0.06 and <0.01, Table 7.4a).
Similarly the positive response of invertivores is also counterintuitive, but this is
being driven by the predicted decline in the birth rate of piscivores (which equates to
the removal of predation pressure) which has also has a low probability of occurring
(Wij = 0.02, Table 7.4a). Phytoplankton is predicted to increase due to the higher
predicted mortality on filter feeders (i.e. reduced predation pressure).

Unlike Model 1 the responses from Model 2 imply the negative press on the seagrass
canopy would lead to a decline in all higher order consumers. The immediate flow-on
effect resulting from the decline in seagrass canopy would reduce the birth rate of
mesograzers, omnivore and piscivores which are linked to the seagrass canopy for
food. The habitat link between invertivores and seagrass canopy, which represents
protection from predation, ensures that the light reduction press would also lead to
decline in invertivores due to the lower density of seagrass canopy. Overall weighted
predictions were generally higher than Model 1 (Wij ranging < 0.1 to 1.0; Table 7.4b).
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Table 7.4: Weighted predictions (Wij) for the Jurien Bay Amphibolis griffithii seagrass Model
1 (a) and Model 2 (b). Wij ranges between 0 (ambiguous outcome and weak predictive
probability) and 1 (complete sign determinacy with strong predictive probability) for each
interaction among functional groups, following the imposition of a light reduction press on
seagrass and algal epiphytes (Model 1) and seagrass canopy (Model 2) .
a)
Weight predictions (Wij)
Seagrass (SG)
Epiphytes (Epi)
Phytoplankton (Phy)
Mesograzers (mg)
Filter feeders (FF)
Macrograzers (MG)
Omnivores (omni)
Invertivore (Inv)
Piscivores (Pisc)
Light (Lt)
Detritus (Det)

SG
0.15
0.00
0.01
0.03
0.01
0.01
0.07
0.04
0.10
1.00
0.01

Epi
0.15
0.11
0.01
0.00
0.01
0.00
0.01
0.05
0.04
1.00
0.02

Phy
0.00
0.04
0.03
0.06
0.08
0.03
0.02
0.02
0.02
1.00
0.02

mg
0.00
0.01
0.05
0.12
0.05
0.08
0.01
0.06
0.00
1.00
0.04

FF
0.00
0.04
0.08
0.06
0.08
0.03
0.02
0.02
0.02
1.00
0.02

MG
0.00
0.05
0.04
0.00
0.04
0.10
0.13
0.00
0.02
1.00
0.04

Omni
0.00
0.01
0.03
0.08
0.03
0.04
0.18
0.10
0.00
1.00
0.02

Inv
0.00
0.06
0.03
0.00
0.03
0.00
0.03
0.08
0.07
1.00
0.05

Pisc
0.00
0.00
0.02
0.07
0.02
0.07
0.00
0.02
0.07
1.00
0.02

Lt
0.00
0.06
0.01
0.02
0.01
0.01
0.04
0.01
0.03
0.04
0.01

Det
0.00
0.07
0.04
0.04
0.04
0.02
0.04
0.02
0.03
1.00
0.07

b)
Weighted Predictions (Wij)
Seagrass canopy (SG)
Mesograzers (mg)
Macrograzers (MG)
Omnivores (omni)
Invertivore (Inv)
Piscivores (Pisc)
Light (Lt)

SG
0.70
0.10
0.10
0.20
0.20
0.60
1.00

mg
0.40
0.40
0.30
0.10
0.10
0.00
1.00

MG
0.40
0.10
0.30
0.30
0.20
0.00
1.00

Omni
0.17
0.25
0.14
0.50
0.38
0.00
1.00

Inv
0.60
0.10
0.10
0.30
0.50
0.50
1.00

Pisc
0.30
0.40
0.30
0.10
0.10
0.50
1.00

Lt
0.70
0.10
0.10
0.20
0.20
0.60
0.20

Trophic levels and flows (Ecopath)
The lowest trophic level (TL=1), by definition, were the primary producers (seagrass
and algal epiphytes) and detritus. The mean TL for mesograzers and filter feeders was
2.0 (Table 7.5). The mean TL of the fish groups (macrograzers, omnivores,
invertivores and piscivores) was 2.9 ± 0.7. Trophic levels 1 and 2 dominated the
biomass of the system, comprising ~ 99% of the total biomass (Figure 7.6). As most
of the functional groups (~ 90%) had a trophic level lower than 3.5, this would
suggest this seagrass system is characterised by lower trophic groups.

The average transfer efficiency (TE) in the system, defined as the fraction of the total
flows at each trophic level that are transferred to another trophic level, was 3.4%. The
highest TE was for primary producers (8.3%) and the lowest was for fish groups at TL
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3 and 4 (1.6 and 0.3 respectively). The percentage of the total system throughput
(TST), which considers biomasses + flows per trophic level, was far greater at TL 1,
with more than 60% of the total system throughput being consumed by grazers and
other secondary consumers (Figure 7.7). In contrast, in TLs 2 and 3, 10% of the TST
was consumed by predators and the highest proportion of TST consumed in
respiration (56 and 77% for TL 2 and 3 respectively; Figure 7.7).

Table 7.5: Basic parameters of the Jurien Bay Seagrass Model. Bold numbers were
parameters calculated by Ecopath. TL = trophic level; B = biomass (t km-2); P/B =
Production/biomass ratio (years-1); Q/B = Consumption/biomass ratio (years-1); EE=
Ecotrophy Efficiency.

Functional group
Seagrass
Epiphytic algae
Phytoplankton
Mesograzers
Filter feeders
Macrograzers
Omnivores
Invertivores
Piscivores
Detritus

Basic
Input
TL
1.00
1.00
1.00
2.00
2.00
2.05
2.86
3.05
3.80
1.00

B
431.77
173.45
3.90
16.81
1.93
0.55
2.47
1.12
0.27
152.89

P/B
1.23
4.00
24.20
7.12
3.88
0.49
0.66
0.90
0.46
-

Q/B
0.00
0.00
0.00
27.14
21.00
16.75
14.30
12.45
6.70
-

EE
0.05
0.69
0.43
0.34
0.24
0.36
0.57
0.57
0.00
0.00

Table 7.6 : Main ecosystem attributes of the Jurien Bay Seagrass model compared against the
broader Jurien Bay model (Lozano-Montes et al. In review).

Total system throughput
Sum of all production
Calculated total net primary production
Total primary production/total respiration
Total primary production/total biomass
Total biomass/total throughput
Total biomass (excluding detritus)

This study (1 km2)
1878
1448
1317
4.0
2.1
0.3
632.3
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Jurien Bay model (823 km2)
15343
4318
2598
1.1
2.1
0.08
1229

Units
t/km²/year
t/km²/year
t/km²/year
dimensionless
dimensionless
dimensionless
t/km²/year

1000

Biomass (t km-2)

100

10

1

0.1
I

II

III

IV

Trophic level

Figure 7.6: Distribution of the total biomass per trophic level predicted by the mass-balanced
model within a Jurien Bay Amphibolis griffithii seagrass meadow. Note data are graphed on a
logarithmic scale.
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Figure 7.7: Main flows of the total system throughput (index of the ecosystem size) in
percentage per trophic level within a Jurien Bay Amphibolis griffithii seagrass meadow.
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Effect of seagrass and algal epiphytes on faunal biomass (Ecosim)
Results of forced reductions (ranging 0% to 100%) imposed for 12 months on primary
production (P/B) indicate that as the relative biomass of both algal epiphytes and
seagrass simultaneously decline, there was a decline in the biomass of most faunal
groups (Figure 7.8). Relationships between declining seagrass plus algal epiphyte
biomass and faunal biomass were generally linear, though the extent of decline varied
among fauna. Mesograzers declined the most (by 95%) followed by invertivores
(34%), omnivores (30%), macrograzers (28%) and filter feeders (12%) respectively.
Piscivore biomass did not change. Where the same forced reductions were imposed
only on algal epiphytes for 12 months, results were very similar (Figure 7.8b),
however, the amount of decline for mesograzers, invertivores, omnivores and
macrograzers was greater (ranging from 100% to 43% decline respectively). Where
forced reductions were imposed only on seagrass for 12 months, there was no effect
on any of the faunal groups (Figure 7.8c). It should be noted that this last scenario was
contrived to highlight the trophic importance of algal epiphytes versus seagrass. It is
highly likely that any effects on seagrass would also act simultaneously on algal
epiphytes.
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a) negative impact on seagrass and algal epiphytes
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Figure 7.8: Simulated forced reductions (ranging 0% to 100%) imposed for 12 months on the
primary production (P/B) of seagrass and algal epiphytes (a), just seagrass (b) and just
epiphytic algae (c). The relative biomass of primary producers is plotted on the x axis and the
relative biomass of faunal groups plotted on the y axis.
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Effect of different intensity and duration of light reduction on faunal biomass
(Ecosim)

The results of Ecosim modelling revealed that both the duration of reductions in algal
epiphyte and seagrass biomass, as well as the relative amount, or intensity, of these
reductions affected the biomass of all fauna. However, effects vary among taxa. When
a moderate (50%) reduction in primary productivity (P/B) was imposed for a short
duration (three months) on seagrass and algal epiphyte groups (using the Ecosim
forcing function) the relative biomass of mesograzers declined by approximately 40%
(Figure 7.9a). However, the biomass of this group recovered within 7 months after the
removal of the imposed impact, and followed a very similar pattern of recovery to
algal epiphyte biomass. Relative to impacts on mesograzers, there was less effect on
fish biomasses, with maximum declines ranging from approximately 12% for
invertivores to 8% for piscivores (Figure 7.9a). For the fish groups there was a lag
before they reached their lowest biomass, several months for macrograzers and
invertivores and 4 years for piscivores. All faunal groups had recovered within ten
years. The results of a high (90%) reduction in P/B, imposed for three months on
seagrass and algal epiphyte groups, indicated a large decline in faunal biomass
compared to the 50% reductions in P/B (Figure 7.9b). Mesograzers declined by ~ 62%
and fish taxa by between ~38% and ~24% for invertivores and macrograzers
respectively. The timing of effects on the faunal groups was similar between the two
levels of impacts (50% and 90%), however, piscivore biomass was not predicted to
fully recover within ten years from the 90% reduction.

The 50% and 90% reductions in P/B imposed on seagrass and algal epiphytes for 2
years had different effects to each other and to the same reductions imposed for 3
months on faunal biomasses (Figures 7.9c,d; Figure 7.10 provides a summary of the
first 2 years of data presented in Figures 7.9c and d to highlight differences in the
timescale of effects among fauna). Following two years of 50% reductions in P/B,
mesograzer biomass declined by 66%, but recovered within 3-4 months.
Macrograzers and invertivore biomass declined over the first two years by 61% and
78% respectively, but steadily recovered to their initial biomass within ten years, after
the forced reduction in primary production had been removed. Piscivores were
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unaffected during the first two year period of reduced primary productivity, but
steadily declined thereafter by 80%, following which no recovery was predicted
within ten years. The high intensity reduction (90%) in P/B for two years produced
generally similar results to the moderate reduction for a long duration, but with even
greater declines in biomass of all taxa (Figure 7.9d) and longer periods required for
recovery. Mesograzer biomass also greatly exceeded its initial biomass (by ~ 250%)
after the forced reduction in primary production had been removed.
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Figure 7.9: Simulated effects of 50% and 90% reductions in seagrass and algal epiphytes
(P/B) using the Ecosim forcing function for 3 months and two years (a-d). Trajectories (lines)
represent the relative biomass of each functional group compared to the start of the run.
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a) Low intensity reduction (50%) in primary production for two years.
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b) High intensity reduction (90%) in primary production for two years.
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Figure 7.10: Simulated effects of 50% (a) and 90% (b) reductions in seagrass and algal
epiphyte primary productivity (P/B) using the Ecosim forcing for two years. Trajectories
(lines) represent the relative biomass of each functional group compared to the start of the
run. Data are summary of Figure 7.8, provided to highlight differences among fauna for initial
24 months of imposed reduction on P/B.
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The cumulative effect of repetitive reductions in seagrass and algal epiphytes on
faunal biomass
Ecosim modelling of a moderately repetitive impact (90% reduction in P/B of
seagrass and algal epiphytes for a duration of 12 months, repeated following a five
year break) indicated differences in recovery among types of fauna (Figures 7.11).
Mesograzers followed a similar trajectory as epiphytic algae, with initially large
declines (98% loss of biomass) following both periods of reduced primary production,
but with recovery within 12 months compensating initial biomass by approximately
150%, before stabilizing at approximately the initial biomass. Macrograzers and
invertivores steadily declined by approximately 50% and 80% respectively after the
first reduction in primary productivity. Between impacts, macrograzers steadily
recovered to approximately their initial biomass, while, invertivores only recovered to
approximately 50% of their initial biomass. There was a lag of two years before
piscivores biomass commenced declining, followed by a steady decline there-after
and no recovery within ten years.

A highly repetitive impact (90% reduction in P/B of seagrass and algal epiphytes for a
duration of 12 months, repeated four times following a one year break) had a similar
initial effect on mesograzers as the moderately repetitive impact scenario (Figures
7.11 and 7.12).: mesograzer biomass followed a similar trajectory as epiphytic algae,
with initially large declines (98% loss of biomass), then recoveries above initial
biomass by approximately 150%. However, unlike the moderately repetitive impacts
scenario mesograzer biomass did not stabilize between the repetitive impacts.
Macrograzers and invertivores both initially declined by approximately 50% and 80%
respectively following imposed reductions in primary production. In contrast to the
moderately repetitive reductions in primary production, macrograzers did not fully
recover, remaining between 28% and 40% of their initial biomass. Following the
second imposed disturbance, invertivores continually declined. As per moderately
repetitive disturbances, there was a lag of two years before piscivores were affected,
followed by a continual steady decline there after, to virtually no biomass by nine
years.
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Figure 7.11: Simulated effects of (a) moderately repetitive impact (12 months, 90% reduction
in P/B of seagrass and algal epiphytes, repeated following a four year break) and (b) highly
repetitive impact (12 months 90% reduction in P/B of seagrass and algal epiphytes, repeated
following a one year break) on seagrass faunal groups.
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Figure 7.12: Simulated effects of moderately repetitive and highly repetitive reductions in
P/B of seagrass and algal epiphytes on individual faunal groups. Data are summary of figure
7.11, presented per faunal group to assist interpretation.
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7.4 Discussion

An important aspect of modelling is to ensure predicted outcomes can be reconciled
with our present understanding of the environment, before we can use these tools to
forecast beyond this. Previous research on the effects of light reductions on seagrass
systems has empirically demonstrated that primary production within these systems is
sensitive to the effects of shading. Lavery et al. (2009) reported that light reductions
to an Amphibolis griffithii seagrass system lead to significant declines in seagrass leaf
and algal epiphyte biomass. Using Loop analysis, we were able to model similar
results for the seagrass canopy. The predictions with the greatest probability were
derived from the model with the simplest community structure (Figure 7.1).

The results of both qualitative and quantitative modelling were also consistent with
our present understanding of the effects of light reductions on macroinvertebrate
fauna. Gartner et al. (2010) reported that light reductions to seagrasses can lead to
declines in the abundance and biomass of between ~ 30% and 80% of these fauna
(Gartner et al. 2010). Ecosim predicted that the biomass of mesograzers would follow
a very similar trajectory to that of epiphytic algae, with sharp declines occurring with
the reduction in P/B (i.e. mimicking the effects of light reductions), which would
likely be sustained until the effects of the perturbation is removed (Figure 7.10).
Mesograzer biomass was also predicted to recover quickly with the removal of light
reductions, consistent with field investigations, demonstrating the capacity of
macroinvertebrate fauna to return to densities similar to undisturbed seagrass meadow
following a light reduction disturbance (Chapter 5). Comparatively high reproductive
and productivity rates of these taxa (Keough & Swearer 2007) coupled with available
epiphytic algae food resources (Doropoulos et al. 2009) would permit population
mesograzer recoveries in a relatively short period. Similar findings have frequently
been reported in the literature (Fonseca et al. 1990, Fonseca et al. 1996b, Sheridan
2004a).

The relative effectiveness of these models in predicting the impacts of light reductions
in seagrass meadows on the faunal assemblage is thus demonstrated by the high
degree to which predicted outcomes fit with our existing understanding of ecosystem
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disturbances in seagrass systems. Other indicators of model performance for EwE,
such as such as the pedigree index (0.657) and sensitivity testing were relatively
strong in comparison to other published Ecopath models (Gribble 2003, 2005, Bulman
2006). Sensitivity analysis also showed that the model is not easily perturbed by
changes in the biomass of any of the functional groups. Despite this, there were some
major limitations in the construction of these models, such as parameters for the
feeding relationships and the relative consumption of prey items. However, overall we
consider these models suitable for use in long-lived seagrass species similar in their
community assemblage to Amphibolis griffithii, as these were the conditions to which
the model was calibrated.

Flow-on effects of light reductions to higher trophic orders
Results of modelling suggest that the effect of press perturbations (e.g. light
reductions) on a Amphibolis griffithii seagrass canopy are likely to flow through to
higher trophic orders negatively effecting omnivores, piscivores and most likely
invertivorous fish groups which inhabitat seagrass systems. The negative response of
macrograzers, omnivores and piscivores, are consistent with the widely held view that
loss of seagrass cover is likely to be paralleled by declines in fish (and fisheries)
which inhabit seagrass meadows (Gillanders 2007). For many seagrass systems, the
dietary requirements of the majority of larger consumers, such as fish and decapods,
are provided from the invertebrate fauna (Howard & Edgar 1994). As much as 88% of
the food consumed by seagrass fishes is estimated to be macroinvertebrates
(Robertson 1984). Gastropods in particular have been linked to the diet of many
higher order consumers (Joll & Phillips 1984) and growth rates of some predatory,
seagrass associated species such as the Western Rock Lobster Panurilus cygnus, can
be limited by the absence of a nutritionally rich invertebrate diet (Joll & Phillips
1984). Jenkins et al. (1993) reported that a decline of 70% of seagrass cover was
followed by 40% reductions in commercial fish catches. However, it could also be
argued that the loss of one habitat could result in the use of alternative habitat by taxa,
and where such a habitat shift occurs, seagrass loss will result in no concomitant loss
of fisheries (Gillanders 2007). Although for fish or decapod taxa with a limited
geographic range (e.g. within a few kilomteres), e.g. the Baldchin grouper Choerodon
rubescens (Nardi et al. 2006), where the scale of disturbances are large (EPA 2002)
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primary productivity in adjacent habitats would also likely be equally negatively
effected, likely resulting in a broad scale decline of fauna across the impacted area.

Using quantitative modelling to demonstrate the trophic importance of seagrass and
algal epiphytes for higher order consumers
The main sources of primary production in a seagrass system include the seagrasses
themselves and epiphytic algae. Although a great deal of research has assessed
primary production of seagrasses (Larkum et al. 2006), until more recently, epiphytic
primary production was often considered low and relatively unimportant (Bologna &
Heck 1999). Numerous studies now, however, confirm that algae are both preferred
and assimilated more efficiently by macroinvertebrate grazers than is seagrass
(Hyndes & Lavery 2005, Smit et al. 2005) in temperate Australian systems, and can
contribute upwards of 60% of a meadows primary production (Borowitzka et al.
2006). Model results here support these findings, as there was a clear disparity in the
trophic contribution of algal epiphytes relative to seagrass leaf biomass. As illustrated
in Figure 7.10, nearly all faunal groups declined when algal epiphyte production was
reduced for 12 months, but there was no effect on fauna where a press was imposed
solely on seagrass. This result also provides a new tool for managing the impacts of
loss of primary production in those types of seagrass systems. For example, results
here suggest that where the biomass of algal epiphytes decline to 10% of their
undisturbed biomass (over a 12 month period), the trophic flow-on would result in the
biomass of mesograzers to decline by 95%, invertivores 34%, omnivores 30%,
macrograzers 28%, and filter feeders 12%. Piscivore biomass would be unlikely to
change in that initial 12 month period. These results could be used to assess and
predict threshold limits for the biomass of a range of seagrass fauna and would be
simpler than measuring fish densities which require much more extensive and labour
intensive monitoring techniques.

The model outputs suggest relationships between declines in seagrass canopy
(seagrass leaf plus algal epiphyte biomass) and fish biomasses (macrograzers,
invertivores, omnivores and piscivores) were generally linear, but that the slope varied
among fauna (Figure 7.10). Several studies have also reported significant positive
linear relationships between commercial landings of penaeid shrimp and the area of
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vegetated wetlands (Gillanders, 2007), but comparable correlations generally have not
been shown for other species (Orth & van Montframs 1990). When taking into
account that loss of habitat may also influence faunal processes such as larval
settlement (Eckman 1987), predation (Heck & Orth 2006), competition (Coen et al.
1981) and emigration (Moksnes 2002) that also drive patterns of abundances and
diversity of seagrass fauna (Edgar & Robertson 1992, Bostrom et al. 2006), clean
linear patterns of fauna in response to light reductions may be less likely.

Effect of intensity and duration of light reduction on higher order consumers
The results of EwE modelling revealed that the impact of the simulated light
reductions would most likely lead to significant declines in the relative biomass of
second and third trophic order consumers, but these declines were dependent on the
duration and intensity of light reduction and the taxa concerned. The relative
biomasses of macrograzers (herbivorous fish) and invertivores (fish that predate
primarily on macroinvertebrates) declined slightly (6% and 4% respectively) in
response to the low intensity (50%), short duration (3 month) light reduction (Figure
7.9a). However, as the intensity and duration of the light reductions increased, the
relative declines in their biomasses also increased in magnitude and for increased
lengths of time (by between 25% and 92% Figure 7.9b-c). This result was most likely
a function of limited food resources as marked declines in algal epiphyte primary
production and macroinvertebrate fauna would have encouraged mortality (Howard &
Edgar 1994, Hyndes & Lavery 2005). The estimated biomass of invertivores within
this Amphibolis griffithii seagrass meadow (1.12 t/km2) was more than 4 times that of
piscivores (0.26 t/km2; Table 7.5). Thus the removal of relatively low predation
pressure by piscivores is likely to be of less consequence on invertivore mortalities
than reducing available prey items. This is also illustrated by the relationship between
predator biomass and Q/B. At lower predator biomass Q/B increases, but to a lesser
degree than if they had a high biomass (Christensen et al. 2005), the net effect here is
of lower predation pressure on prey items. Results also suggest that recovery of these
taxa would be slow relative to that of mesograzers, especially from disturbances that
occurred over two years (Figure 7.9c,d) with full recovery likely to take between five
and eight years. Sheridan et al. (2004) reported similar findings for recovery of
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seagrass fish and large decopd taxa following dumping of dredge material in Lower
Laguna Madre, Texas.

The predicted response of piscivores contrasted to all other taxa, with significant time
lags of generally 1.5 to 2 years before these taxa declined, regardless of the duration
or intensity of reduction in primary productivity (Figure 7.9d). The delayed lag in
declines is likely a consequence of the life history of the piscivorous species in this
Jurien Bay seagrass ecosystem model (Appendix, Table 2). For example, the
estimated life span of Choerodon rubescens and Plectorhynchus flavomaculatus are
between 13 and 20 years (Nardi et al. 2006). Being long-lived and with typically low
food intake requirements relative to body mass (Q/B ratios of 7.0 and 6.2
respectively), and coupled with greater relative capacity to import food (i.e. foraging
immediately beyond the seagrass meadow) piscivores may have the capacity to
periodically sustain a large population compared to other seagrass taxa when local
food resources are depleted. However, following the initial lag in effect, the declines
in piscivores almost certainly flowed from the decline in macrograzers, omnivores
and invertivores. That piscivore taxa were also predicted to have either very slow (in
the case of short duration impacts) or no recovery (long duration impacts) within the
simulated time period (ten years) reflects the comparatively long generation time of
these taxa (e.g. Choerodon rubescens and Plectorhynchus flavomaculatus is
approximately 5 years). Thus in the long term, limited geographic range, slow growth
and long potential life span, renders these populations susceptible to disturbances that
cause high mortality (Nardi et al. 2006). It also suggests that the recovery of the
seagrass and algal epiphyte canopy is not necessarily a prelude to the recovery of
these taxa, as seems to be the case with other lower trophic orders such as
mesograzers (Fonseca et al. 1996b, Sheridan 2004b). Consequently any monitoring
effort undertaken within the first 2 years of the commencement of a light reduction
event (e.g. dredging) would be unlikely to detect impacts on higher order consumers,
and that continued monitoring well beyond the cessation of light reductions, would be
required to assess change in population stocks.

Effect of cumulative impacts of light reduction on higher order consumers
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Variation in the frequency of repeated impacts influenced the predicted effects of
shading-induced habitat loss on faunal biomasses. Simulated moderately repetitive
light reductions (i.e. 90% reduction in P/B of seagrass and algal epiphytes for 12
months, repeated following a four year break) resulted in predicted declines in all
faunal functional groups (Figures 7.11 and 7.12). However, the capacity for recovery
varied among taxa, with higher trophic orders (invertivores) likely to have lower
recovery rates from each subsequent impact, than lower trophic orders (mesograzers)
which were predicted to recover beyond their initial biomass briefly before returning
to control biomasses. With high frequencies of repetitive light reductions all fish
groups declined within the first two years and generally did not recover (Figures 7.11
and 7.12). These results suggest a frequency threshold exists for macrograzers and
invertivores of between one and five years, at which point recovery between light
reduction impacts are unlikely. Piscivores were not predicted to recover from either
the moderate or high frequency impacts (although their decline in biomass appeared
to plateau slightly prior to the second light reduction in the moderately repetitive
scenario).

Conclusion
When used for hypothesis generation, simulated ecosystem modelling can provide a
powerful tool for predicting community interactions in response to disturbances which
cause systemic changes (Dambacher et al. 2003a). The outputs of models constructed
here were consistent with field investigations for lower trophic orders, highlighting
the models robustness and enabling confident predictions beyond mesograzers (i.e.
higher trophic levels) of impacts to seagrass associated fauna from habitat
disturbance. Modelled outcomes suggest most second and third order consumers are
likely to be negatively effected by disturbances in the seagrass canopy which limit
primary production (such as light reductions). Particularly piscivores, which once
disturbed, would be unlikely to recover (at least within ten years) from severe declines
in primary productivity. EwE also provided an effect tool for assessing the complex
interaction between the duration and intensity of light reductions, which are likely to
differentially affect higher order consumers, with the magnitude of decline and period
of time before fauna respond varying between taxa. This has implications for
assessing and monitoring the impacts of anthropogenic disturbances on seagrass
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fauna, such as from dredging programs which can vary in intensity, duration and time.
This research also highlights the variable capacity of higher order consumers to
recover from repeated disturbances, suggesting taxa with comparatively fast
reproductive cycles and short generation time would have greater success in recovery
than taxa with comparatively long generation times and slow reproductive cycles.
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CHAPTER 8

DISCUSSION

8.1 General introduction
The decline of coastal ecosystems is a global concern (McClanahan et al. 2001, Orth
et al. 2006, Alber et al. 2008, Palandro et al. 2008). Among the many types of nearshore benthic habitats, seagrasses in particular have declined dramatically. Seagrasses,
which are widely recognized for their economic (Watson et al. 1993) and ecological
importance (de la Torre-Castro & Ronnback 2004, Duarte et al. 2005, McGlathery et
al. 2007), have been disappearing across the globe at a rate of 110 km2 yr-1 since 1980
and nearly 30% of the known areal extent has disappeared since 1879 (Waycott et al.
2009). These rates of decline are comparable to those of mangroves, coral reefs, and
tropical rainforests, which places seagrass meadows among the most threatened
ecosystems on earth (Waycott et al. 2009).

Multiple stressors lead to the decline in coastal marine ecosystems, many of which are
either directly (e.g. coastal development and dredging) or indirectly (e.g. poor water
quality) related to anthropogenic activities. Short and Wyllie Echeverria (1996) define
disturbance in seagrasses, natural or anthropogenic, as any event that measurably
alters resources available to seagrasses so that a plant response is induced that results
in its degradation or loss. Human activities, however, can alter the disturbance
regimes of natural habitats by transforming pulse events into persistent disturbance, or
even chronic stress, by introducing new disturbance (Nyström et al. 2000). Thus while
natural disturbances may destabilize community structure and composition (Krebs
2008), or even benefit biodiversity (Connell 1978), human induced disturbances are
capable of removing resources values (which provide for food, habitat and shelter) at
a faster rate or for a longer duration than organisms experience under natural
conditions (Minchinton 2007). These changes often lead to declines in community
abundance or shifts in the composition and functionality of the community
(Minchinton 2007, Krebs 2008). For example, in coral ecosystems, which are
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analogous to seagrasses in their provision of food, shelter, and living space for a
diverse fauna (Harrison & Booth 2007), declining cover is often accompanied by
concomitant declines in the abundance and local diversity of coral reef fishes (Wilson
et al. 2006). These effects are most pronounced for species that either feed on living
coral tissue or live within the coral branches, however, devastating declines in coral
cover can also have widespread consequences for a range of coral fishes, causing
declines in > 75% of reef fish species (Jones et al. 2004).

The initial impetus of this research arose from a dredging program in Geraldton,
Western Australia, which resulted in a turbidity plume that was visible by satellite
extending more than 60 km up the coast (EPA 2002). Although no monitoring data
were collected during the event, observations indicated that substantial loss of
Posidonia sinuosa and Amphibolis griffithii seagrass resulted (CSIRO 2007). Public
and commercial interest at the time of dredging was equally focused on the flow-on
effects to marine fauna, driven by concerns for the economically important Western
Rock Lobster fishery. While the role of natural disturbance in other types of
ecosystems, such as coral reefs, has been at the forefront of ecology for many years
(Connell 1978) and more recently the role of human induced disturbance (Jones et al.
2004, Wilson et al. 2006, Harrison & Booth 2007), the Geraldton dredging event
served to highlight the general lack of understanding of the trophic implications of
anthropogenic disturbances for seagrass fauna (Gillanders 2007).

Given the importance of seagrasses ecologically and economically, and despite the
obvious potential for flow-on of effects, surprisingly few studies have reported on the
trophic implications of disturbances for seagrass fauna (Orth et al. 2006, Waycott et
al. 2009). A simple search on the internet database Web of Science illustrates this
point. Where the terms seagrass fauna* disturbance are entered, only 31 references
are returned (Search conducted May 2010), and of those, the majority are
macroinvertebrate, with only a small proportion concerned with the flow-on effects to
fish taxa. Further, many of these studies were undertaken in the northern hemisphere.
Walker et al. (1999; cited Smit et al. 2005) suggest that Australian seagrass species
can differ morphologically and have different life histories to many northern
hemisphere seagrass systems. However, our limited knowledge of Australian
seagrasses restricts our ability to formulate general models of seagrass ecological
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interactions, and paradigms based on overseas cases cannot be assumed (Walker et al.
1999). This research adds to our understanding on the underlying mechanisms driving
changes in seagrass fauna, in particular those inhabiting structurally complex seagrass
species. This research also brings to light new information on how duration, timing
and intensity of light reductions can affect the density and composition of seagrass
taxa and their capacity for recovery. This is especially relevant to the management of
seagrass habitats, and assisting with minimizing the impacts to fauna from
anthropogenic activities which create disturbances in the seagrass canopy, the
implications of which are discussed throughout this chapter.

The significant contribution made by this thesis is in tying together a comprehensive
picture of the flow-on effects of disturbance within a benthic ecosystem. Further,
understandings about relationships between disturbance and changes in the seagrass
and seagrass fauna are demonstrated though manipulative field experiments, or by
models built with robust data sources. Thus, while this thesis investigates the flow-on
effects of just one anthropogenic stressor (i.e. light reductions in an A. griffithii
seagrass meadow), importantly, it provides a detailed and empirically justified case
study enabling broader comparisons with other types of disturbances and benthic
habitats.

8.2 Defining the relationship between habitat disturbance and seagrass fauna

One of the main aims of this research was to better understand which aspects of
seagrass habitats drive changes in seagrass fauna, so that human perturbations can be
better explained and managed. Emerging research, including findings presented here,
have added to our understanding of the underlying mechanisms driving these
processes in seagrass systems, such as the role of algal epiphytes in increasing the
habitat structural complexity of seagrasses and its relative importance as a food
resource.

Declines in the abundance and composition of macroinvertebrate fauna have
commonly been linked to reduced seagrass leaf, algal epiphyte and periphyton
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biomass (Edgar & Robertson 1992, Duffy & Harvilicz 2001). In the present study,
Step-wise multiple linear regressions indicated that leaf biomass, the number of stems
with leaves and the number of leaf clusters had a significant positive association with
total epifaunal density, while individual taxa, such as gastropods, were significantly
associated with other parts of the seagrass canopy, like algal epiphyte biomass
(Chapters 3 & 4). For macroinvertebrate and fish taxa, these morphological features
of the seagrass canopy are considered resource values which are commonly associated
as food (Valentine & Duffy 2006), habitat structural complexity (Edgar & Robertson
1992, Bostrom et al. 2006) and protection from predation (Heck & Orth 2006). When
these important resource values decline in the seagrass meadow, declines in faunal
densities and composition generally follow (Chapters 3 & 4).

Of the habitat resource values important to fauna, the role of structure is of particular
relevance to this investigation, especially given that light reductions directly lead to
declines in those morphological characteristics of seagrasses that provide structural
complexity (Lavery et al. 2009). However, while the abundance and richness of
macroinvertebrate fauna has commonly been shown to be proportional to the density
and area of habitat or seagrass available (Bartholomew 2002, Unsworth et al. 2007),
their relationships to the type or shape of structure (Sirota & Hovel 2006) is less clear.
This investigation has advanced our understanding of the effect of habitat structure on
macroinvertebrate fauna, particularly regarding the role of shape and complexity of
habitat within architecturally complex seagrass systems (Chapter 6). Previous studies
have indicated that for herbivorous and omnivorous taxa, it is principally the
nutritional value of algal epiphytes on seagrass that accounts for macroinvertebrate
densities, while their structure plays a limited role (Bologna & Heck 1999, Bostrom &
Mattila 1999). These findings contrast with other evidence highlighting the
importance of canopy structure as a driver of faunal recruitment in seagrass systems
(Edgar 1990c, Edgar & Robertson 1992, Jernakoff & Nielsen 1998, Nakaoka 2005).
However, while the research of Edgar and others clearly recognized the importance of
structure, they did not directly test the importance of the various structural
components of the seagrass canopy (e.g. number or length of leaves), nor examine and
compare the relative importance of these structural components among different
seagrass species. In the present study, I found for an Amphibolis griffithii and
Posidonia sinousa meadow, the high structural complexity associated with smaller
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components of the seagrass canopy, such as algal epiphytes, was most important for
the recruitment of macroinvertebrate densities (Chapter 6), and greater than the
structure of overall seagrass form. However, habitat availability may also mediate the
importance of fine scale structural components, as we found within a C. nodosa
meadow (which structurally is similar to P. sinuosa, but occurred at a much lower
density), complexity of canopy structure was not an important driver for faunal
recruitment (Chapter 6). Thus where habitat availability may be limited, the
introduction of any new habitat is likely to be selected by the majority of
macroinvertebrate fauna, regardless of its structural form.

These findings are important for understanding the consequences of changes in the
seagrass canopy caused not only by light reductions but by other types of disturbance,
such as eutrophication. Eutrophication is often implicated in seagrass decline (Walker
et al. 1999, Ralph et al. 2006) as a consequence of smothering (light reduction) by
algal epiphytes. The positive habitat association between macroinvertebrate densities
and algal epiphyte biomass illustrated in Chapter 6 might suggest that the increased
presence of epiphytic algae could encourage higher abundances in the
macroinvertebrate assemblage and possibly fish populations (Chapter 6, 7). This
outcome, however, is not supported by reported research. For example, Morris et al.
(2007) generally found no differences in macroinvertebrate densities between seagrass
meadows with artificially elevated nutrient levels, and non-disturbed sites. Keats et al.
(2004) reported a change in community dominance to deposit feeding oligochaetes,
but not an increase in overall faunal densities per se. It is likely that initial benefits of
increased algal epiphytes for macroinvertebrate fauna, would be over-ridden by the
longer term costs of canopy loss.

Numerous studies have also demonstrated the importance of the seagrass canopy as a
food resource for faunal assemblages which inhabit these systems (Bologna & Heck
1999, Smit et al. 2005, Doropoulos et al. 2009). The main sources of primary
production in a seagrass system include the seagrasses themselves and epiphytic
algae. While in tropical and semi-tropical seagrass systems, direct grazing on
seagrasses by marine fauna is common (Valentine & Duffy 2006), there is little
evidence to suggest the high productivity associated with seagrasses is being utilized
for nutritive food requirements in southern hemisphere temperate seagrass meadows
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(Edgar & Shaw 1995, Smit et al. 2005). Smit et al. (2005), demonstrated through the
use of stable isotope analysis, that the primary sources of carbon and nitrogen for an
Amphibolis griffithii food web (both herbivorous and higher order taxa) were derived
from algae epiphytes and/or allochthonous algal resources. In Chapter 7, modeling
was used to investigate this trophic link and similar outcomes were predicted. Where
seagrass productivity was reduced by up to 100% for 12 months, the model predicted
practically no relative change in faunal biomasses for either macroinvertebrate or fish
taxa, regardless of the magnitude of seagrass decline. However, similar reductions in
algal epiphyte productivity lead to declines in the relative biomass of nearly all fish
taxa (Chapter 7), suggesting that algal epiphytes were the primary source of nutrition
in this system. Although algal epiphyte grazing pathways have long been established
for macroinvertebrate fauna (Kitting et al. 1984, Nielsen & Lethbridge 1989, Klumpp
et al. 1992, Doropoulos et al. 2009), few published reports exist for higher trophic
orders within seagrass systems.

While this algal-driven model may differ to some tropical and sub-tropical seagrass
ecosystems in which gazing pathways are more common (Lanyon et al. 1989, Masini
et al. 2001), the indirect role of seagrasses in supporting algal epiphytes as a substrate
(Borowitzka et al. 2006) is no less important. For example, Posidonia spp. and
Amphibolis spp. both form an important substrate for diverse and highly productive
assemblages of algal epiphytes (Lavery & Vanderklift 2002, Borowitzka et al. 2006).
Thus, declines in seagrass as a consequence of anthropogenic disturbances, would
likely lead to declines in algal biomass as a consequence of reduced substrate. This
model does not suit all temperate Australian seagrass meadows. Halophila spp. for
example, are common within temperate marine waters and with their high turn-over
rates (Hammerstrom et al. 2006) do not accumulate large biomasses of epiphytic algae
(Rindi et al. 1999) relative to other seagrass forms (Borowitzka et al. 2006). In this
case, the seagrass itself is often a significant target of grazing (Eklof et al. 2009).

There are few types of disturbance that are likely to target either seagrasses or algal
epiphytes in isolation, thus where a disturbance is imposed on the seagrass canopy,
both algal epiphytes and seagrass biomasses are likely to decline, limiting food
available for driving secondary production and habitat availability for shelter.
Consequently, generic threats to seagrasses (Waycott et al. 2009) are likely to have
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flow-on effects to higher trophic orders. However, the timescales of effects, and taxa
specific responses, however, are likely to vary. For example, and as demonstrated in
Chapter 3, some filter feeders are resilient to declines in the seagrass canopy caused
by light reductions through a combination of their feeding ecology, substrate
requirements

and,

possibly,

recruitment

events.

However,

an

alternative

anthropogenic impact, such as sediment deposition, which is also commonly
associated with dredging, is likely to be much more detrimental to these filter feeders
due to clogging of their filtering apparatus (Ralph et al. 2006). Many anthropogenic
disturbances also have the potential for cumulative affects on seagrasses which may
flow thru to fauna, and which cannot be defined by simple cause-effect pathways. For
example, direct affects associated with dredging could include turbidity,
sedimentation (smothering) and elevated toxicity, while indirectly dredging may
induce eutrophication through the re-suspension of nutrient enriched sediments. Thus,
disentangling the relative importance of each of these effects helps with our
understanding of these disturbances, but suggests managing the impacts will remain a
highly complex process.

8.3 The implications of different intensity, duration and timing of disturbances
for seagrass fauna

Disturbances in the seagrass meadow induced by light reductions clearly lead to
significant declines in the density, biomass and composition of macroinvertebrate
fauna (Chapters 3 & 4). While the key cause-effect pathways were established in
section 8.2 providing understandings into the underlying mechanisms driving change
in seagrass fauna, they do not tell us anything about the relative affects of different
levels and timing of disturbance, factors which are likely to vary on a case basis
among impacts. For example, seagrass leaf biomass can vary with different
intensities, durations and timing of light reductions (Lavery et al. 2009), factors that
are also likely to affect seagrass fauna (Gartner et al. 2010). The uniqueness of the
present study and its relevance to environmental management is that it has examined
these factors (intensity, duration and timing of disturbance) in relation to their effects
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on seagrass fauna, and the interactions between these factors highlight they are not
independent.

Shading experiments (Chapters 3 & 4) indicated that the severity of impact on
macroinvertebrate fauna increases with duration and intensity of disturbance to the
seagrass canopy (Figure 8.3). Changes in assemblage structure were largely
associated with declines in algal biomass and leaf canopy variables, which as
discussed in section 8.2 provide critical food and habitat values. Edgar and Robertson
(1992) found by removing ~ 50% of leaf and algal epiphyte biomass, the total
abundance of macroinvertebrate fauna decreased by 31 and 64%, with the majority of
the common species being negatively affected by either loss of leaf biomass or loss of
algal epiphytes, but not both. The level of disturbance to the seagrass canopy created
in Edgar and Robertson’s study is comparable to the effects of three months of light
reductions from the shading experiment (McMahon & Lavery 2008, Lavery et al.
2009), which also lead to a similar range of declines in the total density of
macroinvertebrate fauna (generally ranging 31 to 39 %). A more servere disturbance
to the seagrass canopy (i.e. following 6 and 9 months of light reduction) lead to
greater declines in the macroinvertebrate fauna (generally ranging 61 to 89%).
However, while the intensity of light reduction can have negative effects on their
abundances and biomass, this appears less critical than duration of light reductions
(Chapters 3 & 4, Gartner et al. 2010). This finding may reflect the similarly high
levels of light reduction that were used in experimental investigations (High: ~92%
and Moderate: ~84% light reduction) and that there were only a few slight differences
detected in many seagrass canopy variables between moderate and high intensity light
reduction treatments (Lavery et al. 2009). However, differences in faunal densities
and taxa composition were still detected between Moderate and High treatments
(Chapters 3 & 4), suggesting the macroinvertebrate assemblage is sensitive to small
variations in the level of disturbance. The response of the overall macroinvertebrate
assemblage may also be masking taxa-specific responses to light reduction intensities,
as some taxa appear more sensitive to different levels of disturbance within the
canopy (e.g. gastropods) than others (e.g. bivalves). Following nine months of light
reductions, regardless the intensity of shading, impacts to the seagrass canopy were
equally severe (Lavery et al. 2009), and consequently there were no difference in
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macroinvertebrate densities between Moderate and High light reduction treatments
(Chapter 3).

The timing of disturbances within the seagrass canopy also had an affect on
macroinvertebrate densities and family composition (Chapters 3 & 4). Although some
families commonly declined in response to the shading treatments at both times, such
as the gastropod Eatoniellidae and the amphipod Amphithoidae, the effect on other
taxa varied between times, such as for the ostracod Cypridinidae. In the same shading
experiment, Lavery et al. (2009) found that the seagrass canopy had a variable
capacity to withstand disturbances at different times of the year and several seagrass
variables (such as leaf biomass) were not immediately effected by light reduction
treatments following winter. This is likely to at least partially account for temporal
differences in seagrass fauna. It also is possible that the timing of faunal recruitment
events may assist particular species to avoid disturbances within the seagrass canopy
(Chapter 3), or alternatively make other taxa more vulnerable depending the
proximity of recruitment events relative to disturbances within the canopy (Howard &
Edgar 1994, Minchinton 2007). These results have significant implications for the
management light reductions on Amphibolis griffithii seagrass systems. Up until 6
months, the effect of shading on the macroinvertebrate assemblages is likely to vary
depending on the intensity of light reductions and the time of the year that shading
commences, with some taxa being more sensitive to disturbances than others.
However, beyond six months, regardless of intensity or timing of disturbance, there
are likely to be significant declines in the abundance, biomass and composition within
the majority of the macroinvertebrate fauna.

The duration of disturbance also appears to be important in governing effects on fish
population densities. Using Ecosim with Ecopath software, it was predicted that
differences in total fish biomass following reduced primary productivity by 50%
versus 90% would be less than differences in fish biomass between primary
productivity reduced for three months versus two years. It can be inferred from these
results that duration of disturbance is more critical for determining effects on fish
densities than is the severity of disturbance. Thus, it should not be assumed that low
levels of disturbance over a long period of time are less detrimental for fish densities
than are high levels of disturbance imposed over a short period (in this case three
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months). However, it is important to note that the declines in fish taxa shown here, are
a direct consequence of reductions in primary production of algal epiphytes, or
secondary production from macroinvertebrate fauna. Other factors, such as the role of
the seagrass canopy in providing habitat or preventing predation (Bostrom & Mattila
1999) are not accounted for in the modelling. This likely results in an underestimation of the effect of canopy loss on the seagrass fauna as it assumes only one
habitat resource value is being lost, when other components of this research (e.g.
Chapter 6) indicated that the fauna respond to changes in the seagrass canopy for
reasons other than food limitations alone.

As with macroinvertebrates, not all fish groups followed a single pattern of response
to changes in seagrass canopy. Quantitative modeling predicted significant time lags
of between 1.5 to 2 years before piscivorous fish would decline, regardless the
duration or amount of reduction in primary productivity (Chapter 7). The lag in
declines is likely a consequence of the life history of many piscivorous fish. Being
long lived with typically low intake food requirements relative to body mass, coupled
with greater relative capacity to import food (i.e. foraging immediately beyond the
seagrass meadow) means the capacity for these taxa to periodically sustain population
sizes is high compared to other seagrass taxa. However, following the initial lag, these
fauna decline sharply and were not predicted to recover (Chapter 7). It is probable that
the life history of piscivorous fish may be mediating the effects of limited available
secondary production, but in the longer term, limited geographic range, slow growth
and long potential life span, renders these populations susceptible to disturbances that
cause high mortality (Nardi et al. 2006). The implications for management suggest
any monitoring effort of piscivorous fish undertaken within the first 2 years of the
commencement of a light reduction event (e.g. dredging) would be unlikely to detect
impacts on higher order consumers, and that continued monitoring well beyond the
cessation of light reductions would be required to assess change in population stocks.
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8.4 Recovery from habitat disturbance

Patterns of recovery in seagrass macroinvertebrate assemblages following disturbance
vary and populations and communities do not necessarily return to a state consistent
with undisturbed habitat (Fonseca et al. 1990, Sheridan 2004b). The capacity for any
ecosystem to recover is generally dependent on a number of factors including the
severity of the disturbance (Minchinton 2007), the accessibility of recruits (Mosemana
et al. 2004), the availability of resources, such as food (Sheridan 2004b) and
environmental conditions in the recovered habitat (Szymelfenig et al. 2006). Where
these values can be re-established, the likelihood of recovery increases (Sheridan
2004b). In the present study we aimed to assess macroinvertebrate recovery (Chapter
5) following “moderate” (approx. 57% reduction in seagrass leaf biomass) and “high”
intensity

disturbances

(approx.

72%

decline

in

seagrass

leaf

biomass).

Macroinvertebrate recovery was assessed ten months after the removal of the light
reduction structures, at a time when the seagrass canopy had fully recovered
(McMahon & Lavery 2008). Results indicated that there was no significant difference
in faunal densities between the undisturbed meadow and the recovered treatments
indicating that this assemblage of organisms was able to recover from disturbance to
the canopy, once the canopy had recovered. This highlights the fundamental role that
seagrass leaf canopy and algal epiphytes have in the recolonization of fauna,
providing important food, ecological niches and likely protection from predation for
colonizing fauna. However, although faunal densities recovered to a state consistent
with undisturbed seagrass, Abundance Biomass Comparison curves suggested that the
faunal assemblage was still slightly stressed in the High intensity treatments (Chapter
5). This is speculated to potentially reduce their capacity to recover from subsequent
disturbances (Sheridan 2004b).

Other studies have documented recovery of macroinvertebrate fauna from
disturbances (Fonseca et al. 1990, Fonseca et al. 1996b, Sheridan 2004a). Unlike
many fisheries, which can take decades to recover after population collapses (Jackson
et al. 2001), high fecundity in the majority of seagrass macroinvertebrate taxa often
allows continual reproduction through out the year (Sainte-Marie 1991, Hall & Bell
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1993, Gambi et al. 1998, Nakaoka 2002). This, coupled with high brood size, is likely
to assist macroinvertebrate recovery following disturbances. In contrast, quantitative
modeling (Chapter 7) suggests that recovery among the higher trophic orders is likely
to take much longer for herbivores, omnivores and invertivores, and not in the
foreseeable future (10 years) for piscivores. The limited empirical evidence supports
the modeling outcomes of this study. For example, Sheridan et al. (2004) reported
similar findings for recovery of seagrass fish and large decapod taxa following
dumping of dredge material in Lower Laguna Madre, Texas. Very slow, or no
recovery within ten years (depending on the duration of impact) most likely reflects
the comparatively long generation time of these taxa (e.g. Choerodon rubescens and
Plectorhynchus flavomaculatus is approximately 5 years; Nardi et al. 2006) rather
than food limitations, as the model predicted a comparatively quick (within 1 year)
recovery in primary production. A similar situation often occurs in many Marine
Protected Areas, where low recruitment rates of predatory fish populations that have
been heavily depleted by over-fishing, means they can take several years to decades to
recover (Haddon 2007). Thus in the long term, limited geographic range (i.e. not
extending beyond the disturbed area), slow growth and long potential life span,
renders these populations susceptible to disturbances that cause high mortality (Nardi
et al. 2006). It also suggests that the recovery of the seagrass and algal epiphyte
canopy does not ensure the recovery of these taxa, as seems to be the case with other
lower trophic orders (Fonseca et al. 1996b, Sheridan 2004b) and that algal epiphyte
and macroinvertebrate biomass/densities are likely to be poor indicators of overall
seagrass community assemblage health.

The results of modelling repetitive disturbances (reductions in primary productivity)
on seagrass fauna (Chapter 7) suggest that variation in the frequency and duration
between impacts, differentially effects faunal biomasses. Simulated moderately
repetitive light reductions (i.e. 90% reduction in primary productivity for 12 months,
repeated following a four year break) resulted in predicted declines in all trophic
levels. However, the capacity for recovery (i.e. resilience) varied among taxa, with
higher trophic orders (invertivores) likely to have lower recovery rates from each
subsequent impact, than lower trophic orders such as mesograzers which were
predicted to recover quickly. Where highly repetitive light reductions were simulated
(90% reduction in primary productivity for 12 months, repeated following a one year
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break) all fish groups (macrograzers, invertivores, piscivores and omnivores, although
results not presented here for brevity) declined within the first two years and generally
did not recover (Chapter 7). These results imply a frequency threshold may exist for
macrograzers and invertivores of between one and four years, at which point recovery
from light reduction impacts are unlikely. That there is such paucity in the seagrass
literature on temporal cumulative impacts to compare these results highlights the
novelty of these predictions, setting out clear hypotheses for further investigation.
Just as spatial scales of disturbance are likely to effect the resistance of a
macroinvertebrate faunal community to disturbance, they are equally likely to effect
resilience (i.e. the capacity of a population to return to its original state after being
disturbed) and the availability of recruits is likely to diminish with increasing scales
of disturbance (Keough & Swearer 2007, Minchinton 2007). Although the
macroinvertebrate assemblage recovered in this investigation, spatial scales of
disturbance were much lower (< 12 m2) than would be expected from a large
disturbance such as from dredging, where the scale of disturbance is much greater
(100s of meters to 10s of kilometres), therefore accessibility to recruits lower and
recovery may take longer. In the shading experiment, it is probable that in the absence
of food and habitat, much of the epifauna assemblage would emigrate to the
surrounding intact seagrass canopy (Chapter 3). According to Keough & Swearer
(2007), populations adjacent to retention areas, in this case healthy seagrass meadow,
often receive much higher recruitment than isolated areas. The implications of scaling
up these effects across space and time to landscape or ecosystem level resonate much
more profoundly, and the potential for faunal recovery from disturbances associated
with typical dredging operations is subsequently likely to be much lower than found
in our shading experiment (Chapter 5). A recent dredging program at Geraldton in
Western Australia resulted in a turbidity plume that was visible by satellite extending
more than 60 km up the coast, with the plume likely covering an area of 120 km2
(EPA, 2002). Disturbances acting across landscape scale, can substantially decrease
diversity of both primary producers (here epiphytic algae and periphyton) and
consumers, inhibiting ecosystem processes and ecosystem stability (Worm et al.
2006) and have be intricately linked to seagrass meadows world-wide (Dame et al.
2002, Heck et al. 2003, Orth et al. 2006), highlighting the catastrophic consequences
that light reductions can have on marine macroinvertebrate assemblages.
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8.5 Conclusions

Recently reported findings indicate that the extent of seagrass globally is declining at
an alarming rate and that seagrasses are exposed to numerous anthropogenic threats
which result in disturbances to the seagrass meadow (Ralph et al. 2006, Waycott et al.
2009). This research has shown that where there is a disturbance in the seagrass
canopy resulting in the loss of seagrass leaf and algal epiphyte biomass, there will
likely be a concurrent loss in the density and composition of macroinvertebrate and
fish fauna. Where this disturbance is related to light reductions, the loss in fauna is
dependent on an interaction of the intensity, duration and timing of light reductions.
Declines in macroinvertebrate densities are related to the loss of food and structure
associated with the seagrass canopy. The importance of structure, however, varies
among seagrass species and for different fauna. The loss of secondary production
associated with the macroinvertebrate assemblage, as well as the loss of algal
epiphytes also has significant trophic consequences for a range of fish functional
groups including herbivores, omnivores, invertivores and piscivores. While several
studies have empirically tested the affect of disturbances on macroinvertebrate fauna,
to the best of my knowledge, this is the first attempt to quantitatively model the flowon effects of declines in primary production (i.e. bottom-up effects) in a seagrass
system for fish taxa, which has also provided us with the ability to scenario test, with
confidence, different durations, intensities and frequencies of disturbance for a
seagrass ecosystem. The persistence of these trends in the face of high potential for
recruitment emphasises the significant negative effect of light reductions on
macroinvertebrate assemblage structure and the potential for even greater impact
where the scale of disturbance may preclude recruitment from adjacent healthy
meadows. This research has also demonstrated that the macroinvertebrate assemblage
is able to recover from disturbances associated with light reductions, providing the
seagrass canopy has also recovered.
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8.6 Future research directions
This study has highlighted a number of future research directions, but most
importantly has significantly progressed our understanding of the flow-on effects of
light reduction for seagrass fauna. This work would be further enriched by
investigating a number of key research areas, including but not limited to:
•

examining the interactive effects of light reductions and sedimentation (or other
purturbations) on seagrass fauna (Chapters 3 & 4);

•

empiracally testing the predicted responses of fish taxa to reductions in seagrass
habitat and primary production and their capacity for recovery (Chapter 7);

•

investigating the effect of a broader range of light reduction disturbances (e.g.
intermediate levels of disturbance) on seagrass fauna (Chapters 3 & 4); and,

•

examining how light reduction (or other) disturbances may effect critical
community processes, such as reproduction and recruitment cycles, which appear
to be driving many of the responses in seagrass fauna (Chapter 6).
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Figure 1. Location and site map of the Jurien Bay Shading Expreiment
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Shading treatments:
1. Intensity (None, Moderate, High)
2. Duration (3,6,9 Months)
3. Time (Post Summer/Winter)
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Figure : Jurien Bay Shading Experiment design. The shading experiment was established with three main factors: Intensity (High, Moderate or Control),
Duration (3, 6 or 9 months) and Time (Post-winter and Post-summer) of light reduction.
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APPENDIX B
Table 1: Summary of selected studies of seagrass community interactions, highlighting
predator/prey feeding relationships.
Prey/Habitat

Predator

Seagrass/ Location

Reference

Detritus

Mesograzers
(amphipods,
gastropods,
ispods)

Eelgrass, Florida

(Zimmerman et al. 1979)

Eelgrass, Victoria
(Aust)

(Howard & Edgar 1994)

Herbivores

Amphibolis
griffithii, Western
Australia

Fairclough, D (Unpublished
data)

Omnivores

Amphibolis
griffithii, Western
Australia

Fairclough, D (Unpublished
data)

Eelgrass,
Westernport
Victoria.

Robertson (1984)

Seagrass

Algal
epiphytes

shrimps,

Hemiramphids
Monacanthids

and

Bay,

Filter feeders (habitat)

Amphibolis
griffithii, Western
Australia

Gartner et al. (2010)

Mesograzers

Amphibolis
griffithii, Western
Australia

Gartner et al. (2010)

(amphipods, isopods,
ostracods, gastropods,
polychates)

Jernakoff & Nielsen (1998)
Jernakoff et al. (1996)
Nielsen & Lethbridge (1989)
Edgar (1990c)

Omnivores
(Decapods, fish)
Herbivorous fish

1st Trophic
Order
(mesograzers,
filter feeders)

Omnivores
Cygnus,
shrimp,
pelagicus )

(Panulirus
Caridean
Portunus

Amphibolis
griffithii, Western
Australia

Edgar (1992)

Amphibolis
griffithii, Western
Australia

Hyndes & Lavery (2005)

Posidonia, South
Australia

Connolly et al. (2005)

Amphibolis
griffithii, Western
Australia

Edgar (1990d)

Need fish ref

Howard & Edgar (1994)
Edgar (1990)
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Invertivores
Decapods
shrimp)

2nd Trophic
Order
(Herbivores,
omnivores,
carnivores)

(Caridean

Eelgrass,
(Aust)

Victoria

Carnivores
(Apogon
ruepplellii, Enoplosus
armatus,
Pempheris
klunzingeri)

Amphibolis
griffithii, Western
Australia

Piscivores
(Dhufish,
small sharks, sea lions,
etc)

Jurien Bay, Western
Australia

(Robertson 1984, Howard &
Edgar 1994)
Barwick (2006)
MacArthur & Hyndes (2007)
Heck & Orth (2005)
FRDC Project Number:
2006/038
Report: Evaluating how food
webs and the fisheries they
support are affected by
fishing closures in Jurien
Bay, temperate Western
Australia
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Table 2: List of taxa and data from field studies/fish base (Gartner et al. 2010, Fairclough
Unpublished). Where data not provided, estimates derived from the literature.
Functional
Group
Seagrass

Taxa

Trophic
level

Biomass
(T/km2)

Production
/Biomass

Consumption
/Biomass

Amphibolis giffithii

1

462.22

1.24

Heterogenous composite

1

231.00

4.00

Heterogenous composite

1

3.9

24.2

0

Amphipods
Caprellid Amphipods
Isopods
Tanaids
Decapods
Mysids
Cumaceans
Ostracods
Pycnogonids
Other Crustaceans
Gastropods
Polyplacophorans (chitons)
Nudibranchs
Nemertean worms
Asteroids (starfish)
Ophiuroids (brittle-stars)
Echinoids (urchins)

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

15.118
0.364
1.108
0.751
1.969
1.073
0.056
0.878
0.020
0.119
5.893
1.383
0.002
0.021
0.025
0.023
0.004

Bivalves
Sponges
Ascidian colonial
Holothuroids (sea turds)

2
2
2
2

1.823
0.644
0.035
0.002

Acanthaluteres vittiger (Castelnau, 1873)
Meuschenia freycineti (Quoy & Gaimard, 1824)
Siganus fuscescens

2.05
2.05
2.05

0.167
0.038
0.344

0.29
0.43

9.5
9.3

Aracana aurita
Brachaluteres jacksonianus (Quoy & Gaimard, 1824)
Centropogon latifrons Mees, 1962
Chaetodermis penicilligerus
Cheilodactylus gibbosus
Cynoglossus broadhursti Waite, 1905
Filicampus tigris (Castelnau, 1879)
Hypopterus macropterus (Günther, 1859)
Labracinus lineatus
Monacanthus chinensis (Osbeck, 1765)
Odax acroptilus (Richardson, 1846)
Paraplotosus albilabris (Valenciennes, 1840)
Parequula melbournensis (Castelnau, 1872)
Pentapodus vitta
Pseudocaranx dentex

2.86
2.86
2.86
2.86
2.86
2.86
2.86
2.86
2.86
2.86
2.86
2.86
2.86
2.86
2.86

0.00066
0.00042
0.00028
0.00587
0.00377
0.00024
0.00009
0.00743
0.00558
0.05603
1.14343
0.02423
0.00072
0.23157
0.29812

1.2

18

0.6

20.3
73.4

1.11
0.48

19.8
26.4
24.1

Epiphytic algae

Phytoplankton

Mesograzers

Filter feeders

Macrograzers

Omnivores
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0.94

0.11

14.9
2

Scobinichthys granulatus (Shaw, 1790)
Siphonognathus argyrophanes Richardson, 1858
Siphonognathus radiatus
Stigmatopora argus (Richardson, 1840)
Torquigener pleurogramma

2.86
2.86
2.86
2.86
2.86

0.67225
0.00233
0.00060
0.00004
0.02062

0.43

9.3

Acanthaluteres spilomelanurus (Quoy & Gaimard, 1824)
Anoplocapros amygdaloides Fraser-Brunner, 1941
Aploactisoma milesii (Richardson, 1850)
Apogon rueppellii Günther, 1859
Aracana aurita (Shaw, 1798)
Aracana aurita (Shaw, 1798)
Austrolabrus maculatus
Cnidoglanis macrocephalus (Valenciennes, 1840)
Cristiceps australis Valenciennes, 1836
Diodon nicthemerus Cuvier, 1818
Dotalabrus alleni
Enoplosus armatus
Haletta semifasciata (Valenciennes, 1840)
Halichoeres brownfieldi
Leviprora inops (Jenyns, 1840)
Notolabrus parilus (Richardson, 1850)
Odax cyanomelas
Parapercis haackei
Parupeneus spilurus
Pelsartia humeralis
Phyllopteryx taeniolatus (Lacépède, 1804)
Pictilabrus laticlavius
Polyspina piosae
Psammoperca waigiensis (Cuvier, 1828)
Pseudorhombus jenynsii (Bleeker, 1855)
Scorpaena sumptuosa Castelnau, 1875
Siphonognathus caninus
Upeneichthys vlamingii (Cuvier, 1829)
Urocampus carinirostris Castelnau, 1872

3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05

0.00271
0.00498
0.00543
0.02904
0.00103
0.00103
0.00041
0.11547
0.00206
0.06375
0.00007
0.00511
0.02316
0.04501
0.03477
0.52682
0.00563
0.00010
0.00683
0.05628
0.00034
0.00132
0.00003
0.00774
0.12573
0.02413
0.00013
0.03106
0.00001

0.29

9.5

1.98

10.8
9.3

Choerodon rubescens
Plectorhynchus flavomaculatus
Psammoperca vaigensis
Siphamia cephalotes
Sphyraena obtusata

3.8
3.8
3.8
3.8
3.8

0.2143
0.02112
0.02226
0.0008
0.0068

18.6

Invertivores

15.7

0.4

7.8
29.4
3.1

0.96

20.7
13.9

1.98

26.4
7.3

0.45

3.3
10.9

0.83

7.2

0.25

11.5

0.19
0.39

7
6.2
7.2

0.79

6.7

Piscivores
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Table 3. The Ecosim with Ecopath diet composition matrix, expressed as the fraction
each prey contributes (on a weight basis) to the overall diet of the predator.
Prey \ Predator
Seagrass
Epiphytic algae
Phytoplankton
Mesograzers
Filter feeders
Macrograzers
Omnivores
Invertivores
Piscivores
Detritus
Import
Sum

Mesograzers
0.005
0.695

Filter feeders

Macrograzers
0.005
0.845

Omnivores

Invertivores

Piscivores

0.25

1
0.18

0.6
0.04

0.825
0.025
0.05

0.05
0.125
0.125

0.1
1

0.7
1

0.01
0.12
1

0.15

0.1

1

1

1
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